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ABSTRACT 

Tbe elaetic double scattering of deugerons by complex nuclei has been in- 

ve atigated experimentally. Measurements were made on caxbcm, ~ ~ i a u r n ,  

and copper near 157 ,Mev, on lithium, beryllium, and carbon near 125 ~Mev, 

and on carbon and aluminum at 94 Mev. 33s expected tensor componentrp of 

the deuteran polarization have not been found. -Measurement e have: been made 

of the differential cross section and vector-type poiarizatian as a function of 
le. The observed polarizatione were found to be larger khan would be 

expected on the basis of the individual nucleon-nucleus inte raetions . 



FBLA33IZATfON IN THE EId.&3TIC SCATTERING OF DEGTERONS 
F R Q M  COMPLEX NUCLEI -24 T 23 ENZRCY WEGlOM 94 TO 157 Mev. 

John BaPdwin, Owen Chamberiain, Emilio Se 
Robert Tripp, Clyde Wiegand, and Thornae Ypsilantis 

Radiation Labarator y and Department of Physics 
University of California, Berkeley, California 

I. INTRODUCTION 

330th in its experirnantal and ZheorcticaP features, the double scatterin 

of deuterons is more complicated than nudeen-nucleus double scattering. 

The second-ecattered intensity of nucleons mag be deecribed by but one 

parameter in addition ta the anpolarized cross section--namely the polar- 

ization. Far deuterons, however, Icrecauee they have spin 1, four additional 

parameters may in principle be meaaured. The theoretical treatment of 

deuteron rcattering must of necosaity entail mare appraximations than that 

for protons because the deuteron is not an "elementary" particle. The 
problem irr further complicated by the existence of both S %-ad, D atates in the 

deuteron wave function. 

Xn spite or' the theoretical difficulties, the results of the experiments should 
1 lead to a better understanding of the nature of the spin-orbit interaction which 

is ar~snmed to give rise to polarization phenomena, and of the energy dependence 
-3 

02 the oucleon-nucleus bte  rac tion. C. 

The result8 d some earlier deuteron experiments at this laboratory have 
3 4 been reported in the Physical Review . Lakin Bas g i n n  a theoretical discussion - 

of deuteron double scattering. Stapp, ueing a farmillism difkrent from that of 

rl H. P. Starpp, "The Tbtory and Interpretation of Polarisation Phenomena in 

Nuclear Scattering" (Thesis), UCRL-3098, Aug. 1955. 





In this section we recapitulate the theory of the  spin polilrinatiaa of the 

deuteron given by Whn. 4 

The polarization &ate of a beam of nucleons can be completely specified 

by the ratatirltical expectation valuers of four linearty independent matrices in 

the two-dimensional spin-space of the nucleon. These matrices are usually 

chosen to be the unit matrix. 1, and the Pauli spin matrices. crxa crY' and 

z*  By o proper choice of coordinates, the, polarization atate of the beam may 

be dercribed.by the expectation vduer of only two af the four matrices, namely 

1 and @I. In the spin-space of Ule deuteron there are nine linearly independent 

matrices. Again, the proper choice of coordinate axes a l l ~ w r  ue to specify 

the po1arirr;irtion state of a beam of deuterons by the expectatian values of five 

of these nine, Lakin constructs a convenient complete set of nine 3 x 3 nratricer 

from the unit matrix, 1, and Ch,e cartesian c~mponenta of the unit-angular-mo- 

menturn operator in matrix repreaentatioa, Si S and SS.. in a manner aimikr 
Y* 

to the formation of the sperieal harmonica Prom 1, x, y, an$ z. These aperatore 

arc denoted by TJM and are defined as: 

9 and ,M are eimpfy parametere that number the matrices and b v e  no&ing to 

da with the angular mameatu;m of the aystcm. 



id us denote by IT \ the quantum mechanical expectation value of TJM ', J q  
averaged over the particles of a beam. For a beam af ~mpolarized deuterons, 

all the , TJAu :. are zero except ; Too\/ , the normalization. If we scatter a 
I 

beam of unpolariaed deuterons ahd ekmine the portion oi Ule scattered f lux  in 

borhood of some mean scattering an lee we should expect &its "hem" 

to be cbaracterised by some nonzero ( TJM j , which would, of course, be 

functions af the scattering angle. 

