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This is the forty-fifth progress report of the Laboratory for Nuclear 

Scierce at the Massachusetts Institute of Technology._ Progress during 

the period June 1, 1956 to May 31, 1957 is reported under the following 

group headings: 

Chemistry of the Fission Elements Group 

Nuclear Chemistry (Inorganic) Group 

Nuclear Chemistry (Organic ) Group 

Cosmic Ray Group 

. High-Energy Accelerator ProjeCt Group 

Bubble Chamber Group 
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Cambridge Electron Accelerator Project Group 

Reprints of published papers listed herein. are available in limited 

numbers upon request from the Laboratory for Nuclear Science 

Document Room. 
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LABORATORY FOR NUCLEAR SCIENCE 

SUMMARY OF RESEARCHES 

The research program of the Laboratory for Nuclear Science continues along the same 

lines as last year. Laboratory activities include: nuclear inorganic chemistry (Professors 

C. D. Coryell, J. W. Irvine, Jr., and G. Scatchard); nuclear organic chemistry (Professors 

,.: C. G. Swain and F. D. Greene II); chemistry of the fission elements (Professors D. N. Hume and 

L. B. Rogers); cosmic ray research (Professors B. B. Rossi, R. W. Williams, D. 0. Caldwell, 

G. W. Clark, W. L. Kraushaar, J. B. Linsley, S. Olbert, and Dr. H. S. Bridge); photo-meson and 

photo-nuclear research using M.I.T.'s synchrotron and linear accelerator (Professors B. T. Feld, 

D. H. Frisch, R. Weinstein, and Drs. L. S. Osborne, D. M. Ritson, A. Wattenberg, P. T. Demos, 

b. Luckey, and C. P. Sargent); theoretical nuclear physics (Professors V. F. Weisskopf, 

H. Feshbach, F. Low, M. H. Friedman, U. Haber-Schaim, A. K. Kerman, W. Thirring, and 

Dr. D. M. Brink); nuclear energy level studies using the M.I.T.-O.N.R. Van de Graaff generator 

(Professors W. W. Buechner, H. A. Enge, Drs. F. J. Eppling, C. H. Paris, and Messrs. M. Mazari 

~nd A. Sperduto); gamma -ray angular correlation studies and neutron time -of -flight research using 

the Rockefeller Van de Graaff generator (Drs. L. E. Beghian, B. G. Goldring, and R. P. Scharenberg); 

elastic scattering of alpha particles, protons, and deuterons from nuclei using MJ.T.'s Markle 

cyclotron (Professor M. Deu.tsch and Dr. N. S. Wall); radioactivity research and positronium stud

ies (Professors R. D. Evans and M. Deutsch, and Dr. C. J. Maletskos ); high -energy nuclear emul

sion studies (Drs. D. M. Ritson, L. S. Osborne, and R. A. Schluter); and bubble chamber studies 

(Professor R. W. Williams and Dr. I. A. Pless). 

The resignation became formal, during early 1956, of the Laboratory's Director, Profes

sor Jerrold R. Zacharias, who was responsible for the Laboratory's organization and who has di

rected its activities over the past ten years. Upon his resignation, Dr. Zacharias accepted tern

porary Chairmanship of a laboratory executive committee, formally recognized by the Institute as 

the Directing Committee of the Laboratory for Nuclear Science. In June of 1956 Professor Zacharias 

was succeeded by Professor Martin Deutsch as Chairman of the Committee. Committee members 

include Professor Zacharias,· Professor Victor F. Weisskopf, and as ex officio members, Professor 

N. H. Frank, Chairman of the Department of Phys~cs, and Dr. P. T. Demos, Associate Director of 

the Laboratory for Nuclear Science. 

A total of two hundred ninety-one persons participated in the ·work of the Laboratory during 

the past year, not including visitors. These included forty -six academic staff members of the Depart

ments of Chemistry and Physics, thirty..:one D.S.R. staff members, thirty-nine graduate students from 

i,.... the Department of Chemistry, sixty-four graduate students from the Department of Physics, eighty-three 

full-time non -staff employees~ and twenty -eight part -time non -staff employees. Theses carried by. 

students working in the Laboratory involved three B.S. degrees, four M.S. degrees, and ten Ph.D. de

grees. Publications submitted to scientific journals numbered fifty-four, and fifty-eight addresses were 

delivered to various scientific conferences and meetings. Visiting scientists from this country and 

abroad who were active in the researches of the Laboratory numbered twenty -five. The past year also 
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saw marked ~vidence of the increasing activity of physics undergraduate students within the frame

work of the Laboratory. In addition to research for a number of senior theses, credit for advanced 

laboratory work in the Department of Physics was obtained by students participating in research 

going on within the Laboratory. 

Most notable during the past year has been the impetus given to the Laboratory's high

energy program by a purposeful augmentation of effort in that general area. Additional funds for 

·this purpose were sought and received from the joint program of the Office of Naval Research-and 

the Atomic Energy Commission. Besides a continuation of already established research with the 

synchrotron and the nuclear emulsions activity, the extended program provides for work using 

counter techniques at the Brookhaven Cosmotron; for the development of synchr.otron beam analyzing 

magnets; for the construction of a pulsed magnet (200-300 kilogauss) to be used in the identification 

of negative hyperon beams; and for the implementation of a bubble chamber program. 

Installation of a Van de Graaff beam injector for the synchrotron has been completed with 

a resulting improvement in beam intensity, thus far, of a factor 9f approxi~ately twenty. Synchro

tron research has included the measurement of nucleon momenta using photoproton and photoneutron 

coincidences; the development of apparatus for the study of one-quantum positron annihilation; 

studies of photomeson production from complex nuclei and from deuterium; the energy distribution 

of neutrons emitted from 1-1-meson capture; the scatt~rirrgofgamma rays, particularly from hydro

gen and deuterium; the designofanovel differential Cerenkov Counter making use of a Schmidt lens 

system; the development of a large sodium iodide crystal gamma-ray spectrometer; and the con

struction of a magnetic lens for the deflection of mesons into the synchrotron target room. 

Photographic emulsion research has continued on the dynamics of K+ scattering and on a 

search for the "Pais -Piccioni" effect. Objects of study included the energy dependence of the K+ scat

tering cross section; the sign of the K+ scattering pote~tial; the spin of the T+ meson; isotopic spin 

selection rules and the K1r2 decay; and the angular distribution of the K+ meson decay products. High 

energy counter research has included a search fqr 7ro- 3y decays using the Harvard cyclotron; and 

preparations for me~suring total cross section for K+ meson attenuation in liquid hydrogen using 

the Brookhaven Cosmotron. 

Three hydrocarbon bubble chambers, the largest 9" in diamete:_r, have ·been put into opera

tion, including associated scanning apparatus, electronic controls and special cameras. A signifi

cant step forward was achieved through the addition of heavy elements to the bubble chamber fluid, 

notably methyl-iodide, resulting in a fifteen-fold decrease of radiation length. A program has been 

initiated for using a high-speed computer in data analysis. An experiment has been performed, 

using the 9" chamber, to .examine the asymmetry of the 1-1 -e decay process using 1-1+ mesons from 

the Chicago cyclotron. Data from the experiment are still in the process of-analysis, including 

scrutiny for the reality of a possible 7T -1-1 decay asymmetry observed during a rough preliminary 

examination. It is planned to use the chamber in the near future with the Cornell 1-Bev synchrotron 

to study 7T and 1-1 pairs and the strange particles, anq with the Brookhaven Cosmotron to examine the 

8° decay process. A 15" diameter by 10" deep propane chamber, suitable for methyl-iodide loading, 

has been initiated. The design is progressing of a similar liquid hydrogen chamber. 
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The Cosmic Ray group has continued to concern itself with two major fields ~f investiga

tion. The first includes high energy interactions and the properties of particles produced in such 

interactions. This research has been done mainly at the· Brookhaven Cosmotron using incident 

beams of high-energy protons and 1r- mesons, although cosmic rays have been used also as a 

source of very high energy particles. The second principal area of research concerns air showers 

';.' and some related problems of the origin of cosmic rays. It is notable here that the large air shower 

experiment has shown the primary cosmic ray spectrum to extend without a noticeable break to en

ergies above 1018 ev. The largest shower ob.served had an energy which was probably above 1018 

ev. Results to date indicate that further experiments are crucial, particularly as regards the ar

rival direction of the highest energy particles and the shape of the spectrum beyond eri~rgies of 1018 

ev. A "giant" air shower experiment, wit.IJ. a possible diameter. of two miles, is currently under 

serious consideration and will probably be implemented within the year. It should be noted that 

partial support for the current large air shower experiment is provided by the National Science 

Foundation and that the giant air shower experiment, if carried through, will also be supported by 

that agency. 

Besides observations stemming directly from the large air shower ~XJ::leriment, experi

ments have been conducted to examine the velocity spectrum of cosmic-ray p. mesons at sea level; 

the incidence of air showers and their direction of arrival at sites in Bolivia (Chacaltaya) and India 

( Kodaikanal ); short period fluctuations in cosmic -ray intensity as detected by a 1000 -count per 

minute meson telescope; the 1-1-meson component of large ;:tir showers; polarization of cosml.c-ray 

1-1 mesons; and other related measurements. Calculations of cosmic -ray cascades have been con

tinued using the analytical methods developed and reported earlier. 

ln the low-energy field, additional support was provided by the Office of Scientific Research 

of the Air Force for the improvement of facilities used in the study of nuclear energy levels and.for 

~e development of analogue to digital converters and memory circuitry for the taking of experimen

tal data. The former of these will provide, among other things, a, new magnetic spectrograph, now 

under construction at the ONR generator. With respect to nuclear data -taking equipment, a 256-

channel magnetic core memory unit has been purchased to be u::>ed with the Rockefeller generator, 

with a view to examining methods for generalizing, or at least broadening, its applicability. 

Work with the Rockefeller Van de Graaff Generator during the past year has been concerned 

with the measurement of g-factors of low'-lying states of nuclei excited by the coulomb process and 

with adaptation of the generator to pulsed operation. Precision measurements, (from which g

factors are now being determined}, have been made for Samarium and Neodymium. When adapted 

to pulsed operation, short bursts (~ 10-9 seconds) of protons and deuterons will be available for 

the study of neutron inelastic scattering processes; ( d, n) reactions on light and medium nuclei; 

and short-lived isomeric states induced by. the incident beam. 

Research with the M.I.T. cyclotron has involved a continuation of the angular distribution 

studies of elastically scattered 7 .5-Mev protons; the measurement of polarization of such elastically 
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scattered protons; 30-Mev alpha particle scattering; alpha particle and deuteron induced reactions; 

·and the development of apparatus for time-of-flight neutron energy measurements. The work of 

the laboratory's radioactivity group has included further positronium studies, confirming earlier 

work on the quenching effect of nitric oxide and chlorine; studies of radioactive decay schemes; 

and experiments with polarized positrons to determine, in particular, the longitudinal polarization 

of {3 rays by means of the circular polarization of the annihilation radiation. The immediate pur- _, 

pose of the last work is to examine the Fermi term in {3 -decay interaction by observing the polari-

zation of positrons from a 0-0 transition. 

··-Nuclear energy level studies using the ONR Van de Graaff Generator have been com~en

trated largely on the nuclei between mass numbers 40 and 70. Efforts have been directed toward 
1a determination of level order and, where possible, of the ~pins and parities of states. A number 

of angular distribution studies for deuterium stripping reactions have also been carried out. The ,_ . 

importance of angular distribution studies has led to the. design of a new high -resolution spt:!ctro-

graph for this work. The new apparatus will allow data to be taken simultaneously at a large num

ber of angles, with a resulting simplification and shortening of the experimental process and inde

pendence of the data from deterioration of the bombarded target. 

The work of the linear accelerator group has centered about a study ofgamma-ray induced 

neutron spectra .by time -of -flight measurements of the energies of the emitted neutrons. Apparatus 

was· developed tO produce a short (2.5 X 10-9 SeC) pulsed beam from the linear accelerator and for 

the measurement of neutron flight times over a seven-meter·flight path. Spectra of Bi, Pb, Au and 

Ta have been measured thus far. It is proposed to undertake a systematic study of the neutron 

spectra from light elements. 

The work of the theoretical group in the last year again covered almost all fields of nu

clear and meson physics' and field theory. The group was fortunate this year to have had with it 

Professors F. Low and W. Thirring, the former a leading expert in meson physics and the latter 

in field theory, both of whom have helped greatlyin deepening the understanding of these f.ields. 

Professor Thirring has worked out during his time here an exact solution of a one -dimensional field 

theoretical problem which may be very instructive for the understanding of field theoretical diver

gences. He also delivered a course on the.foundations of field theory. Professor Low stimulated a 

number of new researches in meson theory as well as giving a series of lectures on meson physics. 

Notable in the field of meson physics have been works on multiple meson production, on charge

dependent effects in pion scattering, on J.L-meson decay, and on the production of pions. The new 

discoveries on parity received considerable attention. In this connection we were fortunate to have 

as a guest Dr. G. Lueders from Germany, who lectured on the Schwinger-Lueders-Pauli theorem, 

which is of great importance in this field. 

In nuclear physics work was performed on many different aspects. As usual, the theory 

of nuclear reactions has received a great deal of attention. Refinements and further applications of 

the optical model were undertaken. These concerned mainly the exact shape of the potential well on 
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one hand and the theory of proton n~ac;tions on the other. The problems of the intera<;:tion of ele

mentary particles have been considered in many ways, for example through the connection between 

the magnetic moment of the deuteron and the newly discovered spin-orbit forces, the influence of 

the vacuum polarization upon the proton -proton interaction and a study of the saturation of nuclear 

matter. 

Work was carried out on the theory of nuclear spectroscopy. Some progress was made in 

the understanding of the nuclear photoeffect, especially in respect to the relation between the col

lective model and the individual particle model. The theory of deformed nuclei was also taken up, 

with some interesting consequences in the spectroscopy of lighter nuclei. 

Collaboration among members of the Laboratory and Harvard University physicists has 

continued in all phases of planning relative to the proposed 6-Bev Cambridge Electron Accelerator. 

Much of the research planning of both the Harvard and M.I.T. groups has resulted from joint con

siderations regarding future work with the accelerator, and the.present high-energy program of thi~ 

laboratory is distinctly concerned with preparations for its use when the machine is put into opera

tion. 

Of final note, is the.occupation, by part of the Laboratory, of quarters in the new Karl 

Taylor Compton laboratories. Of a total area of approximately 60, 000 square feet occupied by 

parts of the laboratory throughout the M.I.T. campus, approximately one -third will be in the new 

building. The new quarters will house the cosmic ray group offices and campus laboratories; . parts 

of the theoretical group; bubble chamber and nuclear emulsion scanning rooms and laboratories; 

high energy co~ter and electronics laboratories; synchrotron staff offices; a large seminar room; 

a document reference room; and laboratory headquarters offices, including the laboratory's pur

chasing facilities, drafting room, electronics shops, electronic stockroom, and instrument pool. 
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Chemistry of the Fission Elements Group 

I. ELECTRODEPOSITION BEHAVIOR OF TRACE AMOUNTS OF ELEMENTS 

A. Nickel 

The deposition of.nickel onto a mercury pool was selected for study because it represents 

a deposition which involves considerable overvoltage. When millimolar solutions of nickel in buf.

fered thiocyanate media were used, the deposition was observed to follow a pattern typical for an 

autocatalytic reaction~ . Thus the rate of deposition was nearly zero at the onset of the electrolysis, 

increased to a maximum and then decreased much as would a first -order reaction. When ·deposited 

at constant cathode potential, the current efficiency was quite uniform, though the current-time 

curve was bell-shaped; when deposited using constant current, the current efficiency-time curve 

assumed a bell shape.· In both cases the rate of nickel deposition had the same characteristics. 

The use of chloride as a supporting electrolyte gave very similar behavior in the presence 

of phosphate and acetate buffers, but gave very nearly perfect first;-order kinetics at the same 

values of pH in the absence of buffers. When· electrolyzed in the absence of nickel, the buffers 

were found to exhibit current-time curves with a distinct maximum. Likewise, deposition from 

the adequately pre-electrolyzed buffer gave essentially normal first-order behavior without the 

prior appearance of an induction period. 

The rates of deposition in the absence of buffers, though almost ideally first-order, are 

affected by rather subtle differences in conditions· making difficult the accurate evaluation of the 

effec~s of deliberate changes ofthe r~action variables. Attempts are now underway to determine 

which variable is not under control. It is thought to be a trace amount of a foreign element. 

(Charles Morrison, Jr.) 

B. Copper 

The deposition of .. silver from very dilute solutions has been found to occur at much more 

noble potentials on platinum or gold electrodes than on silver itself. The present study using cop

per was undertaken in th~ hope of obtaining information that would make possible a choice among 

the various reasons one can postulate for such behavior. . . ~-

Work during the past year has shown that copper, too, deposits from very dilute solutions 

'..: . more readily·upon platinum or gold electrodes than upon copper." The extent of the~ervoltage 
was found to be about the same for depositions onto platinum, palladium, and iridium; somewhat 

less undervoltage for rhodium; and least for gold. These results agree qualitatively with predic

tions based upon differences in lattice dimensions of the elements, those elements with a lattice 

most like copper exhibiting the greatest uridervoltage. The same effect was shown to be operative 

in two ·other series of trace depositions that have be.en reported, silver and zinc. 
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The undervoltage was examined in different media, all 0.1 M in sodium salt and adjusted 

to pH 2.0 with the appropriate acid: perchlorate, sulfate, bromide and chloride. The magnitude of 

the undervoltage increased in going from perchlorate to chloride and, except for a small transpo

sition in the case of bromide, was in the direction of an increased stability of the copper (I and II) 

complexes. It was also observed that curves obtained by stripping the deposit at successively 

more anodic potentials (as opposed to deposition at successively more cathodic potentials) exhib

ited progressively smaller hysteresis in going from perchlorate to chloride. The latter role of 

the anion had also been observed in working with silver and clearly indicates that the anion will 

have to be considered in any postulated mechanism. The fact that the concentration of copper, as 

determined by coulometry, was less than that required to exceed the solubility products of the 

cuprous salts indicates that bulk precipitation was not the cause of the undervoltages in halide me

dia. (R. C. DeGeiso) 

ln preparing a calibration curve for the coulometric determination of copper referred to 

above, it was noted that copper produced two maxima in the dissolution -current versus voltage 

curve for a limited range of concentrations. This has been shown to be due to successive disso

lution first of the "multilayer" copper and then the "monolayer": (W. H. Reinmuth) 

C. Manganese 

In concentrations below 10-s.M, manganese will not deposit anodically as the dioxide from 

an acid solution unless substantial amounts of another oxide, such as lead. dioxide, are simultane-. 

ously deposited to act as a carrier. Thus this system can be used as a model for evaluating the 

behavior of different experimental variables in electrolytic coprecipitation. 

Using radioactive Mn52
, ·it has been observed that at a pH of 4 or greater, one can deposit 

quantitatively from a solution estimated to be 5 x 10-9 M. At pH values less than 4, precipitation 

was incomplete and at pH 1, essentially none was deposited in the abse.nce of lead. 

Initial studies on the codeposition of the trace amounts of manganese with macro 'amounts 

of}ead at pH values of 1 and 2 have shown that about 70% of the trace can be co -deposited with the 

lead as Pb02 • That this was indeed coprecipitation has been shown by the fact that the trace man

ganese would deposit no better on a predeposited Pb02 anode than on a platinum gauze anode. 

It was further observed that, after an external source of potential had been removed from 

a Pb02 anode, almost all of the trace would deposit on the electrode while, at the same time, about 

10% of the lead returned to the solution. The removal could be due. to adsorption but it is more 

probably an actUal chemical oxidation. Such a process is thermodynamically possible. 

The coprecipitation process has also been studied briefly using. thallium (III) oxide as a 

carrier. As one would expect, its efficiency was much lower than lead(IV) oxide. (E. A. Heintz) 
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II. RATES OF ELECTROCHEMICAL REACTIONS 

A. Arsenic( III) Chloride 

In order to elucidate the mechanism· of certain irreversible electrochemical reactions, 

an investigation has been made of the reduction of arsenic(III) in acidic chloride media. The study 

demonstrates the applicability of polarographic techniques to the study of the kinetics of such re

actions. The reaction is second -order in chloride, second -order in hydrogen ion, and the rate

determining step is the addition of the second electron. The postulated mechanism is 

As(OH):,.Cl + Cl- + e- --------

As(OH)Cl2 + Cl- + e-

As(Cl)a -2 + Cl- + e 

As(OH)Cl2 - + OH 

As(Clh -2. + OH

Aso + 4 Cl-

By analogy to many oxidation-reduction reactions of complex ions in solution, it is postulated that 

the chloride acts as a bridging anion, facilitating the transfer of the electrons from the e.lectrode 

surface to the arsenic. Physically,· the mechanism might be expected to be ·analogous to an or

ganic Sn2· 

The theory of ,Nernst-controlled currents in pendant-d!OP polarography has been elucidated. 

The equations, which will not.be detailed here, are in excellent agre~meni: with experimental re

sults obtained by other. workers in the field. (W. H. Reinmuth) 

B. Nitrobenzene Derivatives 

It appears that a study of this type of compound may contribute to an understanding of ·the 

var'iables in irreversible electrochemical reactions by clarifying the effect of different electrolytes 

on the electrical double layer at the. mercury drop. Since p-dinitrobenzene gives two or ·three po

larographic waves (depending on the apparent pH of the solution) it_seems to offer an excellent op

portunity to study these effects as a function of the position of t}le waves relative to the electro

capillary maximum of mercury. 

Up to this point the main emphasis has been placed on reproducing the conditions reported 

in the literature. During these experiments~ very substantial effect of the gelatin concentration on 

the second half-wave potential of P-:-dinitrobenzene was noted. This effect is not mentioned in the 

literature and appears to have been overlooked by the earlier investigators who always used con

stant concentrations of gelatin. ( L. E. I. Hummelstedt) 

A survey is also being .made of the polarographic behavior of o -dinitrobenzene and· 2, 4 -· 

dinitrophenol to explore the. effect of apparent pB and buffer composition. 

An unsuccessful attempt to attain quantitative data on rates of reactions at solid electrodes 

has been made. It was possible to determine the rates, but the constants changed rapidly with time 

as well as with the more readily controlled experimental vari:::.bles. ( R. F. Breese) 
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III. CONTACT POTENTIALS 

The variation of the contact potential of a metal surface with the nature of the gas phase 

in contact with the metal is being studied with particular regard to its application to. the analysis 

of gas streams. It is known that the presence of certain adsorbed gas molecules on the surface of 

a metal causes changes in the contact potential, since this potential is a measure of the potential 

barrier to the passage of an electron through the surface·. A study will be made of the effect on the 

potential of the structure of the gas molecules, the nonvolatile monolayer or organic material on 

the. surface of the metal, and the substrate metal itself. The method should have the advantage of 

providing information of a qualitative nature with high sensitivity. 

Two types of measuring instruments are being used. The first, a vibrating plate of Zisman 

type device having an accuracy of ± 0.2 mv. has been completed. The second instrument utilizes an 

alpha particle emitter to ionize the gas between the measuring plates and thus maintain them at zero 

charge. A vibrating reed electrometer then measures the contact potential directly. This second 

instrument, which is nearing completion, has the advantage of allowing continuous recording of the 

contact potential. (R. B. Hanselman) 

IV. COULOMETRIC GENERATION OF MERCURY(II) 

. The feasibility of generating mercury(II) in an alkaline solution at 100% current efficiency 

has been demonstrated by titrations of cyanide and of sulfide in solutions as dilute as 10-s M. Care 

must be taken to exclude oxygen and,. better yet, to pretreat the electrodes and electrolyte in order 

to minimize errors arising from the chemical formation of mercury(II) oxide. This oxide reacts 

with the anions to produce low results. 

In the case of sulfide, the potential in the region of the equivalence point is very 'sensitive 

to the rate of stirring. Study has shown that the variations in behavior can be predicted on the basis 

that the indicator electrodes are polarized by the very small grid current continuously passed 

through the circuit by the vacuum -tube voltmeter. (E. P. Przybylowicz) 

. V. FLUOROMETRIC STUDIES 

A study is being made of the effect of the structure of organo-metallic compounds on their · 

luminescence properties. Most of the emphasis is being placed on chelates because very little is 

known in that area and because they offer promising possibilities for analysis of trace amounts of 

· metallic elements. 
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A. 8 -Quinolinates 

A small but systematic shift of the peaks in the fluorescence spectra, in the direction of 

longer wavelengths, has been found in going from aluminum to gallium to indium to thallium(III). 

At the same time the q~antum efficiency was found to fall off rapidly, the fluorescence of thallium 

being detected only with difficulty. This confirms the prediction of Kasba that the quantum effi-

- ciency should decrease with an increase in size of the ion. 

When derivatives of a number of divalent metals in the Mellor-Maley series were pre

pared, differences in the spectra were observed once again. However, these differences did not 

follow any simple relationship with electronegativity as did the stability constants of the complexes. 

As yet, no other possible alternate correlation has been worked out. (W. E. Ohnesorge) 

B. Naphthols 

Naphthol derivatives are widely used for chelation so the introductory phases are being 

devoted to the parent organic compounds themselves. The fluorescence of 1- and 2-naphthol has 

been investigated to determine the factor.s affecting the fluorescence of these compounds and, in 

general, to evaluate the factors affecting fluorometric methods of analysis. A new analytical 

method for 1- and 2 -naphthol, based on their fluorescence, has been developed for their simulta

neous determination in mixtures. 

Factors of particular interest were pH, solvent anci the wavelength of the exciting radia- · 

tion. The pH -dependency of fluorescence was found to be a function of the wavelength of the exciting 

radiation. An anomalous fluorescence band appears for both 1- and 2 -naphthol when either of these 

is dissolved in concentrated sulfuric acid. 

Since the fluorescence of 1- and 2 -naphthol depends upon the form of the compound (i.e. 

whether it is molecular or ionic) the quantum yields (relative to quinine sulfate in 0.1 N _sulfuric 

acid) have been measured for these forms. Under certain conditions the naphthols will absorb 

radiation as the molecule and emit fluorescence as an "ion. The efficiency of this transfer process, 

along with the efficiencies for other emission and non -radiative processes have been determined. 

(D. M. Hercules) 

VI. THERMOMETRIC TITRATIONS 

Work_on the feasibility of using acetonitrile as a solvent in non-aqueous thermometric 

acid -base titrations has been continued. Measurements on systems which contained even small 

quantities of water were complicated by the basic character of the water and the heat effects intro

duced by it. Efforts to prepare dry perchloric acid in acetonitrile solutions were not successful. 

Metathetical reactions between barium perchlorate and sulfuric acid or between silver perchlorate 

and hydrogen chloride led to mixtures which continued to deposit sol~d products for months. The 

device. of removing water by addition of acetic anhydride to perchloric acid in acetonitrile solutions 
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gave an unsatisfactory product due to the acetic acid produced in the reaction. When strong bases 

were reacted with a titrant produced in this way, large extraneous heat effects were introduced by 

direct reaction of the base with the acetic acid. 

The most satisfactory drytitrant obtained so far is an acetonitrile solution of hydrogen 

bromide. Exceilent titration curves are obtainable with strong and moderately weak bases and the 

stability of the startdard titrant is adequate. Heats of reaction of typical bases in several classes 

of compounds are being measured in order to determine what relationships may exist between base 

type, structure, strength and heat of reaction with hydrogen bromide in acetonitriie. Tests of the 

effect of acetonitrile on ·the color of a number of indicators in solvents of varying acidic or basic 

strength and dielectric constant are being made to determine the acidic strength of acetonitriie it

self. (E. J. Forman) 

VII. PHOTOMETRIC TITRATIONS 

Studies on the applicability of the photometric method of determining end points in non

aqueous titration systems have continued with chief emphasis on acetonitrile and acetic acid as 

solvents because of the extensive backlog of knowledge existing ·concerning these solvents in poten- . · 

tiometric work. Anomalous effects found in the titration Of p-nitroaniline in acetonitrile-acetic 

acid mixed solvents are being investigated and efforts are being made to develop a theory which 

will explain the observed behavior of typical titrations systems. 

VIIL OPTICAL INSTRUMENTATION 

A number of detection systems are being examined for feasibility of use in automatic re

cording spectrophotometry in the visible and ultra-violet range. Cadmium sulfide, cadmium sel

enide and lead sulfide photoresistive elemen~s have been tested and the cadmium cells found to have 

excessively great dependency of sensitivity on wavelength and poor matching characteristics. Lead 

sulfide elements, on the other hand, .show relatively 'low sensitivity and low signal to dark current 

ratios which make their use unattractive. The use of matched logarithmic attenuators for ratio re

cording with multiplier phototut>es is now under study. ( R. F. Breese) 

IX. ION EXCHANGE MEMBRANE ELECTRODES 

An investigation of the electrical potential across an ion -exchange membrane has shown 

that, at least with the existing apparatus, the intend«7d studies of deviations from ideality in the 

sub-millimolar region are not practical. Hence, the second phase of the i)lvestigation, ·the use of 

ion exchange membranes in potentiometric titrations, has been initiated. It has been found that, 
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while complete precipitation of sodium ion can be effected with the zinc ur~yl acetate reagent, a 

titration cannot be followed with the membrane electrode in either aqueous or ethanolic solutions. 

The membranes, however, have been found to be insensitive to the tetraethylammonium ion; 

therefore, an attempt is being made to prepare a tetraethylammonium antimonate reagent. It is 

hoped that this reagent will be useful as a precipitant for sodium ion in a potentiometric determi-

-; nation in which a membrane electrode is used. (R. B. Hanselman) 

X. VOLUMETRIC DETERMINATION OF SULFATE WITH ION EXCHANGE 

Work is continuing on an ion exchange method for the determination of sulfate in the 

presence of halides and weak acid anions. The method, which has been described previously, was 

applied to samples containing potassium sulfate, sodium chloride, sodium dihydrogen phosphate 

and· arsenic acid. At low flow rates through an ion exchange column the sulfate could be deter

mined with an average .Precision and accuracy of 0.3%. In a series of experiments designed to 

investigate optimum conditions, it was found that the presence of arsenate and/or phospt,J.ate in 

the samples appeared to interfere with the exchange process at flow rates higher than 3 ml. per 

minute. A study is now underway to determine the basis .of this interference and to develop meth

ods for its elimination. ( R. C. DeGeiso) 

XI. ACID-BASE TITRATIONS 

A. A Platinum-Calomel Indicator System 

The principle of potentiometry at constant current is being investigated as a method of 

determining the end point of acid -base titrations. Preliminary experiments indicated that if a 

small constant current is passed through a platinum -calomel electrode pair, the potential of the 

platinum electrode is a function of pH. The platinum electrode could be used either as a cathode or 

as an anode, but the potentials developed at a platinum anode were unstable and not very reproduc

ible. By using a platinum electrode as a cathode, potentiometric curves were obtained which com

pared favorably with those obtained with a glass-calomel electrodepair. Current-voltage curves 

were obtained for the platinum -calomel system for solutions of various pH. These polarograms 

indicated that anodic currents could not be used, but that for a given cathodic current the potential 

of the platinum electrode was essentially a linear function of the pH. of the solution. 

The reproducibility ·of this indicating system was checked by titrating several samples of· 

NaOH with HC10 4 • The magnitude of the potential change is somewhat less than that which occurs 

at a glass electrode, but the potential break seems to occur at the same place. Coulometric gen

eration of hydrogen and hydroxyl ion is currently being investigated as a means of introducing re

agent into the solution so that an automatic recorder may be used to draw the. potentiometric 

curves. (J. L. Duffield) 
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B. Coulometric Generation of Hydroxyl Ion 

Work is being continued on a study of the coulomet!"ic generation of hydroxyl ion irt al

coholic s.olutions. A study of alcohol-water mixtures to determine the lower water-content limit 

for100%current efficiency has temporarily been interrupted in order to investigate the application 

of potentiometry at constant current as a method of end-point detection for acid-base titrations in 

aqueous alcohol media. The ordinary glass calomel electrode pair appears unsatisfactory in these 

solutions because of drift and loss of sensitivity presumably due to high junction potentials and de

hydration of the glass membrane. Consequently, a platinum-silver electrode pair through which 

a small constant current flows is being investigated as an indicating system. Preliminary experi

ments indicate that the potential of this electrode pair can be used to determine the eru:l point of 

an acid -base titration. However, since this system still suffers from drift, especially between 

titrations, a differentiating circuit is being built so that the derivative of the potential may be used 

to detect the end point. (E. J. Forman) 

XII. SPECTROPHOTOMETRY OF THE THALLIUM( III) NITRATE COMPlEX 

The existence of a complex between.thallium(III) and nitrate ions has been suggested 

several times in the literature. Recently Peschanski (D. Peschanski, Compt. rend., 238, 2/77 

( 1954)) has observed a thallic nitrate complex spectrophotometrically, determined the combining 

ratio to be 1:1, and made an estimate of the formation constant.-

Spectrophotometric studies have been made at 220 of acid thallium (III) perchlorate solu

tions containing nitrate. The data have been interpreted in terms of a mononitratothallium(III) 

complex with~ formation constant, K1 = (TlNO:'l ++)j(Tl+++)(NO:J-) = 8.3 atJJ. = 0.567, (trt) = 0.44, 

4.7 at JJ. = 1.15, (H+) = 1.0; 2.8 at JJ. = 2.00,, (H+) = 1.0; 2.0 at JJ. = 3.00, (H+) = 1.0. The molar ab-. 

sorptivities for Tl+++, TlOH++ and TlN03 ++ hav~ also been determined. In making this· study a 

method was developed for interpreting spectrophotometric data when significant hydrolysis as well 

as complex formation occurs. (E. A. Burns) 

XIII. INTERFACIAL TENSION AND COMPLEX FORMATION 

Further work on the method of Kazi and Desai (H. J. Kazi and C. M. Desai, J. Indian Chern. 

Soc., 30, 287 (1953)) for determination of combining ratios in complexation reactions has led to 

the conclusion that the majority of results obtained by this. method are illusory. Continued refine

ment of technique has produced less and less indicationof a relationship between interfacial ten

sion and complex composition. By application of the principles of statistical experimental design, 

it has been shown that measurements of interfacial tension as a function of composition by the ring 

method, which is vastly superior to the drop -volume method commonly used, show no significant 
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variation with composition at or in the vicinity of most stoichiometric solution compositions. The 
-

mercuric -chloride ion system, the mercuric -bromide ion system, and the lead -nitrate ion system 

have been studied in considerable detail. The occasional indications of stoichiometric compound 

formation shown by the interfacialtension·method (e.g. the formation of Hgl4 =from Hgl2 ) can be 

attributed to extraneous effects, such as the solubility of Hgl4 = in butyl acetat~. Neutralization 

reactions do not give satisfactory end points by the interfacial method. It is suggested that psy

chological factors may be operative, particularly in the drop-volume method, which may lead to 

the sort of results obtained by previous workers if the composition of the samples being tested is 

known to the operator. A paper describing the results of this investigation has bee-n published in 

the Journal of Physical Chemistry (E. A. Heintz and D. N. Hume, J. Phys .. Chem. 61, 462 (1957)). 

(E. A. Heintz) 

XIV. COMPLEX CHEMISTRY OF THE FISSION ELEMENTS 

A. Cerium 

The red color produced when an acid solution of eerie ammonium nitrate and a low mo

lecular weight alcohol or phenol are mixed has been well known for some time. A spectrophoto

metric study is ·being re -initiated in this lal:>oratory in an attempt to determine. the composition of 

the complex responsible for this red color. It is felt that the most important factors in the pro

duction of this color are the pH and the nitrate ion concentration in the solution. Therefore, the 

initial investigations will attempt to determine the effect of these changes while holding the ionic 

strength constant. 

. Present studies have been conce.rned with finding a low molecular weight alcohol that 

would not be oxidized too rapidly by the cerium, and, hence, yield a decreasing absorbance (i.e., 

less color) with time, but still be sufficiently soluble in water so that a wide range of concentra

tions could be used for the investigation. These prerequisites appear to be filled by _!-butanol (i.e., 

2 -methylpropanol-2). (E. A. Heintz) 

B. Copper 

A careful recheck has been made of the conditions necessary for the formation of the basic 

tetrachlorodicuprate complex previously reported. It was not unambigliously clear from earlier 

work·whether or not the presence of some water was necessary for the compound to form in almost

dry ethanol. Exhaustive drying of all reaction components together with direct analyses for water 

showed that the compound formed to the same extent and with the same spectral characteristics in 

solutions containing about 0:01 mole of water per mole of copper as in solutions containing 1 mole 

of water per mole of copper. From this it may be concluded that water is not involved stoichio- · 

metrically and the basic ligand, if one is actually coordinated, is ethylate rather than hydroxide. 

(E. A. Heintz) 
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C. Lower Valence States of Indium 

Further efforts have been made to duplicate the results of previous workers who have 

claimed the existence of appreciable amounts of indium of lower valence states in acidic indium 

perchlorate solutions which had been treated with metallic indium. No evidence for the presence 

of reduced indium has been found in polarographic studies, and the :high blanks obtained in experi

ments measuring total reducing power makes drawing conclusions regarding the existence or non

existence of reduced indium exceedingly uncertain. (E. A. Burns) 

XV. GAS CHROMATOGRAPHY 

An instrument for gas -liquid parti~ion chromatography has been constructed and its op

erating characteristics determined for a number of volatile constituents. 

The instrument consists essentially of an eight-foot glass tube .filled with Celite which 

has been moistened with solicone oil. The gas sample is carried through by qelium and fractiona

tion occurs. The fractions are detected by differences in thermal conductivityof the effluent which 

are measured by a thermistor incorporated in a Wheatstone Bridge. The output from the bridge .is 

recorded automatically. Quantitative analysis is made by measuring the area (millivolts times 

seconds) under the peak for each fraction. The time at which a peak emerges is a qualitative in

dication of the presence of a fraction. The best precision obtained with mixtures of light alcohols 

was 0.3%. The usuat' precision is slightly less than 1% . 

. We are now constructing a new instrument which, it is hoped, will overcome the mech

anical problem of inserting an accurately measured gas or liquid sample. A weighed. solid sample 

will be placed in a Vycor tube in series with the column and there pyrolyzed with a burner. There

after the whole sample will be carried through by the helium. Preliminary survey .indicates the 

presence of two or three well-separated fractions from pyrolyzed polystyrene. (T. Healy) 

XVI. ANALYTICAL CHEMISTRY OF GERMANIUM 

A study of the polarographic reduction of Ge(IV) has been undertaken. The investigation 

is directed toward further explanation of certain features of the waves previously noted in chloride 

and borate media such as their kinetic component and irreversibility, response to surface active 

agents, pH dependence, arid germanate equilibria. The reduction has not previously been system- .._, 

atically investigated in the presence of the common complexing ligands such as iodide,. bromide, 

fluoride, tartrate, citrate, and thiocyanate and a survey of these media was made. The Ce(IV) 

wave occurs at v.ery negative potentials; in borate buffered solution in region pH 7 .5, the above-

mentioned ligands do not seem to shift the half-wave potentials significantly, all lying in the region 

of -1.45 v. vs. S.C. E. The existence of a simple dependence of potential on concentration of ligand 
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is therefore doubtful and it will be difficult to separate any effects of complexation from other 

features ·of the Ge(IV) discharge. Ge(IV) does not give a wave in acid solution but a sharp maxi

mum in current was noted in HCl-KCl electrolyte of ionic strength 2, prior to hydrogen discharge 

and after no previous reduction. Phosphate buffers in intermediate pH ranges were found to dis·

charge too early to.b,e suital:>le media for studying waves which appear at such negative potentials. 

(B. Miller) 

XVII. PROPOSED RESEARCH 

Most of the problems being studied in this program are of a long range nature and as a 

result there will be extensive carry-over from the present year to the next. Among the proj~cts 

which will be continued are the electrodeposition of trace quantities, the study of the formation 

and properties of complex ions~ fluorescent properties of chelates and their application, gas chro

matography, elucidation of polarographic double layer effects, surface potential measurements, 

optical instrumentation, and photometric and thermometric titration methods. 

Several new programs of investigation are plaimed for initiation during the coming year 

and others which have been dormant for some time due to lack of personnel are scheduled for re

activation. Within these categories may be listed an investigation of the reactions of nidciium com

plexes, a study of the factors governing mutual interferences in flame photometry, application of 

reflectance measurements to quantitative analysis of mixtures, infra-red investigation of the na

ture of species formed in non-aqueous titrations, infra-red studies of ~e complexes of highly hy

drolyzable fission -element compounds in non -aqueous solvents, and the millicoulometric method 

of determining electron transfer numbers in polarographic processes. 

-11-
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I. INTRODUCTION 

The present annual report of· the Nuclear Inorganic Chemistry Group is presented as 

usual as a number of items grouped in six research areas of conSiderable interest to our group, 

and basic to the general field of nuclear chemistry. These are Physico-Chemical Studies (Section 

II); Solvent Extraction Studies (Section III); Anion-Exchange Studies (Section IV), based on stud

ies of the anion-exchange resins Dowex-1 and Dowex-2 and our synthetic aliphatic anion exchanger; 

General Nuclear Chemistry (Section V), and Fission Radiochemistry (Section VI). The report of 

Professor Scatchard on Physical Chemistry of Ion Exchangers and Solutions is given in .Section liE 

through letter I of the same section. 

Specific procedures for the preparation of carrier -free products from cyclotron or pile 

targets might have been made into a separate section, rather than keep them in the sections related 

to technique and decay data. The procedures described are: Tl f)'," om Hg( IIIC ), Nb from Y ( IIID ), 

Rb and Cs from fission products (IIIE ), all based on solvent extractions; V and Sc from Ti (IVE ), 

As from Ga and Ge (IVF), Zr from Y(IVG), all based on anion-exchange resins; Pd from fission 

· products, Ag from fission products or Pd, Cd from Ag and from Pd and Ag (VD), and Sn from Cd 

and In (VE). In addition, a method fs reported for the simultaneous determination of Na and Kin 

small rock samples by neutron activation without chemical separation (VF ). 

A substantial body of information has been accumulated on isomeric states of Pd (V,C), 

namely very short-lived Pd106 m, 20-sec Pd107m, and 4.8-min Pd100 m, and on Pd and Ag isotopes 

of mass_numbers 113-117 (VD ), _namely 1.4-min Pd113 -- 1.2-min Ag113 m -- 5.3-h~ Agl13 , 2.4-min 

Pd114 -- 5-sec Agl 14 , 45-sec Pd115 --~ 20-sec Agllsm- 21.1-min Ag115, 2.5-min Agl 16 , and 1.1-min 

Agtt7 -- Cdn7 m and Cd117 . 

The study of fission yields of Th232 and U238 with 10- and 14-Mev deuterons (VIA and VIB) 

and a· c::ortelation of experimental cross -section data (VIC) for possible competitive reactions of 

deuterons with heavy nuclei have cast new light on the quantitative aspects of the interactions of 

deuterons with heavy nuclei. Indeed at 14 Mev, capture of the whole deuteron by U238 is responsible 

for 0.75 ± 0.25 of the fissions, and stripping reactions for the rest. The distribution of nuclear 

change in 14-Mev deuteron fission is in good accord with expectation from earlier work in this lab

oratory. 

The electr.omotive behavior of ion-exchanger membranes is being elucidated in conn.ection 

with the use of these membranes in concentration cells (VIID, E), and by a study of the effects of 

diffusion in "hi-ionic" cells. The abnormalities of the distribution of electrolyte between ion ex

changers is being studied ( IIF). Preparations are being made for the studies of dilute solutions of 
. . 

polyelectrolyte (IIG ). 
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A number of the investigations reported here are considered complete, and manuscripts 

have been prepared for submission to appropriate journals. Notable is the set of four papers on 

the behavior of Zn with Dowex l (IVA). (C. D. Coryell, J. W. Irvine, Jr., and G. Scatchard) 

II. PHYSICO-CHEMICAL STUDIES 

A. Ionization ~ Inorganic Acids in Bis ( 2 -chloroethyl) Ether 

The present investigation _grew out of an increased realization of the importance of the 

properties of mineral acids in organic solvents for understanding of solvent extracti-on phenomena. 

After equilibration of equal volumes of bis ( 2 -chloroethyl) ether arid aqueous acid and the separa

tion of phases, the_ extent of dissociation and extraction in the ether phase was examined'. 

The thermodynamic dissociation constants of HBr, HC104, HCl, and HN03 in water

saturated bis(2-chloroethyl) ether, as obtained from conductimetric measureme~ts, are 1 x 10-4 , 

5.6 x 10-5
, 5 x io-6 and 1.4 x 10-6 , respectively. The conductance-concentration data were evalu

ated in terms of Debye-Huckel and Onsager ionic interaction theories modified by Bjerrum, Fuoss, 

and Shedlovsky for application to weak electrolytes. For the weakest acids, where the calculation 

procedure suggested by the theories became inadequate, certain assumptions had to be made. The 

solubulities (extraction) of dilute mineral acids ( caq ..... 1 molar) in the ether pqase as determined 

by conductimetric microtitration increased in the order given: I;I2S04, HCl, HBr, HC104, and HN03 • 

The ratio·s of the acid concentration in the ether phase to that in water were in the range 10-s to 

10-3 increasing with increasing acid concentration. 

A commercial A-C Wheatstone bridge equipped with a cathode -ray-tube indicator and 

operating at 0.4, 1, and 5 Kc was used for conductimetric measurements. The bridge indicator 

was of sufficient sensitivity to be used for determination of small amounts of acid by conductimet-· 

ric microtitration to the resistance minimum. Since the investigated syste~s were air and light 

sensitive, all the transfer and measuring operations were carried out under an atmosphere of prepuri

fied nitrogen. 

A detailed treatrrEmt of the data is given in a doctoral thesis, and the study is being pre

pared for publication. (E. Rudzitis) 

B. Water Extraction ~ Bis ( 2 -chloroethyl) Ether from Mineral Acid Solutions 

In connection with other studies on the ionization of mineral acids in bis ( 2 -chloroethyl) 

ether (Section IIA, above) and on the extraction of organic complexes from acids into this solvent 

(Section III, below), data were obtained by the Karl Fischer titration on the amount of water ex

tracted into the chloroether at 25° from aqueous solutions of HN03, HC104, HBr, HCl, LiCl, and 

H2S04 from zero to 6-8 M. 
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The data have been reported graphically (R. A. Horne, L.N.S. Quarterly Progress Report 

for February 28, 1957 ). The water extraction falls from 0.45 per cent at zero electrolyte concen

tration but turns up for HN03 at about 2M, and HC104 at about 4M. The electrolytes HBr, HCl, and 

LiCl give superposable curves falling-linearly to 0.18 per cent extraction at 8M. The H2S04 curve 

falls somewhat below this last set. ( R. A. Horne) 

C. Correlation of Overlap Integrals and Structure 

We have begun some work on the corretation of overlap integrals with structure of mole

cules like CIF3, PBr5, SF4, BrF3, etc. We have obtctined the expression for the 2s-4s overlap in

tegral in terms of approximate atomic orbitals of the Slater tyiJe, each containing parameters J.J. and 

n - o where ~t = Z/(n- o) and n - o is an effective principle quantum number. We have used the 

general method of Mulliken et al. (R. S. Mulliken, C. A. Rieke, D. Orloff, and H. Orioff, J. Chern. 

Phys. 17, 1248 ( 1949 ) ), but our master formula contains non -integral A type functions. 

The general master formula for 2s - 4s overlap is 

00 

S 1 1 1 p6·7 (1 + t)2·5 (1- t)4.2 \ 
= 2 14! i7.4l 0 

i=1 

- 1)i- 1 [(1.7)(1.7- 1) (1.7-i+2)] 
(i - 1 )! 

where p and tare defined previously (Mulliken, Rieke, Orloff and Orloff, loc. cit.) 

Before now Ax integrals were only available for integral values of x. Calculations have 

been made for Ax(P) for x values from +5.7 to -5.3 with p values from 1 through 9, thus making 

available calculations for overlaps of 4s, 4p, and 4d orbitals. These calculations are being pre

pared for detailed publication. (F. A. Cotton, L. Leifer, and J. R. Leto) 

D. The Freezing Behavior of Dowex 50-HC1-H20 Systems 

Studies havebeen made of the temperature-time dependence during cooling of the cation

exchange resin Dowex 50 in the hydrogen form after various amounts of HCl have been introduced by 

equilibrating with aqueous HCl solutions, followed by filtering, blotting, and air drying. The dried 

resin of zero HCl content showed no evidence for phase transition, in the cooling curve, whereas all 

of the other preparations showed a break in the curve which indicates some phase transition in the 

resin system, presumably separation of ice or HCl hydrate. ( L. Leifer and 0 .. R. Lundell) 
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E. Effects of Diffusion and Flow Through Charged Membranes 

The material flux through a membrane affects the electrical potential across the mem

brane. (G. Scatchard, "Discussions of the Faraday Society", 21, 27 {1956)) (G. Scatchard and 

F. Helfferic\1, ibid. 70.) (F. Helfferich, ibid. 83.) When the solutions are efficiently stirred, the 

effects may be calculated by the steady, state methods of the thermodynamics of irreversible pro

cesses, which give an extension to membranes of the methods of Nernst and Planck for liquid june

tions without membranes. When stirring is stopped, t;here is practically unlimited expansion of the 

junction by diffusion (W. H. Orttung, S. B. Thesis in the Department of Chemistry, M.l.T ., June 

1956), which may be complicated by mass flow through the membrane. We arE7 studying particu

larly, the cell 

Ag, AgCl, HC1(0.002M), cation exchange membrane, NaCl{0.002M), AgCl, Ag 

with the area of membrane face exposed to each -solution about 1 x 5 mm. We have devised and 

built an apparatus which requires about 10 ml of each solution and can be conveniently operated 

with flows past the membrane face of about 1 - 3 em/sec or with no flow. We are now using, how

ever, an apparatus which uses several liters of each solution and operates conveniently at flows of 

0.5 - 15 em/sec in which the pressure drop across the membrane is adjustable •. On stopping flow, 

the electromotive force drops rapidly to a minimum, rises quite rapidly to a maximum and then 

falls slowly. The electromotive force also appears to decrease at faster rates of flow. With con

trolled pressure difference we hope to determine the cause of the irregularities. (F. Helfferich, 

W. H. Orttung, F. G. Satkiewicz, R. L. Yoest, and G. Scatchard) 

F. Distribution ~Hydrochloric Acid Between Ion Exchanger and Dilute Aqueous Solution 

The activities of electrolytes in ion exchangers appear to be about the same as in solutions 

of salts with one organic ion of the same concentration as the resins until the electrolyte concen

tration becomes very small, and then the activity_ coefficients appear to decrease very rapidly. 

This effect may be very important to the explanation of ion exchange, or it may be due to experi

mental error. The experimental part of a very careful study of the behavior of hydrochloric acid 

with a sulfonated polystyrene resin (Dowex 50) has been completed. (N.J. Anderson and G. Scatchard) 

G. Activity of Water in Dilute Polyelectrolytes 

One of the important gaps in the thermodynamic study of ion exchangers is knowledge of the 

activity of water in very slightly cross -linked resins and in dilute linear polyelectrolyte solutions. 

Knowledge of the latter will also help in many related problems. Brown and Delaney ( 0. L. I. Brown 

and C. M. Delaney, J. Phys: Chern., 58, 255 {1954)) have used a strain gage as a null instrument to 

compare the pressure from a solution at temperature T1 with that of water at T2, and the limit of 

accuracy is that of measuring T 1 -: T2, which is about the same as the limit in the usual isopiestic 

measurements. By comparing two solutions of nearly the same vapor pressure at the same temper

ature and by eliminating electrical switches the limit can be reduced to that of maintaining the tern

perature the same in two similar vessels, which should be a hundredth to a tenth of that of the 
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former method. This would give a constant temperature method comparable in precision to the 

freezing point depres.sion. Apparatus is being constructed for this purpose, and may be completed 

by the end of the current period. (F. G. Satkiewicz, G. M. Wilson, and G. Scatchard) 

H. The Behavior of the Ammonium Ion Near 0°C 

Scatchard and Prentiss (G. Scatchard and S. S. Prentiss, J. Am. Chern. Soc., 54, .2696 

( 1932); 55, 4355 ( 1933)) found that ap1monium salts gave smaller freezing point depressions than 

the corresponding potassium salts in dilute solutions. Measurements of the vapor pressures at 

25° indicate no such difference. The conductance of ammonium and potassium ion are almost the 

same at 25°, but that of ammonium ion is about 4% smaller at oo .' (International Critical Tables, 

~ 232, 234.) Ammonium fluoride is the only substance known to form solid solutions with ice. 

