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SPIN FLIP IN THE INELASTIC SCATTERIIG OF
l9.6_MeV PROTONS FROM ShFe AND 56
: s ¥ v t—'f', R R
D. L. Hendrie, C. Glashausser, J. M. Moss, 'and J. Thirion-
_ Lawrence Radiation Laboratory
University of California.

 Berkeley, California 94720

April 1969v -

ABSTRACT

The spln—fllp probablllty in the exc1tat10n of the flrst 2+ states in
51%Fe and 56Fe_has been .studied’ at'l9,6 MeV‘uSIng the (p,p y).co;nc1dence
.technique.' Differentiai‘cross sections have aleo been-meeSured at this energy.
.The spin—flip data for ShFe eﬁd 56Fe ate quite'similer, ih.contrast to t.
asymmetry data from Saclay which show dlstlnct dlfferences between the two
‘nuclel. Collectlve—model DWBA calculatlons generally underestlmate the
: magnltude of the Spln—fllp probablllty at forward anvles and predlct too little

vstructure. Slmple mleroscoplc-model calculatlons glve 1mproved agreement Vlth '
' the,ééinvflip data»oﬂly when the‘terms.arisiﬁg ftom ebin‘traﬁSfer‘of oﬁé are

Significant. These terms had little‘effect'on‘the predicted cross sections_

-: and asymmetries.

* T . ' : ; - ‘ . S
‘Work performed under the auspices -of the U.S. Atomic Energy Commission.
TPreseﬁt address: ;Centfe detudes,Nucléeires, Saclay; France. ;
TPefmanent ad&ressi Centre d'Etudes Nucléaires, Saclay, France. .
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I. INTRODUCTION

0 . Lo > . . f
Spin-dependent effective forces in the inelastic scattering of nucleons

1

are generally not well understqod; even phenomenologically. Cross seétions
o(0), asymmetries A{(6), polarizations P(6), and spin-flip probabilities S(0)

are sensitive to these forces in different ways. They can be writteh:’

a(8) = c++(6) +o (8) +;§+;(9) + c_+(9)
A(8) o(9) = 0,,(8) + 0, (8) - o (0) - o_(6)
2(0) o(6) = 0,,(0) +0_(8) - 0, (6) - 0_(6) W
5(6) o(8) = o, (6) + a_,(6) . |

Here G+_(6), e,g., is the aﬁsolute differential cross section for scétteriﬁg'
~frqm an initial state with incident nucleon spin prbjection +l/2 toia'final
state with outgoing hucleon spin projecfion' -i/2v on the 2z axis. The_
quantities 0(9); A(G),'P(G), and S(é) allvinvolvé independent combinatiOns.of'
the__cij(é) partial cross sections. We report here measurements of the cross
section and the spin-flip probability iﬁtfhé excitatioﬁ of the first ;2+ stafes

5k 56

in Fe and “"Fe. The enérgy of the incident protons was 19.6 MeV. 'Existing

meésurementsl of the cross sections and asymmétries forithese two nuclei showed
interesﬁing and unexplained différences at 18.6 MeV; recen{:‘measureménts2 at
i9.6»MeV confi}h these differences. Our théofetical analysis includes the 19.6
MeV ésyﬁmetry data as ﬁéll as the present crbss—seétioﬁ'énd spin-fli??results;

| ZThe spin-flip probability arises from various intérfering proéeéses.
' Avéorrésponding tranéfer‘of spin ahgulaf momeﬁtum toAthe target nuclehs may -

s

b

i



-2 UCR[~18826

!

R

occur (Z=1), but there are also contributions from phenomena without sjpin
transfer (2#6). The usual macroscopic model involves only =0 type inter-
actigns and predicts similar spin-flip probabilities for transitions in
.ﬁeighboring nuclei. In g moreidetailed description, e.g. in a microscopic
oﬁe, all processes may gontribute and differences can oécﬁr.

| The relative spin—flib'probability for 5hFe has been measured before,.
at ll._-_MeV;3 several isotopes of Cr, Ni,.and Zn have also been méasuréd at

' L . ) . . _ '
that energy. The University of Washington K group has cbtained absolute

\
probabilities for 120 and ghMg,B ahd they have made an extensive serieéjof
measurements on the nickel iSO£opes at energies'from 10-15 MeV.6 A measurement
on 58Ni at 20 MeV has recently Been repofted.7 Thevexperiments at eﬁefgies
- below 20 MeV do reveal rather large differences amohg'the nuclei studied, but
thesé cannot be direétly attfibuted to a faiiure of the macfoscopic modél
since compound-nucleus contributiéns are apparently important. Measuremeﬁts on
120 and 28Si,a‘t énergies between 25.aﬁd L2 MeV have also been réported.8’9
" All these measﬁremehts, including the présent one, use the\(p,p’Y)
correlation method first explored by Schmidt g§_§;.5 When the gamma.detector
is placed along the normal to thé reacﬁiqn'plane defined by the incoming and
outgoing protons,  coincident protoﬁs.and gamma rays of the appropriate .energy
define excitation of only the m =% 1 magnetic substates of the . 2+ State.
’(Thé z—axis is chosen along the normal to the reaction plane.) From thé Bohr
Theo;gmlo-it foilows that the signs of the z-component of the spin of tﬁe ingi-
dent and outgoing particles are opposite, i.e., that spin flip has occufred.

v The expefimental mefhod is discussed in detail in Sec. II. The{results

of the experiment are presented in Sec. III together with a discussion éf the .
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errors involved. These results are analyzed in Sec. IV via both macroscopic -

and microscopic models. Section V is a summary with concluding remarks.

