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~OThe stopping-power parameter I for vanadium nitride
18 cRlculRted Rs follows'

10g (Iv N) = . 10gIN+ 10gIv&v~v
Pvw & v~ V

pvg 18 the 8peclflc mass of the vRnRdium nltr1de used,
Rnd

p g and pv Rx'6 the partlRl densltles of nitrogen Rnd vRQR-
d1uID 1n 'the vRnRdium nltrlde. The IneRn Rtomic excita-
tion energy I of nitrogen is known experimentally; fox
vanadium it has been calculated following a relation due
to Stexnhe1mex" I/Z =9 76+ 58 8Z ' eV F1nally the
Value (Iv N) =200 eV VERS obtR1ned
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Measurements of the angular d1stribut1or and polarizat1on of neutrons from the react1on
3H(3He, n)5Li have been made for mean 3He bombarding energies of 2.70 and 3.55 MeV. Polax-
izations wexe measured using a 4He gas scintillatox, and cross sections wexe determined us-
ing a liquid scintiGRtor employing pulse-shape di.scrimination. Contributions from the three-
body breakup channel 3H(~He, np)486 were removed by assuming these neutrons to be unpolar-
ized and to have a statistical energy distribution in the high-energy portion of the neutxon
spectrum. The angular distxibution of neutrons from the reaction 3H(3He, n)SLi exhibits a
broad peak in the vicinity of Oc ~ =45'. The neutron polarization was found to be negative at
all angles investigated, and reaches a minimum value of —0.30 at 0 =125, E&« —-2.7 MeV.
Excitation functions fox the cross section wexe measured at laboxatory angles of 0 and 40'
fox 3He enexgies between 0.7 and 3.8 MeV. The reaction data can be reproduced qualitatively
with a simple two-nucleon-transfer distorted-wave Born-approximation calculation, but the
~H6-3H potential parametexs used do not reproduce published elastic scattering data at soxne-
what higher energy.

I. INTRODUCTION

Among the nuclear reactions involving very light
nuclei, those in which the entrance channel con-
sists of He+ H have as yet not been studied very
extensively; in particular, the 'H('He, I)'Li reac-
tion has received very little attention to date."
The study of this reaction is complicated by the
fact that 'I.i is unbound and the neutrons are emit-
ted in the presence of neutrons from three-body
breakup into a+n+P. Using a proton recoil tele-
scope, Barry, Batchelor, and Macefield (BBM)'
observed the spectrum of neutrons produced by
bombarding tritium with 'He consists of a prom-
inent peak corresponding to neutrons from the two-
body final state 'Li+n (Q = t0.13 MeV}, superim-
posed on a continuum of neutrons from the thx'ee-
body final state ~He +@+P and from the breakup of
unstable membex's of other two-body states. For
a SHe bombarding energy of 3.2 MeV, the angulax'
distribution of neutrons from 'H('He, n)'Li was
found to exhibit a broad peak near 40' (lab), some-

what suggestive of an /= 1 double stripping pro-
cess lnvolv1Qg transfer of t%0 px'otoQS from He
to 'H. The possibility of two-nucleon transfer
from the triton to the 3He particle, which might
also be expected to occux' 1Q this reaction, couuld
not be excluded by the data of HBM.

Angular-distribution measurements on the mir-
ror reaction 'He('H, p)'He have been confined for
the most part to bombarding energies below 1100
keV. '* ~ To the extent that Coulomb effects can be
neglected, the angular distribution for this reac-
tion should be the same as for 'H('He, n)SLi. Kithn
and Schlenks observed the angular distribution in
'He('H, P)'He to change smoothly from near-iso-
tropy at a bombax'ding energy of 460 keV to distri-
butions broadly peaked around 80' (c.m. }at a
bombarding energy near 1j.00 ke7.

