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INTRODUCTION 

. This Annual Report covers the period from April 1979 to April· 1980 and 
includes all work done in the Nuclear Physics Laboratory. The majority of these 
projects are supported by our Department of Energy contract, but experiments and 
therapy performed by the Medical School and problems of applied physics pursued 

·by investigators from·the College of Engineering and by outside users are also 
included. 

·This last year has been an eventful one. We have asked Bob Vandenbosch to 
serve as Director of the Nuclear Physics Laboratory and he has·accepted. 
Unfortunately one of his first acts was to ask me to be editor of the Annual 
Report again. Our proposal to DOE for an 18 MV folded tandem accelerator was 
r~viewed by NUSAC and was recommended for funding in FY 82. This very good news 
is unfortunately tempered by a dismal outlook for federal support for nuclear 
physics in the next few years. ~e hope that the financial picture will improve 
and that our proposed facility, which would be a powerful addition to the 
national accelerator complement, can become a reality. The 18 HV tandem would 
provide intense, high quality, DC beams of polarized protons and deuterons, as 
well as the variety of light ~nd heavy ions one can obtain from tandem 
accelerators. We believe that ancillary instrumentation and computer facilities 
recently developed or under construction will make it possible to attack a broad 
range of interesting types with the new·machine. 

During this last year a number of interesting discoveries have been made on 
our tandem accelerator which continued to run very well indeed. Some highlights 
of the last year's research follow. 

Following last year's discovery of substantial Ml strength built on the 
ground state of the doubly magic 16o nucleus, this year we have detected 
substantial Hl decays to the excited 02+ (6.05 MeV) state from the 16.22 and 
17.14 HeV 1+, Tl states in 16o. He have also found decays of the 1+, T=l (10.32 
HeV) level in 40ca to the o2+ and 21+ final states, with reduced strengths 
(relative to the ground-state decay) very similar to those found in 16o, and a 
ground-state strength compatible with electron scattering results and much 
smaller than previously believed. We have completed our study of the Ml 1-decay 
of the 4-, T=l (18.98 MeV) "stretched particle-hole state" and its neighboring 
3-, T=l (18.03) HeV state, with results for the 4- state in agreement with 
1 particle-! hole shell model calculations. We have used the well-known Ml/E2 
T=3/2 resonance in the 12c(p,J0 ) reaction to make the first unique amplitude and 
phase determination for El capture in the GDR region, with the result that 
d-wave capture dominates, as expected by ·the shell model.· Finally, our new 
results for the E2 cross section in: the 54Fe(~,1 0 )58Ni reaction remove an 
outstanding discrepancy with E2 strength inferred from a 58Ni(~.~, ,~) 54Fe 
decay-coincidence experioent. 
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The excitation function for the total angle-integrated yield of the 28si 2; 
(Ex = 1.78 MeV) state in the 12c + 28si reac.tion has been measured and found to 
vary smoothly with energy, in contrast to the behavior of the back-angle 
differential cross section. This result is inconsistent with _previous resonance 
interpretations of the back-angle differential cross sections, 

The 16o + 16o system has been studied to.deternine if, collisions arising 
from low impact parameters contribute to the deep inelastic scattering exit 
channel 16o* + 16o*. This experiment was motivated by time dependent 
Hartree-Fock (TDHF) theory calculations, which predict that at elevated 
bombarding energies nearly c.entr~l collisions between two heavy ions do not lead 
to fusion as would otherwiR~ he expected. Previously no dlr~cl experimental 
evidence was available to test this aspect of TDHF theory. Out prP.limin.<~ry 

experlw~~Lal results indicat~ ~ sizable crooo section for lar~e energy losses 
which pe~ks at ecm = 90°, an angle much large_r than the. grazing angle of 20°. 
The large deflection is inconsistent with an interpretation that th~ observed 
yields arise from the outer partial waves, but is qualitatively consistent with 
expectations f.or low ( ·waves as predicted by TDHF. Further work to confirm 
these results and td exten~·. the range of observable inelasticities is in 
progress. 

Several long-term projects have .either been completed or launched in the 
past year. Our · computipg .. facility is now first class. The PDP 11/60 data 
col,lection system is in routine use and the singles and coincidence programs 
have been extensively developed. This new system has made possible experiments 
which were not feasible on.our old SDS system~~one example being the search for 
E2 transitions between the hypothesized molecular states in 12c + 12c which 
required the recording of 11 parameter data. The VAX 11/780 system has become 
such an excellent analysis computei it is hard to see how we survived without 
it. Design work on the ·"momentum filter'.'. has been completed and bids will be 
opened shortly. DOE, in recognition of the NUSAC recommendation for the 18 MeV 
tandem has provided sufficient funds to upgrade· the "momentum filter" to a 
mass energy product of 44 MeV-AMU. 

We have requested that DOE fund a high-.intensity (colliding beam) polarized 
ion source in FY 81~ If this.proposal is received favorably we can look forward 
to having a ve·ry powerful and precise tool for radiative capture, parity 
vi'olation and reaction studies. 

We continue to welcome applications from scientists at other institutions 
who may wish to use any of our facilities. At present outside users are active 
on both the tanl"l~rn .<~n;] th& cyclotron. The sallt:!rit characteristics of these 
machines are listed on the 'following page. Anyone interested in using the 
faciliti'es should contact a potential collaborator from the University of 
Washington .or Dr. William Weitkamp,· Technical Director, Nuclear Physics 
Laboratqry GL-10, University of Wcrshington, Seattle, lolA 98195 or telephone (206) 
'i·~ 3-4080. 



Let me close by remindi.ng the.reader .that the articles in this report 
describe work in progress and are not to be regarded as publications nor quoted 
without permission of the investigators. The names of the investigators on each 
article have. be~n listed ~lphabetically but where appropriate the name of the 
person primarily respon$ible.for the report has been underlined. 

/a.·_#q~4Jit 
Eric G. Adelberger 
Editor, 1980 Annual Report 
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1. ASTROPHYSICS· AND COSMOLOGY 

1. Nucleosynthesis of 26Al 

T.E. Chupp, K.T. Lesko, E.B. Norman, and .P. Schwalbach 

2~g/2~g isotopic abundance excesses that are correlated with · the Al/Mg 
elemental abundance ratios have been observed in inclusions from the Allende 
meteorite. This has been interpreted to indicate that 26Al was present at the 
time of formation of the inclusions and later decayed in situ to produce the 
observed 26Ng excess. 1 Depending on the conditions at which the nucleosynthesis 
of 26Al occurs, several different nuclear reactions may play significant roles. 
It is believed that in stars the 2~g(p,l) reaction is the. major production 
mechanism. Our analysis of this reaction was discussed in last year'~ annual 
report.2 In other astrophysical environments, the 2~g(p,n) and/or 2 Na(oc,n) 
reactions may also be important production mechanisms. We have, therefore, 
measured the 26Al. production cross sections from the 2~g(p,n) reaction and have 
begun a study of the 23Na(oc,n) reaction. 

The 26Al [5+) ground-state, 26Alg, has a half-life of 7.2 x 105 2rs. 
HO\\Iever, the first excited state, 26Alm, is a o+ level which p+ decays to ~g 
with a half-life of 6.3 seconds and does not decay to the 26Al ground-state. 
Thus any 26Al formed in this isomeric level will not survive long enough to 
become incorp~rated into a meteoritic inclusion as 26Al. 

To distinguish between yields to the ground-state and isomer, we .have 
studied 1-ray transitions in 26Al that occur following the neutron evaporation 
from the (p,n) and (oc,n) reactions. We have measured ~-ray cross sections from 
threshold to E~ = 14 MeV (~ = 26 MeV) using a 50 em coaxial Ge(Li) detector. 
By s~wing the y1elds of known ground-state (isomer) transitions, we obtain 
lower limits to the total ground-state (isomer) yields. This technique is 
obviously insensitive to direct neutron evaporat~on to the ground-state or 
isomer. However, in the case of the (p,n) reactio~ cross sections for these 
processes have been measured over a limited energy range.3 

Figu~e 1.1-1 shows the results of our study of the 26Mg(p,n) reaction. The 
closed circles are our ground-state J-ray cross sections only, while the open 
squares are the sum of our ground-state 1-ray cross sections and the cross 
sections for direct evaporation to the ground state as measured by Wong ~ al.3 
For the energies where the data overlap, our results are in reasonable agreement 
\o7ith the 26Alg cross section measurements of Furukawa et al. 4 

Analysis of the 1-ray data from the 23Na(oc,n) reaction is · currently in 
progress. .To obtain the total ground-state yield from this reaction we plan two 
further experiments. We will measure the total .neutron yield from this reaction 
using a neutron detector, and we will measure the total isomer yield using a 
radioactivity technique. 

1 
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2. Half-Lives of 176Lu and 180ra 

E.B. Norman 

102 

,...., 
.&J 

E 
10 

b 

10° 

4 

26Mg + p 

• a-
7 

( £~AIIol) 

o cr · (26A 19}+cr 
Y "o 

6 8 10 12 
Ep (MeV) 

14. 

The analysis of the 176Lu·half-life experiment described in last year's 
annual report has been completed. 1 The final value for the 17 bLu half-life as 
determined in this experiment is tl/2 = (4.08 + 0.24) x 1010 years. A paper 
based on this experiment has been published. 2 

Another low-level counting experiment has begun in an attempt to measure 
the half-life of 180Ta. A 25 rng sample enriched to 5.1% in l8°Ta has been 
borrowed from Oak Ridge National Laboratory for this experiment. The sample has 
been counted using a Ge(Li) detector, and in a sPrarate run, the sample was 
counted u~ing Lwo Ge(Li) detectors in coincidence. To date, no y~idence of 
180Ta decay has been observed and a lower limit of tl/2 > 2 x 10 years has 
been established. Further work is planned to raise the J-ray detection 
efficiency and to lower the level of background counts. 
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3. Relative Yields of 180Tag,m From the 180Hf(p,n) Reaction 

P.J. Grant,* E.B. Norman, and T.R. Renner+ 

180Ta is an interesting odd-odd nucleus from both astrophysical and nuclear 
physics viewpoints. It cannot be synthesized by the conventional slow- or 
rapid-neutron capture processes nor by the p-process. One of the proposed 
production reactions is the 180Hf(p,n) reaction. We have therefore continued a 
study of this reaction that was begun at Argonne National Laboratory. 

180Ta is known to have a 1+ state that electron-capture decays to 180Hf and 
~- decays to 18CW with a half-life of 8.1 hours, but does not decay to the 
long-lived 180Ta level. As described in Section 1.2 of this report, the 
half-life of the long-lived 180Ta is > 2 x 101J years. To distinguish between 
the yields to these two levels we have performed two separate experiments. We 
have measured the cross sections for production of the 8.1 hour state by 
bombarding either natural Hf or enriched 180Hf targets with a proton beam. The 
targets were then removed to an off-line location and were counted using a 
Ge(Li) detector. In a separate experiment, a thick 18°Hf target was bombarded 
with protons and the total neutron yield from the (p,n) reaction was measured 
using a spherical long-counter.1 The yield of the long-lived 180Ta state will be 
determined by subtracting the yield of the 8.1.hour level from the total (p,n) 
yield. Analysis of the data from these experiments is currently in progress. 
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Liquid Xenon Gamma Ray Detectors 

J.G. Cramer, C.R. Gruhn,* and R. Loveman 

In the past year we have completed the investigation of the linear 
polarization sensitivity to X-rays and gamma rays of liquid xenon and liquid 
argon filled ion chambers. The effect investigated is_based on the fact that 
the electrons ejected by a photoelectric event of an X-ray or gamma ray tend to 
lie in the plane defined by the electric field of the photon and its forward 
momentum vector, i.e., the plane of linear polarization, and thus form a "sheet" 
of ionization in the detection volume. If this sheet is oriented parallel to 
the collection plate the resulting pulse will have a short rise-time, while if 
the sheet is perpendicular to the collection electrode a slow-rising pulse will 
result. Thus the pulse rise-time can, in principle, be used to tag the linear 
polarization direction and/or the forward momentum direction of the detected 
X-ray or gamma ray. 
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Monte Carlo calculations have been performed to investigate the strength 01 

this effect and its effective analyzing power for· linearly polarized photons. 
These Monte Carlo calculations indicate that while ·the expected linear 
polarization sensitivity is present, the effect is probably too small at the 
energies considered (30 to 80 keV) to make the method feasible in a liquid argon 
filled detector when the noise contribution of the associated electronics is 
considered. On the other hand, the technique may be feasible at somewhat higher 
energies (which were not considered because of the complications of the Compton 
effect) and particularly when a gas-filled detector employing gas-multiplication 
amplification is employed. It should also be pointed out that the same 
ca1culations indicate that the technique can successfully be employed to make 
such a detector direction sensitive (at the level of a few degrees) at higher 
energies. A paper on this was presented at the Knoxville DNP Divisional Meetins 
last Fall, 1 and a ~ubli.cati.on baaed on th~se results is :l.n preparation. 

In the past year we have, in collaboration with Dr. C.R. Gruhn of LBL, 
conducted an investigation of the effP.rt of "doping" lt 11yuld argon tilled 
ioniz4Lluu chamber.with a small admixture of xenon. The expectation was that 
this might enhance the ion.production of charged particles by promoting energy 
transport through ultraviolet production. However, our measurements indicate 
that this is not the case and that xenon doping reduces the net ionization. 
This result may arise from possible impurities in the xenon introduced into the 
system, and in any case is not understood at present. When xenon-purification 
techniques are better in hand these measurements may be repeated. 

We have also collaborated with Dr. Gruhn in the investigation of ionic 
recombination in liquid argon of the ionization of energetic heavy ions. The 
preliminary results of this investigationindicate that the recombination depends 
linearly on the range . (as opposed to the energy or velocity) of the ions 
studied. 

The measurements of gamma ray line shapes in liquid-xenon filled ion 
chambers under good measurement conditions has been slowed by the high cost of 
xenon gas and the unavailability of funds at the University of Washington to 
purchase it in sufficient quantity. However, this problem has been solved for 
the moment by the decision of LBL to co.mmit significant funding to this project. 
For this reason, the focus of our efforts has shifted to LBL and one of us 
(Loveman) is in residence at LBL working full time on this project. The 
xenon-detector cryostat has been assembled, and the xenon purchased. The 
initial efforts with this system have been aimed at obtaining the best possible 
energy resolution while detecting conversion electrons with the apparatus filled 
with liquid argon. Recent results of such measut'e'ti!Cnts· are shoWii. in Fig. 
1.4-1. Conversion electrons with an energy of 976 keV from a 207Bi source are 
detected in a liquid argon filled ion chamber. The overall resolution of the 
peak is 40 keV, and the electronic (pulser) noise of the system is about 28 keV. 
This implies an intrinsic resolution for the detector of about 24 keV. This· 
represents the best energy resolution which hao ever beeu obtained with such a 
detector. 
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In the coming year, we expect 
xenon filled ion chambers and 
measurements of the gamma ray 
detectors. The development of 
volume on the order of 1 liter is 

to pursue our investigations of argon and 
in particular 'to make a set of definitive 
detection characteristics of xenon-filled 
a liquid-xenon filled d~tector wit~ an active 

one of the goals of this project. 

References 

* Lawrence Berkeley Laboratory, Berkeley, California. 
L R.A. Loveman and J.G. Cramer, Bull.· Am. Phys. Soc. ~, 823 (1979). 

Fig. 1.4-1: Pulse height spectrum of 
conversion ele.ctrons from 207Bi 
detected in liquid argon filled 
ion ch~mber. The peaks labelled 
eK · and eL 
correspond to K and L convers 
ion electrons, respectively. The 
broad peaks labelled C.E. are 
the compton edges of the 
.corresponding gamma rays. The 
FWHM of the 976 keV electron line 
is 40 keV and the FW'ffif of the 
pulser peak is 28 keV. 

5. Absorber-Theory Experi.ment 
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We are presently performing an experiment to look for possible spatial 
an.isotropies in the emission of neutrinos which are predicted by Wheeler-Feynman 
absorber theoryl as it applies to the emission of neutrinos, for the 
circumstance .where there is a deficiency of future absorption of neutrinos. 
This measurement is to some extent the neutrino analog of the absorber theory 
experiments performed by Partridge2 and by Schmidt and Newman,3 both of which 
h~ve employed about 10 GHz microwaves in a search for emission anisotropies or 
other advanced-wave effects. The measurement which is in progress is a search 
for a spatial anisotropy in the emission of neutrinos, as reflected by a 
somewhat smaller anisotropy in the emission of angle-correlated beta particles 
in a pure Gamow-Teller beta decay. 

The experiment which has been designed for these anisotropy measurements 
employs 100Ru, a pure Gamow-Teller beta source as the emitter of neutrinos, 
while recording the direction-correlated beta particles from the radioactive 
decay with symmetrically placed scintillation counters. Since last year a new 
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high precision sidereal clock has been incorporated in the data recording 
apparatus. Over a thousand asymmetry spectra have been measured at half hour ·· 
intervals and recorded on magnetic tape. Analysis of these data has shown 
systematic variations in the relative counting rates of the two scintillation 
counters having a 24 hour period and properties indicating a systematic ·error. 
This "background" error would correspond to an asymraetry of about 0.05%. It is 
presumably due to effects arising from daily room temperature variations, 
powerline fluctuations, commercial radio broadcasts, etc. The experimental 
setup has been moved from the Nuclear Physics Laboratory to Physics Hall where 
the ambient environment can be more carefully controlled. This seems to have 
eliminated some, but not all, of the systematic error problems. 

Our principal problem in the coming year will be to eliminate the serious · 
systematic er.rors mentioned above, so that an asymmetry on the order of 0.01% or 
less could be obset·veJ if it were present·. This is <'lhout the level at which 
optimistic models might predict an effect. Our first steps in this direction 
\oJLll he more careful .;tttention to power isolation,· control of · ambient 
temperature, and electrical shielding uf th~ apparatu~. 
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2. FUNDAMENTAL SYMMETRIES 

1. An Improved Test of Nucleon Charge Conservation 

E.B. Norman and A.G. Seamster 

As described in last year s annual report1 we have· searched for 
charge-non-conserving (CNC) decays of the type 

n -> p + neutrals (1) 

using the nuclei 87Rb and 87sr. A 400 gm sample of Rb2co3 was dissolved in 200 
.ml of H20. A known amount of sr++ carrier was then added 'to the solution. The 
n·:m-radioactive Sr and any 87srm (produced by the CNC decay of 87Rb) 
precipitated as SrC03 and were filtered out of solution. The separated SrC03 
was then placed on the front of a well-shielded Ge(Li) detector and a search was 
mgde for the 388.4 keV 1-ray that is emitted by the decay of the 2.8 hour 87srm. 

This procedure was repeated five times during a five-day period •. No excess 
of counts above background was observed in the vicinity of 388.4 keV. From this 
experiment a lower limit of t 1/ 2 > 1.9 x 1018 years has been established for 
this charge-non-conserving decay. This represents a one-hundred fold 
improvement over the only other measurement of its type.2 A paper based on this 
experiment has been published.3 
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2. Parity Mixing in the 2.8 MeV Doublet of 21Ne 

E.G. Adelberger, A.B. ~1cDonald*, H.E. Swanson, and·R.D. VonLintig 

The parity mixing in the 2.8 MeV J = 1/2 doublet of the odd-neutron nucleus 
21Ne has become an interesting· system .for quantitative measurement of the 
relative magnitudes of the AI=O and AI=1 parity nonconserving N-N forces. 
Because of the very small energy splitting between the J = 1/2+ and J = 1/2-
states ([1E = 7.6 keV), and the combination of a highly retarded E1 transition 
("'tEl - 696 -:1: 51ps) and a fast !11 transition (1:M1 6.2 ± 1.0 fs) 1 the circlar 
polarization of the 2.789 MeV 1-ray provides an extremely·sensitive probe of the 
parity violating matrix element. Recent calculations of the 21Ne 
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wavefunctions2,3 combined with SU(6)w calculations of the parity nonconserving 
N-N amplitudes have been very successful in accounting fortheunexpectedly small 
circular polarization (P1=(0.14 ± 0.29) x 10-2] observed in the measurement 
presented in last year's Annual Report.4 The small effect arises from a near 
cancellation of the ~I=O and ~I=1 matrix elements which is consistent with a 
neutral current contribution described by the Weinberg-Salam·model. 

Because of the inherent importance of the 21Ne system we have concentrated 
our efforts on impro.ving the experimental results in 21Ne. During the past year 
we have designed an improved version of the circular polarization experiment 
(Mark II) and remeasured the efficiency of the Mark I circular polarimeters. 

Our Mark I experiment was count-rate limited. The Mark II experiment 
should increase -our counting rate by roughly an order-of'-magnitude. This 
increase results from using four polarimeters with 5" x 6" Nai detectors 
_instead of two polarim'eters with 3" x 3" detectors. The use of 4 rather thap. 2 
polarimeters also reduces systema~ic errors du~ t;:o b~~~ "§teering". in the. stray 
fields from the. polarimeter. The· polarimeters ~re being constructed at Chalk 
River and are similar in coneept to the Mark I version. The 5" x 6" detectors 
have been delivered to Chalk River, and have been tested at 7.5% resolution at 
1333 keV. A new constant-current switching circuit for driving the polarimeters 
(described in Sec. 9.10 of thi~ report) has been const~ucted in Seattle. We 
plan to begin data taking this summer. 

Fig. 2.2-1: Spectrum of y-rays from 
24Na transmitted through two 
Compton polarimeters. 
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We have remeasured the efficiency of our Mark I polarimeters at E1 = 2.754 
HeV using 24Na sources produced by 23Na(n,1) at the University of Washington 
reactor. The technique was described in last year's Annual Report.4 However the 
data shown in last year's report displayed non-statistical deviations. We !'tave 
redone the efficiency measurement with results which are now consistent with 
Poisson statistics. 

A spectrum of 1-rays from a 24Na source as transmitted by the two 
polarimeters in series is shown in Fig. 2.2-1. A "random" pulser was used to 
make small dead time corrections. The efficiencies measured with a series of 
24Na sources along with the average value is shown in Fig. 2.2-2. The final 
result 

Fig. 2.2~2: Circular polarimeter 
efficiency measurements for 
a series of 24Na sources. 
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is in excellent agreement with the value q2.754 = (3.40 ± 0.10) x 10-2 o~tained 
by scaling the efficiency measured by Lowry at Caltech6 with a 60co source. 
Combining the results of this work and Ref. 5 we find that the analyzing power 
at E1 = 2.789 HeV as · 

q2.789 = (3.39 ± o.o8) x 10-2 
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3. Parity Mixing of the 2s 1/ 2 and 2p1/2 States in Hydrogen and 
Deuterium Atoms 

A. Introduction 

E.G. Adelberger 

The parity nonconserving (PNC) interactions between electrons and nucleons 
provide a detailed probe of the neutral current weak interaction. One may~ in 
lowest order, distinguish 4 separate PNC couplngs: ·gAe gvP, gve gAP, gAe gvn, 
and gve gAn whose strengths (following Ref. 1) we denote by C1P, c2P, C1n and 
C2n· Measurements of the parity mixing between specific hyperfine components of 
the 2S1f2 and 2P1/2 levels of hydrogen and deuterium atoms can, in principle, 
yield ~11 fQ\,lr of the PNC couplina- constants w:i.th essenti Rlly no nnr:P.rt;:ti nty 
from atomic theory. Note that for deuterium we have 

and 

if experiments in H and D a~hieve sufficient accuracy 
fundamental issues .. In the Weinberg-Salam (WS) 
expressions for the coupling constants are: 

- 1/2 

one can resolve some 
model the lowest 

c1P 1/2(1-4 sin2~~) 

c2P = 1/2 gA(1-4 sin2~) 1/2 gA(1-4 sin2~) 

very 
order 

It would be clearly interesting to measure all four of these constants and check 
whether they agree with the WS predictions. Existing experiments in heavy 
atoms2,3,4,5 and high-energy electron scattering6 determine only certain linear 
combinations of the constants and significant uncertainties occur in the 
theoretical interpretations--especially in the heavy atoms. Perhaps even more 
interesting than checking the lowest order WS predictions are the higher order 
effects. In the WS model the coefficient c2d v~nishes identically in lowest 
order. Hm.rever, the radiative corrections do· not vanish--in fact the second 
o.rder terms are expected to contribute to c 2d at the 0.01-0.05 level. 7 The 
experimental determination of c 2d_ thus directly measures the weak radiative 
corrections in any model in '.rhich· the axial weak neutral current is purely 
isovector! There may also be a contribution to c2d from induced isoscalar axial 
currents due to virtual ss quark excitations in the nucleon.8 

The relevant N=2 levels of hydrogen are shown in Fig. 2.3.A-1 to establish 
our notation. The PNC interaction can mix the following levels: ~ e0 , ~ f 0 , 

~ e+, Po e0 , ~0 f 0 , ad P- f_. Due to .the 1/r ~oulomb ~otentiald ih1o 80 -e0 
mixing in hydrogen is sensitive only to c2P and 1n deuter1um to C2 . , Hence 
measurements of the ~0-e0 mixings in fiydrogen and deuterium provide a 
fundanental test of electroweak interaction theory. 
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Fig. 2.3.A-l: n = 2,J ~ 1/2 
levels of hydrogen · 
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In this article we describe a new. t;echnique _(denoted Mark II)" for meas,uring 
the PNC mixing with a sensitivity much greater than that-of a· method (Mark. I) we 
des~ribed previously. 9· The new scheme was developed after stud.ies of .systematic 
errors· on the Mark I apparatus showed that spurious effects were much too large 
to a1lmo7 a meaningful measurement of C2. The Mark II scheme is such a large 
improvement ·over Mark ·t 'that· we have abandoned the Mark I approach· and are 
putting all, our emphasis on designing and constructing the new apparatus.· The 
remainder o_f this secdon discuS's'es the-· pr~nciP.les of the Mark II scheme, 
measurements made with the Mark I apparatus and progress on building the Mark II 
apparatus. 

B. General Principles of the Mark II Experiment 

E.G. Arlelberger:,··T.E .. Chupp, E.N. Fortson, D~ Holmg-ren, M •. z. Iqbal, 
H•.E. Swanson, and T. A.· Trainor 

Several groups9,10",11 have pr~posedmicrowave schemes for measuring p0 -e0 
and· p-f PNe mixing at level crossings using 590 eV beam~ of metastable hydrogen •. 
. Our Markiischem~, in common with those proposed in Refs. 9 and 10 detects the 
PNC ocp 0 -e0 mixing-by driving 0ta -:-> ~0 electric-dipole transitions_in a uniform 
magnetic field of -570 gauss near the p-e crossings~ The . transition proceeds 
predominantly via ;intermediate e states and we det;ect the interference .between 
weak interaction and Stark efRect -~P-e8 mixing.. However, in the Mark II scheme 
the. PNC amplitude ApNc(<Xo _,.z e 0 ~N ~0 ) pRoduce~ in one RF cavity .interferes 
·with a parity conserving amplitude Apc(<Xo ~z eo _,_z Po> produced in another 
cavity. Our signal is the change In the <Xo - Bo transition rate when the 
relative phase of Ape and ApNC ~s changed by 180°. This can be achieved by 
changing the relative phase of the RF in the two· cavities by tsoo·, by reversing 
the direction of E, ~nd by reversing B. In our notation K = <eleR·r/2h 1~ is 
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Fig. 2.3.B-l: Schematic diagram of the 
experimental configuration. 
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the matrix element ~fa microwa;~ electric field (R) oscilla:in~ at_ ~RF 
2rr • 1608 · 106 sec 1, VPN~ = 1Vp~e = <p0 I(HpNe/h)le0 > = -0.161e2 sec 1 1s the 
weak matrix ele~ent, E = <eieE·l/hiP> is the matrix element of a static electric 
field (E), and z is the magnetic field axis. (In this paper all frequencies are 
angular frequencies measured in radians/sec.) At our RF. frequency the 
unperturbed <Xo -> ~ 9 resonance occurs at 569.4 9auss. The transition rate is 
Ra _ B ~!Ape+ ApNel2 ~ 1Apel 2 + 2ReiApe ApNe*l· Our signal obtained by 
re~e~s~ng the relative sign of Ape and ApNe• is ~R = 4Re ApeiAPNe*l· 

The experimental geometry is shown in Fig. 2.3.B-1. 500 eV protons from a 
duoplasmatron, converted by charge exchange in es vapor into a beam of H(2s), 
enter a 570 gauss solenoid. The beam passes thr-ough a transverse, static E 
field to quench the ~ levels~ The resulting beam of atoms in the _04- and <Xo 
states then enters two successive cylindrical RF cavities oscillating coherently 
in the Tito1Q mode. In each cavity there are RF and static E fi~lds along ~. 
Since the RF B field vanishes on the cavity axes we shall temporarily neglect M1 
transitions between the 2s states. The first, shor~er, cavit~ drives Ape· It 
contains weak RF and strong static electric fields Rzi and Ezi with matrix 
elements R I and E I, respectively. Therefore the RF quenching of the ex 
states is srn~ll and thezPNe mixing can be neglected in comparison to the Stark 
mixing induced by the static E field. The second, longer, cavity drives ApNe· 
The RF in this cavity is strong ( 2 = vJ!t 2 ) and is shifted in phase with 

Z . -+ A 

respect to that in the first cavity. The weak static E_~ield tlong z (with 
matrix element Ezii) drives a probe transition, Ap(<Xo ~ e 0 '-* ~0 ). The 
purpose of Ap will be discussed below. The beam then passes_ th~ough a cavity 
containing a· perpendicular RF E field osci·llating at 2rr · 2143 · 106 sec-1 which 
depopulates the ~ and <Xo levels by ~f mixing. The remainin~ ~ states are 
detected by passing the beam through a static perpendicular E field. We 
deternine the <Xo ·-> Po transition rate by detecting the Lyman radiation from 
this p-e mixing. 

The main features of our scheme can be understood by treating Ezi, Ezii, 
Rzi• Rziif and VpNe as perturbations and neglecting intermediate f states. We 
assume Rz I<< 1· fzi << 1, fzii << Rzii, and Rzi << fzi• where 1 is the 
2p -> ls decay rate. Then at the <Xo Po resonance, an atom initially in the <Xo 
state which spends times t1 and t2 in cavities 1 and 2, respectively, has a 
probability to be in the Po state given by: 
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and we have ignored any drift space between the two cavities. The relative 
phase of the oscillations in !he t~~ cavitiEfS has been included by defining Rzi 
to be real anrl setting Rzii = Rziie 1~ where T is the relative phase. · · 

The phase t is set to make the interference of ApNe and Ape as large as 
possible (ApNe and Ape relatively real). This can be achieved by requiring the 
interference of Ape with Ap to vanish (since Ap and ApNe are 90° out of phase). 
The angle t is controlled as follows. The weak static E field in the second 
cavity is modulated at frequency wm and lock-in techniques are used to detect 
any component of the ~ state signal which occurs at a fre9uency wm. This 
component arises from Ape, Ap interference. It vanishes if ~ has been set 
correctly and is used to control an electronic phase-shifter in a feedback loop. 

VpNe can be measured by detecting the change in the counting rate of 60 
states upon the independent reversal of the solenoid. field (Rzi -> -Rz!, 
R II -> -R II E I -> -E I) the Stark mixing field (E I -> -E I) or the RF 

Z .1. ZJ. t Z Z • Z Z 
phase ~ ~> ~ + 180°. This change is 

0.11E
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Fig. 2.3.B-2: Calculated signal for the 
case where the front and rear 
cavities have lengths of 12 em and 
36 em, respectively. Electric 
fields are assumed to turn on and 
off abruptly and are roughly opti-. 
mum if there is a negligible back
ground in the La detectors. Lower 
!JCI.LL: Lht= a.0 00 J..e::;uuau~e yl~lu. 
Upper part:· the modulation of the 
a0 B0 yield when the rerative phases 
of Ape and APNC are reversed. We 

. assume C2 = 0.5. 
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In Section 2.3.C we discuss an additional subtraction involving o. 

571 

The results of a numerical calculation modelling our experiment are 
displayed in Fig. 2.3.B-2. The lengths of the first and second cavities are 12 

·and 36 em, respectively. For simplicity the fields tzi, Ezii, and tzi and ~zii 
are assumed to turn on and off abruptly and the magnitudes are roughly optimized 
for the ideal case of a negligible background in the Lyman ~ detectors. Our 
present ion source produces a metastable beam intensity of -1 particle pamp in 
each hyperfine state into a solid angle of 2 x 10-5 sr and we have constructed a 
p-state detector with a total efficiency of 1/8. With this intensity a 
statistical error in C2P of -0.16 can be reached in one day of running time. · 

c. Analysis of Systematic Errors in the Mark II Scheme 

E.G. Adelberger, T.E. Chupp, M.Z. Iqbal, and T.A. Trainor 

The various schemes9,10,11 which have been suggested to study PNC effects 
in H(2s) are roughly equivalent as regards statistical errors since for a given 
metastable atom flux and counting time, the signal/noise ratio is proportional 

· to VPNciT/1 where T is the time the beam spends on the interaction region. Our 
scheme is a little more favorable than that of Ref. 10 since we have a larger 
effect (Ape and ApN~ are relatively real) and P's produced by VpNc are not 
quenched by transverse E fields. 
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However, the different. schemes have quite different sensitivities to 
systematic errors. These are dominated, in decreasing order of importance, by: 
1) motional E fields Em = ~/c x B; 2) misalignment and non-uniformity of the 
applied fields; 3) stray eleGtric fields; and 4) M1 transitions.· 

It is convenient to express the ~0 -> ~0 amplitudes as scalar products of 
the external fields acting on the H(2s) atoms. In this notation 

·and 

Ape = 0.055 vo2(iti.s EloB)/t1/Do 

where D0 = (1/2 - iWR e ) 
ro o 

On·::! must realize that the states ~ and ~ 0 can also be connected by the 
amplitudes 

~1 = 0.055 u0 (Mll·B) 

AJ
1 

= -0.0275v0 2(irr x B)·(EII x B)/tz/D+ , 

and 

AJ
2 

= -0.0275i v0 2(Rli x El·B)tz/D+ 

where M is the RF magnetic field with matrix element M = <~ lp·M/2hl~. B is a 
unit _vector along B and D+ = (1/2 - iWS

0
_e ). :he constants V0 and U0 have 

numer1cal values V0 /3 ea0 /h = 13.93 x 106 sec 1 JV(cm 1 ) and U0 = p0 / = 8.79 x. 
106 sec-1/gauss. We concentrate on the ~ -~o amplitudes in the second cavity 
since the sum of all ~ -> ~0 amplitudes in the first cavity can be combined 
into an overall amplitude Ar which then interferes with the various amplitudes 
in the second cavity (this is strictly correct only if the various amplitudes in 
the final cavity are constant over the cross section of the.beam). Let us 
deC-ompose all the E and B fields into applied, fringing, motional and stray 
components. For example in an obvious notation R = Ea + Ef +Em+ Es where Em = 
v/c x B. The matrix elements involving the fields are listed in Table 2.3.B-1. 

-+ -+I -+ -+ 
In our geometry t~e applied external fields, Ea, Ea , Ral and Rail are 

ideally parallel to B and the symmetry axis of the atonic beam also lies along 
B. This is possible in an apparatus which is perfectly aligned but which 
contains fringing fields and a finite emittance of the atomic beam. If the 
alignment were ideal in this sense all the spurious amplitudes listed in Table 
1-3-1 either vanish by cylindrical symmetry or are cancelled by the reversals of 
B and ~- However, the alignment cannot be perfect. In the following 
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Amplitude 

~v 

...... 
0\ 

AJ 
1 

Table 2.3-1: a B amplit•1des invoi.ved in t:ne 570 gauss parity mixing measurement 
0 0 

Subtractions 
a 

B 0 a+B . 1: 
Numerical Value Phase Cyl. + + + Value After B, 

·F::>rm b !Units of R T) . a Setting Syn.n. -B -& B+a 0 and cf> subtrac·tion 

i(C
2

) 
VPV "··) [itg ·BJ 

T X ]0-9 C i60° 
1.00 3 X 10""9 c ~· e • ) 2 2 

0 

0.055 vo2[t;t~i)~a·B) 2 • -uo· 
T 2.9 X 10- (Ea·B)e 0 X x· .. 0 

0 

v o 
2 

(ia ·BJ (Es ·i] -5 -i300 10-4 -13 0.055 T 2.9 X 10 e X X 2.9 X 10 
D 

C) 

"'o2 iti~ }'a) -5 -i5o· 
-O.JJ X X X 7.8 X 10-ll -8.25 

D 
T -7.9 K 10 e 

2 r:; +l 
Vo Riital~ X B. -7 -8.25 T -4.7 X. 10 e -i5o· -0.33 K X 

. -9 
1.5 X 10 

.:..+ 

V o 2 [Rf X B]fEsxBJ T -7 -i50° 
-0.33 X X X 1.8 X ·10-!7 -0.027 

2D+. 
-1.8 X 10 e 



·Table 2.3-1 (Continued) 

Subtraction a 

B 0 a_,.S 
Numerical Value Phase Cyl. .j. .j. .j. Valutf After B, 

Amplitude Formb (Units of RaT) Setting Symn. -B -a S_,.a 0 and ~ subtraction 

v 2 •B 
-7.9 x 10-5 ei40 o -2,2 X 10-!2. -i(8.25) 0 T 0.95 X X 

A . 
-i(8.25) -7 i40° -13 

J2 T -4,7 X 10 e 0 .. 95 X X -4,4 X 10 

...... 2(... + l A 

. -7 i40° -13 
-...! -i(0.027) 

V
0

Rf x Es •B 
T -1.8 X 10 e 0.95 X X -5.1 X 10 

D+ 

(o. 94 x lo-4)u (R 
X rJ ·Blf]r -8 0.50 ·7 .0 X ~0-ll 1.4 X 10 X , o rna 

\t 
( -4) ~ ... 1 A -2,7 X 

-9 i90° X .x -7.0 X 10-15 
-1 1.84 ·x 10 U

0 
~ x Rfj•B T 10 e 0.87 X 

aAn X indicates that the corresponding quantity is reduced by the subtraction. 

bAll fields are decomposed into apJ=lied, misaligned and fring:..1.g components; for example; it,= ·it + R + Rf, where 
the component is uniform and II to :B and the misaligned component is uniform but...!( to B. a. rna 

~eduction factors of 10-2, 10-~ and 3 x 10-4 are assumed for the subtractions due to cylindrical symmetry, B and a. 



discussion we make a first order approximation--i.e., we assume the variou 
fields are constant but not colinear. Let the angle between iii and B be eR and 
between lii and B be eE. It is easy to see that both AJ

1 
and AJ · are 

proportional to 9E9R--i.e., second order in small quantities. In adaition 
~ eR si~ce M~ R in the TM010 mode and Rll to B.A Furthermor~ the induced 
motional M seen in the rest frame of the atoms ~ = - ~/c x R is also small 
since v lies along R. As we shall see later the M1 contributions are small for 
other reasons as well. This favorable situation should be contrasted with those 
occurring in the schemes discussed in Refs. 9, 10, and 11 all of which involve 
applied transverse fields and hence contain systematic errors which are first 
order in misalignment angles. 

The most important systematic error involves the motional field. At 500 eV 
a ll(2$) aloru travelling at an angle of 1 mllllradlan to a ~70 gauss B field 
experiences a field Em~ 0.18 V/cm, while for c2 = 0.05 (the value predicted by 
the WS theory with sin2ew = 0.23) the weak matrix element is equivalent to a 
field of 5 x 10-9 V/cm. The motional field contribution to the .amplitudes AJ1 and AJ

2 
are 

and 

A~2 = -i8.25 vo2(c~/c . B)(R. B) - IBI(R. V/c))t2/D+ 

Under reversal of the direction of B 
A~ 1 -> -A~ 1 while A~2 -> A~2 . 

m . 
Therefore th! AJ term is greatly reduced by the subtraction associated with the 
reversal of B, w~ile A~1 is not affected. · · 

Since A~1 is responsible for the most serious ~systematic errors in o~r 
scheme . it is worth considering in some detail. If R were always parallel to B, 
A~1 would vanish identically. However becaus~ of fringing fields at the ends 
of the cavity an atom travelling parallel to B a distance r from the axis of the 
cavity experiences an unavoidable R~ from each end given by fR~dt/fRzdt = r/21 
where L is the length of the cavity. If the atomic beam were not quenched by RF 
quenchtng and if each atom in the beam had a constant value r, then on 
resonance, the effects of the two ends would cancel on an atom by atom basis. 
But since neither Qf these condit~on§_ is satisfied the cancellat:l.on i.s 
ineffective. On the other hand, if R, B, and the atomic beam have cylindrical 
symmetry ~round a common axis Aj

1 
does vanish on an atom by atom basis. 

To reduce the spuri~us amplitudes such as A~ Ato a sufficiently small 
level one must align R and the atomic beam wit~ B and minimize the effects of 
fringing fields. Th~ average valueft of ~ and Vm can be efficiently minimized 
as follows. Set B to the ~0 ~ e

0 
~ ~- resonance at 603.8 gauss. The 

amplitude for this resonance is AxoP- = -0.5 v0 21Rzl jE~It2D- where D_ = (1/2 -
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iwp_e ). Vary the direction of ·the ~tomic beam so as to minimize 1\x_p_· · This 
provi~es a sensitive way to ali~n B with the symmetry axis of the a~omic beam. 
Then align the RF cavity with B by returning to the ~ -> ~0 resonance. 
Deliberately apply a strong transverse electric field E . Then vary the 
alignment of the cavity with respect to B to minimize the amplitude AJ

2 
= 

-0.0275 V0 2IR.LI IEl.l T/D+. This procedure greatly magnifies the effects of 
any misalignment and allows· one to measure and correct the ·misalignment. 

The effects of the fringing fields at the cavity ends can be cancelled by 
running on the sides of the ao -> Po resonance (6 = 0). Off resonance the 
phase of the ~ -> Po amplitude depends upon z, the position inside cavity where 
the transition ·occurs. Therefore the phases of amplitudes generated in the 
beginning and end of cavity (e.g., from fringing fields) are di~ferent from the 
phase of an amplitude which is generated throughout the cavity (e.g., ApNc)· 
One can always choose 6 in such a way that when 6 -> -6 the amplitude driven by 
fringing fields does not change its phase relative to some constant interfering 
amplitude (e.g., Ape) while the amplitude driven by the applied field will 
change sign. For simplicity consider an ideal situation where the fringing 
fields have negligible width, the applied fields ·are small and the phase is 
chosen to be zero if the transition occurs in the beginning of cavity. Then the 
phases· of the amplitudes ~i~ing from fringing fields at the beginning an~.g~d/~f 
the cavity are 0 and e 1 t2 respectively while the phase of ApNC is e 

1 
2 • 

So if 6t2 is chosen to be ±n then as 6 -> -6, the amplitudes driven by fringing 
fields do not change their phase but APNC changes its sign. This can be used to 
cancel the effects of the fringing fields. The cancellation is limited by an 
unavoidable variation in times t 2 due to a spread in the velocities of the 
atomic beam. A duoplasmatron produces a velocity spread 6.v/v ~ · 10-2. This 
ultimately limits the cancellation to a factor of ~t/t)2 = (~v/v)2 - 10-4 even 
if the frequency shift 6 could be chosen exactly. 

There is, in principle, a fifth-subtraction which can be very useful in 
further reducing systematic errors. This subtraction is based on the imaginary 
n~ture of the weak matrix element VPNC· Time reversal invariance requires that 
all amplitudes which contain an odd number of T-odd factors (B's and ~'s) must 
also contain a factor of i, .for example APNC contains one factor of B and has a 
factor of i, while Ap contains two factors of Band no factor of i. Amplitude 
with this factor of i will change sign when initial and final states are 
reversed (~->Po is changed to Po->~), while those without this factor of i 
do not. Now compare th~ effects of the transformations B -> -B and·~ -> fx• 
All amplitude which do not contain an odd power of beam velocity behave 
similarly under the two transformations. However those amplitudes which do 
contain a factor of the beam velocity will transform oppositely under B -> -! 
and ~ -> p~. Hence all motional field amplitudes are either cancelled by the 
subtraction B -> -B or ~ -> ~~· This behavior is shown more clearly in Table 
2.3.B-l. The subtraction~ -> ~can be implemented by alternating between RF 
and static E field quenching before the main RF cavity and the ~detector. 

