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~ April 27, 1956

ABSTRACT

The elastic double scattering of deuterons by complex nuclei has been in-

'ves‘tigated experimentally. Measurements were made on carbon.'vs,-aahunin‘um.

and copper near 157 Mev, on lithium, beryllium, and carbon near lZSvMe'v.
and on carbon and aluminum at 94 Mev. The expected tensor components of

- the deuteron polarization have not been found. Measurements have been made

of the differential cross section and vector-type polarization as a function of

B angie. Thé observed‘polarizatioﬁs were found to be larger than would be

expected on the basis of the individual nucleon-nucleus interactions.
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'POLARIZATION IN THE ELASTIC SCATTERING OF DEUTERONS
' FROM COMPLEX NUCLEI IN THE ENERGY REGION 94 TO 157 Mev.

- John Baldwin. Owen Chamberlain, melio Segre.
Robert Tripp, Clyde Wiegand, and Thomas Ypsilantis

Radiation Laboratory and Department of Physics
- University of California, Berkeley, California

April 27, 1956

1. INTRODUCTION

Both in its experxmeutal and theoretical features, the double scattering

| of deuterons is more complicated than nucleon-nucleus double scattering.
The second-scattered intensity of nucleons may be described by but cne -
'parameter in addition to the unpolarized cross section--namely the polar-
ization. For deuterons, however, because they have spin 1, four additional
parameters may in principle be measured. The theoretical treatfnent of
deuteron scattermg must of necessity entail more approxamatwns than that
for protons because the deuteron is not an 'elementary' particle. The
problem is further complicated by the existence of both s and D states in the
deuteron wave function.. : ‘

In spite of the theoreticai diifxculties. the results of the expenments should
lead to a better understanding of the nature of the spin-orbit interacnonl which
is assumed to give rise to polarization phenomena. and of the energy dependence
of the nucleon-nucleus interaction.

The results of some earlier deuteron experiment's at this laboratory have

been reported in the Physical Reviews.' Lakin4 has given a theoretical discussion

of deuteron double _séattering. Stapp, 5 using a formalism different from that of

E. Fermi, Nuovo Cimento 11, 407 (1954).

R. M. Sternheimer, Phys. Rev. 100, 886 (1955)

Chamberiam. Segreé, Tripp, er.gand. and Ypsilantis, Phys. Rev. 95, 1104 (1954)
"W. Lakin, Phys. Rev. 98, 139 (1955).

H. P. Stapp, "The Theory and Interpretation of Polarization Phenomena in
Nuclear Scattering' (Thesis), UCRL-3098, Aug. 1955,

'm‘ohwwa-



‘ Lakin. has made an attcmpt to fit ﬁome of the: preaent date. He has c'bnaidered _
“.§ firet and sccond Born approximations as well as contributions due to the preaence
G et D smm in the deuteron wave function, ' ' '
' Tfm’aughout this paper the symbal @ is usmd to denote the (polar) acatter-

jmg angle a8 measured in the laboratory 8y‘stem. gﬁd 8 fm- ‘that meaaured in
" the center-of-mass ayutem. '

- —
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11; THEORETICAL

in this section we recapitulate the theory of the ‘spin polariiation of the
~ deuteron given by La.k:‘m.-4 | ' |

The polarization state of a beam of nucleons can Be completely specified
by the statistical expectation values of four linearly independent matrices in
the two-dimensional spin-space of the nucleon. These matrices are usually
vchoAsen to Be_ the uni@ matrix, 1, and t:he' Pauli spin matrices, (r'x.- Uy’ and
0, By a proper choice of coordinates, the polarization state of the beam may
be described by the expectation values of only two of the four matrtces. namely
1 and o, In the spin-space of the deuteron there are nine linearly mdependent '
' ma.t_rices. Again, the proper choice of coordinate axes allows us to specify
the polarization stat;e of a beam of deuterons by the expectation values of five
of these nine. - Lakin constructs a convenient complete set of nine 3 x 3 matrices
from the unit matrix, 1, and the cartesian compouents of the unit-angular-mo-
mentum operator in matrix representation, S < 8, and S, 2 in a manner similar
to the formation of the sperical harmonica from 1, % vy, and z. These operators

are denoted by TJ’M and are defined as:
Tan =1,

~ 700
Tn“z*/’“ (s +isy).

1/2
_ :TIO {Z) S

% - ' " (2.1)
Tzz =3 43 (5 +i sy)?'. o

: ‘sz“.?’ﬁ ;;(sx+;sy)sz+sz (5, +i5))],

S (U V-
Ty 5 -2

M oo+
Ty s 07 Ty -

J and M are simply parameters that number the matrices and have nothmg to
" do with the angular momentum of the system.
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~ Let us denote by (’I’ My the quantum mechanical expecta.tzon value of T JM‘
averaged over the particles of a beam. For a beam of unpolarized deuterons,
" ‘all the ¢ TJM> are gero except { 00> the normalization. If we scatter a
beam of unpolarized deuterons and examine the portion of the scattered flux in
~ the neighborhood of some mean scattering angle. we should expect this "beam"
to be charactensed by some nonzero QTJM )X which would, of course, be
functmns of the scattering angle. B

