Lawrence Berkeley National Laboratory
Recent Work

Title
POLARIZATION PHENOMENA IN NUCLEAR REACTIONS

Permalink
https://escholarship.org/uc/item/964250sw

Authors

Glashausser, C.
Thirion, J.

Publication Date
1967-12-01

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/964250sw
https://escholarship.org
http://www.cdlib.org/

B i L3y

=3

UCRL-17920

Gr

‘University of California

Ernest O. Lawrence
Radiation Laboratory

POLARIZATION PHENOMENA IN NUCLEAR REACTIONS
C. Glashausser and J. Thirion

December 1967

4

R

TWO-WEEK LOAN COPY

This is a Library Circulating Copy
which may be borrowed for two weeks.
, For a personal retention copy, call

L SR ARG AR Tech. Info. Division, Ext. 5545

o , y

zt
oChLl ~ 140



DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



"Bbok'Chanterﬂin,>"Advéncés in Nuclear”Ph§siés;"f:> S UL UCRL-17920

vol 2, ed M Baranger and E. Vogt Plenum Pub pt.f'GS o

'5f-f;Publication date ,}_fa;'

UNIVERSITY OF CALIFORNIA :

Lawrence Radldtlon Laboratory
R Berkeley, Callfornla '

AEC Contract No. W- 7&05 eng h8

POLARIZATION PHENOMELA IN NUCLEAR REACTIOVS

C Glashausser and J Thlrion _

December 1967 e



o

o '1',. POLARIZED SOURCES
A polarized source is ba51cally an atomic beams appara us which |
* includes magnetic gradient deflectwors and high frequency trar51tions v tv

the intensities of the neutral beams obtained are much higher than in the

- devices used in atomic and molecular spectroccopy.. Tbe trans’tlons emploved '

- are also different -for polarized sources the adiabatic paSSage method is. . -;iﬁi"

used ‘to provide high polarization.,z

1. Sources of Polarized Protons

The general sequence for protons is as follows. The-first element in- :

* the source is a dissociator which produces hydrogen atoms from molecular
hydrogen; it is necessary because the hydrogen molecule has an inconveniently

~ small magnetic moment. - The atomic beam is then directed toward a magnet,

often a sextupole, designed to produce large magnetic,gradients.' Here the =

_ atoms experience forces which depend on the orientation of the electron spins -

with respect to the field, just as in'the classical Stern-Gerlach experiment.
~ the spin-up state, for example, is focused toipass through a small exit |
aperture and the spin-down state rejected, the atomic beam is completely
polarized in electronic spins. In the familiar Rabi diagram oi Fig. l,
states 1 and 2 are kept, the Z~ cowronent mJ, of the spin of essentially al
' the electrons is then 4-l/2 while the protons are about equally diVided into
_states with m = +l/2 end m; = -1/2.

There are several ways that the protons could now be polarized, but
the method which uroouceo the largest oolarization 1s the adiabatic passage

k3

method. Here high-frequency tranSiuions are used to reorient the spins of

‘ , . . . 1
the protons; two types have been progosed by Abragam and Winter and have
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;been_revieQed in.Qetaii by.Béurtey.2 .The fifét céﬁ’giQé;é-§r§£6ﬁ:éoiér§zaéigﬁ: f
-of +l'6y trénsfefring all the atoms in'the-stété.zbto‘thé étate k. A static .
' magnetic.field of about lOOO-gausé.is.ﬁsed; ﬁhevbséiliatiné‘elecﬁrbﬁégnetic fb
field with a frequency of about 3006 Mc is éohtéined in a’cavity where

) 20 watts of hlgh frequency power are necessary for the transmtlon. The

‘second - type is performed in a low magnetlc field (about lO gauss) where F, _‘

. the spin of the atom, is a good‘quantum number; the frequency of the osc1l-:i 

‘vlating fieid (about 7 Mc) should then corréespond to approximately equal -
sPllttlng of the F = 1 substates. A protpn polariéaﬁion of ;l is thus
.achieved by transferring thé population of-thg ﬁF = +1 Subétate to-thevsﬁba3  _“
state‘mF = -1. DNote that these high-frequenéy traqsitionﬁ are useful'in -
polarizing the protons only affer.the previou$ separation of eleétrdnic spiﬁs‘ O
has been performed; otherwise the exchange of substate populations, partial |
6r completé, would have no effect. .

The neutral polérizéd beaﬁuobtained at‘the exif of the source i; then::
'ionized ﬁithout distﬁrbing the spin state of tﬁe nucleus. It has been
experimentally verified that the fonization time is much smallef than the
period éf the Larmor precession of the nucleus,‘so that the orientation of
the nucleus is essentially not modified while the electron is being stripped.
Finally, aéceleration of the ions should not alter the spin orientations;
such depolarization effects cén be avoided iﬁ tandems and cyclotrons.

The usefulness of a polarized source clearly-depends.upon the intensity :

3),4',5

" and polarization achieved. Since several reviews of these sources have
been published recently, we shall restrict our discussion to present maximum

performance and the factors limiting it.
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" Linitations =

"A) Intensity.

l7'atbmé/sec Qvérian"aréa.ofio,5}cm?

Atomic beam intensities of 10

- have been obtained at Saclay after thé magnétic sépération; uThis'is-thei}.;_jfnﬂ'>

‘maximum observed thus'far, - Two factors limit this intensity. ‘Thetfifst isa_ﬁt];“fj_ﬂ'

the prodﬁctidn of the beam in a giyeh golid,angle. ' The dissociation of‘thé ;&;u

hydrégen molecules is performed at a pressure of 2 mm of Hg and the béa; iéf.“”

7..

formed by an arrangement of apertures similar to the ones studied by Becker' -
‘at higher pressures for supersonic flow. In the present application higher;;
pressures of hydfogen cannot be used because of the rapid recombination rate

" of atomic hydrogen at room temperature. = Of course'high temperétures'could' ‘

induce dissociation, but the increased velocity of the atoms would be a draw-'-

.back both for magnetic-gradiegt focusing and ionization efficiendy. The

'second limitation is the_residual pressure in the iegion héar the axis of

" the sextupole ﬁagnet which introdﬁces an.attenuatioﬁ of the atomic beém Ey

scattering. The puﬁping speed there is limited.by éhe-geométry of ‘the
unavoidable pole pieces of the sextupole magnét.v Both factors give about the
same limit, so thatvboth must be iméroved at the szame time to obtain incrgaseé
bgams.

8 « ' o
The neutral atoms are ionized in collisions with electrons confined -

in the magnetic field of a solenoid. Here.the -1limit is probadbly due to space

charge effects, One is coricerned not only with ionization efficiency but
also with the quality of the ionized beam, its emittance and energy-spread.

The quality has to match the acceptance of the acceleiatof itself;




. -5-
: ‘Hktpoldrized‘proﬁqﬁ‘beém'§f 6 QA haé been ogfainéé.at Saélay vi£h‘é ;{,';
quality suitable for injection into the cyclotron. The trochoidal methodd
is then uséd to inject fhe particles into the center of.the cyclotron'alohg-.
:..the median plane.’ Extractéd beams-u§ tb about 35,nA'havé been obtaiﬁed.lo
This value.can cérféinly bevincreaéed by'bun¢hingl;_the beam at_injectién féﬁl
:‘match the phase acceptance §f the machihe.4 | | N - -
 B) Polarization. | - | R
The efficiency of the low field :tranéitiOns_: is ,1;50@12 %0 be 9 9;5 i o. 5%,
Vso'that thé protons in tﬁe atomic beamvaré compietely ﬁdiafized. Departufes |
from the maximum arise from conditions at the jonizer.. Here there is a 5 - 15%
background of unpolarized protons arisihg from two sources. The first is the
hydrqgen, mostly ip the form of H;O, in the residﬁal-yacuum; this can be‘ 
. minimized by liquid air traps, e.g.' The second is that'pért of the hydrogen
6f'the atomic beam itself wh;ch‘ié depolarized by scattering in the ionization f 
volume; it is a small factof if the pumping is carefully designed. Depolarizing
effects éan arise here also due to the state mixing of the hydrogen atom in |
the magnetic fieid at the ionizer; it decreases as the field incfeaseé and
is calculated to be typically between é - 5. The‘polarization of the ionized .

protons is thus genefélly of the order of 80 - 90% in such soufces.

2. Deutefons
" The description of the polérization parameters for deuterons is
. considerably ﬁore complicated than for protons. The notation that we shall
use is that of Raynall5; it corresponds to a spescial choice of irreducible
tensor operator T, which gives the following decomposiﬁion of the density

- matrix p:
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W/E (pl,fpe,l) NCY "2 o E ("1 -1 "2 1) | @ |
V3 P2 [ (°1 1 "2 1) . ‘-\/; p1,0--"/ 2 p2,0 g
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The parameters pl are the vector polarlzatlon parameters, the p2 are the
’

'tensor polarization parameters.

" The correspondence between the operator T and the operators which have,e,_
been used by some other authorle is as follows: B
_3
Tl,O =V 35,
o =/3(zs), (Fs -1s)
1,¥1 72 x Ve X y
TQ,O =3z 5.2 ' o . v(B)‘}- 4
T, 0 V3 (%, i8,) R S o
' N JUTE
To,t2 = 3 (5,5 Syy esxy)_
. | “.
The properties of the polarized sources described here are sueh that
v

the density»matrix‘p of the'polarized beam is diagonal, with the z axis taken

N

as the direction of the magnetic field at the ionizer. There are six allowed
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state m_ = +1, while there are none in the substate m

=T

A

sets of parameter_values,'corfésponding to two thirds of the deuterons in one - '

magneticisubstate}(l, 0, or -1) and one third in oﬁe of the other two sub-

states. The allowed density matrix elements are thus:

IR s 4/1 o
= =% = * — . .
1,0 “/%’ P20 7

Thé first two sets correspond to a pure vector polarizéd bean (all the‘p2 "

are zero). If we choose the positive sign for Py O},the density matrix is,
. . . 2 . . .

~ according to Eq. (2),

0 0 “ : o o '

The veétorvpolarization is +2/3, since 2/5 of the'particles are in the sgb-'

= -1 Tue 2/3
1 . T 1 The.vg ue 2/3
is actually the largest possible for pure vector polarization, since the
density matrix must be positive definite with trace eqdal to unity.

The second set of equations (4) combine vector and tensor poleriza-

tion of'opposite signs; they do not correspond to pure tensor polarizaticn.

It can easily be shown, however, that the effects due to the tensor'part

alone can be obtained accurately by combining several measurements with dif--

ferent signs for the polarization of the incident beam.