(R. Brill and S. Zaromb, Nature, 173, 316 {1954.)) This last fact seems to offer possible explana

tions of the others. The ammonium ion cannot. enter the ice structure without a fluoride ion, but it 

may be adsorbed at the surface which determines the equilibrium with the liquid solution. Liquid 

water near the freezing point contains many "islands" with ice structure. If the ammonium ions 

enter these "islands" their mobility should be less than that of the potassium ions which do not. 

This entry into the "islands" might either lower or raise the activity of the water. We have therefore 

measured the electromotive force of the cells. 

( 1) Ag, AgBr, NJ-4Br (0.01 ), cation exchange membrane, NH4Br (0.0025 ), AgBr, Ag 

(2} Ag, AgBr, KBr (0.01 ), cation exchange membrane, KBr (0.0025), AgBr, Ag 

(3) Ag, AgBr, -NH4Br (0.01 ), NH4Br (0.0025 ), AgBr, Ag 

( 4) Ag, AgBr, KBr ( 0.01 ), KBr ( 0.0025 ), AgBr, Ag 

If the difference in freezing point depression is to be explained by differences in the activity of 

water in the solution, the electromotive force of cell ( 1) should be 0.85 mv less than that of cell 

( 2 ), and that of cell ( 3) should be 0.85/2 + 0.62 = 1.04 mv less than that of cell ( 4) if the ratio of 

conductances is also correct~ At 25°, .( 1) and ( 2) should be the same and ( 3) and ( 4) should be 

the same. The values we found are given in Table 2.I. 

TABLE 2.I 

Electromotive Force of Concentration Cells 

Cell 25° 1.50 Predicted, 1.5o 

( 1) 68.24 63.05 

( 2) 68.28 63.17 

diff. -0.04 -0.12 -0.85 

(3) 33.39 30.04 

(4) 33.38 30.78 

diff. 0.01 -0.14 -1.04 
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The results show definitely that there is· some inconsistency in the experimental results. 

They show pretty clearly that most of the difference in freezing point depressions does not come 

from differences in the liquid solution, and that either the conductance, the electromotive force, 

or the freezing point measurements are in error. (W. H. Orttung and G. Scatchard) 

I. Electromotive Force of Concentration Cells with Ion-Exchanger Membranes 

The study of the variations from ideality of the electromotive force of a concentration cell 

with ion-exchanger membrane (G. Scatchard, pp. 128-143 in "Ion Transport Acrbss Membranes", 

H. T. Clarke, Ed., Academic Press, New York, N.Y., 1954, and Chapter 3 in "Electrochemistry 

in Biology and Medicine", T. Shedlovsky, Ed., John Wiley and Sons, ·Inc., N. Y., 1955) · 

(G. Scatchard, J. L. Coleman and A. L. Shen, J. Am. Chern. Soc., 79, 12 (1957)) particularly in 

dilute solutions, is also continuing as a necessary part of the use of ion -exchanger membranes as 

"electrodes", recently with a vibrating reed electrometer·. New information is accumulated, but 

no new ideas. (J. S. Coleman, A. L. Shen, Y. V. Wu, and G. Scatchard) 

Ill. SOLVENT EXTRACTION STUDIES 

A. ~General Treatment of the .Solvent Extraction £_f Inorganic Complexes 

Equations are derived by which experimental solvent-extraction data may be related to 

the average degree of polymerization, the average number of hydrogen of hydroxyl ions associated 

with the metal species, and the average charge of the metal species in the two phases. The me~od 

allows consideration of many kinds of species in each phase and thus permits interpretation of the 

data while making a minimum of assumptions. The equations are applied to the distribution of In(III) 

in the system HBr-methylisobutyl ketone. 

A detailed paper has been prepared on this subject and submitted to the Journal of Physical 

Chemistry. (A. M. Poskanzer) 

B. The Distribution of Gold(III) and Gallium(III) in Bis(2-chloroethyl) Ether -Hydrochloric Acid 

. Systems 

As part of the continuing study of solvent extraction with bis(2-chloroethyl) ether, meas

urements have been made on the distribution.of gold(III) and gallium(III) from hydrochloric acid 

solutions as a function of equilibrium metal concentration C A at different aqueous HCl c oncentra

tions. The general procedure used was to dissolve a quantity of the metal salts (HAuC4 · 4H20 or 

GaC13 • xH20) directly in the organic solvent, (with the help of HCl gas in the case of gallium). 

Then five or six stock solutions were prepared by successive 10-fold dilutions with organic solvent 

and these were stored in black bottles under nitrogen pressure. The solvent used was water

saturated in the gold experiments and 6N HCl-saturated (to prevent hydrolysis) in the gallium ex

periments. For each measurement ten ml. of one of these stock solutions was equilibrated with 

ten ml. of a HCl.stock solution plus a few drops of a bis(2-chloroethyl) ether solution of carrier-free 
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radioactive tracer . .In most of the gold experiments, Cl2 was added to the HCl stock solutions to 

prevent reduction of the gold during equilibration. 

The experimental results for the extractibn coefficient E as a functio~ of C A from carrier 

free ( CF) to almost 0.1 M shown in Figures 2.1 and 2.2 were obtained at 25.0 ± 0.3°C and have been 

CA (equilibrium aqueous phase Au molarity) 

Figure 2.1 

The distribution of Au(III) between bis(2-chloroeth.yl) ether 
and aqueous HCl ·solutions of different molarity as a function 
of the equilibrium aqueous Au( III) concentration. 

C4 (equilibrium aqueous phose Go(m)'molority) 

Figure· 2.2 

The distribution of Ga(III) between bis(2-chloroethyl) ether 
and aqueous HCl solutions of different molarity as a function 
of the equilibrium aqueous Ga(III.) concentration. 
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corrected for the dilution of the organic phase by the addition of the tracer' and for the volume

ratio change upon equilibration. The acidities indicated are the equilibrium aqueous phase HCl 

concentrations. In the gold experiments it was not possible to obtain reproducible results below a 

total gold concentration of 10-4M. Several oxidizing agents stronger than chlorine were tried but 

none proved to be effective. The standard deviation of the gold results appears to be about ± 3%. 

For the gallium results the standard deviation above 10-7 M Ga in the aqueous phase is about± 2% 

and below this concentration about± 10%. 

It is planned to use the.se experimental results to further evaluate the validity of the as

sumptions used in the treatment·in section IliA, above, and to calculate equilibrium constants 

where possible. (A. M. Poskanzer) 

., C. The Extraction of Tl(l) Halides from HCl and HBr Solutions Ex Bis( 2-chloroethyl) Ether 

Preliminary studies have been made (L. C. Bogar and J. W. Irvine, Jr., L.N.S. Progress 

Report for November 30, 1956) of the partition of Tl(I) between bis ( 2 -chloroethyl) ether and HCl 

or HBr in aqueous solution, using 11.8d Tlro2 made in the Hg(d, 2n) reaction and purified by ex-. 

traction into the same solvent of Tl(III) from ·HCl solution. 

The observed extraction coefficients for the extraction of Tl(I) halides from the halogen 

acid solutions studied were found to be poorly reproducible. The effect of the addition of NH2NH2, 

NH20H, and S02 to the system was explored. The extraction of Tl(I )Br at carrier -free thallium 

concentrations was observed to have a high extraction coefficient (E,...., 103 from 0.26 to 3.05 F HBr, 

with no reductant; E,...., 350 from 2.07 to 3.05 F HBr with NH2NH2 reductant). The extraction of Tl(I)Cl 

at .carrier-free thallium concentration stuclled with no added reductant, with S02, NH20H, and NH~H2, 
studied as a function of HCl of 0.820 to 11.8 F concentrations shows a maximum extraction coefficient 

E, ,...., 100 at 11.8 F HCl and E ,...., 0.02 at 0.820 F HCl concentration. 
, . . . . I . 

The extraction of Tl( I )Cl studied as a function of. Tl( I) concentration a;t 5.04 F HCl with 

NH2NH2 reductant present, has a value for E which decreases with initial Tl(I ). concentration; i.e., 

d' at 5.21 X 10-3 to 5.21 X 10-4 F initial Tl(I) concentration is,...., 3, and from 5.21 X 10-7 to carrier-
' . 

free initial Tl(I) concentration, E ,...., 0.1 . 

Further studies on the system are being considered. (L. C. Bogar and J. W. Irvine, Jr.) 

D. The Behavior of Nb and Ta in Solvent Extraction 

A procedure has been reported (E. Bruninx and J• W. Irvine, Jr., L.N .s .. Progress Report 

·for February 28, 1957) for the preparation of carrier-free NI:J96 tracer from Y target, using adsorp

tion on an anion exchange resin at high HCl concentration and elution with 4M. HCl or 2M HCl + 0.05M 

~C204. 

Results were also given (Loc. cit.) for the extraction of Nb at pH 10 with. chelating agents 

into organic solvents of polarities from that of diisoprop)rl ether to nitrobenzene! The most effective 

at thispH is 5, 7-dichloro-8-quinol. 
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Attention was directed to the extraction of Nb and Ta tracer as chlorocomplexes from 

aqueous HCl solutions into methyl isobutylketone and amylacetate. 

Equal volumes of HCl containing Ta or Nb tracer and organic solvent were shaken for 

about 2 hours. After- separation of the phases the distribution ratios were measured by pipetting 

suitable aliquots from each phase and measuring the 'Y activity. The equilibrium acidity and final 

volumes were also determined. Other solvents also examined were diisobutylketone, diisopropyl

ether, bis(2-chloroethyl) ether, cyclohexanone, dibutylphthalate, end nitroethane. Nitrobenzene 

gave emulsions which could not be easily handled. Oxalic acid was used in two series of experi

ments at 0.05M. The data are reported in terms of the final aqueous molarity MHCl of HCl, th~ 

ratio V A/Vo of volume of aqueous phase to organic phase, the D values (cone. ratio org/aq), the 

ratio of D for Nb to that of Ta which indicates efficiency in the separation, and the activity aHCl of 

HCl ( aHCl = M2'}'2 ), assuming no effect on aHCl of the organic phase. 

Typical data at relatively high HCl concentration are shown in Table 2.II, with those sys-
. . 

terns giving high separati()n put near the top. In no case is Ta extracted more than a few per cent 

b~t effective extraction for Nb is achieved in many cases. 

TABLE 2.11 

The Extraction of Nb and Ta from HCl Solutions into Various Solvents 

~b 

MHCl VA/Vo D 0 Ta aHCl 

I Bis ( 2 -chloroethyl) ether Nb 8.3. 1.02 6.02 4300 11,000 

Ta 1. 0.00148 

II Methyl isobutyl ketone Nb 6.51 1.17 53.2 2460 1,500 

Ta· 1.5 1.021 

With H2C20 4 Nb 5.6a 3.2a 13.5 1230 (58o)a 

Ta 3.4a 0.011 

III Amylacetate Nb 6.1 0.94 9.87 370 1,000 

Ta 1.08 0.026 

With H2C20 4 Nb 6.4 0.94 2.53 82 1,400 

Ta 0.9 0.0301 

IV Nitroethane Nb 7.9 1.17 3.68 4000 7,300 

Ta 1.2 0.00092 

V Diisobutylketone Nb 10 1.1 5.7 355 60,000 

Ta 1.1 0.016 

VI Dibutylphthalate Nb 8.5 0.87 0.44 142 13,000 

Ta 0.85 0.0031 
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Table 2.11 (Continued) 

~b 

MHCl VA/Vo D DTa aHCl 

VII Diisopropylether Nb 7.4 1.3 0.078 60 4~200 

Ta 1.3 0.0013 

VIII Cyclohexanone Nb 8.7 1.15 0.00048 9.2 16,000 

Ta 1.15 0.00052 

a Initial HCl 8.8M, system is near the consolute point. 

Diisopropylether, cyclohexanone and dibutylphthalate were not further examined due to 

their low extraction capacity. Diisobutylketone was difficult to obtain pure, and the nitroethane 

work was not continued because of its relatively high toxicity. The three remaining solvents, methyl 

isobutylketone (MIBK), arnylacetate (AA) and bis(2-chloroethyl) ether (CEE) give comparable 

results. MIBK and AA are somewhat less desirable at high HCl concentrations since they are fairly 

soluble and "large volume changes occur. The addition of oxalic acid reduces extractability but 

minimizes the hydrolysis of Nb-Ta solutions. 

Studies made over a range of HCl concentrations showed steady increase of extractability 

of both species with increasing HCl concentration. The values of log D for Ta increased roughly 

linearly with aHcl with a slope of about 0.6 for HCl-AA, HCl-AA + H2C20 40 and HCl-MIBK. The 

presence of H2C204 raised the slope considerably in the MIBK system. 

Corresponding studies of th~ Nb extractability showed much greater sensitivity of iog D to 

aHCl· The HCl:-AA curve shows a slope of about 1.0, but H2C20 4 makes it turn up faster from a 

lower start. The HCl-MIBK data without and with H2C20 4 are even more curved .. (E. Bruninx and 

J. W. Irvine, Jr.) 

E. Solvent Extraction of Carrier-Free Rb and Cs 

The solvent extraction of carrier-free rubidium and cesium tetraphenyl borates (B~ -) 

and cesium hexafluophosphates ( PF6 -) has been investigated. 

CsPF6 extracts into nitromethane with an extraction coefficient, E, of about 3. The E 

value for other solvents studied is less than the val_ue for nitromethane. RbPF6 is expected to have 

an E value smaller than that for CsPF6 • Details of the investigation have been reported previously. 

·carrier-free rubidium and cesium can be extracted into nitrobenzene from 0.1M NaBPh4 

solution buffered at pH 9 with Na0H-H3B03 • The respective extraction coefficients are 1180 ± 120 

and 8800 ± 1400. Decreasing the BPh4 - concentration lowers E markedly. The effect'of lowering 

pH is to decrease E slightly at pH 5 and by two-thirds at pH 3. From pH 7 - 10, E is essentially 

. constant. The presence of U02 +t- decreases E for cesium to 110 ± 25 in buffered soluti~n and 

890 ± 90 in unbuffered solution (pH 9). 
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The addition of Al+t+ or Cl* decreases the tendency to form emulsions in both buffered 

and unbuffered systems, and has been shown not to affect E in the unbuffered systems. U02 +t

also decreases emulsification, but with the afor~-mentioned decrease in E. 

NaB~ solutions have been shown to be stable through eleven days when scavenged with 

·freshly precipitated AI( OH)3 immediately after preparation and if stored at ~ 0°C. Solutions 

stored at room temperature decompose somewhat in several hours. (R. C. Fix) 

F. Problems of Technique in Solvent-Extraction Studies 

Detailed studies are in progress of the experimental requirements to obtain reproducible 

and meaningful measures of the extraction equilibria of metal complexes between aqueous solutions 

and relatively immiscible ·organic solvents. Some results have been reported (R. J. Dietz, Jr., 

L.N .S. Progress Report for August 31, and November 30, 1956) on Au( III) -HCl-dibutyl phthalate and 

In(III)-HC1-Bis(2-chloroethyl) ether. 

In the gold -dibutyl phthalate system the gross distribution coefficient D (organic/ aqueous) 

was found to decrease rapidly with phase contact time over a period of 48 hours. Since the gold 

activity was initially present only in the aqueous phase, this is contrary to what would be expected 

to occur if a flow partition equilibrium were responsible. It was observed that this decrease was 

only slightly lessened when the solvent was washed extensively before equilibration; however, no 

decrease in D was observed when the solvent was presatur ated with chlorine or when HBr contain

ing some free bromine was used as an aqueous phase. Similar behavior was observed in the Au(III)

HC1-bis(2-chloroethyl) ether system. The above evidence seems to indicate that reduction of the 

carrier-free gold by a component in the organic phase is responsible for the anomalous behavior. 

We assume that complications of this nature may arise from three sources: the first due 

to redox or complex reaction with some impurity in the solvent present at extremely low concen

tration, the second resulting from the reaction of the extracting species with some substance pres

ent ~t small concentration in equilibrium with the solvent, i.e. the products of an unfavored reaction 

of the solvent with itself or i.ts environment, and the third is the modification of the solvent by gross 

changes in its physical properties. This latter factor would affect the extraction at macro as well 

as carrier -free concentrations. 

Difficulties of the first type have been attacked through multiple distillation and adsorption 

with some success modification of the pu:J;"e solvent by environmental factors has been successfully ;.. 

inhibited by the exclusion of air, moisrure, and light and the restriction of equilibration time of 

aqueous and organic phases. A careful consideration of the above conditions has resulted in the 

increased precision of solvent extraction measurements in this system and the virtual elimination 

of time dependence due to solvent modification. These studies are being carried further, with 

promise of considerable improvement in solvent-extraction data. (R. J. Dietz) 
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IV. ION-EXCHANGE STUDIES 

A. The Absorption~ Zn on Anion-Exchange Resins 

An extensive series of investigations has been carried out on the adsorption of Zn at 

tracer and higher concentration levels on the anion-exchange resin Dowex 1-X8 as a function of 

composition of the external aqueous solution, with a large number of salts and complex formers 

and some organic diluents. These data have been reported in fair detail in previous reports. 

(R. A. Horne, R. H. Hcilm, and M.D. Meyers, L.N.S. Progress Reports for August 31, November 

30,. 1956, and February 28, 1957.) They have been written up in detail as four papers which have 

been submitted for publication with the title given above. Abstracts of the four papers are included 

below, with subtitles. 

1) The Secondary Cation Effect 

The dependence of the absorption of tracer zinc(II) on Dowex 1-X8 chloride from chloride 

solutions of varying concentration, the chloride concentration being maintained by the addition.of a 

halide supporting electrolyte, on the nature of the cation (secondary cation) of this chloride is 

described and interpreted in terms of ionic association in the resin and/or external aqueous phase 

of the secondary cation with anionic chloride complexes of zinc(II ). 

2) Stoichiometry, Thermodynamics, and Factors Influencing the Rate of the Absorption 

Process 

The absorption of macroscopic amounts of zinc(II) on Dowex 1-X8 chloride has been 

studied at room temperature; the chloride content of the resin phase doubles with the presumed 

equivalent absorption of zinc species. The absorption of tracer zinc(II) on Dowex 1-X8 chlorid~. 

from LiCl and ·HCl so~utions at 0, 25, and 49°C has been studied and the r~sults indicate the presence 

of a secondary process n;sulting in apparent resin absorption at high LiCl concentrations. The in

fluence of resin mesh and amount, the concentrations of various constituents in the solution phase, 

and solvent composition on the ·rate of the absorption and desorption processes has been studied to

gether with the rate of exchange of radiozinc between the resin and solution phases. 

3) The Absorption from Bromide, Fluoride, Cyanide, Oxalate, Acetate, Nitrate, Phos

phate, Sulfate, and Alkaline Media and the Perchlorate Effect. 

Zinc(II) absorbs on Dowex 1-X8 from bromide, fluoride, and o:Xalate media but not from 

acetate, nitrate, sulfate, and alkaline medi<:J. .. The absorption curve from HBr at 24.8 ± 0.2°C has 

been interpreted to yield the following constants for the su,ccessive association of the zinc( II) bromo

complexes; 1.0, 0.5, and 0.3 . The presence of perchlorate ion markedly depresses the absorption of 

zinc (II) on Dow ex -1 chloride from HCl solution. 

4) Loading Studies, Dowex-2 Absorption, and the Absorption from Mixed Solvent Media. 

Loading studies indicate that the equivalent capacity of Dowex-1 for zinc(II) chloro-complex 

ions is the same as for chloride ion, thus rendering unlikely the possibility of absorption processes 
. . 
other than ion exchange with the resin functional groups. The absorption of zinc(II) on Dowex-2 
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from HCl and LiCl media, while somewhat less, is substantially the same as on Dowex-1. In mixed 

solvent media of lower dielectric constant than water the differences in the absorption of zinc(II) 

from HCl and LiCl solution observed in the case of aqueous solvent tend to diminish, the absorp

tion peak is shifted to lower chloride concentrations, and the value of the absorption coefficient at 

the peak is increased; these observations are explained in terms of the decreased dielectric con

stant of the medium resulting in changes in the extent of ionic association. 

The results observed have been qualitatively, and in many cases, quantitatively interpreted 

in terms of ion -pair formation iri the resin phase, or when the dielectric constant of the external 

solution is lowered, ion -pair formation in both internal and external solution. On the b~sis of these 

studies we have concluded that the absorption of metals on anion exchange resins from complexing 

media is an equivalent exchange phenomenon involving anionic complexes of the metal, similar to 

cation absorption on c_a~ion exchange resins or simple anions on anion exchangers, complicated by 

a) the as yet poorly understood physical chemistry of concentrated solutions of electrolytes,, b) the 

dependence of the concentrations of absorbing species on the concentration of complexing ligand, 

and c) ion-pair formation of the type just discussed. (R. A. Horne, R; H. Holm, and M.D. Meyers) 

B. ~ LiCl Effect for Absorption Qf ~ Au( III) and ~Chlorides on an Aliphatic Anion-Exchange 
Resin · 

Int~rest attaches to the pronounced increase in absorption of many metal ions on an anion

exchange resin (Dowex-1) from chloride solutions on changing the cation from H+ to u+, the so

called LiCl effect (K. A. Kraus, F. Nelson, F. B. Clough, and R. C. Carlston, J. Amer. Chern. Soc., 

77, 1391 (1955)) ( K. A. Kraus and F. Nelson, Proceedings of the Geneva Conference on Atomic 

Energy, paper 837 (1955)). The effect was found to depend only slightlyon the cross-linking of 

Dowex in the range 1 to 8 percent (XI to X8 ). Studies were planned with an aliphatic ion-:exchange 

resin, to see if the aromatic structure of Dowex might be involved in the effect. 

Experiments have been made with an aliphatic ion exchanger (Ulex) prepared by polymeri

zation at 60 - 80°C of varying amounts of tetraethylene -pentamine and ~pichlorohydrin in methanol. 

The studies were made with this in comparison with Dow.ex 1-X2 which has the same maximal ad

sorption coefficient D (metal in resin divided by metal in external solution) for Zn in HCl solution 

(D ~ 300). 

For tracer Zn, Dowex 1 showed 100-fold increase in Don going from 10M HCl to 10M 

LiCl, whereas the Ulex only showed· increase by a factor of .2. For tracer Au (III), Dowex 1 showed 

an even larger LiCl effect, 104
- fold at 10M chloride, whereas Ulex showed only an effect of factor 4. 

For _tracer Ag, the LiCl effect was not found by Kraus et al (Kraus, Nelson, Clough and Carlston, 

op. cit. p. 24 ), (Kraus, Nelson, op. cit. p. 24 ); our experiments with Dowex 2-X2 gave a 2-fold 

effect at 10M chloride, and with Ulex no effect. More extensive data as a function of HCl or LiCl 

concentration are given elsewhere. (U. Schindewolf and W. R. Pierson, L.N.S. Quarterly Progress 

Report for November 30, 1956.) 
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The results show a major difference in the secondary cation effect for Zn(II.) and Au(III) 

with the aliphatic resins compared to the aromatic resins. The implications of these results for 

the state of ions in anion-exchange media will be explored further. (U. Schindewolf and· 

W. R. Pierson) 

C. Anion-Exchange Equilibrium Studies: Cl04- Cl-, and Sorption~ KC12!! Dowex 2-X8 

Detailed studies have been made of the equilibrium between Dowex 2-X8 and solutions of 

KCl and KC104 of total molarity 0.0500 by careful chloride analyses of the external phase and by 

analysis for Cl displaced from the resin by excess KC104 • The concentration selectivity constants 

K were obtained for the reaction 

RC104 + Cl = RCl + Clo;-

as a function of x~l 

r 

XCI 
K=-

r 
Xc10 4 

(Cl07) 

(Cl-) 

where the Xr values correspond to equivalent fractions in the mixed-resin R( Cl04, Cl ). The values 

reported in detail earlier (D. H. Freeman and C. D. Coryell, L.N.S. Quarterly Progress Report for 

February 28, 1957) show that K is 0.0297 from O_:::X~ 1 _::0.45, ~d that it falls ~t higher X~l values 

to O.Oll at Xr = 0.95. This dependence on Xr is greatly different from that reported by previous 

workers (H. P. Gregor, J. Belle, and R. A. Marcus, J. Am. Chern. Soc., 77, 2713 (1955)) and is in 

the opposite direction from trends that would le~d to the expectation of phase separation in the mixed 

resin. (C. D. Coryell, and D. H. Freeman, L.N.S. Annual Report, May 31, 1956, pp. 23-24.) ·· 

The measurements of the Clo;- - Cl equilibrium depend on the assumption of negligible 

adsorption of the electrolyte apart from the anion exchange process. The sorption on the resin of 

electrolyte (such as KCl) as a function of concentration on the external solution is also of general 

interest in the interpretation of the behavior of. ion-exchru::tge resins. Thus we have begun studies of 

the K+ content of resin (Dowex 2 and Dbwex 1) equilibrated with external KCl solutions of known 

concentrations, going down to 10,; M, using K42 tracer. While there are technical difficuities in re

moving external phase from the surface of the resin beads, preliminary results show that Dowex 2 

sorbs more KCl than Dowex 1 from solutions of low concentration. (D. H. Freeman) 

D. Anion-Exchange Equilibrium Studies: SCN-- Cl- and SCN-- c1o;- ~ Dowex 2-X8 

The selectivity constants for the SCN - Cl and SCN - c10;- systems have been studied 

at a constant total i~nic strength of 0.050 in the external solution as a function of X~1 and X~10 , 
- - - 4 the equivalent fraction of Cl and Cl04 in the mixed resins R(SCN, Cl) and R(SCN, Cl04 ). 

The equations for the reactions may be written as follows: 

RSCN + Cl = RCl + SCN 
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for which 

r xC1 (SeN-) 

X~CN (Cl ) 

and, 

RSCN + ClO~ = RClO 4 + SCN-

for which 

Tn the expressions for K1 and I<:J, X~l' X~CN and X~lO correspond to the mole fractions 
- - 4 - - -of Cl , SCN and Cl04 in the resin phase at P.quilibrium, and ( SCN ), ( Cl ) an~ ( Cl04 ) are the 

equilibrium solution molarities of the species thiocyanate, chloride and perchlorate. 

In this series of investigations K1 was found to decrease from 0.088 at X~1 = 0.1 to 0.028 

. at X~1 = 0.95 in contradistinction to the marked rise reported by previous workers. (Gregor, 

Belle, and Marcus, op. cit. p. 25 .) 1<:J decreased from 2.1 at X~104 = 0.05 to 0.93 at X~104 = 0.85, 

in agreement with values reported by Gregor, Belle and Marcus (Loc. cit.). (E. Yellin) 

E. Preparation of Carrier-Free~ and Sc from Deuteron Bombarded Ti 

An anion exchanger in the fluoride form can be used (Kraus and Nelson, op. cit. p. 24 ) 

(U. Schindewolf, L.N.S. Progress Report for August 31, 1956 p. 9.) to separ~te V and Sc activities 

from deuteron-bombarded Ti targets. Both Ti and Sc form very strong fluorid~ complexes in dilute 

HF, which are strongly absorbed by an anion exchanger column whereas V passes through because 

it is not complexed by HF. '·with concentrated HF, Sc is eluted before Ti from 'the column. 

Procedure: Dissolve Ti in HF, add H20 2 to oxidize V, reduce excess H20 2 with S02 and 

pass the solution after dilution to 0.5 - 2.5M HF through an anion -exchange column (Dowex 1) .which 

·had been equilibrated with HF. The V activity is eluted with 5 - 10 column volumes of the HF. Then 

the Sc activity is eluted with 6 column volumes of 15M HF. Since the Sc fraction is contaminated with 

traces of Ti and V, a second absorption and desorption cycle on a smaller column is desirable for 

the purification of Sc. (U. Schindewolf) 

F. Preparation 9_f Carrier-Free As from Ga and Ge from Deuteron-Bombarded Ge; As from Ga and 
Ge in a_ G~ Target 

An anion -exchanger in the fluoride form can be used to separate As froin Ge and Ga in a 

deuteron bombarded Ge target. As(III) is not complexed by HF but Ge andGa which· also are formed 

in the deuteron bombardment of Ge form anionic complexes with HF and are retained as an anion 

exchange column. 
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Pr.ocedure: Dissolve Ge in a mixture of HN03 saturated with S02·• Dilute to 0.5 - 2.5 M 

HF and pass through an anion exchange column (Dowex 1 ), previously equilibrated with HF. Elute 

As with about 5 column volumes of 0.5 - 2.5 M HF. As(III) in hydrofluoric acid is slightly volatile. 

It should be oxidized with HN03 before the final solution is evaporated. (U. Schindewolf) 

G. Preparation~ Carrier-Free Zr from~ Y20 3 Target 

Separation of tracer amounts of zirconium from a deuteron -bombarded yttrium target is 

possible with an anion -exchange resin in hydrochloric acid. Yttrium forms no anionic chloro com

plexes at any HCl concentration and therefore is not absorbed. Zirconium, on the other hand, forms 

strong chloro complexes in concentrated HCl solutions and can be absorbed on an anion exchange 

resin from HCl. 

Procedure: Dissolve the yttrium oxide target in concentrated HCl and pass the solution 

through an ai).ion exchange column (Dowex 1, 8% cross·linked, 50-100 mesh). After all the yttrium 

is washed out with concentrated HCl; zirconium is eluted with 6M HN0:3. Elution with diluted HCl 

gives a very small yield because zirconium tends to hydrolyze in solutions of low acidity;· To pre

vent hydrolysis 6M HN03 is sufficient. Up to 90% yields may be obtained. 

Strontium, which is formed by ( d, 2p) or ( d, a) reaction, will pass through the coiumn 

together with yttrium. (U. Schindewolf) 

V. GENERAL NUCLEAR CHEMISTRY 

A. Beta-Decay Systematics: The Dependence 9_f ~A·~A· and 6 A.£!!:~ and on Nucleon Shells 

An extensive study was made (C. D. Coryell, Ann. Rev. Nucl. Sci. ; 305 ( 1953)) in 1953 

on the utility of .a parabolic treatment of isobaric masses for ,8-decayenergetics, based on earlier 

work of Brightsen (R. A. Brightsen, S.M. Thesis in Chemistry, M.I.T., 1950) Coryell, and Pappas 

(A. C. Pappas, L.N.S. Technical Report No. 63, December 1953, and earlier work in this laboratory), 

taking into account the effects of nuclear shells on the parameters of the following equation for the 

total energy cj3 in ,B decay: 

rf3 = BA(ZA- Z..:. 1/2) ± EA 

rf3 = BA(ZA- Z- 1/2) ± 6A 

(A odd) 

(A even) 

( 1) 

(2) 

The minus signs in the pairing terms EA and 6A go with even Z of the decaying species, and the 

plus signs with odd Z. The term 1r - v was formerly used (C. D. Coryell, op. cit. p. 27 ) for € A' 

where 271" is the pairing energy of two protons and 2v that for two neutrons. Eqns. ( 1 ) arid ( 2) hold 

for electron capture by using Z + 1 for the parent nucleus and reversing the sign of cj3. 

In thi.s treatment, it is found that ZA is essentially linear with A, but that pronounced 

offsets occur, upwards on crossing a neutron shell edge (28, 50,· 82, or 126) and downwards on 

crossing the corresp<mding proton shell edge. The tabulated ZA values as a function of A are listed 
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in Table 2.V which appears on page 31 . Small breaks seem to be required at N = 40 and 106, and 

at Z = 64, which are ascribed to subshell effects or to correction required for small curvature of 

the ZA - A function. 

In the 1953 correlation of our information (C. D. Coryell, op. cit. p. 27 ), strong evidence 

was lacking for a shell effect on BA, and it seemed that the relation implicit in the liquid-drop model 

was adequate: 

(3) 

Detailed studies showed the necessity to take into account the pairing effect E A which is appreciable 

in short A regions just above the shell edges (Z,N) = 20, N = 28, N = 50, N = 82, and N = 126 

as a positive effect, and _as a negative effect just below Z = 20 and Z = 28. In our first treatment 

( Loc. cit.) this was formulated as a step function of Z. 

All available /3-decay data (K. Way, R. W. King, C. I. McGinnis and R. von Lisehout, 

Nuclear Level Schemes, U.S.A.E.C. Report TID 5300,_ U.S. Government Printing Office, 1955; 

R. W. King, Revs. Modern Phys. 26, 327 (1954)) (K. Way et al, Nuclear Data Cards, National 

Research Council, Washington 1955-1957) for odd-A nucl_ides have been re-examined (R. C. Fix, 

Ph,D. Thesis in Chemistry, M.I.T., August 1956) for the mass region 39-203. The values of cf3 
(including cascade y energies plus energies of "isomeric transition of daughters) were plotted against 

N for families of constant I = N - Z (isodiapheres) in the manner of Suess and Jensen (H. E. Suess 

and J. H. D. Jensen, Arkiv. Fysik, ~ 577 (1951 ). When the cf3 values oscillate systematically be

tween high values for odd Z and low for even, positive values of E A are required, and the values are 

estimated from the difference in the envelopes for odd Z and those for even Z. For the region of 

A> 208 (N > 126, Z > 82 }, E A was taken as +0.16 Mev from Glass, Thompson, and Seaborg 

(G. A. Glass, S. G. Thompson, and G. T. Seaborg, J. Inorg. and Nucl. Chern .. !:-' 3 (1955)) and 

Coryell (C. D. Coryell, op. cit. p. 27 ). 

The values found in this study are shown in Figure 2.3 ~here the empirical EA values are 

~A V~LUES 

z>_B2,N>I26 

0 

~ 
~ 0~~--~~--~U-------~--------U---------~ .. 
"' 

-0.2 
o Good Values 
• ·Rough Values 

-0.4 a Values from Glass (G4) 

41 81 101 121 . 141 161 181 201 221 241 
Mass Number 

Figure 2.3 

Observed dependence of the pairing term EA (in Mev) for odd-A species as a function of 
mass number A." The data have been idealized as a step function in Table 2.111. 
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plotted against K. Circles indicate good values. and crosses less certain ones. The absence of an· 

appreciable EA_ value (within 0.1 Mev) is shown by dots. The EA values seem definitely to be above 

zero just above all neutron shell edges, and except for N = 126, to fall to zero rather suddenly in 

8 - 16 A units. The only clear -cut region of negative E A is that just al:love Z = 28. A small po:;;itive. 

€ A was found just before Z = 50, as reported earlier (H. E. Suess. and J. H. D. Jensen, op. cit. p. 28 ), 

and some evidence was seen for an effect just before Z = 82, N = 126 (Figure 2.3 ). It was very 

difficult to treat the data just above N ·=> 50 in the shell-modified liquid-drop framework (C. D. 

Coryell, op. cit. p. 27 ) and one EA value of 0.75 appeared. 

F9r convenience in predicting {3 -decay data, the results of Figure 2.3 are idealized to 

block functions of A in Table 2.III. For the .next odd mass number after that in line 1, half the E A 

may be used. 

Region N > 20 
to A =49 

z > 28 
to A= 71 

-0.4 

TABLE 2.III 

Smoothed E A Values Other Than Zero 

N >50 
to A= 101 

+0.35 

A> 109 
to Z =50 

+0.15 

N >50 
to A= 151 

+0.35 

Values of B A may be determined from equation ( 1) as: 

{3 ~B . -
BA = Q (Z)- "-l (Z + 1) + 2EA 

A> 197 
to Z = 82 

+0.1 

N > 126 

+ 0.17 

(3) 

where the minus sign in the last term goes with even Z. If the decay energies are known for 'two 

alternate members of an isobaric ·series, the E A term drops out, and we have the relation: 

BA = 1/2 [Qf3(Z)- Q[3(z + 2)] (4) 

Values of BA computed (R. C. Fix, Ph.D. Thesis in Chemistry,· M.I.T., August 1956) from r/ values 

for odd-A species are given as a function of A in Figure 2.4, good values being denoted by open 

circles, and less certain ones by crosses. Dots show the individual values of Glass and coworkers 

(G. A. Glass, S. G. Thompson, and G. T. Seaborg, J. Inorg. and Nucl. Chern.!_, 3 (1955)) for 

A> 209, with a line marking their average value of 1.14 Mev. The broken line gives the liquid-drop 

prediction (C. D. Coryell, Ann. Rev. NucL Sci. b 305 (1953)) of equation (3) based on Fermi 

parameters including those.for ZA. Vertical lines show where nucleon shell closure should affect 

the data. 

There is no strong evidence in Figure 2.4 that nucleon shells affect the BA dependence on 

A except for th~ weakly supported evidence for a discontinuity in BA near A = 208. It seems clear, 

however, that the empirical values for BA lie below the predictions of equation (3) in the mass re

gion 41 - 141, and above it thereafter. Brightsen (Loc. cit.) (R. A. Brightsen, S.M. Thesis in Chem

istry, M.I.T., 1950) had also observed low values for the region 65 - 90. A smooth curve is passed 
~ 
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through the experimental BA values in Figure 2.3 up to A= 201 and interpolated values are given 

in Table 2.V which follows later. Lack.of experimentalinformation hinders explanation of the 

apparent discontinuity with the data for A > 211. 

3.0 

2.5 

- 2.0 > 
Q) 

:::!: 

·~ 1.5 

1.0 

\ 
\ 

0 \ 

\ 
. 0 d. 

o 0 o\ 
00 i 0 \ . 

N> 28 \ N>50 
\ol 

I ' 

BA VALUES 

z >82 
N >126 

0 ' z > 28 ° ., z >50 
oo ··~),, I 

I 

o 0 '~ ·N>82 o • 
.. • ',o I )'a-o,--ux-;o 
~ ........ · • oxl6 • 
u ~u....._ "t'll/tJ' 

0 0 ~:a- ..... 
ao ..... ____ .a .· · : · --- . . . .. -----:___ 

o Good Values 

• Rough Values 
• o Values from Gloss (G4) 

--- Fermi Values 

41 61 81 101 121. 141 161 181 201 221 241 

Moss· Number 

Figure 2.4 

Observed values of BA (in Mev) the parabolic curvature in the mass formula 
as a function of mass number A, based on Qf3 values for isobaric pairs. Values 

interpolated from the solid curves are given in Table 2.V. 

Decay properties of even-A species show pronounced dependence on pairing, since the 6 A 

effect is large and always present. It enters decay equations in a manner complete_ly analogous to 
- -

€ A for odd-A nuclides. No new e:malysis has been made for 6 A since 1953, when Coryell found 

(C. D. Coryell, Ann. Rev. Nucl. Sci., b 305 (1953)) that 6A/BA values could be represented by a 

smooth curve with no clear evidence for shell effects except an irregularity just before A= 210, 

probably related to the BA discontinuity. Modification of BA values to the present ones makes cor

responding changes in the proposed 6 A values to those given in Table 2.IV, including a large change 

. downwards near A = 40, small decreases to A= 150, and small increases for A == 175 and 200. 

40 

1.5 

60 

2.4 

TABLE 2.IV 

Smoothed 6 A Values (Even-A Nuclide~) 

75 

2.6 

100 

2.6 

125 

2.2 

150 

1.9 

175 

1.9. 

200 

1.8 

210-250 

1.47 

This pew analysis gave an opportunity to check the Coryell-Pappas-Brightsen values (Loc. 

cit.) of ZA in the various shell regions. The values seem quite reliable except for the small up

ward break formerly_ascribed toN = 106. The breakis now put as a small downward break at 
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Z = _74, with a change in slope from A = 187 to A = 205. More experimental data would be desirable 

in this region. The values of BA from this study, and ZA with the small change from this study are 

given in Table 2.V for the different shell regions. Also included are the discontinuities t:.ZA in ZA 

at the shell edges and the slopes 6ZA/6A in the different shell regions. 

TABLE 2.V 

Values of BA~and ZA and BZA/BA for Successive Shell Regions 

Shell Region A BA ZA azA; aA 

Z<20 30 2.5 14.25 0.45 
N<20 38 2.5 17.85 

Cross N = 20, t:.ZA = +0.15_ 
Z<20, N>20 36 2.5 17.1 0.45 

42 2.5. 19.8 

Cross Z = 20, t:.ZA = -0.35 
Z<28, N<28 4n 2.5 18.55 

50 2.5 22.9 0.435 
54 2.5 24.7 

Cross N = 28, t:.ZA = +0.3 
Z<28, N>28 52 2.5 24.1 0.424 63 2.47 28.7 

Cross Z = 28, t:.ZA = -0.4 
Z>28, N<40 60 2.48 27.1 

70 2.25 31.1 0.403 
N>40 74 2.15 32.75 (change in ZA slope) 

80 1.96 35.1 0.384 
90 1.78 38.9 

Cross N = 50, t:.ZA = +0.9 
Z<SO, N>SO 86 1.83 38.2 

100 1.61 43.8 0.397 
120 1.34 51.7 

Cross Z = 50, 6.ZA = -1.3 
Z>SO, N<82 120 1.34 50.4 

130 1.25 53.9 0.350 
140 . 1.19 57.4 

Cross N = 82, t:.ZA = + 1.4 
Z<64, N>82 136 1.20 - 57.4 

146 1.19 61.0 0.357 
156 1.24 64.5 

Cross Z = 64, t:.ZA = -0.5 
Z>64, N>82 156 1.24 64.0 

. 170 1.40 69.1 0.37 
187 1.5 75.4 

· Adjustment near Z = 74 or N = 110 
Z>74, N>llO 187 1.5 75.0 0.36 

205 1.5 81.5 

Cross Z = _82, 6.ZA ~ -0.7 
Z>82, N<126 200 ~ 1.2 79.2 0.32 

210 ,...1.2 82.4 

Cross N ·= 126, t:.ZA ~ + 1.0. 
Z>82, N>126 210 1.14 83.55 0.354 

245 1.14 95.9 
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Quite reliable predictions of {J -decay energies may be made with the parameters B A• Z A• 

EA, and OA from Tables 2.111, 2.IV, and 2.V, using the master equation 

+ oA (A even, Z odd) 

c! = BA(ZA - Z - 1/2) + €A (A odd, Z odd) (5) 

- EA (A odd, Z even) 

- OA (A even, Z even) 

The average error in the regions SO< A< 150 and 210 <A< 250 is± 0.4 Mev for even A 

and± 0.16 for odd A. (R. C. Fix and C. D. Coryell) 

B. The Creation ~ the Heavy Elements ~Neutron Capture on~ Fast Time Scale 

The pattern of isotopic abundances above A = 70 is best understood if a substantial frac

tion of element synthesis occurred by neutron capture on such a time scale that the nucleus zH - 1 

had a good chance of capturing a neutron before (3 decay to (Z + 1 ), H- 1 where Z is the charge of 

an even-Z element, and His the mass number of its heaviest stable isotope. This implies that 

part of the synthesis was associated with neutron capture times of hours or much less. 

Neutron capture to make elements of mass number 232, 235, and 238 fro~ elements of 

mass 209 and below could only have occurred if the neutron captures came on such a fast time scaie 

that (3 decay of the intermediates could not carry them into" the region of very short a half lives 

(N just above 128 together with Z just above 84 ). This suggests that neutron capture times were of 

the order of minutes or less. 

Consideration (C. D. Coryell; L.N.S. Annual Progress Report for May 31, 1956, pp. 29-33) 

of the abundances of elements of A > 70 in the so-called cosmic al;mndances of the elements (H. E. 

Suess and H. C. Urey, Revs. Modern Phys.,. 28, 53 (1956), which refers principally to the meteor

ites .of our solar system, gives a method of estimating the average (3 decay since tP.e time of nucleo

genesis. It is postulated that steady-state element formation by neutron capture shows hold -ups for 

nuclei with neutron shells of 50, 82, or 126 neutrons. If after a period of rapid build up, the neutron 

flux drops suddenly to zero, the shape and position of abundance peaks can be related to the capture 

cross -section discontinuities at shell numbers. 

One of us (P. Fong, L.N.S~ Quarterly P:l;"ogress Report for August 31, 1956, pp. 23-24) 

has· set up equations for the competition between neutron capture and (3 decay which provide a detailed 

basis for quantitative correlation of the abundance data with fast neutron-capture cross sections. 

Assuming a drop in cross section of 50-fold for closed-shell species, and experimental data for (3-

decay probabilities as a function of composition, the abundance data require successive neutron 

captures to occur in 0.05 sec. 

These treatments have been written up for more detailed publication. ( P. Fong and 

C. D. Coryell) 
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C. Studies on 20 sec Pd107m and 4.8 min Pd109m and Search for Pct106m 

Flammersfeld (A. Flammersfeld, Z. Naturforsch., 7~, 296 (1952) has reported Pd ac

tivities of 20 sec and 4~8 rhin decaying by. isomeric transition, whose mass assignments were uncer

tain. These same activities hav~ been obtained by bombardment of samples of Pd enriched in the 

isotopes 104, 106, 108 or 110 with thermal and fast neutrons. Neutron activation of Pd104 and Pd110 

did not give rise to short-lived. pd ;ictivities; activation of Pd106 yields an activity of 23 sec, and 

activation of Pd108 one of 4.8 min. These species were detectable with a gamma-ray scintillation 

counter, but could not be observed with a beta-proportional counter through 20 mg/cm2 of Al, in

dicating that both activities decay by isomeric transition to the ~orresponding ground states·. Fast 

neutron bombardments of Pd110 and Pd108 give rise to the 4.8 in activity by (n, 2n) and (n, 'Y) res

pectively. The 20-sec activity also was found in the fast neutron bombardment of Pd108 [(n, 2n) re

action]. Therefore, the assignment for the 23-sec activity must be 107m, and for the 4.8 min ac

tivity 109 m. 

Because an isomeric state of Pd105 could not be found by neutron activation of Pd104 or 

gamma-ray excitation of Pd105 , its half life must be shorter than 2 sec or very long. The thermal 

neutron cross section for Pd106(n, 'Y )23 sec Pd107m is about 3 times smaller than the one for Pd108 · 

(n, -y)· 4.8 min Pd100m. In agreement with Flammersfeld ( Loc. cit.), the transition energy of 23-sec 

Pd107m is found to be 210 Kev, and that of 4.8 min Pd100m, 180 kev. Both transitions are E 3, cor- . 

responding to theory (V. F. Weisskopf, Phys. Rev. 83, 1073 (1951)) ~I = 3, yes). Since the spin 

5/2 +is assigned (M. Goldhaber and R. D. Hill, Revs. Modern Phys. 24, 205 (1952)) to the ground

states of Pd107 and Pdl09,. the assignment for the metastable states is 11/2-. If the spin of undetected 

Pdlosm is the same, and its decay energy greater than 240 kev, the half-life should be less than 2 sec. 

(U. Schindewolf) 

D. Short-lived Isotopes of Pd and~ £_f Masses 113-117 

·Procedures have been developed for t:J:Ie rapid isolation of Pd and Ag from deuteron-produced 

fission products; Ag from Pd, so isolated; and Cd from Ag and Pd so isolated. The Pd separation and 

purification involves use of CHC13 extraction of Pd dimethylglyoxime. Rapid Ag separation from fis

sion products or Pd was aided by exchange with AgCl on an Ag foil. Cd was extracted into dilute 

acid from Ag held in CHC13 in the dithizone complex. Periodic extractions (milking) of Ag from Pd 

and of Cd from Ag + Pd or Ag alone were used to identify precursors of the Ag or Cd activities 

counted. The 20-channel pulse analyzer of the Cyclotron Group was used to follow specific gamma 

lines and to discriminate among beta ·groups as a function of time. 

1.4 ± 0.15m Pd113 - The production of 5.3h Ag113 in Pd extracts as a function of time con

firmed (H. a: Hicks and R. S. Gilbert, Phys. Rev. 94, 371 ( 1954)) its formation from a parent of 

1.43 ± 0.16m. The production of beta rays and of 0.14 and 0.30 Mev gamma rays of 1.2m Agshowed 

origin with the same Pd parent, with experimental half-period of 1.30 ± 0.15ni. No specific gamma 

rays could be iden~fied in the decay of 1.4m Pd113. 
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5.3h Agl13 - The half period for Ag113 is confirmed, the maximurp. beta energy established 

as 2.2 ± 0.2 Mev, and a gamma ray of 0.31 Mev found in low abundance. 

1.2 ± 0.15m Ag113ffi - The principal species observed in the decay of Ag extracts of Pd. 

was 1.20 ± 0.15m Agu3m, with half-life observed by decay of gross beta activity and by decay of 

photopeaks of 0.14 ± 0.01, 0.31 ± 0.02, 0.39 ± 0.02, 0.56 ±-0.02, and 0.70 ± 0.02 Mev. The maxi

mum beta energy is less than 2.0 Mev. Fission yield considerations show that more than 80% of the 

113 decay chain passes through 5.3h Agll3; this is presumably the fraction isomeric transition in 

1.2m Ag113ffi. 

2.4 ± 0.1m Pd114 and 5 ± 2s Ag114 - Decay of Pd samples shows a co~ponent with hard 

beta rays (Emax = 4.6 ± 0.4 Mev) and a gamma ray of 0.57 ± 0.02 Mev decaying with a half-period 

of 2.4 ± 0.1m. Rapid Ag extractions gave evidence of a hard beta emitter of half-period 5 ± 2s 

arising from a Pd isotope of 3 ± 1m. An even rna::;::; is asc.:ribed to this chain from beta energetics 

(C. D. Coryell, Ann. Rev. Nucl. Sci., 3_, 305 ( 1953 )), and the hard beta rays and .the gamma ray 

are assigned to a low-spin Ag isotope from the absence of evidence for Pd gamma rays. The num

ber 114 is chosen from agreement with the known 0.56-Mev gamma level (K. Way et al, Nuclear 

Data Cards, National Research Council, Washington 1955 - 1957) in Cdl14. We were unable to 

produce by the reaction Cd114 (n, p) the 2m Agll4 reported by Duffield and Knight (R. B. Duffield and 

J.D. Knight, Phys. Rev., 75, 1613 (1949), but this may be a high spin isomer formed in low yield 

and not formed in the beta decay of Pd114 . 

45 ± 3s Pd115 - The production of 21.1 m Ag115 in Pd extracts as a function of time showed 

its formation from a Pd parent of 0.83 ± 0.20 m. A more accurate half-life for Pd115
. was found to. be 

0.74 ± 0.04m by identical periodic extraction and subsequent purification and counting of 53h Cdl15. 

No gamma lines were found in Pd decay corresponding to the 45s half-life. 

2l.lm Agl15 - The half-period of Agl15 is confirmed, the maximum beta energy established 

as 2.9 ± 0.3 Mev, and weak gamma rays of 0.138 ± 0.010 and 0.227 + 0.015 Mev found, which are 

probably in coincidence. 

20 ± 15s Ag115m - Evidence was sought for an isomer of 21.1m Ag115 • An upper limit of 

50s was set by the observation ol beta rays of> 1.0 Mev with this half-period seen in Ag isolated 

from Pd, the half-period probably being lengthened by some counting of beta rays from 1.2m Agl13 . 

Extractions of Cd from Ag at 45 sec intervals beginning 3.8 min after a 1-min bombardment set an 

upper limit of 40 sec for Ag115m. Certain evidence for a short intermediate between Pd115 and Cd115 · 

was obtained by extracting Cd from a mixture of Pd and Ag, previously cleaned of Ag daughters, · 

indicating a half -life of 20 ± 15s. Indirect evidence for the existence of this isomer was pre sen ted 

by Wahl and Bonner (A. C. Wahl and N. Bmmer, Phys. Rev., 85, 570 (1952)), who deduced that 72 

per cent of the decay~ must go by isomeric transition to the ground state, 21.1m Agl15. The spin is 

probably 7/2 + . 
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2.5 ± 0.1m Ag116 - The direct isolation of Ag from fission products shows the occurrence 

of a hard beta emitter not isolable from Pd. The half-periods observed are 2.5 ± 0.1m for beta 

rays above 3.0 Mev, 3.0 ± 0.5m for a photopeak at 0.515 ± 0.015 Mev, and 2.6 ± 0.4m for a peak at 

0.70 ± 0.02 Mev. The maximum beta energy is 5,0 ± 0.4 Mev. From the high beta-decay energy . 

(C. D. Coryell, Ann. Rev. Nucl. Sci., _b 305 (1953)) and the agreement of one gamma ray with the 

0.508-Mev level (K. Way et al, Nuclear Data Cards, National Research Council, Washington 1955-

1957) in Cd116 , the mass assignment of 116 is proposed. Considerations of half -life and distribu

tion of nuclear charge in deuteron fission explain the absence of observable precursor. 

