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ABSTRACT

A beam of 22-MeV Hes ions from the Los Alamos variable energy

cyclotron was used to investigate the (Hes,d) reaction on Ca48, V51, Cr52,

and Fe54.  A solid-state E-AE mass-identification detector system was

used.  The use of a summing preamplifier for performing the coherent

addition of the E and AE pulses allowed the energy resolution to be

reduced to the inherent energy spread of the cyclotron beam, which is

100 to 120 keV. Levels or groups of levels were resolvable up to an

excitation of 5 to 6 MeV for all the nuclei that were studied, and angu-

lar distributions were obtained for the deuterons corresponding to these

levels. A modified version of the Gibbs-Tobocman distorted-wave calcu-

lation was used to extract spectroscopic information concerning the

levels.  The formalism developed by Macfarlane and French for the j-j

coupling version of the nuclear shell model was used to assign the

levels to the various single-particle states.  The isobaric-spin split-

ting of the single-particle strength was observed for the ZP3/2 proton

55single-particle state in Co  .  However, only the lower isobaric-spin

components of the SP states were observed for all the other nuclei

S2
studied.  The seniority mixing of the two 4+ states in Cr belonging to

the (f7/2)4 configuration was determined and compares favorably with the

predictions made by Komoda.  Elastic-scattering data for 22-MeV Hes ions

elastically scattered from Ca40, Ca48, V51, Cr52, Fe54, and Fess were

obtained.  Optical-model fits to the elastic-scattering data provided

A                                                                                                                                                                                    .1
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the optical-model parameters for Hes ions that were required for the

distorted-wave calculation.

ID               -                                                                                                                                                                                                                                                                                                                                                                                                         --141.
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INTRODUCTION

Studies of direct reactions have proved to be fruitful in obtaining

spectroscopic information about nuclear energy levels and nuclear

structure.  The (d,p) stripping reaction and (d,t) pickup reaction have

been utilized to amass a large amount of information concerning the

single-particle (SP) neutron levels of nuclei (see, e.g., the summaries

in Ref. 1).  Much less is known about the SP proton states of nuclei.

Proton levels have been studied by the (d,n) stripping reaction, but

until recently the instrumpntal energy resolution of a few hundred keV

limited the usefulness of this reaction to the region of light nuclei

for which the energy levels are, in general, more widely spaced.

Similarly, the use of the (Hes,d) stripping reaction has been limited to

light elements because of the low Hes beam energies that could be obtained

with existing Van de Graaff accelerators. The Los Alamos variable energy

cyclotron has been capable for several years of accelerating Hes ions2

to energies from 10.5 to 25 MeV, but the instrumental energy resolution

of 300 to 400 keV has limited its usefulness.  Recently, however, the

development of high-resolution semiconductor detectors has allowed the

energy resolution to be reduced to 100-120 keV, the inherent energy

spread of the cyclotron beam.  This development has made it possible to

extend the study of the (Hes,d) stripping reaction into the region of

intermediate-weight nuclei.

-1-
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The results of a study of the (Hes,d) reaction on Ca48, 
V51, Cr52,

S4and Fe  , reported in this paper, were obtained by using a be
am of 22-MeV

He3 ions from the cyclotron.  Levels or groups of levels were resolvable

up to an excitation energy of 5 to 6 MeV for all these nuclei
, and a

partial angular distribution for each deuteron group was obtained.  Some

gross-structure analysis was done for the deuterons from u
nresolved

levels above 6 MeV of excitation for the Ca48(He3,d)Sc48 and V51
(Hea,d)Cr52

reactions.

Comparisons of the results of a modified version of the Gibbs-

Tobocman distorted-wave (DW) calculation  to the data wer
e used to

extract spectroscopic factors.  The optical-model para
meters used in the

DW calculation were obtained from optical-model fits to elastic-scattering

data.4,5  The orbital angular momentum of the captured 
proton was unam-

biguously determined by a comparison of the shape of the
 calculated

angular distribution to the shape of the experimentally 
obtained angular

49

distribution.  Except for a group at 2.28 MeV of excitat
ion in Sc

which may be an £ =2 transfer, only £ =1 and £ =3 angular
-momentum

transfers were observed.

Since all of the nuclei studied have a closed shell of 
28 neutrons

and differ from having a magic number of protons by no m
ore than four

protons, they are to good approximation spheric
al nuclei.  Thus, the j-j

coupling version of the nuclear shell model was 
used as the basis for

interpreting the results.  The sum rules for spectroscopi
c factors

developed by Macfarlane and French for the j-j coupling 
scheme were
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used to identify the components of the lf7/2, 1.f5 2' 2P3 2' and 2Pl/2

SP states.

When a proton is added to a neutron-rich nucleus, it is possible

to form states which are the isobaric analogs of the states formed by

adding a neutron to the same initial nucleus.6,7  Such states were

observed for the Fe54(Hes,d)Coss reaction.   Lee et al·8 have recently

reported a study of those Cu states which are the isobaric analogs of6S

the low-lying Ni states.  They found that the spin sequence for these
65

levels was the same for both isotopes and that the energy spacings of the

levels were very nearly the same for both nuclei.  No such one-to-one

correspondence of the Co states to their isobaric analogs, the Fe55 55

states, could be definitely established in the present study.
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I.  EXPERIMENTAL PROCEbURE

A.     Scattering Chamber and Detectors

The beam geometry and the basic construction of.the scattering

chamber have been reported earlier.e, 10

The detector assembly was of the type suitable for use in our

electronic E-AE particle identification system and consisted of a trans-

mission semiconductor AE detector, followed by a thick semiconductor E

detector.  Data for the elastic scattering of He3 ions from the various

nuclei were obtained using gold surface-barrier detectors with deple-
11

tion depths of 100 B and 500 B for the AE and E detectors, respectively.

Data for the (Hes,d) reaction were obtained using as the AE detector a

gold surface-barrier detector with a depletion depth of 500 B, and as

the E detector a gold surface-barrier lithium-drifted detector12,13 with

a depletion depth of 3 mm.

Previously, the detector assembly was composed of a transmission

gas ion chamber followed by a NaI scintillation system.  This bulky

package had to be mounted external to the vacuum shell, but the compact

semiconductor detector assembly could be mounted inside the scattering

chamber.  The internal mounting eliminates the spread in the energy of

the detected particles due to the effect of the chamber window and the

air path which exists between the target and the detectot for the external

detector mount. An internal detector-support boom was installed and

attached to the rotary table.  The angle between the detector and the
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beam direction could be set and read remotely.  A thermoelectric cooler
14

was mounted on the boom, and onto the cooler was mounted the detector

assembly.  (Cooling the semiconductor detectors reduces their contribu-

tion to the Zlectronic noise width and enhances their energy-resolving

capability.)  The boom and hot junction of the thermoelectric cooler

were  water-cooled to approximately  14' C.    With a current  of  25  to  30

amperes through the cooler, the detector assembly was cooled to

approximately   -lf c.

A vertical slit aperture whose dimensions were 0.040" x 0.250"

was used before the detectors.  The resulting angular resolution was

approximately f and the solid angle approximately 7 X 10-4 steradians

for all runs, the exact values depending on the measured distance

between the aperture and the center of the target.

Preliminary runs evidenced an appreciable rate of deposition of

carbon onto the targets.  The source of contamination was untrapped

vapors from the oil vacuum pumps and vapors from other sources of hydro-

carbon such as 0-rings and their lubricants.  A liquid-nitrogen-cooled

baffle was installed in the scattering chamber.  The rate of carbon

deposition thereafter was negligible.

B.     Electronic Apparatus

A block diagram of the electronic apparatus is shown in Fig. 1.

Basically, the diagram describes the electronic E-8E particle-identifica-

tion system which has been discussed very thoroughly in the literature

(see, e.g., Refs. 2, 10, 15 and 16).  However, prior to the present
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V                                  V                                     W
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S          M A C>C
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Fig. 1.  Block diagram of the electronic apparatus.  PA is used as an abbreviation for
preamplifier, A for linear pulse amplifier, M for analog computer multiplier, D for discriminator,
C for coincidence unit, and S for pulse adder.
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study, a summing circuit (S in Fig. 1), which coherently adds the E and

6E pulses, was included in the basic system.  Coherent addition of the

pulses has the important advantage of improving the energy-resolving

capability of the system by eliminating the effect of the nonuniformity

of the semiconductor hE detector and by eliminating the Landau energy

spread introduced into the detected particles during their passage

through the AE detector.  Although the summing circuit was designed to

allow the addition of the pulses in any desired proportion, a ratio of

1:1 was always found to be satisfactory.  Without the summing circuit, .

the energy resolution was 300 to 400 keV (fwhm); with it, the energy

resolution was 100 to 120 keV (fwhm), the inherent energy spread of the

cyclotron beam.

The particle-identification system was adjusted to generate gating

pulses for only those E + AE pulses corresponding to the type of particle

of interest.10,16  A gated 400-channel pulse-height analyzer was then

used to display the pulse-height spectrum of the E + AE pulses.  Pulse-

height spectra of the deuterons from the (Hes,d) reactions and of the

scattered Hes ions were obtained for a suitable range of scattering

angles.  Each pulse-height spectrum was read out as information on

punched paper tape and printed paper tape and was simultaneously plotted.

The information on the punched paper tape was later transferred to

punched cards suitable for use on the Los Alamos digital computers.

C.     Targets

Table I lists the targets used in the present study and their
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TABLE I

Description of the targets used in the present study

Areal
density Method of Backing

Target Isotopic composition (mg/cnF) Preparation Material

Ca Natural abundance 1.59 Evaporation None

Ca48 90.33% Ca48, 9.38% Ca40 0.06 Evaporation - 60-Fg cm2 C

Ca48 90.33% Ca48, 9.38% Ca40 0.32 Evaporation 740-*g/(2 Mgai

v51 99.9% V51 0.17 Evaporation None

v51 99.9% Vsi 1.33 Rolling None                      1

Cr52 99.9% Cr52 0.55 Evaporation None

Fe54 93%.Fe54, 7% Fe56 0.35 Evaporation - 80-114cme Au

Fe54 93% Fe54, 7% Fe56 1.17 Rolling None

Fe56 99.9% Fe56 1.34 Electroplating None

Fe Natural abundance 0.29 Evaporation - 80.Bg/cm2 Au
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isotopic composition, areal density, method of preparation, and backing

material, if any.  The thicker Vsl, Fe54, and Fess targets had been used

in a previous experiment.  All the targets were prepared from isotopically

enriched material. All the evaporated targets except Cr52 were prepared17

locally. 17, a

The areal densities of the thick foils were obtained by weighing

the foils and measuring their areas. The areal densities of the thin

vsi'.Fe54, and Fe foils were obtained from comparisons of the elastic

scattering of Hes ions from them to that from the thicker foils.  The

areal densities of the Ca foils were obtained from comparisons of the
48

40elastic scattering of Hes ions from the 9.38% Ca contained in them to

the elastic scattering from the natural Ca target.  The areal density of

the Cr target was supplied by the fabricator. The estimated error of52 17

the areal densities is & 15%.

