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I. POLA...J:tIZED SOURCES" 

A polarized source is basically an atomi.c bea.ms. apparatus which' 

includes magnetic gradient deflections and. high frequency transitions. But 

the intensities of the neutral bear!ls obt.ained are much higher than in the 

devices used in atomic and molecular spectroscopy. The transitions employed 

are also differentjfor polarized sources the adiabatic passage method is 

used ·to provide high polarization. 
:'. 

. '~ 

,- "', .~~. 

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 

hydrogenj 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 oftne electron spins 

with respect to the field, just as in the classical Stern-Gerlach experiment. If 

the spin-up state, for example, is focused to pass through a small exit 

aperture and the spin-do,Vll state rejected, the atomic beam is completely 

polarized in elect~onic spins. In the familiar Rabi dia~am of Fig. 1, 

states 1 and 2 are keptj the z-component, m
J

, of the spin of essentially all 

the electrons is then +1/2, while the protons are about equally divided into 

. states with mr = +1/2 and ~ = -1/2. 

There are several ways that the protons could now be polarized, but 

the method ,"fhich produces the largest polarization is the adiabatic passage 

method. Here high-frequency transitions are USGd to reorient the spins of 

1 
the protons j two types have been pro?osed by A braga::'. and VliL-'c.er and have 

I 
! 
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2 . '. 't " ..... . 
been reviewed in detail by Beurtey. The first can give a proton polarization 

of +1 by transferring all the atoms in the state 2 to the state 4. A static' 
, , 

magnetic field of about 1000 gauss is used; the oscillating electromagnetic 

field with a frequency of about 3000 Mc is contained in a cavity where 

20 watts of high-frequency power are necessary for the tran.sition. The 
. ' 

second type is performed in a low magn~tic field (about 10 gauss) where F, 

the spin of the atom, is a good quantum number; the frequency of the oscil-

lating field (about 7 Mc) should then correspond to approximately equal 

splitting of the F = 1 sUbstates. A proton polarization of -1 is thus 

. achieved by transferring the population of the ~ = +1 substate to the sub

state ~ = -1. Note that these high-frequency transitions are useful in 

polarizing the protons only after the previous separation of electronic spins 

has been performed; otherwise the exchange of substate popUlations, partial 

or complete, would have no effect. 

..... ~ : 

The .neutral polarized beam obtained at the exit of the source is then, . 

ionized without disturbing the spin state of the nucleus. It has been 

experimentally verified that the ionization time is much smaller than the 

period of the Larmor precession of the nucleus, so that the orientation of 

the nucleus is essentially not modified while the electron is being stripped. 

Finally, acceleration of the ions should not alter'the spin orientations; 

such depolarization effects can be avoided in tandems and cyclotrons. 

The usefulness of a polarized source clearly depends upon the intensity 

and polarization achieved. Since several reviews3,4,5 of these sources have 

been published recently, we shall restrict our discussion to prese~t maximum 

perforrn.9.nce and the factors limi tine; it. 

,; <-
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Limitations 
. ", 

A) Intens~ty. 

Atomic beam intensities of 1017 atoms/sec over an area of O.5cm2 

have been obtained at Sac lay after the magnetic separation. This is the 

maximum observed thus far. Two factors limit this intensity. The first is 

the production of the beam in a given ~olidangle •. The dissociatiop of the 

6 
hydrogen molecules is performed at a pressure of 2 ~~ of Hgand the beam is 

formed by an arrangement of apertures similar to the ones studied by Becker 7 .. 

at higher pressures for supersonic flow. In the present application higher 

pressures of hydrogen cannot be used because of the rapid recombination rate 

of atomic hydrogen at room temperature. Of course high temperatures could 

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

back both for magnetic-gradient focusing and ionization efficiency. The 

second limitation is the residual pressure in the region near the axis of 
1 

the sextupole magnet "'hlch introduces an attenuation of the atomic beam cy 

scattering. The pumping speed there is limi~ed b~' the geometry of ·the 

unavoidable pole pieces of thesextupole magnet. 30th factors give about the 

same limit, so that both must be improved at the same time to obtain increased 

beams. 

Th t 1 t .. d8 " 11"· " th 1 t J> " d e neu ra a oms are 10n1ze .1n co 1S10ns W1. e ec rons conJ.1.ne 

in the magnetic field of a solenoid. Here.:the·li~i.tis probably due to space 

charge effects. One is concerned not only with ionization efficienGY but 

also with the quality of the ionized beam, its e:nittance and energy-spread. 

The quality has to w~tch the acceptance of the accelerator itself. 

, 

I 
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A polarized proton beam of 6 ~ has been obtained at Saclay with a 

quality suita.blefor injection into the cyclotron. The' trochoidal mcthod9 

is then used to inject the particles into the center of the cyclotron along, 

the median plane. 
, 10 

Extracted beams up to about 35nAhave been obtained. 

This value can certainly be increased by bunchingll the bea~ at injection to 

match the phase acceptance of the machine. 

B) Polarization. 
,," '12 ,",: ',' ' ,,' 

The efficiency of the low field transitions is known to be 99.5 ±0.'7f" 

so that the protons in the atomic beam are completely polarized. Departures 

from the maximQ~ arise from~onditions at the ionizer. Here there is a 5 -,15% 

background of unpolarized protons arising from two.sources. The first is the 

hydrogen, mostly in the form of H
2
0, in the residual vacuum; this can be 

minimized by liquid air traps, e.g. The second is that part of the hydrogen 

of the atomic beam itself which is depolarized by scattering in the ionization 

volume; it is a small factor if the pumping is carefully deSigned. Depolarizing 

effects can arise here also due to the state mixing of the hydrogen atom in 

the magnetic field at the ionizer; it decreases as the field increases and 

is calculated to be typically between 2 - 5'/0. The polarization of the ionized. 

, protons is thus generally of the order of 80 - 90% in such sources. 

2. Deuterons 

The description of the polarization parameters for deuterons is 
. , 

considerably more complicated than for protons. The notation that we shall 

use is that of Raynal13
j it corresponds to a special choice of irreducible 

tensor operatorT, which gives the followir.g deco~position of the denSity 

matrix p: 



Explici tly , 

I 
P= 3" 

(1) 

,.' . 

··~(Pl,-~-P2,-I) . I - .f2 P2~0 .. 

~ (PI,I-P2 ,1). I -A Pl,o +J ~ P2,o 

The'parameters PI are the vector polarization parametersj the P2 are the 
,~ ,~ 

tensor polarization parameters. 
.. 

The correspondence between the operator T and the operators .which have 

14 ." been used by some other autho':"s . is as follows: 

T 3 S' 
2,0 = \!2 zz 

T2 , ±1='J3 ( .+ Szx - iSzy ) 

43 - 2" (8xX 8· ± 28 ) 
yy xy 

The properties of the polarized sources described here are such that 

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

as the direction of the magnetic field at the ionizer. There are six allm·;ed 
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. 
sets o~ parameter values, corresponding to two thirds, of the deuterons in one 

magnetic substate (1, 0, or -1) and one third in one of the other two sub-

states. The allowed density matrix elements are thus: 

Pl;O = If' ± 3' P20 = OJ 

Pl,O = +~ - b" =±~ 
(4) 

P20 
- ... 

The first two sets correspond to a pure vector polarized beam (all the P2 
, ,Il 

are zero). If we choose the positive sign for Pl,O' the density matrix is, 

according to Eq. (2), 

12 ° 01 
1 0 

° ° 
The ve'ctorpolarization is +2/3, since 2/3 of the particles are in the sub-

,state fiI = +1, while ther.e are none in the substate fiI = -10 The value 2/3 

1s actually the largest possible for pure vector polarization, since the 

density matrix must be positive definite wi~h trace equal to unity. 

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

tion of opposite signs;, they do not correspond to pure tensor polarization. 

It can easily be shown, however, that the effects due to the tensor par~ 

alone can be obtained accurately by combining several measurements wit~ 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. Folloh~~g 
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. .' '. 1 
Rayna)., 3 we take .as z axis the direction of the. incident deuteron on a target •. ' 

The cross section for. elastic scattering can .then be written:' .... 

dO" (e,"') - dO" (e) II {l + t p' _ 2 cos.'" (t . p' +t p' ) 
dO 't' - dn 20 20 't' 11 11 21 21 I n.p. . 

" (6) 

where is the cross section with an unpolarized beam,. the 

p~ . are the elements of the density matrix in the new frame of reference, 
"" I-l . _ 

. and the tAI-l are the polarization parameters ,describing the scattering. B,y 

taking measurements at different angles cp, .it is possible in general to 

measure the various quantities t~ • . /\'I-l 

With a cyclotron, however, there is a.limitation on the values of·the 

p{,1-l which in practice excludes the possibility of measuring t 2l • When the .. 

z axis is chosen parallel.to the magnetic field at the ionizer, the denSity 

matrix simply reflects the occupation probability of the three Il1agnetic sub-

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

. matrix will not be affected by the acceleration. 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 P~'I-l are limited,. in 

effect, to the following: 

- - ~ ~, P2,1 - 0, and P2,2 
__ .J6 Po 

- "4 ,.... , 

f', I 

f , , 
I. 

. ~ • 
i 

I , 
[ 
I 
i· 

! 
\' 
r 
f 

I' f. 

!' 
l' 

. f, 



/ .. , 

'$ 

-9-

where Ct= PI ° and 13 = P2,O· The cross section (Eq. (7) ) becomes: , . 

dO' (e,</» dO' 
(e)ln . p • {I - 13 '. 

(e) + iCt .[2 tl,1 (e) cos </> dO =- 2" t 20 dn 

-~ 13 t22 (e) cos 2¢1 (8) , 

Thus the tensor. parameters t 20
and t22 can be measured, but not t 21• This 

limitation does not exist when other accelerators are used; it is also pos-

Sible, but usually inconvenient, to avoid this drawback even with a cyclotron 

by deflecting the external beam away fro~ the plane perpendicular to the 

magnetic field of the cyclotron •. However, as will.be noted later, the 

ignorance of t21 is not usually a proble~. 