1.1 ± 1m Agl17 - Periodic extractions of Cd from Ag show the characte:dstic complex beta-
. , A 

decay curve (C. D. Coryell, P. Leveque, and H. G. Richter, Phys. Rev., 89, 903 (1953))(C. L. 

McGinnis, Phys. Rev. 94, 371 (1954)) of Cd117m- Cd117 plus In117m- In117 daughters (initial flat 

decay changing to about 3h pericx;J. ), the successive initial intensities corresponding to production · 

by an Ag activity of 1.1 ± O.lm period. 

No evidence was .found (C. D. Coryell, P. Leveque, and H. G. Richter op. cit. p. 35 )·for 

30m Cd118 in the extracts, indicating that the Ag parent of this or any other shorter-lived Cd has a 

half-period of less than 40 sec. . (U. Schindewolf, J. M. Alexander, and C. D. Coryell·) 

E. Rapid Separation of Sn Activities from E._ Bombardment of Cd 

A useful rapid method was devised for the separation of Sn from systems of more positive 

elements. The method consists of the selective reduction of Sn to the metallic state, in the pres

ence of small amounts of carrier, on aNi foil. Tests showed that Cd and In are. not plated out. This 

procedure was tested with Cd and In, and showed its usefulness for the study of neutron -deficient Sn 

isotopes produced by a bombardment of Cd. ( L. Leifer and E. Bruninx) 

F. Determination £_f Na and _!5 in Geological Materials £y Neutron Activation 

Experiments have been carried out with considerabl: succe~s to determine Na and Kin 

separated biotite, muscovite, and feldspar and in whole granite and basalt by neutron activation 

followed by direct beta and gamma counting of the unprocessed sample. After 2.6h Si31 and 2.6h Mn55 

have decreased to very low activities, 12.5h J<.42 and 15:oh Na24 are the only important acti~ities 
· present in these samples. 

By counting the ·3.6Mev beta's of K42 with an end-window proportional counter through 671 

mg/cm2 Al to absorb 1.4 Mev beta's of Na2 4 , and subtracting from this a component of gamma's as 

measured by counting the sarriP.le through 1750 mg/cm2 Al, the ~2 counting rate is determined, and 

this counting rate decreases with a 12.5h half-life. The N;i24 counting rate is determined by counting 

the 2.76-Mev gamma with a single channel scintillation spectrometer. The Na and K contents of 

minerals can be determined by comparing these counting rates with those of suitable standards. 

This method is probably most useful for samples containing at least 0.5% Na or K. 

Some of this work, now in progress, will be included in the S.B. thesis in the Department 

of Geology and Geophysics, M.I.T., by M. Goldstein. Grateful acknowledgement is made to 
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Dr. H. L. Finston of Brookhaven .National Laboratory for use of laboratory facilities and to Professor 

P.M. Hurley of the Department of Geology and Geophysics, M.I.T., for providing the samples. 

(]. W. Winchester and M. Goldstein) 

G. Search for Long-lived K38 

Calculations and an experiment have been described (J. W. Winchester, L.N.S. Progress 

Report for February 28, 1957) concerning the possible existence of a long-lived K38 in nature. Mass 

spectrometric study shows that the cross section for the reaction Ca40( d, a )K311
(if K38 .has a long

lived isomer) is less than 6% of the·ca44 (d, a)Jei2 cross section. (J. W. Winchester) 

H. The Decay of Cs1:11 

·Aluminum absorption curves for Cs139 have been measured by subtracting a normalized 

32m Cs138 absorption from the gross isochronous cesium curves measured on cesium produced by 

the deuteron fission of uranium. Analysis of three such curves by the Feather method and the ~th 

power method gave 4.3 ± 0.2 Mev for the beta-ray energy. A small amount of gamma radiation was 

also indicated by the absorption curve. 

Attempts were made to determine the gamma-ray energy by displaying pulses from a 

scintillation counter on a Tektronic 315D oscilloscope and photographi)lg the scope face at appro-
-

priate intervals. No peak corresponding to a 9.5-min half-life was observed. The observance of 

the 25% abundant 1.01 Mev Cs138 gamma-ray and a knowledge of the refative Csl39 - ·Cs13B activities 

set an upper limit of about 20% abundance on a Cs139 gamma ray. The invariance of the Cs139 /Csl38 

gamma counting ratio when counted. through 3g/cm2 Aland through 3g/cm2 Al plus 4g/cm2 Pb indi·

cates that the Cs139 gamma ray mu~-t be above about 0.7 Mev. 

Due to the low abundance of the gamma ray it cannot be in coincidence with the main beta 

ray. The total decay energy for Cs139 is thus 4.3 ± 0.2 Mev. (R. C. Fix) 

I. Technetium Radiochemistry 

Work has been undertaken to study isotopes of technetium of mass numbers 103 and 104. 

Candidates for these positions have been reported by G. E. Boyd (private communication) and co

workers at Oak Ridge National Laboratories and also by J. Flegenheimer and W. seelmann-Eggebert 

at the Geneva Conference. However, the characterization of,...., 3 minute Tcl03 and 3.8 m Tcl04 is 

difficult and not at all satisfactory. 

Current work is on a fast separation of Tc from fission and a distillation process appears 

to be least unsatisfactory. Milking of 41.0 day Ru from technetium will be used to determine the 

half-life of Tc103 . 

Future work will probably involve efforts to work out a solvent extraction for this milking 

procedure. (J. T. Wasson) 
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VI. FISSION RADIOCHEMISTRY 

A. Charge Distribution in Deuteron and Fast Neutron Fission ~ U23B and 'fti!32 

The fission yields of shielded nuclides are very sensitive to excitation energy and charge 

of the fissile nucleus. Therefore the measurement of these yields (BrB2, RlJ86, p.32, 1134 , Cs136) 

furnishes a method of investigating the mechanism of fission and gives additional information about 

the division of nuclear charge among the fission products. Fission has been induced in natural 

uranium and thorium by 14-Mev deuteron. bombardment and by fast neutron bombardment; the fis

sion yields of certain shielded nuclides have been measured and the results have been described in 

detail in previous reports. (J~ M. Alexander, Ph.D. Thesis in Chemistry, M.I.T., October 1956~ 

(J. M. Alexander, L.N.S. Progress Report for November 30, 1956.) 

These measurements indicate that fission induced by 14-Mev deuterons predominantly fol

lows deuteron captUre and not (d, p) or (d, n) stripping. The division of nuclear charge among the 

fission products is consistent with the empirical postulate of equal chain lengths with the same charge 

distribution curve as that observed in thermal neutron fission of U235. (J. M. Alexander) 

B. The Yield-Mass Curve-for the Fission~ U23B and Th232 ~ 136-Mev Deuterons and Fast Neutrons 

A study has been reported earlier (J. M. Alexander, op. cit. p. 37 ) (J. M~ Alexander, op. 

cit. p. 37) of chain yields in the fission of natur_al uranium (U23B) and Th232 with 13.6-Mev deuterons 

and with fast neutrons after the deuterons were stopped in Al. For U238 the ch~ns studied were those 

of mass 83, 84, 89, 111, 112, 113, 115, 131, 132, 137, 139, and 140. Independent data on U238 over 

a wider spread of masses have been obtained by Professor T. T. Sugihara (T. T. Sugihara of Clark 

University, private communication, Aprill957) and Messrs. P. J. Drevinsky and E. J. Troianello, 

w~th good agreement. The combined set of results and the arguments presented in the next section . 

have been combined in a joint paper for publication. (J. 1\ll. Alexander) 

C. Analysis of Cross Sections of Heavv Nuclei for Deuteron Reactions; Deuteron Capture Followed 
.£y Fission 

Deuteron reactions at less than about 30 Mev can be explained rather well in terms of ex-

cited nuclei formed by capture and stripping. Three different excited nuclei can be formed: 

(1) [T +n] *resulting from (d,p) .stripping; (2) [T +p] *resulting from (d, n) stripping; and (3) 

[T + d] * resulting from deuteron cap~re, where ·T denotes the target nucleus. Processes involving 

the direct interaction of individual nucleons are, with the exception of the ( d, t) reaction, quite 

rare. Experimental cross sections for deuteron reactions and the spectra of the protons and neu

trons resulting from stripping processes furnish enough information to calculate cross sections for 

the various modes of excited nucleus formation, the probability of the resulting decay processes, 

and the respective contributions to fission. 
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At the present time the accuracy of this calculation is severely limited by the precision of 

the available cross -section measurements and the absence of measurements of neutron spectra • 

. However, one may make certain approximations regarding the relation between the measured pro

ton spectra and the unknown neutron spectra. With these approximations, the cross sections for 

excited nucleus formation ruid the probabilities for deexcitation can be calculated to within about 

SO%. The results are not precise enough to permit a detailed discussion of the variation of these 

quantities with energy. However, there is one result which is significant and can be compared with 

other experiments. Deuteron -induced fission of U238 at 14 and 20 Mev seems to follow deuteron 

capture in about 75% of the fission events. The small contribution of (d, p )-excited nuclei to fission 

is somewhat surprising. The yields of shielded nuclides and the valley to peak ratio from th~ cu

mulative yield mass curve have been measured and are in agreement with this result. 

(J. M. Alexander) 

D. The Yields of Pd109 and Pd112 in !he Fission of u235 _EI Thermal Neutrons 

The mass yields of products formed· in the fission of (]235 arc quite sensitive to the energy 

of the bombarding neutrons. This effect is particularly large in the fission valley, that is mass 

number 105 to 129. Experiments are in progress to determine the exact shape of the fission valley 

for thermal neutrons and the effect of bombardment with neutrons of somewhat greater en~rgy. 

Irradiations performed in the thermal column of the Brookha-yen National Laboratory pile yielded 

values for Pd10 9 and Pd112 of 0.017% and 0.014% respectively, as compared with 6.44% for Ba140 • 

This information is being correlated with values obtained from experiments performed with the 

M.I.T. cyclotron and with data available from other laboratories. (C. E. Gleit) 

-38-

C. D. Coryell 

J. W. Irvine, Jr. 

G. Scatchard 



Nuclear Chemistry (Organic ) Group 

I. INTRODUCTION 

The researches of this group involve the application of isotopes to problems in organic 

chemistry. Tritium (H3 ) has been used as a tracer for studies of the mechanism of thermal de

composition of benzoyl peroxide, the mechanism of the Cannizzaro reaction, the mechanism of 

exchange of hydrogen between ammonium salts and alcohols, and the mechanism of methanolysis 

of triphenylmethyl chloride. Deuterium ( H2 ) has been used to determine the i~otope effect in eiec

trophilic aromatic substitutions, solvolysis of alkyl chlorides and sulfates, reactions of nucleophilic 

reagents with triphenylcarbonium ion:, and the decarboxylation of {J -ketoacids, both to provide fur

ther insight into the mechanism of these.reactions and to sharpen the technique of using isotope ef

fects as a general tool for studying reaction mechanisms. An equation relating tritium and deu

terium isotope effects has been derived and tested. Radiocarbon (C14 ) has been used as a tracer 

for studies of hydrogen transfer in benzyl cations and the mechanism of decomposition of alkyl 

chlorosulfites. -

II. THE THERMAL DECOMPOSITION OF BENZOYL PEROXIDE 

Benzoyl peroxide was decomposed in cyclohexane solution, and the ab!lity of various in- . 

hibiturs to prevent induced decomposition, studied. Styrene was chosen as the most effic.:ient .. The 

rate of decomposition of 0.003 M benzoyl peroxide at 910 in cyclohexane decreases with increasing 

styrene concentrations from a half-life of 65 min at 0.000 M styrene to a half-life of 187 min at 

0.015 M styrene, then remains constant (within about 3%) up to at least 0.15 M styrene. Thus sty

rene concentrations of 0.015 M and above eliminate induced. decomposition. 

Using ·tritium-labelled benzoyl peroxide and methods of isotope dilution, the yields of 

diphenyl, benzoic acid, and phenyl benzoate were determined under conditions of varying initial 

peroxide and styrene concentrations and of per cent reaction. Benzene yields were measured by 

ultraviolet absorption spectroscopy. From 100 moles peroxide in the absence of styrene, 111 moles 

benzene, 52.3 moles benzoic acid, 1.38 moles phenyl benzoate, and 0.0958 moles diphenyl were 

formed. With 0.015 M styrene, the benzoic acid yield was the same, the diphenyl and phenyl ben

zoate increased by about SO% (0.144 and 2.09 moles), and the benzene by 24% (128 moles). With 

still more styrene (0.120 M) all yields except that of benzoic acid decreased slightly: benzoic acid 

(52.4 moles), diphenyl (0.128 moles), ·phenyl benzoate ( 1.93 moles), benzene ( 107 moles). 

Increasing l.nitial peroxide from 0.003 M to 0.015 M and at the same time styrene from 

0.015 M to 0.075 M d_id not change the per cent yields of diphenyl, phenyl benzoate or benzoic acid 
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(benzene yield was not measured under these conditions). 

Stopping a decomposition of 0.015 M peroxide and 0.075 M styrene at half-reaction gave 

yields of diphenyl, phenyl benzoate and benzoic acid equal to one-half those at 100% reaction 

(again, benzene yield was not determined). 

Possible mechanisms were examined; Three were found which appear to fit the data. In 

all of these diphenyl and phenyl benzoate are formed in cage reactions. In one of these mechanisms 

benzoic acid is formed by attack of a peroxide molecule on .solvent, in one by attack of two caged 

benz_oate radicals on solvent, and in one by a free benzoate radical on solvent. (L. J. Schaad) 

These mechanisms .require that benzoic acid be formed by a reaction between benzoyl 

peroxide or benzoate radicals and the solvent, cyclohexane. Such a reaction can be visualized as 

occurring in either of two ways: (a) one hydrogen at a time can be abstracted from a cyclohexane 

molecule to give benzoic acid and cyclohexyl radicals, or (b) two hydrogens can be abstracted si

multaneously from one cyclohexane molecule in a concerted process to give benzoic acid and cyclo

hexene. 

These two mechanisms can be differentiated by the presence or absence of cyclohexene 

in the reaction mixture. Work has been begun, therefore, to determine whether or not cyclohexene 

is formed by the thermal decomposition ofbenzoyl peroxide in cyclohexane solution. Spectral 

methods of looking for cyclohexene were tried first. Ultraviolet spectroscopy could not be used · 

because the chief ultraviolet absorption of cyclohexene is at 185m~, which is in a fairly inacces

sable region. "Infrared absorption seemed more promising: benzene and cyclohexene do have very 

different absorptions in the carbon -carbon double -bond stretching region at 1600 em -l • This, how

ever, failed as well, for, since cyclohexene is ~ symmetrically substituted, olefin, its absorption 

in this region corresponds to a forbidden transition and has a very low extinction coefficient. 

Preliminary experiments with gas -liquid partition chromatography showed that this new 

technique would serve very well: A silver nitrate-ethylene glycol column afforded very good sep

aration of all three components of a cyclohexane, chclohexene, and benzene system, and cyclohexene 

concentrations as low as 0.003 M could easily be measured with fair accuracy. This method, there

fore, is now being used to determine whether or not cyclohexene is a product of the thermal de

composition of benzoyl peroxide in cyclohexane solution. (A. J. Kresge) 

III. MECHANISM OF THE CANNIZZARO REACTION 

Research has been initiated in an attempt to delineate the mechanism of the Cannizzaro 

reaction by proving or disproving the existence of a reaction intermediate. Benzaldehyde labeled 

in the para position with "tiitiuni will be treated with alcoholic sodium hydroxide and ·the kinetics 

followed by means of counting techniques. The rate of formation· of benzyl benzoate if it is a true 

reaction intermediate will differ from that obtained if it is produced by a secondary reaction 

-40-



Nuclear Chemistry (Organic) Group 

involving benzylate anion and benzaldehyde. Since the Geissman mechanism (T. A. Geissman in 

Adams' "Organic Reactions", Vol. II, John Wiley and Sons, N.Y., 1944, p. 96) requires the pres

ence of benzyl benzoate as a reaction intermediate while the Hammett mechanism ( L. P. Hammett, 

"Physical Organic Chemistry", _McGraw Hill Book Co., N. Y., 1940, p. 351) does not, it should then 

be possible to discritp.inate between the two. 

An investigation of the synth~tic reactions required for this study using unlabeled com

pounds has been completed .. Benzaldehyde has been prepared by photochlorination of toluene to ben

zal chloride followed by alkaline hydrolysis. 

The resulting crude product was steam distilled, converted to the sodium bisulfite adduct, 

and finally p4rified by distillation in a Holzman column. A Cannizzaro reaction was rtin with' ben

zaldehyde in aqueous sodium hydroxide, and the resulting benzyl alcohol and benzoiC acid separated 

and purified. Benzoic acid was esterfied with benzyl alcohol by refluxing in a large excess of ben

zene using p-toluenesulfonic acid as catalyst. Water was removed· continuously during the refluxing 

operation and the benzyl benzoate, after thorough washing with sodium carbonate solution and water, 

was finally purified by vacuum distillation. 

Toluene-p-t was :erepared by hydrolysis of the Grignard reagent obtained by treating p

bromotoluene with magnesium. The hydrolysis was·effected by gaseous hydrogen chloride released 

by the action of water on benzoyl chloride. The hydrogen chloride so produced was flushed into 

the Grignard solution in a slow stream of nitrogen. After several ~old runs, toluene -p -t was pre

pared by the same method. This was converted to benzal chloride by photochlorination and was 

subsequently hydrolyzed to benzaldehyde-p-t. The benzaldehyde-p-t was-purified through the bi

sulfite addition compound followed by fractional distillation. An amount of pure beniaidehyde. in

sufficient for kinetic measurements was obtained in this first run. A second run aimed at the prep

arati<;m of an adequate supply of benzaldehyde-p-t is now in progress. (A. L. Powell) 

IV. PROTON-TRANSFER REACTIONS 

Anbar and Dostrovsky (M. Anbar and!. Dostrovsky, J. Chern. Soc., 1094, 1105 

( 1954)) suggested that the mechanism of the fast reaction 

. k 
·HOCl + t-BuOH ~ t-lluOCl + H20 

kl 

in water solution at 25° consists of 

HOCl + H30 + ~ H20Cl + + H20 
~ 

H20Cl + '+ t-BuOH ~ HOCl + BuOHCl + 
~ 

BuOHCl + ~ H20 * BuOCl + H20 + 
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with the first proton exchange (k1 ) as the rate-determining step. If this is so, it should be possible 

to measure the isotope effect in oxygen-to-oxygen proton exchange by comparing rates in light vs. 

heavy water. Anfiar and Dostrovsky used the difference in ultraviolet absorption of hypochlorous 
. 0 

acid and t-butyl hypochlorite at 2900 A to follow the course of reaction. In the presence of excess 

t-~utyl alcohol and water, the reaction is. first order in both directions. If D
00

, Dt and D0 are the 

optical densities of the reaction solution at equilibrium, time t and at zero time then 

' 1 Doo -Do 
k + k = 2.3t log D - D 

go t 

.However, the small change in optical density throughout the reaction and the high velocity vitiated 

the use of the Beckman and Carey recording spectrophotometers without major modifications, 

which were not attempted. 

An alternative method using nuclear magnetic resonance spectroscopy seems feasible. 

The proton has different electronic environments in the hydronium and hypochlorous acidium ions 

and it is to be expected that separate absorption peaks should be observed if the exchange is as 

slow as claimed by Anbar and Dostrovsky. However, at higher concentrations of acid the peaks 

should broaden, coalesce, and finally narrow into a single line as a result of rapid exchange. The 

·results obtained so far with this procedure are inconclusive because only a single absorption has 

been observed.· 

Work is also in progress on the mechanism of exchange of hydrogen between ammonium 

salts and alcohols in the presence of acids. This line of research is the subject of the theses of 

J. T. McKnight (Ph.D. Thesis in Chemistry, M.l. T ., September 1953 ), and M. M. Labes (Ph.D. 

Thesis in Chemistry, M.I.T ., February 1954 ). In their investigations, deuterium was used as a 

tracer; some further work in these laboratories by V. P. Kreiter involved the use of tritium. Since 

this work was done, the group has acquired a liquid scintillation counter and it is hoped that the 

improvement in the ease and accuracy of estimating the tritium will allow a more detailed study of 

the kinetics and mechanism of the exchange. The immediate objectives are first, to check the first

order dependence of rate on the concentration of ammonium ion and second, to decide whether · 

direct ex,.change between ammonium ion and protonated solvent (N, N -dimethylformamide) is suf

ficiently fast to invalidate the mechanism suggested by the work of McKnight, Labes·, and Kreiter; 

prelimip.ary results indicate that this possibility may be rejected. 

The mechanism proposed by Swain, Labes, McKnight, and Kreiter (C. G. Swain and 

M. M. Labes, J. Am. Chern. Soc., 79, 1084 (1957))(C. G. Swain, J. T. McKnight, and V. P. Kreiter, 

ibid., 79, 1088 ( 1957 ))viz. 

k 
S + ROH + R 3NH+ ~ SH+_ + ROH···NR3 

~ ROH···NR3 ~ ROH + R3 N 

(Exchange) 
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where S is a solvent molecule, requires that the rate of exchange be given by 

There are, .however, several plausible alternative mechanisms, which could be expected to apply 

over certain concentration ranges. For instance, it is conceivable that, at relatively high concen

trations of ammonium ions and relatively low acidities, the free amine, R3N, could take the place 

of solvent in th·e proton -abstraction process, since its superiority as a proton acceptor would mit

igate its low concentration relative to that ,of the solvent. Experiments in progress with ammonium· 

bromide and methanol in dimethylformamide containing hydrogen· bromide are designed to deter

mine the variation, if any, of the reaction order with respect to the concentrations of the reactants. 

Results so far obtained, .both at constant and varying ionic strength, indicate that the order with 

respect to the concentration of the ammonium ion tend~ to increase as its concentration increases. 

(J. W. Ladbury) 

V. METHANOL YSIS OF TRIPHENYLMETHYL CHLORIDE 

A detailed study of the reaction between triphenylmethyl (trityl) chloride and methanol in 

benzene solution containing pyridine is being made. Since ordinary analytical methods could be 

applied at methanol concentrations below 0.01 M, tritium-labeled methanol was employed and the 

reaction was followed by scintillation coun~ing. The active methanol was separated from the react

ing solution by extraction with water,. which at the same time brought about complete hydrolysis of 

the remaining trityl chloride. An aliquot of the aqueous phase, which contained in ea.ch run the 

same concentrations of all components except the small· amount of methanol, was added to a suitable 

scintillation solution and was counted. At initial concentrations of 4.42 x 10-4M ~ethanol, and 

0.1 M trityl chloride the reaction is first order in methanol. At higher concentrations it appears 

to be between second and third order over-~ll. Kinetic runs with 0.1 M trityl chloride and 0.1 M 

pyridine in benzene solution at initial methanol concentrations varying from 0.06 M to 0.0004 M 

have been made at 25°C . 

. A tentative assignment of reaction mechanism consistent with the kinetics has been made. 

Apparently, two simultaneous reaction paths, as expressed by the equation 

Products 

where A is benzene or methanol, are possible.· The restriction must be made in each case that 

~(CfisOH) is insignificant compared with k_1• 

There is convincing evidence in the literature (C. G. Swain and M. M. Kreevoy, J. Am. 

Chern. Soc. 77; 1122 (1955) that the second ·step must involve methanol in.a nucleophilic role. 
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By measurin~ the deuterium isotope effect at an initial methanol concentration of 0.001 M, it thus 

becomes possible to differentiate between nucleophilicities of methanol and methanol-d, which up 

to now have been obscured by unknown medium effects always present in solvolytic reactions. 

At initial methanol concentration of 0.001 M the reaction is pseudo-first order in methanol. 

with a calculated second-,order rate constant of 0.255 ± 0.005 M-1 hr. -1 At the same initial concen

tration, methanol-d (containing 3% methanol) gives a calCulated constant of 0.239 ± 0.004 M-1 hr. -1 

The isotope effect is 1.07 ± 0.015. This relatively small effect suggests that methanol and methanol

d have comparable nucleophilicities and is added evidence that trityl chloride may partially ionize 

in benzene solution containing a tertiary amine without conventional electrophilic help. 

When the methanol concen~ration is initially 0.04 M the reaction order is between second 

and third, probably the sum of the second-order reaction observed alone at very low methanol con

centrations and a concerted third;-order mechanism. Methanol-d, however, even at 0.04 M initial 

concentratiqn reacts almost entirely by a bimolecular mechanism with a rate constant approxi- · 

mately .0.27 M-1 hr. --:1 Thus it appears that methanol-dis not as effective an electrophile as meth

anol. 

The usual practice is to carry out this reaction in the presence of a tertiary amine stoi.

chiometrically equivalent to trityl chloride to react with the product, hydrochloric acid, and thus 

to render the reaction irreversible. The possible participation of the amine in the slow step of 

the reaction at very low methanol concentrations may be investigated by varying it~ steric require

ment, basicity, or concentration. The first of these tests has been done by comparing the second

order rate constant obtained in the presence of pyridine and of the sterically hindered 2, 6-

dimethylpyridine under otherwise identical conditions._ At initial concentrations of 0.0005 M meth

anol, 0.1 M trityl chloride and 0.1 M amine, the rate constants obtained were 0.242 ± 0.004 M-1 

hr.-1 for pyridine and 0.177 ± 0.006 M-1 hr.-1 for 2, 6-dimethylpyridine. Additional kinetic runs 

will be made using a stronger base, triethylamine, and varying initial concentrations of pyridine. 

The kinetic effect of adding known amounts of water will also be investigated. (B. E. Pegues) 

VI. OXIDATION OF ALCOHOLS BY BROMINE 

The rate of oxidation of neopentyl alcohol by bromine has been measured, and the reaction 

has been found to conform to second -order kinetics. A_lthough the rate was determined in 1 M acetic 

. acid, it appeared that neopentyl alcohol was oxidized slightly faster than ethanol. From the kinetics 

it seems that trimethylacetaldehyde, an intermediate in the oxidation, is oxidized almost 1000 times 

faster than neopentyl alcohol. Some trimethylacetaldehyde has been prepared and is now being pur

ified so that its rate of oxidation may be determined independently. 

Efforts to prepare 3, 3, 3-trifluoro-2, 2-dimethylpropanol via two different routes have 
-

failed. As an alternate alcohol y, y', y" -trifluoroneopentyl alcohol will be investigated. 
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Both trichloro- and trifluoro-ethanol are oxidized at rates much too slow to be· conven

iently followed at temperatures of sooc or below. ( R. A. Wiles) 

VII. SECONDARY KINETIC ISOTOPE EFFECT WITH HYDROGEN 

We have 'found that secondary isotope effects on the rate of nuclear aromatic nitration, 

mercuration, and bromination due to isotopic substitution for hydrogen in the methyl group are 

3% per deuterium atom or less. The larger ( 4-30% per deuterium) secondary isotope effects pre

viously observed in solvolysis have been interpreted in terms of hyperconjugation in the transition 

state. Therefore either hyperconjugation is relatively less important in these aromatic substitu

tions than in the solvolyses (including p-CH3*C6H4CHClCH3 in ace.tic acid at S0°) or the reported 

p-methyl isotope effects in solvolysis are not measuring hyperconjugation. In view of the extreme 

importance of other kinds of resonance in aromatic substitution (e.g., relative rates of about 1018: 

Hf:1 for bromination of aniline, anisole, and benzene) it is uneXpected that hyperconjugation should 

be so minor. Therefore we favor the latter interpretation. 

A summary of our experimental results follows. Toluene -a, a, a :-d3 (actually 2. 7 deuterium at

oms per molecule) and toluene -a -twere prepared by reduction of a, a, a -trichlorotoluene with zinc and 

acetic acid -d or -t. The molar activity of toluene -a-t recovered after 92% reaction with nitronium ion 

( O.S M toluene plus 10M nitric acid containing 20% water by volume) at 2S0 was 0.86 ± 0;77% higher than 

that of the starting material (scintillation counting) corresponding to an isotope effect of 1.003 ± 0.003 for 

kl-fkT or 1.002 ± 0.002 for kl-¢cD per deuterium atom. There was no exchange of methyl hydr·ogens under 

these nitration conditions, since the nitrotoluenes produced had the same molar activity as the starting 

material within 2.8 ± 3.S% (ionization chamber counting). 

Mercuration of toluene -a, a, 'a -d3 by Hg* (0.2 M toluene plus O.OS M mercuric acetate 

in acetic acid solution containing 0.2S M water and O.SO M perchloric acid) at 2SO gave an isotope 

effect of 1.00 ± 0.03 per deuterium (determined by direct rate comparison rather than by com

petition experiment). Under mercuration conditions, toluene-a-tdid exchange tritium slowly with. 

the solvent, but the exchange reached less than S% completion during the time of the mercuration 

kinetics. 

In bromination of toluene~a-t by Br2 (O.OS M reactants in 8S% acetic acid- 1S% water. so

lution) at 2S0 the molar activity of toluene recovered after 81% reaction showed a 7.7 ± 1.4% in

crease, corresponding to an isotope effect of 1.046 ± 0.009 for kH/kT or 1.03 ± 0.01 for kH/kD per 

deuterium atom. Bromotoluenes from complete bromination had the same molar activity as the 

toluene within experimental error (±3%). (T. E. C. Knee and A. J. Kresge) 

VIII. ORIGIN OF ISOTOPE EFFECTS IN LIGHT AND HEAVYWATER 

Rate constants for the hydrolysis of dimethyl sulfate have been determined in light and 

heavy water at 2S0 and S0° (runs at oo are in progress ) and in SO% light water -dioxane and SO% 
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heavy water-dioxane mixtures at sao. Runs in dioxane containing less· than 1% light and heavy 

water are nearing completion. It is hoped that these data comprising both solvent and temper

ature variations will afford a bas~s for the interpretation of the relative nucleophilicities of 

lf:!O and D:P· 

For the analysis of the above data, the activity coefficients of the reacting species must 

also be measured. In the case of dimethyl sulfate, which reacts quite rapidly with water at tern

peratures of 25° and above, a kinetic method has been employed. With exc·ess dimethyl sulfate 

reagent, the hydrolysis proceeds at a constant rate which may be represented as 

- dx = k[DMS)T 
dt 

where k is the rate constant previously determined, and [DMS] T' the solubility of dimethyl sul

fate at the temperature T. Hence, from the slope of the curve obtained by plotting x (ml. of titrant) 

versus time,· the solubility [DMS ]T may be determined. This method has been employed at 25° 

where the curves exhibited no deviation from linearity and a relative solubility of 1.24 was obtained 

for dimethyl sulfate in light and heavy water. 

The rate constant for the basic hydrolysis of ethylene chlorohydrin has been determined 

in both light and heavy water. The results are in excellent agreement with those previously ob

tained in this laboratory by Dr. A. D. Ketley. 

A model has been proposed from which theoretical calculations concerning light and heavy 

water can be made. This model is simple enough to permit extensive calculation, and. yet is suf

ficiently exact to predict the following: (a) the difference in heat contents of light and heavy water 

to within 0.1%; (b) the difference in entropies of light and heavy water to within 1.3%; (c) the ratio 

of partition functions for light and heavy water to within 1 %; (d) the difference in latent heats of 

vaporization of light a.nrl heavy wat~r to withii:l 1%. 

This model shows as well what "structure" in water is, and explains why heavy water has 

·more structure than light water. As a result of this, we_can now assign a definite energy at each 

temperature to characterize this structure difference between light and heavy water. 

This model, ·moreover, is capable of accounting for isotope effects on ionic heats of so

lution quantitatively. We have also calculated entropies and free energies and hence, can assign 

ionic activity coefficient ratios to light and heavy water. 

We feel that this puts thermodynamic isotope effects (i.e., those pertaining to· equilibria) 

on a quantitative basis and kinetic isotope effects on a semiquantitative basis. ( R. F. W. Bader) 

In connection with earlier work done on the SN1 hydrolysis of alkyl halides in light and 

heavy water, the rates in Table 2.I have now been determined in order that something might be 

known about the influence of solvent and temperature on isotope effects in hydrolysis. 
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TABLE 3.I 

Rates of Hydrolysis of Benzyl and Benzhydryl Halides 
in Light and Heavy .Water · 

Temp. 3 1 oc S 1 kH
2
o x.10., sec-. o vent 

25 water 1.05 

SO% water-
25 SO% dioxane 8.67 

40% water-
25 60% dioxane 24.8 

0 

40% water-
60% dioxane 

SO% water
SO% dioxane 

1.15 

7.05 

0.92 

5.78 

16.3 

0.73 

4.12 

1.13 

1.50 

1.52 

1.60 

1.71 

. I 
A method to determine the rate of solvolysis of trityl chloride in a number of solvent~·is 

still under investigation. A f!.Umber of methods of determining the extent of reaction in the flow 

tube have been tested. Using a potentiometric method with either a silver-silver chloride electrode 

or a quinhydrone electrode, all re~ults were negative, and these systems were found unsatisfactory. 

A conductivity method, which consists of measuring the electrical resistance of the flowing reac -. 

tion stream at various points in the reaction tube, seems to hold some promise, and is now under 

construction. Another possible· solution to this problem would be to run the solvolyses at quite low 

temperatures, which would of course put some limitations on the solvents that could be used, and 

then extrapolate the rate constants to a common temperature .. (A. MacLachlan) 

IX. COMPARISON OF NUCLEOPHILICITIES IN LIGHT AND HEAVY WATER 

. The reaction of trityl cation, formed in hydrolysis of trityl fluoride, with nucleophilic 

agents in SO% dioxane -50% H20 and SO% dioxane -50% 0 20 has been studied. Competition experi

ments, which involved hydrolyzing trityl fluoride in the presence of a nucleophilic agent and ana

lyzing the mixture for products after completion of the reaction, were used to determine the nu

cleophilicities of the various species relative to water. We were interested in the effect that a 

change from H20 to 0 20 would have on these nucleophilicities. It seems likely that one of the fac

tors which determines their magnitude is solvation, the less solvated species being a better nucle

ophilic agent. One would expect 0 20 to be a poorer solvating agent than ~0, therefore the nucleo

philicity of a given species should be greater in 0 20, the magnitude of the difference depending on 

the degree of solvation. 
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Values of kNfk0 are determined, where kN is the second-order rate constant for reaction 

of the nucle~philic species n and ko is the second -order rate constant for reaction with water. For 

N = azide ion, the values are 2.60 ·x 105 and 4.40 x lOS for light and heavy water respectively; for 

N = aniline they are 7.8 x 103 and 11.3 x 103
• The values for hydroxide ion are still uncertain. In 

the presence of 0.1 M sodium perchlorate the kN/k0 values for azide ion are 1.20 x 105 
and 1.8~ x 

lOS for light and heavy water respectively. 

Rates of solvolysis of 0.0015 M triphenylmethyl fluoride in 50% water - SO% dioxane and 

SO% heavy water - SO% dioxane at 250 were measured, and the results are the following, shown in 

Table 3.II. 

TABLE 3.Il. 

Solvolysis of Triphenylmethyl Fluoride 

Salt Added Solvent 104k, sec-1 

None H20 6.51 

None D20 4.70 

NaCl04, 0.015 M H20 7.17 

NaCl04, 0.015 M - D20 5.19 

NaF, 0.015 M ~0 5.41 

NaF, 0.015 M D:P 3.94 

The kfluoridefkO values for both mixed solvents have been calculated from the above data, and are 

595 and 587 for light and heavy water respectively. ( M. Allen) 

X. ISOTOPE EFFECTS IN DECARBOXYLATION OF .B-KETO ACIDS 

Isotope effects .are IJeing measured for decarboxylation of various substituted benzoylacetic 

·acids both for the purpo.se of constructing a H~mettplotandin the hope pf correlating changes in 

isotope effe·ct with the nature of the aromatic substituents. 

Benzoylacetic acid and its p -chloro, m -nitro and p -methyl anal<;>gs have been decarboxylated in 

benzene solution. As the aromatic substituent becomes ~ore electronegative, the rate of decarboxylation 

is decreased, and the i~otope effect kH/kn becomes greater •. ~hu!,> a plot of log (kH/kD) vs. Hammett's C1 

gives. a straight line of positive slope indicating that for the isotopically substituted hydrogen, bond forma

tion is the leading step ~elati veto bond breaking at the transition state. The reaction thus proceeds by a 
. . 

shift of elect_rons in thedirection indicated in a non -synchronous manner. See Table 3 .Ill and accompanying 

diagram. 

H 
. 0 ) 't<? 
R-~ C=O 

""'----/ 
CH2 
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Compound 

Benzoylacetic Acid · 

p-Methylbenzoylacetic Acid 

p -Chlorobenzoy lace tic Acid 

m -Nitrobenzoylacetic Acid 

TABLE 3.III 

Decarboxylation Rates of {3 -Keto Acids 

2.56 

4.00 

1.03 

o.75oa 

Rates in Benzene at 50. zo 

1.82 

4.78 

0.619. 

0.24.'~a 

a kH and kD extrapolated from values at 69.60 and 59.60. (R. N. Griffin) 

(R.N. Griffin} 

XI. HYDROLYSIS OF ALKYL HALIDES IN LIGHT AND HEAVY WATER 

1.41 

0.837 

1.67 

3.o9a 

Recent work by_ Robertson (R~ E. Robertson, National Research Council,_ Ottawa, Canada, 

private communication, August 17, 1956) has led us to suspect the presence of significant errors 

in our reported (C. G. Swain, R. Cardinaud, and A. D. Ketley, J. Am. Chern. Soc., 77, 934 ( 1955)) 

isotope effects on the hydrolysis of alkyl halides in light and heavy water. 

The rate of solvolysis of m~thyl iodide in light and heavy water was studied by means of 

electrolytic conductivity using a bridge system similar to that described by Shedlovsky 

(T. Shedlovsky, J. Am. Chern. Soc., 52, 1793 (1939)). 

Attempts were made to follow the rates of reaction of methyl iodide with hydroxide and 

deuteroxide ion in the same manner. It was found however that changes in conductance due to re

action of the base with the glass conductivity cell were far greater than changes ciue to the reaction 

being studied. Accordingly, reactions involving hydroxide or deuteroxide ion were followed by 

titration of aliquots with silver nitrate to determine concentration of iodide and with acid to deter

mine base concentration .. The results are shown in Table 3.IV. 

TABLE 3.IV 

Rates of Hydrolysis of Methyl Iodide in Light and Heavy Water 

Compound Solvent Temp., oc k1 x Hi', sec -1 ~X 102
, M-1 ~-

CH3I H20 75.2:!:: .002 4.29 ± .02 1.38 

CH3I 020 75.2 ± .002 3.10 

CH3I ~0+0.0481 M NaOH 75.2 ± .002 1.13 ± .09 1.0 

CH31 D20 +0.0481 M NaOD 75.2 ± .002 1.17 
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It will be noted that the rate constant obtained for hydrolysis of methyl iodide is nearly 30% greater 

than that previous~y reported (C. G. Swain, R. Cardinaud, and A. D. Ketley, op·. cit., p. 49) in spite 

of a change in temperature of only 0.2o. Initially it was believed that the conductivity equipment 

might be giving an incorrect rate. It was found however that, if the reaction was carried out in 

sealed tubes and aliquots were introduced into the conductivity cell at appropriate intervals, the 

same rate of reaction waf? obtained (though with slightly lower precision) as when the reaction was 

.carried out in the conductivity cell. 

Runs were therefore made in which (a) the aliquots were treated with excess silver ni

trate and back titrated with thiocyanate (the method used in the previous paper (Lac. cit.) and (b) 

the aliquots were titrated directly with silver nitrate using eosin as an indicator. Method (a) gave 

k1 = 3.55 ± 0.1~ x 10-5 sec.-1 • Method (b) gave k1 = 4.53 x 10-s sec.-i, which differs by less 

than 6% from the value obtained by conductivity. Our earlier method (Loc. cit.), therefore, gave 

erroneous results because of a fast reaction of silver ion with methyl iodide. (R.N. Griffin) 

XII. COMPARISON OF ISOTOPE EFFECTS WITH DEUTERIUM AND TRITIUM 

The rate of deuterium exchange between a -phenylisocaprophenone -a-d and water was studied 

in 8. 92 :M dioxane -water solution with 1:1 ac.etic acid -sodium acetate buffers at 0.10 M ionic strength and 

97.8°. Under the same conditions, the rate of tritium exchange between a -phenylisocaprophenone -a-t and 

water, and the rate. of racemization of (+)-a.-phenylisocaprophenone were measured. The deute

rium isotope effect was 5.02 ± 0.17 and the tritium isotope effect was 10.2 ± 0.9. These results 

agree with an equation relating deuterium and tritium isotope effects derived by L. J. Schaad. 

(J. F. Reuwer) 

XIII: STATISTICAL TREATMENT OF KINETIC DATA 

Calculation of the best value of a sp~cific rate constant from kinetic data is a problem 

which has never been solved satisfactorily. The various graphical and analytical methods in gen

eral use give fairly consistent and u.na.nibiguous results with good data, i.e., data in which errors 

are comparatively small, but even here the full precision of the data is seldom realized. With.data 

of low precision, calculation of a significant value for the rate constant and an estimate of its re

liability by these conventional methods becomes hopeless. 

Statistical methods have been applied to the solution of this problem, but the more rigorous 

of these have usually met with little success because they have invariably involved much tedious 

numerical calculation. It is well known that the burden of such .calculation can be very considerably 

reduced by the use of an electronic computer .. Since M.I.T. will soon have an ffiM 704 digital com

puter available to research groups, we have decided to launch a program designed to apply . 
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electronic computation to the calculation of the best value of a rate constant from kinetic data. 

The simplest kinetic rate expression is that for a first-order reaction; we have, therefore, 

started with the problem of fitting first-order kinetic data. In such an undertaking, the concept of 

"best fit" must always be considered. The method of least squares is generally applied to the fit

ting of physical data, but its use is completely justified only for cases in which the data show a 

Gaussian distribution. Its application to cases of markedly skewed distributions is especially du

bious. There is reason to believe, however, that the data usually encountered in kinetic work show 

Gaussian distribution. The least squares method will therefore be used in this work. 

The problem, then, is to minimize the squares of the differences between observed data 

and calculated values. Since the distribution of a non-linear function of a Gaussian distribution is 

not necessarily Gaussian as well, the form of the first -order rate expression. used to fit ·these data 

is very important. That is, the expression which is used to determine the calculated values must 

be linear in the experimentally measured quantity which contains the error. The most general ex-
ct . . 

pression of this sort for a first -order reaction is a + be where a 1s the fmal value of the meas-

ured quantity, b is its total range, and c is· the negative of the specific rate constant; t is time, in 

which it is assumed there is no err~r. Then a, b, and c can be treated as disposable parameters, 

the best values for which can be determined by minimizing the squares of the residuals: 

l:~ =l:[Yi- (a+ becti)] 2 =minimum 
i i 

Unfortunately the exponential portion ecti causes the normal regression equations to be transcen

dental functions .. A mathematical solution has been chosen which involves a Taylor series. expan

sion of the exponential terms. This method requires that a first guess for c, the first order spe

cific tate constant, be fed into the electronic computer along with experimentally determined data. , . 

The computer will then calculate abetter approximation for c, which, in turn, will be fed back in 

an iterative procedure which can cycle any number of times until a desired degree of fit between 

experimental and calculated values is obtained. I.~ is not yet apparent how sensitive this method is 

.to good values of the first guess; calculations.are now being carried out to determine whether or 

not the method will work with bad guesses. 

The main features of a program for our IBM 704 Computer using the method outlined ·above 

have been deciphered from a similar program written for an IBM 650 machine (D. F. DeTar, J. Am. 

Chern. Soc.,. 78, 3911 ( 1956)). The program for our machine is now being written. A number of 
• -· ,.,. , I 

improvemen.ts over the 650 .program, involving not only speed of calculation but also accuracy, 

which are possible because of the larger size of the 704 machine ~re being incorporated. 

(A. J. Kresge)· 
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XIV. CATALYTIC EXCHANGE OF TRITIUM GAS WITH WATER 

A recent reduction in the price of tritium to the very low value of $2.00 per curie puts 

tritium in a position where it is potentially capable of replacing-C14 as the most widely used radio

active tracer in organic chemistry. One curie of C14 now costs more than ten thousand times. ~s 
much as one curie of tritium. Tritium, however, is available at this low cost. only as the pure 

gas, a form which, unfortunately, is of very limited usefulness in organic chemistry; water is by 

far the preferred reagent for introducing hydrogen into organic mo.lecules. The great potential 

usefulness of tritium, therefore, cannot be fully realized until a simple and convenient method for 

converting tritium gas into tritiated water is evolved. 

In 0ur attempt to develop such a method, we first considered the simple burning of tritium 

in an oxygen atmosphere, but immediately abandoned this scheme because of the danger of explo

sion which would be particularly serious were the exploding gases radioactive. We next turned to 

catalytic processes. These would be particularly desirable were the catalysts solids, because the 

use of such catalysts would limit the system to substan~es which could easily be separated from 

the product, tritiated water, by a simple distillation. Moreover, there is a report in the literature 

of the use of platinum -black catalyst to effect exchange between hydrogen or deuterium gas and 

water or the hydroxylic hydrogen of methanol, though the experimental conditions are not described 

(.]. 0. Halford and B. Pecherer, J. Chern. Phys., ~ 571 (1938)). 

In pilot runs with deuterium gas we found that, by using Adams catalyst .(platinic oxide 

which is reduced in situ to lower oxides and platinum black), we could introduce deuterium into 

light water. Deuterium analyses were done spectrophotometrically us"ing OH and 00 stretching 

frequencies. The reaction appears to be clean, that is, no side reactions occur, and has a con

venient velocity at room temperature. Next, using tritium, we introduced more than 99% of 2 

curies of tritium into 0.50 ml of water to give tritiated water with an activity of approximately 100 

mc/mmole. This corresponds roughly to one atom of tritium to 103 atoms of hydrogen. 

This method appears to be generally applicable to the preparation of tritiated water of any 

activity up to the region where so much of the hydrogen is replaced by tritium that radiation de

composition of the water occurs. It is superior to a method described by Hodnett, Feldman, and 

Flynn (E. M. Hodnett; C. F. Feldman, and J. J. Flynn, Jr., Experientia, 13, 96 (1957)) in which 

tritium is oxidized by copper oxide at 300.-3500 with activity yields of about 70%. In our method, 

high temperatures are not necessary, and activity yields are in excess of 99%. Our method is also 

free from serious losses of tritiated water by adsorption on solid surfaces, a difficulty which 

Hodnett, Feldman, and Flynn found could reduce their yield to zero. (A. J. Kresge} 
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XV. CATALYTIC EXCHANGE OF DEUTERIUM GAS WITH ALCOHOLS 

In an attempt to extend our method for catalytic preparation of tritiated water to the 

preparation of tritiated.organic compOtmds, we first examined the reaction between deuterium gas 

and alcohols. Adams catalyst effected exchange of hydroxylic hydrogen in methanol at room tem

perature in a somewhat more rapid reaction than· in the case of water. This too seems to be a clean 

reaction; no other substances are formed, nor do any of the hydrogens on carbon exchange. The 

course of the reaction remains virtually uncha.Jlged up to 240°; after 20 hours of reaction at this 

temperature, no exchange in the methyl group could be detected," although a small quantity of gas

eous by-product seemed to be formed in quantity too small to be detected spectroscopically (infra

red). 

Raney nickel also does not catalyze exchange of methyl group hydrogen in methanol at room 

temperature. The effect of this catalyst at high temper~tures will be investigated. Should its action 

remain unchanged, more powerful catalysts will be tried. (A. J. Kresge) 

XVI. STUDIES OF TRANSACETYLATION OF CYSTEINYL PEPTIDES 

Transpeptidation is generally regarded as one of the fundamental processes in the synthesis 

and metabolism of proteins and peptides. Sulfhydrylcompounds, such as glutathione and coenzyme 

A, had been postulated to play an important role in the process. The main objective of this re

search is to demonstrate chemically for the first time that cysteinyl peptides might be involved in 

transpeptidation reactions. 

Based on spectral analyses, it is evident that cysteinyl peptides do exist_in thermal equi

librium with the thiazoline structures, to some extent. Such are the cases in glutathione and 

Bacitracin A. Recently a similar cyclic intermediate was postulated for the mechanism of S-N 

tran~acylation in th1oethanol amines. Assuming that the s~lfhydryl group tends to add across the 

amide carbonyl function to form a cyclic structure, the amide function, existing partly in .the car

binol amine: or· thia~oline form, is relatively more susceptible to nucleophilic attack.. If further. 

acylation of the amide group takes place at the cyclic stage in a manner analogous to the reaction 

of 2 -methylthiazoline with ammonium ion, subsequent ring opening will lead to the transacylation 

of the cysteinyl peptides. 
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In a model study, the transacetylation· of acetyl cysteine was investigated using C14-labeled 

phenyl thioacetate as the acylating agent. Acetylcysteine, prepared from a newly developed method, 

was treated witli C14 -labeled phenyl thioacetate. The extent of transacetylation may be followed from 

the c14 conten~ iii the final product. 

To demonstrate that the free sulfhydryl group is essential in the transacylation reaction,· 

the same experiment can be performed on diacetyl cystine. If transacetylation does follow the re

action course outlined above, no exchange will be observed in the case of diacetyl cystine. 

Finally, the same approach can be applied to cysteinyl peptides using ~abe led amino acids. 

It is hoped that a study of this kind will shed light on the mechanism of transpeptidation observed in 

. ma,ny cysteinyf peptides such as glutathione. (D. D. Yang) 
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XVII. HYDROGEN TRANSFER IN BENZYL CATIONS 

It has been shown that the solvolysis of meta- and para-substituted benzyl tosylates in 

acetone-water mixtures yields the corresponding benzyl alcohols, and that the rate-determining 

step is the formation of the classical carbonium ion. However, o-methylbenzyl tosylate may form 

a non-classical ion by an intra-molecular hydrogen transfer or a 1r complex. To investigate this· 

possibility it ts necessary to label one ortho carbon atom ·of the tosylate and to analyze the prod

ucts of the solvolysis. 

o-Methylbenzyl tosylate has been prepared and solvolyzed in acetic and formic acids, the 

corresponding esters have been reduced to o-methylbenzyl alcohol by lithium aluminum hy-

dride, the alcohols oxidiz!'!d. by sodium dichromate to o-toluic.acids, and the latter compounds 

converted to o-toluidines by means of the Schmidt reaction. Also the technique of measuring ra

dioactivity of organic compounds ·by means of wet oxidation, followed by ion-chamber and vibrating

reed-electrometer measurement has been acquired. 

Radioactive o-methyl-C14 -benzyt tosylate has been solvolyzed in formic acid and there

sulting formate has been converted to N-acetyl-o-toluidine. The activity of this compound is 

0.22% of that of the initial tosylate, in_dicating only a slight exchange of ll.ydrogen in the postulated 

o-methylbenzyl cation. Methylene C14-o-methylbenzyl-p-toluenesulfonate was allowed to stand in 

liquid sulfur dioxide at -10 to -20°C overnight. The acetate derived from this solvolysis was con

verted to N-acetyl-o-toluidine. The activity of this compound (less than 10-4 Jl.C per millimole) 

indicates no hydrogen transfer in the postulated o-methylbenzyl cation. (V. Zale) 

XVIII. INVESTIGATION OF THE MECHANISM OF THE 
DECOMPOSITION OF ALKYL CHLOROSULFITES 

Tlie degree of ionic character associated with the thermal decomposition of alkyl chloro

sulfites has been investigated by analysis of the yield of alkyl chloride in various solvents. See 

Tables 3.V and 3.VI. 

TABLE 3.V 

Decomposl.tion of Single Chlorosulfites 

Chlorosulfite Tem.e., oc Solvent Yield of alkx:l chloride, %• 

sec-Butyl 100 dioxane 30 

100 toluene 46 

sec-Octyl 100 dioxane 38 

100 toluene 55 

80 dioxane 41. 

80 toluene 59 

· n-Butyl 142 n-butyl ether 81 
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TABLE 3.VI 

Decomposition of Mixtures of Chlorosulfites 

Chlorosulfite 

sec-Butyl 
sec-Octyl 

sec-Butyl 
sec-Octyl 

Tem12. °C 

100 

100 

Solvent Yield of alkyl chloride, 

toluene 51 
56 

dioxane · 31 
41 

% 

Experiments to distinguish intramolecular from intermolecular decomposition by use of Cl36 in a 

mixed decomposition have not been possible because of the instability of the sec -alkyl chlorosul

fites. 

