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Polarization of Protons in the Hea(d,-p)He4 Reaction¥*
H. L. Fann and R. W. Detenbeck
University of Maryland, College Park, Maryland

Abstract

The polarization of‘protons from the'He3(d,p)He4 reaction has
been studied at incident deuteron energies of 1.49, 2.06, and 2.63
MeV for outgoing proton angles between.Squand 150o in the labora-
'tory system. . The target was a He3 gas cell at 152 cm Hg pressure.
The polarimeter detected, in nuclear emulsions, protons scattered
from He? gas at 18 atmospﬁeric pressure. The polarization of the
scattered protons from the reaction was determined by measuring
the iéft-right asymmetfy of the‘élastieally scattered protons,
employing the well known double-scattering method{ A proton polari-
;zation of -21 + 4% (Basel convention) was observed at a laboratory
angle of 60° with an incident deuteron energy of 2.63 MeV at the
center of the gas cell. For Ed = 2.06 MeV}.the polarization shows
a negative broad extrehe near a laboratory~angle of 60° and decrease
to zero for backward angles. The effecfive polarization of the p-He4
analyzer was derived from a careful:study-of the p--He4 phase shifts.
A measurement of the asymmetry of protons from the reaction at
resonance shows that the analyzer's inherent asymmetry is less fhan
0.0l. The inherent asymmetries due to finite geometry and possible
misalignments:of the experimental §pp§g§£us.were calculated. ‘These

were found to givevnegligiblé corréctions.to‘the‘measurements.

*Work supported in part by the U. S. Atomic Energy Commission.,




I. Introduction

The Hes(d,p)He4 reaction has been much investigated and it
"has been established that a broad resonance level exists at a
deuteron energy of 430 keV, described in terms of a resonance

forming Li5 with s-wave deuterons. in a state of totél angular

moment and parity 3/ +l 6

A satisfactory theoretical descriptiop
of the reaction has not}been made for deuteron energies off the
resonance. Likewise fof the mirror reaction T(d,n)He4, deviations
from the single level prediction beg;n‘a‘féw hundred keV above the
resonance.7) At higher energies, the crude Butler stripping theory
assuming zero angular momentum transfer by the captured nucleon
reproduces the generél features of the angular distribution over

899)

the angular region of the forward maximum.® - This plane-wave

Born approximation, however, predicts zero polarization for the

outgoing protons. Distorted waveAtheorigs_Qf (d,p) reaction have
recently given greater insight into the mechanism of the reactions. 12)
One of the most sensitive tests of disto;ted~Wave stripping theory

is the prediction of the polarization of[fhe outgoing nucleons.

The polarizations of protons in this reaction at incident deuteron

l%

energies from 3 to 12 MeV have been reported by Brown et al and

14)

at 1.8 MeV by Valter et al™"). It is of‘great‘interest to extend

“the polarlzatlon measurement for 1nc1dent deuteron energies between

1.5 and 2.5 MeV.




II. Experiment
1. Experimental Description

The polarization of the protons from the He3(d,p)He4
was determined by measuring the left-right.asymmeﬁry of the pro-
fdns elastically scattered from helium. The over-all experimental
arrangement is shown in Fig. 1. The deuteron-bgam from the 3 M%V
Van de Graaff of the University of Maryland was focused by a pair
of quadrupole magnets and led through a double slit box into the
center of a He3-filled gas cell. Thé partially polarized protons
from the reaction at angle 91 were collimated by a set of slits
and entered the helium polarimeter. The helium analyzer was set
on an arm which rotated about the center of the‘He3 gas cell. The
-elastically scattered protons were defined at a scattering angle
0, = 61° with a éef of vanes;.,Ihey'were'détecfed by two sets of
nuclear emulsions: one placed qh eaqhisigé of the analyzing chamber.
The transmitted protons were défégted with*é,CQI‘crystal; which

served as a monitor.

2. Appafatgﬁ
a) He3_gas cell

o The double slit-box-consi$t$ of two fectangular apertures
with openings of: J/B“x ' 8" S'eparated by a distance of 53/4". The
'He3 gas cell was made from a 1" outside.diameter brass cyclinder
with a window section'removed.- The window. covered an angular
range of about 240°. Havar f011 of 0.000125% was fastened around
the window section with an epoxy resin. The target 9911 held up

3

to 230 cm Hg pressure. A He” gas pressure of 152 cm Hg was used

during the expériments@ The length of the sensitive region
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(3/16" to 3/8") of the gas target corresponded to an energy loss
of 50 - 100 keV for 2.6 MeV deuterons. The havar foil withstands