In order to describe the scattering of polarized incident deuterons,

it is convenient to introduce a different axis of quantization. Following



, .

v

: Raynal,lj we take as z ax1s the dlrectlon of the 1ncident deute*on on a target ‘ f”

The cross sectlon for elastlc scatterlng can then be . wrltten '

TN

do _ 9‘_2 | { . .
a0 (6,0) = 37 (.e)i . t20"20 ",2 cos ¢ (tllp 11 t21p21)
.> + 2 cos 2 ‘t22p22)} AT U (6)>J.;
 vhere "g% (G)In P is the cross section with an unpolarized beam, the .
NI the elements of the density matrix in the new framefbf.referehce;

-and the tkp are the polarization Parameters-describingvthe scattering. Byv.*“'

- taking measuréments at different angles ¢, it is possible in general to.

" measure the various quantitie§ thp'

With a cyclotron, however, there is é‘limitation on the values of.théi

which in practice excludes the possibility of measuring t21. When the

1]
Pa,m |
z axis is chosen parallel to the magnetic field at the ionizer, the density
matrix simply reflects the occupation probability of the three magnetic sub-

states; if the cyclotron magnetic field has the same orientatibn, this

.matrix will not be affected by the accéleration. If the orientation of the

two fields were different, spin precession around the cyclotron magnetic field

would take place in an uncontrollable fashion, since the length of time spent

"by all particles in the field is not the same. Thus, if the external beam is '

kept in the median plane of the cyclotron, the values of pi " are limited, in
: b

effect, to the following:

ia 1
! = 2 o — ¢ = = - g 7
P1, 1= "7z P20 5 P Py y =0y andipp r- (7

.( :

[P
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N whéré ;qE%-pi;ovaﬁd.B.=vée;o{' T#é.cfos§1séc§iog (Eq; (7))ibééqﬁ¢é;
@ (00 =5 .'(9)_‘Ivn.p. ll -2 %0 (e)~+‘1a\v2. ty,1 (6) cos o |
- "N/i Bt, , (Q)Iéos é¢l L L ;  {;:: S 1t8) “ 't:

Thﬁs the tensor parameters‘ﬁeo.aga t22 can be‘measﬁred;lbut‘nof-fel.v This 
limitation does‘not.exist when oﬁhgr.éccelératdrsiafe uséd;fit ié also pos-'
~ sible, but usually iﬁconvenient, to avoid this dréwback éven.with‘a cyclotréni s
- by deflecting fhe external beam away from the plane pérpendicular to the
magnetic field of the cyclotron. However, aé'will.be noted later, the
v;ﬁignorance of t21 is not usually a problem. -
The method used'fo achieve the différent.states of bolarization'of'the“
deuterons is in principle the same as for protons. However the Rabi diagrém, 
shown in Fig. 2; is somewhat more complicated, ané_the.possible transitiohs
more numerous. To achieve pure vector polarization, for examplé, a low-field,.
a high-field, and a low-field transition are pérformed, in that order;ﬂ The
* high-field transition exchanges the popuiatioﬁs of stateé 2 and 5; the low-
field transitions each can producé the following exchanges: 1-l, 2-3, and
5;6. If the second low-fieldltransitidn is turned on aﬁd off during equal
'times, vector polarizations of +2/5 and -2/3 are obtained successively.
AﬁbioniZation, two of the factors reducing the polarization values '
of protons are negligible for deuterons, viz, the background éf HQO and the

magnetic field effect. Values very close to the theoretical maxima should

thus be obtained. .
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Abéolute'valuéé'of.the Pélarization

» :A) Protons,;’ - ) f - '3=§ {ii[“ﬁf:ﬁ

Tt is important to have several well-established values of the abso- .

lute value of the polarization. Two such reference values are available,

each with ﬁ precision of about 2%.  The first is the polarizationvin-the v

_-elastic scattering of protons from He ; it has been measured by Rosen and -~ .~ .

Brolléy15
"~ of protons™ from C at 45~ (1eb) and 15.7 MeV.
B) Deuterons.
Absolute reference values are not'available.v If_the efficiencies of .
‘all the high-frequency transitions are measured, the polarization'values

- should be close to the computed ones, except for‘background. But tre back-

ground is essentially unmeasureable, so the polarization can be estimated

with only limited accuracy. Further measurements are then necessary to obtain -

. a precision of, say, 1%.

To calibrate the vector polarization, double scattering is a possibiiiﬁ&,.

The tensor parameters t20 and t22 which enter the second scattering can be
measured in a separate experiment with a tensor polarized beam with an error

“of several perceht, ‘Unless a tanden is used, t,, is more*difficult_to obtain.

However, it is expected to be very small and can thus be evaluated sufficientiy '
accurately from an optical moéel analysis which agrees with the other measured
parameters. A heavy nucleus should be used as a farget to ayoid compound
nucleus confributions'and center-of-mass correction factors. Nevertheless,

helium cen &lso be a good tarzet. The first scattering is then alpha parti-

cles on deuterium; the second is the scattering of the recoil deuterons from

at 10 MeV. The second is the polarization in the elastic SCattering:: e

B T



a,

- influence of uncertainties in the tensor parameters would beﬁnegiigible.

11~

He 'at the same CM angle and energy. The tensor_parameters t20 and teé are,

again measured,'but’te is eétimatéd from a phase shift,analysié. The

1 o

17
As -soon as a calibration of the vector polarization is available,

the other cases can be evaluated from the known efficiencies of the high ,

frequency transitions.

Depolarizaﬁion Effects in Accelerators .
’A). Tandems .

Depolarization'can occur in the electron adding or stripping process -

18 . : . ‘ ot
. for various reasons. However it can usually be avoided by controlling the . -

direction of spin precession with a magnetic field .or by decoupling the

, . o 1 ,
" nucleon spin from the electron spin with a high magnetic field. 9 Depolariza--

tion in the stripping process can also be minimized if the‘time gllowed for '
charge exchange is very small, as it is, e.g., when thin_foils'are used. .

- B) Cyclotrons. | |

'Depolarization can occur iﬁ.cyclotrons dﬁrihg aéceleration.go This
can be best undérstood in a reference frame_rgtating at ﬁhe mean Larmor pre-
cession frequency of.the particle, mp. In such a frame, the effectivé mag-‘
netic field consists only in the small variations of the‘magnétic field. If

these variations have an appreciable constant horizontal ccmocnent in the

- rotating frame, depolarization may occur. (We assume that the main cyclotron

magnetic field'is vertical.) The condition that such a field exist is:

€

_—p.:: 4
= k £v
C

o + mVx y . v “ | ‘ _ (9)
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VoW, ggd yx?ﬁ a#e.ﬁhevax1alvénd:rgd;glgfMf.; 

N Where-_w; 'is fhebcyélotrdn frequency;
vl, and m érévintegers,-'Th;évrélation"ié a

betatron ffequencies, and k,.

~ resonance condition. To compute the corresponding depolarization effects, * .7

- the amplifudés of' the betat:qn oscillzations must be known, as we1l as the
shape of the cyclotron magnetic field. Al@houéhvcalculatibﬁé must be madé

- for each indiv;dﬁal case, it-is usuallf féund‘that‘depolérizafion is hegli;:;fﬁ.f4“'"

' giblé,.since it is very unlikely that the condiﬁiohs for_a resénancé be

satisfied for a large percentage of the ion accelerétion time.  Experimeﬁté'f

have confirmed these predictions; |

" Polarized Beams by Other Methods

A) Metastable Hydrogen Atoms. R R A':-'
The Zavoiskii-Lamb2l method uses a beam_of.hydrogen'atoms in the QSi/é:..g
metastable state (T1/2 ~ 0.1 sec). The corresponding'hyperfine étructure_is”. .

_similar to the hyperfine structure of the ground state, as shown in Fig. 3.

" However, since the two lower 2S substates cross the two upper 2Pl/2 sub-

1/2
states, strong magnetic gradients are rot needed to isolate the two upver
281/2 substates. .Instead, at a field stirength of 570 G, a smail electric
perturbation mixes the undesired subststes with the very short-lived 2Pi/2

substates (< 2 1.6 x 1077 sec). These quickly decay, so that the beam

1/2
then contains grqund-state and 281/2 uprer substates in about'equal propor-
tions. The process ié intefesting if it is possible to produce an inténse
beam gf QSl/é étoﬁs and to'ionize thésg selectively. |

Two recent experimeﬁts make this method guite attractive. The first22
showed that an iqtense beam of metastatle hydrogen atoms could be prodUced-by

+ + 2
charge exchange in cesium vapor (H + Cs *’HQS /2 + Cs ). The second 2
; 1

(
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' .indi§ated £ha£ aﬁ%éle;tronléould be added Seléctivély £o3thé metaétable'atoms»;'

| by paséiﬁg the béa}n through éi'gqﬁ.‘ The méf;h'od is thu‘s‘ wéll}suited 'for B

tandémé, aﬁd,is bei#g ﬁsed'ét Wisconsin, Milan, énd Los Alamos. |

However,'recenf pi'oposals_zh indicate that electfons caﬁ be added to

thevpblarized atoms of a convéntional source with high effipiency by charge -

:'exchange.wiﬁh negative hydrogen beams or cesium ions. Intenéities in the

‘ micréamp,range should thus be producéd; this is cbﬁsidefabl&:beyond,the

fyprobable current,obtainaﬁle with the Zavpiskii;iamb seheme;vﬁhis cﬁérgé.”'

' exchange.procéss should also be useful inlébtéining positive iohs from §>. 't”

"standard éource. v _ | |

B) Polarized He.
| 3

Optically pumped polarized targets of He
25 3

~are well l'mown.25 It has

 been suggested ~ that polarized beams of He”’ ions can be extracted from the

x He3 cells, but no detailed values of intensity or polarization are yet

available.

A II. ELASTIC SCATTERING
A) Polarization and Asymmetry
-‘Polarization‘parameters for the elastiec écattering of protons were

measured in.double scattering experiments long Before polafized ion sources._7
were available. The standard‘exPeriment consisfs in scattering'an initiallyv
unpolarized beem from the target of interest, and then analyzing the polariza-
tion of the sCattered particles as a function of the angle 6 between the
direction of thé'scaétering ahd the beam direction. To measure their voleriza-

tion, these particles are scattered egain from a convenient target whoss
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polarizatiqn’pfoperties are'known, and the‘ie t-vlght asymmetry in the scatterlng

is obsérved.; The quantity measured is the polar17atlon,v (6)

N - S S e Dol
L R L T , - R
O “F (97 WFE e e o)

where N and Ny are the number of partlcles scattered to the left and rlght:}‘fnf'w' |

L

<respect1vely after the second scattering, and P (6 ) is tne analy21nc power“
of the second target at the angle Gp of the second scattering. In terms of

cross sections,

to ,-0,_=~-0 fo +to +0 +o : | (11)

P(e).z U++. _ . - o+ .

Here, o++(6) is the cross section for scattering from the first target with |

initial and final spins up, o, is the cross section for scattering from an -

+-
initial sPinfup state to a final spin-down state, ete.