19 



It is obvious that further reduction of the systematic errors would b, 
achieved if one could reduce the velocity v of the atomic beam. Intense thermal 
beams of H(2s) are being developed.13 A thermal beam would reduc.e all . motional 
field effects by a factor of - 100. In principle it would also in·crease _the PNC 
effect by a factor of IT ~ 1/IV - 10. However to obtain full· benefit of this 
factor of 10 the magnetic field must be uniform and stable to better than 4 
parts in 1Q5. 

Numerical estimates of the various amplitudes discussed above are presented 
in Table 2.3.B-1 for the case of a 500 eV atomic beam without the ap -> px 
subtraction. It seems likely that a thermal atomic beam of the 
~ -> p subtraction will be necessary to reach a sensitivity in c2 as small as 

that predicted by the WS theory. 

We gratefully acknowledge informative conversations about this experiment 
with a large number of colleagues. We are particularly indebted to Prof. E.A. 
Hinds for introducing us to attractive features-of two cavity experiments and 
tor helping to ~larity some issues concerning systematic errors in measurements 
of' this type. 

D. Considerations Involving a Possible Hydrogen Atom Parity Mixing Experiment 
in Zero Magnetic Field 

E.G. Adelberger; E.N. Fortson, and M.z .. Iqbal 

In hydrogen atom the S states have small admixture of P states because of 
weak interactions. In a magnetic field around 570 G the Zeeman splitting makes 
the 2S (mJ = -1/2) states-degenerate with the decaying 2P (mJ = 1/2) states. 
Because of vanishing energy denominator the admixture is maximum at this point. 
This was one of the reasons for doing the experiment in a magnetic field. But 
for a given length of time the statistical signal to noise ratio depends only on 
the parity nonconserving amplitude and is independent of parity conserving 
amplitude.l4 It turns out that for a given magnetic field one can always 
optimize the parity nonconserving amplitude by adjusting the RF electric field. 

If a transition is driven to state 
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from state 1~0> near 570 c·applring an RF electric field (Re-iwt + R*eiwt) 
on resonance (w = w~~~0 ) the 1~> amplitude is given by 

l),NC 
-+ 

where 

·. ~/2 is the 2P state decay rate and 

R2 
f = Y--~------~z~------~ 

2 

[!r + [wno•o 

R ' z 

then 

The notation for the states involved is established in Figure 2.3.A-1. To 
geneglizeHfor arhitrary magnetic field we also have to include the Po amplitude 
(~0 -+E e0 ~C ~0 ) and similar amplitudes generated through intermediate f 
states. In calculating the optimum RF. strength we will neglect these other 
amplitudes since they do not have a large effect •. The condition for optimum ~0 
with respect to R (in a magnetic field for a given time t) is found from ()~0 /<:lR 
~ 0 which gives rise to the c~ndition 

e-ft (1 + 2ft) = 1 

One can see that ft = 1.25 and R2 = [(l/2)2 + (wp e -wp0 e 0 ) 2 ](g/2)t. This 
shows that optimum Po is same for any magnetic field ~i~e., any wp e) and one 
can always find a· R to optimize Po . at any magnetic field. ~e~r 570 G 
(w~ e = 0) R = 20 x 106 sec-1 only but at zero field (wp e >> J/2), R = 560 x 
10 °sgc-1 for t = 1 ps· 0 0 

In zero magnetic field F and mF are good quantum numbers (F = i + 1) and 
one can calculate the HPNC matrix elements in the basis IF,mF> 
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<FI I [·'· ~NC ,,, l 'lllf "'~p,-fl- "'2s F '~ F I 0 

F 1 1 2 11>Nc · ~ < ) 
< 'tllf' p ~ 2s,F,~> = iuFF 1 otnfm; VPNC c1 + 3C2 F 0 

-+-+ The useful reiatiori between the stark (HE) and magnetic (HB 
· eleml!nt is 

= -p·B) matrix 

The exact matrix elements are shown in Fig. 2.3.0-1. 

j_ 11,1) 

.2S.!. 177 Mill 
.1 

T 
~10 MHl 

_l_ 

~pL S') MHl. 
z. 

T IO,O) I 0,0) 

Fig. 2.3.0-1: Transition to Bo state from~· a 0 , and B- states (through the. 
intermediate ~, e0 , f...:, and £0 states)· due to RF electric and. magnetic 
fields in static magnetic field. 
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In zero magnetic field, the parity nonconserving amplitude vanishes unless 
{\F=l. For example the ·2S jl ,mF) "t 2Sj 0,0) occurs while all other amplitudes, 
such as 2Sjl,mF) ":t. 2Sjl,mF) vanish. For example, on resonance 

I
~ . H 

1 1 2 -~Nc 1 ~ 1 1 ·2 E 2 1 
_<_,_IDF.;::__• _s-'-_f) 2p ' , II1f x 'Inf , P h s , , ~ > t 

.Y- iw 
2 sl,p1 

HE · . . ~NC 
<1,m;,2s h 2p,1,~ x ~,2p ~ 2s,1,~> 

+ ----~--~~--------------~----~-------- t y_ 
2 

The HPNC matrix elements are completely .imaginary and th~ first term has 
n=gative sign relative to the second. The HE matrix elements are the same in 
both terms so that the amplitude vanishes. 

Using the matrix elements given in Fig. 2.3.0-1 one can 
2Sjl,m) -> 2SIO,O> amplitudes, p0 m driven by resonating 
magnetic field and resonating RF electric field. 

-+-+ 

iR [cl + cz] i(KXE) 
z - M t 

!J.o z /).1 /).2 z 

-+ -+ - [c1 C2] -i(RxE) iR 1 -+ + ____±. -+- --M t 
12 f:J.o 12 /).1 /).2 12+ 

13 1 
0 

i(itx"E) iR [C1 C2] 1 -
-+- -M t 

12 f:J.o 12 /).1 /).2 12 -

easily find the 
(W = wsl - ws0 ) RF 

where w51 , w5o, Wpl, Wpo are· the angular frequencies' corresponding to the 
energy of the states 2S(F=l,O) and 2P(~=l,~),·respectively • 

.. 
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1 1 !, -= 
~ y - iw y - iw 0 

2 sop! 2 slpl 

...!...= 1 1 
~1 y_ iw y_ iw 2 sopo 2 slpl 

1 1 1 -= 
/!.2 y - iw y_ iw 2 sopo 2 8 lpl 

:T :t ~ .)- + .... + + .... --
and R(E) = v3 ea0 /Tt 'R(E), M = p0 /1'\ M, R(E) is RF (static) ele~tric field and M 
is RF magnetic field. 

For a system without any preferred direction where all ~2sll,m> states are 
equally populated the net transition to ~ 2 siOO> is given by 

A little inspection of this expression shows that the zero field experiment 
can be divided in two classes: 1) without initial state selection (observable 
~s~udoscalar M·R)i 2) with initial state selection (observable pseudoscalar N•n 
R·n, unit vector n determined by the state selected.) 

1) One can design an experiment without choosing any particular state in 
various ways, but from the systematic point of view they are all 
equivalent. We consider the simplest case with coherent RF magnetic and - .., electric field, M and R, in two 5eparate regions, T Rnd II re~~~ctivcly. M 
and R wiil generate parity nonconserving amplitude respectively. The 
relative phase ~ between M and R could be adjusted for maximum interference 
between the amplitudes. The total .production of ., Po> state is given by 
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' -+ -+ 

Re x • (RxB) L 'R-+. ;) 
2a. 477A. \~ 

where ~sis a stray electric field, lrlis the beam radius and A. c/w. 
Smaller terms are neglected in th~ expression. The signal is t.he charge in 
the ~ -> Po ·transition rate when ~ -> ~· The dominant systematic error 
arises fro~ Ml transitions due to the RF magnetic field in region II 
induced by the time variation of l. This places a severe limit on . the . 
sensitivity of the experiment. This zero field scheme is .not more 
favorable than the 575 gauss Mark II experiment discussed above. 

1.19 [ I b.--?- II • m>j State 
-~ Selector ~--11,0> 

X jO,O>i 

I 

l 8 

RF E1ectr ic 
Field 

11,0> 
---;,. 

RF tlagnet lc 
Field 

IO,O> El 
.. 
v 
c 
~ 

Fie. 2.1.0-2: The scheme of~ zero magnetic field experiment using a definite 
initial state. 

2) In this scheme one needs to choose a particular state (say ~>) with 
respect to a given direction (say z, perpendicular to the beam direction 
x). The direction can be tilted by a small amount in one direction (say y) ..,. _,.. .... ..... 
by applying a localized magnetic field B(B = B0 ez +~Bey) before the beam 
enters the transition region. The transition region contains an RF - ~ electric field R along z direction ·arid an RF magnetic. field M 
irXR/300A. as shown in Fig. 2.3.D-2. t is the radius vector measured from 
the center of transition region along the beam. There are no static 
electric or magnetic fields in the function region. The small component of 
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M along B will generate a nonzero parity conserving ampliturle although the -M reverses its direction along the paths, because of the decay of initial 
I<Xo> state. The parity nonconser.ving amplitude will be driven by R· The 
total production of 1~0> is completely given by 

[ ~ - J 
-+-+ c c 2 -2 -- -i . 1 2 

= t M - 2Im M•R e <I> b.l + b.z + 2Im 

-+ -+ -+ 

(MxR) F. 
s 

-i<P e 

b. 
0 

-+ -+ ] CM><"R)e =i¢ 
477>.. 

where L is the total length of transiti~n region and ~ is· related to the 
amount of the decay of•beam. Reversing the sign of 6B changes the sign of 
the parity conserving amplitude. This produces a detectable signal. By 
making (~B/B) small one can in principle reduce the only systematic error 
from stray electric fields. The accuracy in the state selection puts a 
limit on this experiment. Analysis of the systematic effects in this 
scheme is continuing. 

E. H-Atorn Atomic Beam Studies 

E.G. 
T.A. 

Adelberger, T.E. 
Trainor 

Chupp, D. Holmgren, M.Z. Iqbal, and 

Since our last report several systems in the hydrogen parity apparatus have 
been greatly improved, including: 

1) Double detector and mirror system (30X increase in solid angle) 
2) Cryopump system installed (two orders of magnitude decrease in system 

operating. pressure; (4 X lo-7 -> 4 X 10-9 torr). 
3) Installation of Helmholtz coils required to generate ~t:'-p0 and cx..-p_ 

rcoonunee.! 
4) Reduction of acoustical noise contributions to the detector signal by 

installing low noise coaxial cables. 

With these and other improvements in the system (described in this Annual 
Report) we have been able to meet our first major goal of observing the <Xo-~0 
and ~-P- resonances at a level of -10-6 of the incident metastable flux. This 
is shown in the upper scale of Fig. 2.3.E-l, where the direct yield from the 
Lyman~ detector preamp is plotted vs. axial magnetic field strength. No 
lock-in amplifier was used for these scans. The vertical scale is different for 
the "allowed" cx.r-p0 and ~0-~- resonances. 
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Fig. 2.3.E-l: B-state yield vs. axial magnetic field 

Subsequent to this achiev~ment we have studied the existing limitations of 
our apparatus, including the effects of "resonance distortions" in asymmetry 
measurements over the narrow resonances and the various sources of background 
light intensity seen by the L-ac detectors. These and other so.urces of 
systematic error have to be understood and pushed down well below the 
anticipated level of the parity-violating asymmetry ( -10-6). The results ·Of the 
past year's studies are reported below and have resulted in a major redesign of 
the main solenoid and RF cavities in the apparatus, described elsewhere in this 
Annual Report. . 

Backgrounds: 

Presently about 50% of the detected Lyman-oc llght with all metastable atoms 
quenched far upstream is due to direct L-ac light from the duoplasmatron arc. 
This is light that remains when the beam at the ion source is steered in such a 

. way that it doesn't enter the solenoid. It is presumably multiply scattered 
light which has found its way to the detectors in spite of various apertures. 
The remaining signal (-40%) is associated with ground state atoms passing 
through the detector system. This signal is independent of upstream quenching 
fields and detector quench field and is most probably due to scattered atoms 
which hit a metal.surface in view of the detector in spite of the· beam 
collimation. Collimation of any beam ·with finite emittance is a delicate 
matter. 
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Fig. 2.3.E-2: Resonance distortion from 
B-field variation. 
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We also see clear evidence of direct ~p transitions induced by gas 
scattering. This background is considerably reduced by operating the ~~ 
transition fields somewh~t higher than optimum, indicating that the principle 
production area is upstream where (1) the ~state intensity is much higher and 
(2) the pressure is about twice as high. We see no evidence of second-order 
processes (e.g., arclight-beam or beam-beam scattering) which would depend on 
the squared· beam intensity, or decay of higher q-states, since Stark quenching 
in a rising B-field upstream does not change the background intensity. 

The present background intensity is about 700 fA with unity gain detectors. 
By comparison the <Xo-p0 and ot.r-P- peaks (with Vy) are about 100 fA maximum. 

Resonance Distortion: 

This is a significant p~oblem which we have. 
.ilfvulvt:H,; Lhl:! dependence of a resonance shape 
electromagnetic field intensities along the path of 
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As an example consider the ~-~0 resonance in Fig. 2.3.E-l. This 
resonance is asymmetric--it has a series of fringes on on~ side. The 
explanation fo~ this resonance distortion can be seen in Fig. 2.3.E-2. The 
axial RF field Rz rises and falls quickly and is uniform throughout the 
transition region. Bx (and therefore Rx') rises and falls slowly and is uniform 
over a smaller region. The total magnetic field Btotal now includes a -0.75 G 
"plateau" due to the addition of Bx· The total electric field Vy includes an 
applied field shaped very much like Bx plus a motional field contribution at the 
ends due to a slight mismatch of Bx and Vy strengths there. 

As the solenoid current is increased region I (defined in Fig. 2.3.E-2) is 
the first to pass through the r~sonance •. In this region the fields are all 
uniform and continuous. A resonance with a dominant central peak and width 
corresponding to the length of region I results. 

As the solenoid field is further increased region II passes through the 
resonance. However, this has two separate parts with highly structured field 
intensities. The result, as in a separated-cavity. device,. is a fragmented 
resonance with fringe widths corresponding to the separation between the two 
parts.of region II. These two contributions are superposed in the observed 
~0-~0 resonance of Fig. 2.3.E-l. 

This effect could be removed by trimming Bz so that Btotal is uniform over 
the entire cavity when Bx is on and by improving the Bx Vy intensity match along 
the beam axis. It should be noted that with Bx off resonance shapes are 
"reasonable" (<X..f--p0 , ~-~_). The effect is·not present in the Mark II scheme 
since all fields are parallel to B. 

The second effect which we have e.ncountered is potentially much more 
serious. In brief, motional fields due to imperfections in the main solenoid 
B-field induce changes in the resonance centroid, width, skewness and higher 
moments which are correlated with field reversals. The result is an observed 
asymmetry which is highly structured across .the re~onance. 

In Fig. 2.3.E-3 is shown a simplified example. Suppose the solenoid 
B-field has a transverse component which spirals about the axis along the 
solenoid length. The component in one plane might be as shown at the top of the 
figure. To the resulting motional E-field is added or subtracted a transverse 
static field V in the same plane. The resulting total field has quite different 
shapes depending on the polarity (±). In case (+) there are two separate 
re~ions, resulting in a fragmented resonance. In case (-) there is a single, 
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shorter region resulting in a single, broader resonance shape. If a yield 
asymmetry P+ 2 - ~- 2 is now calculated the result is as shown at the bottom 
of Fig. 2.3.E-3. In this case the magnitudes of V+ and V_ have been separately 
adjusted to give zero asymmetry "on resonance." However, any B-field drift will 
result in a non-zero asymmetry measurement. Such an asymmetry can easily be of 
order p 2 

In general, any field reversal which involves a change in that field's 
intensity variation along the beam path will produce a resonance distortion and 
resulting complicated false asymmetry. In order to eliminate such an asymmetry 
a field must be reversed without changing its magnitude· at any point along the 
beam path. This puts a much more stringent requirement on various field 
homogeneities than we had anticipated. The problem is reduced if the resonance 
is broadened, by shortening the transition region and/or by power broadening~ 

In ·general we have found that much can be learned about systematics by 
going to one of the large resonance <ao-~- has the simplest interpretation) and 
seeing what happens when the static electric field is reversed. Ideally a zero 
asymmetry should result, independent of B. 

These studies of resonance distortion effects have prompted us to redesign 
the main solenoid to reduce greatly the variation in magnitude and direction of 
transverse magnetic fields along the beam path (a uniform transverse field is a 
much less significant problem and can be cancelled to a great extent), and to 
redesign the interaction region so that (1) Sta~k and parity-violating 
amplitudes are built up in two separate RF cavities (discussed elsewhere in this 
report), and (2) all applied EM fields are axial in the two cavities so that 
effects discussed here and related to unwanted transverse fields enter the 
problem in second order. 
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F. Measurement of the Efficiency of a Lyman4X Detection System for the 
Hydrogen Parity Experiment 

K.J. Davis, D. Holmgren, and T.A. Trainor 

In two previous annual reports (1978, p. 20 and 1979, p. 36) we discussed 
the design of a pair of spherical mirrors used to enhance the detection of 
Lyman4X radiation produced by p-state quenching in the hydrogen parity 
experiment. The metastable hydrogen beam.is quenched between two detectors, and 
the mirrors act to focus the light onto the detectors. Here we report on the 
performance of the detection system. 

. . 

In order to determine the effectiveness of the mirrors, we removed one of 
them so that only one of the detectors received reflected, as well as direct, 
Lyman4X radiation. Assuming that the detectors have equal efficiency, any 
deviation from unity in the ratio of detector currents can be attributed to the 
presence of the mirrors ·and does not depend on the beam current. This 
measurement is insensitive to light that would enter the detector after multiple 
reflections within the mirror pair, but this is likely to be a small effect. 

The ratio of currents of the detector pl~s mirror combination to the other 
detector was found to be -15. Since the solid angle subtended by a single 
detector is 0.020 X 2n sr this implies an effective solid angle of 0.31 X 2n sr 
for the mirror-detector combination (after correction~for a 97% transparent 
screen in front of the lone detector). If we include a detector quantum 
efficiency of 42% (manufacturer's estimate) we obtain an overall efficiency for 
the system of 12.6%. 

In order to understand this result it is useful to extract the effective 
solid angle subtended by a mirror (fim) and compare it with a calculated result. 
Our measurement indicates that Qm = 0.29 X 2rr sr. The deviation of this number 
from 2rr is presumably attributable to loss of photons by obstructing objects 
(e.g., wires) and holes in the mirrors, absorption during reflection 
(reflectivity < 1), and beam quenching outside the region or sensitivity of the 
mirrors. 

The solid angle lost to obstructions and holes can be calculated in a 
fairly straight-forward manner and is expected to be -0.113 X 2n sr. The net 
reflectivity of the mirrors should, on the average, b~ ~0.70. The resulting 
corrected value of Dm 0.53 X 2rr sr suggests that about 1/2 of the beam is 
quenched outside the region of sensitivity of the mirrors, which is considerably 
larger than we had anticipated. This issue could _be investigated more 
thoroughly by using a small beam-defining aperture to determine the dependence 
of detector efficiency on distance from the beam axis. 

G. A New Solenoid for the Hydrogen Atom Experiment 

T.E. Chupp 

Studies of atomic transition rates in the present H-parity apparatus 
(described in last year's annual report)15 have shown that the the 570 Gauss 
axial magnetic field is not sufficiently unifor~ for the sensitive measurements 
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of parity mixing in hydrogen. We have measured a transverse field (magnitude < 
1 Gauss) which has a complicated shape and therefore cannot be cancelled in any 
simple fashion. This field gives rise to a complicated ~erpendicular electric 
field ~n th~atoms' rest frame which produces spurious effects. Our study of 
instrumental effects and associated systematic errors indicates that we require 
a more uniform field, in direction and magnitude, than the present solenoid 
produces. We have therefore decided to design and construct a new magnet. 

This section will describe the design strategy for the new solenoid and the 
status of construction. We have designed a system that will, in principle, 
produce a 570 Gauss axial field uniform to 0.1 Gauss over a 50 em region with 
transverse components less than 0.005 Gauss. The axial field uniformity is due 
to the actual aximuthal currents in the windings while the transverse component 
arises from the radial and axial ~urrent components. 

The current will flow through 20 pairs of 62 turn "pancakes" of anodized 
aluminum ribbon 0.031" thick and 1.205" wide. The two pancakes in each pair are 
wound in opposite directions so that current flows from the outside to the 
inside in one coil, then from the inside to the outside in its partner. These 
pancakes will be wound on aluminum coil forms, separated by 0.005" mylar for 
insulation, and will fit into our present system of vacuum can and flux return. 
This will be cooled by the present freon cooling system. 

The magnetic field will be trimmed by controlling the current to certain 
pancake pairs. The two end pairs of pancakes which carry a greater current, 
will be driven by a separate power supply which will be in the "slave" mode 
while the remaining 18 pair of pancakes will be driven by a "master" supply. 
Shunting of individual pancake pairs will provide the fine trim. The main 
windings will require 23 amps while the upstream and downstream end coils will 
require 30.5 and 28.17 amps, respectively. 

The radial currents which give rise to transverse field components, very 
nearly cancel for each pair since current ·flows in one and out in the adjacent 
pancake. The axial currents, however do not cancel since they flow at both the 
inside and at the outside of the coil. In order to approximately cancel these 
currents a loop of current is introduced, adjacent to but in the op~osite 
direction of unwanted axial current. Calculations show that the net transverse 
field are well below the specified level of 0.005 Gauss. 

At the time of this writing the following progress has been made on 
construction of this new solenoid. The aluminum ribbon has been delivered from 
the mill and is in the process of being conditioned and anodized. The design of 
the coil winu.iuH atitiernbly as well as the necessary adaptors to our present 
system has been completed and their construction has begun. 

H. Design and Testing of Prototype RF Cavities for the New ~pparatus 

E.G. Ac.lt:!lbt:!tget·, D. Holmgren, and H.E. Swanson 
.. , ,t. 

The Mark II scheme requires two cavities each of 
static and RF ( 16.08 mHz) electric .fields along 
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Fig. 2.3.H-1: Calculated axial electrostatic field in 
a 14 em diameter cavity with 5 em long segments; 
5 cm·diameter end caps are used to keep the static 
field uniform in the region of fr·inging RF fields· 
The thin apertures 2.5 em in from the ends 
terminate the RF fields. 

Cylindrical cavities . operating in the ™010 mode were chosen since.· a 
cylindrically symmetric apparatus suppresses false effects (see Section 2. 3 .C ) • 
This takes care of the RF fields~ The static field along the z axis can be 
generated by dividing. the cavity-into short. (-5 em long) cylindrical tubes and 
placing each section at a different static potential. This produces a very 
uniform fielq Ez along the ··cavity axis (see Fig. .2. 3. H-1 for the calculated 
fields).· The difficulty arises in maintaining the RF oscillations inside a 
segmented cavity since. the gaps between the segments interrupt the flow of the 
RF currents. We constructed tw'o. prototype cavities. to. test two different ideas 
for main·taining the RF currents. 

1) cavity A with coaxial )./4 chokes 
2) cavity B with radial )./4 chokes 

The cavities are indicated schematically in Fig. 2,3.H-2 where we· show the 
three-segment front cavity. He experienced great difficulties with RF power 
'_'leaking out" ·of cavity A in spite of measures taken to "k;i.ll" the · parasitic· 
TEol '. TEo2, and TEo3 modes which can propagate in the coaxial· chokes. · 

On the other hand, cavity B works extremely well and ·radiates so little 
power from the slots that. unwanted coupling between the front and back cavities 
of the apparatus will not be a problem. ··The concept has ~een so successful that 
we are designing the Mark II cavities using the scheme proven in the prototype. 
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Fig. 2.3.H-2: Schematic drawings of two different schemes 

for segmenting the cavities 
1) cavity .with coaxial ~/4 chokes 
2) cavity with radial \/4 chokes 

in these cavities R 2.405 (c/2Tr'V) 
L ~/4 = c/4v when 'V = 1608 mHz 
T 3·.832 (c/2nv) 

I. Programmable NMR B Field ~egulator with IEEE Interface 

D.A. Peterson and H.E. Swanson 

A proton NMR B field regulator is under construction for the H-Atom 
solenoid. When in operation the control computer directs the micr9processor 
based B field controller to a new field and senses when it has been achieved. 
The· NMR consists of a water sample placed in the coil of a tuned circuit. This 
tank circuit is weakly coupled to a sustaining RF oscillator. The ·sample is 
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placed in an external B field whose direction is perpendicular to the RF B field 
of the coil. When ·external B is. such that the proton Larmour precision 
frequency is equal to the RF frequency transitions between the spin states 
occur. Since the lower energy states have the greater population at room 
temperature, energy is taken from the field. This has the effect· of lowering 
the tank circuit Q at the proton resonance and can be observed as a decrease in 
the RF amplitude measured across the coil. Generally the B field is swept 
across the resonance using Helmholtz coils placed about. the sample and the 
resulting RF amplitude dips correlated with the modulation to obtain a B field 
error signal. 

To some extent however, this perturbs the external field in the vicinity of 
the sample. Since it is desirable to have the probe close to the beam position, 
we chose to sweep the RF frequency about the resonance avoiding the Helmholtz 
coils. 

POWER 
SUPPLY 

:E 

Fig. 2.3.1-1: NMR B field regulator 

A block diagram of the regulator circuit is shown in Fig. 2.3.!-1. There 
are two control loops; one which locks the frequency to a multiple of a stable 
crystal reference and another which locks the B field to the phase of the NMR 
dips with respect to the modulation. The· sustaining oscillator is a Motorola MC 
1648 VCO typlcally·used in phase locked loop applications. The t~ned circuit 
consists of a coil wound on the sample vi::tl and shunt capacitors including two 
voltage variable capacitors (varicaps) for frequency control. A significant 
amount of the capacitance comes ·from the coax cable used to separate the sample 
from the rest of the circuit parts, some of which are magnetic and therefore 
cannot be near the probe. 
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Discussing first the frequency loop, the VCO output is divided by M using 
scaler chips to count to M and outputting a pulse when this occurs. Similarly 
the 1 mHz crystal oscillator output is divided by 105. The VCO will typically 
run at about 2. 5 mHz, thus 5 decimal digit resolution can be obtaine'd in the 
quantity H with 'settling times of the order of a s~cond. Both outputs go to a 
phase detector whose filtered output is applied to one of the varicaps. The 
circuit seeks the frequency f such that the average phase error of the two 
signals is zero. The VCO's frequency is thus stabilized to M/105 Hz. M is 
loaded by the microprocessor and is calcula~ed from the desired B field. 

The circuitry within the MC 1648 includes an RF detector and automatic gain 
control circuit (AGC) to hold the oscillator amplitude below saturation (for 
spectral purity) and c.onstant regardless of the frequency. Fortunately, this 
AGC signal is brou3ht out of the package and can be used as a measure of the 
power required to sustain the oscillation. Thus as th~ frequency is swept 
across the proton resonance, the dip in the tuned circuit Q is reflected in this 
signal. The frequency is modulated by applying a 20 Hz sinusoidal signal to the 
other varicap, A eli sadvantage in frequeney as opposed to B field modulatio'n is 
that the fundamental appears on the AGC signal. The tank circuit Q is 
proportional to /LTC and for small modulations, a change C makes a proportional 
change in Q and a corresponding change in the AGC signal. 

To remove this fundamental, the amplified AGC signal is passed through a 
notch filter tuned to 20 Hz. The filtered NMR dips are phase correlated with 
the modulation signal to obtain the B field error signal, e.g., if the NMR dips 
occur when the modulation signal was passing through zero, the B field 
corresponds to the oscillator frequency and no error exists. The phas~ detector 
signals that the B field is within the capture range of the system by the 
presence of Ni1R dips. The function of the integrator is best explained with a 
description of system operation. 

To begin, the controller loads M to determine the frequency. It then sets. 
the magnet current by loading the calculated DAC value into its register where 
this is chosen to be slightly less than the required current. At this point the 
integrator is isolated from the power supply so the magnet current corresponds 
to the DAC reference. The DAC register is then :i.ncrementecl until the presence 
of NNR dips indicates capture can be achieved. The integration capacitor is 
unshorted and the integrator output is connected to the summing junction. 
Neglecting leakage across the switch, the output of the integrator seeks zero 
average B field error which is the desired result. Transient lo•s of lock 
merely returns the power supply reference to the DAC to begin.A nP.w &Qaroh for 
capture. 
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J. RF Phase Shift Electronics 

T.E. Chupp, D.A. Peterson, and H.E. Swanson 

The 1608 MHz microwave source described in last year's progress report has 
been modified to drive two cavities with a relative phase variable between 0 and 
360 degrees. Power from the oscillator feeds a "two-way splitter" whose outputs 
form phase correlated sources.each with approximately SO% of the oscillators' 
power. These are isolated using ferrite isolators and independently power 
leveled in the manner previously discussed. Included in one of the channels are 
two. phase shifters purchased from Vectronics Microwave Corporation.· One of 
these is a four quadrant shifter requiring two logic signals to select oo, 900, 
180°, and 2700 shift. The other is an analog device which translates a· voltage 
signal into a phase shift in the range 0 to 100°. The combination of the two 
units allows us to set the relative phase an)~here within 2ri radius and 
accurately modulate the phase by n radians. 

K. H-Atom Signal Normalizer 

H.E. Swanson 

An 
inputs 
Si6nal. 

analog signal normalizer was designed and built. It has two signal 
A and B and removes beam fluctuations, common to both inputs, from the B 

The unit has the following transfer function 

v out 

where the gains K1 , K2 and K3 are individually adjustable. It is assumed that B 
is the desired signal, such as the amplified outputs of the Lymallcx detectors, 
which measure the~> p transition rate, and the A signal is an independent 
monitor of the metastable beam current. 

Discriminators monitor the input signal levels and switch to default values 
previously set to. nominal signal values. Thus saturation of the data 
acquisition system is prevented .in the event of an ion source spark or other 
beam interruption. 
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.3. NUCLEAR STRUCTURE AND REACTIONS 

1. Gamow-Teller Giant Resonances in the ~+ Decay of T T3 = 3/2 Nuclei 

A. Introduction 

E.G. Adelberger 

At present very little is known about the strength function for spin flip 
transitions. The simplest such transitions are those induced by the 
Gamow-Teller (GT) operator. Evidence for giant GT resonances has been inferred 
from a number of sources including the hindrance of low lying beta transitions, 
bumps in (p,n) spectra, and in the strength function of delayed neutron and 
proton emission. The beta-plus decays of proton rich higher isospin states in 
light and medium mass nuclei can provide unambiguous measurements of the GT 
strength over a range of excitation energies wide enough to include the expected 
location of the GT giant resonance. Consider for example the decays of a 
T = T3 = (Z-N)/2 = 3/2 nucleus. The Coulomb displacement energy increases the 
mass of the parent so that ~+ decays are energetically allowed up to an energy 
which lies considerably above the analog state .. One expects that the~+ decays 
will primarily feed the T( giant GT resonance built upon the analog ·state. This 
is expected to lie at roughly the energy of the analog state (the T< GT 
resonance has its energy depressed by the isospin splitting). 

·The~+ decays of T3 = 3/2 nuclei have been studied in a beautiful series of 
experiments at Berkeley. The LBL researchers obtain proton spectra following 
the decay of the T = T3 = 3/2 parent to proton unstable states in the T3 1/2 
daughter. To infer a ~+ decay scheme from the delayed proton spectra one needs 
to know the spins, parities and proton branching ratios of states in the 
daughter nucleus. This is illustrated in Fig. 3.1-1, where we show the 
situation for the decays of 25si. 

Fig. 3.1-1: The e+-decay of 25si. 
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A given proton group may result from several possibilities--decays .of the 
25Al daughter to the ground state or to excited states of 2~g + p. Clearly a 
delayed proton group with a given intensity corresponds to a much larger GT 
matrix element if it arises from decays feeding excited states of 2~g than if 
it arises from ground state decays. Also note that one expects levels fed in 
the ~+ decays to emit protons to excited states of 24Mg since allowed ~+ 
transitions can have ( = 0 proton decays to excited states of 2~g but only ( = 
2 or l = 4 proton decays to the 2~g ground state. . 

We have begun careful study of the spectroscopy of the ~+ daughters 
beginning with 25Al and 29p, We obtained thin target excitation functions for 
polarized proton scattering at lab angles ranging betwein 55° and 155°. The 
method has been described in last year's annual report. 

B. Spectroscopy of 29p and the Giant Gamow-Teller Resonance in the ~+ 
Decay of 29s 

E.G. Adelberger, C.D. Hoyle, P.G. 1kossi, and K.A. Snover 

We have continued our investigation! of the spectroscopy of 29p in order to 
interpret ·the Berkeley delayed proton spectra2 from the ~+ decay of 29s. In 
order to extract a decay scheme from the proton spectrum following the ~+ decay 
of 29s one needs to know whether a given delayed proton· group corresponds to the 
proton decay of a 29p level to the ground state or an excited state of 28si. We 
used the 28si(p,p0 ) and 28si(p,p1) reactions to identify the spins, parities, 
excitation energies and partial widths of states in 29p covering a region from 
Ex. 5.3 to Ex= 10.1 MeV (Ep = 2.6 to EP = 7.9 MeV). We searched for levels 
which can be fed in the allowed~+ decay of 29s--i.e., levels with Jff · = 3/2+, 
5/2+ or 7/2+, having excitation energies and values of fp1/fp0 consistent with 
the assignment of a given delayed proton group to ground state or excited state 
decays. Many of the p+ branches proposed in Ref. 2 are consistent with our 
results. Hqwever we found that in several cases proton groups, assu~ed in Ref. 
2 to arise from ground state decays, in fact arise from decays to excited states 
of 28si. · This makes a pronounced change in the shape of the ~+ strength 
function--clustering the Gamow-Teller strength in a compact region as discussed 
below. 

Thin target excitation functions for 28si + p were obtained at a number of 
angles at bombarding energies between 2.6 and 7.9 MeV. An example of this data 
io chown in Fig. 3.1-2. In rhc follo~ing poragrapho we diccuco thocc caocc 
where our results are inconsistent with the decay scheme of Ref. 2 and our 
resolution of the inconsistencies. 
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3.1-2: Upper Part: cross sections and analyzing powers for elastic proton 
scattering from 28si at SLAB= 55°. Lower Part: cross sections at SLAB= 
115° for the 28si(p,pl) reaction. The solid vertical lines mark the loca
tion of the groups observed in the LBL experiment. Dotted lines labeled 
with the pe~k numbers of the LBL work are moved to higher excitation ener
gies as discussed in the text. 



1) The 6.33 and 8.11 MeV Levels 

Groups 15 and 25 of Ref. 2 were assigned to the p1 and p0 decays of the 
8.24 MeV state (Ep = 5.67 MeV) yielding a log ft of 4.61. Group 24 was assigned 
to the p0 decays of a state at Ex 8.11 MeV (Ep = 5.50 MeV) with a 
corresponding log ft = 4.83. However, we find that the resonance in the 
inelastic cross-section corresponding to the 8.11 MeV state is much stronger 
than the one corresponding to the 8.24 MeV state. (Preliminary analysis of our 
data at 550 indicates rp

1
/rp

0 
1.4 for the 8.11 MeV state and 0.3 for the 8.24 

MeV state.) 

Peak 14 was assigned in Ref. 2 to the p
0 

decay of the Ex • 6.33 MeV state 
but no candidate for the r P1 . decay was proposed although the 6, 33 MeV lf.wQl 
dacayo 80% of the tiwe3 to the first excited state of 28si.· While peak 4 
(assigned in Ref. 2 to the p1 decay of a postulated new state at 6.36 MeV) 
could correspond to the P1 branch of the 6.'33 MeV state it is too weak to form a 
pair with gtuup 14, 'l'htt~ group 1!1 was misaaslgned in the Berkeley work •. 
Consistency between the Berkeley data and our scattering data can be achieved if 
group 14 is assigned to the P1 decay of the 8.11 MeV state. Using the observed 
branches of Ref. 2 we then modify the log ft values for both the 6.33 and 8.11 
MeV states to 5.74 and 4.49, respectively. 

2) The 6.65 and 8.43 States 

Group 17 was assigned in Ref. 2 to the p0 decay of a proposed new state at 
Ex 6.653 MeV. We searched for this state unsuccessfully. However, at Ex = 
8.43 (1.78 MeV higher) we find a narrow state with JIT = 5/2+ which decays via 
both the p0 and p1 channels. We therefore conclude that group 17 is due to the 
p1 decay of this state. The close proximity of this new level to the T = 3/2 
analog would make it difficult to see the p

0 
branch in the Ber:keley experiment. 

Based on the inte~sity of group 17 we then estimate log ft < 4.68 for the 8.43 
MeV state. 

3) The 7.08 and 8.86 MeV States 

Group 19 was assigned in the Berkeley work to a "new" state at 7.083 MeV. 
We were unable to locate this state as a resonance. A better candidate for this 
group is the p1 decay of the state at 8.862 MeV which we see as a p0 and P1 
r~sonance. Our measurements indicate JIT = 3/2+ for the 8.862 MeV state which 
overrides the previous 1/2+ assignment. Then log ft = 4.91 for this state. 

With these modifications w~ can reconcile our scattering data with the 
Berkeley data at excitation energies above 7.5 MeV. At lower energies our data, 
itself, does not account for all the levels inferred from the delayed proton 
data. The only previously unobserved state postulated in the Berkeley work that 
we could confirm is the Ex = 6.505 MeV level where a narrow resonance in the 
28si(p,p1) excitation function can be seen. We searched and were unable to 
observe as resonances the states at Ex= 5.293 MeV (groups 1 and 7), 5.826 MeV 
(10, 3), 6.074 MeV (12), 7.148 MeV (8), and 7.384 MeV (21). The presence of 
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Fig. 

·Table 3.1-1: 

Ref. 3 
EE (MeV) Ex (MeV) Jff 

4.228 6.828 5/2+ 
4.688 7.272 
4.579 7.456 7/2-
4.948 7.523 (1/2-) 
5.188 7.755 3/2+ 
5.550 8.204 (3/2,5/2)+ 
5.670_ 8.220 (3/2 ,5/2)+ 
5.750 8.297 (1/2 ,3/2)-
5.890* 8.432 
5.990 8.529 (3/2,5/2)+ 
6.160 8.693 1/2+ 
6.340 8. 867 1/2+ 
6.390 8.915 (3/2,5/2)+ 
6.480 9.002 
6.880 9.388 (+) 

*The excitation energy of this state 

3.1-3: Energy-distribution of 
the GR strength for·. the s+ decay 
of 29sL Dotted lines are use9 
to indicate the.LBL interpr~ta
tion when different from the 
results of this study. 
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the first two of these states is well established (see Ref. 2 and references 
therein). Our inability to observe them merely indicates that the total width 
of the resonance is less than 1 keV. At this time we find no alternative 
candidates for groups 12, 8 and 21. 

In Fig. 3.1-3 we show the distribution of the Gamow-Teller strength as a 
function of energy. The dotted line represents the Berkeley interpretation and 
the solid line the same strength corrected on the basis of the arguments above. 

Further resonance analysis of our data, now in progress, will provide more 
accurate values of the branching ratios to ~he ground and first excited state 
and thus set further quantitative restrictions on the interpretation of the 
Berkeley experiment. This analysis will also yield spin and parities for the 
stronger of the p0 resonances. In Table 3.1-l we &ummari:sc oome tentative sviu 
assignments and compare with· the values listed in the latest compilation.3 In 
making these assignments for the negative parity state we are assuming that the 
(-value of the resonances is correctly given in. the literat~Jre. The beh;~v:f.or. (lf 
the analyzing pow~r at 55° then selects the JW value~ 

C. Jn Assignments in 25Al and the Giant Gamow-Teller Resonance in the 
p+ Decay of 25si 

E.G. Adelberger, C.D. Hoyle, P.G. !kossi, and K.A. Snover 

In order to study the Gamow-Teller Giant Resonance in the p+ 
one needs a decay scheme for 25si and the J" values of the states 
the p+ decay. Previous decay schemes and Jrr assignments3, 4 
ambiguities. To resolve these ambiguities, we have begun 
24Mg(p,p) reaction induced by polarized protons. 

deca~ of 25si, 
in 2 Al fed by 
contain some 

a study of the 

We have measured cross sections and analyzing powers with gonrl energy 
resolution for the 24Mg(p,p

0
) reaction at lab angles of 53°, 68°, 88°, 113°, 

138°, and 153°. Incident proton lab energies ranged from approximately 2.3 MeV 
to 7.3 MeV. At most of these energies we also obtained cross section and 
a~alyzing power data for the 24Mg(p,p1) reaction (see Fig. 3.1-4). The targets 
h.~d 24Mg contents ranging from about 10 pg/ cm2 to about 30 }lg/cm2. Targets were 
prepared by evaporating 1 pg/cm of gold onto 5 pg/cm carbon backings. Then 
without breaking the bell jar vacuum natural magncsi.um was evaporated onto the 
gold. The gold was used since Mg adheres to gold much better than it does to 
carbon. The gold al~o provided a convenient method for obtaining the relative 
normalization of the different detectors since the scattering from the gold is 
Rutherford. The absolute normalization was obtained from an angular 
distribution at 2.60 MeV. The polarized ion source was operated in the fast 
spin fllp mode with a beam currerit of·-40 nA and polarization of -0.75. The 
counting time for each point was ~5 minutes . 
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The off lin~ analysis of the data was.done with the.program DMULTS. DMULTS 
is a peak summing program written for. the PDP 11/60 which uses kinematics to 
obtain an energy calibration of each spectrum. This calibration is then used to 
shift the peak windows in each spectrum automatically with each energy change. 
This permits a large number of runs to be summed with· a minimum of operator 
effort. Background subtraction was done by fitting a straight .line to the 
peak-free region of each spectrum and then subtracting the appro.priate area from 
each peak. 

A resonance analysis of the data has not yet been performed, but by 
comparing the elastic scattering data to theoretically calculated shapes, 1 it 
appears that some of the previous Jrr assignments are incorrect and some 
tentative new assignments can be made (see Table 3.1-Z). A preliminary look at 
the inelastic data indicate probable errors in previous deca~ schemes. The ne~ 
data indicates, that in some of the ~+ decays of 25si, the SAl* daughter is at 
a higher excitation energy than was previously assigned (see Fig. 3.1-4). 
Reassigning the decays to higher states in 25Al puts more of the decay strength 
in the region of the expected Gamow-Teller resonance. With. a more careful 
analysis of the data, we will be able to make more definitive statements about 
new Jrr values and new decay schemes. 

Table 3.1-2: Previous Jff values and Jff values from our data 

Ep (MeV) Ex (MeV) Previous Jff J This work 

2.410 4.584 S/2+ 5/2+ 

3.140 5~285 1/2+ ·1/2+ 

3.664 5.787 (3/2 - 7 /2)+ s/2+ 

4.020 6.129 S/2+ 3/2+ 

4.300 6.398 3/2- 3/2-
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Fig. 3.1-4: The unlabeled vertical lines correspond to energies where we should 
see a reeonance if the.beta delayed proton assignments in Ref. 4 are correct. 
Peaks 13. 14, and 15 in Ref. 4 were assigned as Po decays. The vertical 
lines labeled 13, 14, .and 15 correspond to the energ::.es w~,ere we should see a 
resonance: if these peaks were Pl decays and not p0 .decays. The dashed ver
tica.il.. lir.es connected to the lines labeled ·13, 14 ~ and 15 by a horizontal 
line, shew where we sbould see a resonance if peaks 13, 14, and 15 were p0 
decays. For these tbr·ee peaks, we do not see resonances of the appropriate 
spin at the appropriat·e energy for a p0 decay. TD.erefo::-e •tle reassign them 
as Pl decays. 