2 pA of deuteron beam at 2.5 MeV machine energy for about 50 hours
of continuous bombardment. The gas.céll was centered in the
vacuum chamber, which had a window sealed.wifh 0.001" mylar foil
to permit exif of protons for angles between 30° and 150°. The
deuteron beam current was 1ntegrated by a conventlonal ;ntegrator

circuxt to prov1de an approx1mate monitor.

b) He4'analyzer

Because of tﬂé high Q value of the He3(d,p)He4 reaction,
a rather simple design was poséible. The He4 analyzer is shown in
Fig. 1. A collimation pipe with two apertures‘of 3/16" x 7/16"
at 5" apért was used to define the scattered proton beams into the
helium gﬁalyzer.‘ The series of vanes, which:define the He4 target
thickness and detector solid angle, were spaced 1/4" apart aiong
the axis of the analyzﬁm;chamber.A fhgy wefe,fabricated of 1/32"
brass sheet. By using many vanes theltarget}thiqkness was increased
without introthing excessive anéularlaqceptance. Both left and
right sets of vanes were held in slots-mé;hined in two brass plétes,
one above and one below the"vanes, and the whole assembly was
located in the analyzing chamber by a pair‘of"pins;

The entrahce and side .exit window §f the He4 analyzing chamber,
which contained He4 at 18 atomoépheres pressure, wére sealed with
0.0006" havar foil. The exit slot windows'(5/32" x 15/16%) were
machlned very carefully to avoid any asymmetry. At one end of the

analyzing chamber, a 3/8“ diameter window was made for detecting
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transmitted protons‘with a CsI crystal as a monitor. The colli-
mator pipe and the center line of the analyzing chamber were
carefully aligned within #+ O.So.

Commercial helium gas was found to be of sufficient purity
for the experiment and no further'purification was attempted. The
proton eneréy drop across the scattering region viewed by 12 i
vanes in 18 atmospheric pressure of He4 was between 0.5 MeV and
l’MeV depending on the mean energy of the protons. The He4 analyz-
ing chamber was shielded with paraffin to reduce the neutron back-

ground.

c) Detector ' L .

The protons Were detected by‘Ilford K2, 200p, 1 x 3-in
nuclear emulsions on(glass backings,;wpr_plates were mounted on
each plate holder located on both sides of the analyzing chamber
equ1dlstant from the center (Fig. 2) The plate holders were
designed so that- the protons would enter the emulsion plates at
an average angle of" 30° in order tofyleld.a convenient track
‘length projection when}the.emulsion plates were plebed on the
stage of a miqrdscbpe.» U

3. " Procedure
a) Asymmetry'meesurement

The left-right asymmetry of the second scattering was
measured at'deuteronkincident energies of 1. 49,A2 06 and 2.63
MeV. The measurements included Hes(d,p)He4 reaction angles between
30° and 1509 in the laboratory system. For each measurement, the

protons from the p-He4 scattering were detected by a set of nuclear
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emulsions for about 10 hours of expogure'time,at”2pA of incident
deuteron beam. There were theh abéut 1000 proton counts on each
plafe.

The measured left-right asymmetry of the outgoing protons in
fhe p-He4 scattering is related to the bolari?ation‘of the out-
going protons‘in the first reaction Pl and the effective polari-

, '
zation of the He* polar}meter Pes bY.

The sign convention for the bolarizatiph is that the positive

direction is that of kin',x kout’ wherehgin

c gnd kOut are the

c
~ incident and outgoing wave vectors respeétively (Basel convention).

b) Séanning

Af ter develobment the plates were scanned in 0.5 mm
wide strips using an oil immersion 6bjggtiye. In order to dis-
criminate against‘background tracks,.seVeréllacceptance criteria
were applied to the iracks. The track length, dip angle and
azimuthal angle had to lie within set limits, which were deter-
mined for each plate position.' And ‘the acceptable tracks had to
| start at the surface of the emulsion. Tﬁé sufficiency of these
crite:ia was demonstrated With background‘plates.' At higher
.incident deuteron energy, the plates corresponding to right-right
scattering did usuallyiéontain notiCeabIé'ﬁumbers of proton recoil
tracks from.ﬂeutrons. Howéver, these récoil‘tracks were féjected
by the'criteria placed onlacceptable track criteria. 'The accepted
tracks weré recorded against position on the plate. ‘Several

plates were double checked by two scanners and by the same scanner
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several times. It was found that fhe_diffg:enge in absolute
scénning efficiency was less than 0.05. Because the right and
left plate scanning times were carefully intermingled‘the corres-

ponding uncertainty in asymmetry isrless than 0.02.