Many attempts were made to obtain self-supporting foils of Fe
54

because all backing materials have some disadvantage.  The (Hes,d) reac-

tion on light-element backings campetes seriously with the (Hes,d)

reaction on Fe because   of  the low ground- state Q value   (Q  =   -0.436  MeV)  .
S4

for the Fe54(Hes,d)Coss reaction.  Heavy element backings, such as Au,

add appreciably to the elastic scattering of Hes ions; thus, in order to

avoid pileup of pulses in the electronics, one must reduce the beam

 Larry Allen of this Laboratory prepared the calcium targets.
Judith Gursky, also of this Laboratory, prepared the thin V foils and51

assisted in the preparation of the Au-backed Fe. and natural iron54

targets.
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intensity and, therefore, the rate at which data are taken.  However, all

attempts to obtain an unbacked target were unsuccessful.  Gold was chosen

as the backing since the disadvantage for the heavy element backing

seemed least serious and since the (Hes,d) reaction on Au for 22-MeV Hes

54ions is completely negligible compared to the same reaction on Fe

48
Carbon was initially tried as the backing for the Ca foil since

the difference in the ground-state Q values for the (12(Hes,d)N13 and

Ca48(Hes,d)Sc48 reactions is such as to allow energy levels up to 7.7

49MeV of excitation in Sc to be studied.without interference of the

deuterons from the (12(He3,d) reaction.  However, the natural carbon

backings contained 14 of Cls for which the deuterons from the C13(He3,d)

reaction would interfere with those from the Ca48(Hes,d) reaction.  All

48the carbon-backed Ca48 foils for which the ratio of Cis to Ca was

negligible consistently broke during the cooling period immediately

following the evaporation.  Thus, carbon proved to be unsatisfactory as

a backing material for the Ca foil. Preliminary data taken with a
48

carbon-backed foil as a target showed that the deuteron groups from

levels above 6 MeV of excitation in Sc could not be resolved with the49

detection system, so no real loss of information would result if Mg24

were used as the backing material.  [The Q for the Mg24(Hes, d) reaction

is -3.22 MeV and for the (12(Hes,d) reaction -3.55 MeV.]

01 8 48would have been a troublesome contaminant in the Ca foil

for the same reasons that C 3 was.  Therefore, to minimize the amount of

018 present in the foil and to prevent the deterioration of the foil from
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oxidation, the backing material was mounted in the target frame, the

Ca48 was evaporated onto the backing, and all subsequent storage, trans-

fer, and use of the target occurred with the target maintained in a

vacuum.

The Ca48 was evaporated from a tantalum boat loaded with Ca48C03•

As the temperature of the boat was raised, first the carbonate decamposed

into the oxide, then the oxide was reduced by the tantalum, and finally

the liberated Ca evaporated.  Unfortunately, the reduction and subse-
48

quent evaporation occurs at a temperature only slightly below the

decomposition temperature for the Ta205 which was always present on the

4         48surface of the boat.  During the preparation of the Mg2 -backed Ca

targets, the Ta205 decomposition temperature was exceeded and as a result

- 80 Bg/cm2 of Ta was deposited on the target. Although this introduced

the disadvantage discussed above for the Au-backed Fe54 target, the tar-

get was, nevertheless, suitable for use in studying the Ca48(Hes,d)

reaction.

Except for Ca48, the thinnest target listed in Table I for each

isotope was used to obtain the (Hes,d).reaction data.  For no isotope

studied was the energy spread due to the target thickness the limiting

factor in determining the energy resolution of the system.

The elastic-scattering data were obtained with no loss of quality

by using the thicker targets.  In all cases the elastically-scattered

Hes group was well separated from the inelastic group from the first

52excited state.  No thick target of Ca48 and only one thickness of Cr
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foil was available.  However, the carbon-backed Ca foil proved to be
48

satisfactory.

D.     Beam Monitoring

The Hes beam passing through the target was collected in a Faraday

cup, and the total charge for each experimental run was integrated by

means of a vibrating-reed electrometer current integrator.
18

The beam energy was determined and monitored by means of a

slowing-down technique similar to that described by Northrop and Stokes. 19

Briefly, the technique consists of observing beam particles scattered at

90'    by    a   thick   Au foil mounted   in the Faraday   cup. The scattered parti-

cles are detected in a diffused-junction semiconductor detector,20 and

the amplified pulses displayed by a multichannel analyzer.  One or more

members of an arrangement of uniform, accurately-weighed Al foils may be

inserted between the Au scattering foil and the detector to slow down

the scattered particles until the pulse height equals that due to a

standard alpha-particle source which can be moved in front of the

detector.  The beam energy is then determined by reference to Al range-

energy curves. The system has been checked by comparing results to
21

energy measurements made with nuclear emulsions.  In the present experi-

ment, the error limit in the determination of the mean energy is estimated

to be 1200 keV.  The variation of the beam energy at the center of a tar-

get was less than t50 keV over an entire angular distribution.
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E.     Data Reduction

1.     (He3'd) Reaction Data

Typical pulse-height spectra of the deuterons from the (He3,d)

reaction on Ca48, Vsl, Cr52, Fe54, and Fe56 are shown in Figs. 2-6.

Except for the Fe spectrum, the solid line drawn through the data56

points is the result of a least squares computer routine which fits a

skewed Gaussian distribution with an exponential tail to each peak in

22
the pulse-height spectrum and computes the area under each peak.

56
Except for Fe  , each pulse-height spectrum was so analyzed and the

differential cross section was computed by standard methods.  The Fe
56

target' was a natural iron target intended and satisfactory only for use

in making a background subtraction for the Fe data. Each deuteron54

group has been assigned the number indicated in the figures for ease of

identification in the discussion that follows.

The shapes and widths of the resolved deuteron groups indicate

that, predominantly, each one corresponds to the excitation of a single

level in the residual nucleus. However, evidence will be presented later

(see the discussion in III B) that a few of the well-defined groups

correspond to at least two closely spaced levels.  Groups 18 through 26

for the V51(Hes,d)Cr52 reaction (Fig. 3) represent summation over approxi-

mately 300 keV of unresolved levels. These latter groups were included

because they were free from the interference of deuterons from reactions

on the contaminants   in the target and because the informati on  they  pro-

vided was useful.
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Fig.   2. Pulse-height spectrum  of the deuterons  from.  the
Ca48(Hes,d)Sc reaction. The solid line represents the results of a49

least squares computer routine which fit a skewed Gaussian distribution
with an exponential tail to each resolved peak in the pulse-height
spectrum.  The number indicated in the figure has been assigned to each
deuteron group for ease of identification in the discussion in the text.
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The (Hes,d) reaction on the Fess impurity (see Table I) in the

Fe54 target was a serious source of background.  Therefore, pulse-height

spectra for the (Hes, d) reaction on the Au-backed natural iron target

were obtained.  (Such a spectrum has been labeled as Fess(Hes,d)(057 in

Fig. 6 since natural iron is 91.66% Fese.)  A channel-by-channel sub-

traction of the Fe data traIn the Fe data was satisfactory and was56 54

done prior to the area analysis of the peaks in the Fe54(Hes,d)(055

pulse-height spectrum.  A comparison of the intensity of the Fess(Hes,d)

reaction for the Fe target to the intensity of the same reaction for
54

the natural iron target determined the fraction of the Fe spectrum to
S6

be subtracted from the Fe spectrum.  (In fact, the isotopic composition
54

of the Fe54 targets was obtained from this procedure.)  Natural iron does

contain Fe54, Fe57, and Fess, for which no allowance was made in the

background subtraction.  However, the errors introduced by the presence

of these isotopes in the natural iron target are negligible compared to

the statistical errors of the Fe54(He3,d)CoSS reaction data.

Equally serious complications of the study of the Fe54(Hes,d)

reaction  were the (12(Hes,d)N13   and  016(Hes,d)Fl7   reactions  on  the   carbon

and oxygen contaminants in the target.  The deuteron groups corresponding

to the ground state of N and the ground state and first excited state
13

of Fi7 were the troublesome ones.  Since the kinematic shift in the

deuteron energy as a function of scattering angle is larger for lighter

elements than for heavier elements, the positions of the contaminant

groups relative to the groups from the Fe54(He3,d) reaction were
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different for each scattering angle.  At nearly every scattering angle

one or more of the contaminant groups were not resolved from a group

corresponding to an excited state of CoSS.  For use in such instances,

angular distributions for the deuteron groups from the (Hes,d) reaction

on carbon and oxygen were obtained by using a Mylar film as a target.

The angular distributions were then normalized to the Fe target data
54

by comparisons of the intensity of the contaminant groups at those

scattering angles for which they were resolved to the intensity deter-

mined for them by using the Mylar film.  Thus, satisfactory subtractions

of the contaminant groups were possible when they were not resolved.

The normalization was done to an accuracy of t 10%; however, this

uncertainty in the contaminant group strength was sometimes reflected as a

much larger error in the determination of the strength of weak groups.

2.     Elastic Scattering Data

Pulse-height spectra were also obtained for the elastic scattering

of 22-MeV Hes ions from Ca40, Ca48, V51, Cr52, Fe54, and Fese.  In

general, the number of counts in the elastic peak was easily determined

by a simple summation of the counts in all channels comprising the peak.

The number of counts was increased by 1 to 2% in order to include the

contribution from the low energy tail of the peak.  However, in the case

of Ca48, heavy element contaminants in the target necessitated a correa-

tion to the data for 0 < 3dP. Also, groups elastically scattered
c.m.

fram the carbon and oxygen contaminants began to interfere with the group

from Ca48 at 0 = 240 Between 240 and 150 it was possible to separate
c.m.
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the Ca peak from the contaminant peaks with the aid of the least
48

squares computer routine mentioned in section II E. 1. At still smaller

angles no such separation was possible, and no data for 0 < 150 are
c.m.

included in the angular distribution.

The angular distribution from Ca was corrected for the isotopic
48

impurity of the target material (see Table I) by using the Ca4o data and

making the appropriate subtractions from the Ca data. Similarly, the
48

Fe54 distribution was corrected by using the Fess data.  The amount of

contaminants in the other targets was small enough to be neglected.

3.     Energy Calibration

Energy calibration of the deuteron spectra was accomplished by

comparison with the well-known spectra from the (Hes,d) reaction on the

isotopes Ni58,60,62,64 in a natural nickel target, and on (12 which was

present in all the targets.  From the knowledge of the energies of the

deuterons, the laboratory scattering angle, and the masses of the

particles involved in the reaction, Q values were calculated for each

deuteron group.  Excitation energies based on the ground-state Q values

given in the Nuclear Data Tables23 were calculated for the Cr52, Mn53, and

Coss excited states.  The ground-state Q value reported by Erskine et al. 24

was used to calculate the excitation energies for the Sc48 states.  For

all possible camparisons, the excitation energies obtained in the present

study agreed to within t25 keV with the excitation energies reported by

other investigators.
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II. GENERAL DISCUSSION OF THE RESULTS

A.     Deuteron Angular Distributions

The angular distributions obtained for the deuterons from the

(He3,d) reaction on Ca48, V51, Cr52, and Fe54 are shown in Figs. 7-10.

Each angular distribution is associated with the cross-section scale

adjacent to its forward angle points.  The error bars indicate the

relative cross- section errors; points without error  bars   are in error  by

less   than  the   size  of the symbol  used  to  plot   them. The· number s corre-

spond to the numbers assigned to the deuteron groups in the associated

pulse-height spectra (see Figs. 2-5).