Investigation of the decomposition of then-butyl chlorosulfites has established the greater 

·stability of the primary isomers. The rate of decomposition of this chlorosulfite (initial cone. 

0.05 M) in dioxane is first order in chlorosulfite for the· first third of reaction, a]Jtocatalysis be

coming important thereafter. Neopentyl chlorosulfite has been prepared in high over-all yield by 

the reduction of trimethylacetic acid to neopentyl alcohol by means of lithium aluminum hydride 

and conversion of the alcohol to the chlorosulfite by the method described in previous reports. 

Preliminary experiments on the decomposition of this chlorosulfite in toluene indicate decomposi

tion at a rate comparable to that of n-butyl chlorosulfite and formation of alkyl chloride and· olefin. 

This result is in marked contrast to the decomposition of the chlorosulfite in the absence of sol

vent in which the sulfite is reported to be the principal product. 

The thermal decomposition of n-butyl chlorosulfite was studied at 80° and W0° in dioxane. 

The rate of decomposition was independent of the rate of nitrogen flow through the solution. Th~ 

rate at 80° was 2.4 ± 0.3 x 10-s sec-1 and 1.2 ± 0.3 x 10'"4 sec-1 at W0°. 

Apocamphanol was synthesized according to the following procedure (P.. D. Bartlett and 

L. H. Knox, J. Am. Chern. Soc., 6!, 3184(1939)), (F. Hawthorne, Redstone Arsenal, private com

munication ( 1957 )). in hopes of preparing its chlorosulfite and studying its rat~ of decomposition. 

d)!~H 
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Work is n6w in progress on determining the rate of decomposition of neopentyl chlorosul

fite in dioxane. 

Following a kinetic comparison of the n-butyl, neopentyl and apocamphyl chlorosulfites, 

the importance of solvation on the course of these reactions will be investigated by decomposition 

of C14 -labeled chlorosulfite in di-n-butyl ether. (P.M. Zanet) 

XIX, STEREOSPECIFICITY IN FREE RADICAL REACTIONS 

Reaction of N-bromosuccinimide and bibenzyl on a-bromobibenzyl in carbon tetrachloride 

under peroxide initiation has been shown to yield chiefly meso-a, a' -dibromobenzyl in which the . 

minimum ratio of meso to dl-dibromide is 11:1. Reaction of N-bromosuccinimide and.erythro-2-

deutero-1, 2-diphenylethyl bromide (prepared by the action of lithium aluminum deuteride on trans

stilbene oxide, and the_ action of hydrogen bromide on the resulting alcohol at -80°) yielded chiefly 

meso-a, a' -dibromobibenzyl with a 60% loss of deuterium. This preferential loss_ of deuterium, 

coupled with an isotope effect for removal of deuterium vs. hydrogen from a-deuteroethylbenzene 

of kn/kH = 0.38, corresponds to a stereospecificity of five to one in the hydrogen abstraction re

action. Reaction of N-bromosuccinimide and acenaphthene afforded chiefly 1, 2-dib:r;omoacenaph'

thene. The trans -structure has been established for this isomer by preferential destruction of one 

enantiomer by reaction of the racemate with brucine in chloroform and recovery of optically ac-· 

tive 1,.2-dibromoacenaphthene. The results of t;hese experiments point to appreciable stereospec

ificity in free radical reaction.s with N -bromosuccinimide. Further work is in progress to qeter

mine the relative importance of steric effects and dipole interactions in the sterospecificity of 

these and related free radical reactions. (F. D. Greene, summer 1956). 

c. G. Swain 

F. D. Greene II 
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I. INTRODUCTION 

During the past year the cosmic -ray group has continued to concern itself with two major 

fields of investigation. The first is high -energy nuclear interactions and the properties of par

ticles produced in such interactions. This research has been done principally at the Brookhaven 

Cosmotron although cosmic rays have been used as a source of very high energy partides. The 

second field is air showers and some related problems of the origin of cosmic rays. It is notable 
' . 

that the large air shower experiment has shown the primary .cosmic ray spectrum to continue 

without a noticeable break to energies above 1018 ev. The largest shower observed had an energy 

which was probably about 1019 ev. Work is actively in progress to explore further;this extreme 

range of high energy. 

II. OPERATION OF THE LARGE MULTIPLATE CLOUD .. CHAMBER 
AT THE BROOKHAVEN NATIONAL LABORATORY 

The program of measurements with the large multiplate cloud chamber at the Brookhaven 

National Laboratory was completed at the end of 1956. About 10,000 pictures were taken with 

. either 1.8-Bev 7T- mesons or 2.5-Bev protons incident. The chamber. is temporarily in storage at 

Brookhaven, and all scanning and analysis have been transferred to M.I.T. 

Two sets of projectors were set up and used to scan the pictures for hyperon and heavy 

meson decays. A~l the pictures have now been scanned once, and about 800 such events have been 

found. 

One set of projectors is at present used for looking more carefully at located events and 

preparing these events for measurement. The other set of projectors has been fitted out for 

ma~ng measurements, and so far nearly 200 events have been measured. From the· measure

ments, an IBM -650 computor program gives the· spatial angles of the pertinent tracks, their pen

etration through the cloud chamber plates, the angles between various tracks, whether certain of 

these tracks lie in the same plane, and similar information needed for analysis of the events, .and 

particularly for determining the nature of the decaying particles. Since tlti,s program used the en

tire memory of the 650, a second program is being written to follow the first and give added in

formation on the spatial correlation of various particles. 

Since the task of identifying the events is not complete, only preliminary results, based 

on small portions of the data, are available. For example, early in the analysis we wished to 

determine roughly the relative effectiveness of 7T- mesons and protons for producing voparticles 
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in. our iron cloud chamber plates. For a sample of about 8000 protons going into the chamber, 

17 Y0 events were seen, whereas with a,bout 3000 meson&, 45 yo• s were found. This means, after 

making appropriate corrections, the 1.8 -Bev 1r -• s are about 5 ± 2 times as effective for producing 

visible Y0 's from iron as are 2.5-Bev protons. This result, if borne out by our complete data, 

may be an interesting subject for theoretical investigation, and is at any rate of practical impor

tance, since it led us to use the 1r beam for· most of our runs. 

Because the chamber fs an efficient y-ray shower detector, having 17- 1/2" iron plates 

and an illuminated region of 20" x 48" x 54", we have been particularly interested in looking for 

decays of the fJO meson into 21r0 's (- 4 y's). If the spin and parity of the eo are odd, this decay 

mode is forbidden, whereas if the spin and parity are even, it is allowed. In the latter case, if 

also the total isotopic spin selection rule for decay, ~ T = 1/2, holds, the ratio eo- 2 1r 0 ;e0 -

1r+ + 1r- should be 1/2. Even if there is an admixture of~ T = 3/2, the empirical lifetimes for 

e+ -1r+ + 1r 0 and e0 - 1r+ + 1r- impose a sufficiently strong restriction so as to make this ratio 

less than 1/3. Thus it is of interest to see whether the 2 1ro decay mode exists, and if it exists, 

to determine to what extent it competes with the 1r- + 1r- mode. 

We searched for showers not only in the original scanning, but also especially in the re

scanning of the pictures which have located strange:pa.rticle decays. In this way,· we have found 

showers attributable to e~- 1r+ + 1T~. L 0 :.... A 0 + y, L +- p + 1r0, we looked for shOwers in the 

v~cinity of those identified A0 's which have a 1.8-Bev 1r- origin, and which do not have a e0 -

1r+ +1r- associated with them. 

For about one-fourth of our total yo sample, if we assume that one-half of the e0 's are 

short-lived e1°'s, and if the ~T = 1/2 rule holds·, we expected to have seen about 10 e1°-2 1r0 

decays, each of. whi·ch gives one or more showers, or about 5 which give two or more showers. 

If ~T = "1/2 and 3/2 are allowed, these numbers are about 8 and 4, respectively. Actually we see 

4 single showers and no multiple showers at all. Of these four, two could have come from a dif

ferent 1.8 -Bev 1r- interaction than the A0 came from, one could have been· due to a 1r0 which came 

directly from the 1r- interaction, and even the fourth could be explained away, since we expected 

to have seen about one shower due to the charge exchange of a 1r+ or 1r- from a decay ( e0 -1r+ + 1r -) 

which occurs in the first plate. Thus our results at present are compatible with no e- 2 1r0 decays, 

but if all four showers do indeed come from such decays, then the branching ratio seems to be so 

low that not only is ~ T = 1/2 and 3/2 needed, but probably ~ T = 5/2 is also, and hence a total iso

topic spin "selection rule" makes little sense. 

During the scanning, one quite unusual event was observed, and is shown in Figure 4.1. 

A 1.8 -Bev 1r -, after traversing 13 plates, interacts and produce·s one track of near-minimum ioni

zation, an energetic A0 ( 1 Bev /c), and a heavy track. The heavy track traverses 1.5 gm/cm2 of 

the following plate before giving rise to two heavily-ionizing, upward-gain!? tracks, and one lightly

ioniziqg one, going downwards. The latter, which is most probably a 1r, is still near minimum 

ionization after traversing 22.6 gm/cm2 of iron, and probably interacts before stopping. The three 
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tracks are not coplanar by 28°, and they represent a minimum energy release of about 400 Mev. 

If they are decay products, the p~rent particle, which cannot beaT meson, lived about 10-9 sec

onds, provided the decay was in flight. Also, from energy and momentum considerations and 

photometric ionization measurements, the "parent" almost surely did not have a charge greater 

than one. 

Figure 4.1 

Associated production of a AO and a possible K-fragment 
in a large multi plate cloud chamber. 
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Thus this appears to be a singly-charged particle (or fragment), which is produced in as

sodatioi:J. with a. A0 , lives a relatively long time, and decays (or interacts) giving an unusually 

large energy release, despite its not being a K- or hyperon (if the idea of associated production 

.- is correct). The probability that this event is a chance coincidence is about 10-5 , and all trivial . 

explanations advance.Q. so far also have probabilities of this order. The only explanation we have 

which is consistent with the empirical evidence and does not introduce a new particle is that this 

event is an example of a K.particle bou.'ld to two ·or more nucleons. This explanation, however, 

conflicts with the current interpretation of K scattering, which seems to indicate a repulsive K

nucleon potential. (H. Blumenfeld, E. Boldt, H. Bradt, H.S. Bridge, D.O. Caldwell, Y. Pal, and 

B.B. Rossi) 

III. THE VELOCITY SPECTRUM OF COSMIC RAY J..L-MESONS AT SEA LEVEL 

The fast-timing apparatus used in this time-,of-flight experiment and the experimental 

method has been described in previous reports (Laboratory for Nuclear Science Quarterly Prog

ress Reports for August 1956, November 1956, and February 1957). 

The experiment has J:?een completed and approximately one third of the data has been an

alyzed. The analysis procedure allows the selection of events accord~g to criteria on each meas

ured variable; i.e., the time of flight, the energy of the stopped J..L meson, the energy loss of its 

·decay electron, and the time separation of the J..L meson and its decay electron. 

Corrections were made in the results for the following effects: the sensitivity of the ap

paratus, the scattering of J..L .tpesons in all parts of the equipment and the instability of the J..L meson 

during the time of flight. Also, a statistical analysis was done to determine the effect on the data 

of the selection.criteria and the uncertainty in the time-of-flight measurement (the dispersion is 

1.7 mJ..L sec). 
. . . 

Analysis by the above procedure of about one third of the data gives the ·results shown in 

Table 4'.1. 

TABLE 4.1 

Differential Range Spectrum of Cosmic Ray J..L Mesons .. 
(The velocity spectrum is presented in the form of the range spectrum as is the usual custom.) 

Residual Range Interval 
( g em ""2 air equivale!lt) 

6.67-8.0 8.0-13.0 13.0-18.0 18.0-29.8 56.8-80 

Number of Events 2 9 14 14 Not analyzed 

Calculated Intensity 3.84 4.29 6.77 5.76 
· ( x 10--6 g -1 sec -1 steradian -1) 
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The final results will be presented in the next progress report. (G. W. Clark and 

J. S. Strickland) 

IV. AIR SHOWER MONITORS 

During the past year the experiment at Chacaltaya, Bolivia (altitude 17,300 ft.) on arrival 

rate of air showers has encountered various operating difficulties, but it is now operating reliably 

and data analysis is in progress. There has been no intense solar cosmic-ray production during 

the past year, so that the principal points of interest will be meteorological effects and a possible 

sidereal variation. Recent data from New Zealand (F. Farley, private communication) indicate 

that the early evidence reported there for sidereal effects was probably caused by a statistical 

fluctuation; how'ever, they do find rather unusual diurnal effects which we will be able to check on. 

The high -counting-rate air shower monitor in Colorado was restarted, and has operated 

quite reliably: Preliminary analysis indicates that magnetic-storm effects of the order of 1 per

cent, if they exist, should be measurable; analysis of the large storm of January 21, 1957, is 

under way. (H. Bradt, J. Hersil, R. W. Williams, in collaboration with I. Escobar, Laboratorio 

de Fisica Cosmica, La Paz, Bolivia) 

V. LARGE MESON TELESCOPE 

The 1000-count-per-second meson telescope described in the previous annual report 

( L.N.S. Annual Progress Report, June 1, 1955 to May 31, 1956) was operated for a short while 

before breakdown problems occurred due to overheated germanium diodes. Since just cooling the 

chassis seemed insufficient, the circuitry was redesigned and rebuilt, eliminating all crystal 

diodes in the. interests of reliability. After a few minor correctiorts ~nits first week of operation, 

the entire integrator circuitry has run continuously since March fifteenth with malfunction. 

The first telescope unit (3.4 m2
) has been operating practically continuously since January 

sixteenth, the output being recorded first by a standard counting rate meter, and then by·both the 

counting rate integrator and a counting rate meter. There have been only a few brief shutdowns, 

for testing or repairs, since putting the recording of this unit into operation. 

The electronic circuits have been assembled to put the second telescope unit into operation 

and initial tests have been made. ·The unit ran satisfactorily for several days, but stability diffi

culties with some newly constructed circuits forced us to interrupt operation for repairs. This 

unit is expected to be back in operation shortly. Most of the circuits for the final telescope unit 

have now been constructed, and work will proceed on setting this unit into operation as soon as the 

second unit is operating reliably. 
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Preliminary work has been done on deducing atmospheric coefficients from our data. Two 

periods of about a week were chosen, the first period using counting-rate -meter data only, and 

the second period, containing rapidly changing weather patterns, using data recorded by the 

counting rate integrator. The results for the first period ( M. Muraskin, "Atmospheric Effects 

on Cosmic Ray Intensity", B. S, Thesis, 1957) agreed fairly well with the theoretical results of 

Olbert (S. Olbert, "Analysis of Meson Component of Cosmic Rays in Atmosphere", L.N.S. Tech

nical Report No. 61, April 1, 1954) but heavy reliance needed to be placed on our periodic cali

bration of the counting rate meter, due to drifts in sensitivity of the meter. Tht: coefficients re

sulting from the second period differed significantly -from Olbert's coefficients, even though our 

calibrations showed negligible drift in the recording circuitry. A difference in atmospheric con

ditions during this particularly disturbed period hetween Cambridge and Nantucket, whence some 

of our atmospheric data was obtained, could h.ave caused this discrepancy. 

A cursory scanning of all data has been performed, and few striking fluctuations, other 

than weather effects, have been noted. Apparently any solar flare increases will have to ~ treated 

in a statistical fashion, using the results of many flares. No magnetic storm decreases approach"' 

ing in size the effect of the storm on January twenty-first have since been noted. A more intensive 

program of data analysis is being planned and will be initiated in the next few months. 

The process of periodically checking and· calibrating the apparatus is becoming systema

tized into a shorter routine. A high repetition rate precision pulser has been designed and built 

for this purpose and facilitates calibration of both the system gain and the recording apparatus. 

Further metering apparatus and connections are now being planned. 

A system for stabilizing the filament voltages of all the amplifiers and discriminators with 

a regulating transformer is now under construction. it is also plannea to ventilate the room and ' 

equipment more throoughly in the interests of longer component life. (R. D'Arcy, M. Muraskin, 

R. Palmeira, and R. W. Williams) 

VI. LARGE AIR SHOWER EXPERIMENT 

The large air shower experiment at Harvard, Massachusetts, continues to run reliably 

and well. A large· amount of data has now been analyzed, and the results, we believe, have im

por~t bearing on the cosmic ray origin problem and on some gross aspects of ultra-high energy 

nuclear interactions. We shall discuss first a number of instrumental improvements that have 

been made over the last year. 

In May 1956 all the liquid scintillation detectors were replaced with large plastic disks. 

The development and fabrication of these plastics has been covered in a technical report. (G. W. 

Clark, F. Scherb, and W. B. Smith, "Preparation of Large Plastic Scintillators", L.N.S. Technical 

Report No. 69, September 15, 1956.) The plastic detectors have proven to be completely· · 
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satisfactory. They can be moved easily, have eliminated the occasional problem of leaks, and 

of course-there is rio problem with evaporation and condensation on the photomultiplier surface. 

Most significantly, the fire hazard has been eliminated. 

The former 2" photomultiplier tubes have all been replaced with the Dumont 5" photocath

ode variety. This change has resulted in a much improved signal-to.:.photomultiplier noise ratio, 

and we now have definite plateaus in each of the bias curves for the detectors. The existence of 

these plateaus permits the calibration of the detectors to be made from the control station, and 

--------

so it is no longer necessary to visit each of the eleven sites each time a calibration is made. An 

automatic device records accurately a bias curve for each detector every 7 hour.s, and these bia.s 

curves serve to insure continual reliable operation as well as to provide the information necessary 

for detector calibration. 

Cathode followers and pulse transformers have been installed at each detector. The net 

effect of this change has been to allow us to reduce the magnitude of the photomultiplier current 

pulses, and this in turn results in a satisfactorily linear relationship between light from the scin

tillator and photomultiplier pulse height. Previously it was necessary to operate the photomulti

plier tubes at a rather high voltage, and the resulting current gain was so high that significant 

space charge saturation corrections had to be applied to the data for puls~ heights indicative of as 

few as lUO particles per· square meter. We have shown that pulses indicative of up to 5000 parti

cles per square do not, with the present arrangement, require any space charge correction at all. 

Certain of the critical circuits in the experiment have been redesigned and replaced with 

circuits using high-reliability computer-type tubes. 

All the cable splices exposed to weather have been replaced with specially designed wax

impregnated couplings, and we have had no leaky cables since the installation of these connectors. 

These changes have resulted in a most significant improvement of the general reliability 

and quality of performance of the experiment. The site is visited only three times a week, and as 

a rule it is only necessary to make minor adjustments and replenish the film and recorder paper 

supplies. 

1. Largest Recorded Shower 

Showers with more than 108 particles are recorded by our array at the rate of about one 

per month. The largest shower recorded so far had 1.4 x 109 particles and came at a zenith angle 

of 11° . The energy of the primary particle responsible for this shower was probably close to 1019 

ev and could not have- been smalle:r than 2 x 101
R ev, even allowing for a large fluctuation in the 

longitudinal development of the shower. The lateral density distributions for this shower and for 

another large shower are shown in Figure 4.2. 
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Figure 4.2 

Lateral density distributions of two large showers. 

2. Distribution in the Directions of Arrival -- -
Figure 4.3 summarizes the results obtained so far for showers with more than 2 x 106 

particles. Each point represents_ the direction of arrival of an individual shower, on a Mercator 

p;rojection of the celestial sphere. Atmospheric absorption is responsible for the fact that the 

experimental points lie within a narrow latitude band, centered at 42° (the latitude of our stati~m ). 

Along this band there is no significant variation in the density of points 1 and in particular th~re is 

no tendency for the points to cluster about the galactic plane, which confirms previous results in

dicating that the primary particles are distributed isotropically. Figure 4.4 shows a similar plot 

for the largest showers observed in the experiment. -These showers were selected according to 

their "equivalent vertical size" N(x0 ), i.e., the size which a shower would have had if it had tra

versed the atmosphere vertically (see Section 4 below). The map shows that we have recorded 

more showers from directions close to the galactic plane than from directions near. the north ga

lactic pole (N ~(}.P._ on the map). The statistics so far available are very meager, however, and a 

definite conclusion concerning a possible lack of isotropy of these very large showers must await· 

further data. 

3. Lateral Density Distribution 

To answer the question as to whether or not the lateral density distribution varies sys

tematically with Nor 0, we selected three groups of showers with N near.4.5 x lOS, 4.2 x 106 , 

and 5.4 x 107 respectively coming from approximately vertical directions and one group ·of showers 
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with N near 3.5 x 106 coming from large zenith angles. For each of the four groups we computed 

the average normalized density distribution, as a function of the distance r from the shower .. axis. 

The normalization factor applied to each density measurement was r 0 
2 /N wh~re N was the computed 

size of the shower. The results are shown in Fig. 4.5, from which it appears that there is no 

marked dependence of the lateral distribution function on either the size Nor the zenith angle e. 
In all cases the experimental distribution agrees with that given by Equation (1) with r 0 = 79 m. 

The curves represent the function given by equation (1 ): 

-r/r 
0 

f=_l_ e (1) 
27r r 1;'0 .. 

This distribution, incidentally, is practically identical (up to about 300m) to that given by the the

ory of Nishimura and Kamata ( K. Greisen, Progress in Cosmic Ray Physics, North Holland Pub

lishing Company, Amsterdam, 1957, Vol. III, Chap. I, (J. G. Wilson, editor)) for an "age param

eter" s = 1.4. This result appears to be consistent with the idea that the development of the 

showe:r; is mainly determined by the nuclear cascade, and that the electronic component is more 

or less in equilibrium with the nucleonic ·component . 

. I 

f (r) 

f(r) 

N =5.3 X 105 

8 < 25° 
26 showers 

N = 5.4 X 10 7 

8 < 25• 
9 showers 

.10 

Vr. 

Figure 4.5 
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8 < !5° 
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Composite lateral distributions for several groups of showers. 
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4. Size Spectrum and Atmospheric Absorption 

The quantities of fnterest here are best described in terms of the functions S(N, x) and 

N(E,x). S(N,x) is the "integral size spectrum" of all showers observed at the atmosphericdepth 

X, in other words S(N, x) A dw is the number per unit time of showers ·with more than N particles 

whose axes lie within the solid angle dw and intersect perpendicularly the area A. N( E, x) repre

sents the number of particles in a shower that develops. from a primary particle of energy E 

through a thickness x gem -2 of atmosphere. In our discussion we neglect fluctuations and repre

sent the development of all showers by their average behavior. To our knowledge a satisfactory 

treatment of the fluctuation problem is· still lacking. 

The atmospheric thickness x is measured in the direction of the shower axis; thus for a 

shower coming at the zenith angle e, xis related to the vertical depth x0 by the equation: 

x = x0 jcos e. We assume that N depends on the atmospheric thickness x thus defined, but does 

not depend explicitly on e; i.e., we assume that for a given total mass of air traversed, N is inde

pendent of the distribution of the air density along the path of the shower. This assumption appears 

to be well justified even though it is not rigorously correct because the density distribution has 

some effect on the contribution of unstaJJle particles to the development of the stiower. 

From our experimental results we wish to determine (a) the dependence of S on N at x, 

and (b) the dependence of N on x. The analysis is complicated by the fact that if we wish to make 

full use of the experimental information, we cannot treat problems (a) and (b) separately. How

ever, it turns out that we need only an approximate knowledge of the dependence of N on x to deter

mine accurately the size spectrum S{N, x). Thus we can proceed by successive approximations. 

For a preliminary analysis of the data we assume an exponential dependence of N on x: 

N(E,x)=N{E,x0 ) e (2) 

where A. is a constant; we il.ss~me further a power-law dependence of S on N: 

S(N, x) = ( N:) y S(N0 , x) (3) 

where N0 is some convenient reference size. 

Under these assumptions it can be shown: 

(a) that S is also an exponential function of x so that: 

S(N,x)=N~ e (4) 

where KandA are constants; 
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(b) that A, A, and y are related by the equation: 

A = A./y (5) 

(c) that the size spectrum of showers coming from all directions (and therefore corre

sponding to different values of x) is represented by a power law with the same exponent y which 

characterizes S(N, x). 

It then follows that we can determine the exponent y from. the number -size distribution of 

all showers, and the thickness A, which characterizes the dependence of S on ·x, from the zenith 

angle dependence. Using Equation (5) we can then compute a preliminary value of A.. 

For the final determination of the spectrum, we proceed as follows. Using the approxi

mately known value of A., we compute the equivalent vertical size N(x0 ) of each observed shower, 

i.e., the number of particles which would have been present in the shower had it come from the 

vertical direction. Since most showers come from small zenith angles, and since, in any case, 

we disn::gard :;hower:; with zenith angles greater than 300,. the overall result is not sensitive to 

the exact value of A.. Having reduced all showers to equivalent vertical sizes, and having com

puted for each equivalent vertical size the effective solid angle and the effective area of detection, 

we. can construct the size spectrum at XQ with an accuracy which is essentially limited only by 

statistical fluctuations and by the instrumental errors in the de.termination of N. 

Figures 4.6 and 4.7 summarize the results obtained from a partial analysis of the data 

collected in the course of three consecutive experiments, characterized by different selection 

criteria (No. 1: more than 17 particles in three or more of detectors C, E, M; No. 2: same for 

detectors C, M, D; No. 3: same for detectors C, D; see Figure 4.2 ). 

Figure 4.6 is obtained from the data on the zenith angle dependence of showe;rs observed 

in experiments No. 1 and 2. The abscissa represents the difference between the atmospheric 

depth x = Xofcos (} and the vertical depth at sea .level x0 • The ordinate is the logarithm of the num

ber of. showers for which x lies betweeq x and x + ~x, divided by the solid angle corresponding to 

the depth interval ~x. Within the statistical errors, the-experimental points corresponding to the 

two experiments lie on straight and nearly parallel lines. This confirms the approximately ex

ponential dependence of S on A (Eq. 4 ). Moreover, since the mean sizes .of showers in. the two 

groups of data differ from one another by a factor of about ten, we conclude that the characteris

tic thickness A does not change rapi.dly with N. For the purpose of further-analysis we take for A 

the value: A = 95 g em -2 
• This selection is based both on our data and on the results on the alti

tude variation:;; and barometric coefficients of air showers obtained in other experiments ( Loc. cit.) 

A preliminary analysis of the shower size distribution yields y = 2. Thus, for the conver

sion of showers to equivalent vertical sizes, we use A. = 190 g em -2 
• The estimated uncertainty 

in L'lis value .amounts to about 30 g em -2 ·. 

Figure 4.7 summarizes our present results on the size spectrum. as obtained from a com

bination of the data supplied by the ·.three experiments mentioned above. An important· step of the 
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Differential size spectrum of showers at 
sea level in the vertical direction. 

-70-



Cosmic Ray Group 

analysis is the precise definition of an acceptance a~~ for showers of each size. This area is 

chosen. so as to insure that any shower whose center lies within its boundaries has practically 100 

percent probability of triggering the recording system. The results are presented in the form of.a 

differential spectrum. The abscissa is the logarithm of N, and the ordinate is the logarithm of 

s(E, N}, where. s(E,' N) = as~x~N) *. This latter quantity represent~ therate of arrival (per cm2 

and steradian in the vertical direction) of showers with N particles. We see that within the limits 

106 < N < 108 the diffe~ential spectrum may be closely approximated by a power function of N, with 

a negative exponent of 2.84 ± 0.15. The corresponding integral spectrum is represented by the 

equation: 

. ( 6 )1.84 
S(N,x0 ) = (3.8 ± 1.2} x 10-12 

· ~ cm-2 sec-1 str.-1 (6) 

This result agrees satisfactorily with our preliminary estimate of the spectrum shape. 

The intensity given by Equati<;>n (6) for N = 106 agrees reasonably well with the value of 

5.5 x 10-12 .em -2 sec - 1 ster -1 found by Greisen from a detailed analysis of measurements of the 

density spectrum of showers ( Loc. cit.) (i.e., the rate at which a detector records a local density 

of shower particles exceE!ding a given value). However, the size spectrum obtained from an ob

served dens icy spectrum is reasonably accurate only if ( 1) the shape of the lateral distribution 

function at small distances from the shower core does not cl:lange with shower size, and ( 2) the size 

spectrum can be represented by a power law with a very slowly varying exponent. The observed 

form of the den.sity spectrum will not reveal the details of any sudden deviation of the size spectrum. 

from such a power law. The present experiment with its good size resolution clearly indicates the 

absence of any deviations uptoN= 108 particles. 

5. The Energy Spectrum of Primary Cosmic~ Particles 

We probably have not introduced serious errors into the analysis of the data for the size 

spectrum by neglecting the effect of fluctuations in shower development. On the other hand, the 

*The actual plot was made as follows. For each vertical shower size we computed a weight factor 

W representing the reciprocal product of the effective solid angle and effective area of detection .. 

We then divided the abscissa N into equal logarithmic intervals. For each interval, ranging from 

N1 to N2, we computed the sum of the quantities W relative to all observed showers falling within 

this interval, and divided this sum by N2 - N1 • We took this quantity to represent s(N). We 
- -choose the corresponding abscissa, N, to· satisfy the equation: 
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' proper conversion of the size spectrum into a primary energy spectrum would require a careful 

consideration of fluctuations. For the time being, however, we shall neglect fluctuations with the 

realization that this neglect may lead to a systematic error in the evaluation of the primary inten-

sity, and-will smear the details of any sudden changes in the primary spectrum that may exist. ., 

S. Olbert has computed the function N ( E, x0 ) using both the Fermi and the Landau models 

of high-energy nuclear interactions. (Part of Olbert's theory will appear soon in Annals of Physics. ,:.~ 

We are greatly indebted to Dr. Olbert for making his unpublished results available to us.) Assum-

ing complete inelasticity and a collision mean free path of 100 g em "2, he has obtained: 

according to Fermi's model: 

N 

according to Landau's model: 

( 
E ~1.10 

1.80 X 10
5 IQ15; 

_ (-E )1.16 N = 1.10 X 105 
1Q15 

(7) 

( 8) 

We see that the relationship between N and E is relatively insensitive to the particular model. 

Hence the computation of primary energies is not subject to a large uncertainty on account of our_ 

incomplete understanding of high -energy nuclear interactions. 

Using Eq. (8 )based on Landau's model, we obtain from Eq. ( 6) the following expression 

for the integral energy spectrum, J( E), in the range 4 x 1015 ev < E < 1018 ev 

J( E) = 2.2 X 10-10 ( 
1~16 y·13 

em -2 sec -1 ster-1 (9) 

Figure 4.8 shows the portion of the integral energy spectrum obtained from the present 

experiment together with the data at lower energies collected by the Cornell Group (P. H. Barrett, 

L. M. Bollinger, G. Cocconi, Y. Eisenberg, and K. Greisen, Rev. Modem Phys. 24, 133 (1952·)).; 

The fact that the cosmic ray spectrum extends without sign of a break to about 1018 ev 

places any strictly galactic theory of the origin of cosmic rays under severe strain. Indeed, if we 

accept the conventional description of the galaxy as a disk about 1000 light years thick with an in

terstellar magnetic field of the order of 5 x lo-s gauss, we conclude that protons of 1d8 ev travel 

along trajectories with· a mean radius of curvature of the order of the thickness of the disk, and

thus must escape from the galaxy quite freely. It follows that a galactic acceleration mechanism of 

the kind suggested by Fermi, which requires times of the order of millions of years to double the 

energy-of the particles, cannot produce protons of energies approaching HY- 8 ev. Moreover, even 

if we grant the existence of suitable galactic sources of such high -energy particles, we would still 

be faced with the difficulty of explaining why the energy spectrum does not drop sharply when trap

ping by the galactic magnetic field ceases to be effective. 

-72-



b....,~Mognetic Data 

10'2 . -o.., 

10'14 

10'16 

' ' ...... 

·-

' --
l3a LOI (emulsions) 

~ Koplon (emulsions) 

' ~ C01nell (underground) 

' ' ' "-~ Cornell(underqround) . 

' . ' . . , "' ,_ ,.,.,;~ : 
-

IO''~o• 1010 10" 1012 0 13 1014 1015 1016 1017 1018 0 19 

Kinetic Enen.Jy(ev) 

Figure 4.8 

Cosmic Ray Group 

Plot of the combined results from several experiments on the 
integral energy spectrum of primary cosmic rays. 

Of course, we cannot discount the possibility that large showers may be produced by 

heavy nuclei, whose magnetic rigidity is smaller than that of protons of the same energy by a fac·

tor equal to the nuclear charge. Even so, however, it begins to appear that some modification of 

the -conventional views regarding the structure of the galaxy and the conditions of space outside the 

galactic disk may become necessary. The least drastic revision would be the assumption of a nearly 

spherical galactic halo of highly turbulent diluted gas carrying magnetic fields not much weaker than 

those_ existing in the galactic disk. This halo (for which there seems to be some astronomical evi

dence) would then replace the galactic disk as the confining volume for cosmic· rays. Cosmtc ray 

particles, escaping from the disk, cquld be brought back to it perhaps after having gaineQ most of 

their energy while traveling through the halo. 

The above considerations clearly indicate the crucial importance of further experiments. 

It will be particularly interesting to see whether or not the anisotropy at the highest energies which 

our preliminary results suggest will be confirmed. What is known about the magnetic field of the 

galaxy seems to indicate that this field has an irregular local structure but follows a fairly' regular 

pattern in its average distribution. Hence even ~n the presence of a galactic halo, particles whose 

trajectories are insensitive to the small-scale irregularities of the field might exhibit some ani

sotropy related-in a simple manner to the -location of the sources and to the large scale structure 

of the field. Also the spectrum should not extend much beyond !QlB ev without a marked change in 

its logarithmic slope. 

If this change does not occur, and. if isotropy subsists well beyond 1()18 ev, we may be 

forced irtto the assumption of an extragalactic origin of high -energy cosmic rays. This assumption 
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would not be unacceptable on energy grounds, for the high -energy tail of the cosmic -ray spectrum 

carries only a very small fraction of the total cosmic-ray energy. HoWever, it might be taken as 

an indication for the existence in intergalactic space of variable magnetic fields capable of accel

erating cosmic-ray particles. (B. Rossi, G. W. Clark, J. Earl, W. L. Kraushaar, J. Linsley, 

F. Scherb, and T. Cline ) 

VII. MU -MESON COMPONENT OF LARGE AIR SHOWERS 

The lateral distribution of mu mesons in showers has been observed during the past year 

with the aid of a large hodoscope shielded by 900 g/cm2 of lead. Mesons are identified by requiring 

the projected zenith angle as measured by the two hodoscope trays to agree with the known arrival 

direction of the air shower 0 This meson detector has been located at a point near the center of the 
' 

air shower array and at a point near the edge. in addition an auxiliary detector consisting of a 

single heavily shielded tray has been operated 850 m from the center of the array. 

Figure 4.9 shaws the lateral distribution of mesons in a group of showers which all arrived 

nearly vertically but had a wide range of shower sizes. Near the core, the density is proportional 

to r -l ( r is the distance from the core) and (at a given radius) increases in proportion to the 

shower size. For r greater than about 150m there· is some indication that the density drops off 

faster with distance for large showers than for small. This would imply that large showers have a 

smaller percentage of mesons than small ones. 

Figure 4.10 shows the lateral distribution of mesons in showers which all have nearly the 

same size, but come in with a wide range of zenith angles. The fact that the density near the core 

is independent of zenith angle can be explained by assuming that both the. mesons and electrons have 

reached equilibrium with the nucleonic component at sea level. 

Figure 4.11 shows the results of an attempt to detect the effect of the magnetic field of the 

earth on the trajectories of the mesons. One wQ.Ild expect the horizontal north-south field to deflect 

·vertical mesons to the east and west thus producing higher densities east. and west of the core than 

north and south of it. From the figure we can see that there is no large difference: between showers 

landing East West and showers landing North South of the meson detector. If the only mechanism 

causing the lateral spread of mesons were multiple scattering there should be about a SO percent 

effect at r = 100 m: Since the observed effect is almost certainly less than 20 percent multiple 

scattering cannot be the main source of the lateral spread. Multiple scattering is further ruled 

out by the magnitude of the observed spread. Even under the extreme assumption that all mesons 

observed origina~ed at the top of the atmosphere with the minimum energy needed to trigger the 

detector, the r.m.s. radius wo~ld be only about 300m. The r.m.s. radius for the observed lateral 

distribution is not well defined, but it is certainly larger than 300 m. 
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In the auxiliary experiment, the mu meson hodoscope trays were used to compare electron 

densities measured by geiger tubes with those measured by scintillation counters. This experiment 

gave 1.2 ± .1 for the ratio of geiger densities to scintillation densities. (J. A. Earl and 

W. L. Kraushaar)· 

VIII. ARRIVAL DIRECTIONS OF AIR SHOWERS 

The fast timing equipment for determining the arrival directions of air showers has been 

operated at Kodaikanal, South India, by E. Chitnis since August, 1956. So far approximately 

50, oob showers with more than 1cf particles have been recorded, and the arrival directions of 

about 6000 of these have been computed. The data are being processed on the IBM 650 computor at 

M.I.T. A preliminary report on the results will be presented at the meeting of the IUPAP Confer

ence on June twenty-fourth at Varenna, Italy. 

A report on similar work done atM.I.T. with the first version of the fast timing equip

ment has been prepared for publication. The arrival directions of about 2600 showers were de

termined with the following results. 

a) No evidence of anisotropy in the primary flux between declinations of 10°. and 80° 

was found. 

b) The distribution in zenith angle implies an exponential attenuation with atmospheric 

depth of the intensity of showers with more than 105 particles. The attenuation length is ( 107 ± 11) 

g cm-2. 

c) The absolute intensity of showers with more than 1cf particles at sea level is esti

mated to IJe (9.6 ± 3.0) x 1Q4.1 cm-2 sec-1 str-1. (G. W.Clark) 

. . . 
IX. POLARIZATION OF COSMIC RAY JJ. MESONS 

Experiments by Garwin et al. (R. L. Garwin, L. M. Lederman, and M. Weinrick, Phys. 

Rev. 105, 1415 (1957 )); and by Friedman and Telegdi et al. (J. I. Friedman and V. L. Telegdi, --- . . 

Phys. Rev. 105, 1681 (1957)), have demonstrated that JJ. mesons produced in the decay of rr mesons 

at rest are polarized with their magnetic moments aligned with respect to their momenta. Since the 

energy spectrum of rr mesons produced by cosmic rays falls off rapidly" with increasing energy, it 

follows that of the JJ. mesons which stop in a given absorber and which were, therefore, produced 

with a certain range of energies, more arise from the decay of rr mesons in the forward direction 

than in the backward direction. One may_ expect as a conseque~ce that cosmic ray JJ. mesons are 

polarized to a degree which depends on several factors which are: 

1) the nature of the rr meson decay process, 

2) the production spectrum of rr mesons, 

3) the degree of depolarization of the JJ. mesons by coulomb interactions in the air and 
. in the detection equipment. 
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S. Hayakawa has calculated the degree of polarization to be expected on the basis of the Lee-Yang 

theory and taking into account the known facts about the production spectrtim and depolarization by 

coulomb interactions, and he finds a value of about 20 percent for the degree of polarization to be. 

expected. 

Apparatus for measuring the degree of polarization of 1J. mesons stopped in an absorber is 

nearing completion. A coincidence -anticoincidence telescope will be used to determine when an 

ionizing particle stops in an absorber inside a solenoid capable of generating a magnetic field of 

100 gauss. The relative number of these events accompanied by delayed coincidences in geiger 

~ tube trays above and below the absorber will be determined with the magnetic field on and off. It is 

anticipated that the magnetic field will largely destroy any preferential alignment of the magnetic 

moments of the stopped 1J. mesons and will therefore change the ratio of up to down decays. Meas-., 
urements of the ratio will be made with the field on one half of the time and off one half of the time. 

(G. W. Clark and J. Hersil) 

X. CALCULATIONS OF COSMIC-RAY CASCADES 

1. High-Energy N -Component Cascades 

The theoretical study of the longitudinai development of the high-energy N -c0mponent 

·cascades in the atmosphere-has been completed. As reported in previous progress reports analyt

ical methods have been developed which lead to rigorous solutions of. the integra-differential equa

tions of the cascade processes for a rather general class of models of multiple N -particle production. 

In particular, it has been shown that the thermodynamical model of Fermi and the hydrothermody

namical model of Landau represent two special cases of the above -mentioned class. The conse

quences of these two models have been studied in detail; some of the numerical results are pre

sented in attached figures. Figure 4.12 shows the numbe_r of N-particles with energies greater than 

200 Bev initiated by a primary proton of various fixed energies E0 , and plotted versus the atmos

pheric depth x measured in terms of the collision mean free path A.. The solid (dashed) curves 

-pertain to the Landau's (Fermi's) model. Figure 4.13 shows the atmospheric-depth dependence of 

the relative integral intensity of N-particles with energies greater than 200 Bev computed under the 

assumption that the primary differential energy spectrum obeys a power law of the type 

~ const x E ~{y + 1 ) withy= 1.5. Again, the solld (dashed) curves pertain to the Landau's (Fermi's) 

model.· The curves in both figures refer to the totally inelastic collisions corrected for the air-
. - I 

,., nucleus effect and characterized by 1:3 ratio for the production of neutral 1r mesons. 

The theory of the analytic~! method for the solution of the cascade equations and the details 

of the mathematical procedures involving numerical evaluations have been summarized (in collab- · 

oration with Mr. Raymond Stora) in a paper submitted for publication in Annals of Physics. 
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--Landau· 
---Fermi 

Figure 4.12 

Number ofN particles with energies E > 200 at 
the atmospheric depth x initiated by a primary 
proton of energy E0 ; E and E0 in terms of pro
ton rest energy, xin terms ofcollisionm.f.p. A.. 

2. Large Electron-Photon Cascades 
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The total average number of electrons contained in an extensive air shower has been com

puted as a function of the lower atmospheric depth for various energies of the shower-initiating· 

proton. The .calculations have been based on the theoretical studies mentioned in section ( 1) above . 

. Those studies furnished us with analytical expressions for the differential energy spectra of neutral 

1r mesons 'at each point of the atmosphere. These expressions were used as source functions for 

gamma rays, which in turp. allowed us to construct·an explicit formula for the Mellin transform of 

the integral number of electrons contained in a proton -initiated shower. The numerical evaluations 

have been Sif!1plified by a development of an approximation method which essentially involves the 

expansions of pertinent quantities in powers of (S-1 )where Sis the parameter occurring in Mellin 

transforms. The results presented in Figure 4.14 refer to Landau's (solid curves) and Fermi's 

(dashed curves) models of inelastic 7ro -meson production with the following choice of the numerical 

values of the parameters involved: ratio of 1r0 -mesons to the total number .of N particles produced 

in one nuclear collision, a0 = 1/.3, mean free pat!l for nuclear collisions, A.= 100 g · em -2 • 

These results and some others (pertaining to different numerical values of a 0 and A.) are 

being summarized for. publication. 
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Total number of electrons in the ·extensive air shower initiated 
by a proton of energy E0 plotted versus atmospheric depth. 

(S. Olbert) 

XI. SEARCH FOR LONG-LIVED PARTICLES USING THE COSMOTRON · 

Further investigations of the energetic long-lived decay process described in the L.N .S. 

Quarterly Progress Report for November 1956 were conducted at the cosmotron, until the accel

erator suspended operations for repairs in January 1957. The main characteristics of the process 

are that it apparently is capable of an energy release greater than 20 Mev and exhibits a half.-life 

·of 3 milliseconds. 

The delayed decay process is initiated by placing a large plastic scintillation detector 

(i.e., about a cubiG foot of polystyrene, with terphenyl) surrounded by an absorber, near a target. 

that is bombarded by 3-Bev protons. By performing variations upon this configuration, the follow

ing results have been obtained: 

1) The number of events observed in the detector is of the order of one per 108 beam 

protons (i.e., for a target-detector distance of about two feet). 

2) The yield increases about five -fold when the ~gle between the beam direction and the 

target -detector lin~ is changed from 90° to 45°. . 
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3) The production is roughly independent of the target composition (i.e., Be, Cu, Ph). 

4) The production is independent, within about thirty percent, of the absorber surround

ing the detector, for thicknesses of Al, C, Cu, Pb, and paraffin corresponding to about half a geo

metric mean -free path ·or less. 

At the time of the cosmotron shutdown, the detector was about to be placed directly in the 

external 3 -Bev proton pencil beam. Information on the yield under such conditions is required for· 

planning further instrumentation, and for clarifying some preliminary indications that this yield 

may rise sharply near 3 Bev. (E. Boldt, H. S. Bridge, B. Rossi, and D. 0. Caldwell) 

XII. NEUTRON DETECTOR 

A neutron detector has been developed, tested, and placed in operation in conjunction 

with the Harvard air shower array. The neutron flux is sampled in coincidence with the detection 

· of each large cosmic -ray shower by photographing the output pulses displayed on oscilloscopes. 

The detector consists of four 1 meter by 10 centimeter disc ~shaped scintillators which 

are stacked and viewed by three phototubes each, with cadmium foil between the slabs. The out

puts are wired so that alternate slabs are in parallel, and adjacent in coincidence, in order to de

teet gammas from the Cd113 (n, y )Cd114 reaction; thus eliminating most of the background. 

Each scintillator was calibrated and found to be 95 percent efficient for the detection of 

. cosmic-ray f..L mesons; the detector as a unit is up to .5 percent efficient for detection of 4-Mev 

neutrons. Half of a cubic meter. of paraffin is used to aid the necessary thermalization, but this 

process is presumably the cause of the low efficiency. 

Both the input particle pulses to ·the coincidence circuit and the output pulses are displayed, 

so that a sufficient criterion for the identification of f..L mesons or neutrons can be established. Af

ter the f..L mesons are subtracted out, the remaining background will average to be between one in 

every few hundred and one in one thousand showers,. which can be varied with a small resultant 

variation in efficiency. 

The sensitivity of the twelve phototubes can be matched, and the background quickly re

calibrated periodically at the site. (T. L. Cline) 

XIII. HIGH-ENERGY. CROSS SECTIONS 

The experiment to determine the elementary nucleon-nucleon cross section in the vicinity 

of 50 Bev, using the cosmic -ray beam as a source of protons and nucleons, has been completed and 

is described/in detail in the L.N.S. Quarterly Progress Report of November, 1956. A short summary 

is outlined here. · 
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The experiment, which is an attenuation experiment, utilized iron as an absorber. The 

detector, which had a relatively good energy resolution, consisted of a do~ble ionization chamber, 

and three large trays of hodoscoped geiger tubes. The objective was to obtain a single interaction 

cross section_with high accuracy in order to compare it with results obtained with accelerators in 

1 - 5 Bev region. The iron results are: 

neutrons: 

protons: 

O'f'e == 0.61 ± .03 barns 

uFe == 0.61 ± .04 barns 

From the transparency curve for iron (Figure 4.15) it is seen that these· cross sections 

indicate-a value for the elementary meson-production cross section, 0: == 21 ± 4mb. 

We therefore conclude. that the meson -production cross section does not change appreciably 

as one goes from 5 Bev where ·the (pp) inelastic cross section is ,..., 25mb ·(R. P. Shutt, in High 

Energy Nuclear Physics, page IV -6 (Proceedings of the Rochester Conference, 1956 ))to an energy 

around 50 Bev . 
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Transparency curve for iron. 

( R. W. Williams and A. E. Brenner) 
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XIV. GIANT AIR -SHOWER EXPERIMENT 

A decision was reached about extending the air shower investigations to allow for detec-

· tion of higher energy events: The technique will be essentially that now employed at the Agassiz 

site. Nineteen or more plastic scintillation detectors will be distributed over a region about 10 

km2 in area (a 50-fold increase in sensitive area ov~r the present array). The shower directi.on 

will be determined from differences in arrival time, as at present, and shower size will be com

puted from measurements of the shower density. With the new equipment it should be possible to 

determine the _cosmic -ray energy spectrum out ~o or somewhat past 1019 ev. 

A prototype detector four times larger than those now in use has been constructed and is 

ready for testing at the Agassiz site. It will be placed at distances up to one mile from the center 

of the present array for the purpose of determining the lateral distribution function for large 

showers at great distances from the core. 

Possible sites for the giant array have.been investigated at Brookhaven National Laboratory, 

near Denver University in Colorado, near Los Alamos, New Mexico, and near the University of 

New Mexico, Albuquerque. (J. Linsley) 

B. B. Rossi 
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A. SYNCHROTRON OPERATION AND MAINTENANCE 

The synchrotron was shut down in September of 1956, in order to install a new vacuum 

. chamber and a 1-Mev Van de Graaff injector. We now have a 300-Mev beam which is, at present, 

about 1(/l equivalent quanta per second. This is a twent)r-fold increase over previous intensities. 

1. Injection System 

The Van de Graaff injector is the High Voltage Corporation Model JS (One Mev). It has 

been adapted to pulsed operation by insertion of a circuit in the head which pulses the filament neg

ative with respect to the grid cup. The triggering pulse is sent to the head by a light flash through 

a side window and received by a photomultiplier .in the head. We are using a thoriated tungsten fil

ament which gives a 50 milliamp pulse of current reliably. It has been operated for a few hours at 

100 milliamps and for ten minutes at 200 milliamps without burning out. 

In order to bring the beam in, we installed a pole with an extended back leg; the beam tube 

centers tangentially to the orbit circle through the offset provided by the larger back leg. We have 

provided eight sets of steering coils to keep the beam centered in the input tube. We have a mag

netic shie~d of 14 mil transformer iron at the magnet fringing field; this prevents over-deflection 

and ~ver-focussing as the beam enters. The input tube in the magnet is wound with a helical coil 

running at about 200 ampere -turns per inch to provide focussing. The electrostatic generator con

sists of a flat plate at high voltage surrounded by a flattened cylinder at ground potential. We ex

perienced difficulties in making a voltage insulating system which could withstand electron born

bardment;' the present system has operated successfully over several months; it consists of 

recessed py~ix glass protected from the direct electron beam by a carbon absorber. The inflector 

is run at about 15 kv. 
I 

Whi,le running the magnet D.C. 80% of the beam at the base of the Van de Graaf~ will go 

through the ifttlector and around one turn. Operating the magnet pulsed, this efficiency was reduced 

to 20%. We have inserted a n~w steering coil and the injection efficiency has increased to at least 
' 30% but has yet to be measured since all the improvements were added. 

2. Beam Acceptance 

Most of the quantitative tests on beam behavior were done with a 15 !J.Sec burst of electrons 

to distinguish turn by t:Urn behavior. We had zinc sulphide coated flags to observe first turn beha

vior and a grid structure observed by a scintillating crystal to observe several turn behavior. If 

no perturbing scheme .is used at injection one would expect the beam to hit the inflector on its fifth 

turn around (i.e., its third radial oscillation) .. This appeared to be the case. To prevent this, we 
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pulse (~ 1 p.sec) a double turn around the betatron flux bars in such a way that the instantaneous 

electron orbit moves inward at about 1 mm per turn. In five turns the beam will have contracted 

5 mm which is approximately the beam width. Our present measurements indicate that this scheme 

allows acceleration of about 25% of the injected beam. When the pulse is lengthened to .4 p.sec 

(twenty turns) the overall efficiency is measured to be about 10%. Considering these measure

ments we would e~ct a beam of HI equivalent quanta per second. We measured the beam and 

found 2 x HP equivalent quanta per second. In addition, the beam shows a greater intensity stabil

ity than we had with the low voltage injector. 

3. Improvements 

More accurate measurements will. be made to determine the best voltage tracking of the 

Van de Graaff beam to insure most efficient injection. We are studying various filaments to p~o

vide increased and reliable emission. When we increase the filament emission from 50 rna to 100 

rna we obtain twice the beam. However, at 200 rna we obtain only a 40% increase; it appears that 

space charge effects are beginning to explode the beam. (P. D. Luckey, W. Lobar, L. S. Osborne, 

C. J. Strumski, and R. Weinstein) ( L. S. Osborne) 

B. SYNCHROTRON RESEARCH 

I. PHOTOPRODUCTION OF NEUTRAL PIONS IN HYDROGEN NEAR THRESHOLD 

We have ordered a large sodium iodide crystal in the shape of a cylinder of 9-1/2 inches 

diameter, contracted to a 4-inch diameter in a distance of 2-3/4 inches. The overall length is 

7-3/4 inches. The cry.stal will be coated with a reflecting coating except for a 5 -inch diameter 

area at the large end. The light from the crystal will be viewed through this area by an RCA C7170 

14 -stage photomultiplier. 

