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Phase Shifts from n-hHe Elastic Scattering Experiments Near 20 MeV¥
A. Niiler, M. Drosg, J. C. Hopkins, and J. D. Seagrave

Los Alamos Scientific Laboratory, University of California
Los Alamos, New Mexico 8T75Lk

Optl al model ca.lculatlonsl) and a recent energy-dependent phase-shift
analys1s of n-"He elastic scattering in the energy range of 15-25 MeV have
arrived at sets of phase shifts which at some energies ar§ in significant dis-
agreement with the set put forward by Hoop and Barschall3 Since the n-"He
system is widely used as a neutron polarization analyzer, a reliable set of phase
shifts is essential.

None of the above authors had avail?ble the complete set of recent n-“He
polarlzatlon data of Broste and Simmons“’/ in the energy range 11-30 MeV. Further-
more, all n-"He cross section measurements used in these analyses were made by
the *He recoil method. By this method, angular distributions cannot be extended
reliably into the forward angles in this energy region. Thus, rather large uncer-
tainties may enter in the normalization of the integral of the angular distri-
butions to total cross sections.

We have measured the n-"*He differential cross sections at 17.6, 20.9, and
23 T MeV with a neutron time-of-flight technique using a l-mole sample of liquid
“He as a scatterer. The energies of 17.6 and 23.7 MeV were chosen to match
Broste and Simmons' polarization measurements, and 20.9 MeV was chosen to give
an intermediate point. Neutron—groton scattering was also measured to give an
absolute normalization of the n-'He points to the well-known n-p cross sectioni5
Multiple scattering effects were corrected for by the Aldermaston code MAGGIE®

At all three energies, single-energy phase-shift searches were carried out
using the general reaction matrix code EIA2. At 23.7 MeV, Hoop and Barschall's
inelastic parameters were used and kept fixed in all searches. Starting the
phase shifts at several different values, a unique set was always reached. Maxi-
mum L values of 2, 3, 4, and 5 were searched on and at all energies the minimum
weighted variance was obtained with Lmax = 4. Thus, subsequent searches were
made with Lygy = 4 only. These 51ng1e—energy sets are shown as the last entries
of table 1. The next step was to obtain a smooth phase-shift set which woul?
extrapolate smoothly to the optical model and the two-level resonance model?
values near 10 MeV. This smoothed set is also shown in table 1 alo?g with that
of Hoop and Barschall and the optical model set of Satchler et al.! Since both
o(6) and P(9) were available at 17.6 and 23.7 MeV, the phase shifts at these two
energies were given more weight than the 20.9-MeV values in obtaining the
smoothed set.

Table 1: n—hHe Phase Shifts in Degrees

E
n
(Mev) S1/2 Pz Fige D5/2 D372 Frr2 Fsyo G972 Sqp0
17.6 93 95 56 3 1 1
Ref. 3 20.9 90 92 53 9 6 3 3
23.7 86 89 52 12 6 b )
Rer. 1 17.6 89 93 52 7.2 3.2 0.k 0.2
: 20.9 84 88 47 9.4 4.0
17.6 87 95 53.5 8 7.2 2.1 1.5 1.5 0.2
g;iiiﬁtsZ:lues 20.9 79 92.5 48.5 11 10 3 3 3 0.8
23.7 TE 89 4bs.5 18.5 10.8 6.5 5.2 3.8 2.2
17.6 8 95 52.5 9.1 7.9 2.1 1. 2.2 0.
g?:siztE§:iues 20.9 83.7 97.7 45.7 8.5 15.7 1.2 4.6 6.5 -0.3
& &  23.7 T71.2 88.3 45.6 19.7 10.8 6.8 5.7 3.3 1.9

¥Work performed under the auspices of the U. S. Atomic Energy Commission.
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The most significant
differences between our set
and that of ref. 3 are smal-
ler values of the Sl/2 and
P1/2 phases, the somewhat
larger values for the D and
F waves and the need for
small amounts of G waves.

Our single-energy set
gives excellent fits to the
angular distributions at
all three energies. Our
smoothed set fits equally
well at 17.6 and 23.7 but
not quite so well at 20.9
MeV. ©See fig. 1 for
these fits. A derivation
of the phase shifts from
the cross section data
alone (without the con-
straints of the polari-
zation data) did not give
acceptable results for

ax 2 3 (at 17.6 MeV)
and Ly, 2 4 (at 23.7
MeV). The usefulness
of having both differential
cross section and polari-
zation data available at
the same energy cannot
be overstated.

do, . /dQ (mb/sr)

The authors are in-
debted to D. Dodder for
use of the code EIA2.

G. R. Satchler, L. W. Owen,
Nucl. Phys. A112 (1968) 1

2. R. A. Arndt and L. D. Roper
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Fig. 1. lsresent data compared with cross sections
from the smooth and single-energy phase-shifts sets.
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A Reactance Matrix Analysis of the d—3He, p—hHe System
at 10 MeV Deuteron Laboratory Energy

G. M. Hale, D. C. Dodder, and K. Witte

Los Alamos Scientific Laboratory, University of California
Los Alamos, New Mexico 875hk

We are in the process of finding a set of reactance-matrix elements (presently
at a single energy) to represent the scattering data for two-body reactions in
the five-nucleon system. The hope that such an analysis will produce a single
solution is prompted by having such detailed measurements as the polarization
transfer coefficients and vector and tensor analyzing powers for 3He(a),d)g‘He 1)
and 3He(a,p)“He 2), reported elsewhere in this symposium.

The analysis is done assuming that all states from (p,*He) and (d,3He) having
the same total angular momentum and parity (J¥) are coupled. In the region where
all nuclear potentials vanish, one expects the radial wave function for n states
coupled at fixed JF to bve

mF+GQ§P N

where F and G are diagonal matrices of the regular and irregular Coulomb functions
for the n states. QN is a real, symmetric matrix, so that the collision matrix,

U = e (1riq) (1-10) ?

is unitary. Q is the diagonal matrix of relative Coulomb "phase shifts," w, = 0,-93.
An equivalent description uses the matrices

)7L,

Q = (sinQ+cosQQN)(cosQ—sinQQN)—l and U = (1+iQ)(1-iqQ

The search has been carried out with the Los Alamos Energy Independent Reactance
Matrix Code (EIA2)3), using Q-matrix elements as parameters to fit simultaneously
data from the 3He(d,d)3He, 3He(d,p)“He, and “He(p,p)“He reactions. Allowing Lnax = 4
in the (p,%He) channel and nax = 3 in the (d,3%He) channel gives 59 parameters to
fit 237 data points from the three reactions. The best fit to date gives a weighted
variance (x? per degree of freedom) of 20, so that a solution has not yet been
found. Searches have also been made with smaller values for Qmax in the (p,“He)
and (d,3He) channels which give weighted variances in the range 30-70, indicating
that the partial waves we have included are important at this energy.

One such possible use of such a reactance-matrix analysis would be to guide
a coupled-channel calculation that uses effective phenomenological potentials to
describe the two-body reactions among five nucleons. Effective potentials for
“He(p,p)”He are easy to classify because of the simple structure in spin space.

A classification scheme for the reaction potentials has been suggested by

¥Work performed under the auspices of the U. S. Atomic Energy Commission.
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J. L. Gammel, based on Moravesik's expansion for the reaction M—matrix”). The idea
is to consider the terms of the expansion as momentum-space transforms of all the
allowed potential operators. When these terms are transformed to coordinate space,
one obtains in general nonlocal potentials which act, however, like local potentials
with the identification of

k+k' with p = —in » k-k' with r , and kxk' with rxp =1L .

The coordinate-space operators contain analogs of the familiar spin-orbit, tensor,
and spin-spin terms. The matrix elements, which differ somewhat from the familiar
case, are cited in table 1. There are obvious generalizations of the scheme that
classify the 3He(d,d)3He potentials as well, allowing the five-nucleon reactions

to be described by as few as ten effective potentials.

Table 1. Potential matrix elements (Jz'S'=%[V|JZS) for analo§s of
the spin-orbit, tensor, and spin-spin operators. x' repre-
sents the three deuteron (adjoint) spinors, and o the three
Pauli spin matrices.

XL 3 efoerxo | X g
g | s== s=3 s== | s=3 s== | =3
ng | e
£+%- % a;é 2 ;%yI(§E¥§T' 0 ~;§ 2i+3 /3| o0
2| 2 | ) | e (D) | o | =2 3 o
/3 3 /3
z-g- -2 _];%;5;
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Comparison of Double Scattering and Polarized Ion Source
Measurements of “*He(d,d)"He Polarization at 11.5 MeV¥*

V. S. Starkovich and G. G. Ohlsen

Los Alamos Scientific Laboratory, University of New Mexico
Los Alamos, New Mexico 875Lk

A comparison is ?ade between previously reported d-a double scattering meas-
urements at 11.5 MeVl/ and recent d-o data taken with the Los Alamos Scientific
Laboratory (LASL) polarized ion source. The latter measurements were taken at
three deuteron energies near 11.5 MeV, and for c.m. angles 108°-126°, in order

to permit the calculation of suitable averages for comparison to the low-resolution
double scattering measurements. Since the double scattering measurements were
regarded as primarily useful in the determination of the vector polarization of

a deuteron beam?’/, our primary objective was to provide an independent check of

the absolute vector polarization of the beam produced by the LASL polarized ion
source.

The differential cross section can be written as

1(6,¢) = Io(e)[1%Py>P;(e)+§<sz>P§z(6)*%<Pxx— yy>(P}ocx(6)—P;y(6))+%<PZZ>P;)Z(6)], (1
where Io(e) is the cross section for an unpolarized beam. The quantities in
brackets represent the beam polarization values and the remaining parameters repre-
sent the analyzing tengors for the reaction. A+right;handed coordinate system

with the z axis along kj, and the y axis along ki, X Koyt is assumed for both

the beam and the analyzing tensor quantities.

The analyzing tensors in Eq. (1) can be written in terms of the beam polariza-
tion which would be produced in the inverse reaction as follows:

Pan(Om) = =B (00> » B (o )-PY (0 ) = <P (8 )-P_(8 )>,
PP (6 ) =<P (8 )>, P26 ) =<P (0 )>, (2)
%z’ cm Z7° cm ¥y cm ¥y cm

where the right-hand quantities in Eq. (2) represent the beam polarization produced
in the inverse reacgion referred to a coordinate sxstem Xith the outgoing center-
of-mass direction, Koyt (c.m.) as the z axis, and kijp x Koyt as the y axis.

Expressing both types of quantities in Eq. (1) in terms of the "inverse
polarizations,”" we cobtain

_ 3 _ lab 2 1ab 1 _lab _lab
1(8,9) = Io(e)[l 2 Py> <Py(ecm)>_§<sz> <sz(ecm)> 6 Fxx -Pyy ><Pxx(ecm)
i lab
-Pyy(ecm)>+_§<PZZ> <Pzz(ecm)>] ) (3)

For the first scattering of the double scattering experiment, we used a particles
and observed recoil deuterons at 31° (118° c.m.). Thus the "lab" quantities in
Eq. (3) are related to the "c.m." quantities for & = 118° by a rotation about
the y axis through 8 = (118°-31°) s 87°: cm

lab

<P > = <P (118°)>
y y
b
<Pxx>la = <Pxx(118°)>c0528+<Pzz(118°)>sin28—2<sz(118°)>sin8cosB
@ 18 _ p (118°)> (L)
Yy NAA

¥Work performed under the auspices of the U. S. Atomic Energy Commission.



<p >lab
zZ2

<Pxx(118°)>sin28+<Pzz(118°)>cos28+2<sz(118°)>sin8cosB

<P >lab
Xz

<Pxx(118°)>sin8cosB—<Pzz(118°)>sinBcosB+<sz(118°)>(c0828—sin28) .

Values of the ratio

3 lab 2 lab
2(L-R) = §<Py> <Py(6cm)>—§<sz> <sz(ecm)> (5)
+
L+R+U+D l’f‘;<P >lab <P ( 0 ) >
2 zz ZZ CcI

obtained in the double scattering experiment at 11.5 MeV and for c.m. angles

8 = 108°-126° are illustrated in Fig. 1 (triangles). In this expression L, R, U,
and D represent the mean values of the

number of counts recorded in the left, right, 03
up, and down positions by the four tele- -~ | T | !
scopes. The angular resolution of these
measurements was *4° (c.m.) and the

energy resolution was 0.5 MeV. The J(

circles represent values of the ratio
(Eq. (5)) computed from averages of the {
analyzing tensors measured at 11.13,

11.50, and 12.00 MeV with the LASL po-~
larized ion source. The beam polarization
was assumed to be correctl¥ given by the
quench ratio measurements3’/. The errors

in the values of the ratio (Eq. (5)) de-
rived from the ion-source measurements were
based on an assumed maximum systematic error
of *0.015 for P°. (The systematic uncer-
tainty arises cKiefly from imperfect align-
ment of the scattering chamber and insta-
bility in the beam polarization.) For

the ion-source data, the statistical er-

ror is in all cases much smaller then
10.015. The errors presented in Fig. 1

for the double scattering measurements o | ] ] 1
are statistical errors only. Ho 120 130

)

If the actual vector and tensor c.m.
polarization of the ion source beam
is assumed to differ from the value
given by the quench ratio determina-
tion by the factor K, a comparison of
the value of the ratio (Eq. (5)) obtained from the two methods gives a value
K = 0.984%0.028, where only the statistical error is taken into account for the
double scattering. Thus, this experiment confirms within the error of the measure-
ment that the ion source beam polarization is as given by the quench ratio method.

{

o
N
1

~ 2[L-R)/[L+R+U+D]

)
|
|

Fig. 1. Comparison of double scatter-
ing (triangles) and ion-source (cir-
cles) measurements.

For additional detail see Los Alemos Scientific Laboratory Report LA-LL65-MS.
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APPENDIX: Tables of the hﬁe(ﬁ,d) Observables

The d-“He tensors as measured with the polarized ion source, the
2(L-R) /(L+R+U+D) ratio which these tensors predict would be measured in the double
scattering experiment, and the values of the ratio measured in the double scat-
tering experiment are given in table 1.

For mostly historical reasons, we compare the predicted double scattering
beam polarization with the best values previously obtained by a phase shift fit
of the avallable double scattering data. See table 2.

Table 1

2(L-R) _ 2(L-R

L+R+U+D L+R+U+D
eL ecm Piz %(PEX_P;IZ, PZZ P; (Ion Source) chz:::%zg)
78° 107.50° 0.181 0.54L 0.2537 -0.285 0.137+0.013 0.168+0.019
81° 110.82° 0.171 0.523 -0.332 0.182+0.013
84°  11khk.04°  0.163 0.493 -0.380 0.226+0.013
86° 116.15° 0.152 0.464 -0.398 0.262+0.011 0.262+0.018
88° 118.21° 0.137 0.430 0.2132 -0.k411 0.260+0.009  0.2L44+0.020
90° 120.23° 0.126 0.382 -0.408 0.274+0.011  0.27420.020
92° 122.21 0.111 0.325 -0.392 0.233£0.011
96°  126.0k 0.080 0.182 0.1563 -0.312 0.156+0.011

Table 2: Spin tensors for D(w,d)o scattering at 6, . = 31°

Predicted from Phase Shift Predicted from Polarized

Tensors Fit of Double Scattering Data Ion Source Measurements

<Py> -0.432 -0.408

<P_> -0.127 +0.1k2
1
=< _ +0.
> Pxx Pyy> 0.285 0.379

<P_ > 0.067 +0.308

A




Characteristics of AlK and Al1(NH,) Alum as New Materials for Polarized
Proton Targets
Philip J. Bendt, Los Alamos Scientific Laboratory, University of
California, Los Alamos, New Mexico 87544

Dynamic proton polarization by the '"solid effect" has been studied in
AlK(S04)2 -12H20 and A1(NH4) (804)2+12H20, in which a small fraction (< 0,5%)
of the diamagnetic Al was replaced with paramagnetic Cr3+ ions, Over 50% proton
polarization was attained in three alum crystals weighing 300 to 500 mg with
190 to 290 mW microwave power, at 1 K and ~ 19,5 kG, With (111) planes
oriented perpendicular to the magnetic field, the electron paramagnetic
resonance (EPR) spectra was dominated by a single narrow line (10 to 22 G
wide) corresponding to the (-1/2, 1/2) transition of the Cr3+ ions. The
proton line widths varied from 7 to 15 G, and the proton line shape did not
change as the polarization was increased. A 357 mG crystal of lanthanum
magnesium nitrate (LMN) was polarized in the same apparatus, for comparison
with the alum crystals.

Since the allowed and "forbidden" EPR transitions are well separated in
alums, the theory of dynamic polarization by Jeffriesl and Borghini2 applies,
The steady state polarization is given by

- Po S
Ps T+ 9 (s+s%) ’

wvhere P is the thermal

equilibgium polarization of 80 I I I T I !
the Cr>% ions 2 f is the
leakage.factor , S is the FPR - S _P=08(1-¢"0) —
saturation factor, and Si is LMN
a constant which depends on
60— -

the crystal properties and the
magnetic field, The polariza-
tion grows with a time con-
stant T,

P=058(1-¢'"2%
) No. 3 r

-t/

t) = 1 -e

p(e) = pg( ? ~_P=055(i-¢'/'%)
. . No. 4

where T is given by

POLARIZATION, %
3
I

S -1
T = Tlp[l + —-————S%(l ™ f)] .

20} —
Tip is the proton spin-lattice
relaxation time, S depends on -
the ion relaxation times Tj]e
and T2e as follows, o i | | |
9 0 20 40 60
S = TleTze(YeH_le) s MINUTES
where y, is the ion gyromag- Fig. 1. Polarization growth rate curves
netic ratio, and Hy, is the for A1(NHg) alums and LMN, The polari-
microwave field in the cavity. zations are negative, and the solid lines
fit the equations given.
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Table L. Properties of the crystals, and polarization measurements,

Crystal: AlK No.l AlK No.,2 AlgNH:) No.3 Al(NHA) No,4 LMN
Al:Cr ratio 435 215 380 590 1002
Tlp at 0,93 K (s8) 13,000 3,950 3,350 1,350 1,320
T, at 0.96 K (ms) 2.5 2.0 3.0 2.8 11.5
EPR line width (G) 20 15 22 10 6

P ax (- % 54 43 53 51 77
18 (- %) 64 50 58 55 80

T (minutes) 90 53 23 19 10
Microwave power (mW) 190 190 290 260 200
Saturation S 31 32 50 92 480
s/(s + s%) 0.74 0.58 0.68 0.66 0.86

a The nominal La:Nd ratio.

Both Py and T were obtained from polarization growth rate curves, three
of which are ihown in Fig, 1. T}, was measured, and Ty, was calculated using
Toe = (Yo8H) ~, where §H is the half-width of the EPR line. The values Py
in Table I are the maximum (negative) polarizations we measured, From
measurements of T;, on ALK alum No. 1 at three temperatures, we estimate T)p
in this crystal wiEl be about three days at 0.5 K, Such a long relaxation
time would make pure AlK alum very useful for "storing" proton polarization.

The large value of S for LMN is due partly to the narrow EPR line, and
partly to the long (phonon-bottlenecked) relaxation time Ty{,. The measured
values of T;,Tp, were 7 to 15 times smaller in alums than in LMN, which
makes'S smaller for the same microwave power. The experiments show it takes
3 times as much microwave power in alums as in LMN to obtain the same value
of S/(S + S3). Our polarization measurements were power-limited; both pS and
l/T would hdve been larger with more microwave power.

The alum crystals have the advantage over LMN of higher hydrogen density
by weight, by factors of 1.6 for AlK alum and 1,97 for Al(NHg4) alum. IMN
has a larger Pg in a given magnetic field, and requires less microwave power,
At 26 kG, and using a high-power microwave oscillator, these advantages will
provide only 5% additional polarization in IMN, while using AL(NH4) alum will
expose approximately twice the number of polarized protons to the beam for the
same charged particle energy loss. If alums have any advantage over the
recently developed hydrocarbon targets, it results from the convenience of
handling a solid crystal at room temperature, the reliability of using a
crystal whose performance has been measured before it is put in the beam, and
ghe simplicity of a target system that does not require cooling with liquid
He.

(1) T. J. Schmugge and C, D, Jeffries, Phys, Rev, 138, A1785 (1965);
T. E. Gunter and C. D, Jeffries, Phys, Rev, 159, 290 (1967),

(2) M. Borghini, Phys. Rev, Letters 16, 318 (1966).

(3) At 1 K and 19,5 kG, P, equals 0.86 for cr3* in alum, and equals 0,94 for
Nd3+ in LMN,

(4) Values of the leakage factor varied from 0,002 to 0,034,
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Elastic Scattering of Polarized Tritons#*
D. D. Armstrong, P. W. Keaton, Jr., and L. R. Veeser

Los Alamos Scientific Laboratory, University of California
Los Alamos, New Mexico 8754k

1. “He(t,%)“He Reaction. The measurement at Los Alamos of the polarization

of tritons?) elastically scattered from “He has established this reaction as a
good polarizer (or analyzer) for tritons?2). Recently we have extended the po-
larization measurements over a sufficient angular and energy range (see Fig, 1)
to allow a phase shift analysis (based on the work of Spiger and Tombrello3)

and including their cross section data) which more accurately describes both

the cross section and polarization data. Some information sbout mass-T nuclei
will result from this analysis. However, the physical interpretation of the
analysis is complicated because the decay of the t+%He compound system can occur
through many channels.

+1.0
1.0+ 4“@(',?)4He /PI . . E'= 10.3 Mev
: |
B p'(E') } i L
6, = a0.r’c.m. R2.
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Fig. 1: Polarization of tritons elastically scattered from “He.

¥Work performed under the auspices of the U. S. Atomic Energy Commission.




