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Direct Interactions with Three-Particle Final States
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Momentum and angular distributions have been calculated for a reaction of the type Li"(He3,np)Be?
using a plane-wave stripping-type interaction. These calculations are compared to the neutron time-of-flight
data for this reaction which have been measured at an incident He? energy of 2 MeV.

INTRODUCTION

HE neutron time-of-flight data for the bombard-
ment of Li” by He? shows a continuous distribu-
tion of neutron energies. It has been shown that this
continuum exists for all neutron energies below those
associated with the reaction Li’(He?x)B® and above
the detection limit associated with the plastic scintilla-
tor detector.)® A previous theoretical treatment of
reactions of the type (He®np), based on a different ap-
proximation has been given by Demeur.* The calcula-
tions presented here are based on a plane-wave strip-
ping-type interaction with cutoff and including recoil
effects so that one can hope for only qualitative agree-
ment with the experimental data. The calculations show
that even though one is dealing with a three-body final
state, there are characteristic shapes to the angular dis-
tributions for a fixed value of the observed momentum.
Also, the treatment given here neglects the effects of
spin since these can be included by inspection of the
work of Demeur.*

THE CROSS SECTION

The notation is as follows: The subscripts 1, 2, and
C refer to the three nucleons of He?. Nucleons 1 and 2
are the free final-state nucleons and C is captured by the
target 4 to form the final nucleus B. Only particle 1 is
detected. Neutron and proton masses are assumed
equal. The differential cross section for measuring
particle 1 within a solid angle dQ;, and with momentum
between %k; and 7 (k;+dk,) is

dk, k2dQs dks
(2r)® (2)® dE

o 2
( )dﬂldk1=~—2 ik
dQdky #wl 7

The sum 'is over all the final states of the particles
which are consistent with energy and momentum con-
servation. I is the incident flux, and M is the matrix
element.
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is the total energy in the center-of-mass system. (All
quantities are in the center-of-mass system unless
otherwise stated.) # is a nucleon mass and mgp is the
final nuclear mass. For fixed k; Eq. (2) gives
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dE
and according to (2) k, is a function of direction for a
fixed ki, thus,

do
ddk,

dks
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The matrix element M can be calculated from the
method given by Tobocman.? One obtains

M= /dengdRch CXp[—‘i(k]_ Rl‘l‘kg' R2+k3 . RB)]

Xys*(£1.) (V) expli(ks- Rs+ka-Ra)]
Xa(E¥sR,RR,) .

Here
2 V=Viet Vot Vis+Via+Vau

are the interaction potentials, the R; refers to the posi-
tion of the sth particle in the center-of-mass system,
and the k; are the momenta of the particles, with
(ks,R;) refering to the incident He?.

Conservation of linear momentum and the definitions

01= Rl'— Rc; 02= RZ_Rc, I.= Rc—' RA,
K1=k1—k3/3, K2=k2—k3/3,

and

Kc= ks— (’MA/WLB) (k1+k2)

§ W. Tobocman, Phys. Rev. 94, 1655 (1954).
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allow one to write the matrix element as

M= / dowdosdr.dt exp[—i(Ki- o+ Ks-02)]

X¢3(p1, p2, [ 01— 02])
X VW (g €3) eXpBKC' rc] .
Now one makes the usual simple stripping approxima-
tions, that is, particles 1 and 2 are not to penetrate the
surface of A, V144 Va4 are not effective, and the inte-

gration over r, is restricted to values of 7,2 R. Further-
more, it is assumed that

¥s*(Exe) =¥a* (EWr*(re) -

The potentials V'ig+ V14V, can be removed by a
standard mathematical operation.® Consider the inter-
nal He? Hamiltonian,

H=T+ T2+ Tc+ Vit Vit Ve
=—(12/2m)(V?,+V?2,,+grad,, - grad,,)
+ V12+ Vlc+ V2c .