It is of intex est to see to what extent the 3H-
('He, s)'Li and 'He('H, p)'He reactions can be re-
garded as two-body reactions separate from other
processes such as breakup into 'He+n+P, If, for
example, the 'H('He, I)'Li reaction should proceed
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predominantly by I.= 1 transfer of two protons to
3H, one would expect the angular distribution to
be peaked forward of 90, and the polarization of
the outgoing neutrons should be determined main-
ly by the spin-dependent potentials for the en-
trance and exit channels. Since little information
regarding optical potentials for either entrance or
exit channels exists and since the residual nucleus
is unbound, a description of this reaction in terms
of a simple two-nucleon transfer will, of course,
be laden wi. th uncertainty.

In the experiment reported here, cross sections
and polarizations for the 'H('He, n)'Li reaction
have been measured at mean bombarding energies
of 2.70 and 3.55 MeV, and excitation curves of
cross section have been measured at lab angles of
0 and 40' fox' 'He energies between 0.7 and 3.6
MeV. A preliminary report on these measure-
ments has already appeared in abstract form. '

tern. Pulses from proton recoils in the scintilla-
tor were stored in 256-channel pulse-height spec-
tra. Extraction of the energy spectrum of neu-
trons incident on a recoil scintillator from the
measux'ed pulse-height spectrum required a knowl-
edge of the recoil spectrum produced by monoen-
ergetic neutr'ons. The shape of the monoenergetic
neutron recoil spectrum was calculated using the
n-P scattering cross section and the detector size
and shape, taking into aeeount the effects of dou-
ble-scattered neutx'ons and folding into the spec-
trum a Gaussian function to represent the finite
resolution of the detector system. Effects of scat-
tering from carbon nuclei and events in which neu-
trons were scattered moxe than twice in the scin-
tillator were estimated and found to be negligible.
By using the width of the Gaussian resolution func-

3200

II. EXPERIMENTAL METHOD

All measurements were carried out with the
Notre Dame 4-MeV accelerator. The ion beams
were momentum-analyzed and collimated before
reaching the target. Tritium targets consisted of
thin copper disks containing a layer of titanium in-
to which tritium had been absorbed. For the
cross-section measurements, the titanium was
270-keV thick to 3-MeV SHe' ions. The target
and a portion of the beam pipe served as a Fara-
day cage. A collimator at a potential of a few
hundred volts served to suppress seeondax'y elec-
trons. Ion beam currents used for the cross-sec-
tion measurements were of the order of 0.1 p.A.

The low efficiency of the double-scattering tech-
nique necessitated a much higher reaction rate for
the polarization measurements. Since the reac-
tion cross section is low (=1 mb/sr) and beam cur-
rents could not exceed a few p,A without causing
excessive target deterioration, a relatively thick
target (600 keV for 3-MeV 'He' ions} was used
for the polarization measurements. To avoid
overheating the target, the beam eurxent was lim-
ited to 5 p.A, the beam was defocussed and mag-
netically wobbled over a small ellipse (0.75 cm
x0.33 cm), and the target was water cooled.

B. Cross-Section Measurements

Cross-section data were taken with a liquid sein-
tillator (Ne313; 5 cm &&5 cm diam} employing
pulse-shape discrimination to eliminate y rays.
Angular-distribution measurements were carried
out with an angular resolution of 3' over an angu-
lar range extending from 0 to 140 in the c.m. sys-
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FIG. 1. Proton-recoil spectra in the liquid seintillator
used for the cross-section measurements. (a) Monoener-
getic-neutron-recoil spectrum produced by 18-MeV neu-
trons from the ~H(d, n) reaction. The solid curve is the
calculated spectrum. Only the upper half of the spectrum
is shown. (b) Recoil spectrum produced by neutrons from
the 3H( He, n) reaction. The solid curve is the calculated
spectrum. The separate recoil spectra produced by 3H-

{3He,n)5Li neutrons and by 3H(3He, nP)4He neutrons are il-
lustrated by the circles and the x's, respectively. The
width of the resolution function used to calculate the re-
coil spectrum of the 3H(3He, n)~Li neutrons was increased
to take into account the width (= 1 MeV) of the ground
state of 'Li.
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tion as an adjustable parameter, measured spec-
tra produced by monoenergetic neutrons from the
'H(d, n)'He and 'Be(n, n)"C reactions could be well
reproduced. Figure l(a) shows the upper portion
of the measured and calculated recoil spectrum
for 16-MeV neutrons from the 'H(d, n)'He reac-
tion. A resolution function having a full width at
half maximum of 12% was required to reproduce
the observed spectrum.