Condder the foll~wing double-~cattering experiment. A beam of unpobriaed 

deuterons i e  incident upon target No. 1, kith an initial propagation vector ali 
(where the momentum oi a parcticle iar p = %kt. Let ma portion of the scattered 

k M =  w 

flux Rear some final propagation vector Elf be incident upon a tar et No. 2. Let 

us measure the aecond scattered flux near some f i n a l  propat ation vector, &.f 
(the initial second-scattering prspa ation vector, 

lora in the tar eta). If arm $eta up, for the sac 

coordinate rystem who.@ m axis is along ,xlf and whose y axis  is along the normal, nl, 

to the first ecerttering plane ($ = x ,  &en, a. Lakin showr, the second- 
scattered intensity i e  given by 

The index on TJM indicates that the parameter is chorractcrirEic of either the 

first or second scattering. The an le + between the normals to the two eratterin 

planes is given by & g2 = ri n cos 4; IO is the unpkrised  differential- 1 2  
scattering crass section for the recond scattering. 

It i s  shown that if the first scattering does produce any nonzero (& , it is 

Note that the s i p  of the term is incorrect in Lakin's paper. 



We shall refer to i (Ti I) as the vector ?olarizarion since it is the expecta- 
I \ 

tion value of the y-component of the vector 3. The ( T ~ ~ J  are referred to a a  
uu. 

compouentt~ of the tensor polarization. shco the TZM are compounded from &her 

elements of the second-ranli tensor Si Sj. 

Let us attempt to apply the impulse appr~ximation 78 '* to a model similar 
1 to "Lhat used by Fermi in connection with scattering of nucleons. If w e  assunre 

charge independence, tbe interaction of a p r ~ t o n  with a nucleus is identical ta 

that of a neutron. W e  also areurne that the Mamiltonian may 'be written: 

where 1, and 2 label the neutron and proton of the deuteron, T i a  the kinetic 

energy openfor, r = - 31. is the separation ei the nucleons oi the deuteron. 

Ud ( r l Z )  is the interaction between tbe nucleontv of Ule deuteron. and V is the 

interaction oi a mrclcun with the target nucleus. We then write H = HO + Ale where 

The initial and final wave fmc0ions may be written 

F (r ) is the deuteron wave function (asaumsd to bc pure S-state) and Xy i a  12 
the 3-component opinor of unit angular nromentwn with magnetic quantum number 

orn appraxirrratiuzs, the scattering matrix Ma is given ae the m a t r i x  

element of HI connecting tbc initial and final eigenstirtes of HQ. 

' G. F. Chew. Phye. Rev.  80. 196 (1950); G. F. Chew and G. C.  Wick. Phym. - 
Rev. 85, 636 (19132). - - 

G. F. chew, my.. Rev. 74. 809 (1948). - ' X. A. Brueclmcr, Phys. R e v .  89. 834(1953). - 



where in  the dellterm reduced mas.. Let us write V as a central potential 
plus a spin-orbit term: .-, 

where Xc is 1/2 a times the nucleon tampton wave imgth, and is introduced 

so that Y ha0 dimensions of energy. W e  then ~btsrin for the scatterin 

where 3 X i s  the momentum transfer of the whale deuteron in the c.  nz. system, 
8 

I( = I at - k. f = 2 k sin 8/& and i(K) ia  the .ticking frc%or. Pn the Born approxi- 
w . 4  

mation gd m d  hd art 

The scattering matrix describing the scattering sf free nascleans by the potential 