The most distinctive features of the assembled distributions are

the strong forward peaking and the predominance of only two types of

structure.   One type of distribution has a maximum near 20' ,  and the

other has a minimum near 200, but rises rapidly toward smaller angles.

The strong forward peaking of both types of distributions suggests that

the reaction proceeds by the direct-interaction stripping mechanism. 25

The differential cross section for the (Hes,d) reaction on V51 at

a laboratory scattering angle of 150' was found to be three to four

orders of magnitude  less than the differential cross section at  300,

which is typical for the (Hes,d) reaction on all the isotopes that were

studied. This large asymmetry about 90' indicates that the reaction

does not proceed significantly by compound-nucleus formation and rein-

forces the argument that stripping must be the dominant reaction mechanism.
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Similar asymmetries have been observed in a concurrent study of the

(Hes,d) reaction on the nickel isotopes. Because the (He3,d) reaction
26

does proceed by the stripping mechanism, the shape of the angular distri-

bution can be used to determine the orbital angular momentum of the

captured proton.
25

Since all the nuclei that were studied contained 28 neutrons, on

the basis of the j-j coupling version of the nuclear shell model the

neutrons completely fill all the neutron SP states up to and including

the lf7/2 SP state, thus forming a closed-shell structure characterized

by zero angular momentum. Therefore, the angular momenta of the states
27

of the residual nuclei excited by the (Hes,d) reaction are determined by

the proton structure of these nuclei. Since all the nuclei studied con-

tained between 20 and 28 protons, the ground states of the residual

nuclei are formed by adding lf    (1   3) protons to the target nuclei.
7/2   =

The angular distributions for all the ground-state groups exhibit a

maximum near 20' ; therefore,  this type of distribution must correspond

to an orbital angular momentum of £ =3 for the captured proton.  The

lower excited states are expected to be formed by populating the 2p312'

2Pl/2' and lf5/2 SP
states. Residual interactions result in a frag-

27

mentation of the SP strengths so one expects to observe more than one

level corresponding to each of these SP states.  Thus, for Sc48, Mn53,

55and  Co , those excited- state groups which  are also characterized  by  an

1   =   3   distribution  must be components   of the lf5/2 SP state. The other

groups are then the components of the p states and their angular distri-

butions must be characteristic of £ =1 for the captured proton.
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A  few  of the angular distributions  [ e. g., group  8  for  the

Ca48(Hes,d)Sc49 reaction] appear to be characteristic of neither an

8=1 nor an £ =3 orbital angular momentum transfer.  However, they

were quite easily shown to be sums of £ =1 and 2=3 angular distribu-

tions, indicating that at least two closely spaced levels had not been

resolved.  The strength of each component was determined by employing

two computer routines.  The first routine calculated polynomial fits to

those experimentally determined 1=1 and £ =3 angular distributions

which were chosen as standards.  The second routine used the polynomials

to compute a least squares fit to the camposite angular distribution.

The results of two such analyses are shown in Fig. 11.  The standard

deviation of the computed strengths of the components varied between

f 10% and i 15%.  The values for the strengths were not very sensitive

to the choice of standards and agreed to within the standard deviations

of the calculations for all choices of the standards.

B.     Distorted-Wave Calculations

The extraction of information about nuclear structure from the

stripping-reaction data by a discussion such as that given in the pre-

ceding section is somewhat unsatisfactory since only plausibility

arguments based on the assumption of a specific model of the nucleus

were used to establish £-transfer values. The verification of these 1

values and the extraction of more detailed spectroscopic information

are necessarily based on comparisons of the data to reliable theoretical

calculations of the stripping-reaction cross sections.  The calculation
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used in the present study was a modified version of the Gibbs-Tobocman

DW calculations for stripping reactions.  The mathematical details of

this calculation are discussed in the literature and will not be repeated

here.  However, an outline of the theoretical foundations of the calcu-

lation is pertinent.

Although the discussion of stripping reactions that follows is

in terms of the (Hes,d) stripping reaction, only a change in notation

would be necessary to apply it to other one-particle stripping reactions.

The (Hes,d) stripping reaction is described as follows:  An

incident Hes ion approaches a target nucleus I and, while it is in the

vicinity of I, loses a proton p t o I forming a residual nucleus R=I+p.

The deuteron remnant of the Hes nucleus then proceeds out from the

residual nucleus.  Early calculations neglected the interactions of the

deuteron and Hes ion with R and I, respectively.  The DW calculation

derives its name from the fact that it includes these interactions.

The matrix element for this process is given by

M                 -   dI  '1'*fvdp'1'i                                                                                                                                    (1)fi  =J 0

where *f is the final-state wave function for the system, Wi is the

initial-state wave function, and V is the potential which describes thedp

interaction of the deuteron and proton in the Hes nucleus.  The cross

section is proportional to the square of the absolute value of Mfi'

In a DW calculation of M   the *f and *i are written as the pro-fi

duct of two wave functions:

-
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*i = 9 C r      -   r  1  y       0  Cr      o   -    r  1                                                                                  (2)Hes k--d   -py "He- t-He-   AIy

*f = tp (.5 - SID X« ed - I©                                               (3)

where 9He3 is the wave function which describes the relative motion of

the proton and deuteron in the Hes nucleus, X  - is the optical-model
Hew

wave function of the Hes nucleus in the entrance channel, g  is the

bound-state wave function of the captured proton, and xa is the optical-

model wave function of the deuteron in the exit channel.

Measuring all coordinates relative to I and substituting (2) and

(3) into (1) gives

r-
M =/

['Ep 'Ed '; (15) 4  r, - 2 -r,)'„ (Ed - 40fi  J 0

r.1

X   *Hes   C r       -    r  1   v        .a   /Id   -   -P,        . (4)(Td   -51 -He- \    2

Most DW calculations, including the present one, simplify the

evaluation of this overlap integral by assuming a zero range for the

interaction of the proton and deuteron; that is,

V       V   6/ r   -r) .(5)
dp =  0 (7d  -p 

With this assumption, (4) becomes

r°°
Mfi - Vo *Hes (O) j    dE gip(I)Xd (  rh x  3(r)  ,                 (6)

o          C  -/He -

where the subscript on I has been dropped since only one radius parameter

remains in the calculation of the matrix element.  The quantity Vo 9Hes (0)
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is expressed in the present calculation in terms of the parameters of

the Hulth&n wave function, which is assumed for p and the bindingHes,

energy of the proton and deuteron in the Hes nucleus.

Finally, the proton is assumed to be captured into a state of

the residual nucleus having a well-defined orbital angular momentum.

The calculation used in the present study employed a harmonic

oscillator function for the bound-state wave function, tp.  The wave

functions X es and Xd were calculated considering both the nuclear and

Coulomb interactions of the Hes ion with the initial nucleus and the

deuteron with the residual nucleus.  Complex potential wells (optical

model) were used to describe the nuclear interactions.  The parameters

for the potential wells were obtained from optical-model fits to elastic-

scattering data and are discussed in detail in section III C.

Recently a DW calculation which employed a finite range for the

n-p interaction in the deuteron, corresponding to a finite range for Vdp

in the present study, has been used to calculate cross sections for the

28
(d,p) stripping reaction. The predictions of the calculation corre-

sponded more closely to experimental results than those of a zero-range

calculation.  However, it was found that a zero-range calculation, in

which the integration aver the interior of the nucleus is deleted, can

simulate the predi ctions   of the finite-range calculation. The effect   of

a finite range of interaction is to severely attenuate the contribution

to the stripping process from the interior of the nucleus. Therefore,
28

an extensive search was made to determine a suitable value for the cutoff
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radius in the calculation of the (Hes,d) stripping cross sections in the

present study.  The calculations employing a lower limit in (6) of 4.2

fermis, which give the best prediction of the structure of the experimen-

tally obtained angular distributions, were used in the present study.

The comparisons of the predictions of the DW calculation to typical

experimental angular distributions are shown in Figs. 12-15.  The £ =3

predictions were arbitrarily normalized to the data at the maximum near

200  and £ =1 calculations at the maximum near 25' . One immediately

notes that the structures of the distributions are predicted well for

1=1 and £ =3 orbital angular momentum transfers, thus confirming the

assignments in section III A.   The fits could probably have been improved

in detail by varying the optical model parameters.  However, such a

variation of parameters is most often arbitrary and would have introduced

uncertainties in the use of the calculation to extract spectroscopic

informaticn from the data.

DW calculations do not predict the correct magnitudes of the cross

sections for stripping reactions involving incident particles more complex

than the deuteron. The present calculation underestimated them by a

factor of the order of 20.' However, the utility of DW calculations is

based on the correct prediction of the structure of the angular distri-

butions and the Q-value dependence of the magnitudes of the cross sections.

The success of DW calculations in the interpretation of a large amount of

experimental data is justification of these essential features of the

calculation.
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the angular distributions for group 5 (Q = 1.910 MeV) and group 10

(Q = 0.35 MeV) of Fig. 8.
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Yntema and Satchler28 have reported a dependence of the cross

sections on the spin-orbit coupling of the captured proton, which is not

normally included in a DW calculation.  Fulmer and McCarthy have found

it necessary to assume different normalization factors for different.£

values. Both of these considerations were used to modify the predic-
30

tions of the calculation used in the present study.

C.     Optical-Model Parameters

Fortunately, during the progress of the present study a compre-

hensive optical-model analysis of deuteron elastic-scattering data was

reported by Perey and Perey. 4  The results of this analysis were quite

easily extrapolated to furnish the optical-model parameters required for

the DW calculations.  However, relatively little experimental or theoret-

ical information concerning the elastic scattering of Hes ions from

nuclei exists in the literature. Thus, a study of the elastic scattering

of 22-MeV Hes ions from Ca48, V51, Cr52, and Fe54 was initiated.

The experimental results are presented in Table II.  The relative

cross-section errors include the estimated uncertainties in target thick-

ness as seen by the Hes beam, as well as the statistical errors.  The

data obtained for Ca and Fe were included since they were used to40 56

make the contaminant subtractions discussed in section II E.

The computer program used for the optical-model analysis of the

data was furnished by Oak Ridge National Laboratory and has been reported

in the literature by Perey.31  The form of the potential that was used

in the analysis of the Hes data was



TABLE II

Tabulation of the magnitudes and relative errors of the differential cross sections for 22-MeV Hes ions elastically scattered from Ca40, Ca48, Vsl, Cr52, Fe54, and Fese

Ca40(Hes,He3)Ca40 Ca48(Hes,He3)Ca48 vsl(He3'Hes)V51 Cr52(Hes,He3)Cr52 Fes4(He3,Hes)Fe54 Fese(He3.He3)Fese

Rel. Rel. Rel. Rel. Rel. Rel.

e a(9) error 0 C(0) error    9 0(6) error 0 C(e) error 8 (Ce) error 0 C(e) error
c.m. c.m. c.m. c.m. c.m. c.m.