Doﬁble-scattering experimente can also be performed‘by eichangingnthe two
. targets of the previous type experiment. They correspona then with experimente
. done with beams from polarized ion sources since the beam incident. on the
target of interest is polarized. The measured'parameter is now the asymmetry
. A (9) in the scatterlng cross sectlons for spin-up and spin-down partlcles. It
can be measnredAby.counting the number. of particles scattered at equal angles

on the left and right sides of the beam. If the sign of the polarization of

the beam is reversible, the same quantity is measured by counting the particles
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" scattered to one side only during equal times of spin-upiand spin-down
incident beam. . The two quantities are the same because the-akis~of quantization,
n, effecti&ely flips the épin of the incoming proton in scéttéring to the

. left and right:

=R x R, s T _(12)'-‘.’;
where Ri and Rf are unit vectors specifying initial and final centerQOf-mass.'i
" momenta. - The asymmetry 'is thus:

A(6) =0, * c+_.- o, ,-0 fo *to +o + o__ ‘(15)

When spin flip is forbidden, as in elastic,écattering on a target whose -
spin is not zero, A(6) is equal to P(6). In other processes, however,

o, and o_, are not generally zero, nor are they necessarily equal. Thgs; in

inelastic scattefing, e.g., the measured asymmetry and polarization may be .
: ; : S _

"

different. .When it does not cause confusion, however, "asymmetry" and

"pélorization" will be used interchangeably.

B) Protons

Much of the dgta on polarization.in the elastic sééttering of protons ,v
are summarized in Ref. 26; the resﬁlté whichvhave appeéreﬁ since the Karlsruhe ‘

Conference are noted in Table I.27'hl The optical model paraméters of Table

I are defined by the following equation:

) U(r) = Vc(r) - Vf(xq) - 1(wfhwbd/dxl)f(xl) : 'klh) .

+ (ﬁ/mﬂc)g(vS + 1ws)g-£(1/r)(d/dr)f(xso) ;
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)

" where the Woods-Saxon form factors are given by:

f<x1;) G+ el )

and

”_The’first'term is the Coulomb potential of X pmoﬁon'imrtheffielq of .a unifo?hiy’fi

charged sphere. o . | o ' - -
Although the data range over almost theventire periodic table, there are

still large gaps, particularly for heavy nucle1 Detailed studies of nucleus .

to nucleus variations are available generally only at energles below 20 MeV.vbhili

BOSChlche has_found large anoma11e51n the 18.5 MeV elastic polarization

- around A=40, and smaller effects at A=90 and 208. His optical model analysis

vtraces these to a_decrease in the effective strength of the spin-orbit

'jpotential near the "closed" shells. The vamiations in the meaeured nOlarizatiohs

noted earlier by Rosen26 occurred onlyat back anoles and only at energies and

mass numbers such that the nuclear size Just permitted an.ihtegral . number

of wave lengths of the incident proton to fit into the potential. They have

been well explained by eptiCal model analyses. In other studies in which

several neighboring nuclei'have been measured, best-fit optical-mcael analyses29’58

have yielded parameters of*the spin-orbit potehtial which fluctuate from nueleus

to nucleus. The amount of data available to study such variations is still.

small, so that a qualitative interpretation in terms of nuclear structure

remains an interesting task.



to note, however, that the parameters obtained by Satchler

"been tried successfully at 18.6 MeV,

a7

l'_ l; Optical Parameters""

thical model analyses of cross section and polarization data at

approximately the same energy have now been carried out successfully at

8’3 235

energies up to 50 MeV (see Table I). Only in rare cases, in particular-f

for 012 and Caho, has it been difficult to obtain good fits to both 51muluareously.

'Such a procedure always 1nvolves some . change in the parameters that are obtained

by fitting either the cross section or the polarization individually, but the":
best-fit X° normally is not much affected.

In order to detect systematic variations over the range of nuclei

. examined, most authors have tried to find an average set of parameters. The

values oflx? obtained with the average set are usually‘two to three times
worse than those obtained with best-fit rarameters; However, no one has yef -
attempted to find a set of geometrical parameters that is equally good at all:
energies between 10 and 50 . MeV. This oF course would be an enormous task,
complicéted by the relative lack of data at the high energy end of the ranée}r
it is also not.evideﬁt a priori that such a set exists. It is interesﬁing -

35 at 30 MeV have

30

with the spin-orbit radius redueed.by
about lO%. The average parameter set found by Fricke et al. 38 at 40 MeV_also
resembles that of Satchler, at leastvwith respect to the relative values of
ry and roe |

: © 2. The Spin-Orbit Potential

Polarization data are generally expected to yield significant information
about the shape and magnitude of the spin-orbit tern in the optical potentizl

Since the magnitude of the polarizaiion is propcriional in Tirst order to the



-18-
. strength of the_spln-orbit term,

at an average value between 5 and T MeV.

As accurate data havé become‘available; it has also been péssible to Q‘f'

,learn'sométhing about the shape of the potential{ It:ié no. longer supposed_.
to be strictly of the Thomas ir,y;pe,m‘L since the sp*v orbit radius is now
established to be about 10% smaller than the radius of the real central-

copy 28513,45,16

The Thomas shape was not firmly'established Since thé origin of the l.s;
Lr{'

term is not definitely known. It had been suggested by 1ts analog 1n atoms

- although the Coulomb interactlon is not nearly sufficient to account for the . ’

magnitude of the spin-orbit potential in the nuclegr vroblem. More definite o

-

evidenceL+8 came from early attempts to derive the optical potential directly S

‘from two-nucleon scattering using the impulse approximation, a procedure
which is justified at large proton energies. The spin-orbit potential was

shown to have the form:

Vo = (ﬁ;) (Vg +iW,)g - {\z(p(r)) '-l’:y] SN (15)

Lo

vhere p(r) is the nuclear matter density. Similar exprassions ~ were also
obtained by other authors using various approximations; they indicate that
U ,arises chiefly from the nucleon-nucleon spin-orbit force. When p(r) is

spherically symmetric, the form becomes more familiar:

. ~ ‘
U, = <m c) (V + AW oo £ (1/r)(a/ar)oix) . ' : (16)
: 0 _ : '

‘Vg has indeed been fixed reasonably weli.'_f””"‘ =

17



&

"recently proposed by several authors

‘v‘f hand, Satchler

same restrictions. When Teo and 8.6 were alloved to vary, not onl‘ did the

measurements of the polarization, except perhaps at the very forward ergles,

-19-

.‘,‘

'Since the central potentlal 1s derlved from the lonc aﬁgé pertvbf the nueleon{t»'

\

nucleon force, and should thus extend beyond the nucleav den51ty, 1t has been

46,50

" between the central and spin-orbit terms is qulte natural. On the other

35

has suggested that the difference in range befween the

.:7?forces should be reflected in different aiffuseness parameters for the. real ;‘“
Vcentral and the spin- -orbit terms rather than dlfferent rad11. Sprung andﬂ"i"

;Bhargavas have SUEQESted an alternative explanation based on nuclear matter = -

c¢alculations.

* Shapes other than the modified Thomas form have been tried, but there iszg

. o o
- no evidence that they give betler results. Hooper? has investigated a .

volume spin-orbit term in an effort to fit the 9.4 MeV data previously analyzed )

23

" by Greenlees et al. When Yo and 8.0 were kept at the corresponding values
- for the real central potential, the fits obtained were on the'whole Tetter

. than those obtained using a derivative type spin-orbit form faetor vith the

- derivative type form factor give the best overall fit for the pola__L Tion

58 .60

of Co, Ni”7, Ni 7, -and Cu, but also the optimum Teo values showed much greater

. Vo . 0 .
. consistency among themselves. Xossanyi-Demay et al.5 allowed the mult l_catl

factor in the modified Thomas form to take on values between l/r ~and l/r ,

"and then searched for Uo’ W U o’ and roo These modlflcatlons chenged

_significantly only the final Value of Uso and improved neither elastic nor

inelastic fits.

Such caleculations indicate that it is unlikely that more precise

that the dlfference in radius paraﬂeuevs
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w1ll define the shape of the spln orblt term more precisely._ At'lergevanglesﬂfirfsf.:

. the dlfferentlal polarlzatlon is as sensltlve to tne central-well parameters o
: as 1t is to the form of the spln orblt term. However, 1t 1s pos31ble tnat

>~:measurements of the parameters 13 R, D, and A w1ll indlcate the need for a.”

different shape of potentlal.b Such measurements are well within the capabllitles e

- of present polarized beams, and could be useful also in determlnlng spln-spln-_

" forces in the optical potential,. e.g.

© Polarization Measurements Near Analog Resonances

Measurements of the polarization in elastic scattering near analog'states"

'}'have,become extremely useful in the determination of the spin of resonances. '

3‘l=The essignment is more definite than the one which can beimade'fer the parent ﬂ

'i state by the observation of J dependence 1n one- nucleon transfer cross schlons,_
and the method is best applled in the heav1er nuclei where the latter does not

5k

appear useful.» It is also simply explained. The polarlzatlon'occurs be-

- cause of the interference between the compeund nucleus and optical model
amplitudes at the resonance, and can be fitted}very nicely by adding the
appropriate Breit-Wigner resonance terms to the optieal model amplitudes. .To

5k

determine spins, the calculations of Adams et al. show that in principle it
is often necessary to take data at only one angle and energy, though in
practice a few extra data points add assurance and a detailed study can
derermine with.precision other resonance parameﬁers as well.

The numeer of spins assigned in this way is small, but bound to increase:,
rapidly as more tandems begin operation with polarized sonrces. The nethed

was first applied by Moore and Terrell55 to the study of a previously measured

. 0 . . . . S
resonance in Zr9 (p,p) at 6.71 M4eV. Figure 4 shows the impressive data cbiained
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and 12 MeV.

¢, 8i”, and Ni

a1

v

w1th the Wisconsin polarlzed beam for elastlc scatterlrg on Ce Q betweena9:_igg,;,ﬂg

56

Flve resonances oceur in thls region, the third of whlch BRI

i corresponds to a,state which had been prev1ously ass1gned 5/2-. The fit

~

obtained shows that this state is clearly l/2-. The good. fit is interestlng

* because the resonance energles are . close to the Coulomb barrler so that tne fl
"optlcal parameters begln to be 1mp0rtant and also because several resonance .

' terms with the same 1 had to be added'to the optlcal potential.

C) Deuterons
The polarization in the'elastic scattering of deuterons is in principle E

considerably more compllcated than that of protons, as indicated in the J'

discussion of Section I. The descrlptlon of deuteron scatterlng via the
optical model is also more complicated than for protons. In addition to the‘;pf'

real and imaginary central terms, and an QI' S term, three kinds of tensor .

o7

' potentials are now allowed by general.arguments. One of the_three types

can arise both from the D state admixture to the deuteron wave function and

from nucleon-nucleus g * S potentials. Calculations indicate that these two

13,58

sources give non-zero contributions and do not cancel each other. The

other two types have not been calculated.
Vector and tensor parameters have been measured for Caho,'Ni6o, ngo,

208

and Pb at 22.MeV;59’6O some of these are illustrated in Figs. 5 and 6.