V o-f Eq. (2.7) ir 

In the Born approximation and hn are given by 

Comparison of Eqr. (2.9) atld f 2.1 1) afiows that we may express %he elornc~z~tr of 

deuteron-scaCtering matrix, Eq. (2.8). in terms ~f *he elements of the nucleon- 

scattering matrix Eq. (2.10) at the same momentum transfar: 



jkd\' sin gd pd i - % (X.*n)* = ' 371  sin pa 

Later we will compare the glradictions ai the s b v e  approximation with c9ur 

experimental result.. W e  estimate % (K) and hn (K. kn). u i n g  the 

~emsults or" proton-nucleus scattering experiments. In the mattering of devtaronr 

of momentum kg the nucleon. that compose the deuteron interact with the 

. target ~fucleus'at an avera e momentum kn = kd/2. (This i. ~rneared out because 

of the intermt nzom~3atum of the deuteron. ) fn making our comparison, then, 
we muat udle proton experiments at an ener 

de&e+on rtsrrltrrr. 

W i n  %how% that Eq. (2.8) yields 

Equations (2.12) and (2.13) enable us to express the parameters character- 

izing deuteron-nucleuo double scattering in ttrme of the proton-nucleua glcaOterin 

matrix at the same center-of-maple momentum transfer, K. W e  refer to them 

again in the discuscsian of the r e s d t r .  



The axperhenhi arrangement m a  similar to that used for the double 

scattering of protons, described by Chamberlain ct  al. fO 

A. Polarized beam 

The 165-Mev polariaed deuteron beam was obtained by scattering the 190- 

~Uev internal circulatin~ deuteron beam from a target (tar ct NO. 1 )  inside tple 

184-inch cyclotron vacuum tank. The particlee scattered outward were deflected 

in the fringing field of &be cyclotron. Those particles which were rocaltered at 

;a suitable angle parsred thrau h an aperture in the vatu- tank into an evacuated 

exit tube. The beam entered the etrpet.imcnW area (cave) thrbugh a 46-inch- 

long tubular cclllimator tanout callfmatar). The first scattering was done from 

paition a oi  . 1. CakuLatioars indicated that deuterons acattesed at an 

angle of 17' vrould reach the exit tube. ARer the cyclotron hod been shut down 

f o ~  conversion, however, msasursmenta made with a mechanical analogue 

orbit plotter determined the first-rcattering angle to be 16 & 0.5'. The error 

in the firat scattering angle corresponding to a 112-inch radial error in target 

position was determined ta be about 1'. 

B. Energy Degradation 

To obtain the 133- and 100-Mev beame it was neceseary to degrade tfae full- 

energy polariscd beam. The degradation was done inside the vacuum tank by 

placing beryllium bricks at position A 'of Fig. 1.  ESelyllSum was ueed to mini- 

mise intensity lose due to multiple scattering. The change of beam polariaation 

due to the degradation process has been cdculated by ~olfensteia' and shown to 

be negligible. W e  have also cansidezed the posetibility &at, w i n g  to the changed 

nagnetie rigidity of the particlea after they have passed through the degrader, 

the exit t u b  might accept particles whom first-scattering angle is different 

from the assumed sac. Calculations indicate that this effect ier also small. An 

experimental check using fhe polsriaed proton be- has h e n  and 

seems to confirm the expectation that the polarization of the degraded beam is 

substantially the same as that of the full-energy beam. 

1, and YpYpantia, "Experiments with 

315-Mev Polariaed Protme. I. Elaotic Scattering by Gsmpfex Nuclei, " Phys. 

Rev.  (in press). 

L. Wolfanstein, Phys. Rev .  76, 1664 (1949). - 
Fischer and Baldwin. ?hya. Rev. 100. 1445 (1955). - 



6. Apparatus 

To measure the scattered intensity a 3-counter telescope waar used. These 

counters were called Gounters 1, 2 and 3, number 1 bein defining and close st 

et. A variable copper abossber was gut between Counterr 1 and 2, 

A small fixed abeorber was sometimeto inserted between ~ounters  2 and 3. The 

coincidence circuit uried war capable of makin simuitsneouoly, 1-2-3 and 1-2 

coincid.9ncssr. In dl the rune n snout collimator sf circular craaa sectian war ctoedin 

order to obtain a beam wit& high arsimuthal symmetry. A l -inch-diameter coflf - 
mator was used w"kn pss ib lh ,  in order €0 obtain good an Ufgp and ener 

resolution. Hsweves, on the low-energy experiments we used a 2-inch-eliamettr 
collimator in order to obtain suificient b e e  intaneity. 