2. H(%,£)H Reaction. A study of the elastic scattering of polarized tritons
from protons gives information about the excited states of “He. We obtained data
for 6.h—9.2 MeV (lab) tritons corresponding to an excitation of the order of

20 MeV in 'He. For this region of excitation only the p+t and n+3He channels
need be considered. A two-channel analysis of our data and other relevant data
from the literature was done using a computer program which calcylates the cross
sections and polarizations from the formulas of R-matrix theory

3. D(%,n)“ﬁe Reaction. Using & polarized 3He arget, Baker et al.s) measured
the left-right asymmetry, A, of protons in the e(d,ﬁ)”He reaction. Theoretical
interest was aroused®’ when they pointed out that A & -P, where P is the proton
olarizat}on in 3He(d,p)“He We have taken equivalent data with, a polarized
He beam’) (D(3He,a)H) and also with a polarized triton beam (D(%,a)n). Although
we have not made any theoretical deductions of our own at this time, it is clear
that a theory which assumes or predicts P = -A is in serious error.

k., Optical Model for Tritons. Based on the assumption that the optical model
potential for a triton is just the sum of the optical model potentials of its
constituent nucleons suitably averaged over their internal motion in the tritons),
the polarization of tritons elastically scattered from nuclei is expected to

be small. Our measurements (at angles § 60°) give small polarizations for tri-
tons elastically scattered from Ni and °%Fe. However, the measurement of the
polarization at back angles is the most definitive test of this model. Such
measurements are best done with a beam from a polarized ion source which we expect
to be available soon at the Los Alamos Van de Graaff facility.
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A Study of the SHe(d,p)"He Reaction*

P. W. Keaton, Jr., D. D. Armstrong, D. C. Dodder
G. P. Lawrence, J. L. McKibben, and Gerald G. Ohlsen

Los Alamos Scientific Laboratory, University of California
Los Alamos, New Mexico 8754k

Vector and tensor analyzing powers for the 3He(d,p)“*He reaction have been
measured at a deuteron bombarding energy of 10.0 MeV. For the data obtained at
laboratory angles greater than 20°, the apparatus and methods of refs. 1 and 2
were used. The slit system for the E-AE detector pairs were arranged for two-
degree angular resolutions (FWHM). The scattering chamber was filled with 3He
to a pressure of 200 Torr. The 3He was periodically recycled through a liguid-
nitrogen~cooled charcoal trap by means of a mechanical pump so that no impurity
problems were experienced.

The small angle sz measurements are of particular interest with respect
to the interpretations of 0° polarization transfer coefficients. Therefore,
measurements of P9, at 5°, 10°, and 15° (laboratory angle) were made by setting
the deuteron spin axis, 8, to 0° and determining my = 1 tomp = O ratios. How-
ever, since the detector assembly intercepted the beam at angles less than about
10°, it was necessary to determine the total charge delivered by means of moni-
tor detectors rather than with a faraday cup. This is only possible if the value
of Pzz at the monitor angle has been previously determined. We used a monitor
laboratory angle of U45° (53.3° center-of-mass) where PQ, is -0.378%0.015.

The present data, together with previously determined values3s*) of the vec—
tor analyzing power, PQ, are presented in fig. 1. The functions P2, sz, and
(P2x-P9. ) /2 are odd functions of the scattering angle, 6, and therefore must

vanish for 68 = 0. The even function, sz(e), approaches a large value (-1.4)
at 8 = 0°. ‘

The scattering matrix, M, for this reaction can be written5,6) in terms of spin-
one base vectors, XT =(1,0,0), Xg = (0,1,0), x¥; = (0,0,1), and the Pauli spin
matrices, . The M matrix becomes

= AT R)+B(XTR) (3-8 )+c(RT-R) @) o3t 5) (G kN)+E(GT ) B3 )+r(XT-R) (S8

where k (K') is along kip (Kout)» 0 n is along klnxkouts /_p (p') is along nxk
(Axk!). The spatial components of y are x+n = i (x1+x-1)/v2, x*p = (~x1*x-1)/"2,
and x*k

It has been previously notlceds) that PO in the prgsent reaction has an angular
dependence similar to the analyzing power observed in 3He(d,p)“*He (polarized tar-
get) experiments. This condition requires the following relation among the elements
of M:

LReAB*-L4ImCD¥-LImEF* = -~LImCE¥*-LImDF#*.

This relation is satisfied nondynamically by insisting that the entrance channel
spin, S, differ from the exit channel spin by one. This imposes the restrictions

F = -(B+C) and E = -iA+D, since only AS = -1 is allowed. This hypothesis predicts,
however, that the polarization transfer coefficient, Py, at zero degrees is -2/3.
As a test we measured, in a preliminary experlment the vector polarization trans-
fer coefficient at 0° and found that P = +0.57+0.10. This is very close to
the assumption AS = 0 which requires B C = F and iA = -D = -E, and predicts
PY(0°) = +2/3. Therefore, it appears that AS = -1 dominates over most of the
a%gular range, but that AS = O competes strongly at zero degrees.

*Work performed under the auspices of the U. S. Atomic Energy Commission.
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Fig. 1. Measured vector and tensor analyzing power for the 3He(d,p)“He reaction
at 10 MeV.
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An Underground Nuclear Explosion as a Polarized Neutron Source¥
G. A. Keyworth and J. R. Lemley

Los Alamos Scientific Laboratory, University of California
Los Alamos, New Mexico 8754k

Whereas an underground nuclear explosion is not the most conventional neutron
source, it offers definite advantages, primarily connected with beam intensity.
Each burst contains approximstely one mole (102%) of neutrons which are emitted
in less than 0.1 usec. A moderator is used to increase the neutron flux down to
w20 eV, at which point the velocities of the moderator and of the neutrons are
equal. Thus, neutrons from 20 eV to several MeV are available and are resolved
by time-of-flight techniques. The experimental techniques for using nuclear ex-
plosions as neutron sources haye been amply treatedl’ in the literature and will
not be discussed here.

The primary purpose of this particular experimental program is to determine
spins of neutron resonances by the straightforward method of measurements with a
polarized target and a polarized neutron beam. Until fairly recently, however,
there was no satisfactory method of producing a polarized neutron beam from 50
eV to 100 keV. Sha.piro2 proposed utilizing the strong spin dependence of the
(n,p) interaction to produce such a polarized neutron beam. In this energy range,
the cross section for (n,p) scattering through the singlet state of the system
is about 20 times larger than through the triplet state. Thus, an unpolarized
neutron beam is polarized by passage through a suitably thick target of polarized
protons. Shapiro has demonstrated this technique using neutrons up to 150 eV
from a pulsed fast reactor.

The polarized proton target which we have used is a relatively common tool
in high energy physics laboratories. It involves dynamic polarization of the
protons in the waters of hydration of crystals of LagMgg(NO3)12°2hH20, i.e., LMN3)
The crystal stack (2-cm diameter by 1.8 cm thick) was mounted in a copper micro-
wave cavity which was located in the center of a superconducting split-pair coil
operating at 20.3 kG. The coil was immersed in a liquid helium bath at L4°K in a
cryostat which permitted room temperature access to the coil bore. The microwave
cavity was contained in a separate cryostat whose talil was inserted into the bore
of the superconducting coil. This latter cryostat contained liquid helium main-
tained at “1°K by a 1400 liter/sec mechanical pump. The cryostats contain thin
windows to allow transit of the vertical neutron beam. The coil is located with
its bore in the horizontal plane and the neutron beasm passes through apertures
in the gap.

The axis of the crystals was located perpendicular to the magnetic field
direction. Under these conditions, microwaves of frequency T76.6 GHz are required
to polarized the free protons. The microwave power was generated by a reflex
klystron and transmitted by oversize (8-mm) waveguide to the cavity.

In the summer of 1969, an experiment was performed on the Physics 8 event at
the Atomic Energy Commission's Nevada Test Site to determine the feasibility of
polarizing such an intense beam in this manner. Of some concern was the extent of
depolarization in the target due to heating from the neutron beam. Comparatively
little energy deposit occurs as a result of the initial burst of gamma radiation.
Calculations of neutron heating indicated a total temperature rise in the target
of 3°K.

One of the features of IMN which makes it an excellent source of polarized
protons is its long proton relaxation time ("1 hr at 1°K). This same feature
allows us to maintain constant polarization during the 3-U msec duration between

¥Work performed under the auspices of the U. S. Atomic Energy Commission.




arrival of the highest and lowest energy neutrons. At 4°K, the calculated final
temperature, the proton relaxation time is still >100 sec. This estimate was
confirmed on the Physics 8 event.

Measurement of the target polarization is normally made by use of the "Q-
meter" nuclear magnetic resonance technique. In this method a small fraction of
the protons in the target are caused to flip by an electromagnetic field from a
coil near the sample. The coil is part of a tuned circuit whose electrical charac-
teristics are altered by the proton transitions. The most common technique employed
involves sweeping the NMR oscillator through the proton line in several minutes.
In our case, we wished to monitor the polarization during the 4 msec duration of
the neutron burst. We thus swept the frequency at a rate of 1 kHz and displayed
the results of the sweep on an oscilloscope. The oscilloscope was then photographed
by a high speed moving-film camera. Subsequent examination of the film showed
no change in polarization in the target during the entire film exposure, which
ended 1 sec after detonation. Thus we feel confident that this is a practical
method of producing polarized neutrons over the energy range 20 eV to 100 keV.

Because this fast sweep NMR system was designed primarily to determine the
change in polarization, it was not suited for accurate absolute polarization deter-
mination. The thermal equilibrium (TE) signal, i.e., the signal due to brute force
polarization before microwave pumping, is compared to the enhanced signal to de-
termine absolute polarization. With the system used in the Physics 8 experiment,
the TE signal was nearly unobservable. However, since that experiment, we have
acquired a PDP-15 computer with which we average the signal from the fast sweep
to accurstely determine the TE signal.

As discussed above, the proton polarization was perpendicular to the beam
direction in the Physics 8 experiment. This offers the disadvantage that the beam
must pass through the coil gap, thereby making it difficult to avoid Majorana
depolarization. This problem is serious with the IMN system but far more serious
with the actual target system,. discussed in another contribution to this confer-
ence. For the case of s-wave neutrons, how the polarization vectors are oriented
with respect to the beam direction is of no consequence as there is no transfer
of angular momentum. Although in our energy range penetration considerations
suggest that s-wave resonances predominate, it is still desirable to preserve the
capability of spin determination of p-wave resonances. However, although not
tacitly obvious, calculations of resonance formation probabilities reveal that,
for targets of reasonably high spin, e.g., 5/2, approximately equal amounts of
information regarding the spin configurations of p-wave resonances are determined
for the polarization perpendicular or parallel to the beam direction.

We now have under construction a new IMN beam polarization system consisting
of a high homogeneity coil (field uniformity ~1 G over a 2.5-cm sphere), 10-watt
extended interaction oscillator for a microwave power source, and a single cryo-
stat whose 1°K bath is capable of being continuously filled from a 4°K bath. We
expect this system to produce neutron beam polarizations of 60-70% with transmis-—
sions of 18%. This equipment, with a polarized subthreshold fissionable target,
will be used in an experiment on the Physics 9 event in 1971 to measure spins of
intermediate structure resonances.
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A Proposed Ultra-Low Temperature Polarized Target for Use
with Single-Burst Neutron Sources#

J. R. Lemley and G. A. Keyworth

Los Alamos Scientific Laboratory, University of Califormnia
Los Alamos, New Mexico 8T5Lk

An underground nuclear explosion of the type used in physics experiments by
the Los Alamos Scientific Laboratory (rasz)1) produces approximately 1 mole (102%)
of neutrons with a generally continuous energy spectrum from about L0 eV to several
MeV. These neutrons reach a target at the end of a 250-m flight path over a period
of 3 msec; the neutron energy is determined by & time~of-flight technique. Beam
area at the target is about 3 cm?. After collimation and transmission through an
IMN spin filter to polarize the beam, about 10!5 neutrons reach the target. For
a variety of nuclear reactions this high neutron flux produces events with good
statistical frequency over a wide energy range in a very short time. The long
flight path increases energy resolution.

An experiment currently being prepared for the next physics shot requires
both a polarized neutron beam and a polarized target. Polarization of the neu-
tron beem has been discussed in another paper at this conference?/. The neutron-
induced fission cross sections of certain nuclei such as 237Np exhibit large sub-
threshold fission resonances due to coupling of the compound nuclear wave func-
tions with states in the second potential minimum in the fission barrier. Pre-
sumably the coupling is between only states of the same J value. When a polarized
neutron beam impinges upon a polarized 237Np target, the probability of finding
certain spin combinations is increased or decreased depending upon the relative
polarizations of beam and target. Amplitudes of fission resonances with a specific
J value will be increased or decreased relative to their areas when polarization
is zero.

The nature of the neutron beam places several requirements upon the design
of a polarized 237Np target. Beam direction is necessarily vertical, and the cryo-
stat must be designed to accommodate this. Since both the LMN target used to
polarize the beam and the 237Np target involve high magnetic fields, Majorana
depolarization must be avoided in the field gradients along the beam path. Rela-
tive orientation of target spin, beam spin, and beam momentum must maximize the
effect of the reaction to be studied in the angular distribution of the radiation
to be detected. This is not necessarily consistent with minimizing Majorana de-
polarization when p-wave resonances are to be studied. In order for fission frag-
ments from the 237Np(n,f) reaction to escape from the target and reach counters,
the 237Np nuclei must lie within about 5 um of the target surface but remain with-
in a matrix which will permit polarization of the 237Np nuclei. Target nuclei
not close to the surface would be useless for counting purposes, and in addition
their fissioning would cause excessive heating resulting in depolarization of
the entire target. It is therefore necessary to use a minimum amount of 237Np
and to confine it to the surface of the target. Since the beam contains neutrons
in the MeV energy range, no fissionable nuclei other than the 237Np may be present.
Many compounds of actinide elements, such as UOZRb(NO§)3, which might be suit-
able host matrices for dilution and polarization of 237Np are eliminated.

Probably the greatest problem concerned with the 237Np target is dissipa-
tion of heat produced by interaction of the beam and target. The major source
of heating is the 237Np(n,f) reaction with total fission fragment energy of 170
MeV. Using the neutron flux from a previous experiment and assuming that half

¥Work performed under the auspices of the U. S. Atomic Energy Commission.




of the fission fragment energy is deposited in the target, 10 mg of 237Np will
deposit energy at the rate of approximately 10" erg/sec.

To prevent immediate warming and depolarization of the 237Np nuclei, we pro-
pose to use as a heat sink the heat capacity of a system of nuclear spins in a high
magnetic field at ultra-low temperatures. Using a 3He-"He dilution refrigerator,
target temperatures of less than 20 mK can be maintained indefinitely before ap-
plication of the neutron beam. At these temperatures it is possible to polarize
the nuclear spins of (nonfissionable) metals such as thallium so that there is a
relatively large heat capacity associated with alignment of the spins.

The effectiveness of a large nuclear heat capacity as a heat sink depends
on the thermal resistance Rgp, between the lattice and the nuclear spins. At very
low temperatures for a metal in the nonsuperconducting state, the "lattice" is
the thermal bath of the conduction electrons since lattice vibrations are in their
ground states. Rgy, is related to the nuclear spin-lattice relaxation time T
according to RgyCg = T; which is the time constant with which the spin temperature
approaches that of a lattice maintained at constant temperature. Cg is the nuclear
spin heat capacity. Rgp, may be estimated from Korringa's relation, T1Tg = K where
K is Korringa's constant and Tg is the spin temperature. The Korringa constant
is commonly derived from measurements of the Knight shift when T; is not measured
directly. RgrCs = K/T. If the nuclear heat capacity is given by Cg = sz/T§ where
b is a constant, the heat flow to the nuclei is § = (Tg-Ty)/Rgy, = (bH?/K)(T-Tg)/Tg
where T, is the lattice (or electron) temperature. For thallium K is small (0.006
sec °K) and the nuclear moment is relatively large (1.6 nm)3). For the easily
attainable field of 50 kG and 10 cm® of T1, |(Tg-Tp)/Tg| = 0.1 when § = 0.7x10"
erg/sec. This ratio is temperature independent as long as the expressions for
Cg and T; hold. If Tg increases from 15 mK to 100 mK, the heat absorbed is
2.4kx10% erg.

The problem remsins to find an envirorment in which 237Np can be polarized
and which will permit the nuclear spins to be in good thermal contact with the
electronic system associated with a nuclear heat sink such as thallium metal.
Neptunium-237 h?s two properties which should facilitate this. Its large magnetic
moment (2.8 nm")) decreases the size of the effective field required to achieve
a given polasrization at a given temperature. In a metallic environment the high
7 of the nucleus increases the coupling of the nuclear spins and conduction elec-
trons and should decrease spin lattice relaxation time. There are 237Np compounds
and alloys which have hyperfine fields of several MG at the nucleus. At present
a metallic matrix seems most desirable in order to establish sufficient thermal
contact with a heat sink via .conduction electrons.

An ultra low temperature system can also probably be adapted for use with
pulsed neutron beams produced by linear accelerators,and other nuclei can be po-
larized for use as targets.

We thank Prof. J. C. Wheatley for valuable discussions about cryogenic aspects
of the experiment.
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Performance of the LASL Polarized Source*
J. L. McKibben, G. P. Lawrence, and Gerald G. Ohlsen

Los Alamos Scientific Laboratory, University of California
Los Alamos, New Mexico 875hk

Our construction of a source of polarized negative ions based on charge
exchange reactions in cesium and argon was initiated in 1965; the initial
design was reported five years ago at Karlsruhe. We have made many changes
from the early design. A description of the source as of the end of 1968 has
been pu'blished;1 this description is still fairly accurate.

Installation. The source was installed and delivered its first beam through
the tandem accelerator on July U4, 1969, and experiments commenced soon after.
Experience soon showed that we needed remote control of a number of variables
and this was incorporated during late 1969. During the first half of 1970 a
total of TOO hours of operating time has been accumulated. The installation
layout is shown in Fig. 1.

The beam is inflected
58° by a special double
focusing magnet; the choice
of angle was dictated by
space and focusing consi-
derations. Rotation of the
direction of spin from the
axial direction to any re-~
quired direction is done by
means of a crossed-field
device which we call a spin
precessor. The precessor
can be mechanically rotated
about its axis. The beam
is brought to focus at the
middle of the precessor by
means of an electrostatic
quadrupole doublet; a cup
can intercept the beam there
for measurement of the source
intensity. A quadrupole be
singlet which follows the
precessor is used to correct
for cylindrical focusing
effects of the spin preces- Fig. 1. 1Installation Arrangement for the
gsor fields. The beam is LASL Polarized Ion Source
brought to a second focus
about % meter ahead of the accelerating tube by means of the 58° megnet and
the einzel lens. A special viewer near the second focus has proven useful in
finding the proper adjustments of focus and of the several steering elements.

FN TANDEM
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N

Transmission. The emittance of the beam as it leaves the source is known from
the geometry of the source, and by measurement, to be approximately 1.0 cm rad
eV2, This is substantially smaller than the acceptance of the tandem Van de

Graaff. However, the best transmission we have seen is 65% (from the precessor

*
Work performed under the suspices of the U, S. Atomic Energy Commission.
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cup to the target through a 2.5;2.5 mn aperture) for deuterons and 50% for
protons.

Polarization and Intensity. The quenchable fraction of the beam varies in the
range 86 to 90% for protons and Th-80% for deuterons under normal operating
conditions. Better polarization values are obtained by rotating the smallest
aperture into position at the focal point of the first acceleration lens and
using about 1/3 the normal argon flow rates; under these conditions, polariza~
tions of 93% for protons and 86% for deuterons have been measured. The best
proton current delivered so far to a useful target is 10T nAj; the best deuteron
current so far observed is 208 nA with T4% polarization. Most of our usage
has been with deuterons for which 60-100 nA is usually available while the
available proton current is usually only about 25% less than the deuteron
current.

Spin States Available. Certain spin states require a strong field (with res-
pect to the hyperfine interaction) in the negative-ion-formation region, in
order that large nuclear polarization can be maintained. However, too strong
a field produces a low intensity beam with poor emittance. Our practice has
been to use 6G for protons and 60G for deuterons; fortunately 60G does not
cause a serious loss of intensity for deuterons. The polarizations of ions
produced by a pure metastable beam are, for the magnetic fields of interest:

Ion i P3 P33 Field (in G)
H +% 1 - 6
H -% -0.12 — 6
D +1 1 1 6 (or 60)
D 0 0.012 -1.966 60
D -1 -0.984 0.952 60

Actual polarizations are obtained by multiplying these numbers by the quench-
able percentage value. This is the fraction of the negative ion beam produced
through the metastable process, and is measured by quenching the metastable
portion. For proton or deuteron vector polarization experiments, the spin is
usually precessed to the vertical and the precessor is mechanically rotated to
reverse the spin direction. To reverse the vector polarization in the case of
deuterons it is often better to turn to the my=-1 state since mechanical rota-
tion of the precessor may lose some of the beam; the steering elements can be
adjusted to compensate for the beam shift effect but it tekes time. For experi-
ments involving tensor polarization, the spin axis is usually precessed in the
horizontal plane and rotation of the counters is used instead of rotation of the
precessor.

Stability and Intensity. The source runs unattended for many hours at a time.
The polarization is quite stable; deviations of less than a percent during a
run are camon. The temperature of the cesium cell and its reservoir are each
thermostatically controlled. The loss of cesium is <0.1 gram per hour and its
cleanup during servicing has been easy. Good current stability does require
finding steble operating conditions; in this respect we have been greatly aided
by a transverse adjustment on the accel electrode which may be operated while
the source is at high voltage. That this source is capable of much greater
output we have little doubt, but recently our time has been spent mainly on its
installation and utilization.

Reference
1. G. P. Lawrence, G. G. Ohlsen and J. L. McKibben, Phys. Lett. 28B, soL (1969).
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Absolute Beam Polarization Determination for the LASL
Lamb-Shift Source by the Quench Ratio Method

Gerald G. Ohlsen, G. P. Lawrence, P. W. Keaton, Jr.,
J. L. McKibben, and D. D. Armstrong

Los Alamos Scientific Laboratory, University of California
Los Alamos, New Mexico 8754k

In conjunction with a Lamb-shift polarized ion source, a '"nuclear spin filter"

provides an extremely clean way to select single hyperfine states of either hy-
drogen or deuterium metastable atoms. The spin filter action takes place in

a V1600-MHz rf field (v10 V/em) parallel to the atomic beam, a (perpendicular)
de electric field (210 V/cm), and a (parallel) magnetic field whose strength is
adjusted to correspond to resonance for the state desired. The output ion cur-
rent versus spin filter magnetic field is schematically shown in Fig. 1. The
current which remains when the mag-
netic field does not correspond to
a resonance arises from the intense
ground-state atomic beam which

is also present. For state-1l se-
lection of either hydrogen or

my 2 my=-1/2

a)

deuterium, the metastable contri- T
bution is 100% polarized (P = 1 1
for hydrogen, P3 = P33 = 1 for ? 540 565
deuterium) while the background o
current has approximately zero b) é
polarization; thus, the actual x
beam polarization is approxi- >
mately given by g

I-I 565515 565

p = °oz, _ 2L (1) B (GAUSS) —>

I Q°’
where the quenching ratio, Q,
is defined by I/Io, and where Fig. 1. a) Ion current versus B for H atoms.
p represents either P, P3, or b) Ion current versus B for D atoms.