Consider the following double-scattermg experiment. A beam of unpolarized
deuterons is inc;dent upon target No. 1, with an initial propagation vector \%‘1 |
(where the momentum of a pa;%,tx;le is \?» t 39 Let that pertxon of the scattered
flux near some final propagation vector ggl £ be incident upon a target No. 2. Let
us measure the second scittered flux near some final propagation vector, K K¢
- (the initial second-acattering propagation vector, EZi =R; 1£* neglecting energy -

- loss in the targets). If one sets up, for the second scattering, a right-handed

coordinate system whose z axis is along klf and whose y axis is:alongthe normal, i
to the first scattering plane (n = ﬁfli x ﬁl f). then, as Lakm shows, the second-
scattered intensity is given by » ‘

1. 10 1+ "r20> <T20>§ +2( <sz <T21) +i <T11> if'rn)) cos¢

2 TN TN . |
+ z ,\‘I‘zz/;l. (’:ZZ/Z cos z¢~,‘. o (z.2)

| ) 'I_'he' index on TJM _indii:ates that the parameter is characteristic of either the
first or second scattering. The angle ¢ between the normals to the t.wo_,qg;fatterii;g
planes is given by n n }}z =n; n, cos ¢; xs the unpglarized 'differentia‘l-
scattering cross section for the second scaetering.

It is shown that if the first scattering does produce any nonzero (a} . it is
directed along the y axis. From Eq. (2.1) we note that / 11 /) is pure 1mag1nary

(that is <Tu; = -(;/z)f‘ > )s and the /TZM;; are an real.

6 Note that the sxgn of the Z 1/ term is incorrect in Lakin's paper.
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We shau refer to'i <T11> as the vector polarizatmn since it is the expecta?
' tion value of the y-component of the vector S The <TZM> are referred to as

componente of the tensor polarigzation, since the TZM are compounded from the
elements of the second-rank tensor Si 5 8.9,

L.et us attempt to apply the impulse appmxamatmn"' to a model similar
to that used by Fermil in connection with scattering of nucleons. If we assume
charge independence, the interaction of a proton with a nucleus is identical to
that of a neutron. We also assume that the Hamiltonian may be written:
H=T1+T ‘+Ud(r 2)+v(r1'pl'°l)+v(.&;'wz'c) (2.3)

:where 1and 2 label the neutron and proton of the deuteron. T is the kinetic

-~ energy operator, r,, =] X1 W.Z‘ is the separation of the nucleons of the deuteron.

Ud (rl 2) is the interaction between the nucleons of the deuteron, and V is the
inte‘ractio_n of a nucleon with the target nucleus. We then write H = HO +_H1. where |

0 o | |
= vu) + V(Z) | | A {2.4)

:The initxal and final wave £unct:ons may be wrxtten
yremfily s g +p)] Flry) s

Wf”"*’@}ff'-%&il*&’] Firg,) le'

(2.5)

F (:rlz) is the deuteron wave function {assumed tb be pure S-state) and xlin is

the 3-component spinor of unit angular momentum with magnetic quantum number
m. In the Born approximation, '_the scattering matrix M d is given as the matrix
element of Hl‘ connecting the initial and final eigenata.tes of Hy.

Mg+ 3 ﬁzl ey e [ik d v r2)) vaw-’-]

anh?
. e:cp[ik-%(r +r] (2.6)

- G. F. Chew, Phys. Rev. 80, 196 (1950). G. ¥. Chew and G. C. Wick. Phys.
Rev. 85, 636 (1952). - '
8 G. F. Chew, Phys. Rev. 74, 809 (1948).

9

K. A, Brueckner, Phys. Rev. 89, 834 (1953).
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where Hq -is the deuteron reduced mass. Let us write V as a central potential

plus a slnn-orbit term: 5

| V=U(z‘)+a.".:""-£¥(r)"§ g @D

,where 3( is /2« umes the uuclecn Compton wave length. and is introduced
80 that Y hag dimensions of energy. We then obtain for the scattering matrix
the expression _ ‘ ’
M d
where #1 K is the mo_mentum transfer of the whole deuteron in the c.m. system,
K =)gf -kl =2 k sin §/2, and £(K) is the sticking factor. 8 In the Born approxi-
~ mation g g @nd hy are given by - -

84 (K)_= - /dr "35~ wU(r).
- (2.9)

a2 .2 - 2ua
hd(K,?k)"' wkc k™ ein 8 (’;4ﬁ~.-:é

" The scattering matrix descnbing the scattering of fx‘ee nucleons by the potential

‘.'voqu. (2.7) ie |
| | Mn‘ = g, (K) +hn. (K,k) @ ¢ n. . (2.10) -
i In the Born apiarczdmaiion' g“'and hn are given by
28

| . Hy -iK *
gn(K)- --—--2-4 der e A~ wU(r).
k 1

: :«2}5 K ” . .
hn(K.k) x)(; k sin @ G;E;T f dr e i}f_, -Y(r).
- _ o

Compa.rison of Eqs. (2. 9) and (2.11) shows that we may expreas the elementa of the
deuteron-scactering matrix, Eq. (2.8), in terms of the elements of the nucleon».» ‘
scattering matrix Eq. (2. 10) at the same momentum tranaier




-9- S " UCRL-3399

" S |
gd (K) = ";;;‘ En (K),
v ‘- (2.12)

, . 2 .
'k gin @ A
By (KK )a'( d) e o
a n Pn

hn (K.k_n).