D. Counting Procedure 

For each polar an le &3 and ikarnuhl ;tag& +r  thoee counting rates were 

measured. These conri~ted oii "target in, " "target out, " zand accidental coinci- 

dence countin patea. The accidental rate was measured with the target in 

place and with a time dolay equal to &he cyclotron rf pulse fepetition time 

introduced into the circuit of counter No. 1.  Thie rate walr generally ne 

Tbe counting rate due to the targ-et,J (a. +), l 3  wae obtained through the relation 

, +) = (target in) - (target out) - (accidental). (3.1). 

The counting rates were uslsd t : ~  derive three quantities. These are: 

(a) The coefficielrt of copr + in the angular dirrtribution, denoted by e: 

(b) The caefficient of. cos 24, dcneted by B: 

l 3  In general. we uae the a p b d  to denate a scattered intensity, and the 

symbol Z for a &fferenEi;rrl scattering craars section. In cases where the dia-  

tinction is unimportant, we ure  the symbol 1 Interchangeably. 



- - l d -  

(c) The avera rGe, denoted by 3 : 

Since the first scatterin is to the left, ip = 0' is defined a8 scatterin 

= 90' i s  scattering up, ctc. 

The angular distribution observed with an unpolariaed beam is called $(@). 

The second scattered angular diatsibutfcm is expressed in terms of the experi- 

mental parameters a, 8, e and 5 as " 0  

4 2 - ,.-* - " - " O  ~ji+st+ecoa3q3+Bcorr - 2 + : ,  -. (3.5) 

and in terms of theoretical parameters by Eq. (2.2). Explicitly, the correspndencc 

between the Lleoretical and experimental parameters is 

Ttre measurement of a required two separate experiments, one with a 

polarized beam and one v&h an unpolarized beam. For a polarizced beam we 

have 

= 1/4 2 ( o 0 )  + $(90°) + .$(180°) + (270'9 = A0 (1  + a), 
P ... 4 

(3.7) 

and for an unpolarized beam, 



fn order to make the two experiments a a  similar as pesible, special pre- 

cautions were taken. The game tar et and telescope abeorber were uecd in 

both measusennents. The unpolarizecl beam had a higher energy and antaller 

energy spread &an the polarized beam. Ta rectify W e ,  a carbon wedge was 

placed in the bean at poritim A of Fi . 1. Bragg-curve measurements 14 

determined the polarized beam energy aa 165 ): 3.1 M~fev and the dei~raded 

unpolarized beam energy as 165 i 2.8 Mev.  A copper, rather than a carbon, 

fir at target was used in the hope tbat the smaller diffraction pattern woufd 

result in larger .'"f at the first scattering angle. 
\ 20) 

E. Angular Re solution 

The geornetrfca1 angular relaolution -mar computed by folding together the 

effeetr oi a circular aperture - due to the beam size and a zectang-dar aperture 

due to the defining counter. The effect of multiple Coulomb scattering was 

taken from Millburs and Schecter. l5 The total angular reroh$ion was obtained 

by taking the square root of the s u m  of the squares of the two rma angles. 

The rersults agreed reapionably wel l  with Ehe values obtained experimentally by 

, sweeping the counters thr~ugh the beam. 

F. Beam Polarisation 

In the Appendix we discuss the effect that the magnetic fields encountered 

by the polarised beam b v e  on the beam polarization. There is no effect on 

the vector polarization, i i ' ~  \ . Tho fields do, however, produce a mixing 
k l l i  

( T ~ ~ )  From Eq. (A.1) we see tbat for the condition. of this experiment the 

effect is small and can be neglected. 