28

The two types of data are now also available for A127, Si ,'and Ni6Q between

61

7T and 1) MeV. . The vector polarization of 22 MeV deuterons scattered from
q . : .
12 28 0 is also known.62 A complete analysis of the Caho cross-

section and polari7ation data has been made by Rajn....,63 preliminary analyses

- :
ol
of the low energy results have also been made. Raynal found best agreement
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with the‘Cayo results:by;sétting the fensdr béteﬁtigls,to zero;;this‘resulfxﬂ,ff>:‘
4s suipfising in view of the~above-mentioned pfédictions.' The,analysis of
the light-element data by Schwandt gives evidence that tensor potentials
- with a strength of about 2 MeV are necessary, but the fits at this stage are

- not very satisfactory. All 6ptical model aralyses indicate_that}th is very’{iz":'”‘

v'small. . S .. . . . .

.The.E . § pbtcntial déﬁerminéd_for.CahOihad é;stféngfh’of 6:5 MéV;.afﬁ.jjqﬂ

éimilar value is indicated by the low eneréy anélysis.  It is inﬁereéting fo fJﬁ:'.>‘

note also that thé spin-ofbit radius Raynalvfogna was smaller fhén fhe radii' .

of the central terms; a'similar resﬁlt was later ébtéined‘for proton elastiéli 

scattering as mentionedvabove. There is evidence from Schwandtfs anaiysis .

. that ﬁhis remains valid at lower deuteron energies as well. -

Diffraction modeis6h have alsé beenrused to interpret the elastic

 polarization of deutefons (and other particles). All partial waves which;

élassically, strike the nucleﬁS; ére assﬁmed”completely”absorbed, and the

real part of the scattering amplitude is neglected.. Surprisingly

goéd fits have been obtained when the experimental cross sections are used

in computing the polarization. In order to obtain detailed knowledge of the

-tensor and spin-orbit pofentials,.ﬁowevef, many mbretoptical-modgl analyses -

must be perférmed; some data for them already exist,'but much more are

‘necessary. | | . | | ) ‘ _
D) He3 and HB | . . ‘ . | B - «
The spin-orbit term in the optical pbtential.fgr He3 and tfiton-'

nucleus scattering is still-essentially unknown.v It has a negligiblé effect

| 65
on the differential cross sections, and all analyses -~ have been made without
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itr ABurcham“et'al;66 have measured the polariaation.of 1nit1ally unpolanlzed
29-Me§ He3 .
w1th strong-absorptlon model fits by Frahn and Wn.echers,67 are shown in Flg.uY.
Since most of the data p01nts are con51stent w1th zero polarization, the : |
assigned spin-orbit strengths of 7 MeV‘for 012 and 6 MeV for Sn are quite
tentative. It 1s interesting, however, that the polarizatlon at angles
',larger than 60° is predicted to. be quite large Beery et al. 68 have looned'” ”
"at the double scattering of 21 MeV tritons from both Ni and C at'primary
angles as 1arge as 31° and secondary angles up to 60°; they saw no polarization '~
within their errors. At angles larger than these, the‘counting rate was too

small to obtain useful statistics.

III; INELASTIC PROTON SCATTERING
There are now the beginnings of a systematics on asymmetries.in the~
hinelastic scattering-of polarized protons. The incident energies ranée from
16.5 to 50 MeV, the.taréets are as heavy as Moge. The choice of experiments
"~ has thus far been imposed mostly by such factors as the energy and quality
of availahle polarized beams and the resolution of the detectors} These
11m1tations are changing rapidly, and many dlrferent types of states can be
studied in the near future. |

41,69-75

Table II lists the availlable results. Our discussion of them -
will be ordered by the theoretical interpretations presently possible. The
A distorted-wave Born-approximation (DWBA) or the couplgd channels method

‘are necessavily used both demand the evaluat*on of radial ratrlx elemerts

or form Tactors., This can be done most simply via the macroscopic model

ions elastlcally scattered from C Sn, and Au These data, tOﬂetherl: L



| oo
L whlch w1ll be rerlewed flrst, in connectlen W1th the coilectlve 1eveis 1tv
'-'was de51gned to descrabe | Attempts to fit the data for Fe5h with a pqeaomeno-e'
:;'loglcal mlcroscoplc model w1ll be dlscussed next ' Thls W1llllead to con- |
31derat10n of a realistic. mlcroscoplc model whlch opens up the pOSS’bTIIty
of obtainlng 1nformat10n.on nuclear structure or the effectlve nucleon-

“nucleon force directly from differential polarization data. We will indicate'-tf

the limitations of present microscopic calculations, and consider the eflects O

.of antisymmetrization. Finally, the p0531b111t1es for measurlng the spin- fllp-

interaction strength will be briefly mentioned.

Macroscopic Model and Collective States

A) Rotational Nuclei |

The best region in which to study pelarization for coilecttte statesf;sftf
.the rare earths; the-very successful coupled-cﬁannels analysis of inelastie. ‘
alpha scattering76 on these nuclides indicates the possibilities.:.For
".experimental reasons the only polarization data available for rotatwonal
nuclei, however, concern the magne51um’1sotopes, Mth, Mgei, and Mgdo
Preliminary asymmetry dietributions7l for £=2 transitions at 20 MeV are
iilustrated in Fig. 8; several [=2 curves for AlgT ana Sies,whose deformations
.are not known are also shown. Data were taken every five degrees; the errors
are generally * 0.0%. Since few attempts at fitting these data have yet‘been_
made, it is not yet known whether the variations in shape from one curve to
the next can be accounted for in terms of the simple rotatienal model. Results
for O+ and 3+ states have also been obtained. | ‘ |

B) Vibrational Nuclei

The usual starting point for the vibrational model is to assume that the
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nuclear .surface should be represented by thé following shape,

CR(0,8) =R(L*e(e0) ;. oan.
vhere @(9,¢):;:z Oail L (0,¢), and the Y (9,¢) are - the usual snperical
v .

- harmonics. Two methods .have commonly been’ used to repfesent the effect ofl
such deformations on the optlcal potential U(r) of Eg. (k). The first is

~ to replace U(r) vy U(r -Ry0). The surfaces (r ﬁ_ *+ R o®) are then equlpotent*al'»,
surfaces; one of these is given by (r = R(6,¢)) The other standard method
is to replace Ro, wherever it occurs in the undeformed potential, by R(6,¢)
If r alvays appears in the combination (r-R,) this method is eguivalent to
"the éb0ve one. if r does not occur in this form, as in the,spin-orbiﬁ
potential defined by Eq. (15), the two methods diverge -and equipotantial
surfaces Canﬁot be easily defined. In particular (r = R(5,6)) is rot an
equiﬁotenfial surface. |

Hill77

has suggested that a more consistent transformation of the optical
potential would consist in replacing. u(r) by U(r/l.+-®(6,¢))3 Trhe equipotentials
are then surfaces of constant density, (r = ro(l +®(e,0)); two of these are
given by (r = R(6,¢>) and (r = O).v The potential is then unique a2t (r = 0),

a condition tﬁat is satisfied by neither of the pétenﬁials défined above.

The DWBA expression78 for the differential cross section for unpolarizéd

projectiles éﬁd unpolarized target nuclei is

- do _ bty Ky 2|T|2 - - . (13)
dn 2 k o 4+ 7 ) :
. 2) ( N 1)(25& + 1)
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' ;where u and “b are the reduced masses of the incoming and outg01ng partlcles,

A

.sa is the spin of the 1ncident particle. The sum is over the magnetlcv

k and kb are their wave numoers, J' is the’ spln of the target nuc]eus and

quantum numbefs A’ m MB,.and m . The.transiticn amplitudevT can be

- written:

Dw b

'Here T is the displacement'of the incoming particle’a from'the'farget A,
the dlsplacement of the outg01ng partlcle b from B, and J is the Jacoblan N

(=)

’of the transformation to these relative coordinates.. The functions X
(+) are the distorted waveéiwhich‘describe the elastic scattering of'tne

" incident ané outgoing particles. Invinelastic scatﬁering,‘when-excnange-is

: neglected and Veff is essumed local, fa and £ are equal“end J is unity. »

In the vibrational model, Biis represented by a pnondn creation operator
acting on the zero-phonon ground state A; the effective intenaction is the-
first order term in a Taylor expansion of thevdeformedvoptical potential
- U(r,0,6). The radial shape of the matrix element or form factor (B,b]V IA,a)

~and thus the shape of the angwlar distribution depend on the form of V £ |

' The central terms, real and 1vag1nary, in the effective 1nteLact10n are the

' same in method (1) above as in method (2), since r appears only in the form

(r -R):
R _
gig (r) =V §~ (1 + e) e + iV ES (1 + e)_ee

. (20)
+ ik 2e(e - 1)(1 + e)-B
D.a : ’

Qo

iiT der fdrg (' (kb,r )(B blV ff!A a) X( )(k ,r )ﬁ {_E;;i::(iéj:“ cr{;ﬂe:,.l
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fdwhere e ' exp(r - Ro/a) “In method (3), the' factor R is replaced by r.chhe;f

faspin-orblt part of the effectlve 1nteract10n 1n the three methods is as

ﬂ'rfollows.}“"

5 R N B 5 R o
ﬁ > Vso 2 5. 2e(l + e) {a(l + e) + r(e - l)}

.,,,5—\\ SR
ﬁol .

S0 W -

?,._":- :i:*-; T e ]c;g,i 'eflqgczg;f'}iigflbdfiii;_! ’
BRSO <->2 Vol 2t e 1)y

mec

S

The _expressions (21) all ‘assume a spln-orblt potentlal of the form glven pﬂ_ieﬂ

"x“fv by Eq. (16), the non-radlal terms of Eq. (15) are neglected When the 1atter hJﬁV"'wl
| 79 ' |

;'.aare-included, and the nuclear den51Ly is frltten as follows,

| o(r) - p(r‘:Ro).:_‘.“ ‘g%ﬁ '_(lf:‘R;)@(vexb); ;o | C | (22) | |

" the deformed spin-orbit potential can then be Written: =

L.

v, (r 6,¢>) <mﬂc> \.(V_s + ivs)g- (v gﬁ—i ¢(9,¢>)

le
n
W
A

This can be decomposed into a radial term-Vgi)(r) which corresponds to meﬁhodlfr

o
(2) above, and an angular-dependent tera Vgg)(r,0,¢):
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2 "

Aonn- (2]
o \T)

Siﬁcé the origin of the séin;orﬁit terﬁ {ﬁ ﬁhg 6p£ica1:potentiéljisi
v :not'well-kq§wn;{the choice amOQg fhése expreésiOns for”the defdrmed-séin;4;'
orbit potential is not determinedAa priori; and.can only betjustified‘by‘:: 
~>experimen£s.‘ . | | | | .