2. P-1 Circular Polarization Correlation in the B+ Decay of 24Al 

E.G. Adelberger, C.D. Hoyle, and K.A. Snover 

Fig.· 3.2-1: Decay scheme for isospin 
forbidden Fermi transitions. 

Decay scheme for isospin forbidden 
transitions~ 

If isospin is a good quantum number, Fermi transitions between states of 
different isospin are forbidden. We have begun a study of the p-1 circular 
polarization correlation in the p+ decay of 24Al which will permit us to measure 
the isospin forbidden Fermi matrix elem·ents connecting the lowest 4+ T = 1 state 
in 24Mg with several 4+ T = 0 levels. Since we expect large analog-anti-analog 
isospin mixing matrix elements in selfconjugate nucle~ 1 we hope to use the 
measured isospin mixing matrix elements to probe the strength distribution of 
the anti-analog configuration. 

Consider the simple situation 1n 
I i) JTT, T=1, T3=1> and final state 
Using the well known relations 

ft 
K 

G 2 M 2 + G 2 HGT 
2 

V F A 

where 

23 ()n 2) 7 
K = s 4 

m c 
0 

Fig. 3.2-1 with the initial state 
It> = IJTT T=O, T3=0> + ~ IJTT, T=1, . T3=0> 0 

(1) 
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and 

Gv weak interaction vector coupling constant 
GA = weak interaction axial vector coupling constant 
MF = <ff~ t~j)li> = <fiT+Ii> 
MeT = <tf2 t+(j) ~(j} li> 

J 

MF = <T=O, T3=0IT+IT=l, T3=-1) + OT (T=T=1, T3=0IT+IT=1, T3=-1) 

= OT I! 

we see that, in order to measure the Fermi matrix elements MF and the isospin 
m1x1ng amplitude <XT, we need to measure a quantity that depends on the relative 
size and Phase of the Fermi ;~nrl r.~mo~·.r-Tgllgr matrix olcmcnto. If we define y .. 
Gv MF/GA Mer. equation (1) becomes 

fr = 

Then y, along with the kno~ ft values will yield the Fermi matrix element. 
For decays of the type JIT ~ JIT 4 J'rr', the ~-~ correlation measured with a 
detector that is sensitive to J's with a specific circular polarization has the 
form2 

1 + "E v/c Acose 

where 

1 1 2 
A=- + 4Y 

/2 1 + Y
2 

IJ(J+l) 

F1 (A,>.,J' ,,J) + 26 F1 (>.,>.+l,J' ,J) + o2 
F1 (A+l,>.+l,J,J') 

') 

1 + 0 ... 

9 the angle between the p and J 
c +1 for right circular polarization and -1 for left circular 

polarization 
o2 mixing ratio for the J transition 
F angular correlation F coefficients 
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The situation in the ~+ decay of 24Al is similar to the one ju~t described. 
The 24Al ground state has JIT = 4+; T=1. The p+ decays of 2 Al feed four 
different JIT = 4+ T=O levels in 24Mg. This allows . us to measure four Fermi 
matrix elements instead of just one. In this way we hope to "map out" the 
anti-analog strength distribution as a function of excitation energy. 

Our experimental arrangement to measure A consists 6f a plastic 
scintillator surface barrier telescope for detecting the p+'s and a polarimeter 
and Nal detector for detecting the 1's of a particular circular polarization. 
The plastic scintillator is a cylinder 5" in diameter and 2" deep; .the surface 
barrier detector is an Ortec model TB-18-300-700 with an active area of 300 mm2 
and a sensitive depth of 700 microns. The Nal and polarimeter are described in 
Ref. 3. The detectors are positioned so that. the angle 9 is 180°. The 24Al is 
made by the reaction 2~g(p,n) 24Al induced by 18 MeV protons. The 24Al is made 
in the 0° beam line then shuttled to cave 2 by the ·rabbit (the rabbit is 
described in Section 9.3 of this report). The 24Mg{p,n)24Al makes both Z4Al in 
the ground state and the first excited state. The ground state has a.half life 
of 2.07 sec and the first excited state has a half-life of 130 ms. Therefore, 
the transit time for the rabbit is set at 400 ms so that essentially all of. the 
excited state has decayed away before counting is begun in cave .2. 

The polarimeter will then be flipped prior to each counting period of the 
rabbit so that the polarimeter will respond alternately to right circular 
polarization (+) and left circular polarizations (-). Then using equation (2) 

,.,here 

N+ - N 
A a:---

N+ + N_ 

N+ # of coincidences with the polarimeter in the + mode 
N_ # of coincidences with the polarimeter in the - mode 

We have measured betas in coincidence with gammas transmitted through the . . 
polarimeter and achl~ved a time resolution or about 3 ns for these coincidences. 
However our counting rate (limited by pileup of the slow linear signals from the 
scintillator) was too low for a practical measurement of A. At present we are 
improving our experimental arrangement by installing a fast-gated integrating 
ADC to process the p+ energy signal. This will greatly increase our counting 
rate and permit us to measure A in approximately one week of running time. 
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3. Elastic and Inelastic Polarized Proton Scattering Via Isobaric . 
Analog Resonances in 207Bi and 209Bi 

N.L. Back, H.C. Bhang, J.G. Cramer, D. Leach, T.A. Trainor, and 
R. Von Lintig 

We have extended our measurements of the elastic and inela~tic scattering 
of ·polarized protons from 206pb and 208pb .. 1 Cross-section and analyzing power 
excitation functions have now been measured for both targets between 14.25 and 
18.00 MeVA i.e., in the region of the single-particle isobaric an~log resonances 
( IAR) in L09Bi *. These resonances are observed in the elastic scattering an_d 
the scattering to the first 3- state in each target, and in the scattering to 
the first z+ state in 206pb. 

A number of changes have been made in the experimental technique. The 
p~larized ion source was operated in the fast-flip rather than the spin-filter 
mode, 111ith the spin tli pped every 100 ur::;8c:. The energy cignal& wer~ routed into 
spin-up and spin-down bins by the computer •. Thus, systematic effects resulting 
from the -passage of time between .spin-up and .spin-down runs were eliminated. 
Also, the ·background in the spectra was reduced by placing permanent magnets 

Pb206<p,p) Theta=150 

Fig, 3.3-1: Cross-section and 
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between the detectors and their. forward apertures, ·so that any electrons 
produced by the target were first collimated by the apertures . (located 
approximately halfway between the target and the detectors) and then deflected 
by the magnets. 

In addition to the excitation functions, runs were taken at 4, p, 8; 10, 
12, and 13.75 MeV. with unpolarized beam to aid in the normalization of the 
cross-section data. The data cannot simply be normalized to Rutherford 
scattering at 4 MeV; because of multiple scattering in the target at this 
energy, as much as 15% of the beam passing through the target hits the chamber 
walls rather than being collected by the Faraday cup. Hm11ever: (a) the ratios 
of the solid angles of the detectors can be obtained from the '4 MeV data; and 
(b) the indicated ratio to Rutherford for the monitor is constant (within 1%) 
from 6 to 10 MeV, and so the 8 MeV monitor data were used for the absolute 
normalization. 

Angular distributions were also measured for each target at 13.75, 15.50, 
and 18.00 MeV. These will be used to find the best .optical-model parameters for 
the analysis of the excitation~function data. 
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Tha dat~ fnr 206ph ~t 150° are shown in Figs. 3.3-1 through 3.3-3. The 
·smooth curves shown in Fig. 3.3-1 represent a fit r:o Lltt! data u:Jing a 
parameterized-background approach. In this approach, each background amplitude 
is expressed as a Taylor series with terms up to second order in (E- E0 ),_where 
E0 is the average of the highest and lowest energies being considered (except 
that the non-spin-flip amplitude also contains a term proportional to E-1 ). The 
background coefficients and resonance parameters are allowed to vary 
simultaneously to fit the data. This procedure is followed for each angle 
separately, and then the results are compared for consistency. It should be 
pointed out that the fits are not as good at other angles, especially at 165°; 
more detailed analysis is required before unambiguous spin assignments are made 
or fina.l resonance parameters are extracted. 

The results obtained so far for 209Bi* are identical to those found by 
Baker et al. 2 The resonances observed are the isobaric analogs of the low-lying 
single-neutron states in 209pb, although the jlS/2 IAR-is too weak to be seen. 

The resonance structure in 207Bi* is considerably more compl1caLt!d. Uere 
there is considerable mixing between single-particle states built on a 206pb 
ground-state core and those built on a z+ core. As a result, the 
single-particle strength for each ((,j) is split among several IARs. This 
mixing is also the reason for the appearance of IARs in the scattering to the z+ 
state of 206pb. 
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Preliminary' results for 207Bi* are listed in Table 3.3-1. The resonance 
energies.(relative to the g9/ 2 IAR) were determined by identifying the IARs with 
some of the states observed in the 206pb (d,p) reaction.3 IARs corresponding to 
many of the weaker states have not yet been identified, but some of them will be 
required to improve the fit to the data. The column labeled "Previous Spin 
Assignment" contains the spin-parity assignments given in .Ref. 3. Where the 
numbers are in parentheses, the assignments are uncertain. 

When the analysis of the elastic scattering is completed, . it will be 
possible ·. to determine the partial widths for decay of the IARs ·to the z+ and 3-:
states. For this purpose, the "best" set of optical-model parameters will be 
used to generate the Ilo1BA amplitudes, which interfere with the resonance 
amplitudes to produce the observed excitation functions. 
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Table 3.3-1: Resonance Parameters for IARs in 
207

Bi* (Preliminary) 

Previous 
Spin 

( i Assignment · rp (keV) f ( keV) ER (MeV-c .m.) 

g9/2 g9/2 19.7 191 14.851 

ill/2 (ill/2) 2.2 338 15.632. 

usn d'j/2 5.0 229 15.757 

d 5/2 (ds/2> 0.7 ?fiC} ·16.442 

ds/2 ds/2 32.5 269 16.510 

Sl/2 Sl/2 44.7 '1.75 16.750 

g7/2 (g7 f2) 15.6 288 17.304 

dJ/2 (d3f2) 43.2 279 17.342 . 

g7/2 (d5/2• g7/2) 8.3 288 17.551 

4. Low Lying Vibrational States in 64zrt 

J.S, Blair, K.J. Davis, D.W. Storm, and T.A. Trainor 

The 64zn nucleus exhibits o+- 2+- 4+ triplet of states near 1.91 MeV 
excitation energy which is thought to be a set of "two-phonon" vibrational 
states built on the "one phonon" 2+ state at 1.0 MeV. The 2+ and 4+ members of 
this triplet have been seen in a previous experiment using inelastically 
scattered alpha particles.! In that experiment the oscillations in the angular 
distributions of the 2+ and 4+ states were found to be out of phase with those 
prP.dicted for a one-step excitation process. Such an angular distribution is 
qualitatively consistent with a two-step exeitation model. Our experiment is an 
attempt to resolve the relatively weak o+ peak, along with the 2+ and 4+ p·aaks, 
and make an angular distribution.measurement. 

54 



In order to maximize the yield in this reaction we use alpha particles of 
27 MeV, the highest energy available from our accelerator. The yield from the 
elastic peak is much greater than that ' of the o+ inelastic peak 
(aelastic/ainelastic 105 at 9 = 16°). Consequently, special care must be 
taken to avoid slit scattering which can produce a long tail on the elastic 
peak. 

Elastic peaks from contaminant 16o and 12c are also a problem, since they 
are in the vicinity of the two-phonon triplet for angles between 25° and 45°. 
In our first run we found the contaminant . peaks . to be about two orders of 
magnitude larger than the o+ peak at 50°. Kinematic broadening is also fairly 
serious (- 40 keV/deg at e = 50°) so it is necessary to use small beam defining 
and detector apertures. 

In our first run we were able to get an overall resolution of about 55 keV. 
This was sufficient for us to resolve the o+ and 2+ peaks (at 50°) which are 
separated by 111 keV. However, the counting rate in that experiment was quite 
low (300 counts in the o+ peak after 8 hours of counting with a 200 nA beam on a 
100 pg/cm2 64zn target). Our efforts since then have been directed towards 
increasing the counting rate. We feel that a factor of 10 increase can be 
achieved by increasing the detector aperture width, increasing the target 
thickness and increasing the beam current. The last can be achieved orily by 
enhancing target cooling since the target has a low melting point. This can be 
accomplished by making a smaller hole in the target frame in order to improve 
heat conduction. 

Our future work will include, in addition to a measurement of angular 
distributions, an investigation of the excitation functions to chec~ for the 
possible presence of energy fluctuations. 

Granted that such fluctuations are absent,· we will -relate the measured 
angular distributions to coupled channel calculations which allow for .direct 
two-step as well as one-step collective excitations, using either code JUPITOR2 

or ECis.3 
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5. Depolarization ~n the Inelastic Scattering of Protons from Copper 

H. Bhang; S.K. Lamoreaux, S. Laubach,+ I. Halpern, T.A. Trainor, 
and U. G. Weitkamp 

We are continuing an experimental survey of the depolarization parameter 
in inelastic scattering of protons from continuum states in medium weight nuclei 
such as copper. This survey is intended to provide additional information on 
the mechanism of inelastic scattering. There are many studies of spin 
observables such as the analyzing power or the depolarization to discrete states 
in nuclei, especially light nuclei, and there are now several recent 
measurements of analyzing power in inelastic scattering to the continuum, 1 but 
the measurements reported here constitute the first measurements of the 
depolarization in inelastic scattering to the continuum that we are aware of. 

The depolarization parameter D (or KyY') is 
incident beam polarization to outgoing particle 
.it 5 . .!1 g,ivcn by 

approximately 
polarization. 

the ratio of 
More precisely, 

where Py and Py' are the polarizations of the incident and emitted protons 
respectively, Ay is the analyzing power, and pY' is the polarization resulting 
from an unpolarized incident beam. In inelastic scattering from medium weight 
nuclei, both Ay and py' are essentially zero. D is related to the spin flip 
probability S: 

S = (1 - D)/2. 

The depolarization parameter has a value of unity when no change in the 
polarization occurs, and a value of -1 when the spins of all the protons are 
~lipped in ihe scattering process. If the protons are completely depolarized, 
the depolarization parameter is zero. 

Experimental Technique 

To measure the depolarization, we need a beam of polarized 
our tandem produces in intensities up to 150 nA at 18 
polarization is measured with a polarimeter described in Sec. 
report. 

protons, which 
MeV. The beam 

9.11 of this 

To measure the polarization of the protons leaving the nucleus, we use a 
h~l1urn polarimeter, which has been desc.ribed previously.2 The polarimeter has 
been designed to maximize the counting rate and m1n1m1ze the background. To 
max1m1ze the counting rate we make the target thick, 14 atmospheres of helium, 
and the angular spread large. This leads to rather poor resolution: from 1 to 
1. 7 HeV F.HIM. To minimize background, we use a counter telescope consisting of 
two proportional counters and a silicon detector. The entire polarimeter is 
made of iron to reduce the flux of neutrons from the target striking the 
detectors. There is a door in front of the polarimeter that can be closed to 
exclude .charged particles for measurement of neutron-induced backgrounds. 
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The helium polarimeter works quite well. The peak-to-background ratio 
observed when measuring protons entering the polarimeter after scattering from 
gold is about 50:1 so that we need not worry about energy degraded protons 
interfering with the measurement. The energy calibration of pulses from the 
silicon detectors in the polarimeter is determined with protons scattered from 
carbon, leaving the carbon in the ground, 4.439 or 9.632 MeV states. 

The analyzing power calibration of this polarimeter is described 
10.8 of this report. The computer programs used to process data 
polarimeter and calculate values of the depolarization parameter as a 
of excitation energy·are described in Sec. 10.9 of this report. 

in Sec. 
from the 
function 

Data 

Figure 3.5-1 shows some of the data we have taken. At the low excitation 
energy end of the spectrum, the depolarization parameter is e~sentially unity, 
indicating that spin flip is not a significant factor in excitirig the majority 
of states here. Note that the resolution of our polarimeter completely wipes 
out any structure; we avera~e over about 1.7 Mev at low excitation energies. 
At the high excitation energy end, the depolarization has a value near zero, 
indicating that the outcoming protons are essentially unpolarized. In between 
the depolarization drops fairly smoothly with increasing excitation· energy. The 
data show essentially the. same shape at all angles. This is surpr1s1ng, since 
the inelastic cross sections show somewhat different shapes at 45° and 135°. 

Fig. 3.5-1: 
proton 
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For reference, the proton spectrum resulting from bombarding 63cu with 18 
MeV protons is shown in Fig. 3.5-2, plotted as a function of excitation energy. 
It is convenient to divide the excitation energy into three regions (depending 
on the reaction mechanism involved in the inelastic scattering): the direct 
reaction region from 0 to about 6 MeV excitation, the evaporation region above 
12 MeV, and the pre-equilibrium region from about 6 to 12 MeV. The 
depolarization parameter is expected to show rather different behavior in these 
three rcgionc. 
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Direct Reaction Region. In the region of lowest excitation, the yield is 
dominated by scattering to discrete states. As mentioned above, it is clear 
from the data that spin flip is not an important process in exciting these 
states. This is to be expected since in those cases where spin flip in 
inelastic scattering to discrete states has been measured, it is generally quite 
small, i.e., Dis approximately unity.3 

The Evaporation Region. At excitation energies from 12 to 16 MeV, the 
highest energies at which a proton can still escape from the nucleus, the 
spectrum is a continuum as a function of energy and the cross section is well 
described by statistical theory.4 

One can make a simple minded prediction for the depolarization parameter in 
the evaporation region. If Ze is the number of protons in the target nucleus 
which can evaporate, and i'f one assumes that the incident proton is not 
depolarized, the depolarization parameter should be approximately 1/(Ze + 1), 
since half of the protons which can evaporate have their spins pointing in the 
direction opposite to the incident proton. Our data give a hint that the 
depolarization parameter doesn't quite go to zero at high excitation energies. 

The Pre-equilibrium 
region betweeen 5 and 
calculations predicting 
depolarization parameter. 

Region. The reactiuu mech~;~nl::;m in the pre-equ111brum 
12 MeV is not well understood. There are theoretical 
the cross section, but no predictions of the 
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In the pre-equilibrium region, the depolarization decreases with increasing 
excitation energy. This is in part due to the increasing admixture of 
evaporated protons {presumably unpolarized) with di~ectly scattered protons 
{presumably polarized). One can use sta.tistical theory to "correct" D for the 
effects of these evaporated protons. A preliminary_ calculation shows that n so 
corrected still falls toward zero with increasing excitation energy. The 
"corrected" D, for example, is about 0.2 higher at 6 MeV excitation than the 
uncorrected value. 

There are several possible explanations for the observed decrease in D with 
excitation energy. One is that the depolarization results from spin flip in the 
nucleon-nucleon interaction. It may be possible to relate available data5 to 
the scattering process involved in the·nucleus and calculate D. 

A second explanation is based on conventional theories of pre-equilibrium 
proton emission.6 It is hypothesized that an incident proton gives up energy to 
the nucleons in the nucleus by exciting particle-hole states. The more energy 
the proton loses, the larger the number of states which can be_ excited. At some 
point in the process, states,will be excited in which one of the protons in the 
nucleus is above the separation energy, so that the nucleus can decay by proton 
emission. Even if we assume that the incident proton experiences no spin flip, 
we can understand the depolarization falling off uniformly with increasing 
excitation energy by realizing that any proton leaving the nucleus, other than 
the incident proton, will have its spin in an arbitrary direction •. Thus the 
outgoing protons will be less highly polarized than would have been the case if 
o~ly the incident proton had left the nucleus. 

In the near future, we expect to extend the measurements to nuclei with 
somewhat higher and lower z. We also hope to be able to develop a quantitative 
explanation for the features of these data. 
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6. Analyzing Power in the Continuum Portions of Particle Spectra 

H.C. Bhang, I. Halpern, and T.A. Trainor 

In earlier Annual Reports1 we have described the method and the results of 
our studies of analyzing powers of 18 MeV polarized protons on various targets. 
Very briefly, our findings for the (p,p') reaction to residual excitation 

·energies between 5-10 MeV is that the mean analyzing power in this interval is 
negative between 30°-90°. It has a maximum in the middle of this angular 
interval of about 3%. At angles in the backward hemisphere, the analyzing power 
is smaller and positive. These patterns apply to each of the nuclei we have 
studied in detail, 63cu, 64zn, and 103Rh. 

The fact that the analyzing power does not fluctn~b~ rapidly with angle or 
residual energy must be due to the averaging over spins and parities of the many 
final states that are reached. In any event, the uniformity of results with 
energy, angle and .target nucleus suggests that these results should prove to be 
understandable in simple terms, and therefore. that they would hopefully shed 
some light on the mechanism of the reactions being studied. 

During the past year we have worked on the understanding of the observed 
analyzing powers. Recently there have appeared some results2 from Osaka on 
proton analyzing powers to the continuum at an incident energy (65 MeV) higher 
than ours. To-our knowledge, these data and ours are the only systematic data 
o~ this subject and we have examined both, in our efforts to understand the 
or1g1n of the analyzing powers. The higher enP.rey ~~ta havQ the onmc otability 
with respect to target, and simplicity of pattern as ours do. The patterns 
however are not exactly the same. 

We are currently in the midst of our studies of these patterns. The 
general program is this: Cross sections and analyzing powers are calculated 
with the Jl.1BA code H~LMY.3 Thi.s code usoo a collective fon:u factur· for (p,p'") 
a.::1d includes spin-orbit terms in their full Thomas form. The analyzing power at 
any excitation energy is an incoherent sum over momentum transfers L. 

where 

A (8) 
y 

a L B 
2 

crL(8) 
o L L 

Values of ~L(9) and AL(9) are computed using the U~BA code and then AX(9) values 
are computed under various assumptions about the L dependence of the PL2· 
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Figure 3.6-1: 

(a): Analyzing power for two strength 
distributions, (81 

2), of the re
action 58Ni(p,p'), Q = 22 MeV. 
Solid line, 81 = constant. 
Dotted line, 812 (21 + 1) for 
L = 0-6. 

(b): Solid line inciudes even L's only 
and dotted line includes odd L' s 
only. Constant 812 was used for 
both. 

(c): Q-value dependence of~; solid 
line for Q = 14 MeV, f~ne dotted 
Q = 22 MeV and dot-dash line Q = 
30 MeV. 
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We should say at the outset that when reasonable values are used for 
various parameters in the calculation, the results reproduce the qualitative 
features of the experimental observations. In order to determine which physical 
parameters are critical for agreement with observations, we are engaged in 
exercises in which we change various parameters to see how they affect the 
computed analyzing powers. At the same time we are considering some 
quasi-classical models and hopefully we will include in these conceptually 
simple models all of the physical elements which the ~~RA exercises show are 
required.to reproduce the observed analyzing power patterns. 
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In Fig. 3.6-1 we have illustrated some of the results of these exercises 
which were carried out with parameters to match the Osaka data on Nickel. We 
use the Osaka data rather than our own for first comparisons because they cover 
a larger range of excitation energy and a bigger spread in L values. The 
calculated Ay(e) are qualitatively similar to the observed ones. Figure 3.6-la 
shows results where the p1 2. were all assigned the same value (solid line) and 
where they were weighted by 21+1 (dotted line). The point to be made is that 
the actual p1

2 distribution does not matter much as long as it is smooth and 
includes enough L's. This is shown in another way in Fig. 3.6-lb where only 
even L's were used in one calculation (solid line) and only odd in another 
(dotted line)~ Again the general patterns are similar to each other and to 
those in Fig. 3.6-la. One can clearly see in Fig. 3.6-lb, however, some not 
fully damped oscillations which arc connected to the parity· of the L transfer 
and which remind one of analyzing power curves for final states of definite spin 
and parity. 

fip,urc 3.6-lc shnwR the calculated analyzing power as a function of Q, the 
proton energy lost in the scattering. Again the pattern i ~ f::~1 r:ly H.;tble with 
the analyzing power falling off slowly ·with increasing energy loss. The 
measured analyzing powers actually fall off more sharply with energy loss than 
the calculated ones. Some of this may be due to contributions of two-step 
processes which are neglected in our calculation. 

It m~st be pointed out that although the calculated patterns of analyzing 
power resemble those observed, there is a discrepancy as to magnitude. The 
calculated analyzing powers at backward angles are about three times larger than 
the measured ones. He thought at first that this discrepancy might be due to 
our failure to include multi-step scattering in the calculations and to our use 
of a collective form. factor for the scattering. \..Je have recently learned that 
T. Tamura4 has also been looking at this problem and has included two-step 
~catterings. Tamura and his co-workers find that the inclusion of two-steps has 
little effect on Ay· They also find that the use of a microscopic form factor 
does reduce the calculated Ay's but not as much as is required by the data. 
Thus the discrepancy between theory and experiMent in magnitudes of these back 
angle analyzing powers rema~ns not fully accounted for. 

Since the analyzing powers are rather flat with angle at these back angles, 
and since the angular distribution in (p,p') falls rather exponentially, i.e., 
~(e) ~ cr0 exp(-e/e0 ) where e 0 = 25° for the Osaka data, one can express the back 
angle analyzing powers in terms of an angular displacement, ~e = 2e0 Ay, between 
the left and right scattering distributions. An analyzing power of 0.20, for 
exampl.e, corresponds to an angular shift of 10° between left and right curves. 
In the semi-classical models fur the analyzing power, .. it is often easiest to 
discuss the observation in terms of such an angle shift. 

These considerations call attention to the point that a plot of Ay vs. e 
display$ analyzing powers in regions of very small cross-section equally with 
those in regions of large cross-section. Fro~ the point of view of dealing with 
average analyzing powers, a more even-handed way to display analyzing power is 
to plot ~A vs. e. The calculation shown in Fig. 3.6-lc is replotted in this 
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Fig. 3.6-2: Q-value dependence of oAy solid "!ine for Q = 14 MeV, fine dotted 
line Q = 22 MeV and dot-dash line Q = 30 MeV. 

Fig. 3.6-J: Analy:dng powcrc calcuJRted 
with DWBA for S different incoming 
energies from the top, Ep ; 18 MeV 
{Q = 8 MeV), 24 MeV (Q = 10 MeV), 
30 MeV (Q = 12 MeV), 40 MeV {Q = 
17 MeV), and SO MeV {Q = 19 MeV). 
For 40 and SO MeV the optical po
tential adopted was that of Menet 
et al.S and Greenlees-Becchetti's 
global potential6 was used for the 
18, 24, and 30 MeV calculations. 
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way in Fig. 3.6-2. Tt is seen that as the inelasticity of the scattering 
increases, the angle at which aA goes from minus to plus moves to larger angle 
and that the relative amount of positive analyzing power falls off. These 
features can be reproduced by some very simple classical models for the 
scattering, but we have yet to establish that these models properly correspond 
to the physical content of the DWBA calculations which led to Fig. 3.6-2. 

It has not been as straightforward to deal with our own 18 MeV data as with 
the Osaka data because with lower incident energy (and lower L's) the calculated 
patterns tend to oscillate more. This feature is illustrated in plots of Ay vs. 
9. for different incident energies and residual energies of Fig. 3.6-3. By the 
time one gets down to 18 MeV, the analyzing power is very oscillatory and does 
not resemble our observationo, which look somewhat more ·like those calculated 
for 25 MeV. In any event the 18 MeV data differ~ from the 65 MeV data in having 
<1 longer angula1· region of negative analy.::lng power at forward angles. The JlolBA 
calculations reproduce this trend as one decreases the incident energy. 

The fact that onr. (p,p') and (p,cx) data show similar analyzing power 
patterns and that the Osaka workers see (p,d) patterns like their (p,p') 
patterns suggests that entrance channel effects, rather than exit channel or 
interaction effects, may be controlling as regards analyzing power in this 
energy range. We are continuing our calculational exercises to study the 
relative importance of spin-orbit effects at the different stages of the 
reaction. Our overall goal is to see what is the smallest number of simple and 
reasonable assumptions that are required to give a decent account of analyzing 
powers to the continuum. We .have been helped immeasurably in these efforts by 
discussions with J.S. Blair, G.A. Miller and H. Sherif. 
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7. Higher T=3/2 States in 29p and 25Al 

E.G. Adelberger, C.D. Hoyle, and P.G. Ikossi 

The reduced elastic proton widths of the ground state analogs of T=3/2 
states in 4n + 1 Tz = -1/2 nuclei follow a strikingly simple dependence on the 
mass number.l The information on the widths of excited T=3/2 states is limited. 
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Fig. 3.7-1: 
widths 

Reduced elastic proton 
of T=3/2 states in 17F as 

a function of excitation energies. 
Data taken from Ref. 2. 
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In the case of 17F where several T=3/2 excited states have been located the 
available evidence indicates that the reduced widths increase exponentially with 
the excitation energy of the states (Fig. 3.7-1).2,3 Whether this behavior is 
universal (perhaps indicating a correlation of isospin admixtures· with the level 
density of T=1/2 levels) or accidental needs to be tested in other nuclei. 
Another interesting question that may be answered by a systematic study of 
excited T=3/2 states is the unexplained A=8 periodicity observed in the reduced 
elastic proton widths. If this periodicity is due to the structure of the 
ground state of the target nuclei one may expect that on the average it will 
persist in the elastic proton widths of the excited T=3/2 states. Systematic 
studies of higher T=3/2 states may thus provide useful information on the 
mechanism responsible for the isospin forbidden widths. 

As an extension of our proton scattering experiments we have searched for 
excited T=3/2 states in 25Al and 29p. \~e have located resonances \~Thich are good 
candidates for the second excited T=3/2 states in both nuclei. 

A. The Second Excited T=3/2 State in 25Al 

This state is the analog of the JIT = 1/2+ Ex= 1.07 MeV excited state of 
25Ne. In 25si the corresponding state occurs at an excitation energy of 0.82 
Mev. 4 Based on these excitation energies and the location of the lower T=3/2 
states in 25Al we expect the T=3/2, 1/2+ state in 25Al to be located at -8.9 
MeV. We have searched in 1.4 keV step~ using a 10 ~g/cm2 thick target .in the 
incident proton range of 6.8 to 7.3 MeV (Ex= 8.8-9.3 HeV). The only narrow 
resonance consistent with Jff - 1/2+ observed occurs at Ep = 6.857 MeV (see Fig. 
3.7-2) which corresponds to Ex =(8.853 _±_ 0.005) MeV. 
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We measured excitation functions in -0.5 keV steps over this resonance 
(Fig. 3.7-3). The observed width is -4 keV, a major part·of which may be due 
to the beam energy and target spread. The decay proceeds via the p0 and Pi 
branch. No resonance effects were observed in the energetically available P2 
and P3 channels. 

The ratios of ~a/~ is approximately constant at all angles, indicating 
Jff = 1/2+. Analysis of these data using procedures similar to those of Ref. 1 
will be undertaken soon. 

B. The Second Excited T=3/2 State in 29p 

The analog of this state in 29Al has a spin of 7/2+ and lies 1.75 MeV above 
the ground state. Thus in 29p we expect the 7/2+ T=3/2 analog to occur around 
Ex 10.13 Mev. In a proton scattering experiment the corresponding resonance 
ic expgctQd ~t RP = 7.65 MeV. We meaevr~d excitation function in 1.4 keV steps 
in the region bet:ween Ep = 7.5 and Ex.., 7.8 MeV (Fig. 3.7-4). The ·target fnr 
these measurements was 30 pg/cm2 thick in 28si. We find that the resonance at 
Ep = 7.701 MeV (Ex= 10.19 MeV) could be the analog of the T=3/2 7/2+ state. 
Resonance effects were observed irt all the proton channels measured at anglee 
ranging between 55° and 155° (Fig. 3. 7-:5). The interfer.ence effect in the 
elastic scattering data at 90° indicates positive parity. The absence of a 
resonance effect at 70° (the zero of P4) and the abrupt change in resonance 
shape between 115° and 140° is consist.ent with (=4. Nevertheless, cross section 
data with better energy resolution (thinner target) and analyzing power 
measurements are necessary in order to make a firm spin assignment. The 
observed width of 4 keV could be due mainly to the experimental resolution. 

We will be repeating our measurements of excitation function over this 
state with thinner targets in order to investigate this resonance in more 
detail. Since the level structure of 29Al up to excitation energies of 3.6 MeV 
is well known4 the study of even higher T=3/2 states in 29p could prove very 
fruitful in establishing the systematics of isospin forbidden widths. 
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8. Gamma Ray Spectrum of the p+ Decay of 24Al 

E.G. Adelberger and C.D. Hoyle 

We have remeasured th f+ decay of 24Al to search for weak branches to high 
excitation energies in 2~g. The motivation is to search for transitions which 
may have large Gamow-Teller matrix elements but have too small branching ratios 
(due to small phase space) to have been detected in previous work. The 24Al was 
produced in the reaction 2~g(p,n)24Al using 18 MeV protons. A rabbit system 
was used to shuttle a natural Mg target from a bombardment station in cave 1 to 
cave 2 where the counting was done. Since the half-life of the 24Al ground 
state is 2.07 sec, the irradiation time of the target was -4 sec and the 
counting time was -5.5 sec per cycle of the rabbit. The gamma ra2~ were 
detected with an ORTEC Model 8101-1521W Ge(Li) detector. Between the Al and 
the Ge(Li) detector was a 1-7/8" lucite absorber to stop the positrons with a 
minimum of bremsstrahlung due to the low Z of lucite. A lead absorber 3/16" 
thick was positioned between the Ge(Li) and the lucite to attenuate low energy 
gammas. 

The _high energy portions of two gamma ray spectra are shown in Fig. 3.8-1. 
Spectrum 1 was accumulated with 0.5 second delay between the end of the 
irradiation of the target and the beginning of each counting period. Therefore, 
this spectrum does not contain significant yield of gamma ray lines from the 
decay of the 24Alm isomer (half life = 129 ms) at 0.44 MeV. For spectrum 2, the 
counting began as soon as the rabbit was in the counting position (-100 ms after 
irradiation stopped). · This spectrum contains the lines from the decay of the 
isomer. Identification of the lines is summarized in Table 3.8-1. Peaks 18 and 
19 were previously identified, and are in good agreement with this work. Peaks 
21 and 22 result from a previously identified decay of the isomer. Peak 20 is 
n·~w with this work. 

Table 3.8-1. Gamma ray lines from the p+ decay of 24Al. An * indicates 
a line that results from the decay of the 24Alm isomer. 

Peak No. EJ (keV) Assignment I yield from 
Ei - · Ef i .n 2~g 24Al decay (%) 

18 7068 8436 -> 1368.6 41 
19 7930 9298 -> 1368.6 1.14 
20 9442 10824 -> 1368.6 0.16 
21* 8598 9966 -> 1368.6 
22* 9958 9966 -> 0 

Reference 

1. Detraz, C., Nuclear ?hysics, Al88, 513 (1972) . 
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4. . RADIATIVE CAPTURE . 

A.· Unique Determination of the.Amplitude and Phase for.the Pofulation 
of .the Giant-Dipole Resonance in the Reaction 12c(Ppol ,J 0 ) 3N . 

. J;:.G. ft.delberger, P.G. Ikossi, K.T. Lesko, and K.A: ·Snover 

At low energies radiative nucleon capture is dominated by the giant 
electric-dipole resonance (GDR). Measurements of angular distributions in 
polarized-proton-capture reactions provide a useful probe of ·the structure _ of 
the GDR. However, existing polarized-proton-capture studies do not uniquely 
determine the reaction amplitudes~ Even for the·most favorable spin sequences, 
there is an inherent two-:-fold amb!guity1-3 which arises from the quadratic . 
nature of the equations relating the amplit{Jdes to the data. We have, for the 
first time, resolyed the two-fold ambiguity in radiative capture ·by studying the 
int-erference between the El "background" and a known M1 resonance. Our res.ul ts 
are in agreement with reaction-model calculations and with simple arguments 
based on the shell model. 

.. The two-fold ambiguity in the case of the reaction4,5 12c(Ppol,J0 )13N· is 
illustrated in Fig. 4.1.A-1. The GnR region extends from E - 8 to 30 MeV. 
(~~01,J 0 ) angular distribution results are available5 for Ep = 18-17 MeV. For 
the simple spin sequence of this reaction, only. incoming s- and d~wave 
amplitudes (with j = 1/2 and 3/2, respectively) contri.bute to E1 capture. The 
shell ·model predicts that d-waves should dominate. Angular distribution 
measurements can be fitted equally well with two solutions (Fig. 4.1.A-1), one 
of which is predominantly d-wave (d)) and the other predomi~antly s-wave (s>)· 

We studied the interference between the Ep = 14.23 MeV Ml(E2) T = 3/2 
resonance and the E1 GDR. This .T = 3/2 resonance is ideal for -our purpose since 
all its important properties (Jrr, width, strepgth, mixing ratio, etc.) are well 
known.6- The dominant Ml-E1 interference effects should appear in the 
coefficients A1 ,.and B1 in the Legendre expansions of the cross section and· 
analyzing power, respectively. Hence we chose to measure excitation curves at 
90° with a polarized beam, and at 55° and 125° with an unpolarized beam, where 

1/2[cr(5S
0

) + cr(125°)] 

1/2[cr(55°) - cr(125°)] 

crtotal I 4rr 

0.57 A1 - 0.39 A3 

and 

.. 
Excitation-function data were measured using a 

target. The polarized-beam data· were taken with 
0 

spectrometer at 90 and -SO nA of polarized proton beam 
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Fig. 4.l.A-l: Upper part: crtotal 
for 12C(Ppol•Yo> for EP 5-30 
MeV (Refs. 4 and 5). Lower part: 
The d-s phase difference and the 
relative d-wave intensity for 
Ep 10-17 MeV (Ref. 5 plu~ the 
present work for 14 < Ep < 15 
MeV). The points and crosses 
correspo~d to the two different 
solution's. The solid lines are 
DSD calculations described ·in 
Ref. 5. 
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University of Washington tandem Van de GraafLaccelerator. The unpolarized data 
(taken with -350 nA of beam) were measured simultaneously at 55° and 125° in 
order· to avoid spurious effects fro~ small accelerator energy shifts. The larBe 
Nai spectrometer was placed at 55 and a 7. 5-cm x 7. 5-cm Nai de·tector at 125 . 
Representative on-resonance spectra are shown in Fig. 4.1.A-2. The· 
efficiencies of the two detectors were determined from thick-target 
resonance-yield measurements. 

Our resonance measurements for the sum of the cross sections at 55° and 
125°, the 90° analyzing power aA(90°), and the difference of the cross sections 
at 55° and 125° are shown in Fig. 4.1.A-3. We fitted these results with a· 
Breit~igner resonance (whose width, strength, and E2/M1 mixing ratio are given 
in Ref. 6) interfering with background E1 and E2 amplitudes determined from a 
model-independent analysis of our o·ff-resonanc·e polarized-beam angular 
distributions. The (asymmetric) energy-resolution function and the resonance 

0 0 0 0 
energy were determined from the shapes of a(90 ) and a(55 ) + a(125 ). aA(90 ). 
was then fitted with the only free parameter being the pha.se of the M1/E2 
resonance relative to the E1 background. The two bands in Fig. 4.l.A-3 
indicate the range of d> and s> solutions consistent with the off-resonance 
angular distributions at E = 14.00,· 14.17, 14.39,·and 14.49 MeV. Then the 
corresponding bands for the dlfference of the cross sections at 55° and 125° 
were calculated with no free parameters. These bands are insensitive to the E2 
parameters, which serve only to determine the off-resonance values for aA(90°) 
and a(55°) - a(l25°)~ The results clearly select and d) solution as the 
physically correct one. 

Our -experiment has proven that the d) E1 solution is the correct one at 
Ep = 14.23 MeV. Furthermore, it is very probable that d-wave capture dominates 
over the entire region from Ep = 10 to 17 MeV because the two solutions are well 
separated and nearly independent of energy in this region (see Fig. 4.1.A-1). 
Although (Ppol,J) results are not available for the region 17 < Ep < 30 MeV 
,where the bulk of the El absorption strength lies, the measured4 a2(=A2/ Ao) 
suggests that the capture amplitudes here are similar to those in the 
lower-energy region. 

~tore importantly the 12c(Ppol•J0 ) data are verl similar to other lp-shell 
capture .results such as 14c(Ppol•J0 ) (Ref. 7) and 3N(Ppol•J0 ) (Refs. 1 and 3) 
over similar ranges·of EP (encompassing the GDR in these latter cases). Thus it 

·is reasonable to infer that d-wave dominance is a common feature of {p,J0 ) 

reactions in the upper ;1 p shell. 
( 

These results provide a basic test of reaction~model calculations such as 
the direct-semidirect (DSD) model3,7 (see Fig. 4.l.A-1) and the doorway-state 
modelS which predict in the above cases that d-wave capture should dominate over 
s-wave 'capture, in agreement with our experiment. However', one does not need a 
detailed calculation to understand the observed d-wave dominance. It follows 
from the basic argument that dipole matrix elements are largest when the 
initial- and final-state wavefunctions have the same number of nodes. Hence the 
GDR is expected9 to be dominated by nucleon excitations of the form n( -> n'{' 
where n( and n'(' are occupied and unoccupied shell-model orbits, respectively 
(n is the principal quantum number, ( is the orbital angular momentum) and 
n' =nand (' = (. + 1. The same argument leads one to expect that the GDR 
amplitudes in the p0 channel should be dominated by {' = ( + 1 (and n' = n) when 
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the target nucleus is related to the final nucleus by the removal of a nucleon 
from orbital n'(. Since n = 1 and { = 1 for 1p-shell nuclei, d-wave radiative 
capture should dominate in the GDR. 

Our results also provide restrictions on the E2 contributions to the 
reaction 12c(Ppol ,J0 ). In Ref. 5 it is shown that if one can neglect 
background M1 contributions, then small E2 cross sections ~ o.~ ph (roughly 
consistent with calculated direct E2 capture) are derived from fits to the 
angular distribution data. However, at some energies much larger E2 cross 
sections are also compatible with the data. These solutions with large E2 cross 
sections have E1 amplitudes with large s/d ratios (-0.7). If the E1 amplitudes 
are roughly energy independent, then our res·onance data reject these large E2 
solutions. 

More. extensive measureme~ts could lead, in principle, to a unique 
determination of the background E2 amplitudes and phases near this resonance. 
Also, this technique can (and should) be applied to 'other nuclei where {p,J) 
resonances with known multipolarity occur at sufficiently . high excitation 
energies to be used for unique determinations of giant-resonance amplitudes and 

· phases. 
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B. Heasurement of &(90o) and Ay(90°) for the 12c(p,~ 0 ) Reaction From 
Ep = 9-14 MeV 

E.G. Adelberger, P.G. Ikossi, K.T. Lesko, and K.A. Snover 

We measured 90° cross sections and analyzing powers for 
reaction in 100 keV steps in the excitation energy range of 
The target was on 1. 7 mg/ cm2 nat ural carbon foil. The 
measurements was to search for E2 and M1 strength by looking 
the 90° analyzing power. 

the 12c(p,lo>13N 
10.3 to 14.9 MeV. 

purpose of the. 
for resonances in 

In 13c, the mirror nucleus the Ex= 11.1 MeV, 1/2- state and the Ex= 1l.R 
MeV 3/2- state are knnwn1 t~ decay to the ground state of 1 ~c via M1 
transitions. On;~ would expect the mirror stRtP~. :i.n l3N to Jt!L:ay in a ~imilar 
m01nner. In Llie same energy· region ln 13N; states which could decay to the 
ground state via an M1 transition occur at Ex= 10.R3; (1/2-), Ex= 11.74 MeV; 
3/2-, r = (530 ± 80) keV and Ex= 11.88 MeV; (3/2-) > ~ (380 ~50) keV.1 

Our analyzing power excitation function (Fig. 4.l.B-1) shows no pronounced 
structure which would unambiguously establish the presence of an M1 or E2 
resonance. However, near Ex= 11.1 and 11.8 MeV the analyzing powers show some 
evidence of structure which should be further investigated. For broad states of 
the sort listed above, a measurement .of Ay(900) as a function of energy may not 
be sufficient to demonstrate the presence of M1/E2 strength. Detailed 
measurements of polarized beam angular distributions may be required to make 
such an identification. It is instructive to note .the absence of resonance 
structure in Ay(900)·near the minima in 0'(900) at Ep = 10.6 and 13.1 MeV. 'l'he 
presence of oestructive interference effects in 0'(90°) indicates clearly that 
these two resonances are due to 1-decays with the same parity as the dominant 
multipole in the background, i.e., E1. In this case, a strong resonance effect 
in Ay(90) is not possible. This is consistent with our ~~ta. 