As part of the general program of y-ray spectrometry which will be pursued in the future 

at the synchrotron, we have been investigating pulse height analyzers of a number of channels com

mensurate with the intrinsic resolution which we have available with the sodium iodide crystal. A 

reasonable number for this resolution is approximately thirty channels. As standard pulse height 

analyzers in this region are quite complicated electronically and not capable of accepting pulses in 

rapid succession, we are at present investigating a much simpler type ·of analyzer ·using a beam 

deflection tube. 

Within a few weeks we expect to receive. the sodium iodide crysta·l and begin constr~_:~ction 

of the counter. (D. H. Frisch, L. S. Osborne, and J. J. Russell) 

11. DIFFERENTIAL CERENKOV COUNTER 

A beam of particles passing through a transparent medium emits Cerenkov light in ·a cone 

about its axis. The cone angle· depends upon the partiCle velocity (cosO = {3~ ). A beam of such 
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particles emits light with the same characteristic direction independent of the point of traversal. 

This light is identical then to that emitted by a ring source far away. This suggests a similarity to 

the analogous astronomical problem of focussing the ·light from a ring of stars at large angles. 

This is done in astronomy with a Schmidt telescope. We are building a Cerenkov counter on this 

principle. The optical system to focus the light into a ring consists of two spherical lenses de

signed to minimize large angle astigmatism. The detector in its simplest form consists 6f a 5-inch 

photomultiplier (RCA C7170) masked except for a 4 -inch diameter ring which is the focal ring for 

Cerenkov light emitted at 100. 

The radiator itself consists of a cylindrical high pressure container with polished walls 

(the walls reflect the Cerenkov light while still preserving the angle). The radiator material con

sists of a fluorocarbon (Minnesota Mining Corp. FC-75). This substance was picked for its low 

critical pressure .. The container is heated above the critical temperature so that the index of re

fraction may be varied by adjusting the pressure. To record particles of different velocities the 

optics are kept fixed and the index of refraction varied. 

We have built and tested the container and oven under pressure and are planning to con

tinue measurements on the index of refraction. We then plan to measure the system as a whole with 

high -energy electrons. 

III. MEASUREMENT OF NUCLEON MOMENT A USING 
PHOTOPROTON NEuTRON COINCIDENCES 

Further investigations have been made of the momentum distribution of quasi -deuterons 

in Li7
• The method used differed from previous work (Laboratory for Nuclear Science Quarterly 

Progress Report for November 30, 1956) in that an energy sensitive neutron detector· was used. In 

previous work, energy selected protons in coincidence with neutrons were counted vs. laboratory 

angle of the neutron. For a real deuteron photodisintegration the neutron angle is uniquely deter

mined. For the quasi-deuteron, a spread in neutron angles is observed due to the center-of-mass 

momentum of the quasi-deuteron. From the observed distribution one may calculate the momen

tum of the quasi-deuteron from the following assumptions: 

a) The single particle momentum distributions are gaussian, 

b)· The proton and neutron have the same mean momentum, 

c) The proton and neutron momenta are uncorrelated. 

In the present experiment energy selected protons· in coincidence with energy selected 

:'leutrons are counted vs. neutron energy. The laboratory angles are maintained fixed. With the 

same assumptions listed above one may predict the spectrum of counting rate vs. neutron energy 

for any assumed single l?article momentum. 

Figure· 5a.1 shows a comparison of the data with a theoretical curve assuming singlepar

ticle energies of 10 Mev (p0 = 140 Mev /c.). 
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p (Po) 

~'" '"~ ' ~"- ...I Po • 198 Mev /c derived from 
single particle Gaussian 
distribution with Po •140 Mev/c 

Figure Sa.l 

Data taken in August, 1956 

The poor statistics at the tail of the momentum distribution in the current data are due to 

several kinematl.cal factors which discriminate against low -energy neutrons. The experiment is 

being redesigned in order to observe the portion of momentum space in which the tail of the dis

tribution gives rise to the high-energy rather than the low-energy observed neutrons. This should 

improve the statistics on the tail by a factor of about four. It may be possible to observe the effects 

of correlation of neutron and proton momenta in the proposed experiment. 

Specific equipment being developed for the new experiment includes a proton telescope for 

50-Mev protons, a 24-inch diameter neutron counter for use in millimicrosecond time-of-flight 

measurements, and associated pulse shaping and adding circuits~ (R. Weinstein, S. Ozaki, 

G. Davidson and A. Wattenberg) 

IV. ONE -QUANTUM ANN I HILA TI,ON OF POSITRONS 

Theoretical work (H. Bethe, Proc. Roy. Soc. AlSO, 1935) (W. Heitler, "The Quantum The

ory of Radiation", Oxford University Press, New York, 1954) (J. C. Jager and H. R. Hulme, Proc. 

Camb. Phil. Soc. 32, (1936), p. 198 ), on the process of one-quantum annihilation of a positron

electron pair in the field of a nucleus has resulted in detailed predictions of the dependence of the 
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cross section. on the energy of the positron and the Z of the target nucleus. The energy dependence 

is given by Heitler (W. Heitler, op. cit. p. 86). The cross section is found to vary as 'zJ5. Pre

vious experimental work(J. Whalen, Ph.D. Thesis, Washington University, 1956) has resulted in· 

evidence that the cross section varies with energy about as predicted in the region of 0.5 Mev. 

Experimental equipment has been designed and constructed to check the energy and Z5 

dependence of the cross section. A source of positrons is subjected to energy selection in a poor 

resolution ( ~ 5%) high collection efficiency ( ~ 5%) double focussing magnet spectrometer 

(0. Kofoed-Hansen and 0. B. Nielson, Det. Kgl., Danske Videnskabernes Selskab-Matematisk

Fysiske Medde lelser, Bind 25, Nr. 16, 1950). The spectrometer has been constructed and is being 

tested. The spectrometer is housed in an aluminum scattering chamber, designed to lower the 

background gamma-ray intensity at the detectors. The ~luminum chamber is 2' x 2' x 6" and will 

support a vacuum. This chamber, along with associated parts for testing the spectrometer, sup

porting the source, and supporting and changing the target,· has been constructed. 

The target is mounted at the focussing point of the spectrometer and is viewed by a gamma

ray detector (1-1 2" x 2" Nai-Tll) and an X-ray detector (1-1/2" x .040" Nai-Tll}. Each of these 

detectors has its output fed into an amplifier followed by a single channel differential discriminator 

and scalar. The discriminator outputs are also fed into a coincidence circuit to 'record the y-X -ray 

coincidences. The detectors and associated electronics have been built and assembled. 

An analysis of the experimental setup indicates that we should obtain a signal to noise 

ratio of about 10:1 with a counting rate of one count per minute. If correct this indicates an im

provement by a factor of nearly 100 in the data -taking ability of this equipment compared to previous 

experimental work. ·(w. Bowman, W. S. Saunders, and R. Weinstein} 

V. NEUTRONS FROM THE CAPTURE OF J.L MESONS ! 

Attempts were made to study the energy distribution of neutrons emitted when J.L- mesons 

are captured. During the period while the synchrotron wasunder repair, J.L ~esons fro,m cosmic 

rays were used; however, the laboratory conditions produced too high a background for significant 
. I 

measurements to be made. (R. Blieden, E. Loh, A. Wattenberg, and R. Weinstein} 

VI. STUDY OF PHOTOMESON PRODUCTION FROM COMPLEX NUCLEI 

This work was reported previously in the L.N.S. Quarterly Progress Report for August 31, 

1956. A total of about 100 1r+ meson-neutron coincidences were observed in the 10-channei"time of 

flight apparatus. The statistics,were insufficient to obtain any new information concerning the mo

men~m spectrum of nucleons in carbon. The data was consistent with the momentum distribution 

previously obtained at this Laboratory (Wattenberg, Odian, Stein, Wilson and Weinstein, 
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''Momentum of Nucleons ill Various Nuclei from the High-Energy Photoeffect", Phys. Rev. 104, 

No. 6, pp. 17'10-1716, December 15, 1956 ). It should be possible to obtain better statistics with 

the renovated synchrotron. (W. D. Rankin, S. Ozaki, P. C. Stein, and A. Wattenberg) 

VII. PHOTOMESON PRODUCTION FROM DEUTERIUM 

This work has previously been reported in the L.N.S. Quarterly Progress Report for 

August 31, 1956. 

We have measured the e·ner'gy spectrum of neutrons in coincidence with mesons resulting 

from photoproduction of 71'+ mesons in deuterium at meson angles of 45°, 60°, 90°, and 120°. 

The widths of the neutron spectra are consistent with a Hulthen momentum distribution in the deu

teron. The expected dinucleon peak due to spin flip production was not observed at 90° and 120° . 

The fraction of mesons accompanied by neutrons around the hydrogen kinematical peak was me as

ured, and was found to be .75 :1:: .20, 40 :1::.10, .51 :1:: .08, and .85 :1:: .20 at 45°, 60°, 90°, and 120° 

respectively. (P. C. Steiri, B. T. Feld, W. D. Rankin, J. J. Russell, and A. Wattenberg) 

VIII. LARGE NEUTRON COUNTER AND TIME-OF-FLIGHT WORK 

An electronic read -out system for an improved chronotron line of the type described by 

S.tein (See the thesis by P. C. Stein entitled "Nuclear Effects on Photoproduction of 71'+ Mesons from 

Deuterium", M.I. T. ( 1956)) has been constructed. The system employs summing-circuits and dif

ference amplifiers to give a geometrical representation on a C.R.T. screen of the position of co

incidence of the two pulses in the chronotron line. The screen is viewed by photomultipliers. 

Using this system and two 14-stage Type 6810 photomultipliers with two inch photocathodes 

a time resolution for the system corresponding to a full width at half-maximum of five millimicro

seconds was obtained. The two counters were set to view cosmic rays in coincidence. The distance 

between chronotron taps corresponds to a delay of 2.4 millimicroseconds. 

Using the same system with Type 1P21 photomultipliers a full-width at half-maximum of 

2.5 millimicroseconds was obtained. The next step will be to use Type C7170 multipliers which are 

expected to give better time resolution than Type 6810. (R. H. Blieden, G. Davidson, D. M. Ritson, 

A •. Wattenberg, and R. Weinstein) 

IX. SCATTERING OF GAMMA RAYS BY NUCLEI 

New light has been thrown on the interpretation of our last data on scattering of 40 to 130 Mev 

gamma rays by various nuclei (Second run, Pugh, Gomez, Frisch, Janes, Phys,Rev.IOS, p. 982(1957); 

Second run, Pugh, Gomez, Frisch, Janes, Phys. Rev. 105, p. 988-990 ( 1957 )). We had ascribed 

the large· number of low -energy quanta at forward angles to internal Brems~?trahlung by 
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electron-positron pairs created in the target. Now, with much basic help from C. Feynman 

and R. Christy, R. Gomez (also now at C.I.T.) has estimated the numbers of gamma rays 

produced by this process, and compared it with· the Thomson scattering by the ~arne nucleus. 
The results are shown in Figure 5a.2 and indicate thafthe background in our experiment from 

internal Bremsstrahlung was large at low energies and angles, but was probably not enough to ac

count for all low energy quanta we observed at the 450 setting. The external - rather than internal -

Bremsstrahlung by large -angle pairs in the 6" beryllium .before the anti -coincidence counter ab-
. . 

sorber probably gave us the major part of our background. It is hoped to separate out·these two 

sources of background in the next run.; 
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A thitd run (First run, Pugh, Frisch, Gomez, Phys. Rev. 95, p. 590 (1954)) (Second run, 

Pugh, Gomez, Frisch, Janes, Phys. Rev.105, p. 982 (1957);Secondrun,Pugh,Gomez,Frisch,Janes; 

Phys. Rev. 105, p .988-990 ( 1957)). on scattering of 'Y rays by nuclei is being instrumented, with particular 

emphasis on hydrogen and deuterium~ The goal of this work is to separate out-the eledric and negative po

lar1zabilities of the proton and neutron, and to see how much they are affected by being-in complex nuclei. 

In order to make full use of the anticipated synchrotron intensity for Compton scattering 

it is necessary to improve the past electronics. 
' 
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A 'Y ray will be detected by a three -unit telescope consisting of an anti-coincidence crystal 

in front of a lead converter and two crystals for measuring dE/dx. The photomultipliers used will 

be RCA 6810' s, which have a 14 -stage dynode structure. The essentials are shown in Figure Sa.3. 

Anode 

Last Dynode 

300 300 

IOK 

R.G.II4/U 
Cable to 

6BN6 Circuit 

Figure Sa.3 

6CL6 

Circuit for detecting 'Y rays 

R.G.II4/U 

180. 

A positive pulse proportional to the pulse height is taken from the last dynode. The negative 

pulse on the anode cuts. off a 6CL6 pentode, which is carrying about 50 rna plate current. This limited 

pulse is carried from the preamplifier on R.G. 114U cable and delay-line clipped at the input to the 

6BN6 coincidence circuit. A 404A pentode may be substituted for the 6CL6; it has sharper cutoff 

characteristics and a better gm/c but can only deliver about 20 rna of quiescent plate current. 

The standard clipped pulse from Crystal 2 is fed into one grid of a 6BN6. A pulse propor

tional to the pulse height from Crystal 3 is put on the other grid. The outpu~ of the 6BN6 is fed into 

a Moody discriminator. At a given Moody discriminator setting.the two pulses on the 6BN6'must 

overlap in time 'and the pulse proportional to pulse height must exceed a value determined by the 

bias on the 6BN6 grid. This is d<:me with both crystals ?-nd the outputs from the Moody are combined 

in~ slow diode (R~ 5. x 10-8 ) coincidence circuit. This then serves to measure dE/dx in both crys

tals,. and in the actual experiment dE/dx will be required to be twice minimum ionizing correspond-
I 

ing to a pair being formed in the lead converter between Crystals 1 and ~· 

The anti-coincidence is taken between Crystals 1 and 3. A clipped positive pulse from 

Crystal 3 is put on one grid of a 6BN6.. A clipped positive pulse from Crystal 1 is inverted in a Z319 

secondary emission pentode and this negative pulse is applied to the second grid of the 6BN6. There 

is a""' 8 to 1 ratio between no overlap of these two pulses and complete overlap. The dead time is 

the order of 10 -a seconds, i.e., a positive pulse occurring 10 -a seconds after the negative pulse will 

not be affected. This, of course, depends on the clipping times useo and the ratio of N:U~lti o.ne 

is willing to work with. ( L. G. Hyman and D. H. Frisch) 
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X. SEARCH FOR 1r0 - 3y 

A preliminary investigation of the feasibility of detecting a second 7rO meson which decays 
. I 

into three gamma rays has been carried out in the 160-Mev external proton beam of the Harvard 

cyclotron. Several runs have been made to determine the background using two large Pb glass 

Cerenkov counters in coincidence, backed by Dumont K1384 12" photomultipliers (see Figure 5a.4). 

Targets of Li, · Al, Cu, and Pb were used. The total singles background at 900 with a Li target has 

a cross section of approximately 4 x 10-3 mb/ster and appears to be about 1/3 neutrons and 2/3 

nuclear proton Bremsstrahlung, but further study of the nature of the background is needed. 

A significant back -to -back coincidence rate has been observed and interpreted as normal 

7T 0 production with a cross section of 7 ± 2 X 10 -s mb for Li with comparable ·cross sections for Al, 

C, and Pb but no measurable effect for Cu. Coincidence measurements inside the minimum angle 

for 1r0 -- 2y decay so far indicate only that the cross section for 7ro -- 3y is less than 10-4mb for 

Li. 

In order to establish a lower upper limit on the 7To -- 3y decay it will be necessary _tore" 

duce the accidental counts due to singles background and to develop a means of discriminating 

against possible double proton Bremsstrahlung. We are improv~g the resolving time of the counter

coincidence apparatus from 0.2 Jl.'S to 0.01 Ji.Sec and increasing the energy resolution of the counters. 

Toward these ends we are changing the· Pb glass blocks from 12" diameter .X 7" long cylinders to . 

. truncated cones 6" long, with the diameter tapered from 5" to 4", and are changing to a much faster 

and somewhat more sensitive 5", 14-stage photomultiplier, the C-il-10. The new Pb glass blocks 

should have greatly improved optical transmission characteristics. 

Pb Shielding 

Figure 5a.4 

Kl384 12" 
Photomultiplier 

7To meson production setup 
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The characteristic times of the C-7170 have been measured and it was confirmed that the 

transit time spread across the face of the tube is 2.0 ± 1 m f.LSecs and that the total rise time is 

3 ±1m f.LSecs. (P. Carr, R. Ely, D. H. Frisch, and R. Wilson (Harvard)) (B. T. Feld and 

L. S. Osborne) 

XI. BROOKHA V~N COUNTER GROUP 

At present the M.I.T. program at.Brookhaven consists of a cloud-cliamber experiment, 

which will end soon, and occasional photographic plate exposures. Anticipating the further gain of 

importance of counter technique applied to the properties of the new particles, and the requirements 

of greater refinement in the use of nuclear emulsions, we are starting a sustained program at 

Brookhaven. Dr. David Hill, at present at the G. E. Synchrotron, will be~ M.I.T. Research As

sociate in residence at Brookhaven. 

We are planning first an experiment to measure the total attenuation cross section for 

~ mesons in liquid hydrogen over the energy range from about .3 to 1.5 Bev. This range of ener

gies is above that which can be studied with emulsions and bubble chambers, and corresponds to 

what we think feasible with velocity-selective Cerenkov counters. 

As ~cattering experiments on 1r mesons have shown, total cross section measurements 

over a wide energy range provide a fruitful first method of investigating meson-nucleon interactions. 

The energy region where the first few partial waves higher than S-wave come in could again be of 

great interest, and for K mesons is just the region we want to study. The experiment is particularly 

suited to Brookhaven, where the presence of an external proton beam makes it feasible to get an in

tense K+ beam at small angles and hence high energies. 

Cork, Lambertson, Piccioni, and Wenzel (Cork, Lambertson, Piccioni, and Wenzel, pri

vate communication) at Berkeley have recently measured the total cross section forK- mesons of 

about 500 Mev kinetic energy, separating K' s from _1r' s by time of flight. Their K' s were produced 

in the forwa.rd direction by the internal proton beam. 

A sketch of the proposed setup is given fu Figure 5a.5. It consists of the external beam 

striking a copper target inside the shielding wall. K_... s produced at 70 to the !Jearn will be focussed 

by a large quadrupole magnet. Then they will be deflected by a magnet and passed through a hole in 

the shielding wall. So far this setup is almost identical with that used for 1r+ mesons by Cool and the 

Michigan bubble -chamber group. 

The K+'s next will pass through a velocity-selecting telescope consisting of one or more 

Cerenkov detectors, and then through another momentum selecting magnet in order to eliminate the 

background of protons of the same velocity. The beam will then pass through a final K+ detector. 

It is expected that because of their highly direction- and velocity-sensitivity, these counters will 

operate in an even much larger background than we expect. We intend to use time -of-flight as a 

cross -check, but it will probably be highly selective only at the lower energies. 
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Proposec;:l K -meson scattering experiment 
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We haye started constructing Cerenkov counters (See L. S. Osborne's section on "Differ

ential Cerenkov Counter") and associated electronics, and a liquid hydrogen target (see Figure 

Sa.6 ). We hope to be ready for a background test of the counters at Brookhaven in a few months. 

(D. O; Caldwell, D. H. Frisch, D. A. Hill, and D. M. Ritson)(B. T. Feld and D. H. Frisch) 

C. NUCLEAR EMULSIONS RESEARCH 

Introduction 

During the past year photographic emulsion research has been concentrated on further 

exploration of the dynamics of K+ scattering with nucleons, the development of a pulsed magnetic 

field with which it is hoped to obtain negative hyperon beams, and a search for the "Pais-Piccioni" 

effect.· In addition the scanning facilities have been used by U. Haber-Schaim for a cosmic r~y 

experiment, .and B. T. Feld and B. Maglich for an investigation of polarization scattering. 

The breakdown of the Cosmotron in January· occurred just prior -to a scheduled exposure 

for the pulsed magnet, and thus considerably dislocated our program. 

It is hoped that an exposure will be obtained not too long after the start of the Cosmotron. 

Potential. lines of resea:rch during the coming year that we forsee are as follows: 

a) Use of the pulsed magnet to obtain negative hyperon beams. 

b) An investigation of the Ke
3 

spectrum using the high intensity K beams that may be 

achieved at Berkeley during the coming year. 

c) 1r -pair production at the synchrotron near threshold. 

I. HYPERON STUDY PROGRAM 

The high intensity pulsed magnet program described in last year's Annual Progress Report 

(Laboratory for Nuclear Science Annual.Progress Report, May 31, 1956) has evolved into an ex

periment to study the properties of L- hyperons. A general description of the pulsed magnet ap

paratus is given in that report. Progress in design of the apparatus is described later in the pres

ent report .. 

The initial purpose of the program is to obtain in nuclear emulsion a relatively large num

ber of identified · L~ hyperons. Identification relies on magnetic bending, which must be done 

. within the l-inch distance the hyperon travels before decay, and this requires fields of the order of 

100,000 gauss. In the present experiment the 2:- are produced in a small target in the pencil 

proton beam of the Cosmotron·. The target is at the edge of a region of 200, 000 gauss magnetic field. 

After passing through an evacuated flight space of 1 inch, sigmas emitted at 10° or more to the in

cident beam enter a small emulsion stack. They are distinguished from protons by entrance angle 

into the stack, and from negative mesons by visual grain density. The solid angle acceptance is 

high, the emulsion intercepting effectively 1/6 of the total solid angle in a cone 30° about the incident 
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beam direction. Survival against decay is abqut 50%. For a pencil beam intensity of 108 protons 

per pulse, the yield of ~- into the eml!lsion ·stack should be about 20a per pulse, where a is the 

cross section in millibarns per (copper) nucleus. 

The collimation and background problems of this experiment were investigated at the 

Cosmotron on November 21, 1956, with favorable.results. 

The experiment was scheduled at Brookhaven for January 29, 1957. Necessary repairs to 

the Cosmotron have, however, delayed the experiment Imtil sometime in the summer of 1957. 

The properties to be studied initially include angular correlation of decay plane with pro

duction plane, lifetime, and ·the interaction of L- with nuclei. The majority of L- hitherto 

obtained have come from K-capture in ·a hydrogen bubble chamber, and their decay cannot exhibit 

an asymmetry due to parity ho~-conservation in strange particle decay. The L-: in this experi

ment will have been produced in high energy collisions and therefore could be polarized with re

spect to the production plane, and the angular correlation in decay could throw light on the question 

of parity non-conservation in strange particle decay. If the technique proves a copious way to ob

tain 2-, then it is planned to. study the properties of production, such as excitation function, en-· 

ergy spectrum, and dependence on target neutron/proton ratio • 

. The apparatus built for the intended January 29th run has been operated since then for the 

purpose of improving theswitching method and for mapping the magnetic field.- The latter has been 

done by Mr. B. Ursin. The magnet attains about 150, 000 gauss with a full period of 7 millisecon~s. 

It is connected by a three electrode gap to a condenser bank of 9600 microfarads charge to 3000; 

volts. 

In the interim before the next scheduled run, two new magnet structures are being built for 

use with a total capacity of 27,000 microfarads and should attain more than 200,000 gauss. The two 

coils have full period of 7 and 2 milliseconds, respectively, the latter intended for use with the 

quick beam ejection device. now being developed at Brookhaven. 

The electronic control circuits have been refined, and development of an ignitron switching 

system is in progress. (R. A. Schluter, G. G. Fazio, and B. Ursin) 

II. K+ SCATTERING· 

Some of the general features of the dynamics of.K+ scattering on nucleons have become_ 

clearer during the year, due to the work of a large number of groups. 

However, there is still not even a qualitative understanding of what is going on. 

If K+ scatter-ing proc~ed.s as follows through an intermediate state 

K + N -- (K + ( Lor A) + K) -- K + N 

then if nucleons emit virtual K' s and hyperons in an s -state (defined as scalar K' s) then an attractive 
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potential should result; if they are emitted in a p-state then a repulsive potential should result. 

Thus a repulsive potential would imply pseudo-scalar coupling. If this were correct the results 

of threshold photoproduction would give a small coupling constant. However, a small coupling con

stant would not fit the observed scattering cross section. If the coupling were scalar, a strong in

teraction would fit both the scattering and photoproduction, but would not agree with the apparently 

determined repulsive potential. Obviously either interpretation or experiment is incorrect . 

. The following appear at this stage to be the main pomts of interest. 

1 ) The energy dependence of the cross section insofar as this throws light on the rela

tive behavior of sand p-waves. 

2) The charge -exchange versus non -charge -exchange cross sections, which are valu

able in determining the isotopic spin states invQlved. 

3) Further work on the sign of the potential. 

In the future it appears likely that the above problems will be worked on at low energies 

with hydrogen bubble chambers, and at high energies with counters. 

a) Energy Dependence of the K+ Scattering Cross Section 

Three stacks of emulsions, two from Berkeley at 550 Mev/c, one at 456 Mev/c, and one 

from Brookhaven have been investigated by following K+ mesons from their point of entry through 

the emulsions .. A total of one hundred meters of track have been investigated. 

Table 5a.I summadzes the data. Figure 5a.7 shows the angular distribution of the 
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Angular distribution of K+ scattering at 140 Mev mean energy. 
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TABLE 5a.I SUMMARY OF DATA 

Energy Track 
No. of Scatters 

No. of Scatters Total Inelastic Mean Free Path Effective Limiting Greater than Charge a=k tNucleon Mean Source of Data Interval Length with Other Non- Charge tor Inelastic 
Energy (Mev) (Meters) 

Angle Limiting Angle-
Prongs Visible Exchange Exchange Interact ion No Other Prongs 

Stock I 30-70 8.9 2 0 4· 0 

Stock 2 30-70 3.6 3 3 8 0 

Stock 3 30-70 4.5 3 4 10 0 

Berkeley -M.I.T 25-75 18.6 2 16 20 2 
Phys. Rev. 
101,1617(1956 

' 
54 Mev 35.6 90° 42 2 81±18cm 6.9±1.9mb 

Stock 2 70-100 4.3 2 0 ~ 2. 

Stock 3 75-100 4.2 I I .. 
~· 0 

Berkeley-M.I.T 75-120 19.9 2 9 12 2 

95Mev 28.4 60° 18 4 129±31cm 3.9:t:l.lmb 

Stock 2 100-140 9.9 . 5 3 £o 2 

Stock 3 100-190 30.0 8 30 4J 6 

140Mev 39.9 30° 43 8 70*10cm 8.2"=1.4mb 
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scattering at 140 Mev for elastic and quasi-elastic (non-visible star at the interaction) and inelas

tic scatters. The elastic scatters show the typical coherent forward scattering whereas the inelas

tic scatters are distributed over all solid angles. The limiting angle marked on the graph shows the 

point at which the coherent scattering is calculated to become small .. Figure Sa.8 shows a 

lOr---~--------------------------------------~ 

Curve A colculnted for 
"S- wove" scattering 

Curve 8 calculated for 
"P-wove" scattering 

Momentum of 

Figure Sa.8 

K• Meson 

K+ scattering as a function of energy. 

graph of the cross section. The form of the calculated "s -wave" is a curve proportional to 
1 dh . . l p4 (E + Mc2 )2 an t e p -wave IS a curve proportlona to (=E-+~M-=-c-:2:-:-)::-2 • 

The data appear to· show an increasing cross section and would not appear to be fitted by 

either pure p-wave or pure s-wave scattering. It thus indicates s-wave scattering.at low energies 

with a p-wave contribution at high energies. 

We have made detailed calcula,tions of the effect of the Pauli Principle and Coulomb barrier 

and would estimate that effective cross section at low energies is lowered by 20% and at high ener

gies by 10%. 

The charge exchange. ratio to non-charge-exchange ratio of"' 1:5 indicates a fairly large 

contribution from the T = 1 isotopic spin state .. If this is correct our low energy cross section of 

"' 5.5 mbs per average nucleon would, allowing for Pauli effects, Coulomb effects, and correcting 

by a factor 4i3 for aT = 1 state, be equivalent to"' 9 'mb for a K+ hydrogen cross section. 

The high energy value of 8.2 mb would be equivalent"' 12 mbs. 

This seems in good agreement with the present data on K+ hydrogen scattering. 

(D, F. Davis, D. M. Ritson, and R. A. Schluter) 
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b) Sign of the Potential ~ K + Scattering 

The small angle nuclear scattering of K+ mesons has been shown by L. S. Osborne to give 

either constructive or destructive interference with Coulomb scattering depending on whether the 

sign of the potential is attractive or repulsive. 

5a.9. 

Measurements have been made on low energy ~me soils with the results shown in Figure 

u 

"' 0 
;;:; 

K .. Meson Elastic Scotter!ng Cross _Section 

-- Gaussian Distribution ( "'")2 
F(K)·e-T 

--- Uniform Distribution 
F(K)•3~ 

-.- Exponential Distribution 
F(K). (I+K'I,.tl' 

Momentum Transfer 

Figure 5a.9 

Small angle elastic scattering distribution. 

The points seem to fall most closely on the $Cattering calculated for a repulsive s -wave 

scattering. 

This result is in agreement with that of other groups. However, if the individual nucleon 

cross -section is not isotropic but is strongly peaked forward due to s -p interference, this result 

could conceivably be modified. 

We have accordingly continued the above measurements to smaller angles and hope in the 

near future to see whether.the disagreement noted in the introduction can be removed. (G. Costa, 

D. F. Davis; D. M. Ritson, and R. A. Schluter) 

III. SPIN OF THE T+ MESON 

As reported in an earlier Laboratory for Nuclear Science Progress Report (L.N.S. Quar

terly Progress Report for February 28, 1957) previously obtained T-meson data was being analyzed 
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for possible asymmetries and anisotropies in the laboratory angle of emission of the 1r- meson. 

The initial combined data of M.I.T. and Columbia showed an ani~otropy of the form 1 + 2 sin20, 

where. 0 is the angle between the direction of emission of the 1r- meson and the original direction 

of motion of the T + meson. Data was obtained from the photographic emulsion groups at Berkeley, 

California, Copenhagen, and Padua. The results of. the combined data are that there is no statis

tically significant anisotropy. The results are shown in the accompanying figure (Figure 5a.10 ). 

Due ·to uncertainties nothing can be said about asymmetries. 
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Distribution of 1r- relative to laboratory angles. 

(D. M. Ritson, and A. Wattenberg) 

IV. ANGULAR DISTRIBUTION OF K+MESON DECAY PRODUCTS 

On the chance that the K+ meson has spin greater than zero and is polarized when it is 

brought to restin a stack of.nuclear emulsions, four hundred stopped KL me.sons have be~m analyzed 

to· detect an asymmetry or an isotropy in the angular distribution of the charged particle produced in 
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the decay. Detailed analysis of the angular distributions shows no evidence of asymmetry or an

isotropy. The angular distribution for fifty events definitely established as ~2 ~lso showed n·o 

asymmetry or anisotropy. This work was done in conjunction with E. Byerly Brucker, Johns 

Hopkins University. (G. Costa, G. G. Fazio, ~d D. M. Ritson) 

V. PAIS-PICCIONI EFFECT 

In conjunction with Harvard and Johns Hopkins we have made several exposures at 

Brookhaven National L~oratory to look for the process of the long-lived 0~, the so-called 0~ of 

Pais Gell ~Mann, interacting with nuclei to produce A 0 's or other hyperons. This w~uld indicate 

·that these particles carry part of the time the same,strangeness number as the K~. 

We made exposures to neutral particles (the charged particles being swept out with a mag

net) at six feet, ten feet and twenty feet from a target exposed to the 2.9-Bev proton beam. 

We looked for A0 's by scanning for 7T- mesons and tracing them back to their origin. By 

this method we investigated about 400 7T- mesons at 20 feet and about an equal number at 10 feet. 

A total of thirty-two pseudo A's were found, stars containing a proton and 7T- meson only, 

(presumably neutron produced stars) and only six events with the right Q-value of 37 Mev. The 

expected number of pseudo A's expected to fall randomly in this range was about three. 

Using the production data for K+ mesons under similar conditions we would have expected 

to find about 30 A o' s. 

In the absence of other data we would have concluded that the lifetime was"' lo-s sees for 

the 0~. The small number observed being accounted for by decay before reaching our plates·. How

ever, the situation is by no means clear, ·cosmic ray data and the work of Wilson Powell, at 

Berkeley, indicating a lifetime in this neighborhood, while similar emulsion experiments made at 

the Berkeley Bevatron indicate a comparatively long lifetime. This is also indicated by the Columbia 

bubble chamber results where no 0~ decays ·are observed. The most definitive work of Chinowsky, 

Lederman et al (Seventh.Annual Rochester Conference, University of Rochester, New York, 1957) 

agrees with a lifetime of eigher 10-7 sees or 10-8 sees. 

It does not seem possible for us to resolve this question by further wqrk and we have ac

cordingly discontinued work on it. . (G. G. Fazio, ~·. M. Ritson, and R. A. Schluter) 

VI. ISOTOPIC SPIN SELECTION RULES AND THE K;r2 DECAY 

Among the manifold difficulties which have arisen in attempting to understand the proper

ties of the heavy unstable ("strange") particles is the problem of the isotopic spin selection rules 

associated with their decays. The scheme ofdell-Mann and Pais assumes the selection rule 

AT = ± 1/2 for the slow decays. As a consequence, the competing decay modes of the 0°(~2 )meson 
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should be in the ratio 2:1, corresponding to the transition T = 1/2 - T = 0, if the e0 has spin-0; 

~or a spin-1 e0
, the :rr0 decay mode would be absolutely forbidden as a consequence of the statistics 

(Bose-Einstein ) obeyed by the :rrO • 

Recent experiments (Seventh Annual Rochester Conference, University of Rochester, 1957) 

indicate thatthe fraction f of e0 's which decay into neutral pions is small (f < 15%) but finite. 

Definite proof of the existence of the 27T0 decay mode would eliminate the possibility of spin-1 for 

the eo. Unless the e0 has spin > 1, then, it is necessary to reconcile the observation of small f 

with the prediction off= 0.33. 

It is the purpose of this note to point out that the value off may be appreciably less .than 

1/3 without invoking either a large spin or an unexpected violation of the isotopic spin selection 

rules. However, as will be seen from the following discussion, the possible validity of our argu

ment requires a value off somewhat larger than that indicated by the present experiments. 

The basis of these considerations is the Iact that isotopic spin selection rules are always 

violated as a result of interactions with the electromagnetic field. Thus, we may expect, even as

suming the Gell-Mann-Pais selection rule for a spin-0 e0 , that the transition T = 1/2- T = 2 

(~T = 3/2) will compete with the normal e0 decay. If, then, the two modes of 2:rr0 decay should 

interfere destructively, we have a means of reducing f. 

An experimental measure of the relative amplitudes for the spin-0 - 2;rr decay into the 

two possible isotopic spin states (0 and 2) is provided by the observed lifetimes of the neutral and 

charged e, since the latter can only decay into the T = 2 state. Let 

R 
T( e0 - 2:rr) 

T( (}± __.. 2:rr) 

where a0 and a2 are the amplitudes, respectively, for the T = 0 and T = 2 final 2:rr states. Then, in 

terms of these amplitudes, the decay probabilities for the two e0 decay modes are 
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where l/J is the relative phase angle between a0 and~; in the following, we assume l/J = 0. 

The followingTable (Table 5a.II) gives the values off resulting from a number of assumed 

values orR. 

TABLE 5a.II 

R (x102
) r b -

0 0 0.33 

0.5 0.071 0.27 

0.625 0.079 0.26 

1.0 0.101 0.24 

2.0 0.143 0.21 

3.0 0.176 0.18 

Experimentally, the values of the lifetimes are somewhat uncertain. The best value 

for the eo appears to be T( e 0) = 1.25 x 10 -lo sec with an uncertainty of p~rhaps. a factor 2. · 

. Fbr e+ , we estimate the l:i,fetime for 27T decay as follows: T(~) = 1.2 X w-8 sec ± 1.0%. 

Assume that 50% of all K+ are capable of decajing via the 27T -mode, while only ,.., 30% are 

observed to do so. Then 

T(e+- 21r):;:.. 1·2 x w-e sec ~ 0.6 = 2.0 x 10-8 s_ec ± ,..... 20% 

then 

R = 1.25 x 10 -
10 

= o.625 x 10-2 
2.0 X 10:..8 

Unfortunately for the above explanation, it is difficult to see how the measured li~etime s could .l;>e wrong by 

a factor sufficiently large to yield the vall!_e Rl'::l.03, which seems tobe required. (1~. T. Feld) 

D. MAGNETS AND INSTRUMENTATION 

I. MAGNET LENS SYSTEM FOR MAKING 1r -MESON BEAMS 

Preparation is being made to bring a meson beam into the experimental room. Mesons 

·produced at 104° to the direction of Bremsstrahl~g beam will be sent through a quadrupole lens, a 

deflecting magnet, and a collimator placed in the shielding wall. 

The lens has been tested for its focussing properties·by the technique of a thin wire under 

tension. For a source distance of 75 em and an image distance of 500 em the proper current has 

been determined for each magnet for particles with momenta ranging from 50-150 Mev/c. 

(P. D. Luckey, M.D. Mintz, L. S. Osborne, S. Ozaki, and A. Wattenberg) 

B. T. Feld 
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I. CONSTRUCTION 

In th~_last year three bubble chambers have been put into operation. A small1-1/8" x 5" 

test chamber, a 6" diameter by 4.3" deep.model, and a 9" diameter by 5.3" deep chamber. All 

have been successfully operated. All have a hydrocarbon as the operating fluid. 

Four rough scanning devices have been put into operation and a precisic:mscanner is in the shop. 

·Electronics to control all chambers have been built and put into operation. 

Special cameras have be~n built and are being tested. 

The 9" chamber is being made into a completely portable unit including air compressor. 

II. DEVELOPMENT 

We have developed a technique for "loading" propane with heavy elements to increase 

density and Z. In particular, by using a SO% by volume mixture of methyl-iodide ( CH3I) we can 

reduce the radiation length in our chamber from 150 em to "' 10 em. This technique has promise 

for investigation of reactions that involve y rays. 

III. SCANNING 

We now have a team of the equivalent of five full-time scanners. This-group has been 

trained on our present experiment and is now functioning smoothly. We have at present a program 

for a high speed computer that handles our data analysis. It is hoped that this program will enable 

us to handle large quantities of.film efficiently. 

IV. PRESENT RESEARCH 

The recent theoretical predictions of Lee and Yang and others (T. D. Lee and C. N. Yang, 

Phys. Rev. 104, 254 (1956)) (T. D. Lee, R. Oehme, and C. N. Yang, Phys. Rev. (to be published)) 

(T. D. Lee and C. N. Yang, Phys. Rev~ (to be. published)) (L. Landau, Nuclear Physics~ p.127 

(1957))(A. Salam, Nuovo Cimento ~ p. 299 (i957)) on the non-conservation of parity in weak in

teractions have recently been experimentally confirmed (Wu, Ambler, Hayward,· Hoppes, Hudson, 

Phys. Rev. 105, p. 1413 (1957))(Garwin, Lederman and Weinrich,_ Phys. Rev. 105, p. 1415 (1957)) 
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(J. Friedman and V. L. Telegdi, Phys. Rev. (to be published))(Berley, Coffin, Garwin, Lederman 

~ and Weinrich, Phys. Rev. (to be published)). In particular, a detailed discussion of the J..L-decay 

(T. D. Lee and C. N. Yang, op. cit. p. 104 )( L. Landau, op. cit. p. 104 )(A. Salam, op. dt; p. 104) 

in terms of a two·· component theory of the neutrino yields explicit expressions of the energy de

pendence of distribution of the J..L-electron angle.· This expression is 

2 [( · ( · . ·] dx dr dN '= X 3- 2x) + 1 - 2x) ~ € cos9 ·--r,r-

X = positron energy measured in units of the maximum energy (52.9 Mev). dN is the number of 

electrons per unit energy interval per unit solid angle. 

~ is the relative amplitude for decay through the two opposite parity states and € is the 

degree of polarization of the decaying muon. 

If this expression is integrated over all the energies one obtains: 

dN,.... [1 -1/3 ~ € cosO) .d g ( 1) 

Also of interest is the integration of this expression up to a certain en,ergy E 
E . E . r dN - [t .. -1/2 X 4 + !. <I x' I 3 - 1/2 X 4] cos• ~0 d<l ( 2) 

Our experiment consists of stopping J..l+ from the Chicago Cyclotron in our 6" propane 

chamber and measuring the asymmetry of the J..L-e decay. Since we s.ee the whole event, we can 

look for those events where the electron stops. Hence we can use all energy electrons and equation 

( 1) to measure ~ E. We then use only the distribution of the electrons that stop in our chamber and 

equation (2) to give a very sensitive test of the theory. 

This E;xperiment is still in progress, and at present our statistics are not good enough for 

''"' a definitive answer. The results to date are, for propane, ~ € = · .• 54 ± .15. 

Using this in equation ( 2 ), and using as the cutoff energy of our chamber X = .1 and also 

_ adding radiation corrections (Berhands, Sirlin and Finkelstein, Phys. Rev. 101, p. 866 (1956)) 

(Kinoshita and Sirlin, Bull. APS ; p. 191 (1957 )), we find theoretically 

dN.,.... ( 1 + .07 cos9) d g 

Experimentally, to date, we find 

dN ,.... (1 - .1 (± .09 cosO)) dg 

This is not yet statistically sigruficant. However, it might indicate a disagreement with theory, al

though the statistics warrant no such conclusion. However; this experiment should help decide 

whether or not the two component theory of the neutrino is correct. 
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V. FUTURE PLANS 

This summer we will take our 9" chamber to Cornell University and expose it to the_ir 

1-Bev synchrotron. We will study photoproduced 11' and J.l pairs and strange particle production. 

We also have a proposal in Brookhaven National Laboratory to use our iodine loaded pro-
. 90 -' 1rf" + 11'-, 

pane chamber to settle the matter of the brariching ratio 06 _ 211'0 

Plans are in for the construction of a 15" diameter 10" deep propane chamber and planning 

is continuing on a similar size hydrogen chamber. 

In the above work, we have been fortunate to have been participating in a joint program 

with several people from Harvard (Dr. R. Milburn, Prof. N. Ramsey, Prof. A. Shapiro, 

Prof. K. Strauch, Prof. J. C. Street, and Dr. L. Young). (A. Brenner, I. A. Pless, A. Tuchman, 

R. W. Williams, and R. Yamamoto) 

I. A. Pless 

R. W. Williams 
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I. INTRODUCTION 

Recent advances in fast electronics have made practicable the· use of the time-of-flight 

principle for measuring neutron energies in the Mev region. Systems have been developed which 

apply the principle to measurements of inelastic neutron scattering {L. Cranberg, J. S. Leven, 

Phys. Rev. 103,_ 343, July 15, 1956) and {dn) (R. Grismare and W. C. Parldnson, Rev. Sci. lnstr. 

28, 245 {1954)) cross sections. With a Van de Graaff the proton beam is usually swept past a 

small slit while the phase bunching in a cyclotron defines the time origin of neutrons. A hydroge

nous scintillator is usually used as neutron detector .. 

In order to study photoneutron reactions, the 'Linear Accelerator group has developed a 

system of neutron time -of -flight spectroscopy which uses the pulsed beam of the 17 -Mev linear 

accelerator. The electrons, analyzed to 3%, impin?e on a 250 mg/ cm2 Bremsstrahlung target of Ta 

at a pulse rate of 120 per sec. The duration of the electron pulse is controllable 2: 2.5 mp sec, and 

is about 2 milliamperes.in amplitude. The pulse width is determined by a fast pulser driving an 

electron gun in the 1.5 Mev Van de Graaff injector. The neutron flight path is 7 meters, located 

120° to the gamma beam path. With a heavy element as a photoneutron source, this allows a count

ing rate of a few per second, which is the maximum allowable without serious dead -time correc

tions. The resolution of the experiment with this flight path is about 2% in neutron energy at 1 Mev 

and about 6% at 9 Mev. The long flight path is useful in allowing a well collimated neutron beam and 

good definition of the point of origin of the. detected neutrons. The time is measured which elapses 

between a fiducial pulse and a neutron detection pulse in a plastic scintillator; the fiducial pulse is 

generated by the passage of the Bremsstrahlung beam through another plastic scintillator. Tpe 

elapsed time spectrum is converted to a pulse height spectrum which is then analyzed into as many . 

as 256 bins. The analyzed spectrum is recorded on a tape recorder in digital form. Portions of the 

spectrum are also recorded in 32 registers. 

II. EXPERIMENTAL ARRANGEMENT AND ELECTRONICS 

A fast pulser in the terminal of the 1.5-Mev Van de Graaff injector generates a triangular 

pulse of approximately 700 volts with a duntion of 10-8 sec.: This pulse is applied to a biased elec

tron gun requiring approximately 100 volts above bias in order to be driven to saturation current. 

By adjusting the bias voltage of the gun, one selects the region of conduction on the fast voltage pulse 

thus determining the duration of the electron beam. The pulser consists of _three Thyratrons. A 

2021 converts a slmr blocldng oscillator pulse to a 500 volt, 7 x 10-9 sec rise time trigger for a 
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2050 which generates a negative 800 volt pulse with a rise time (20% - 90%) < 5 x 10-e sec. This 

pulse is then clipped and clamped bya 2.5 1-L h. coil and an inverted 2050. 

Figure 5c.1 shows the physical geometry of the experiment, and Figure 5c.2, the electronic 

structure in block diagram. Omitted from Fig. 5c.1 are the 1.5-Mev Van de Graaff injector and 

Linear Accelerator. The insert in Fig. 5c.1 shows the bombardment arrangement. The electron 

beam is focussed on a 250 mg/cm2 ~oil of Ta and stopped in 2" of carbon. The Bremsstrahlungthen 

passes first through a Cs I crystal viewed by· a 5819, and then through a plastic scintillator (Pilot 

Chemical Company, Waltham, Mass.) viewed by a. 6810. The (y, n) target is located 1' from the 

Ta, and usually assumes the,form. of a disk 1 em thick, 2 inches in diameter, turned to about a 30° 

angle to they beam. About 6" ~yond the (y,n) tar~t they beam is considerably attenuated by 

about 8" of iron and whatever shielding is necessary for personnel protection is achieved by approx

imately 4" of iron on the top and sides of this bombardment region. Iron was used for its relatively 

low ( y, n) yield as compared to the heavy elements. 

The flight path proceeds through a one-foot diameter channel in two 5' x 5' x 5' tanks of 

water to the neutron detector. In the channel of the first tank there .is located a 2' long wax collimator 

with a 2" hole in the center. A similar collimator with a 5" hole is located in the second tank. 

This system is a very effective shield and acc11rately defines the source of detectable neutrons. 

The background rate is about 20% the rate from 20 gms of 0 20, 1 Mev below the tip of the Brems

strahlung, and negligible for the heavy element experiments. 

The neutron detector consists of a 4" x 4" cylinder of plastic scintillator (Loc. cit.) 

viewed end on by three 6810 photomultipliers. Scintillation from a proton recoil is the detection 

mechanism. Twenty-three fJSec after a machine pulse, an intense beam of scattered gammas ar

rive at this counter, capable of producing several hundred photoelectrons that would. paralyse the 

photomultipliers and circuits for a duration well into the neutron arrival times. To avoid this, we 

bias the first and third dynodes of the P.M. 250 volts above their normal operating point, effectively 

reducing the gain to zero. The P.M. are then turned on for a 600 111J.L sec interval by a 250 volt pulse 

applied to these dynodes at a time .2: 90 111J.L sec depending on the energy range to be covered. This 

pulse is supplied by a 2050 triggered by the plastic scintillator "beam trigger" and normally had a 

rise time of approximately 15 111J.L sec. However, capacitive feed through to the anode circuits pro

duced a fast ringing which modulated the output of the time·-height converter. This was eliminated 

by slowing the gating pulse to an approximately 40 111J.L sec rise time. When tested with the gammas 

of Na22 the energy resolution and gain of the pulsed counter was found to be the same as during nor-:

mal d. c. operation. 

The current pulses from two anodes are added, amplified and placed in fast coincidence 

(approximately 10-8 sec) with the amplified current pulse from the third anode to reduce the back

ground from noise and so to reduce the .lower limit ·of a detectable neutron energy. The gains of 

the two branches are adjusted by R]. and R2 to controll the number of photoelectrons from each P.M. 

required for a coincidence. The output of the coincidence, a positive 4 volts for no coincidence or 
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18 volts for coincidence, is applied to the time-height converter. 

Current pulses from all three dynodes number 1~ are added and after suitable amplifica

tion and treatment are fed to a single channel differential or integral analyser. This system sets 

the energy range of events in the scintillator that will be timed. A gate generator is triggered, 

allowing the multichannel analyser to accept the .time -height converter pulse, only it satisfies re

qUirements determined by the setting of the single channel analyzer. 

The efficiency of the neutron detector is computed using the following data. 

(a) Atomic ratlo of scintillator.~ = 1.1, density= 1.03 .. 

(b) Scattering cross section of hydrogen for neutrons. 

(c) Proton recoil energy distributions. 

(d) Detection threshold of recoil protons and scintillator response to protons. 

This allows us the efficiency to approximately 10% for most of the neutron energy range, 

however, below .7' Mev the scintillation response is poor and uncertain and our efficiency uncertain. 

More work remains to be done in order to determine counter efficiency more precisely. 

Our plastic scintillator has a published valve for decay time approximately 3 X 10-9 sec. 

·We have discovered what appears to be a long component of the order of a microsecond decay time 

and perhaps 1/100 of the primary intensity. This component is excited by the scattered gammas 

and is just above all of our noise background. Because most of the scattered gammas are low en

ergy, we have reduced the importance of. this effect considerably by shielding the scintillator in 

1/4" Pb and placing a 1/4" x 2' x 1-1/2' sheet of Pb at the end of the first water tank, in the neutron 

beam. The long component appears as a series of current pulses usually of single photoelectron 

size distributed along the time base. R1 and R:! must be small enough to reduce the chance coinci

dences of these pulses to a small rate, which seriously increases the smallest proton recoil energy 

which may be accepted. The beam trigger counter in the gamma beam performs several functions. 

Dynode 13 generates our time zero (fiducial) pulse (approximately 15 v on 120 Q line) applied to 

the time-height converter. Dynode 14, charges the grid of a 2050 to 200v in w-8 sec causing the 

thyratron to fire in approximately 30 rnp. sec with less than 2 mJJ. sec jitter. The anode generates a 

time zero pulse as a trigger for associated test equipment such as a fast oscilliscope. The burst of 

light from the scintillator is very intense and the P.M. 'is operated at such a gain that it is driven 

far into saturation. For this reason, the above figures are very insensitive to intensity fluctuati.ons 

of the beam over a factor of 10. The machine is normally operated such that 99% of the bursts are 

in this range. Unusually small bursts are neither counted nor monitored, since they do not fire the 

2050 thyratron. 

This 2050 generates the -250 volt pulse applied to the dynodes of the neutron detector and 

also a pulse to gate the photomultiplier viewing the Cs I monitor. The coincidence circuit driven 

by the 6CL6 in this circuit is superfluous except to reduce noise from electrical machinery .in our 

vicinity. Without it, for example, Van de Graaff sparks might produce false counts. 
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The Csl scintillator in the Bremsstrahlung beam serves as an intensity monitor for ex

periments at a given electron energy: The 5819 is pulsed on for approximately 0.8 J.L sec interval 

in order to reduce the background from phototube noise .and along decay time of the Csl. As an 

intensity monitor for experiments at various electron energies we plan to measure the ( y, n) spec

trum of D20. 

The conversion of flight time to pulse height is accomplished by initiating tl1e discharge of 

a capacitor (75 J.lp.f) at a constant current (approximately 1.5 rna) by the time zero pulse, and 

stopping this discharge with the coincidence output of the neutron detector"· The circuitry is an 

adaptation of the method of the Oak Ridge Group (Neiler et al. Bull. Am. Phys. Soc., Ser. II, 1, 70 

( 1956 )). With a mercury pulser as source, the stability of the converter in a 24 -hr. period is 

<10-e sec, while for periods of 1/2 hour the stability is< 2 x 10-10 sec. Using the system to meas

ure the time distribution of the scattered 'Y beam, we have measured widths of 2.5 mJ.L sec implying 

the resolution of the converter is < 2.5 mJ.L sec for a considerable range in input pulse heights. The 

converter output is linear from 5 mJ.& sec to 700 mJ.& sec. The multichannel analyser is of the height

time conversion variety with a 200 kc conversion frequency and with 256 possible channels. Thirty

two registers can be positioned to cover portions of the spectrum in intervals of 1, 2, 4 or 8 channels 

per register. Circuits have been constructed which enable us to transform the eight binary digital 

outputs of the analyser into a time sequence and record the full 256 channel analysis on a tape re

corder. We are also investigating the merits of other possible techniques for this recording. 