l. 2=2 Transitions

56

Strong f=2 transitions in Fe” and the Ni isotopes have been analyzed

with the vibrational model; the experimental curves agree quite well with

™

" the predictions at both 18.6 MeV and 40 MeV, '~ except at angles smaller
than 50°. The interpretation of the Oak Ridge 4O MeV results showed the
importance of . including the distortion of the imaginary and the

spin-orbit potentials in a full collective-model analysis. Because the

strength of the spin-orvit term is so much smaller than that of the central o

terms, the effects of its vibrations have gone unnoticed in the measurements

4

of differential cross sections alone. However, the polarization at 40 MeV

is very sensitive to the [ * g term in the interaction, ‘and a good fit to

the data with the DWBA could not be achieved without it. Figuré 9 illustrates

the effect of various interaction terms'on the prédicted cross section and‘
'asymmetry for-Ni6O at 40O MeV. Similar fits, Qery good at angles larger

" than 50°, were also obtained for 2" excitations in 8128, Fe5u,'and Ni58.
The distorted spin-orbit term is less important7o at 18.6 than at

Lo MeV, as shovm in Fig. 9. While it always improves the fits to collective

states at least slightly, its effect is lzarge only when it is assuzzd fo

(Vg +1W) o Iwloo) x3yl ()
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“:have an ﬁnféasoﬁébly iérge mégﬁiﬁude. Ne&érﬁheless; the predictéd.éurve
'agrees‘reaSonabiyAWell with theAdata;isomeWhat better fi£s were obtained f@f. “ Ai‘
‘£=2 trahéitions in the Ni isotopes and Cu63. : " o

Method (2) was used for the 40-MeV caléulations while method (1) wvas
;zused at 18;6 MeV; The predicted polarizations using the tw§ methods at the
" same energy show heglegible @ifferenc#é. On the other hapd; Blair and Sherif79A{
havé receﬁtly shoﬁn that the distortion of the nén;radial terms in the'spin-g
“orbit potential can improve the collective model fits at 1o MeV} This is fhek_;v
first evidence.that‘sugh fermsvshould be included in the optiﬁal potential.
Further evidence could also arisevfrém'the analysis of differehces in the -
polarization in'eléstic scattering on neighboring @eformed nuclei; the one
~ with spin And the other with spin zero. The limited data of this type have
been analyzed ﬁhus far only with a spherically symmetric form for the spin-v

orbit potential.

2. f=3 Transitions

90

. . ~ ko ~ '
Precise asymmetry data on octupole transitions in Ca O,“Zr , or

92 71

at 20 MeV are now available; the =3 daté in the Ni region are less

92

,»and 
Mo
| ébundant.than the 1=2 daﬁa there and thelstatistics are poorer. Only the
distributions. in the Ni region have yet been analyzed; the collective model‘
-shows fair agreement. The‘ho MeV predictions are agéin more sensiﬁive to the
distorted spin-orbit term, but the anaiyzed data are not sufficient to determine
whether it is necessary. |

" %.  f=h Transitions

Good differential asymmetries have been measured for f=U% transfer in

11

the light rotational nuclei at 20 MeV; these demand a coupled-channels
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analy51s Which has not yet been carrled out ’ Supposed 1 h tran51t10ns 1n ;[5-

Fe * o and N158 have also been studied at 18. 6 MeV; 0 the experlmental asymmetry ’

'dlstrlbutions are qulte different and nelther is flt well with the coupled-

channels code assumlng reasonable collectlve model parameters and direct or
two-step excitation. via the first 2 state only.

Y P

‘ The asymmetry measured for the £=2 transition to the 1. hl MeV flrst
.excited state in FeSLL at a proton energy of 18 6 MeV presentu a special
problem in interpretatlon.7o The data, shown in the upoer half of Fig. 10, ff
reveal ﬁuch 1arger-asymmetries at 30° and 90° than those obtained for the'!r
lneighboring 2+ vibrational levels discussed above:. The asymmetries for the
second 2 state resemble the Pe data (The theoretical curves are dis-

50

cussed below;) Data for cr” 22 and Ti”" are, on the other hand, quite

Sh

similar to the Fe” 1.41-MeV results. These variations between the shapes -
+ . " o .

. measured for the first 2 states of N=28 nuclei and their more collective .

neighbors are too large to be explained by the vibrational model. Corresponding

: 8
variations in the shape of differential cross sections © have also becen

observed.,

Microscopic Modgl

Such data indicate the need for a microscopic descrdption of the reaction
which takes into account theldctailed structure of the initial and final
states. Calculations of this type have been performed in recent years by

81,82,83

several authors. The nuclear states are treated as accurately as
possible, and the interaction vetween the incoming nucleon and the nucleons

of the target is assumed to he closely related to the free nucleon-nucleon
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.;»interacfién;‘vpépendiﬁé 6n;tﬁel¢onfigur£tiéﬁs ﬁeéessaryvto_desgribe thé:'
‘stétes involvéd; the form‘factbrglcan tﬁus aséume many differenﬁ.shapééglfz
;fwheréas inbthelvibrétionai model the fbrm factofvh§s'the sém§<shape for:ailfi_xA
blone—phonon states in the same nucleus. | | - |
The asyﬁmetries for £he first tﬁo 2+ states in Fe5h;havé 5éen comparedv'f~
85 -

.with the predictions of the microscopic model by Satchler. The ground:‘.

+ . : . .
proton configuration, and the 1.k1-.

 state was~§ssumed to bevan (f%/2—2)0 ¢ '
» ~and 2.97-MeV states were taken as (f7/2~2)2f'and (f7/é-3p3/2)2, proton ¢on-;_‘f
figurations respectively. A Yukawa interaction with a fange of 1 F was
assumed. The 18.6-MeV predictions, shown with the data ih Fig; 10, do not
agree well for either state} in fact, the fits resemble . those bbtained with
" the collective model with a real form factor only. |

Phenomenological calcula?ions ﬁave also been carried'out7o in which
the pafameters of the collective.model‘form factor have been varied. . Such
variations have not produced a good fit to the Fe5h data, but théy do_modify'
and improve the agreement.  lMore generally, they iﬁdicate that the predicted'
asymmetry is sensitive to the form factor,'aﬁd thus that asymmetry measure-
. ments could lead to nuclear structure information. Calculations oy Glenéenning-

et al.81’8h

with realistic wave functions for the Ni isotopes also predict
. marked variations of the asymmetries as a function of the nuclear configurations.

The Nuclear Wave Functions

The best region in which to carry out tests of the microécopic model is

near closed shells, where the wave functions can‘be calculated with some

83,84 ko

‘ . A L -
degree of assurance. Thus cross sections ~’ for OO, Ca ~, ¥i, Zr, and

0
Aszof
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include both strongly cdllective and apparently simple excitations.- Pélarization
, 5 . . _

Ny

. .0 ' L
data are now available at 20 MeV for Ca O, Zr9

7

not yet been analyzed. -

, Zr925Aénd M692; but these have =

The necessity of using accurate wave fuﬁctionsyhas recently been emphasized

.- by Love .and Satchler.85 ;They have shown that core ?6lari2ation'pan account for

. as much as 80% of the cross section iﬁ such an apparently'simple case asvthé_'
i‘exéifation of the first 2+ stateAin Zr92;' They3were able tq evaluate théf |
influence of the neglectedvconfigurations iﬁ a noh;érbitrary véy bj caiculétingr
~ an effective charge from known electromagnetic’transition.rafes. An additiongl;
: phénomenological form factor was thus added to the'microécopip form factor for N
the computation of cross sections;vit has just the‘same shape as the standard.
vibrational model form factor, including, in pfinciple, imagihary and spin--
drbitdterms. fhe effect‘of gﬁis additibn on predicﬁed asymmetries has not
'yet been evaluated. | |
Such collective admixtures cbuld be important éven for the éo4called _

single-particle transitions which would otherwise bé ideal for study. It is ;i
intéresting to note that even if the contributions of the core ﬁucleons to

these wave functions could be known exactly, there would still be abresidualv,‘_
effect on the cross sections attributable to thé "core polarization" of Love
and Satchler. With a réal effective interaction, these extra configurationé
would add only a real tépm to:the form factor, whereas the "core polafization"

form factor is complex, as mentioned above.

The Effective Force

If the nuclear wave functions are asswmed to be exact, Glendenning = has

showni that the off-diagonal matrix elements of the effective interaction can
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" be written:

gl Ivle, )

: c\faﬁ “Vop * Z- E-E_*ie o (23)

Here V is the free nucleon-nucleon force,'¢a and ¢g ere the initial and final

"stateé of the target nucleus, and theﬂsum over ¢ inéludés 21l the stgtéé'of
- the target plus‘iﬁcoming nucleon system which aré_not explicitly-included ih:‘i 
the coupled-channels calculation. As ip Standsﬁ\ﬂlﬁ is comp%gx, energy-
dependent, and noh-local, and impossible to evaluate'exaCtly; However, the
second term of Eg. (25) has alvays been neglected for reasons of simplicity;
moreover it is a sum over many small terms which appear with fluctuating signs
and thus is.probably smali; In actual calculations, the two-body potential V

itself is also approximated to be of the following local form:
} = + .o . o »
Vij(rij) (v, +Vv, g, gj)g(rij) | - (26) |

~ Bach term gives rise to a form factor; the second -term alone contributes to
‘transitions with a spin transfer S=l. The radial shape of the potential,
g(rij), has normally been assumed to be of either Guassian or Yukewa form.

"The parametérs V0 and V. also depend on isotopic spin in the following way:

1

0

V =V __+ T (e7)

s s VsB L S ?

where s has the values O or 1.
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ivf.E:f.A coﬁsideréble éffoft is ﬁééessaiy,to:detefhiné_éﬁeéé pgrameﬁérs f >
:éccuréﬁely at many energiéé.  Tﬁe.evalﬁéfion of-ghe;range of thevfofce
. demands knowledge of thé d;fferént multipoles at each energy. Inelastié _7€
.Zﬂscattering experiments measdre Vsa x VsB’ aepehding on ﬁhefher the excited 
nucleons of the target and the ineident_nu?leons have the §amé T, (+ sign)blA

a

or différent %z (- sign). Since Vof3 is expected to be smaller than Voa,

" more direct measure of VoB ig the cross seétibh ih:(p,n) or (H¢3,t) reacﬁiéés',;'
‘between anglog statés;87'fits to cross section§83 are, however, nbt véry
satisfactory thus far and pblarization data exist only fdr'very light nuclei.
vTenspr and spin-brbit terms must a priori also be iﬂciuded in the two-ﬁody"A_,

potential Vij;'theirvinfluence is not yet established.

Typical values for the parameters of Vij obtained by Love end Satchler89'

with a Yukawa potential of range 1F are as follows:

Voo ™ 80 MeV, V_

~ ‘ . ~ ~ | G ,‘
5 20 MevV, Vla Lo Mev, V 10 MeV

18

These strengths were used in the analyses of inelastic scatteriﬁg and (p,n)
- reactions on 018, Zr90’92, and Pb208 at around 20 MeV. Core rolerization
was included.