II...EXPERIMENTAL METHODS

The spin-flip experiment.yas performed in a cave whiég is;presently
i‘set uévspecifieallfvforsexperimentsfinVOlQing‘éemmaﬁrayjdetection., The'beam
'frem tﬁe-Berkele§ 88~inch cyelotroh was.focusei by"a quadrupole.doublet and
A’bent 56° by a sw1tch1ng magnet onto a set of vertlcal and horizontal slits
(the analyz1nv slits) in the cyclotronbvault area‘ ‘The analy21ng power of the
vssw1tch1ng magnet gave a becn resolution of about lS keV. . The»beam‘then passed
vthrough an eight;foot concrete and 1ron shielding wali, was"bentvénothef.i2°‘
and»finally foeused at‘the'tsrgep.by s second.quadrupole doﬁblet; the besm
spotywas,l.s mm wide‘end 3 mm,high. Cnly the analyéing-slits-yere used to

bean to obtain 19.6-MeV .

. o +
" define the beam. We chose to use a 39.2-MeV H2

‘protqns sojthet:partieles scsttered'frem the analyzing slits ﬁould 5e'defleetei
.awsy from tﬁe farget afee by the seeond bending ﬁaghet.

The scattefing ehamber was a rectanéular aluminum box th long and
- 8" wideVandvdeepvwith a removable 1id. The Beam passed clese to a'thin,(TS u)
tantalumvﬁindos aleng 6ne side of the.ﬁox. A Faraday eup which was.spliiﬂ
'vertically along.its center. llne was used to monitor the beam current and
allgnment._ Fqual currents-were maintained 1n each half of the Faradaj cup to
insure.a constant p081tion of the beam spot. - The beam pos1tion on the target
- was periodically checked with.the aid of a thln 501nt111at1ng target and a
closed~circuit television system. The Faraday cup, which was 7 feet from_the

target,, was shielded by a 30" X 36" aluminum cylinder;'the cylindervﬁasvlined
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with a cadmium sheet and filléd with borated paraffin. The end of the shield
near the séattering chamber was faced with 4" of lead. | | |

The targets were evaporated selfusuﬁporting isotoﬁically enriched
metallic foils of 51Ll*“e'andr%l?e. Various targets were.used with thicknesses
rangingvfrom 200 to 800 ug/ém?. The only'significant contaminants wéfe carbon
and okygen'which could be feadily‘identifiedf_.Four térgets were mouﬁted on a
wheél; eéch could be rotated about“the béam.cenfer line in both the hofizéﬁtal'
and vertical planes to any desiréd anglé.

The gamma rays were detected wifh a>h0 cm3 céaxial germanium ae%ector,
pOSitioned_so that the axis of symmetry passed through the beamvsﬁpt on the
iarget. This,wasvdeﬁined as the "z gxis of the.correlation. Most of the
results were obtdined with the mid—plahe of the counter 12 cm from fhe target,
élthough abféw runs Vere téken at smaller and greater distances. fhe best
fesolutioﬁ.achieved in pre-run tests Wasb3.8 keV. for 60Co, but thé resolution
obtained during the actuél expériment wés éboﬁti6 keV due to high countiﬁg-
rates (v 20,000 cts/sec)."Nd_gaiﬁ shifts as iarge’as:I keV were observed
during the experiment.

.The gamma detecfor viewed the target through the T5 U tantalum’chambér-
window mentioned pfeviously; in addition a 1 mm tantalum ébsorber was placed
between the targef and detectér for preferential ébsorption of low energy
gamma rays. The absblute efficiency of the detéctor_wgs méasuréd in the actugl
‘experimental configuration by'inserting fadioactive §ou;ces in thé target
holdef. For this purpose we uséd.a set of,calibrdted gammﬁ sources obtained

- from the Internétional Atomic ﬁnergy Agencyf The solid aﬁgle—efficiencyifaétor
h f

for the full-energy peak was:moasured to be 2.62 x le or ShFe and h;QS XQlO—u
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for_.56

Fe. -(Thislcorresponds.tp,detector'efficiénciesvof about 6% and’lbz
respectively.) ‘The half anglepsubtended by thevmld;plane of the detector.
was about 7.56. 7 | | | | |

Two 1ndependently movable partlcle counters were used, one above, and ‘
one below the beam line and both arranged SO that the planes deflned by the
. center of the proton counters and the beam axis were perpend;cular to the
axis of the gamma'detector 'The.counters were 3 mm-thick Si(Li) deteétorS;
cooled to about - h0°C by flex1ble straps connected to a llquld—nltrogen cold
flnger. An- alumlnum absorber (12 u) was placed in front of each counter to
stop knock-on electrons and to reduce the‘llght sensltlvity_of the coUnters.
Counter collimators of dimension 0.188ﬁ'x 0;239"1were‘located'l{2" from the
center of the target. The dimensions correspond to a solid angledof-o 02 sr
'vand scatterlng acceptance ancles of 11. h° in the scatterlng plane and 5 6°
: perpendicular to 1t-(1nfthe z dlrectlon),. U51ng both_counters_the angular
‘range;fron 35° to l§O° couldvbe.corered;;the:range-from 90° - 95°vwas' |
accesslble to both.counters_for purposes of'checking'efficiencies;_fThevexperif
:mentallresolution'at counting'rates from 8000 to 20,000pcts/sec wasleO keV;
most of this was due to‘kinenatic broadening.

| A. Electronics

A simplitied block diagram of the electronics system is shown' in Fig. 1.:
The central feature isithe high—rate anplifier;system for each counter; :TheSe'pj
systens' designeddby Gouldiné, Landis, and Pehl,ll consist-of a hlgh—rate
d pre«ampllfler, ‘a high-rate linear ampllfler employlng pole—zero cancellatlon,

a plle—up rejector and a llnear gate. The linear ampllfler produces a fast

output (% 50 ns rise tlme) for fast tlming and plle—up rejectlon purposes, andt
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a slow;output for energy gnalysis. The slow output has an appruximétely
gaussian shape which has a rise time of 3 ﬁsec for the germahium detector and
1 pysec for the particle detectors; The pile-up réjéctof elimiﬁates aﬁy signal
whose height is changed because another signal‘is detected almgst in coincidence
with it. Pulses‘which are not discarded produce a "valid oﬁt"'nignal which,
in tﬁe'présent systém, is{combined‘with the total coincidence s:.gnal to open
the linear gate for both'gamma and proton signéls. |