Referenc;:cs 
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2. Further Studies of M1 and E2 Resonances in the 15N(p,10 )16o Reaction 

.P.G. Ikossi, K.T. Lesko, and K·.A. Snover 

Following our discoveryl of ground-state M1 decays from 1+, T 1 
resonances at Ex= 16.22, 17.14 and -18.8 MeV in 16o, shell .model calculations 
were performed2 which are consistent with out" results and predict substantial 
fragmented M1 strength at energies up to -28 MeV. Conseqygntly we have extended 
our search for ground-state M1 strength in the 15N(p,10) 0 reaction to both 
higher and lower bombarding energies. · 

E • 9-16 MeV 
ofp15N2 pressure. 

We have measured A(900) ann o-(900) in 100 kcV steps from 
using a gas cell with a 75 pinch Ni entrance foil. and 10" 
Tlelative:ly bU!all analyzing powers wE;>re found in this energy region: at no 
energies was A(90°) > 0.2, and at most energies A(90°) was less than 0.05. 
Thus our measurements failed to turn up regions of significant magni.tucJe en: 
structut~ in A(90°), consistent with earli~c Uleasurements in coarser energy 
steps. Angular distributions were measured at Ep = 11.32, 11.10, 9.73, 9.40, 
9.10, and 8.70 MeV, for which good fits (X2 -1) could be obtained assuming a 
model-independent parameterization in terms of E1 and E2 amplitudes. Hence our 
results show no evidence for concentrated M1 strength in this energy region. 
However, Ml resonances in this region (if they exist) may either be too broad or 
may have too weak a proton formation probability fp/r to be observed in (p,10 ). 
This would not be unexpected at these energies since particle decays to excited 
1SN (or 15o) residual states 'would be favored by the 2p-2h or 4p-4h structure of 
the 1+ T = 1 resonances. , 

At lower energies we have explored the Ep = 1-4 MeV region with polarized 
anrl unpolarized beam as shown in Fig. 4. 2-1. The 900 cross section shows no 
evidence for structure in this energy, with the exception of the two well ·known 
1~ resonancca at Ef < 1 MeV. More importantly, we find no evidence for a 
previously reported3 +resonance at Ex = 13.68 MeV, in agreement with an 
earlier electron scattering experiment.4 The data shown near this energy for 
~(90°) in Fig. 4.2-1 include measurements with proton energy resolution (target 
thickness) of 20 and 40 keV. We obtain r1 < 1 eV for a resonance near this 
energy, compared to a previous poor statistics0 (p,10 ) experiment3 which obtained 
r 1 - 8.5 eV. Polarized (p,J0 ) angular distribution results are shown, 
meagured with 20" of 15N2 gas pressure, corresp-onding to 170-350 k.eV energy loss 
in the target. These data points are plotted at Ep = EP- ~E (entrance foil) -
1/2 ~E( 1 5N2). Polarized beam intensities were -8-30 nA at these energies, due 
mainly to the drastic falloff of beam transmission through the tandem at low 
energico. However, tht! results clearly show the onset of interesting structure 
in the odd Legendre coefficients in the Ep = 1-3 MeV region, most likely due to 
a broad E2 resonance (note the strong effect in a 3). A clear understanding of 
the parameters for such an E2 resonance, as well as for E2 strength in the Ep = 
4-9 MeV region requires a resonance analysis of the energy dependence of the 
angular distribution coefficients, which is in progress. 
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3. Gamma Decay of the Ex= 10.321 MeV 1+, T = 1 Level in 40ca 

E.G. Adelberger, P.G. Ikossi, W. Rosch, and K.A. Snover 

Until recently very little was known about M1 decays in doubly magic N = z 
nuclei. Following our discovery1 of substantial M1 decay strength to the ground 
state of 16o a definitive M1 assignment2,3 was nade to the well-known 
10.321 -> 0.0 MeV 1-transition in 40ca using inelastic electron scattering. 
This transition is very strong: r1 = 4.74 ± 0.30 eV, corresponding to B(M1) 
0.37 p0 2, which is stronger than tRe sum of the 3 known M1 transition strengths 
of > 0.24 p0 2 to the ground state of 16o. 

This level is a l-lell known resonance in the · .39K(p,1)40ca reaction at 
Ep = 2.043 MeV, with a quoted captur~ strength rpr11r = 10.3± 1.7 eV~4 This 
resonance strength has been used as a standard upon which other strength 
measurements in this mass region are based,4 and is clearly incompatible with 
the radiative width quoted above. We have remeasured this resonance strength 
along with the relative 1-decay branches to excited final states of 40ca. 

He used a target of -140 pg/cm2 of natural potassium iod.ide KI evaporated 
onto 0.1 mil platinum backings upon which a thin layer of gold had been 
evaporated. Gamma rays were detected in the large Nal spectrometer and in a 15% 
Ge(Li) detector located at~ 90° with respect to the beam axis. Typical beam 
currents were < 200 nA. A troublesome high energy 1-background present in the 
early data and due to radiation produced by scattered beam striking the chamber 
walls was eliminated by stopping the beam immediately downstream of the target 
in a thin piece of tungsten. Figure 4.3-1 shows the resonance curve for 
39K(p,1 0 ) obtained in the Nal. The data shows a classic thick-target resonance 
response, a flat top along with some evidence for a "Lewis-effect" leading edge 
overshoot. The top half of Fig. 4.3-1 shows the resonance angular distribution 
for 10 , which yields a2 = 0.09 ± 0.08. The Nal efficiency was determined at 
E~ 15.1 MeV from an earlier 12c(p,10 ) resonance yield measurement compared to 
tne absolute strength of Ref. 5, and the relative efficiency between 4.4 and 
15.1 MeV was taken from Ref. 6. Assuming additivity to obtain the stopping 
power for KI from the tab.ulatet:l stopping powers7 for K and I, we obtain from the 
measured 10 yield a preliminary value for the capture strength 
r ../1/r = 4.3 ± 0.4 eV. • 

Branching ratios for resonance decays to excited final states were deduced 
from an analysis ot Ue(Li) spectra accumulated in long runs below, on and above 
resonance at e1 = 90°. The Ue(Li) etticiency was calibrated at low E6 < 3.5 MeV 
using an absolute 60co source along with an uncalibrated 56co source. Absolute 
Ge(Li) efficiencies at 4.4 and 10.3 MeV were determined by comparing Ge(Li) and 
Nal yields in the 15N(p,~,1) and 39K(p,1 0 ) reactions, along with absolute· Nal 
efficiencies determined from Refs. .5 and 6 and the 12c(p,1) measurement 
discussed above. The small anisotropy observed for the 10 transition indicates 
that the 1+ substates are nearly equally. populated, as expected for 
predominantly s-wave capture. Hence the branching ratios 'for excited state 
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decays may be reliably estimated !rom our 900 data. Decays were observed from 
the resonance R ~> 0.0 MeV, R -> 3.352 MeV, R -> 3.905 MeV. and 3.905 MeV-> 0.0 
MeV, from which we deduced decay probability (relative to the R -> 0.0 MeV 10 
intensity) of 0.038 ± 0.004 and 0.138 + 0.009 for R -> 3.352 (Oz+) and 
R -> 3. 905 ( 21 +) respect! vely. These strengths . correspond to B(M1, 
1+ -> o2+)/B(M1, 1+ -) o1+) = 0.45 ± 0.03 and B(M1, 1+ -> 21+)/B(M1, 1+ -> 01+) 
= 0.16 ± 0.02, respectively (we assume E2/M1 = 0 for 1+ -> 21+). 

It is remarkable that the reduced B(M1) branching ratios for decays to the 
excited 02+ state relative to the 01+ ground state are equal within errors for 
the three 1+ states studied in doubly magic N = Z nuclei (the 16.22 and 17.14 
1+, 1 states in 16o and the 10.32 1+, 1 state in 40ca). 
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4. Proton Capture to Excited States in 16o 

We have measured excitation functions of the 1-rays resulting from 
bombardment of 15N by protons in the energy range 2.5-9.5 MeV with emphasis on 
identifying M1 decays to the first (O+) and second n-) PXritPn Rt:'ltP$ Jn 16Q, 

A. M1 1-Decay of the 4- T=1 Particle-Hole State at 18.98 MeV and the 3-
T=1 State at 18.03 MeV 

E.G. Adelberger, P.G. Ikossi, and K.A. Snover 

The 4- T=1 state in 16o at 18.98 MeV is particularly interesting since its 
wavefunction is believed to be predominantly (P3/~- 1 , dsf2)· A measurement of 
the strength of its J-decay to the 3- (6.13 MeV) state yields valuable 
information on the purity of the 4-, T = 1 shell-model wavefunction. We have 
studied this state as well as the 3- T=1 state at 18.03 MeV as resonances in the 
15N + p entrance channel. Both of these states were previously seen as (p,112) 
resonances.1,2 In a (p,yy) coincidence experiment it was shown that the 
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observed resonance is due to a decay to the 3- state. Using the (d,t) reaction 
Mairle et al.3 assigned JU = 4- to the 18.98 MeV state and ·Jn = 3- to the 18.03 
MeV stat~ The same authors,4 using coincidence techniques, ·measured the 
particle decays of these states. 

In Fig. 4.4.A-l we present excitation functions measured at 90° using 
polarized protons. The data below 7.4 MeV in this figure were,taken with a 15N 
(99.9(. purity) gas target (0.3 mg/cm2) with Ni entrance (0.6 mg/cm2) and exit 
foils. · At higher energies a thicker 15N target (0.64 mg/cm2 ) and thicker Ni 
foils (0.9 mg/cm2) were used. The high energy 1-rays following the proton 
capture were detected with the 24 x 24 em Nai spectrometer with anticoincidence 
shield. These spectra were used to obtain information of the J0 and h2 decays. 
The. 134 transitions occur in an energy range where there were also 1-rays from 
the Ni foil. Additional data on the Ex 18.98 MeV and ·Ex = 18.03 MeV 
resonances were later taken using an 15N-enriched (99%) melamine target 
(C3H615N6 - 0.29 mg/cm2 ). The spectra obtained with the melamine targets 
allowed extraction of the 134 cross-sections. The lower energy part of the 
spectrum prescaled by a factor of ten and without the anticoincidence 
requirement was digitized at the same time as the normal high energy portion. 
·This provided information on the 1-rays from the ~1 , Pl2• and P3 exit channels. 

The area·s were extracted by performing lineshape fits to the data. The 
lineshapes were empirically deduced from the data. No background subtraction 
was necessary for the capture 1-rays. For the reaction 1-ray spectra an 
empirical background lineshape determined at bombarding energies below the Pl2 
threshold was used. Typical spectra with the corresponding fits are shown in 
Fig.· 4.4 .. A-2. 

In all the fits the relative separation of the observed lines was fixed by 
the known energy differences of the final states. The width of the lineshape 
for the capture 1-rays was assumed to increase linearly with energy whereas for 
the reaction 1-rays the width was kept constant. The.absolute normali'zation (± 
10%) of the data was deduced by normalizing the 10 yields to our previously 
measured5 absolute cross-section at 7.3 MeV. A 3~ per MeV correction to the 
data was performed to account for the change in the accept efficiency as a 
function of energy. The agreement between our present 10 data and those of Ref. 
5 is very good. The 1 and 112 data are also in good agreement with those of 
Refs. 1 and 2. T8 obtain the normalization of the reaction 1~rays we used 
infornation on the relative efficiency of the Nai at 4.4 and 15.1 MeV for the 
accept and reject spectra extracted from Ref. 6. This procedure was followed 
independently for the gas-cell and melamine target data. The resulting 
cross-section for the 4.4 MeV 1-rays thus obtained atE~- 6.3 and Ep- 7.3 are 
in good agreement indicating that the contribution from 2c(p,p'1) is small at 
these energies. However the off resonance cross-sections obtained for the 5.3 
MeV 1-rays for Ep- 7.3 MeV differ in the melamine and the gas cell data by 
-20%. Res·onance strengths deduced from the melamine and the gas cell data are 
consistent, indicating the higher yield of 5.3 MeV 1-rays in the gas cell data 
is due to some contaminant background near 5.3 MeV which is present in the 
gas-cell data and absent in the melamine data. All data· used to ·determine 
resonance strengths were internally consistent, and havP. a± 10% uncertainty in 
absolute normalization. 
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Our more detailed excitation function over the 18.98 MeV and 18.03 MeV 
states are shown. in Figs. 4.4.A-3 and -4, respectively. The 112 analyzing 
power data over these resonances show little evidence of Ml-El 
resonance-background interference. Although the presence of analyzing powers at 
90° would be a definite indication that .these states decay via Ml or E2 
transitions, its absence does not exclude this possibility. This is due to the 
uncertainty in the nature of the background cross-section. If one assumes· that 
the off-resonance h2 cross-section is due primarily to El decays to ·the-.·3"" 
state then it may contain contributions from z+, 3+, and 4~ initial states. 
Thus for a 3- state populated by d5; 2 and g7; 2 entrance partial waves, one 
obtains 10 terms contributing to b1 , so that strong cancellations are possible • 

. Our angular distribution measurements for 1!2 near the 18~03 MeV state 
(Fig. 4.4.A-5) yiPlrl ~2 (rpsnn~n~~) - 0.55 + 0.06 and a1, 63, 64 con3istent 
with zero. Thls is consistent with pure dipol~ decay. Assuming pure dipole 
decay, the a2 coefficient restricts the angular momentum of this state to J = 3, 
for which 0.375 < a 2 < 0.50, in agreement with Ref. 1. The meas~r~d a2 given 
above suggests the presence of both d5/2 and g7/2 entrance channels, with 
d5/2/g7/2 - 0.9, assuming negative parity as assigned in Ref. 3. Our .measured 
resonance strengths (Table 4.4.A-l) for the Pl2 and ~1 channels are consistent 
with the branching ratios of Ref. 4 and confirm the identification of this 
resonance as the same level populated in the direct reaction studies of Refs. 3 
and 4. Similarly, for the Ex = 18.98 MeV we find az = -0.284 ± 0.114 and again 
a 1 , a3, a4 consistent with zero, indicating pure dipole decay. The theoreti~al 
limits for the dipole decay of a J = 4 resonance are -0.304 < az < -0.357 and 
for J = 2 -0.0715 < az < 0.143. Hence our measurement .favors a J = 4 
assignment, in agreement with Ref. 1. Again the negative parity assignment 
follows from Ref. 3. The results are summarized in Table 4.4.A-l. The 
absolute widths are determined from combinations of our strength measurements 
and the branching ratios of Ref. 4. The uncertainty in the absolute widths is 
dominated by the uncertainties in the branching ratios. 

A shell model calculation of Millener assuming a lp-lh basis for the 4-
states gives f1z = 10 eV for the 4-, 1 -) 3,0' decay strength, in agreement with 
the measured value. 
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Table 4.4-1: Properties of High Spin "Particle-Hole" States in 16o 

E = 6.31 ± 0.01 p 

(a) 

r r 
p pl2 --r (1.105 ± 0.26) keV 

·r r 
p a1 

---r--- = (4.25 ± 1.00) keV 

r r 
p y12 = 

(1.96 ± 0.27) 
r 

r r 
p y34 = 

(0.31 ± 0.11) 
r 

E = 7.31 ± 0.01 
p 

(a) 

r r 

eV 

eV 

p p12 
-r- = (0.618 ± 0.086) keV 

r r 
P al 

----r- ,s; (0.066 ± 0.021) kev 

r r 
p al2 

----r-·- = 0.85 ± 0.10 ev 

r r 
p y34 

----r- :s:. 0.03 ev 

(a) Present results 
(b) Rl:'f.. 3 
(c) Present results 
(d) . From combining (a) and (b) 

(b) (d) 

r ir = o.41 ± 0.15 
p 

r tr = 0.46 ± 0.15 
al 

(c) 

rT = 23 ± i 2 keV 

r = (9.2 ± 3.7) keV 
Po 

r (2.7 ± 1.2) keV 
pl2 

r = (10.4 ± 4.5) keV 
a1 

r (4.8 ± 1.9) ev 
yl2 

r (0.76 ± 0.39) eV 
y34 

(b) (d) 

r /r = o.63 ± o.o8 
pl2 

r /r = 0.12 ± o.o5 
p 

(e) 
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r = (8.2 ± 3.8) keV 

r (7.1 ± 3.1) eV 
yl2 

r
34 

<·0.3 ev 

r = (5.2 ± 2.3) keV 
Pp 

r ,s; (0.55 ± 0.26) keV 
al 

r = (0.98 ± 0.19) keV 
p 



B. Ml 1-Decay of the 1+ 16.22 and 17.14 T=l States to the Excited o+ (6.05 
MeV) Final State in 16o 

E.G. Adelberger, P.G. Ikossi, and K.A. Snover 

With the use of 15N-enriched solid melamine targets as described in the 
previous section, we were able to obtain reliable measurements of the 112 and 
134 cross-sections from the 15N(p,1) reaction down to Eg = 4 MeV. These results 
are shown . in Fig. 4.4.B-1. Below this energy the J-rays due to primary and 
secondary decays involving the 8.88 MeV level fall in the $~me energy range as 
the 1-rays of interest and it becomes difficult to extract 1 12 and 134 yields. 
Below the neutron threshold the spectra become very clean, ami uut:!. cau lut:11tlfy 
both the primary and secondary 1-rays of the decays to the excited states of 
16o. The evidence from the lower energy data (2.6 ( Ep < 4 MeV) is that no 
sharp resonances exist in the 1

0 
and 112 excitation functions with the exception 

of the region around EP = 3 MeV where pile~up from the 4.4 MeV 1-rays dominate 
the spectra and no conclusions can be made. The same procedure in extracting 
the cross-sections was followed for these data as for the data described in 
Section 4.4.A. 

Our data overlap those of Barnett et al. 1 Although the agreement in the 
energy region above 6 MeV is reasonable we observe very poor agreement in the 
lower energy data. The rise at lower energies of the Ref. 1 cross sections 
relative to ours demonstrates that the data of Ref. 1 suffer from strong 
background contributions below 6 HeV. 

· The most interesting feature of the excitation functions shown in Fig •. 
4.4.B-1 is the .observed decal of the 1+ states at 16.22 and 17.14 Mev2 to the 
6.05 o+ first excited state of 6o. We have measured · excitation functions at 
e = 90° over these two resonances in - 5 keV steps (Fig 4.4.B-:'2). We also 
measured angular distributions on and off the resonances to determine the 
resonant Legendre coefficients. The even Legendre coefficients for the 
resonance must be the same for the 10 and the 11 decay since the final states 
both have spin ·zero and hence the 11/10 branching ratios may be determined from 
the 90° data. Our 112 resonance angular distributions are consistent with the 
1 resonance angular distributions, but the errors are quite large (a2 - 0.2 + 
0~3 for the 17.14 resonance and -0.5 ± 0.3 for the 16.22 MeV resonance). The 
resonance strength of the 112 decays rules out a significant contribution from 
12, which would be H2 or E3. In extracting the resonance strengths we used the 
a2 coefficient as determined from the 10 data. The present data combined with 
those of Ref. 2 result in improved values for these a 2 coefficients: -0.761 + 
0.061 and 0.30 ± 0.10 for the 16.22 HeV and 11.14 HeV resonances, respectively. 
The absolute normalization of these data was determined by matching the 10 
yields at 7.33 MeV, taken at the same time, to the absolute cross-sections of 
Ref. 1. From the resonance areas of Fig. 4.4.B-2 we obtain 
f p/f1

0
/r = 2.77 ± 0.34 and rpr1

1
/f = 0.34 ± 0.05 keV for the 16.22 MeV state 

and rpr1 /r = 4.12 ± 0.58 eV and rpr1 /r =0.60 ± 0.08 eV for the 17.14 MeV 
state. tRe ratio of radiative widths r1t1r 10 is extracted more accurately from 
the ratio of the 90° resonance cross-sect1ons. For the 16.22 MeV state we get 
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r h/fy
0 

= 0.110 ±- 0.007 corresponding to a ratio of B(Ml,h)/B(Ml,l0 ) = 0.45 .4: 
O.f)3. The same ratios for the 17.·14 MeV state are 0.149 ± 0.017 and 0.55 ± 
0.04, respectively. Thus we observe that the ratio of reduced strengths of the 
decay to the 1st excited o+ state relative to the decay to the ground state is 
a proximately the same for the 16.22 and 17.14 MeV initial stat.es. It will be 
interesting to see if theoretical calculations can reproduce this result. 
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K.J. Davis, P.G. Ikossi, and K.A. Snover 

. A. Introduction and Motivation 

This experiment investigates the multipolarities of the gamma rays from the 
decay of the giant resonance region in 58Ni to the ground state. This is 
accomplished by measuring the angular distribution of gamma rays produced in the 
reaction 5 4Fe(~,10 )58Ni for various alpha particle energies (R.9-12.3 MeV) 
corresponding to the excitation of the giant resonance region. Our experiment 
is a repeat of one performed by Meyer-Schutzmeister et al. at Argonne National 
Laboratory.l ----

Our experiment is motivated by an outstanding discrepancy between the E2 
cross sections deduced by Meyer-Schutzmeister et al.l for the 54Fe(1,~)58Ni and 
the E2 strength observed in the 58Ni(~.~, ,~)54fe reaction by Collins et al.2 
(of the University of Maryland). The Argonne group found that for excitation 
energies between 13.5 and 18.3 t-1eV 3.9%3 of the ·EWSR is exhausted by this 
reaction. The ~1aryland investigation examines coincidences in the reaction 
58Ni(~.~, ,~)54Fe from which they deduce the E2 cross section that would be 
observed in the 58Ni(1,~)54Fe .reaction. They find that in the giant resonance 
energy range the E2 contribution in the ~ channel accounts for only -1% of the 
EWSR assuming both the resonance and the underlying continuum background decay 
in the~ channel with the same probability. Furthermore, they set an upper 
limit of· 3% of the EWSR for ~0 decay of the giant E2 resonance by assuming no 
contribution from the background. In light of this discrepancy, we have 
undertaken a remeasurement of the.54Fe(~,10 )5 8Ni reaction. 

:B. Exper.imental Hethods and Results 

Our measurements were made using a target of 97% isotopically pure 54Fe. 
The target thickness was determined by measuring the energy loss of alpha 
particles from an 251Am source passing through the target foil. The average 
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thickness of the target over the· beam.spot was found to be 1.27 ± 0.06 mg/cm2. 
The uncertainty in this measurement is dominated by the uncertainty in the 
stopping power dat~.4 

The target was bombarded with alpha particles at ten different energies 
between 8.9 and 12.3 MeV. At each energy gamma rays were detected using a 10" x 
10" Nal detector placed 18" from the target and at the angles 40°, 60°, goo, 
120°, and 140° as measured from the beam axis. 

The total detection efficiency of the Nal detector was measured with a 
thick carbon foil using the 15.1 MeV gamma ray from an isolated resonance in the 
12c(p,1) 13N reaction.5 The product of the solid angle and detector efficiency 
was found to be (2.58 ± 0.13) x lo-3 x (4n) ster. 

A typical 1-ray spectrum is shown in Fig. 4.5-1. The two peaks at the 
high energy end of the spectrum result from the decay of the giant resonance to 
the ground state (1 0 ) and to the first·excited state. These two peaks overlap 
and it was necessary to use a peak fitting program (G~ITV), to reliably extract 
the areas of the 10 peak. An empirical line shape based on the 15.11 MeV gamma 
ray from the 12c(p,1) reaction was used to fit these two gamma rays. The line 
drawn through the data is the best fit for two gamma rays with a fixed energy 
difference of 1.454 MeV, which is the difference in energy of the ground state 
and first excited state of 58Ni. 

A plot of the differential cross sections at goo versus incident alpha 
particle energy is shown in Fig. 4.5-2. The origin of the "discontinuity" 
between 10.7 and 11.0 MeV is not known, but may be due to Erikson fluctuations 
or intermediate structure. 

The angular distributions at each energy were analyzed to determine the 
relative strength of E1 and E2 contributions to the total yield. The angu:Lar 
distributions were fit with a computer program assuming them to be du~ to only 
E1 and E2 amplitudes with an arbitrary relative phase angle. Finite angular 
attenuation coefficients were included in the analysis. The ratio of cr(E2) to 
cr(E1) was found to be less than 0.12 in all cases and the phase angle in general 
was near goo as typically found in other (oc,1

0
) studies in this mass region. 

The angular distribution data points are shown with the fitted curves in Fig. 
4.5-3. The error bars include only statistical errors. 

The extracted (oc,1 0 ) E2 cross sections can be related to the cross section 
for the inverse reaction 58Ni(1,~) by detailed balance. The converted 
~E2(1,oc0 ) cross section is plotted ·versus gamma ray energy in Fig. 4.5-4. The 
dotted lines are an extrapolation of the data, based on the shape of the Argonne 
data, to cover the full energy range of the resonance. This graph may be used 
to calculate the E2 contribution to .the EWSR from the 58Ni(~.~) channel. Our 
results indicate that only (1.4g + 0.24)% of the ENJSR is exhausted over the 
energy range 14.5-17.7 MeV. The quoted uncertainty includes statistical errors 
as well as systematic errors related to target thickness, detector efficiency, 
and pile-up. 
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.Fig._ 4.5:_1: ·The gammaray spectrum 
for the reaction· 54Fe(a.,y) 58 Ni 
at Ex - 11.5 HeV and 6 90° · 
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The solid line represents the 
fitted curve as described in the 
text. 

Fig. 4.5-2:- The differential cross
section at 90° . for the 
s•~Fe(a.,y0 ) 58Ni .reaction. The 
line is drawn to guide t~e eye. 
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Fig. 4.5-4:' The E2 cross-section for 
the 58Ni(y,~0 ) 54Fe reaction as 
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(Ref. 2), respectively. 



C. Comparison with other Exper~ments 

A comparison of the differential cross section at 9.0° indicates that the 
results of Meyer-Schutzmeister et al. are -30% higher than our values. In both 
experiments the resonances are centered at about the same energy, but the shapes 
of a(90°) are somewhat different. 

The average value of the ratio and error for aE2/aE1 determined from our 
data is 0.066 ± 0.006 compared with 0.10 ± 0.05 (over the same energy range) as 
determined from the data of Meyer-Schutzmeister et al. This ratio reflects only 
differences in angular distribution information andiShould be independent of any 
problems with absolute normalization. This difference may be due to improved 
peak area extraction in our analysis resulting from better gamma-ray energy 
resolution and lower background. 

The dotted lines in Fig. 4.5-4 have been used to extrapolate our data to a 
wider energy range. This allows us to compare our results more directly with 
those of Meyer-Schutzmeister et al. and Collins et al. Table. 4. 5-1 shows the 
value of SE2 = fE a(E)dE/E2-of~he three experiments in various energy ranges. 
We note that our value for the E2 contribution to the EWSR between 13.5 and 18.3 
is -2% which is only half of the value found by the Argonne grOup. While this 
2% result is somewhat larger than the 1% value determined by Collins et al. it 
is well below the 3% upper limit set by them. 
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Table 4.5-1. Table of percentages of EWSR for the 58Ni(1,~) 54 reaction 
over different energy ranges for various experiments 

Washington 
Argonne 
Uaryland 

Region 1 
14.5 - 17.1. 

1.49% + 0.24% 

99 

Region 2 
13.5 - 18.3 

1.98% 
3.9% 

Region 3 
12~5 - 19.0 

2.2% 
4.3% 
-1% 



5~ MEDIUM ENERGY 

1. Continuum Structure Studies and Total Inelastic Cross Sections for Low 
Energy n+ Nucleus Scattering 

K. Aniol, D. Chiang, I. Halpern, and D. Storm+ 

Last yearl we reported results of an angular distribution measurement of 67 
MeV n+ scattering on calcium. This year we have extended our results to.cover 
more targets at more angles and we have taken data at other pion energies: 40, 
50, 60, 75, and especially at 85 MeV. 

The enmhasiR l::~st y!ilar uno on uuu~Lstandirtg the location and strengLh.of a 
b~p in the n spectrum of lighter elements that appears at the E2 giant 
resonance excitation energy. It was found that the angular distribution of the 
bump in Nf and Ca (where it was mo$t clearly seen) :t.•equired a considerable 
admixture of giant dipole excitation. The description of these data and their 
analysis is given in the Ph.D. thesis of David Chiang.2 

The more recent runs have emphasized the grc,>ss features 
spectra, their ~ngular distributions, their general shapes 
cross-sections. It is hoped that such information at a number 
for a number of targets will allow us to deduce the relative 
scattering events and meson absorptions in nuclear matter as a 
energy. 

of the inelastic 
and the integrated 
of energies and 
probabilities for 
function of pion 

Our data taking rate was improved in last summer:'"s run by the addition of a 
fast PID requirement in the hardware strobe · in order to keep protons and 
electrons from clogging the data acquisition system. Several on-line tests 
confirmed that these hard,o7are e-"'teii \\Jere not cuttlug tnro the pion spectrum. A 
data-sorting and analysis routine was writt'in for our u~wly acquired DEC-VAX 
~umpurer (see Sec. · 10.12). It allows us to make various cuts and corrections 
·that are required to obtain pure, clean pion spectra (see also Ref. 2). 

Figure 5.1-1 shows total inelastic cross sections as a function of angle 
f'or a few targets. At both of the incident energies displayed in the figure (67 
and 85 MeV) the observed spectra were integrated, for each point, from -23 MeV 
(the detector cutoff) to an energy 6 MeV below the elastic line. It was not 
possible, because of muon background, to measure forward of 40°. It may be true 
nevertheless, that we have not missed much of the total inelastic cross section 
since the angular distributions are so strongly backward peaked. There are a 
number of factors . that contribute to the backward peaking. First, the free 
pion-nucleon cross section at these energies is backward peaked. Further, 
because the pion is light one does not get the large forward folding that one 
get"s when transforming p-nucleon collisions in a nucleus into the laboratory 
frame. Finally the absorption of pions tends to make it less likely for forward 
than for backward scattered pions to escape following nuclear collisions with 
impact parameters appreciably smaller than the radius. 
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We are currently making estimates of expected cross-sections and angular 
distributions on the basis of models which consider all of the forementioned 
factors as well as the effects of the nucleon momentum distribution and of Pauli 
blocking. Some of the observable features of the cross-sections which we would 
like to explain with a consistent model include the. more conspicuous leveling 
off or saturation of cross-sections with large A at 85 MeV than at 67 MeV (Fig. 
5.1-2) . and the apparent backward drift of the minimum in the· angular 
distributions with increasing A. 

In a preliminary anal~sis of the 67 MeV data,2 we find that the A 
dependence of the total rr inelastic cross-sections can be accounted for if, on 
the average, it is twice as likely for a pion to be absorbed in interactions 
that remove it from the entrance Channel 011 its way through thP nucleus as it is 
for the pion to be simply scattered. This analysis is based on a comparison of 
the energy and angle integrared iu~lastic crooc-section ~nd the total reaction 
cross-section. 

Figure 5 .1-3a shows some ty.pical spectra in a heavier t<~.r.get. lt is 
interesting to note that at forward angles the spectra are rather flat with 
energy whereas at backward angles, the spectrum has a positive slope as a 
fun~tion of outgoing pion energy. This is not how the inelastic spectra of 
protons, ex particles and other well-.studied strongly interacting projectiles 
behave. They have a negative slope. A good part of this negative slope is 
generally attributed to the effects of multiple scattering. In (p,p 1

) and 
(cx,<X') one expects a larger ratio of multiple to single scattering events at 
backward than at forward angles and multiply-scattered projectiles tend to 
emerge with less energy than those that are singly scattered. This raises the 
possibility that the opposite spectral shape differences, fore and aft, which 
one observes for the pions are also due in part to multiple scattering. Because 
of the strong backward tendency in rr-nucleon scattering, it would be at the 
forward angles that the multiple/single ratio would be higher than average and 
where one would therefore expect relatively more scatterings with large energy 
loss. 

A curious feature of the backward spectra is their striking similarity in 
shape and magnitude (Figure 5.1-3b) at 67 and 85 MeV when d2a/dQ dE ·is expressed 
in terms of outgoing pion energy. 
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2. Photoneutron Multiplicities-at Medium Energies 

I. Halpern 

It is only recently that reasonable values for photon absorption 
cross-sections at medium energies have become available. The reason that it has 
been difficult to measure so fundamental a quantity is that the machines which 
produced high energy photons, generally made them with continuous 
(bremsstrahlung) spectra. Thi·s feature requires subtractive techniques to 
determine cross-sections at a given energy. These techniques are unfortunately 
limited by the fact that medium energy photon cross-sections are significantly 
smaller than those in the lower-lying giant resonance region. 

With the advent of monochromator techniques, it has become possible to 
measure some cross-sections up to 140 MeV with substantial prec1s1on.l Thls work 
is leading to a revival of interest in the processes by which medium energy 
photons are absorbed, a field that has been somewhat dormant for lack of useful 
experimental material. 

The recent measurements at Saclayl identify absorptions as events where one 
or more neutrons are detected from a nuclear interaction. One makes the very 
reasonable assumption that, for the heavier nuclei for which the.method applies, 
at least one neutron is emitted for each high.energy photon absorbed. In the 
course of counting the events where one or more neutrons are emitted to 
determine an absorption cross-section, one obtains a neutron multiplicity 
distribution. We have been looking into the problem of extracting information 
about the absorption process from the measure~ents of these measured 
multiplicity distributions • 

. This is a brief status report on this problem. The most reliable feature 
of the measured neutron multiplicity distribution at any energy is its mean 
value, ~· where the subscript stands for "measured." The true mean 
multiplicity, nt is 1/£ ~ where £ is the mean neutron detection efficiency, 
typically 60% to 70% for the 4X geometry used at Saclay. The maximum possible 
multiplicity at any energy is given by the maximum number of neutrons that can 
be evaporated from the target when it absorbs the photon. The ratio of the 
obse~ved mean multiplicity to this maximum multiplicity can be used to deduce 
the fraction of the input energy which is carried off by fast particles in the 
initial direct interaction. For example for Pb at E = 70 MeV one finds that 
about 45% of the energy is carried off by fast nucleons. This number, deduced 
from the measured multiplicity, is in excellent accord with the fast neutron 
spectrum and the cross-section at this energy measured many years ago by a 
difference method.2 The energy dependence of this mean multiplicity tells us 
about the energy dependence of the energy loss through fast nucleon emission, 
following photoabsorption. The "interpretation of this energy dependence will 
depend on the nature of the primary interaction, e.g._, on how many nucleons are 
involved. It will also depend on secondary interactions which determine the 
chances for escape of the fast nucleons from the nucleus. There is no firm 
theoretical model for the primary interaction and the relevant nucleon mean free 
paths at medium energies can only be roughly estimated at this time. 
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The most popular description of the absorption of photons at medium 
energies is the so-called quasi-deuteron model.3 It suggests a smooth energy 
dependence for the absorption cross-section and is often characterized by two 
parameters, a damping parameter which controls the shape of the cross-section 
curve and an "effective number.of quasi-deuterons" which controls its magnitude. 
Neither parameter is known with useful precision from theoretical 
considerations. 

To use the data to evaluate these or other parameters referring to the 
photon absorption process, one wants to handle, in a common framework, many 
features of the observations--e.g., the energy and target mass dependence of nt. 

The multiplicity data can also provide u~eful values for the second moment 
of the distribution, namely 

n2 = _l_ [n2 
t 2 m 

E 

but it is unlikely that, with present techniques, still higher moments can · be 
measured with adequate certainty. This second moment is very interesting since 
it provides a measure of the width of the multiplicity distribution. A 
comparison of this width with those of measured fast photoneutron and 
photoproton spectra can be used to deduce information about ·correlations between 
these· emissions. That is, (subject to corrections for intranuclear cascading) 
one can learn something of the energy sharing between emitted fast particles, 
and in turn this can tell ·us about basic features of the primary absorption 
process. As in other medium energy reactions, final state interactions tend to 
obscure the features of primary interactions. Only by treating many nuclei ~t 
many energies from various viewpoints can one hope to disentangle secondary 
matters, like mean free paths for escape, from primary concerns. · We are hope.ful 
that the measurement of the moments of photonentron multiplicity distributions 
as a function of E and A will provide sufficiently important constraints to 
help us·: sharpen our picture of the interaction of medium energy photons t11ith 
nuclei. 
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6. ·HEAVY ION REACTIONS 

1. Angular Momentum Dependent Level Density Limitations to Fusion 

A.J. Lazzarini and R. Vandenbosch 

Recent results on the fusion cross sections for several pairs of reactions 
leading to the same compound nuclei indicate that at bombarding energies 
somewhat above the Coulomb barrier the fusion cross section may be determined by 
properties of the compound nucleus. If all ( values up to a sharp cutoff lc are 
assumed to be responsible for the fusion cross section, the lc ·values deduced 
from the experimental cross sections for different entrance channels leading to 
the same coptpound nucleus are the same for: a glvcil exeHation €)n9rgy. This 
behavior for the 16o + 16o and 12c + 2°Ne entrance channels to the 32s compound 
system is illustrated in Fig. 6.1-1. The horizontal bars1-2 and open circles4 
represent lc values for the 1.6o + 16o entrance channel, while the triangles 4 are 
for the 12c + 20Ne system. A similar behavior is exhibited by the 26Al comp·ound 
system as shown in Fig. 6.1-2. The open circles5,6 represent lc values for the 

.12c + 14N entrance channel, while the crosses are for the lOB+ 1 60 system. 

We have previously suggested7 that a plausible necessary condition for 
fusion to occur is that the compound nucleus have overlapping levels for all 
angular momenta which can lead to fusion. It has been shown that this criterion 
can account in a natural way for both the absolute magnitude and gross structure 
of the fusion excitation function of the 12c + 12c system. ·This same criterion, 
expressed in sharp-cutoff form by f/DJ = 1, accou~ts nicely for the lc values 
observed for forming the 26Al and 32s compound nucleL The full curves' in the 
figures give the Jc values which DJ = r, assuming a Fermi gas level density 
expression and taking r from fluctuation studies. The level density 
parameters, a and D., of Gilbert and Cameron8 were used, and the moment 
of inertia was calculated for a rigid body with r 0 = 1.16 fm. The 
resulting Jc values account quite well for the critical angular momenta 
at intermediate energies, especially considering the uncertainties in the 
level density pa~a~eters. At low energi~s the entrance channel limits the 
fusion cross sections, as shown in Fig. 6.1-1 by the lg values from optical 
model calculations. At the very highest bombarding energies the fusion cross 
sectfons may be limited by the maximum angular momentum for which the rotating 
liquid drop model predicts a finite fission barrier. This limit is included by 
the vertical line in Fig. 6.1-2. 

It appears from the rnoct rec~nl caleulationo that the yrast line itself 
cannot be playing a role in limiting fusion cross sections. The lower full 
curve in Fig. 6.1-1 shows the results of a calculation by Diebel et a1. 9 

References 

1. 
2. 

D.C. Kovar et al., Phys. 
I. Tserruya et al. , Phys. 

Rev. C20, 1305 (1979). 
Rev. C18, 1688 (1978). 

106 



3. 
4. 
5. 
6. 

B. 
F. 
J. 
N. 
515 
R. 

Fernandez et al., Nucl. Phys. A306, 259 (1978). 
Saint Laurent et al., Nucl. Phys. A327, 5.17 (1979). 
Gomez del ·campo-e~al., Phys. Rev. Lett. 43, 26 (1979). 
Conjeaud, · S. Gary, s. Harar, and J.P. W ieleczko, Nucl. Phys. A209, 
(1978). 
Vandenbosch, Phys. Lett. 87B, 1S3 (1979). 1. 

8. 
9. 

A. 
M. 

Gilbert and A.G.w: Cameron, Can. J. Phys. 43, 1446 (1965). 
Diebel, D. Glas, U. Mosel, and H. Chandra, Nucl. Phys. . (1979) • 

* ILl 

0 

t60 + t60 
Saint Laurent etal. 

Kovar etal., Tserruya, 
Fernandez eta I. 

10 20 
.Rc or J 

30 

Fig, 6~1-1: Critical angular momenta 
derived from experimental fusion 
·cross sections are indicated by 
the open symbols and horizontal 
bars. The upper full curve shows 
the limiting angular momenta 
Jerived from the criterion 
f/DJ = 1. 

> 
Cl> 
~ 

* ILl 

107 

Fig. 6.1-2: Critical angular momenta 
derived from experimental fusion 
cross sections are compared with 
the limiting angular momenta 
derived from the criterion 
r /DJ = 1. 



2. Search ·for ~-rays from the Quasi-molecular 12c + 12c System 

A. Lazzarini, K. Lesko, V. Metag, K. Snu~er, and R. V~ndenbosch 

Pronounced structures in the excitation functions for the 12c + 12c elastic 
and inelastic scattering. and various reaction channels have been interpreted 
using two opposing hypotheses. In the one case the observed structures are 
explained in a simple direct reaction model1 as arising .from the dominance of 
certain partial waves, in the other case these structures are related to the 
existence of quasi-molecular excitations2,3 corresponding to strongly deformed 
rotational states in 24Mg. 

A crucial test for the latter hypothesis would be the observation of 
collective 1-transitions between two quasi-bound states of the 24 nucleon 
system. Even if the 1-transitions are strongly enhanced (=150 Wu) as expected 
for very deformP.d nuclear btatco the brAnc-.hing ratio f.or gamma to particle decay 
of the resonances is estimated to be only of th~ order of 10~5 • Consequently, 
the observation of these rare events · of interest requires. an experimental 
arrang~mt:!ut with an opt{m:tz~u detection effi.ciency which allows a kinematically 
complete and redundant identification of all rt:!action productl!l :ln. urder to 
eliminate various sources of background. 

The charge and energy of the reaction products, as well as their position 
in 9 and ~. are measured in coincidence with two position sensitive gas~. 
solid state E telescopes (see Sec. 9.1) subtending angles in the laboratory 
system between 30° and 50°. Coincident 1-rays are detected in a 10" x 10" 
Nai-crystal positioned 10 em away from the target. A 3-fold coincident event is 
characterized by 11 parameters. Singles, 2-fold, and 3-fold coincidences have 
been stor~n on magnetic tape event by event using the on-line data collection 
system described in Sec. 10.4. In Lhe off-line analysts, in addition to t.he 
usual time and 1\E/E·constraints, all events have been checked for coplanarity 
and momentum conservation utilizing the position and energy information provided 
by the particle detectors. 

Tn three separate experiments a total of 1.5 x 107 carbon·-carbon 2-fold 
coincidences and 1.05. x 106 C + C + 1 triple coincidences have been accumulated. 
The distribution of the C + C + 1 coincidences is shown in Fig. 6.2-1 in a 
scatter plot of events as a function of ~-ray energy and the summed energy of 
the two carbon ions, which is directly related to the reaction Q-value.. Two 
groups of events with Q = -4.43 MeV and Q = -8.86 MeV are apparent, 
corresponding to the excitation of one or both 12c ions to the 2+ state at 4.43 
MeV in the decay of the state at Ecm = 25.2 MeV. Due to Compton scattering and 
pair production the regisL~red 1-ray en~rgiP.s are spread over a large energy 
range. The strous intensity <lt 4.43 MeV for Q = -8.86 MeV correspuuds to th& 
detection of only one of the two emitted 4.43 M~V J-rayc. Ev~nta for whi~h the 
observed energy in particle and ~-ray detectors is within the particle energy 
and photopeak resolution of (including Doppler shift and single escape peak) 300 
keV and 900 keV, respectively, will fall between the two straight lines shown in 
Fig. 6.2-l. Events beyond this limit are attributed to pile up or chance 
coincidences. In the Q-value range between -5.7 and -7.3 MeV 16 events are 
observed which fulfill the total energy constraint. 
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Fig. 6. 2-3: Scatter p l ot o f 1-ray energy versus the r eacti on Q- va l ue for 
12c + 13c at a bombaring energy of 50.4 Mev. Small squa res corr espond to 1 
event, big s quar e s to > 2 events . The two straight l ine s limit t he region 
of events for which- the total energy observed in the 1-ray and particle 
detectors agree wi t hin the resolution with the bombarding energy . 