The method used to achieve the different states of polarizatlonofthe 

deuterons is in principle the same as for protons. Hm·reverthe Rabi diagram, 

shown in Fig. 2, is somewhat more complicated, and the.possible transitions 

more numerous. To achieve pure vector polarization, for example, a low-field,. 

a high-field, and a low-field transition are performed, in that order. The 

high-field transition exchanges the popUlations of states 2 and 5; the low

field transitions each can produce the following exchanges: 1-4, 2-3, and 

5-6. If the second low-field transition is turned on and off during equal 

times, yeGtor polarizations of +2/3 and -2/3 are obtained successively. 

At ionization, two of the factors reducing the polarization values 

of protons are negligible for deuterons, viz, the background of H20 and the 

magnetic field effect. Values very close to the theoretical maxi:na should 

thUG be obtained. 
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Absolute " Values of the Polarization 

. A) Protons. ""," '."" "' 

"" .; . 

It is important to have several well-establishedvalu~s"of the abso,:" 

lute value of ~he polarizatiori.. Two such reference values are available, 

each with ~ precision of about 2%." The first is the polarization in the 

4 
elastic scattering of protons from He ! it has been measured by Rosen and 

" 15 
Broliey at 10 MeV. The second is the polarization in the elastic scattering 

16 0 
of protons from C at 45 (lab) and 15.7 MeV. 

B) Deuterons. 

Absolute reference values are not available. 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 the back-

ground is essentially ~~easureableJ so the polarization can be estimated 

. ,.: <' 

with only limited accuracy. ~xrther measurements are then necessary to obtain 

" a precision of, say, 1%. 

To calibrate the vector polarization, double scattering is a possibility. 

The tensor parameters t20 and t22 which enter the second scattering can" be 

measured in a separate experine~t with a tensor polarized beam with an error 

of several percent". Unless a tandem is used, t21 is more difficult. to obtain. 

However, it is expected to be very small and can thus be evaluated sufficiently 

accurately from an optical model analysis which agrees with the other measured 

parameters. 'A,hea~J nucleus should be used as a target to avoia co~pound 

nucleus contributions and center-of-mass correction factors. Nevertheless, 

hcliQ~ can also be a good tar~et. The first scattering is then alpha ?arti-

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

, ' 

,~ 

, 'i" 

I 
I 

I" 
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I 
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He 4atthe same CM angle and energy. The tensor parameters t 20 and t22 are, 

again measured,' but t2l is estimated from a phase shift analysis. The 

influence of uncertainties in the tensor parameters would be.-negli£i ~le. 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. 

Depolarization Effects in Accelerators 

, A) Tandems. 

Depolarization can occur in the electron adding or stripping process' 

. for various reasons. 18 However it can usually be avoided by controlling the 

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

nucleon spin from the electrot; spin with a high magnetic field. 19 Depolariza;.. 

tion in the stripping process can also be minimized,if the time allo~ed for 

charge exchange is very small, as it is, e.g., when thin foils are used. 

B) Cyclotrons. 

D 1 . t· . 1 t d i , t· 20 epo ar~za ~on can occur ln cyc 0 rons ur ng acce_e~a ~on. This 

can be best understood in a reference frame ,rotating at the ~ean Lar~or pre-

cession frequency of the particle, ro • 
p 

In such. a frame, the effective mag-

netic field consists 'only in the small variations of the magnetic field. If 

these variations have an appreciable constant horizontal ccmponent in the 

rotating frame, depolarization may occur. (We ass~~e that thenain cyclotron 

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

, 
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where we is the cyclotron frequency, v2wc and vxwc are the axial and radial 

betatron frequencies, and k,t, and m are integers •. This relation is a 

resonance condition. To compute the corresponding depolarization effe·cts, . 

the amplitudes of the betatron oscillations must be YJlown, as well as the 

shape of the cyclotron magnetic field. Although calculations must be ~Bde 

for each individual case, it is usually found 'that depolarization is negli-

gible, since it is very unlikely that the condltions for a resonance be 

satisfied for a large percentage of the ion acceleration time. Experiments 

have confirmed these predictions. 

Polarized Beams by Other Hethods 

A) Metastable Hydrogen Atoms. 

The Zavoiskii-Lamb21 method uses a beam of hydrogen atoms in the 28
1

/ 2 

metastable state (1/ ~ 0.1 sec). The correspondinghyperfine structure is 
1 2 

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

However, since the tvlO low"er 28
1

/ 2 suostates cross the two upper 2P 1/2 sub

states, strong magnetic gradients are not needed to isolate the two upper 

28
1

/
2 

substates. ,Instead, at a field strength of 570 G, a small electric 

perturbation mixes the undesired subst~tes vlith the very short-lived 2P
1

/ 2 

'substates ("'1/2 :.: 1.6 X 10-9 sec). These quickly decay, so that the beam 

then contains ground-state and 28
1

/ 2 up:per substates in about equal propor-. 

tions. The process is interesting if it is possible to produce an intense 

beam 9f 2S1/2 atoms and to ionize these selectively. 

Two recent experiments make this method quite attractive. . 22 
The flrst 

shOrTed that an intense beam of metasta. :::le hydrogen atoms could be prodUced by 

+ + charge exchange in cesium vapor (II + Cs -) E28 + Cs ). 
1/2 

The 23 second 

....... ~ 

"" , .. 



, . 

'-13-

indicated that an electron could be added seiectively. to the metastable atO!llS 

by passing the beam through argon. The method is thus well:-suited for 

tandems, and .is being used at Wisconsin, Milan; and Los Alamos. 

H . t' I 24 'd' t th tIt b dd d t . owever, recen proposa s ~n ~ca e a e ec rons can e a e 0 

the polarized atoms of a conventional source with high efficiency by charge 

exchange with negative hydrogen beams pr cesium ions. Intensities in the 

microamp range should thus be produced; this is considerably beyond the 

. probable current obtainable with the Zavoiskii-Lamb scheme. This charge 

exchange process shOuld also be useful in obtaining positive ions from a 

standard source. 

B) Polarized He3. 

3 '25 Optically pumped polarized targets of He . are well kno¥m. It has 

been suggested25 that polarized beams of He3 ions can be extracted from the 

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

available. 

II. ELASTIC SCATTERING 

A) Polarizatio~ and As~metry 

Polarization parameters for the elastic scattering of protons were 

measured in double scattering experiments long before polarized ion sources 

were available. The standard experiment consists in scattering an initially 

unpolarized beam from the target of interest, and then analyzing the polariza-

tion Of the scattered particles as a fu..."lction of the angle e between the 

direction of the scattering and the bea~ direction. To measure their polar~za-

tion, these particles are scattered again from a convenient target i,hose 
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polarization properties are known, and the left-right asymmetry in the scattering 

is observed. The quantity measured is the polarization, p(e): . 

, (10) 

where NL andNR are the number of particles scattered to the left and right. ; 

. resp~ctively after the second scattering, and Pp (e ) is the analyzing power 
. - p . ' 

of the second target at the angle e of the second scattering. In terms of p 

cross sections, 

a - 0 /a + a+_ + a + a 
+- -- ++ -+ (11) 

Here, a++(e) is the cross section for scattering from the first target with 

initial and final.spins up, '(1+_ is the cross section for scattering from an 

initial spin-up state to a final spin-down state, etc. 

Double-scattering experiments can also be performed by exchanging the two 

targets of the previous type experiment. They correspond then with experiments 

done ~nth beams from polarized ion sources since the beam incident. on the 
, 

target of interest is polarized. The measured parameter is now the asymmetry 

.. A (e) in the scattering cr~ss sections for spin-up and spin-dmm particles. It 

can be measured by coun.ting 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 I.' 
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scattered to one side only during equal times of spin-up and spin~down 

inciden~ beam •. The two quantities are the same because the axis of quantization, 

n, effectively flips the spin of the incoming proton in s~~ttering to the 

left and right: 

n = ~i X ~f , (12) 

where ~i and ~f are unit vectors specifying initial and final center-of-mass 

momenta. . 'The asymmetry' is thus: 

A(e) = a++ + a - a - a /a + a + a + a +- -+ -- ++ +- -+ 
(13) 

When spin flip is forbidden, as in elastic scattering on a target whose 

spin is not zero, A(e) is equal to pee). In other processes, however, 

a and a are not generally zero, nor are they necessarily equal. Thus, in 
+- -+ 

inelastic scattering, e.g., .the 'measured asymmetry and polarization may be 
. ( 

different. ,.. When it does not cause confusion, hOi-lever, "asy-!r,metry" and 

"polorization" will be used interchangeably. 

B) Protons 

Much of the data on polarization in the elastic scattering of protons 

are summarized in Ref. 26j the results which have appeared since the Karlsruhe 

27-41 Conference are noted in Table I. . The optical model parameters of Table 

I are defined by the follm;ir..g equation: 

U(r) = V (r) - Vf(x ) c q . (lh) 

+ (lfl/m c)2(V + HI )cr. t(l/r)(d/dr)r(x ) 
1f S 5 - - so 

, 
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where the Woods-Saxon form factors are given by:' 

and 

( , ' 

The first term is the Coulomb potential of a proton in the field of ,a uniformly' 

charged sphere. 

Although the data range over almost the entire periodic table, there are 

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

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

Boschitz
42 

has found large anomalies in the 18.5 MeV elastic pola~ization 
around A=40, and smaller effects at A=90 and 208. His optical model analysis 

traces these to a decrease in the' effective strength of the spin-O!'bit 

potential near the "closed" shells. The variations in the measured polarizations 

26 
noted earlier by Rosen occurred onlyat back angles and only at energies .and 

mass numbers such that the nuclear size just permitted an i~teg~al nQ~ber 

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

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

several neighboring nuclei have been measured, b~st-fit optical-:acCiel analYSes29J38 

have yielded parameters of-· the spin-orbit potential which fluctu=.te from nucleus ~ 

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

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

remains an interesting task. 
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1. Optical Parameters 

Optical model analyses of cross-section and polarization data at 

approximately the same energy have now been carried out successfully at 

energies up to 50 MeV (see Table I). 
. . 28 32 3~ . 