The fast outputs of the linear'amplifiers were amplifiéd further;
“shaped, ‘and fed into fast discriminators. The oﬁtputs of the tvo proton fast
discr&minators were mixed and used to provide a start pulse for a tiﬁeé
to—ampli£ude converter (TAC); the stop pulse was provided by a nimilar signal
from the gamma counter. The éutput.of the TAC.waé amplified, fod through a
lineaf gate, and stored in a 4OO-channel RIDL analyzer. 'The TAO was operated
on a 1l Usec time.scale; since the cyclotron_frequency was aboﬁt lO'MHZ, its
spectrumlshowed 8 -9 Well—separated'peaks.. Onevéf these (the "true" peak)
contéined true and chance eVents; fhe bthersvcontainéd only chénce events (Fig.
2).  The total time resolution was aﬁout 32 ns (FWHM of one of -he peaks).
In'oraer to convey fhe iﬁformation of the TAC spectrum to the t:'iple slow
goincidence; single channel analyzefs (SCA's) were set about the true peak
and foﬁr of the chance peaks. AThe outputs were then mixed thf@ugh "OR" cir-
cuits to ﬁrovide.the time inﬁut to fhe slow coiﬁéidence'unit.u Additional inéuts
were provided by SCA's set to enéompass the fegions of interest ih the proton
and gamma.sﬁéctra, and by ?alid output signals from'the pile~up.rejectors. 
When all of the criterié were met, viz, SCA and pile—up—fejector'for either of

the proton counters and for the gamma counter and a time signal from one of the .



s

-T- | j UCRL-18826

five selected intervals, a main-gate outpuf opened the linear gute for the
gamma, proton, and time sighals. To insure proper overlap of the input signals

to the slow coincidence, all the SCA outputs were timed by s%robeé from the

~fast discriminators. Scalers were used to monitor various points of the circuit.

‘¢’Valid pairs of gamma and proton signals were fed into a multiplexed

h096-éhgnnel successive approximation apc.t?

In addition logic signals were
prdvided which identified the proton counter producing the event and which
characterized the event as occuring in the true pesk or in a éhshce peak. The

analog and logical information was sent via an interrupt mode irto a storage

buffer in an on-line PDP-5 computer. During the period of digitization and

 storage (about 400 psecs), an inhibit gate prevented opening of the main gate.

Aftei each 1250 events the data buffer was émptiéd onto magnetic‘tapef

It was.essential‘to be able to mohitor the prégress'of fﬁe egperiment
in order tobihsure the proper functionihg of all parts of the syéﬁem anajto _'v
deter@ine whén enough'data had been collected. To'accomblish thi}, four addition~b
al ldéié signals were generated by SCA's setkabout the elastic_and fir;t e;cifed—
state:energy peakévfor both proton coﬁntefs.v The four éammé spectra épecified‘
by thése logic signa}s ﬁere generated andZSeparately stored b&'tﬁe on-line
compufer,program”and were displayed on an oscilloscope. A light pen ﬁas used
to-éxtract portions of these display spectra.

In order to normalize the coincidence data, it was necessary to preserve

‘the non-coincidence (singles) proton spectra. This was done by providing.

_seEondaryvbranches in the circuwit for the proton signals. . These_signals’wére

scaled down by a factor of 5 to 50, deﬁending»on the countér-angie,'tO‘provide

suitable counting rates fof storage in RIDL hOO—channel'analyzers,
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A monitor proton couﬁter was used as a check on the beanm infegration.
'Inkaddition, the eléstic peak in this spéctrum was sgaled down By a factor
of ;OO to lOOOvand used to trigger a ﬁulser;'hence, the frequency of the pulser.
waé proportional to the beam intensity. This pulser then fed aécurately timed
pairs of pulses to the proton and gamma pre-amp infuts. These pairs of pulses
passed thfough the entire circuit in the same manner as real coincidenge
events and weré-stored on tape‘as such. The pulser #oltages were selected in
such a way as to overlap ﬁith né proton counts (the pulser peakkwas slightly
above the elastic peak) ahd few gamma counts (the pulser peak wes se£ at the
high enefgy end of the spectrum). Drifts of the pulser voltages would have
indicéted gain shifts of the éiectronics, but none were found. More impoftantly,
the number of observed pulser events storea in the two-dimensionai arfay was
a diréct measure of the dead-time and pile-up losses in the entire system.
Siqcé theée losses were usually about 40-50% of thé input counts,'it was crucial
to khoy this quantity precisely. At a gamma counting rate of 2 X 10¥ counts/ |
seé, T70% of these losses céme from gamﬁa pile-up rejéction, n 2&%‘from proton
pile-up rejection, " 8% from the TAC, and v 2% ‘from the ADC.

In order to pérfofm the analysis of thevcoihcidencé experiment, a run

56

was taken to obtain differential cross sections for 5b'Fe and ~ Fe at 19.6 MeV
with good resolution and geometry. Two 3 mm thick Si(Li) detectors were used;
.they were cooied tov— 35°C.by thermoelectric devices and equipped wifh
electrostatic electron-suppression plates. The two counters subtendéd solid
angles'of 1.7 X‘10~h sr and yielded resolutions of 30 keV. The totaivbeam

Was_meésured in a Faradsy cup and checked with a fixed position monitor. - The

total absolute error in extracting the elastic and inelastic cross section is

(x
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estimated to be less than 10%; the largest uncertainty is due to measurement

of the target thickness. Relative errors are less than 2%. =

IIT. DATA REDUCTION AND RESULTS
The number of coincident counts (R) can be related to the spin-flip
probability S(6) by the following expression in the 1limit of infinitesimal

'solid angle: .

