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The neutron polarization asymmetry in neutron-deuteron scattering has been measured
from 44.5' to 160' (c.m.) neutron angle. The results display quantitatively the same struc-
ture as proton-deuteron polarization data, but discrepancies appear for angles corre-
sponding to those near the minimum of the differential cross section. In this region the
polarization is considerably more negative than in the proton-deuteron case, and both are
more negative than current theoretical predictions.

A much better understanding of the theory of
elastic scattering of nucleons on deuterium has
been gained recently, particularly through cal-
culations of polarization phenomena as well as
differential cross sections. ' ' Experimental data
exist for proton polarization in a wide range of
energies. For neutrons, sparse data exist up to
22.7 MeV. Although proton polarizations are
measured in general with higher accuracy, neu-
tron polarizations are more directly computable.
The present work contributes polarization data
for neutrons on deuterons at higher energy, 35
MeV. For angles near 120', corresponding to
those near the minimum of the differential cross
section, we find that the nd values of polarization
P(8) are considerably more negative than those
for Pd. They are also more negative, as are the
Pd values, than current theoretical predictions.

It has been suggested" that the nucleon-deuter-
on polarization P(9), rather than the cross sec-
tion, may be a more sensitive testing ground for
the structure of the scattering matrix. For ex-
ample, the shape of P(9) versus 8 appears to
change quite rapidly with energy. ' However, the
calculations with tensor forces are difficult and

. require a large number of coupled integral equa-
tions.

Phenomenological and semiphenomenological
calculations" "of P(9) up to 40 MeV have been

quite successful. Recently, several calculations
of P(9) starting from the coupled integral ec(ua-
tions have been made. Krauss and Kowalski'
used the unitary first-order-approximation pro-
cedure of Sloan" and assumed a simple separable
Yamaguchi potential which included S-wave sin-
glet and 8- and D-wave triplet nucleon-nucleon
partial-wave states, but not P waves. Pieper'
then included S, I', and & waves in the two-po-
tential formalism to calculate P(9). Agreement
with experiment is very good at low energies,
& 14 MeV, and qualitatively good up to 40 MeV.
At 14 MeV Doleschall' has also performed a cal-
culation including I' waves which is in good agree-
ment with the experimental P(9) distribution. It
seems clear that eventually more exact dynamics
and more realistic two-nucleon potentials will be
used to produce reliable calculations at higher
energy.

We have chosen 35 MeV for the nd neutron po-
larization measurements so as to be able to com-
pare with the Pd proton polarization measure-
ments at 35 MeV. ' A preliminary report" which
contained early data has been given elsewhere.

Our experimental layout is shown schematical-
ly in Fig. 1 for the case where a scintillating tar-
get, neutron detectors, and a CAMAC data ac-
quisition system were used. The 35-MeV neu-
tron beam, of polarization P, =0.31+ 0.03,"is
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FIG. 2. Recoil-deuteron pulse-height spectra in the
scintillating target, after appropriate restrictions on
other parameters, for the case of the right neutron de-
tector at 90' (120' c.m.) with the spin prece-ssion mag-
net on and off.
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FIG. 1. Experimental setup used for the case of
events detected vrith a scintillating target and neutron
detectors. See the text for details.

produced by the reaction d+d-n+'He at 24.0'
lab as distinct from the angle of 29.6 used ear-
lier. " The horizontal field of the magnet is used
to rotate the neutron beam polarization through
180' so that polarization asymmetries can be
measured by a given fixed detector.

The scintillating target (ST) contained NE218
liquid scintillator, mainly deuterated heptane
[(C,D„)„j. For early ST runs NE102 plastic scin-
tillators were used as neutron detectors, which
did not allow pulse-shape (neutron-y) discrimina-
tion. Later, when CAMAC became available,
NE213 liquid scintillators were used so that neu-
tron-y discrimination could be incorporated. This
added feature greatly reduced the background
present at the two largest angles (104' and 120'
c.m. ) at which ST data were taken. In addition
to the pulse-shape parameter, indicated by "N-y"
in Fig. 1, each CAMAC event was characterized
by neutron pulse height, incident time of flight
(from the beam pickoff to the ST), scattered-neu-
tron time of flight, and ST pulse height. For the
early data taken without CAMAC, only the latter
two parameters were recorded, with analog cuts
being placed on the incident time of flight to se-
lect the high-Q neutrons and on neutron-detector

pulse height for detector efficiency determina-
tions.