Then
SV=H—T1—T,—T3,

and the matrix element M can be expressed as
M=T(K,Ky) / dordes expl—i (K- or+-Ky 02) s

X/drcxbl*(rc) exp[iK.-R.],

re2R
T(K]_,Kz) =— [63-{—;12/21% (K12+K22+K1' Kz):] y

where e; is the binding energy of the He?.
If one now uses the He® wave function given by
Bruno,”

¥3=Ns exp[ —2(p24p2*+ | 01— 02D ],

and evaluates the last integral as in ordinary stripping,
(15£0),

2r \*2
M= NaT(Kl,K2)< >
V32

Xexp[ — (K4 Ko+ K- Ky) /6v%]
X[ 4m (204+1)"2[ 7@ (iBR) ]
XL(KeR)j11(KR)— A1 i(K.R)IR/ (84K ).

Here

d
Ay=1+1+4BR InZ,V (iBR)
d(BR)
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and

2mma ecs\“?
o= (m—i—m 4 ?) '
ecp is the separation energy of C from B. From conser-
vation of energy,
T(K.,K,) 3 m—i-mAM
B+K 72

and therefore one can collect all constants and use (4)
to obtain

do dky
=]Vk12/d92k22——
dQdky dE

MM 4

Xexp[— (K24+K2+K;i-K,)/3+7]
X | (K.R)ji-1(K.R)—Aj:1(K.R)|?.

RESULTS

This cross section, Eq. (5), has been calculated for
various values of R and ! for the fixed value of 2
suggested by Bruno.” (Trial calculations indicated that
the results are not a strong function of the value of v.)
The results of the calculations are given in Figs. 1, 2,
and 3. Note that these calculations have been made for
the reaction Li7(He?np)Be® for the case where Bed is
in its ground state and the case where Be? is in its first
excited state. However, from angular momentum and
parity considerations one expects only the /=1 calcu-
lation to be valid for this reaction. The other I values
are calculated merely to indicate the shapes of the dis-
tributions. Also, the width of the first excited state of
Be? has not been introduced as we believe that this will
not qualitatively change the results.

Figures 4 and 5 show the comparison of the calcula-
tions with the experimental data. The experimental

do
dadk

3.0Xl0em 5.0
k

F1c. 1. Calculated momentum distributions at 6,=0° for
various values of the captured orbital angular momentum assum-
ing Be® is formed in the ground state. E(He®)=2 MeV, and
R=3X10"8 cm. The purely statistical distribution is shown as a
dashed curve.
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do
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Fic. 2. Calculated angular distributions for a fixed momentum

of the captured particle (=5X10'2 cm™) assuming Be? is in the
ground state. £(He?) =2 MeV, and R=3X10"8 cm.

3.0X10en 5.0 70

Fic. 3. A comparison of the calculated momentum spectra at
0,=0° E(He3) =2 MeV, =1, for two different values of R. The
solid curves assume Be8 in the ground state and the dashed curves
assume Be8 in the first excited state.

techniques and the neutron time-of-flight system that
were used for these measurements have been discussed
elsewhere.? In Fig. 4 the experimental data is drawn as
a smooth curve and the errors shown are representative
statistical ones. Only part of the neutron spectrum is
shown. At higher neutron momenta one sees the neutron
groups from the reaction Li7(He?,»n)B%. At low-neutron
energies the uncertainty in the efficiency of the plastic
scintillator detector gives a large uncertainty in de-
termining the differential cross section. Therefore the
lower momentum experimental data is not shown.

In both Figs. 4 and 5 the theoretical curves are based
on the assumption that the reaction proceeds via the
first excited state of Be8. The only justification for this
is that the momentum distributions associated with the
ground-state reaction do not give good agreement. All
three angular distribution curves of Fig. 5 have the same
normalization.
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F16. 4. A comparison of the experimental data at 2 MeV and
the calculated momentum spectra for two laboratory angles

assuming /=1, R=3X10"1 cm, and Be? in its first excited state.
The smooth solid curve is the average experimental data.
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F16. 5. A comparison of the experimental angular distributions

at 2 MeV for three different momentum values. R=3X10718 cm,
l=1, and Be? is assumed to be in the first excited state.

It is clear that the agreement is not overwhelming,
but one should not expect quantitative fits from this
type of calculation. On the other hand, it is felt that
these results are encouraging enough to warrant further
investigation, both experimentally and theoretically,
and these will be presented in the future.
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