S(e)_w<f_ﬂx>5 : . o (2)
. "V )N ' - , o

where 6 is the proton scattering angle, e 1is the gamma detector efficiency,
QY is the solid angle subtended by the gamma detector, W is~é calculable
geometrical factor which is eqﬁal to 5/2 for a point counter, aad N is the

total number of counts in the particle counter arising from excitation of the

2+ state. In practice this expression becomes:

' efd | :
s(e)=‘w(hnY> [T"g/a] - B(6) , o NE)

where T is the measured number of counts in the true time peax, C is the

measured number of chance counts and a is the relevant scalinz factor between
T and C. The contribution due to non spin-flip processes whi:ch arises from
the finite solid angles used is labeled B(6). Assuming Poiséoa,distributions,

the statistical error associated with each datum is then:

.[Gs(e)]gz[w(—ﬁl> ][T + c/a® + C_(_ia_)_]ﬁ S )
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this is the error we‘will quote. The statistical errors in the other measured
quantities, such as e or N, are not significant; the errors were almost
invariably dominated by the error in T.

Two differenf procédures were used to evaluate the number of coincidence
events, T or C. The first was to sum over a small regibn of the two-dimensional
array that contained only fhe 2+ proton peak and the full~energy gamma peak
(FEP)f The efficiency of the gamma detector éould be directly ~nterpolated
from our calibration curve. The second procedure.inCluded gamms counts in the
FEP and Compton diétribution down to, but not including, the anﬁhilation peak
at 511 keV. The efficiency for this method of summation ﬁés obtained in the
following way. The total humber of“counts (R).invcoinéidénce with the 2+
proton peak was evalﬁated for each method of summatioﬁ. Then these quantitieé
were:SQmmed over.all angles in ofder to obtain the ratio of the total numﬁer
of coﬁnts in the Compton + FEP region to those in the FEP aioné. This results
in a 5% statistical error in the overall normalization. |

Thevfﬁll spectrﬁm summation increases the efficiency byva‘factér of

54

8.5 for the 1.409-MeV state of Fe. The final results are obtzined by this

5k

‘method. Comparison of the two methods for
r 56

Fe éhowed, within errors, the
same results. Fo Fe ‘the summations were ovéf'only the FEP,

 Alternative procedures were available for obtaining C, the number of
chance counts. The most-straightforward was‘to sum_the number of couhts in
coinéidence with the elaétic prdton events over the séme garma enérgy region
gs for the real events.  The scale factor, a, determined.in this way is jﬁst

‘the ratio of non-coincident elastic to inelastic pfoton events. It was usually

statiétically advéntagebus,_however, to obtain C .exactly as for T bhut from
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the four time~delayed chance peaks. However,vdue,to very rapid beam-intensity

fluctuations (microstructure) a was not 4, but varied from 3.6 to 3.9. The

value of a was deterﬁined by'summing'the gamma, spéctrum in coinéidence with
elastic events from 520 keV to ébo#e the FﬁP. Again, the comparison of these.
two mé£hods‘yields statistically identical results. The singles'proton
spectra, scaled down to eliminatevanalyzer deéd-time'effects, were'recorded
for both counters in all runs. At fTorward and backward angles the number of
singlgs events could be extracted directly from these spectfa. At intefmediate_'
angles, the 2+ 'peak was obscured by elastic events from carbon and oxyéén
target'contaminants. At these angles, the ratio between inelasﬁib andhelastic
events was determined from the ppevidusly measured cross sections by a?efaging
ovér the angular acceptance of the proton counteré, Whére it wasvﬁossible to
check, this indirect method agreed with the direét determination to #ithin 10%.
The admixture of the non-spin-flip ééntribution B(6) wés.calculated
to be-generally.about 0.02 ifvthe reasonable aséumption was,made,that all sucﬁ

amplitudes are equally probable and that cohefent effects were smail. Maximum

- violation of these assumptions would change B(6) by less than a factor of

two. At two angles (45° and 95°) for ShFe', B(0) was directly neasured by both
increasing and decreasing the gamma counter solid angle by a factor of two.
These measurements are consistent within statistics with the ca;dplation.

_The values of S(8) for the first 2+ states of St

Fe and 56Feiare
shown in Figs. 3 and 4 along with theoretical predictions which will be discuss—

édvlater,' It is apparent that the large differences between théfasymmetries

for the two states are not reflected in these data. 1In additionfto the large .

3-9

both distributions show a maximum at
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70°; these features are more pronounced in ShFe where the statistical

precision is better.

Figures 5 and 6 show the astmetries for the first 2+ states of 5hFe

L. o 2
and 56Fe respectively obtained with 19.6 MeV polarized protons at Saclay.
These data are quite similar to those measured at 18.6 MeV 1 suigesting that
cbmpound—nucleus contributions are not important. The small as/mmetry at

56

Fe is found also for L=2 transitions in the nickel isotopes,

52 50

30° and 90° for

whereas large asymmetries at these angles were observedl for. Jr and Ti.

' y . .

Cross sections for the two states in 5+Fe and 56Fe'_also have different
. 7 A :

~ shapes; they are shown in Figs. T and 8. The cross section for the decreases

less rapidly with increasing angle than does the 56Fe cross sec:ion.

IV. ANALYSIS.

A. Optical Model
The predictions of 8(6) iﬁ a éolléctive}model analysis are quite
sensitive to the optical parameters chosen, in_particuiar; to.the depth of the
vspin-orbit potential and to a lesser extent to the parameters éf:the'iﬁaginary
potehtial. For this reason we have made g'rather extensive search of parameter
' space to_determine the degreé to which the-best;fit'parameters afe fixed on
the basis of »Xz. For both nuclei cross section and polarizatioﬁ-détaratv

19.6 MeV were analyzed.

The optical potential used had the standard form:

Z . a- 0. a. :
U(r) = =V f(r,rr,ar) - hlai WD ™ f(r,ri,ai) + (———0 v. R0 r dr_f(r’rso?aso) .
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The Coulomb potential of a uniformly charged sphere was added to U(r); the

functions f(r,rr,ar) are of the Wood-Saxon form. Avmodified rersion of the

UCLA code SEEK'S was used to minimize Y- which is defined as:

(6)

>
QN
T
=[]
e
o
®
[

XP—

N
| .
ip'[\/]
d
=
o
o)
b

The subscripts t and ex refer'fo the valuesvof the theoretiéai and
-experimental quantities, respectiveiy, at each point 1. The.',Ei ére the
experimental errors. Unless stated otherwise, we have taken the erfbrsvto

: . | .

be a péﬁstant.percehtage of the cross secfipn at'each angle (usually 3%); for
the péiarizatién, the quoted experimental errors were used (rangingvffom
'Ai‘.Oi at forw;rd'angles to * .03 at backward angles).