Recoil spectra produced by neutrons from 'H-
('He, n) are complicated by the existence of a con-
tinuum of neutrons from the three-body final state.
The energies of these neutrons extend from 0 to
about 2 MeV above the 'Li peak. In the analysis
the spectrum of three-body neutrons was assumed
to be purely statistical. ' The recoil spectrum re-
sulting from three-body neutrons is a superposi-
tion of properly normalized monoenergetic-neu-
tron-recoil spectra corresponding to each point
of the continuous spectrum. The total recoil spec-
trum is a sum of the three-body-neutron-recoil
spectrum and a monoenergetic-neutron-recoil
spectrum corresponding to the 'H('He, n)'Li neu-
trons. Figure 1(b) shows an example of a spec-
trum produced by 'H('He, n) neutrons, together
with the calculated spectrum. The presence of
the neutron group from the 'H('He, n)'Li reaction
is apparent from the change in slope in the spec-
trum near channel 84. Parameters used in fitting
the spectrum are an amplitude factor for the in-

tensity of the 'Li neutrons and a similar factor for
the three-body-breakup neutrons. From the val-
ues of these parameters, cross sections for the
'H( He, n)'Li and 'H('He, nP)'He reactions can be
extracted. A noticeably poorer fit to the measured
spectrum results if the relative magnitudes of the
two amplitude factors are changed by 10%.

It was possible to assign absolute values to
cross sections obtained from the recoil spectra
by normalizing 'H(d, n)'He cross sections mea-
sured with the same target to published values. '
As a check on the cross-section-analysis proce-
dure, the angular dependence of the differential
cross section for the 'H(d, n)'He reaction was mea-
sured for a deuteron bombarding energy of 3.0
MeV and found to be in excellent agreement with
results of previous investigators. '

C. Polarization Measurements

Elastic scattering by 4He was used as an analyz-
ing reaction for the neutron-polarization measure-
ments, which utilized the same general procedure
used in a previous experiment at this laboratory. '
The 4He was contained in a high-pressure scintil-
lation cell that differed from conventional cells'
in two respects. First, the active volume of the
cell (4-cm diam; 6-cm length) was surrounded by
a thin liquid-nitrogen cooling jacket. Designed to
allow a more dense filling at a given pressure, it
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FIG. 2. Block diagram of the circuitry used for the polarization measurements. The output of the time-to-amplitude
converter and the linear signal from the helium cell were stored in one of two 32X 32-channel arrays selected by the
routing circuit. The logic pulses are 20 nsec in width. In order for events to be stored, a coincidence was also re-
quired between a neutron detector pulse and the pulse from the He cell which had been delayed by 20 nsec. This insured
that the He cell pulse preceded the neutron detector pulse and reduced the accidental background by a factor of 2.



J. T. KLOPCIC AND S, E. DARDEN

80—
60—

~ ~

0
~ ~,

Be(a, na) C

8L= 20'
Ea= 2.6 MOV

20-
0

~ 100—
80—
60—
40—
20—
0

o 200-
C3

160—

80—

X 0

X
~ 0 ~

X04 ~ xx XX
I

Xxx X XX ~
IX IXX a

I I I

~ o
j ~00

000

X 0
XX 0

X 000
Xxx x ~ ~

xx X"xx",xx
I I I

H( He, n)
8L= 80
E3He= 2-7 MSV

Q =20 mG

0
00

x
X ~

~ ~
0

H( He, n)
8L= 120

EpH
= 5.55 MeV

Q= 56 me

proved more useful in practice for purifying the
cell in situ. The second feature was the use of
cylindrical geometry and the incorporation of a
high-voltage center wire into the cell. It has been
found'0 that a high electric field in a low-pressure
scintillation cell produces amplification of the
light produced by a recoiling charged particle in
the cell, somewhat like the charge amplification
in a proportional counter. An attempt was made
to observe this phenomenon in a high-pressure
cell, with a view towards development of a high-
light-output high-resolution cell. Light amplifica-
tion was observed, but cell resolution was not im-
proved. Since the present study did not warrant
further work on the cell development, the cell was
used in the conventional manner, However, it
does appear that a high-light-output high-resolu-
tion cell could be built using high field amplifica-
tion.