S=0 and S=1 Interactions

-+,

A clear experimental separation of the contributions from S=0 and S=1
interactions does not seem possible with asymmetry measurements. It is
difficult, first of all, to find states for which only the s=l‘interaction

should be' important and which might thus serve as a calibra:iicn of spin-flip

polarization. Unnatural parity states (i.e., states for which %h2 varity does



.. factors are the same for each.

these differences has been proposedv
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' not equal ( l) s where J is the spin of the level) are one poss1billty, since
' they cannot be reached 1n first order by an S=0 1nteract10n, however, higher
horder S=O ex01tat10n could be 1mportant When both 8=0 and S_l are allowed

" the predicted asymmetries hardly distinguish between them provided the form ‘-T..

70,89

The predicted polarization of the out- -

going particle after a lf7/ to 2p3/2 1nelast1c tran51tion, for example, is,-jf»f:’

approx1mately the same whether S is zero or one. On the other hand, when -

' many configurations contribute to the excitation of a particular state, the . -

form factors for S=0 and S=l transfer are not necessarily similar, and in this
case the predicted asymmetries do depend on the spin transfer.
The interference between S=0 and S=1 contributions to the asymmetry has

been small in calculations reported thus far 10 89 As a consequence, the

'.difference between the asymmetry and the corresponowng polarization measured

h ~-with an unpolarized incident beam is expected to be small. The magnitude of

90

as a measure of the S=l interaction

" strength.

One possibility which remains is the measurement oflthe spin-flip cross

section. However; there is'still no direct relationship between the cross

" section and V 1 since the spin-orbit part of the optical potential contributes

91 ,92

to the spin-flip cross section even for S=O. In fact, in the few analyses
reported Lo date, it has not been necessary to invokxe 8=} transier, although

2
the distorted spin-orbit term is important.9 Spin-Tlip crcss sections have

all been measured in (p,p'y) or (n,n'y) experiments; only transitions to 2+

.states which have a gamma‘branch‘to the ground stzte have thus been observed.

There would be no such spin limitation in the direct measurement of spin-flip
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'by analyzing the change in polarlzation in the inelastic scattering of
'-'an inltially polarized beam. - ' '

Antisymmetrization ‘

93

W1th the exception of someirecent work of Amos, McCarthy, and Madsen,
almost all microscopic model calculations have been carried out by neglectingv'
" the effects ‘of the anuisymmetrizatlon of the incoming nucleon with the carget l/"
nucleons. When space exchange is 1ncluded the form factor descrlption is no B
longer valid and the computation becomes difficult. The studies of Amos et. SO

95 ok

al, and later computations by Madsen” show that such exchange contributions -

can be very important in their effect on the magnitudes and shapes of cross’
sections. In particular,,the‘rétio of the cross section predicted at largeu"
- angles to that predicted'at the forward maximum is often considerably increased;t
It is then ini:eresting th-at‘ the stanéard DWBA had difficulties ir fitti'ngf
ethe resulis for the 28-neutron nuclei where the excited states are presumed

to be-predominantly proton configurations, while the predominantly neutron |
configurations of the collective states agreed well with predictions. As

wvell as giving poor fits to the polarization, the DWBA underestimated the

back angle cross section of the proton states. A comparison of the pve__llnary'

92 92 7L -

and Mo’ reveals the same features. At la_g

92

experimental data for Zr

~ + - '
angles the relative cross section for the 0.93 MeV 2. state in Zr” , presumably

- made up chiefly from neutron excitations, is smaller than that for the 1.51-

92

+ . , ‘92 ~ 4
MeV 2 state jn Mo” . The measured asymmetries for M09 are -also more positive

92

than those measured for Zr”.. A most appealing explanation of the observed
differences then might reside in space and spin exchange contributions, which
can effect the distributions only for proton states, since charge excharze is

small. Such a suggestion of course remains tentative until the effect of
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antisymmetrization on‘ﬁhe_ésymmetry has been calculated. ..

The éomparison of proton and heutron ineléstic scattering to the samei  ;w

" states is also useful in this regard. A limited amount of data exist on the

95 52 58

- + o
scattering of 1lk-MeV neutrons from the first 2 states of Cr” and Ni” .

Within rather large errors, the results for the two nuclei are similar,
vhich is not the case with protons incident.

' Antisymmetrization effects are also expected to ke more important.for;»-”

higher multipoles but less important as the energy increases.

IV. TRANSFER REACTIONS

Pickup and stripping reactions have bgen proQucing important spéctroscopic
_1nformation for years.96 Their utility is based on the appafent simplicity'-" 
“"in the interprétation of spectra and differential crqsé Sections, eséeciallyb
if only one particle is transferred. The anguiar disﬁributions determine the -
orbital angular momentun transferred and; very often, the total angular'
momentum transferred. Absolute spectroscopic factors have been extfacted as
well, using the diétorted-wave method. Hoﬁever, the reliability of at least..
these absolute numbers erends on how accurately the DWBA describes the
" reaction. Since the,pdlarization of the outgoing particles can be measured
_vas well as their intensity, one should demand that the DWPA be able to predict
the polarization also.' Polarization measurements are then interesting frdﬁ
two. points of view: They can provide information on ﬁhe J transfer, as is

well known, and they can also serve as a sensitive test of the DWVRBA and com-

peting'reaction models.
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A) The Date

}v Not many results are avallable, however, thesc are rev1ewed in Table f  

97-128

1III. Most of the experlments listed have. beén performed at energles

.where the direct reactlon mechanlsm should predomlnate.' Since the maJorlty |

_1nvolve llght nuclei as targets, however,'compound nucleus contributions can‘e
" be ruled out in just a few cases. - In'most of the_worx, the statistical
errers-are-qﬁite_large. Only preliminary data are avaiiable on the (p,t) ‘i
reactiOn at high energy;.Chaﬁt126 has looked at Cl? and 016(p,ﬁ) reactions: '
at 30 MeV and feund léfge polarizations. Meesurements of tensor polarizatiee
parameters are also very scerce; enl& two sets are included in Table III; :
vand both concern the very light nucleus Be9._ It is confidently expected
that this situation will soon change | .

l.. £=0 Transfer
129,150

It has often been emphasized
to analyze. 1In the semiclasSicai picture of Newns,ljl whe:e no spin-orbit
interaction was considered, the polarization in [=0 transfer waé exactly
zero. Now it is clear that both proton and deuteron spln -orbit dlSuoru‘OnS
must be 1nc1uded but these can be reasonably treated in first-order excent
wﬁen the polarization is close to 100%. 130 In this way, Johnsonljo hasv
de;ived a relationship between polarization and asymmetry measurements in 

' (é,p) reactions which’ihcludeé the effect of the D state of the deuteron:
P = P(p,SS) + P(d,éD) |
(28)

he

A = < P(p,ss) + p(a, SD) + P(d SD)

AN

that £=0 transitions are the simplest =

-
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Here, P‘is the éfoton4polar1z§tlon measured with an unnoTarized'deﬁtéron Béam; w'
and A is proportlonal to the asymmetry in the proton dwstrlbuuﬂon in a reac°1o€
1n1tiated by vectqr polarlzed deuterons. The contrlbutlons frem the S- apd |
, D- wave parts of the degteron wave function‘arelcohereht; those.froi the‘pro; .
" ton and deuteron spin-brbit termsfare édaitive.”.The notatidn implies, theh,f‘
-that P(é,SD),_e.él, is the conﬁribution to the polarization arising‘from‘ |
the proton spin-orbit'force,'and‘that this is'the interférence t§rm, the
7 contribution‘linear-in both S and D,waves.' | |
In'a_célculation which included only S_ﬁaves invthe deuteron wéfe fuﬁcﬁién;g
Hooperlg9 showed that ﬁhe déuteron spin-brbit term should have little effect:
" on £=0 polarization, so that.P(d,SD) is presumably small élso. In<thé# case,
a measurementlof P and A toégthef deterﬁines direétly the effect of the D
rstate in the proton channel, P(p,SD). If P(4,SD) is large the Q°‘e“MLnaElén
of P and A together is still useful, since (P - A) is irdependent of P(4,SD).
Some data do exist 02r 2L which do not fulfill the simple relation, A=2/3 P,
but the center of mass energies are not exactly the same and the statis iés?
especially for P, are not sufficient. These can be improved by xeasurihg
instead the asymmetry in the deuueron distribution in the inverse (p,d)
reaction with polarized protons. |
The fact that theydeute;on spin-orvit pqtential'is ;pparently unimpbrtaﬁt
~for £=0 transitions vrobably explains the relative success-of the DW2A for
'such trén°iti°n s, at Teast for polarization in light vuc¢el.b Fitskto Mg24(d,p)
and Si (d,p) polarlzatlon datalol are shown in Fig. ll. It protably also
accounts in part for the surprisiﬁg success .of the simple absorzticon model

132 4 A '
of Valls. > He assumed that only one proton partial wave is important (this
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T : S 12 T ST T
has some support from Hooper's analysis 9 of L-space lopalization), andvthatﬁg_
| this partial wave is distorted by a spin-orbit potential only. His fits to
- 1=0 polarization are at least as good as those obtained with the DWBA;

2. { > 0 Transfer

No éimple correlatioh between‘asymmetry and pbiarization can be predictéd i"
if f is greater than zero. Howefer, the measured différéhtégl polarizationé' S
themgelves are interesting from the point of,viev'of'J,depenéehce. " Even the ' ;"?
simplest reaction models predict that the polarizatioﬁ is,sensitifé-to the.v'7% -
total angular momentum transferred. Bgt the data must bé carefully examined
for evidence that the differences are consistent over a reasoratle range of 5":
nuclei and energies.