In accordance‘with pre&ious analyses in this energy région, we have
generally used a pure surface iméginary well and‘oniy a real spin—ofbit.well.
The addition'of a:Smallfvolume'term (1.5 MeV) improves fhe fitvonly slightly
and ‘has a'negligible effect on the inelastic predictions.' The imagiﬁary spin-
orbit weli,was found to be close to zero-iﬁ the analysis of 18.5 MeV elastic
scattering;lé ﬁé have found that this remains true at 19.6 MeV aﬂd have

therefore omitted it in the analysis.
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In addition to V, WD; and V;O,vthe geometricél'paramevers of all three
potentialS'Were used as variabies in thé fit to the.cross section and bélarization
data. The usual procedure was to use only a.feﬁ parameters at & time as
4varia51es in order to more easily assess the improvement in the fit due to

each. |

Several parameters (all -except r.,a,V, a) were gridéed over a sizable

s
rangé while X2 was minimizéd at' each point. This allowed the explicit X2
debendence of the gridded parameter tb be displayed and lessened the possibility
of.missing any local minimé._

| The results of thié procedure indicated no signifiéaﬁt difference in

56Fe; thus we adoptedvthe

ény of the geometrical ﬁarameters betﬁeen'shFe and
average set given in Table I. These are close to those used by Kossanyi-
Deméyvand de Swiniarskill‘l for the ahalysis of 18.6‘MeV proton.3catteriné. ‘A
real radius of 1.19 F seems’ quite adequate for both nuclei; any restriction of
fhis péraméfer to values'éﬁaller than 1.17 F or iarger than 1.25 F resulfs

in a considefably poorer fit. The real diffusenessv?emains close té 0.7 F for
a wide ivariety of parameter situations. An imaginafy radius whicﬁ is larger
than the feal radius results in a significant improvement in the fit; this is

consistent with previous work.lb"l5

For the present data, values of at;least_

1.3’F:afe required. The diffuseness of the imaginary well is'qund tovbe

. consisiently smaller than the real diffuseness; The spin—orbit.radius;was

found to be'consistently about 10% less than the real radius'in a3 wide variety
' 14,16

of parameter configurations; this, of course, has been observed vefore.

The'spiﬁ—orbit'diffuseness is rather poorly fixed bétween 0.35 and 0.5 F.
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Using the average geometrical parameters and searching only oniV,
_ WD, VSO we find significént'differences between 5hFe and'56Fe only iﬁ the deﬁth
of the imaginafy potential. ' The final parameters are given in Table I; the
éarresponding fits are shown in Figs. 9-12. The polarization data are fit

sk

quite well (especially for ° Fe) while the cross-section fits are only fair.

It is of interest to note that in the back—angle region, where the fits are

5k 56

poor, there are considerable differences between the ° Fe and ’ Fe cross
sections. Thus the'similar&ty in optical potentialsnis somewha’ misleading.
Attempts wére made to imprﬁve the agreement with the back-angle ¢ross
section points by‘inc;easing their correspondiﬁg’wéighting factors. However,
this decféases-the quality of thé.fit generally and results in iny a slight
difference in optical parameters. -
Invparameter searchés using ohly cross-sectibn data; we found ﬁhat it

54 56

: : | . .
is possible to obtain quite good fits for both °~ Fe and ~ Fe if r, is 1.k F.

This also requires that W

p be about 16 MeV, which is significanfly larger

_than the values found in previéus analyses;vai was usﬁally aboﬁt 0.35 F. The
. polafizatiop fits which are produéed by such parameferé are verj poér.and
allow one fo eliminate;fhese solutions.. We mention this only to_illuétraté
 the déngers of parametér searches using only differential cross-section data.
As we have_meﬁtibned the prediction of S(O)l in termé,of a collective
modeiLDWBA anaiysis is_sénéitive_to the spin-orbit poténtial. To examine’the
ektent to which these parameters are determined by the‘preéent analysis, we
have fixed the wéll depth‘ VSo for'ShFe.at 1 MeV on gither sid=s of the minimum
and searched on gll the other paraﬁeters. The péraméters resulting from_this

ﬁrécedﬁre are given in Table II. The corresponding fits to the elastic data
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for the three spin-orbit well depths are shown in Figs. 9-10. "he effect of
such parameter adjustments on the predicted inelastic quantities will be discus-
sed in the following section.

"B. Collective Model

Thé collective model has long been used to interprét differentisl cross
lsectibns énd polarizations for states assumed to be vibrational. "The inelastic
transition is considered to.be caused by the defprmation ofvthe optiéal
potenﬁial; deformations of both the real and imaginary pptentials are included.

