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Reaction Li(p, pt) at 590 MeV
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The cross section {d cr/dO&dQ
& dT&) for the reaction Li{p, pt) has been measured in a kine-

matically complete experiment. The energy resolution did not aOow for an identification of
the final-state residual nucleus. The cross-section data obtained, when analyzed in terms
of the recoil momentum of the three-nucleon residual system, has the shape characteristic
of an S state for the relative motion of the triton. If the cross section is fitted with a Gaus-
sian the width at 1/e is I' = 100+ 20 MeV/c, and the cross section at zero recoil is 490+ 120
nb/sr2 MeV. The width observed is twice as large as obtained in previous, lower-energy
experiments, but only slightly larger than predicted by 8Li-cluster-model calculations.

A lithium target enriched to 96.6% of 'Li and
0.685 cm thick was bombarded in the 590-MeV
proton beam of the National Aeronautics and Space
Administration synchrocyclotron at the Space
Radiation Effects Laboratory.

Coincident events were detected in a double tele-
scope arrangement (an illustration of the arrange-
ment can be found in a previous paper, Kitching
et al. '). The momentum and time of flight of a
particle scattered at 43 were measured using a
combination of spark chambers and scintillators
with a bending magnet. The invariant mass was
calculated event by event from these two quan-
tities and was used in the identification of tritons
in this arm. However, the identity of the particle
could be obtained with very good reliability from
the time of flight alone. Trajectorie s through the
magnetic spectrometer were reconstructed as-
suming an homogeneous field; they were required
to satisfy a number of criteria to give an accept-
able reconstructed event. These criteria were:
target intercept, alignment of sparks in three dif-
ferent chambers before and after the magnet, and
smooth conne ction of the trajector ies at the edge
of the homogeneous field. A resolution of 100 Mev
full width at half maximum (FWHM) on the invari-
ant mass of a triton was achieved for those events
with trajectories satisfying all criteria. The sam-
ple of identified tritons to be discussed here con-
tains 79 tritons; the estimated deuteron contami-

nation is less than two events.
The energy of a particle scattered at 66 on the

other side of the beam and in coincidence with a
triton was measured by stopping the particle in a
telescope with 11 scintillation counters loaded
with 10 copper plates, each 0.315 cm thick. A
main copper absorber 8.25 crn thick preceeded the
stopping counters and provided a selection of the
proper ene rgy window for protons. Heavier parti-
cles could not penetrate through the main absorber.
The total energy acceptance of the range stack was
90 MeV. Spark chambers in this arm were used
to measure the scattering angle.

The two angle s chosen, as well as the range
energy window, ycorrespond ta 90 c.m. scattering
for a free proton-triton collision; all three param-
eters were maintained throughout the experiment.

For each event the following characteristics of
the unobserved three-nucleon residual system
were calculated:
(i) missing energy

~miss= ~0 (~t + ~p)i

where T„T,, and T~ are the kinetic energies of
the incident proton, the triton, and scattered pro-
ton, respectively, '

(ii) longitudinal recoil

0'll =po-(pi coset +pcosep)i
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and
(iii) transverse recoil

gg =p g
sin gg —p s&n ~p y (3)
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where p, is the beam momentum, p, and p are the
momenta, and 8, and 0~ the laboratory angles of
the triton and scattered protons.

Largely because of the unfavorable ratio of pro-
ton-triton events to uncorrelated particle fluxes
through the front spark chambers, the reconstruc-
tion efficiency was poor (15 events from the sam-
ple of 79 tritons were entirely reconstructed). The
efficiency of the system was verified in a low back-
ground experiment, 'Li(p, pd); the cross section
for 90'c.m. was found in agreement with the result
of a previous experiment by Alder et al.' at a
total recoil momentum of 40 MeV/c. It is to be
noted that the cross sections measured in the
present experiment are about 160 times smaller
than those of Ref. 2.

Because of the unique signature provided by a
triton in the magnetic spectrometer, it was as-
sumed that incomplete events —for which either
the momentum of the triton or the kinetic energy
of the proton or one of the angles could not be re-
constructed —could be saved with assumed values
of the missing quantity, at no other cost than in-
creased over-all resolution.

The missing energy spectrum was centered
around 16 MeV, but its width was about twice as
large as obtained in calibration runs using the
elastic (p, d) reaction. It is assumed that this
widening is the result of the different corrections
applied. The distribution of the longitudinal re-
coil momentum was observed to be about tri-
angular, with a base width of +100 MeV/c, in good
agreement with the result of a Monte Carlo simu-
lation of the experiment including multiple scat-

tering in the target and scintillation counters. The
simulation assumed no angular correlation of the
proton and triton but energy conservation was re-
quired. According to this simulation, the recoil
distribution out-of-the-reaction plane should have
been rectangular in shape, with a basis width of
+50 MeV/c, ' the out-of-plane distribution was not
observed in the present experiment. The Monte
Carlo calculation indicated also that the trans-
mission of the system was flat for values of the
transverse recoil momentum up to +120 MeV/c.