The anly nonzero we have uncovered are related to the aeymmelry 

by the second of Eqs.. f3.6). I i  one performed an experimknt in which the 

p la r i sed  beam was deflected through a largd angle by means of a magnetic 

field, he could determine bow much of c wars prcduced by ( T ~ ~ )  and haw much 

by i (T~ Such an experiment war not done because of the extremely large 

de fleetions required. It ia therefore impoeaaible to disentangle, in the measured 

l4 Chamberlain, ~cgrd, and Wiegand. P h y ~ .  Rev. - 83, 923 (1951). 

l5 Miliburn and Schacter, "Graph. oi RMS Multiple Scattering Angle and Range 

Straggling for Wigh-Energy Charged Particles, 'I UCRL-2234, Jan. 1954. 



aslpa-netry, the parameters characteridng the iiret and second scatterin 

W e  wouLd Like to go further than simply liatin observed asymmetries and 

to  this end we s b U  make the 'neuri~tic assumption 5; i , ~  I 1 <-e 1 
i. 21 1 - 

at tho angle of the first scattering. This allows us  ts sap (~21) 1 ( % ) 2  - 
The following consideraticlas support this asamption. The first Born approxi- 

5 mation predicts ( T ~ ~ )  2 0. The more extenaiw cJculations by Stapp indicate 

that 'T should be small compared with i ('3' / - The experiment reported 
'\ 21$ 

here shows that the other /T ) are small. Coasistenl with this assumption, 
{ 2*Mp 

the asymmetry mag now be written as 

We! now have a relation that look8 very similar to that applying to spin 1/2 particles, 

in which e depends on the product si a aumber characteristic of the h a m  molti- 

plied by another characteristic of the target. We may now speak of a beam 

polarination (referring to the value of i (T I) characterizia the be-) and list 

values oi i /T for various targets, cntrgieeand acattering angles. 
'I 1 u  

Because, at the time these experiments were  being done we did not h o w  the 

le of first scattering, the data contain only anc experiment of identicai 

double scattering. This wae Etom aluminum. The palarigations af all other 

beams ware derived f r ~ m  this measurement. These values a re= fairly well  

with Lhocae arrived at by interpolation. The beam-plariwrtio #-ti stic rs have 

been included in the error assigned to the tabulated values of i (T~ I )  . These 

are coneequently larger than they should have been. 

One other point should be mentioned. Tbc prztariatd proton beam was usually 
obtained by scattering at - la0  from Be. The pohrixslioa changes about 4.5% per 

degree in this region. In the deuteron experiments, we most con~inoniy used C 

at 16O where i is cban ing about 15.5% per degree. This makes the 

deuteron results more strongly dependent upon errors in first-target porsitioo, 

cycfotran main field, etc. 

G. Discussion of Uncertainties 

The absolute values of IO arc uncertain to about LOW. This is chieily due 

to the uncertainties contained in the extrapolation of the counting rate to sera 

absorber m d  the slope of the: voltage plateaus. Because of the preponderance 



of indeatic scattering rat large an es, the tabulated values of XO muat there 

be interpreted as, at best, upper liIrr;ite to true values of the ekiastic crase 
sections. The errors quoted are derived from counti-n statistics atone. 

The asymmetries faund w i t h  the a'ctpalarised -beam in &he s sxperirnent 

can be uaed to make an sstfmate of fie ayaternatic error in 6 in &c fwPlowiag 
zr way, Let ure assume that the asymmetries calculated fzom the unpohtized 

data ore due to smratl rnisaligamcnt errora. If we degine 

i P W )  = 

then, to first order and lor e2 << 1. the error 6s produced in the aaymmetry 

are listed in TaMe I. 

One may alm compute value b~ of B for the unpolarized beam. These are 
listed in Table 11. Four of the ei ht meaauxed are greater t b n  their stati~lt;ical 

uncertainties, the worst being about 1.7 times its uncertainty. Thus we are 

inclined to believe that in the experiments -with f i e  polarized beam we have 

observed nu values of B incon~listent with zero. 