\

lLater we will éompare the predictions of the above appro:dmation with our
experimenta.l results, We will estimate 8y (K) and h (K, k ). using the
results of proton-nucleus scattering experiments. In the scattering of deuterons
of momentym k q* the nucleor}a that compose the deuteron interact with the
~target nucleus at an average momentum k =k /2. ' {This is smeared out because
of the intermal: momentum of the deatcron.) In making our coxnparison. then.
‘we must use proton experiments at an energy about half that of the associated
'deuteron results.

Lakin shows that Eq. (Z 8) yields

10”“}13@1! *"3/3’1%12}'-
. _2 | e ,
Ip i <T“> A f (g4 hy+g, ha). B O (2.13)
Iy (T21) = O
Equations (2.12) and (2.13) enable us to express the péramgte:s character-

. izing deuterén-nucleus double écattering in terms of the proton-nucleus S"c‘attering _
matrix at the same cénter-of-mass momentum transfer. K. We refer to them

again in the discussion af the results.
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. EXPERIMENTAL

~ The experimental ari’angement was similar to that used for the double
_ acattering of protons, described by Chamberlain et al. 10 ' '
A. Polarized beam

" The 165-Mev polarized deuteron beam was obtained by scattermg the 190-

Mev inte:r;al circulating deuteron beam frodm 2 target,(target No. 1) inside the
-184-inch cyclotron vacuum tank. The particles scattered outward were deflected
in the fringing field of the cyclotron. Those particles which were scattered at

a suitable angle passed through an aperture in the vacuum tank into an evacuated
exit ‘tube. The beam entered the experimental area (cave) through a 46-inch-
.long tubular collimator (snout collimator). The first acattering was done from
position a of&lg i. Calculations indicated that deuterons scattered at an

angle of 17° would reach the exit tube. After the cyclotron had been shut down

- for converéion; however, measurements made with a mechanical analogue
'orblt plotter determined the first- -scattering angle to be 16 £ 0, 5 The error
in the firet sca.ttermg angle correapondmg toal /Z-mch radml error in target
poaitzon was determined to be about 1°

B. Ener&y Degradation

To obtain the 133- and 100- Mev beams it was necesaary to degrade the full-
energy polarized beam. The degradation was done inside the vacuum tank by
placing beryllium bricke at position A of Fig. 1. Bery_l.hum was used to mini-
mize intensity loss due to multiple scattering.  The change of beam polarization
- due to the degr’adatioﬁproceés has been calculated by Wolfe’usteinu and shown to -

. be negligible. We have also considered the possibility that. ‘owing to the cha.nged ‘
. magnetic rigidity of the pa.rticlea after they have passed through the degrader, |

the exit tube might accept particles whose first-scattering angle is different
from the assumed one. Calculations indicate that this effect is also tsma.ll.f2 An
and

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

experimental check using the polarized proton beam has been performed

substantially the same as that of the full-energy beam.
10

Chamberlain, Segre, Tripp, Wiegand, and Ypsilantis, "Experiments with
315-Mev Polarized Protons. I. Elastic Scattering by Complex Nuclei, " Phys.
: Rev. (in press)

1 L. Wolfenstein, 'Pﬁys. Rev. 175, 1664 (1949).

12 Fischer and Baldwin, Phys. Rev, 100, 1445 (1955).
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C. Apparatus

To measure the scattered intensity a 3-counter telescope was used "These
counters were called Counters 1, 2 and 3, number 1 being defining and closest
to the target. A variable copper absorber was put between Countere 1 and 2,
A small fixed absorber was éometimes inserted between Counters 2 and 3. The
coincidence circuit used was capa.ble of makmg simultaneously, 1-2-3 and 1-2
coincidences. In all the runs a snout col.lima.tor of circular cross section. wasusedin
order to obtain a beam with high azimuthal symmetry. A l-inch-diameter colli-
mator was used when poesible, in order to obtain good angular and energy
resolution. However. on the low-energy experiments we used a Z-mch dzameter :
col.hmator in order to obtain sufficient beam intensity.

: D. Countinﬂgj’rocedure

For each polar angle @ and aZmuthal angle ¢, three countmg rates were
‘measured. These consisted oi "target in, u “target out, " and accidental coinci-
dence counting rates. The accidental rate was measured with the target in

o placé and with a time delay equal to the cyclotron rf pulse repetition time

 introduced into the circuit of counter No. 1. This rate was g'enerally negligible.
The counting rate due to the 'target.é (®, ), 13 was obtained through the relation

‘;; (®, ) =.(ta‘rget in) - {target out) -~ (accidentél). | (3.1) ..

