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The a-particle energy spectra from bombardment of ’Li with 9.1-MeV protons have been obtained for
2.5°<6,<120°. The high-energy portions of the a spectra are interpreted as due to the 1S, p+4H final-
state interaction through the first excited state of ‘He at 20.06 MeV. The factored-wave-function method
is used to deduce the resonance parameters of this state. Consistency in the use of this method is obtained
by a plane-wave Born-approximation calculation based on triton-transfer mechanisms to account for
the forward peaking in the angular distribution. Coincidence measurements between « particles and other
charged reaction products give additional evidence for the 0% assignment to the state and indicate the
importance of the «43H and a+'H final-state interactions at still higher excitation energy of the ‘He

system.

I. INTRODUCTION

HE first excited state of *He, proposed by Werntz!
in interpreting the neutron energy spectra®3 from
the reaction *H(d, #), has been seen in inelastic elec-
tron,? proton,® and a-particle® scattering. Its effects in
the reactions *H(p, p), *H(p, ), *He(n, n), *H(d, n),
and *He(d, p) have been investigated by many authors;
the results have been reviewed recently by Meyerhof
and Tombrello.” In terms of s-wave p-+32H phase shifts,
the properties of the *He system above the p+3*H
threshold (19.814 MeV) are characterized by a rapid
rise in 1S phase with energy up to the n+3He thresh-
old (20.578 MeV), with only slow change thereafter.
The 2S5 phase is approximately described by the scat-
tering from a hard sphere of radius 4 F.2
a-particle energy spectra from the reaction "Li(p, «)
at 43.7-MeV proton energy have been reported by
Cerny et al® In addition to the peak due to the first
excited state of *He at 20.1 MeV, a second peak has
been found at 21.4 MeV in agreement with the work
of Parker et al.® The present work was undertaken
to reexamine this reaction with improved energy reso-
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lution and particle identification. It has been found
possible to deduce from the a-particle energy spectra
a set of resonance parameters for the first excited
state and thus the 15, p+4-*H phase shifts to compare
with those given in the literature from other ex-
periments.

II. EXPERIMENTAL METHOD

Metallic lithium, enriched to 99.999, mass 7, was
evaporated onto gold-foil backings (~80 ug/cm?) in
sttw. A magnetically analyzed 9.1-MeV proton beam
from the ONR-CIT tandem accelerator was collimated
to a 1.5-mm square before striking the target. a-par-
ticle energies were measured in a 180° double-focusing
magnetic spectrometer of 61-cm radius. The horizontal
and vertical acceptance angles of the spectrometer
were set at 1° and 4°, respectively. Particles traversing
the spectrometer were detected by a surface-barrier
counter located in the focal plane; a slit just in front
of the counter defined an energy window of AE=E/90.
Nickel foil of appropriate thickness was placed in
front of the counter to separate out the particles
(e.g., protons) which are of the same energy and of
the same Z2/M as the a particles. In the target
chamber, there was an additional surface-barrier
counter, 2.75 cm from the target rod, in the plane
defined by the beam axis and the center of the spec-
trometer entrance slits. Except in the coincidence
measurements to be described, this counter was fixed
at 145° to the beam in order to monitor the yields
from the "Li(p, ao) reaction. The "Li(p, o) differential
cross section is then expressed in terms of the spec-
trometer yield Vg, and the monitor-counter yield
YMon as

@0 /dEodQe=2.643(90/E) (Vsp/ Y pon)
X0.86 mb/sr MeV,

where the first constant is the ratio of solid angle of
the monitor counter to that of the spectrometer, and
E,/90 is the energy window of the spectrometer. The
last constant is the "Li(p, ag) differential cross section
816
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Fi6. 1. The a-particle energy spectra from "Li(p, &) at E,=9.1 MeV, 6,=10° and 30°. The only contaminant reaction was 0 (p, c).
The phase-space factor, which is proportional to [E.(E,—19.814) ]2, was taken out, and the result is shown as a function of E, in
the right-hand side of the figure. The enhancement in the transition probability was interpreted as due to the strong LS, p+4-2H final-
state interaction through the first excited state of ‘He. The second excited state appears at E,=21.2 MeV.

at 145°. It was measured to be 0.8640.09 mb/sr with
a gold-backed LiF target, whose thickness was de-
termined with the spectrometer by measuring the
energy loss of a particles reflected off the gold backing.
Figure 1 shows the a-particle energy spectra obtained
at 10° and 30°. The first excited state of *He is seen
at 20.06 MeV, and the second excited state appears
as a peak near 21.2 MeV. At larger angles, this peak
becomes less obvious and is masked by the contri-
butions from other final-state interacting pairs. Lim-
iting the interest to the study of the first excited
state, only the high-energy parts of the spectra were
taken in the later stage of the experiment. Figure 2
shows the spectra obtained at laboratory angles from
10° to 120°.