P33. (If other than state-1
atoms are selected, the strength of the magnetic field in the region of ioniza-
tion must be taken into account in computing the polarization.)

It is the purpose of the present paper to describe our efforts to evaluate
the accuracy of the quench ratio method. We describe two small corrections and
list a number of conditions which must be met for the results to be precise.

Our conclusion is that the method is capable of ~1/2% sbsolute accuracy, with
about 1% reliability achieved to date. Most of our tests made use of *He(p,p)“He
scattering at 12 MeV and 112° (1lab) where its analyzing power is nl1.0.

First, we have noted that the quenched beam is actually slightly polarized
(P or P3 & -0.03). For typicel hydrogen quench ratios of ~10, Eq. (1) therefore
overestimates the polarization by about 0.3%; for a typical deuterium quench
ratio of 5, Eq. (1) overestimates the vector polarization about 0.6%. The pre-
cise mechanism that produces this effect is still under investigation. It ap-
pears to be associated with the fact that my = -1/2 metastable atoms are gquenched
much earlier than the my = 1/2 atoms. TFor more detail, see Ref. 1.

*Work performed under the auspices of the U. S. Atomic Energy Commission.




Second, the polarized component of the beam has better emittance than the
unpolarized component; thus transmission through the accelerator can increase
the beam polarization with respect to the value determined by quench ratio meas-
urements made at the source. We have recently determined that this effect can
be several percent and depends both on the design of the source output ion-optical
systems and on the particular trajectory followed by the beam in the remaining
transport elements and the accelerator itself. With one ion source lens design,
for example, the effect was never greater than 1% (except for deliberately chosen
transport parameters which led to poor transmission); with a recent lens modi-
fication, 5% effects (for deuterons) have been observed. This polarization en-
hancement can be taken into account with the relation Pp = Pg/[Pg(1-a)+a], where
Pp and Pg are the polarizations as measured at the target and at the source,
respectively, and a is the accelerator transmission ratio for the unpolarized
beam component and polarized component; o can be estimated in various ways and
need only be crudely known to achieve n1% accuracy in the derived value of Pr.
Alternatively, the quenching ratio can be measured with a faraday cup situated
as close to the target as permits accurate beam current measurements (probably
at a point just ehead of the tandem regulating slit jaws). Present data indicate
that essentially no further polarization enhancement occurs from this point on,
so that quench ratio measurements taken here would yield the true on target beam
polerization to within 1% accuracy.

Probebly the largest uncertainty arises from the requirement that no condi-
tions in the source change between the filtered and quenched beam current measure-
ments. Experience has shown that the ion source stability is such that at least
0.5-1% reproducibility is obtained. The measurements are usually made under
computer control, and require asbout 7 sec to complete. Other conditions, which
appear to be well satisfied, for the method to be absolute are 1) the spin filter
parameters must be such that there is no overlap of states; 2) there must be no
depolarization of the atomic beam between the spin selection and ionization region;
3) there must be no depolarization of the beam by charge exchange in a poor vacuum
region (e.g., in the tandem accelerator terminal); and 4) no contaminant beem
(e.g., electrons, heavy ions) mey reach the current measuring device. With re-
gard to 4), we have seen as much as 20 nA of unidentified heavy ions in a cup
close to the source. A suitable magnetic field, such ags the first section of
our spin precessor, removes any such component. Finally, good current measure-
ment practices should be used. More detail on these matters is given in Ref. 1.

The direction of the spin axis at the target must also be known accurately
for some types of experiments. . Unwanted bends of 1° or 2° can easily arise if
the beam goes through bending magnets off the midplane or if a great deal of
steeri is used. These effects are discussed from a formal point of view else-
where2/. Our experience shows that somewhat better than 1° "accuracy for deu-
terons and 2° accuracy for protons can be obtained with present techniques; better
accuracy can be obtained by left-right and up-down polarization monitoring tech-
niques.

References
1. G. G. Ohlsen, "The Los Alamos Lamb-Shift Polarized Ion Source: A Users
Guide," Los Alamos Scientific Laboratory Report LA-4451 (unpublished)

2. R. R. Stevens, Jr., and G. G. Ohlsen, "Trensfer Matrix Method for Polarized
Beam Transport Calculations," Proc. 3rd International Symposium on Polari-
zation Phenomene in Nuclear Reactions (to be published)
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A Rapid Method for the Measurement of Analyzing Tensors

in Reactions Induced by Polarized Deuterons*

G. P. Lawrence, Gerald G. Ohlsen, J. L. McKibben,
P. W. Keaton, Jr., and D. D. Armstrong

Los Alamos Scientific Laboratory, University of California
Los Alamos, New Mexico 8754k

The cross section for a reaction induced by polarized deuterons may be
written in the form

_ 3 o 2 o 1 o o 1 o
1(6,¢) = Io(e){1+—2-<Py>1>y(e)+§<sz>sz(e)+5<Pxx-Pyy>[Pxx(e)-Pw(e)]+§<PZZ>PZZ(9)},

where the quantities in brackets represent the beam polarization quantities
while P;(e), PQ,(8), PO, (6), PO, (6), and P9 (e) represent the analyzing tensors
for the reaction. The y axis 1s along ksn x kout’ the z axis is along kln’ and
the x axis is chosen to make a right-handed coordinate system.

A beam produced by a polarized ion source is characterized by its vector
and tensor polarization with respect to its quantization axis, py and pyy, to-
gether with the polar and azimuthal angles (B,¢), which describe the orientation
of the quantization axis with respect to the x,y,z coordinate system described
above. The angle ¢ is defined such that scattering to the "left" if the particle
has spin "up" corresponds to ¢ = O, with positive ¢ corresponding to a rotation

of the x axis toward the y axis. With this convention, the beam polarization
quantities are

<P > = i < - = = in2
P Py sinBcos¢ Pxx Pyy> sin“Bcos2¢

3
y > Pyz
> = 2 P sinBcosBsingd <P > = l.p (3cos28-1) .
XZ 2 7% 22 5 Pyyg

<P

If we adopt the convention that "up" describes the half-plane containing the
quantization axis (§) and the incident momentum (¥;,), then left, right, up,
and down will correspond to ¢ = 0, 180°, 270°, and 90°, respectively. Using
the notation L, R, U, and D to denote the counts observed in the left, right,
up, and down detectors, we can form the three observable asymmetries:

Ay = %é%:%%ﬁ = [g-pz sinB P;] //[1 + %‘pzz (3cos?B-1) sz]

Ay = 2(U=D)

’ . o] 1 9 o
T L+R+U+D [Pzz sinfcosB sz] /[1 + § Py (3 cos®B-1) P

L+R)-{U+D 1 . 1
- LT - [ gy sin?e 2920 | /1 + 3y (3e0s%8-0) 9,

and the observable ratio

T(l)

= = 1 (1 2 1 ) °
= T(Z) = [1 + L péz) (3cos<B-1) //[1.+ pZZ (3 cos?B-1) P zz] .

where the superscripts 1 and 2 refer to two runs taken with different values

of the polarization Pyy, and where T = L+R+U+D. The two runs in this case are
assumed to correspond to the same integrated current, target thickness, etc. If
B = 0 is chosen, the four detectors may set at different angles so that P at

4 angles may be obtained simultaneously.

Work performed under the auspices of the U. S. Atomic Energy Commission.
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The four quantities above suffice for the determination of all four observ-
gbles. In particular, if B is chosen equal to 5L4.T7°, we obtain

1 .2 o
] Py Sin“B (Pxx—P )

= 3 ; o
Ay = > Py sinB Py Aj

o
yy

_ . o
Ay = sinBcosB sz R 1 .

Pzz,
That is, the ratios determine three of the four tensors in a monitor-free manner
exactly analogous to the two-detector scheme long used for accurate spin-%
analyzing power measurements. The fourth tensor is determined by choosing B = 0,
in which case

= A, = As = = 1 (1) po 1 (2) po .
Al = A = A3 =0 R-—[l+2pzz PZZJ/[]T+2pZZ PZZ H

all of the dependence of the measurements on current integration and the like is
thus thrown into this term.

At Los Alemos we have applied this technique successfully in a large number
of experiments; we use a b-detector reaction chamber which can be rotated azi-
muthally and set at any of the quadrant angles with 0.1° accuracy by means of a
microswitch-controlled 2-gspeed motor. For the ratio measurements we sequentially
rotate each of the four counters into each of the four azimuthal positions and
use geometric means for L, R, U, D; that is, for example, L = (L1L2L3L4)4; where
L1 is the number of counts observed by detector 1 during the run in which it
was in the left position, and so on. We use an “80% my = 1 beam for the ratio
measurements; that is, a beam with p; = pyy = “0.8. Occasionally we use an ~80%
my = O beam as a check (py = 0, pgy = -1.%). This ensures, for example, that
the PQ, measurement is not contaminated by a PQ contribution because of misalign-
ment and that left-right asymmetries vanish when <Py> = 0, etc.

For the measurement of sz, no azimuthal rotation of the detectors is used
since there is no azimuthal cross section dependence.,, For this ratjo,we use an
my = 1 followed by my = O polarized beam, so that p %) = 0.8 and p;%) = v.1.6.

Application of this technique requires good control and knowledge of the
actual direction of the quantization axis, which calls for some care with res-
pect to the effects of bending magnets, electrostatic steerers, etc. We have
found reproducibility to one degree or better in B; a *0.5-degree uncertainty
contributes an error of *0.75% in the observed asymmetry in the least favorable
case.

Due to the high rate of data acquisition it has been necessary to automate
the described measurement procedure as much as possible. The LASL tandem on-
line computer controls the reaction chamber rotation sequence, and is inter-
faced with the polarized ion source to automatically measure beam polarization
(one measurement for each ¢ angle change); it accumulates and stores the data
at each of the designated angles, and at the end of each sequence calculates
the appropriate geometric means, averages beam polarization, and computes the
relevant analyzing tensors. In "fully automatic" mode the computer runs
through the entire 4-fold sequence without operator intervention (once the
appropriate gates and indices have been set). With the available beam inten-
sities and the degree of automation noted, it is usually possible to measure
one complete angular distribution of the four tensors (5° intervals) in a
2h-hour period.

11-2




NEUTRON POLARIZATION IN THE T(d,n)%He REACTION USING A POLARIZED
INCIDENT BEAM ¥

W. B. Brostej G. P. Lawrence, J. L. McKibben, G. G. Ohlsen, and J. E. Simmons
Los Alamos Scientific Laboratory, University of California,
los Alamos, New Mexico 8754k

Measurements have been made of the .neutron polarization from the T(d,n)*He
reaction with polarized deuterons incident. This type of polarization transfer
measurement was the first of its kind at Van de Graaff energies. The experi-
ments were made possible by the recent initial operation of a high performance
Lemb-shift polarized ion source on the Los Alamos FN tandem Van de Graaff accel-
erator, together with the availability of .an efficient liquid helium neutron
polarimeter.

The polerization of the outgoing neutrons was measured when the incident
deuteron beam was 76% in the m; = +1 state with respect to a quantization axis
perpendicular to the horizontal reaction plane. Gammel et 'al.~ have provided
a formalism for the description of polarization observables in the T(d,n)“He
reaction; in their notation, the outgoing neutron polarization for the beam
used is given by ‘

3 Y 1 y

p(e) + Xp_YE¥(e) + Xp_)E¥ (o))
(O')=<() 2y y) 2yy vy
Y (1+Xp )Po(s) + Xp_ PO 0))
XPy y() 2Py yy()

(1)

The quantities (oy ), P(8), P (8), Pg,’y(e), PO(8) and P° (6) describing the

reaction are given in a coordinate system with its y—a¥¥s along the normal

n = Kd x ¥ ,» Where k and'ﬁn are the directions of the deuteron and neutron
momenta. or the beam chosen for the experiments (P ={(p_ )= .76.

P(o), P;(Q) and P;y(e) were measured in separate experiments’. -

The deuteron beam was accelerated onto a 3-cm long gas target filled
with T2 gas at 5 atm. The neutrons were collimated and had their spins
precessed *90° before scattering from a 5.9 cm x 6.1 cm cylindrical volume
of liquid helium either 99 cm or 139 cm from the target. Neutrons scattered
at angles of 117° or 125°, depending on their energy, were detected in
5.1 cm x 17.8 cm x 7.6 cm NEL102 proton recoil scintillators at a distance
of 25.4 cm. The measured asymmetries were corrected for the effects of
multiple scattering and finite geometry, then divided by n-helium polar%zation
analyzing powers calculated from the phase shifts of Hoop and Barschall
to determine (cy

For 6 = 0, formula (1) simplifies to

=3 1 o
(o, -E(Py)Pi(o)/(1+§<Pw>Pyy{o)) (2)
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Using independent measurements of P° , the polarization transfer coefficient
Pg(c) was determined for deuteron ngrgies of 3.9, 7.0, 9.0, 11.4, 13.0, and
15.0 MeV. The results are given in Fig. 1. Above 7.0 MeV, Py(O) approaches
the value 2/3 as might be expected from a simplified stripping picture for

the interaction. As the deuteron energy decreases, the influence of the 107
keV J7 = 3/2% resonance, where PY(0) = -2/3, begins to be. felt, and PY.(C)
drops to -0.015 0.028 at E, = §.9 MeV. The dashed curve on Fig. 1 Xndicates
the neutron polarization (o 9 which would be obtained for a 100% polarized
beam. Actual values of (o Y measured for (P_ )= .76 reached a maximum of
0.565 + 0.036 for Eg = 15 NeV. Y

The neutron polarization was measured as a function of 6 at 7.0 and 11.h4
MeV incident deuteron energy. Figure 2 illustrates the results at 11.4 MeV.
Neutron polarization is reckoned positive in the direction along the deuteron
spin quantization axis. The data at 7 MeV are very similar to the 11.4 MeV
results shown. Although the quantities P(6), P°{8) and PY(8) have been deter-
mined, further measurements would be required tg.obtain leues for Py(e) and
PY (8). Nevertheless, the appearance of the very large negative polgrization
p 37%° right leads one to believe that at this point the reaction is dominated
by a spin flip mechanism, in contrast to the almost complete non-spin flip at
zero degrees.

0.8 T T T T T T T Lo T T T T
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| .
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Figure 1 Figure 2
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PRELIMINARY MEASUREMENTS OF NEUTRON POLARIZATION FROM THE D(d,n)
USING A POLARIZED INCIDENT BEAM*

J. E. Simmons, W. B. Brostef George P. Lawrence, and Gerald G. Ohlsen

3He REACTION

Los Alamos Scientific Laboratory, University of California,
Los Alamos, New Mexico 875kk

The D(d,n)3He reaction has long been an important neutron source. At
zero degrees (lab) the differential cross section,l) I(0) is large varying
from approximately 30 mb/sr at Ed = 1 MeV to 90 mb/sr st Ed = 10 MeV, with a
Q-value of 3.26 MeV. Much effort has been given to measurements of neutron
2) indicates

that the polarization at 8 = 30° lab varies from -0.1 at 2 MeV to +0.3 at 12
3)

polarization from this reaction; a summary of existing measurements
MeV. Recent measurements on the outgoing proton polarization show increased
values at higher energies namely ® 0.5 at 12 MeV. However, the differential
cross section is sharply peaked forward which results in an unfavorable cross
section at the angles for which the neutrons have a significant polarization.
At Ey = 10 MeV,h) for example, the cross section ratio, I(0)/I(30), has the
value 12. Backgrounds would also be serious under such conditions. The net
result is that the d-d reaction has not been very attractive as a polarized
neutron source.

It is clearly of interest to measure the extent to which neutron polariza-
tion may be generated by transfer from an incident polarized deuteron beam. A
preliminary experiment has been performed at the Los Alamos FN tandem accelera-
tor, as a continuation of comparable measurements on the T(d,n)hHe reaction.S)
The beam was accelerated onto a 3-cm gas target with beam quantization axis
pointing in the vertical direction, here denoted as the y-direction. The
deuteron beam was ¢78% in the m = +1 spin state (as measured at the source),
that is, with vector and tensor polariaation given by P3 = P33 = 0.78 with
deviations of order # .01 depending on ion source conditions. Beam intensities
on target varied in the range 10-45 nA.

The y-component of outgoing neutron polarization was measured at 0° by
means of a liquid helium polarimeter, including a precession solenoid for which

5) 6)

a diagram is given elsewhere. Equations relating the observables and beam

polarization read as follows:




Coy)= 5 py PY(0)/[1 + 5 pgg PO (0)] = e/P,(0,),

where (oy ) is the measured neutron polirization, e and P2(62) are the observed
asymmetry and the analyzing power in n- He scattering, P3 and P33 are the vector
and tensor beam polarizations, P§(0) is the polarization transfer parameter and
P;y(o) is a polarization efficiency tensor in the reaction.

The preliminary results show large polarization effects. Measurements
were made at 0° lab for 6 deuteron energies in the range 4.0 to 13.5 MeV. The
rav asymmetries had values near 0.63 with statistical errors of order * .015;
little if any dependence on energy is discernible. These results may be con-
trasted with results from the T(a,ﬁ)hHe reaction,S) where a spin flip mechanism
causes <cy ) at 0° to cross zero near 3.9 MeV. It is estimated that multiple
scattering and geometry corrections of order 10% will be applicable to these
asymmetries, which would result in velues of (oy ) near 0.70. Auxiliary intens-
ity measurements made during the experimept gave values of P;y(O) n 1/4, roughly
independent of energy. These results lead to estimates for Pg(o) near .66, which
would lead to neutrons with ~ 90% polarization for a 100% polarized (my = 1) beam
of deuterons. The process behaves very much as if the neutron spin was virtually
unaffected by the interaction at 0°. This qualitatively is what might be expected
from a stripping process. Light as the reaction particles are, good fits to the
differential cross section have been obtainedT) by an exchange stripping model.

This preliminary work demonstrates that the D(3,3)3He reaction is an
excellent source of polarized neutrons at 0° for neutron energies in the

range T to 16 MeV.

*Work performed under the auspices of the U.S. Atomic Energy Commission.

tAssociated Western Universities Fellow from University of Wyoming.
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Asymmetries in Deuteron Scattering from a Polarized 3He Target®
Bob E. Watt and W. T. Leland

Los Alamos Scientific Laboratory, University of California
Los Alamos, New Mexico 8754k

The experiment described herein was performed on the Los Alamos tandem Van
de Graaff using a polarized 3He gas. target and an unpolarized deuteron bean.
Figure 1 shows schematically the target cell arrangement. Basically, the cell
consists of a pyrex
vessel to which

appropriate alu- "UP" COUNTER

minum windows have

been agttached to %

permit passage of >

the primary beam POLARIZATION AND
and allow scat- BEAM ‘ k OPTICAL AXIS

tered or reaction
particles to exit.
The primary deu-
teron beam is col-
limated to a di-
ameter of 1/8-in.
by means of aper-
tures ghead of the
cell, passes
through entrance
and exit windows

of 0.0003~in.
aluminum, and is
stopped and moni-
tored with a deep
faraday cup. Scat-
tered deuterons
exit through
0.0005-in. alumi-
num windows and are
detected with silicon
so0lid state detectors. The angular position of the scattered deuterons is defined
by slits, one near the exit window (not shown) and the other at the detector.
Polarization of the 3He was accom?}ished by an optical pumping technique which

3He TARGET

"DOWN" COUNTER

Fig. 1. Polarized 3He target cell.

was developed by Colegrove et al.-’/. The degree of polarization was calculated
from the relation
é%—= E S [6-2P+3(1-PD)k] ,
3+P

where AL is the difference in amount of light absorbed by 3He metastables with and
without polarization, I is the amount of light absorbed by 3He metastables, P is

the nuclear polarization, and k is a constant which depends on various transition
probabilities and the relative degree of illumination of the F = 1/2 and F = 3/2
levels. Several investigatorsl"5 have discussed the relation between P and the
observed optical signals. We have chosen k = 0.3 which agrees with the measurements
made by Hauer and Klinger3/.

A typical point was obtained by positioning the up and down counters at the
appropriate angle and then making two runs with a reversal of the polarization
between runs. The scattering asymmetry was then calculated from the formula

1,1 1
= - + — =+ =
*Work performed under the auspices of the U. S. Atomic Energy Commission.

1h-1




where R = ’ULDR/DLUR

U = "up" detector count with left circular polarizsation,
Up = "up" detector count with right circular polarization,
D, = "down" detector count with left circular polarization,
DR = "down" detector count with right circular polarization,
PL = 3He target polarization, left,

PR = 3He target polarization, right.

By combining measurements where only the direction of the polarization is
changed we are able to cancel out any asymmetries that are spin independent.
Typical target polarization were in the range 0.17 to 0.20. Tsable 1 and 2 tabulate
our results for 9.9 MeV and 11.9 MeV deuterons, respectlveLy Positive asymmetry
is reported when a majority of the scattered particles have kln x k ut parallel
to P. Error estimates are based entirely on counting statistics.

Table 1. Deuteron scatter- Table 2. Deuteron scatter-
ing asymmetries for 9.9 MeV. ing asymmetries for 11.9 MeV.
ec.IIl.. AS ec.m. AS
78.2 0.139+0.02 78.2 0.258+0.031
83.5 0.087+0.019 0.29 +0.06
88.6 0.00L+0.015 83.Lk 0.079+0.028
ok.1 -0.059+0.01L 89 0.030+0.019
102 -0.121+0.01k 9k ~0.030+0.015
109 -0.209+0.018 100 -0.11 *0.026
115 -0.273+0.022 102 -0.159+0.022
121 -0.242+0.022 -0.164+0.038
109 -0.188%0.027
115 -0.282+0.026
121 -0.361+0.031
127 -0.327+#0.077
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Polarization of 22-MeV Neutrons Elasticelly Scattered
from Liquid Tritium and Deuterium*

J. D. Seagrave, J. C. Hopkins, E. C. Kerr, R. H. Shermen,
A. Niiler, and R. K. Walter

Los Alamos Scientific Laboratory, University of California
Los Alamos, New Mexico 875Lk

The asymmetries from T(K,ﬁ)T elastic scattering of 22.]1-MeV incident neutrons
have been measured for 1l laboratory angles between 40° and 118.5°. Heretofore,
information about this interaction has been limited to one measurementl) at 1.1

2)

low 6.0 MeV. A cryogenic system provided a one-mole cylindrical sample of liquid

MeV and to predictions from phase-shift analysis of the cross section data be-
tritium.