Only in rare cases, ' '~in particular 

. 12 40 
for C and Ca ,has it been difficult to obtain good fits to both simultaneously. 

Such a procedure always involves some . change in the parameters that are obtained·' 

by fitting either the cross section or the polarization individually, but the 

best-fi t :1 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 of :X2 obtained with the average set are us~ally two to three times 

worse than those obtained with best-fit parameters. However, no one has yet 

attempteQ. to find a set of geometrical parameters that is equally good at all 

energies between 10 and 50 MeV. This of cotrrse would be an enormous task, 

complicated by the relative lack of data at the high energy end of the range; 

it is also not evident a priori that such a set exists. It is interesting -

to note, however, that the parameters obtained by Satchler35 at 30 MeV have 

'been tried successfully at 18.6 MeV,30 vrith the spi.n-orbit radius reduced.by 

8 about 10%. The average parameter set found by Fricke et al. 3 at 40 MeV also 

resembles that of Satchler, at least with respect to the relative values of 

2. The Sp:!.n-Orbit Potential 

Polarization data are generally expected to yield significant information 

about the shape and magnitude c~ the spin-orbit te!"'::l in the opti.cal potentie.l. 

Since the mA.gnitude of the polarization is pro:pc:~:tio::e.l in fi!"'st order to tbe 
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strength of the spin-orbit term,43,vs has indeed been fixed reasonably well 

at an average value between 5 and 7 MeV. 

As accurate data have become available, it has also been possible to 

. learn something about the shape of the potential. It.is no. longer supposed 

44 
to be strictly of the Thomas type,' since the spin-orbit radius is now 

established to be about 10% smaller than the radius of the real central' 

t 
'28,43,45,46 erm. 

The Thomas shape"was not firmly established since the origin of the £.s 

term is not definitely known. It had been suggested by its analog in atoms~7 

although the Coulomb interaction is not nearly sufficient to account for the 

magnitude of the spin-orbit potential in the nuclear ~roblem. More definite 

eVidence48 came from e~lY attempts to derive the optical potential directly 

from two-nucleon scattering using the impulse approxi~~tion, a procedure 

which is justified at large proton energies. The spin-orbit potential was 

shown to have the form: 

(v + iW )0 • 
s s - l y( p ( r ) ) ~f Y J , (15) , 

where per) is the nuclear matter density. 
.' 4' 

Similar ,expressions 9 were also 

obtained by other authors using various approxi~~tions; they indicate that 

Usoarises chief~y from the nucleon-nucleon spin-orbit force. When per) is 

spherically s~~etricJ the form becomes more familiar: 

. 2 , 

Usa = (m:c) (V s + ills )~.! (l/r)( <i/ dr )p(r) . ('16) . 
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Since the central potential is derivedfrom:the long-range part,of the nucleon

nucleon force, and should thuse~end beyond the nuclear density, it has been 
, , ' 46 50 '.', ' , '" ' 

;11, recently proposed by several authors ' that :the difference in radius par~'rleters 

between the central and spin-orbit terms is quite natural. Orr the other 

hand, Satchler35 has suggested that the difference in range between the 

'" forces should be reflected in differe~t diffUseness parameters for the real 

central and the spin-orbit terms rather than different radii. Sprung and 

, Bhargava5l have suggested an alternative explanation based on nuclear ~~tter ' 

calculations. 

Shapes other 'than the modified Thomas form have been tried, but there is' 

no evidence that they give better results. 52 Hooper. has investigated a 

volume spin-orbit term in an effort to fit the 9.!~ MeV data previously analyzed 

by Greenlees et al. 53 When r and a :were kept at the correspondi.ng values so so . 

for the real central potential, the fits obtained were on the whole better 

. than those obtained using a derivative type spin-orbit form factor .nth the 

same restrictions. When r and a were allovled to vary, not only did the so so 

derivatlve type form factor give the best overall fit for the polarization 

of Co, Ni58, Ni
60

, and Cu, but also the optimwn rso values showed much greater 

consistency among themselves. Kossanyi-Demay et a1. 30 allowed the :J.\.l.ltiplicative 

factor in the moMfied Thomas form,to take on values between 1/1'0 and l/r2, 

and then searched for Uo' Wd' Uso' and rso' These modifications ch9..!'lged 

significantly only the final value of U and improved neither elastic ::01' so ' 

inelastic fits. 

Such calculations indicate that it is unlikely that more precise 

!.t~ 
measurements of the polarization, except perhaps at the yery forvmrd a.r..gles, ., 

" 
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will define the shape of the spin-orbit term,more preCisely. At large angles 

the differential polarizatio.n is as sensitive to the central;..well parameters 

as it is to the form of the spin-orbit term. HOI.;ever, it is possible that 

measurements of the parameters13 R, D, and A will indicate the need for,a 

di1'ferent shape of potential. Such measurements are well within the capabilities 

of present polarized beams, and could be useful also in determining spin-spin, ' 

forces in the optical ,poten~ial,.e.g. 

Polarization l.feasurements Near Analog Resonances 

Measurements 01' the polarization in elastic scattering near analog states 

have become extremely useful in the determination of the spin of resonances • 

. ' The assignment is more definite than the one which can be made for the parent 

state by the observation of J dependence in one-nucleon transfer cross sections, 

and the method is best applied in the heavier nuclei where the latter does not 

appear useful. It is also simply exPlained. 54 The polarization occurs be~ 

cause of the interference between the compound nucleus and optical model 

amplitudes at the resonance, and can be fitted very nicely by adding the 

appropriate Brei t-\Oligner resona!'?ce terms to the optical model amplitudes. To 

determine spins, the calculations of Adams et al. 54 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 

determine with precision other resonance parameters as well. 

The number of spins assigned in this way is small, but bound to increase 

rapidly as more tandems begin operation with polarized sources. The method 

was first applied by lifoore and Terrel155 to the study of a previously measured ~ 

resonance in zr90(p,p) at 6.71 :'leV. Figure 4 shm'TS the impressive data ootained 
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. . ... ,. 140 
with the Wisconsin polarized beam for elastic. scattering on Ce . between 9 

and 12' Mev. 56 Fi ve reson~nc~s occur in this region, the third of which 

corresponds to a state which had been previously assigned 3/2-. The fit 

obtained shows that this state is clearly 1/2-. The good fit is interesting 

because the resonance energies are.close to the Coulomb barrier so that the 

. optical parameters begin to be import~nt and also because several resonance 

terms with the same £ had to be added to the optical potential. 

c) Deuterons 

The polarization in the elastic. scattering of deuterons is in principle 

considerably more complicated than that of protons, as indicated in the 

discussion of Section I. The description of deuteron scattering via the 

optical model is also more complicated than for protons. In addition to the 

real and imaginary central terms, and an ~ • ~ term, three kinds of tensor. 

potentials are now allowed by general arguments. 57 One of the three types 

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

from nucleon-nucleus ~ • ~ potentials. Calculations indicate that these two 

sources give non-zero contributions and do not cancel each other. 13,58 The 

other two types have not been calculated. 

. 40 60 90 Vector and tensor parameters have been measured for Ca , Ni ,Zr , 

and Pb208 at 22 MeVj59,60 some of these are illustrated in Figs. 5 and 6. 

• ".f 

..... 

The two types of data are no~ also available' for A127, Si28 , and Ni60 between 
. 61 

7 and 11 MeV.. The vector polarization of 22 MeV deuterons scattered from 
.\, 

12 .28 58 ' 62 40 
C ,Sl ,and Ni is also kno'Ym. A complete analYSis of the Ca cross-

'-#' section and polarization data has been made by Raynalj 63 preliminary anal~rses 
61 of the low energy results have also been made. Raynal found best agreement 

, . 

(I 
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40 '. 
with the Ca results by setting the tensor poteritials to zeroj this result· ;' .. " 

'is surprising in view of theabovc-mentionedpredictions. Thee.nalysis 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 optical model analyses indicate that t2l is very' 

smalL " . 

. 40 
The L . S potential determined for Ca had a strength of 6.5 MeVj a 

similar value is indicated by the low energy analysis. It is interesting to 

note also that the spin-orbit radius Raynalfound was smaller than the radii 

of the central termsj a similar result ",as later obtained for proton elastic.· 

scattering as mentioned above. There is evidence from Schwandt's analysis 

that this remains valid at lower deuteron energies as welL 

64 
Diffraction models have also been used to interpret the elastic 

polarization of deuterons (and other pal'ti~les). All partial waves which, 
( 

classically, strike the nucleus., are assumed' completely absorbed, and the 

real part of th~ scattering amplitude is neglected. Surprisingly 

good 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 potentials, however, many more optical-mod~l analyses 

must be performedj some data for them already exist, but much more are 

·necessary. 

D) He3 and ~3 

The spin-orbit term in the optical potential for He3 and triton-

nucleus scattering is still essentially unknown. It has a negligible effect 
6 . 

on the differential cross sections, and all analyses.5 have been made ... ..-i thout 

. . ~" 
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c 66 
it •. Burcham et a1. have measured the polarization of init1ally unpolarized. 

29-Me~ He3 ions elastically scattered from C, Sn, and Au. These data, together 

. 67 
with strong-absorption model fits by Frahn and Wiechers, are shown in Fig. 7. 

Since most of the data points are consistent with zero polarization, the 

assigned spin-orbit strengths of 7 f.1eV for C
12 

and 6 MeV for Sn are quite 

tentative. It is interesting, however, that the polarization at angles 
.. 68 

larger than 60° is predicted to. be quite large. Beery et ale have looked 

at the double scattering of 21 MeV tritons from both Ni and C at primary 

angles as large as 31° and secondary angles up to 60 0 j they saw no polarization 

wi thin their errors. At angles larger than these, the counting rate 'Vlas too 

small to obtain useful statistics. 