Assuming t hat rei rtot is the same for the 12+ and 14+ states the ratio of 
the 16 events of interest to the total number of C + C + 1 coincidences would 
imply a branching rat io of (f1/rtot>

14
+- 1.5 x 10-5 • With a total width of 

r tot - 500 kev the observed 1-ray intensity corresponds to a B(E2) value of 160 
spu from which a quad rupole moment of Q = 1.4b is deduced within the rotational 
model for the char ge distribution of the 24-nucleon system. In a Strutinsky 
type calculation of t he po tential energy surface using a two-cen ter shell model 
Chandra and Mose l 4 predict a quadrupole moment of 1. 8b f or t h e mole cular 
configuration o f two touching spheroidal 12c nuclei. 

In view of t he background of unknown origin mentioned above, however , we 
consider the pr esent experimental result rather an uppe r limit on the 1-ray 
transition pr obability be tween the postulated 14+ and 12+ quas i-molecular 
rotational statPR . 
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Fig. 6.1-4: y-ray spectra for events 
which meet the total energy con
straint for 12c + 12c at bum
barding energies of a) 50.4 MeV, 
b) 54.ll MPV,andc) for I'Jc + 13c 
at 50.4 HeV. 
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3. 12c + 28si Fusion Cross Section 

H. Doubre,* A. Lazzarini, K.T. Lesko, D. Leach, A. Seamster, and 
R. Vandenbosch 

A measurement for the fusion cross section of the 12c + 28si system is in 
progress for center-of-mass energies ·between 18.4 and 28.2 MeV. This 
measurement was motivated by recent observation .of structure in the elastic and 
inelastic back angle cross .sections for this system.l,2,3 P~esently· the heaviest 
system. exhibiting convincing evidence of structure in the fusion excitation 
function is the 16o + 16o system. 

A carbon target was bombarded with a 28si beam. The evaporation residues 
were observed in a position sensitive gas ~E-solid state E telescope. The gas 
proportional counter ~E detector was masked with· four vertical slits, each 
subtending 0.32 degrees and separated from the next by - 0.85 degrees in the 
lab. The detector telescope was mounted on a movable arm in the 60 inch 
scattering chamber. Masking the entrance of the gas counter allowed the 
simultaneous measurement of four separate angles. 

The data were recorded on magnetic tape in an event by event 
SDS 930 computer, and later analyzed off-line on the PDP 11/60 
data were sorted to separate the four angles and the resulting 
plots were gated to extract the elastic and fusion yields for 
beam energy. 

mode of ·the 
computer. The 
~E-E scatter 

each angle and 

We have recently obtained a Monte Carlo code which will generate both the 
differential and· total fusion cross sections for this system.4 We are in the 
process of fitting our data to these predictions in order to obtain the 
excitation function. The preliminary results are indicated in Table 6.3...;.1 
below. A more complete analysis of the data is in progress. 
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Table 4.3-1: 28si + 12c excitation function 

E.C.M. (MeV) Cross Section (mb) 

18.42 612 (23) 
21.21 930 (46) 
22.62 886 (43) 
23.07 1020 (41) 
23.52 870 (35) 
24.36 1144 (44) 
25.20 1034 (43) 
26.34 1070 (43) 
28.20 1100 (43) 

l1. Search fuL Ins'tai\taneous Fission in the 208pb + 238u System 

H. Doubre, A. Lazzarini, V. Metag, E.B. Norman, R.J. Puigh, A.G. 
Seamster, and R. Vandenbosch 

Experimental studies of heavy ion induced fission have so far provided 
evidence consistent with a sequential fission process.1,2 For small impact 
parameters, however, Deubler and Dietrich3 predict an instantaneous fission 
process in which fission is supposed to occur during the collision time so that 
angular distributions and kinetic energies of the emerging fission fragments are 
strongly affected by the Coulomb and nuclear forces exerted by the projectile. 
The experimental signature of this reaction mechanism is that--in contrast to 
sequential fission--the heavy fission fragment is always emitted in the forward 
direction close to the beam. 

We have studied the Pb + U system, for which a detailed calculation3 has 
been performed, at the SuperHILAC of the Lawrence Berkeley Laboratory. The 
experimental arrangement is shown in Fig. 6.4-1. 

Fission fragments close to the beam direction are registered in an annular 
Si-surface barrier detector subtending 3°-9° in the laboratory system. A"45 
mg/cm2 thick Ta foil in front of the detector stops elastically scattered Pb 
ions at a bombarding energy of 1400 MeV whereas it can be penetrated by heavy 
fission fragments (e.g., 140xe) with energies > 1000 MeV and light fission 
fragments (e.g., 98sr) with energi.es > 700 MeV. The charge tJ.nd energy of the 
s~cond fission fragment, as well as its position in both 9 and «P, are measured 
with a position sensitive gas ~E, solid state E telescope subtending angles in 
the laboratory between 200-400 in the reaction plane. Recoiling projectiles are 
recorded in a position sensitive solid state detector subtending angles of 
360-840 in the laboratory, corresponding to 700-1600 in the CM system .. 
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Fig. 6.4-1: The experimental arrangement. Angles and energies of reaction 
products expected for instantaneous fission at an impact parameter of 
1 fm are indicated (H: heavy fission fragment; L: light fission fragment). 
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Fig. 6.4-2: Contour plot of energy loss versus residual energy of particles 
detected in the gas ~E, solid state E telescope. Solid and dashed lines 
are spaced by an increase in intensity of 5 and 1000 counts, respectively. 
Full dots indicate events recorded in triple coincidence. 

115 

'· 

I ..... 

/. 



If a projectile-like reac.tion product is registered in the position 
sensitive detector the detection efficiency for a triple coincidence--determined 
with a Monte Carlo calculation--is 90% in case of an instantaneous fission event 
for which all 3 reaction products are. coplanar and 0.3% in case of a sequential 
fission event. The·particle identification spectrum taken with the telescope is 
shown in Fig. 6. 4-2. Apart from the .two groups of fission fragments emitted 
forward and backward in the system of the moving U nucleus, respectively, 
elastically scattered Pb and U nuclei are also observed. Three triple 
coincidences with events in the position sensitive detector at eLab = 630, 71°, 
and 720 are indicated. · 

None of these events has the characteristics of instantaneous fission since 
the heavy fragment is registered in all cases in the telescope and not in the 
annular detector. Considering the three events as an upper limit. a cross 
s~crion of less than 0.5 mb is deduced for instantaneous fission with the heavy 
fragment going to forward angles with high energy as predicted. This limit is 
two orders of magnitude smaller than the theoretically predicted cross se~tion3 
nf 50 mb. 
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Measurement of the Non-Fusion Yield in 16o + 16o at E = 34 MeV em 

and 

z. 

A. Lazzarini, H. Doubre,+ K. Lesko, V. Metag,++ A. Seamster, and 
R. Vandenbosch 

H. J •. 

Phys. 

Time dependent Hartree-Fock calculationsl,2 predict that at sufficiently 
high bombarding energies collisions between two heavy ions for small impact 
parameters do not lead to compound nucleus formati nn, · h1.1t rather _proceed to 
deeply inelastic scattering with · a total kinetic energy in the final state 
characteristic of the Coulomb barrier for the two nnl~Pi. At Ecw = 34 MQV 
Koonin and flanders have calculated that for the 16o + 16o system the partial 
waves -L - 0-6 do not lead to fusion. We have performed an experiment to measure 
the cross section for the 16o(l6o,l6o*)l6o* reaction to determine whether the 
predictions of TDHF calculatlons are, in fact, borne out. Figure 6.5-1 presents 
the results of the TDHF calculations schematically. 

Particle-particle coincidences were measured 
gas ~E-solid state E telescopes. In this manner, 
in a kinematically complete measurement. Angular 
for the inelastic yield from elab = 100-400. 
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Figure 6.5-2 presents en~rgy spectra for one reaction partner of the 16o 
+ 16o coincidences. Because of thP. kinematic coincidence requirement the 
spectra contain limits in the reaction Q-values which could be measured. These 
are .denoted by the diagonal hash-marks in each of the spectra. A broad 
inelastic bump which shifts with angle is apparent in the 'spectra. An 
enhancement of the inelastic yield in the region -22 MeV < Q < -20 MeV which is 
predicted by the TDHF calculations as arising from the non-fusion of the inner 
partial waves is not observed here. This result is in agreement with what we 
determined in an earlier, less complete measurement that has been reported. 
Figure 6.5-3 shows the Wilczynski plot for this system. The dashed curve 
bounding the upper part of the contours represents the kinematic coincidence 
window. The entrance channel center of mass energy is marked by the dotted 
line. The 16o +·16o Coulomb barrier is indicated by the dashed line labelled 
Vc· Several features are immediately obvjous: 1) The inelastfc cross section 
for this reaction peaks at ecm = 900. The symmetry about 90° is imposed by the 
identical boson entrance channel. 2) A peak in the inelastic yield occurs for Q 
= -14 MeV. Even though the coincidence window closes rapidly for more positive 
Q-values, it is clear that the maximum cross section for Q > -14 MeV becomes 
significantly less than for Q = -14 MeV. 

Although the data are not in quantitative agreement with the theoretical 
predictions, they are qualitatively consistent. The agreement would be 
considerably improved if one assumed that the collison is not yet fully damped 
for the partial wave L = 6. We note that the direction of this disagreement is 
opposite to that which has been reported in heavier systems where TDHF 
calculations have underpredicted the degree of damping.3,4 The TDHF trajectory 
for the non-fusing partial waves L = 0, 2, 4, 6 is marked by the symbols 'x' in 
Fig. 6.5-3 (the impact parameter a~sociated with T. = 0 ~cattcro to Ocm- 0° and 
thaL for L = 6 scatters to Scm= 87°). The increase of the inelastic yield 
towards Scm = 90° is consistent with the fact that the partial wave L = 6, which 
is predicted to scatter to Scm= 87° carries the bulk of the deeply inelastic, 
non-fusing cross section. Assuming as usual a direct relationship for deep 
inelastic scattering between reaction Q-value and partial wave, L, the fact that 
we see a drop in the inelastic yield for Q > -14 MeV implies that the partial 
waves L > 6 are proceeding to fusion. 

The magnitude of the effect is in agreement with the TDHF predictions. 
O'TDHF = 132 mb for L = 0-6, and we observe an experimental cross section, O'exp = 
200 ± 50 mb. As a reference, the expected total reacti~n cross section is O'R ~ 
1450 mb and the measured fusion-evaporation cross section is O'F = 1100 mb.s The 
peaking of the inelastic cross section at ecm = 90° is a novel result when one 
considers that for this light system the grazing angle is 9g = 20°. The angular 
dependence we observe is inconsistent with an interpretation that the deep 
inelastic yield arises from pArtial wavco b~yond the fusion limit L = 20. 

The Wilczynski plot provides us with a tantalizing, yet still incomplete 
overview of the 16o + 16o reaction. We hope to uncover more of this plane in an 
upcoming experiment. 
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' 

Fig. 6.5-3: Wilczynski plot for the 
16o + 16o system. Dashed lines 
represent kinematic coincidence 
window. 9g is the grazing angle 
for the reaction. Vc is the 
16o + 16o Coulomb barrier. 
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6. Fusion Excitation Function ·for lOB + 14N 

H. Doubre,+ A. l.a?.?.arini, K. Lesko, E. Norman, A. SeamEJtcr, and 
R. Vandenbosch 

The maximum fusion cross sections for the·two systems lOB+ 16o and 12c + 
14N have been reported to differ by 20% even though the entrance channels 
produce the same compound ·nucleus, 26Al.l Similar, although less dramatic, 
differences have been reported more recently for the pair of systems 16o + 16o 
and 12c + 20Ne producing the compound nucleus 32s. 2 If one calculates the 
maximum angular momentum which contributes to fusion in a sharp cutoff 
approximation for the 26Al system, it is found that the curves defining the 
dependence of this maximum partial wave, lc• with excitation energy of the 
compound system, E*, are similar for both entrance channels. This behavior 
would indicate that the physics of the fusion process is determined by the 
compound nucleus rather than by the entrance channel. In this case, then, the 
fact that the maximum tusion cross section varies with entrance channel would 
reflect dynamic and/or kinematic effects. 

We have measured the fusion-evaporation excitation function for the system 
lOB + 14N from Elab = 28-62 MeV. The compound nucleus, 24Mg, has been much 
studied in this energy range via the entrance channel 12c + 12c. We intend to 
m.ake a direct comparison of the maximum fusion cross sections for the two 
systems. Furthermore, since the 12c + 12c system exhibits pronounced energy 
dependent structure in the excitation functionJ it is interesting to determine 
if any similar behavior occurs for the lOB + 14 N system. We are currently 
analyzing the data. 

The ·experiment was performed using a position sensitive g<1s ~E solid state 
E proportional telescope based on the Markham design.3 Using the position 
information together with a mask comprising of four aperatures, four different 
angles could be measured simultaneously for each counter position. Figure 6.6-1 
shows a typical ~E-E spectrum. 
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121 

0 

" 

0 .. 

0 
I') 

0 ,,, 



7. 26Al(l6o,l2ax)27Al Coinc idence Study at 65 MeV 

W.G. Lynch, R.J. Puigh, A.G. Seamster, M.B. Tsang, and R. Vandenbosch 

A. Introduction 

A comprehensive study on t he coincidence reaction 27Al(l6o,12c~)27Al has 
been carried out in recent years. Both in-plane and out-of-plane c~ angular 
correlation data were taken at ec = -30° and -400. The experimental method used 
and some preliminary data were described in previous annual reports.1 We will 
report on the progress on the data analysis obtained in the past year. All the 
data shown here were analyzed with the off-line analysis program RSORT2 oa the 
new VAX/VMS computer. 

The following assumptions were used in the data analysis: 

1. Three-Body Final States: 

(1) 

Only data with Q value= -7.16 MeV is discussed. In this case, all the 
reaction products 12c, ~and 27Al are in their ground states. 

2. Sequential Break-up Process: 

The majority of the events from the present work are 
assumption that the alpha particles are emitted from 
31p* if the reaction is assumed to proceed as follows: 

consistent with the 
the intermediate nuclei 

27Al + 160 -~ 12c + 3lp* 

3lp* -~ ~ + 27Al 

The C~ correlation data s hown later are plotted 
MeV) center of mass frame. The recoil direction of 
degree. The out-of-plane plane is perpendicular to 
contains the 3lp* recoil direction. 

31p* in the (Ex 
3lp* is defined to be 

the reaction plane 

One of the 
pre-equilibrium 
pre-equilibr ium 
emission should 

goals of this work is to 
alpha emission process. 

component, all other processes 
be identified and subtracted. 

understand the nature of 
In order to extract out 
that contribute to the 

B. Break Up Events from 16o* 

(2) 

(3) 

14.5 
zero 
and 

the 
the 

alpha 

This process has been discussed briefly in last year s annual report.1 Such 
a mechanism can be represented as follows: 
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1~0 + 27A1 -~ 21A1 + 16o* 

16o* -~ oc + 12c 

(4) 

(5) 

In the present work, the 16o* break up process is observed at two angles 
eoc = -17° and eoc = -43° with ec = -300. 

Using kinematics, the excitation energy of oxygen E0 for ec = -30° and 9oc = 
-17° can be deduced and it is found to be between 9.5 to 11 MeV. The lowest 
energy state in 16o that can decay by alpha emission is the one at 9.63 MeV. 
Proton decay starts to compete with the alpha decay above 12.1 MeV. 

c. Equilibrium Contribution 

Ericsonand Strutinsky3 first showed that evaporation from a rotating 
nucleus can be treated classically. Halpern4 has developed a classical model 
for emission from a spherical rotating Maxwell gas. If a rotating nucleus is 
assumed to rotate around an axis that is perpendicular to the reaction plane, 
then one would expect the angular distribution of evaporated particles to be 
isotropic in the equatorial plane. Owing to the centrifugal force, the yield is 
concentrated in the equatorial plane and decreases as.one goes towards the pole. 
If the rotating axis is normal to the reaction plane, then the equatorial plane 
is the reaction plane.. · 

The yield of evaporation particles as a function of polar angle W defined 
with respect to the axis of rotation is given by Halpern: 

Y(~) = Y0exp(X*sin2~) (6) 

where Y0 is a )lOrmalization factor. X is the ratio of rotational kinectic 
energy to the thermal nuclear energy, 

X 
2T 

(7) 

where p iR the reduced mass; ID is the angular velocity and T is the nuclear. 
temperature. The radius R is taken as 

(8) 

X can also be expressed in terms of the spin (J) of the rotating nucleus: 

; rJ + tr 112 

2IT 
(9) X 
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where I = pR2 is the moment of inertia. 

The C""'(X correlation· function plotted in the 31p* center of mass frame shows 
a slight backward angle rise. This leads to the conclusion that the rotating 
axis is not perfectly aligned along the z axis which is normal to the reaction 
plane. Simple argument suggests that the angular momentum of the 31p* is 
expected to lie in the plane perpendicular to the reaction plane and the 
momentum transfer direction. The momentum transfer direction is assumed to be 
the recoil direction of 31p*. The angle between the rotational axis and the z 
axis is· defined to be 1· In order to estimate the contribution of the 
evaporation component in a simple way, 1 is assumed to be gaussian distributed. 
The coordinate system used is shown in Fig~ 6.7-1. It is chosen to simplify 
the evaporation analysis and differs from that often used. 

From Equation 6.7-3, the angular distribution is 

W(8 ,<j>) 2rr [ 2 2] J
0 

dyexp -y /2y
0 

Y(~) 

where 111 is related to the angles 1, 9, and+ as shown in Fig. 
cosirie law: 

cosW = cos1cos+ ~ sin1sin+sin9 

(10) 

·6.7-1 by the 

(11) 

The angular distribution W(e,t) used in equation ·6.7-10 is the same as the 
experimental quantity (d2afd0c~)cm, the double differential~cross-section of 
the coincidence c""'(X events. In order Lu ~wphasize the e and 'I' t:lepPncifmC'.e . of 
this quantity, the more convenient notation W(e,t) is adopted. . 

Both the out-of-plane data and the in-plane data .are used to determine the 
two parameters 10 and X. The dependence of Y

0
, the normalization constant of 

Equation 6.7-6, is eliminated by actually fitting the calculated ratio 

2rr 2 
exp[Xsin2~] J dyexp _ _:x__ 

W(tl,p) 0 2• 2 
(12) = W(0,90) 2rr . 2 

exp(X) J dyeXp [- ~~] 
0 

to the same ratio obtained experimentally. 
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Fig. 6.7-1: Coordinate system used 
in describing a rotating 3lp* 
nucleus emitting an alpha 
particle. 
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CARBON ANGLE = -40 DEG 
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' 

Fig. 6.7-2: In-plane C-a angular 
correlation function in the 3lp* 
center of mass system, Be= -40°. 
The solid line is the best fit of 
Equation (6). 

The solid lines in Figs •. 6.7-2 and 6.7-3 are the best fit of the in-plane 
and out-of-plane c~ correlation data plotted in the 3lp* center of mass frame 
for ec = -400, Best X2 values for 10 and X are found to be 280 and 3.1, 
respectively. The in-plane data is relatively featureless and.would have been 
consistent with an evaporative origin if not for the large rise at backward 
angles. It is unfortunate that more data is not available at these angles .• 
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Fig. 6.7-3: Out-of-plane C-a angular 
correlation function in the 3lp* 
center of mass system, 8c = -40°. 
The solid line is the best fit 
of Equation (6). 
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Fig. 6.7-4: In-plane C-a correlation 
function in the 3lp* center of 
mass system 8c = -)0°. Opert tri
angles are data taken with the 
two-telescope method and circles 
are data taken with the time-of
flight method. All the data are 
normalized with respect to. each 
other uding the single events de
tected by the caL'Lon telescope.· 

Figures 6.7-4 and 6.7-5 are the in-plane and out-of-plane c~ angular 
cacrelatio" for 9c = -30° plotted in the 31p* center of mass frame. The solid 
triangle with large error bars at e&m= -900 is obtained after the ~60* break 
up contribution is subtracted. The solid lines are the best fit obtained by 
using only backward angles (e&m > 900) in-plane data along with the 
out-of-plane data since the evaporative component is expected to dominate at 
backward angles. The 10 and X values obtained are very close to those obtained 
for ec = -40° data, 10 = 280 and X = 2.6. Only the in-plane data from -300 < 
e&m < 0° are not fitted by this purely evaporative model. All other angles are 
seen to be fitted very well by the simple evaporative angular correlation.· 
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Fig. 6.7-5: Out-of-plane C-a angular 
correlation function in the cen
ter of mass system of 3lp*, Be ~ 
-30°, Ba = 43°. The 3lp* recoil 
direction in the reaction plane 
is defined to be ¢a= 0°. The 

. solid line is th~ best fit of 
Equation (6). 
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Fig. 6.7-6: Extracted pre-equilibrium 
alpha double differential cross~ 
section plotted as a function of 
alpha angles in · the 3lp* center 
of mass system. The correspond
ing lab- angles are also given. 

From the values obtained for 10 and X, one can estimate the spin of the 
nucleus to be J = 7.1'\ using Equations 6. 7-7, 6. 7-8 and 6 .• 7-9. 

D. Pre-equilibrium Contribution 

Since the in-plane and out-of-plane c~ angular correlation at ac = -400 
are consistent with evaporation, it can be assumed that the data discussed in 
this section was taken at ac = -30° unless otherwise specified. 
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Fig. 6. 7-7: Mean a energy plotted as 
function of a angle in the 3lp* A ! .. 
center of mass system. The ~ 
straight line denotes <Ecm> = 

a. 
5.2 MeV. 

8:-' (OEG.l 

As explained in the last section, the evaporative component was extracted 
by fitting Equation 6.7-10 to the back angle data. The b~~L fit is shown ne a 
solid line in Fig. 6.7-4. The dotted lines above and below the solid line· 
represent upper and lower limits for the evaporative component by adjusting the 
normalization factor Y0 in Equation 6.7-6. The pre-equilibrium alpha emission 
contribution is operationally defined here to be the experimental yield minus 
the yield from evaporation and the break up of 16o*. · It is plotted in the 
center of mass frame of 3lp* in Fig. 6.7-6. The corresponding lab angles are 
given on the top axis. Since the value of the Jacobian does not change very 
much over thts range, the pre-equilibrium component would show very similar 
features in the lab frame. 

The mean alpha energy in the center of mass frame of 3lp* <~m> is 
plotted as a function of alpha angle in Fig. 6.7-7. The data· points at the 
most backward alpha angles were excluded since they suffer from low alpha energy 
cutoff problem. Over most angles, <E£m> is constant as expected if the alpha 
particles come from the evaporation of~lp*. For the forward angles where the 
pre-equilibrium alpha emission is important, <~m> is much higher at these 
angles than the <E&m> obtained at the back angles. The mean alpha energy of 
the pre-equilibrium component for each alpha angle can be estimated in the 
following way: 

(13) 

where f is the fraction of pre-equilibrium alpha particles emitt~u. (E~m>eq 
is the average energy for the equilibrium component and can be determined from 
Fig. 6.7-7 to be 5.2 ± 0.5 MeV. Then <E&m>pre is the average energy for the 
pre-equilibrium alpha and can be determined from Equation 6.7-13 and is found to 
be 8 ± 2 MeV. <E&m>pre is found within the uncertainties to be angle 
independent at all alpha angles (e&m = 150, zoo, 25o, 300) where the 
pre-equilibrium component is present. The large error in <E&m>pre is mainly 
due to the uncertainty in determining f. 
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E. Summary 

The results from the present work can be summarized as follows: 

1) Very few if any pre-equilibrium alpha particles are detected in coincidence 
with carbon particles detected at ec = -400 •. The C-oc angular correlation 
function is consistent with that of evaporation from 31p*. 

2) At e3 = -30°, the majority of C:..OC conicidence events come from evaporation 
1 * . 16 * of P • A small amount of alpha particles from the break up of 0 are 

detected at angles around the carbon detector. From the in-plane C~ 

angular correlation shown in Fig. 6.7-4, one can estimate that less than 
10% of the alpha particles detected in-plane are of pre-equilibrium origin. 
This result and the C-oc angular correlation obtained at ec = -30° are 
significantly different from the earlier results obtained by Harris ~ a1. 5 

3) The pre-equilibrium alpha particle distribution extracted is forward-peaked 
on the opposite side of the beam direction as the carbon detector. 

4) The average energy of the pre-equilibrium alpha particles are higher than 
that of the equilibrium alphas. 
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8. Deviation from Rutherford Scattering for Heavy Ions at Energies Far Below 
the Coulomb Barrier 

T. Bertram, H. Bhgng, J. Cramer, D. Leach, W. Lynch, R.J. Puigh and 
M.B. Tsang 

Last year1 we reported on an investigation of deviations from Rutherford 
scattering for heavy ions at energies far below the Coulomb barrier. We pointed 
out that deviations from Rutherford scattering can be caused by several sources: 
1) the use of a relativistic wave equation instead of the Schro::linger equation, 
2) alteration of the Coulomb potential by the creation of virtual 
electron-positron pairs, and 3) polarization of the nuclear charge distributions 
by the repulsive Coulomb potential. 

129 



In the same report we prese~ted preliminary data on the systems 12c +_208pb 
.and 16o + 208Pb. These experiments were performed with detectors fixed at ±30°, 
±140o, ±lsoo, ±160o, and ±1700. The data were presentE!d in the form of the 
ratio of the sum of the eight backward angle peak areas divided by the sum of 
the peak areas at ±30°. (This experimental ratio is for most purposes an 
unnormalized measurement of the ratio o-( 1500)fo·(300).) The absolute magnitude of 
this ratio has no significance; what is significant is the energy dependence of 
the ratio: For-Rutherford scattering, this ratio should be energy independent. 
Instead the ratio obtained experimentally decreased with increasing energy. The 
data is presented: in Fig. 6.8-1. Each excitation function has an arbitrary 
overall normalization, which has been adjusted to make the excitation functions 
coincide. The abscissa of the plot is the classical turning point of the 30° 
trajectory: 

rmin = 
2Ecm 

(1 + csc[300/2]) 

where zp, 
energy 1.n 

zt are the charges 
the center of mass 

ot the projectile, ~arg~L L~~v~ctively. 
system. 

This year similar excitation functions have been measured for the systems 
16o + 208pb 14N + 208pb and 15N +· 208pb. These three excitation functions , , 

-were taken with the same experimental setup so their relative normalizations are 
not arbitrary but can be determined from kinematics. These data are plotted in 
Fig. 6.8-2 where the overall normalization has been .adjusted to agree with Fig. 
6.8-1. . 

It is clear that there is an unambiguous projectile independent trend to 
the data. We are doing more detailed studies of the systematic error.s which can 
alter the slope of the excitation function. With the exception of multiple 
scattering, the systematic errors appear to be insignificant~ For multiple 
scattering, however, the systematic corrections may end up increasing th~ 

magnitude of the low energy data points as much as a few tenths of a percent, 
thereby increasing the slope slightly. 

Through numerical studies comparing classical mechanical cross section 
calculations with quantum mechanical calculations we have seen that the 
classical approach is sufficiently accurate to. predict the deviations from 
Rutherford scattering for heavy ion scattering. Therefore .we have written a 
program based on classical mechanics to calculate the deviation from Rutherford 
scattering where all the perturbing potentials are treated simultaneously. 

The effects of: 1) use of 
polarization potential, and 3) 
curve in Fig. 6.8-2. It is clear 
explain the data;. particularly 
large rein• i.e., low-energies. 

a relativistic wave equation; 2) vacuum 
nuclear polarization are shown by the dashed 
that these three effects are not adequate to 

the deviation from Rutherford scattering at 
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Fig. 6.8-1: 12c + 2°8Pb, 16o + 208pb 
data reported on last year. Solid 
curve is a calculation predicting 
the effects of using a relativis
tic wave equation plus the vacuum 
polarization potential, nuclear 
polarization potential, and elec
tron screening using Hartree-Fock 
electronic wavefunctions. 

Fig. 6.8-2: 14N + 208pb, 160 + 208pb 
data taken this year. Solid curve 
is a prediction for cr(l50°)/cr(30°) 
which takes into consideration the 
effects of electronic screening, 
relativistic wave equation, vacuum 
polarization and nuclear polariza
tion. The dashed curve is a similar 
calculation to the solid curve with 
the difference that the effects of 
electronic 
neglected. 

screening have been 

However, when we inclt.lde the effects of screening due to the inner-shell 
electrons around the target nucleus, the agreement is improved dramatically. 
The solid curve in Figs. 6.8-1 and 6.8-2 shows the result of a calculation 
simil~r to that described above in which the electron screening potentials of 
Vogel and of Lu, et al.3 have been included. 

It is clear that qualitative agreement between theory and experiment have 
been achieved. We are working to incorporate all small systematic corrections 
to the data in order to enable us to make quantitative comparisons between 
theory and experiment at the level of our statistical accuracy. It is hoped 
that when this is accomplished it will be possible to focus on the effects due 
to nuclear polarization and those due to the use of a relativistic equation. 
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9. K-Shell Ionization in Heavy~Ion Collisions 

J.s. Blair 

Two proposals to measure reaction times in heavy-ion collisions have 
recently been put forward extending the earlier work of Ciocchetti and 
Molinari.! In these the reaction time is related to oscillatory structure either 
in the energy spectrum of ~-electrons2 or in the probability for producing 
K-shell vacancies as a function of impact parameter.3 The crucial ingredient in 
both proposals is the interference between ionization amplitudes for incoming 
and outgoing trajectories. Specifically, the probabi.lity for exciting an 
electron in the lowest orbital into a continuum state with kinetic energy e: is 
derived, in all three references, to have the form 

(1) 

Her~ ~ And b are semi-classical approximations to the amplitudes for ionizing an 
electron on the way in" and on th& "way nut", respecllv~ly, and 
tl.W = I + £ where I is the binding energy of a K-shell electron of the united 
atom. The derivations leading to this result have a crucial deficiency, however 
in that their treatment of reaction times and the relative motion of the heavy-
ions is purely classical. 

This deficiency was encountered previously when we considered testing the 
proposals of Ciocchetti and Molinari through the scattering of low energy 
protons by nuclei. 4 Here we found a number of paradoxes ···and puzzles as we 
attempted to apply the semi-classical theory. All of these arose from employing 
a theory in which the notion of nuclear "time delay" was not related to any 
quantum-mechanical description of the nuclear reaction. To avoid these 
pitfalls, we constructed a completely quantum-mechanical description of the 
electron-nuclear system during proton-nucleus scattering and consequently 
derived4, 5 the following expression for the probability for ionizing a K-shell 
electron of the target nucleus while elasllcally scattering the pro~nn into 
angle 9: 

I [f(E-"hw)/f(E)] a+ bj2 • (2) 

Here f(E) is the amplitude for elastically scattering a proton into angle 9 and 
a and b are the same ionization amplitudes which appear in the semi-classical 
theory of Ref. 1. This result is strikingly similar to the semi-classical 
expres'il:i .. on, eq. 0); it is seen that the phase factor of the semi-classical 
theory is replaced by the ratio of scattering amplitudes evaluated at differing 
bombarding energies. 

A fully quantum-mechanical~ time-independent des.cription of ionization can 
also be constructed for a model of a heavy-ion collision. Two spin zero nuclei 
colli.de and are assumed to produce binary fragments with charges, angular 

• I I f f f I momenta, and energ1es, Z1, Z2, I1, I2, E1, Ez, respectively. We consider only 
monopole excitation of an electron in the lowest molecular orbital to an ionized 
state with energy For nuclear separations less than a matching radius Rm, 
we assume the electron wave functions to be those of a united atom. For nuclear 
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separations larger than Rro we assume that there are no nuclear interactions·; 
this implies neglect of the long range Coulomb excitation of the nuclei. 
Keeping only 1st-order contributions to the ionization, using the WKB 
approximation for the relative radial motion of the separated nuclei, and 
matching inside and outside solutions at Rm· we derive the following formula for 
the joint differential cross section for producing the binary fragments and 
simultaneously ionizing the electron 

liT 1 2 

L (a(L)S~ 1 I1(E-'!t.u) + b(LI)s~ 1 I 1 (E)) ~ hL+l (I
1

L
1

M
1

-M
1 IL0)~ 1 

L,L 1 

(3) 

I I ,M 1 

Here st 1 I 1 is an element of the S-matrix; Land L 1 are the incident and final 
orbital angular momenta while the channel spin I 1 is the vector sum of If and 
Iz; E and K are the c. of m. energy and wave number of the incident heavy 
ions at R ~; bw is the electronic energy difference for the united atom; 
a(L) and b(L) are equivalent to the incoming and outgoing ionization amplitudes 
of the semi-classical theory with impact parameter Land L~. If we assume 
that the nuclear partial wave amplitudes are concentrated around L and L'", we 
may factor out the ionization amplitudes and find that the joint cross section 
equals 

- - 2 L a(L)fi 1 M1 (E-Tiw) + b(L)fi 1 M1 (E) 
I 1 ,M 1 

' ' 

(4) 

where f is the reaction amplitude for producing the indicated binary fragments 
\vith channel spin 1', ~1' at an angle e. This final expression differs from 
equation (2) only in the interpretation of a and b, which here refer to 
excitation. of molecular ·orbitals, and through the increased subscripting and 
sum:nations. This extra subscripting is important, though: Even when the final 
kinetic energy E 1 is sharp, the cross section must be summed over Ii, Iz, Ei. 
For any realistic experiment there will be a further summation over the range of 
E', zi and Zz appropriate to the detectors. Thus the observed coincidence 
cross section involves the incoherent sum, over many quantum numbers, of the 
square of interfering amplitudes. 

Tho~ probability for producing an electron with energy e: is the joint cross 
section above, suitably summed, divided by the summed. nuclear cross section ~~. 
Consequently, the phase factor of the semi-classical theory, exp(-iwT), is 
replaced by f (E-hw)f*(E), suitably summed, divided by~~· 

Tho~ simi,larity between the semi-classical and quantum-mechanical 
expressions for the probability of electron excitation is not without 
consequence. Through first order in w, the semi-classical phase factor equals 
(1 iW!) while its quantum~mechanical replacement becomes (1 - iW <TqM>) when 
one uses the proper6 quantum-mechanical expression for the reaction .time, 

·-r·')M = -itt d/dE ln f(E) IE, and weights these by the relevant cross, sections. 
T·nis correspondence is quite general and does not require that any assumptions 
be made about the form of the reaction amplitudes. 
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There are three features of this correspondence, however, which prevent u~ 

from going on to claim that the quantum-mechanical derivation, without further 
assumptions, justifies use of the semi-classical phase factor: (a) The 
quantum-mechanical time delay TQM(E) which enters our expressions for the 
excitation probability is in general a complex quantity, in contrast to the real 
T of the semi-classical description. For reac.tion amplitudes typical of low 
energy, light-ion reactions, the complex nature of ~QM{E) is very important and 
leads to observations in "time-delay" experiments4 significantly different from 
those obtained using the semi-classical phase factor with real T. (b) The 
quantum mechanical time delay is a function of energy. For the example of 
light-ion resonance reactions, there can be large changes in .·~QM even for 
changes in energy less than the total width of a level. (c) Only to first order 
in w can the corr~latiop function f*(E - ~~f(E), without further restrictions, 
be related to tqM· For arbitrary values of IJ) , the cutl·elation function cannot 
be constructed by exponentiation of (-iW( 'TQM )) unless f(E) has a very special 
d~vendencc _on enP~gy. A suf~ici~~t _co~iiii~nNA{~uld be that all essential 
deoendence ;~.,s conta;t.ned ;f.n a pha~;~C·fat:~v.l; c. · Q · , 

With all these points in mind we now inquire how realistic it is to 
a;'lticipate oscillatory behavior in the probability for producing a-electrons or 
K-shell vacancies. It appears to us that for this to occur the reaction 
amplitudes for ·energetic heavy-ion collisions must have rather special 
characteristics: (1) The essentittE~~er~)dependence should be contained in the 
phase. factor suggested above e QM , with T~M effectively independent of 
energy. (2) The imaginary part of the parameter TQM should he inconsequential 
(i.e., the magnitude of auy partial cro&;~ sP.r.tion should not change 
significantly for changes in the incident energy of the order of 1\w). (3) 
Finally, the values of ·TQM for all states significantly contributing to a 
~easured differential cross section should be sufficiently close so that the 
o~cillations arp not washed out in taking the incoherent sum of the correlation 
functions to the many final states. Whether the actual nuclear amplitw'IP.s for 
deeply inelastic heavy-ion reactions. satisfy these criteria is an open question. 
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10. Elastic Scattering of Light Heavy Ions 

J.G. Cramer, R.M. DeVries,* D.A. Goldberg,+ J.W. Watson,X and 
M.S. Zisman+t-

The understanding of elastic scattering, the simplest nuclear reaction, is 
central to the study of nuclear reaction mechanisms. The broad purpose of our 
program in elastic scattering studies of light heavy ion systems is collect 
enough data for the investigation of systematics, to develop global 
phenomenological descriptions of these data and data from other laboratories, 
and to investigate phenomena which are found to be deviations from such global 
descriptions. 

We have continued the program of investigating light heavy ion elastic 
scattering in the region of bombarding energy where nuclear rainbow scattering 
influences the elastic scattering cross section. Data on the 9Be + 28si system 
at bombarding energies of 121.0 MeV and 201.6 MeV, which was obtained using the 
·Ll3L 88" cyclotron and was reported last year,1 has now been analyzed, and an 
extensive paper on the work has b·een accepted for publication in Phys. Rev. C. 2 
The data on the 7Li + 28si elastic scattering at 140 MeV o~tained at LBL has 
been analyzed and a paper on the results is in preparation. 

Since the ex + 28si system had never been studied in the rainbow scattering 
region, we obtained new elastic scattering.data on this system and the ex+ 27Al 
system at a bombarding energy of 142 MeV, using the University of Maryland 
cyclotron. These data are presently being analyzed, and ·should be useful in 
highlighting the transition from "light ion" behavior of projectiles such as 4He 
and 6Li to "heavy ion" behavior of projectiles such as 12c and 16o. 
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Total Reaction Cross Section Measurements at 35 to 200 MeV/A 

J.G. Cramer, R.M. DeVries*, N.J. 
-=--=---=----.--J.C. Peng*, J. Sunier*, and H.E. 

DiGiacomo*, C.R. 
Wiemen+ 

Gruhn+, R. Loveman, 

Th-2 total cross section for the nucleon-nucleon system becomes 
progressively smaller with energy in this energy region, presumably because of 
hard-core effects and the fact that the S-wavc phase shift changes sign in this 
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region. The result is that reaction cross sections for the nucleus + nucleus 
system should also be decreased and the very strong ab~orption which is a 
predominant characteristic of heavy ion reactions at lower energies should be 
reduced. 

It is important to verify experimentally that such a reduction in the total 
reaction cross section does., in fact, exist, for if it does, the "transparency" 
which it gives to elastic scattering at energies near 100 MeV/.A will permit more 
detailed investigation of nuclear processes and more sensitivity to new and 
"exotic" phenomena than would be the case in an energy region dominated by 
strong absorption. As a first step to investigating the behavior of the 
reaction cross section in this energy region, a body of light ion {p,d,oc) 
elastic scattering data has been assembled and the optical model parameters from 
the analyses of these data 'used to infer a set of total reaction cross 
s~c.tions .1 These inferred total reaction cross sections. are fo.und: ( 1) to be in 
good agreement with the tew measured tulal (eaction crooo esctioos ~v~ilable for 
these systems; (2) to be in good agreement with simple Clauber-model 
~nlculations2 based on measured electron-scattering distributions for the target 
and projectile and on measured nucleon-nucleon total cross sectiono; and (3) to 
show a clear tendency toward a significant decrease in the total reaction cross 
s·ection in the region where the ·nucleon-nucleon total cross section becomes 
small. The next step in this program is to verify by direct experimental 
measurement that the expected reduction in reaction cross section is present. 

In the past year this program has gone through a development phase, using 
the 3He beam of the LBL 88" cyclotron, and has had one beam-line development run 
a:1d two data runs on the LBL Bevalac, all using the ."local" 4He beam. The first 
data-collect-ion run, which occurred in December, 1979, was successful in 
obtaining measured values for the total reaction cross section for oc + C at 65 
MeV/A (em) to about 8% and for oc + Pb at 85 MeV/A (em) to about 13%. The second 
run, which was in March, 1980, collected data for 135 MeV/A oc on targets of 
carbon, nickel, zirconium, and lead. These data are presently being analyzed. 
However, preliminary analysis indicates that the total reaction cross section in 
this energy region is indeed considerably smaller than "geometric", and in fact 
appears to be significantly smaller than the Clauber-model predictions described 

·above. · 
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12. The Elastic Scattering Cross Section of 16o + 40ca and the 
Proximity Potential 

s. Gil and R. Vandenbosch 

The motivation of this study was to investigate a concern, expressed in a 
recent report, 1 that the pr.oximity potential2 was too ·diffuse to· reproduce the 
elastic scattering for 16o + 40ca. 

For this purpo.se we have modified the code ·HOP n3 to include the proximity 
potential as an option for the real part of the potential. For the'imaginary 
part we h~ve ysed a w~ods~Saxon-like function. The data used were obtained by 

Vigdor et aL · 

The cross section shows a great sensitivity to the radius of the real part. 
We have observed that the prescription suggested by Blocki et al.2 for the 
calculation of the "Central Radii" (C) underestimate their value-for 16o and 
40ca, this is also observed by N. Von Sen et al.4 for the case of 20Ne + 40ca. 
This is not surprising as the masses involve~are nearly outside the range of 
masses for which the prescription is expected to be valid .. 

For this reason we have used the value of the radii obtained from electron 
scattering, i.e., 

c(40ca) = 3.75 fm and c(l6o) = 2.61 fm 

(Taken from Ref. 5). With such a choice the real part of the potential was 
held fixed. 

Tho:! values of the parameter of the imaginary part were varied so as to 
minimize chi-square for the case of ELAB = 55.6 MeV data. The variation of 
these parameters was seen to produce changes in the differential cross section 
similar to the ones observed in the case of a pure Woods-Saxon potential. In 
Table 6.12-1. we show the values obtained for chi-square and O'REAC for both the 
proximity and the Woods~Saxon real potentials, as well as the parameters used in 
each case. 

It can be seen that the values of O'REAC are 
especially if we take into account the fact that 
of O'REAC, when other parameters are used in the 
could fit. the data. 

very close for both potentials, 
there is a spread in the values 
potentials that equally ~~ell 

It is also instructive to _see the graph of the real potential for both 
cases analyzed, which clearly depicts the ·well kn-:>wn fact that the elastic 
scattering with heavy-ions is sensitive only to the narrow part of the potential 
tail around the strong absorption radius (Fig. 6.12-1). 
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Table 6.12-1 

Woods-Saxon 

ELAB (M_eV) aREAC (mb) 
2 

X 

55.6 1160.0 9.00 
74.4 1528.0 1.27 

103.6 1811.5 10.80 
139.6 1979.7 G.JO 
?.14.1 2tl8.4 6.20 

Woods-Saxon Parametera 

V0 = 10.0 MeV W0 = 20.0 MeV 
Rov = 1.379 fm ROw= 1.304 fm 
av = 0.605 fm aw = 0.483 fm 

Proximity 

aREAC (mb) 
2 

X 

1169.3 10.28 
1531.0 1.67 
1810.0 14.09-
1970.0 15.70 
2094.0 52~20 

Proximity ¥araMeter0 

cc16o) = 2.61 fm 
cc40ca) = 3.75 fm 

W = 10.0 MeV 
R0 ,to7 = 1. 330 fm 
aw = 0.550 fm 

aThe radius parameters are to be multiplied by (A1 1/ 3 + A21/ 3 ). Th,= 
Coulomb radius parameter was held fixed for all potentials at 1.25 fm. 
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Fig. 6.12-1: Comparison of the real 
potential used in our calculation 
with the Woods-Saxon potential of 
Vigdor et al. The parameters are 
given in Table 6.12-1. 
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measured by Vigdor et al .. (Ref. 1) . 