For a three-body reaction 14-2—34-4--3, only three
of the five independent kinematic variables were de-

termined in the setup just described (i.e., from the
momentum of particle 3), and the relative energies of
the pairs (344) and (3+5) were not fixed. To remove
these ambiguities, coincidence measurements were made
to define the direction along which particle 4 was
emitted. The « particles were detected in the spec-
trometer at 30° in coincidence with the other charged
reaction products observed with the counter in the
target chamber near —110°. The counting rate for the
counter in the target chamber was low enough that
coincidence circuitry with a resolving time of 1 usec
was satisfactory. Figures 3 and 4 show some of the
coincidence spectra taken at E,=35.00 MeV and E,=
4.10 MeV which correspond to E,=20.01 MeV and
E,=21.27 MeV, respectively. For the latter, the *He
system was excited above its #+4°He threshold, so
that among the reaction products there were neutrons
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F16. 2. The a-particle energy spectra from 7Li(p, &) at E,=9.1 MeV and 10°<6,<120°. The high-energy portions of the « spectra
are shown here together with the spectral shapes calculated from the expression (5) with the resonance parameters (@, Eoo, vp00%, Yno02) =
(3.0, 20.35, 5.53, 2.88). The least-squares fits were made using data points for a-particle energies greater than those indicated by arrows,

which correspond to E,=20.30 MeV.

and SHe’s. The counts at high channel numbers, well
removed from the kinematic loci, are randoms due to
the elastic scatterings from the target backing. After
each of the coincidence runs, a singles spectrum was
taken to facilitate correction for random coincidences,
which were usually less than 109, but rose as high
as 509 in a few instances. As indicated in Figs. 3
and 4, the coincidence counts summed from the chan-
nels defined by the parentheses, normalized to 1000
a-particle counts in the spectrometer, are plotted out
in angular correlations shown in Figs. 5 and 6.

The angular correlation for E,=20.01 MeV can be
interpreted as if the recoil *He system were decaying
isotropically in its c.m. system, i.e., for a triton-
transfer reaction mechanism, the p-wave amplitude is
found to be less than 159% of the s-wave amplitude.

This supports the Ot spin-parity assignment for the
first excited state of “He, and indicates that only the
p+3°H final-state interaction is important. For E,=
21.27 MeV, however, the protons were found to be
strongly correlated with the « particles along a pair
of directions, consistent with the undetected triton
interacting strongly with the a particle through the
4.63-MeV excited state of "Li. Similarly, the a+p
final-state interaction via the ground state of °Li and
possibly also the a-# final-state interaction through
that of He were seen, respectively, in the a-*H and
a-*He angular correlations.

III. RESONANCE PARAMETERS

By virtue of the short-range nature of nuclear inter-
actions, the particles in the final state of a reaction
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are produced in the neighborhood of one another. given by

The reaction probability is proportional to the squared
modulus of the wave functions of the particles formed
when they are in the reaction zone! i.e., at a dis-
tance @ apart which is of the order of the range of the
nuclear forces. To determine the dependence of the
transition rate of a three-body reaction on the char-
acteristics of the relative motion of a particular pair
of particles only, it is sufficient to consider only the
wave function of this motion. The transition matrix
element is then approximated by a form generally
referred to as the factored-wave-function method, as

Tyie=const [Yx,(r) Jr=a, (1)

where 7k, is the relative momentum of the pair;
¢, taken to be either p or n, respectively, stands for
the reaction "Li+p—a+p+°H or "Li+ p—a-+n-+3He.
The actual form of ¥y, (r) at #~a is unknown but
will be estimated by continuing inward the solution
in the external region. This is permissible only when
the relative energy of the pair is small. Since the pair
is created in an energy continuum moving in a defi-
nite direction k., the solution in the external region is

U L. D. Landau and E. M. Lifshitz, in Quantum Mechanics
(Addison-Wesley Publishing Co., Reading, Mass., 1965), 2nd ed.,
pp. 562-565.