17,1 o

It has also been found'neéessary,‘in the analysis of ésymmetry cata,
' include a'deformed spineorbit tefm in the intergction. The form of this term
is not yet sﬁéndard.;a- |

The most extensive treatment'of'the'spin—orbit deformétjon has been

19 Starting with the Thomas form of the spin-orbit

given by Sherif and Blair.
potential which can be derived from thé impulse approximation, they show that

_ the rgsulting deformed spin-orbit term can be written as follows:

u=U @) +U(2) - | | (7)
| B . | | |
where U (1) = (1) v r(e) L 2 g .0 |  (7a)
1o
U (2) = (—h——)zv 2 -'['jv' 1(6,0) x + v } . (o)
| m,c e BRSO | | i -

Rso and- I(8,0) are parameters of‘the deformed spin-orbit potential:

R (6,9) = R:o (1 + 1(6,9)) - , (8) '
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1(6.4) = Z By Dy (8:9) - | (9)
and . f=[14+ exp(r - Rso/ase)]—l"' . » (ld)

T The'term U (2) contains non~radial components of the gradient operator

and is quiﬁe complicated to evaluate.  For this reason earlier analyseel’l7
using avdeformed spig—orbit potential ﬁegiectedf U (2). In the model ef'Sherif
and Blair, the effects of both 'U,(l) and U (2)l‘are included; i.e;,‘the full
Thomas term is used. |

For the aﬁal&sis of the'data, a compﬁter'program writter. by H. Sherif
which includes theveffects of deformation of the entire'opticai potential was
used. For the spin-orbit deformafion, options ﬁere available‘fcr'using-the
full’Thomas term (FT), U (1) deformetion only, or e'noh-deforﬁed
_epin;orbit potential (NDSO). Coulomb excitation was included in all calcqlations.

Figures 3 and 4 show the collective—modei fits to S(8) for the.firstr

54

2+ states of 7 Fe and 56Fe using the optical parameters in Table I. For these

date, no one of tﬁe three types ef spin-orbit. deformation is cléarl& preferred.
ForvShFe all give a rather rough account of the detav(i.e., they predict large
S(e). at back angles) but none £it weil. There is some imprevement in the pre-
.dieted magnitude of fhe back-angle peak when one includes a deformed spin-orbit -

56

term.:-. For Fe the fit is somewhat better; particularly at back angles. For
" both nuclei, however, all predictions fail to account for an additional peak

at T0°.



_~18— UCRL-18826

The fits to the asymmetries for these states are shown :n Figs. 5 and

5h

A

6. The fit to the Fe data is poor; however, a substantial improvement is

made by the inclusion of a deformed spin-orbit term, and evenvfurther improve-

ment is obtained when the FT term is used. The three types of calculations

56 S5k

for the Fe asymmetry are nearly identical to those for Fe.  In this case,

however, the measured asymmetries are smaller and the FT calculetions produces’

5k

a quite good fit. Similar results were obtained at 18.6 MeV where the ~ Fe

56pe asymmetry was fitted rether well.®

asymmetry was fitted poorly and the
| The fits to ﬁhe differential cross sections are shown ir Fig. T7-8.

In general these precictions show little sensitivity to the spir—orbif defor-
matioﬁf Again.there is the problem of fitting experimental distribﬁtione'which
are réthefudifferent with theoretical curves which are quite similar. ,It is
seen that the phase is predicted well but the decrease of the cross section
with angle is fiféed pooflyvin both cases.

In order to'determine toiwhat degree-the collective-model predictions
are made amb}guoue by uncertainties in the spin~efbit potentiai we show the
ineiasticlpredictions with-fhe optical pgrameters obeable 1T in'Figsf 13-15;

54

these Were_calculated with the spin-orbit sfrength for Fe fixed at 4, 5, and

6 MeV. The predicted S(8) is very sensitive to Vség this has been observed

in previous work on 58Ni.7 The solution with VSo = 4 MeV agrees with the data

at back angles but fails eleewhere. Fer the cross-section and'esyﬁmetry'
predictions thefe is liftle difference amoné them;

The calculéted values of S(B) are less sensitive to the_imaginary.
potehtial. .Calculations for ShFe were performed with two sets cf optical

parameters with W_ Tfixed at T and 9 MeV respectively. The chief

D.
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difference between the two predictions is in the baék]angle max imum which-

decreases from 0.36 to 0.32.

c. MicrOscopic‘Modél
~ The simplifiéd nucleon«nucléon interaction Whiéh has ndrmally been

used in microscopic-model calcuLations20 includes a spin—dependent term which
cén induce traﬁsitioné with ZI=1. The interaction is written:

Vg, = (U + ¥ oy - o) lleyyl) | (1)
In the present éalculations,'g(lrijl) was assumed to be df‘gaussian form
with a réﬁge of 1;85 F. The sign and strength of Vl in this effective
_ihterééﬁion are not well éStablishéd. If it 1s large enough;'and 'Z=i:
Atran§f¢r is important, the poor results of the collectivefmodgl treatmént'
deséribed above might be"expléihed. If 6n1y =0 éicitations uré important,
pfevidus wqu ihéicates that this version of the microscopiq mod§l qannof expléin
the differences in asymmetries and éroés sections for.ShFe and $6Fe. Because
the wave functioné-of the two states are not.known,vhowever;»OnLy simple con~
figupations were considered.l

The present microscopic analysis is hampered by the‘same difficulty.
_Since'£here afe twenty-eight neutrons in 5hfe;_the predominanﬁ configuration‘

, ) 5 .

7/2

;+; other configurations are
sufficientlj impdrtaht,'however, thafvthe value21 of B(E2) is almost nine

of the first 2+ state is presumsbly (7 £
éingle—particle units. Since I=1 transfer is forbidden in trensitions which
‘involve simply recoupling‘the'angular'momentum of two nucleons, contributions

of I=1 to the excitétion of the 2+ state in ShFe must come entirely from
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é&mixed coﬁfiguratiéns;' fthe are probably.many"of the same configurations
whiéh predomihaté in the 2+ state of 56Fe. Theré the neu£ron shell is no
longer closed, the energy of the first 2+ state is lower,laﬁd B(E2) is
about fourteen single-particle units.21

| In order to estimate the poSsible"effécts of I=1 transfer, calcula-
tions were first performed for simple particlé transitions with VO and |
Vl both fixed at 65 MeV. They were carried out with the code of Glendenning;
harmonic—oscillatqr wave functions were used forvthe bound sfates. Predictions
of S(6) for ShFe are shoﬁn in;Fig. 16. The curve caléulatéd for puré

recoupllng of f particles resembles the collective»model fit. The other curves

7/2
~cleaply show nuch larger probabilities at forward angles and vary markedly,
dependlné on the:configurations. It is 1nterest1ng that peaks in S(6) are
generally predicted near fo° and 105°, the location of the small peaks in the
measuredu S(8). The predictions of the asymmetries and crosé'sections show
a.léss marked, but'still definite deﬁendencé on the configurations agsumed

and on the magnitude of V Calculations of - S(6) for these same transitions

1
with Vl set to zero resemble the collective model predictions and depend
little on the configuration. In this case, the asymmetry and cross section

are more_cohfigurétion—dependent than S(8).