III. INELASTIC PRorON SCATTERllIG 

There are now the beginnings of a systematics on as~~etries in the . 

inelastic scattering of polarized protons. The incident energies range from 

16.5 to 50 IvleV, the targets are as heavy as H092. The choice of experiments 

has thus far been imposed mostly by such factors as the energy and quality 

of available polarized beams and the resolution of the d~tectors. These 

limitations are changing rapidly, and many different types of states can be 

.studied in the near future. 

41 69 75 Table II ' - lists the available results. Our d:!.scussion of the!!l 

will be ordered by the theoretical interpretations presently possible. The 

distorted-"'ave Born-approximation (mmA)· or the coupled-channels method 

are necessarily usedj both demand the evaluation (If radial matrix eleme~ts 

or form factors. This can be done !:lost simply via the macroscopic model 
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which will be r.eviewed first} in connection with the collectivei"evels it 

was designed to describe~ Attempts to fit the data for Fe54 'with a phenomeno-

logical microscopic model will be discussed next. This will lead to con-

sideration of a realistic microscopic model which opens up the possibility 

of obtaining information.on nuclear structure or the effective nucleon-

, nucleon force directly from differential polarization data. We will indicate 

the limitations of present microscopic calculations, and, consi'der the effects 

,of antisymmetrization. Finally, the possibilities for measuring the spin-flip 

interaction strength will be briefly mentioned. 

Macroscopic Model and Collective States 

A) Rotational Nuclei 

The best region in which to study polarization for collective states is 

the rare earths; the very successful coupled-channels analysis of inelastic 

alpha scattering 76 on these nuclides indicates the possibilities.', For 

experimental reasons the only polarization data available for rotational 

24 25 26 
nuclei, however, concern the magnesiu."!l.isotopes, Mg ,Mg, and Ng 

Preliminary asymmetry distributions 71 for 1=2 transitions at 20 ~leV are 
2~' ' 28 

illustrated in Fig. 8; several 1=2 curves for Al ( and Si, whose deforw~tions 

are not known are also shovm. Data .,ere taken every five degrees; the errors 

are generally ± 0.03. Since few attew,pts 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 fo~ in terms of the simple rotational model. Results 

+ + for 0 and 3 states have also been obtained. 

B) Vibrational Nuclei 

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

where q:s( e ,ep) = L a:
1l 

Y:fJ, (e,ep), and the YA.fJ,( e,ep) 'are the usual spherical 

harmonics. 
A.fJ, " 77. .' , . , . " . 

Two methods .have commonly been used to represent the effect of 

such deformations on the optical potential U(r) of Eq. (14)., The first is 

to replace U(r) by U(r-Ro<p). The surface's (r = ro + RoQ) are then equipotential' 

surfaces; one of these is given by (r = R(e,ep». The other standard method 

is to replace Ro' wherever it occurs in the undeformed potential, by R(e,ep). 

If r always appears in the combination (r-Ro) this method is eQuivalent to 

the above one. If r does not occur in this form, as in the..,spi!l-orbit 

potential defined by Eq. (16), the two methods dive~geand equipotential 

surfaces cannot be easily defined. In particular (r = R(S,ep) is not an 

equipotential sUrface. 

Hil177 has suggested that a more consistenttransfor~tion of the optical 

potential would consist in replacing, U(r) by U(r/l +c!>(e,ep». T::e equipotent1.als 

are then surfaces of constant density, (r = ro(l +¢(e,~»; t~o of these are 

given by (r = R(e,q)) and (r = 0). The potential is then unique at (r = 0), 

a condition that is satisfied by neither ·of the potentials defined above. 

The DWBA expression78 for the differential cross section fo~ unpolarized 
. 

projectiles and unpolarized target nuclei is 

, (18) 
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. ' .. ', . :. 

where ~ ,and ~b are the reduced masses of the incoming and outgoing particles, 
,a 

ka and ~ are their wave nwnbers, JA is the'spin of the target nucleus and 

s' is the spin of the incident particle. The swn is over the magnetic 
a 

quantum nuinbers MA, ma , ~, and~, The transition amplitude T can be 

.' written: 

:, ,,:'" ,,:' 

Here r is the displacement of the incoming particle a from the target A, 
-a 

!b the displaceme'nt of the outgoing particle b from B, and J is the Jacobian 

of the transformation to these relative coordinates. The functions' x~-r 
and x(+) are the distorted ~aves which describe the elastic scattering of ,the 

a 

incident and outgoing particles. In inelastic scattering, 'Then exchange is 

neglected and Veff is assumed local, !a and !b are equal,and J is unity, 

In the vibrational model, B is represented by a phonon creation operator 

acting on the zero-phonon ground state A; the effective interaction is the-

first order term in a Taylor eT.pansion of the deformed optical potential 

U(r,e,¢). The radial shape of the matrix element or form factor (B,blveffIA,a) 

and thus the shape of the angtuar distribution depend on the form of Veff ' 

The central terms, real and imaginary, in the effective interaction are the 

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

vel) (r) 
cen 

Ro 2 Ro -2 
= V - (1 + e)- e + i\ol - (1 + e) e 

a a 
(20) 

, 
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O:wh~re e =. exp(r ~ Ro/a)~ .In method C;)' the factor Ro is replaced by r., . The . ' ... 
~. . . 

I • spin:"'orbit'part of the effective interaction in the three methods is as' 
;.:. 

..... 

" " 

" 

".:, 

" ~.", 

. . 

follows: 

. :". 

. , 

, . ..,-: .. ~ .. 

.' ~ ,~ 

," .. ' "'. ",~'. _. 
~ '": . _. ,,~ .. 

. .... : . 

.'. ' . 
," ,'", 

. ",' 

- - V --. (11 ) Ho 2e(1 + ~)-3 (r(e - l)} ...... (21)':" ',' : '" " 

- m c so 2 2 
'. 7T . a r . . . 

"\: :. 

~ .. 

The expressions (21) all assume a spin-orbit potential of the form given 
. . 

by. Eq. (16) j the non-radial terms of Eq. (15) are neglected. When the latt'er 

.are inclUded,79 'and the nuclear density is ';;ritten as follows, 

(22) 

the deformed spin-orbit potential can then be Written: 

( ) [ dp .( ).. l' 
'. V s + HTs~' 7 dR ,CI> e ,¢ . x i~] . 

0' 

(23) 

I~ 

Th1.s can be decomposed into a,ra~ial. ternl vs(ol)(r) ,·/'nich co re'" ds t +hod • y I' ..,pon 0 me",. 

(2) above, and an angular-dependent term v~~)(r,O,~): 
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, '. ~ . 

(2) " " 
V. (r,B,cp) = so 

~RP _CJ'" [\7<t>( e,cp) .' x '*" \7] ," o ... ' ,~ - ' 

Since the origin of th¢ spin-orbit term in the optical potential is 

not well-known; the choice among these expressions for the deformed spin-

orbit potential is not determined a priori, and can only be justified by 

experiments. 

1. £=2 Transitions 

Strong £=2 transitions in Fe56 and the Ni isotopes have been analyzed 

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

the predictions at both 18.6 MeV and 40 MeV,75 except at angles smaller 

than 50 0. The interpretation of the Oak Ridge 40 MeV results shm-Ted 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-orbit term is so much smaller than that of the central 

terms, the effects of its vibrations have gone unnoticed in the measure~ents 

of differential cross sections alone.' Ho",ever, the polarization at 40 l·IeV 

is very sensitive to the! . CJ term in the interaction, 'and a good fit to 

" the data with theDWBA could not be achieved without it. Figure 9'illustrates 

the effect of 'various interaction terms on the predicted cross section and 
, 60 
asymmetry for,Ni at 40 MeV. Similar fits, very good at angles larger 

than 50°, we~e also obtained for 2+ excitations in Si28 , Fe51J., and Ni58 . 

The distorted spin-orbit term is less important70 at 18.6 than at 

40 MeV, ,as shOim in Fig. 9. W!1ile it ahrays improves the fits to collective 

states at least slightly J its effect is ls.rge only \.;hen it is ass'..:.:-~,ec1 to 

,.,' 

c. 
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.. 
have an unreasonably large magnitude. Nevertheless, the predicted curve 

agrees reasonably well with the data; somewhat better fits were obtained for 

. 63 
1=2 transitions in the Ni isotopes and Cu • 

Method (2) was used for the 4o-MeV calculations while method (1) '\ffi.S 

used at 18.6 MeV. The predicted polarizations using the two methods at the 

same energy show neglegible differences. On the other hand, Blair and Sherif79 
, . 

have recently shown that the distortion of the non-radial terms in the spin-

orbit potential can improve the collective model fits at 40 MeV. This is the 

first evidence that such terrns should be included in the optical potential. 

Further 'evidence could also arise from the analysis of differences in the 

polarization in elastic scattering on neighboring deformed nuclei, the one 

with spin and the other with spin zero. The limited data of this type have 

been analyzed thus far only with a spherically synmetric form for the spin-

orbit potentiaL 

2. 1=3 Transitions 

40'''' 90 Z 92 Precise asymmetry data on octupole transitions in Ca ;Zr , r ,and 

92 71 Mo at 20 MeV are now available; the £=3 data in the Ni region are less 

abundant than the £=2 data there and the statistics are poorer. Only the 

distributions, in the Ni region have yet been analyzed; the collective model 

. shows fair agreement. The 40 MeV predictions are again more s.ensitive to the 

distorted spin-orbit term, but the analyzed data are not sufficient to determine 

whether it is ,necessary. 

,. £=4 Transitions 

Good differential asyn~etries have been measured for 2=4 transfer in 

the Itght rotational nuclei at 20 MeVj 71 these demand a coupled-channels 
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'-, ,analysis which has net, yet been carried eut~' Suppesed 1=4 transi tiens,' in 

Fe54 ~nd Ni58 'ha;e also. been studied ~t 18.6 MeV; 70 the expe;imental asymmetry' 

distributiens are quite different and neither is fit well with the ceupled-

channels cede assuming reasenable cellective medel parameters and directer 
+ 

twe-step excitatien via the first 2 state enly. 