The He cell was operated at a filling of 180 atm.
with a mixture of 95/0 'He and 5/0 Xe. Cell reso-
lution with a polonium n source mounted on the
center wire was 12—,'%. The gas scintillator, par-
affin and %'-Ni shielding, Rnd two neutron detec-
tors were mounted on a movable table which could

IOO

TABLE I, Polarization test measurements.

9Be(n,n)~~0 E =2.6 MeV

&n (0)
This work Ref. 11 Ref. 12

be pivoted about the position of the tritium target.
Rectangular plastic scintillators 5 em &&7,5 cm
x15 cm were used as neutron detectors with the
largest dimension vertical and the largest face
towards the He cell. The neutron detectors were
positioned 40 em from the He cell at a mean scat-
tering angle of 123 (lab).

Recoil 'He-ion pulses in the gas scintillator
were detected in coincidence with the correspond-
ing neutron pulses from the neutron detectors,
The circuitry used (Fig. 2) was similar to that
employed in previous experiments at this labora-
tox'y. ' ERch Qeutron-detectox'-gRs-sclntlllRtox'
coincidence event was stored in one of two 32-
channel & 32-channel two-dimensional arrays. One
axis of the two-parameter spectrum corresponded
to a-recoil energy in the gas scintillator, while
the other corresponded to the time between the oc-
currence of the n-recoil pulse and the neutron
detector pulse. Energy calibration was provided

by Po-n spectra as well as by spectra taken with

monoenergetic neutrons from the 'H(d, n)'He and

'Be(n, n)"C reactions. The time axis was cali-
brated with monoenergetic-neutron spectra and

with the use of known delays in the logic circuitry.
Figure 3 shows representative n-recoil energy
spectl R obtRlned by pro)ecting 5-Qsec-wide por-
tions of the two-parameter spectra onto the recoil-
energy axis. In each case shown, the time inter-
val over which counts have been summed was cen-
tered on the appropriate value corresponding to
the neutron group of interest. Aeeidental coinci-
dences were obtained for each measurement by
summing the counts over Rn identical time inter-
val displaced along the time axis by 10 nsee. Typ-
ically, the accidental background amounted to 15/0

or less of the counts in the e-recoil peak. The ef-
fect of three-body-breakup neutrons is clearly evi-
dent in the spectra produced by neutrons from the
'H(SHe, n) reaction. In obtaining numbers of counts
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FEG. 3. Examples of coincidence recoil spectra pro-
duced by neutrons from ~Be(n,n 0) C and 3H(~He, n) Ll.
The spectra shown correspond to coincidences occuring
in a 5-nsec-wide time interval. Accidental coincidences
are indicated by the &&'s. The arrows shown on the 3H-

(3He, n) spectra indicate the portion of the recoil peak
used in calculating asymmetries.
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-0.005+0.02
0.11 + 0,04
0.52 +0.06
0.46 +0.06
0.27 +0.05
0.05 +0.05

0.16 + 0.03
0.40 ~0.09
0.37 +0.03
0.10 +0.03
0.10 +0.02

—0.25 +0.09
—0.23 +0.04

-0.203+ 0.02
—0.233 + 0.02

3H(d, n)~He E& ——3.3 MeV
H,ef. 13

0.49+0.04
0.6 +0.1
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to be used in computing asymmetries, the portion
of the recoil peak between the limits indicated by
the arrows in Fig. 3 was used. No attempt was
made to correct the asymmetry data for back-
ground from room™scattered neutrons or double
scattering in the He cell, as these effects are ex-
pected to be small compared to other uncertain-
ties in the polarization measurements.