Examples of calculations with V. set to.the more typical value of

1
‘30 MeV aré shown in Fig. 17. The 2+ wave»fuhction heré-has‘been assumed
to have components 0.707(f7/2)2+ apd 0.707(f7/2 5/2)2+ - The ground-state
2
was pure (f7/2)0+. Particle wave functions were used 1nstead of hole wave

functions for convenience. Calculations with admixtures. of other configurations

give similar results. The predicted values of S(8) are now smaller at
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forward angles due to the reduction in strength’of Vl' Thé'four curves
in Fig.‘l7 illustrate the effects of changing the relative sign of the two.
components of the wave function and the sign of Vl. The'positive.sign in
thé‘wave'function increases tﬁe predicted value of o(8), i.e;, this choice leads
to collegti&e énhancement. It corresponds to the two lower curves ianig. 17.
The.?maller values of S(8) reflect mainly the larger valués of O(Q)

because most of the collective enhancement occurs in 0++(G)’ and o__(8), the
non-spin-f1ip terms. Although none of these choices provide a good fit to

the asymmetry data, the choice of g positive V and a positive relative sign

1
’in‘the wave function seems slightly favored. The cross section and asymmetry
fits thus select the lowest $S(0) curve. Since realistic wave functions for

Z Fe aré not available, it did not appear useful to attempt a detailed fit to

the experimental S(8) by adjusting parameters of the microscopic interaction.

Neveftheless Fig. 17'cléarly shows the role of ZI=1 tefms in the forward-
angle structure Qf s(8).

Thevpartial cross seétions‘predicted with the above choice of signs are
shgwnvin Fig. 18. 1Inspection of this and several similar plots have léd to
several general‘conclusions. The fits to the experimental o(8), although
slightly dépendentboh the'details of the microscopic calculation,>are not, in
general, worse than those obtained with the collective model. The spin~flip -
cross seétiOn,‘ﬁot-just fhe probability, is énhaﬁced at back angles. .Calculations
whicﬁfinclude_only the"'2=0 term reéduce the spin-flip crOssvsectibn at forward
angles by a factor of 2-3, but.leaﬁe fhe backéangle peak relatively unaffected.
This peak disappears, howevér?'when only %=1 terms are included. The cross

(8) and the asymmetry

section is mostly due to the sum of G++(6) and o_
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is due mainly to the difference between these same two terms. Except for the
back-angle peak where the spin-flip and non—spin—flip cross sections are of
’comparable magnitude, the spin-flip cross sections provide onl;r minor modifications
to o(8) and A(6). fSpeci_fically, inclusion of the I=1 terms, although
indicated by the_small—angle spin-flip data, have no significant effect on

c(8) end A(B).

- V. SUMMARY
Spin-flip probabilities and cross sections for the excitation of the

S5k 56

first 2+ states in Fe and “ Fe have beeﬁ measured for inelastic proton
scattering at 19.6 MeV. These data and asymmetry data from Saclsay have been
analyzed with both macroscopic and microscopic bWBA models; neither gives a
good account of all the date.

With the collective model, the fits to the differeﬂtial crose sections
arevreasonably good; however, the slopes of'the;curves ere different for the
two states and these ere not reproduced. The differences betWeen the magnitudes .
of the asymﬁetries likewiee are cot reproduced. These failures are not sur-
prising in viev of the nature of the collective model. Differences would have.
to arise froﬁ very different optical perametersvfor the two nuclei and there

7.8 have

is no evidence for this in the present analysis. Other analyses
shown that'the’back‘angle peak in the spin—flip probability for 58Ni-could

be reproduced rather well by collective model DWBA predictions with or Vithout

a deformed spic—orbit term. We also find this to be true;.ﬁowever, the back-angle

Lo Sho L S '
peak 1n»5 Fe is fitted less well than in the other nuclei. In addition, the

structure'of S(G) is more complex than predicted by the collective analysis.
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Since accurate wave functions for the two nuclei were'not available,
the mlcroscoplc analys1s could only 1ndlcate the results Wthh night be
expected from a more complete calculation. If the admlxtures of configurations

other than (£ are sufficiently large, the caleulations indicate that

-2
/2 o+

S(8) at forward angles can be fit with a reasonable ch01ce of V.. The ratio

of Vl/VO must be proportionately larger than about 0.5 to have a significant

)—2
T7/2°+2

a probability larger than about 0.5, which it had in our sample case. The

effect on the prédicted S(6) if, as expected, the (f configuration has
shape of S(8) depends only slightly on the particular configuration admixtures
andfon”tbeir relative phases When_the (f7/2 2+ .confiéuratieh.is pfedomiﬁant.
HOwever, if other configurations dominate, as would be expected ferv 2+ states'
other than the lowest, and if V /V_ is large enotigh, then entirely different
S(6) patterns are predicted. The sbapee then depend seneitively on the
relative amplitudes‘and phases of different cenfiguratione. _
It remains pﬁzzliﬁg thatrthe spin-flip probabilities for 5l‘LFe and‘56Fe
are quite similar, while the asymmetries and cross sectiohs are:different.
Whetever reaction meehanism or coherence property of the weve functions is
respoﬁsible for these differences must not affect S(8). -This might be
. possible if, e.g., the spherical spin-orbit potential aionevcouidvaceount for
the measured S(6), but this is not indicated by our anelysis.A‘It is also
'pQSSible; of course, that contributions due to nucleon—ﬁucieop tensor-end spin-
iorbitﬂforces, could bring about ‘the required difﬁerences, ‘Since'theee-fofces,°
again, effect mostly the 6+_ .and 'c;+ terme, our results sﬁggest that they

alone would not resolve the puzzle. Calculations which incorporate these

forces, and which include spacé-exchange terms as well, have recently become
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possible.22 A compariéon of the predictions of such a code with the present

results-should prove intereéting.
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FIGURE CAPTIONS