4. 54 Fe 

The asymmetry measured fer the 1==2 trans it ien to. the 1. 4l-MeV first 

excited state in Fe54 at a pretein energy ef 18.6 MeV presents a special t" 

. . t t t· 70 preblem ln ln erpre a len. The data, shmm in the upper half ef Fig. 10, 

reveal much larger asynunetries at 30 0 and 90 0 than these ebtained fer the " 

'neighbering 2+ vibratienal levels discussed abeve. The asymmetries fer the 

+ "'6 secend 2 state resemble the Fe/ data. (The theeretical curves are dis-

cussed belov,.) 
~2 50 

Data for Cr/ and Ti are, on the ether hand, quite 

similar to. the Fe54 
1. 41-!v!eV results. These variatiens betvreen the shapes 

+ ' 
,measured fer the first 2 states ef N==28 nuclei and their mere cellective 

neighbers are tee l~rge to. be ex~lained by the vibratienal model. Cerrespending 

Variations in the shape of differenttal cross sectiens
80 

have also. been 

observed. 

Micro.sco.pic Medel 

Such' data indicate the need fer a micrescepic descriptien ef the reactien 

which takes into. acceunt the detailed structure of the initial and final 

states. Calc,ulatiens ef'this type have been perfermed in recent years by 

th 81,82,83 
several au ers; The nuclear states are treated as accurately as 

pOSSible, and the interactio:-! cet-;'Teen the incoming nucleon and the nucleons 

ef the target is assumed to. be clesely related to. the free nucleen-nucleon 

Y', ' 

" ' 

.. ' 
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interaction. Depending on the configurations necessary to describe the 

states involved, the form .factorscan th]ls assume many different shapes, 

.' whereas in the vibrational model the form' factor has' the same, shape for all 

,one-phonon states in the same nucleus. 

The asymmetries for the first two 2+ states in Fe54.have been compared 

with the predictions of,the microscopic model by Satchle~.83 The ground 
2 0+ 

state was assumed to b~ an (f7/ 2-) proton 
. 2 2+ 

and 2.97-MeV states were taken as (f
7
/ 2- ) , 

configuration, and the 1. 41- , 
-3 . 2+ 

and (f7/ 2 P3/2 ) proton con-

figurations respectively. A YQ~wa interaction "nth a range of 1 F was 

assumed. The 18.6-MeV predictions, sho,vri with the data in Fig. 10, do not 

agree well for ei tiler state j in fact, the fits res,emble those obtained "\ori th 

the collective model ",i th a real form factor only. 

Phenomenological calculations have also been carried out 70 in which 

the parameters of the collective model form factor have been varied. ' Such 

54 
variations have not, produced a good fit to the :F'e data, but tr..ey dOr:lodify 

and improve the agreement. Hore generally, they indicate that the predicted 

as~metry 1s sensitive to the form factor, and thus that asy~~etry measure-

ments could lead to nuclear structure information. Calculations by Glencenning 

et a1. 81,84 with realistic wave functions for the Ni isotopes also predict 

marked variations of the asymmetries asa function of the nuclear configurations. 

The Nuclear Wave Functions 

The best region in which to carry out tests of the microsco~ic model is 

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

d f Th ' t' • 83,84" 018 C 40" z egree 0 assurance. us cross sec lons lor , a , IIi, r, and 

,Pb
208 

have been compared .,i th the predicti.ons of t::e model; the transi "cions 



include both strongly collective and apparently simple excitations. Polarization 

data are now available at 20 MeV for ca40 , Zr90, Zr92, and M092, but these have 

d 
71. not yet been analyze • 

The necessity of using accurate wave functions has recently been emphasized 

by Love and Satchler. 85 They have shown that core polarization can account for 

as much as 80% of the cross section i~ such an apparently simple case as the 

excitation of the first 2+ state in Zr92. They'YTere able to evaluate the 

influen,ce of the neglected configurations in a non-arbitrary way by calculating 

an effective charge from known electromagnetic transition rates. An additional, 

phenomenological form factor was thus added to the'microscopic form factor for 

the computation of cross sectionsj it has just the same shape as the standard 

vibrational model form factor, including, in principle, imaginary and spin-

orbit terms. The effect of this addition on predicted asymmetries has not 

yet been evaluated. 

Such collective admixtures could be important even for the so-called 

single-particle transitions which would otherwise be ideal for study. It is 

interesting to note that even if the contributions of the core nucleons to 

these wave functions could be known exactly, there would still be a reSidual 

effect on the cross sections attributable to the "core polarization" of Love 

and Satchler. With a real effective interacti?n, these extra configurations 

would add only a real term to' the form factor, 'Ylhereas the "core polarization" 

form factor i9 complex, as mentioned above. 

The Effective Force 

If t ' 1 f ti d t b t G' d .' 86 h ne nuc ear wave unc ons are asswne 0 e exac ,_en ennIng as 

shmTn that the off-diagonal matrix elements of the effective interactioD. can 

" . 

... , 

... 
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be written: 

'(25) 

Here V is the free nucleon-nucleon force, ¢a and ¢~ are,the initial and final 

states of the target nucleus, and the sum, over c includes all the states of 

the target plus incoming nucleon system which are not explicitly included in 

the coupled-channels calculation. As it stands''\fa~ is com.p~,ex, energy

dependent, and non-local, and impossible to evaluate exactly. However, the 

second term of Eq. (25) has alvTays been neglected ,for reasons of simplicity; 

moreover it is a sum over many small terms which appea~ with fluctuating signs 

and thus is,probably small. In, actual calculations, the t~o-body potential V 

itself is also approximated to be of the following' local form: 

(26) 

Each term gives rise to a form factor; the second,ter!!l alone contributes to 

transitions with a spin transfer S=l. The radial shape of the potential, 

g(r .. ), has normally been asswned to be of either Guassian or YuJca1{a form. 
lJ 

The parameters Vo and Vl also depend on isotopic spin in the following way: 

, 

where s has the values 0 or 1. 
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, A considerable effort is necessary to determine ,these parameters 

accurately at many energies. The evaluation of the range of the force 

demands knowledge of the different multipoles at each energy. Inelastic 

scattering experiments measure V ~ ± V A' depending on whether the excited 
Su. Sl-' . 

nucleons of the target and the incident nucleons have the sa~e ~z (+ sign) 

or different t z (- sign). Since Vot3 ~s expected to be smaller than Voa' a 

more direct measure of Vot3 is the cross section in (p,n) or (He3,t) reactions 

8 a between analog stat~sj 7 'fits to cross sections 3 are, however, not very 

satisfactory thus far and polarization data exist only for very light nuclei.
88 

Tensor and spin-orbit terms must a priori also be included in the two-body 

potential V .. j their lnfluence is not yet established. 
. ~J 

8~ 
Typical values for the para~eters of V .. obtained by Love and Satchler J 

lJ 

with a Yukawa potential of range LF are as follows: 

These strengths were used in the analyses of inelastic scattering and (p,n) 

. t· 018 z 90,92 d Pb208 + d 20 H V C l' reac lons on ,r , an av aroun V!e. ore pO_~lzation 

was included. 

S~ and S=l Interactions 

A clear experimental separation of the contributions fro:::l S:O and S=l 

interactions ~oes not seeni possible with asymme~ry measure::lents. It is , 

difficult, first of all, to find states for _lhich only the 8=1 interaction 

should be'important and which might thus serye as a calibratic,- c~ spin-flip 

polarization. Unnatural parity states (i.e.) states for ~hich ~he ~arity doe~ 

'.\.. 

... ' 

.-, 
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. '. J 
not equal (-1) , where J is the spin of the level) are one possibility, since 

they cannot be reached in first. order by an 8=0 interaction;. however, higher 

.order 8=0 excitation could be important. When both 8=0 and 8=1 are allowed, , 

• the predicted asymmetries hardly distinguish bet ... ·Teen them provided the form 

factors are the same for each.70,89. The predicted polarization of the out- " 

going particle after a, lf7/2 to 2P3
/2 inelastic transition, for example, is 

approximately the same whether 8 is zero or one. On the other hand, when 

many conftgurations contribute to the excitation of a particular state, the, 

form factors for 8=0 and 8=1 transfer are not necessarily Similar, and in this 

. 84 
case the predicted asymmetries do depend on the spin transfer. 

The interference between 8=0 and 8=1 contributions to the asymmetry has 

f 70,89 A been small in calculations reported thus ar. s a consequence, the 

difference between the asymmetry and the corresponding polarization measured 

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

these differences has been ;ropo~ed90 as a measure of the 8=1 interaction 

strength. 

One possibility which remains is the measurement of~he spin-flip cross 

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

section and V
l

, since the spin-orbit part of the optical potential contributes 

to the spin-flip cross section even for 8=0. In fact, in the . few analyaes91,92 

reported to date, it has not been necessary to invo~e 8=1 transfer, although 

the distorted,spin-orbit term is important.
92 

Spin-flip crGJS sections have 

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

states which have a gamrna branch to the ground state have thus been observed. 

There vrould be rlO such spin li::11 tation in the direct measurement of spin-flip 



" . 
by analyzing the change in polarization in t'heinelastic scattering of ,', 

an initially polarized beam. 

Antisymmetrization 

"lith the exception of some recent work of Amos, McCarthy, and Madsen,93 ' 

almost all microscopic model calculations have been carried out by neglecting 
, , 

'the effects of the antisymmetrization ,of the incoming nucleon With the target, 

nucleons. ' When space exchange is included,the form factor description is no 
, " 

longer valid and the computation becomes difficult. The studies of Amos ~t 

al. 93 and later computations by Madsen94 show that such exchange contributions 

can be very important in their effect on the magnitudes and shapes of cross' 

sections. In p~ticular, the ratio of the cross section predicted at large 

angles to that predicted at the forward maximum is often considerably increased. 