¢) The effective polarization of He? analyzer
'In order to deduce the. polarization P, of the

scattered protohs from the measured asymmetry A, it is necessary to
know the effective analyzing power peff of thé helium analyzer.
The effective analeing_power 'Peff is the mean proton polarization
in the p-Hetelastic séattering..The_pola;ization in p-He4 elastic
scattering at ahy point in thé Heriuh"polarimater, P2(Ez,92),
depends on the enérgy of~§roton E2_and;on the proton scattering
angle 92 at that point. P2 ﬁust be averaged over the energy spread
and possible ‘scattering éngles,for all‘séa%tering points in the
- helium énaly;er. The pblarization Pé(Eé,Gz) was calculated from
the p-He4 elastic écatte#ing phése:shift data. The energy gependF
ence of theAp:He4 phase shifts used in thé calculation is sgown in
Fig. 3. The curves were drawn thfoughvthe:réported'expérimental

15-18y For a.(typical) prdton_éngrgy of 16.75 MeV at the

points
center of helium analyzer ahd a He? targét'fhickness‘of 600 keV,

the calcdlated effective analyzing power is Péff =l-0.52 + 0.03.

d) False asymmetry
In experiments inyolﬁing measurement of an asymmetry,
great care must be taken to avoid or to be able to correct for

any asymmetry of .instrumentation that may lead to false measure-

ments. One asymmetry which is unavoidable arises from the finite



-8 -

geometry of the experimental apparatus. Calculations were made

for the geometric asymmetry due to the finite reaction volume in
the gas cell and finite geometry of the analyzing chamber. For
proton reaction angles of 60° and 9Q° at 2.63 MeV deuteron inci-
dent energy, the left-right ratios were 1.003 and 0.995 respectively.
To minimize the misaiignment asymmetry the épparatus was carefu}ly
aligned optically. The precision with which the analy21ng chamber
and the scattering chamber described in previous sectlon were built
was such that it was most unlikely that any significant errors
arose from this cause. ' Calculations show that under the most
adverse conditions the maximum asymmetry from geometrical mis-
alignment qould be 0.03 but with reasgnébly'good alignment should
be less than 0.0l. 4A measurement of the asymmetry of unpolarized
protons from the reaction at resonance éhowed that the analyzer's

inherent asymmetry was less than 0.0l..
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" III. Results and Conclusion
| 1. ReSQlts:

‘The polarization data obtained are presented in Table l..
| Energies and angles are given in the laboratory system.  The first
column is the deuteron incident energies at the center of He3 gas
cell. The scattering angles of proton in laboratory system anq
equivalent angles in the center of mass system are listed in the
next two columns. NR'and NL represent fhe,counts.of proton tracks
for right;right and right-left scattering respectively. The mean
energy of the protons in the He4 analyzer and the effective
analyzing powef‘are given in the sixth;ahd seventh columns. The
last two columns are the values of measufed asymmetry and the
polarization'of the‘scaftered protons from the reaction. The
values of polarization Qf the scattered}protons are plotted
'againsf the laboratory feaction anglé in Fig. 4. For a deuteron
energy of 2.63 MeV at a reaction angle.of;60°,'we observed a pro-
ton polarizafign'of Pl =-21 + 4%, The;$ize,6f the polarization
decreases to -7‘1 3% at'90°. For a deﬁteron energy of -2.06 MeV,
the extreme polarization occurs near an angié of 660 with =12 + 4%
and decreases to zero for background éhgles.A The polariiation
shows a similar dependence on angle with smaller absolute value
~at a deuteron energy of 1.49 MeV. N |

.Ou; results were combined with polarization measurements at
higﬁer incident'deuteronAenergies:(519;45). The plot with solid
lines was reported by Brown et al at-Wisconsinl2). The dots

with polarization values indicated are data we observed.



Table 1. Polarization of Protons from the He3(d,,p)He4 Reaction

Eq(Mev) 0, \PEC) ~9C53§G) Ng N E(MeV) P A P,
2.63° 60 | 65.7 1915 1530 16.7 -0.52 ©0.112 -0.21 + 0.04
90 96.6 1040 902  14.7  -0.58 ©0.071 -0.12 + 0.03
2.06 30 32.9 1089 1128 17.6 -0.48 -0.018 +0.04 + 0.04
- 40 - " 43.8 1007 964  17.3 -0.50 0.021 -0.04 + 0.04
50, 54.5 1702 1603 16.8 -0.52  0.030 -0.06 + 0.03
60 .. 65.1 1034 910 16.2 -0.54 0.064 -0.12 + 0.04
70 . 75.6 598 519  15.6  -0.56 0.071 -0.13 * 0.05
90 °  95.9 846 788  14.5  -0.59 0.036. -0.06 + 0.04
110 115.5 1212 1183 13.3 -0.61° 0.012 -0.02 + 0.04
130 134.5 934 942 12.5  -0.62 -=0.1  +0. + 0.04 .
. 150 152.9 1008 1037 11.8  -0.63 =-0.014 +0. + 0.04
1.49 30  32.3 1233 1228 16.9 -0.52 0. . -0. +0.04
40 432 1192 1194 - -16.6  -0.53 -0. +40. + 0.04
) 80  ‘53.9 1281 1237  16.2  -0.55 0.017 -0.03 + 0.04
70 .. 74.5  "1577 1451 15.3 -0.57 0.042 -0.07 + 0.04
‘ 90 95.1 1110 1071 14.2 - -0.59 0.018 -0.03 + 0.04
' - 110 114.8 1195 1191 - 13.3 ~ -0.61 Q. -0.7 -+ 0.04
- - 130 . 133.9 1247 1219 12.5  -0.62 =-0.012 '+0.02 # 0.04
150  152.5 1139 1154  12.0 -0.63 -0.  +0. + 0.04