For the backward c.m. angles, recoil deuter-
ons from a thin (36 mg/cm') target of deuterated
polyethylene [(CD,)„I were detected in two-ele-
ment (AF. E) plastic-s-cintillator telescopes which
allowed identification of the recoil deuterons in
the presence of protons. One or two telescopes
were placed on each side of the beam. A helium
bag was used to reduce background deuterons,
particularly those from ' N. The beam monitor
was used to allow background runs with a carbon
target to be normalized to the corresponding
foreground runs with the (CD, )„ target.

For the ST technique there were true back-
grounds due to breakup protons which produced
an event continuum under the recoil-deuteron
peak. Proton pulse heights due to n Pfinal-state-
interactions were calculated to be only 50 to 60/c
of recoil-deuteron pulse heights at the same neu-
tron angles. So it was assumed that the contin-
uum background underneath the recoil-deuteron
peak was smooth and phase space-like. This
background, which appeared to have only a small
asymmetry, amounted to a correction ranging
from 5 to 22%%uc. The remaining backgrounds,
which were random, ranged from 5 to 21%. They
were in general smaller for the CAMAC data
than for the early two-parameter data which were
taken without the benefit of n-y discrimination.
Figure 2 shows the ST recoil-deuteron pulse-
height spectra in coincidence with the right de-
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TABLE I. The nd polarization at 35 MeV.

Lab angle Particle C.m. angle
(deg) detected (deg) Polarization
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tector with magnet on and off for the (worst) case
of 90' lab (120' c.m. ). These spectra are ob-
tained after cuts on incident time-of-flight n-y
discrimination, and neutron pulse height, and
after random subtraction.

For the case of the large c.m. angles where
deuterons were detected with 4E-E telescopes,
the true backgrounds ranged from 17% up to 38/g
at the largest lab angle (= 120' c.m. ). Random
events in this case were only a few percent of
true events.

The experimental results are given in Table l
and plotted in Fig. 3. The errors shown do not
include the scale error (=10%) from the uncer-
tainty in the beam polarization. At 104' c.m.
both CAMAC and two-parameter data, were ob-
tained and the results are essentially in agree-
ment. Smaller-angle results are derived from
the two-parameter data. At 120' c.m. , both
CAMAC ST and recoil-deuteron data were re-
corded. The results are not in agreement: The
former gives 0.67+ 0.10 and the latter 0.34+ 0.10
for P(120'), where the uncertainties arise from
counting statistics. The final polarizations quot-
ed in the table are unweighted averages.

Consideration of possible systematic errors
leads one to favor the clearer CAMAC point at
120' (see Fig. 2). For this angle the recoil-deu-
teron detection technique is at its limit: Energy
resolution of the low-energy deuterons reaching
the plastic & detector is poor, and backgrounds
are large, =38%, and rising steeply towards low-
er energy. Thus, systematic errors may be ap-
preciably larger than for the corresponding
CAMAC datum point.

The difference between the Pd and nd polariza-
tions shown in Fig. 3 appears to be real. Near
23 MeV,""differences have also been noted
over a simila, r angular range.
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FIG. 3. The nd and Pd polarization data for I'(0) plot-
ted against c.rn. angle 0 for 35 MeV incident neutron
energy. Solid curve, 40-MeV calculation of Pieper
from Ref. 3.
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The recent theoretical calculations of P(B) at
40 MeV, ' while having roughly the correct shape
a,nd qua, litative agreement with experiment, un-
derestimate the magnitude of the Pd polarization
near 120' for that energy (see Fig. 3). Presum-
ably such ca,lculations would make predictions of
P(B) which would considerably underestimate the
present 35-MeV nd measurements in that angular
range.

The prediction of correct Pd and nd polariza-
tions and the explanation of the apparent Pd-nd
polarization differences provide most interesting
cha, llenges for future three-nucleon calculations.
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knowledged. One of us (J.Z. ) thanks the Ford
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of Chile Convenio, and another (J.W. ) thanks As-
sociated Western Universities for support.

1011



Vol UMz 31, NUMszR 16 PHYSICAL RKVIKW LKTTKRS 15 OcroszR 1973

f.Present address: P. DOR, Los Alamos Scientific
Laboratory, Los Alamos, N. Mex. 87544.

J. C. Aarons and I. H. Sloan, Nucl. Phys. A182, 369
(1972), and Phys. Bev. C 5, 582 (1972).

S. C. Pieper and K. L. Kowalski, Phys. Rev. C 5,
306 {1972).

3S. C. Pieper, Nucl. Phys. A193, 519, 529 (1972),
and Phys. Bev. C 6, 1157 (1972), and Phys. Rev. Lett.
27, 1738 (1971).