It is then interesting that the standard DvrnA had difficulties in f~ttihg 

, the results 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 ynth predictions. As 

well as 'giving poor fits to the polarization, the DWBA underestimated the 

back angle cross section of the proton states. A comparison of the preli~inary 

experimental data for Zr92 and M092 reveals the same features. 71 'At large 

angles the relative cross section for the 0.93 MeV 2+ state in Zr92, pres~~bly 

. made up chiefly from neutron excitations, is smaller than that for the 1.51~ 
+ 92 . 92 .~ , ' 

MeV 2 state ~n Ho • The measured asyrmnetries for filo arE:. ,also more post ti ve .-

than those measured for Zr9~. A most, appealing explanation of the obser-red 
,t. 

differences then might reside in space and spin eXCh9..11ge contributions, -,inich 

can effect the distributions only for proton states, since charge exchc.r:~e is 

smlL Such a suggestion of cou.rse remains tentative until the effect cf 
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. \ 

antisymmetrization on the asymmetry has been calculated. 

The comparison of proton and neutron inelastic scattering to the same 

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

95 +. 52 58 
scattering of 14-MeV neutrons from the first 2 states of Cr andNi • 

Within rather large errors, .the results for the two nuclei are similar, 

"'hich is not the case with protons incident. 

Antisymmetrization effects are also expected to be more important for 

higher multipoles but less important as the energy increases. 94 

IV. TRANSFER REACTIONS 

"':. 

Pickup and stripping reactions have been producing important spectroscopic 

. information for years. 96 Their utility is based on the apparent Simplicity 

"in the interpretation of spectra and differential cross sections, especiall.y 

if o~ly'one particle is transferred. The angular distributions determine the 

orbi tal angular momentulrl transferred and, very often, t~e total angular 

momentum transferred. Absolute spectroscopic factors have been extracted as 

well, using the distorted-wave method. However, the reliability of at least 

these absolute numbers depends on how accurately the DHBA describes the 

reaction. Since the polarization of the outgoing particles can be ~easured. 

as well as their intensity, one should demand that the D~rnA be able to predict 

the polarization also. Polarization. measurements are then interesting frOr:l 

tYTO. points of. view: The:; can provide information on the J transfer, as is 

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

peting reaction models. 



-38-

.. 
A) . The Data 

~ .' 
Not many results are available, howeverjthese are reviewed in Table 

1II1.97-128 Most of the exPeriments listed have beEm performed at energies 

where the direct reaction mechanism should predominate. Since the majority 

involve light nuclei~stargets, however, compound nucleus contributions can 

~ be ruled out in just a few cases. In most of the w~rk, the statistical 

errors are quite large. Only preliminary data are available" on the" (p,t) 

reaction at high energyj 
. 126 12 16· . 

Chant has looked at C· and 0 (p,t) reactions 

at 30 MeV and found large polarizations. Measurements of tensor polarization 

parameters are also very scarcej only two sets are included in Table III, 

and both concern the very light nucleus Be9. It is confidently e~ected 

that this situation will soon change. 

1. 1=0 Transfer 

It has often been emphasized129,130 that £=0 transitions are the simplest 

to analyze. 
. 131 

In the semiclassical picture of New~s, where no spin-orbit 

interaction was considered, the polarization in 2=0 transfer was exactly 

zero. Now it is clear ~hat both proton and deutero~ spin-orbit distortions 

must be included, but these can be reasonably treated in first-order except 

,.,r/ 130 130 when the polarization is close to 10~o. In this way, Johnson has 

derived a relationship b~tween polarization and aSJ~etry measurements in 

(d,p) reactions which includes the effect of the D state of the deuteron: 

P = p(p,SS) + P(d,SD) 

(28) 
2 

A = 3 p(p,SS) + P(d,SD) + P(d,SD) 

..... 
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Here, P is,the, proton polarization measured with an unpolarized deuteron bea'Jl, 

and A is proportional to the asymmetry in the proton distribution in a reaction 

initiated by vector polarized deuterons. The contributions fron the S- and 

D- wave parts of the deuteron wave function are coherent; those fran the pro-

ton and deuteron spin-orbit terms 'are additive. The notation implies, then, 

that P(p,SD), e.g:, is the contribution to the polarization arising from 

the proton spin-orbit force, and that this is the interference term, the 

contribution linear in both Sand D waves. 

In a calculation which ,included only S waves in the deuteron i·rave function, 

Hooper129 showed that the deuteron spin-orbit term should have little effect, 

on 1=0 polarization, so that p(d,Sn) is presumably small also. In that case, 

a measurement of P and A together dete!1!lines directly the effect of the D 

state in the proton channel, P(p,SD). If P(d,SD) is large the deter~ination 

of P and A together is still useful, since (p - A) is i~dependent of: P(d,SD). 

Some data do existl02,12l which do not fulfill the Simple relation, A=2/; P, 

but the center of ~dSS energies are not exactly the sC'Jne and the statistics, 

especially for P, are not sufficient. These can be improved by ~easurl.ng 

instead the asymmetry in the deuteron distribution in the inverse (p,d) 

reaction with polarized protons. 

The fact that the deuteron spin-orbit potential is a?parently ~~important 

'for 1=0 transitions probably explains the relative success of the mBA for 

such tranSitions, at least for'polarization in light nuclei. 24 
Fits to Hg (d,p) 

and Si
28

(d,P) polarization data
lOl 

are shown in Fig. 11. It prote.ely also 

accounts in part for the surprising st.:.ccess of the si:r:?le absor?tic:1 model 

1;2 
of vlalls. He assu.'!led that only one proton partial Y2.Ye is ir:::;:,crta!1t (this 

, . 
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has some support from Hooper's analysis129 of L-space loc~liz~tion), and that. 

. this partial wave is distorted by a spin-orbit potential only. His fits to 

1=0 polarization are at least as good as tl:.ose obtained with the DV1BA. 

2. 1 > 0 Transfer 

No simple correlation between asymmetry and polarization can be predicted 

if i is greater than zero. H01.,rever, the measured differential polarizations 

thenselves are interesting.fromthe point of view of JdepeDdence. Even the 

simplest reaction models predict that the polar.ization is sensitive to the 

total angular momentum transferred. fr~t the data must be carefully examined 

for evidence that the differences are consistent over a reaso~atle range of 

nuclei and energies. 

In the most extensive study of J dependence in heavier nuclei to date, 

, 119 24 40 
Yule and Haeberli found consistent results for Mg (d,p), Ca (d,p), and 

~2 
Cr-' (d,p) for i=l, £=2, and 1=3 transfers; measurements were take!1. vith 7 ane. 

8 MeV polarized deuterons. Four 3/2-, three 1/2-, two 3/2+, aDd one 5/2+, 

5/2-, and 7/2- distribution were studied, generally over an an~~lar range 

extending from about 15°'to 65°, though the 5/2- measurement included only 

three angles. These data are shmm in Fig. 12;· they are. reasor:ably well 

explained by the DWBA. If deuteron absorption is more impo1't~nt than proton 

absorption, semi-classical theories predict that j=1+1/2 polarizations are 

positive near the stripping peak, and j=1-l/2 distributions are negative. 

(This is true' even when the effects of the spin-orbit potential are included 

in the semi-classical models, as discussed quite clearly by 3utler in Ref. 133.) 

It is interesting to note that the 1=1 ar:e. £=2 distri "':)utions ~e:1'ee vrl th these 

expectations "rhile the 1=3 asymmetries Sl10'\f the opposite 'oe::2.',-io1'. Rollefscn 

... 
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et al. 127 have measured four £=1 polarizations in la58(d,p) at 15 HeV over 

the range of 10 ° - 30 ° which includes the stripping peak. The results are 

'positive for 3/2".., and negative for i/2-; . In medium. '-I'eight nuclei, then, J 

dependence appears promising, whereas no simple and informative rules have 

been clearly established for light nuciei. 134 At 30 MeV, e.g., Chant et ai.117 

() 
. 12 16 

have done the p,d reaction on C aDd 0 with polarized proto~s. Almost 

all their data pOints for both 1/2- and 3/2- states show negative polarizations' 
.. ' 

at angles up to 60°; the only point "'hich is definitely positive and not con- . ' 

sistent with zero asymmetry is for the 1/2- transition in 016 at 20°." The 

DWBA calculations for these data are in very poo~ agreement. 

The J dependence of differential cross sections is well established in 

medium-weight nuclei for £ ~ 3. The J dependence of the polarization 

can then be valuable spectroscopically in confirming these previous 'ralues '. 

and in aSSigning new ones in. heavier nuclei where the cross sections do not 

give unambiguous information. Finally the explanations of J dependence of 

,cross sections and polarization are not necessarily correlated, so that both 

data are needed as a test of the reaction model. 

3. Structure Dependence 

There remains the very interesting possibility that the J dependence of 

the differential polarization will be· masked by an eventual nuclear structure 

dependence. Whereas the J dependence of the cross sections is a USel1il tool 

precisely because there seems to be little state dependence of the cross 

sections, this is not necessarily true of the polarization. The eX?erimental 

capabilities are certainly adequate no",·' to find such effects in t:::"arlsfer 

reactions similar to those which have already been found in ineJ.astic scatte:-ir'5 
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to states of the' same,spin. While such a discovery would complicate the 

understanding of.J dependence, it would provide definite impetus for a more 

realistic treatment of the form factor in DWBA calculations as outlined, e.g., . 

. 135 
by Pinkston and Satchler. It could, then, lead to more fundamental in-

'. formation than J dependence. 