Finally, it is interesting· to see 
proximity potential (Fig. 6.12-2) are 
Woods-Saxon ones, with the difference that 
adjustable parameters in the real part. 
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13. Non-Resonant Behavior of the Yield of the 28si 2+ State in 12c + 28si 

A.J. Lazzarini, K. Lesko, D.-K. Lock, V. Metag, and R. Vandenbosch 

Recent studies of back-angle elastic and inelastic scattering excitation 
functions for the 12c + 28si reaction have revealed energy-dependent gross 
structure with a periodicity of about 3 MeV. This structure is reminiscent of 
th·~ behavior observed in the lighter systems, 12c + 12c and 12c + 16o but was 
not expected for such heavy systems. Various explanations for the structure 
have been offered. They can roughly be divided into two classes; those 
identifying the structures as resonances related to the ion-ion potential or 
band crossings, and those attributing the structure in the differential cross 
section to interference effects among different surface partial waves. These 
two classes of explanations should be distinguishable by l!leasuring the 
angle-integrated strength for the inelastic scattering. 

We have used a gamma ray technique to measure the angle-integrated. cross 
section for producing the first excited (Jff = 2+, E = 1.78 MeV) state of 28si. 
A 113 rg/cm2 target mounted on a thick Ta backing was bombarded by 12c ions. 
Two Ge Li) detectors were placed at 900 and 1440 with.respect to the beam. The 
ratio of the 1440 cross section to the 9JO . cross section was found to be 
independent ot bombarding energy. 'l'he angle integrated cross section was 
'-'~---·•cd by assuming a distribution ot the form a + 1J t.:us2e +c cos4e atul 
determining the coefficients from the fit to a 3-point angular distribution. 
This leads to an angle-integrated cross section which is (1.07 x 4rr) times 
larger than the 90° differential cross section. 
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The gamma ray determination of the total inelastic cross section to the z+ 
state ~f 28si varies smoothly with energy and does not ~xhibit the structure · 
seen in the inelastic differential cross section at back angles. Thus there is 
no structure in the energy dependence of the total inelastic scattering 
strength. This behavior which is different from that exhibited by lighter 
systems such as 12c + 1 ~c, is inconsistent with a resonance interpretation~ It 
is more consistent with an interpretation such as that .given by Kubono et a1.3 
who interpret the 180° structure as arising from an interference effec~due-to 
an effective potential which is parity dependent. They were led to this 
conclusion by an examination Qf the elastic scattering excitation function at 
goo, which· was found to be out of phase with that at 180°. 
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7. RESEARCH BY OUTSIDE USERS 

1. Alpha-N Yield Neutron Measurements of Importance to Reactors* 

P.J. Grant,+ D.L. Johnson,++ and G.L. Woodruff+ 

The neutron yields produced by (~.n) reactions of importance 
-are to be measured with incident alpha energies ranging from 4 
Iriitial experiments will focus on 18o targets followed by others 
dictate. 

to reactors 
MeV to 8 MeV. 
as interests 

·. A'large (-1.5 m) graphite assembly has been constructed· as a cylindrical 
"long counter" on the zero degree beam line.l The assembly cunlalns an ar,ray of 
ten 3He detectors perpendicular to and at varying angles with respect to the 
:i.nr.oming ·~particle beam. The target is at the center of the assembly and is 
stirrounded by a 15.2 em diameter spherical shell of either He or Fe in ord~r to 
flatten the detection efficiency at high energies. 

A preliminary set of results for 18o is shown in Fig. 7.1-1 together with 
those reported by Bair and Gomez del Campo2 and West and Sherwood. 3 The assembly 

.has not yet been completely calibrated; therefore the results in Fig. 7.1-1 
are normalized to the Bair volume at 7 MeV. The relative values appear to be in 

:fairly good agreement. 
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* 2. Fast Neutron Beam Radiation Therapy Clinical Program 

G.E. Laramore+ 

Early in 1979 fast neutron beam radiotherapy clinical studies were 
reinstituted using the University of Washington ~yclotron. The majority of 
patients were treated according to randomized prospective protocols developed 
here and at other neutron radiotherapy institutions. In these studies p~tients 
were randomly assigned either neutrons alone, neutrons and photons as part ~f a 
mixed beam regime (neutrons twice a week and photons three times a week), or 
photons alone. A total of 109 patients was entered on these studies with a 
total of 65 patients receiving neutrons as all or a part of their treatment. In 
addition 3S other patients received non-protocol neutron irradiation either to 
obtain information for future protocol development or in situations where it was 
felt that the benefits of neutron radiation outweighed any potential side 
effects. Including data from the other institutions participating in neutron 
radiotherapy, the following information has been obtained for various tumor 
sites. 

1) Squamous Cell Carcino~as of the Head and Neck (Inoperable) 

This study randomizes patients between the mixed beam regime and photon 
radiation alone. Preliminary results indicate about a 15-20% greater local 
control rate for the mixed beam group. In fact, patients are now surviving 
long enough to develop problems with distant metastases which will lead to 
new study protocols involving chemotherapy as well as neutron radiation. 

2) Malignant Gliomas 

In this study patients initially receive 5000 rad1 whole brain photon 
irradiation and then are randomized to either a 1500 rad1 photon boost or a 
480 radn1 neutron boost to the primary tumor volume. The uncorrected data 
show a 33-week median survival for the group receiving the photon boost and 
a 39-week median survival for the group receiving the neutron boost. In 
the subgroup of patients surv1v1ng more than one year, 3 come from the 
photon boost group and 7 com~ from the neutron boost group, which may 
indicate substantially different tails on the respective survival curves. 

3) Advanced Prostate Cancer 

In this study patients are randomized to · either mixed beam or photon 
irradiation. Follow-up time is short but thus far local control has been 
achieved in 75% of the patients treated with photons alone and in 94% of 
the patients treated with mixed beam regime. 

4) Inoperable Non-Oat Cell Lung Cancer 

In this study patients are randomized among three treatment arms: neutrons 
alone, mixed beam or photons alone. It appears that the group treated 
with neutrons alone shows a significantly more rapid and greater degree of 
tumor regression than patients in the other treatment arms. 
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Follow-up time is too short to say anything about any difference in patient 
survival. 

Other tumors under study .include .carcinomas of the esophagus, uterine 
cervix, bladder, salivary gland·s, and malignant melanomas • 

In the past year a significant problem has been loss of treatment time 
because of cyclotron malfunction. Tflis has caused considerable patient anxiety 
as we11 as several violations of the planned protocol treatments. We have 
shifted treatment days to allow Monday mornings for maintenance and this oay 
alleviate this problem during the coming year. 
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3. Total Body Calcium by Neutron Activation 

D.J. Baylink,+ C.H. Chesnut,+ T.K. Lewellen,+ R. Murano,+ and 
w • .B. Nelp+ 

The Division of Nuclear Medicine is continuing its studies of bone wasting 
disease.1 Total body calcium is measured by neutron activation and whole-body 
counting. The cyclotron is used as the neutron source, and the 3.1 MeV gaoma 
ray.of 8.7 minute 49ca is counted.2 

The drug Winstral (Hinthrop Laboratories) has been tested for thP. r-nntrol 
ot post-menopausal osteoporosis. Twenty-three (23) treated individuals shmved 
an average increase of 4.2% in total body calcium over 27 months, distributed 
with a standard deviation of 6.9%. Nineteen (19) control individuals showed no 
change in total body .calcium. ~1hile a minority of treated individuals showed no 
ioprovement, the average increase of 4.2% is highly significant, the standard 
error of the mean being 6.9%/ 23 = 1.4%. Both groups were maintained on high 
calcium diets. 

A similar study using the hormone calcitonin showed an increase of 2.2% 
over 27 months compared to a decrease of 1.6% for the control gr.oup. The 
difference from the other control group, if it is significant, may be due to the 
dietary calcium supplement. 

A pilot study of the drug Dichloromethane Diphosphonate (Proctor & Gamble) 
was undertaken :i,n cooperation with R.R. Recker of Creighton University. The 
results on this small group of patients (16) were positive enough to justify a 
more extensive investigation with a larger number of patients. 

144 



References 

+ Division of Nuclear Medicine, University of Washington. 
1. J. L. Marx, "Osteoporosis: New Help for thinning Bones," Science 
2. Nuclear Physics Laboratory Annual Reports, 1968-1978. 

4. 8iKrm Production for Respiratory Physiology 

M.M. 'Graham,+ H.I. Modell,++ and R. Murano+ 

4.7 hr 81Rb is produced by the ~bombardment of NaBr at the University of 
Washington cyclotron.1 The target is dissolved in water and adsorbed on a 
column. Air or nitrogen flowing through the column carries 13 second 81Krm into 
a respirator from which an experimental animal breathes. 

A gamma camera is used to create an image of the animal's lungs. 
Experiments to date have shown that the total lung activity is p.roportional to 
the ventilation, or fractional volume exchanged per unit time. 
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5. Cyclotron Production of i05Ag 

J. Arzigian,+ G. Depasquali,+ and D. Lazarus+ 

Ag4Rbl5 is an ionic. naterial with unusually large values for the diffusion 
coefficient of silver ions near room temperature (D = 10~ 5 cm2/sec). Ag4Rbi5 
and other "superionic" materials show great promise as materials for high energy 
density solid state batteries. To tmderstand the transport mechanism involved, 
we are making isotope effect measurements for diffusion using commercially 
·available llOmAg and 105Ag produced in the r~action 103Rh(cx,2n)105Ag with 
cyclotron alpha par·ticles. 

References 

+ University of Illinois, Urbana-Champaign, IL. 

145 



6. Light Ion Irradiation Cree~ 

C.H. Henager,+ R.G. Stang,++ E.P. Simonen,* J.L. Brimhall* 

Materials placed under stress and subjected to the elevated neutron fluxes 
of both breeder and fusion reactors exhibit a form of accelerated deformation 
termed irradiation creep. Due to the difficulty, cost and ticre required in 
making precise in-reactor creep measurements, there is a world-wide interest in 
si~ulating in-reactor creep b~ bombarding materials of interest with energetic 
light ions under well controlled conditions. Such experiments enhance our 
understanding of the operating creep mechanisms and permit screening of 
potential reactor alloys. The Radiation Effects on Uetals program supported by 
the Division of Basic Energy Sciences, Department· of Energy at Battelle, Pacific 
Northwest Laboratories is conducting an irradiation creep experiment using the 
tandem Van de Graaff accelerator at the Nuclear Physics Laboratory.! 

Early experiments compared the creep response of high purity Ni under 
conditions of continuous and cyclic irradiation with 17 MeV deuterons. The 
cyclic irradiation approximated the expected duty cycle of a tokamak fusion 
power plant. The significant result of this series of experiments was that 
cyclic irradiation creep is greater than that expected for continuous 
irradiation.2,3 

At the present time a series of experiments to determine the stress 
dependency of irradiation creep in Ni is near completion. Continuous 
irradiations with 17 f1eV deuterons have been performed at 200°c with stresses 
ranging from 250 to 132 MPa. To date, 9 irradiations at 6 different stress 
levels have been completed. Preliminary analysis using earlier results 
indicates that the stress exponent for the continuous irradiations is about 
two.4 Including this later data gives a stress exponent of about 1.5. 
Theoretical modelling of the irradiation creep process is being pursued at PNL.5 

Several significant changes in experimental instrumentation have been made 
during the past year. An in-chamber movable beam stop has been added to 
facilitate beam tuning without irradiating the specimen. A quadrant plate 
assembly was installed just upstream of this new beam stop for tuning and 
steering purposes. Using the quadrant output, the accelerator operator can 
determine beam location relative to the creep specimen. The most significant 
change was the addition of a PDP-11/03 computer and a NEFF System 620 24 channel 
A/D converter as the new data acquisition system.6 This n~w system has greatly 
increased data accuracy and has sufficient flexibility to accommodate a greater 
degree of sophistication in the future, e.g., computer based parameter control. 
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7. A Comparison of the Therapeutic Effectiveness of BCWJ Administered 
Concurrently with Neutron or Photon Exposures and with BCNU Administered 
One Day Following Neutron or Photon Exposures to a Rat Brain Tumor Model 

J.P. Geraci+ and A.t-1. Spence++ 

Bet\veen 1973 and 1977 the radiation oncologists at the University of 
Washington treated 22 cases of high grade astrocytic gliomas with whole-brain 
fast neutron beam irradiation. Patients receiving neutron treatment did have a 
slightly longer mean survival time than an historical control group of 
photon-treated patients at the University of Hashington. Of particular interest 
were the neuropathological analyses of 15 patients who came to autopsy. The 
autopsies revealed that the destructive effect of neutrons on glioblastoma was 
substantial as compared to conventional photon irradiation. However, diffused 
gliosis and white matter demyelinization were found in regions far removed from 
the tumor which were in excess of those found with equivalent doses of photon 
exposure. These results suggest that a possible refinement.in neutron therapy 
using lower neutron doses to avoid excessive normal tissue damage combined with 
non-toxic levels of chemotherapeutic agents may still achieve an optimum tumor 
response. To ascertain whether this is so we have studied the effects of 
cyclotron neutrons, 137cs gamma rays~ and BCNU (the leading chemotherapeutic 
agent for the treatment of human gliomas) or combinations thereof on a 
transplantable ethylnitrosourea-induced rat astrocytoma. 

The effects of administering BCNU either one hour before or one day after 
irradiation are shown in Fig. 7.7-1. For animals treated with BCNU one day 
after photon irradiation, the results show approximately a constant 50% 
displacement of the percent survival curve as compared to the response of 
animals receiving photons alone, except at the highest radiation dose used. 
Since a 50% increase in survival time is also observed in animals receiving no 
radiation, these results indicated that the effects of BCNU and radiation are 
additive when drug is administered one day after radiotherapy. In contrast, 
when BCNU therapy precedes photon irradiation by one hour the drugs appear to 
yield a ·gre~ter than additive effect in enhancing the survival of tumor bearing 
animals. At high radiation doses coupled with BCNU therapy (2000 rad) there is 
a significant reduction in survival of animals, presumably due to the combined 
insults of radiation, drug, and tumor growth. 
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The results of a comparable experiment for neutron irradiated animals are 
shown in Fig. 7.7~2. These results again show a parallel dose response 
relationship between animals receiving neutrons alone and neutrons plus BCNU one 
day after exposure. The increase in survival by addition of BCNU to neutron 
irradiated tumor bearing animals is approximately 50% for all neutron doses~ 
which is similar to that observed for the photon tested animals. Also similar 
to photon experiments is that when BCNU is administered one hour before 
irradiation there appears to be a greater than additive effect in prolonging the 
survival of these animals. However, this super-additive effect appears to be 
less than that observed for photon treated animals. As was the case with photon 
treated animals, large neutron doses (1000 rad) coupled with BCNU therapy 
resulted in reduced survival time as compared to animals receiving lower 
radiation dooco. 
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8. Calibration of the Proton· Registration Properties of CR-39 Polymer 

F.H. Ruddy,+ C.C. 
Roberts+++ 

Preston,+ R. Gold,+ E. V. Benton++ and J .H. 

In support of materials development for the Magnetic Fusion Energy Program, 
the United States Department of Energy is constructing an intense neutron source 
known as the Fusion Materials Irradiation Test (FMIT) Facility.! The FMIT 
Facility will generate high energy neutrons for the systematic study, 
evaluation, and development of fusion reactor. materials. A prototype· linear 
accelerator will provide a high current deuteron beam (-100 rna, 20 and 35 ~feV) 
that will impinge on a target of flowing liquid lithium, producing neutrons 
through the Li(d,n) reaction. Flux intensities of lQlS neutrons/(cm2-s·ec) with 
a most probable energy of 14 MeV are ,anticipated. Current plans call for· beam 
on target in 1984. 

No irradiation facility yet built approximates the irradiation environment 
planned in FMIT. Full exploitation of this unique facility requires the 
development and testing of dosimetry techniques applicable in intense high 
energy neutron fields. One of the potential methods being developed is the use 
of solid state track recorders. 

Since the discovery2 , 3 of the track recording properties of CR-39 polymer 
in 1978, this plastic has been shown to have a number of properties advantageous 
to neutron dosimetry applications. Among the most important of these are 
excellent optical quality (even after extensive chemical etching), with 
res-istance to ~-1 radiation,4 and sensitivity to protons over a wide energy 
range.S Calibration experiments carried out using University of Washington 
proton beams have shown that protons will register as tracks in the energy range 
from 0.2-18 Mev.6 Furthermore, the diameters of normally incident tracks have 
been shown to vary smoothly with_energy allowing the use of this material for 
proton spectroscopy (see Fig. 7.8-1). Plans for neutron dosimetry involve the 
use of CR-39 for neutron induced proton recoil spectrometry,7,8 relying on the 
H(n,p) cross section which is accurately known over the entire energy range of 
FMIT (0-40 MeV). 

The proton registration efficiency of CR-39 polymer as a function of angle 
of incidence has ~ecently been calibrated a~ two energies and present plans call 
for continued angular ~esponse calibrations as well a~ extension of the track 
diameter versus proton energy curve to higher energies. 
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Fig. 7.8-1: Track diameter vs proton 
·energy for CR-39 polymer. 
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9. Measurement of Calcium Target Contamination 

L.E. Antonuk,+ and P. Kitching+ 

A 50.88 mg/cm2 40ca target used in a previous 40ca(p,2p) 200 MeV experiment 
at TRIUMF was suspected to be heavily contaminated by oxygen. The analysis of 
these data required a knowledge of the amount of oxygen relative to calcium in 
this target. To measure this quantity,·a singles experiment was performed in 
the large scattering chamber using 18 MeV protons. Elastically and 
inelastically . scattered protons were measured with a solid state silicon 
detector capable of 50 keV resolution. Besides the Ca target, energy .spectra 
were taken for a 0.400 mg/cm2 12ca target and a 1.8 mg/cm2 MgO. target to assist 
in peak identification. The detector angle was chosen as 110° in order . to 
max1m1ze the separation of the 16o elastic peak (l5.174 MeV) from the elastic 
(16.811 MeV) and first excited state (13.572 MeV) of 40ca. The ratio of. 16o to 

· 40ca atoms in the Ca target was· determined to be 1/1~9. In addition, the 
amounts of 14N and 12c relative to 40ca were determined to be less than 1/14 and 
1/7.4, respectively. 
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10. Pulsed Radioluminescence Studies* 

M.L. West+ and J.H. Miller+ 

Pulsed radioluminescence techniques were used to investigate the 
fluorescence response of dilute solutions of benzene in cyclohexane for proton 
and alpha particle excitation. For both protons and alpha particle excitations, 
the initial rate of decay of beniene fluorescence is energy dependent and is 
always greater than the rate of decay observed with ultra violet excitation. A 
diffusion kln~Llc model based on intra track quenching from radicals created 
along individual particle tracks has been formulated to explain these 
observations. The intra track quenching is observed to be proportional to the 
mean stopping power of the incident ion. However, for protons and alpha 

. particles of the same mean stopping power, the amount of quenching for alpha 
particles is about 60 per cent of that observed for protons. These results 
establish a radiation quality effect in the characterization of 
radioluminescence that is consistent with our model predictions. 
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8. ACCELERATORS AND ION SOURCES 

1. Accelerator Radiochronology 

G.W. Farwell, P.M. Grootes,+ H.A. Saunders, F.H. Schmidt, and 
.M.-Y.B. Tsang 

The use of the tandem Van de Graaff as an ultrasensitive mass spectrometer 
foi the measurement of minute isotopic ratios, with particular attention to 
applications in radiochronology (such as 14c dating), was begun iri 1977 and has 
continued at a somewhat accelerated pace. 

During 1979 we have concentrated on the following problems: 

1) Improvement in general stability of the tandem accelerator and the 
sputter-type ion source. 

2) Study of the background of unwanted ions generated in the sputter ion 
source and in the Van de Graaff accelerator tubes. 

3) Studies of preparation of sputter source material for carbon ion and 
beryllium ion production. 

4) Ion-optics studies of the ·low energy, or ion injection, portion of the 
source and tandem, primarily to find a solution to the important 
problem of normalization. 

At the time of writing this report, we believe we have found adequate 
solutions to 1, 2, and 3, but the last--the normalization problem--is still not 
satisfactorily solved. Apparatus is now under construction, and is soon to be 
tested, which will enable us to monitor .continuously a "normalizing" beam (as, 
for example, 12c-). Simultaneous measurements must be made of the normalizing 
b-eam in the low-energy section (i.e., prior to high-voltage acceleration) and of 

·the desired radioisotope bea~ (as, for example, the 14c ion counting rate) 
following acceleration and subsequent momentum selection or other ion 
discrimination. This avoids a serious problem: if both (say) 14c and 12c were 
simultaneously accelerated, the large 12c beam would generate a tremendous 
background of ions which could masquerade as 14c and which, in the absence of 

· strenuous additional separation techniques, would mask or seriously distort the 
14c beam. 

While this method of normalization avoids a serious ion background problem, 
.it opens the possibility of erroneous 14c measurements because the Van de Graaff 
accelerator transmission is not constant fn time. To eliminate the .. effects of 
variable transmission, we intend to compare the unknown source with a standard 
source. The two sources must be alternated many times for each measurement in 
order to. reduce the effects of variable transmission to a level commensurate 
with st~tistical counting ~rrors. 
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Equipment for a definitive test of this normaliz~tion scheme is under 
construction and will be tried soori. 

Our source preparation studies have led to several new interesting results: 

l) Large negative C beams can be. made only from "graphitized" source material. 
Amorphous C gives 1/5 to 1/10 as much beam. 

2) The negative C beam magnitude is independent of the relative orientation · 
of the graphite crystal planes. This latter conclusion was 
reached by using sources made of Grafoill carbon material (a graphite foil 
material in which the crystals are aligned parallel to the foil surface). 

3) Very pure C source ·material can be successfully pr~pared and deposited on a 
o~ a sputter source disc by converting co2 quantitatively into CO.and 
cracking the CO in a glow discharge. While good negative C ion yields have 
b.:en obtained with sources containing only 1 to 2 mg of C deposited 
directly in this way, higher yields and greater durability are achieved by 
molding the carbon under high pressure, followed by graphitizirtg the 
deposited C • 

. 4) Metallic Be sources giving Be ion yields (Be- or BeO-) as large as those 
froM commercial Be metal have been prepared from BeO. This is 
accomplished by heating the BeO with Mg powder to reduce the.BeO (R00-9000 
C) and subsequently evaporating the Be onto a.sputter source disc 
(1300-1400°C). The required amount of Be is 10 to 20 mg (before 
reduction). 

We have successfully made comparisons of 14c;l2c ratios for several carbon 
samples from woods of different origins and of 10Be/9Be ratios for beryllium 
samples of various origins. The 14c counting rates varied from about 40 
counts/min/pA 12c- for 1964 wood to (0.3 counts/min/pA 12c- fqr g"J;"aphite. 
Although in our comparison the measured relative values of the 14cjl2c ratios 
for the various samples agreed with the expected relative values within the 
statistical uncertainties, the fact that these uncertainties (counting 
statistics excluded) were in .the range of + S% to + 15% indicates the need for a 
better normalization procedure as discussed above~ Somewhat more consistent 
results were obtained for 10Be/9Be ratios, for which normalization was 
accomplished by cycling both the inflection system an4 the high-energy magnetic 
anal~sis system, so that the lOBe counting rates could be normalized to analyzed 
9Be+ ion beams. Normalization studies of this method are continuing. 

The results on carbon and beryllium, together with a description of our 
present radiometric dating system and further details in regard to source 
pr~paration and ion yields, were presented in two papers2,3 given at the. Tenth 
International Radiocarbon Conference held at Eern and Heidelberg, August 19-26, 
1979.: 
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Work is continuing foward an automated ion source that will allow rapid 
alternation of samples without cross-contamination; an ion injection system 
with higher mass resolution to enable us· to work with heavier radioisotopes such 
as 26Al, 36cl, and S~n; an ion velocity filter to reduce the background of 
unwanted ions in the radioisotope beams; and a high-resolution ion detector 
system for use with all elements heavier than carbon. 
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2. Van de Graaff Accelerator Operations and Development 

staff 

The following major projects have been carried out during the past year to 
improve the Van de Graaff accelerator. All are described in other sections of 
this report as indicated. 

1) reconstruction of the terminal voltage regulator (9.7), 
2) improvements to the polarized ion source (8.4), 
3)_ improvements to the sputter sources (8.1 and 8.5), 
4) installation of a gamma radiation monitor system (8.7)t and 
5) study of low energy optics (8.6). 

In addition, we have made the following modifications to the accelerator: 

1) improved the television readout of the injector terminal source parameters, 
2) added a voltage regulator to stabilize low energy optical element power 

supplies, _ 
3) installed an improved high energy beam. stop, the so-called "flap", and 
4) rebuilt the vacuum control system on the 10 inch scattering chamber. 

During the year from April 16, 1979 to April 15, 1980, 
operated 5612 hours; .and the injector was operated 60 hours. 
of the accelerator operation are given in Table 8.2-1. 
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Table 8.2-1: Tandem Accelerator Operations 
April 16, 1979 to April 15, .1980. 

Activity Days Scheduled 

A. Nuclear Physics Research 

1) Light Ions 36 
2) Polarized Ions 86 
3) Heavy Ions 95 
4) Radiochronology 28 

Total 245 . 

B. Outside Users 

1) Battelle Northwest Laboratories 19 
2). Hanford Engineering Development 

Laboratory (Westinghouse) 4 
3) University of Washington Nuclear 

Engineering 2 
45 University of Alberta 1 

Total 26 

c. Other 

1) Accelerator Development 8 
2) Accelerator Maintenance 36 
3) Unscheduled Time 51 

Total 95 
--

GRAND TOTAL 366 
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3. Cyclotron Operations and Development 

H. Fauska, c. Linder, G. Rohrbaugh, G. Saling, R. Stowell, P. \\liest, 
andW.G. Weitkamp 

The 60 in. cyclotron, now after 30 years of continuous use· the oldest 
operating conventional cyclotron in the world, continues to provide beams for 
cancer therapy and other applications described in Sec. 7 of this report. 

Fearful that the 30 year old motor-generator set providing the main magnet 
current would fail catastrophically during the year, we replaced ~t with a solid 
state power supply. Transformers and rectifiers for this supply were purchased; 
error sensing amplifiers, the series pass transistor bank and transistor drivers 
were built in-house. A rough regulator to drive the primary power variac was 
also constructed and installed. The new system has operated satisfactorily for 
more than nine months. 

In addition, we have: 

1) replaced antique power supplies on the up-down and focus magnets, 
2) replaced the duct diffusion pump, 
3) replaced the heaters in the main diffusion pump, 
4) overhauled the oscillator frequency control circuit, and 
5) solved sparking problems around the main oscillator tube. 

At present, we are working on an NMR based regulator for the main magnet, 
and installing a TI 550 controller to replace the old banks of relays 
controlling the vacuum and safety interlocks. Work on both these projects has 
been slowed by the current high demand for cyclotron beam time. 

The cyclotron operated 1019 hours between April 16, 1979 and April 15, 
1980. Other statistics of cyclotron operations are given in Table 8~3.1. 
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Table 8.3-1: Statistics of Cyclotron Operations 
April 16, 1979 to April 15, 1980 

Activity Days 

Division of Medical Radiation Physics 135 
(Cancer: T~erapy) 

Division of Nuclear Medicine 15 
(Total Body Calcium) 

Division of Nuclear Medicine 10 
(Isotope Production) 

Department of Environmental Health 5 

Oregon State University 1 

University of Illinois 3 

Scheduled Maintenance 10 

Unscheduled Maintenance 20 

TOTALS 199 

157 

Percent 

68 

8 

5 

2 

(1 

2 

5 

10 

100 



4. Polarized Ion Source Developments 

W.B. Ingalls and T.A. Trainor 

The failure of the high voltage insulation beneath the duoplasmatron region 
resulted in a two week shutdown of the ion source this year. The original 
insulation consisted of a 3.2 mm thick sheet of PVC laminated to a lower PVC 
sheet 9.5 mm thick. Coolanol trapped in the interface during the first years of 
operation contributed to the establishment of a carbon track through the thin 
s~eet, along the interface to the edge, and down the thick sheet to the 
supporting metal undercarriage. The ion source and old insulation were 
support~d with the overhead crane; the undercarriage was lowered to accommodate 
the insertion of 12.7 mm thick strips of PVC between the old insulation and the 
undercarriage to accomplish an expedient repair. The removable flooring around 
the ion source was modified to accommodate the new· insulation, which was 
purposely made approximately 3.8 em wider than the old to provide a longer 
breakdown path length. 

Intermittent leaks in the forevacuum of the ion source have been eliminated 
by the installation of a new forevacuum manifold. The new manifold is mounted 
securely to the ion source frame and connected to the three diffusion pumps via 
3.8 em ID reinforced PVC hose.1 A spiraled 75 em long piece of the same hose 
joins the manifold to the forepumps. The new hose is much more flexible ·than 
corresponding ID thick-walled rubber tubing and the vibrational coupling of the 
forepump with the remainder of the ion source has been significantly reduced. 

A low-volume stainless steel source gas manifold of hard solder a.nd 
compression fitting construction was installed to eliminate recurring leak 
and/or contamination effects observed in the duoplasmatron operation. The 
manifold is connected to the gas inlet of the duoplasmatron via a stainless 
steel bellows and a 5 em piece of thick-walled pyrex tubing. 

In conjunction with the new forevacuum and source gas manifolds a 
simplified vacuum interlock controller was installed. The front panel also 
incorporates a Varian model 810 thermocouple controller for forevacuum 
monitoring and interlock protection and a 0 to 20 mm Hg Hastings-Raydist2 
thermocouple gauge for duoplasmatron source gas monitoring. 

A major source of difficulty with the wicking cesium canal3 has been 
leakage of cesium into the duoplasmatron vacuum box. The molten cesium 
evidently travels by capillary action along the threads of the valve stem used 
to isolate the oven from the canal and then drips to the optical bench below the 
.oven. 

The oven-valve assembly was replaced by a new one which incorporates the 
stainless steel bellows assembly from a Hoke model 4251NGY valve to provide a 
seal between the valve stem and the surrounding vacuum system. 

We have continued to upgrade the electronics portion of. the ion source with 
well-regulated commercial power supplies. This year we have added a 40 volt, 5 
amp supply4 to replace the duoplasmatron magnetic field supply and a 40 kV RF 
regulated supply5 for the first gap of the acceleration tube. 
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5. Sputter Ion Source Development 

J.F. Amsbaugh, D.W. Storm, and \-J.G. \veitkamp 

Our intention at the beginning of this year was to complete the work on the 
development sputter source1 and install it on the tandem. We have been delayed 
in this plan, because we found that optimizing the source geometry by trial and 
error was not productive. Consequently, we spent a considerable effort in 
computing the trajectories for both the cesium ions and the negative ions from 
the source. Along with these computations, we have carried out a series of 
measurements to verify the calculations and to determine optimum geometries for 
the cesium beam. Now that we have made this progress in obtaining a deeper 
understanding of the source optics, we expect to be successful in finishing the 
development work in the near future. Already, we have more than doubled the 
beam intensity produced by the development source. 

Along with the work spent studying the details of the source optics, it was 
also necessary to make various electro-mechanical improvements in the 
development source to obtain satisfactory reliability of operation. A number of 
high voltage feed throughs were replaced with sturdier versions, and a number of 
electrode supports were modified to shield their insulators from the cesium. 
Finally, the cesium steering power supplies were modified so they could both 
supply and sink current. Now the source operates reliably over the entire range 
of the focusing and accelerating voltages. 

A photograph of the ion source electrodes is shown in Fig 8.5-1. Our first 
calculational effort, when we found that carbon beams were limited to 5-6 pA for 
a number of trial configurations, dealt with the optics for the negative ion 
beams. The calculations were carried out using the program CYSYM. 2 This program 
was modified extensively to include the reflection of the cesium beam and to 
deal with the small scale structure in the vicinity of the cesium ionizer and 
the negative ion source pellet. The program solves Laplace's equation for the 
axially symmetric electrode geometry, and thP.n carries out a numerical 
integration to determine particle trajectories. Another modification, done to 
make efficient usc of the new VAX computer, involved storing the results of the 
electric potential calculation in a disc file, and then using these for a number 
of trajectory computations. 

From these calculations we determined 
configurations we had tried, the system should 
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Table 8.5-1: Sputter Ion Source Electrodes 



negative ion beam with negligible aberrations, and there should be no problem 
with any of the beam being intercepted in the ion source. Furthermore, we 
carried out a set of computations for the UNIS sputter source used on the tandem 
to determine the emittance figure of the beam from that source. The result was 
that the particles occupy the phase space illustrated in Fig. 8.5-2. A number 
of measurements on the low energy beam of the tandem gave results consistent 
with this prediction. 

Since the optics for the negative ion beam seemed to be satisfactory, we 
investigated the situation· of the cesium beam. Most of our tests used an off 
axis channel to transmit the cesium past the sputt.er target; the negative ion 
accelerating electrode was biased to reflect the cesium back onto the sputter 
target. Other tests with six holes symmetrically placed about the pellet, as in 
the source on the tandem, gave similar beam intensities. The intention with the 
single channel geometry was to.use the cesium transport system, which includes a 
lens with steering capability, to focus and steer the cesium beam through the. 
channel. Then, using the variable reflection voltage, one would focus this 
intense cesium beam onto a small spot, since the reflection potential should act 
as a concave mirror. 

Since it is difficult to measure the intensity of the cesium beam striking 
the sputter target, because there are much higher currents of electrons due to 
secondary emission and field emission, we approached the cesium problem from 
three directions. First, we measured the cesium beam passing through the 
channel near the sputter target. This was done by putting a Faraday cup' with 

1 appropriate biased electrodes down stream of the channel, as indicated in Fig. 
8.5-3. hie determined that, at a Cs oven temperature of 2900, we could produce 
0.4 mA of cesium beam which could be focused through a 1.5 mm aperture at the 
exit of the channel. Normally the source operates with a range of oven 
temperatures between 2750C and 34ooc. 

Second, we calculated the trajectories of the reflected cesium ions and 
determined what values of r and 9 Cs ions would have to have at the plane of the 
cesium channel exit in order to hit a 2.4 mm diameter pellet on the axis. The 
results of these calculations indicate that the reflection lens has very large 
aberrations, but that the cesium ions in a particular 35 mm-rnr area of the phase 
space will hit the target. Similar calculations for the UNIS reflection 
geometry indicate that the holes through which the cesium passes were located 
near the optimum position for that system. 

Third, we carried out a series of calculations on the cesium transport 
system to see how we could match the cesium beam to the phase space that would 
be reflected back onto the sputter target. The conclusion of these calculations 
was that the matching required changes in the geometry of the cesium ionizer. 
By moving the grounded electrode near the ionizer tip we can make large changes 
in the strength of the lens associated with the cesium acceleration gap. 
Consequently, we have made a mechanism that permits us to move that electrode 
when the source is running. According to the calculations, the adjustment of 
this eiectrode, along with the focusing and steering of the cesium einzel lens, 
will enable us to produce a cesium beam that will pass through the channel and 
be reflected to a small spot. As a test of this scheme, we have measured the 
emittance of the cesium beam by focusing it through a pair of holes at the 
channel position. These apertures were 17.8 mm apart, and we found that with 

161 



EMITTANCE AT EXIT OF UNIS SPUT, ION ENERGY 
ION ENERGY = 25. 01 keV 

EINZEL LENSE VOL lliGE =- 16.0 kV. 

NORMALIZED EMITTANCE = 4.438 mm- mrad-MeVt 
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IOeV 

4 

Fig. 8.5-2: Emittance figure for the 
UNIS ion source used on the 
tanc:1Gm. 

. Fig. 8.5-3: Modification to the development source permitting measurement 
of the cesium beam transmitted through the apertures near the·sputter 
pellet. 
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settings of the ground electrode position.and the focusing voltage, 
cesium beam (0.4 rnA) would go through a pair of 1.5 mm holes. This 

to an emittance of 126 mc-rnr. 

At present we have resumed.tests in which the cesium is reflected back onto 
the sputter pellet. We plan to determine the optimUm cesium beam optics to 
produce the maximum negative ion beam and will measure the emittance of that 
beam. Various configurations· will be studied, including the single cesium 
channel and the six holes for the cesium, as well as a conventional cone 
geometry, in which there is no cesium reflection. Although the tests have just 
b.egun, we have already obtained a 20 pA beam with good et'littimce from the single 
cesium channei geometry. 
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6. Low Energy Optics Studies 

J.F. Amsbaugh, F.H. Schmidt, D.W. Storm, and W.G. Weitkamp 

The present. configuration for the low energy optical system for the tandem 
is illustrated in Fig. 8.6-1. The optical elements include the inflection 
magnet, which performs a weak focusing, the five inch einzel lens, and the two 
inch bore quadrupole triplet. The locations of these elements have been 
determined by various physical constraints. They are intended to function as a 
telescopic system, to produce a waist of appropriate size at the loc~tion 
appropriate to the terminal voltage. This system can prepare beams from the 
direct extraction ion source to yield nearly 100% transmission through the 
terminal. For the polarized ion source, the transmission can be as high as 90% 
at some terminal voltages, but it is poor at low voltage. The transmission for 
the sputter ion source can be over 30% at terminal voltages of 7 MV, but is less 
at other voltages. We have undertaken a series of measurements and calculations 
to determine the emittance of the sputter ion source and to determine how to 
improve the transmission of the sputter source. As a result of these studies, 
we are presently planning to replace the quadrupole doublet with a triplet, and 
to add a gridded lens to the end of the low energy beam tube. 

SPUTTER 
ION SOURCE 

LOMETER 
>-----< 

TANK 
QUAD I 

DOUBLET 

I TIIRF, 
ENTRANCE 
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Fig. 8.6-1: Layout of the present 
low energy beam optical system. 
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Calculations of the emittance of the sputter ion source were carried out, 
and are presented in Section 8.5 of this annual report. The calculations 
indicate that the emittance of the source is determined by the size of the 
source spot for the ions and by the typical sputter energy of 10 eV. 
Aberrations in the source optics are not important, and nearly all the ion beam 
will pass . through the magnet apertures. The calculations predict that the 
maximum transmission through the magnet will occur at the same values for the 
source parameters for which the maximum is observed. In addition, the spot 
size measured at a point 35 em from the source exit is consistent with the 
predicted value. 

The acceptance of the accelerator is determined by the stripper aperture 
and by the entrance of the low energy beam tube, in conjunction with the 
immersion lens at the beginning of the acceleration tube. At all but the lowest 
terminal voltages, the en~rance lens of the beam tube is strong, and the area of 
the acceptance figure is substantially larger than the emittance of the _ion 
sources. For example, at 25 keV ion energy, the sputter source produces a 12 
mr-cm emittance area, while the acceptance of the accelerator is greater than 
that figure for terminal voltages above 0.7 MV (and for the same 25 keV ions). 1 

The size and location of the entrance pupil has been calculated previously as a 
function of terminal voltage and ion energy, and is indicated in Fig. 8.6-2. 
The same calculations were used to determine the acceptance. These calculations 
predict that the entrance pupil will be located at the slits on the beam line 
just at the tank entrance for 25 keV ions and with 2.0 MV on the terminal. As a 
check, this result was confirmed experimentally by measuring the opening at 
which beam began to hit the slits, as a function of terminal voltage, when the. 
low energy optical system was focused for maximum transmission. 
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Fig. 8.6-2: In the top part the 
position of the entrance pupil 
without the gridded lens is 
plotted vs. terminal voltage 
with solid lines for three ion 
energies. Also, ·the size of 
the pupil is plotted vs. posi
tion with the dashed line. In 
the bottom part, the position 
vs. terminal voltage is indi
cated for 25 keV ions with the 
gridded lens for a n~mber of 
grid biases. The pupil size 
is shown with dashed lines 
for two limiting terminal 
voltages. 



Since nearly all the focusing results from the field gradient at the end 
of the beam tube, and since this lens strength depends on the ratio of terminal 
voltage to ion energy, it is a quite general result that the entrance pupil 
will: first, be much smaller than the stripper aperture and fairly near t~e 
tube entrance at high terminal voltage, and second, move away from the tube 
(toward the ion source) and get larger as the terminal voltage is lower.ed (or 
the initial ion energy is increased). Thus the task of the present low energy 
optical system is to produce a waist at the appropriate point, dependent on 
terminal voltage. 

For high terminal voltage this waist is small and far from the quadrupole 
doublet. Under these conditions the bore of the doublet limits the convergence 
angles associated with the waist, so it is impossible to put the entire beam 
through the quadrupole and into the entrance pupil. At lower terminal voltages, 
the waist is larger and nearer the quadrupole lens. Thus one might expect that 
at some low terminal voltage, one could match the ion beam emittance to the 
acceptance of the accelerator. However, since the principal planes of the 
quadrupole doublet with short focal length are shifted outside the lens on the 
converging side (see Fig. 8.6-3), the result is that in one plane the waist is 
small, but the converging angles are too big, while in the other plane the waist 
is still too big. 

· In order to rectify this problem, we are building a quadrupole triplet lens 
to replace the doublet. In addition, we are preparing to install a gridded len~ 
at the beam tube entrance. Using the gridded ·lens, we will be able to maintain 
the entrance pupil at a convenient location for all terminal voltages so that 
the triplet (with a three inch bore) will be able to focus all the beam from any 
of the ion sources into the accelerator acceptance, for terminal voltages above 
about 1 MV for the sputter ion source and above about 2 MV for the polarized 
source. An alternate approach would be to float the source at a variable 
potential. For maximum terminal voltage (9 MV) a sputter source voltage of 25 
kV (yielding ions of SO keV, since the source runs with 25 kV accelerating 
voltage) woulrl be required to match the source emittance figure to the 
accelerator acceptance figure, assuming the quadrupole triplet were to be filled 
to the 3 inch diameter. At this voltage the source emittance would be reduced 
to 8.5 ern mr, and the beam convergence angle, determined by the triplet bore and 
entrance pupil location ~<Tould be 35 mr. The radius o.f the entrance pupil would 
be 1 mm. For lower terminal voltages the source voltage would be lowered, to 
prevent the entrance pupil from getting too close to the quadrupole triplet. We 
have decided · to pursue the use of the gridded lens in order to avoid the 
technical difficulty of floating the entire sputter source at high voltage. 
Consequently we have calculated the position of the entrance pupil as a function 
of terminal voltage and grid voltage. The results are shown in the lower part 
of Fig. 8. 6-2. 

It is clear that the position of the pupil is nearly independent of 
terminal voltage with a gridded lens. It is also clear that the pupil can be 
located at any desirable location by applying a modest voltage to the grid. For 
example, with a bias of about 10 kV, the entrance pupil will be near the tank 
entrance, and about 3 mm in diameter. The maximum convergence angle permitted 
by the quadrupole triplet will be 35 mr, while the 12 cm-mr emittance of the 
sputter source will be focused into a 4 mm spot with convergence angles around 
20 mr. 
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Fig. 8.6-3: The principal planes of 
a quadrupole doublet ar~ located 
outside of the converging side 
when the lens is focusing ·to a 
nearby point. Thus the focal 
length in the converging
diverging plane is much longer 
than that in th~ diverging
converging plane, and so the 
magnifications and convergence 
angles are quite different in 
the two planes. 