The counting rates were used to derive three quantities. These are:
(2) The coefﬁci‘ent of cos ¢ in the angular distribution, denoted by e:

J(®, 'o:) S (@, 180°) ) N (3.2)
T 51e,0 )+ o (0, 180% -
(b) The coefﬁctent of cos 24, denoted by B:

B (o) = 410 ) + o, 180%] - [S(@, 90°) + W@, 270°] 53
B®, 0° )+$)(® 180 )] +[J(@, 90° )+ d@, 270°%)

_13 In general; we use the symbol £ to denote a scattered intensity, and the
symbol 1 for a differential scattering cross section. In cases where the dis- |

tinction is unimportant, we use the symbol 1 interchangeably.
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(c), “The average counting rate, dem_:;ed by &:
J© = 1P, 0°$ '+‘.$(@. 90°) + 310, 180°) + $(8, 270%)). (3.4)

- Since the first scattering is to the left. ¢ 0° is ‘defined as’ s-cattéring to the A
left. $= 90 "is scattering up, etc. : E ‘

' The angular distribution observed with an unpolarized ‘beam is-called QO(Q)
The aecond scattered angular distribution is ekpressed iu.x,erms of the experi-
’ | mental parameterﬁ a, B, e and,ﬁo as '

'@Q-.ﬁo Ll*a+ecoe¢+3cosl¢} o (3.5)

and in terms of theoretical parameters by Eq. (2.2). E@licntly. the correspondence A
between the theoretical and experimental parameters is ‘

a= <T20> 1 {T20) 2¢

= 20241, Vo eife TN
e= 2 |- (T )1 (Tap2 * (T 1 Tyaje 340

B= 2 (T,zz>1;_ _@z'a)z .

‘The measurement of a réquii'ed two separate experiments, one with a
polarized beam and one with an unpolarized beam. For a polarized beam we
have | | (

3, = /4300 + 3907 + J0180% + J210%)] =8, (1 +a), 3.
and _for an uﬂpolar:ized beam, '

S,58g (3.8

u.

. Thus a =< - 1. - , - (3.9)
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In order to make the two experiments as eimilar as possible, ai:ecia.l pre-
cautions were taken., The same target and telescope absorber were used in
both measurements. The unpolarized beam had a higher energy and smaller
energy spreadit_han" the polarized beam. To rectify this, a carbon wedge was
placed in the beam at position A of Fig. 1. Bragg-curve measurements l.4
determined the polarized beam energy as 165 £ 3.1 Mev and the degraded
unpolarized beam energy as 165 # 2.8 Mev. A c0pper. rather than a carbon,
first target was used in the hope that the smaller dxffraction pattern would |
'reault in larger \TZO> at the first ecattering angle,

E. Angular Resolution *

- The geometrical angular resolution was computed by folding together the

effects of a circular aperture: due to the beam size and a rectangular aperture v
due to .th_e‘defining counter. The effect of multiple Coulomb scattering was
' taken from Millburn and Schecter. 15 The total angular resolution was obtained .

- by taking the square root of the sum of the‘sq"n‘ares of the two rms angles.

" The results agreed reasonably well with the values obtained experimentally by

' sweeging the counters through the beam.

; ~ F. Beam Polarization

. In the Appendix we discuss the effect that the magnetxc fields encountered

. by the polarized beam have on the beam polarization. There is no effect on 4

he vector polanzation. i (T . The fxelda do, however, produce a mxxmg
- ZM> From Eq. (A. 1) we see that for the condttmne of th:s exoeriment the
‘effect is small and can be neglected.

The only nonzero <T JM> we have uncovered are related to the asymmetry
by t_he second rof ‘Egss. (3.6). If one performed an experiment in which the
| polarized beam was deflected through a large angle by'meahe of a magnetic -
field, he could determine how much of e was produced by T, 1> and how much
by i <'l"l 1> Such an experiment was not done because of the extremely large .

| deﬂectmns required. It is therefore impossible to disentangle, in the measured -

% Chamberlain, Segre, and Wiegand, Phys. Rev. 83, 923 (1951).
| 15v Milibern and Schecter, ''Graphs of RMS Multiple écatteri’r‘xg Angle and Range

' Sti‘aggling‘ for High-Energy Charged Particles, ' UCRL-2234, J’an. 1954,
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asymmetry, the parameters characterizing the first and esecond scatterings.

We would like to go further than éim’ply listing the observed asyxﬁmetriea and

to this end we shall make the heuristic a.ssur'nptimn that .. - l TZI' } <<1

at the angle of the first scattering. This allowe us to say <T21> <T21> 2" 0.
The following considerations support this assumption. The first Born approxi-

_ mation predicts <T21> = 0. The more extensive calculations by Stapp5 indicate .
| that / { 21> should be small compared with i(Tu> The experiment reported
here shows that the other <TZ\&> are small. Consisteat with thw assumptzon.

" the asymmetry may now be written as

e=2i(T}), ?<T11>2 = 32 <5y,1 e B0

We now have a relation that looks very similar to that applying to spin 1/2 particles,
in which e depends on the product oi a number characteristic of the beam multi- |
plied by another characteristic of the target. We may now speak of a beam
polarization (referrmg to the value of i <T“> charactenzmg the beam) and list
values of i <T“> for various targets, energxes,,and acattermg angles.