Fig. 1. Simplified block diagram of the eiectronics. The hénvyllinos indicate
ithe paths of the analog signals from the two proton counters and tﬁe gamma
'counter. |

Fig.}E. | Pulse-height spectrum from the TAC. The stért pulsa came from a

| préton fast diScrimihéﬁOr; the stbp pulse came from thé gamma f;st

discriminator. ThevSCA's were set so that 0.40 < EY < 3.5 MeV. 4Thé large
peak is the true peak; 'the other peaks correspond to chance coihcidenceé,

S

Fig. 3. - Spin-flip probability S(6) for “ Fe. The curves are collective-f
model DWBA prediétioné with three types of spin-orbit terms: Fuli Thomas
.term (solid); U (1) only, Eq. (7a), (dotted); and non-deformed spin-orbit
(dashed). | | o

. 56

Fig. k. Spih-flip probability S(6) for ” Fe. The curves are collective-

modél DWBA predictions as described for Fig. 3.
_ -

Fig. 5. Asymmetry for - Fe, measured at Saclay (Ref. 2). Taie curves are
’collective-model DWBA predicfions as descfibed_for Fig. 5.

Fig.hé.' Asymmétry'for 56Fe, measured at Saclay (Ref. 2). The curves are
éolleétiVe-model DWBA predictions as described for Fig. 3. |

5k

Fig. 7. ADifferenﬁial cross section for ~ Fe. The curves are collective-model
ZDWBA predictions as descfibea for Fig. 3. |

Fig. 8.  Differential cross section for 56Fe."The curvés are collective-model
iDWBA prediétions as described for Fig; 3.

5LL'Fe to the

Fig. 9. ‘The ratio of the elastic scattering cross section for
Rutherford cross section. The solid curve is an optical-model fit using

the best fit parameters of Table I. The dotted and dashed curVesiére

g
A
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fits using the parameters-of Table IT with Voo fixed at 4 MeV and 6

MeV respectively.

54

10. The polariZatioh in elastic scattering (Ref. 2) from ~ Fe. The

_cﬁrves are opticél—modei fits with the parameters of Tables I and II.

The curves are identified in Fig. 9.

56

11. The ratio of the elastic scattering cross section for Fe to the .

.. Rutherford cross section. The curve is an optical-model fit with the

' parameters of Table I.

Fig.

Fig.

Fig.

Fig.

. Fig.

56Fe.

12. The polarization ?n elastic scattering (Ref. 2) from
The curve is an opticalimodel fit with the parameters of Table'I.

13. Coileét;ve—model predictions of S(8) with the opticalvparameters.
of Table IT. .These Weré 5btained byvfixing thé spin-orbit well depih |
at 4 (dotted), 5 (solid), and 6 MeV (dashed).

14. Collective-model predictions of the-as&mmetry”with the optical
parameters of Table II. The curves are identified as in Fig. 13.

15. Collective-model predictions of the differential cross section

with the optical parameters of Table II. The curves are identified as

in Fig. 13.
16. Microscopic model predictions of S(0) for 5hFe. For all these
curves, Vo = Vl = -65 MeV. The ground-state was assumed to be
2 - ' 2
\(f7/2)0+' The 2+ state was assumed to be: (f7/2)2+ [ 1,
oY [emm-- . — e . =+
(Fr/22%570)e [T (£7702P3/0)04 1o 1707 (£7/5),

707 (f7/2’P§/é)24}[""']’-{'707‘(f7/2)§+ = TOT (£45P3/0)p,)
(-] |
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54

Fig. 17. Microscopic model predictions of s(8) for Fe. For these curves

A is -65 MeV, V) is * 30 MeV. The ground state was assumed to be
D B ‘
.(f7/2)0+.‘ The 2+ state was assumed to be:

- o
1/2)0 l/-‘/5-(1"r/2’f5/2)2+ . v v
Fig. 18. Microscopic predictions of the partial cross sections (cf. Eq. (1))

54

‘1//5 (f

for Fe. For these calculations Vo is -65 MeV and Vl is +30 MeV. The

wave function is assumed to be:

)2+ 13 (£

g (f7/2 o+ 7/2’f5/2)2+ :
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Table I. Best fit optical model parameters for ShFe ani 56Fe.
v W v r r, r a a, a

D S0 r i 80 r i "so

(MeV) (MeV)  (MeV) (F) (F) (F) (F) - (F) (F)

ShFe 50.51 ‘7.9h 5.06  1.19 1.31 1.075 0.70 0.55 0.40

%pe  50.u8  8.83 5.2 1.19  1.31 1.075 0.70 0.55 10.40




1.13  0.66

0.54  0.45
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Table II. Best Ifit parameters for 5l‘LFe with fixed Vso'
v WD Vso. r. ro ro a 8, &,
(MeV) (MeV)  (MeV) (F) (F) (F) (F) (F) - (F)
49.80  8.83 . 4.00 1.19  1.3%  1.06  0.73  0.50  0.22
50.51  7.9%  5.06 1.19 1.31  1.075 0.70  0.55 0.0
48.82 8.0k 6.00 1.22
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LEGAL NOTICE -

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission: .

A. Makes any warranty or representation, expressed or implied, with

respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages

resulting from the use of any information, apparatus, method, or
process disclosed in this report.

As used in the above, ''person acting on behalf of the Commission”
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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