In a typical asymmetry-measurement sequence,
the tmo sets of coincidence data mould be stored
in two quadrants of a 4096-channel analyzer. The
table mith cell, shielding, and neutron detectors
mould then be rotated to a position corresponding
to the same reaction angle on the opposite side of
the beam tube and spectra mould be taken in the
remaining two quadrants of the analyzer memory.
Some of the asymmetry data mere also taken by
interchanging the tmo neutron detectors. The
asymmetry-measurement procedures involving
both rotation of the table and interchange of the
neutron detectors were checked by measuring the
polarization of neutrons from the 'Be(c., n)"C and
'H(d, n)4He reactions. The results of these mea-
surements (Table I) are in satisfactory agreement
with values obtained by previous investigators. " '~

III. RESULTS

Results of the angular-distribution measure-
ments for neutrons from the 'H('He, n)'Li reac-
tion are shown in Fig. 4 as a function of c.m. re-
action angle. The'laboratory and e.m. cross sec-
tions are given in Table G. In Fig. 5 are shown
the results of the excitation functions of the eross-
section measured for 8„b=0 and 40'. Estimated
uncertainties in the cross sections, which are gen-
erally of the order of 10%%uo, arise from approxi-
mately equal contributions from statistical uncer-
tainties in the data and from uncertainty in the
separation of the monoenergetic-neutron-recoil
spectrum from the measured spectrum. The ab-
solute uncertainty associated with the normaliza-
tion of the cross section appears to be about 5/o

or less. ' Also given in TaMe II are cross-section
values for production of neutrons in the three-
body final state. The fifth column of the table con-
tains d'c/d QdE„, the differential cross section
per unit energy for three-body neutrons having
the same energy as neutrons from the 'H('He, nPLi
reaction. In the last column are given differential
cross sections for three-body neutrons of a1l en-
ergies. These cross sections must be considered
very approximate, since they have been obtained
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TABLE II. Laboratory and c.m. cross sections.

3H(3He, n) 5Li
do/dQ

lab
(mb/sr)

dcT/dn

c.m,
(rnb/sr)

d~o/d QdE
(mb/sr MeV)

3H(3He, nP )4He

do/dQ
(mb/sr)

0
10
20
30
40
50
60
70
80
90

100
110
120
130
140

0
15
30
45
60
75
90

105
120
135

1,4 +0.10
1,4 + 0.15
1.53+ 0.16
1.74 + 0.19
1.70 + 0.19
1.67 ~ 0.19
1.54 + 0.16
1.36 ~ 0.15
1.09 + 0.14
1.03 + 0.13
0.90 + 0.12
0.90 + 0.12
0.75 ~ 0.11
0.67+ 0.11
0.54+ 0.11

1.89 + 0.21
2.27 + 0.25
2.60 + 0.29
2.36+ 0.26
2.05+ 0.23
1.68+ 0.19
1.39+0.15
1.16+0.14
1.02 + 0.14
0.81 + 0.16

0.0
11,5
23.0
34.4
45.6
56.7
67.6
78.2
88.6
98.6

108.6
118.2
127.6
136.7
145.6

0.0
17.5
34.9
46.3
68.5
84.5

100.0
114.5
128.5
141.9

E3„——2.7 MeV

1.05 + 0.07
1.06 + 0.12
1.17 + 0.13
1.36+0.15
1,37+0.15
1.39 + 0.15
1.37+ 0.15
1.24 + 0.13
1.05+ 0.13
1.04 + 0.13
0.96 + 0.13
1.02 *0.13
0.89 ~ 0.13
0.83 + 0.14
0.70 + 0.14

E3 ——3.55 MeV

1.38 ~ 0.15
1.67 + 0.19
1.98 + 0.22
1.89+0.21
1.76 + 0.20
1.56 + 0.18
1.41 + 0.16
1.29 + 0.15
1.24 + 0,17
1.06 + 0.20

0.059 ~ 0.021
0.058 + 0.021
0.054 + 0.019
0.051 + 0.018
0.048 + 0.017
0.051 + 0.018
0.048 2 0.017
0.049 + 0.018
0.047+ 0.018
0.048 + 0.018
0.055+0.020
0.051 + 0.020
0.057 + 0.022
0.063+0.025
0.060+ 0.025