Because, at the txme these expenments were being done we did not know the
‘correct angle of first scattering, the data contain only one experiment of identical
double scattering. This was from aluminum, The polarizations of all other
'_beé.ms were derived from this measurement. These values agree fairly well
with those arrived at by mterpolatmn. The beam-polarizatibn statistics have
vbeen included in the error assigned to the tabulated values of i <Tll> These '
are consequently larger than they should have been. -

' One other point should be mentioned. The poplarized proton beam was usually
‘obtained by scattering at ~10° from Be. The polarization changes about 4.5% per
'_degree in this region. In the deuteron experiments, we most commonly used C

at 16° where i <T“/, is changing about 15.5% per degree. This makes the
deuteron results more strongly dependent upon errors in first-target posxtion.
cyclotron main field, etc.
G. Discussion of Uncertainties

The absolute values of I, are uncertain to about 20%. This is chiefly due

to the uncertainties contained in the extrapolation of the’coun'ting rate to zero

absorber and the slope of the voltage plateaus. Because of the preponderance
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of inelastic .acat_ieringat Ia.rgel anglgs. the tabulated values of I, must there
be intex'preted as, at best, upper limits to the true values of the elastic cross
sections. The errors quoted are. derived from counting statistics alone,

. The asymmetnes -found with the unpolarized beam in the a experiment
can be used to make an estimate of the systematic error in e in the followmg
way. Let us assume that the asymme_tnes calculated from the unpolarized
~ data are due to small misalignment errors. If we define - |

CBO) = g gl

then, to first order and for ez << 1, the error e produced in the asymmetry
by an angular misalignment 6@ is given by Se = 136@. From the asymmetrics
observed with the unpolarized beam we compute (5@)rms T 0.14°% Usiﬁg this
value of (6@), . we obtam values of (68) me = B8@)  for our data. These
are listed in Tabie I , ‘ t ‘ ‘ ' _

| ' One may also compute values of B for the unpolarized beam. These are
listed in Table II. Four of the eight measured are greater than their statistical
uncertainties, ‘the worst being about 1.7 times ite uncertainty. Thus we are

. inclined to believe that in the. experiments with the polarized beam we have

‘observed no values of B mconsmtenc with zero. ‘

The o experiment depends crtt:cauy on matching the 'Vbe_am energies and
" energy spreads of the polarized and unpo}.arize‘d-deute'ron beams. Although: |
~ the counting rate due to elastic scatteriﬁg should be indepenq'en't of small vari-
ations of beam energy. that due to inclaétic scattering is not. ~Crude estimates
" of the inelastic contamination at @ = 17° indicate that a disparity in beam energies
of 1 Mev can give rise to an error of 0.02 in «. It is reasonable to suppose that
_-drift in the steering-magn’et field and main cyclotron field could give rigse to a |
»change in beam energy of at least 0.5 Mev. Thuas, the experimental results are
”consistent with a = 0. “ | | |
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Table 1
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Estimate of rms systematic error infas}xitzmetry. E is the beam energy.

2L

(Mﬁv) | N‘ﬂg.tb ®  Ochm, (M%v-) ney o 9 (% €rms
165 c 9 0.084 100 c 4 0.104
10 0.069 7 0.061
11 0.065 10 ©0.030
14 0.041 14 - 0,067
17 0.029 18 0.010
18 0.029 22 0.009
20 0.025 26 - 0.025
24 0.025 30 0.022
| 28 0.025 E& 34 0.019
Al 8 0.072 Al 4 0.207 .
12 0.032 | 7 0.076
16 -~ 0.021 10 0.062
18 0.035 14 0.023
20 0.042 18  0.000
24 0.023 22 ' 0.031
28 0.023 26 - 0.014
32 0.023 30 0.015
Cu 17 0.026 34 0.021
‘ 21 0.034 '
| 25 0.027
133 [¢ 4 0.056
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Table II

iowprimimme epiere

—ca - -

Values of B observed with unpolarized beam

Tgt. e IB|
c 9 0.0013 = .0085
11 ~ 0.0049 *.0088
17 . 0.0088 £.0095
17 0.0135 & ,0087
Cu ‘ 1T © 0.0114 2 .0078
17 . .0.0086 £ .0082
21 © 0.0065 £ .,0110
25 0.0197 £.0117

ll
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IV. DISCUSSION OF RESULTS

The results appear in Tablee Il and IV and in Figs. 2 through 8. Beam

~ polarizations are given in Table V. The data are divided into ‘groups. Each

. time a critical parameter (snout collimator diameter, beam energ‘f. eEc.) was
| ichanged; a new group designation was assigned. Table VI gives the parameters
characterizing each grb’up as well as target thickness, rms angular resolution,
and mean scattering energy for each of the expenments within the group.

Let us now compare our reaults with the predictions of the impulse approx-

una.ticn. We make use of the T—ia.rvard unpolamzed differential cross section ‘

- ‘measurements for the scattering of protcms from carbon and aluminum near

90 Mev, 16 and the Harwell low-energy polanzanon data for carbon and aluminum, 17 -
" The following expressions relate g, and h of the nucleon—nucleus gcattering

.'matr'ix {2.10) to ‘the quantxt;es measurable at thzs ‘energy:

£+

15 = 1g,)° -*-%ﬁn!"'