4. The D State -of the Deuteron 

.The spin-dependent terms which appear in the effective neutron-proton 

interaction can be included in the DWBA by keeping both Sand D'wave contribu-

tions to the deuteron wave function. This is an essential simplification 

over inelastic proton scattering where, e.g., 0.' o. and tensor terms must 
~l. -J 

. 136 ' 
be explicitly calculated. Johnson and Santos have recently evaluated the 

./ 

influence of the D state on differential cross sectionsj its effects were 

found to be important for 1 > 0, and definitely necessary in the explanation 

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

are large also. 
. . ~7 

They have been able to account for the magnitudes of the 

9( ) . 105 tensor polarization measured in Be p,d by Ivanovich et al. although 

preliminary fits do not show good agreement in shape. On the other hand, D 

state effects are, surprisingly, not important in the analyses of the ylisconsin 

( ) 138 d,p asymmetry data. yrnether this is generally true for polarization data 

is not yet YJ1o.m. 

The code of Johnson and Santos does not compute the effects of possible 

tensor potentials in the deuteron optical potential. The latter contributions 

do not modify the £=0 first order relation (28)" though they could have first-

order effecta for other i values. There is little evidence that such terms 
..-, "') 

are small, 0_, 0 yet their effects. on the polarization distri::·utions are t.m~~r..mrn. 

", .' 



.... B) The Theories 

1. DWBA 

The munber of careful D\oTBA analyses in which spin-orbit distortions were 

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

been obtained for 1=0 transitions in the 2s-ld shell;lOl the asymmetry o.ata 

fromWisconsinl19 have also been explained reasonably well. On the other 

hand, much less satisfactory results were obtained in the analyses of the 

o 128 S 88(d ) d' h n 1 t ,t· 117 .· C12 d 016 
4=0 transition in r ,p an t e L=_ ranSl lons In an • 

The results of a thorough study of the 1=3 ground state transition in Ca
40

(d,p) 

at 14.3 MeV125 were also disappointing, though there is apparently considerable 

energy dependence in the measured polarizations. In general the data are not 

sufficiently extensive or precise to provide a reasonable test of the mBA. 

2. :New Reaction Models 

A number of atte~ts to treat (d}p) reactions by three-body methods have 

appeared in recent years, and two of these have reached the stage of meaningful 

139 computation. Both the theory of Butler et al.} and that of Coz and Pearson 

et a1. l40 assume that the essential problem .ri th the conventional DTtTBA is the ' 

treatment of the loosely-bound deuteron in many respects as an element~y 

particle inside the nucleus. The methods are formulated in such a way that 

neutron and proton optical potentials can be used instead of a deutel'o": optical 

.potentlal. 

The method of Coz and, Pearson assurnes the following physical pict;'lre. 

In a (d,p) reaction, as the deuteron passes near the nucleus, the proton is 

supposed to suddenly separate from the neutron and scatter from the ni.!::::leus 

as if the neutron ' .. :er.;: not present. In its most simple form} the the?I'Y 

.' 
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predicts that the differential cross section and polarization in .a stripping 

reaction should be very similar, at large enough.angles, to the corresponding 

quantities for elastically-scattered protons of the appropriate energy. 

140 
However, more recent developments in the theory by Bang and Pearson have 

placed more emphasis on the effects due to the c~ptured neutron. No such 

simple physical interpretation of their method is given by Butler et a1.,. and . _ 
. . 140141 

indeed it is the subject of some controversy. ' Forrnal objections to 

141 142 
both theories have also arisen.' However many of these objections can 

. 143 144 
apparently now be resolved. .'. In particular, the interpretation of the 

spectroscopic factor in the Butler theory now seems to be well understood. 144,i45 

Comparison ,nth Experimental Data 

Si~ce both theories are still in the development stage, the predictions 

which ha7e appeared are very limited in n~ber and incorporate approximations 

which are not essential to the methods. An effective lower cutoff, e.g., 

appears in the calculations of Pe,arson et a1. at a radius some"..;hat smaller 

. than the nuclear radius. In the work of Butler et a1., a residual contribution 

to the transition ~~trix from the asymptotic deuteron wave function has been 

neglected thus far. IInprovement of these approximations can ce expected to 

'change t[~e details. of. the Pearson type predictions more than t!1ose of Butler's. 

In particular, Butler's parameters are strictly determined by proton and 

neutron elastic scatt~ring, as they should be. Bang and Pearson, however, 

. allow the~selves the liberty of changing the absorption depth in the neutron 
. '. 

channel by a factor of two to rrAke up for inadequacies in their approximation 

to the ne~tron capture contribution. Other-rl1se, both have used the optical 

26 
para:neter.s of Rosen . in all their calculatio:1S. 

, .~ . 



The following figures show polarization in (d,p)strippine; 'predicted ..... 

by both these models and the DWBA. The first (Fig. 13) illustrates three 
. . 00 ~. '. . 

fits to the 1=0 transition in Sr (d,p)Sr at a deuteron energy of 11.0 MeV; 
. 146 

the fit obtained by Pearson et al. is probably the best. For the gro~~d-
. . 40 .41 

state 1=3 transition in Ca (d,p )Ca ,shown in Fig. ll}, we compare a mmA 

fit to the 14.3 MeV data125 with a fit to the 10.9 l>!eV results by the Butler 

~9 l~ group and a fit to 10.0 and 10.9 rifeV results by Pearson et a1. .. The 

predictions of both new models agree quite well ~~th the experimental pOints, 

while the DliBA fits are rather poor. The latter -are quite sensitive to the 

deuteron spin-orbit coupling; with moreconplete elastic scattering data and 

analyses, hO'l-rever, 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 a1. 

in which the (d,p) polarizati~n 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 elastic polarization indicates 

that their ~ethod cannot be dismissed by remarki~g on the difference between 

the experinental distributions of protons follmri!1g (d,p) reactions and 

elastic scattering. 

Other fits to polarization data ~~th the new models have appeared but 

they .cannot be directly compared. In general the quality of the fits is 

probably sO!!le'trhat better than that obtained with the D'mA. Since only about 

ten pieces of ' data have been fit "r1th each model 8.rld the experimental errors 

are large, this judgment is clearly subject to change. More extensive predictions 

of cross se~tions have appeared, and here the DH3.-\ fits seem better than those 

obtained ';>lith the ad.":l.i ttedly approximate forms of the new- models published thus 
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far •. Since a fit to the polarization .Tithout an equally good fit to the 
, . 

cross section is not meaningful, we must await many less approximate 

calculations from· the new models before determining their usefulness. 

CONCLUSION· 

The difficulties encountered in :th~ preceding description of polariZation 

phenomena in nuclear reactions have both experimental ~~d theoretical origins. 

The first is due principally to the fact that very good polarized beams have 

appeared only recently. The second arises partly fro~ the complexity of the 

subject and partly from the lack of motivat,ion to refine programs ,.".hich were 

already adequate to explain existing data. Now t~at precise eA~eriments are 

being performed, the theoretical descriptions can also be expected to become 

more detailed. These efforts '\-Till undoubtedly lead to a much clearer Q~der-

standing than is presently possible. 
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Table 1. Polarization measurements and optical model analyses of elastic scat
tering. The optical para~eters given are either the average geometrical par~
eters derived by the authors or, if no average set ~as used, the average of the 
best fit para'!leters determined. The par~.'!'.eters are defined by Eo. (14). 

E Target Optical Parameters Refer-'p 
Nuclei r a r

I B;: r a ence 
(MeV) 0 0 so so 

8.2-11.4 N
14 

27 

l2.8~13.4 C
12 

27 
.. 

17.8 [Be'S'Fe,eo,cu, 1.25 0.65 1.25 0.47- 1.01~ . 0.65 28 

Zn,Ga,Ag,In 
h . I 

18.6 r1 .8'50'Cr52'Fe54'56~25 0.65- 1.25 0.47 1.12 0.47 29 

Ni58,62,64,cu63 . .10 0.75 1.30 0.55 1.0 0.55 30 

20-29 
C12 . 

JL~lysis includes three .' 31,32 
c~pounQ nucleus resonances 

24-40 016 
33 

26.3 Ca,Ni58 , Pb
208 

1.12 0.75 1.33 0.58 1.12 0.75 . 34 

1.20 0.70 1.20 0.70 1.10· '0.70 34 

30 ~c 40 N158 c 59 1.12 0.75 1.33 0.58 1.12 0.75 35 a, ,0, 

Ni60,8n120,Pb208 1.20 0.70 1.20 0.70 1.10 0.70 36 . 

30 ca,Ni58,Ni60,Pb20S extension of previous measure:::.ents 34 
and analyses to back angles 

1~0 ~12,ca40'Ni58'Zr90 1.18 0.70 1.30 0.60 1.05 0.70 37 

Pb208 . 

40 8i28 F 54 C 59 ....... 60 , '6 ,e , 0 ,~j_ _._ 0.75 1.37 0.63 1.06 0.74 38 

Z 68· S 120 C12 
n J n J , 

.C 40 Ni58 Z 90 p' 208 a, , r ,~ 0 

Be,C,A1, V,Rh 
C ;,T; 58 Ni 60 Pb 203 a,.,_, J-

\I 24 1.1 0.73 1.29 0.60 1.0 0 • .53 J,'!g 

39 

Zn 61~ (Zn 68) 1.1 0.82 1.29 0.62 1.0 0.66 
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Table II. Measurements of polarization parameters in the inelastic scatterL~g 
of protons •. The orbital angular moment1;UTl transfer is indicated by·!.. 

A. !.=2 

B. 1=3 

c. 1=4 

Target 

C12 Ni60 Ni62 , , 

[

Ti48J 50 ,cr52 ,Fe54,56 .. 

Ni58, 62,64, Cu 63 

[

Mg24125,26 ,A127 ,Si28 . 

&90,92 Mo92 , 
t?2 Si28 , 
Be9 

Fe54 

Si28,Fe54,Ni58,60 

C12,Si28 

M 24 z 64,68 
g , n 

Fe54,56,Ni58,6~ 

C 40 z 90,92 M 92 a , r . , 0 

Si28,Fe54,Ni58,60 

F· 54 N· 58 e ,l. 

Mg,Si,.Zr ,Mo 

18.6 

·20.0 

29.0 

30.3 

.30.4 

40.0 

18.6 

20.0 

40.0 

18.6 

20.0 

Ref. 