The Los Alamos vertical Van de Graaff accelerator and Mobley buncher were
used with the T(d,n) reaction at a deuteron energy of 6 MeV. The 22.1-MeV neutrons
produced at 29.8° (lab) were (+47.4 + 1.45)% polarized3).

Two detectors placed at 2.5 meters from the sample were massively shielded
with copper, polyethylene, and tungsten. In addition, n-y discrimination was
employed to reduce the gamma-ray background. Corrections for differences in
detector efficiencies were based on measurements with the detectors interchanged.
The data were corrected for various other artificial asymmetries.

The results are shown in fig. 1 and tabulated in table 1. The 3He(§,ﬁ)3He
polarization data at 21,3 MeV of Tivolh) are sketched for comparison. Small cor-
rections were applied for multiple scattering. The solid curve is a phase shift

fit to the polarization data and the differential cross section6).

Table 3: T(n,n)T Polarizations P2(62) at 22.1 MevV

0,1ab 8 c.m. cose, ( )+ 5P2 (5P2/P2)
(deg) (deg) c.m. £ Py 5 gbsolute percent statistics

4o 52.4 0.610 -0.095 -0.20 0.058 5.5

55 70.9 0.327 -0.1k -0.30 0.059 5.0

70 88.3 0.029 -0.19 -0.40 0.061 5.2

80 99.2 -0.160 -0.22 -0.47 0.071 8.6

85 10k4.5 -0.250 -0.24 -0.52 0.080 11.0
90 109.5 -0.334 -0.21 -0.45 0.085 13.0
95 11L4.5 -0.41k4 0.13 0.27 0.070 21.0
100 119.2 -0.488 0.24 0.59 0.098 14.0
105 123.8 -0.557 0.35 0.82 0.110 11.0
110% 128.5 -0.623 0.36 0.83 0.096 8.6
1185 135.6 -0.71h 0.31 0.69 0.078 6.2

++Based on a source polarization of 0.47L4 + 0.015.

Also includes #0.026 uncertainty in artificial asymmetries.

*¥Work performed under the auspices of the U. S. Atomic Energy Commission.
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In preparation for the tritium measurements, observations of D(n,n)D asym-

metries were made at the same energy. These results are consistent with the
earlier work of Malanify et a1.52 Details of this experiment will be found in
the thesis by R. K. Walter6) and in two review papers by SeagraveT’a). A paper
combining all LASL work on n-D and n-T cross sections and polarization work is in

preperation.

1.0 T T T T T 1 T T [ T T 171

|
~ & THIS EXP T, /)T ~
[ I 22.1 Mev

TIVOL 3He(F,p) SHe
21.3 Mev

OS[~———PHASE SHIFT FIT

e

Fig. 1. T(n,n) polari-
zations at 22.1 MeV.

Comparison is made with

the charge-conjugate re-

POLARIZATION
o

action studied by
Tivolh), and with a

. -0.5— —
phase-shift fit to B
both polarization and - -
differential cross — -
section6’7). — —
Y Y I I U Y O T TR U T A I
o° 30° 60° aQ0° 120° 150° 180°
Bcm.
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Polarization in Nucleon-Deuteron Scattering at Medium Energies®

Vietor Franco
Department of Physics, Brooklyn College of the City University of New York,
Brooklyn, New York 11210%#
and
Los Alamos Scientific Laboratory, University of California
Los Alamos, New Mexico 875kLk

New techniquesl) have created the possibility of performing detailed meas-
urements on recoil deuterons in nucleon-deuteron (N-d) collisions at medium ener-
gies and at recoil angles near 90° (laboratory system). Such collisions correspond
t0 nucleons being scattered through small angles and should be well described
by the Glauber approximation?’/ in which single and double collisions are treated.
To describe spin-dependent properties such as polarizations, it is necessary to
use the spin-dependent N-N elastic scattering amplitudes in the calculations.
Analyses above 800 MeV suffer from the paucity of n-p data. The situation below
800 MeV is more favorable since significant n-p data exist there. Consequently
we have calculated cross sections and polarizations for p-d collisions at and
below 800 MeV.

Our calculations include single and double scattering effects. To faecili-
tate obtaining a first estimate of the cross sections and polarizations, we as-
sume the deuteron to be a pure S-state. In the double scattering amplitude (only)
we neglect those terms which vanish in the forward direction and Coulomb effects
and we approximate the N-N amplitudes by Gaussian functions of momentum transfer
q (i.e., by ajexp(-bjq?), where aj and b; are complex), or by q or g multiplying
such functions. Calculations in which these approximations are not made are in
progress. In the present analysis we use the Dubna phase shifts3) for the N-N
amplitudes, and the Moravesik III wave function”) for the deuteron.

In fig. 1 we show the angular distribution of protons for an unpolarized
incident beam. For protons polarized 100% normal to the scattering plane, the
intensities differ from that shown by +33% near 10° and by virtually 0% below
1°. Near 5° do/dfl exhibits a small Coulomb-nuclear destructive interference.
The effect of double scattering on do/dQ is negligible below 1°, but increases
rapidly with increasing angle above 1°. Near 10° its neglect leads to a cross
section that is more than 20% too large.

In fig. 2 we present the vector polarization <T;;/i> of the deuteron. We
show results for unpolarized protons and for protons polarized 100% normal to
the scattering plane. The direction n denotes KXR'/IkXR'l, where k and k' give
the directions of the incident and scattered protons, respectively. For 8.p<2°,
<Ty;/i> < 0.025 for unpolarized protons. However, use of polarized protons could
yield vector polarizations as large as 0.07 near 1.5°. Furthermore, use of po-
larized protons reveals structure in <T;;> for ecm<2°. The curves for Pinc=+n
form the envelope of the curves for arbitrary incident-nucleon polarizations along
a direction parallel to n. To prove this, note that for incident polarizations
parallel to n, <T;;/i> is a monotonic function of ﬁinc°n for fixed 6cpm., It there-
fore attains its physically allowable maximum and minimum values at  Pjpe=in.
For do/dQ the relative importance of double scattering increases with increasing
Ocms but for <Tp;/i> no such statement can be made for 6op<10°. For Pipe=0

¥Work supported in part by the National Science Foundation, the City University
of New York Faculty Research Program, and the U. S. Atomic Energy Commission.
¥¥Present address.
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Fig. 1. Angular distribution for
scattering of 800-MeV unpolarized
protons by deuterium.

Fig. 2. Angular varistion of

the vector polarization of the deu-
teron in 800-MeV p-d scattering.
The angle 6oy is the scattering
angle of the proton. The solid
curve corresponds to unpolarized
incident protons. The dashed

and dot-dash curves correspond to
incident protons fully polarized
normel to the scattering plane.
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double scattering effects change <T;;/i> by less than 0,002 for 8om<10°, and

show no tendency to increase with increasing 6.p.

For =+n these effects are

inc

significant for 6,,32°, producing changes in <T;1/i> that are typically ~+0.02,
and showing some tendency to increse with angle for 8opR7°.
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Proposal for a Lamb-shift Polarimeter¥
J. E., Brolley, G. P. Lawrence, and Gerald G. Ohlsen

Los Alamos Scientific Laboratory, University of California
Los Alamos, New Mexico 875Lk

Spin polarization measurements on low energy charged particles have not,
in general, been technically feasible to date. In this note we suggest a novel
procedure w?ich should prove useful for H, D, (and ?) ions in the energy range
0~500 keV.l) The particular applications proposed?’ for the device include the
study of spin polarization of recoil protons and deuterons near 90°, correspond-
ing to very small angle scattering of 800 MeV protons (LAMPF H  beam) from H,
and Dy jJet targets presently being developed. Polarization occurring in small
angle (p,p) and (p,d) scattering is not well fitted by predictions calculated
from phase shifts. The existing data, however, are meager since this is a reg-
ion not readily accessible by conventional techniques; using the Jet targets and
the proposed polarimeter it should be possible to considerably augment smgll
angle polarization measurements.

The design aim for the polarimeter is to construct a device which can mea-
sure all polarization components for either protons or deuterons in the energy
range 0-500 keV, with an overall efficiency of 1%. In Fig. 1 we show & sche-
matic diagram of a device which could reasonably be expected to meet this aim.
The steps in the process would be as follows.

Scattered particles are first bent
by a wedge magnet; this selects the
energy of the particles to be analyzed
and thus the effective scattering angle.
A 50.3° bend rotates proton spins 90°,
which is a useful feature; no reason-
able bend angle seems better than
another in the deuteron case.

LAMB SHIFT POLARIMETER

Ly-& PHOTON DETECTORS ’SPXN ORIENTATION

P
‘.“‘s- GAUSS SOLENDID
Rﬁl’" SPIN FILTER
)
4

A izzirENom
The spin measurement system is f§§s>
expected to work well only in the range E4F soin PRECESSON ﬁ%g; 45— DECELERATION T3 10 hav
500 eV to 50 keV, so the incident par- mmm ,q,.,,mm,m,
ticles must be decelerated or accel-
erated to the desired energy; 10 keV is RECOIL P01
the probable design figure. If the oo

2 N‘(O‘) JET TARGET

accepted energy spread is not too great €00 Mav " (LAMPF) SEAM
(v1%), a crossed field device which
rotates around the beam direction would
eppear very desirable in that arbitrary
spin orientation could be provided for
ions entering the spin filter. Fig. 1. Schematic Drawing of Proposed
Polarimeter

A large fraction of the beam
(v10%) is converted to 25 atoms in a cesium vapor cell., The charge transfer
needs to be carried out in a "strong" magnetic field (v200 gauss for H, and
“50G for D) in order to avoid significant depolarization. The 25 atoms now enter
a spin filter which is tuned to pass those in a particular m; state and quench
the rest. For the case of protons it can be shown®’ that the number of mI=+%
atoms passed is n+c(l+<oz>) where <o,> is the polarization component along the
polarimeter (z) axis. Similarly if the device is tuned to transmit m-=-% atoms,
the number passed is n_«(l—<oz>) so that the polarization component along the

*
Work performed under the auspices of the U. S. Atomic Energy Commission.
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z axis is: <0,> = (n,-n_)/(n,#+n_), in exact analogy to nuclear scattering
methods (with a 100% efficient analyzing reaction). Other polarization com-
ponents in the incoming beam can be measured with the aid of the spin orien- ‘
tation device.

For deuterons, with the filter set to pass my=1, O, and -1 atoms, respec-
3 3 . [+ 4 -4 - ©< - < >
Elviiitwe find: n_ [1+3/2<Pz>+l/2<Pzz>], n 1 <PZZ>], end n_=[1-3/2 P, +1/2<pzz>],

n,-n n,+n -n
<P>_—_2_i_:—._ 1+£<P >=_i___—__0 N
Z 3\n,+n _+n 2 ZZ n. +n +n :

+ o0 - + o -

again in direct analogy to a nuclear analyzer with 100% vector and/or tensor
analyzing powers. Experimentally, one would cycle between the spin filter mag-
netic field values which tune for the various states. The desired quantities are
all ratios so that no absolute efficiencies are involved, although one must en-
sure that no efficiency factors change as a function of magnetic field.

For the applications discussed above, the rate of arrival of particles in
the polarimeter will probably be on the order of 10/sec or less. With 10% con-
version efficiency to 25 atoms and 25% typical pass efficiency in the spin filter
(protons), the arrival rate of the selected 25 atoms in the detection volume is
50.25/sec. Detection of the metastable atoms must therefore employ single event
counting techniques, with particular emphasis on suppression of background events
by coincidence and pulse discrimination procedures.

The filtered 2S atoms are passed through a transverse electric field strong
enough (500 V/cm) to induce a transition to the ground state with emission of a
Lyman-o photon (1216°A). The photons are then detected in coincidence with the
associated 10 keV atoms which are incident on a particle detector downstream
from the quenching region. The Lyman-a photons can be detected with 10% effi-
clency by existing image intensifier photomultiplication devices. With a suit-
able number of such instruments stacked around the quenching region, approxi-
mately half the emitted photons can be intercepted, leading to & total photon
detection efficiency of 5%, for an overall count rate of <1 count/minute. The
associated 10 keV atoms can be detected with nearly 100% efficiency, by a gas
gain proportional counter.

Pulses from the photon and atom detectors will be fed to a fast coincidence
unit (<10 nsec time resolution), with the photon pulse suitably delayed to allow
for the finite atom transit.time. Internally generasted noise events will arise
mainly from random coincidences between dark counts in the photon detectors and
non-selected 10 keV particles incident on the atom detector. With photocathode
cooling the dark rate can be reduced to <20 counts/sec. Coupled with an un-
wanted atom count rate of *10/sec, the accidental coincidence rste is =lO'“/min.
It is clear that the polarimeter will be usable even if the externally induced
random coincidence rates (due to nuclear interactions in the target area) are
3 or 4 orders of magnitude higher, particularly since a large fraction of such
events can be eliminated by pulse-height and shape discrimination and anti-
coincidence techniques.

References
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APPENDIX I: Applications for the Lamb-Shift Polarimeter

There is a paucity of polarization measurements for proton-proton scatter-
ing in the imall angle region The smallest angle measurements we are aware of
are at 1h2l), lh72), and 31035 MeV. All three of these experiments indicate
negative polarizations. The difficulties associated with such measurements are
attested to by the large errors indicated in fig. 1. Clearly, a different ap-
proach, such as envisioned in this
paper, is desirable to see if it
will generate smaller errors. In a3 - T T ;
fig. 1 we note polarizations
kindly calculated by J. C. Hopkins A, —-- 147 Mev
from the phase shifts of O, —— 3i2 Mev
MacGregor, Arndt, and Wrightl’) . 02~ O l42Mev —

It is, of course, desirable
to extend the small angle meas- ok é
urements to such guantities as
A, A', R, and R'®/, Since the M

polarized proton beam planned % ___",/’/ _,.—TI
for LAMPF can be prepared with § o1} <r
o}

its quantization axis in any

desired direction, it suffices

to perform an appropriate spin
rotation on the recoil particle
prior to transmitting it through ]
the polarimeter spin filter in
order to execute any of these -0.2} L
measurements.

There do not appear to be
any existing measurements of -03, 2 a 6
these quantities for small scat-
tering angles. Such measurements be.m.
would undoubtedly help to firm
up our knowledge of p-p phase
shifts. Additionally, it might
extend our picture of T in-
variance by testing the rela-
tivistic Sprung6 relation

Fig. 1. Plot of existing small scattering angle
p-p polarization data. The solid and dashed
lines are calculated values.

tanf =
where 0 is the laboratory scattering angle.

Polarization messurements on the recoil deuteron associated with 800 MeV
small angle (p,d) scattering are nonexistent., However, Franco’’/ has shown that
Glauber theory predicts quite appreciable polarizations even at very small angles.
His results are shown in fig. 2., For a plot of cross sections the reader is

referred to the paper by Franco7) in this report.

Glauber theory connects our knowledge of both bound and unbound states of the
nucleon~-nucleon system, and for this as well as other reasons it is desirable to
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to examine all aspects of it.
Clearly, the LAMPF polarized beam
and deuterium jet-target could be
employed in conjunction with the
proposed polarimeter to approach
the deuteron polarization measure-
ments in the small angle region.

The bound state of the two
nucleons can be studied in another
fashion. Photodisintegration of
the deuteron near threshold produces
protons of low energy and appre-
ciable polarization. Earle Lomon
has kindly calculated the results
shown in fig. 3 from the Lomon-
Partovi theory. The polarization
of the few hundred kilovolt pro-
tons is quite appreciable. Ex-
perimental measurements would
be highly desirsble, and could
readily be obtained by utilizing
the deuterium jet target, the
polarimeter, and the LAMPF elec-
tron prototype accelerstor (or
its next generation) to provide
the bremmstrahlung photons.
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APPENDIX II: Polarimeter Spin Analysis Formalism

In this appendix we demonstrate the parallel between the function of the
polarimeter spin filter and polarization analysis by nuclear scattering.

1. Spin 1/2 Case. When the spin filter is turned to pass my = +1/2 hydrogen

atoms, atoms with my = -1/2 are rejected. This amounts to saying that the trans-
fer matrix has the form
o) o)
bl] = (a O) (bl) where (bl) and (bl) are
= 5 o
b2 00 b2 b2 b2

the initial and final spinors, respectively, in a representation with the z axis
along the spin filter solenoidal magnetic field direction. If we use a density
matrix representation, the most general initial density matrix is

i_ 1
p- = 5{1+<ox>ox+<oy>oy+<cz>cz) .
The trace of the final density matrix is

n, = ‘I‘rpf = TrMp1 T = gkl+<oz>) N

+ 2
where M = (g 8). Similarly, if the device is tuned to transmit m; = -1/2 atoms,
we obtain M = (8 2) and n_ = Trpf = g(l—<oz>), so that the polarization component

along the z axis is <o > = (n+-n_)/(n++n_), in exact analogy to nuclear scatter-
ing using a hypothetical 100% efficient analyzing reaction.

2. BSpin-l Case. TFor deuterons the transfer matrices for my = 1, 0, and -1 tuning
of the spin filter are

o0 00 000 000
Ml =1000 Mo =10a 0 M_l =000 .
000 000 00a

The most general initial density matrix for spin-l particles is

ol = 1[143p »p +3<P >P +3<p >p +§<P SP +2<P >P +2<p P
3 2 "x "x 2 Tz X2z

2y 'y 2 Xz 3°yz "yz 3 xy xy

+2p >p +Xp P +l<Pz sP ]

37 xx xx 3 yy yy 3 zZ 2%

For m; = 1, 0, and -1 spin filter tuning, respectively, we find

_1,..3 1 1 _1,. 3 1
n, = §(l+§<Pz>+§<PZZ>), n_ = §(l—<PZZ>), n_ = §(1 §<Pzz>+§<Pzz>), so that
2 1 _ .
<PZ> = 5{(n+-n_)/(n++no+n_)], 1+§<PZZ> = (n++n_-no)/(n++no+n_), and again we have

a direct analogy with a nuclear analyzer having 100% vector and/or tensor analyzing
power.
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TRANSFER MATRIX METHOD FOR CALCULATING SPIN ABERRATIONS
IN THE TRANSPORT OF POLARIZED BEAMS*

by
Raiph R. Stevens, Jr. and Gerald G. Ohlsen
Los Alamos Scientific Laboratory
University of California
Los Alamos, New Mexico
Transfer matrix methods have long been a useful tool for the design and evalu-
ation of beam transport systems. When the beams are polarized, the effect of the
transport elements on the spin axis is also of interest. We here generalize the usual
beam transport matrix calculations so as to determine the spin axis orientation in a
beam transport system. This development was motivated by experimental observations
with the LASL polarized ion source on the tandem Van de Graaff installation where it
has been found that '"spin aberrations' induced by the transport system can be as large
as several degrees with improper adjustment of the various transport elements.

(1)

transport matrices for determining particle trajectories. We assume a coordinate system

In this treatment, we follow closely Penner's deve lopment of first-order beam
with the z-axis taken along the beam line, the y-axis vertical, and the x-axis taken to
make a right-handed coordinate system. The beam line is a straight line in focusing
and drift elements and a circular arc of radius p in a bending element. The effect

of the beam transport elements is characterized by operators which rotate the spin

axis, go’ to a new orientation $. In the Cartesian representation, we have:

X 11 12 13 X
o)
Sel = 221 222 323 Syo
SZ a3] a32 a33 SZ
\ o]

The rotations induced by these transport elements are determined by the equation of
motion for the spin vector $ina magnetic field B:
%569
p

where g is the gyromagnetic ratio and mp is the proton mass. The matrix elements
for several beam transport elements of interest are presented in Table I.

In order to use this formalism one must first carry out the usual beam trans-
port calculations to determine the coordinates and slopes at the entrance and exit
of each transport element for the particle trajectories of interest. With this
information, one can then determine the rotation of the spin axis for these trajectories
with the transfer matrices described above. Using this procedure, it has been found
that one of the more important sources of spin aberrations is associated with polarized

(2)

particles entering and leaving a bending magnet off the median plane. This same

* Work supported by the U. S. Atomic Energy Commission.
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Transfer Matrix Method for Calculating Spin
Aberrations in the Transport of Polarized Beams (cont.)

type of transfer matrix calculation can also be used to determine spin aberrations
in the transport of polarized neutron beams.
in conclusion, we find that suitable care is required with the alignment and

steering in a beam transport system to obtain undistorted transport of polarized beams.

TABLE [: POLARIZATION TRANSPORT MATRICES
Beam Transport Element a8, az3 a a3 a,
Inclined Magnet Pole 1 1 1 by yfghj o 0 Y tan B.|F g
o | 2m lal 0 1 2m

Face (entry angle BI) p p
Inclined Magnet Pole 1 1 i + L [—%—] —a—l— 0 Y tan 82[42 gz—]
Face (exit angle Bz) P pa ¢ o -p
Horizontal Bending cos § 1 cos § 0 sin § 0
Magnet (bend angle a) 4 4 Y
Quadrupole Lens (fo- 1 1 1 0 A A
cusing in x-plane)
Quadrupole Lens (fo- 1 ] 1 0 Ay A,
cusing in y-plane)
Drift 1 1 1 0 0 0
Where 6 = ql|-1 * L 6-6 g p = bending radius.

y T 2m - o/ 2m

P P M = polarized ion mass.
- M_
A =+]|(6-6 2 6 = entrance angle to a transport element.
c o/ \2m (o]
P . 8 = exit angle from a transport element.
A =t (e-e gr_ (e-e = angular divergence imparted in the con-
d o/, \ 2m o
] d p verging plane of a quadrupole lens.

(e-eo) angular divergence imparted in the

d diverging plane of a quadrupole lens.
The upper sign is for a positive beam while the lower sign is for a negative beam.
For a horizontal bending magnet, a positive bend angle o is assumed to be in the
sense that rotates the z-axis into the x-axis. The off-diagonal elements not listed

may be found from the relation a 1 = -a,,.

ji

(1) S. Penner, Review of Scientific Instruments, 32(1961) 150.
(2) Additional details are presented in LA-4465-MS.
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APPENDIX 1: BENDING MAGNETS

Consider entering a horizontal bending magnet perpendicular to the pole
face but off the midplane a distance Y. In the fringe field region there will

be Y and Z components of magnetic fleld. Using Maxwell's equations, we can
relate these components:

BBZ _ 3BY
B} 9z °?

so that, definiﬁg aBY/az = B'(Z) (an easily measured quantity for any magnet),
we can write, to first order,

BZ = B'(2)Y.