’

. (4.1)
n | .
10 P= g; .hu + gn h.*n'

Here “‘0 is the nucleon-nucleus unpelamzed scattering cross section and P is

the polariza.tion. 18 It will be seen by referrmg to Eqs. (2.12) and (2.13) that

g aud h enter the‘expressians for Ig‘ and I in different ways, We cannot pre-
dict Ig from I‘ without 2 simplifying aasumptmn. In view of the‘sma”llness of

P at these energies, it is rea.sonabie to assume that gh §2 << é g E 2. On this

' ba.sxs we have o _ —

%

1--6 ‘K. Strauch‘&nd F. Titus {private cbmxhunicatidn); Gérstein. Niederer, and

Strauch (private communication).
17 |

Dickeon, Rose,‘ and Saite‘r.‘ Proc. Phys, Soec. 68A, 361 {1955) and private
communication, '
18

* It might be well at this point to underline the aimilarity between 1<T 1 1>and -
~P. Both are expectatxon valuesg of spin operators.. They point along the normal
to the first scattering plane. The same mechanism gives rise to each of them and

both are proportional to IO -1 {g*h + gh*), S
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<o ‘ Table III

_ Cross se::-fions. asymmetries, polarizaﬁons. etc., for deuterons élastically
- scattered from lithium, beryllium, carbon, aluminum, aund copper.*

- 1o ' e | B 1/T,\ Tgtl Grp
(degrees) (mb/sterad) : v < “> _

Carbon ~ 156 Mev : o ‘ . _
9 1557 £ 13~ -,010 £ ,012  +.016 % .008 -.017 £.020 Cu I

10 877%7  4.017£.011 -,004 #£.012 +.027 £.017 Al I
o n 575 £3  .041 £.008 +.007 £.006 .062%.013 C i
1 575%8 - 078 +£.014 -.008£.090 .117£.022 C I
14 163 3 155 % 021 +,042 £ .016 .242£.034 Al I
17 . 94.2%2.1 319 #£.022 +.001+.020 .4804.046 C  II
17 103.6 #1.0- .253%.011 480 £.055 C IV
18 gpgans  -283%.028 . .A2.052 C . I
18 S 287 £ ,019 +.019 ,035 .448 £.035 Al I
20 54.7£0,5 .3324.019 -.0044.014 .499£.044 C 1
24 25.9 £0.7  .317 +.035 | 495 £ ,058 Al I
“0 . 28 125204 .279%.028  ,528%.078 C IV
. Aluminum ~157 Mev o -
S -8 2545424 -,033%.021 ..0492.031 C I
S 12 400&5 4,225 %.012  -,019 £.012 +.339 £.029 C
16 Cef . .233%,012  -.004 £.011 351 £.030 C I
N 242 % 1 : o '
R T I .205 + 016 | 320 £.013 Al I
SUE 18 16042 ,226 #.009 B 353 +.,020 Al I
o 20 o .281 £ ,030  +.008 £ ,008 . .422 +.053 C 1
B - 84,6 1.4 \ ' ‘
20 / .278 # 031 . 4332, A 1
24 . 36.6£0.8  .450 +.048 | 677 £ .085 C I
28 . 19.521.0  .454 % .069 682 +.134 C 1
.32 9.30 % 0,37 .378 % ,049 - .567 % .083 C I
Copper ~157 Mev : ‘
| 17 201 %8  .238£.038 +.016 £.027 .357#.062 C I1
17 222#2 231 #.041  +,002 £.025 .389 £.097 Cu 1
21 11146  .299 #.053  +.052 £ .037  .450 £ .086 C 11
21 105 + 4 .335 £ ,040  +,006 £ .026 .503 % 069 C 1
21 1211 272 % 053  +.061 £ ,038 .457 2 .119 Cu I

25 40,1 2.3 3842 .059 +.0112.042 .577£.097 C 1
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e 1o e i(t,)  Tgl Grp.
(degrees) {mb/sterad) ' o o
Lithium ~ 121 Mev
22 445210  .217%.025  .410 £.064 c VI
Beryllium ~ 124 Mev o o .
14 30245 ©,045 % ,017 .084 + .033 c Vi
18 10542 .164 & ,021 310,052  C VI
22 55.5 + 1.3 273 £ ,024°  517£.071  C V1
.26 29.7&1.0  .255%.037 483 £.087  C Vi
‘Carbon ~ 125 Mev o B
4 125004200  -.016#.018  -.031%.035  C V1
7 3860 £ 20  +.033 £.019  +.063 £.037 c I
10 1400 % 20 ..023+£.,014  .0442.027 C Vi
14 21527 108 + .024 205 %.050  C Vi
18 130 £ 4 .280 & ,032 .530 # ,083 c Vi
18 130 £ 3 222 £.020  .4202.059 . C VIt
22 77.0£ 1.9  .256 £ .027 484 £ .073 c V1
26 37.6 2 1.1 .323 £ .031 .612 & 087 c VI
30 17.9 £ 0.8 .333 £ .042 631 % .104 c vr
Carbon ~ 94 Mev o
4 27900 £ 600 -.037£.019 -.070%.037 C v
7 4350 % 40 -.055 £.,009  -.104%.020 C v
10 1770 % 20 2071 £.009 -.135%.023 . C v
14 45228 -.032%.019  -.060%.036  C v
14 438 £ 8 -.069 +£.019  -.130 +.038 c v
18 169 & 4 +.095 £.023  +.1804.048  C v
22 152 & 3 +.099 £ .,022  +.188 # .046 c v
26 915 %25 131 % ,028 249,059  C v
30 47.0 £ 1.3 164 + ,028 311 #.,062 c v
34 244 1.3 .253 & 051 < v