III. CALIBRATION AND TESTING OF ENERGY SCALE AND RESOLUTION 

Calibration of the time -height converter and multichannel analyser is done by plotting the 

various lengths of RG 65/v cable used to delay pulses from a mercury switch versus the· channel 

number of the analyser. The delay times of the cables are measured by finding the frequencies of 

standing wave resonances. The flight time of a neutron is then determined by its position relative " 

to the position of the scattered photons on the channel number versus time interval plot. 

Time resolution is measured by observing the variations in the tirrie position and time 

width of the scattered photons as a differential function of the energy of the events in the neutron 

detector. By correlating this information with the proton recoil distribution we obtain the expected 

neutron energy resolution function. For neutrons > 1.5 Mev the resolution to first order is the 

measured gamma-ray beam width. 

As an experimental test of the above we performed a transmission experiment of a rea

sonably smooth ( y, n) spectrum from Pb through 27.4 gm/ cm2 of carbon. Figure 5c.3 shows the re-

· sults. The experimental points are raw data. The shape of gamma beam used is shown in the his

tograms. The dotted line is what one obtains by multiplying the solid curve for lead by an attenuation 

factor computed 1,1sing the total carbon c!oss section as published in Hughes and Harvey "Neutron 

Cross Sections". These data establish the flight-time scale as correct to approximately 3 mJ.& sec 
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and verifies that our resolution is of the order expected. 

IV . EXPERIMENTAL RESULTS 

Using the equipment described we have made measurements with 16.5 Mev Bremsstrah

lung of the photo neutron energy spectra of Bi, Pb, Au, and Ta. As a measure of the photon flux, 

a D20 run has been made and as an indication of what to expect from a light element LiF was ex

posed . 

The D20 run places the photon flux at approximately 3 x 1cf per burst per Me-v per cm2 

one Mev below the tip of the Bremsstrahlung spectrum. 

The counting rate from the LiF exposure indicates that experiments are possible through

out the entire periodic table. The spectrum exhibited a great deal of structure - "resonance" -

indicating absorption of photons into discreet levels. 

1 dN 
The ( y, n) energy spectra of Bi, -Pb, Au, and Ta are shown in Figure 5c .4, where E dE 

is plotted versus neutron energy. The curves are not absolutely normalized, but are normalized 

per nucleus relative to one another. Points are shown only for the Au curve. The statistics for the 

other elements are comparable. The low-energy spectrum of these elements can be fitted with the 

function Ee EfT where T assumes the values 0.8, 0.8, 0.58, 0.45 for Bi, Pb, Au and Ta respec

tively. At approximately 3.5 Mev, the spectra, except for Pb, assume a quite different character. 

Pb is not monoisotopic, and we limit our discussion to the other three isotopes. 

If we interpret this low energy component as an evaporation spectrum, the temperatures 

are in agreement with what one expects from the data on the inelastic scattering of neutrons for Au 

and Ta. There is no Bi data ( L. Cranberg and J. S. Levin, op. cit. p. 107 ). The large temperature 

of Bi might be attributable to its magicity in neutron number and consequent large level spacing in 

the residual Bi208 nucleus. There is a large excess over a Maxwellian spectrum for En > 3 Mev. 

This high energy group corresponds to approximately !% - 5% of the total yield and obeys the ap

proximate relation Bi: Au: Ta ~ 4: 2: 1. If one doesn't choose to consider this variation in the spec

tra as a reflection of some unknown feature of the level density scheme, one might consider this 

high energy group of neutrons as evidence for some component of the photo-absorption process not 

leading to the formation of the compound nucleus. 

One can consider the model of Wilkinson, where all of the absorption process leads ini

tially to shell model type excited states which subsequently decay either to free particle states or 

to compound nuclear states. The fraction of total neutrons corresponding to "direct" photoemis

sions can be extimated and is of the right order of magnitude: about 5%. The reasons for the ap

parent variation from Bi to Au to Ta are not clear. (W. Bertozzi, F. Paolini, C. P. Sargent, and 

P. T. Demos) 
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V. THE LINEAR ACCELERATOR RESEARCH PROGRAM 1957 - 19S9 

For the next two years the research at the linear accelerator will probably be devoted 

entirely to. the study of photoneutron reactions, using the recently completed fast neutron time -of

flight apparatus. The projected program may be divided into three parts. 

1) It will probably require about four months to complete the .measurements of energy 

distributions of photoneutrons from the heavy elements. It should be most interesting to compare 

these distributions with the energies of inelastically scattered neutrons which are now being meas

ured at Los Alamos and Oak Ridge. In particular, one will compare the nuclear temperatures 

characteristic of the Maxwellian part of the spectra, and will also see whether the departures from 

a boiling spectrum observed at higher neutron energies in the (y, n) case are also present in the 

(n, n') process or are peculiar to a clirect photoemission effect. The neutron spectra from the 

photofission of U and Th may be compared with the published neutron thermal fission spectrum 

(B. E. Watt, Phys. Rev. 87, 1037 (1952)). 

2) Beginning in the fall of 1957, the investigation wiil turn toward the photoneutron spec

tra of the light elements. Here the emphasis will be on discovering the radiative widths to the 

ground state of excited states and the neutron widths to the various possible states of the residual 

nucleus. M.any of the accessible states are difficult to reach by other reactions. Typical radiative 

widths are 20, 2, and 0.2 ev. for 10 Mev El, Ml, and E2 transitions with spreads of more than one 

order of magnitude in each. These correspond to integrated gamma absorption cross-sections of 

10-27 - 10-:19 Mev-cm2
• An integrated cr~ss section of 10-27 Mev-cm2 yields neutron counting rat~s

of 102 
- 10

4 
per hour depending on how well the neutron energy and the maximum energy of the 

Bremsstrahlung spectrum must be defined. 

In addition to contributing to the detailed knowledge of the states of light nuclei, photoneu

tron spectra should help to clarify the validity of some general principles of nuclear structure. 

The comparison of photoproton spectra with (y, n) excitation data for 016 in the 16 to 20 Mev region 

has allowed Wilkinson (D. H. Wilkinson, Phil. Mag.!_, 379 (1956)) to place an upper limit on the 

isotopic spin impurity of the states involved. The photoneutron spectra should allow a considerably 

impr?ved measurement of the impurity. Aiso the charge independence hypothesis predicts that in 

the 4n + 3 nuclei the neutron widths of the states believed to beT = 3/2 for emission of neutrons 

to T = 0 states should be sm~ller than the corresponding widths toT = 1 states. Some of these 

widths should be measurable. 

3) Recently the unique properties of He as a fast ~eutron polarization analyzer have 

been demonstrated (Levintov, Miller and Shamshev, Nuclear Physics, ~ 221 (1957). Although the 

program for 1958 - 1959 will depend on the progress on 2) (above) at that time, it seems unlikely that 

an investigation of the pplarization of"photoneutrons will be undertaken, particularly of the neutrons 

from deuterium and Be9 
• 

P. T. Demos 
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I. MEASUREMENT OF THE g-FACTORS OF LOW-LYING 
EXCITED STATES OF NUCLEI 

The measurement of the gyromagnetic ratio of low-lying excited states of nuclei involves 
,,) . 

a precession type experiment. In this particular experiment, the nuclear state is coulomb excited 

and the resulting gamma-ray angular distribution is rotated through an angle e = g1.1NHa TN• where 

Ha is the magnetic field at ·the nucleus, and TN is the mean -life of the excited state. The experi

mental arrangement is shown below. 

For these measurements the resultant gamma .:..ray. angular distribution can be written: 

where G2 is the attenuation factor which describes the effect of spin couplings between the nucleus 

and its environment. ~ is determined by ·the coulomb excitation process, the nuclear spins in

volved, and the multipole order of gamma radiation. P2(cos8) is the Legendre polynominal of or-. 

der 2. 

The experimental arrangement is shown in Figure 6.1. 2.1-Mev protons from the ~.I.T. 

PROTON BEAM 

TOP VIEW 

Figure 6.1 

H l Tcf PLANE OF 
COUNTERS S BEAM 

G-factor experimental arrangement. 

Rockefeller Electrostatic Generator are incident on a target. Two gamma-ray counters are placed 

at± 3/4 1r with respect to the proton beam. The ratio of the counting rates of the two counters is 

measured for magnetic field up and magnetic field down: 
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L 2 
eat 1 + 6( G2 ) ~ w L T n 

To extract g from this measurement, independent knowledge of G~, ~. Ha and Tn is required. 

For o+ to z+ coulomb excitation proces·s ~ can be calculated accurately. Measurement of the 

~a.mma-ray angular distribution then gives an independent value for ai'. 
0 ' 

A preliminary investigation of the angular distribution of the gamma radiation trom lhil..k 

solid targets was carried out. 

The measured angular distribution coefficients corrected for oroton Bremsstrahlung 

background (see M.I.T. Laboratory for Nuclear Science Quarterly Progress Report for November 

1956) are compared with the theoretical values in Table 6.1 . Substantial perturbations are evident. 

TABLE 6.1 

Angular Distribution Measurements from Solid Oxide (X)20 3 Targets 

Nucleus ~ theoretical ~ experimental G2 

Nd150 0.191 0.067 ± .005 .35 ± .03 
Sm152 0.187 0.114 ± .005 .61 ± .03 

Sm154 0.143 0.076 ± .005 .53± .03 

Gdl~ 0.145 0.041 ± .005 .28 ± .03 

The results of the liquid target angular distribution measurements are given in Table 6.11 . 

Nucleus 

Nd1so 

Sm152 

SmHi4 

Gd154 

Gdl56 

Gd1so 

TABLE 6.11 

Angular Distributions from Liquid Targets 

Calculated A2 Experimental ~ 

.191 0.192 ± .006 

.187 0.189 ± .006 

.143 0.156 ± .015 

.199 0.1 ± .012 

.145 0.087 ± .006 

.143 0.09 ::1:: .01 

1 ± .035 

1 ± .035 

1 ± .10 

.5 ± .06 

.6 ± .04 

.6 ± .06 

The angular distributions of the gamma rays from Nd150 , Sm152 , and Sm154, within the 

accuracy of the measurements, are unperturbed. The angular distributions of the Gd isotopes show 

substantial perturbation, but noticeably less than that observed from the solid oxide targets. The 

magnitude of the perturbation is approximately the same for these three Gd isotopes. ·If only a 
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Since the electric environment is ·the same for the isotopes, it is possible to estimate the relative 

values of~ :rn for the Gd isotopes using the coulomb excitation data: (B(E2) values, gamma-ray 

energy) and the value of the E2 internal conversion coefficients. 

(~ Tn) Gd160 
For example: :::::: 7.5 

( A.2 Tn) Gdl54 

This effect is certainly not observed. · 

If the perturbation is predominately a time -dependent magnetic one, as is likely, then the 

observed values of dr suggest that g is approximately th~ same for these Gd isotopes. 

Precession measurements have been made for Sm152
, Sm1~4 , and Nd150

• To extract g 

from these measurements, a paramagnetic shielding correction must be made. These corrections 

are now being carried out. (R. P. Schalrenberg, and G. Goldring) 

II. CONSTRUCTION AND EXPERIMENTAL PROGRAM 
OF THE PULSED ROCKEFELLER GENERATOR 

It was decided at the commencement of the period 195.6-1957 to extend the experimental 

facilities of the Generator by adapting it to operate under pulsed conditions; i.e. to provide bursts 

of protons or deuterons of width of the order of 10-9 seconds. 

This technique is especially adaptable to the following fields of investigation: 

1) Inelastic scattering process in the range of primary neutron energy 1 -3 Mev. 

2) In ( d, n) reactions on light aJl.d medium nuclei 

3) Examination of lifetimes of gamma-emitting isomeric states in target nuclei 

resulting from proton or deuteron interactions. 

The principles underlying the use of the pulsed techniques in these three types of investi

gation are outlined in the Laboratory for Nuclear Science Quarterly Progress Report for August, 

1956, in the section dealing with the Rockefeller Generator Group. 

The present report will discuss: 

A. The design and construction of the beam pulsing mechanism. 

B. The design and performance of the associated electronic detecting and timing 

equipment. 
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A. Beam Pulsing Mechanism 

As discussed in the L.N.S. Quarterly Progress Report for November 1956, the beam is 

pulsed by passing it between two deflection plates across which is connected an A.C. voltage of 

16,000 volts peak of frequency 10 mcs. The beam is swept to and fro across a diaphragm with· 

central hole one millimeter iii diameter. The pulses so generated ·are calculated to be 2 x lQ-9 

seconds duration. A drawing of the whole pulsing assembly including ion source, focusing lens, 

and deflecting system is shown in Figure 6.2 . 

Ion Source 

Figure 6.2 

Pulsed terminal head. 
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It will be seen that below the main R.F. deflecting plates, there ·are two further sets of 
. . 

deflecting plates. The purpose of these plates is as follows: it can be shown that the beam after 

being "chopped" by the R.F. deflection system will~ displaced from the central aXis by an amount 

varying between one and five m~llimeters, depending on the velocity of the positive ions, focusing 

voltage, and R.F. voltage. 

The bottom two pairs of plates act as a refracting lens and displace the beam back along 

the original central axis of travel. This is achieved by polarizing one pair of plates with a voltage 

between 5 KV and 12 KV, and the other pair with the same voltage but opposite polarity. 

Since it proved impractical owing to space and power limitations to modify the existing 

terminal of the generator, the whole terminal is being rebuilt with the modifications incorporated. . . 

At the pres~nt stage, all the component parts have been fabricated, such as power supplies 

for ion source, power oscillator, and power supply, focusing system, etc., and final assembly of 

the whole terminal is proceeding. (L. E. Beghian, R. P. Scharenberg, and M. K. Salomaa) 

B. ELECTRONIC EQillPMENT 

In all the applications of the pulsed techniques, it is necessary to measure the time inter

val between two pulses (L.N.S. Quarterly Progress Report for November, 1956). The first pulse 

is generated by the arrival of a neutron or photon at the detector and the second (or reference pulse) 

by the arrival of the beam pulse at the target. 

The ~ethod pr.oposed to measure such a time interval which may vary between a few times 

10"'9 seconds to 120 x 10-9 seconds as discussed in the L.N.S. Quarterly Progress Report for February 

1957. 

The following circuit (called a delay to pulse height converter) (Figure 6.3) has been built 

and has operated satisfactorily. It ie based on the circuit suggested by J. H. Neiler of the OakRidge 

National Laboratory. 

Tube V1 is normally fully conducting. A negative pulse (approxlinately 30 v.) from the 

detector cuts the tube off, and generates a square pulse of appr.oximately 3 II1J.tSecs at the anode. 

This pulse ~arges the grid of V4 (which is normally cut off) via the diode (1) to approximat~ly 

three volts above the static grid potential. Under these conditions, V4 commences conducting and 

charges the 100pf condenser, C1, connected to the anode. 

On the arrival of the second pulse (also approximately 30 volts negative) at V2, V3, which 

is normally cut off is made to conduct and discharges the grid of V4 back to its quiescent value and 

thus cuts off v4. Thus the total charge collected on cl is proportional to the time interval between 

the two pulses. There will, therefore, be a change of voltage at C1 proportional to the total charge 

collected, and this vol~ge is also proportional to the time ~terval •. 

The voltage pulse height spectrum measured in this way will, therefore, determine the 

spectrum of delay between the two pulses. 
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The block diagram of the whole electronic assembly used to test inhererit resolution and 

stability of the converter is shown in Figure 6.4. The photomultiplier P1 ( 10 stage RCA 5819) with 

plastic scintillation crystal is used as detector and. a similar photomultiplier P2 ( 10 stage RCA 

5819) to provide the reference pulse. 

Lineor 
Slow 

Amplifier 

Gote 

Pulse 
Height 

Analyzer 

Scaler 

Figure 6.4 

Linear· 
Slow 

Amplifier 

Block diagram of multichannel time -of-flight measurement system. 

The two quanta from an Na22 source (approximately 5~-tcs.) is used to simulate the two 

pulses, and coincidences between these pulses are detected. A variable delay between the pulses 

ranging from 6 m~-tsecs to 100 m~-tsecs was· simulated by using coaxial delay cable 1n the circuit of 

P2. 

It will be noticed that a conventional "fast-slow" coincidence system has been used and the 

purpose of this is to eliminate the effect of small pulses and noi~e from the photomultiplier. 

The "slow" pulses are picked up from P1 and P2 from the seventh dynode in each case and 

are then amplified by conventional 2mc bandwidth amplifiers before proceeding to the gate circuit. 

The spectrum measured with a 6 mj.t sec delay in the circuit of p2 shows a distribution in . 

time with a full width at half maximurp. of 2 m~-t sees. 
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The circuit has also been tested with .artificial pulses generated by a mercury switch 

pulser. Here the resolution possible is approximately 10-10 sees and the stability over a few hours 

after an initial heating·up period is also of this order. 

The linearity of the time to pulse height converter has been checked with the mercury 

switch pulse±' by measuring the voltage output as a function of artificial delay inserted in the P2 

circuit. It is found that the converter is linear in voltage outPut to better than 1% over a time in

terval between 6 and 120 mJ..tsecs. (L. E. Beghian and G. Kegel) 
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I. INTRODUCTION 

. . 
The recent successes of the shell model and of the collective model point up the increasing 

need for information on the level schemes of nuclei throughout the periodic "table. Except for the 

nuclei below calcium, the presently available data in general concern only the few levels above the 

ground state and are often contradictory. Moreover, for rriany interesting and important cases, 

. nothing wha.teVt:::.l it> known regarding the level Structure. 

In this past year, we have concentrated our efforts largely on the nuclei between mass 

numbers 40 and 70. In this region of ·the periodic table, such studies fall naturally into two sepa

rate types .. The first step is the elucidation of the level order, carried out through stUdies of the 

reactions .. appropriate to the nucleus investigated and to the target materials available. In this re

port, we deScribe results obtained for the various isotopes of silicon, phosphorus, sulfur, potas

sium, chromium, manganese, iron, nickel, cobalt, and copper. The second step, which is more · 

time-consuming experimentally, is the determinationwhere possible of other parameters of the 

states, such as the spins and parities. Angular-distribution studies of stripping reactions have 

been carried out in several cases, and results are reported for AI2B, K40, Ca41 , Ca43
, Ca45 , and 

Co60 • 

The importance in nuclear spectroscopy of angular-distribution studies has led us to design 

a high -resolution magnetic spectrograph especially suited to such investigations. This instrument 

is now under. construction. 

II. · ENERGY LEVELS IN Cr52 

In the course of the current study of·inelastic proton scattering from manganese, the 

results for which are summarized in a separate section of this report, a number of alpha-particle 

groups were observed. The Mn55 (p, a )Cr52 reaction, from which these groups presumably arose, 

provides an important mass link in this region of the periodic table, arid, since in addition there 

are some questions about the level scheme of Cz-52 as determili.ed from beta- and gamma-raystud

ies, we have investigated these alpha-particle groups. As an additional check on their origin, a 

separate study was made on the level scheme of chromium. This was.carried out through meas

urements on inelastic proton scattering frorri natural chromium targets. 

For the studies of the (p, a) reaction, thin manganese targets were prepared by evapora

tion of high-purity manganese metal from a tungsten boat onto a Formvar film. A mass analysis 

· of the target, carried out by elastic proton-scattering measurements, showed that only small_ 
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amounts of tungsten, chlorine, and sodium were present as impuritie·s in these targets in addition 

to the usual amounts of oxygen, nitrogen, carbon, and hydrogen expected ih the Formvar backings . 

. None of these impurities gave rise to measurable alpha -particle groups in the present experiment. 

The alpha -particle spe9trum was observed at angles of 90 and 130 degrees with respect 

to the incident 6.51-Mev proton beam. At each angle, six alpha -particle groups were observed, 

and for each the shift in energy with angle was that to be expected for a (p, 0t) reaction involving 

a target nucleus with mass close to 55. The Q-values, calculated on the assumption that the groups 

were from Mn55 (p, Ot )Cr52, are listed in Table 7 .I. 

TABLE 7.1 

Energy Levels in Cr52 

Mn55(p, Ot )Cr52 reaction 
mean values 

Q (Mev) Ex (Mev) 

·-2.568 ± 0.008 0 

1.134 ± 0.008 1.434 

0.200 ± 0.010 2.36_8 

~0.081 ± 0.010 2.649 

-0.201 ± 0.010. 2.769 

-0.397 ± 0.012 2.965 

Cr52 (p, p' )Cr52 reaction 
· mean values 

Ex (Mev) 

0 

1.433 ± 0.005 

2.368 ± 0.005 

2.648 ± 0.008 

2.767 ± 0.008 

2.965 ± 0.008 

3.161 ± 0.008 

A large number of proton groups were also recorded during the exposures for the alpha

-particle. spectrum. These groups, which were associated with inelastic scattering from manganese, 

will be reported on separately. 

While the mass analysis of the target, carried out from elastic scattering, together with 

the energy variation with angle, was sufficient to show definitely that the observed groups arise 

from manganese, it is not possible from these measurements alone to determine that the highest 

energy group is associated with the ground-state transition in the reaction leading to Cr52. In order 

to investigate t4is aspect of the problem, a study of inelastic scattering from a chromium target 

was made. This enabled an independent determination of the level schem~ in Cr52. Since naturally 

occurring chromium is a mixture of several isotopes, it is not possible from proton-scattering ex

periments alone to determine which of the inelastically scattered gioups from a natural chromium 

target correspond to the mass 52 isotope. However, ther.e should be a correspondence between 

certain of the chromium levels as observed in proton scattering with those calculated from the 

(p, 0t) results. Actually, the selection· of the appropriate groups for comparison is considerably 

simplified in the present case, since natural chromium contains 83.9 percent of Cr52, the remainder 
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being 4.4 percent Cr50, 9.5 percent Cr-53, and 2.4 percent Cr54 . 

Thin targets for the inelas.tic. scattering measurements were prepared by the evaporation 

of high -purity chromium metal onto Formvar films. The charged particles resulting from the 

bombardment of the targets with 6.51-Mev protons were analyzed at angles of observation of 50 

and 90 degrees with respect to the beam. The spectrum observed at 90 degrees is shown in Figure 

7.1 . In addition to a number of low -intensity groups, six .intense proton peaks were found which 

resulted from inelastic scattering in chromium. On the assumption that these six groups arose 

from Cr-52 ' the associated excited states in this nucleus have been calculated and are tabulated in 

Table 7 .I, where these numbers can be compared with the excited states in this nucleus obtained 

from the (p, a} results,. assuming that the alpha -particle· group with the Q-value 2.568 Mev repre

sents the ground -state transition. The excellent correspondence of the two sets of excitation ener

gies shows conclusively that the proton peaks chosen on the basis of their intensities were identi

fied with the correct isotope and that the high -energy alpha -particle group does give the ground

state Q-vah.ie for the Mn55 (p, a )Cr52 reaction. The other low-intensity groups are presumably 

associated with the. other chromium isotopes, but they cann~t be definitely assigned until experi

ments with separated isotopes have been carried out. 

In Table 7 .1,· an excited state in Cr-52 is listed at 3.161 Mev. This figure was arrived at 

solely by the observation at both angles of an intense proton group. The corresponding group was 

not observed in the (p, a) reaction. However, a11 the alpha -particle groups were of relatively low 

intensity, and it is not surprising that, in· these experiments, the peak which would be associated· 

wi~h a level in Cr52 at this energy was not observed. As will be mentioned in subsequent paragraphs, 

there· are additional reasons beyond the high intensity of the observed proton group for believing 

that there is a Cr52 level at this energy. 

The Q -value measured in the present experiments for the. Mn55 ( p, a )Cr52 reaction is 0.23 

Mev lower than the value calculated from the atomic masses of Mn55 and Cr-52 as determined by 

mass-spectrosaopic measurements. (Collins, Nier, and Johnson, Phys. Rev. 86, 408 (1952).) 

However, more recent measurements on these masses at the University of Minnesota by C. Giese 

lea~ to a Q-value of 2.559 ± 0.004 Mev. (A. 0. Nier, private communication. We wish to thank 

Professor Nier for sending us these results.) This excelient agreement between the mass differ-· 

ences as determined from nuclear reactions and from mass -spectroscopic studies is gratifying, 

particularly in VIeW Of the rather wide discrepancies which have existed between the results Of 

these different methods in the past. 

'Die excited states of ·C~2 have also been. investigated using inelastic proton scattering by 

Hausman et al. (Hausman, Allen, Arthur, Bender, and McDole, Phys. Rev. 88, 1296 (1952).) 

Working with natural chromium.target.s, these investigators found a ntdnber of inelastically scat

tered protongroups of which three, corresponding to excitation energies of 1.45, 2.43, and 2.99 

Mev, were assigned to C~2 on the basis of a comparison with the le~el scheme· of Cr-52 as inferred 

from beta- and gamma-decay rreasurements on.Mn52 • Other groups corresponding to excited states 
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at 2.69, 2.79, aild 3.20 were also reported in these studies. On the basis of the present results, it 

appears that all these levels are in Cr52 • It will be noted that the excitation energies, as deter

mined by Hausman et al, are uniformly higher by from 20 to 40 kilovolts than the. present results. 

Similar discrepancies between the early work at the University of Pittsburgh and the results from 

thts laboratory have been re~arked on in previous publications. (Browne, Zimmerman, and 

Buechner, Phys. Rev. 96, 725 (1954); and Buechner, Braams, and Sperduto, Phys. Rev. 100, 1387 

(1955 ).) 

There is an extensive literature on the beta- and gamma-radiations associated with the 

decay of VS2 and Mn52 • This in large part has been summarized by K. Way et al. (Nuclear Level 

Schemes, compiled by Way, King, McGinnis, and van Lieshout, AEC Report TID 5300 (U.S. Gov

ernment Printing Office, Wa:;;hington, D.C., 1955.) These various results hav~ generally been in

terpreted in terms of excited states in Cr52 at 1.45, 2 .43, and 3.13 Mev and an isomeric state in 

Mn52 at 0.39 Mev. (Loc. cit.) (E. Segre and A. C. Helmholtz, Revs. Modern Phys. 2i, 272 (1949).) 

(M. Goldhaber and R. D. Hl.ll, Revs. Modern Phys. 24, 179 (19S2).) States in Cr52 at approximately 

the same energies are also indicated in various studies (Way, King, McGinnis, and van Lieshout, 

op. cit. p. 129) which show that gamma-radiations of 0.75. 0.97, and 1.44 Mev result from the. in

teractions of neutrons with chromium. 

~ . 

~ 
Mn5.'1+p- « 
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2.368 

1.45 

"' Cr 
24 28 

Zlm 
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5.7d 

25Mn;~ 

IJ' 
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"·(""' 
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I 

Figure 7.2 

Energy-level.diagram for C~2 
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Figure 7.2 shows ~energy-level diagram of Cr52 , in which the. level positions are those 

determined in the present work. Aside from the fact that there is no indication in the beta- and 

gam.ma-ray studies of the states at 2.648, 2.767, and 2.965 Mev, the .Present and the earlier re

sults are .in reasonable agreement if one identifies the states previously regarded as being at 1.45, 

2.43, and 3.13 Mev with those measured here at 1.433, 2.368, and 3.Hi1 Mev. The observed beta 

and gamma rays have been assigned, as shown in Figure 7.2 on this assumption. 

There are, however, some difficulties with this decay scheme. If the ground state of Mn
52 

decays by positron emission to the 3_.161-Mev state and if this is followed by a gamma -ray transi

tion to the 2.368 -Mev state, as shown in Figure 7 .2, the expected energy for this gamma ray.is 

0.793 ± 0.007 Mev. While a gamma ray of approximately this energy has been observed from the 

Mn52 decay, the various measurements have clustered closely about the value of 0.734 ± 0.015 Mev, 

measured by Peacock and Deutsch. (W. Peacock and M. Deutsch, Phys. Rev. 69, 306 (1946).) A 

similar discrepancy between the present results and of those from beta-decay involves the energy 

of the isomeric state in Mn52 ~ Peacock and Deutsch ( Loc. cit.) have measured the maximum posi

tron energy from the ground state of Mn52 as 0.582 ± 0.015 Mev, whil~ the maximum positron energy 

from the decay of the isomeric state in Mn52 has been measured as 2.631 ± 0.015 Mev. (E. Arpman 

and N. Svartholm, Arkiv. Fysik, 10, 1 (1956).) Assuming, .as indicated in Figure 7.2, that these 

decays proceed to the 3.16- and 1.43-Mev levels of Cr52 , one obtains 0.32 Mev forth~ energy of the 

isomeric state in Mn52 • This would imply that the 0.392 ± 0.008 Mev gamma ray which is observed 

(L. Osborne and M. Deutsch, Phys. Rev. 72, 467 (A) (1947) from Mn
52 does no.t originate from the 

decay of the isomeric state associated with the beta transition. 

The various results can be brought into agreement if one assumes the existence in Cr52 of 

an excited state at 3.10 Mev which is formed in the Mn52 beta decay but which is not observed in the 

charged -particle reactions. A state at this energy and the alternative decay scheme are shown by 

the dashed lines in Figure 7.2. All the alpha groups studied in the present experiment were of law 

intensity, and a weak group associated with a level at 3.10 Mev might not have been observed. It 

will be recalled that no group was fouiJ.d corresponding to the 3.16-Mev state. In the case of the 

inelastic proton scattering, if a peak associated with such a state at 3.10 Mev had an intensity 

greater than 3 percent of the one corresponding to the 3.16-Mev level, it.would have been detected 

in the exposures at 50 and 90 degrees. In Figure 7 .1, an arrow marks the position that a proton 

group would have if a state at 3.102 Mev were excited. The nonappearance of a group at this posi

tion might be explained on the basis of the high angular momentum required to excite Cr52 from its 

ground state, which has zero angular momentum, to the state formed in the beta decay which has 

been reported to have angular momentum of 6 units. ( Huiskamp, Steenlaild, Miedema, Tolhoek, 

and ·Gorter, Physica 22, 587 (1956).) It should be pointed out that, while the assumption that a 

state exists at 3.10 Mev suffices to explain the discrepancy between the energy differences calcu·-. 

lated from the charged-particle results and those observed in the beta-decay measurements, it 

does not explain why some evidence for the states established at 3.16, 2.97, 2.77, and 2.65 Mev 

was not found in the various decay studies. (M. Mazari, W. W. Buechner, and A. Sperduto) 
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III. EXCITED STATES IN Co59 AND Fess 

Aside from the results of extensive investigations on the beta and gamma rays from Fe59 , 

there is little information regarding the excited states of Co~. The beta- and gamma -ray studies 

are in good agreement, and these results have established excited states at 1.100 and ~ :_2_90 Mev. 

(Way,· King, McGinnis, and van Lieshout, op. cit_. p. 129.) 

The primary purpose of the present investigation was to determine the energy-level 

scheme of Co59 over a considerable range of excitations. During ·the experiment, a number of 

alpha-particle groups were observed to result from the proton bombardment of the cobalt targets, 

and various tests showed that these were associated with the Co~(p, a)Fe56 reaction. The excited 

states of Fe56 have been the subject of numerous investigations. (Way, King, McGinnis, and 

van Lieshout, ·op. cit. p.129.) (W. W. Buechner·and A. Sperduto, Bull. Am. Phys. Soc. 1, 39 (1956).) 

The targets used in the present work were prepared by the evaporation in vacuum of high

purity cobalt metal onto Formvar films supported on wire frames. In order to obtain a mass anar

ysis of the target, as well as to establish the origin of the inelastically scattered groups, observa

tions were made at several different angles and bombarding energies. Several exposures were 

~ade at 90 degrees to the incident beam, using proton energies of 6.52 and 6.77 Mev. An actditional 

set of'exposures was made at an angle of 50 degrees with 6.51-Mev bombarding_ energy. For all· 

these exposures, the magnetic field in the spectrograph was such that-the elastically scattered pro

tons were recorded near the high -energy end of the exposed plate. 

A number of alpha -particle groups were observed when the plates were analyzed. Sine~{ 
these presumably arose from the Co~(p, a )Fe56 reaction, an additional exposure of 2000 micro

coulombs was made with the spectrograph field adjusted so that the ground -state group from this 

reaction would be recorded. For this exposure, the spectrograph was oriented at 90 degrees to 

the incident beam, and a bombarding energy of 6.51 Mev was used. For _this case, as well as for 

the 90 -degree observation on the inelastically scattered proton groups, the target was placed so 

that the cobalt layer faced both the beam and the spectrograph. In the case of the proton groups 

observed at 50 degrees to the beain, the orientation of the target was such that the proton groups 

passed through the Formvar layer before entering the spectrograph. 

A typical spectrum of the proton groups observed from a cobalt target is shown in Figure 

7.3. For this exposure, the incident proton energy was 6.51 Mev, and the scattered protons were 

observed at an angle of 50 degrees with respect to the beam. In this figure, the groups associated 

with the materials in the Formvar backing and with other impurities in the target are identified by 

their chemical symbols. These peaks were identified by their characteristic shift in energy with 

the angle of observation and with the incident proton energy. It was determined from observations 

at other angles that there were no groups from cobalt between the elastically scattered one, iden

tified on the figure as Co~ ( 0) and the peak marked ( 1) which is associated' with an excited state in 
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Cos:~ at 1.097 Mev. The other groups in the figure, identified with numbers running from ( 1) 

through ( 40 ), are associ~ted with excited states in Co59 • It will be noted that groups (18.) and (19) 

and ( 22) and ( 23) were not completely resolved. However, the structure of these doublets was 

clearly evident in all the observations. In every exposure, groups ( 21 ), ( 26 ), and ( 36) had widths 

which were considerably greater than those of their neighbors, and it is probable that these peaks 

contain unresolved components. The intense group, whose high -energy edge appears at the left 

edge of the figure, arose from elastic scattering from the hydrogen in the target. 

The positions of the excited states in Co'!J}, as determined from these measurements, are 

given in Table 7 .n . Four of the excitation energies listed in the table are -inclosed by parentheses, 

Table 7.I1 

Co59 energy levels from the Co'!J}(p, p') ·reaction 

Level Excitation enertn;: ! Mev l Level Excitation energy ! Mev} 

1 1.097 ± 0.005 21 2.911 ± 0.006 

2 1.189 ± 0.005 22 2.955 ± 0.006 

3 1.289 ± 0.005 23 2.964 ± 0.009 

4 1.432 ± 0.005 24 3.015 ±. 0.006 

5 1.458 ± 0.005 25 3.058 ± 0.006 

6 1.479 ± 0.008 26 3.081 ± 0.009 

7 1.743 ± 0.005 27 (3.120 d: 0.010) 

8 2.061 ± 0.005 28 ( 3.148 ± 0.010) 

9 2.086 ± 0.005 29 3.159 ± 0.008 

10 2.152 ± 0.005 30 3.192 ± 0.008 

11 2.183 ± 0.005 31 3.222 ± 0.008 

12 2.205 ± 0.005 32 3.233 ± 0.008 

13 2.397 ± 0.006 33 3.273 ± 0.008 

14 2.477 ± 0.006 34 3.323 ± 0.008 

15 2.540 ± 0.006. 35 3.379 ± 0.008 

16 2.585 ± 0.006 36 3.412 ± 0.008 

17 2.711 ± 0.006 37 3.490 ± 0.008 

18 2.770 ± 0.006 38 ( 3.560 ± 0.010) 

19 2.781 ± 0.006 39 3.602 ± 0.008 

20 2.822 ± 0.006 40 ( 3.654 ± 0.010) 

since only at a single angle were the corresponding proton peaks observed with intensities sufficient 

for accurate Q -value measurements. The levels numbered ( 27 ), ( 28 ), and ( 38 ) were determined 

from the 50 -degree data, while level No. ( 40) was ·calculated from the data taken at 90 degrees. It 

is probable, however, that these four groups arise from c~. -since other observations have ::;hown 
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t;hat none of the contaminant elements give rise to peaks in this region of the .spectrum. Aside from 

these four values, the other excitation energies listed in Table 7 .II are an average of the results of 

all the observations, and in no case do the values listed differ by more than '4 I<ev -from the results 

of any individual measurement. An energy-level diagram for Co00 , which includes these values, is 

given in Figure 7.4. 

26 Fe;; 
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Figure 7.4 

Energy-level diagram for CofS 

28Ni~~ 

The values obtained here for the energies of the first and third excited states are in ex

cellent agreement with the beta-decay datafrom Fe59 • (Way, King, McGinnis, and van Lie~hout, 

op. cit. p.129.) It is interesting to note that no evidence was found in the beta..,decay studies for the 

second excited state at 1.189 Mev. In the. present work, the proton group associated with this state 

was considerably more intense than the other inelastically scattered groups. This discrepancy is 

pre'sumably associated with the fact that the second excited· state has a spin· equal to or greater than 

the value (7 /2) for the gtound state. 

The results obtained from measurements on the alpha-particle groups a·re presented in 

Table 7JII. The good agreement between the values for the excited states in Fe56 derived on the 

-134-



ONR Gemerator Group 

assumption that the alpha-particle groups arise from the Co5 9 (p, a )Fe56 reaction and -the values

obtained from inelastic proton -scattering measurements on iron (W. W. Buechner and A. Sperduto, 

op. cit. p. 131) shows_ that the alpha-particle groups were"correctly identified and that the one of 

the highest energy was that ~orresponding to the ground -state transition. The fact that no peaks 

were observed for the 2.940 and the 3_.388 levels is perhaps not surprising, since these levels were 

only weakly excited in the inelastic scattering studies. It is_ gratifying that the Co5 9 - Fe56 mass 

·difference, calculated from the ground-state Q~value, is in-good agreement with the value obtained 

from recent mass spectrometric measurements. ·(Quisenberry, Scolman, and Nier, Phys. Rev. 

104, 461 ( 1956) .) 

Tahlc 7 .III 

Q-values and excited states in Fe56 

Present Work 

Q (Mev) Ex ~Mev~ 

3;242 ± 0.008 ·0 

2.398 ± 0.008 0.844 

1.157 ± 0:010 2.085 

0.581 ± 0.012 2.661 

0.278 ± 0.012 2.964 

0.115 ± 0.012 3.127 

-0.137 ± 0.012 3,379 

a 
W. W. Buechner and A. Sperduto, Bull. Am. Phys. Soc. 1, 39 (1956). 

IV. NUCLEAR LEVELS IN Si28 AND p'H 

Earlier Work 

a 
Fe56(p, p')Fess 

·Ex (Mev) 

0 

0.845 

2.085 

2.658 

2.940 

2.958 

3:119 

3.369 

3.388 

Lead-phosphate targets have been bombarded with protons accelerated to energies of 6.5 

and 7.0 Mev. Charged reaction prcxlucts (alpha particles and elastically and inelastically scattered 

protons) were observed at 50, 90, and 130 degrees to the inddent proton beam. 

The ground-state Q-value of the .PJl(p, a )Si2B reaction has been measured as 1.909 ± 0.01~ 

M~v. Levels were observed in Si28 at 1.771 ± 0.010 and 4.617 ± 0.010 Mev and in p'll at 1.267, 2.234, 

3.133, 3.293, 3.414, 3.505, 4.188, 4.257, 4.480, 4.590, 4.633, 4.784, and 5.012 Mev, all± 0.005 

Mev. (C .. M. Paris and P.M. Endt (Utrecht)) 
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V. EXCITED STATES OF p10 AND S33 

The proton and alpha -particle groups resulting from the deuteron bombardment of thin 

Sb.!S3 targets have been studied at angles of observation of 50, 90; and 130 degrees and at deuteron 

energies of 6.0 and 6.5 Mev: The ground-state Q-value of the S32(d, a)p3} reaction has been meas

ured as 4.887 ± 0.008 Mev, while levels in pOO are observed at 0.680 ± 0.010, 0.709 ± 0.005, 1.451 

± 0.006, 1.972, 2.538, 2.723, 2.839, 2.938, 3.018, all ± 0.007, 3.734, 3.836, 3.928, 4.143, 4.184, 

4.233, 4.299, 4.344, 4.423, 4.503, 4.626, 4.735, 4.929, 5.025, 5.202, all± 0.008, (5.236),· (5.412), 

(5.507 ), (5.598 ), (5.700 ), and (5.792 ), all ± 0.010 Mev. All values are to be regarded as pre

liminary. The states at 0.680~ 2.938, 4.184, and 4.503 Mev are regarded as T = 1 levels because 

of the low intensity of the corresponding groups. They are the analogs of the Siso gro~d state and 

the Si30 levels at 2.24, 3.51, and 3.79 Mev. 

The ground-state Q-value ~f the S32 (d, p)S33 reaction is measured as 6.413 ± 0.007 Mev, 

while 104 levels in S33 are observed (Table 7 .IV). These measurements show that no level exists· 

at 3.365 Mev, as previously reported by Paris, Buechner, and Endt (Paris, Buechner, and Endt, 

Phys. Rev. 100, 1317 (1955))from the Cl35(d, 0! )S_33 reaction. Alpha-particle groups leading to the 

4.877- and 4.425-Mev levels observed from the S32( d, p )S33 reaction may have been present, but 

they were weak or obscured by contaminant-groups. 

Since natural S1JaS3 was used_as a target, also observed were proton groups from the S 

S34(d,p)S35 reaction. The.ground-state Q-value of this reaction is measured as 4.757 ± 0.020 Mev, 

while_ levels in S35 are observed at 1.992, 2.345, 2.939, 3.803, 4.192, and 4.961, all± 0.020 Mev. 

All values are to be regarded as preliminary. 

Table 7.IV 

Q -values of the reaction S32 ( d; p )S33 and excited states of S33 

Q-value Q-value 
Level ± 0.007 Ex (Mev) ·Level ± 0.007 Ex (Mev} 

0 6.413 11 2.31~ 4.095 ± 0.006 

1 5.574 0.839 ± 0.006 12 2.268 4.145 ± 0.006 

2 4.448 1.965 ± 0.006 13 2.202 4.21i ± 0.006 

3' 4.100 2.314 ± 0.006 14 2.036 4.377 ± 0.006_ 

4 3.544 2.869 ± 0.006 15 1.988 4.4:25 ± 0.006 

5 3.477 2.936 ± 0.006 16 1.681 4.732 ± 0.006 

6 3.442 2.971 ± 0.006 17 1.666 4.747 ± 0.006 

7 3.191 3.222 .± 0.006 18 1.544 4.869 ± o:·oo6 

8 2.581 3.832 ± 0.006 19 1.494 4.919 ± 0.006 

9 2.478 3.935 ± 0.006 20 1.472 . 4.941 ± 0.006 

10 2.644 4.049 ± 0.006 21 l.237 5..177 ± 0.006 
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Table 7 .IV (continued) 

Q-value 
Level ± 0.007 Ex (Mev) 

Q-value 
Level ± 0.007 Ex (Mev) 

22 1.203 5.210 ± 0.006 58 -0.375 6.788 ± 0.00.6 

23 1.141 5.272 ± 0.006 59 -0.479 6.892 ± 0.006 

24 1,126 5.287 ± 0.006 60 -0.490 6.903 ± 0.006 

25 1.073 5.340 ± 0.006 61 -0.552 6.965 ± 0.006 

26 1.062 5.351 ± 0.006 62 -0.586 6.999 ± 0.006 

27 1.014 5.399 ± 0.006 63 -0.604 7.017 ± 0.006 

28 0.934 5.479 ± 0.009 64 -0.624· 7.037 ± 0.006 

29 0.816 5.597 ± 0.006 65 -0.720 7.133 ± 0.006 

30 0.801 5.613 ± 0.006 66. -0.751 7.164 ± 0.006 

31 0.791 5.622 ± 0.006 67 -0.770 7.183 ±·0.006 

32 0.702 5.711 ± 0.006 68 -0.777 7.190 ± 0.010 . 

33 0.549 5.864 ± 0.006 69 -0.841 7.254 ± 0.010 

34 0.525 5.888 ± 0.006 70 -0.917 7.330 ± 0.010 

35 0.498 5.915 ± 0.006 71 (-0.922) (7 .335 ± 0.010) 

36 0.431 5.982 ± 0.006 72 -0.940 7.353 ± 0.010 

37 0.346 6.067 ± 0.006 73 -0.946 7.359 ± 0.010 

38 0.334 6.079 ± 0.006 74 -0.956 7.369 ± 0.010 

39 0.312 6.101 ± 0.006 75 -0.988 7.401 ± 0.010 

40 0.283 6.131 ± 0.006 76 -1.000 7.413 ± 0.010 

41 0.179 6.234 ± 0.006 77 -1.039 7.452 ± 0.010 

42 0.152 6.261 ± 0.006 78 -1.047 7.460 ± 0.010 

43 0.103 6.310-± 0.006 79 -1.062 7.475 ± 0.010 

44 0.089 6.326 ± 0.006 80 -1.069 7.482 ± 0.010 

45 0.053 6.360 ± 0.006 81 .:....1.074 7.487 ± 0.010 

46 0.041 6.372 ± 0.006 82 -1.090 7.503 ± 0.010 

47 -0.003 6.416 ± 0.006 83 (~1.147) (7 .560 ± 0.010) 

48 -0.014 6.427 ± 0.006 84 (-1.166) (7 .579 ± 0.010) 

49 -0.074 6.487 ± 0.006 .85 (-1.176) ( 7.589 ± 0.010) 

50 -0.100 . 6.513 ± 0.006 86 (-1.182) (7 .595 ± 0.010) 

51 -0.113 6.526 ± 0.006 87 (-1.188) ( 7.601 ± 0.010) 

52 -0.146 6.559 ± 0.006' 88 -1.202 7.615 ± 0.010' 

53 -0.203 6.616 ± 0.006 89 -1.216 7.629 ± 0.010 

54 -0.263 6.676 ± 0.006 90 -1.245 7.658 ± 0.010 

55 -0.276 6.689 ± 0.006 91 -1.280 7.693 ± 0.010 

56 -0.297 6.710 ± 0.006 . 92 -1.298 7.711 ± 0.010 

57 -0.307 6.720 ± 0.006 93 -1.336 7.749 ± 0.010 
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Table 7 .IV (continued) 

Q-value Q-value 
Level ± 0.007 Ex (Mev) Level ± 0.007 Ex (Mev) 

94 -1.336 7.766 ± 0.010 100 -1.479 7.892 ±. 0.010 

95 -1.366 7.779 ± 0.010 101 -1.493 7.906 ± 0.010 

96 -1.384 7.797 ± 0.010 102 -1.570 7.983 ± 0.010 

97 -1.415 7.828 ± 0.010 103 -1.578 7.991 ± 0.010 

98 -1.427 7.840 ± 0.010 104 -1.602 8.015 ± 0.010 

99 -1.449 7.862 ± 0.010 

Note: The values in parentheses are derived from a single observation of the corresponding group • 

. (C. H. Paris, in collaboration with C. Vander Leun and P.M. Endt of Utrecht.) 

VI. INELASTIC PROTON SCATTERING FROM NICKEL 

The study of the excited states of nickel has been continued, and thus far the results ob

tained from the bombardment of natural nickel targets, as well as nickel-oxide targets enriched in 

Ni58 and in Ni60, bombarded with 7.0- and 6.5-Mev protons, have been analyzed. The measurements 

were carried out at angles of observation of 30, 90, and 130 degrees. The results obtained for the 

excited states in Ni5B and Ni60 are listed in Table 7 .V. In thes~ studies, a level at 1.172 ± 0.010 

Mev is tentatively assigned to.Ni62. As is mentioned in the following section of this report, a level 

at this position has also been found from studies of the Cu65 (p, a )Ni62 reaction. 

Table 7.V 

Energy levels of Ni58 and Ni60 as measured from the reaction~ 
NiSB(p, p')NiSB and Ni60(p, p')Ni60 

Level Ni58 Ex (Mev) Level Ni69 Ex {Mev} 

1 1.452 ± 0.005 1 1.333 ± 0.005 

2 2.458 ± 0.005 2 2.159 :1:: 0.005 

3 2.772 :1:: 0.005 3 2.285 ± 0.005 

4 2.899 :1:: 0.005 4 2.504 ± 0.005 

5 2.939 ± 0.005 5 2.624 :f 0.005 

6 3 .035 ± 0.005 6 3.120 ± 0.005 

7 3.260 ± 0.005 7 3.184 ± 0.005 

8 3.418 ± 0.005 8 3.191 ± 0.005 

9 3.528 ± 0.005 9 . 3.268 ± 0.005 

10 3.592 ± 0.005 10 3.316 ± 0.005 

11 3.630 ± 0.005 11 3.391 ± 0.005 

12 3.774 ± 0.005 12 3.587 ± 0.005 
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Table 7. V (continued) 

Level 

13 

14 

(C. H. Paris) 

Energy levels of Ni58 and Ni60 as measured from the reactions 
Ni58(p, p')Ni 58 and Ni60 (p, p')Ni60 

Ni58 Ex (Mev) Level Ni60 Ex (Mev) 

3.898 ± 0.005 13 3.618 ± 0.005 

4.106 ± 0.005 14 3.670 ± 0.005 

15 3.732 ± 0.005 

16 3.869 ± 0.005 

17 3.886 ± 0.005 

18 3.925 ± 0.005 

19 4.005 ± 0.005 

20 4.038 ± 0.005 

21 4.076 ± 0.005 

VII. INELASTIC PROTON SCATTERING FROM COPPER 

Inelastically scattered proton groups have been studied from thin metallic targets of nat

ural copper, as well as from isotopically enriched targets, with incident proton energies of 6.51 

Mev and a number of angles of observation. Cu63 and Cu65 are present to the extent of 69 and 31 

percent, respectively. In the enriched Cu63 targets, this isotope wa·s present to the extent of '99.4 

percent, while in the enriched Cu65 targets. this isotope constituted 98.2 percent of the copper 

·present. Summaries of th~ results obtained thus far on the excited states of Cu63 and Cu65 ~re pre

sented in Tables 7 .VI and 7 .VII. In the case of the CuG3 levels, the first five have energies that 

are in excellent agreement with those determined at The Rice Institute. The rest of the levels have 

not been previously .observed. In the case of Cu65 , only the states at 1.11 and 1.5 Mev have been 

observed by other investigators. 

Level 

1 

2 

3 

4 

5 

Table 7.VI 

Summary on Cu63(p, p') 

~ Level 

0.668 ± 0.005 6 

0.961 ± 0.005 7 

1.327 ± 0.005 8 

' 1.412 ± 0.005 9 

1.547 ± 0.005 10 
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· Table 7. VI (continued) 

Level Ex Level ~ 

11 2.210 ± 0.006 29 2.958 ± 0.008 

12 2.337 ± 0.006 30 2.974 ± 0.008 

13 2.405 ± 0.006 31 3.032 ± 0.008 

14 2.497 ± 0.006. 32 3.042 ± 0.008* 

15 2.504 ± 0.006* 33 3.099 ± 0.008 

16 2:510 ± 0.006* 34 3.129 ± 0.008 

17 2.535 ± 0.006 35 3.183 ± 0.008 

18 2.543 ± 0.010* 36 3.208 ± 0.008 

19 2.673 ± 0.008 37 3.225 ± 0.008 

20 2.694 ± 0.008 38 3.249 ± 0.008 

21 2.716 ± 0.008 - 39 3.294 ± 0.008 

22 2.761 ± 0.008 40 3.311 ± 0.008* 

23 2.778 ± 0.00~ 41 3.370 ± 0.008 . 

24 2.805 ± 0.008 4.2 3.404 ± 0.008 

25 2.831 ± 0.008 43 3.417 ± 0.008* 

26 2.856 ± 0.008 44 3.431 ± 0.008 

27 2.869 ± 0.008* 45 3 .458 ± 0.008 

28 2.888 ± 0.008 46 3.476 ± 0.008* 

*Groups p.ot completely resolved. 