Vi (1) = (27i/kor) exp(—iao)
X ZZ (Ocl— Ucvsl*-[cl) 1.lI/Yl"Pk(i(‘;t:) Ylm(?) ) (2)

where O and I,; are the outgoing and incoming wave
solutions of the radial wave equation in the external
region, and g;=argT' (I4-141y) is the l-wave Coulomb
phase shift.

Without including the spin-orbit force in the final-
state interaction, each partial wave (s, /), in accord-
ance with Meyerhof and McElearney,? is described
by a 2X2 scattering matrix. Its diagonal element
Ucest can be expressed in terms of the phase shift &cs
and the scattering-matrix amplitude Dy as Uga=
D;; exp(2i6cs1) . The radial wave function in expression
(2) evaluated at r=a then becomes

Oc1(ket) — Ucest*I 1 (kott) = exp(—16.51) | Ocr(kea) |
X [(1—Dg) cos(8est— wert@er) +i (14 Dyz)

X sin(fest—wertoe) ], (3)

where wa=26c,,(01—00) and @u=wa+arg0.(k.a). If

( 1926\\(5") E. Meyerhof and J. N. McElearney, Nucl. Phys. 74, 533
1 .
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F1c. 4. Coincidence spectra from 7Li(p, &) at E,=9.1 MeV. The 4.1-MeV « particles were detected at 30° in the magnetic spectrom-
eter with 6 E/E=1.11%, 66=1°, and §®=4°. The acceptance angles for the counter in the target chamber at the negative angles in-
dicated were 7.6° and 15.5° respectively, along the 6 and & directions. The dashed lines are the kinematically predicted loci where

protons, tritons, and 3He’s are expected. The square brackets defi

there is one resonance level in the partial wave (s, [),
with resonance energy Ey; and proton and neutron
reduced widths v,? and v,? the phase shifts and
the scattering-matrix amplitude are given explicitly,
in the neighborhood of this resonance, by

5psl =Wpl— ¢pl+% ta'n_l I‘pé/[€2+% ( I‘nZ__ sz) ]7
Onsi= — <Pnl+% tan™? PnG/Eez—{_%(sz— Pn2) ]7

and

4)

D= {1_ [I‘pl‘n/GZ-}—%(I‘p_}_I‘n)?]}l/?_

Here e=Esl+Apsl+Ansl—Ez, Po=2'chl2Pcl, and Acsl=
Yesi*(Besi—Ser) . E, is the “He excitation energy. The
penetrability and shift function P,; and S; are defined
by Lane and Thomas.® In accordance with the con-
vention used by Werntz! and by Meyerhof and

( 13 Aj M. Lane and R. G. Thomas, Rev. Mod. Phys. 30, 257
1958).
14 C. Werntz, Phys. Rev. 133, B19 (1964).

ne the regions where the coincidence counts were summed.
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McElearney, the boundary-condition constants Beg
are chosen such that 0ps1(Fs) =7/2 and Ang(Es) =0.
K To determine expression (1), it is sufficient to con-
sider the s wave alone, since at low energies the scat-
tering matrices for partial waves with /540 are rela-
tively small. As mentioned previously, the 3S phase
shift is describable by a hard-sphere energy depend-
ence, and its contribution to expression (3) is also
small. In the following analysis, only a resonance in
singlet s wave is assumed. | T4 |? is then reduced to

| T4 |?=const

Doo2+ 1— 2D00 cos2 (5coo+§0co) ]

X [(kca)"1 P

and the "Li(p, «) differential cross section is given
by the sum of the contributions from the p+2H and
n+3He channels, as

@0/AEdQp=const\/Eo [k, | T2 [*+ka | Ty 7], (5)
where kp=[(2u/%?) (E,— 19.814) V2 and k,=[(2u/#2%) X

(E,—20.578) ]2, and u is the reduced mass of the
final-state interacting pair of particles. Below the

n+3He threshold, | 74" [*=0 and Dy=1, and expres-
sion (5) includes essentially a factor like

pst(ka) =sin?(8,u—wit¢1) /Pi(ka),

which is usually referred to as the generalized density-
of-states function, as discussed by Barker and Treacy®
and Phillips e al.16