480 % 110
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Table III continued
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.' (deg?ees) (mb/:toerad) © }(’1‘11) o et Gre-
Aluminum ~ 94 Mev . ‘ ‘

4 118,000 £ 1,000  +.020 +.010 . +.038 #.019 c v
7 6,650 270 ~ -.082%.011  -.155£.026  C v

10 1,510 20 -.097 & .016 -.184 * ,036 Ke v
14 388 %9 +.012£.023  +.0222.044  C v

18 3669 . - -.039£.024  -.074 % .045 c v
22 2125 ~ -.020 #£.020 -.0384.042  C v
26 97.4 £ 2.9 +.105 £ ,029  +.199 % 059 C v
30 73.1 £ 3,3 +.212 £ .,046  +.401 % ,096 c v
34 42.7 % 2.5 +.170 £ .060  +.322 % .118 c v

| I Second-scatterihg angle in labdratory system.
10: Uﬁpol’arized differential scattering cross section (lab). Erro_rs ciuoted are
. due to counting statistics only. The absolute cross section is good to
about 20%. | o
‘e: Asymmetry. Quoted errors are due to counting statistics only.
- B: Errors due to counting statistics only. See Sect. IIIQD. : _ _
i ‘<Tl 1) : Vector-type pélariia.,tion. Errors include beam polarization statistics.

Grp: Group designatibn. Correlates data with those of Table VI.
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Table IV

Values of a. (See Sect. II-D.) E is the mean scattering energy. The first
scattering was from a copper target. Errors quoted are due to counting sta-

- tistics only. The unpolarized beam is Grp. II' and the polarized beam Grp.

‘Tgt 2 @ e ~ E (Mev)
c 9 +.005 % :010 159
cu - 17° +.026 & .027 157

Cu | 21° . .016 £.038 157
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~Table V

Beam polarizations. D is the diameter of the snout collimator. '
Errors are due to counting statistics only, '

Tgel D | i/T |
| (in.) A 1)1 |
c 1 0.333 & .ozz‘E |
Al B 10.320 & .013 ; Grps. I - 1II
Ca 1 0.298%.052) |
C 2 . 0.264%£.028  Grps. IV - VI
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Table VI
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E i3 beam ' energy in Mev. intens, is beam

Parameters of the scattermg.
beam iuntensity in deuterons

thickness of second target,

er seéond; D is diam.of snout col.hmator tis

is mean scattering energy; A® is rms angular

.our

133 t‘;.s‘

resolution,
- Grp. E Intens. D Tgtl Tgt2 (&.j, E = 4@
: {Mev) (a/sec) (in.) (g/cgq.t ) (Mev) (degrees)
1 165226 8x10% 1 camdAl ¢ 2.25 156 0.91
| o | Al 257 156 1.13
0 165+3.4 8x10* 1 C C 159 159 0.83
S o Cu 2.83 157 1.46
165231 4x10* 1 cu ¢ 159 159  0.83
Cu 2.83 157 1.46
m' - 165428  --- 1 - c 159 159 0.83
o - Rt Cu  2.83 157 1.46
v 160855 5x10°5 2 ¢ ¢ 225 151 1.20
Vv 160259 8x10* -2 c ¢ 100 - 9% 1.21
| o Al 129 94 1.45
VI 133245 5x10% 0 2 cC - Li 2.83 121 l.22
| ‘ | | Be. 2.12 124 1.18
c 100 128 1.11
vt sx10%t 2 c C  2.00 124 1.26
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o

v 2
d 311 ‘ .
15 (K) = 4f(x<)§#:;, oK. (4.2)

Lot

This appears as the solid curve in Figs.?2 and 3 (upper). Using this expres-
sion for Ig, we obtain i<T11> in terms of the nucleon polarization P for the

same momentum transfer K as

e 00 B e e
The results of this calculatian appear as the trxangular points in Figs. 2 and
3 (lower) _
1’1‘/121e agreement is quantitatively poor. The theory predicts that i \Tll> -
- times the polarization for nucleons at half the deuteron energy. Proton
polarizations are notoriously small below 95 Mev, whereas i <’1‘1 1> becomes
respectably large at large scattering angles. The values of i <T“} at 24° and
28° for aluminum at 157 Mev are near (2) -1/ 2, which is the maximum value
attainable if <T21/ = 0. _ o ,. | _
- Nor is there qualitative agreement, Since P ghould vary as sin @ for small
8, the theory does not predict the observed change of sign of i<Tu> at small
angles. 19, 20 The observed and predicted values of Id for carbon seem to run par-
;ailelx 4 to each other at small angles, At larger anglea the observed values fall
off much less rapzdly than the predicted. The same sort of behavior is observed
with aluminum. '
It is interestmg to plot i<T 1 1) in such a way as to facilitate the comparison
of our results at dxfferent 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 momentum transfer times the cube root of the target‘mas_s number,

19 It is not likely that this rapid fall of i <Tll> as @ decreases is due to Coulomb

" scattering. The cross-section data from Harvard indicate that Coulomb Scattering :
becomes zmpartant at anglea much smaller than any at whxch we have made measura~ o
ments. '

20 . Heckrotte, Phys. Rev. 101, 1406 (1955).
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It .is seen that there is a good deal of similarity between the curves. The rapid
: fall-off of & ( §1> is a quite consistent feature. and is centered in all cases
around K al The lowering of the energy from 156 to 94 Mev seems to
result in a general depressiah of i {TIQ .