(deg) (mb/sr) (4) (deg) (mb/sr) ·(%) (deg) (mb/sr)    (4) (deg) (mb/sr)    (4) (deg) (mb/sr) (4) (deg) (mb/sr)    (4)

13.77 2.88x104 E4 13.75 3.02)(104 *4 13.70 3.82x104 *4

16.12 1.16x104 &4 15.94 1.1 x1O4 :15 15.88 1.57 16.92 1.34 15.83 2.19x104 f4 15.80   2.08

19.34 4.27x103 19.12 3.94xloa 19.05 6.40x103 19.03 7.62x10 18.99 9.57xlos 18.96 9.49xlos

22.56 1.72 22.30 1.45 22.22 2.76 22.20 3.18 22.15 4.25 22.11 4.17

25.77 8.73x102 25.47 8.66x102 25.39 1.43 25.36 1.52 25.31 2.14 25.26 2.16

28.97 5.48 28.64 5.30 28.55 8.59)(102 28.52 9.34x102 28.46 1.21 28.41 1.23

32.17 3.52 31.81 3.01 31.70 5.05 31.67 5.53 31.61 7.42x102 31.55 7.54x102

35.37 1.84 34.97 1.70 34.86 2.97 34.82 3.16 34.75 4.23 34.69 4.17

38.55 9.88x101 38.13 8.69x1O1 38.00 1.63 37.96 1.70 37.89 2.32 37.82 2.54

41.73 6.28 41.28 6.20 41.14 1.04 41.10 1.04 41.02 1.42 40.95 1.53

44.91 4.54 44.42 4.33 44.28 7.13x101 44.24 7.30x101 44.15 9.83x101 44.08 1.04

48.07 3.33 47.56 3.01 47.41 5.22 47.36 5.16 47.27 7.05 47.19 7.24x1O1

51.23 1.99 50.69 1.68 50.53 3.46 50.48 3.78 50.39 4.56 50.31 4.77

54.38 1.02 53.81 1.10 53.64 2.27 53.60 2.31 53.50 3.08 53.41 3.23

57.51 5.91>(100 56.93 8.93x100 56.76 1.60 56.70 1.68 56.60 2.26 56.51 2.26

60.64 5.25 60.04 8.35 59.86 1.24 ·59.80 1.26 59.70 1.66 59.60 1.71

63.76 6.19 63.14 6.58 62.95 1.00 62.89 9.79x100 62.79 1.24 62.69 1.34
0'

66.87 5.63 66.23 4.45 66.04 7.47>(100 65.98 7.43 65.87 8.86x100 65.76 1.01                                   w

69.97 4.67 69.31 2.49 69.11 5.03 69.05 4.96 68.94' 6.06 68.83 6.94x100

73.06 2.82 72.38 1.33 : 7 72.18 3.17 72.12 3.33 72.00 3.97 71.90 4.67

76.13 1.29 75.44 9.25x10-1 75.24 2.07 75.18 2.33 75.06 3.25 74.95 3.42

79.20 4.93x10-1 78.50 9.16 78.29 1.78 78.23 1.87 78.11 2.56 78.00 2.75

82.25 2.80 81.54 1.09x100 81.33 1.62 81.27 1.57 81.15 2.14 81.03   2.34

85.29 4.18 84.58 1.10 84.37 1.39 84.30 1.29 34.18 1.79 84.06 1.97

88.32 5.76 87.60 8.26x10-1 87.39 1.21 87.32 1.13 87.20 1.43 87.09 1.59

91.34   6.34 - 90.62 5.46 90.40 9.34x10-1 90.34 8.08x10-1 90.21 9.98x10-1 90.10 1.22

94.35 6.02 93.41 6.36 15 93.34 5.57 93.22 8.09
' 93.10 8.72x10-1

97.34 4.53 96.40 4.33 96.34 4.23 96.21 6.04 96.10 6.56

100.32 3.19 99.39 3.07 99.32 3.37 99.20 5.28 &6 99.09 5.14

103.29 1.93 102.36 2.57 102.30 2.70 102.18 4.58 102.06 4.36

106.25 1.16 105.33 2.26 105.27 2.33 105.15 3.85 105.03 3.73

109.20 7.82x10-2 111.24 2.33 &7 108.23 2.11 &5 108.11 3.09 108.00 3.21

112.13 7.43 114.18 1.93 111.18 1.88 111.06 2.51 110.95 2.79

115.06 7.37 117.11 1.68. 114.12 1.57 114.00 2.04 113.90 2.41 &6

117.97 7.09 85                                            - 120.04 1.17 117.05 1.44 116.94 1.81 116.83 2.00

120.87 6.33 119.98 1.10 119.87 1.52 119.76 1.51

123.76 6.02 122.89 8.79x10-2 122.79 1.47 122.69 1.31

126.64 5.03 125.80 6.8 &7 125.70 1.21 125.60 1.15

129.51 5.39 128.70 6.77 128.60 9.82x10-2 128.51 1.00

132.37 5.58 131.60 5.34 131.50 8.04 131.41 8.32x10-2

135.23 4.86 134.48 5.27 134.39 6.76 134.30 7.27

138.07 4.41 137.36 4.57 137.19 6.89

140.90 3.71 140.07 5.93
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, - -,o f G,r.R··0 - 1 W f (r,ro,··0, 'c Go.)  i          (7)

where V  specifies the depth of the potential well used to describe the

target nucleus, W simulates the absorption of the Hes ions by the target

nucleus, and

-

A - r,At j

\--1

f(r, ro,a) = _1 + exp    a (8)

is the Woods-Saxon form fact6r for the potential well.  The subscripts

R and I in (7) index, respectively, the potential parameters for the real

and imaginary parts of the potential.  Vc is the Coulomb potential for a

point-charge He3 ion and a uniformly-charged spherical target nucleus:

1 C *f  A . t) , for r S R·

,.1 R. \ R 2 
C'

9 122 , for r>R.                          (9)

C 1

r c

k
R  = r AS. Z is the atomic number of the target nucleus, e is the
C   OC  '

electronic charge, and A is the mass number of the target nucleus.

The program executed an automatic search for those values of the

parameters which minimized the quantity

F7    F   (da/drl)th  -   (da/dfl) exp 1 (10)2-J,
x-*L 8(da/dO) exp Ji

where the subscripts th and exp are abbreviations of theoretical and

experimental, respectively, and 8(do/dO) is the relative cross-section
exp

error.
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The comparisons of the calculated distributions to 
the data are

shown in Fig. 16, and the associated potential param
eters are listed in

Table III.  Previous analysis of the same data by R
. H. Bassels had

established preliminary values for the parameters; 
the values in the

tables are not markedly different from those he had
 obtained.

TABLE III

Optical-model parameters obtained for Hes ions elastically

scattered from the listed nuclei.  These parameters 
were

used in the DW calculations.

Isotope Vo rOR        aR         W        .rOI
a
I

(MeV) (fermis) (fermis) (MeV) (fermis) (fermis)

Ca40 100.5 1.076 0.822 7.57 1.945 0.704

Ca48 100.2 1.061 0.830 9.15 1.856 0.705

v51 99.6 1.069 0.795 10.8 1.775 0.711

Cr52 98.8 1.069 0.814 13.5 1.705 0.726

Fe54 96.8 1.069 0.873 16.5 1.705 0.726

Fe56 95.6 1.069 0.821 13.6 1.705 0.736

Except for Cr52, all the angular distributions are 
normalized to

the calculated angular distributions in the forward
-angle region.  The

magnitudes and shapes of the calculated distribution
s in this region were

not sensitive to the values of the potential paramet
ers so the observed

differences of the magnitudes of the theoretical an
d experimental values

were assumed to indicate errors in the absolute mag
nitudes of the
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Fig. 16.  Comparisons of the optical-model predictions to the Hes

elastic-scattering data.  The optical-model parameters obtained from the
calculations are listed in Table III.
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experimental cross sections.  The errors did not exceed the estimated

uncertainties of the target areal densities (see section II C) except

for VS.1 which  was  in  error  by  204.      The  thick V51 target  was  the  poorest

quality target used in the study and the uncertainty in its areal den-

sity could easily have been underestimated.  The cross sections listed

in Table II and the cross sections for the (He3,d) reactions are the

normalized cross sections.

The fits to the data are quite good except for the back-angle

data for·Ca40.  No parameters were found for the potentials employed in

the present calculation which would fit this data.  R. H. Bassel has

included a spin-orbit potential in his calculations in an attempt to fit

the data and has found the fit is actually poorer. 32  This inability to

40                                       40
fit the data for Ca could be explained by the fact that Ca is a

doubly-magic nucleus which implies a lower density of states in the com-

pound system; thus, the optical-model assumption that only the average

31
characteristics of the nucleus are important is less valid. Similar

anomalies have been observed for optical-model analyses of the elastic

scattering of particles'from light nuclei which are also characterized

by a low density of states in the compound system.

The DW program could be instructed to calculate the elastic-

scattering cross sections for the particles in the entrance and exit

channels by using the optical-model wave functions that it 
determined

for each of these particles.  These cross sections should be ex
actly

the same as those determined by the optical-model analysis of the
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elastic-scattering data, except that the DW calculation employed form

factors for the complex potential wells which were approximations to

the Woods-Saxon form factor and a different charge radius.  The com-

parisons of the elastic-scattering cross sections predicted by the DW

calculation to the data are shown in Fig. 17.  The comparable quality

of these fits to those obtained from the optical-model analysis of the

data (see Fig. 16) is verification of the equivalence of the approximation.

The Perey and Perey optical-model analysis4 of deuteron elastic-

scattering data used surface absorption instead of the volume absorption

that proved satisfactory for the description of He3 elastic scattering.

The complex potential they used differed from the one in (7) by only the

form factor for W which in their case was

g  r, rop, ap.> = -4.I (d/dr) 1 f (r, roI, a'.>] ,                 (11)

where the symbols have the same meaning as before.  Set B of their

parameters was chosen arbitrarily for use in the present study, and for

convenience is listed below:

r =r = 1.15 fermis,oR OC

a   = 0.81 fermis,

r   = 1.34 fermis,oI

a   = 0.68 fermis,I

V       =   81  +   2   Z/A   -   0.22E,0

W   = 14.24 + 0.24E.

The formulas for V and W are given in the text of the article.  The value
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butions calculated by the DW calculation to the data for the elastic
scattering of Hes ions from Ca48, Vsl, Cr52, and Fe54.  The quality of

the fits displayed in this figure are to be compared to the optical-
model fits displayed in Fig. 16.
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of 14.24 used in the calculation of W was determined by using the value

for W given in Appendix III of the article for 21.5-MeV deuterons

elastically scattered from T148.  E is the deuteron energy.

D.     Spectroscopic Factors

Although the Z values for the captured protons are unambiguously

determined by comparisons of the predictions of the DW calculation to

the experimental data, the partial angular distributions obtained for

the present study cannot be used to determine their total angular

momentum, j.  Thus, a proton captured with an orbital angular momentum

of & may be associated with either the SP state having j= £ +   o r the

one having j= 1-  .  The fact that the SP state with the largest j

lies lowest in excitation can be very useful in making the proper

associations; but when there is a multiplicity of levels associated

with each SP state, additional criteria are needed.  Studies of neutron

SP states indicate that there is a grouping of the levels associated

with each SP state and the half-width of the distribution of the levels

is approximately one-third of the excitation energy for the centroid of

the levels. Such groups are not always apparent from a qualitative
33

examination of the data, especially for p states which have a small

spin-orbit splitting.  However, the combination of these criteria with

the quantitative methods developed by Macfarlane and Frenchl provides

a reasonable, but not infallible, method of assigning the levels.

Many applications of the formalism are discussed in Ref. 1 and

all assume that the predictions of the plane-wave Born-approximation
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(PWBA) calculation-of the stripping-reaction cross sections are valid.