Let the experimental differential cross section at
6,=6; and E,=E; be o;j, and the corresponding value
predicted by expression (5) be ;. Since o;; is equal
to the actual number of counts N;; times a normaliza-
tion constant, the root-mean-square error for o is
assigned as Aoi;=0y,/(N;)Y2 The fitting procedure
involves a search for the minimum of the expression

. M N; Gii— Gy 2
X'= Z ’

=1 =1\ Aoy

where M is the number of spectra and N; is the

1 F. C. Barker and P. B. Treacy, Nucl. Phys. 38, 33 (1962).
16 G. C. Phillips, T. A. Griffy, and L. C. Biedenharn, Nucl.
Phys. 21, 327 (1960).
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number of data points included in the spectrum at
6,=0,. The constant, appearing in expression (5) and
depending on 6;, and the resonance parameters
(Eoo, Yo%, Ynoo?) are adjusted to minimize the x% Since
expression (5) is not expected to be valid for high
‘He excitation energies, a cutoff at 20.30 MeV was
introduced. This limited the number of data points to

M=26

>, N;=229

=1
in a total of 26 spectra. The range of nuclear forces a,
chosen to be identical for both the p+4-°H and n4-*He
channels, was fixed either at 3.0 or at 4.0 F in the
fittings. By iterating the solutions,” x* was found to
be minimum at

a (F) Eoo (MeV) ’Yp()OZ (MCV) ’Yn()()2 (MCV)
3.0 20.35 5.53 2.88
4.0 20.45 3.38 2.23.

The sensitivity of x? to those resonance parameters
is shown in Fig. 7, and the 1S, p+°H phase shifts
calculated from expression (4) are shown in Fig. 8.
The curves in Fig. 2 are the predicted spectral shapes
calculated from expression (5) for a=3.0 F. The fits
at E,=20.06 MeV for all the spectra are quite satis-
factory; the data points corresponding to this excita-
tion energy are taken, without assuming any back-
ground contribution, as the angular distribution of
the a-particle group leading to the first excited state
of “He. The result is shown in Fig. 9, and is discussed
in Sec. IV.
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17 L. Janossy, Theory and Practice of the Evaluation of Measure-
ments (Clarendon Press, Oxford, 1964), pp. 258-259.

‘tHe VIA 823

TLi(p,a)

%
1
>
s
~N
o]
€
wy
Nb ° 2--""""7"
o°|g
el
o = L~
[0} 30 60 90 120 150 180
Bc.mideq)

Fi6. 9. The angular distribution of the a-particle group leading
to the first excited state of ‘He (E,=20.06 MeV) at E,=9.1 MeV.
The dashed curve shows the contribution of the a-particle knock-
out process. The cutoff introduced in the r,; and ry, integrals
are, respectively, R,=5.2 F and 7.=3.0 F. The solid curve includes
both the a-particle knockout and the triton-pickup processes.
Estimations of their relative amplitudes are explained in text.

IV. TRITON-TRANSFER MECHANISMS

The angular distribution of the a-particle group
leading to the first excited state of ‘He shown in
Fig. 9 has a forward peak. In this section, calcula-
tions are made to account for this prominent feature.
For calculating the transition matrix element in the
plane-wave Born approximation, the wave functions
in the initial and final states of the reaction are
written as

V= (11— Ry) pss [Re— 1 (11+3Ry) ]

X exp{ily[1,— % (r:+3Ri+3R;) 1}
and

Vr=x4(11—Ry) x4 (.—Re)
X exp{ika+[§(r143Ry) — 1 (r+3R:) ]}
+xa(r2—Re) x4’ (11— Ry)
X explike+[1(12+3Ry) —1(1i+3Ry) 1},

where ¢4 describes the relative motion of a p+°H two-
particle subsystem in the 7Li nucleus, and ¢34 de-
scribes that of the other triton with respect to the
cm. of the two-particle subsystem. x4 and x4 are,
respectively, the wave functions of the detected «
particle and the recoil ‘He system. The vector r;(R;)
designates the position of ith proton (jth triton),
and 7k, (7k,) is the initial-state proton (final-state
a particle) momentum in the c.m. system. Neglecting
the interactions of the unbound pair in the final state,
the interaction responsible for the triton-transfer reac-
tions contains only ¥ ,;(ra—Rg). The transition matrix
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element is