The reason for the disparity between the theoretical and experimental
results is not known. I“t is unlikely that the trouble can be traced to niultiple
collisions of a single nucleon within the target nucleus, since we have used
- empirically derived nucleon amplitudes in our calculations. Professor Malvin »
A. Ruderman has attempted to use the presence of D-state in the deuteron wave -
~ function to explain the change of sign of the polarization at small angles, with
very little success so far. It is poésible that i'ncllusion in the theory of the
possibility for simultaneous scattering of both nuéle'ons_ of the deuteron would
lead to enhancement of the' large-angle cross section and polaéization. There
' is one other refinement of t‘he. impulse approximation, which ie suggested by
the following observations, An imaginary part is usually included in the nucleon-
mnucleus potential.  This is used to describe the effect of inelastic events in which
‘the target nucleus is left in an excited state. We would expéct to ﬁnd. in the
N equwalent deuteron-nucleus potential, an additional imaginary part deacrzbmg
“inelastic events in which the deuteron was dissociated The impulse approx-
imation does not seem to predict this feature. The inclusion of the attenuation
-of the deuteron wave by this sort of stripping reaction as the wave traverses
the target nucleus ‘should also lead to enhancement of the large-angle polarization.
Although the consideration of these two effects should operate to reduce the
’ diife"x‘cnce be't-weenvtheo:'ry .and experiment, we do not .kn'ow whether it results
in Quanut'a.twe agreement. Indeed, it is very unlikely that we can, by this means,
explam the small-angle change of the sign of the polarization.
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'APPENDIX .

Effect of a Magnetic Field on the Deuteron Spin State

The fringing field of the cyclotron and the field of the bending magnet, as
vthey are‘ parallel to the normal of the first scattering plahe'. do not affect the
. value of i<T11> characterizing the beam. These fields do, however, produce
a mxxmg of the <T2M> Two factors contribute to thxs effect. V
1. The \TZM/ 1 which result {rom the first scattering are referred to a
set of coordinates having z axis along k”. whereas we must refer them to
] coordinates having z axis a.long kZi"the direction in which the beam actually
enters the cave, ,
2. The effect of the magnetic ﬂeld on the spma themselves is to rotate
_the prmc:pal axes of the tensor <S S
 These two effects produce the same reeult on the ‘T2M> . but in opposxte
directions and with different magmtudes :
If we call that <TZM/ reeulting from the first scattering aud referred to
" a z axis along ul‘gl f' s:mply > and that < § entermg the cave and referred

to a z axis alon \,‘. then
8 ko \ Tam,)

/ . . . 2 DN o : —— 2. .
(30" = (/20 0 v cos® N (350" 1/2 sin 2 % (T, + 1/24/572 win®x (T

. N i . ji . » . ) ‘ . , . .
(Tt =/ sim2n (T,,5 +cos 22 (T, - 1/24/3/Fsin 2\ (T,o) AL

(';‘20),' = /3/2 sin® 2 (T22) +/372 sin 2% (T )+ (1-3/2 sig"f N{Ty0)

‘-where A=f{p~1)n _ _
‘ p, = + 0.85647 = deuteron magnetxc moment, in nuclear magnetons, and
) = the total angular deflection of the beam, considered positive when
~ directed oppomte to the norma}. M, to the first-scattering plane.
In this experiment n = ' 39, 5 and \ = - 5, 67°. '
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. FIGURE CAPTIONS

Celebrated figure slmwing plan view of cyclotron and path ‘of polarized bea.m.
Scattering of 156- Mev deuterons from carbon, Upper curve: Cross section;
-Lower curve: vector polarization. Triangular pomts a.nd solid curve are’

predxctmns from proton data.

'Scattering of 157-Mev deuterons from alummum . Upper curve; cross section;

lower curve: vector polarization. Triangular points and solid curve are
predictions from proton data. "
Scattering of 157-Mev deuterons from copper. Upper curve: cross section;,
lower curve: vector ﬁolarization. |

Scattering of 124-Mev deuterons from berylhum. Upper curve: cross sectmn.

lower curve: vector polanzation.
Scattermg of 125-Mev deuterons from carbon., Upper curve: cross section;'

lower curve: vector polarization.

: Scattering of 94 Mev. deuterons from carbon. Upper curve: cross section;

lower curve: vector polarization.
Scattering of 94-Mev deuterons from alummum Upper curve; cross section;

lower curve: vector polarization,

* Composite of all 1 (T, ) data, plotted against KA/ = 2k sin %'e - al/3,

‘The number following the element symbol is the mean scattering energy in
‘Mev. 4
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