Now, assume that the pole edge is rotated by an angle B] such as to effect

vertical focusing. Looking from the top view, we can resolve BZ into components:

oo}
|

= B'(2)Y sin B
= B'(Z2)Y cos By-

oo}
|

Putting Y =y and z = Z cos B],we have

B
b

B
z

B'(z cos B})y sin 8,

B'(z cos B,)y cos By

Now the net angle of bend of the beam induced by the x component is given by

= _&
Aex -f MVZ Bx(s)ds.

where the integration extends over the entrance fringe field region.
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Appendix | (cont.)

MVz
Now, we define o = B
— _]___ :1—- !
26, = =3 fo(s)dS -5 /B (z cos B])y sin 8, dz
' y tan B]
:—-‘—)—————

which is the usual vertical focusing expression obtained for a rotated pole
edge. For spin precession, the angle is given by the same calculation except
e/m is replaced by g(e/2mp) so that
ls_| =(9ﬂ_)tLB‘_y;
X 2mp 0

the proper sense of the rotation can be deduced by recognizing that spins are
precessed the same way as positively charged beams for all of the particles of
interest to us, e.g., H, D, and T.

The Bz field component has no first-order effect on the orbit but does

have a first order effect on the spin direction. We obtain

IGZI'fg(Z; v) B'(z cos B,)y cos B, dz
p

- @)

where again the integratioﬁ extends over the entrance fringe field region.
The sense of the spin precession angle S, will also depend on the sense of the
bend angle, since the sign of Bz changes as the sense of the bend angle reverses.

For typical bending magnets, we may regard these rotations as infinites-

(3)

imal so that the rotations together produce the transfer matrix U (8]):

(3) This condition will be met as long as the focal length of the rotated
pole face is large compared to the beam size since the angular convergence

imparted to the beam and hence the spin precession Induced by the rotated
pole -face will then be small.
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Appendix | (cont.)

(1 0 O 1 5. 0 1 §_ 0
Y4 2
u(s]) =10 1 & |5, 1 0| =1-6, 1 &
0 -5 1 0 0 1 0 -5 1
\ X X
.
( i s To a 0
2m_ o al
MY ? Y M
= g _‘o o o - gn
V(g = |I* 5 Tai ’ 5 tan 31(* 2m )
P P
- Yy
_° - gM_
L 0 5 tan 8]( + zmp) 1 J

In the central region of the bending magnet, we consider the precession
induced by the main vertical field; we must now relate the precessed spin
direction to the new transformed coordinate system at the exit of the magnet.
The angle of bend for a given trajectory is [a + (e—eo) where o is the main
bend angle and where 8_ and 8 and the entrance and exit sliopes defined by

(n ©

Penner. (In this definition, 60 = 6 = 0 for normal entry and exit if

B] = 62 = 0.) The spin is precessed by an amount = %%— [a + (6-60)]depending
on whether the beam is positive or negative respectivgly. The sign of the
precession angle reverses as the sign of the beam reverses since the direction
of the main magnetic field must reverse to keep the same sense for the main
bending angle. Thus, the precession of the spin axis relative to the new
trans formed exit coordinate system is:

§ 'igM—-(a+ 6-80)-0L

2m
Y p

_ gM - gM

a( 1 + > +{6 80 m .
P P

Note, a bend angle in the sense that the z-axis rotates towards the

x-axis is considered a positive bend regardless of whether the beam is negative
or positive. For a positive beam, the spin precesses in the same direction as
the trajectory is bent, while for a negative beam the spin precesses in the
opposite sense to which the trajectory is bent.

The operator corresponding to this bend is given by:




Appendix | (cont.)
cos & 0 sin &
Y
U(a) = 0 1 0
-sin & 0 cos §
Yy Yy

For the exit pole face with a pole face rotation 82, we have a similar

expression as that at the entrance pole face except for a reversal of sign

in the a, element, due to the fact that the B, field reverses sign

in the

exit fringe field. Thus:
[ s L [SM_] o 0 ‘
p 2m lol
p
N O A L Yy 221_]
U, = 1% 5 [2m ] ol ‘ p tan '32[i m
L P P
- Y M
0 5 tan Bz[i om ] ] J
L P

where y is now the distance from the midplane at the exit face of the bending

magnet.

Then, the overall transfer matrix, U, for this case is:

U= U(BZ)U(a)U(B])-

As an example, consider the transport of a polarized H™ beam through a

58° horizontal inflection magnet having a rotated entrance pole face of 32°.

P=19.5"
a=58"°

B=32°
/
/

X

58° HORIZONTAL BENDING MAGNET
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Appendix | (cont.)

The spin vector precesses in the opposite direction to the angle of bend
(since the beam is negative) so that as the beam is bent +58°(CCW), the spin
component in the x-z plane go precesses (%)(-58°) = -162°(CW) to gb'thus giving
a total angle of spin precession in the new coordinate system at the exit of

the magnet of -220° as indicated below.

To calculate the total spin precession, we have:

(1) Entrance face:

~

o L
§_ = — tan BI(%’ = 0.089y_ where y_ is in inches

p
§_ = ;9-(%)= 0.143y .

Thus
1 s, 0 1 43y 0
U(s]) = =8, 18| = —.ll+3yo | .089y0
0 -8, 1 0 -.08%y_ 1

(2) Main bending field:

cos § = -.767
5§ = a(-l- g) = -220°
Y sin § = +.643
cos éy 0 sin 6y -.767 0. 643
u(g) = 0 ] 0 = 0 ] o}
- sin sy 0 cos sy [-.643 0 -.767
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Appendix | (cont.)

Exit face:

=Y
8 : (g/2)

z

To determine y at the exit face requires consideration of the particular

. . . - d .
trajectories involved. We assume now ;hat Yo' = ( dz) (entrance face)ls zero.
= L. = ——O
Theny =y _+ (yo Ad)pa where A¢ 5 tan 8,

= yo - yo a tan B] + yo'pa

Thus, for these trajectories (yo‘ = 0), we have

y = yo[l - o tan B]] = O.37yo.
Then 0.37 i
5, = =12 (2.79) = 0.053y
o o
1o-s, 0 1 -.053y 0
U(82=0) = 62 1 o = .053yo 1 0
0 0 ] 0 0 1

Thus, U = U(82=0) U(a) U(B])

-.767  -.220y_ .63

= -a83y, 123y
-.643 -.OZl&yo -.767
Thus if S = o initially, we have

Yo

S, = ~220y_ =>-12.6y_ degrees rotation (yo in inches)

S =1

Y

S, = -.0235y_ =-1.35y  degrees rotation (yo in inches).

Assuming a beam displacement of 0.1" from the median plane, we find
a 1.3° rotation is imparted to the spin vector as the beam traverses the

bending magnet. This rotation constitutes a ''spin aberration' and it is
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Appendix | (cont.)

therefore important to insure that polarized beams traverse a bending magnet

near the median plane to preclude this effect.
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APPENDIX [1: QUADRUPOLE LENSES

To first order, the fields in a magnetic quadrupole lens are given by

QL
[ve)
Q
[ve]
b
My
x

X - Y =
=== sy I - =t y= Gy
Bx ay 9X '

QUADRUPOLE LENS COORDINATE SYSTEM

so that the equations of motion are

R:

= -eV B ,
zy

eV _B_,
z X

9B
2 _(e__ 38y :<‘____z)=(G )
k™= v, 3x ) “\Bo ax ) \"Bo

where Bp is the magnetic rigidity of the particle and where we assume that

3
~<:
Il

or using X = sz(dx/dz)2

il
<
X

L]
o

x'"' + kzx

G = aBy/Bx is positive; i.e., focusing occurs in the x plane. Similarly, in

the defocusing plane,
y'" - k2y = 0.

For electrostatic quadrupole lenses, the equations of motion are the same except

the parameter k% is given by

where 2R is the diameter of the quadrupole, V the voltage applied to an element,
and € is the beam energy.

In the central region of a quadrupole lens, there is no axial component of
magnetic field so spin precessions are directly related to either the focusing
or defocusing angular deflections of the particle trajectory in the lens. Solution

of the trajectory equations gives:

[e -0 ] = - (k sin kL) X - (1 - cos kL)e
o], o o
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in the converging plane where 60 is the slope of the trajectory at the entrance
to the lens and 8 is the slope at the exit.

if the lens is defocusing in the x - z plane, a similar analysis gives
[6 -8 ] = (k sinh kL)x -4(1 - cosh kL)e
o4 o o

for the diverging case. The same trajectory equations hold in the y - z plane.
In both the focusing and defocusing cases, it follows from the equation
of motion of the spin vector that the angle of precession imparted to the spin

vector by a quadrupole lens is given by:

+[(6 -9 )(9—@—)] Top Sign: Positive Beam
o\ 2m Bottom Sign: Negative Beam

where the value of (e - eo) for a given trajectory can be calculated by the
appropriate expressions given above or can be determined from other transport
calculations.

In the fringe field of a quadrupole lens, there are first order transverse
components of magnetic field, which are taken into account in the effective

length of the central region, and second order axial components which are given

by: 2
3B 3G
Bz = dyoz - xy(35>

The axial components of magnetic field will result in spin precession of the
transverse components of the spin vector and may be significant in some cases.

Using the equation of motion for the spin vector, we have:

t 2m
= 9 =M (e 96
as = & s B,dt = &0 (M )Syfxy 22 4z
p p\"z
3

1
[«
(7]

[l
|
3
w

and AS
Yy




=g eG \_gM G
where 6l 2m xoyo( MV_ ]~ 2m %oyo Bp
P z p
- M
2m_
p

S 1 8 0 S
X 1 X
(o]
S = —6] 1 0 S
y Yo
S 0 0 1 S
z zZ
o)

A similar matrix holds at the exit where 6] is replaced by

-8, = - %%— kzxy. The spin rotation matrix for the entire quadrupole lens is:

T ) oend v

6 M k2xoYo )
_.Ye note that 575 is approximately %5"7{“" which basically is the
G

ratio of the beam size to the effective length of the lens. Thus, the effect
of the quadrupole fringing fields is significant only for quadrupole lenses
where the beam size is large and the effective length of the lens is small, i.e.,
for large bore short lenses. In first order calculations we may, therefore,
neglect the axial fringe fields as long as the beam size is small compared to
the effective length of the ]eﬁs.

For electrostatic quadrupole lenses, there is, of course, no precession

of the spin axis relative to the beam line.
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APPENDIX 111: SOLENOIDS

Consider a charged particle which enters a solenoid at a radial position
r =Jxoz + yo2 . Assume the beam is positive and that the solenoidal field is
parallel to the z axis of the beam line. Upon entering the fringe field on the
solenoid, the particle experiences both radial and axial components of magnetic
field. We assume here that the axial components are taken into account in the
effective length of the solenoid and that only radial components operate at the
entrance and exit of the field region. As a result of this radial magnetic

field, a charged particle acquires a ''transverse'' velocity V¢:

Y

Br

=&_0
V'M

2 V¢!
|
-—
X

X

8

o N\

where B is the strength of the main field in the solenoid. 1In terms of the

X and y components,

Vv = E.EZQ
X M 2
eBxO
V= "wNZ -

2m
p

the velocity vector. Now the rotations imparted to the velocity vector are

The spin vector g is precessed through an angle (gﬁ—) times as much as

Vx/vz and Vy/vz where Vz is the axial velocity of the particles. Thus, at
the entrance to the solenoid, the spin precessions imparted to the spin vector

g are:

]
e
NS kS

Gxo(a23 element)

p
( gM
8z a3 element) =
o

N
3
©
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To write these precessions in a more convenient form, we define p, as
the z displacement during which one complete cyclotron orbit of the transverse

velocity components occurs:

) V., sin 8 r sin e y

Then —= = =S o = =2
v ) MV 2 20
z z z z

e
[ov)
|
)
3
o
<L<<
i
t
E
-
(2]
o
(a3
o
W
[ad

Since these rotations are small, we may consider the total rotation
matrix to be the product of a rotation about the x and then the y axis.

Now, consider the effect of the main solenoidal field. We consider first
the orbit of a particle that enters at (xo,yo> and will restrict our consideration
here to particles which have only an axial velocity. The orbit of such particles
is a helix which when projected onto the x ~ y plane is a circle of radius p = r?/é

which passes through the origin:

(X01Yo)




¥ = f£+b-cos-z——+e iA+ z12+r—oin£-+e A'+zlz
2 2 o, o 2 z ° e, o){?

where 6
o]

I
Q
-
(¢]
ot
o
=]

and z = V_t.
z

The spin vector S is precessed through an angle g times the amount the

2m
p
projection of the orbit of the x - y plane is rotated.
Thus:
) =S_M_£'__
z 2m_ p
p "z

where & is the effective length of the solenoid. More detailed orbit calculations
are required for other trajectories and may be carried out by transport codes such
as TRANSPORT, but the spin precession imparted is still the same. The rotation

matrix for precession is therefore:

cos 62 sin 62 0
U(g) = |-sin & cos § 0
z z

0 0 1

Finally, we consider the effect of the fringing field at the solenoid exit.
This field is of the same form as the entrance fringing field except for a

reversal of sign due to the reversal of the radial magnetic field. Thus:

|

gM_
Gx(a23 component) = + 3

mp sz
= -y
5x(a]3 component) 2mp %o,

where x and y are the transverse coordinates of the trajectory being considered

at the exit of the solenoid.




18-16

Overall, the transfer matrix is given by:
i 0 ) cos 6 sin §
Y z z
0 1 § -sin & cos &
X z z
-§ =8 i 0 0
Yy X
cos & sin §
2 z
= -sin § cos §
z z

-85 cos § +6 sin &§_-§
y z X z

o

)
Y

sin § -8 cos §
z X X

0 1 .0 8
. Yo
0] 0 1 8
X
o
1 -6 6x ]
yo o
' § cos 6z+6x sin GZ+6
Yo o ' b
-8 sin § +8° cos §_+6
y zZ X z X
o o
-8 ) o
X

o

Note that this matrix depends on whether the beam is positive or negative only

through the orbit equations which connect X59Yo to x,y.

Element an

Solenoid Entrance 1
>
B[V.)
Solenoid Main
Field (8][V)

Solenoid Exit 1

I

cos §
z

TABLE |
(continued)

233

222 %33
1 1
cos & 1
z
1 1
M xo
where (Sx = - %r-rT—Z_p—
o p Tz
6 = %M—_z_o_
Yo mp P2
6y = zM 5
X mp P,
§ = - %ﬂ_.il_
y m 20,
MY
pZ <z

a2 a3
0 §
y0
sin & 0
Z
0 6
y




The Absolute Polarization Determination of Mass-3 Nuclei¥

P, W. Keaton, Jr., D. D. Armstrong, and L. R. Veeser
Los Alamos Scientific Laboratory, University of California

Los Alamos, New Mexico 875kk

2)

from hHe at several energies and angles have been measured using double-

The polarizations of tritonsl) and 3He nuclei elastically scattered
scattering techniques. Absolute polarization values are deduced from the
measurements of three asymmetries at appropriate energies and angles.

Nuclei scattered from the primary target are focused 2 m away onto the
secondary target with a three-element magnetic quadrupole lens system. The
lens system and secondary chamber can be rotated to positive or negative
primary angles so that dependence on detector efficiencies can be eliminated.
Nuclei scattered from the secondary target are detected by E-AE silicon-
detector pairs and particle identified with an on-line computer code3).
Typical target thicknesses were 200 keV for tritons and 800 keV for 3He.
Angular spreads were *1.5°, and primary and secondary beam currents were
about 1 uyA and 1 pA, respectively.

Absolute values (but not signs) for polarizations can be obtained by
measuring left-right asymmetries, Aij’ in a set of three double-scattering

experiments such that only three different polarizations (assuming time re-

versal invariance) are involved:
A

12 1 2)
03 = P(eg,Eg)P(e3,E3)

P(o ,El)P(62,E

A

A5

where ei and Ei (i = 1,2,3) are scattering angles and energies, respectively.

An aluminum foil was inserted between the first and second scatterings to

slow the nuclei to the correct energy so that Al3 could be measured. Thi)

signs of the polarization values were determined by phase shift analyses '.
The results of these measurements are given in Table 1. The energy

and angular spreads are presented here so that the values in Table 1 can

be used as standards by other groups until more precise absolute determina-

tions are made. (See also Ref. 5.)

¥Work performed under the auspices of the U. S. Atomic Energy Commission.
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Table 1: Absolute Polarization Values

Scattering

Incident —Angle
Reaction Energy (MeV) lab cm Designation Polarization
Mre(t,2) e 12.25 23° 40.1° P 0.923%0.027
" 12.25 16.5° 28.9° P! 0.825+0.042
" 10.28 30° 52.1° P2(69) 0.406%0.013
" 9.5 30° 52.1° P2(68) 0.370+0.016
" 7.2 30° 52.1° Paa -0.724+0.027
" 6.6 30° 52.1° P -0.6150.029
! 6.0 30° 52.1° p.(68) -0.37820.020
3He(hHe,3§e)hHe 13.0 19° 1h2° Py ~0.606%0.033
"o (3, He) Mo 13.0 23° 4%.1° P, 0.639£0.035
" 8.3 23° 40.1° P, ~0.604%0.033

19-2




> > > > .
Formalism for A(d,n)B or A(d,p)B Polarization Transfer Reactions¥
J. L. Gamnmel, P, W. Keaton, Jr., and Gerald G. Ohlsen

Los Alamos Scientific Laboratory, University of California
Los Alamos, New Mexico 8754l

If one assumes the conservation of parity, the formal expressign+for the
cross section and nucleon polarization for reactions of the form A(d,n)B or
A(%,;)B may be written in terms of the Goldfarb cartesian spin-1 operators!
for the deuteron and in terms of the Pauli operators for the nucleon as follows:

1(e,¢) = Io(e)[l+g<Py>E§T§<PxZ>E§§f%<Pxx_Pyy>(P;x—P;y)+%<Pzz>PZz]

<cx'>I(e’¢) = Io(e)[g<Px>P§'+g<Pz>fzf+§<ny>fzéf§<Pyz>P;;]

<oy,>I(9,¢) = Io(e)[i%Pyﬁz'+%<PXZ>P§;+%<PXX-PW>(P_i_xl_fg)%?z;ﬁ]
<o_,>1(0,4) = Io(e)[—2—<PX>E}Z(—'_+-§<PZ>P:'%PW>P;ZQ',+-§-<P}’Z>E’§;_] . (1)

I (8) is the cross section for an unpolarized beam at the scattering angle 6.

The quantities in brackets represent the bea& polarization rgferreg to a right-
handed (xyz) coordinate system with z along ki, and y along kip X Kout, While the
remaining parameters are polarization transfer coefficients. The symbol zero is
used in cases where nothing about the polarization is measured, so that P9 is the
ordinary vector analyzing power and Pg'is the nucleon polarization produced by

an unpolarized deuteron beam. From the present point of view, the analyzing ten-
sors are special cases of polarization transfer coefficients. The nucleon po-
larizagion is referred to a right-handed (x'y'2z') coordinate system where y' is
along kipn X Koyt The z' axis may be chosen arbitrarily, but is usually most
conveniently taken to be the outgoing laboratory nucleon direction. (If z' is
the outgoing c.m. nucleon direction, the coeffigients are simply related to
parameters which describe the inverse reaction?’.)

A beam produced by a polarized ion source may be characterized by a vector
polarization py and a tensor polarization pyy in a coordinate system with z axis
along a quantization axis, S, together with two angles which specify the quanti-
zation axis orientation with respect to the rgaction initial (xyz) coordinate
system. In terms of the angle between 5 and ki (which we call B) and the angle
between S x ki, and the x axis (which we call ¢?, the beam polarization guan-
tities in the xyz coordinate system are

_ . . _ 3 RI-P 1 - 3 . 2

<Px> = -p, sinfsing <ny> = -5 Pyy sin Bsingcos¢ E<P -P_>= I, Pyy sin Bcos2¢
_ 3 - i 3 'l = l- 2 -

<Py> = py, sinBcosé¢ <sz> = -5 Pyy sinBcosBsing <PZZ> 5 Pyy (3cos“B-1)
= . 3 ,

<P,> = p, cosB <Pyz> = 5 Dyy sinBcosBcos¢ (2)

If we define "up" scattering to be in the half-plane defined by+§ and Kin’ and
left scattering to be in the half plane defined by S x kijn and Kip, then left,
right, up, and down directions correspond to the use of ¢ = 0°, 180°, 270°, and
90°, respectively, in Eq. (2).

*Work performed under the auspices of the U. S. Atomic Energy Commission.
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1
For clarity, we write a typical observable, Piy, in terms of the scatter-

ing matrix, M: <!

P = (TrMP M+ T)
Xy Xy

cx,)/(TrMM
The cross section is given in terms of M by Io(e) = (TrMMT)/3(2sA+1).* The subscript
always refers to the initial deuteron polarization, and the superscript to the

final nucleon polarization.

The beam polarization quantities and polarization transfer coefficients
vary between +1 and -1 (vector-type quantities), +1 and -2 (Pyx, Pyy, or Py,
type quantities) or +3/2 and -3/2 (Pxy, Pxz, Pyz or 1/2(Pxx-Pyy) type quantities).
Each of the coefficients defined is either an even function or an odd function
of 6; +the odd functions are underlined in Eq. (1). It is quite possible to
separately measure all of the defined quantities at each scattering angle.

Finally, we rewrite Eq. (1) in terms of the spherical tensor spin-1 opera-
tors for the incident deuteron:

_ o (o) (o} o
I(8,¢9) = Io(e)[l+2Im<Tll>ImTll+<T20>T20+2Re<T21>ReT21+2Re<T22>ReT22]
( xl Tx' xl I xl]
<o +>T 8,0) = Io(e)[<TlO>TlO+2Re<Tll>Re 17 HeIm<T,, >InT, +2Tn<T, > InT,
1 1 \} 1] 1]

- Y
<0y, >I(0,0) = Io(e)[Pz+21m<Tll>ImT§l+<T20>T20+2Re<T21>ReT§l+2Re<T22>ReT22]

_ Z' Z' Z' z'
<oz.>I(e,¢) = Io(e)[<Tlo>T10+2Re<Tll>ReTll+2Im<T21>ImT21+21m<T22>ImT22] . (3)

The functions which are odd in 6 are again underlined. The beam quantities are
expressed in terms of the initial beam vector polarization (tjg), tensor polari-
zation (tpg), and the angles, B and ¢, as follows:

_ 1 . = 13 5.2,
Re<T11> = /__51nBsin¢ th Im<T22> = I;-31n Bsin2¢ t20
2
= L g = |3 a5 .
Im<T11> = /5_51nscos¢ th Re<T21> = I;.81n8c03881n¢ t20
_ IR
<T10> = cosB th Im<T2l> = =13 sinBcosBcosd t20
_ I3 ...2 _ 1 2
Re<T, > = Ig-51n Bcos2¢ t,, <Toy” = 3 (3cos“B-1) tyy (L)

These matters are treated at greater length in Ref. 3.
*sA ig the arbitrary spin for target A.
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Formalism for A(p,p)A and A(d,d)A Polarization Transfer
Gerald G. Ohlsen and P. W. Keaton, Jr.