The application of the formalism using the predictions of a DW calcula-

tion is an obvious modification of the methods of Ref. 1.

The measured differential cross section is related to the DW

cross section by

Ach    =N   f     [C G i m.T   T   -T  1 1  Sc(L,Q,0),  (12)
2J + 1 . -\ 72

Cm) 2J + 1 0,2,Lf, oz, fz    ozj J
/exp      o

where   o   and f index the ground state   of the target nucleus   and   the   fi nal

state of the residual nucleus, respectively, N is the normalization

factor, C the isobaric-spin Clebsch-Gordan coupling coefficient, S the

spectroscopic (nuclear overlap) factor, and c the DW-calculation pre-

diction of the cross section.  The total angular momentum and isobaric

spin are denoted by J and T, respectively.

The isobaric-spin Clebsch-Gordan doefficient was included in Eq.

(12) since a proton added to a neutron-rich nucleus in an orbit empty

of neutrons forms one of two final states which differ in their isobaric

spin. 6,7  The (2 factors simply determine the way in which the total

cross section divides between the states of different T. The normali-

zation factor N was included since the DW calculation does not predict

the correct magnitude for the cross section.  (See section II B.)

The spectroscopic factor S is the quantity of interest because it

contains the information concerning the structure of the target and

residual nuclei.  It is a measure of the overlap of the ground-state
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wave function of the target nucleus and the final-state wave function of

the residual nucleus. The theoretical value for S depends on the par-

ticular model of nuclear structure that is assumed in its calculation,

since different nuclear models imply that different basic sets of wave

functions provide an adequate description of nuclear states.  Comparisons

of the theoretical and experimental values are useful in establishing the

validity of any nuclear model; or conversely, assuming the validity of

the model, such comparisons form the basis for interpreting experimental

results.

The method of evaluating the overlap integrals is considered in

Ref. 1, and will not be developed here in detail.  Basically, the pro-

blem is to construct antisymmetrized wave functions for the initial and

final states from a set of basic wave functions. The final- state  wave

function is expressed as a vector coupling of the wave function of the

initial state and the wave function of the captured nucleon.  After the

wave functions are determined, the evaluation of the overlap integral is

straightforward.  The expressions that have been developed for the

spectroscopic factors in Ref. 1 were used to predict the strengths used

.for the interpretation of the experimental results.  For the purposes of

the present study, C2S is defined as the strength of the transition to a

level of the residual nucleus.  The EC2S, where the sum includes the

strengths for all levels associated with a given SP state, was taken to

be the strength of the SP state.  This definition of strength differs

from the conventional one by the omission in the present case of the
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statistical factor (2Jf
+ 1)/(2Jo + 1).

The interpretation of the data

in terms of these strengths has the advantage of indicating the splitting

of the total SP strength between  the two isobaric- spin states  that  are

formed when protons inequivalent (different n, 8, or j) to all 
nucleons

in the target nucleus are added to the target nucleus.

Two categories of expressions for the strengths were used.  One

type was more easily applied to the prediction of strengt
hs for the

states formed from the target nucleus by adding a proton which was

equivalent (same n, B, j) to some of the nucleons in the 
target nucleus.

The other type was most useful for predicting the strengths 
for states

formed by adding an inequivalent proton.  Both categories
 were based on

the j-j coupling version of the nuclear shell model.

For equivalent protons the strength is determined by the overlap

of the initial state x J T  with the final state xfJfTf and,.for the0 0 0

case for which the corresponding neutron shell is filled, is given by

312    
 c ( To,*,To - *;Toz'-*i   S tn, xfjfT0 - *; n - 1,xojoTo ) =

n <jn :  xfjf   jn-1 :  xojo>2 , (13)

where xf and x  represent those quantum numbers other
 than angular

momentum quantum numbers which may be needed to specify the state,

n is the number of equivalent protons in the j s
hell, and < > is the

coefficient of fractional parentage that connects
 the initial and final

states.ss, 36  The tables of the coefficients of frac
tional parentage

published by Flowers and Edmonds for the j-j representat
ion were used
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37 38
in the present study. No isobaric-spin 4uantum numbers appear on

the    right    side   of   Eq. (1 3) since   only   the   Tf   =          To   -   *       = T state    i s
fz

allowed by the exclusion principle for the coupling of equivalent protons

if the corresponding neutron shell is filled. ' The (2 coefficient and the

isobaric spin could be omitted from the left-hand side of Eq. (13) in

this case, but could not be omitted from the expressions to be given

later that are relevant for the transfer of an inequivalent proton.  To

avoid confusion, S has been consistently expressed in the isobaric-spin

formAlism in this paper.

The sum rules for spectroscopic factors that were developed by

Macfarlane and French from the weak-coupling formalism of Lane, Thomas,

and Wignerse are more appropriate for the transfer of an inequivalent

proton.  The weak-coupling formalism predicts a multiplicity of levels

associated with each SP state in agreement with experimental observations.

The multiplicity of levels is predicted by considering the coupling of

the added nucleon not only to the ground state, but also to the low

excited states of the parent nucleus.  The possibility that other final

states with the same spin and parity as the SP state exist is greatly

enhanced. If one or more such levels are very close in excitation to

the SP state, final-state interactions will then mix the configurations

resulting in a fragmentation of the SP strength.  This formalism modifies,

but does not invalidate, the conclusions based on the j-j coupling model;

i.e., the SP description of nuclear structure is still meaningful.

The sum rule that results from this formalism is E Si = 1, where
i

the sum extends over only those components of the SP state that are
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characterized by unique values of Tf and Jf Since the sum does not

extend over different Tf values, the expression for the strength is

obtained from this relation by multiplying both sides by (2 which gives

EC S   =C 
J =J      '                                           (14)i       f

Tf=T

where the isobaric-spin dependence of C and S and the xJ dependence of

S i s understood to be the same as for Eq. (13).  Since T- =T  i *i n ther    o

present study and since (2 is a function of Tf' there were two values

for the strength for each J:  value.  For all the nuclei that were studied,

T  = (*)(N - Z), where N and Z are the number of neutrons and protons,0

respectively, in the target nucleus.

The relation in (14) is directly applicable for the (Hes,d)

reaction on even-even target nuclei    for   which   J     =    0   and    thus   Jf   =    j.

However, an inequivalent proton added to an odd-even target nucleus

in a j SP state has available final states with a range of J values

given  by     Jo  -  j    5  Jf  S  Jo  +  j.     It  was not possible to determine

Jf  for the states formed  by  the (He3'd) reaction  on Vs.1,  the  only

odd-even target nucleus used in the present study.  Therefore, the

relation in Eq. (14) was not useful for this reaction since Eq. (14)

assumes the knowledge of Jf.  If one multipl:Les Eq. (14) by (2Jf + 1)/
(2J  + 1) and further sums the resulting expression over all possible

values   for  J  ' the following expression results:

Sr 24  +   1   c    s      =   (2j   +   1) C2 . (15)L ZJ   +  1o f
3 f,i
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The left-hand side of Eq. (15) is just the sum of all the values of

(dc/dO) /a(£,Q, 0) [see Eq. (12)1 corresponding to the capture of an
exp

inequivalent proton with angular momentum j.

The sum rules [Eqs. (13), (14), and (15)] formed the basis for

interpreting the data.  The experimental values for the sums were deter-

mined from Eq. (12) by using the predictions of the DW calculation and

making tentative assignments of the levels to the various SP states.

Reassignments were made when necessary if it was reasonable to do so.

For each isotope, the predicted values of c(£,Q,0) were determined

at 1-MeV intervals for an appropriate range of Q values.  The values for

c at a center-of-mass scattering angle of approximately 20' for £ = 3

angular momentum transfers and at approximately 25' for £ =1 transfers

were used to establish the Q dependence of the predicted cross sections.

A typical Q-dependence plot is shown in Fig. 18.  The curve drawn through

the predicted points was visually determined to be the best representa-

tion of the Q dependence.  All subsequent comparisons of the theoretical

predictions  to  the data employed cross- section values  read  from  this

graph for Cr or from similar ones for the other isotopes.  The dis-
52

cussion of the normalization factors that were required for the predic-

tions of the DW calculation (see section II B) are included in the next

section.
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Fig. 18.  Q dependence of the cross sections predicted by the DW

calculation for the Cr52(Hes,d)Mn53 reaction.
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III.  DISCUSSION OF SPECIFIC REACTIONS

A.     Ca48(He3,d)Sc48 Reaction

The nucleus Sc49 has one proton more than the nucleus Ca48, whose

ground-state configuration has been known for some time to be doubly

magic.  Very little has been known about the level structure of Sc49,

however.      From the study  of  the B decay  of Ca48, low-lying Sc48 levels

were observed at 3.1, 4.1, and 4.7 MeV of excitation, and it was suggested

at that time that the ground state and the first two of these excited

states might be interpreted rather simply as the lf7/2, 2p3/2, and lf5/2

SP states, respectively. More recently, however, the results of an40,41

experiment on the radiative capture of protons in Ca48, in which several
42new Sc49 levels were observed, has been reported. Two of these levels

appear at 2.22 and 2.34 MeV, and it was suggested that the 2.34-MeV

level was probably the 2p SP state. The results of the present
42

3/2

study are consistent with the lf7 2 SP assignment to the ground state,

but show that the 2p3/2, lf5 2' and 2Pl/2 SP states are split over

several energy levels and that no significant component of these states

appears below 3 MeV of excitation.

Only those levels corresponding to the lower T value (Tf =T   =fz

7/2, (2 = 0.89) camponents of the SP state were observed for the

Ca48(He3,d) reaction.  The 24 = 9/2, T  = 7/2 components are the
1                   fz

isobaric analogs of the levels formed by adding a neutron to Ca48 and

are of considerable interest.  However, the lowest of these levels is
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expected to occur at - 12 MeV of excitation, a region of excitation

that was obscured by reactions on the Ca 8 target backing material and

contaminants in the target.  Moreover, since only 1/9 of the (Hes,d)

strength for an SP state is contained in the Tf = 9/2 component, the

weak isobaric state would undoubtedly have been obscured by the large

number of Tf = 7/2 components of other SP states that one would expect

at 12 MeV of excitation.  For convenience in the following discussion,

" single-particle state"   is  to be understood  to  mean  the  Tf  =  T       =   7/2fz

component of a SP state.

Since the Ca48(Hes,d) reaction does not appreciably excite any

other state up to 3.10 MeV, the ground state must be a nearly pure lf7/2

SP state.  From Eq. (13) one has C2S = 1 for this transition; thus, the

normalization factor N i n Eq. (12) was established.  All other £ =3

transitions have been assigned as lf Table IV lists these groups,
5 2'

their excitation energies, and their strengths based on this normalization.

The sum of the lf5 2 strengths, E C2S = 1.04, compares favorably with

the predicted strength of 0.89.  In obtaining these experimental strengths,

account has been taken of recent work which indicates that the cross

section should depend upon the value of A.s o f the captured proton; a

dependence of +22% and -22% for j = 7/2 and 5/2, respectively, was used. 29

Table IV shows that the lf5/2 strength is distributed over many levels.