4P. Doleschall, Phys. Lett. ,'388, 298 (1972), and
Hungarian Academy of Sciences Report No. KFKI-72-
36, 1972 (unpublished), and Phys. Lett. 40B, 443 (1972).

5Y. Avishai and A. S. Rinat (Reiner), Phys. Lett. 37B,
487 {1971).

6J. Krauss and K. L. Kowalski, Phys. Lett. 318, 263
(1970), and Phys. Bev. C 2, 1319 (1970).

W. M. Kloet and J. A. Tjon, Phys. Lett. 37B, 460
(1971), and to be published.

R. Aaron, B. D. Amado, and Y. Y. Yam, Phys. Bev.
14O, B1291 (1965).

H. P. Noyes, in Proceedings of the International Con-
ference on Polarized 7'argets and Ion Sources, Saclay,
I'y'ance, 1966 (La Documentation Franqaise, Paris,
France, 1967), p. 309. See also H. P. Noyes, Bef. 6,
p. 2.

J. Hufner and A. De-Shalit, Phys. Lett. 15, 52 (1965).
'L. M. Delves and P. Brown, Nucl. Phys. 11, 432

(1959); L. M. Delves, ~b~d. 33, 482 (1962).

' R. D. Purrington and J. L. Gammel, Phys. Bev. 168,
1174 (1968).

I. H. Sloan, Phys. Bev. 165, 1587 (1968), and Phys.
Lett. 25B, 84 (1967).

4S. W. Bunker, J. M. Cameron, B. F. Carlson, J. R.
Richardson, P. Tomas, W. T. H. van Oers, and J. Ver-
ba, Nucl. Phys. A113, 46l (1968).

'"J. Zamudio, B. E. Bonner, F. P. Brady, J. A. Jung-
erman, and J. Wang, in Proceedings of the Conference
on ¹clearStructure Study saith ¹ut ons, Budapest,
IIungary, 1972 (Central Research Institute for Physics,
Budapest, Hungary, 1972).

'~B. A. Eldred, private communication.
'T. A. Cahill and R. A. Eldred, Polarization Phenom-

ena in ¹clearReactions, edited by H. H. Barscha11
and W. Haeberli (Univ. of Wisconsin Press, Madison,
Wis. , 1971), p. 465.

H. E. Conzett, G. Igo, and W. J. Knox, Phys. Bev.
Lett. 12, 222 (1964).

' D. Garreta, A. Papineau, J. Sura, and A. Tarrats,
Phys. Bev. Lett. 21, 1393 (1968).

J. C. Faivre, D. Garetta, J. Jungerman, A. Papi-
neau, J. Sura, and A. Tarrats, Nucl. Phys. A127, 169
(1969).

R. L. Walter and C. A. Kelsey, Nucl. Phys. 46, 55
(1963) .

J. J. Malanify, J. E. Simmons, R. B. Perkins, and
B. L. Walter, Phys. Bev. 146, 632 {1966).

NUclear Excltatloll EBcl'gP 111 MU011 CBPtUre

P. Chri. stillin
Istituto di Scienze del/'Informazione-Universita di Pisa, Pisa, Italy

A. Dellafiore and M. Rosa-Clot
Scuola &o~ale Superiore —Istituto ¹zionale di I'isica Nucleare, Sezione di Pisa, Pisa, Italy

(Received 26 June 1973)

Sum-rule techniques are used to evaluate total p -capture rates. They turn out to be
strongly dependent on the mean nuclear excitation energy, whose behavior along the nu-
clear table is discussed.

As is mell known, total p. -capture rates A~„,
can be roughly thought of as proportional to
Z, &&'=RZ', where Z is the number of protons
and R a factor describing the overlap of muon
and nuclear wave functions. However, as can be
seen in Fig. i, a plot of Z, «'/A„, exhibits a wide
variation over the nuclear table. This effect has
been attributed by Primakoff' to nuclear correla-
tions. Anyway, results obtained by this method
are critically dependent on the value assumed for
a parameter 5„measuring nuclear correlations,
which enters the rate in addition to an average

neutrino momentum (v,). The value of 5. is ob-
tained by a "best fit, " about which individual nu-
clei may of course fluctuate. Later attempts
along this line have failed to improve the situa-
tion substantially. '

The aim of this work is to show that the gener-
al features of the process can be explained by
the variation along the nuclear table of the aver-
age momentum of the emitted neutrino, on which
total capture rates are strongly dependent. The
corresponding value of the excitation energy in
daughter nuclei is in agreement with the hypoth-