The a effperimeat dcpende critically on matchin the beam energies and 

energy spreads of the palarimed and unplariaed deuteron beams. Although 

the counting rate due to ehsrtic scattering should be indepenfent af amal l  vaii- 

slOiana of Seam energy, that due to inelao#c scattering is not. Crude eetimates 

of the inelasgic coataminntion at 43 = 17' indicate that a dieparity h beam ener 

of 1 Mev can give. rise to an error sf 0.62 in a. It  is reaeronable ta ruppose that 
drift in the steering-magnet field and main cycl~tron field cmdd give rise to a 

change in beam energy of cat least 0.5 Mev. Thus, the experimental ~esutaar are 

cuaeietent with u = 0. 





Value. ol B observed urith uopolatized beam 



IV. DISCUSSION OF RESULTS 

The results appear in Tables In and fV and in Figas, Z thrort 

po1aria;stiono are givm in TabIe V. The are divided ints group. Each 

time a critical parameter (snout collimatcrr dfaxneker, beam energy. etc. ) was 

changed. it new ggaup designation was as& cd. Table VP givea the parameters 

characterizing each group as well as target thicicnesr P, rms; angular re solutiors, 

ipnd mean scatbring encr y TOP each of the experiment@ within the groap. 

Let  us now compare our results with the predictfuns or" the i=gulse apgxwc- 

The foll~wing exp~esaions relate and 

matrix (2.16) to the quantities me~aurrrble at 

lan of the nucleon-nucfnuo scatterin 

this energy: 

n Here IO is the nucleon-nucleus unpolarized scattering erosa eee t im  and P is 4 

the polarization. it will be seen by referrin to Eqai. (2.12) rand (2.13) that 

g and h enter Ule expressi~ne i e ~  1; and I: in different ways. We cannot pre- 
d a, dict I Iro-rn without a simplSying assumption. In view of the srnalfness of 0 1 -, 

P at these energies. it i s  mreasanable te assme that 4 h : << t 
I .  

basis we have 

K. Strauch and F. T i b s  (private communication); GessLeia. Niedercr, and 

Strauch (private cspnmunfcation). 

Dickson. Rose, m d  Salter. ?roc. Phys. See. 68A. 361 (1955) and private - 
Is* It might be well at this point to underline tihe similarity between i (T~ 3 and 

I?. Both are expectation values oif spin operators.. 'IShty point along the normal 

ta Elze limt mattering $ane. The rsarrne mechanism gives rise to each QE them and 

both are proportional ta i0 - 1 



Cross seetionr, asymmetries, polarizatianer, ete., for deatcrans elagltically 
ecaktered from lithium, 'oetyWi~un, carbon, aluminum, and copper. * 

a 10 c B i ( ~ ~ 1 )  Tgt 
(degrees) frnb/sterad) t 

Carbon 156 Mev 

9 1457 t 13 -.010 * .Of2 6.016 * ,508 -.01? 1 .02Q CU III 

18 8 L O  ;t 1.3 2 8 3  * .028 .424 * .a52 C I 

18 .28? * A19 +.03;9 rt .035 .448 .035 All I 

2 0 54.7 * 0.5 .332 t .019 -.004 * ,014 .499 4 .O48 C 1 

24 25.9 * 0.7 ,317 * .035 .495 * .058 A1 Z 

28 12.5 e 0.4 .2?9 i .028 

Aluminum " 157 M e v  

8 2545 & 24 0.033 t ,021 

18 160 & 2 

20 
84.6 *1.4 

20 

24 36.6 * 0.8 
28 19.5 i 1.0 

32 9.30 * 0.37 
Capper -157 Mev 

I7  201 * 8 

17 22% ?k 2 

21 111 a 5 
21 105 s 4 
21 121 t l 
25 40.1 & 2.3 



Table III continued 

22 44.5 * 1.1 
Beryllium 124 iMev 

114 302 * 5 

18 105 * 2 

2 2 55.5 t 1.3 

26 29.7 a 1.1 

Carbon 125 ~Mev 

10 f 400 + 20 

14 275 a 7 

18 130 * 4 

18 530 a 3 
22 77.0 & 1.9 

26 37.6 * 1.1 

30 17-9 a 0.8 

Carbon 94 Mcv 

4 27900 * 600 

7 4350 It: 40 



Table In slonkinued 

* 8: Second-rrcatteriag angle in laboratory system. 