Table IV also shows that there are significant £ =1 transitions

to many levels of Sc48.  Because one cannot distinguish P3/2 from Pl/2

on the basis of the £ =1 angular distributions obtained for the present
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TABLE IV

-         Results from present study of the Ca48(Hes, d)Sc48 reaction

Single- Excitation
particle Group energy (2S EC2S ECTS

state number (MeV) (experimental)  (experimental)  (predicted)
......

lf7/2      1       g. s. 1.00 1.00 1.00

3 3.86 0.14

4 4.11 0.20

5 4.34 0.081f 1.04 0.89
5/2      7 4.76 0.13

8 5.09 0.34

9 5.39 0.15

2 3.10 0.61

2P3/2      6 4.51 0.28
0.89 0.89

7 4.76 0.02

8 5.09 0.07

10 5.69 0.24

a 11 5.83 0.07

ZP /2      b 5.9 0.03
0.67 0.89

b 6.3 0.05

b 6.6 0.09

b 6.9 0.10

aSome of the groups assigned to this state may actually be 2P3/2
transitions.

b
This group represents a summation over approximately 300 keV of

unresolved states.  The major component of its angular distribution
appears to be £ = 1.
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study, and since the splitting of the 2P3 2 and 2Pl/2
SP states is

expected to be only 2 MeV or so,43 the assignment of each of these

groups is less certain.  The application of the sum rule Eq. (14) indi-

cates that the 2p3 2 SP strength must be split between at least two

levels.  If one assumes that most of the important 2p3 2 and 2Pl/2

transitions have been observed, then, guided by the sum rule, the

criteria of paragraph one in section II D and the concurrent studies of

the states of Cr52, Mn53, and COSs, one obtains the assignments shown

in Table IV.  The normalization factor required is 70% of that used for

the £ =3 transitions,a and the 1.f cross-section dependence has been

taken as +10% and -10% for j = 3/2 and j = 1/2, respectively.  If the

assumption is incorrect, and substantial amounts of the 2p strength
1/2

actually lie above 7 MeV, some of the groups now assigned to the 2Pl/2

state in Table IV must be reassigned to the 2P3/2 state.

A very weak group was observed at 2.28 MeV.  The angular distri-

bution for this group is shown in Fig. 19 and as can be seen from the

figure resembles the prediction of the DW calculation for an £ =2

transfer.  This indicates, perhaps, a very small admixture of the

(ld   1-2 configuration in the Ca48 ground state. This group was poorly
3/2'

defined statistically but, nevertheless, appeared to be composed of at

least two levels.  Since the excitation energy for this group equals the

mean energy of the levels at 2.22 and 2.34 MeV reported by Dubois and

 Separate normalizations for different £ values have been found
necessary in other applications of DW calculations when rather precise
determinations of transition strengths are sought.  See e.g., Ref. 30.
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Fig. 19.  Comparison of the prediction of the DW calculation for
an £ =2 transfer to the angular distribution for the deuterons from the
2.28-MeV level of Sc48.
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Maripuu,42 it is interesting to conjecture that the £ =2 group does

indeed correspond to these levels.  Such a correspondence would not con-

flict with their spin assignment of 3/2 to the 2.34-MeV level and 3/2

or 5/2 to the 2.22-MeV level.

The assignment of the levels to the lf and lf SP states is
7/2      5/2

unambiguous since the spin-orbit splitting is large.  The assignments to

the ZP3/2 and 2Pl/2 states are less certain and must be considered as being

tentative.  The assignment of the 3.1-MeV level to the 2p3/2 SP state

and the 4.1-MeV level   to  the   lf5/2 SP state confirms the assignments   of

these levels  from the results  of the beta-decay studies, 40,41   but  with

the modification that these levels represent only a portion of the total

SP strength of their respective SP state.

B.     V51(Hes,d)Cr52 Reaction

The nucleus Cr52 has four protons outside closed shells of 20

protons and 28 neutrons.  The low excited states are expected to be

simply described in terms of the various (f7 2)4 configurations.  From

such configurations one would expect to observe the following states:

a O+ ground state with seniority v=0 (no unpaired protons), 2+, 4+, and

6+ excited states with v=2(2 unpaired protons), and 2+, 4+, 5+, and

8+ excited states with v=4(4 unpaired protons).  These levels have

been studied extensively both theoretically44,45 and experimentally.46,47,48

Cr52(n, n'Y) reaction studies46 and studies47 of the y decay fol
lowing

the beta decay of Mn 2 have been used to assign spins and parities

of 2+, 4+, 4+, and 6+ to the leveld at 1.434, 2.370, 2.766,

3-8.'..
ft'.'.Er
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and 3.112 MeV, respectively.  The results of the present study confirm

these assignments and indicate that there is a considerable amount of

seniority mixing for the 4+ states.  The multiplicity of levels associ-

ated with each SP state is larger for Cr52 than Sc48 because there is

an additional J splitting of the SP strength.  Also, the 2p     2p
3 2' 1/2'

and lf SP states lie higher in excitation where the states of other
5 2

configurations but with the spins and parities of these SP states are more

numerous.  Final-state interactions mix the SP configuration with the

other configurations, resulting in a fragmentation of the SP strength.

No positive assignment of the £ =1 groups to the 2p3 2 and 2Pl/2 SP

states was possible.  The components of the lf5 2 SP state are above

6.5 MeV of excitation and were not resolved by the techniques of the

present study; however, some gross-structure analysis of the data was

done which gives an indication of the excitation energy for the major

portion of the lf5 2 SP strength.

Only the stronger T (Tf= Tfz = 2, C  = 0.83) component of each SP

state was observed. The T  =3 T - 2 ((2 = 0.17) components of the
f   '  fz

2P3 2' 2Pl/2, and lf5 2 SP states in Cr52 lie above 11 MeV of excitation

and were obscured by the near continuum of the Tf =T   =2 componentsfz

of other SP states.

Since the DW calculation did not predict the correct magnitude

for the cross section (see section II B), the most unambiguous analysis

of the data resulted when the normalization factor for the DW calculation

was determined for each isotope from the assumption that the ground state
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was a pure lf7/2 configuration.  On this basis, Eq. (13) gives C2S = 4 for

the ground state transition of the V51(Hes,d) reaction; thus, the proper

normalization factor for Eq. (12) was determined.  The strengths for the

1f transitions listed in Table V are based on this normalization.
1 2

TABLE V

Results for the lf7 2 SP state from the present study of the

vsl(Hes,d)Cr52 reaction

Single- Excitation
particle Group energy C2S res BE(2S

state number (MeV) (experimental)  (experimental) (predicted)

1        g. s. 4.00 4.00 4.00

2 1.434 1.06 1.06 1.33

lf        3 2.370 0.49   
7/2 1.27 1.33

4 2.766 0.78

5 3.112 1.26 1.26 1.33

The correspondence of the excitation energies for groups 2, 3, 4, and 5

to those reported for the 2+, 4+, 4+, and 6+ levels, respectively, was

used to assign the spins and parities of these groups.  The experimental

values for the strengths of these groups--1.06 for the 2+ level, 1.27 for

the summed strength for the 4+ levels, and 1.26 for the 6+ level--are in

reasonable agreement with the value of 1.33 predicted by Eq. (13), thus

confirming the spin assignments.  However, the strength for the 2+ level

is 20% smaller than predicted indicating that like the 4+ component the
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strength of the 2+ component could be divided between two or more levels.

The only candidates for another 2+ level are groups 6, 7, and 9.

Unfortunately, the interference of deuterons from the (Hes,d) reaction

on an unknown contaminant in the target made it impossible to obtain

unambiguous angular distributions for these deuteron groups.

The lfS/2 SP strength was distributed over a large number of

levels and was located in a region of excitation in which single levels

or groups of 2 or 3 levels could not be resolved.  In addition, some of

the levels in this region were components of the 2p3/2 or 2pl/2 SP

states.  Groups 19 through 26 represent sums over approximately 300 keV

of these unresolved levels.  The angular distributions for these deuteron

groups were composites of £ =1 and £ =3 angular distributions.  The

method of section II A was used to decompose eadh angular distribution

into its components.  The strengths for the lfS/2 components are listed

in Table VI and were determined using the same 1. £ dependence for the

cross section that was used for the Ca48(He3,d) reaction.  The excitation

energies listed for these groups of unresolved levels are the mean

energies.  The comparison of the experimental and theoretical strengths

shows that not all of the lf5/2 strength was observed.  The procedure of

summing groups of levels could not be extended to higher excitation

because of the interference of deuterons from the (Hes,d) reaction on

the C 2 contaminant in the target.

To illustrate the difficulty encountered in attempts to assign

the £ =1 groups to SP states, a very crude assignment of these groups
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TABLE VI

Results for the lf5 2' 2P3/2, and 2pl/2 SP states from the present study

of the V51(Hes,d)Cr52 reaction.  The assignments of the groups to the

2P3/2 and 2pl/2 SP states are for illustrative purposes only.

Single- Excitation f  S \)f \  f  C2 S
2J + 1 -2J   + 1 r-' 2J +1

particle Group energy 2J + 1 L ZJO + 1 62J   +  1
state number (MeV)   (expoerimental) (experimental)  (pr dicted)

19 6.8 0.06
20 7.1 0.38
21 7.4 0.74

a 22 7.6 0.36
1f 3.37 5.00

5/2 23 7.9 0.44
24 8.2 0.50
25 8.4 0.47
26 8.7 0.42

8 3.78 0.13
10 4.67 0.54
11 5.09 0.37
12 5.42 0.40
13 5.57 0.21
14 5.77 0.15

2P3/2     15 5.96 0.16
3.05 3.33                    1

16 6.18 0.27
17 6.34 0.21

18a
6.60 0.09

19a
6.8 0.25

20 7.1 0.27

21 7.4 0.50
22 7.6 0.27
23 7.9 0.25

2Pl/Za    24 8.2 0.30
1.68 1.67

25 8.4 0.21
26 8.7 0.15

aTkyese groups represent summations over approximately 300 keV of
unresolved levels.
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to the 2p3/2 and 2Pl/2 SP states is given in Table VI.  The same £ and

1 . 3 dependence of the normalization factor used for the Ca48(He3'd)

reaction was used for this reaction.  The agreement of the experimental

and theoretical strengths is very good.  However, the centroids for the

2P3/2 and 2Pl 2 SP strengths are approximately 5.5 and 7.5 MeV, respec-

tively, and the rule that the half-wi&th of the distribution of the

levels is one-third the excitation energy for the centroid indicates

that in the region of 5 to 7.3 MeV of excitation the components of the

2P3/2 and 2Pl/2 SP states are intermingled.  The methods of the present

study cannot be used to separate them. To make meaningful assignments

of the £ =1 levels to these SP states, an experiment that is capable of

determining the j of the captured proton will be necessary.