Installation of a gridded lens does not increase the acceptance of a beam 
tube; on the contrary some beam is lost to the wires of the grid. But it is 
expected to enable us to match the source emittance figure to the accelerator 
acceptance quite well over the full range of terminal voltage. 
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7. Gamma Radiation Monitor System 

S.K. Lamoreaux and W.G. Weitkamp 

In the past the tandem radiation system protection has been based on 
112uLI.Ull lllonitors. these monitors give three readouts: (l) a meter reading_ 
directly in mr/hr on a logarithmic scale, (2) a system of interlocks which turn 
off the beam if shielding doors are opened improperly, and (3) an audible 
clicking sound--the frequency of the clicks in Hz is equal to the radiation dose 
rate in mr/hr. For many accelerated beams, neutron flux is a reliable indicator 
of total radiation hazard. However, heavy ion beams can produce high gamma ray 
fluxes without producing significant neutron · fluxes. Consequently we have 
designed and installed a gamma ray monitoring system to complement the neutron 
system. 

The gamma radiation intensity is measured with ion chambers salvaged from 
old "Cutie Pie" portable detectors, with all voltages provided by regulated 
power supplies instead of batteries. The chamber current is measured by a MOS 
op-amp electrometer circuit. The output is fed into a 741 op-amp with a 
germanium diode in the feedback loop to provide a logarithmic response. The 
output voltage is displayed in the accelerator control room on a 0-1 rna met~r 
with a logarithmic scale. 
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The meter signal is compared to two different voltages corresponding to 10 
mt/hr and 100 mr/hr. The comparators consist of 741 op amps with the signal fed 
to one input and a settable voltage at the other. Using the 741's in this 
manner gives a sharp transition at the threshold point. The outputs of the 
comparators are fed into a logic circuit which lights different colored LED's 
corresponding to different radiation levels, and triggers a relay when the 
radiation goes above the preset value (100 mr/hr). The relay activates the 
accelerator door interlocks. 

An optional audio alarm circuit has also been designed. The meter signal 
is fed into a voltage-to-frequency converter. The converter consists of an 
integrator, a comparator, and a monostable multivibrator. The voltage is fed 
into the integrator. After a time interval proportional to the input voltage, 
the output voltage of the integrator will go above the threshold voltage of the 
co~parator. The comparator then triggers the monostable multivibrator which 
generates a square pulse of precise width and height. The pulse discharges the 
integrating capacitor. Thus, the circuit forms an oscillator with frequency 
proportional to the input voltage. The multivibrator pulses provide the output 
of the converter. The pulses generated are fed into a pulse shaper, amplifier 
and loudspeaker identical to those used in the neutron ~onitors. 

The drift of the electrometer circuit is less than 0.5 mr/hr/month, and 
seems to be tolerable. The entire system has given satisfactory per·formance for 
a substantial fraction of the year, and is now being expanded to orovide 
monitoring in the experimental areas of the Laboratory. 
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8. UNIS Ion Source Improvements 

J • .L<'. Amsbaugh, F.H. Schmidt, D.W. Storm, and \..J.G, Weitkamp 

A number of changes were made with the Extrion UNIS (Universal Negative Ion 
Source) on the tandem. Previously the source had a high failure rate, with a 
record 210 hours between maintenan~e. As a result of the improvements, it has 
run over 600 hours, at which time the cesium supply was exhausted. More cesium 
was added, but the entire source was not dismantled and cleaned. It has 
subsequently run another 225 hours, and has not failed yet. The main failure 
mode previously resulted when an insulating standoff supporting the decel 
electrode (see Fig. 8.8-1) short circuited, because sputtered metal was 
deposited on it. When this electrode was s.horted to the extraction voltage, 
negative ions would strike the cesium ionizer, sputtering a hole in it. Then 
the source would be flooded with cesium. To correct this problem, a shield was 
built to protect the insulator from direct bombardment by sputtered material. 
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AREA OF FAILURE 

Fig. 8.8-1: Schematic diagram of the UNIS source showing the electrodes. 
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Another reason for the long time between failures is probably because of 
the extensive use of the six hole reflection geometry, rather than the cone 
geometry. In the latter, the cesium beam strikes the upstream side of the 
material to be sputtered, and the negative ion beam is extracted through a hole 
through the material. In addition, there is substantial material sputtered into ' 
the part of the source upstream of the sputter cone. With the six hole 
reflection geometry, on the other hand, the upstream side of the source holder 
is tantalum, which has a low sputter yield. The cesium passing through the six 
holes is then reflected onto the sputter pellet. Most of the negative ions 
produced are accelerated. Neutral sputtered material can coat various 
electrodes, but the insulators are shielded along the line of sight from the 
sputter pellet. 

A final improvement relating to the reliability of the operation of the 
source was the installation of a spark suppressor on the reflection electrode. 
Originally this electrode was at ground potential, and the -25 KV potential 
difference between it and the sputter target produced the acceleration of the 
negative ions. With the reflection geometry, the reflection electrode is biased 
at a few hundred volts positive, to reflect the cesium ions, which originate at 
ground potential, back onto the -25 KV sputter target. The spark arrestor 
prevents damage to the reflection supply in the event of a discharge between the 
reflection electrode and the sputter target electrode. 

In order to improve the ease of operation and stability of the UNIS we 
built a feedback controlled cesium oven. The control is an Omega temperature 
controller, which uses a thermocouple for a sensing element, and produces a 
proportional error signal, which is used to drive an SCR controller which 
supplies the heater current. The thermocouple well is positioned between the 
heater and the oven, to insure stability of the system and the temperature 
regulation is presently ± 2°C. 

Finally, the freon cooling pump was replaced with a · new, sturdier version, 
after the original pump failed. 
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9. INSTRUMENTATION AND EXPERIMENTAL TECHNIQUES 

1. Development of a Large Area Position Sensitive Proportional Telescope 

A. Lazzarini and V. Metag 

Our interests in coincidence heavy ion experiments has prompted us to 
produce several gas ~E-solid state E position sensitive proportional telescopes. 
Originally based on the design reported by Markham,l we have modified this 
design to allow for a much larger active area. The solid state detectors we use 
are 900 rnm2, 100 pm and provide us with an active area of 12 mm x 26 mm for the 
telescopes. The charge resolution is adequate to resolve lighter elements in 
the C And 0 range. The limiting factor in the charge resolution arises from the 
large active area; however for the experiments in whi~h these counters have 
been used large solid angle was a more important consideration. In an 
experiment employing 1.4 GeV 208~b + 238u, for e xample, the devices provided not 
only kinematic information (E,8,~), but also could distinguish light and heavy 
fission fragments from inelastically scattered target and beam particles. The 
photograph in Fig. 9.1 shows the counters disassembled. 
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Fig. 9.1-1: Photograph of disassembled 
counters. Metal scale is 15 em 
long. 

170 



2. Development of Cracked Ethylene Stripper Foils for the Tandem 

T. Bertram, G. Hinn, and w. Lynch 

Radiation shrinkage is a major cause of stripper foil failure 
respe.ct to this problem, cracked ethylene foils have been reported 
much as 30 times longer than the conventional vapor deposited foils.1 
is possible to produce these foils in the laboratory, the project of 
the procedures and equipment for doing so was undertaken. 

and, with 
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developing 

The foils are produced in a glow discharge, which is a stable gaseous 
electrical discharge in a gas at low pressure. The electrodes which maintain 
the reaction have a parallel plate configuration and are contained, along with 
the gas, in a vacuum chamber. For a particular gas, the relevant glow discharge 
parameters are: (1) the geometry and separation of the electrodes, (2) the 
potential difference between the electrodes, and (3) the pressure of the gas. 
It is believed that electrons emitted from the cathode surface ionize the gas, 
and the plasma set up by the ion pairs leads to plasma (atomic) polymerization. 
The observed film deposit on the· cathode is thought to be the collective 
accumulation of the polymer.2 Foils may thus be obtained by retrieving this 
film, the thickness of which is determined by the amount of material deposited. 
Thus the foil thickness will depend on the reaction time as well as the other 
parameters mentioned. 

The gas used for producing cracked ethylene foils is a mixture · of 90% 
ethylene and 1.0% argon, the polymerization in this case being the cracking of the 
ethylene. The electrodes are parallel discs 6 inches in diameter; both 
aluminum and stainless steel electrodes have been used. Before the reaction, 

·the cathode has a thin layer. (20 pg/cm2) of sodium chloride evaporated ·onto it to 
serve as a release agent. (the film is retrieved by floating.) The glow 
discharge parameters have been restricted to the following values: 

1) electrode separation: 2.5" 
2) anode potential: ground 

cathode potential: -2.3 ~ -3~0 kV 
3) gas pressure: 55 pHg - 65 pHg 

These values were chosen since they are comparable to those used at Chalk 
River.3 (Cracked ethylene foils have been produced at Chalk River and are 
currently in use there as accelerator stripper foils.) The rema1n1ng parameter 
of interest is the reaction time; the main emphasis of the project thus rests 
on determining the variation of foil thickness with reaction time. Once this 
relation is known, foils of desired thickness may_ be produced in a 
straightforward and reproducible manner. 
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The stripper foils used at NPL have areal densities of 10pg/cm2 or less. 
With our present apparatus we have produced foils with densities between 7 
pg/cm2 ·and 27 pg/cm2• (Densities were determined by proton elastic scattering 
in which the~e foils, together with foils of known densities, were used as 
targets.) The reacti~n times for these deposits varied between 90 and 120 
seconds. These times, however, cannot be correlated with foil thicknesses due 
to an instability in the reaction (discussed below). Some of those foils whose 
densities measured 10 pg/cm2 or less have been placed into the foil wheel in the 
accelerator terminal, and the in-beam lifetimes of the foils are currently being 
measured. 

The reaction instability mentioned above is the tendency of the glow 
discharge to develop into an arc discharge. The arc is quite·destructive, as it 
perforates the film deposit and leaves a pitted cathode surface. It also 
interrupts the steady accumulation of material to such an extent that the time 
dependence of the deposit thickness can not be measured. The arcing may be due 
to several factors: 

1) electr,ode surface area exposed to gas is too large (i.e.~ reaction not 
confined to region betweeri electrodes) 

2) flaws in the electrode surfaces.producing high voltage gradients 
3) chemical reaction involving the release agent. 

Thus a new glow discharge apparatus has been designed and is under construction. 
It features insulated electrodes, only the inner faces of which are exposed to 
the gas. In addition, these inner faces are chrome plated. This new design 
addresses factors (1) and (2) directly; it addresses (3) to the extent that a 
smoother substrate requires less release agent. It is hoped that these 
modifications will eliminate the arcing problem anq hence aiiow-a determination 
of the foil thickness/reaction time relationship. 
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3. Improvements to the Rabbit Target Transport System 

C.D. Hoyle 

The rabbit is a pneumatic system for shuttling a target between a 
bombarding site in the 0° beam line and a counting site in cave 2. The rabbit 
was previously used on the oo beam line, but had been dismantled ·several years 
ago. The rabbit was improved and reinstalled on the oo beam line this year. 
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The rabbit consists of a.section of 4" beam tube with a 1/2" square 
aluminum rabbit tube inserted through the be.a11!- tube perpendicular to the beam 
tube axis. The rabbit tube has entrance and exit holes so that the beam can 
travel through the rabbit tube, hit the target and exit the rabbit tube into a 
Faraday cup. The entrance· and exi.t holes are covered with 1/4 mil Havar foil 
since the beam is in vacuum and the target is not. The targets, mounted on 
balsa wood, carry that shuttle back and forth through the rabbit tube by 
applying compressed air. or suction to the rabbit tube. 

Improvements to"the rabbit include a new carbon aperture and a new system 
for applying the compressed air or suction to the rabbit tube. The new carbon 
aperture is a disc of carbon 1/8" thick, 2-1/2" in diameter with a 1/4" hole in 
the center for the beam. Before this aperture was installed it was possible to 
hit the Faraday cup without the beam passing through the targ~t. It is ~o~ 
impossible to hit the Faraday cup without hitting the target. The carbon 
aperture also has a current readout which aids in tuning the beam through the 
rabbit. 

The new compressed air system utilizes shop air (100 psi) 
through a pressure regulator and a needle valve to a section of 
The beam tube is used as a reservoir for the compressed air. 
reservoir and the rabbit tube is a solenoid operator valve which 
closed by a timer. 

which is fed 
2" beam tube. 

Between the 
is opened and 

The new vacuum system is similar to the compressed air system. A vacuum 
cleaner provides suction that is regulated by a needle valve and another 2;, beam 
tube reservoir. Between the reservoir and the rabbit tube is another solenoid 
operated valve which is open and closed by the timer. The timer allows the 
opening and closing times of both valves to be independently adjusted. With 
this arrangement the compressed air blows the target from the bombarding site to 
the counting site and the suction pulls the target back from the counting site 
to the bombarding site. · 

By adjusting the regulator and needle valves the transit times for the 
targets can be adjusted. The time for the rabbit to return from the counting 
site to bombardment site is about 1 second. This relatively slow time was 
chosen to extend the life of the balsa wood carrier~. The fastest practical 
transit time for the trip from the bombaring site to the counting site is 80 ms. 
For the 24Mg(p,n}24Al p-1 circular polarization correlation experiment, the 
transit time is set at 400 ms. 
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4. Dual Carbon Foil Time-of-Flight System 

D. Leach and A.G. Seamster 

A second fast timing detector for heavy ions has been constructed which 
incorporates a stack of two microchannel plates as an electron multiplier. The 
first unit was described in a previous Annual Report.l These devices, based on 
the design of Zebelman et al., 2 utilize the isochronous transport of secondary 
electrons produced when a charged particle passes through a thin carbon f()il. 
The transport is accomplished by crossed electric and magnetic fields. 

Fast preamplifiers have been built using recently available high speed 
hybrid circuits that allow retention of rise times down to i nsec·. 

A time resolution of 200 ± 25 psec has been measured for 5.48 MeV. alpha 
particles using the dual carbon foil system. This indicates a L'eso!ution of 141 
± 18 psec for each unit. This value should improve with more energetic, heavier 
ions. 
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5. Th-228 Alpha Source Generator System 

K.T. Lesko and A.G. Seamster 

A new 10 mC Th-228 alpha source generating system has been installed in the 
radiochemistry lab. Alpha sources are produced by the deposition of Pb-212 onto 
needles or foils. The resultant sources produce alpha particles with principal 
energies of 6.051 MeV~ 6.090 MeV, and 8.785 MeV. 

Th·~ Th-228 bearing compound is housed in a 
sealed, stainless st.eel and lead pig, which 
fiberglass glove box equipped with an air lock. 

specially designed, normally 
is enclosed in an afr-tight 

6. Design of a Large-Solid-Angle Isochronous Momentum Filter 

K.J. Davis, R.A. Loveman and D.W. Storm 

The design for the momentum filter/spectrograph that was reported in last 
year's annual reportl has been changed substantially. The design goals are the 
same, namely to build a mirror symmetric system so that at the final image there 
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will be an achromatic, isochro.nous focus of small enough size to use a solid 
state detector for energy determination. At the mirror symmetric plane there 
should be a focus with enough dispersion to give momentum resolution of several 
times lo-3 · Finally, the acceptance solid angle of the device should be 
reasonably large over a reasonably large energy range. After detailed studies, · 
we determined that the energy range of the device described previously was 
inadequate. Consequently we have spent a major design effort this year to find 
a system that would meet all the design goals, including that relating to energy 
range. The effort was successful, and the new system will be described below. 
As it is somewhat more expensive than the original, there has been some delay in 
ordering components. As· this report goes to press the additional funds have 
been granted, and we can commence the construction phase. 

While the previously described system consisted of a quadrupole m~gnet, a 
60° bending magnet, and another large bore quadrupole magnet before thg.symmetry 
plane, the new system retains the first quadrHpole, then has a 45 bending 
magnet, followed by another magnet bending 45 in the other direction. In each 
case there is a mirror symmetric duplication of the first three magnet·s after 
the symmetry plane. The new configuration is shown in Fig. 9.6-1. In both 
cases there is a double focus at the symmetry plane, which must be perpendicular 
to the central ray, and the elements are chosen so that central rays of momentum 

. differing from the central momentum are parallel to the central momentum ray at 
the symmetry plane. These four requirements are necessary to obtain mirror 
symmetry, which, in turn, guarantees achromaticity and isochronism at the final 
focus. In both systems second order corrections are required in the third 
element in order to make the focal plane perpendicular to the central ray. 

The new configuration is described in Table 9.6-1. In the previous system, 
the second quadrupole magnet was used to make central rays of all momenta 
parallel. Thus it was horizontally focusing. In the present system, the 
reverse bending of the second dipole magnet accomplishes that task, and so it 
need not be horizontally focusing. In fact it was found that the best vertical 
acceptance was obtained if that magnet was vertically focusing and was neither 
focusing nor defocusing in the horizontal plane. In either system, the 
achromaticity applies to the horizontal plane, but not the vertical plane. It 
would be possible in principle to make the vertical focus achromatic, but we 
found that the second order corrections required to achieve vertical 
achromaticity tend to counteract those that are necessary to make the mirror 
symmetric focal plane perpendicular. In order to achieve both these 
requirements, several huge second order corrections were required in various 
magnets. The net result was that the system could be made doubly achromatic to 
first order, but higher order chromaticity was then enormous, and the focusing 
aberrations were also very big. Consequently we did not pursue the attempts to 
achieve double achromaticity further. 

175 



Table 9.6-1: Magnets for momentum filter 

. Leff 
radius 
gradient 

20.0 em 
= 5.0 em 
= 1. 3 kg/em 

bend radius 
henri ::mgle 
edge_ rotation 

entrance 
QXit 

gap height 
field index 
second order 

corrections 

Quadrupole 

for 25 MeV-Amu 

Dipole 1 

60 em 
45 deg 

-30 deg 
-i'l.fl l'fpg 

5 em 
0 

none 

Dipole 2 Dipole 2 
Option 1 Option 2 

60 em 60 em 
-4.5 deg -45 c.leg 

-22.5 deg -27.47 deg 
-22.5 deg -29.60 deg 

5 em· 5 em 
0.272 0 

quadratic curved 
field term edges 
3(x/R) 2 r = 28 em 

NOTE: Negative rotation angles for Dipole 2' correspond to vertical 
focusing, since the magnet bends opposite the conventional 
direction. 

Fig. 9.6-1: Scale layout of the first 
half of the mirror symmetric sys
tem. The magnet effective field 
areas, but not the yokes are 
shoWn. Three rays are illus
trated: the central ray, a cen-

. tral angle ray with 10% higher 
momentum, and a large angle cen
tral momentum ray. 
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However, we found that by· combining the vertical focusing of the second 
dipole with that of the first · quadrupole, we had the vertical focusing 
distributed along the system well enough-that the vertical acceptance was quite 
independent of momentum. ·Basically what happens is that even though 
off-momentum particles will be focused to an image quite far from the mirror 
symmetry plane, as· soon as they get very far from the ~entral axis they 
encounter strong vertical focusing and are forced back towards the axis. In the 
previous ·system, nearly all the vertical focusing was in the first quadrupole, 
and there was net vertical defocusing in the other magnets. Consequently 
off-momentum particles followed trajectories that were bent too much or too 
little in the first magnet and then drifted a long distance. Thus small 
variations from the correct angle of the first bend (corresponding to small 
variations in momentum. from the central momenttw) eventually placed th~ particle 
far from the system axis • 

.. 
The optical properties of the two systems are listed in 'Table 9.6-2. 

Although the new system has poorer first order resolution, for large solid 
angles the resolutions of the two systems are simi-lar. Since most applications 
of the device will use a solid state detector to determine energy, resolution is 

·not particularly critical. The other major difference in the two systems is in 
expense. Although we are replacing a 60° bending magnet with a 45° one, that 
saving is not sufficient to cover the add~tional cost of the second dipole over 
the second quadrupole, even though that quadrupole was to have a large bore. 
Thus the magnets of the new system cost somewhat more than those for the 
previous system. 

We have done a number of ray-tracing calculations to determine the 
properties of the system for various solid angles and for central and 
non-central momenta. The main results of these calculations are prese·nted in 
terms of the spot size at the final focus, the resolution as a function ·of solid 
angle, and the solid angle acceptance as a function of momentum. These 
quantities are illustrated in Figs. 9.6-2 through -4. The ray~trace 
calculations were carried out using a computer program written by Enge, Spencer, 
and Kowalski.2 They use magnetic fields that are parameterized in terms of the 
shape of the fringe field and the multipolarity (for quadrupole magnets) or the 
polynomial expansion of the mid plane field (for dipole magnets). The fields we 
have used correspond to clamped fringe fields. The second order corrections in 
the second dipole are done either with curved edges or with a midplane field 
expansion that has a second order term in the x cooordinate (perpendicular to 
the beam and in the bend plane). In addition, the focusing of that magnet can 
.be done either with rotated edges or with a field index. The first dipole 
magnet .requires a third order correction, which can be carried out by curving 
the entrance edge. The curve is a pure cubic., and its magnitude is such that 
the deviation from a straight line is 1.4 mm at a distance of 10 em from the 
entrance of the central ray. Enge has suggested that such a correction can be 
built by building the magnet with a removable insert along the edge. Then by 
cutting the insert the field can be weakened to give the same effect as that of 
a curved edge. 
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Table 9.6-2: Comparison of optical properties of new and old system 

Property 

resolution 
small solid angie 
large solid angle· 

magnification at mid plane 
vertical 
horizontal 

disperson 

References 
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2. J.E. Spender and H.A. Enge, Nucl. 
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New System 

0.14% 
1% 

2.1% 
0.9% 
0.66/cm/% 

Old System 

0.09% 
1% 

6.1% 
0.4% 
0.7 em/% 

Report, University of Washington (1979) ~.· 

Instr. and Meth. ~. 181 (1967); and' s. 
.·.' 
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7. Tandem Energy Controller System 

H. Fauska, T.A. Trainor, and c. Wagner 

energy controller systeml was 
this unit we closely examined all 
made a number of mod.ifications as 
spread less than 300 eV over most 
a range of image · slit currents 

During the past year construction of a new 
completed •. In the process of installing 
components of the energy regulation system and 
discussed below. The result is a beam energy 
of the tandem voltage range of 1-9 MV and with 
from less than 1 nA to 1 pA or more. 

Each major component of the regulation system is described in detail below. 

·Image Slits and Preamplifiers 

This oyotem, ~$ it existed, suffered from the following faults: (1) the 
a5.r c.ooling for the slits produced acoustical and electrical uuise, (2) holils io 
the slit housings which passed the eooling lines aleo permi.tted capacitive 
coupling to the environment, and large AC noise currents were generated, (3) 
multiple ground points throughout the control system formed further AC noise 
sources, (4) cables from slits to preamps were microphonic and picked up 
vibrations from mechanical pumps, (5) the log preamp frequency response at .low 
currents was poor (0.1-1 sec time constant for I< 1 nA), and (6) the slits were 
directly opposite one another and unsuppressed so that the relationship between 
beam position and slit currents, especially for heavy ion bea~s, was ill 
defined. In fact, for much of.the time the slit currents were actually opposite 
in polarity to the primary beam current. This was. tolerated by the log preamps 
only because the feedback path was reversed parallel diodes, which permitted 
bipolar operation but ocverely degraded the uniformity of the log 
characteristics. 

The remedies were as follows: (1) a closed oil circulation system was 
install~rl to cool the slits. The noise generated by the oil is much less than 
for air cooling and corresponds to a noise currenl: of ··50-100 pA. The cooling 
system is turned on when power deposited on each slit exeeds 10 watts; (2) 
shrouds were constructed to fit over the slit housings and greatly reduce the 
effective aperture for couplng to external noise sources; (3) proper grounding 
techniques were applied to the whole regulation system. Optical isolators were 
used immediately after the log preamps; (4) low-noise cables (graphite-coated 
dielectric) were installed between slits and log preamps; (5) after first 
trying some commercial hybrid log preamplifiers2 which were expensive, failed 
often, and also had poor frequency response at low slit currents, we adapted a 
more sophisticated design3 which includes temperature compensation and, most 
important, active compensation of the transdiode capacitance in the log amp 
feedback path. fhis compensation permits flal .Crequenr.y response to 1 kHz for 
slit currents less than 1 nA; and (6) the slits were staggered (8" apart) and 
enclosed in separate suppression cages within the drift tube. The low energy 
slit is further downstream. 
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The performance of the log preamps is excellent. In addition to the good 
frequency response mentioned above the log characteristic is very uniform (to 
less than 1%) over a range from 10 pA to more than 100 pA· The output is 1 
volt/decade, and a bias current of 30 pA is inserted to establish a zero volage 
reference and prevent electronic saturation when the beam is interrupted. 

Generating Voltmeter (GVM) 

The details of this device have been reported previously.4 The only 
modification made recently has been removal of a low-pass filter in the·output 
which was intended to attenuate a 280 Hz ripple associated with the rotor 
action. The filter had the undesirable effect of introducing an additional 
phase shift over a useful range of frequencies, thus reducing t.he ·maximum stable 

·gain in the corona triode regulation loop when in GVM control. 

Corona Triode Regulator 

The corona triode 
voltage (-1.5 V) so 
reset to -3.5 V, which 
signal variations (± 2 

(6BK4) was found to have an improper quiescent grid 
that it almost always clipped the error signal. It was 

provides for a considerable margin over maximum error 
V typically). 

The frequency response of the triode regulator was measured over a 
frequency. range from 1 Hz to about 150Hz. The response was consistent with a 
single low-pass RC stage (terminal-to-tank C and column R)·in conjunction with 
the effect of an ion time-of-flight of -30 ms, which produces a sharp cutoff in 
the response at about 30 Hz. In addition, maxima and minima at higher 
·frequencies were observed as expected. 

Terminal Ripple Remover (TRR) 

Details of this device have been reported previously.5 Upon inspect~on it 
is found to be operating with a reduced voltage range of about 3 kV.' This 
range was inadequate for most tandem operating conditions, and clipping 
resulted. It was extended to about 4.5 kV by increasing the supply voltage and 
modifying the phototransistor receiver circuit. A satisfactory range would be 6 
kV or greater. 

The frequency respose of the TRR was measured and found to be equivalent to 
two low-pass RC stages with corner frequencies at 450 Hz and 2.5 kHz. This 
response indicates that a maximum stable gain of only about 6 was permitted in 
the TRR loop. In addition, the lack of an effective high pass stage in the TRR 
meant that this unit was "competing" with the corona loop to correct DC terminal 
drifts of hundreds of kilovolts, driving it into saturation periodically. 

A filter was introduced into the TRR loop which moved the· first low-pass 
corner frequency from 450 Hz down to 30 Hz and added a high-pass stage with 
corner at 2 Hz. This gave a response which peaks over the charging belt 
fundamental (2.5 Hz) and lowest few harmonics and has a maximum stable gain of 
about 100. 
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Another limiting factor in the TRR is the presence of 800 Hz ripple from 
the high-voltage power· supply. This ripple is-about 20 V P-P and requires a 
substantial phase margin to avoid oscillation at 800 Hz. This is now the 
principle noise source in the regulation system and reduces the maximum stable 
gain in the TRR by a fa~tor of 2-3. 

Energy Controller 

This unit is installed in ·the tandem control console. It contains the gain 
adjustments for the two feedback loops (corona triode and TRR), the quiescent 
current adjustment for the TRR LED (this determines the DC voltage value on the 
terminal stripper), the GVM voltage setpoint adjustment, and switching elements 
which determine whether each of the two loops receives an energy error · signal 
from the image slits or from the GVM. Panel meters display separate slit 
currents (log scale) for each of the object (horizontal and vertical) ond image 
(horizontal only) slits plus error signals from the image slits and GVM. 

An auto mode is available in which the corona loop switches from image 
slits to GVM automatically if the total image slit current drops below a 
threshold set on the front panel. This is very desirable for quick recovery 
from tank sparks and beam interruptions, among other things. 

Another feature connected with the auto mode which is planned but not yet 
implemented involves forcing the corona loop to remain in GVM control until the 
GVM value is within a preset v_oltage window. The loop is then released to slit 
control if sufficient beam is present. This will solve a problem which exists 
with heavy ion beams in which, following a tank spark, the machine goes into 
slit control on an unwanted, but more intense, charge state at lower terminal 
voltage. This condition cannot be prevented with the slit current threshold 
alone. 

Criteria for adustment of the various conrols are fairly simple. Belt 
charge is increased until the corona current reaches 50-60 pA· Corona points 
position is adjusted so that the average difference signal from GVM or slits is 
zero. The gains of corona and TRR loops are raised until oscillation is 
incipient in both loops (800 Hz for TRR, 30Hz for corona). This proces is. 
iterated a few times until the system performance is peaked. The resulting 
image slit error signal is usually 50-100 mV P-P, 800 Hz noise, which is about 
three times the slit preamp noise with no beam. 
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8. Design and Construction of Electronic Equipment 

M. Bizak, H. Fauska, R.E. Stowell, T. Van Wechel, and C.L. Wagner 

The 200 megahertz analog-to-digital converters have been interfaced to the 
new computer (see Sec. 10.2, this report). _The installation involved designing 
and constructing signal handling and conditioning equipment to provide singles 

·or coincidence operation as well as routing capabilities. The coupling 
electronics is completed and functioning. Provision to start and stop data 
accumulation was provided in coupler circuits. 

Sixteen of·the new ten digit scalers have been installed and working with 
the new computer. The interface electronics w~re designed and constructed (see 
Sec. 10.2). 

The electronics associated with the position sensing proportional counters 
(see Sec. 9.1) were designed and constructed.· The items are similar to 
circuits used at Heidelberg and include the following: 

1) One four channel high voltage control to sense any voltage sparks and 
disconnect the common high voltage supply. 

2) Two noninventing pre-amplfiers with six channels per double width NIM 
module. 

3) Two preamplifier units similar to item 2) with inverting outputs on four of 
the six channels. 

4) One six channel booster high frequency amplifier to provide the proper 
level signals for certain types of counter usage. 

The design and construction of the energy control circuitry is described in 
Sec. 9.7. 

The 200 megahertz analog-to-digital converters required considerable 
maintenance during the transition from the old computer to the new computer as 
experimenters would tend to change locations. The need to provide faster repair 
prompted us to design and construct an exerciser to test them. · 

The need of only allowing very small deviations in energy on experiments 
running with no readable image slit currents required the construction of a 
circuit to sense the digital voltmeter reading the generating voltmeter and· if 
it fell outside of a digital set window t9 automatically put in the high energy 
Faraday cup. 

Work performed with cancer 
reliability is described in Sec. 

research 
8.3. 
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9. Target Preparation 

G. Hinn 

The targets listed below have be~n 
year. Of the 200 targets prepared 
non-standard techniques will be briefly 

prepared in the target lab over the last 
only a few of the more interesting and 

described in detail. ... 
Target Form Method of Preparation Backing Thickness 

· Be9 BelO metal Vac. Reduction Evap. source 10 mg/cm2 , 
UF4 UF4 Vac. Evaporation 200 pg/C 400-600 p~/cm2 
RbCl RbCl Vr~~. Evaporation 200 pg/C .500 pg/cm 
ca44 ca44 Vac. Evaporation 340 ~/C 300 pg/l:m2 
KI3Y KI4U KI V<~~· Evaporation 20 ~g/C 100 pg/~m2 
Rh10j metal Elec. Bombardment self supp. 1 mglcm

2 Al27 metal Vac •. Evaporation s.s. 1 mg/cm 
Li6o Li6o Vac. Ev;:~poration s.s. 400-600 vg/cm2 
si28o2 si2ao2 Elec. Bombardment s.s., 10 pg/C 5,50 pg/cm2 
Mg24 metal Elec. Bombardment 10 pg/C 5, 50 P.g/cm2 
Nichrome metal Vac. Evaporation Polyethylene 400 P.glcm2 
NaF NaF Vac. Evaporation 20 pg/C 1 mglcm2 
zn64 metal Vac. Evaporation collosion 200,600 p~/cm2 

Hfl80 metal Elec. Bombardment collodion 500 pg/cm 
Fe 56 metal Vac. Evaporation s.s. 100 pg/cm2 
Lul}at meta·! Elec. Bombardment s.s. collodion 500 pg/cm2 
Nl mQlamlnP. Vac. Evaporation 750 pg/gold 300 pg/cm2 
se76 metal Vac. Evaporation . iO f!S carbon 1.5 mg/cm'l 

sani:iwich 

a) Nitrogen 

Solid natural and N15 melamine (C3H6N615) targets were successfully maue on 
thick gold backings. N15 labelled melamine has been unavailable commercially 
over the last ten years but is now obtainable from a small supplier (Isotope 
Labeling Corp., 622-D Route 10, Whippany, NJ 07981). It has a higher nitrogen· 
content than Adenine (C6HsNs 15 ) and is easily resistance evaporated, M.P. less 
than 300°c. 

b) Beryllium 

Successful beryllium source pelleL~ were made in the beryllit~ 
This is au evapo~ator enclu~~u in ~ glove box system. ThR oxide 
using magnesium as the reductant in a small tantalum crucible which 
in a Westgaard and Bjornholm axial type electron gun. 
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The entire beryllium evaporator system is presently undergoing an upgrading 
and expansion with the addition of a joining glove box where weighing and 
sintering can take place. Most of the work in this system will be beryllium 
accelerator dating oriented. 

c) Hafnium 

Due to the difficulty of rolling hafnium metal, a method was devised 
whereby an electron gun was used to melt a hafnium 2ellet on a tungsten boat to 
the desired thickness (10 mil). Thin (200-300 ~g/cm ) hafnium 180 targets were 
made by evaporating the metal from a graphite crucible in a Westgaard and 
Bjornholm axial type electron gun. To prevent curling upon floating in water, 
the hafnium and potassium iodide substrate coated glass slide were first 
immersed in a collodion solution (10% collodion and 90% amyl acetate). 

d) Stripper Foils 

The tandem Van de Graaff 40 position foil wheel assembly has been replaced 
3 times in the past year. Commercially prepared (Arizona Carbon Foil Co) 3-10 
pg/cm2 carbon foils were installed .• 

Currently, collodion (cellulose nitrate (C12H17N3016)X backed 3-.10 pg/cm 
carbon foils are being tested. Collodion backing on thin carbon foils resulted 
iQ a great savings in money and time in mounting the foils in the target wheel. 
Normally a foil change without collodion requires 3 days, with collodion the 
change takes 1-1/2 days with a financial savings of $200 per foil change. 

Collodion has also been used as a backing for targets other 
stripper foils with no interference since it burns off in the beam. 
only has been reported where it did not burn off. In this case a 50 
n;moamp carbon beam was used on a collodion backed carbon-13 target. 

10. Compton Polarimeter Switching Bridge Using High Power FETS 

D. Peterson And H.E. Swansuu 

than the 
One case 
MeV, 40 

Operation of compton polarimeter requires magnitizing an iron absorber (or 
scatterer) with one direction of flux, counting the transmitted 1-rays for that 
state, then reversing the flux direction and counting the 1's for the reversed 
state. Instrumental asymmetries due to magneto-striction, etc., are greatly 
reduced if the two saturation fluxes are opposite but equal in magnitude. This 
is easily achieved if a unipolar current source is use.d to power the magnet 
through a solid state switching bridge or rever.sing switch. The circuit 
configuration is simply that of a bridge rectifier where the diodes are replaced 
by switching elements, in this case newly available high power FETS. The power 
supply is connected to one pair of opposite nodes of the bridge and the magnet 
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coil to the other. By alternately energizing opposite pairs of FETS the coil 
current and t'hus the saturation flux can be rever~:;ed precisely. The enrrent 
source sees at most a slightly· different resistance in each ON state and its 
current regulation is uneffected. 

The FETS used in our design (IRF 331) were made by International Rectifier 
Corporation, although other companies now make similar devices (e.g., Siliconix, 
Inc.). These have ratings of 350 volts and 4 amps and as they are operated 
either turned on or off, and switch in nanoseconds, power dissipation is 
otherwise not a problem. FETS are easily paralleled for increased current 
capacity and require simpler drive electronics than do transistors. 

The unit is used with an Op Amp power supply such as the KEPCO OPS series, 
for its current source~ These have rtegliglble output capacitance and can thus 
rapicHy respond to correct the current error upon field reversing. A large part 
of the switching time is due to eddy curr~nts generated in the magnet itself. 
These currents oppose the currents in the coils, and die away in a time 
characteristic of the resistivity of the material. In an attempt to cancel 
these currents and thus speed up the switching time, an exponentially decaying 
signal is added that coming from the current sense resistor. This causes the 
current following a transition to remain higher than that required for steady 
state saturation and then to fall off such as to compensate for the eddy 
currents. 

An integrator is included in the chassis, which is used along with a sense 
coil would around the magnet core, to observe the magnetic flux in the iron. 

This eire ui t will be used to power a ue·w 4 fold polarim.;>t.P.r using 5" x 6" 
Nai detectors. The polarimeter is being constructed at Chalk River for use in a 
new measurement of. parity mixing in 21Ne. 

11. A ~olarimeter for Mea~:;uring Proton Beam Polarization 

H.C. Bhang, S. Laubach,* T.A. ·Trainor, and W.G. Weitkamp 

For the measurements of depolarization in proton inelastic scattering from 
copper described in Sec. 3.5 of this report, it is necessary to measure the 
polarization of an 18 MeV incident beam. To accomplish this, we have. 
constructed a special beam polarimeter using elastic scattering from carbon as 
the onaly:ier. 

Previous measurements of the analyzing power for elastic scattering of 
protons from carbon show that the largest analyzing power occurs at 9lab = 
145°. 1 Our polarimeter holds two detectors at this angle, one left and one right 
Qf the beam, clamped to the fixture in the 60" scattering chamber containing the 
beam defining apertures, upstream from the copper target. Detector apertures 
are 1.1 em in diameter, 10.5 em from the 20 pg/cm2 carbon target. This carbon 
thickness gives good statistical precision but interfers negligibly with beam 
energy or angle spread. 
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Fig. 9.11-1: Polarimeter analyzing power. 
Open circles are measurements of Ref. 
1; closed circles are the present 
measurements. 
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The polarimeter has been calibrated by comparin2 
that of pr_oton scattered from helium at ll2°. 
polarimeter in the energy region where it is large is 
The maximum value of A is 0. 929 + 0. Oll at 18.0 MeV. 
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12. Resistive Film Position Sensitive Detector 

Don Leach 

its analyzing power with 
The analyzing power of the 

shown in Fig~ 9.11-1~ 

visiting from Darmstadt. 
Trainor, and M.P. Baker, 

Nucl. Phys. A163, 432 

Based on a design by Jared et al, a two-dimension position sensitive 
detector is under construction. Therletlictor is a. parallel-plat'e gas detector 
t.lith NiCr wiudows on a polypropylene backing. Position is determined by charge 
division of secondary electrons across a NiCr film. 

The NiCr films are produced by evaporation onto polypropylene. During the 
evaporation the plastic is backed by a copper sheet cooled with liquid nitrogen. 

Initial tests with 72 MeV 16o on the partially completed detector were 
encouraging but not conclusive. 

Referencee 
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13. Refrigeration Unit for Chamber Cold Traps 

D. Leach and A •. Lazzarini 

A portable unit designed to replace liquid nitrogen to cool vapor tr~ps in 
vacuum systems has been constructed. 

The unit uses a heat exchanger with a freon primary loop and a secondary 
cooling loop of a methanol/water solution. This secondary cooling solution can· 
be circulated in the vacuum chamber for whatever apparatus is desired. 

The temperature sensing and control circuitry was based on a design 
describE>rl in "Pesigning with Operational Amplifiers." 1 This approach uses a 
differential transistor pair biased with unbalanced currents ao the method 'of 
temperature sensing. 

A zero load temperatur·e of -23°C is typical. Under normal worklug loads 
~empcratures df -16 to -18°C are expected. 

References 
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10. COMPUTERS AND COMPUTING 

1. CAMAC-based Data Acquisition System for the PDP 11/60 

H. Fauska, R. Seymour, and T.A. Trainor 

Our primary input devices are Tracor Northern 200 MHz ADC's. Their outputs 
are passed through a Laboratory-designed and built routing box which also 
assembles a , "format". pattern showing which ADC's received data during a 
coincidence event. The format pattern and routed AUC sign~ls are ·passed to 
thirteen Kinetics 3420 input modules. These and a pair of LeCroy 2228A octal 
time-to-digital converters are mounted in a standard. Kinetics CAMAC. crate which 
is connected to the PDP 11/60 by a BiRa MBDll. 

The MBDll is actu~lly another computer, built for the task of intelligently 
interfacing the CAMAC system to a PDP 11. It was purchased with: 1024 words of 
memory, and an additional 3 kw of Intel 2115A memory was added by the 
Laboratory. The added memory uses less power than BiRa's 93415's, and costs 
less. 

The MBDll is loaded with programs which preprocess the event information 
into a packet which is then directly written into the ~DP ll~s memory. The PDP 
11 is therefore freer to analyze, record and display the data without being 
loaded down by having to handle high-frequency interrupts. 

Three MBD programs provide most of the data collection services. One (QDA) 
operates with the MULTI/QDA multiparameter analysis group. We have seen about 
SO% overall deadtime at a 5 kHz data rate. The other two programs provide for 
high data rate singles activity. One (7 ADC ... s) u.:;es the MBDll 's channel 
interrupt facility for fast handling of up to 7 ADC's. The other (12ADC~s) uses 
a slower round-robin status checking algorithm which services all 12 ADC's and 
the two LeCroys. 7AUC's services an ADC upt)n reeeipt of a "conversion done" 
signal fro1.1 the ADC. Since the interrupt hard1~are assigns priori ti.P.l': ba~ed on 

·which CAMAC slot signale:, a high data rate in a high-priority ADC. could 
theoretically block service to a lower-priority CM1AC slot. 7 ADC' s can select, 
read and channel increment an event in 10 microseconds. 12ADC's takes 3 
microseconds to check an ADC for an event, and 10 mj_croseconds to service it if 
one is found. The algorith·11 also distributes the system dead til'lle evenly among 
all ADC's. The analysis software is discussed elsewhere in this report (see 
Sec. 10.3). 

Additional information is provided by a bank of fifteen 75 MHz scalers and 
a frequency meter readout, ail built at the Laboratory. These are connected to 
the PDP 11 via an IEEE-488 bus and interface (see Sec. 10.2). 
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2. Microprocessor Based IEEE 488 Bus Interface for Event Scalar 

M.R. Bizak, H.E. Swanson, and C.L. Wagner 

An interface was constructed to allow the PDP 11/60 data acquisition 
computer to read the scalers previously described in the Nuclear Physics 
Laboratory Annual Reports for the years 1977 and 1978. These scalers are now 
operational and havebeen used for nuclear physics research. The decision had 
previously been made to have peripheral data communication of this type proceed 
via the IEEE 488 Bus, so that instruments equipped with the IEEE 488 Bus could 
be easily_intorporated into our data acquisition·system. Controller chips exist 
which handle the IEEE Bus protocol but these are most conveniently used as part 
of a ruicroproccsGor system. 

OuL uesign conoists of ;;~. ~ore section general e110u$h to be uced frrr nt.her 
interfaces and a section, speci fie in this case, to ·the scaler::1. 'l'h~ cor~.! 
section uses a Motorola MC 6802 microprocessor with sufficient memory and 
support chips to r·un Motorola' o MIKBUG 2. 0 Urmware. This is used for. 
developmental purposes and supplied in a ROM as part number MC 6846 Pl. A 
switch selects b·~tween the firmware and a ROl1 containing the routines written 
for the normal operation of the interface. 

In a typical development scenario, a program to, say, read the bank of 
scalers is written and assembled in native 6802 code on the H-Atom control 
computer,! and loaded into the R~~ memory of the interface. Using MIKBUG 2.0 
and a terminal, this program can be run and debugged until it is operational. 
The desired code is then placed in a ROM, using circuitry built for that 
purpose, and operation of the 6802 is switched to that ROM. The~ MIKBUG ROM and 
associated support chips may now be removed for use in other interface modules 
thus keeping costs down. 