Table 7.VII 

Cn65 ene:r.gy levels from the Cu65 (p, p;)Cu65 reaction 

Level Ex (Mev) Level Ex (Mev) 

1 0.770 ± 0.004 12 2.531 ± 0.008 

2 1.114 ± 0.004 13 2.594 ± 0.008 

3 1.482 ± 0.004 14 2.648 ±. 0.008* 

4 1.623 ± 0.004 15 2.751 ± 0.008 

5 . 1.725 ± 0.006 16 2.839 ± 0.008 

6 2.093 ± 0.008 17 2.861 ± 0.008* 

7 2.105 ± 0.008 18 2.894 ± O.Q08* 

.8 2.213 ± 0.008 19 2.979 ± 0.008* 

9 2.280 ± 0.008 20 3.036 ± 0.008 

10 2.329 ± 0.008 21 3.078 ± 0.010 . 

11 2.404 ± 0.008* 

*Wider peaks; probable unresolved components. (M. Mazari and R. J. P. de Figueiredo) 
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VJ:II. (p, a) REACTIONS OF THE COPPER ISOTOPES 

A number of alpha -particle groups were observed during the course of the inelastic 

proton-scattering measurements described in the previous section. Separate exposures were made 

in order to investigate the complete alpha-particle spectrum, using field strengths in the spectro

graph sufficiently high to record the ~ound -state alpha -particle groups. These alpha -particle 

groups arise from the Cu63(p, a )Ni60 and the Cu65 (p, a )Ni62 reactions, and separat~ exposures with 

the isotopically enriched targets enabled an unambiguous assignment of the individual groups to the 

responsible isotope. The highest energy ~lpha-particle group was correctly identified with the 

gn:>und-state transitions in both c·ases, and this is shown by the excellent agreement between the 

excited s.tates in Ni60 and in Ni62 with those obtained from studies of inelastic proton scattering 

fro.m nickel. These studies are mentioned in Section VI of this report. The results thus far ob

·tained from these ( p, a) reactions are listed in Tables 7. VIII and 7 .IX·. Th_e present investigation 

appears to be the first in which. these reactions have been.investigated. 

Table 7.VIU 

Level Ex (Mev) 

Q = 3.753 ± 0.008 Mev 

1 1.329 :1: o;oo8 

2 2.160 ± 0.008 

3 2.287 :1: -0.008 

4 2.506 :1: 0.008 

5 2.626 :1: 0.008 

6 3.125 :1: 0.010 
' 7 3.19.l ± 0.010 

8 3.271 :1: 0.010 

9 3.329 :1: 0.015 

10 3.395 :1: 0.010 

11 3.588 :1: 0.010 

12 3.620 :1: 0.015 

13 3.674 :1: 0.015 

14 3.738 :1: 0.015 
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Level 

Table 7 .IX 

Ni62 energy levels from the 
Cu65 (p, a )Ni62 reaction 

Ex (Mev) 

Q0 = 4.341 ± 0.008 Mev 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

1.171 ± 0.008 

2.053 ± 0.010 

2.303 ± 0.008 

2.336 ± 0.008 

2.897 ± 0.010 

3.061 ± 0.008 

3.166 ± 0.008 

3.262· ± 0.008 

3.372 ± 0.008 

3.473 ± 0.008 

3~524 ± 0.008 

( M: Mazari and R. J. P. de Figueiredo) 

IX. ANGULAR DISTRIBUTIONS OF Ca(d, p) REACTIONS 

The analysis of the data from the angular ·distributions of the protons from ( d, p) reac

tions on Ca40 , Ca42 , and Ca44 has been completed. The results are tabulated in Tables 7 .X, 7 .XI, 

and 7 .XII .. The detailed interpretations of these results and their implications are contained in 

three papers submitted to The Physical Revi'ew: 

"Angular Distribution of Protons from the Ca40 (d, p )Ca41 Reaction", C. K. Bockelman and 

W. W. Buechner; 

"Angular Distribution of Protons from the Ca42 (d,p)Ca43 Reaction", Bockelman, Braams, Browne, 

Buechner, Sharp, and Sperduto, Phys. Rev. to be published July 1, 1957; 

"Angular Distribution of Protons from the Ca44(d, p)Ca45 Reaction", W. R. Cobb and D. B. Guthe, 

Phys. Rev. to be published July 1, 1957. 
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Table 7.X 

Relative yields and reduced widths ~or Ca40(d, p )Ca41 reaction 

Excitation Energy Angle of Max- Relative Yield 
. .lin 

Re,ativ~. Reduced 
Level! {Mev}t imum Yield at Maximum __l_ Width 

0 0 40° LO 3 7/2 1.0 

1' 1.9'!7 150 5.5 1 3/2 1.4 

2 2.014 35° 0.11 2 { 5/2 0.056 
3/2 0.084 or 

3 { 7/2 6.098 
5/2 0.13 

3 2.469 20° 1.8 1 { 3/2 0.47 
1/2 0.94 

4 . 2.584 550 0.029 

5 2.612 250 0.041 

6 2.677 < 71_0 
- 2 

0.27 at 100 0 1/2 0.44 

7 2.890 20° 0.063 -
8 2.967 150 0.14 1 { 3/2 0.030 

1/2 0.060 

9 3.056 600 0.031 

10 3.206 200 0.10 

11 3.375 0.021 

12 3.405 < 7.1..0 0.33 at 100 0 1/2 0.57 .... 
- 2 

13 3.500 0.030 

14 3.531 0.030 

15 3.619 20° 0.47 1 ( 3/2 0.090 

dr 1/2 0.18 

2 { 5/2 0.20 
3/2 0.30 

16 3.682 0.012 

17 3.736 20° 0.29 1 { 3/2 o:o56 
1/2 0.11 or 

2 { 5/2 0.12 
3/2 0.18 

{18 3.837 s-~ 0.054 at 10° 
19 3.854 J 

20 3.921 0.022 

21 3.950 20° 3.00 1 { 3/2 0.56 
1/2 1.1 

or 

2 { 5/2 1.3 
3/2 1.9 

-143-



ONR Generator Group 

Table 7 .X (continued) 

Relative yields and reduced widths for Ca40 (d, p )Ca41 reaction. 
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Table 7 .XI (continued) 

Excitation energies, fn. values, cross sections, and reduced widths 
(relative to Ca40( d, p )Ca41 ground state) for the Ca42 ( d, p )Ca43 reaction. 

Angle of Max- Relative Yield Relative Reduced 
Level Ex (Mev)* imum Yield at Maximum fn _l Width 

17 2.409 <0.08 

17' ( 2.53) 20 0.09 1 

18 2.607 200 0.58 1 3/2 0.14 
1/2 0.29 

19 2.673 <0~09 

20 2.696 <0.09 

21 2.753 <0.12 

22 2.844 <0.12 

23 2.880 15 0.42 1 3/2 0.08 
1/2 0.17 

24 2.947 15 0.42 1 3/2 0.09 
1/2 0.18 

25 3.027 <0.08 

26 3.047 <0.08 

27 3.074 <0.08 

28 3.094 <0.05 

29 3.194 <0.18 

30 3.279 <0.15 

:n 3.293 15 0.37 

32 (3.369) <0.10 

33 (3.398) <0.21 

34 3.419 <0.21 

35 3.584 15 0.44 1 3/2 0.09 

or 1/2 0.17 

2 5/2 0.20 
3/2 0.30 

*C. M. Braams, Ph.D. Thesis, Utrecht (1956 ). 
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Table 7 .XII 

Excitation energies, ..en values, cross sections, and reduced widths 
(relative to Ca40( d, p )Ca41 ground state) for the Ca44( d, p )Ca45 reaction. 

Angle of Max- Relative Yield Relative Reduced 
Level Ex (Mev)* imum Yield at Maximum in ~ Width 

0 0 40° 0.39 3 7/2 0.39. 
1 0.176 50 0.011 

2 ( 1.036) <0.043 

3 1.432 20 0.78 1 3/2 0.20 
1/2 0.40 

4 ( 1.475) <0.027 

5 ( 1.557) <0.023 

6 1.902 20 4.50 1 3/2 0.96 
1/2 1.90 

7 1.971 50 0.012 

8 2.249 15 0.74 1 3/2 0.17 
1/2 0.33 

9 2.356 30 0.006 

10 2.394 < 7.1_ 
2 0:61 at 100 ·o 1/2 1.0 

11 (2.597) <0.016 

12 2.681 20 0.015 

13 (2.763) <0.031 

14 2.844 20 0.83 1 3/2 0.16 

or 1/2 0.32 

2 5/2 0.35 
3/2 0.53 

15 2.950 <0.02 

16 2.970 10 0.077 

17 (3.032) <0.039 

18 3.148 <0.02 

19 3.244 20 0.41 1 3/2 0.075 

or 1/2 0.15 

2 5/2 Q.16 
1/2 0.24 

20 3.296· <0.016 

21 3.319 40 0.074 

22 3.419 15 1.68 1 3/2 0.32 

or 1/2 0.64 

2 5/2 0,.70 
3/2 1.0 

*C. M. Braams, Ph.D. Thesis, Utrecht (1956 ). 
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X. EXCITED STATES OF Mn55 

The proton groups from inelastic scattering from manganese have been studied with in

cident energies of 6.51, 6.77, 7.03, and 7.45 Mev and at angles of observation of 50, 90, and 130 

degrees. The excited states in Mn55 found are listed in Table 7 .XIII • 

Table 7 .XIII 

Energy levels of Mn55 from the Mti 5S(p, p') reaction 

Level Ex( Mev) Level Ex~ Mev) 

1 . 0.127 ± 0.005 23 3.037 ±. 0.006 

2 0.983 ± 0.005 24 3.081 ± 0.006 

3 1.289 ± 0.005 25 3.124 ± 0.006 

4 1.527 ± 0.005 26 3.158 ± 0.006 

5 . 1.884 ± 0.005 27 3.195 ± 0.006 

6 2.197 ± 0.005 28 3.263 ± 0.006 

7 2.252 ± 0.005 29 3.340 ± 0.010 

8 2.268 ± 0.006 30 3.351 ± 0.010 

9 2.288 ± 0.006 31 3.371 ± 0.010 

10 2.312 ± 0.006 32 3.378 ± 0.010 

11 2.365 ± 0.006 33 3.424 ± 0.008 

12 2.397 ± 0.006 •34 3.529 ± ,0.008 

13 2.426 ± 0.006 35 3.587 ± 0.008. 

14 2.564 ± 0.006 36 3.607 ± 0.008 

15 2.727 ± 0.006 37 3'.666 ± 0.008 

16 2.751 ± 0.006 38 3.706 ± 0.008 

17 2.823 ± 0.006 39 3.755 ± 0.010 

18 2.874 ± 0.006 40 3.776 ± 0.010 

19 2.953 ± 0.006 41 3.832 ± 0.010 

20 2.976 ± 0.006. 42 3.862 ± 0.010 

21 2.991 ± 0.006 43 3.932 ± 0.010 

22 3.005 ± 0.006 

(M. Mazari, A. Sperduto, and W. W .' Buechner ) 
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XI. ANGULAR DISTRIBUTIONS OF PROTONS· 
FROM THE Ccf9 ( d, p )Co60 REACTION 

The broad -range magnetic spectrograph has been used to investigate the Co00( d,p)Co60 reac-

tion by bombarding a thin target of cobalt on Formvar with 6.0-Mev deuterons. An analysis of the 

proton groups for sixteen reaction angles between 10 and 110 degrees determined· the angular varia-

. tion of the cross sections. Data from four of these angles·, 25, 30, 45, and 60 degrees, were employed 

to obtain the Q-values for sixty levels of Co6° up to 3.7-Mev excitation, as given in Table 7 .XIV. 

Table 7.XIV 

Q -values ~d energy levels from the Co59( d.; p)Co60 reaction 

Q-value in Mev Obkgd in 
-'?n Level ± 0.011 Ex{ Mev} mbLsterad Pl + 1 h3 (2J + 1 )yl 

Ground 5.282 0 ·3.00 1,3 2.635 0.726 

1 5.204 0.058 ± 0.004 1.38 1,3 1.472 0.453 

2 4.980 0.282 ± 0.004 1.34 1,3 1.558 0.322 

3 4.830 0.432 .± 0.004· 0.58 3 0.382 0 

4 4.761 0.501 ± 0.004 0.83 1,3 1.021 0.230 

5 4.721 0.541 ± 0.004 0.88 3 0.347 0 

6 4.650 0.612 ± 0.004 1.65 1, 3 1.949 0.386 

7 4.524 0.738 ± 0.004 0.17 1,3 0.130 0.014 

8 4.479 0.783 ± 0.004 1.08 1,3 1.468 0.302 

9 4.256 1.006 ± 0.004 2.65 1,3 3.248 0.581 

10 4.055 1.207 ± 0.004 0.84 1,3 0.397 0.042 

11 3.925 1.337 ± 0.004 0.08. 1,3 0.158 0.023 

12 3.885 1.377 ± 0.004 1.71 1,3 0.643 0.062 

13 3.815 1.447 ± 0.004 0.12_ 1, 3 o.i9o 0.028 

14 3.750 1.512 ± 0.004 0.41 1,3 0.347 0.065 

15 3.624 1.638 ± 0.004 0.22 1,3 0.364 0.048 

16 3.578 1.684 ± 0.004 0.06 

17 3.555 1.707 ± 0.004 0.20 

18 3.514 1.748 ± 0.004 0.27 

19 3.463 1.799 ± 0.004 3.75 3 1.700 0 

20 3.433 1.829 ± 0.004 0.87 

21 3.412 1.850 ± 0.004 0.40 1, 3 0.407 0.073 

22 3.375 1.887 ± .0.004 0.26 1,3 0.259 0.034 

23 3.339 i.923 ±·0.004 0.24 1,3 0.077 0.020 

24 3.283 1.979 ± 0.004· 1.56 3 0.726 o· 
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Table· 7 .XIV (continued) 

Level 
Q-value in Mev (Tbkgd ip. . 

~ 
± 0.011 Ex( Mev) rnb/sterad n (2J + 1 )'y3 (2J +l)yl 

25 3.231 2.031 ± 0.005 0.35 1,3 0.170 0.032 

26 3.131 2.131 ± 0.005 2.17 

27 3.112 2.150 ± 0.005 0.48 

28 3.045 2.21.7 ± 0.005 0.38 

29 2.988 2.27 4 ± 0.005 0.44 1,3 0.639 0.074 

30 2.952 2.310 ± 0.005 0.77 

31 2.914 2.348 ± 0.005 1.25 3 0.618 0 

32 2.835 2.427 ± 0.005 0.26 

33 2.671 2.591 ± 0.005 0.70 1,3 0.299 0.058 

34 2.528 2.734 ± 0.005 0.42 

35 2.500 2.762 ± 0.005 0.47 1,3 0.592 0.086 

Q -value in Mev <Tbkgd in 
~n Level ± 0.011 Ex( Mev) rnb/sterad ( 2J + 1 )'y2 (2J + 1 )'y0 --

36 2.417 2.845 ± 0.005 1.30 0,2 1.930 0.082 

37 . 2.378 2.884 :1: 0.005 1.30 

38 2.363 2.899 :1: 0.005 0.83 

39 2.320 2.942 :1: 0.005 0.13 

40 2.295 2.967 :1: 0.005 0.26 

41 2.252 3.010 :1: 0.005 0.90 0,2 0.917 0.032 

42 2.214 3.048 ·:1: 0.005 0.60 

43 2.197 3.065 :1: 0.005 0.66 . 

44 2.176 3.086 :1: 0.005 0.80 
~ . 

45 2.147 3.115 :1: 0.005 0.56 

46 2.077 3.185 :1: 0.005 1.95 0,2 3.300 0.107 

47 2.047 3.215 :1: 0.005 0.71 2 0.570 0 

48 2.024 3.238 :1: 0.005 0.77 0, 2 0.610 0.022 

49 1.978 3.284 :1: 0.005 1.40 0,2 1.491 0.045 

50 1.948 3.314 :1: 0.005 0.88 

51 1.923 3.339 :1: 0.005 0.90 0, 2 0.890 0.027 

52 1.895 3.367 :1: 0.005 0.82 

53 1.843 3.419 ± 0.006 0.34 

54 1.798 3.464 ± 0.006 0.53 

55 1.764 3.498 ± 0.006 0.89 

56 1.698 3.564 :1: 0.006 . 0.59 .2 1.002 OJ 

57 1.671 3.591 :1: 0.006 0.88 0,2 0.382 0.028 
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Table 7 .XIV (continued) 

Q-value in Mev 
Level ± 0.011 Ex( Mev) 

58 1.609 3.653 ± 0.006 

59 1.580 3.682 ± 0.006 

Obkgd in 
mb/sterad 

0.71 

0.32 

11n 

2 

2 

(2J + 1 )y2 

0.836 

0.972 

(2J + 1 ho 

0 

0 

Some of the levels observed have not been previously reported, and the Q-values of the other levels 

are in general agreement with those previously observed by Foglesong and Foxwell (G. M. Foglesong 

and D .. G. Foxwell, Phys. Rev. 96, 1001 (1954) in ( d, p) reactions and by Bartholomew and Kinsey 

(G. A. Bartholomew and B. B. Kinsey, Phys. Rev. 89, 386 (1953) in (n,y) reactions. The present 

values remove some small discrepancies between those of the previous works. One previously re

ported level at a Q of 2.659 Mev was not observed. 

From the angular distributions of this work, the reaction was observed to proceed pre

dominantly by stripping. The results have been compared with the predictions of Butler's stripping 

theoi:y by the employment of the procedure and calculations presented by Enge and Graue (H. A. Enge 

and A. Graue, Universitetet i Bergen, Arbok, Naturvitenskap. Rekke Nr. 13 (1955), and Rev. Sci. 

Instr. 27, 1078 (1956)). 

Theoretical curves for twenty-six excited levels were computed and drawn. (D. L. Jarrell 

and C. C. Angleman, S.M. Thesis, Mass. Inst. of Tech., June 1957.) It was observed that most of 

the distributi_ons required superposition of curves corresponding to two values of 11n, the orbital 

angular momentum of the captured neutron. The fit of the theoretical curves to the experimental 

distributions allowed the assignment of 11n values to these twenty-six levels. Tentative values of 11n 

were assigned to eleven other levels of lower yield. Examples of p~.~:re theoretical stripping curves 

are shown by dashed curves in Figures 7.5 and 7.6 in which an isotropic background is also shown 

and which must be subtracted in order to match the data. In the figures, the solid curve is the sum

mation of the two other curves for the separate values of 11n .- The normalization factor in each curve 

is ( 2J + 1 )'y 11 , which is composed of two unknowns: the intrinsic angular momentum of the final state, 

J; and the partial level width, y 11· In order to match the data, this factor was found to be much larger 

for the larger of the two 1/n values of the levels with a mixture. This factor, with the background 

cross section for all levels, is presented in Table 7 .XIV and in Figures 7.7 and 7.8. The angle of

the maximum of the curves is a function of the nuclear radius, which was found by trial and error 

tO be 6.0 X 10-13 Cm for 1/n = 0 and 1/n = 1; 4.0 X lQ-13 ·em for 1/n = 2; and 5.5 X lQ-13 em for 1/n = 3. 
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XII. INELASTIC PROTON SCATTERING FROM THE IRON ISOTOPES 

The analysis of the data obtained from studies of the particle groups observed from the 

proton and deuteron bombardment of the four stable isotopes_of iron is m~aring completion. The

results from the inelastic proton scattering from enriched targets of these isotopes will be sum

marized in this section, and the progress on the analysis of the (d, p) reactions will be described 

in the following section of this report .. 

The (p, p') results reported here were obtained from eleven sets of exposures; six from 

born ha.rdl:.aents of a natural iron target, two from bombardments of an iron -oxide target enriched 

in Fe54 , two from bombardments of an iron'-oxide target enriched in Fe57 , and one from a J:>om

bardment of an iron -oxide target enriched in Fe5B. The isotopic content of the targets used was as 

follows: (Table 7 .XV) 

·-·Table 7 .XV 

Isotopic analysis of iron in targets 

Enriched Natural Enriched Enriched 
Isotope Fero3 Metallic Fe Fe~70s Fe580 2 3 

Fe 54 96.7 5.9 0.2 0.6 

Fe56 2.34 91.6 15.6 22.1 

Fe 57 0.77 2.2 84.1 2.2 

Fe5B 0.23 0.33 0.1 75.1 

. In order to make a direct intensity comparison of the proton spectra .observed from -the 

different targets, .one of the runs on each isotope was made under similar conditions (7 .03 Mev 

incident energy, 130 degrees angle of observation). A typical spectrum obtained from the born

ba.rdment of a very thin target of natural iron is shown in Figure 7.9. Seventy-three proton groups 

have been found that are associated with inelastic scattering from the iron isotopes. The assign

ment of these groups. to the responsible isotope was based both on intensity considerations and on 

the differential energy shifts observed in the individual groups at more than one angle of observa

tion. From these studies, the excited states listed in Table 7 .XVI have been established. Remarks 

with regard to each isotope follow. 

1. Fe56 (p, p')Fe56 

Six exposures were made with natural iron targets: at 90 and 130 degrees with 6.64-Mev 

incident energy and at 130, 90, 45, and 30 degrees with 7.03 Mev. Twelve of the observed groups 

have been assigned to Fe56 , covering the region of excitation up to 3.9 Mev. It is of interest to 

note in Figure 7.9 that the group associated with the fl.rst excited state in Fe56 ( 0.845 Mev) 

has an intensity approximately 25 percent that of the group associated with elastic scattering. 
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Table 7.XVI 

Energy levels of the iron isotopes 

Fe54 (p., p')Fe54 Fe56(p, p')Fe56 Fe57(p, p')Fe57 Fe5B(p, p')Fesa 

Level Ex (Mev) Level Ex(Mev) Level Ex(Mev) Level Ex(Mev) 

1 1.409 ± 0.004 i 0.845 ± 0.004 (1) .. Not.s~en 1 0.80.6 ± 0.004 

2 2.534 ± 0.005 2 2.085 ± 0.005 2 0.135 ± 0.004 2 1.663 ± 0.005 

3 2.540 ± 0.006 3 2.658 ± 0.005 3 0.365 ± 0.004 3 2.123 ± 0.005 

4 2.564 ± 0.005 4 2.940 ± 0.005 4 0.705 ± 0.005 4 2.251 ± 0.005 .. 
5 2.959 ± 0.005 5 2.958 ± 0.005 5 1.006 ± 0.005 5 2.5.86 ± 0.005 

6 3.164 ± 0.005 6 3.119 ± 0.005 6 1.196 ± 0.005 6 2.773 ± 0.005 

7 3.296 ± 0.005 7 3.369 ± 0.005 7 1.263 ± o.oos 7 2.864 ± 0.005 

8 3.345 ± 0.005 8 3.388 ± 0.005 8. 1.357 ± 0.005 8 3.072 ± 0.005 

9 3.445 ± 0.005 9 1.627 ± 0.005 9 3.123 ± 0.005 

10 3.601 ± 0.005 10 1.725 ± 0.005 10 3.222 ± 0.005 

11 3.830 ± 0.005 11 1.991 ± 0.005 11 3.453 ± 0.005 

12 3.856 ± 0.005 12 2.120 ± 0.005 12 3.532 ± 0.005 

13 2.209 ± 0.005 13 3.613 ± 0.005 

14 2.219 ± 0.005 

15 2.456 ± 0.005 

16 ·2.507 ± 0.005 

17 2.554 ± 0.005 

18 2.575 ± 0.005 

19 2.698 ± 0.005 

20 2.767 ± 0.005 

21 2.803 ± 0.005 

22 2.829 ± 0.005 

23 2.836 ± 0.005 

24 2.855 ± .0.005 

25 2.920 ± o.ob5 

26 3.065 ± 0.005 

27 3.127 ± 0.005 

28 3.180 ± 0.005 

29 3.207 ± 0.005 

30 3.239 ± 0.005 

31 3.284 ± 0.005 

32 3.298 .± 0.005 

33 3.333 ± 0.005 

34 3.369 ± 0.005 
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Table 7 .XVI (continued) 

Fe56(p, p')Fes_s Fe57(p, p~)Fe57 Fe5B(p, p')Fe5B 

Level Ex(Mev) Level Ex (Mev) Level Ex{Mev} Level Ex{Mev} 

35 3.428 ± 0.005 

36 3.472 ± 0.00~ 

37 3.535 ± 0~005 

38 3.548 ± 0.005 

39 3.608 ± 0.005 

40 3.661 ± 0.005 

41 3.752 ± 0.005 

The group, marked 56(8) in Figure 7.9, associated with the 3.388-Mev state in Fe56 has the lowest 

intensity of the peaks assigned to this isotope. At 130 degrees and 7.03 Mev, it has about 1 percent. 

of the intensity of the group associated with the 0.845 -Mev state and was of low intensity at the other 

angles of observation. The groups associated with the eleventh and twelfth state of Fe56listed iii 
the table appeared beyond the range covered in Figure 7.9 but were observed from the other bom

bardments at 90, 45, and 30 degrees. 

2; Fe54(p, p')Fe54 

The group associated with the first state in Fe54 ( 1.409 Mev) had also approximately 25 

percent of the intensity of the elastically scattered group from this isotope. Eight levels were 

found in Fe54., the least intense group being the one associated with the 3.296-Mev state. This 

group had only about4 percent the intensity of the one associated with the 1.409-Mev state at 130 

degrees. While only two exposures were made with the enriched Fe54 target, all eight groups were 

observed from the 5.9 percent Fe54 present in the natural iron targets on all the runs except the 

130-degree bombardment where the target was exceptionally thin, and the group corresponding to 

the 3.296-Mev level was not observed. The 1.409-Mev group was also observed from the bombard-

ment of th\::! P~riched Fe57 and Fe58 targets where the analysis shows only 0.2 percent and 0.6 per

cent in Fe54 , respectively. 

Because of tpe high yield of inelastic scattering from Fe56 , eleven of the twelve groups 

attributed to this isotope were also observed in the bombardment of the Fe54 targets, although Fe56 

was present in these targets only ~o the extent of 2:3 percent. One of the low-intensity groups from 

Fe54 was observed witha spacing of only 6 k~v from a more intense group from this isotope. This 

is not apparent in Figure 7.9 where these two peaks are shoWn coincident and are labeled 54( 2) 

and ( 3 ), but was evident in other runs from natural iron targets and especially from tar:gets en

riched in Fe54 . It was found that the fifth excited state of Fe54 had' an en~l,"gy which is essentially 

the same as that of the fifth excited state in Fe56 , and the groups associated with these two states 

are coincident in Figure 7.9. On the basis of the intensitie~; measured with th,.e different targets, 

it is concluded that only about 5 percent of the group labeled No.5 in Figure 7.9 originated from Fe54. 
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In the case of the Fe54 target, the contribution of the Fe56 was also only about 5 percent of the total 

intensity of this group. Groups 54( 8) and 56(7) were also almost coincident, but no difficulty was 

encountered in the measurements from the various enriched targets. 

3. Fe57 (p, p'}Fe57 

The correct assignment of the inelastically scattered proton groups associated with Fe57 

was somewhat more complicated than in the case of Fe54 because of the 15.6 percent of Fe56 present 

in the Fe57 targets. Ho~ever, since the Fe57 levels may also be observed in studies of the Fe56 (d, p} 

reaction, it was possible to use additional information obtained in this way in those cases where 

there was interference from inelastically scattered protons from Fe56 . Peaks associated with forty

one of the first forty-two· states in Fe57 were measured. One group, corresponding to a level at 

0.015 Mev in Fe57 was obscured by the intense elastically scattered protons. This level was veri

fied, however, and the excitation energy measured iii studies of the Fe56 (d, p} reaction. The groups 

corresponding to the next three states in Fe57 (0.135, 0.365, and 0.710 Mev) were also observed in 

the 30- and 45-degree bombardments of the natural iron targets which contained 2.2 percent of Fe57 

From the intensity comparisons between the· spectra obtained at 130 degrees from the natural iron 

. and the enriched Fe57 targets, it _appears that only in connection with three groups was there any 

complication in the energy measurements because of close prO)Xiinity of intense groups from Fe56 . 

This occurred in connection with groups 56( 6}, 56(7 ), and 56( 10 ), and involved states in Fe57 at . 

3.100, 3.369, and 3.603 Mev. The existence of these states was confirmed from observations of 

the Fe56( d, p} reaction. 

4. F~5s·(p, p')Fe5s 

Only the one bombardment with 7.03 -Mev protons was made with an enriched Fe58 target. 

Thirteen of the observed proton groups were assigned to states in Fe58, the assignment being based 

.on intensity considerations. As in the case of the levels in Fe57 , studies· of the Fe57 ( d, p) reaction 

allowed an independent check, and all the thirteen states measured in the inelastic scattering 

studies were also observed from the ( d, p) reaction. (A. Sperduto) 

XIII. (d, p) REACTIONS OF THE IRON ISOTOPES 

As time has permitted, we have continued the analysis of the data obtained from deuteron 

bombardment of targets of the various iron isotopes. These studies give information regarding the 

level schemes of the isotopes of mass number 55, 57, 58, and 59. The observed spectra are of 

very considerable complexity, particularly for higher excitation energies, ·as can be seen in Figures 

7.10 and 7 .11, which give the· results of ~ single exposure on a natural iron target. We expect 

that the analysis of these data will be completed during the coming quarter. (A. Sperduto) 
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XIV. AI27 ( d, p )Al2B REACTION 

During the past year, a new angular -distribution run was made with a bombarding energy 

of 6 Mev .. The results of the stripping analysis were given in the Laboratory for Nuclear Science 

Progress Report of November 30, 1956. (H. A. Enge) 

XV. K39( d, p )1("0 REACTION 

Angular -distribution measurements have been made on proton groups from this reaction 

·using a deuteron energy of 6.0 Mev, the angular range being from 10_ to 130 degrees. The proton 

spectrum at 10 degrees is shown in Figure 7.12. The levels in 1<_40 have been numbered up to forty:

five. Above this level number, the spectrum becomes so complex _that only the most intense peaks 

can be studied. The experimental angular distributions for the four lowest levels (the d3!J -t f7; 2 
quadruplet) are shown in Figure 7.13, and for the next four intense levels (the d3; 2 -1 p3; 2 quadru

plet) in Figure 7.14. Preliminary results _9f a stripping analysis are given in Table 7 .XVII. The 

• first three columns of the table give the peak number excitation energy, and number of counts at 

the, maximum in _the angular distribution. Column 4 gives the angular momentum of the captured 

neutron and column 5, the angle of maximum yield. Column 6 gives (2J + 1) times the relative 
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reduced width (y) as obtained from the stripping analysis. No absolute cross-section measure

ments were made, so that the reduced width for the ground state was arbitrarily set equal to 100 

kev. The last column gives the ~'background" which has to be added to the calculated stripping 

cross section in order to obtain a good match with experiment. 

Table 7 .XVII 

Q-values.and energy levels from the 1(39(d,p)~ reaction· 

. Peak 

0 
1 . 

2 

3 
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8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

(Mev) 

0 

0.027 

0.793 

0.885 

1.634 

1.950 

2.041 

2.063 

2.097 

2.186 

2.252 

2.286 

2.391 

Reduced 
Peak 
Count 

420 

400 

300 

545 

25 

4000 

3620 

2620 

115 

22 

45 

2.414 90 

2.569 26 

2.622 1050 

2.664 155 

2.743 395 

2.782 

2.804 < 100 

2.947 

2.984 

3.026 
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i. 9opt (2J+l)y ~ 

3 42 900 190 

3 43 850 160 

3 40 620 130 

3 

1 

1 

1 

1 

1 

3? 

41 

25 

1130 

7 

21.5 1030 

21 930 

21 660 

15 29 

1? 15 

42 

11 

1 22 

3?? 48 

1 21.5 230 

1 22.5 35 

1 22 88 

1? :-' 20 

245 

8 

20 

375 

375 

250 

20 

40 

45 

50 

50 

45 

3.103 270? 0? 0 12 

.llO 

30 

70 

45 

30 

30 

30 

50 

50 

50 

80 

3.127 

3.149 

3.225 

3.280 

3.365 

1140 1 

90 1 

280 1 

22.5 

20 

22 

220 

. 17 

52 

130 

60 

80 

(H. A. Enge and D. H. Weaner) 

Reduced 
Peak 

Peak (Mev) Count 

29 3.412 i90 

30 3.480 23U 

31 3.549 75 

32 3.598 60 

33 3.626 . 1700 

34 3.662 

35 3.680 ""'100 

36 3.711 

37 3.738 ~ 125 

38 3.767 ~ 200 

39 . 3.791 450 

40 3.821 ~ 100 

41 

42 

43 

44 

45 

3.837 

3.865 

3.885 

3.900 

3.925 

60? 

950. 

60 

A1 · 4.015 
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XVI. MAGNETIC SPECTROGRAPH FOR ANGULAR -DISTRIBUTION MEASUREMENTS 

Considerable progress has been made on the design of the new multiple -gap, broad -range 

spectrograph. Figure 7.15 shows how this instrument will appear when completed. Most of the con

struction drawings have been finished, and the manufacture of some small parts has commenced. 

While we would prefer to have the complete yoke and pole pieces of forged iron, this construction 

appears to be very expensive, and we are investigating having these pieces made of high-grade 

castings. The coils will consist of 12 turns of 1-1/2" x 3/8" copper bar stock. These coils will be 

cooled by circulating water through ~bing hard-soldered along the edges of the bars. We are now 

studying the vacuum problems associated with the various insulating mate:r.iais that must be used in 

the construction and are also- investigating various methods for reducing the amounts of vapor which 

can be given off from the large number of nuclear track plates that will be used. 

Vapor Trap 

Figure 7.15 

--~-Nuclear Track 
Plate Holders 

_-_,---~pectrograph 

Ouod rant 

Pole Supporl 
and Spacer 

Multi -gap, broad -range spectrograph for angular -distribution measurements 

(H. A. Enge, M. Mazari, A. Sperduto, C. H. I?aris, J. A. Taylor, and W. W. Buechner) 

XVII. EXCITED STATES OF Mn
56 

Since the last annual Progress Report, we have made additional measurements and calculations 

on the Mn55 ( d, p )Mn56 reaction. The level scheme of Mn56 is of considerable complexity. In the region be

tween the ground state and an excitation energy of 6.9 Mev, we have measured l24 excited states. There

suits of this stydy are now being prepared for publication. ( M. Mazari ) 

(W. W. Buechner) 
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I. .RADIOACTIVE DECAY SCHEMES 

A small-shaped field magnetic spectrometer has been built and put into operation. It will 

replace the old magnetic lens instrument in most of our experiments. 

We have completed our earlier experiments on the population of the second 2+ excited 

state of Ni60 in the decay of Co60 • 

A measurement of the mean life of the second excited state ~f Ge 70
, formed in the decay of 

As 70 • and a search (with negative result) for conversion electrons due to the direct 0-0 transition 

from this state to the ground state yeilded ari upper limit for the monopole transition probability. 

These results have been reported in more detail in the Laboratory for Nuclear Science 

quarterly reports. 

IL POSITRONIUM 

Delayed-coi1,1cidence me~surements of the two-quantum and three -quantum annihilation in 

mixtures of gases have confirmed the main features of.our previous interp:r:etation of the quenching 

effect of nitric oxide and of chlorine. 

. . 
III. EXPERIMENTS WITH POLARIZED POSITRONS 

At the beginning of the period covered by this report it appeared that the study of Circularly 

polarized gamma rays might become a fertile field. Although we had no clear-cut program of re

search, E. A. Friedman and D. M. Larsen und~rtook a B. S. thesis project of investigating various· 

possible experimental techniques. It was concluded that the dependence of the Compton scattering 

cross section on the relative orientation of electron and photon spin offered the best possibilities 

ap.d that magnetized iron is the most suitable .source of polarized electrons for such experiments. 

It was also decided that, for gamma rays of morE;! than 1.5 Mev it is generally preferable to detect 

circular polarization by measuring the transmission through iron magnetized parallel or antiparallel 

to the direction of propagation rather than by measuring the scattered intensity at a selected angle. 

This conclusion is not generally valid at lower energies. A discussion of these problems has re-' 

cently appeared.in the literature. (H. A. Tolhoek, Revs. Modem Phys. 28, 277 (1956). 

A magnetized absorber was originally designed for use with collimated gamma-ray beams. 

During the course of this work the question of longitudinal polarization suddenly acquired new 
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importance as a result of the discovery (Wu, Ambler, Hayward, Hopper, and Hudson, Phys. Rev. 

105, 1413 ( 1957)) of the parity destroying nature of the beta decay process. 

Circularly polarized gamma rays may now be expected f:oom radiative beta decay or elec

tron capture and from secondary processes induced by beta rays. For example, the longitudinal 

polarization of beta rays from unpolarized nuclei has been shown experimentally (M. Goldhaber, 

L. Grodzins, and.A. W. Sunyar, Phys. Rev.l06, 827 (1957)) to produce circularly polarized 

bremsstrahlung. Consequently we reoriented our techniques toward experiments of this type. In 

particular, we are at present attempting to determine the longitudinal polarization of positrons 

from the circular polarization of the high -energy annihilation radiation. The experiments were. 

started on the basis of qualitative considerations showing that the high-energy quanta from two

photon annihilation should carry angular momentum in the same direction as the incident positron. 

Subsequently we were informed by Dr. Bintzer at Brookhaven National Laboratory of his calcula

ti:>ns and more recently a paper by Page ( L. A. Page, Phys. Rev. 106, 394 ( 1957)) has presented 

extensive formulae. In the energy range of interest, ·the annihilation radiation emitted in the for

ward direction is almost completely circularly polarize~. 

If the total energy of the positron in the laboratory system is W, the energy of the quan

tum emitted directly forward is k0 , and one observes quanta at such an angle that their energy is 

k = ko - 6k, then, for large ko and small 6k, the circular polarization is given approximately by 

N;JN _:::::: 1 - 2(6kfko)2, where ko = (W + 1 + Y V{l - i )/2 (relativistic units). The immediate 

purpose of the experiments is to throw light on the Fermi term in beta decay interaction by ob

serving the polarization of positrons from a 0-0 transition. The conventional assumptions (scalar 

i"nteraction, conservation of leptons and two-component neutrino) lead to the expectation of a po

larization in the same sense as for Gamow-Teller interaction, i.e. the spin pointing in the direction 

of motion and polarization of magnitude vjc. There is, however, no compelling theoretical or ex

perimental reason for this expectation. 

All known 0 -0 transitions are positron emitters. Most of them have inconveniently short 

half-lives. Cl34 (half-life 1.6 sec) is no exception to this but it can be obtained in equilibrium with 

an isomeric parent activity of 32-minute half-life, long enough to be studied remote from the ac

celerator producing it. This is the only well-established 0-0 transition for which this is true. The 

maximum positron energy of 4.5 Mev is conveniently high. 

The experiment is rendered difficult by intense nuclear gamma radiation of 2.2 and 3.2 Mev 

anq a faint line at 4 Mev. Unless the positrons are separated from the gamma rays by magnetic 

deflection it is necessary to restrict measurements to the high energy end of the positron ~pectrum 

where both the number of positrons and the probability of annihilation are small. The n~clear gam

rna rays reduce the sensitivity of the experiment siil.ce they contribute a substantial background 

count. Nevertheless it seemed worth while to attempt at least a determination of the sign of the 

polarization which constitutes the most important information and which cannot be falsified by the 

effect of the gamma rays although the apparent degree of polarization may be reduced. 
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The apparatus was constantly modified in the course of the experiments, which are still 

in progress. Three stages of development are shown in Figures 8.1, 8.2, and 8.3. Figure 8.1 

shows the original arrangement, designed for collimated gamma rays. This arrangement functioned 

satisfactorily, and we used it to confirm the result of the Brookhaven 'group (M. Goldhaber, 

L. Grodzins, and A. W. Sunyar, op. cit. p.l64) on the circular polarization of the bremsstrahlung 

due to s:reo. The arrangement shown in Figure 8.2 was developed to increase the rate of data col

lection and to reduce uncertainties caused by varying source strength. The scintillation detectors 

were connected to single -channel pulse height selectors and (in some experiments) to a fast dis

criminator circuit in coincidence with the selector. This procedure practically eliminates diffi

culties due to "pile-up" of small pulses in the slow pulse height selector. 

Source 

Lea·d Lead 

Figure 8.1 

Fi.rst analyzer. for circularly polarized gamma rays. 
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0 2 4 6 8 

Inches 

Figure 8.2 

Symmetric arrangement for analyzing circuiarly polarized gamma r~ys. 

Analyzing 
Magnet 

Figure 8.3 

Apparatus for high-energy positrons. 

The procedure in the experiments was as follows: A target of elemental sulphur was born

barded for about 30 minu_tes with 16-Mev deuterons. The entire target material was placed in the 

source cup in the center of the magnetized iron bar. Most of the high energy annihilation radiation . . 

arises in the sulphur, a small amount in the brass source cup. The number of counts accumulated 

in the two counters was recorded at five -minute intervals, the magnetic field being reversed in al

ternate intervals. The gamma-ray energy windows were set in the range of 4-5 Mev. The param

eter used to measure the effect sought was a, where: 

. -166-



Radioactivity Group 

+ 

and where the subscripts A and B refer to the two counters and the superscripts +and -refer to 

the two field directions. Difficulties encountered with "pile-up" and with instability of the photo

tubes were successively eliminated during the experiments. These should not introduce any sys

tematic errors, but they may increase our random experimental error considerably beyond that 

expected from counting statistics. 

The most serious difficulty arises from the effect of the stray magnetic fields on the 

phototube gain since this could introduce a systematic error indistinguishable from the effect in

vestigated. Even a change of O.l percent in gain with field reversal produces a change in counting 

rate sufficient to falsify our results. ·A considerable effort was expended to eliminate systematic 

errors from this source. A total of sixteen runs were made with Cl34 sources using various photo

tubes, magnetic shields, electronic circuits, etc. The majority of the runs indicated a small ef

fect of the sign which would result if the positron spin were antiparallel to the momentum, contrary 

to expec~tion. Several runs, among them two which we consider especially reliable, yielded null 

re·sults. None indicated a positron spin in the direction of the momentum. If all data are averaged 

uncritically, with their statisticalcciunting·errors, a value of a = 0.025 ± 0.007 is obtained. More 

critical examination shows that our data are consistent with a = 0, also. For annihilation radiation 

·from completely polarized positrons we expect a = 0.08. The effect of depolarization by scattering 

etc. is estimated to be small. However, the i.mknown magnitude of the contribution of nuclear.gam-. . . . 
rna rays deprives the smallness of the observed effect of significance. 

Although these preliminary results indicate a probable effect of a sign opposite to that ob

served for Gam ow -Teller transitions, we decided to attempt magnetic separation of the positrons 

rather than an improvement of the statistical accuracy of the integral data. Since the radiation of 

interest is emitted at small angles to the positron motion the use of a magnetic spectrometer does 

notentail a serious loss of intensity. The arrangement desi~ed is shown in Figure 8.3. No meas

urements with Cl34 have as yet be'en performed with this· apparatus but preliminary results with oth~r 

sources indicate that the experiment should be barely feasible with the available source strength.* 

IV. EXPERIMENTS WITH ALIGNED AND POLARIZED NUCLEI 

In co -operation with Dr. W. M. Whitney of the Research Laboratol'y of Electronics an 

adiabatic demagnetization apparatus is being constructed. All major components are now in hand. 

Assembly awaits availability of space in the new K. T. Compton Laboratory. (M. Deutsch, 

B. Gittelman, R. W; Bauer, E. W. Backofen) 
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* Since this report was written the experiments discussed in the last p~ragr"!ph have been carried 

out. The positrons from Ga66 have b~en found to be highly polarized in the same sense as those 

from Gamow-Teller transitions. Preliminary results on Cl34 gave a similar result. The results 

obtained with the apparatus shown in Figure 8.2 were therefore probably falsified by the nuclear 

gamma rays. cf. "Polarized Positrons From Ga66 and Cl34
" by M. Deutsch, H. Gittelman, and 

R. W. Bauer, Department of Physics and Laboratory for Nuclear Science, Massachusetts Institute 

of Technology, Cambridge, Mass., and L. Grodzins and A. W. Sunyar, Brookhaven National Lab

oratory, Upton, L. I., New York. Submitted for publication to The Physical Review. 

R. D. Evans 
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I. ELASTIC SCATTERING EXPERIMENTS 

A; 7.5 -Mev Elastic Proton Angular Distributions 

In addition to the experiments performed by W. F. Waldorf and presented in the August 

1956 Laboratory for Nuclear Science Quarterly Progress Report, we have recently completed the 

elastic proton angular distribution from carbon.· The results of this experiment are shown in 

Figure 9.1. The only significant points to be made concerning these data are, first of all, as one 

might expect, the observed scattering is mariy times Rutherford scattering. Secondly, the maxi

mum and minimum observed do·not follow the same systematics with respect to a diffraction analy

sis as do the data from the heavier.elements. 

50~--~-----------------------------------. 

CARBON 
Z=6 

so• so• 1oo• 12o• 
Center of Moss Scollering Angle 

Figut;e 9.1 

The elastic scattering of 7.5 -Mev protons from carbon. 

Relative to the interpretation of all the elastic proton experiments at this energy, we have 

attempted to devise several exper~ents to verify the explanation that calls for the scattering from 

adjacent elements to be different because of compound elastic contributions. One experiment, re

ported in detail below, is the scattering of much higher energy particl~s. The scattering of 17 -Mev 

(I. E. Dayton and G. Schrank, Phys. Rev. 101, p. 1358 (1956)) protons still shows·the marked dif--- . \ 

ference between adjacent elements, but it is not clear just how high an energy is needed. At 30 

Mev, Cu and Ni do appear to be quite similar according to the data of Kinsey and Stone (B. B. Kinsey 

and T. Stone, Phys. ~ev. 103, p. 1393 ( 1956 )), at least to within accuracy·of the experiments. · 
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Another aspect of the problem, which might shed some light on the scattering of protons 

by adjacent elements, involves the determination of polarizations of the protons elastically scat

tered by these elements. If the scattering depends upon the presence of a nuclear spin interaction 

in the Hamiltonian, it might manifest itself in this manner, and since the nuclear spin is zero for 

one of the pair, the scattering might be different from each element. The status of our polarization 

,experiments is also discussed below. (J.D. Larson, N. Tepley, and N. S. Wall) 

B. Elastic Proton Scattering Polarization 'Experiments 

In connection with-the elas.tic proton scattering experiments we have been attempting to 

measure the polarization of the protons in. this process. The experimental apparatus was briefly 

described in earlier L.N.S. Progress Reports. Using the He analyzer we fourid that the asymmetry 

in the second scattering of protons elastically scattered at 1200 from Cu was e: = 0.51 ± 0.1. For 

Au, which to within 3 percent shows only Rutherford scattering, we observed an asymmetry of 

1.0 ± 0.1 indicating little or no polarization. 

The unexpectedly large asymmetry for Cu, coupled with the fact that the elastic peak could 

not be identified when a pulse -height spectrum was run on the doubly scattered protons, prompted 

the construction of a new analyzer, one which used a copper ~rget. It was hoped that the substitu

tion of Cu for He would allow the elastic peak to be clearly seen after the second scattering and also 

allow a more direct measure of the polarization from Cu. Unfortunately, the high background (most 

of which comes from the Cu targets) and the low cross section for elastic scattering at 1200 doomed 

this idea to failure. The present intent is to return to the helium analyzer with nuclear plates as 

detectors since helium does not generate any background. (C. W. Darden III, and N. S. Wall) 

C. 30-Mev Elastic Alpha-Particle Scattering 

The anomalies observed in the .elastic scattering of protons from Cu and Ni at 5.25 

(D. A. Bromley and N. S. Wall, Phys. Rev. 102, p. 1560 (1956)) and 7.5 Mev prompted an investi

gation of the elastic scattering of alpha particles at 31.5 Mev from the same targets. The abundant 

isotopes of Ni are even-Z and the stable isotopes of Cu are odd-Z. It is observed at 5.25 and 7.5 

Mev that the contribution to the elastic scattering of protons from Ni is significantly larger than 

that from Cu at back angles. The larger contributor being an even-Z target. The same is observed 

for the pair of nuclides Co and Fe. It was suggested by Wall that these observations might be ex-
. . 

plained by the presence of either a spin dependence in the nuclear interaction or on the basis of a 

dependence upon the level density in the residual nucleus. If compound elastic scattering were 

present it would call for more elastic s·cattering in the even-:Z targets, since the relative proba

bility for the compound nucleus to break up into the entrance channel is higher simply because there 

are fewer possible exit channels available. It was proposed that in the scattering of 31.5-Mev alpha 

particles the pre~ence of any spin dependent interaction or compound elastic scattering would be 

absent. The experiment was conducted to check this hypothesis. 
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The alpha particles elastically scattered from Au, Cu, and Ni were detected with a thin 

Nai(Tl) scintillation spectrometer which was used in conjunction with a 20-channel pulse -height 

analyzer. A modified comparison technique was used to obtain the angular distributions shown in 

Figures 9.2, 9.3, and 9.4. The differential cross section relative to Rutherford scattering is 

shown. The general character of these angular distributionsis consistent with the results of pre

vious investigations (G. W. FarWell and H. E. Wegner, Phys. Rev. 93, p. 356 (1954 ))(Wall, Rees, 

and Ford, Phys. Rev. 97, p. 7~6 (1955))(Igo, Wegner, and Eisberg, Phys. Rev. 101, p. 1508 (1956)). 

}he presence of diffraction scattering is clearly evident in the Cu and Ni angular distributions. The 

question.that interests us is whether this is all that is present. The ratios of Cu and Ni to Au are 

compared in Figure 9.5. The diffraction pattern of Ni is seen to follow that of Cu very closely, the 

maxima of Cu occurring at smaller angles than the corresponding ones of Ni consistent with Cu 

having a larger radius than Ni. As a more sensitive test of whether diffraction scattering is the 

predominant contributor a.t large angles, the experimentally determined ratio of (dajdQ)Ni/(dafi:U2)cu 

is compared with the corresponding theoretical quantity in Figure 9.6. As a first approximation 

the diffraction scattering may be taken to be that from a black disk of radius R. With the additional 

assumptions that kR > > 1 and the scattering angle v is small, the diffe-rential cross section for 

elastic scattering is given by: 

2 
da _ Ic2R4 1t( 2kR sinv /2) 
dQ - 2kR sinv /2 

where R is to be interpreted as the. interaction radius of an alpha particle .with the nucleus and was 

taken to be ( 1.27 A 1/3. + 1.6) 10-13 em. k is the wave nwnber of the incident alpha particle. At 

large angles where coulomb scattering is comparatively less important, it is seen that the two 

curves approach each other closely. Thus one may say that unquestionably the predominant nuclear 

contribution to elastic alpha scattering at 31.5 Mev manifests itself as diffraction scattering. 

If the above fo:rm for (da/dQ) is assumed the interaction radius may be determined from 

the positiOns of the maxima in the angular distributions. The radius is obtained from the expres

sion R = 7r/2k·~ sin v /2 where~ sin v is the difference in the sin of v for succe~sive maxima. 

This analysis yields a radius R = r 0 A 1/3 with r 0 = 1.7 x 10-13 em. (L. W. Swenson, 

U. L. Schindewolf, and N. S. Wall) 

II. ALPHA PARTICLE INDUCED REACTIONS 

Four isotopes-have been used as targets thus far in the investigation of proton distributions 

from (a, p) reactions induced by the approximately 30.5-Mev alpha particles from the M.I.T. cyclo

tron: B10 , C12 , Na23 , and Al27 • Each has yielded a qualitatively different set of differential cross 

sections to discrete states in the residual nucleus. 
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For C12 ( a, p )N15 the ground $tate proton angular distribution was characterized by very 

well defined maxima and minima, including very high 0° and 180° maxima. With the other targets 

used no such backward maximum was observed, and the cross sections were at least an order of 

magnitude lower. As for fits of the C12 data with theoretical predictions, Butler-type (S. T. Butler, 

Phys. Rev. 106, p. 272 (1957)) stripping curves gave qualitative agreementwith either the forward 

or. middle angular range, but gave no hint of the backward maximum. For the same reaction other 

workers ( R. Sherr and M. Rickey, private communication) using 41.5- and ( 30 ± 2) -Mev alpha

particle beams obtained very similar results. Thus the qualitative prediction of weak energy de

pendence which. follows from any direct interaction theory is satisfied for this case, even though 

the shift with energy of the minima is not ·nearly as great as predicted by the Butler theory. Another 

prediction of the direct interaction model, that of a predominantly forward angular distribution, is 

satisfied in all of the other (a, p) distributions observed. This forward angle maximum is most 

pronounced in the case of the Al27( a, p )Si30 reactions, shown in Figure 9.7 and in Figure 9.8. 
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The pronounced forward angle maximum in the. differential cross section is in fact much greater 

(relative to the back angle differential cross sections) than that expected on the basis of any simple 

. calculation of_ direct surface interactions analogous to those of deuteron stripping calculations. It 

seems as though some other type of process is dominant. However, "it should be noted that the 

plateaus in the distribution for the ground state reaction occur at the location expected for the 

maxima on the basis of a simple Butler -type (stripping) theory with an interaction radius of 

R ......_ 5 x 10-13 em. 