A further interpretation of the strengths of the lf7/2 transitions

is possible in terms of the seniorities of the 2+ and 4+ states.  As was

indicated in the introduction to this section, states of the (f7/2)4
configuration with v. =2 and v=4 are allowed for both the 2+ and 4+

states of Cr52.  Talmi44 predicts that the v = 4, 4+ state lies lower in

excitation than the v = 2, 4+ state, but concludes that the experimental

46,47information indicates that the seniorities of these two states may

be mixed.  The uncertainties in his method of estimating the magnitude

of the mixing and the fact that no 4+ + 4+ y transition was observed in

the work of Wilson et al.47 prevented him from drawing any definite

45conclusions concerning the magnitude of the seniority mixing.  Komoda

has pointed out the fact that two states with different seniority do not



-65-

interact directly but mix through intermediate states of other

configurations.  Considerin& all possible configurations of 4 protons

in lf7/2, lfS/2' 2P3/2, and 2pl/2 SP states, Komoda calculated the

expected mixing on the basis that the only important interactions were

two-body interactions of either the Serber type or Rosenfeld type.  The

lower 4+ state is predicted to be primarily v=2 for a Rosenfeld inter-

action and primarily  v=4   for a Serber interaction.       The  V51 (Hes, d) Cr52

reaction can be used to determine the mixing since the ground state of

vsi is a unique v=1 state and the seniority selection rule for this

reaction is Av = 1.  Thus, one can excite only those (lf7 2)4 states of

Cr52 with either v=O o r v=2.  Since both 4+ states are observed in

this study, it is clear that the strength for each of these states is a

measure of its v=2 component.  The experimental ratio of the strength

of the v=2 component of the lower 4+ state to that for the higher state

is 0.62 and agrees well with Komoda's value of 0.63 for a range parameter

of  1.1  for the Serber interaction. However, Komoda predicts  that  as  a

result of the configuration interaction approximately 20  of the v=2

strength should be found in other 4+ states.  A comparison of the experi-

mental and theoretical values of the summed strengths.(C2S values in

Table V) does not indicate such a reduction in the strength of the two

4+ states.  The summed strength could be in error as much as t10,4 which

could account for some disagreement.  Also, to the extent that the con-

figuration responsible for the mixing is [(lf7/2)J=7/2(lf'5/2)1,7=4' the
strength would be in error by an amount corresponding to the amplitude
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of this component in the wave functions of the 4+ states, since the

transfer of a
111/2 proton cannot be distinguished from the transfer of

a lf5/2 Proton by the methods of the present study.  Komoda has not, as

02 the present time, published the amplitudes for each component of the

wave functions of the 4+ states, so no definite conclusions can be

reached concerning the magnitude of this error. Neither of these con-

siderations would affect the ratio obtained for the v=2 components

seriously; therefore, the agreement with Komoda' s predi ctions   can  be

considered as being good.

Seniority mixing of the 2+ states is also possible. Wilson et al· 47

have reported a level at 2.965 MeV which they tentatively identify as

the v = 4, 2+ state.  This level is not observed for the V51(Hes,d) reac-

tion which is in agreement with Komoda's prediction that less than 0.14

of the strength of the v = 2, 2+ state is mixed with the v = 4, 2+ state;

this prediction is based on the assumption of a Serber type interaction

with a range parameter  of 1.1. Komoda 6lso predicts that approximately

23  of the v = 2, J" = 2+ strength is contained in other 2+ states which

are not predominantly (f7 2)4 configurations, in good agreement with the

difference in the experimental and theoretical values of C2S in Table V

of 20%. Van Patter et al· 46 have argued that the 2.965-MeV level is a

collective state and that the v = 4, 2+ level lies higher in excitation.

The results of the present study cannot answer this question.

A level at 3.80 MeV has been tentatively identified as a 5+ or 6+

level.46,47  If the 3.78-MeV level of the present study corresponds to
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this 3.80-MeV level, the £ =1 angular distribution for the deuterons

from this level would prohibit the 6+ assignment and would be compatible

with the 5+ assignment.

C.     Cr52(Hes,d)Mnss Reaction

Very little is known about the levels of Mn from previous work.
5S

The ground state spin and parity have been established as 7/2-, the spin

and parity of the 0.383-MeV level are in doubt, and no spin assignments

have been made for the 1.298- and 2.275-MeV levels. 51  Of these levels,

that at 2.275 MeV was not observed in the present study.  The 0.383-MeV

level was very weakly excited and no new information about its properties

results from the present study; however, the probable spins and parities

of the 1.298-MeV level and of several additional levels were determined.

For .the same reasons as for the Cr52(Hes, d) reaction, only the Tf =T   =fz

3/2 components of the SP states were observed.

The assignments of the observed levels to SP states, their exci-

tation energies, and their strengths are listed in Table VII. The

strengths are based on normalization factors for the DW calculation

determined by the methods of the two preceding sections.  The agreement

of the theoretical and experimental values of the strengths for the lfS/2

and 2P3/2 SP states.is good.  The comparison of the strengths for the

2pl/2 SP state indicates that not all of the components of this state

were observed.  The centroid for the 2P3/2 strength is at 2.49 MeV and

for the 2Pl/2 at approximately 5 MeV.  The rule for determining the half-

width of the distribution of the levels (see section II D) indicates
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TABLE VII

Results from the present study of the Cr52(Hes,d)Mn53 reaction

Single- Excitation
particle Group energy C2S EC2S EC2S

state number (MeV) (experimental) (experimental) (predicted)

lf7/2      1       g. s. 0.500 0.50 0.50

7 3.10 0.04

9 3.67 0.38

115/2
0.82 0.8011 4.06 0.16

12 4.29 0.06

14 4.57 0.04

16 4.96 0.14

3 1.29 0.07

4 2.40 0.46

5 2.66 0.10

2P3/2
1.01

6 2.88 0.02 0.75 0.80

7       3.10

8 3.47 0.07

10 3.90 0.02

11 4.06 0.02

13 4.43 0.14

14 4.57 0.04

2P1/2     15 4.74 0.18
0.51 0.80

16 4.96 0.06

17 5.08 0.07
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that there is very little overlapping of the 2P3 2 and 2pl/2 levels in

the MnSS. nucleus.  The assignments of group 8 and 10 might be question-

able, but these groups are weak and would not appreciably affect the

conclusions as to the locations of the centroids of the 2P3/2 and 2Pl/2
SP states.

D.     Fe54(Hes,d)coss Reaction

At the time the present study was initiated, no information con-

cerning the excited levels of Co had been reported in the literature.
55

However, during the progress of this study, three levels at 1.8, 2.2,

and 2.45 MeV (all t0.2 MeV) were reported by Kumabe et al.49 fran a
study  of the Niss(p,a') coss  reaction.     Also,   preliminary  results  of  the

study of the Fe54(d,n)Coss reaction were reported indicating levels at

2.15, 2.55, 2.92, 3.55, and 4.15 MeV (all fO. 05 MeV).so  On the basis

of the results of the study of the Fe54(d, n) reaction, the captured pro-

ton was definitely assigned a value of £ =1 for both the 2.15- and

2.55-MeV levels and tentative £ values of 1, 3, and 1 for the 2.92-, 3.55-,

50
and 4.15-MeV levels, respectively. The level at 1.8 MeV was not ex-

cited by either the (d,n) reaction or by the (Hes,d) reaction of the

present study.  The results of the present study confirm the £ assign-

ments for the 2.15-, 2.55-, and 2.92-MeV states and indicate that the

4.15-MeV state is an unresolved group of levels.  Several other levels

were observed and were assigned probable spins and parities.

Once again the normalization for the DW calculation was established

by using the procedures discussed in sections III A and III B.  The
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excitation energies, the assignments to the various SP states, and the

strengths for the observed levels are listed in Table VIII.  Since both

the Tf = 1/2 and Tf = 3/2 components of the Zp3/2 SP state were observed,

the SP states are.indexed as to the total isotopic spin associated with

each component; T is 1/2 for both camponents.  Comparisons of the
fz

theoretical and experimental strengths show that the agreement is good.

Further, the distribution of the levels within each SP state is in accord

with the rule for estimating the width of the distribution (see section

II D).  Except for the 3.55-MeV level, the excitation energies obtained

for the levels observed in the study of the Fe54(d,n) reaction are in

agreement to within experimental error with those obtained in the present

study.  The 3.55-MeV level may correspond to the 3.67-MeV level (group 6

in Table VIII), but the correspondence could not be definitely estab-

lished, especially since the 3.55-MeV level has been, tentatively,

reported to be an £ =3 level and in this study the 3.67 level was found

to be an £ =1 level.

Of the several other levels that were excited by the Fe54(He3,d)

reaction, the most·interesting are those that are the isobaric analogs

of the low-lying Fe levels.  The difficulty experienced in the study
55

of these levels was their proper identification.  The excitation energies

for the isobaric states can be calculated theoretically.  However, the

simpler and more reliable method of determining the excitation energy

for the isobaric analog of the Fe ground state was from the difference55

in the Q value for the Fe  (P,n)Coss.reaction leading to this state and
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TABLE VIII

Results from the present study of the Fe54(Hes,d)(055 reaction

Single- Excitation
particle Group energy C S EC2S EC S
state number (MeV) (experimental) (experimental) (predicted)

('if  ·h                  1            g. s. 0.25 0.25 0.25

C  7/2)Tf=l/2

<lf .h         5 3.34 0.53

4  5/2JTf=1/2 8 4.18 0.21
0.74 0.67

2 2.19 0.37

G'3/,1,-1/2 3 2.59 0.22 0.68 0.67

4 2.98 0.09

5 3.34 0.27

6 3.67 0.10

 2,1/0         7
3.92 O.05 0.72 0..67

Tf=1/2 8 4.18 0.21

11 5.53 0.09

9 4.71 0.15

(12,3/,1,=,/2
„ 5.14 0.09

0.23 0.33

a         9      4.71

a         12       5.72

a         13       6.01

 'The proper assignment of this state may be to either the lf5 2 or

1g9/2
SP state. See the discussion in the text.
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the Q value for the same reaction leRAi ng to the ground state of Coss.

The (p,n) reaction Q value for the transition to the isobaric analog of

55
the Fe   ground state was calculated by using the data reported by

Anderson, Wong, and McClure. The (p,n) reaction Q value for the tran-
51

sition to the Co ground state was taken from the Nuclear Data Tables.
55 23

From the difference of these two Q values, the excitation energy for the

isobaric analog of the Fe ground state in Co was estimated to be55 55

4..66 MeV.  Such estimates are usually within +100 keV of the correct

value; therefore, group 9 at 4.71 MeV of excitation undoubtedly corre-

sponds to the isobaric ground state.  With this assumption, one would

then expect to correlate by spin, strength, and energy spacing some of

the Co states higher in excitation than 4.71 MeV with the low-lying
55

55states of Fe  .  For the purposes of such correlations, the pertinent

properties of all the low-lying excited states of Fe are tabulated in55

Table IX.  Table IX is based on the data obtained by Fulmer and McCarthy

from the study of the Res,(d,p)FeSS reaction.30

Unfortunately, in the present experiment group 9 exhibited a

composite distribution typical for either £ =1 and £ =3 o r£ =1 and

2=4 angular-momentum transfers.  The strength of the £ =1 component

was extracted using both types of mixtures establishing to within an

error of t20% the strength listed in Table VIII.  Since no other £ =4

angular distribution was available-for use in the analysis, such a dis-

tribution was obtained from the study of the Ni58(He,d)Cuse reaction.32

Since £ =3 and £ =4 angular distributions for the deuterons
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corresponding to the excitation of a.state of the residual nucleus for

which the proton is only weakly bound are very similar, the analysis

was equally good for both types of mixtures and no choice of one over

the other was possible.

TABLE IX

The properties of some of the Fe excited states.  This summary is55
30

based on a study of the Fe54(d,p)Fess reaction by Fulmer and McCarthy.