70 

·71 

72 

73 

74 

75 

72 

41 

70 

11 

75 

70 

71 

• 
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'" '~Tab1e III., Polariza.tionmeasUren~ents in t!'ansfer reactions. Measurements of ,<:" 

; ,.:." the asymmetry following reactions' initiated by polarized particles are ' 
.; , , " ,marke:i (./I.). ' ' ", 

, , 

,~ 
Reaction, E inc. 

" 

Be9 (d,p )Be
1O 

[7.8,8. 9,10.0 ,. 
13.6,15.0,20.6 

Be9 (d,p)Be1O 
6.0,15.0,20.6 

'. ", Be9(P,d)Be 
8 .' ~2.6'3. 7,4.91, .. ", .' . :,~ 

,';. - 6.90,8.27,9.80 

" . -: " 

B10 (d,p )B11 ',' 7.8,8.9,10.0;' 

;' . 
11.4,13.6,21.0 

.. ';'~~. :, B
10 

(He3 ,p) C
12 

".' . 1. 75 :.. 2.8 

Transition 

3/2- -) 0+ 

, 3/2- ~ 0+ " 

, : ,: :' 

Ref. 

97,98,99,100,101, " 
.102 

'101,102,103 

104,105 

98,100,102, 106 ,107'~ 
108 ' 

,"109 

, ~', 

, ' 

6.9,7.8,8.9,10.0" 0+ ~ 1/2-

10.8,11.8,11.9, 

. / . 

'98,106,110,111,112 

113,114,115,116 
" ',"" " 

15 .0,21. 0,22 .0 (A) , 

5 - 10, 15 '·101,115 

30(A) '1"" --I ' 

,f' 

.' ' 

' .. 
0

16 
(d,p )017 

9.55 ' 0+ ~1/2+ 118. 

'1 " 016(p,d)015 , 30(A) 0+ ~ 1/2- 3/2-: ,," 
' ','" 117 

" 't~ 

v 24(d )'1 25 .·ig, ) P if g , 8.0(A),15.0 0+ ~ 5/2+,3/2+ ,1/2+, 102.,119 

'" ,: 

" , . 
, .. 
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Il Table III ( Cont:in ued} .j 

J ' Reaction E ' Transition Ref'. j inc. ' , 

" 

" 

" 'j 
Si28(d~P)Si29 O+,~ 1/2+, " 100,15.0,21.0, 102,107,120,121 'j 

1 
, 0+ ~ 3/2+ 

.' , 

~ . 22.0(A) :I 
.~ 

40 41 4 7 .O(A), 10.0, 10. 9, 108,119,122,123, 
j Ca (d,p)Ca 

1 11.4,13.8,14.3, . 0+ ~ 1/2-,3/2~, 7/2- 124,102,125 
; 
i 21.0 
I .. ---, 

1 
Ca 40(p,d)Ca39 30 (A) 0+ ~ 3/2\5/2+ J1/2+ 

:1 
126 

i y51(dJP)y52 . 15.0 
' + 

114 
~ o -) 3/2-
1 

er52(dJp)er53 0+ -) 5/2-,3/2-,1/2-I 8.0(A) 119 
1 

Ni58(d,p)la59 . ~ 15·0 0+ -) 1/2-,3/2- 127 
i 
~ sr88(d,p)sr89 . 11.0 0+ -) 1/2+ 128 

'- r 

0; 



" .. ' 
FIGURE CAPrIONS 

Fig. 1. Rabi diagram for atomic hydrogen showing the energy levels as a 

ftUlction of external magnetic field. The magnetic field is labeled by . '. . 

X, where X is (H/507)G, and llE is 5.82 x 10-
6 

eVe The magnetic quantum 

numbers ~, m
I

, and m
J 

refer to the spins of the atom, the proton, and 

the electron, respectively. 

Fig. 2. Rabi diagram for atomic deuterium. The magnetic field is now given 

intUlits of (H/117)G, and llE is 1.34 X 10-6 eVe The magnetic quantmn ,'. 

number m
I 

now refers to the deuteron; ~ and ill
J 

refer to the atom and 

the electron respectively. 

Fig. 3. Rabi diagram for the 2S1/ 2 and 2Pl / 2 stat~s in atomic hydrogen. 

two states are separated by the Lamb shift (4.38 xIO-
6

eV). 

The 

Fig. 4. Polarization as a function of incident energy in the elastic scattering 

140 
of protons from Ce~ at 80° and 109°. The solid lines are theoretical 

curves. The reso~a~ce energies and £ values for the analog states in 

Pr14l are shown at the bottom. Near the·third resonance, the dashed 

curve is for spin 1/2 ~nd the solid curve for spin 3/2. 

Fig. 5. Vector polarization (it
ll

) in the elastic' scattering of 22-MeV 

, 90 208 
deuterons fromZr and Pb • The data were. taken at Seclay (Ref. 60). 

The solid curves are visual guides. 

Fig. 6. Tensor polarizat~o~ par~eters (Q = ~ 
2 2 

elastic scattering of 22-t'!eV deuterons from Ni 60, Zr90, and Pb208 • 

data were taken at Se..clay (Ref. 60). 

Fig. 7. Polari zation of 2?-:.!eV H) ions elastically scattered from C (top), 

Sn{center)' and Au(":::ottom). The meaS"u..rer!lents ' ..... el'e .:r..ade b~' 3u..:rcha."1l et 

i 
~ 
! 
I 

.i-
I, 
I 
I 

I 
I 
i 

! 
! 
I 

I 
I 
! 
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a1. (Ref. 66)~ 

, (Ref. 67). 
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.' " 

The curves are theoretical fits by Frahn and Wiechers' 

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

The curves have been drawn through data points which were measured 

every 5° with errors generally of ±0.03. (Ref. 71) •. Representative 

points are shown. 

Fig. 9~ Comparison of theoretical prediction with asymmetry data in the in':' 

elastic scattering of 18.6-MeV (Ref. 70) and 40-MeV (Ref. 75) protons. 

, The four types of coupling used to compute the form factor are noted in 

the legend. Note that the scales for the two energies are not the same. 

Fig. 10. Asymmetry data (Ref. 70) and theoretical predictions (Ref. 83) for 

the first two 2+ states in Fe54; the incident proton enerG:~r is 18.6 !-leV. 

Fig. 

The solid curves use an optical potential with independent spin-orbit 

coupling parameters, \-Thile the dashed curve for the 1. 41-!·leV level uses 

a potential which gives an optimum fit to elastic scattering cross 

sections but with constrained spin-orbit coupling. The ground and first 

excited state were taken to be (f
7
/ 2-

2
) configurations, while an 

(f7/2-3P3/2) configuration was asswned for the 2.97-MeV excitation .rith 

Vl=O(SOlid curve), V = ~ (dashed curve), and V = - ~ (dotted ct~ve) 1 20 1 20 

(see Eq. (26)). 

24 25+:-
11. Comparison of the polarization measurements on Mg (d,p)!'!g (0.;8 HeV), 

27 28 ' .' 28 . 29 ' 
,AI (d,p),Al (g.s.), and 81. (d,p)81 (g.s~)at 15 MeV (Ref. 101) .... 'ith 

distorted ,\-lave calculations by Bassel, Drisko, Johnson, and 8atchler. , 
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Fig. 12. The vector analyzing power Pd(e) for various (d,p) reactions measured 

by the wisco~sin group (Ref. 119). . The solid (open) sr-tbols are for 

j = L - ~ (£ + ~) transitions.. For £ = 1, . the solid (dashed) curve is 

a Dl-1BA calcula~ion for the 3 = 1/2, 3. 95-HeV(3 = 3/2, l.95,..HeV) state 

41 
in Ca for an incident deute'ron energy of 7.0 MeV. For 2 = 2, the 

~olid curve is the DWBA prediction for the 3 = 3/2, l.23-~·IeV state in 

8i29 at a deuteron energy of 10 MeV, ""ihile the dashed cu.:!:''l:e assQ.'Ues that 

3 is 5/2. The solid (dashed) curve for the £ = 3 tr~~sitions is for 
. 50 III 

the 3= 5/2, 0.39-MeV (3 = 7/2, O.O-l-feV) state in Hi -'(Ca ._) for an 

incident energy of 10.0 (7.0) MeV . 

. Fig. 13. Calculated and.measured polarizations for. 8r88(d,p)S~89 (Q = 3.11 

MeV, £ = 0, Ed = 11 MeV). The data were taken by Lud,·rig and I.iiller .128 . 

The curves at the top are the predictions of Pearson et a~. (Re~. 140). 

The parameters of Rosen were used excent that W = 2 "'IT Rosen (solid 
- n n 

curve) and \-1 = 4 W Rosen (broken cttrye). The dotted C'\.l:ve is the 
n n· . 

proton elastic polarization with Rosen parameters. The predictions of 

Butler for the same data a.re shown in the center and the sha·:'ed band at 

the bottom represents a ra!1ge of possible DVTBA predictic!'";s (Ref. 134). 

The lower figure also shm.,rs the data and DVlBA calculations for the (d,p) 

differential cross sections. 

Fig. 14. 
. .40 In 

Calculated and measured polarizations for the Ca (c,p)Ca - groQ~d 

state (£=>3) reaction:' The upper cu.rves Sh01·T fits by Pea~son et a.l.
146 

at 10.9 MeV (broken curve) and 12 MeV (SOlid curve) to the conbined 10-

and 10.9-geV da.ta. Rosen parameters ..... ;ere used exce"':Jt that: -:..; = Hn 
01,; n 

(Rosen surface) + ~{s (Rosen volu.!ne). At the center, t::e :'its of B'...l.tler's 

' •. 
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. gr~up139 tothe lO.9-MeV .. data are shown •. The' 1m'Test curves. are three' ': . 
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This report was prepared as an account of Government 
sponsored work. Neither the United States, nor the Com
mission, 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 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 

B. 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 behal f 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. 