Tf15=' (\llf) Vﬂt\pi) = Tdi+ Tex: (6)

where
Tai= [ dr x4* (1) oa(x) S arpixs’ (1) Vpe(Tpe)

X exp(iqp*Tpt) | ATatpss(Tar) €Xp(—1iQarTar)
and

Tex= [ dr x* (1) @a() [ dtpixa(tpe) Vi (Tpr)
X exp(iqpl’rpt) [ dtapsi(Tar) exp(—1iQa’*Tar).

Here the new set of integration variables are defined
as r=r1—R1, r,,t=r2—R2, and ra,=R2—%(r1+3R1),
and the momentum transfers %q, and %q, are given
as g,=k,+ 3k, and q.= (4/7)k,+k,.. The correspond-
ing vectors q,’ and g, in the expression for Tex are
obtained from q, and q, with k, replaced by —k,.

Since the recoil *He system is in its first excited
state, x4 is orthogonal to x. If one takes the model
of "Li nucleus as a *H+a two-particle system seri-
ously, i.e., @4=xs, then only the direct term 7'; con-
tributes to the reaction. To estimate T4;, cutoff radii
R, and 7, were introduced for the r,; and r,; integrals,
respectively. The logarithmic derivative of the radial
wave function at cutoff radius was fixed either by
the binding energy of the 7Li nucleus or by the
1S, p4-°H phase shift obtained in Sec. III for ¢z or
x4, respectively. The dashed curve in Fig. 9 shows
the result of this calculation. This direct term involves
the process that the incident proton knocks out an
a particle and forms an excited state of ‘He with the
triton in forward directions, and thus the predicted
a-particle angular distribution peaks at the backward
angles.

To allow for the contribution from an exchange
term Tex, one has to drop the orthogonality between
x4 and ¢4 ie., to allow that the p+3H two-particle
subsystem in 7Li may have a finite probability of
being excited to the first excited state of *He. For
convenience in computing the relative amplitudes of
the direct and exchange processes, the wave functions
involved were assumed as

@a(x) = (26°/7)%* exp(—p%?),

x4(X) = (29%/7)%* exp(—7*?),

esu(x) = (47)2(2a%/7)** exp(—aa?) V1™ (%),
and

x4 (X) = (2/2ky%) exp(—ioo)fo(kp).

Here fo(k,r) is the radial wave function of the first
excited state of “He. It becomes the LS component
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of expression (2) for rza. The parameter a was
chosen to be 0.28 I~ to reproduce one of the pub-
lished reduced widths of the ground state of "Li.'S
The inverse-square decay length 8% of the p+3H sub-
system in "Li is not known; it is arbitrarily taken as
that of a free «a particle ¥*=0.21 F~2 from electron
scattering data. As was argued by Werntz,! most of
the contribution to those integrals involving fo(%,7)
comes from the region 7 Sa, and for low energies the
shape of fo(ky#) in this region is energy-independent.
fo(kyr) is set to Oyo(kye) — Doo exp(— 2i8p00) L po (kp2)
and is factored out of the integrals. This factor ap-
pears in both Ta; and Te, and the expression (6)
thus predicts the same spectral shape as the expres-
sion (1) does. It was found that a cutoff radius R,
is also needed for the ro integral. As in the previous
approximation, for a cutoff radius® of 5.2 F, the cal-
culated angular distribution is shown by the solid
curve in Fig. 9.

V. CONCLUSION

Nuclear reactions with three outgoing particles are
very complicated in comparison with the reactions
where there are only two particles in both the initial
and final state. We have shown® that in the reaction
"Li(p, «) there is a particular phase-space region in
which the p+4°H final-state interaction is dominant.
From the a-particle energy spectra and the angular
correlation measured at E,=20.01 MeV, the energy
and spin-parity characteristics of the final-state inter-
acting pair of particles are found to be in good agree-
ment with those obtained from other two-body reac-
tions, e.g., the 3H(p, p) elastic scattering. The
factored-wave-function method is useful in under-
standing the spectral shape, and the importance of
the exchange effect in the triton-transfer reaction is
reflected in a prominent forward peak in the a-particle
angular distribution.
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