-OI-
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2. Conclusion

In the energy region we observed, the angular dependence .
of both polarization and cross section changes little. The size
of the extreme polarization is, however, beginning here to increase
rapidly with energy. As the deuferon'energy is raised well into
the direct reaction region the angular distributions of both crbss
section and polarization become complicated, but still vary smoothly
with energy. In addition to the measurement at higher energies
shown on Fig. 5, there are measurements by Valter et al at Academy
of Sciences of Ukrania at lower deuteron energies. Our measure-
ments are consistent with both the higher and lower energy data.
Distorted wave theories of (d,p) reactions have recently given
greater insight into the réaction mechanism involved. We hope that
the present data, which complements other data already available,

will aid the analysis of this parti&ular reaction.

ot
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Figure Cpations

Fig. 1. The experimental set-up is shown schematically.
The He4 polarimeter can be rotated about the center
.of the Hé3 gas cell within the angular range'
25° £ @, < 185°,
‘ i
Fig. 2. The cross sectional view of the Hé4 polarimeter and

the locations of the émulsion”plate holders.are shown.

Fig. 3. The S, P phase shifts of the p-He4 elastic scatter-
ing as a function of the incident proton energy in -
the laboratory‘system. The experimental points were

.obtained from Refs. 15-18.

Fig. 4 The polarization of protons'ffom the Hes(d,p)He4

jreacfidn as a function of reaction angle in the '
laboratoryusystem for.deutérpn.energies of 1.49 and
2.06 MeV. The 2.63 MeV'déta are shown with open

~

-circles.
Fig. 5 Contour map of'the polarizatibd of protons from the
'Hes(d,p)He4 reaction. Thé solid lines were.obtained

from Ref. 13. The thted linéS'Were drawn by free-

hand inté:polation’betweeh;Qur,measured values.



ooum—: SLIT BOX He® GAS CELL

o ;/////////'/// 4

7f_‘>‘%£

/
HAVAR FOIL

PARAFFIN 1 D “ "
- SHIELDING - .~ T
BT P © NUCLEAR
EMULSION

ECERMENTAL

CFIG. 1




7

| FIG. 2

\\ o
_-x VANE ASSEMBLY ] —
| H | AN
— o — N - "\\s _—
; HAVAR *
- FOIL
FL %: :ﬁ/ l
NUCLEA N \
- EMULSION \
- ’////////////////7//////\&"
R T e
' SECTION .VIEW
. . o



120}
ol

100} .

-
o
l

PHASE SHIFT (DEG)
PHASE SHI

o o

T

H
O
!

o
O
N l R

0 T T N b T N I R
2 4 6 8 10 12 4 16 I8 20
S ENEReY (Me\Q o

8 FIG 3 PHASE SHlFT OF P He ELASTIC SCATTERING

R




R o A | P |
Ed=2.63 MeV  60° 0lI* 00l -0.2I% 004
90" 007:0.02 -0I2 ¢ 003

[ 4 I l l ' ] ] l ¥ llil ] ' F 3 LA l T 3 l L4 Ill 1 4 l l_lll

- 20eMev | % 149 MeV

04l

‘f>?ozj] ff'~f'_-y1 4 02}

B eerensan L HHH

o-02b o0 o 02l

- '-0.,4._-. | L {1 -04}

RN AR B B | I I MR T S I B TR O T |

0 30 60 90 120 IS0 18O O 30 60 90 120 150 180
| FIG.4 P Vs ® LAB "




[/

B>
=

R
70 —

oo

o
~50

e

=20 =30 20

 /
J
\

°
N

%

/
13
Bl

N
)

t N
~——

] Iﬂ
1
\

-6
-4

-3¢
-7

- -3¢

14

12

(0]

Eqy (Mev)

FIG. 5