Los Alsmos Scientific Laboratory, University of California
Los Alasmos, New Mexico 875Lk

The formalism presented here is valid for the reaction A + S E + D, where
B is any polarized spin-one (one-half) particle (photons excluded) in the en-
trance channel and C is any polarized spin-one (one-half) particle in the exit
channel, and where A and D have arbitrary spins. Thus we treat not only elastic
and inelastic deuteron agd proton scattering, but also such reactions as
11p(4,p) 128 _ and ’Li(p,n)7Be. However, for simplicity we will refer to these
cases hereafter as "deuteron" ("proton") scattering. The structure of the ex-

pressions which appear here is the most general allowed by the assumption that
parity is conserved.

The form of the observables for deuteron scattering is given in table 1
in terms of the Goldfarb tensor operators!/ for spin one. I,(8) is the cross
section for an unpolarized incident deuteron beam at the scattering angle 6.
Initial spin-one polarization of the beam is designated <P§> and <Pk2> and final
spin~one polarization is designated <P€> and <P£2>. The polarization transfer

coefficients are written, for example, PY. %' E PY'Z'(e), and are the quantities
which are to be measured. We use the coordinate systems described in an accom-
panying paper.?
Pyx*P +P,, = 0 can be used to rewrite the terms involving these tensors in

The Goldfarb operators are overcomplete; the operator relation

vario ways (as done, for instance, in ref. 2)
Table 1
1(0,6) = T [143<pi>pO4Sapl >p0 4Iepl 5p0 Lept 5p0 L Lepd 5po0
o] 2y y3 'xz xz2 3 xx xx 3 yy yy 3 zz2 2z
. ' X ' . ' . '
JE;Pf,>I =1 [§<P1>px +§<P1>px +2<Pl >p* +§<pl >p* ]
2 "x 02 x ' 'x 27z_2 37xy_xy3°yz yz
? > ] s 1 3 ] s 1) + 1
Ig;pf'>1 =T [jgéy +§<P1>Py +2<Pl >pYy +l‘Pl >p¥ +l<P1 >p¥ +lxpl >p¥ ]
2y 0J2 0o 2 'y 'y 37xz xz 3 xx_xxX3'yy _yy 3 22 _2z
3 ? > ) 3 ] 3 L]
§<Pf'>1 =1 [§xP1>PZ +§‘P1>PZ +§<P1 >p? +§<Pl >pZ ]
2 'z o2 x x 27z 2z 3 Xy 3 yz _yz
> L | > T, ? * LT | > L ]
gxpf' T =1 [§<P1>Px Y 3<piopX 'V 2epl spx'Y +e<pl >pxX'Y ]
3 x'y o2 "X 'x 2 "z "z 3 'xy xy 3'yz _yz
2epf 51 o1 [ x'z'+§<Pi>Px'z'+gKPi >pX 2" 1epl >PX'Z'+;KPi sp¥ 2’ lepl >PX'Z']
3 "x'z! o3 o0 2y 37xz "xz 3 'xx xx 3'yy Yy 3 zz _=zz
> tt 3 1t s t1 3 to!
g&pf' I =1 [éxpl>Py 2! Seplspy ' 2 +2<pl >py'z +2<pl >p¥'2z ]
37y'z 02 "x 'x 27z 2 3 'xy Xy 37yz "yz
_lgpf' I =1 [_;_Px'x'+§KPi>PX'x'+gKPi >Px'x'+lKPi >Px'x'+;KPi >pX'x' Lepl >ph'x"
/5‘ x'x o] /g o) 2 Y 3 xz Xz 3 Txx Txx 3 3 zz zz
LT | . Tt 3 L § + | i ) 3 | ] ] It
_lxpf' '>I =1 [ Yy ¥ +§<P1>Py y +§KP1 >Py y +;KP1 >Py y +lKPl >Py y +lKPl >Py Y ]
/5‘ y'y o 3 o 27y ¥y 3 "xz "xz 3 "xx "xx 37yy vy 3 " zz " zz
1,10 > 1,1 > t,t s fet > 11! s t,1
_;_Pf' 2T =T [ z'z +§_<P1>Pz A +2‘Pl >pZ Z +l‘Pl >p2 ' 2 +l‘Pl >p2'2 +l‘Pl >p? 2]
3 z'z o 3 © 2y ¥y 3 "xz xz 3 Txx Txx 37yy VY 3 "zz zz

¥Work performed under the auspices of the U. S. Atomic Energy Commission.

21-1




The form of the observables for proton scattering is given in table 2. We
use the Pauli spin-1/2 operators, o_, o, and ¢ . The notation is analogous to
that which was used for spin-one in*tab¥e 1. The polarization transfer coefficients
are the same as those defined by Wolfenstein3) with og'(e) = Pp, c%'(ﬁ) =D,

t 1 1 1]
ci (8) =R, 0: (8) = A, ci () = R', c: (6) = A', and are included here for com-

pleteness.

Table 2
_ . i_ o f _ i x! i x!
I(6,0) = Io(e)[l+<°y>° (8)] <0 ,>I = Io[<cx>ox (e)+<oz>oz (8)] .
f _ y! iy f _ i z! i z!
<oy,>I = Io[co (e)+<cy>oy (8)] <o >I = Io[<ox>cx (e)+<cz>oZ (8)]

Finally, following the line of argument by Csonka et al.“), we define the
number of times x, y, and z appears in a polarization transfer coefficient as
Ny, Ny, and N,, respectively. We can then classify the coefficients in two use-
ful ways. First, those which have Nx+Ny odd are odd functions of 6. All such
terms are underlined in tables 1 and 2. All other transfer coefficients are even
in 6. Second, if z' is chosen along the outgoing c.m. direction, those polariza-
tion transfer coefficients which have Ny odd reverse sign for the inverse reaction
if one assumes time reversal invariance. This leads to, for example,

p0(e) = Y (8) , 22 (0) = 2% % (0), ana PLY(6) = -EX "' (0),

where the bars denote observables in the inverse reaction. For the case of proton
elastic scattering we arrive at, for exanmple,

z' x!
o2'(8) = ¥ (o) ,
which in the p-p scattering case is the well-known relation R' = -A. It should

be emphasized that although the formalism of tables 1 and 2 are valid for any
choice of the z' axis, statements regarding time reversal invariance hold only
for particular coordinate system choices (one of which is cited above)s).
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Quadratic Relations Between the T(E,H)hHe Observables*
Gerald G. Ohlsen, J. L. Gammel, and P. W. Keaton, Jr.
Los Alamos Scientific Laboratory, University of California
Los Alamos, New Mexico 875LL
There are altogether 18 observables which may be measured for the T(E,H)hHe
polarization transfer reaction, in the case of an unpolarized tritium target,
at each energy and angle (if one assumes conservation of parity). These are the
differential cross section Io(e), four analyzing tensors P§(6), sz(e),
%[ng(e)-9§y(e)], and sz(e), the polarization produced by an unpolarized neutron
bean, P%'(e), and twelve "polarization transfer coefficients" as defined in an
accompanying paperl). In general, the lower subscript indicates the polarization
of the incident deuteron and the superscript indicates the neutron polarization
>

component. Two right-handed coordinate systems with Kin X Kout

the y and y' axes are assumed; the xz and x'z' axes are arbitrary but are usually

defining both

chosen with z along Kin and z' along K Since the scattering matrix, M, which

describes the reaction has only six cozgiex elements, clearly these eighteen
experiments are not independent. No linear relations between the observables
exist; however, in table 1 twelve quadratic relations between the observables
are presented, so that at most six of the experimental observables are truly
independent.

These relations might be expected to serve several useful purposes. First,
each relation is in itself a parity test. Second, these relations may be applied
as consistency checks between sets and types of dats when data of the polariza-
tion transfer type become more readily available. (The relations may be regarded
as defining the volume in an eighteen dimensional hyperspace which can be phys-
ically "occupied" by the data sets.) Finally the relations may serve as a guide,
in some cases, as to which of the various experiments that might be performed
are least related to the experiments already completed and, therefore, contain
the greatest amount of new information. Also, the relations show, at least in
principle, that some of the experiments can be omitted altogether without sacrifice
of information.

In table 1, the coefficients which are underlined are odd in the scattering
angle, 0, and therefore vanish at 0° (180°). Using also the zero degree relations
PZ =0, PX; = —P;;, Pi‘ =py', and ng = PO, these twelve equations reduce to

¥ yy?
only two independent relations at 0° (180°):

3 y'2 v'\2 _ o o . 32" _ _ 50 = 1l .0
(3 Py )T+ (P )" = (1P J(-P )5 5P =1 P S1+5P .

*¥Work performed under the auspices of the U. S. Atomic Energy Commission.
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The first relation shows that, at 0°, it would never be necessary to measure the
geometrically complicated quantity P%;. The second relation can be shown to
follow from anguler momentum conservation alonej; it is interesting in that it
implies that the outgoing longitudinal neutron polarization is 100% for a 100%
my = 1 (<P,>= <P, —l) deuteron beam. This conclusion is independent of all

dynamics.

Table 1: Quadratic Relations

t.2 t. o 1.2 1 o _ Y' 1 v t
X DRI E RS )P = (120 ) (122 )-(BFpY ) (e¥ e )

m.{jw

1. ( 0

2. (7 )22 B2 )% = (1120 )- (7 Y ) (eY Y )

3. (PR EGY )2 )® = (120 ) (182 o] ¥ ) (BY BV )
4. %P:'E;;_— %E’;_'P;; = (1 P )(Py Py Pya) -—( Zz)(:rg_'-fg)
5. (D EpY + B Y = 3 (g (2 R epa el ) (¥ )
6 —g-p_xz_p;y - §p§'§= —%‘(l-P}?y)(i-ﬁ)%{l—Pix)(i-l_’g)
9. (g)2 P;"P’Z‘ - P§Z§L + (3)2 ipz - EZL;_PJZq'r = Y (o Y )ep SE
10. %P:'§+ %ip;; + %ipgr ¥ %Pi'ﬁ: —-S—Pi'(Py_g—'-EyXQ% SOL(I—P;y)
11. %iliz + %§§+ (22 Pg:'P:' Pizp}zq'r fL(Py PV )+—P "(1-p°)
12. P:zzlf;;- (32 -lf;lizc-'—+ -S-Pz'P}Z{;, + %P:'Pzz %Px (Py Py Py 7y (1 )
Reference .
1. J. L Gammel, P. W. Keaton, Jr., and Gerald G. Ohlsen, "Formalism for A(d,n)B i

and A(E,;)B Polarization Transfer Reactions,” Proc. 3rd Internatl. Symp. on
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Figures of Merit for Polarized Deuteron Beams*
P. W. Keaton, Jr., and Gerald G. Ohlsen

Los Alamos Scientific Laboratory, University of California
Los Alamos, New Mexico 8754k

The quantity pZI, where I is the current and p is the polarization, has long
been used as a figure of merit for polarized proton beams. We generalize this
figure of merit to include the case of vector and tensor polarized deuteron beams.

For a spin-1/2 beam, one measures an asymmetry A, given by A = (L-R)/(L+R),
where L and R are the counts recorded in the left detector and in the right de-
tector, respectively. In terms of the beam polarization and the analyzing power
of the reaction, P(6), we have A = pP(8). The statistical error, AP(6), associ-
ated with such a determination of P(9) is

ap(o) = L . Y1=AZ  /1-A7 , ' (1)
P YL+R p/I_t-

since L+R is proportional to It, where t is the data ascquisition time. In deriving
Eq. (1), we have assumed that L and R contain no background counts. In the limit
of small A, we find
aP(6) = 21— . (2)
pVEt

We define the figure of merit to be inversely proportional to the counting time
necessary to produce a given statistical error AP(8). Thus we see that the rele-
vant figure of merit is in fact pZI. Notice, however, that in the case of large
P(6) this figure underestimates considerably the advantage of large beam polari-
zations. (This will be true also for the deuteron quantities.)

For deuterons, we consider five asymmetries. These are, with the correspond-
ing observables and (zero—background) statistical error expressions:

1 2, r.0 0O 2
A = (1+R)-(U+D) _ ThPgzSin BlPy Py .MM = I
T L+RtUVD 1 2 o ° 1~ J L+R+U+D
l+ﬂpzz(3cos B—l)Pzz
3 . o L{I+R 2
W - 2(L-R) _ oPgS1néFy g o | I#ERUD T Ao
2 L+R+UFD © 1 (o 0s28-1)P° 2 =\ TR
Pz 3¢ 22
bzzsinecosBPo %&g{g%ﬁ ‘A2
2(U-D) X2, o, = 2 3
A = = ’ 3 | L+R+U+D

3 T L+R+U4D  1+3p, (3cos2g-1)P°
4¥z7 ZZ

3 o 2
n = IR 3PS 1n8%y VR s
L+R 1 2,0 2__0 ? L+R
- 1
l+§pZZ[51n 8P +cos BPZZ,
R o 2
N U-D _ p2281n8cosBsz . = l-AE
5  U+D ~ > 5 U+D

1 . 2,.0 2..0
1+§pzz[51n BPxx+cos BPZZ]

*Work performed under the auspices of the U. S. Atomic Energy Commission.
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where L, R, U, and D are the counts recorded in the left, right, up, and down
detectors, respectively, and where py and pyy are the incident vector and tensor
beam polarizations. (For definitions of B, ¢, "up," etc., see Ref. 1.)

It is clear from Eq. (3) that one cannot simply divide out the beam polari-
zation as in the spin-1/2 case. That is, except for the special case of cosB
= 1//§ for Ay, Ay, and Aj 2 , the asymmetries are not linearly related to the beam
polarization and analyzing tensors. We must first measure separately the denomi-
nator factor by means of a ratio of counts with different values of pyy. Denoting
the counts observed with beam polarization pgy by T and with beam polarization
péz by T', we define

_ T _ (pyy-Pyy)
B=o mrpry 3 OB
Pgy* ~Pgzg

= 5 YTZT 4T 2T |
!
(pZZT pZZT)

where B could be %(3cos2Bf-1) Pg . %[sin28P§y+coszngz], or %[sin28P2x+coszngz],
and T would be L+R+U+D, L+R, or U+D, respectively. In the 1limit of zero for the
analyzing tensors, T»T', and

B=—a

-n'!
(pgy=pyy )T
The figure of merit relevant for measuring B is, therefore, given by (ApZZ)ZI,

where APZZ is the change in pgy obtaineble between the two modes of operation for
the ion source.

Returning to the asymmetries A; through Ags, we see that if the denominator
factor has already been determined, the figure of merit becames p%I for Ap; and A,
and p%ZI for A;, A3, and As., In summary, deuteron beams are described in terms
of three figures of merit: p,I for P;(e) measurements, pg,I for ng(e)-P§y(e) and
PZ;(6) measurements, and (Ap,,)2I for P5,(6) measurements.

By way of example, we compare a pure vector polarized beam (pz=2/3, pzz=0) to
a pure mr=l1 beam (pZ=pZ =1). Measurement of Ay or A, to a given accuracy takes 9/2
times as much time for the pure vector polarized beam; however, for the my=]1l beam
some additional time must be spent in the evaluation of the denominator expression.
The amount of time required depends on the method used--for example, the use of an
intense unpolarized beam might reduce time required markedly. Further, this time
should not be charged against the measurement of P9(8), since one is measuring two
quantities, not one. The ideal figures of merit for three methods are given in
Taeble 1. The best mode of operation for each figure of merit is assumed.

Table 1. Ideal figures of merit for three methods of polarizing deuterons with
Lamb-shift sources. -

2 2 2

Method p, I Pyl (Apg,)°I
spin filter '
(pg = pyy =1 or I I 9I
pg = 0, Py = -2)
zero field crossing L
Py = o, DPyy = -1)
adigbatic field reduc- X .
= -1/3 or unpolarized)
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A Study of 3He(a,d)3He Scattering at 10 and 12 MeV*

D. C. Dodder, D. D. Armstrong, P. W. Keaton, Jr.,
G. P. Lawrence, J. L. McKibben, and Gerald G. Ohlsen

Los Alamos Scientific Laboratory, University of California
Los Alemos, New Mexico 8754k

. We have measured the vector and tensor analyzing power for d-3He elastic
scattering at 10 and 12 MeV. A "cube" scattering chamber enabled us to measure
the left, right, up, and down yield simultaneously for any polar angle in the
range 20° to 160°. An angular resolution of 2° (FWHM) was used. A complete meas-—
urement consists of four counting periods with the chamber rotated around the
beam direction by 90° between periods; this procedure removes detector efficiency
problems. The deuteron quantization axis was at 54.7° with respect to the beam
direction (in the horizontal plane) for the simultaneous PO, P, and (PQ -PO )/2
measurements and parallel to the beam direction for the PY, measurements%*) ygnly
the PP, measurements depend upon accurate current integration. my = 1 deuterons

He(d, 4)°He E +10.0 Mev
078 T T | T T ‘
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Fig. 1. Vector and tensor analyzing power for 3He(a,d)3He elastic scattering
at 10 MeV.
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(pg = Pgg © 0.8) were used for most of the measurements; mpr = O deuterons (pg

X 0, pgy N -1.6) were used occasionally to check the alignment of the chamber.
False asymmetries were kept small by minimizing the beam on a properly suppressed
collimator which preceded the faraday cup. sz is about 2~-1/2 times more sensi-
tive go false asymmetries than is P9; for this reason, larger errors are assumed
for Pg,.

Silicon surface barrier E-AE detector telescopes were used to permit mass
identification. An on-line computer recorded 512 channel spectra for one or
two masses for each telescope. The computer also measured the beam polarization
(quench method) periodically, rotated the cube, appropriately summed the spectra,
and calculated the values of the analyzing vector and tensors.

The data obtained are shown in Figs. 1 and 2. All errors shown are the esti-
meted systematic uncertainties. A preliminary phase shift fit for the 10-MeV
data is also shown. Since 51 parameters are involved (77 data poi ts) a meaning-
ful gig can probably be obtained only if data of other types ( 3He( ,p)“He,
3He(d,p)"He) is included. Such an analysis is in progress.

*Ho(d, a)°e E,12.0 Mev
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Fig. 2. Vector and tensor analyzing power for 3He(3,d 3He elastic scattering

at 12 MeV.
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D. D. Armstrong, "A Rapid Method for the Measurement of Analyzing Tensors in
Reactions Induced by Polarized Deuterons" Proc. 3rd Internatl. Symp. on
Polarization Phenomena in Nuclear Reactions (to be published)
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Measurement of the Vector and Tensor Analyzing Power
of d-"He Elastic Scattering at 12 MeV¥

G. P. Lawrence, D. C. Dodder, P. W. Keaton, Jr., D. D. Armstrong,
J. L. McKibben, and Gerald G. Ohlsen

Los Alamos Scientific Laboratory, University of California
Los Alamos, New Mexico 875LL4

The vector and tensor analyzing powers of d-"He elastic scattering at 12-
MeV deuteron laborstory energy have been measured b¥ means of methods and equip-
ment described in other papers in this symp051um > The experimental results
together with the phase shift fits to be discussed below are shown in Fig. 1.

“Ne(d, d)*He E," 12.0 Mev
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Fig. 1. Analyzing tensors for “He(d,d)YHe elastic scattering at 12 MeV.

The Cartesian tensors P; = S; and Pj iy = 3(SlSj+SJS )/2 - 28;: are used as a basis.
Note that the observables must be bounded by <2 < P° <1, —392 < (PC -ng)/z < 3/2,
-3/2 < P° < 3/2, and -1 < P2 < 1, and that only a part of the range of possible
varlatlon is shown on the graphs. (As is well known, the observables are further
related by certain inequalities.)

The tensor analyzing powers are well fit by parameters consistent with those
obtained at lower energies by McIntyre and Haeberli? s while the vector analyzing

*Work performed under the auspices of the U. S. Atomic Energy Commission.
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power is only qualitatively fit. In an initial attempt to obtain an improved

fit to the present data, the prediction for the cross section differed violently
from the measured cross sections“’ at 11.5 MeV (the closest energy at which data
is available). This convinced us that it would be necessary to include cross
section data to obtain a meaningful fit; accordingly, the cross sections of Ref.
4 were extrapolated to 12 MeV and included in the analysis. Starting with phase
shifts extrapolated from those of Ref. 3, a solution was obtained; the parameters
are given in Table 1. The computer program used in the search was the Los Alamos
General Energy Independent Reactance

Matrix Analysis Code (E1A2)5 . This Table 1: Nuclear Bar Phase Shifts
code fits the data with a unitary and Elastic Parameters
collision matrix and a set of inelas- 3 or =
tic parameters which multiply the LJ L-L! Inelastic
disgonal elements of the collision State (degrees) Parameters
matrix. This nongeneral, nonunitary
matrix differs from the nongeneral, ssip —132'8 0.95
nonunitary matrix used in Ref. 3, é 1 _ 77.h 0.41
so the results are not strictly com- Pl _ 3'3 0.6h
parable for those states connected p EF _ 5'0 '
with nondiagonal elements of the % 2 3.8 0.97
collision matrix. The 2x2 sub- P2 _ 1h.9 0°93
matrices of the nuclear unitary col- Pl _ 28.1 1'0
lision matrix are given in terms of DO _ 28.9 0.68
the nuclear bar representation®). DSEGS O:h7 '

We have not obtained a fit to g3 _ 5;'2 é'gg
the extrapolated cross section of F2 8.2 0.7h
quality comparable to the fits of F“ 6.8 0'91
polarization data shown in Fig. 1. G3 3.8 0.8h
The overall weighted variance (x? Gi 1'7 0.96

per degree of freedom) is 1.4. This
is subject to change, since the esti-
meted errors for the polarization data were preliminary, end since the errors
on the extrapolasted cross sections are somewhat crudely estimated.