In the most extensive study of J_dependence in héavier nuclei to date,

ol Lo '
19 found consistent results for Mg~ (d,p), Ca (d,p), and .

v:'Yule and Haéberli
Crig(d,p) for =1, =2, and £=3 transfefs;'measufements were %aken with 7 andi o
8 MeV polarized deuterons. Four 3/2-, three 1/2-, two 3/2+, ard one 5/2+, |
5/2-, and 7/2- distribution’vere studied, generally over an angular range
extending from ébout 15° to 65°, though the 5/2- measurement included oﬁly
three angles. These data are shbwn in Fig. 12; they are rezsonably well
explained by the DWBA. _If deuteron absorption'is more important than proton.
absorption, semi-classical theories predict that j=£+l/2‘polariza£ions are
positive near thé stripping peak, and j=£-l/2 distfibutions are negati&e.
(This is tiue'evén vhen tﬁe effects of the spiﬂ-orbit potentialbare includéd
. in the scmi-classical models, as discussed quite clearly‘by Zutler in Ref. 133.)
It is interesting to note that the I=1 and £=2 distributions agreevwith these

expectations wnile the I=3 asymmetries show the opposite behavior.. Rollefson
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et al. have measured four =1 polarlzatlons in Ni

58(d,p) at 15 MeV over.

the reege.of 10' - 50 which 1ncludes the strlpplpg peaA The results are -
fposifivelfér 3/2—, and negatlve for /2-.‘ In medlum weight nuclei, then,.j' B
dependence appears promising, whereas no Simple and informative rules have.
been elearly established fof>light'nuclei.15h At.BO.MeY, e.g., Chant et ai,
" have done the (p,d) reaetien on Cle‘and 016 with polarized protons. Almost
all fheir data points fo? both 1/2f_andv5/2- states shew negétive polafizatioﬁs:i
at angles up to 60°'.£he only point which is definitely pesitive and not con- -
sistent w1th zZero auymmetry is for the 1/2 transition in O16 at 20°.. The ‘l
DWBA calculations for these data are in very poor agreement, |
The J dependence of differential cross sectiqns is well established in

- medium-weight nuclei ’ fof L= j. The J dependence of theebolarizétion
 ‘can then be va’uab1e séectroscovica‘ly in confirming trese prexﬂous values -

and'ln.a551gn1ng new ones in heavier nuclei where the cross sections do not l
- give unamﬁiguous information. Fiﬁally the explanafions of J dependence of
v,cross'sections and polarization are not necessarily correlated, so that both

~data are needed as a test of the reaction mpdel..

i
5. Structure Dependence

There remains the very interesting possibility that the J dependenee of'
the differential polarization will be masked by en eventual nuclear str&ctﬁre_
dependence. Whereas the J debendence,of the cross-sections is a ﬁseful tool.
~ precisely because'there seems to be little state dependence of the cross
sections, fhis is not necessarily true of the polarization. The exrerimental
capabillities arevcertainly adecuate ncw to find euc4 effects in transfer |

reactions similar to those which have already teen found in inelastic scatt

-117333
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to states of the same spin. While such a discovery would complicate the
‘understanding of,J‘dependehce, it would provide definite impetus for a more . -
. realistic treatment of the form factor in DWBA célculations as outlined, e.g.,y

135

' by Pinkston and Satchler. It codld, theh, léad to more fundamental in-

formation than J dependence. -

k. The D State of the Deuteron
- . The Qpin-debendeﬁt ternms whiéh appear in the efféétivé'neﬁifon-préﬁon
~interaction éan beiiﬁcluaéd in the DWBA by kéepiﬁg both Svénd D wave contribu- h "
ttions to the deuteron wavé function. This-is an.essentiéivsimplification

over inelastic proton scattering where, e.g., g; ° vcj and tensor terms must -

136

be explicitly calculated. Johnson and Santos have recently evaluated the -~

influence of the D state on differential cross sections; its effects were
found to be important for £ > O, and definitely necessary in the explanation"

of J dependence, e.g. The contributions to tensor polarization of the D state

137

are large also. They have been able to account for the magnitudes of the'

tensor polarization measured in Be9(p,d) by Ivanovich et al.lo5

although
- preliminary Tits do not show good agreement in shape. On the other hard, D
state effects are, surprisingly, not important in the analyses of the Wisconsin

138

(a,p) asymmetry data. Vnether this is generélly true for polarization data
is not yet known.

The code of Johhson and Santos does not.compute the effects of possible
tensor votentials in the deuteron optical potential. The latter contributions
do not modify the £=0 first order relation (28), though they could have first-
ordef effects for other I values. There is little evidence that such terms

61,63

are smsll, yet their effects.on the polarization distributions.are unkrnown.
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- “"'B) The Theories:\

" 1. DWBA

The number of ééreful DWBA analyses in which spin-orbit distortions were '

- included in both proton and neutron channels is very limited. Good fits have -

"~ been obtalned for 2=0 trans1tions in the 2s-1d shell 101 the asymmetry data

119

‘from WlSCOHSln hawe also been explalned reasonably well On the other

hand, much less satls;actory results were obtained in the analyses of the ; '
‘Y_Z=O transition128 in Sr (d,p) and the 2 tran51t10nsll7 iﬁ Cl? and 016.
The results-of a thorough study of the f=3 ground state transition in CahQ(d;p) ::
r.at 1k.3 MeV125 ﬁere also disappointing, though tﬁere is apparently considéréble.
: energy dependencé in the measuréd'polarizations. In general the data are not

- sufficiently extensive or precise to provide a_reésonable test of the Iﬂéﬁu

2. New Reaction Models

" A number of attempts to treat (d,p) reactions by.thfeeébody methods have
appeared in récent years, and two of these have reached the stage of meaningful
computation. Bdth the theory of Butler et al.,139 and that of Coz and Pearson
et al.luo assume»that the essential problem with the éonventidnal:DWBA is tﬁe
treatment of the loose_y-bouﬁd deuteron in many respects as an elementzry
particle. inside the .ucleus. The methods afe formulated in such a way that
neutron and proton o qlcgl potentials can be'used instead of a deutero: optical
;potential. |

The method of Coz and Pearson assumes uhe folIOWWﬁg physical picturs
In a (d,p) reaction, a5 the deuteron passes near the nucleus, the proton is
supposed tovsuddenly ceparate from the neutron and scatter froﬁ the nucleus

as 1f the neutron weres not present. In its most simple form, the theory
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predlcus that the dlfferentlal cross section and polarizatlon in a strlpélﬁg-
N reactloq.should be very 51m11 r, at large enough angles, to the- correspondlng
quanti ies for elastlcally scattered protons of the approprlate energy. o
However,‘more recent developments‘in the theory by Bang and.Peareonlho have
f :1placed ﬁore'emphasis on theveffects due to the ceptured ﬁeutron. No such

-'51mple nhys1cal 1nterpretat10n of thelr method is glven by ButWer et al ). and

10,141 S
1ndeed 1t is the subgect of sone controversv. Q s141 Formal objections to -
: ’ ) ARSI R T o e e ;
- both the esvhave also arisen. HOWever many of these ovbjections can
' 143,14k |

apparently now be resolved. -~ In particuler, the interpretation of the

14, 1k5

- spectroscopic factor in the Butler theory now seems to be well understdod.

Comparison with Experimental Data

Since both theories are still in the development etege;'the predictions
whicn have anpeared are very limited in number and 1ncorporate pprokimatiens
'which are not essential to the methods. An effective lower cutoff, e.g.,
appears in the calculations of P arson et al. at a radius somewhat smaller
'than.the nuclear radius. -In the work of Butler et al., a residual contrieution
to the transition matrix from tne asyﬁptotic deuteron wave function has beenv
neglected ﬁhus faf. Improvement of these zpproximations can te expected to
}change tre details. of the Pearson type predictions more than those of Buﬁler's.
In particular, Butler's parameters are strictly determined by proton and |
_ neutron elastic scattering, as tney should be. Bang and Pearson, however,
;allow u:ezse1ves the liberty of changing the absorption depth in the reutron

chanrel by a factor of two to make up for inadequacies in their aspproximation

-

to the reutron capture contribution. Otherwise, both have used the optical
¢/ ‘

- 2b .
parameters of Rosen .in all their calculations.
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- The following figures show polarization in (d,p) stripping predicted

. by both these models end the DWBA. The first (Fig. 13) illustrates three -

: fits.to thé'1=d:transition iﬁ Sr88(d,p)3r89 at a déuteron énergylof ll.d}MéV}v

E the fit oﬁtained by éearson et al.lu6 is proﬁablv the beét; ‘Fof the grbﬁnd-
state 1=3 transition in Caho(d,p)Caul, shown in Fig. 14, we compare a DWBA

_ flt_to the 4.3 MeV datal25 with a fit to the 10.9 MeV results by the Butler

groupl59 and a fit to lC.O and 10.9 MeV results by Pearson et al.lu6- The»v

| predictions of both new models agree quite well with the éxperimental points,::

while the DWBA fits are rather poor. The la?ter are quite sensitive to the

deﬁteron spin—orbit.coupling; with more complete eléstic scattering dataland

anaiyses, however, this in itself should no longer be a problem. It should

be remarked here also that this is the one prediction shown by Pearson et al. 

in which thev(d,p) polarizatidn data do not bear a marked resemblance to the’

proton elastic polarization at large angles. The fact that their prediction

resembles the data more than it resembles the eléstic.polarization indicat¢§

that their method cannot be dlsmlssed by remarking on tne difference between

the experimental distribupions of protons followlng (d,v) reactions and

. elastic scatteriﬁg.

Other fits to polarization datg with the new models have appeared but

: they cannot be directly comégred.' In general the quality of the fits is

probably scomevhat better than that obtained with the DWBA. Since only abouﬁ ,

"+ ten pleces of'data have been fit with each model énd the experimental errors

are large, this judgment is clearl& subject to chance; More extensive predictions'

- of cross sections have appeared; and here the DWEA fits seem better than those -

obtained with the admittedly approximate forms of the new models published thus

¢
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o far;: Since a flt to the polarlzatlon w1thout an equa J good fit to tne

- cross. sectlon is not meanlngful we- must awalt many . less anprox1mate

. vAcalculatlons from the new ‘models before determlnlng their usefulness

CONCLUSION
- The éifficglties encSﬁnﬁe éd in the precedlng descrlptlén of polarlzatlon P
_ pheﬁomena»ih nuclear reactions have both experlmental and.theoretlcal orlglns.v'“
 The first is due principally to the fact‘that very go5d p6larized beaﬁs have>
appeared only recently;' The second arises partly from the complexity of thé
subject‘and paftly from the lack of motivation to refire érograms wﬁich were
‘already adequate to expiain existing data. Now that precise experiménté are
being performed, the theoretical descriptions can alsovbe eﬁpeétéd to become
. more detailed. These efforts will undoubtedly lead to a much clearér.under-

standing than is presently possible.
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Table I. Polarization measurements and optical model analyses of elastic scat-
tering. The optical parameters given are eilther the average geometrical param-
eters derived by the authors or, if no average set was used, the average of the
best fit parameters determined. The parameters are defined by Ea. (14). =

Ep 7 Target . Optical Parameters : Refer-
(Mev) . Nuclei . . To ‘ 8 1 &1 Tso %s0 , ence
8.2-11.4 ol - - - - e o7
12.8-13.4 - ¢ . - -  # Co- 27
- 17.8 FBe;s,Fe,CQ,Cu, ©1.25 0.65 1.25 0.47 1,04 0.65 08
LZn,Ga',Ag',In | | |
18.6 rTi'8’50,Cr52,Fe5L’56];25 0.65- 1.25 0.k7 1.12 0.k7 29
N30 2’6h,Cu65 .10 0.75 1,30 0.55 1.0 0.55 30
20-29 ct? An2lysis includes three = - .. | 31,32
R S compouna nucleus resonances . :
pli-bo o0 - - e e T 33
- 26.3 _Ca,Niﬁs,Pbeo8 1.12 0.75 1.33 0.58 1.12 0.75. = 3L -
| 1.20 0.70 1.20 0.70 1.10 0.70 3l
- Lo 58
30 Ca ,N15 ,0059, 1.12 0.75 1.33 0.58 1.12 0.75 35
120 . 208 -
Ni6O,Sn O,Pbgqa 1.20 0.70 1.20 0.70 1,10 0.70 36
30 Ca,Ni58,Ni6o;Pb208 extension of previous measurements 34
' and enalyses to back angles
ko fblz,Cauo,Nisa,ngo 1.28 0.70 1.30 0.60 1,05 0,70 37
pp208 | ' '
-2 4 6 ' .
0 512 pe? 0072, 1120 1,16 0.75 1.37 0.63 1.06 0.74 38
8. ‘
ZnLS’Snlzo’cle’
' 5 2
Ce 0,N1)8,Zr9o,Pb205
L5 - Be,c,gé,v,fgh . - - - -39
kg Ca, 717", O m2® .. - - - - : 40
50 Mg24 © 1.1 0,73 1.29 0.60 1.0 0.38 ‘ hy
6L, 68 - APV -
Zn” (zn™") 1.1 0.82 1.29 0.62 1.0 0,66 by
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Table II. AMeasurements oflpdlarizétion'paraméters in the inelastic scétﬁeringi L