The events in the longitudinal distribution were
then summed over 40-MeV/c bins, without dis-
tinction of the sign of the recoil. The cross-sec-
tion data obtained are shown in Fig. 1. The cross
section is calculated from

d'o (events in +20 MeV/c around q)
dQpdQ~dTp [EOpd, D, (nf)0, '1qe]

4)

where aT~ = aq~ /3. 06 at q~~
= 0, as can be calcu-

lated from formula (3), assuming energy conser-
vation (namely, b, T, =-AT~); nI is the number of
target nuclei times the number of incident protons;
e is the combined efficiency arising from the range
telescope efficiency (evaluated at 0.63 for 8.25 cm
of copper in the main absorber, scintillation count-
ers included), and from the efficiency in range de-
coding (evaluated at 0.86).

The cross-section data in Fig. I indicate that
zero recoil momentum for the unobserved three-
nucleon recoil system is the most likely situation.
Examination of the transverse momentum distri-
bution further supports this observation. The
width of the missing energy distribution is much
larger than would be required to separate ground
state helium-3 recoil nuclei from breakup ones
(the separation energy for a proton in 'He is 5.5
MeV). Hence the data do contain events with a
'He in the final state as well as broken-up 'He with
relative kinetic energies of the components up to
30 MeV. A recent estimate of the breakup contri-
bution in a similar reaction reinforces the expec-
tation that such a contribution can be large [see a
theoretical analysis of the 'He(p, 2p) reaction by
Lehman']. However, for the sake of obtaining an
upper limit for the apparent number of tritons g,
in the Li ground state, it will be assumed that all
events observed were due to 'Li(p, pt)'He (ground
state). Furthermore assuming the validity of the
plane-wave impulse approximation, the following
relation obtains:

50 IOO l50
d'o . . do

(q) = (kinematics) — n, (P(q)j'
pt

q (MeV/c)
FIG. 1. Cross-section data, as a function of the

magnitude q of the recoil momentum. where the kinematic factor has the value 4.05 x10'
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TABLE I. Comparison of experimental results and cluster-model calculations.

Reaction Beam energy
Recoil width

MeV/c FWHM Reference

Li(o. , G ~He)

6Li{n,a d)
'Li{p,p'He)
'Li(p, pd)
~Li(p,p t)
6Li(p,pd)

Cluster model
3He-t cluster

50
50

156
156
590
590

44
62
80

68~8
168+34
124+ 4

128, 156

Lambert et al. (Ref. 6)
Lambert et al. (Ref. 6)
Bachelier et al . (Ref. 7)
Ruhla et al. (Ref. 8)
This work
Alder et al. (Ref. 2)

Kudeyarov et al. (Ref. 5)

e-d cluster 118,130 Kurdyumov et al. (Ref. 9)

MeV' at q =0, and (dk/dQ) ~",
' ' is the presently

unknown elastic proton-triton cross section taken
at 90' c.m. scattering angle.

~ p(q) (' is the proba-
bility for a relative internal momentum q between
a triton and a 'He in the 'Li ground state.

If we assume that the kinematic factor and the
proton-triton elastic cross section are both con-
stant over the relatively small range of q values
detected in the present experiment, then the shape
of the experimental cross section in Fig. 1 is di-
rectly related to the internal momentum distribu-
tion ( P(q) ~', suggesting an S state of relative mo-
tion for the triton-helium-3 system. in 'Li. A
Gaussian fit through the cross-section data

d'
dQ dQ, dT

gives I"=100+20MeV/c, corresponding to 168
MeV/c (FWHM). If we then use for ( p(q) ~2 a
Gaussian normalized to 1 when integrated over
cPq, we obtain for the product

~ ~

90 cm' 'xs, =(0.68+0.16) x10 "cm'.
dQ

To gain any information on n, a guess of the val-
ue of the proton-triton elastic cross section at 90
c.m. is needed. Based on the CERN data and the
Space Radiation Effects Laboratory data4 for elas-
tic proton-helium-3, it may be reasonable to as-
sume that (dk/dQ)9~', ™is anywhere between 10 "

and 10 "cm'. Although it is not possible to give
a value of n, at this time, the results above indi-
cate that n, is probably larger than 0.68.

It is interesting to compare the results above
with those of previous experiments and cluster-
model calculations. ' This is done in Table I. The
width of the distribution observed in the present
experiment is about twice as large as found in
similar experimentse ' with lower-energy incident
particles. A similar discrepancy has been noted
previously from (p, pd) data (see Ref. 2). This ob-
servation may be related to the smaller absorp-
tion and distortion occurring when high-energy
particles are used. The width from the present
experiment is consistent with the prediction of the
cluster model, as worked out by Kudeyarov et al. '
(see also Eurdyumov et al. '). In these calcula-
tions the two free parameters are fitted to the 'Li
Coulomb elastic and inelastic form factors.

Previous experiments have given n, -0.7 from
the reaction 'He+'H-'Li+y (Young et a/ ,"Ven-.
tura et al "), and n, /n. ~ -0.4 from a comparison of
the reactions 'Li(p, pd) and 'Li(p, pt) (&acheiier
et at .'). Our present limit for n, will have to be
reinterpreted when the elastic p-t cross section
becomes available.
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