0.064 + 0.022
0.059 + 0.021
0.053 ~ 0.019
0,051 + 0.018
0.051 + 0.018
0.046 + 0.018
0.051 + 0.018
0.050 2 0.018
0.060 + 0.024
0.065 + 0.026

0.51 + 0.18
0.50 + 0.18
0.46+ 0.16
0.43+ 0.15
0.39 + 0.14
0.39 + 0.14
0.35 + 0.13
0.34 + 0.13
0.32 + 0.13
0.32 + 0.13
0.34 + 0.13
0.32 + 0.13
0.32 + 0.14
0.34 + 0.14
0.30 + 0.14

0.57 + 0.20
0.52 + Q.18
0.45 ~ 0.16
0.42 + 0.15
0.39 + 0.14
0.36 + 0,13
0.34 ~ 0.13
0.33 + 0.14
0.35+ 0,15
0.36+0.16

from the observed three-body neutron portion of
the recoil spectra assuming the shape of the three-
body-neutron spectrum to be given by phase-space
considerations alone. ' The values of d'o/dOdE„
are more reliable, since in obtaining these cross
sections it was only necessary to assume that the
high-energy portion of the three-body-neutron
spectrum has a statistical shape. That this as-
sumption is at least approximately valid is evi-
denced by the agreement between measured and

ca.lculated recoil spectra [Fig. 1(b)j.

Polarizations

Results of the polarization measurements are
given in Table III. The third column gives the po-
larization of all neutrons from the 'H('He, n) reac-
tion having energy within an interval bounded by
the energies E~(1+0.15), where Eo is the neutron
energy corresponding to the center of the 'H('He, n)-
'I i peak. The values of P„were obtained from
asymmetries calculated using the recoil peak
counts in the two-parameter spectra, corrected
for accidental coincidences. In calculating the neu-
tron polarizations from measured asymmetries,

the appropriately averaged analyzing power of
helium as determined from the phase shifts of
Morgan" was used. If the three body neutrons
are assumed to be unpolarized, the polarization
of neutrons leaving 'I i in its ground state is giv-
en by

where ~E denotes the width of the energy interval
over which counts are summed in the two-param-
eter recoil spectrum, and (d'&x/dQdE), t,„,b, dz ha.s
been averaged over this energy interval. Values
of P„( Li) obtained in this way are given in the
fourth column of Table III, and are plotted versus
c.m. reaction angle in Fig. 6. The uncertainties
indicated for the polarization measurements arise
almost entirely from statistical uncertainties in
the number of counts. In the last column of Table
III are the values of the polarization for all neu-
trons having energies corresponding to 'I i being
left in its first excited state (E„=3.8 MeV). These
polarizations were extracted from the data in the
appropriate portion of the two-parameter spectra.
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TABLE III. H, esults of the polarization measurements, The Basel convention is followed throughout.

10
20
30
40
45
50
60
70
80
90

100
110
120
130

20
30
45
60
75
90

105
120

11.5
23.0
34.4
45.6
51.2
56.7
67.6
78.3
88.7
98.8

108.7
118.3
127.6
136.7

23.4
34,9
51.9
68.5
84.5
99.8 '

114.5
128.5

E3„——2.7 MeV

—0.012 +0.046
—0.073 +0.031
—0.125 +0.025
-0.081 +0.025
-0.094 + 0.030
—0.093 + 0.049
—0.099 +0.031
—0.134 + 0.062
—0.098 +0.031
-0.158 ~ 0.036
-0.182 + 0.029
-0.253 + 0,032
—0.262 +0.031
—0.200 +0.040

=3.5 MeV

—0.105 +0.044
-0.109 + 0.036
—0.088 + 0.028
—0.058 + 0.029
—0.085 + 0.028
-0.118+ 0.035
-0.207 +0.028
-0.149+0.029

-0.013+0.046
-0.079 +0.034
—0.134 +0.027
-0.084 +0.026
-0.100 +0.032
—0.099+0.052
-0.106 + 0.033
—0.147 +0.068
-0.106+0.033
-0.174 + 0.040
-0.204 + 0.034
-0.286 +0.038
—0.296 + 0.038
-0.227 +0.045