Excitation Probable

energy                SP
(MeV) state                   S                 (1/3)S

g. s.
2P3/2

0.81 0.27

0.417
2P 3/2

0.30 0.10

0.935
lf5/2

0.60 0.20

1.327
1fs/2

0.06 0.02

1.413
(lfs/2 

0.02 0.01

1.926
2Pl/2

0.13 0.04

2.063
2Pl/2

0.19 0.06

Since (2.= 1/3 for the transitions to the isobaric levels, it is

clear that the strengths obtained for the isobaric states from the pres-

ent study of the Fe54(Hes,d) reaction should be equal to one-third of the

S value listed in Table IX.  The value of ( 1/3)S = 0.27 for the ground

state of Fe is probably in satisfactory agreement with the value of
55

C2S = 0.15 obtained for the £ =1 component of group 9.  Similarly,
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group 10 can be established as the isobaric analog of the 0.417-MeV

Fess level:  both levels are characterized by 1 = 1, the 0.43-MeV energy

spacing of groups 9 and 10 compares favorably with the spacing between

the ground state and 0.417-MeV level of FeSS, and the value of (1/3)S =

0.10 for the 0.417-MeV level agrees well with the value of C S = 0.09

for group 10.

The uncertainty in the & assignment for the second component of

group 9 complicates the identification of other isobaric levels in Coss.

Furthermore, groups 12 and 13 are unbound,,and there is no DW calculation

that is capable of predicting the angular distribution for the deuterons

corresponding to the excitation of unbound levels.  However, from com-

parison to bound-state distributions, one is inclined to believe that

the major component of groups 12 and 13 is 1=3 o r 4.  Thus, from the

correlation in energy spacing and probable correlation in spin, group 12

could be identified as the isobaric analog of the 0.935-MeV level of

Fess.  An extrapolation of.the predictions of the DW calculation then

gives a value of C2S = 0.27 which is to be compared to the value of

(] 3) S =  0.20  for  the 0. 935-MeV level of Fess.     Considering  theuncer-

tainties in the method of determining the C2S value for group 12, the

agreement is reasonable.  Assuming this assignment of group 12 to be

correct, one would then assign group 13 and the second component of

group 9 to the Tf = 1/2 component of the lg9/2 SP state. Since no

other £ =4 levels were observed in the present study, the proper normali-

zation factor for the DW calculation for such levels could not be

determined and no realistic estimate of the strengths for groups 9 and
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13 was possible.  However, on the basis of the shell model, lg9/2 levels

are expedted in the region of excitation for groups 9 and 13.

Additionally, Fulmer  et  a1   52 have pointed  out  that any splitting  of

the lg9/2 SP.strength in this region of the periodic table must arise

through the configuration interaction of particles in odd-parity SP

states coupled to the 3- level of the parent nucleus.  Such splitting

will be observed if the 3- level occurs at an excitation less than the

excitation observed for the lg9/2 levels, and such splitting is expected

to result in a rather small number of fragments. A level at 4.85 MeV

in Fe54 has been identified by Bellicard and Barreau52 as a 3- level.

Thus, a splitting of the lg /2 strength is expected, and groups 9 and

13 could contain the major portion of the 1g9 2 strength since both

these groups are strongly excited.

The alternative to the assignments just discussed for groups 12

and 13 and the second component of group 9 is to assign this portion

of group 9 as a Tf = 3/2 component of the lf SP state and groups 12
5 2

and 13 as the Tf = 1/2 component of the lg9/2 SP state.  On such a basis,

the C2S value for the £ =3 component of group 9 i s 0.33, which would

imply that nearly all the strength of the Tf = 3/2 component of the lf5 2

SP state was contained in this level.  Further, the correspondence of

the Fe levels to their isobaric analogs in Co would be destroyed55 55

except for group 10 and the £ =1 component of group 9.  That there

shoi. ld be a correspondence of these states appears to have been estab-

lished   by   Lee    et    al. 8 in their study of those    Cu85   levels   which    are    the



-76-

isobaric analogs of the low-lying Ni levels.  Therefore, the first
65

assignments of groups 9, 12, and 13 are probably correct, although an

anomalous behavior of the isobaric levels in Co cannot be ruled out.55
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IV. SU*ARY

The strengths and SP assignments of the previous section were

used to calculate the centroid for the levels associated with the

Tf = Tz component of each SP state and the Tf = Tz + 1 component of the

2P3 2 SP state in Fe54.  The excitation energies for the centroids of

these components of the SP states are summarized in Table X.  Since a

TABLE X

Location of the centroid for each proton SP state that was determined in
the present study.  The location of the centroids for the similar
neutron SP states in Ca are included for the comparisons that41

are discussed in the text.

Excitation energy for the centroids of the SP states
Single- (MeV)

particle
state SC4e Cr52 Mn53 (055 Ca41

a
 lf  .                    0             1.15            0              0              0
  7/2/T =Tf  z

("3/,1 =T
3.55 5.6 2.49 2.43 2.08a

f  z

 2Pl/2 T  =T                        5.9                         7.8
4.7 3.96 4.12a

f  z

 lf /Z T =
4.70 7.9 4.01 3.58 5.5oa

f  z

 2P3/2 
-           -           -          4.87         -

T =T +1f  z

 This is the excitation energy for the centroid for this neutron
SP state in Cail.  This value was reported by Belote et al. 54 from their
study of the Ca40(d,p)Ca41 reaction.
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comparison of the proton SP states for Sc to the neutron SP states for49

41Ca41 is of interest, the results of the study of the Ca40(d,p)Ca reac-

tion by Belote et al·54 are also included in Table X.

The comparison of the results for Sc to those for Ca is48 41

complicated by the fact that only the Tf = 7/2 component of the lf5 2'

2P3/2,   and 2Pl/2
proton SP states were observed   for  Sc49.      Thus,   the

true centroids for the unperturbed SP states which are desired for use

in the comparisons are not those given in Table X, but rather are the

centroids determined by including the Tf = 9/2 components of the SP

states.  Since the Tf = 9/2 levels in Sc48 are the isobaric analogs of

the Ca49 levels, an estimate of the excitation energies for these com-

ponents of the SP states in Sc was obtained by using the methods dis-
4e

cussed in section III D and the results reported for the study of the

Ca48(d,p)(&49 reaction.54  From such an analysis the Tf = 9/2 components

of the 2P3/2' 2Pl/2, and lf'5 2 SP states are at excitations of approxi-

mately  11,   13,   ana   15 MeV, respectively,   in  Sc48 0 If these values  for

the excitation energies together with the predicted strengths for these

components are included in the calculation of the centroids, the result

is that the centroids of the unperturbed 2p3/2' lf5 2' and 2Pl/2 SP

states are at excitations of approximately 4.4, 5.7, and 6.9 MeV,

respectively.

The spin-orbit splitting of 5.7 MeV for the 1f and
lf5/2 Proton1/2

SP states in Sc compares closely to the value of 5.50 MeV for the
49

similar neutron SP states in Ca41.  Similarly, the spin-orbit splitting

1
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of the ZP3 2 and 2Pl/2 proton (2.5 MeV) and neutron (2.04 MeV) SP

states is very nearly the same for these nuclei.  In this respect,

there appears to be little difference between the proton and neutron SP

structure.  However, one also notes that the sequence of the 2pl/2 and

lf /2    i s interchanged   for the proton SP states.       Such an interchange   can

be understood on the basis of the self-binding effect which has been

discussed in the literature for neutron SP states. The self-binding

effect arises from the extra-strong attraction between particles of the

same orbital angular momentum because their radial wave functions over-

43
lap perfectly. This perfect overlap is independent of the value for

j.     Therefore, the lf7/2  and lf /2 proton SP states  in Sc48 would  be

expected to be lowered in excitation with respect to the 2p3/2 and 2Pl/2

proton SP states since the lf7 2 neutron SP state is filled for Sc49.

Comparison of the relative positions of the centroids of the lf and 2p

proton SP states in Sc48 to the neutron SP states in Ca41 indicates a

lowering of the lf states of approximately 2.5 MeV due to the self-

binding effect.  The more pertinent comparison would be of these states

in Sc48 to the same states in Sc41.  However, the information that

exists in the literature for the Sc levels is not sufficiently detailed
41

to be very useful.  An £ =1 group of levels at 1.69 MeV in Sc41 has

been reported from a study of the Ca40(Hes, d)Sc41 reactiong which·is

probably the major fragment of the 2P3/2 proton SP state.  From such an

assumption, the comparison of the separation of the lf5 2 and 2P3/2 SP

states .in  Sc48  and  Sc41 then gives a rough estimate  of  1.8  MeV  for  the
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magnitude of the self-binding effect, roughly in agreement with the

previous value.  The similar effect for the lf5 2 neutron SP state as

the lf7/2 proton SP state fills has,been discussed by Cohen.
43

Cohen found that the self-binding effect is evidenced but is

much smaller for the
1fs/2 neutron SP state when the lf7/2 neutron

(rather than proton) SP state is filling.  If there were a perfect

correspondence of isobaric states of Co and the Fe states, the
55 55

centroids for the unperturbed 2P3/2, lf5/2' and 2Pl 2 proton SP states
55in Co would be at 2.85, 4.15, and 4.87 MeV, respectively.  Comparisons

of the centroids for the lf and Zp proton states in both Sc48 and Co55

indicate that for both isotopes the
lf5 2 state is approximately 0.6 MeV

above the 2p centroid.  Thus, the results of the present study indicate

that the self-binding effect is negligible for proton-proton interactions.

The similarities of the neutron and proton SP structures are, in

general, good.  The methods that have been used to extract information

concerning the neutron SP structure of nuclei from studies of the (d,p)

reaction also proved to be satisfactory in the present study of the

proton SP structure of nuclei using the (Hes, d) reaction.  The extension

of studies of the (He3,d) reaction on nuclei in other regions of the

periodic table should insure that in a few years fully as much will be

known about the proton SP structure of nuclei as is presently known about

the neutron SP structure.

The study of the isobaric states of nuclei is possible through

use of the (He3, d) reaction but will probably be restricted to nuclei
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with states of small T, since only for these nuclei will the isobaric

levels be strong enough to be observed.  The present analysis of the

isobaric levels of Co indicates the need for not only better resolution
55

experiments but also better DW calculations for levels which are unbound

or nearly unbound.  If, as has been demonstrated for (d,p) studies,55
the angular distributions for the deuterons from the (Hes, d) reaction

can be demonstrated to be dependent on the j for the captured proton,

the identification of the isobaric levels (and all other levels:) will·

be considerably easier.

On the basis that the ground states are pure lf7/2 configurations,

the normalization factors for the DW calculation are 24.0, 21.0, 20.0,

and 17.3 for Sc48, Cr52, Mn53, and Coss, respectively.  The average

value of these normalization factors is 20.6 with the largest deviation

being 16 . The uncertainties in the DW calculation are of this magni-

tude so one would say that observed strengths for the ground states

agree well with the predicted values.  However, this result would be

more certain if a proton pickup reaction had been possible for those

N = 28 nuclei which are stable, i.e., if the purity of the ground states

could have been tested.  This fact points out the need to augment the

(He3, d) studies with either (t,0) or (d,He3) studies in the same way the

(d,t) reaction has been used in conjunction with the (d,p) reaction in

studies of neutron SP states. Such studies will be possible at this

Laboratory in the near future when the installation of a tandem Van de

Graaff accelerator is completed.
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