10: Unpolarized differential scattering cross section {lab). Errors quoted arc 

due to counting statistice only. The abmlute crcrr s eectisn is good ha 

about 20%. 

e: Asymmetry. Quoted error8 are due to eounting atatiatics only. 

B: Zrrors due to caunting statistics aaly. See Sect. HI-D. 
i 3 : Vector-type polarization. Errors include beam polarisation statistics. 

Grp: Group designation. C~rrelatezl data with those of Table VI. 



Valueo of a. (See Sect. I f l -D .  ) is the mean scattering energy. The flrat 
scattering was fsom a copper target. Error8 quoted are due EQ counting sts- 
tiaties only. The unpolarised bearn is Grp. fI1' and the aria& be- GQ. 
In. 

Tgt 2 4b a 23 (Mev) 
* 



Beam polarizations. D is the Yameter of the snout collimator. 
Errors are due to counting &aLisities only. 

Tgt I D 
(in. (%}I 



Table YZ 



Wd f 2 d 
1 {XI = 4 - g (K). 

:t"* A 

This appear$ as the ralid carve in Ffi . ,~ .  2 and 3 (upper). U ~ i n  this ewrea- 

sion for I:, we obtain i {T ' in terms of Ule nucleon polarization P for the 
s. IP#' 

same momentum transfer K ae 

The results of this calculation appear as the triangular pints  in Figs. 2 and 

3 (lower). 

The agreement is quantitatively poor. The theory predicts that i , T 
\ 11) = 

( 3 ) ~ ~ ' ~  times the pdarioation for nucleon. at half the deuteron ener 

plarizrations are notoriously amall b l o w  95 Mev, whereas i !T becarrres 
! 11) 

respectably far e at large scattering angles. The values of i (T $ at 2 1 ~  and 

28' for aluminum at 157 Mev are near ( z ) ~ ~ ' ~ ,  which is the maximum value 

attainable if (+Ft l) = 0 .  

Nor is there qualitative agreement. Since rJ shodd vary ae s~in 8 for s m a l l  

8, the theory does not predict the observed change of sign of i bT at 

angles. d 
, 11) 

19' 20 The observed and predicted values of ID for carbon seem to run par - 

off much less rapidly than the predicted. The same sort of behavior is observed 

with aluminum. 

Et i a  interesting to plat i (T in such a way as to facilitate the cornparison 
' 11) 

of our results at different energies and for different target nuclei. In Fig. 9 we 

have faired a smooth curve through the experimental values, using as abscissa 

the value of the mornenturn transfer times the cube root of the target mass number. 

l9 It is not likely that &is rapid fall of i ( T ~ ~ )  as $ decreases is due to Codornh 

scattering. The croea-section data from Harvard indicate that Coulomb eattering 

becomes important at anglela much s d e r  than any at which we have made measure- 

ments. 
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where A = (v - 1) q, 

& + 0.83647 = douXeron mrgo.$ic momem$, fa audaar magnetan.. and 
3 = the total ~pulnr daOitction d the beam, cwddered positive when 

&ructcd oppgath ta the M- a, to the firat-ecnttcring plane. 

In this crpcrhent 7 = 39.6' aad L -i - 5.67'. 
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and D r .  3. P. Stapp h.tn ~ e r w d  t0 diixiiy the thory of pului&(loo d particlea 

oP .pin me. A geed b.1 ef &rule-force asisist.nca darfng cydatraa rpn. was 
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This vork n a u  dme Hndcr the auapiese of tbc Wtcd SWem AtDmic Easr 

Gomanri~cbioa. 



8. Sa(teriilg ot 91-Ysv rlt&erana born alumfnum. 
lower curve: uectar potariaaeion. 

1 f 3  9. Comgosih oi 1 (T;) data, p m w i  mil3 9 at a. 4 e , A . 
The number following the elelsent qmbd ia the ma- scattering eacqgy in 

Mcv. 
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