-0.112 + 0.047
-0.115+ 0.038
-0.093+0.030
-0.062+ 0.031
-0.090 +0.030
-0.127 +0.038
-0.223 + 0.030
—0.165 + 0.032

-0.005 +0.052
0.041 +0.048

-0.040 +0.070
0.000+ 0.082

-0.005 +0.042
0.016+0.067
0.004 +0.047
0.066 +0.049
0.066+0.037
0,072 +0.047
0.067 +0.042
0.062 +0.043
0.080 ~0.039
0.128 +0.044

0.051 +0.061
0.006 +0.059
0.033 + 0,051

0.083 +0.048
0.140 +0.058
0.071 +0.046
0.113+0.045
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FIG. 6. Polarization Df Ileutrons from the H( He, tg) Ll
reaction as a function of c.m. reaction angle. The
dashed curve is discussed in the text.

IV. MSCUSSIobj

Results of the angular-distribution measure-
ments for 'H('He, n)'Li presented here are in qual-
itative agreement with the results of Barry eI, al.'
The agreement is good at forward and backward
angles but our cross sections are about 20%%uo lower
in the vicinity of the peak near 40' than those of
Ref. 2. Unpublished angular-distribution measure-
ments by Hollandsworthls obtained using time-of-
flight techniques for a 'He energy of 3 MeV agree
well in shape with the present results. The data
of Kuhn and Schlenk' on the mirror reaction 'He-
('H, P)'He, when transposed to the laboratory sys-
tem, agree within assigned errors with the excita-
tion-curve data of Fig. 5. The total cross section
for the o. +n+P decay channel obtained from the
data in the last column of Table II is approximate-
ly 4.5 mb. This result is very approximate, owing
to the uncertainty in the shape of the three-body-
breakup-neutron spectrum. To the extent that the
assumption of a statistical spectrum shape is cor-
rect this number' represents the cross section
only for direct breakup into cy+n+P. This fol-
lows from the fact that the measured value of
(der/dQ), „„„t d is determined primarily by the up-
per portion of the neutron energy spectrum, which
contains no contribution from the decay channels
n+d~-e+n+P and 'He+p- e+n+p, and relative-
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TABLE IV. Potential parameters used in the DWBA calculation for the 3H(3He, n) ~Li reaction.

Vp

(MeV) (F)
ws

(MeV)
f

p

(F)
~so

(MeV)
'Vp

(F) (F)

~He+3H

6 —LI
140
42

1.2
1.4

0.6
0.25

10
8

1.2
1.4

0,6
0.6

5
16

1.2
1.0

0.6
0.25

ly little contribution from the 'Li*+n' decay chan-
nel. Comparison of this three-body-breakup cross
section with the results of other investigators is
difficult, since most of the values obtained from
measurements on charged-particle spectra also
involve assumptions as to the shape of the energy
spectrum or the angular distribution of the emit-
ted particles. KQhn and Schlenk' give a value of
29.5+ 3.3 mb for the breakup cross section at
1100 keV, but this number appears to include all
channels except o. +d and 'He+ p. On the basis of
their neutron spectrum, which extends over most
of the neutron energy range, BBM' obtain a value
of 20~4 mb for the cross section of all reactions
leading to neutron emission excepting H( He, n)'Li.
Their conclusion that the cross section for 'H-
('He, n)'Li is an order of magnitude larger than
that for 'He('H, P)'He seems unwarranted in view
of the agreement between our data and those of
Kuhn and Schlenk at 1100 keV. Smith, Jarmie,
and Lockett' also obtained comparable values for
the 'H('He, n)'Li and 'He('H, P)'He cross sections
on the basis of their analysis of proton and n spec-
tra observed at 30 and 90' when 'He was bombard-
ed with 1.9-MeV tritons. These authors obtained
a differential cross section (assumed isotropic) of
2.4 mb/sr for the uncorrelated-breakup channel.
This value exceeds our result for the breakup
cross section by a factor of 6, but it is also based
on their fit to the entire charged-particle spectrum.