The solution given here should not be teken as evidence that the presently
available data at this energy give a unique set of parameters. Some 15 starts
from random sets of parameters have not led to this solution, but have instead
led to solutions with larger weighted variance (ranging from 4 to 13). This is
not a sufficient search of the space to ensure that other solutions do not exist;
the only evidence for that conclusion at present comes from the connection to
the lower energy analysis.
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Cons isl)erations on
Polarized Neutron Production by (d,n) Polarization Transfer Reactions at 0°%

Gerald G. Ohlsen, P. W. Keaton, Jr., and J. E. Simmons

Los Alamos Scientific Laboratory, University of California
Los Alamos, New Mexico 8754k

We consider various aspects of zero-degree polarization transfer for (3,;)
reactions with a view toward the practical production of polarized fast neutrons.
We use a right-handeg coordinate system (xyz) with the z axis along the ingident
deuteron direction, k;_ , and the y axis in any direction perpendic¥}ar to kip-

in
The general expressions for the neutron intensity and polarization at 0° are

I(0°) = I(0°)[145<P, P, (0°)]
<0 >I(0°) = IO(O°)[g<Px>P:(O°)+§<PyZ>P§Z(O°)]
<0 >1(0°) = IO(O°)[;23-<Py>P§(O°)+%<PXZ>P§ L(0°)]
<0,>I(0°) = 10(09)[§<PZ>P§(0°)] . (1)

These relations follow from ref. 1 since all terms odd in the scattering angle,

8, become zero at 6 = 0. We have also used the restriction PZ_ = 0, which follows
from the fact that the x and y axes may be defined arbitrarily. Other zero-degree
conditions, which follow from the same requirement, are PQ, = ng = -%sz,

P = PJ, and PY, = Py, .

In the following, we specialize to cases in which the deuteron polarization
possesses an axis of symmetry, as is obtained from a polarized ion source, and
where this axis is oriented either along the y axis or the z axis. In these cases,
eq. (1) reduces to

2P P00 1 o
<g.> = : 3 I(0°) = I (0°)[1+x<P, >P% (0°)] , (2)
3 l+%<ij>P§j(Oo) 0 2 33 "33

where j is either y or z, and where <P.> and <P..> are the deuteron vector and
, . . . ﬁ J% X X
tensor polarization, respectively, with respect™to the j axis.

The intensities and polarizations for & pure my = 1 beam and for a pure vec-
tor polarized beam are summarized in Table 1. The "figure of merit", IP2, is
always larger for the my = 1 type of polarization.

Table 1
I/1 Neutron Polari-
Beam Polarization zation at 0°
o - Lo 37 /(14190
<P >=<P >=1 1 <g > = /(1+=P~ )
y Yy 2yy y 2y 2yy
<P > = g-’ <P > =0 1 <g > = Py
y 3 yy y y
_ _ 1.0 _ Z o
<Pz> - <Pzz> =1 l+§PZZ 0,7 = ng/(l+%Pzz)
<P > = 23 <P > =0 1 <g > = Pz
2z 3 22 Z Z

The T(E,;)“He reaction has been shown to produce highly polarized neutronsz)
at 0°. TFor this case, where the spin structure is relatively simple (1+% -+ %+0),

¥Work performed under the auspices of the U. A. Atomic Energy Commission.
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we can deduce several general properties o§ the transfer coefficients. First,

Pg,’ and P}?.y are connected by an 1nequa11ty

(3% S (120 ) (14287 ) (3)

This shows, for example, that P9, is always between -1/2 and +1. Note that the

allowed range of PO is such thy¥ the polarized cross sections may vary between

the extremes 3I,/4"‘and 3I,/2, and that if PY(0°) is nonzero, an even smaller

range is lowed. For the longitudinal polarization case, P and P zo Obey the -
relation3/ 3pP%(0°)/2 = 1+P2,(0°)/2, so that <o,> = 1 for any energy. In this

case, however, the po}arlzed cross section may vary between 0 and 3I, /2. 1In

the range 0-15 MeV2s P° (0° < 0 so the longitudinal polarized cross section -
is less than I, and the transverse polarized cross section is greater than Ig.

In the general (d,n) case, one would expect a stripping mechanism to dominate
at hlgher energies. Ideal stripping requires P§(0°) = P2(0°) = 2/3 and Pyy
= P, = 0. These limits appear to be closely approached in the D(d,n)3He’ caseS).
Effects of the deuteron D state are not taken into account in the above limits;
we are currently considering this problem.

The cross section for both the D(d,_r:) and T(d,_ﬁ) reactions at angles where
appreciable polerization is obtained with unpolarized projectiles is ~5 mb/sr.
In contrast, the zero-degree cross section is ~100 mb/sr and 20 mb/sr, respec-
tively. In addition, the ability to reverse the neutron spin by controls at the
ion source obviates the need for a spin precession solenoid, so that a tighter
geometry is permitted for many experiments. Thus, in the transverse neutron
polarization case, the present technique will yield a given neutron flux with a
polarized deuteron current between 1land 2 orders of magnitude lower than required
in the unpolarized deuteron case. The lower deuteron energy required to deliver
neutrons of a given energy would tend to reduce the background, as would the
reduced incident flux of deuterons. Thus, the signal-to-noise ratio should also
be substantially improved, except where the background comes primarily from break-
up in the reaction itself. In addition, the zero-degree geometry often permits,
from the background point of view, a more favorable location for the detectors.
Thus, it would appear that the polarization transfer technique is a highly com-
petitive method for obtaining polarized neutrons with presently avaeilaeble polarized
deuteron beam intensities.
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A Precise Method for the Determination of Secondary Standards
for Deuteron Analyzing Tensors¥®

P. W. Keaton, Jr., D. D. Armstrong, G. P. Lawrence,
Jd. L. McKibben, and Gerald G. Ohlsen

Los Alamos Scientific Laboratory, University of Californis
Los Alamos, New Mexico 875hk

Two-body nuclear reactions in which one of the initial particles has spin-1
and the remaininglyhree particles have spin zero have uniquely determined

analyzing tensors These are
o} _ o _ 0 _ o - _ (e} _
Py(e) =0 , sz(e) =0, Pxx(e) =1, Pyy(e) = -2 , Pzz(e) =1, (1)

where we use the right-handed coordinate system with y along Kin x Kout and z
along kin. The general cross section expression is

3 0,2 o 1 o .1 o ,1 o
= +==< +=< +==< +=< P
1(68,4) Io(e)[l'2 Py>Py 3Pz Prrt 3 P P a3y oy 'S PZZ>PZZ] R (2)

where I.(8) is the cross section for an unpolarized beam. Substituting Eq. (1)
in Eq. (2), and using the identity <Pyx> + <Pyy> + <P,,> = 0, we obtain

1(8,9) = I_(0)[1-<Pyy>] .

<Pyy> may be expressed in terms of the tensor polarization of the beam, pyy, with
respect to its quantization exis and the angles 8,4 which describe the orientation
of the quantization axis with respect to the xyz coordinate system?/:

[3sin28cosz¢-l]

<Pyy> = 2 Pz
Thus, if we define the cross section for "left," "right," "up," and "down" as
L =1I(6,0°), R=1I(6,180°), U = 1I(6,270°), and D = I(6,90°), we have

b 1 .. 2 o 1
L=R= IO[1+§-pZZ (1-3sin“B)] U=D-= Io[1+2 pZZ]

The reaction !60(d,a;)1%N (2.31-MeV state) posseses the required spins and
has been shown to have a cross section large enough to make its use feasible
at deuteron energy T.l MeV and laboratory angle 35°.3 Our purpose here was to
find an angle and energy for which the (d,n) reaction has acceptably high yield,
which coincides with an angle and energy at which the reaction to be calibrated
has a sufficiently large analyzing power to be useful. If the target material
for the reaction to be calibrated is gaseous, it may be mixed with the oxygen
so that both reactions may be observed simultaneously. The analyzing power being
determined may then be deduced from a ratio in which uncertainties or instabil-
ities in the beam polarization and possible misalignments in the detection ap-
paratus have no effect.

We have used this method to determine the analyzing tensors for “He(d,d)%He
elastic scattering at 9.80 MeV and at a laboratory scattering angle of 60°. Our
results are as follows:

¢} _l o [e} [e] _
/§'T22(6o ) = 51p% (60°) - Pyy(60°)] = +0.553 + 0.008

- o o -
/E'T20(6o°) = [Pzz(60 )] = +0.330 + 0.005 .

¥Work performed under the auspices of the U. S. Atomic Energy Commission.
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B = 54.7° and left, right, up, and down detectors were used for the (ng—Po )/2
measurements. With this choice of B, we may write, for any analyzing reac%Xon,

(L+R)-(U+D) _ 1

)
L+R+U+D 6 Pzz (Pxx'Pyy) '
Since P° -P° = +3.0 for 160(d,q1f“N*, ng—Po for d-“He scattering can be obtained

by e ra%%o g¥ simultaneously observed asymmetries. For other choices of B the
enalysis is somewhat more complicated. The quantity P$, was obtained by measuring
mr = 1 tomp = O ratios?) with g = 0°.

The principal uncertainty in the present calibration arises from the back-
ground contribution to the 16O(d,al)l“N* yield. The beam polarization calculated
from either the B = S4.7° data or from the B = 0° data is increased by ebout
1.5% when a reasonable estimate of the background is subtracted from the yields.
The quoted errors assume a T0% uncertainty in the background subtraction which
is combined quadratically with the statistical error.

A scan of the d-"He analyzing powers versus energy (+200 keV) and angle
(+3°) was made in order to establish the accuracy required in reproducing these
parameters. We find that neither (PQyx-P2.)/2 nor P9, varies by more than 1.5%
if the angle remains within #1° of the nominal value and if the energy remains
within 100 keV of the nominal value.
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APPENDIX: Derivation of the Cross Section

The work presented here utilizes the unique properties of a reaction in
which all interacting particles have zero spin except for one spin-one particle
in the entrance channel. Such a reaction can be written symbolically as
1+0 ~ 0+0. It will be shown that this reaction has a tensor analyzing power
for deuterons which is independent of bombarding energy and scattering angle.
The polarization of a particle produced in a reaction of the form 0+0 » 1+0
may be obtained from a trivial modification of the calculation presented below,
or from time reversal arguments.

A. Scattering Matrix and Coordinate System. The present formalism is similar
to that of Csonka et al.¥* We begin by noting that the scattering matrix
can be expanded in terms of the eigenfunctions of a spin-1l particle:
_ + +
M= a;x; * e X, ¥ a_ix_y > (A1)

where aj, a, and a; are scalars. The spin-one eigenfunctions can be written
as follows:

1 0 0 |
I .

For a spatial representation, we use the following unit vectors:

n along ﬁin X ﬁout . k along Ein . ﬁ along nxk . (A3)

Since the right-hand side of Eq. (Al) may be regarded as the dot product of two
spherical vectors, it is clear that we can also write M as follows:

M= bxx; + byx; + bzxz , (AlL)
where ; = Xy 3 + xyn + X, k is a pseudovector and where bx, by’ and bz have even parity
In this representation the components of x may be written

_1 (’%) -4 (3) - (i) (a5)
SV B R AV b T ) B

Conservation of parity requires the scattering matrix to obey the relation

M(Eln ﬁout’x) (-Kin’_iout’;) ? (26)
which can only be satisfied if bx = b, = 0. Therefore, the most general M matrix

¥P, L. Csonka, M. J. Moravesik, M. D. Scadron, Ann. of Phys. 41 (1967) 1
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which describes a reaction of the form 1+0 -+ 0+0 and which conserves parity
may be written

M = byxy . (AT)

It can be shown that by is an odd function of the scattering angle 6.

B. Density Matrix and Cross Section. The initial density matrix, pi, may be
expanded in terms of the properly normalized Cartesian tensors¥*

3 2 1
B ey o, o

where I is the (3x3) unit matrix, the P, 's are the three spin-one matrices Sy,
Sy, and S;, and ij can be written

_ 3 _
Pdk =3 (stk + sksj) zajk , (A9)

where j,k take on values x, ¥y, and z. The matrices are explicitly given in
Table Al. Thus, the initial density matrix expansion is

i 1 i
{I + Y [—<P >ip +—<ij> ij4—<PJJ JJ,]} . (A10)

where the bracketed quantities indicate expectation values for the incident
deuteron beam.

The cross section for an arbitrarily polarized incident beam is
i+
I(6,9) = Tr[MpM ] . (A11)

The cross section, I » for an unpolarized incident beam (i.e., for p =(1/3)1)
can be calculated dlrectly

2
(v..)2 |

1 F,01 1y
I ==Tr[MM'] == « —L— « 7p (1,0,1){0] = —— . (A12)
o 3 3 2 1 3

Thus, b, is determined to within an arbitrary phase factor. We may require by
to be real. Therefore, the M matrix may be written as follows:

M = (310)1/2 Xy - (A13)

Since by is an odd function of 6, I, vanishes as 5in26 near 6 = O.

*J, L. Gammel, P. W. Keaton, Jr., and Gerald G. Ohlsen (to be published)
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C. Anslyzing Power. The cross section for an incident polarized beam may now
be calculated by substituting Eq. (A10) into Eq.(All). Using the matrix form
of the Cartesian tensors (see Table Al) one may calculate all of the components
of Tr(mpiMT) and show that

I, = %-Tr[MMT]
%ioPg = %.Tr[MPjM+] =
%o = gTr[ijkm’fl =0, ¥k
s, = et g1 - 3,
éIOP;y = %-Tr[MP&yM+] = ~§ I
P, =5l u1=2r (A1)

Substituting Egs. (All) and {A10) into Eq. (All), we find
1 i 2 i
I(6,4) = Io[l+§<Pxx>l_§<P >t

1 i
+§<Pzz> 1. (A15)
An incident deutergn beam with tensor polarization Pyo and symmetrx axis
making an angle B with ki, and with an angle ¢ between n and. kln X S X Kip has
the following beam quantities in the reaction coordinate system,
i_1 2, . 2
<P_ > = 5{3s1n Bsin“¢~-1] Pyy
i_ 1lp, ... 2 2
<Pyy> = 2[3sm Bcos“¢-1] Py
i_ 1 2
<PZZ> = 2[3cos B~1] Pyy - A (A16)

Substituting Eq. (A16) into Eq. (A1l5), we obtain the analyzing cross section for any
reaction of the form 1+0 =+ 0+0

1(6,6) = I_[1+3 p,, (1-3sin®Bcos®e)] . (A17)

Pyz

Note that there is no cross section dependence on the beam vector polarization
pZ, and that the entire 6 dependence is contained in the factor I (9).
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sjsk+sksj)—26Jk

3
B

I, Pj' and PJk

Table Al:
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THE SCATTERING OF POLARIZED PROTONS BY TRITONS AT 13.6 MeV¥*
J. L. Detch, Jr., J. H. Jett, and Nelson Jarmie

Los Alamos Scientific Laboratéry, University of California
Los Alamos, New Mexico 875LL

The asymmetries in the T(ﬁ,ﬁ)T reaction were measured at 13.600 % 0.015
MeV. The polarized protons were supplied by the LASL Lamb shift polarized ion
source and accelerated by a tandem Van de Graaff. Previous measurements of

proton asymmetries in this energy region were made by Rosen and Lelandl) at
14,5 MeV.

The experiment was performed with a single detector telescope using the
same apparatus previously used for high accuracy (0.4% relative accuracy) cross
section measurements. Basically, the equipment -consisted of a thin-window
(2.3 micrometers Havar) gas scattering cell which was pressurized to 0.25
atmosphere with tritium. The detector system has a 1° angular acceptance
(or & G-factor of 1.06 x 10~*). The included angle between left and right
detector settings was known to + 0.03° and the beam was constrained by slits
so that it could not wander more than 30.06° between left and right measure-
ments. The beam was integrated in a standard way to an absolute accuracy of
+0.2%. A more detailed description of the apparatus used and error discussion
is contained in ref. 2.

The data were taken at two different times. The majority of the data
were taken during the first run and without an independent measurement of the
beam polarization other than by the quench ratio method. The second data set
consisted of 3 data points on the back angle peak and followed an extensive
check of the beam polarization using p-o scattering as an analyzer. For this
last run, the beam polarization was known to %1.0% and the two sets of data
were consistent.

The,resulting data are shown in fig. 1 along with the data of Leland
and Rosen ). For all but two of the data points, four measurements were made,
being two measurements on each side of the chamber with the proton spin up and
down. This method eliminates certain geometrical systematic errors.

The results are listed in table 1 along with the total error which in-
cludes the error in the knowledge of the beam polarization. The statistical
uncertaintity was the predominant contribution to the errors except for the
largest asymmetries.

¥Work performed under the auspices of the U.S. Atomic Energy Commission.
lL. Rosen and W. T. Leland, Phys. Rev. Letters 8, 379 (1967).

2Nelson Jarmie, Ronald E. Brown, R. L. Hutson, and J. L. Detch, Jr., Phys. Rev.
Letters gﬁp 240 (1970)3 J. H. Jett, J. L. Detch, Jr., R. L. Hutson, and
Nelson Jarmie, to be published.
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Table 1

Asymmetries in T(p,p)T scattering at 13.6 MeV

8 ab Oem A SA %ap  fcm A sA
15.0 20.0 -0.012 0.004 90.0 109.7 0.122 0.025
20.0 26.6 -0.031 0.005 97.5 116.9 0.626 0.020
30.0 39.7 -~0.051 0.006 105.0 123.9 0.690 0.030
40.0 52.5 -0.097 0.008 105.0 123.9 0.712 0.018
50.0 65.0 =0.156 0.012 120.0 136.9 0.405 0.012
60.0 77.0 -0.224 0.012 140.0 152.5 0.205 0.021
70.0 88.5 -0.296 0.015 150.0 159.7 0.111 0.013
80.0 99.4 -~0.263 0.020 160.0 166.1 0.075 0.011
1.0 T T T T T
|- @ PRESENT DATA [(3.60 MeV —
0.8 O LELAND 8 ROSEN (4.5 Mev ]
N o Y 4 -
T
0.6 (p, ﬁ) T & _
5 | fr -
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£ ol ¢ -
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S 0.2+ ] —
o o é { _
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= - .} -
-0.2— -
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L
-0.4 § —
- -
| | 1 1 1
(o] 60 120 180

C.M. ANGLE, DEGREES

Figure 1. Asymmetries in T(%,E)T scattering.
The data of Leland and Rosen are from ref. 1.
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POLARIZATION ANGULAR DISTRIBUTION FROM THE T(d.,'ﬁ)h

He REACTION AT 7.0 AND 11.4 MeV*
W. B. Broste and J. E. Simmons

Los Alamos Scientific Laboratory, University of California,
Los Alamos, New Mexico 8754l

Angular distributions of the polarization of neutrons from thé T(d,n)hHe
reaction have been measured for incident deuteron energies of 7.0 and 11.h MeV.
By accelerating tritons onto a deuterium target, it was possible to obtain data
for T(d,n) He neutron emission angles which could not be reached whén deuterons
were accelerated onto tritium.

Neutron polarizations were analyzed by scattering from liquid helium
at laboratory angies between 115° and 125°. The measured asymmetries were
corrected for the effects of multiple scattering in the hélium and finite
polarimeter geometry. Polarizations were derived using n-helium analyzing
powers calculated from the phase shifts of Hoop and Barschall.l) Analyzing
angles for neutron energies above 20 MeV were chosen where the calculated
analyzing powers showed the least discrepancy with recent n-helium polarization
measurements.

Figures 1 and 2 show the present data: Solid circles represent polari-
zations obtained from the T(d,n)hHe reaction, while the triangles are data
obtained using the D(t,n) He reactions at center-of-mass conditions equivalent
to the T(d,n)hHe at the lab angles for which the data are plotted. The open
circles on the figures are the measurements of Brown and Haeberlig) on the

3)

charge conjugate 3He(d,;)hHe reaction at 8.0 and 12.0 MeV. The two sets agree

well, except for the magnitude of the polarization at 6 = 3O°lab’ and small
differences in shape between the 11.k4 MeV T(d,g)hHe and 12.0 MeV 3He(d,g)hHe
data beyond 90° lab. It should be noted that interpolation of the Brown and
Haeberli data to 7.0 MeV yields a value for the 30° proton polarization which

is consistent with the present value of neutron polarization within experimental
errors. However, recent data3) from this Laboratory on the T(d,n) He polariza-
tion at 30° indicate that there are significant differences between the proton
and neutron polarization from the two reactions for deuteron energies between

8 and 12 MeV.
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Theoretical interpretations of the present results and other data on
the T(d,n)hHe reaction are being pursued within the framework of a phenomenolog-
ical reaction matrix analysis. The effect of spin-orbit distortions in entrance

and exit channels is also being studied.
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NEUTRON-HELIUM POLARIZATION AT 27.3 AND 30.3 MeV*
W. B. Brostéfand J. E. Simmons

Los Alamos Scientific Laboratory, University of California
Los Alamos, New Mexico 8754l

As part of an effort to obtain more accurate valués for the polariza-
tion analyzing power of n-~alpha scattering for neutron energies abové 20 MeV,
the n-alpha polarization angular distribution has been measured at this
Laboratory for six neutron energies between 11.0 and 30.3 MeV. Data obtained
at 11.0, 17.7, 23.7, and 25.7 MeV have been reported on at an earlier meeting.l)

The asymmetry in scattering polarized neutrons from helium was measured
for neutron energies of 27.3 and 30.3 MeV for angles between 50° and 130° (1lab.).
Partially polarized neutrons were obtained from' the D(t,n)hHe reaction at an
angle near 30°

Incident energies of E, = 12.0 and 14.9 MeV provided neutron

lab® t
energies of En = 27.3 and 30.3 MeV, respectively. The value of the source

polarization P, was determined for the 27.3-MeV data in a measurement on the

T(d,n) He reaciion at the same center-of-mass conditions as were used in the
D(t,n)hHe source reaction. The resultant neutron energy is 13.2 MeV; therefore,
Pl may be determined fairly reliably from the measurement of the asymmetry in
n-He scattering at 115° (lab). From this measurement, it was found that Pl =
.53 * .015. Pl for 30.3 MeV data was interpolated from T(d,n)hHe data,z) and
had a value Pl=.h6 + ,05. The asymmetries were corrected for multiple scatter-
ing of neutrons in the helium, and the effects of finite geometry, then divided
by Pl to determine the n-He polarization function P(8).

Figures 1 and 2 show the final polarization results for the two energies.