- of protons. The orbital angular momentum transfer is indicated by 4,

Torget B (rev) | © Rer.
A. 1= - | |
‘ Cle,Ni6o,ﬁ162 o 16.»5 ' o 69
'Tiu8’5°,’0r52,Fe5h_’561_ | : o _
NE I R 6 T
;Mgeh,25,26,A127,3128' T SR
Zr90’92,Mo92- 200 M
2,512 s 290 o ) Té -
2. o 30.5 o o 3
peot | 30,4 S T
5128 pedt 348,60 k0.0 A |
c*?, 5428 k9.0 | '4 - )
wg2* 7ndHs68 50.0 o hL
B. 1=3 |
Fe5l”56,mi58.’6_2 | 18.6 70
ca*0, 790 R 4o %2 - 20,0 ' N
5120 pet 318,60 .0 | 75
C. I=h A | | . ,
fe5u,Ni58 : o -~ 18.6 B
Mg,SiLZr,MQ oo - 20,0 | o
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R Polarization measurements in tran sfer ;react’i‘ons.'
- =" the asyrnmetry following reactions initiated by polarized partﬂcles are .-

merked (A).

Reaction -

Einc .

‘Trensition

Ref.

."\ e

Be?(a,p)Be™°

pe(p,a)me” "

10,. .11
B ,(d:P)B

(5’ ,p )C

—e(dyp)013

12 11
(p,d)C_

0%(a,p)0"

lO

ERE (d:P)C B

_f;{lf:ho f016(p,d)ol5_s-;'

2k 25
¥g (4,p)ig 5 :

7.8,8.9,10.0
13Q6,15¢o;20.6*

. 6.0,15.0,20.6

.'{ 2.6,3.7,h.91,
: _:.6.9038;27,9.80 ‘

7.8,8.9,10.0,

S 11.4,13.6,21.0
12',“1'1.75 2.8

o 6.9_,'7.8',8'."9,_10'.0,'_ .

10.8,11.8, 11. 95

15.0,21.0,22. o(A)ﬂ"'

| 5 - 10, 15
. 30(a)
;j9 55
: _50(A)

8.0(4),15.0

+

3/2= >

3fe- w2t

C3fe- ot

d+f—;2

ot safe-

Vs

-1zt

of —21/2;)5/25;4;5

.y 5/2~,7/2 o

50232t

201,202,203 . h
104,105

- 68,100, 102 106 107
108
"'7,j109
'f08 lOo 110 111 112

: "-113,11%,115,116-1 .

[=
}—
-1

Cus

103,119

Measurements of R S

97,98, 99,100 101, Qiﬂ’f‘fﬁi
102 _ ' T
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‘Table IIT {Conﬁinued)

B

"' Reaction ine. | Transition  i4vRef. '

SiQS(d;p)Sie9 100,15.0,21.0, 0" - 1/2“”', - -’_'102;107,12”0,1'2'1' -
. | Ceeio(a) ot 532t | B -
B Caho(d,p)Ca.hl_ [7.0(a),10.0,10.9, : _1_08_,119,i2'2,123,'

| | 11.4,13.8,14.3, o '->1'/2'.','3/2'.,7/2- . ie_lp,;oz,125

~lev.0 | N . | =

Caud(p,d)Ca39 - 30(a) ot 5 3/2%, 5021/t 126 -

Vi(a,p)v" . .‘ 15.0 ot -3/~ 11k

erP(a,p)er”  8.0(a) 0" - 5/2-,3/2-,1/2- 119

w178 (a,p)m1%9 15.0 ot L1fe-,3/e- 127

.Sr88(d,p)Sr89‘v’.‘ 1.0  0+ - 1/2" 128
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| FIGURE capIONS

‘Flg. l. Rabi diagram‘fér atomic hydrogen shorlng the energy 1evels as a
.functlon of external magnetlc field. The magnetlc fleld is labeled by ;'
X, where,x is (H/5 O7)C, and AE is 5. 82 x 10 5 eV. The magnetic quantumr-

J

the electron, respectively.

 numbers mF, m , and m, refer to: the splns of the atom, the proton, and

- Fig. 2. Rabi diagram fov atomic'deuterium The maghetic field is now given

in unlts of (H/llY)C and AE is 1.34 x lO -6 V; Theﬁmagnetic.quantum:-v”*'b

' number mI now refers Lo the deuteron;. mF and My refer to the atom and o
~the electron respeczlvely..
‘Fig. 3. Rabi.diagram for the 281/2 and 2Pl/ sﬁates in atomic hydrogen. The

' -6
. two states are separated by the Lamb shift (L. 58 X 10 - ev).

Fig. k., Polarization as a fhncplon of incident energy in the elastic scattering '

1l ,
of protons from Ce™ Olat 80° and 109°, The solid lines are theoretical

curves. The resonance energies and I values for the analog states in

y - |
Prl r are shown at the bottom. Near the third resonance, the dashed

curve is for spin 1/2 and the solid curve for spin 3/2

Fig. 5. Vector polarization (1t ) in the elastlc scattering of 22~ MeV _

90 8

 deuterons from Zr’" znd Pbgo . The data were. taken at Saclay (Ref. 60).

The solid curves are visual guides.

Pig. 6. Tensor polarization paramcters (Q =

1 P
?\/'2— (t20 + \/6 t22) for tne

€0 749, and P28, e

" elastic scattering of 22-MeV deuterons from Ni
data were taken at Szclay (Ref. 60).

FPig. 7. Polarization of Z9-ieV HeB ions elastically scattered from C(top),




'—62-. . N ‘ L
“'al.’ (Ref. 66). Theséur&és are theoretical fits by Frahn and Wiechers
" (Ref. 67).

Fig. 8. Asymmetry in the inelastic scattering of 20-MeV polarized protons. '~ ' i

Thé éurves.havé been.drawn thfbﬁgh»data ﬁoints-whiéhvwere measured.‘f-
evéfj~5° with éfrorsvgenerélly bf iO;OB; (Réf. 71). rR¢pfeséntative'
ftvpoints‘are shown. | | B
<.;rig.;9; Comparison of theéretical predi@tion'witﬁ QSyﬁmétry data in the in;lf,f_;
 elastic scattering of 18.6-MeV (Ref. 70) and ué-Mev'(Ref. 75) proténs;ifli
" The fSur types of ¢oupling used to compute the fofmvfactor are noced iﬁ‘.?fyu
the legend. DNote that the scales for the two energies are hot thé samé. .
Fig. 10. Asymmetry data (Ref. 70) and theoretical predictionsv(Ref. 83) for
the first two 2+ states in Fesh; the incident proton energy is 18.5 Mev;
The solid curves use-én optical potential with indepeﬁdent spin-oroit:
. coupling parameters, while the dashed curve for the l.%l-MeV level uses -
é potential which gives an 6ptimum fit to elastic scattering eross
sections.but with constrained spin-orbit couplihg.. The gréund end first.
‘excited state were taken tovbe (f7/2-2) configurations, thle an |
(f7/2-3p3/2) configuration was assumed for the 2.97-MeV excltation with
.Vl=0(solid curve), v, = %Vo (dgshed curve), and v, = - %Vo (Gotted curve)
(see Eq. (29)). '
Fig. 11. Comparison of thevpolérization measurements on Mgeu(d,p)M325*(O.fq MeV),
_A127(d,p)A128(g.s,),'énd SiQB(d,p)SiQ9(g.s,).at 15 MeV (Ref. 101) with ¢

distorted wave calculations by Bassel, Drisko, Johnson, and Satchler.
, N



4

-635-

.

Fig. lé._'The vector anélyzing pover Pd(e)_for various (d,p) reacticns measured

_ -.'S-j_

,'byvthe Wiséoﬁsip group. (Ref. ll9).v;The solid.(open) symtols are for
3 =1-%(4+2) transitions. For £ = 1, the solid (desned) éurveAié'

"o DVEA calculation for the J = 1/2, 3.95-Mev,(J =_5/é, 1.95-MeV) state
in Caul for an incident deutéron enérgy of 7;0 MeVﬁ  Fér 1= 2, the o

" solid curve is the DWBA prediction for the J = 3/2, l.?S-HeV state inli

29

at a deuteron'energy of 10 MeV, while the dashed curve assumes that'

A Jd is 5/2.. The solid (dashed) curve for the £ =3 transitions is for

. . . Q q_-'.' .
the J = 5/2, 0.39-MeV (J = 7/2, 0.0-MeV) state-in,mi5’(0a ~) for an

incident energy of 10.0 (7.0) MeV.

. Fig. 13. Calculated and.measured polarizations for Sr88(d,p)Sr89 (o =3.11

128

MeV, £ =0, E., = 11 MeV). The data were taken by Ludwig end liller.

d
The curves at the top.are the predictions of Pearson et‘al. (Re~. lho)."
The parameters of Rosen were used except that Wn =2 Wn Rosen (solid |
curve) and vo= b LA Roseg (broken curve). The dotted curve is the
proton elastic polarization with Rosenvparameters. The orediciions of
Butler for the same data eare shown in theAcenter and the shaded band at
the bottom represents a range of possible DWBA predictions (Ref. 134).

The lower figure also shows the data and DWBA calculaticns for the (d,p)

differential cross sections.

' ‘ ' v L .
Fig. 1k. Calculated and measured polarizations. for the Ca (¢,p)Ca ™ ground

state (£=3) reaction. The upper curves show fits by Pearson et al.
at 10.9 MeV (broken curve) and 12 MeV (sclid curve) to the combined 10-
and 10.9-MeV data.  Rosen parameters were used except thsadt: W_ =W

(Rosen surface) + M (Rosen volume). A% the center, the Zits of Butler's



-6l
..'.group139 to the 10. 9-MeV data are shown. The lowest curves. are three
" DWBA fits- to the ’h 3-MeV data, with real (2), 1mag1nary (3), and no (l)

u'deuteron spin-orbit term (Ref. 12h).
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-

A.

mission, nor any person acting on behalf of the Commission:

Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, 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 Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee

of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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