When one realizes that the momentum of the incident alpha parti<;:les in this reaction is of 

the order of 500 Mev and that this is a rather high momentum for a single particle in a. nucleus, one 

might conclude that the governing agent in ti;tese reactions might easily be the kinematics of the re

action. That is to say, if the process goes by a direct reaction between one of the target protons 

and the incident alpha particle, the conservation of momentum might demand that we only look at 

the "tail" of the proton's .momentum distribution. Of course this simple picture is modified when 

one realizes that the remaining alpha particle, even though it may be only found with about the same 

binding energy as the emitted proton, may still have a fair amount of the original momentum •. 

In order to demonstrate the essential depend~mce of this reaction upon the momentum con

siderations we have plotted the differential cross section as a function of cf, the square of the mo

mentum difference (see Figure 9. 9). One sees that except for above mentioned plateaus, the 
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differential cross sectiot;t can be reasonably well written as 

q0 is a constant, w:Qich, if one assumes to. represent the characteristic· momentum of an individual 

nucleon, reflects a kinetic energy· of,... 30 Mev for that nucleon. Under the interpretation of the re

action, which assumes that there is a collision between the incident alpha particle and a bound pro

toil, leaving a bound alpha particle with outgoing proton, %must reflect not only the bound proton 

kinetic energy but the kinetic energy of the alpha particle as well. Attempts are being made to 

derive the differential cross section under the above· assumptions in such a manner as to demon

strate the ~ove q2 dependence. In addition, other elements in the range of atomic weight A = 30. 

are being studied. 

For the·transition t~ the 2.24-Mev level of Si30 the differential cross section strongly 

resembles that forthe ground-state transition, both in shape and in magnitude. For this transition 

no ·theoretical fit has been attempted as yet, because "~" , the direct interaction angular momen

tum change, has possible values of both two and four. 

In contrast to the. aluminum cases, the Bl0 ( a, p )C13 ground -state proton angular distribu

tion was only seven times as great at 30° as at 1660, had a weakly defined maximum at about 1170, 

and did not agree well with any fit using the Butler formula. (C. E. Hunting and N. S. Wall:) 

III. DEUTERON -INDUCED REACTIONS 

Figures 9.10 a,nd 9.11 show the angular distributions we have obtained in our study of the 

810 
( d, p )B11 reactions to the ground and first excited state of sl1 • Both curves show good agreement 

with ~alculated stripping curtes using the equations of Friedman and Tobocman (F. L. Fl-iedman 

and W. Tobocman, Phys. Rev. 92, p. 93 (1954)) as tabulated by Enge and Graue (H. A. Enge and 

A. Graue, private communication). The calculated curves are also indicated on these figures ( 9.10 

and 9.11 ). nre result of ln ::. 1 for the ground-state reaction is consistent with those observed 

elsewhere (N. T. S. Evans and W., C. Parkip.son, Proc. Phys. Soc. A67, p. 684 (1954)) (J.R.Holt 

and T. N. Marsham, Proc. Phys. Soc. A66, p. 1032 (1953 )). The results on the first excited state 

however are surprisingly different. We observe what appears to be an ln = 2 reaction whereas 

lower energy measurements (I. E. Dayton and G. Schrank, ·op. cit. p. 169) have given In = 1. 

Inasmuch as our results bear very directly on the parity of the first excited state of Bll 

w.e have recently remeasured the angular distribution to this state. We again find that the location 

of the maximum is the same, however the forwardangle peak·is broader. At present we are not 
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The B10 (d, p )B11 first excited state transition differential cross section. 

sure whether or not this effect arises from experim~ntal errors or an energy dependence in the reac

tion process. If the latter is found to be true in further investigations, then our .ln· = 2. assignment may 

bequestionablesincesimplestrippingdoes not predictsuchbehavior. (K. S. Lee and N. S. Wall) 
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The angular distribution reported in the Laboratory for Nuclear Science Quarterly Prog

ress Report for February 28, 1957 is_ shown in Figure 9.12. The results show an ln = 2 for this 

transition as is expected on the basis of the shell model. That is, the fifty-first neutron is known 

to be in a <V2 state. (K. S. Lee) 

(K. S. Lee) 
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The S:r68(d, p )Sr89 ground-state transition differential cross section. 

C. Sr87 ( d, p )SrBB 

The reaction Sr87 ( d, p )Sr88 was investigates using the 14 -Mev deuteron beam of the M.I.T. 

cyclotro~. A self-supporting target was prepared from SrC03 (60 Sr87, 38 percent Sr88
, and 2 per

cent Sr111 ). The ground state Q value for Sr87 is"' 8;9 Mev and 4.2 Mev for Sr88 • Th~ first excited 

state Q value of Sr87 is 7 Mev. The ground-state Q values ~f the carbon and oxygen, present in the 

target, are all less than that of c..ny strontium isotope. Thus the ground state and first excited state 

were the highest energy and next highest energy proton groups respectively in the proton spectrum 

of the reaction products. A 32 mil Al absorber was used to absorb the deuteron and to improve the 

resolution. The reaction products were detected with a Nal crystal spectrometer. It was found 

· possible to resolve only the groun~ sta'te group of Sr87 as the first and second _excited states were 

unresolved. The proton angular distribution is shown in Figure 9.13 together with a calculated 

stripping curve for ·In = 4, using the formula given by Friedman and Tobocman (F. L. Friedman 

and W. Tobocman, op. cit. p. 176) with a radius R = 6.6 X 10-13 em. The choice of 1 = 4 is 
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The Sr87 ( d, p )Sr88 ground -state transition differential cross section. 

(K. S. Lee and L. W. Swenson) 

IV. NEUTRON TIME-OF-FLIGHT 

Using the phase bunching of the M.I.T. cyclotron as the primary source of particles to 

produce bunched neutron groups, one should be able to study the energies of the reaction neutrons 

by time-of-flight techniques. 

Two schemes have been tried. The first used a 6218 beam deflection tube and the second, 

a 6BN6 coincidence circuit. 

The 6218 derived one signal from the R. F. oscillator by capacitive pickup. The second 

signal was obtained from a scintillation counter which measured the numPer of deuterons elastically 
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scattered from a gold foil. With this an attempt was made to measure the beam bunch spread by 

using delay lines and running with pulse shaping stubs of a few millimicroseconds length~ The co

incidence counting rate was found to be a strong function of the cyclotron magnet current, i.e. dis

tance from resonance; 

The second method uses a plastic ~rystal directly in the beam of ~ 0.03 1-L amps of protons. 

Th.ls will give the reference zero time signal. A second counter will then be placed at some known 

distance from the target and thereby the time-of-flight is determined with the aid .of a 6BN6 ,fast 

coincidence circuit and delay lines. 

In order to convert time to pulse height, the pulses from both counters are shaped to 

abou(40 mi-L sec duration and then integrated at the plate of the 6BN6. The resulting output is con

nected to the ·20-channel analyzer. Using the annihilation quanta from Na22 the linearity of the in

tegration circuit was checked and found to be linear over the range of about 6 to 32 IDI-L sec. The 

low delay end bends over in the usuai manner. The slope of the curve is such as to give close to 

2 mi-L sec per channel in the. 20-channel analyzer. 

The cyclotron beam has been found to be modulated by 60 cycles and 150 K.C. frequencies, 

the latter probably due to the ion source filament oscillator. It is planned to use a motor generator 

set in place of the oscillator supply in order to eliminate the 150 K.C. modulation. (P. R. Klein) 

V. INSTRUMENTATION 

A. Strong-Focussing Magnet 

Design and CO:Q.Struction of all the parts for the strong focussing magnets for cyclotron 

beam reported previously in the L.N.S. Quarterly Progress·Report for August 31, 1956 have been 

completed. Assembling the parts of the magnets is underway. These magnets will then replace 

the present focussing system. (K. S. Lee and N. S. Wall) 

·B. Design Studies 

We are conducting a building design with the aim of enlarging our present experimental 

area by a factor of approximately ten. (N. S. Wall) 

M. Deutsch 
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I. NUCLEAR REACTIONS 

Application of the optical model upon proton reactions was studied. One should expect 

that the average reduced proton width divided by the level distance (proton strength function) should 

exhibit a similar behavior as the corresponding neutron strength function .. Studies have been made 

to investigate what differences between proton and neutron strength functions should be expected. 

The main difference comes from the fact that the potential well depth will be different for protons 

and for neutrons. This difference is caused mainly by the repulsive effect of the Coulomb field, · 

which makes the potential for the protons shallower; however, this effect is partially compensated 

by a stronger nuclear attraction of the protons. The latter effect is due to the fact that the protons 

are facing more neutrons in the nucleus. An estimate of the well depth for protons can be made by 

observing that the difference between the well depth and the 'highest energy in the Fermi distribu

tion should be equal to the Separation energy. From this we obtain the following formula for the 

average potential depth of the proton Vp and the potential depth of the neutron Vn· 

(1) 

Here TF is the kinetic energy on top of the Fermi distribution. With this knowledge it is possible 

to calculate at which mass number A the well-known maximum of the strength function f!hould lie. 

It turns out that this maximum is shifted towards higher mass numbers for protons compared to 

the case with neutrons. In fact, the first maximum for protons is expected at A....., 70; whereas the 

neutron ·maximum has been observed at A = 55. 
- . 

It is encouraging that the experimei).tal group at the Argonne Laboratory (J. P. Schiffer and 

L. L. Lee) have confirmed our prediction and have found a maximum of the proton strength function 

near A= 70. 

A common publication with Mr. B. Margolis from the Department of Physics at Columbia 

University will appear shortly in the Physical Review. (V. F .Weisskopf) 

II. INVESTIGATIONS REGARDING THE SATURATION. OF NUCLEAR FORCES 

A new way of looking at the problem of the saturation has been worked out during this 

year. The logical content of this method is identicalwith the well-known theories of Brueckner et 

al. The formutation, however, is considerably different and much simpler to linderstand. The 

main point is as follows: We study the interaction of two nuclear partiCles in an infinite piece of 
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nuclear matter. Here the problem arises of an interaction in a Fermi distribution of particles. 

In order to solve this problem we use ·the so -called Bethe -Goldstone equation. 1t describes the 

interaction of two particles by an arbitrary potential and it contains a term which excludes all 

transitions into states occupied by other particles. Such an equation does not allow any scattering 

if the momentum of the two particles is such that then states of any scattering process are occu

pied. Hence, the solutions of the Bethe -Goldstone equation do not exhibit any phase shifts and are 

identical at large distances with the unperturbed wave function. We have solved this equation for 

simple potentials, mainly of the Feshbach-Lomon boundary condition type. We have also intro

duced an approximate expression for such solutions. The shape of the Bethe-Goldstonc wave func

tions is such that the unperturbed form is reached at distances of the order of the inter-nucleon 

distances in nuclear matter. This fact makes it plausible that the energy of nuclear matter can 

be calculated as a sum of pair effects. The simplified Bethe,-Goldstone wave function allows us tc 

calculate the contribution of each pair interaction. lf this is summed over all pairs, one gets a 

simple expression for the energy of nuclear matter which exhibits a minimum roughly at the cor

rect density and yeilds a binding energy of roughly=the correct value. 

The main reasons why the nuclear forces are saturating can be summarized as follows: 

( 1) The nuclear forces are essentially of the Serber type. ( 2) The tensor force transfers some 

of the attractive effects from the D states to the S states. This makes for the fact that nuclear 

forces act essentially only in S states. Such conditions would already cause saturation. However, 

the repulsive core ·in the S state causes the stable density to be low enough so that only pair forces 

contribute seriously to the binding. ( L. C. Gomes, J.D. Walecka, and V. F. Weisskopf) 

III. MAGNETIC MOMENT OF THE DEUTERON AND 
NUCLEON -NUCLEON SPIN -ORBIT POTENTIALS 

Recently spin -orbit potentials between nucleons have been introduced by Signell and 

Marshak (P. S. Signell and R. E. Marshak, unpublished) and Gammel and Thaler (J. L. Gammel 

arid R. M. Thaler, unpublished). As is well known, such a term in the Hamiltonian will lead .to 

a corresponding electromagnetic interaction. This has been evaluated, and the corresponding 

change in the theoretical value for the magnetic moment determined. The approximate results 

are 

~SL = -.056 n. m. 

-.036 n. m. 

SM potential 

GT potential 

This cannot be compensated for by putting the probability of the D state equal to 0. The mesonic 

and relativistic corrections are ( 1) not big enough and ( 2) also negative. It is clear that the re

quirement that the magnetic moment of the deuteron be correctly predicted will be useful in deter-"" 

mining the form of the spin-orbit potential. (H. Feshbach) 
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IV. ELECTROMAGNETIC EFFECTS IN p-p SCATTERING 

Two electromagnetic effects in p -p scattering are under investigation. One is the effect 

of the change in the Coulomb potential arising from vacuum polarization, and the second is the 

interaction arising from the magnetic dipole of the protons. Both of these have been investigated 

., previously, principally by Foldy and by Schwinger. The main point of the pres.ent calculation is 

that the phase shift series for these perturbations is a slowly convergent one and, therefore, that . 

it is necessary to calculate the entire scattering due to these rather than the first few phase shifts. 

Once this is done, we intend to analyze p-p scattering. (A. Tubis and H. Feshbach) 

V. A VARIATIONAL PRINCIPLE FOR ELECTRON SCATTERING 

It has been difficult to apply the variational principle for electron scattering because of a 

well-known Coulomb divergence. In the present work this difficulty is avoided by calculating the.·. 

reaction amplitude rather than the scattering amplitude. No singularities appear here, but reap

pear in the equation relating the scattering amplitude and the reaction amplitude. However, in 

this last relation, which is an integral equation on the energy shell, it is possible to reorganize 

the equation so as to extract the effect of the singularity and obtain finite results. (B. Block)_ 

VI. ELEMENTARY RELATIVISTIC WAVE MECHANICS 
FOR SPIN 0 AND SPIN 1/2 PARTICLES 

In this review paper the 'properties of the ::;pin 0 and spin 1/2 wave equations are discussed. 

The general order is ( 1) the d~rivation of the equation of motion, .< 2) a Hamiltonian formulation of 

the equation of motion, (3) physical interpretation of the equation, particularly in relation to ob

servables, ( 4) the Zitte:rbewegung and related phenomena. In the last chapter the connection with 

the theory of quantized wave fields is made, the theory of neutral particles and the corresponding 

wave equation is discussed and finally the wave equation of an isotopic spin 1 of intrinsic angular 

momentum 0 is formulated. (F. Villars and H. Feshbach) 

VII. STATISTICS IN NUCLEAR REACTIONS 

The usual theory of nuclear reactions uses the statistical assumption, in which average 

values of various cross sections and branching ratios are calculated. The next step·in such a sta

tistical theory is the calculation of distribution func;:tions for various experimental quantities. This 

has now been made possible by the recent analysis of fluctuations in slow neutron scattering by 

Porter and Thomas, who have fo.und the distribution function for the neutron widths. We have as

sumed that this probability distribution is followed also by not only S neutrons but also by neutrons 
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of higher angular momenta. The resultant probability distributions have been calculated for a 

number of cases: ( 1) two possible outgoing channels, ( 2) three possible outgoing channels, 

( 3) many possible outgoing channels. Discussioq of the relation of these results on the fluctua

tions in the total neutron cross sections for inelastic scattering is in progress. Similar effects 

will be present in the angular distribution for inelastically scattered partic~es in that they will 
·fluctuate away from the average distribution, which is one of symmetry around 90°. Statistical 

theory gives 0 polarization on the average. Again there will be a deviation from this arising trom 

fluctuations. (H. Feshbach) 

VIII. NEUTRON SCATTERING ABSORPTION BY NUCLEI 

Our original analysis of neutron scattering used a square well potential. In the last years 

we have replaced this by a Saxon type potential and have programmed the problem for the M.I.T. 

Whirlwind Computer. After the initial run, in which the cross sections and angular distributions 

were calculated up to neutron energies around 3 Mev, we have spent most of the last year in ob

taining what we felt would be the best fit for all data. We particularly emphasized the 0 energy 

data, the p-wave scattering data in the A= 100 region, d-wave scattering data in the A,; 150 region, 

and so on. We are now ready to begin our final rim with a complete table of nuclei and for neutron 

energies up to 3 Mev. (H. Feshbach, C. E. Porter, and V. F. Weisskopf) 

IX. DISPERSION THEORY 

A" dispersion formula has ~en derived relating the real and imaginary part of the optical 

potential for nuclear matter for the case of the infinite nucleus. The general potential is nonlocal 

in character and therefore, one cannot directly use the experimental data available to check the 

dispersion relation. The main approximation iri the derivation is the omission of the exchange 

scattering term. We are now going on to look at ·the case of the finite nucleus. (H. Feshbach) 

X. MULTIPLE MESON PRODUCTION IN MESON -NUCLEON COLLISIONS 

The Chew-Low equation is genera1ized for the case of many mesons, and an approximat,e 

technique analogous to the Hartree=-Fock method is developed. This methOd is based on the idea of 

"Green's scattering", and in this way "is reduced to an equivalent one-particle problem. This is 

expressed in a set of coupled integral differential equations, which we solve by considering the 

limit for large numbers of particles. It turns out that the cross section may be expressed as a 

production of two factors, the first factor describing the ·formation of "the compound state" made up 

of the incident meson and target nucleon "and the second, the decay of this state into many mesons. 
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It is the second phase that is treated by this paper. The characteristic feature of the results is a 

Poisson distribution for the mesons. (N. Tarimer) 

XI. INVESTIGATION OF DISPERSION RELATIONS 

The consequences of dispersion relations for low -energy meson-nucleon scattering and 

photomeson production have been investigated. Two papers on this have been. submitted to the 

Physical Review: ( 1) Application of Dispersion Relations to Low-Energy Meson -Nucleon Scat- . 

tering. ( 2) Dispersion Relation Approach to Photomeson Production. Both are by G. F. Chew, 

M. L. Goldberger, F. E. Low andY. Nambu. (F. E. Low) 

XII. FURTHER INVESTIGATION OF DISPERSION RELATIONS 

Also the effect of high-energy cross sections (via dispersion integrals) on small phase 

shifts is being investigated to attempt to determine the validity of the static meson theory. 

(A. C. Finn and R. H. Kohler) 

XIII. ·sOLUBLE RELATIVISTIC FIELD THEORY 

The self-coupled spinor field with an interaction density A.ifi/Jifl/1 has been solved exactly. 

Observable quantities can be represented by ratios of Fredholm determinants which can be evalu

ated explicitly. Although the renormalization constants are infinite, observables are finite after 

renormalization and can be expanded in. powers of A. with a finite radius of convergence. 

(W. E. Thirring) 

XIV. ON THE J.L-MESON DECAY AND THlrTWO-COMPONENT NEUTRINO 

It has been suggested that nature takes advantage of the fact that the neutrino has mass 

zero and therefore describes it by a two-component ~ave function. This results in agreement with 

the observed violations of invariance under·spatial reflection and charge conjugation. 

However, if the decay of the JL meson is lim~ted to that in which a neutrino and anti-neutrino 

are emitted, the energy spectrum of the electron seems to be in disagreement with present exper

iments (i.e. a Michel parameter of p = 3/4 is predicted; whereas the observed result is 0.60 < 

p < 0.67 .) Furthermore, the theory predicts an integrated Back/Front asymmetry for electons 

from 0 to 10 Mev of 0.77; whereas the recent experiment of Pless and Williams gives 0.97 ± 0.16. 

Because of this statistical error, there is as yet no actual disagreement·here. Nevertheless, it 
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does seem appropriate to attempt an ·adjustment of the theory. 

The approach that has been investigated is to allow for two additional decay modes, one 

involving the emission of two neutrinos and one involving the emission of two anti -neutrinos. The 

two-component theory of the neutrino is retained throughout. We note that such an addition no 

longer conserves the number of fermions. Since this would lead to double beta decay if applied to 

the reaction N - p + e- + v, the universality of the {3 -decay reactions must be sacrificed. However, 

this appears to have been done by nature itself which permits 1r - J.L+ v, butnotrr - e + v. 

The above additional decay modes permit one to adjust theory with all present experiments, 

including the observed Miche 1 parameter, and the high- and low -energy asymmetries. ( M. H. F rieprnart) 

XV. CHARGED SCALAR THEORY 

The charged scalar theory is one of the simplest of the non -trivial field theories, and 

therefore, a solution to this problem would provide a method of investigating the usefulness of 

some of the approXimation techniques used for handling the relativistic theories. 

A method has been found for eliminating the isotopic spin matrices and reducing the prob

lem of the S-matrix to the evaluation of four series. These series are closely related and the 

evaluation of one immediately leads to the evaluation of the others . .It is also noted that in any 

given scattering problem only one-of these series is involved. Thus, for the scattering of 7r

mesons on neutrons, we obtain for the nth order term of the S-matrix (only even n is involved in 

scattering): 

n 
n r n - 3 

S n = ( - ig) J 1r p ( Xn )d Xm 
m=1 -

- 00 - 00 -a:> i=1,3 j=2,4. 

n -1 n 

¢(-) (xi)¢*(+)(:X:j) 2· I l 1 2 6.p(X£-Xkp) 
. p 

f=1, 3 k=2, 4 
f;ii k ;ij 

· In the above, p(;) is the three-dimensional source function, 1/2 6.p is the usual Feynman propa

gator, while ¢(-) and ¢* (+)are the negative and positive frequency parts of ¢ and ¢* ~ ( ¢ and ¢* 

are the meson fie"ld and its Hermitian adjoint.) 

The above expression for Sn along with its counterpart for the scattering of 1r- mesons on 

protons (or rr+ on neutrons) immediately yields the cross~ng theorem of Gell-Mann and Goldberger 

for this problem. 
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We further note that this expression differs from that of the soluble neutral scalar theory •. 

only in the restriction of the sums and products to odd and even indices. The above approach is 

still being pursued .. (M. H. Friedman) 

XVI. EVALUATION OF PION-NUCLEON SCATTERING PH.A.SE SHIFTS 

Five pion-nucleon scattering phase shifts are determinedby two complementary sets of 

equations. Three total cross sections (1r+ total, 7T- total, 7T- charge exchange) involving expres

sions of the form cos2ai and two dispersion relations containing factors sin2ai. The sixth phase 

shift is determined by an ad hoc relation like a 13 = a 31 • The calculated phase shifts reproduce 

well the observed angular distribution at 190 and 220 Mev. They are in disagreement with experi

ment at 150 Mev. The reasons for this are presently explored. (U. Haber-Schaim) 

XVII •. MOMENTS OF INERTIA OF DEFORMED NUCLEI 

The moments of inertia for deformed nuclei can be calculated on the basis of an independ

ent particle model, where the well is non-spherical and rotating (D. ·Inglis, Phys. Rev. 97, p. 701 

( 1955 )) . S1,1ch calculations give values of the moment of inertia varying from irrotational to rigid 

depending upon whether the value is calculated for the equilibrium deformation (A. Bohr and . 

B. R. Moddelsori, Dan. Mat. Fys. Medd. 30, No. 1 ( 1955 )) and also depending upon whether the 

nucleus is one near a closed shell or not. It may be of some interest to know not only the total 

moment of inertia for these cases, but also the flow pattern. We have found that the flow is very 

complicated in all cases. For example, even when the value for the moment of inertia is irrota

tional, the flow is far from irrotational in detail. (H. 0. Lacid and A. K. Kerman) 

XVIII. TWO..:BODY FORCES IN DEFORMED NUCLEI 

There is evidence pointing to the fact that the light nuclei from F19 to Al28 are strongly 

deformed and support rotational motion. This leads one to attempt a stUdy of the effects of two

body forces in light nuclei, where the number of configurations is not large. We have carried out 

a phenomenological study of the d 5/2 shell (nuclei between 016 and Si22
) assuming the coupling 

scheme characteristic of deformed nuclei and two-body interactions. One obtains a rather sur

prising success in correlating some binding energies and excited states of ¢.ese nuclei considering 

the uncertainties involved. From the values of the parameters obtained, one may hope to gain some 

information about the kind of forces necessary in these nuclei. The general success of the fit offers 

evidence that many of the nuclei in this region are indeed strongly deformed and that the inter

particle forces are predominantly two body in nature. (D. M. Brink and A .. K. Kerman) 
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XIX. THE NUCLEAR PHOTOEFFECT 

Relations between collective and individual particle aspects of the nuclear photoeffect 

have been discussed. In the oscillator sh~ll model the coordinate corresponding to electric dipole 

absorption is exactly separable. In an electric dipole absorption, a mode of the shell model is 

excited in which the protons vibrate against the neutrons., i.e. the shell model, an individual par

ticle model, shows collective effects on photon absorption. In shell models other than the oscil

lator model this collective mode is dam~d on reflection at the surface of the nucleus, giving rise 

to aline width of about 4 Mev in the dipole absorption cross section at the giant resonance. 

(D. M. Brink) 

XX. PION PRODUCTION IN PION -NUCLEON COLLISIONS 

The production·of a single pion in pion-nucleon collisions has been studied using the Chew

Low formalism with p-wave coupling. The equation for the T-matrix is solved using the one-meson 

approximation. The solution is used to compute the cross sections for ~ion production and the two

meson corrections to the scattering equation of Chew and Low. The production cross sections show 

a peak due ·to overlapping final-state resonances, but have a magnitude of less than 2mb., com

pared to the observed inelastic cross sections of about 20 mb. near 1 bev. This result shows that 

the experiments cannot be eXplained using only a p-wave interaction. The two-meson corrections 

to scattering are found to be quite small. ( L. S. Rodberg) 

XXI. INVESTIGATION OF THE BRUECKNER MANY -BODY FORMALISM 

The many-body formalism used by Brueckner, Bethe and others has beEm studied in an at

tempt to obtain a derivation which is applicable to a finite system. The derivation which is used 

makes use of the conventional methods of perturbation theory. The result shows that a form ca.n be 

obtained in which the lowest-order expression for the energy includes most of the energy due to 

pair correlations; the second-order contributions vanish, and the third--order contributions are 

minimized. Like the usual Hartree-Fock scheme, all contr.ibutions from single-particle excitations 

vanish. A differential formulation has been derived and appears to offer great promise for prob

lems involving finite systems. Our results show that the Brueckner approach maintains all the ad

vantages of the Hartr~e-Fock method and also gives a more accurate estimate of pair-correlation 

energy. ( L. S. Rodberg) 
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. XXII. CHARGE-DEPENDENT EFFECTS IN PION SCATTERING 

The extent to which the results of a charge -independent pion theory are affected by the 

existence of the following two factors --the known mass difference between the neutral and 

charged pions,. and possible differences between the charged and two neutral coupling constants -

has been Investigated. Within the framework of the Chew-Low theory! the mass effect has been 

shown-to separate into two parts, the first calculable as a known combination of charge

independent amplitudes and the second behaving exactly like a coupling constant correction. To 

first order the theory yields a set of coupled linear integral equations for the amplitude deviations 

which have been solved exactly, neglecting crossing contributions, and approximately, including , 

them. (D. M. Greenberger) 

V. F. Weisskopf 
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The Cambridge Electron Accelerator Group 

I. INTRODUCTION 

Participation in the planning and design of the Cambridge Electron Accelerator by 

members of the Laboratory for N·uclear Science and the M.I.T. Physics Department has continued 

over the past year. Because of this strong liaison, and for reasons of completeness, a fairly de

tailed description of the current status of those plans is given here, although the Cam.pridge 

Electron Accelerator project, per se, lies formally outside the scope of activities of the Labora

tory for Nuclear Science. 

The Cambridge Electron Accelerator project is working toward the design and construc

tion of a 6-Bev electron synchrotron. This accelerator is to be built and operated jointly by 

Harvard University and Massachusetts Institute of Technology, under the administrative supervision 

of an Executive Committee consisting of representatives of both institutions. The membership of 

the Executive Committee is: 

Harvard University 

Mr. McGeorge Bundy, Dean of the Faculty 

Mr. Edward Reynolds, Admistrative Vice-President 

Prof. J. Curry Street, Chairman, Physics Department 

Prof. E. M. Purcell, Physics Department 

Prof. N. F. Ramsey, Physics Department 

Massachusetts Institute of Technology 

Dr. Julius A. Stratton, Chancellor 

Adm. E. L. Cochrane, Vice-President 

Prof. N. H. Frank, Head, Physics ~epartment 

Prof. D. H. Frisch, Physics Department 

Prof. Martin Deutsch, Physics Department 

The accelerator will be located on Harvard· property adjacent to the present Cyclotron Laborat.ory. 

, !! is ~ be supported ~ funds supplied ~the U. S. Atomic Energy Commission under ~contract with 

Harvard University. A preliminary letter contract for design was dated April 2, 1956; the contract 

authorizing construction to an amount of $6, 500, 000 was signed on June 6, 1957. 

A design staff of 16 scientists~ engineers, and administrative personnel has been recruited. 

Two visiting foreign scientists studying design techniques have also made useful contributions to the 

design. The staff as of June 30, 1957, are: 
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Administrative 

Prof. M. Stanley Livingston, Director 

Mr. R. E. Cummings, ·Business Manager 

Mr. B. A. Roscoe, Purchasing Agent 

Scientific 

Dr. Janez Dekleva (University of Ljubljana, ·~ugoslavia) 

Mr. A.M. Koehler (half-time, Harvard) 

Dr. Giovanni Lanza 

Eng. Hans Nysater 

Dr. John Rees 

Mr. Frank Robie (half-time, Harvard) 

Dr. Kenneth W. Robinson 

Mr. Tomas Simon 

Dr. Klaus G. Steffen (University of Hamburg, Germany) 

Mr. M. H. Wachter 

Dr. Ralph W. W aniek · 

Dr. Mildred Widgoff (half-time, liarvard) 

Dr. Lee Young 

A technical staff of .24 has also been employed, including draftsmen, machinists, technicians, and 

secretaries. 

University scientists acting as advisors· and consultants have contributed much time and 

effort to planning and design. Among this advisory staff are: 

Harvard University 

Prof. K. T. Bainbridge 

Mr. DavidS. Falk 

Dr. James W. Meadows 

Dr. R. H. Milburn 

Erof. R. V. Pound 

Dr. W. M. Preston 

Prof. E. M. Purcell 

Prof. Norman F. Ramsey 

Prof. Anatole Shapiro 

·Prof. Karl Strauch 

Prof. J. Curry Street 

Prof. Richard Wilson 
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Institute of Technology 

Dr. Peter Demos 

Prof. Martin Deutsch 

Dr. F .. J. Eppling 

Prof. B. T. Feld 

Prof. D. H. Frisch 

Mr. Allan Lichtenberg 

Dr. David Luckey 

Dr. Louis S. Osborne 

Dr. Irwin Pless. 

Dr. David M. Ritson 

Dr. R. A. Schluter 

Prof. Louis D. Smullin 
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Massachusetts 
Institute of Technology (Cont.) 

Dr. A. Wattenberg 

Prof. Roy Weinstein 

Prof. R. W. Williams 

II. DESIGN STATUS 

Pieliminary design was completed and A.E.C. approval obtained for. definitive design of 

all components as of February 1, 1957. Detailed design has been proceeding on all components. 

Advance procurement orders have been placed for several major components such as the linear 

accelerator, one unit of the radiofrcquency power ~upply, the magnet lamination steel, and for 

many items required for the buildings. Approval for construction of the laboratory-control build

ing, the first to be built, has been obtained. Construction approv<il will be requested for each com

ponent in turn as the definitive design is completed. 

A proposal for support of research operations was presented to the A.E.C. in June 1957 

for their consideration. This proposal requests funds for necessary additional laboratory space 

and facilities, for initial research apparatus to be available at the start of operations, and for 

machine operation and maintenance during the first two years following completion. 

The estimated date of completion is January 1960. 

III. BUILDINGS 

The CEA project headquarters are housed tempora.rily in Palfrey House, Harvard Uni

versity; a machine shop and electronics shop have been equipped in the nearby Engineering Lab

oratory; otner laboratories are temporarily located in the Harvard Cyclotron and in Building ZO at 

M.I.T.; office space for the design staff is provided in the Lyman Laboratory. Construction assem

bly space is being provided in the former Harvard Maintenance Building on Memorial Drive, to be 

occupied in September of 1957. 

Charles T. Main, Inc., Boston,_ are acting as architect/engineers in the design and con

struction of the buildings to house the accelerator. The engineering designs for the laboratory

control building are complete and invitations to bid have been issued; construction should start 

shortly after July 1, 1957. Detailed design is in progress for the rest of the building complex, in

cluding _the accelerator tunnel, experimental and power buildings. This planning has included a 

careful study of the stability of foundations, materials handling system, building services, power· 

. and control cabling, ventilation and cooling systems, etc. 
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An arrangement plan of the accelerator building complex is shown in Figure 11.1. The 

ring tunnel for the accelerator and the injector spur tunnel will be underground, with the beam an 

average 10 ft. below ground level, and an overhead fill of 6 ft. of concrete and earth above the tun

nel. An expanded target area will be the source of the highest radiation intensities, and is covered 

with 15ft. of concrete and earth. Broad openings ipto the experimental area will be closed with 

dense concrete blocks of 14ft. thichness, with small beam apertures through which focussed beams 

will emerge. Local shielding in the form of concrete block huts will be installed around experimen

tal targets as required to maintain safe radiation intensity levels in the experimental area. A care

ful study of attenuation of the high energy radiations in the several shielding materials has been 

made, and intensities are shown to be well below the required tolerance levels at all points inside 

and outside the laboratory. 

IV. GENERAL DESCRIPTION OF THE ACCELERATOR 

The synchrotron magnet will be in the form of a ring composed of forty-eight strong

focussing magnets arranged in sections of alternating gradient sign. The magnets will be spaced 

by forty-eight field-free straight sections, each four feet long. The arrangement is described by 

the symbol "fofdod"repeated around the ring: "focussing magnet-zero field-focussing magnet

defocussing magnet-zero field -defocus sing magnet". The magnet circle.will be ll8.4 feet in radius, 

and the orbit radius within the magnet sectors will be 86 feet. 

Th~ flux density required for 6.0-Bev electrons is 7.6 kilogauss at the central orbit. The 

magnet excitation will. be obtained from a resonant power supply at 30 cycles per second, with d.c. 

bias to .give uni-directional pulsing. The power required, with allowance made for conductor heat

ing and magnetic losses, will be about 800 kw. 

Quadrupole correction lenses will be placed in some of the straight sections in order to 

compensate for errors and variations in the field index n during the acceleration cycle. 

Radio-frequency accelerating cavities will be located in sixteen of the straight sections. 
. . 

They will be strongly coupled. by wave guides and will be driven in proper phase at a constant fre-

quency of 476 me per second. Each cavity will look like a short section of a linear accelerator-

about 2-1/2 feet lmig and 18 inches in diameter. 

Electrons will be injected into the main accelerating ring from a linear accelerator which 

will have brought them to an energy of 20 Mev. After leaving the linac, the electrons pass through 

a system of magnetic and electric fields designed to place them on their equilibrium orbits. 

An account of ~e progress made in the design of the various accelerator components is 

given in the following sections. For a detailed exposition of thes~ investigations, the reports listed 

at the end of this summary should be consulted. 
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V. MAGN~T MODELS 

Several model magnet sections, each full scale except for length, have been constructed 

and studied. By. means of these models, the magnetic properties and the thermal losses have been 

investigated for several grades of steel and for several types of excitation coils. . . 

As a result of the model studies, ArmGo A6 steel laminations (0.014 inch) have been de

cided upon and ordered for the accelerator. 

Two excitation-coil designs employed so far have been found to be subject to exc~ssive 

eddy-current losses: the Mark I coil was wound of 1-1/8" x 1/8" copper ribbon with a flat cooling 

.layer wound of 1/4" square brass pipe sandwiched between two coil layers; the Mark II and III coils 

"" were wound of 1/2 x 1/2 inch hollow water-cooled copper conductor. In order to reduce the eddy 

currents, the coils now being built for Mark IV are to be made-of stranded cable with a cooling 

layer of stainless·-steel pipe between two coil layers. The whole structure is to be impregnated 

with epoxy resin for rigidity. Tests of thermal conductivity and electrical breakdown have been 

made on short model sections of the coil structure. 

Detailed measurements have been· made on Mark II under both static and dynamic condi

pons, with pure a.c. excitation and with d.c. biased a,c. excitation, from injection fields ( 25 guass) 

to about 4000 gauss. The variation inn over this range is less than 1/2%, and the absolute value of 

n ~ 112 is very close to the design vali.u:i. The flux distribution in the model was found to be quite 

good: about 71% passes through the vacuum chamber and about 29% is in the side rringing fields; 

about 81% appears in the area bounded azimuthally by the sector ends, 11% in the end fringing 

fields, and about 8% in the transition region between focussing and defocus sing sectors. 

More detailed measurements will be made on Mark IV, now under construction. This 

model will have a core of laminations of Armco A-6 steel, and will be excited by the stranded-

cable coil described above. End _packets of steel ribbon wound transverse to the plane of the core 

laminations, will be used to reduce eddy currents induced by the flux out the magnet ends. The 

laminations and end packets will first be assembled without bonding, held by means of mechanical 

clamps. Later, epoxy resin bonding will be tried. The end packets and clamps ha.ve been fabricated, 

and the excitation coils are under .construction. A motor-ge11erator set capable of powering Mark 

IV to full excitation has been set up at the Harvard Cyclotron Laboratory. 

VI. MAGNET POWER SUPPLY 

The question of the type of power supply to be used -- a conventional motor -generator 

supply or a pulsed supply -- is still under consideration. Professor Kusko of M.I.T. has been con

sulted about the use of motor generators,. and he and his associates have submitte.d a report on 

their investigations. M. R. A. Mack of the Amtron Corporation has made a preliminary report on 
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some studies of a pulsed supply. Meanwhile, a pulsed supply for use with magnet models has been 

constructed by the magnet group of CEA, and is now being tested. It is expected that the necessary 

investigations will be completed and a decision reached on this fundamental point by the fall of 1957. 

A ring choke is to be used for energy storage in the magnet system. This choke will be 

made of .laminations stacked in an assembly 11 feet in diameter, 6 feet high, with 24 two-inch air 

gaps. Such a choke can store as much energy as the accelerator magnet itself. A scale model is 

being constructed to s~dy choke performance and for use in a power supply for testing magnet 

sectors one at a time, as they are completed. The die for punching the choke -model laminations 

has been fabricated. 

VII. RADIO FREQUENCY 

Analysis of the requirements and teclmiques for supplying the radio-frequency acceleration 

needed in the 6.0-Bev electron synchrotron is in progress. A full-scale rf cavity has been con

structed as a model and .measurements of its properties are being made at low power and atmos

pheric pressure, with several different methods of feeding power. A second full-scale cavity with 

wave -guide feed as now planned for the accelerator is being designed. An rf power supply capable 
' . . 

of giving full power to these models and suitable for eventual use in the rf power supply of the ac

celerator has been ordered from Levinthal Electronics; delivery is expected in September 1957. 

Tests of the cavity models at full P,Ower must be made in vacuum, and the necessary fittings for 

the cavity models are now under construction. 

VIII. INJECTION 

A linear accelerator to be used as injector for the synchrotron has been ordered from 

Arco, and delivery is expected in the fall of 1958. The electron beam emerging from the linear 

accelerator is to have the following characteristics: electron energy 20 Mev, minimum beam c-ur

rent 0.25 amperes; repetition rate 30 pulses per ·second; minimum pulse length equal to the in

jection time of 0.7 microseconds. The tolerances on the beam parameters; measured at the exit 

of the linac, are: (a) A minimum of 0.13 amperes of th~ beam must be within an angular variation 

of± 2 x 10-3 radians, a spot size of 0.5 inches diameter, and an energy interval of Lo· Mev. 

(b) A minimum of 0.21 amperes must be within an angular variation of ± 3 x 10-3 radians, a spot 

size of 0.75 inches diameter, and an energy interval of 2.0 Mev. 

An analysis has been made of an injection system consisting of magnetic and electric 

lenses designed to achieve· the acceptance and survival in .the synchrotron of the greatest possible 

fraction of the specified linac beam. This system will place each electron on its equilibrium orbit 

in the synchrotron. The possibility of reducing the phase arid energy spread in the linac output beam 
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itself has alsp been explored. 

IX. ORBIT CALCULATIONS 

Theoretical calculations have been made on the orbits of electrons in the strong-focussing, 

alternating-gradient synchrotron. Phase and amplitude functions have been calculated; the effects 

of misalignments and twists in the magnet, of the quadrupole correction ierises, and of the momen

tum spread in the electron beam have been studied; and a general program for numerical compu

tations on the Remington Rand Univac has been set up. A test calculation, for a monochromatic 

beam in a perfect circular accelerator has been put through the Univac, and the resulting orbit 

agrees with expectations in this special case, so this calculation constitutes a check on the general 

program. Considerable effort has been put into the improvement of the Remington Rand A-2 Com

piler, whose purpose is to develop a complete, detailed computer program from a relati,vely small 

set of general instructions. 

X. VACUUM SYSTEM 

A test section of a thin:-walled metal chamber cemented to an exterior supporting struc

ture made up of thin metal laminations proved unsuccessful because of failure of the epoxy resin 

used for the bonding. Investigations of other resins, and also of other poss.ible vacuum -chamber 

structures, are being carried on. 

Tests have been in progress on six titanium -getter pumps which had been suggested for 

possible use in the accelerator pumping system. Although a detailed analysis of their behavior has 

. not yet been completed, it now appears that these pumps will probably not prove to be adequate for 

our purposes. A study of a possible system using oil-diffusion pumps has been made. 

A portable commercial pumping unit for rf cavity model tests in vacuum and for general 

laboratory use has been obtained from the Kenney Company. This system consists of a mechani

cal forepump, a 4" oil-diffusion pump with a liquid air trap, thermocouple and ionization gauges, 

and the necessary valves. 

XI. C.E.A. PROJECT .REPORTS 

The following is a list of reports written by members of the Cambridge Electron Accel

erator Project group, during the period January 1, 1956 through December 31, i957. 
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C. D. Coryell, "Chemistry of the Syrithetic Elements", Westinghouse Science Teachers Summer 
·Program, August 8, 1956. · 

C. D. Coryell, "Ion Exchange Resins", Lecture 23, M.I.T. Summer Session Course 6.269, 
MOLECULAR ENGINEERING, August 30, 1956. 

C. D. Coryell, "Neutron Capture in the Formation. of the Heavy Elements", Sprague Electric Corp. 
and University of Massachusetts, October 26, 1956, University of Oslo, January 11, 1957, 
Max Planck Inst., Mainz, Germany, January 17, 1957, Inst. for Nucl. Phys., Amsterdam, 
The Netherlands, January 21, 1957, Pittsburgh Nuclear Chern. Club, January 31, 1957, 

. Department of Chemistry, Harvard, February 27, 1957. 

J. M. Alexander, T. T. Sugihara, P. J. Drevinsky, and E. J. Troianello, "Deuteron Capture and 
Stripping in Uranium: Fission Yields of Natural Uranium with Deuterons of 5, 10, and 
13.6 Mev", .American Physical Society, Medford, April 6, 1957. 

G. Scatchard, "The Interpretation of Activity and Osmotic Coefficients", American Electrochemical 
Society, Washington, May 13, 1957. 

Nuclear Chemistry (Organic) Group 

C. G. Swain, "New Tools for Studying Reaction Mechanisms", American Chemical Society Award 
Address in Petroleum-Chemistry; 131st American Chemical Society Meeting, Miami, Fla., 
May 11, 1957. 

C. G. Swain, "The Mechanism of Exchange of Hydrogen between Ammonium and Hydroxyl Groups", 
Harvard Organic Colloquium, February 5, 1957. 

C. G. Swain, "Detection of Transient Intermediates in Polar Displacement Reactions", North Jersey 
American Chemical Society Lecture Series, Newark, N.J., March 12, 1957. 

F. D. Greene, "Stereospecificity in·Free Radical Reactions", Harvard Physical-Organic Colloquium, 
December 14, 1956. 

Cosmic Rar Group 

S. Olbert, "Motion of Cosmic -Ray Pa.rticles in Galactic Magnetic Fields", invited paper given at 
Orbit Symposium of American Mathematical Society at New York University on April 4, 
1957. 

H. Blumenfeld, E. Boldt, H. S .. Bridge, D. 0. Caldwell, andY. Pai, "Neutral Decay Mode of the 0°", 
· American Physical Society Meetings at Washington, April 25, 1957. 
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Addresses and Abstracts 

J. Earl, "Mu Mesons in Extensive Air Showers", ·A. P. S. Meetings, Washington, April 25, 1957. 

R. W. Williams, "Attenuation Caiculations", A. E. C. Conference on Shielding of High-Energy Ac
celerators, New York, Aprilll, 1957. 

A. E. Brenner and R. W. Williams, "Cross-Section Measurement at Very High Energy", A. P. S. 
Meetings_at New York, February 1, 1957. 

Bubble Chamber Group 

D. M. Ritson, "~Scattering", Brookhaven National Laboratory Cosmotron, March 1957. 

G. G. Fazio, "Angular Distribution of ~-Meson Decay Products", Washington A. P. S. Meeting, 
April1957. 

B. T. Feld, "KJ.L 2 Decay of a Spin-1 K Meson", Rochester Conference, University of Rochester,_ 
April 1957. 

B. T. Feld, "Some Considerations Concerning the Decay of Hyperons and K Mesons with or without 
Parity Conse.rvation", Rochester Conference, University of Rochester, April 1957. 

B. T. Feld, "Strange Particle Production Dynamics", Rochester Conference, University of Rochester, 
April 1957. 

I. A. Pless, A. E. Brenner, R. W. Williams, R. H. Hildebrand, R. Bizzarri, R. H. Milburn, 
A. M. Shapiro, K. Strauch, J. C. Street, and L. A. Young, "Angular Distribution of Low
Energy Positrons from J.L+-e+Decays", Washington A. P. S. Meeting, April1957. 

Linear Accelerator Group 

C. P. Sargent, W. Bertozzi, and P. T. Demos, "10.5-Mev Bremsstrahlung Spectrum", Chicago 
A. P. S. Meeting, November 23, 24, 1956. 

W. Bertozzi, C. P. Sargent, and P. T. Demos, "Time-of-Flight Measurement of Photoneutron Spec
tra", Washington A. P. S. Meeting, April 26, 1957. · 

Invited Papers 

W. Bertozzi, "Time-of-Flight Experiments on Photoneutrons with the Linear Accelerator", delivered 
to the· Betatron Section, National Bureau of Standards, June 5, 1957, Washington,, D. C. 

Rockefeller Generator Group 

R. P. Scharenberg and G. Goldring, "Angular Distributions of Gamma Rays following Electric Ex
citation of Some Low-Lying Rotational States", New York A. P. S. Meeting, January 30 
through February 2, 1957. 

ONR Generator Group 

C. K. Bockelman and A. Lev~que, "Reaction.10B(d, a )sae*", Le J~urnal de Physique et le Raditlffi, 
17, 557 (1956). 
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C. H. Paris and W. W. Buechner, ,;Excited States ofNi58 and Ni61 ", Bull. Am·. Phys. Soc., Ser .. II, 
No. 1, 61 (19S7). 

Mazari, Sperduto, and Buechner, "Excited States of Co59 and Fe56 ", Bull. Am. Phys. Soc., Ser. II, 
No.2, 179 (1957). 

R. D. Sharp and W. W. Buechner, "Angular Distributions of Protons S~atter~d from In115 ", Bull. 
Am.Phys.Soc.; Ser.II, No.2, 179(1957). 

H. A. Enge and D. H. Weaner, "Energy Levels of~", Bull. Am. Phys. Soc., Ser. II, NC?. 2; 179 
(1957). 

Paris, Van de Leun, and Endt, "Nuclear Levels .in p'30 and $33
" , Bull. Am. Phys. Soc., Ser. II, No. 

2, 179 (1957) .. 

Invited Papers 

W. W. Buechner, "High-Resolution Nuclear Reaction Studies", given at Saclay, France, June 29, 
1956. 

W. W. Buechner, "Excited States in the Isotopes of Iron", given at the International Conference on 
Nuclear Reactions,· Amsterdam, Holland, July 6, 1956. 

W. W. Buechner, "Methods and Results of Determination ofNuclear Masses from Reaction Energies", 
given at the Symposium at Max-Planck Institut fur Chemie, Mainz, Germany, July 11, 1956. 

Radioactivity and Cyclotron Group 

N. S. Wall, "7.5-Mev Elastic Proton Scattering", Am. Phys. Soc. Meeting, April 25-27, 1957, 
Washington, D. C. · · 

K. S. Lee and N. S. Wall, '.'Angular Distributions of Protons from B10 (d, p)B11 Reactions", Am. Phys. 
Soc. Meeting, April 25-27, 1957, Washington, D. C. 

C. E. Hunting and N. s." Wall, "Reactions C12 (a, p)N15 and BlD(a, p)Ct3 at 30.5-Mev", Am. Phys. Soc. 
Meeting, April 25-27, 1957, Washington, D. C. 
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APPENDIX D 

THESES- JUNE 1, 1956 to MAY 31, 1957 

Bachelor of Science 

C. C. Bogar, "The Extraction of Thallium(I) Halides from Aqueous Halogen Acids with Bis(2-
chloroethyl) Ether", in the Department of Chemistry, January 1957. 

J. S. Mudgett, "Use of Radioactive Tracers in Following Rare Earth Separations Carried out by 
Homogeneous Precipitation", in the Department of Chemistry, January 1957. 

H. J. Hennecke and J. M. Winter, "The Application of Proton Scattering to Mass Analysis", in the 
Department of Physics, May 1957. 

Master of Science 

J. F. Reuwer, "A Comparison of Deuterium and Tritium Isotope Effects", in the Department of 
Chemistry, September 1956. 

V. Zale, "Solvolysis of o-Methylbenzyl p-Toluenesulfonate", in the Department of Chemistry, 
June 1957. · 

. D. L. Jarrell and C. C. Angleman, "Angular Distribution of Protons from the Co59 (d, p )Co60 Reaction", 
in the Department of Physics, May 1957. 

W. F. Waldorf, "Elastic Scattering of 7 .5-Mev Protons", in the Department. of Physics, September 
1956. 

. . . 
B. Block, "A Useful Representation for Scattering from an Extended Nucleus", in the Department 

of Physics, May 1957. 

Doctor of Philosophy. 

R. C. Fix, "Beta-Ray Energetics and Nuclear Systematics", in the Department of Chemistry, 
August 1956. 

J. M. Alexander,. "Charge Distribution in the Fission of Uranium and Thorium Induced by Deuteron 
and Neutron Bombardment", in the Department of Chemistry, October 1956. 

E. Rudzitis, "The Dissociation and Extraction of Mineral Acids iii Bis(2-chloroethyl) Ether", in 
the Department of Chemistry, April- 1957. 

E. C. Stivers, "The Tritium Isotope Effect in the Enolization of a-Phenylisocaprophenone", in the 
Department of Chemistry, May 1956. · 

L. J. Schaad, "Part I. Cage Recombination in the Thermal Decomposition of Benzoyl Peroxide. , 
Part II. A Relation between Tritium and Deuterium Isotope Effects", in the Department of 
Chemistry, January 1957. · 

J. M. Ferguson, "An Investigation of the Decay Schemes of Al26 and Co57", in the Department of 
Physics, June 1957. 

R. C. McCall, "Measurement of Nuclear Resonance Absorption of Gamma Rays", in the Department 
of Physics, October 1956. 
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Theses 

L. S. Rodberg, "Pion Production in Pion-Nucleon Collisions in the Chew-Low-Wick Formalism", 
in the Department of Physics, August 1956. 

N. Tarimer, "Many-Meson Production in Meson-Nucleon Collisionin the Chew-Low Formalism",. 
in the Department of Physics, April 24, 1957. 

A.M. Bincer, "Pair Pr?duction of S-Wave Pi Mesons", in the Department of Physics, June 1956. 
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APPENDIX.E 

TECHNICAL REPORTS~ JUNE 1, 1956 - to MAY 31, 1957 

George W. ·Clark, Frank Scherb; and William B. Smith, "Preparation of Plastic Scintillators", 
Technical Report No. 69, September 15, 1956. 
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