3)

Solid curves are the predictions of the Hoop-Barschall phase shift set at

27.3 and their smooth extrapolation to 30.3 MeV. Figure 1 also shows the data

of Arifkhanov et al.p)

at a neutron energy of 27.8 £ 0.9 MeV, where their
asymmetry data have been converted to polarizations using a value for Pl obtained
in measurements of the T(d,n)hHe 30° polarization at this Laboratory. Pre-
liminary phase shift analyses have indicated that small changes in the Hoop-
Barschall phases result in good fits to both cross section and polarization

data at the two energies.
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Improvements in Performance of a Liquid Helium Scintillation Counter*
J. C. Martin, W. B. Broste and J. E. Simmons

Los Alamos Scientific Laboratory, University of California
Los Alamos, New Mexico 8754k

Since the liquid helium scintillation polarimeter of Simnmons d Perkinsl),
many improved LHe scintillators have been constructed?23:425:65758) por
optimum energy resolution in a LHe scintillator one needs a uniform pulse-height
response over the entire volume of the scintillator. This response depends on
the uniformity of the wave shifter and the light collecting geometry. Recent
publications have reported resolutions (FWHM) of between 11% and 30% for alpha-
sources?23s5 and between 9% and 13% for gated He-recoil distributions for
elastic scattered neutrons Pulse-height uniformity measurements3>7 28
with an alpha-source showed varlatlons from >2% to *40%. Our recent work has
shown that pulse-height uniformity can be significantly improved by using a
thicker coating of wave shifter on the photomultiplier window of the scintillator
cell relative to that on the wall.

In our present scintillation counter the vacuum ultraviolet helium scintil-
lations are wave shifted by a vacuum evaporated deposit of p,p'-diphenylstilbene
(DPS) on the reflector and window of the scintillation cell. The reflector is a
ceramic shell of fired Al;03. The window is 0.25 cm x 5.0 cm diam sapphire. The
active volume of the cell is 150 cm3 (4.7 moles LHe). The photomultiplier
(RCA 7326), housed in the cryostat vacuum, views the scintillation cell through a
hollow polished aluminum light cone, and is cooled to ®120°K to minimize the
radiant heat load on the LHe cell. Heretofore we employed DPS coatings of
100 ug/cm on the reflector shell wall and 50 ug/cm on the window. Under these
circumstances our resolution was only about 25% FWHM for 15 MeV He recoils.

Recent measurements with a test cryostat and a movable c-source revealed a
marked axial non-uniformity in the pulse-height response for the above DPS pre-
scription. The light output variation along the cell seemed to indicate a light
collection problem in the vieinity of the window. Consequently we increased the
window DPS coating while holding the reflector coating constant. The result was
an improvement in pulse-height uniformity with increasing DPS thickness on the
window. For =200 ug/cm2 on the window the light output variation was reduced to
T%% from an initial value of ~L0%.

In view of this information the polarlmeter scintillation cell was recoated
with *100 ug/cm on the reflector and *200 ug/cm on the window. Using 4 to 32
MeV neutrons from the T(p,n)3He and T(d,n)“He reactions at 0°, the response of
the recoated cells was observed. A NE 102 (5.0 cm x 18.0 em x 7.6 cm)-RCA 8575
detector for the recoil neutrons was used in coincidence with the LHe scintilla-
tion counter. The geometry of the experiment was: R; = 99.1 cm, 6] = 0°,
A®y = £1.75°, Rp = L2.2 cm, 65 = 137.7° and A8, = $3,45°, Both He-recoil singles
and coincidence-gated He recoils were observed over the neutron energy range.
Fig. 1 shows typical pulse distributions. The left panel shows the singles spec-
trum with the prominent n+He + d+t peak; the right panel shows the coincidence-
gated He recoil spectrum. The gated He-recoil resolution (FWHM) ranged from 8%

¥
Work performed under the auspices of the U. S. Atomic Energy Commission.
tAssociated Western University Fellow from University of Wyoming.
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for Ege = 19 MeV to 22% for Eye = 3 MeV. The light output as a function of
helium-recoil end-point energy exhibits the same nonlinear shape as reported by
Piffaretti et al*). The resolution for the n-He (d+t) breakup peak varied from
10% for Eg.4 = 1b MeV to 15% for Egyq = 5 MeV.

By increasing the DPS thickness on the sapphire window to =200 ug/cm2 we

have improved the He-recoil resolution by a factor of three, without appreciably
lowering the light output of the scintillator.

Fig. 1 ! ‘ N-He SCINTILLATION,IE,‘ 205 v '
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Asymmetries in Protons from the Reaction of Deuterons
with a Polarized 3He Target*

Bob E. Watt and W. T. Leland

Los Alamos Scientific Laboratory, University of California
Los Alamos, New Mexico 875kLk

We have investigated the asymmetry of the protons produced from 3He(d,p)“He
reactions when using a polarized 3He target. The general experimental setup
and pro$edures were identical with those described in our paper on deuteron scat-
terlng » with the exception of the detector system. We used a pair of solid
state detectors arranged as a telescope. By using appropriate absorbers, coin-
cidence techniques and pulse height discrimination, we were able to reduce the
background counting rates to a negligible amount.

Tables 1, 25 and 3 present our data along with that previously published

by Baker et (BRWP). To facilitate direct comparison, we have multiplied
Table 1. Angular asymmetries for Table 2. Angular asymmetries for
reaction protons at 6 MeV. reaction protons at 8 MeV.
Present Ref. 2 . Present Ref. 2
8. m. Ar(e) 1.2 ALR(e) O m. Ar(e) 1.2 ALR(e)
- 34.8° -0.43+0.05 L1° -0.83+0.17
51.7 -0.70+0.07 52.6 ~0.85+0.19
59.4 -0.63 +0.03L 60.3 -0.51+0.0L4
63.3 -0.525+0.035 69.4 -0.36+0.11
68.3 -0.35+0.08 T2.7T =0.33£0.04
71.6 -0.4h +0.04 81.7 -0.1T7+0.04
80.6 -0.38 +0.0kL 85.3 -0.1 #0.11
89.4 -0.08+0.06 91.9 +0.06%0.03
90.6 -0.1k4 +0.0k 101 +0.19+40.13
102.0 +0.01 +0.0L4 103.3  +0.29+0.04
104.5 +0.13+0.1 114.4  +0.50+0.0L
108.3 +0.16 #0.03 : 115.5 +0.42+0.17
113.2  +0.32 0.0k 122.9  +0.50+0.0k4
117.8 +0.2L4 +0.03 130.2  +0.L48+0.0k
121.8 +0.33 +0.0k 136.7 +0.50+0.0L

125.6 +0.37 +0.03
129.2  +0.35 +0.0h4
135.8 +0.L3 +0.06
135.8 +0.34 +0.04

the data of BRWP by 1.2 to take into consideration the 20% difference in the tar-
get polarizations as calculated by the relation we used as compared to theirs.
The listed errors are statistical only.

Plattner and Keller3) have pointed out the approximate agreement between
their measurements of Py and the data of BRWP. Figure 1 displays data of Plattner
and Keller slong with ours and that of BRWP multiplied by 1.2. We would agree
that Py = A3He is a good approximation at higher energies and forward angles

but do not agree that it holds at lower energies.

¥Work performed under the auspices of the U. S. Atomic Energy Commission.

32-1



[ [ | | | |
o6 .
8 ¢ PRESENT DATA TN ﬁ
04 i REF. 2 / ; { \ A
- —-—REF. 3 P, }5{ v \ A
0.2+ 3 -

Fig. 1. Proton — . -

asymmetry from 0 /E

3He(d,p) *He A,

reaction with B ‘\\ 7

polarized 3He. 0.2+ \ . 6 MeV

04 ~ {/§ .
B N EE 1
-06- { 3 —

-08 | { ] [ | | |

0 40 80 160

ec.m.
Table 3. Angular asymmetries for
References reaction protons at 10 MeV.

1. B. E. Watt and W. T. Leland, . Pze?gr)‘t L pet %e)
"Asymmetries in Deuteron c.m. r : ALR
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A Proposed 0.4 K Polarized Proton Target Cryostat for LAMPF#
F. J. Edeskuty, C. F. Hwang, K. D. Williamson, Jr.

Los Alamos Scientific Laboratory, University of California
Los Alesmos, New Mexico 87544

A polarized proton target cryostat design is described which is intended
for 0.4 K operation in the LAMPF external beams for various scattering experi-
ments. It has been shown by Hill et al. 1) that proton polarization of the order
of 70% can be obtained in butyl-alcohol coped with gorphyrexide at temperatures
near 0.4 K. Previous experiments at CEA2) and SLAC indicated that an alcohol
target is capable of tolerating 1010 minlmum ionizing particles per second for
periods of a few hours without losing a substantial part of its initial polariza-
tion. When annesaled at 77 K at suitable time intervals, an alcohol target may
last as long as 24-36 hours"’). In consideration of the expected target life
versus reaction yield, the optimized design beam intensity was chosen as 3 x 10°
(300-800 MeV) protons per second (corresponding to ~10'0 minimum ionizing particles
per second). Under these circumstances, even with the annealing process, it will
be necessary to replace the target material periodically. The cryostat is de-
signed to facilitate such target changes as required (daily). In order to avoid
loss of 3He while changing targets it is not desirsble to have 3He in direct con-
tact with the target material. Therefore to transfer the heat from the target to
the 3He bath a “He heat-exchanger has been included in the design.

Hill et al. 1) estimated that 30 mW of refrigeration should suffice to cool
a 10-gram target and the microwave cavity. This estimate is consistent with the
experience of Masaike®/. By anchorlng the microwave at 1.0 K it is anticipated
that the microwave loading to the 3He system will be less than 5 mW. For protons
of 300-800 MeV traversing a 2 gm/cm2 alcohol target, the energy loss is between
0.8-1.2 x 10~° mW-sec per particle or 3-4 mW for design beam intensity. Combining
these two loads a total refrigeration demand of about 10 mW at 0.4 K in the target
material is anticipated.

A schematic diagram of the proposed target is shown in Fig. 1. The precool-
ing of the 3He gas as well as the 1 K and 77 K shields is provided by a modified
Roubeau®) cryostat, in which “He enters by a tube (13 on Fig. 1), is precooled
by a heat exchanger (8 on Fig. 1), and evaporates at near 1 K (6 on Fig. 1).

The pumped vapors provide the precooling in the heat exchanger (8 on Fig. 1).

This Roubeau principle is repeated in the 3He loop by means of inlet tube (14),
condenser on (6) and evaporator (L4) (all on Fig. 1) with an expected 3He evap-
orator temperature of 0.3 K. Heat is transferred from the target to the 3He
evaporator by a closed superfluid “He heat exchanger. The YHe is in direct con-
tact with the polarized target material. The chief impedances in this heat
exchanger are three Kapitza resistances and the relatively poor heat transport
capability of the He IT in this termprature range. A separate, preliminary experi-
ment to study these impedances is in progress.

The festures incorporated into the cryostat design to permit rapid sample
changes are a completely removable target-refrigerator system and a quick dis-
connect joint between the target and the “He heat exchanger tube wall. The warm
O-ring seal (12 on Fig. 1) permits removal of the entire inner structure of the
cryostat and the 3He handling system when one exterior flange (not shown in Fig. 1)
is unbolted. After extraction of the double-Roubeau section from the vacuum

¥Work performed under the auspices of the U. W. Atomic Energy Commission.
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jacket the target cell can be replaced by removing the hemispherical cavity wall
(5 on Fig. 1) and by opening the quick disconnect Indium O-ring joint (2 on Fig. 1).
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Fig. 1. Schematic Diasgram of Cryostat: 1) target cell, 2) quick disconnect
joint, 3) "He to °He heat exchanger, %) 3He evaporator, 5) microwave cavity,

6) “He evaporator, 7) “He expansion valve, 8) “He heat exchanger, 9) “He precool-
ing valve, 10) “He separator, 11) N, supply inlet/outlet, 12) warm O-ring sliding
joint, 13) “He fill and vent lines for separator, 14) 3He fill line, 15) micro-
wave guide, 16) 3He pump-out, 17) “He pump-out, 18) “He fill line for low tem-
perature heat exchanger.

The 3He pumping system consists of three Edwards 9BL4 diffusion booster pumps
each with a pumping speed of 3800 %/sec at an inlet pressure of n10~3 torr, backed
by an Edwards 550 forepump. The 3He stream can be continusouly purified by a cold
trap between the forepump and cryostat inlet. With these pumps and the designed
pumping line sizes, we anticipate the following temperature-power input relationships.

Power, mW 10 20 40 80

Teva.pora.tor, K 0.30 0.32 0.3k 0.37

Tearget, K 0.k0 0.k42 0.Lk 0.47

M, Sifioles 1.8 3.6 7.2 1h.4
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Anslyzing Power of the T(a,a)n Reaction at Low Energies*
Gerald G. Ohlsen, J. L. McKibben, and G. P. Lawrence

Los Alamos Scientific Laboratory, University of California
Los Alamos, New Mexico 875hk

For energies less than 100-200 keV, the T(d,a)n reaction is known to proceed
almost totally through s-wave deuteron absorption. If one assumes s waves only,
and further assumes that the polarization of the incide?t deuterons possesses
an axis of symmetry, the cross sections may be written!

I =1 (1< >p0) , PO = E(3cos®0,-1) , (1)

where <P__> is the tensor polarization of the deuterons and where 8g is the center-
of-mass direction of emission of the observed reaction product, both with respect
to the quantization axis. g is the parameter which is to be measured; if the
reaction proceeds completely through the J = 3/2+ intermediate state, g = 1.

Note that the general analyzing tensor restriction -2 < sz < 1 requires that

-l <g«< 2,

In the present paper, we report measurements of the T(d,a)n analyzing power
at 51, 76, and 93 keV deuteron energies. Since a thick tritium-zirconium tar-
get was used, the quantities actually determined were energy averages of g of a
certain forml), The average values of g, which we shall call &, are the quanti-
ties directly of interest for use of the reaction as a calibrated analyzer.

The experiment consisted of the determination of gp, where p is the spin
state purity of the beam, by a ratio method together with a determination of p
by the quench ratio method. The beam quantization axis was parallel to the beam
direction. Two detectors at 90° and two detectors at 165° were employed at azi-
muthal angles such that there was an unobstructed view of the solid tritium-
zirconium target. The beam was collimated by 5 mm x 5 mm slits 30 cm upstream
from the target.

Ratios between the yields for my = 1, = 0, and = -1 beams were used
to determine Ep. (We refer to the states by the my value which characterizes
the large magnetic field 1limit.) This requires an accurate knowledge of the
relative tensor polarizations of the three states (see table 1). Since the field
in the negative-ion formation region of the ion source

was V60 G, i.e., strong with respect to the deu- Teble 1
terium atom 257 /o hyperfine interaction, these ratios Tensor
are well known and extremely insensitive to vari- State Polarization
ation of the magnetic field. Experiments with my=1 P

the polarized beam accelerated to tandem energies my=0 -1.966p
have verified that the relative polarizations are my=-1 0.952p

as expected to an accuracy of 0.5% or better.

The quantity gp can be determined from the relative yields, Y, observed in
a single detector with an mr = 1 beam followed by an my = O beam, or by an mr = 0
beam followed by an my = -1 beamn:
_ h(Yl-Yo)

(—1.966Y1+Y0)(3cos268—1)

h(YO—Y_l) (2)

(0.952fo-1.966Y_1)(300326 -1)

or gp =
S

The value of gp obtained from each of the four detectors and from each of the
types of ratios was consistent to within the #0.007 to *0.01l statistical error
on each determination.

¥Work performed under the auspices of the U. S. Atomic Energy Commission.
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The factor p was measured by a quench ratio method. If we denote the yield
and center-of-mass angle which corresponds to a 165° (90°) detector by Yl65 and
8165 (Yoo and 8gg), it follows from eq. (1) that the sum Y, where

_ 2 2
Y=Y ) [(3c0s"04,-1)/(3cos 6165—1)]Y (3)

90‘(”90/”165 9 165

is proportional to the number of deuterons incident on the target during the count-
ing interval, irrespective of their polarization. The factor n;g /n90 is a rela-
tive detector efficiency factor (including kinematic factors); this was determined
from the ratio

(nygs/ngg) = (¥y6s/Ygq) (1-EERK (3e0s®0 1)1/ (148K, (300570 6o-1)) T > (M)

where Ka =1, -1.966, or 0.952 for my = 1, O, or -1 beams, respectively, and where
the value of gp calculated from eq. %2) was used.

The data cycle consisted of five or more sets of six counting periods with
the ion source conditions varied in the following sequence: my = 1 selection,
quench, my = 0 selection, quench, my = -1 selection, and quench. Timed intervals
were used (10 sec, 20 sec, or 40 sec) for each counting period. The source cur-
rent varied by only a few percent during the acdquisition of the data at a given
energy, so the summing over 5 or more data sets is believed to assure that the
amount of charge delivered in the various cases does not vary by more than a few
tenths of a percent. The beam spin state purity was determined from ratios of
the quantity Y with one of the spin states being selected by the spin filter and
with the beam quenched, according to the formula

p = [Y(filtered)-Y(quenched)]/Y(filtered) . (5)

Note that the data sequence employed measures the quench ratio and gp essentially
simultaneously.

The final values for gp, p, and g are given in table 2. Also given is E, the
mean energy estimated from yield versus energy data, and the corresponding c.m.
angles for the detectors. Statistical errors only are shown on all quantities.

We believe systematic effects could rnot be as large as 0.0l. The results agr?e

with preliminary results obtained in a similar experiment at this labogﬁtory2

and indicate a value of § somewhat larger than was previously believed Also,
¥ appears to be independent of energy over the range studied.
Table 2
E, 3 %90 8165 _
(kev) (keV) (90°1ab) (165°1ab) ep P €
S1 ko 93.8° 165.8° 0.868+0.006 0.905+0.001 0.959+0.006
76 58 9L ,.1° 166.0° 0.856+0.003 0.901+0.001 0.950+0.003
93 67 9L ke 166.1° 0.856+0.004 0.902+0.001  0.949+0.00L4
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Formalism for Spin-3/2 Beams¥*
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Very recently, Holm et al.l) produced polarized 61i nuclei using an atomic
beam source. Consequently, the polarization of 7Li, which has a nuclear spin
of 3/2, would appear to be feasible in the near future. It is the purpose of
this paper to discuss the formalism necessary to treat a beam of spin-3/2 particles.

The cross section for the interaction of a particle of spin J can be written

I(8) = Io(e) ;g; Ty Tﬁq(e) R (1)

where the spherical tensorsz), qu, have rank k < 2j with the restriction IQ| < k.
The expectation values <qu> refer to the initial beam polarization and the qu(e)

are analyzing tensors for the reaction. The spherical tensors are orthogonal

. + _ .

in the sen:e that Tr[Tk,q,qu] = (2j+l)6kk,6qq,. Furthermore, using the operator
property T, = (—l)qTk » we see that eq. (1) is an invariant contraction of

tensors. Io(e) in eq. ?l) is the cross section for an unpolarized beam.

As a coordinate system for the interaction, we choose the z axis (k) along

the incident beam direction, k. , the y axis (A) along k. x K (where k is
in in out out

the outgoing particle direction), and the x axis (p) along # x k. Under parity
inversion K. -+ -k, , and & > -k__., which transforms & - -&, A » +A, and

in in out out
P > -p. Therefore, conservation of parity requires that analyzing tensors be
invariant under a 180° rotation of the sbove defined coordinste system about n
(y exis). This operation places the restriction qu(e) = (—1)kT§q(e). Substi-

tuting this relation into eq. (1) yields

I(e) = Io(e)[l+2Im<Tll>ImTll(e)+<T20>T20

+2Im<T3l>ImT3l(e)+2Im<T32>ImT32 33

where all analyzing tensors odd in parity have been set equal to zero in eq. (2).

(8)+2Re<T21>ReT21(6)+2Re<T22>ReT22(6)

(8)+2Im<T >ImT33(6)] , (2)

Due to the cylindrical symmetry of the ion source, the only nonvanishing

polarization tensors produced are t t20’ and t_ ., in a coordinate system with

>
the z axis along the axis of quantiigtion. Howevgg, one can precess the spins

to a desired orientation in the reaction coordinate system. We define B as the
angle between k and the spin quantization axis 3. We define ¢ as the angle between
ﬁ and 3 x k. Using the fact that spherical tensors have the same rotation pro-

perties as spherical harmonics, we can show:

¥Work performed under the auspices of the U. S. Atomic Energy Commission.
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Im<T,,> = -tlo(sinscos¢)//§ T,> = t20(300528-l)/2

Re<T, > = tgo(sin80056s1n¢)/§7§- Re<T,,> = —t2o(sin28cos2¢)/§7§
Im<T,,> = —t30(Scos28—l)(sin8cos¢)/§7h In<T,,> = —t30(sin28cosBsin2¢)/§ayh
Im<l > = t3o(sin38cos3¢)/§7h .

The spherical tensors in terms of the components of angular momentum for spin-3/2 are

Too = Wit matrix(hxh), T, = Jz2//5_, Ty 4 = ;(inin)/E'/?,
Too = Jf-S/”’ Tyyy = FLI,I45.3 )41(3 343,39 )1//6

Tp,p = [(Ji_Ji)ii(Jny+Jny)]/Vg-, T, = [53-(41/20)3_1(2/5)/3 ,
Ty = ;[(JZJXJZ—(7/2O)Jx)ii(JszJz—(T/?-'O)Jy)]/5_/— ,

Ty = [(JxJsz-JszJy)ii(JxJsz+JszJx)]/2—/3 )

Tas3 = :[(Ji-3JnyJy-Jx);i(J3—3JnyJx-Jy)]/3 .

And finally, one might define "Cartesian tensors" for spin 3/2 as Sy = %-Jk,
1 _ 7 3L
Sy = BT Ty - By a0l Sy = g{(JszJm”szJk)‘(i'661m+1_06m25k9.)]’ where
k, 2, m=1, 2, 3 (or x, y, z). However, these are overcomplete and 3T = 3(3+1)
15 .
= == = + + =
L leads to four constraints, namely, Sxx+Syy+Szz 0 and S ! Syky Szkz 0
for k = X, y,%2. Furthermore, Sxyz = Syzx = Szxy'

Tt is convenient to use the Cartesian tensors to characterize a polarized
beam with an axis of symmetry. Let the fractional population of the nuclear mag-
netic substate m be written sz, then the Cartesian tensors become <SZ> =
1 1

- +(N_ - = + ~(N.+ - - -
SI3(-N_ )48 -N_ )], <8, > = [(NgHN_o)=(N+N_,)] end <8 > = SUNS-N_o)-3(N,-N_;)],
with the constraint N #N.+N _+N__ = 1. It can easily be seen that <SZ>, <S

371 °-1"-3 22
and <Szzz> are normalized such that they each can vary between the limits 1.

The author wishes to express appreciation to S. Darden who brought ref. 1 to

his attention and to D. A. Goldberg and G. G. Ohlsen for helpful discussions.
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