In addition to statistical uncertainties, there is
probably some systematic uncertainty in the polar-
ization data associated with the magnitude of the
contribution of the three-body-breakup neutrons.
This uncertainty is difficult to estimate without
accurate knowledge of the shape of the neutron
spectrum, but it is probably comparable with the
uncertainties indicated in Fig. 6.

The general appearance of the 'H('He, n)'Li an-
gular distribution data are suggestive of a two-nu-
cleon forward stripping mechanism for the reac-
tion. Any attempt to apply a simple distorted-
wave Born-approximation (DWBA) two-nucleon
stripping. calculation to this reaction encounters
a number of obstacles. For one thing, elastic scat-
tering data for the entrance channel from which

optical potentials can be obtained are not available

for bombarding energies below 5 MeV"'"and such
data are unobtainable for the exit channel. The
fact that the odd proton in 'Li is unbound is an ad-
ditional complicating factor in any calculation.
Also, there is no obvious reason why the reaction
should proceed by the transfer of two protons from
'He to 'H in preference to the transfer of a proton
and a neutron from 'H to 'He. Finally, it is not
clear that the 'H('He, n)'Li reaction can be treated
separately from the three-body-breakup process
and other decay modes which end up as n + n+ p.
While recognizing these limitations on the applica-
bility of the simple two-nucleon stripping model,
an attempt was made to reproduce the cross-sec-
tion and polarization data assuming the reaction
to proceed by I.= 1 transfer of the two protons of
'He to 'H. In carrying out the calculation, "the
proton transferred into a p3/2 state was assumed
to be bound by 50 keV. The results appear to be
insensitive to the details of the wave function for
the p3/2 proton, presumably owing to the tight bind-
ing of the proton transferred to the s,/, state. A

realistic set of parameters (Table IV) was found

which reproduce the general shape of the cross-
section and polarization data, as shown by the
dashed curves in Figs. 4 and 6. The calculated
cross section in Fig. 4 has been multiplied by a
factor of 1.15. However, these parameters do not

reproduce the 'He+'H elastic scattering data at
higher energies. The principal change required
to approximately fit the scattering data at 5.8
MeV "is a reduction in the depth of the real poten-
tial from 140 to 88 MeV, but this change complete-
ly destroys the agreement with the reaction data.
It is, of course, possible that a strongly energy-
dependent potential would be required to reproduce
the 'He-'H elastic scattering data between 3 and 6

MeV, but without having data for the lower energy
it is difficult to conclude very much about the 'He-
'H optical potentials. However, from the results
of the DWBA calculation, it appears possible that
the 'H('He, n)'Li reaction can be understood in
terms of a two-nucleon stripping model. More def-
inite conclusions must await additional 'H+'He
elastic scattering data and a calculation which
takes into account properly both of the stripping
modes referred to above.
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Within the context of the impulse approximation we analyze the reaction p-+Lie H + H~+ &

using the current-current theory of weak interactions and an o.-d model of Li fitted to the
binding energy Rnd charge radius of Li . 748 model is tested by considering the chRnnel p,

+ Li ~ He + P. Within the limitations of our stRted approximations, totRl rRtes Rre estimated
for these two modes and the combined triton distribution given for the ditriton channel.

I. INTRODUCTION

%e hope to exhibit some of the pertinent details
of the capture process

p, +El ~H +H +v

which is a channel interesting in connection with
a proposed experiment to mea, sure the muon neu-
trino mass. ' Discussion of the experimental as-
pects of muon capture in the above channel will be
reserved for another communication. %e present
the analysis in a general form to facilitate its ap-
plication to any of the remaining channels.

Theoretical studies of muon-capture processes
in lithium are numerous, ' though we are unaware
of any consideration of the ditriton final state.
Basically~ an llTlpulse approxlmatlon~ 1n which the
capture is effected on a single proton, has been
coupled to weak-interaction theory to describe
muon-capture processes. Recourse is made in
this paper to these techniques using cluster mod-
els of the relevant nuclei for which pertinent mo-
mentum structures are exhibited. More particular-
ly, an e-d model of I i' is assumed in which trial
vrave functions have been fitted to the lithium bind-
ing energy and charge radius using variational