The scalars th~~s~lv~s w~re organi3ed aroun~ ~n R blt data bus, i.e., pairs 
of BCD digits. The scaler bank consists of 16 scalers requiring 4 bits for 
addressing and each scaler has 5 digit pairs, realizable in 3 bits. In addition 
data may be both written to and read from the scalers necessitating a direction 
bit. Thus one 16 bit bi-directional I/O port (Motorola MC 6821) and some 
decoding logic is all that is required !::.> c.onstruct the scaler-specific sect.l•)n 
of the interface as mentioned above. 

Remote operation of the inter face uses standard IEEE Bus protocol. Th·~ 

scaler co~troller is assigned a primary address and functions within the 
controller are given various secondary addresses. rre3ently theEe f~n~tinns 
include: (a) read all acalen,;; (b) write data to a sped fie scaler; (c) 
snapshot all scalers; and (d) load or examin·= a program in the interface RAM. 
This later was included for the purpose of trying out new interface routines 
prior to putting them into a ROM without the need of re-i~stallin6 the MIKBUG 
firmware and its associated components. 

Numerical data are transmitted one digit at a time in ASC.ll, and are easily 
converted to binary using the Fortran "Encode" and "Decode" st.:1tements. 
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Functions (a) and (b) above are self explanatory. The ability to -snapshot 
(c) was included to make a simultaneous measurement of all peripheral devices. 
Each controller is first put into the snapshot mode, and then the :'GET" command 
is issued on the interface bus. This causes all scalers and addressed devices 
to latch their present values to be later read by the read routines. 

References 

1.. Nuclear Physics Laboratory Annual Report, University of Washington (1979), 
p. 39. 

3. Progress on Singles Data Acquisition 

K. Green, R. Seymour, and K.A. Snover 

The new singles acquisition system has developed over the past year to a 
fully functional system which has replaced MULTSING and our aging SDS 930 
computer. The. capabilities of the new system . far exceed those of MULTSING, 
e~abling many experiments which could not be performed before due to lack of 
resolution, memory limits, speed or number of ADCs available.. Summarizing in 
brief: 

1. Resolution. We can now take spectra 8192 charinels long. This is twice 
the limit imposed by MULTSING. 

2. Speed. The new singles is able to put data away in 10 cicroseconds, 
five times the speed of HULTSING. 

3. Memory. Data arrays are limited only by available memorY.. We 
currently use approximately 48 Kwords (24 Kchannels). HULTSING could 
address at most 6 Kchannels •. 

4. ADCs. The program can handle up to twelve 200 Mhz ADCs through the 
CAHAC subsystem. This limitation is imposed by the hardware available. 

5. Flexibility. The program is highly modular, consisting of a number of 
largely independent tasks. Improvements and additions can be made, in 
many cases, while acquisition is in progress. 

The program is controlled by typing mnemonic commands at a terminal, 
followed by command modifiers. If the modifiers are omitted, the user is 
prompted for any needed information. There is an extensive default capability 
to minimize the information the user must supply. In many cases, responses are 
remembered and become the defaults. For example: 

)PLOT DE1TA/LOG/CHANNEL:200:400 
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produces a log plot of channels 200 to 400 of spectrum "DELTA". Subsequent plot 
commands for spectrum "DELTA" will by default be logarithmic plots of channels 
200 to 400. The modifiers can usually be abbreviated to a single character. 
Had no spectrum or modifiers been specified, the user would have been asked for 
a spectrum, plot mode and ranges. 

As mentioned above, the program is highly modular. Each ot the mnemonic 
co!lll1lands is a separate program "known" to the RSX-llM operating system. 
Modifications to a command occur simply by replacing the relevant program, which 
can be accomplished while acquisitioa is in progress. New commands are added in 
a similar manner. The data the c:ommands operate on resides in a global common. 

Data is acquired from the CAMAC subsystem with a Microprogrammable Branch 
Dr hrer (M~:O). The MBD is an independent processor downloaded with a program to 
read the ADCs and place thlil re~m] t i.n~ converslons in tha PDP 11/60 via direct 
memory access (DMA). Once started, acquisition continues without further 
intervention from the 11/60. 

We currently have two MBD programs for singles acquisition. The fastest 
version handles 7 ADCs, with pd·:>rity servicing. ADC 1 has the highest 
priority; ADC 7 the lowest. Service time for the h.tghest priority ADC in use 
is approximately 10 microseconds. Speed is achieved in this code by using 
hardware features of the MHD which restrict tho:! total number of ADCs that can be 
handled. A slower code is available for servicing all 12 ADCs in a non-priority 
"round robin" fashion. Service time for an ADC is approximately 10 microseconds 
plus an overhead of 3 microseconds per ADC in the round robin loop. This method 
has the side effect of equalizing the dead times in all the ADCs. 

The ll/60's main duty during acquisition is ~o pruuu~e a live display nn a 
DEC VT-11 crt. The display Interacts with the user via a light pen, allowing 
selection of spectra, scale factors, and peak and background definitions. Peak 
areas ~alculated from the~~ d~finitions appPAr on the printouts, as do the 
readouts from a bank of 16 scalers. 

The printouts are in the form of a high density histogram using the plot 
capability of our PRINTRONIX-300 line printer. The data is also printed 
numerically no~xt tu the histogram. A running sum is also printed to facilitate 
manual calculation of peak areas. As plotting may take a long time, runs are 
du:nped to an intermediary disc file from which the plot is generated by a 
specialized spooling program. 

Permanent storage of runs is on 9 track 1600 BPI magnetic tapes. 
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4. Progress in Multiparameter Acquisition 

K. ·Green, R. Seymour, and R. Vandenbosch 

We obtained the initial version of our multiparameter code from Everett 
Harvey of . Lawrence .Berkeley Laboratories. It consists of the FermiLab MULTI 
analysis program and the QDA acquisition program which was written by. Everett 
Harvey. Our hardware configurations are sufficiently similar so that only minor 
modifications were require~ to run the programs on our equipment. We have since 
heavily modifi~d both programs to tailor them for our experimental environment. 

MULTI is a very general and well developed event analysis. code which · is 
supported on both the RSX-11M and RT-11 operating systems. It possesses a 
dictionary of user definable variables and is capable of performing arithmetic 
and/or logical operations on these variables by interpreting symbolic statements 
in a language very similar to fortran or basic. 

The results of analysis are displayable as one-dimensional histogra~s or 
two-dimensional scatter plots on a TEKTRONIX 4006 storage scope. Hard copy of 
the TEKTRONIX images is produced directly on a PRINTRONIX-300 lineprinter by · a 
TRILOG printer adapter board. 

MULTI was modified to store two-dimensional spectra in memory. Prior to 
this, only a single scatter plot could be accumulated on the storage scope·. The 
amount of memory for this storage is currently limited to about 8.5 Kwords. We 
plan to expand this to 32 Kwords by placing the data in memory remote from the 
program. 

MULTI has been further modified to control the acquisition code (QDA). QDA 
is no longer directly visible to, or of any concern of, the experimenter. As it 
originally came, QDA required a separate terminal to control acquisition. 

Timings of the program indicate that it can take 2 parameter data and log · 
it on tape at approximately 13 kHz. 12 parameter data can be collected at 2 
kHz. On-line analysis by MULTI is much slower. MULTI can analyze events at a 
rate of about 1100 Hz. At higher event rates only a sample of the data is 
analy~ed. This 1~ sufficient for guiding the user during the experiment. 
Complete analysis of the data must be performed off line on the VAX 11/780. 



5. VAX 11/780 Off-Line Computer System. 

R. Seymour and T.A. Trainor 

Last year we reported the planned purchase of a DEC VAX 11780 computer. It 
was installed in July 1979 and has taken over the lab-s number-crunching. Our 
current configuration (listed below) supports 8 interactive and · 3 batch users 
simultaneously. Each user is given 25 kilobytes of memory to work in, with a 
"virtual" limit of 5 megabytes. When programs access something beyond their 25 
kb limit, the VMS operating system swaps 512 bytes between memory and the disk. 
This allows each user to write programs as if they had a 5 megabyte machine 
available. 

When the PDP 11/60 was installed, we. s~w about an order of magnitude 
increase in computing "throughput" compared to the SDS 930's. The VAX shows a 
factor of 2 to 10 times better than that of the 11/60. 

Among the selection criteria for the VAX was compatibility with the 11/60. 
This allows us to write and debug code on the VAX which we can then transfer to 
the 11/60 via magtape. This feature has performed far in excess ·of our 
expectations. Executable files (tasks) created on the 11/60 run on the VAX 
(faster!), and programs which use core-resident libraries and common areas in 
the 11/60 run ~n the VAX by automatically accessing disk files instead of the 
non~existent in-core areas. All editing, compiling and some initial testing of 
the data collection software is now done on the VAX. 

A second selection factor was the need to randomly access very large arrays 
during data sorting and analysis. People are now running programs with ten 128 
by 128 channel data arrays in-program (one megabyte). The ·5 megabyte limit 
mentioned above can be increased, limited only by swapping space on the system 
disk. 

We had intended to move a 67 megabyte DEC RM02 disk from the 11/60 to the 
VAX. It contained all of the general user files while the 11/60 was the interim 
off-line computer. During our search for a .software "driver" for the VAX (DEC 
does not support the RM02 on the VAX), we came across an offer which we didn't 
refuse. We traded in our RM02, along with $8000, and received a 300 megabyte 
CDC drive with a System Industries controller. This has been installed on the 
VAX (which revealed a defective VAX Unibus Adapter Board), and the user files 
were (selectively) moved to it. In the 3 months that the disk has. been on-line, 
the users have managed to occupy.the equivalent of 2 RM02's, which doesn't quite 
use half of the available space on the new disk. 

The University-s Chemistry Department purchased a VAX and we joined with 
them for a quantity discount on Trendata memory boards. We added a 
half-megabyte of memory, thereby tripling our physical user space. This allowed 
us to double the allocated memory sp~ce per user, which should double the 
effective processing speed. 
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Off-Line Data Analysis 

DEC VAX 11/780 computer 
8k byte cache memory 
1024k byte main memory (Error-correcting MOS) 
Two 28 megabyte RK07 disks 
One 300 megabyte CDC disk drive with Systems Industries controller 
Printronix 300 lpm printer/plotter 
Two 9 track 75 ips 1600 bpi tape drives (Pertec) 
One 7 track 75 ips 800 bpi tape drive (Pertec) 
16 terminal pdrts 
LA36 terminal 
Qume 5/55 terminal· 
Ten Hazeltine 1500 terminals 
One Tektronix 4010 graphic display terminal 
One Tektronix 4006 graphic display terminal 

6. Three-Body Trajectory Calculation 

W~G. Lynch, M.B. Tsang, and R. Vandenbosch 

The exit channel for coincidence experiments like the 27Al(16(>~12eoc)27Al 
system discussed in Sec. 6.7 consists of an alpha particle and two other 
heavier residual fragments. A program call 3FORCE has been written to study the 
dynamics of these three particles in the combined Coulomb and nuclear field. In 
the initial state, two of the three particles are in a bound state of their 
interparticle potentials. 

A. Description of the Pr~sent Three Body calculation 

In general, the calculation is divided into three parts: 

1. At t=O, i.e. when the calculation starts, two he~vy fragments, 27Al and 
160 are assumed. 

2. At t=tg, the relative distance between 16o and 27Al is 15 fm apart. 
The 1 0 nucleus is represented by a bound system consisting of a 12c 
and an ~ particle. 

3. For t > t 0 , the trajectories of all three particles are calculated by 
numerically integrating Newton's .equations of motions. 

4. Tht! three"'body calcuiation is terminated when the carbon particle has 
moved more than 100 fm from the point where the 16o was first described 
as a 12c, ~bound system. 
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Two different forms of nuclear potential have been used: 
potential and the proximity potential!. 

the Woods-Saxon 

Both linear and angular momentum are conserved in the calculation 
independent of integration step size. However, total energy conservation is 
strongly dependent on the integration step size. Energy conservation fs very 
important in this type of calculation ~ince energy non-conservation often leads 
to dissociation of the alpha particle from the original bound c~ cluster of the 
16o or any Al~ bound system produced during the calculation. Thus optimizing 
the integration step size is a necessity-in this type of calculation. 

The following feature is incorpora~ed into the program in order to speed up 
the computation. Before the computation for the motion of three particles
starts, a potential table is created as a function of distance r for each pair 
of nuclei in the region where the nuclear potential is important. This table is 
constructed in such a way that the step size ~r is small when the nuclear force 
changes rapidly. In the case of the Woods-Saxon potential, no computation of 
exponentials are needed in the calculation during the trajectory calculation. 
At any distance rik within the range uf Lablt!, tltt! fu11..:~ Lt!.CUI Fik can be 
computed by the following equation: 

(J.) 

where i and k denote particles i and k, n is the index of the table and rik(n+l) 

~ rik ~ rik(n) · 

Computing the force term with the procedure described above is equivalent 
to representing the force function with a step-like function. If {:j_t could be so 
chosen such that the trajectory is always integrated from rik(n) to rik(n+l) 
then energy would be conserved rigorously. However, this requirement cannot be 
satisfied. When three particles are involved, the exact value of fj_tik for any 
two particles i and k such that the trajectory is computed from rik(n) to 
rik(n+l) in a three body problem cannot be computed easily. Instead the program 
estir.1ates {:j_tj_k by the following formula: 

(2) 

At any instant, three different ~tik are derived. Since each of the ~tik 
is computed approximately, there is no guarantee that the force is computed 
within one step, rik(n) to rik(n+l). Whenever a step is skipped, slight energy 
non-conservation is introduced. In order to minimize energy non-conservation 
and at the same time keep the integration step at a reasonable size, ~t is 
always chosen to be the minimum of the three f1tik's such that no more than one 
step is skipped at any given time i.e. rik(n-1) < rik. < rik(n) or 
rik(n+l) < rik, < rik(n+2) where rik, is the new position computed from th~ 6_t 
obtained. For the re~ion where the nuclear force is important, 6_t is of the 
order of lo-24 to 10- 6 sec. 
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When the force considered· is outside the range of the table, only the 
Coulomb force contributes. In ~his region, a different criterion is used to 
determine ·f:::..t used in the calculation. Sin·ce the Coulomb force F c is inversely 
proportional to r2, · 6_t ·can be · chosen to be proportional to r, the relative 
distance between the two interacting nuclei. Thus, once the nuclei are far 
apart so that nuclear potential is no longer important, the calculation for the 
asymptotic trajectories is accomplished very rapidly. 

B. Simulation Using Monte Carlo Method 

To completely specify the initial conditions of the 160 nucleus in any 
trajectory, it is necessary to know both the impact parameter b for the 16o and 
27Al system and the internal coordinates of C~ bound states. These internal 
coordinates can be described by the sign of relative velo~ity ari~ by three 
spatial parameters; rc~' the relative distance between carbon and alpha 
particles, the angular orientation of the c~ with respect to the lab, specified 
by the polar angle and the axial angle. · 

The Monte Carlo method is used to generate an ensemble of N trajectories. 
This ensemble samples all allowed initial conditions with corresponding 
probabilities. Initial values are assigned to each of the input parameters 
using the random number generator such that the probability distribution for 
each of these parameters with a large sample size (N) is the same as expected 
within statistical errors. Random numbers are obtained from the DEC Subroutine 
RAN.which generates uniformly distributed random numbers in the interval [0,1], 
0 < r < 1. ·In order to generate the correct ensemble of trajectories, the 
random numbers generated by RAN are manipulated to create initial trajectory 
parameters which follow the probability density functions of the parameters. 

The new off-line computer VAX/VMS was used in this calculation. Even with 
this high speed digital computer and modification in computing the force term, 
it takes one and a half minutes of computer CPU time to process one trajectory. 
It therefore takes about one day of CPU time to perform 1000 trajectories! 

In order to decrease the sample size needed before a three-body break-up 
~vent is observed, restrictions obtained through symmetries or through 
experimental results were placed on the initial parameters that define a. unique 
trRjPctory. For example, frow the fusion and total reaction cross-section, bfu 
and bmax for bfu ~ b < bmax are estimated to be 6.1 and 6.7 fm respectively 
using the sharp cut-off model and unitarity of cross-section. In the 
calculation, the range of b is relaxed to 4.5 < b < 7 fm. Another example is 
that only one in-plane c~ relative angle is needed to specify the c~ relative 
position in the 16o nucleus if only the in-plane angular distribution is of 
importance. · 
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Fig. 10.6 1: C-or angular di&t:r,ihnt-inn Rt €fc ""=~oo uslug Lh~ 
Woods-Saxon potential parameter set I of Table 10.6-1. 

C. Results of Calculations 

1. Woods-Saxon Potential: 

Three different sets of Woods-Saxon parameters listed in Table 10.6-1 were 
u.sed in the calculation. The results from parameter set I will be discussed 
first. In this .calculation, both in-plane and out-of-plane C-oc angles were 
varied to get all possible C-oc orientations in 16o. 198 out of 5000 
trajectories processed yielded three final particles, 27Al, 12c and~ at the end 
of the three-body calculation. The remainder of the trajectories are events 
that yield Al-C, C-oc or Al-oe bound states as final products. Of these 198 
trajectories, 41 trajectories have the asymptotic outgoing angle of the 12c 
particle between 25° to 35° .' Figure 10.6-1 shows the in-plane alpha ;;~neular 
correlation in the laboratory system of the events with the 12c angle between 
2.5° to 35°. Thi.s figure can be compared to the pre-equilibrium angular 
correlation plotted in the lah frame obtained experimentally as shown in 
Fig. 6.7-5. The angle convention used in Fig. 10.6.1 is the same as that used 
previously with angles on the same side of the beam as the 12c detector defined 
to be negative. The angular correlation is broken up into bins of 10 degree 
width. Each event in the histogram is indicated by a + sign for positive angle 
(non-orbiting) scattering and a - sign for negative angle (orbiting) scattering 
of the carbon particle. About twice as many events are scattered to the 
opposite side .of the beam axis from the carbon deteet:or. :t-1ost of the 
trajectories with the alpha particles scattered to the same side of the be~m as 
the carbon particles correspond to events where the C particles orbit around the 
27Al nucleus. The angular correlation peaks at 70°. on either side. of the beam. 
It is interesting to see that a "shadow region" similar to the one obtained in 
the "hot spot" model calculation2 is obtained along the-beam axis. 
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In order to gain insight into the results of the trajectory calculation, a 
program called 3BODYPLT was written to plot out the projections onto the 
reaction plane of the positions of the three particles as a function of time. 
Fig. 10.6-2 is an example of such .a plot. In this plot, the ·positions of the 
three particles are plotted once about every 200 integration steps. > , ~ and 
fi are the symbols for 27Al, ~and 12c respectively. The 16o beam moves from 
left to right in the plot. The XY plane is the reaction plane containing the 
beam axis and the carbon detector. The time interval on the figure is the 
elapsed time between the first and last plotted positions. For this particular 
trajectory, the c~ bound system oscillates ~ntil the alpha partcle feels the 
nuclear potential of the Ai nucleus. The circle is centered approximately at 
the initial position of the Al nucleus. The radius of the circle equals RAl~· 
When the alpha particle reaches the edge of the Al~ nuclear- potential, its 
direction changes and it is scattered to a more backward angle. The alpha 
particle then moves in the combined potential fields of Al~ and C~ along a 
fairly straight line. The alpha particle suffers another more abrupt backward 
angle scattering when it leaves the nuclear field of Al~. ·At this point, the 
carbon and alpha particles 'are so far apart that the carbon particle exerts 
little influence on the alpha trajectory. This is analogous to an object that 
moves in a- medium and suffers deflection when it crosses from one medium to 
another one with a different index of refraction. The trajectory shown is a 
typical one using parameter set I. 

From the above observation, it becomes clear that the Al~ potential is 
very important in determining the final results of the three-body trajectory 
calculation. In order to study this, parameter set II which fits the same 27Al 
+ ~ elastic scattering data but with a smaller UAl~ was used. In 3000 
trajectories, however, no three body final states were observed i.e. all 
trajectories ended up with two of the nuclei in a bound state. This can be 
understood since the Al~ potential of set II is not deep enough to break the 
alpha particle away from the carbon particle in the oxygen nucleus. 

Another completely different Woods-Saxon· potential (set· III of Table 
10.6-1) that fits high energy~+ 27Al elastic scattering data was also used. 
As was the case for set II, no three-body final states were obtained after 3000 
trajectories were processed .. In this case, the ~7Al~ ~otential is so deep that 
once the alpha particle is attracted by the 27Al, the 27Al and~ form a bound 
entity. The results of these calculations are very sensitive to the Al~ 
potential. Since no single unambiguious Woods-Saxon potentials can be obtained 
from the experimental data on elastic scattering of alpha particles on 27Al, a 
different form of nuclear potential, the proximity potential, with minimum 
adjustable parameters is used. 
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N 
0 
0 

U (MeV) 

I 24.9 

II 24.9 

III 24.9 

Table 10.6-1: Three Woods-Saxon potential parameter sets used 
in the three-body traject.)ry calculation 

C-a Al-e Al-a 

a (fm) R (fm) U (MeV) a (fm) a (fm) u (MeV) a (fm) 

0.65 4.85* 35 0.55 6.08** 80 0.31 

0.65 4.85 35 0.55 6.08 34 0.31 

0.65 4.85 35 0.55 6.08 218 0.68 

R. fm) 

7. 5. @ 

.@ 
7.5. 

4. 72@ 

* The values for a and R parameters are obtained from Ref. 3. U ~s obtained by requiring the 
calculated root mean square radius for C-a to be the same as tha.t determined from the experi
mental charge radii of 1 6o~ 12c and a.· 

** Ref. 4. 

@ Ref. 5. 



Fig. 10.6-2: The trajectories of the 
three, particles 27Al, a, and 
12c projected onto the reaction 
plane as a function of time. 
Parameter set I listed in Table 
10.-6-1 was used. 

Fig. 10.6-3: The traiectories of the 
three particles 27 Al, a, and 12c~ 
The proximity potentials were 
used. 
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2. Proximity Potential: 

In the case of the proximity potential, in order to optimize the 
calculation above, the initial positions and velocities of all three particles 
lie in the reaction plane. Of 3200 trajectories processed, only two 
trajectories yielded a three-body final state with the asymptotic carbon angle 
between 250 to 350, One trajectory with an asymptotic alpha angle of 900 is 
shown in Fig. 10.6-3. The other trajectory yields a more forward alpha 
scattering angle of 25°. One common feature of trajectories calculated using 
the .proximity potential is that the carbon and alpha particle cannot pass 
through 'each other due to the presence of the repulsive core. The internal 
shape of the proximity potential is responsible in generating the more 
~omplicated trajectory as seen in Fig. 10.6-3. 

D. Conclusion 

None of the four different potentials used in the three-body trajectory 
"17 16' 1? ?7 . 

calculation reproduce the experimental results ot the ... Al( u, "'Cot)"' Al system 
as discussed in Section 6.7. Furthermore, the results of the calculation are 
very sensitive to the detailed internal structure o~. the potentials. The slope 
of the Woods-Saxon Al~ potential causes deflection of the ~ particles to the 
more backward . angles. It is not clear that other choices of Woods-Saxon 
potentials would cause the deflection to be in the forward direction. The 
particle trajectories from the proximity potentials are very complicated and 
cannot be understood in a simple way. In addition, too few trajectories break 
up into 12c, ~and 27Al with the asymptotic 12c scattered to the desired. angle. 
This prohibits collection of a statistically significant sample to examine the 
angular distribution of the alpha particles. 

The main disadvantage of the calculation described in this chapter is the 
amount of computer time needed to sample through a large number of trajectories. 
This greatly restricts the freedom of testing different potential parameters. 
None of the four pqtentials used reproduces the experimental angular correlation 
function as shown in Fig. 6.7-5. This may be attributed to the wrong choice of 
potentials. It can also be that the assumptions used in the calculation may not 
be right. For example, the 12c(2+)~ contribution to the 16o configuration may 
be important or some form of energy dissipation mechanism may need to be 
incorporated into the calculation to account for core excitation. 
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7. Calculation of Multiple Scattering Corrections Using a Monte Carlo Method 

W.G. Lynch and M.B. Tsang 

To calculate the multiple scattering corrections to the sub-Coulomb elastic 
data of Sec. 6.8, it was necessary to write the Monte Carlo code MULSCAT for 
use on the VAX 11/780 computer. At present MULSCAT calculates the correction to 
Rutherford scattering due to multiple scattering in the target for the 
particular target geometry used in the sub-Coulomb measurement of Sec. 6.8. In 
this geometry, the target foil is perpendicular to the beam and mounted on and 
downstream of a carbon backing foil. A trivial modification of MULSCAT will 
permit any arbitrary target angle but this has not been incorporated as_yet into 
MULSCAT. Generalization of ~1ULSCAT to. handle other direct reactions besides 
elastic scattering would be more complicated but still feasible. 

At present MULSCAT generates multirle scattering angles using the. multiple 
scattering distributions of L. Meyer which are suitable for low energy heavy 
particles where-~ = z 1 Zz/137~ > 1. These distributio~s are read in as a table 
and manipulated to obtain the functions needed to generate the multiple 
scattering distributions randomly using the DEC random number generator RAN. 
After some investigation, it has become apparent that it will be necessary to 
match the multiple scattering distributions of Meyer 1 at larger angles onto the 
Rutherford cross-section in order· to obtain the necessary accuracy but this has 
not been done so far. 

During the Monte Carlo calculation, MULSCAT generates randomly the multiple 
scattering angle ec caused by the carbon backing foil. A fraction f of the 
thickness of the target material, e.g., 208pb is calculated using RAN. The 
multiple scattering angle el is generated randomly corresponding to multiple 
scattering through the fraction f of the target material at an energy loss 
corrected energy. This angle 91 is added vectorially to 9c to obtain ei. In a 
similar fashion, the multiple scattering angle ef is calculated corresponding to 
the particle. leaving that target at_ the measured scattering angle e and with an 
energy loss and kinematically corrected kinetic energy. ei and ef are used with 
the measured angle e to determine the two-body scattering angle ~. The lab 
cross-section at e is calculated and ad~ed to a running sum of cross-sections 
calculated during previous Monte Carlo trajectories for scattering at e. This 
determination of e from ei and ef is not exact since there are random relative 
azimuthal angles ~i and ~f• To hasten the convergence of th~ Monte Carlo 
simulation, the trajectories are calculated in pairs, one with ~i' <pf generated 
randomly and the next with ~i + 180°, ~f + 180°. This has the effect of 
rigorously eliminating multiple scattering corrections which are odd ·order in 
the multiple scattering angle. These odd order corrections should not be 
present after an infinite number of Monte Carlo trajectories but would take a 
great number of trajectories before they would converge to zero. 
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MULSCAT generates 3 basic quantities as output. Independent multiple 
scattering distributions are printed out for both the target an'd the carbon 

.backing foil. Also, the running cross-section sums are printed out. These 
cross-section sums yield the systematic multiple scattering corrections. 
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8. Evaluation of Finite-Geometry Corrections in Depolarization Measurement.s" 

w. G. \~eitkamp 

The polarimeter used in the depolarization measurement described in Sec. 
3~5 of this report has a th-ick hel~um tar.get and large solid angles to·maximize 
t.he counting rate. Because cross sections and anaiyzing pm~ers . vary with 
scattering angle, energy, and the angle between the incident polarization 
dir~ction and the polarimeter scattering angle,. data taken with the polarimeter 
must be corrected for the effects of finite geometry.· A program based on an 
earlier: program1 has been written to do this•. 

The program establishes a grid of points on each of the apertures which 
d~fine the · range of firsi scatte~ing angle~ and the range of second scattering 
angles and positions. The program then establishes trajectories connecting a 
grid point in each aperture. Available proton-plus-helium cross section and 
analyzing power data2 are approximated with a polynomial in energy and angle to 
give values appropriate to each trajectory. The number of particles reaching 
the detector is calculated for each trajectory and summed over all trajectories. 
The program also calculates the detector spectrum. The results of this 
calculation, which agree well with measurements made with known conditions, are 
used to provide the effective. polarimeter analyzing power as a function of 
energy required for processing the depolarization data. 
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9. Software for Analyzing Depolarization Data 

S.K. Lamoreaux and W.G. Weitkamp 

The depolarization measurements described in Sec. 3.5 of this report have 
produced a large quantity of data and require a relatively complicated analysis. 
We have developed a system of programs to extract depolarization values from the 
data. 

At each measurement angle,. we take a set of spectra consisting of 4 carbon 
calibration spectra, 8 copper foreground spectra and 8 background spectra. The 
copper spectra are taken with incident spin up or down, first .scat-tering angle 
left or right, and second scattering angle either left or right~ The analysis 
of the data consists of calibrating the energy scales of the spectra, dividing 
the spectra into bins corresponding to steps in excitation energy in the copper 
nucleus, combining the binned data into values of the depolarization parameter D 
in such a way as to minimize instrumental asymmetries, and calculating check 
ratios to check the consistency of the data. 

1. Calibration of Spectra Scales Using Carbon Spectra 

Before and after taking each set of copper spectra, a carbon target was put 
in the beam to provide groups of protons entering the polarimeter with known 
energies. Since the protons pass through a considerable thickness of material 
in traversing the helium polarimeter, the calibration curves for the polarimeter 
detectors were not linear, but were approximated with polynomials. 

The data were taken with the new data acquisition program SINGLES!, and 
written ·on tape. The primary program used in this part of the analysis was 
DEPOL. Subroutines include MAGTA, which read blocks of data from tapes written 
by SINGLES; READRUN, which made a list of run titles and numbers of a tape 
volume; TEST, which provided a visual check of the data read; and PLOT, which 
plotted the carbon data in a form which made it easy to establish peak channels 
by eye. The program CALIB was used to calculate the energy of the protons 
leaving the relatively thick carbon target. Peak channel numbers and the output 
of CALIB were inputs to DEPOL subroutine ENERGY, which calculated coefficients 
for the calibration· polynominals mentioned above. 

2. Extraction of Binned Data. from Copper Spectra 

With calibrated detectors, it was possible to divide the copper spectra 
into bins corresponding to excitation energy in copper. A total of 14 bins were 
u.;;ed, 1 MeV wide at low excitation energies and 0. 5 MeV wide at . high energies. 
Program CALIB calculated proton energies incident on the polarimeter 
corresponding the excitation energy steps. DEPOL read appropriate spectra from 
the SINGLES tape as in the calibration part of the analysis described above. 
DEPOL subroutine ADD used the ouput of CALIB and ENERGY as input and summed the 
counts in the bins. The output consisted of 14 numbers for each spectrum, which 
were printed for visual checking. 
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3. Combination of Binned Data into Values of 0 

In this section of the analysis, we used a mod.ification of the procedure 
described in Ref. 2. · The number of counts in the bin centered on given 
excitation energy ~t a given angle with incident beam polarization in the 
positive direction (+), first scattering angle left (1), and second scattering 
angle right (R), is denoted N(+,{,R). In an double scattering experiment of t.he 

·type considered here, N is given by \ 

(1) 

where I is a factor proportional to the number of: protons passing through the 
target when the beam polarization is in a given direction, n is the detector 
solid angle, p~ is the beam polarization; Ay is the analyzing power in the first 
scattering, PY is the polarization resulting from an unpolarized incident beam, 
D is the depolarization, and Ap is the analyzing- power of the helium 
polarimeter. The factors ~. ~. and 1 are equal to +1 (-1) if the incident beam 
pqlarization is positive (negative), first scattering left (right), and second 
scattering left (right), respectively. 

The eight equations represented by 
combining those pairs of equations which 
right side. We define four numbers, 1+, 
where, for example: 

1+ = [N(+,(,1)•N(-,r,R)]1/2 . 

These are formed into two combinations: 

e± = 1+- R+ ± 1- - R-
1+ + R+ 1- + R-

eq. 1 can be reduced to four by 
have the same signs on all terms on the -
1-, R+, and R- for each· energy bin, 

(2) 

In these combinations, we assume that the ratios of fr(1) to fi(R) and I(+) to 
I(-) remain constant when the first scattering angle is changed so that the I 
and fr factors cancel out. We also assume that that the beam polarization 
magnitude is independent of polarization direction. This last cond-ition is not 
completely satisfied since the beam polarization does change by as much as 10% 
when the direction is reversed. However, the averaging in the rest of the 
calculation reduces this error to a value well below other uncertainties. Eqs. 
1 and 2 can be solved for 0: 

D (3) 

In order to evaluate this equation we must have a value for Ay, the 
analyzing- power. Our data set contains all. the information we need to do this. 
For each bin, we form the combinations H( and Hr, where 

H( = N(+,(,1) + N(+,(,R) 
N( ,(,1) + N( ,(,R) 
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Using r (Ml /Mr) 1/2,- we can solve for Ay: 

A = r-1 
Y Pb (r+l) 

The computer program FINAL, using as input. the output. from DEPOL, 
calibration data for the helium polarimeter, and results of separate 
calculations of the average beam polarization, combined foreground and 
background binned data, and evaluated ·eq. 3 to produce values of D. FINAL also 
calculated both.systematic and statistical uncertainties in D, which were used 
in appropriate ways to combine D values measured in different runs, and .which 
were quoted in the final results. 

4. Calculation of Check Ratios 

The program FINAL calculated fouJ values of the form: 

N(+,{,L)·N(-,{.L) 1/2 
N(-,r,R)·N(+,r,R) 

·which give ratios of the factors Q and I in eq. 1 above. In this case, for 
example, Q1 = .O.(L)/.O.(R). These check ratios provide an independent check on the ·:'. . .. 
quality of the data, since any value which deviates from the average value near 
unity signals problems with the data collection system. Data points which 
showed such deviations were discarded from the analysis. 
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10. A Text-Processing System for the Preparation of Scientific Documents 
with the VAX Computer System and the QUME Terminal 

J.G. Cramer 

Tl~e· VAX 11/780 computer system, which has been in operation for about one 
year, provides the basis for a relatively powerful word processing system for 
the preparation of multiple-copy correspondence, scientific papers, theses, and 
other documents when used with a high-quality terminal/typewriter such as the 
QUMEl word-processing terminal which was acquired by the Laboratory last year. 
However, a serious limitation in the preparation of such documents is the need 
for superscripts and exponents, for subscripts, and for special characters which 
are an important part of most sc.ientific documents. 
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In principle, this problem can be dealt with by changing the "daisy-wheei" 
of the QUME terminal to one which contains Greek letters and mathematical. 
symbols and is available from the manufacturer. However, this technique proved 
unsatisfactory because of the time and care required in changing the 
"daisy-wheel" and the difficulty in positioning the paper so that the special 
characters were properly located during the pass in which they were typed over 
the.normal type script. 

Therefore, we have devised a simple and relatively trouble-free solution to 
this probleill which has been in successful operation for the past six months. 
The QUHE terminal has a plot mode which, after invoking a certain escape 
sequence, permits t~e vertical ~ositioning of the typed character to an accuracy 

·of· about 1/48" and a horizontal accuracy of about 1/l:w·:. This featurt! has been 
·employed to position the cartl~gt! before and aftor th~ typtne of superGcripts 
and subscripts, and for· the production of special symbols by carlo!fully 
positioning and striking over the standard ASCII c~aracter set of the Qill1E. 
Table lO.lQ-1 shows a photographic reproduction of the special characters and 
symbols generated by the QUME when operated in this mode. 

The protocol for specifying these characters was devised so as to be 
"transparent" to the DEC text preparation program Runoff (RNO). This was 
accomplished by employing ASCII control characters to indicate "special 
handling" for the character which they follow. In particular, the control 
characters AP, AD, AE, AF, and AT (which have no particular significgnce for RNO 
or the text~editing utilities) are used as flags indicating, when following a 
particular character, that the character is a specia:l character CP), that it 
should have a v~ctor arrow over it (AD), or that it should have a tilde over it 
(AE), or a bar over it (AF), or a caret over it CT). In a similar way, the 
control characters AA and AB are used to indicate that the following text is to 
be vertically positioned a half-line above (AA) or below (AB) the preceeding 
text in the line. Thus x-squared is wr.itten x:-A2AB, while x-subacript-2 is 
written xAB2AA with this protocol. The pri~cipal reason for employing control 
characters as flags in this way is that RNO docs not include control characters 
in its character count. used in right-justifying and filling lines of text, and 
so the presence of control characters in the text line does not interfere with 
the text justification pro.cess. 

Theimplementation of the actual QUME commands for constructing the 
characters and positioning the carriage has been accomplished by means of a set 
of procedure files stored in the library area of the VAX disc and used in 
conjunction with the very powerful DEC editor utility TECO. A command file 
called QUMI:!:. CMD is invokt!d (by typing @Qill1E), astks a fP.w quest.ions pertaining to 
the file name, the degree of vertical offset for superscripts and subscripts, 
and whether the entire file or only selected pages are to be· typed, and then 
submits the procedure to the VAX batch queue for typing on the QUME when that 
device becomes available.· The user sees very little of the actual procedures 
used in this process and ie not rcquirQd tn lPArn very much protocol to use the 
system. A "help" file is available in the VAX HELP system to provide 
information describing the protocol for text preparation. 
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Table 10.10-1: Table ·of Qume Special Symbols 

Superscripts: E=McAA2AB E=Mc2 
Subscripts: R=rAR1AlA+rAB2AA R=r 1+r2 

Sharpes-s: SAP l Umlauts: AAP aAP .. 
a 

OAP 0 ... .. 
0 p 0 

UAP fJ u"'P 
... 

u 

·vectors: AAD A: VAD ~ 

v 
Squiggle: A"'E X VAE -v 
Bar: AAF X VAf v 

·Hat: AAT ! VAT 
A 

• v 

Alpha: @Ap oc 
Beta: SAP 

~ Gamma(lc)· gAp Gamma(uc): rP r 
Delta(lc): 2AP 6 Delta(uc): dAP 11 
Epsilon: eAP e 
Eta: nAP 

~ Lambda(lc): rP Lambda( uc) : lAP A 
Mu· mAP r 
Nu: vAp 1 Phi(lc): pAP Phi(uc): RAP t 
Rho: rAP. (> 
Pi(lc): yAP lT Pi(uc): (Ap II 
Psi: lAp llr 
Tau: b"'P "'t: 
Theta(lc): tAP e Theta( uc): 9Ap 8 
Sigma(lc): CAP (1 Sigma(uc): !"'P ~ or 

... 
%AP 

Chi: kAP. ~ ,f; 

Xi(lc): 3"'P § Xi(uc): 4AP 'l -
Omega(lc): WAP '(OJ Omega(uc): zAp Q 

H-bar: hAP 'h Script-1: 1-P { 
+or-: +AP ± -or+: -Ap + 

·Integral: rP ~ Partial: )Ap .a 
not.: ,Ap Cross: XAP X 
Del.: qAP v Divide: : Ap -t 

Identity: =AP a Approx: ..... p ... 
2-greater: )Ap » 2-less: <Ap « 
nagger: SAP t 2-Cross: *AP * Cent: $AP ¢ Section: rP § 
Radical: .rP -J Hook: 6AP .., 
Rt-arrow: }Ap ~ Lf-arrow: {Ap -Up-arrow: ]"'P t Dn-arrow: [AP .1. 
Infinity: O"'P 00 
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Experience with this system indicates that the protocol described above is 
a simple and easily used extension of the normal RNO protocol for the 
preparation of scientific documents, and has in some cases permitted the 
preparation of a manuscript for submission to a journal "untouched by human 
hands", i.e., which does not require further insertion of symbols, etc., before 
mailing. Several PhD theses have been prepared with this system, and several 
advantages of the procedure have become apparent. It is very fast and easy to 
correct, insert, and rearrange text including equations and special symbols. A 
large fraction of the equations in a typical thesis can be produced without 
further typing. Students have, in most cases, been able to type their own 
theses, using the same text-editor system which they employed in preparing 
programs for the VAX. Margins and other requirements imposed by the Graduate 
School can be rigorously observed; Further, since the text is prepared in this 
computer-readable format, it is available for other computer-based processing. 
One example of this is the possibility of submitting the computer~prepared text 
directly to an ATP journal ovcr.telephont:! lines. Another example of the power 
of this. arrangement is SPELL, a text verification Ry~t~m roccntly insLalle~ on 
the vAl. tor r.hedd.nR the ~pelllng or words in such text by direct comparison 
with a "dictionary" .which is resident on the VAX disc. Many of the articles· in 
this present Annual Report were prepared directly by the authors employing the 
text-preparation system described above, and have been "proof-read" by the VAX, 

·using the SPELL text verification system. 

11. A Computer Program to Analyze Experiment 191 Data from LAMPF 

Konrad Aniol 

Since we acquired a VAX 11/780 computer in June of 1979 we have the 
.facility . for sorting and analyzing our (rr,rr') data here at the Nuclear Physics 
Laboratory. Previously the data tapes were analyzed either in Los Alamos or at 
Catnegie~Mellon University in Pittsburgh, where a sorting routine (called DEUS 
running under DEC-DOS was employed. 

·. The data to be sorted consists of 16 linear signals from the CMU 8 crystal 
germanium detector, 12 logic signals from 3 stacks of XY wire chambers and 
several logic signals generated by plastic scintillators for strobe triggering 
or veto purposes. In all we collect 36 parameters per event. 

In the sorting routine written here at the Nuclear Physics Laboratory we 
employ a range-energy table look up procedure for the particle identification. 
The procedure used in DEUS is the standard one e.mploying the approximate range 
energy relation 

R(E) = erE~ 

For the table look up technique we need only store the proton range-energy 
table. The range-energy relation for other particles ran be easily obtained 
from the proton table. Another difference between our sorting routine and DEUS 
is the use of X2 cut on the PID. Once having obtained the PID, the PID 
subroutine calculates the expected energy deposition in each of the crystals in 

210 



the stack. A X2 sum of the measured and calculated energy differences is made 
in the usual way. Explicitly, 

X2 
IS~P-1 __ E~m~e_a_s __ -__ E~c~a_l_s_2 

). i i 
i=1 (0.10 * Ei) 

/(ISTP-1) 

Here Ei is the total energy lost up to detector i. The factor 0.10 multiply Ei 
in the· weighting factor is determined experimentally to give the observed full 
wid-th-half maximum straggling .for a monochromatic n+ beam on the · 8 stack 
detector. The advantage in using the X2 cut lies in the full :use of·all the 
information we have about a particular event. Preliminary sorting of the tap"E!s 
indicates that the x2 cut diminishes some of the structure we observe· 'ih the 
(rr,rr') spectra. 

· It i,s difficult to compare DEUS with the new sorting routine •. ·DEUS runs in 
a single .user DOS environment, and is a rather more· generar code. DEUS 
typically sorts a tape in 100 minutes whereas the program we use here can· sort a 
tap,e in about 25 minutes, even under a light to moderate usage multi-user 
environment. Most likely, the increase in sorting speed is attributable to the 
performance of the VAX over the older nos·. 

12. ADJJ--A Program to Calculate Angular Distribution 
Coefficients for (particle,1) Reactions 

P.G. Ikossi 

The angular distributions of the 1-rays in a capture reaction is written as 

<r(E,9) 

2Lmax 
L AK(E)QKPK(cos9) 

K=O 

2Lmax 
<r(E,9)Ay(E,9) L BK(E)QKPK1(cs9) 

K=l 

where AK and BK can be written 

AK =· t~' D(tt' ,k)Re(St St') 

and 
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Here St, St' are the reaction matrix elements for the channels + and +', and 

fK(tt') = [J~(J'+1) + ~(~+1) - J(J+1) - ~'(~'+1)]/K(K+l) .. 

The angular momentum coupling factors D(tt',k) have been 
and residual spins < 5/2 by Carr and Baglen.1 When higher 
evaluation of these factors from tabulated values 

tabulated for target 
spins are involved the 
of vector coupling 

coefficients becomes tedious. Nevertheless they 
interpretation ~f 1-ray angular distributions. 

are n~cessary for the 

\ 

The program ADJJ overcomes this difficulty. For given projectile, .target 
and final-state spins and parities and multipolarities of the 1-rays it 
tabulates the coefficients for this expansion in the J.:.J coupling scheme fot; all 
possible J-values of the initial state. The program.uses the appropriate 
formula given by Sharp et al.2 modified to agree with the phase convention of 
Ref. 1. . --
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