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Absolute cross sections have been obtained for the reactions °Li(d,n *He)*He “and °Li(d,p *H)*He for
deuteron energies from 100 to 800 keV. The energy. spectra of particles from these reactions are continuums
because of the three-body final state. Total cross sections as well as angular distributions have been obtained
with accuracies of 10 to 17%. Comparisons of energy spectra are made to predictions of simple models.
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I. INTRODUCTION

This paper is one of a series'~® in which we ex-
amine experimentally the various reactions in-
duced by deuterons incident on °Li at energies
‘between 100 and 1000 keV. In the present paper we
present measurements of the reactions
°Li(d,n°He)*He and °Li(d, p°H)*He which result in
three-body final states. Our objective in these
measurements was to obtain reliable total cross
sections for reactions which are relevant to the
design of “advanced” fusion reactors* and to cal-
culations of certain astrophysical processes.®

Because of the three-body final state for these
reactions, the energy spectra are continuums, and
very little work has been done in measuring these
cross sections. In addition to investigations® at
much higher energies, various groups’ have ‘
studied the particle spectra at bombarding ener-
gies near 1 MeV, but.without obtaining cross sec-
tions. Macklin and Banta® measured the cross
section for tritium production from ®Li(d, p°H)*He
from 400 keV to 4 MeV. This latter measurement
should, of course, yield exactly the same values
as our measurement of the cross section for con-
tinuum proton production when the proton spectra
are integrated over energy and angle. These two
measurements, taken in different laboratories by
quite different techniques, are in excellent agree-
ment. :

Figure 1 presents a portion of the mass-8 nu-
clear energy-level diagram® which is relevant for
this investigation. In the absence of an interaction
between the final particles, it is expected that the
energy spectra of the particles will be directly
proportional to the phase space'® available to them.
However, the reaction leading to the final state,
consisting of » +°He + *He, should be visualized not
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only as a direct breakup into three particles, but
also as partly proceeding through the ground state
of ’He which then decays into a neutron and *He.
States in "Be which also might serve as intermed-
iate states in this sequential decay model are not
shown in Fig. 1, since there are none in the en-
ergy region applicable to this work. Similarly,
for breakup into p +°H +*He + *“He, sequential de-
cays can occur through the ground state of °Li and
the second excited state of “Li at 4.63 MeV. These
discrete states in the sequential decay model re-
present final-state interactions which modify the
phase-space energy distributions otherwise ex-
pected. When the intermediate states of the unob-
served pair are relatively well defined in energy
(and therefore relatively long lived), one can then
expect a peak superimposed on the phase-space
energy spectrum. This is the situation for tran-

‘sitions through the state in "Li at 4.63-MeV exci-

tation where the effect of the state is to produce
a well-defined peak in the proton continuum. For
the broader, less-well-defined states as in He
and °Li, the effects are more difficult to identify
in spectra in which only one final-state particle

is observed. A broad peak appears in the mass-3
energy spectrum at a position that could include
the expected peaks from the ground states of 5Li
and °He. In addition, we expect that at the rela-
tively low energies involved here, the Coulomb in-
teraction will strongly modify the phase-space
spectrum. A prescription'’ which treats the Cou-
lomb interaction in the sequential decay model was
used to calculate the effects on the spectrum near
the upper energy limit. This method takes into ac-
count the Coulomb interaction between the two un-
observed particles, but ignores their interaction
with the detected particle. One expects this treat-
ment of the Coulomb interaction to be more nearly
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FIG. 1. Apartialenergy level diagram for A=8, Only
levels of interest for three-body final states are shown.

correct when the energy of the observed particle
is large and when the observed particle is a neu-
tron.

As the discussion above implies, we have in the
present work studied only the single-particle spec-
tra in these reactions rather than kinematically
complete coincidence spectra. In addition, be-
cause of the three-body final states, center-of-
mass spectra are not easily obtained from the ob-
served spectra. (Different energy increments of
the observed spectrum at a given laboratory angle
correspond to different center-of-mass angles; so
in order to obtain center-of-mass continuum spec-
tra, measurements have to be made at a large
number of closely spaced laboratory angles). Thus
we have preferred to give our results in the labor-
atory system and, where comparisons are made
to results derived in the center-of-mass system,
to make the comparison in the laboratory system.

In addition to the measurement of total cross
sections, which was our primary objective, we
were able to observe effects of final-state interac-
tions. Also, because spectra were obtained for
each of the particles emitted in the reactions
5Li(d,p°H)*He and °Li(d,n*He)*He, we were able
to use a number of relationships between the total
cross sections for these particles, including that
mentioned above for tritium production; in order
to test the accuracy of our results. This proced-
ure is particularly satisfying when the neutron
data are considered, since the experimental tech-
niques are then quite different.

The remainder of this paper contains a discus-
sion of the techniques of measurement, the results
of the measurement, the accuracy and reliability
of the results and a comparison to the predictions
of some simple models.

II. EXPERIMENT

The measurements of the neutron continuum
spectra were obtained simultaneously with mea-
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surements of the °Li(d,n)"Be reactions to the
ground and first excited state of "Be. The tech-
niques for these time-of-flight neutron measure-
ments have been discussed earlier'; we shall re-
view them briefly here.

The experiments were performed at the Argonne
4-MV Dynamitron accelerator. The ?H; molecular
deuterium beam was used because this made it
possible to obtain low-energy deuterons while run-
ning the accelerator with a higher terminal voltage
where the operation is more stable. Targets were
made of LiF (enriched to 99.3% in °Li) evaporated
on thick tantalum backings, which formed both a
vacuum wall and also the end of the Faraday cup
(which collected the beam current). These targets
of LiF were very stable, much more so than me-
tallic Li, and although reactions of the deuterons
with '°F could be observed at the higher energies,
the cross sections were low and the contaminant
peaks could be easily subtracted from the spectra.
The thickness of these targets was obtained by
measuring the energy loss of back-scattered deu-
terons as described earlier.,! The results of these
energy-loss measurements were found to agree
to within 5% with measurements of target thickness

_obtained from Rutherford scattering. The current

integrator was calibrated several times throughout
the experiment with a battery of known voltage and
precision resistors, and was always found within
0.5% of its nominal calibration. Charge-collection
efficiency was also checked to verify that it was
within a few percent of unity.

The measurements of neutron cross sections
were made with a deuteron beam pulsed with a re-

_petition rate of 1 MHz and with a pulse width of

1.2 ns. Neutrons were detected in stilbene scintil-
lators (with a threshold for neutron detection of
about 400 keV) at distances between 2 and 3.8 m
from the target. Detector efficiencies were ob-
tained by measuring "Li(p,n)"Be neutrons from
targets of known thickness, from ?H(d,n)*He neu-
trons detected in coincidence with *He particles
and by calculations''? from known geometry and
scintillator response. Measured counts per chan-

" nel were corrected for background and efficiency

and converted into differential cross sections per
unit energy interval. These distributions were ex-
trapolated linearly to zero energy from the neu-
tron detector threshold and then integrated to the

‘maximum neutron energy at which breakup can oc-

cur for each deuteron energy in order to obtain
differential cross sections at each angle. A com-
plete description of the electronic equipment for
the neutron time-of-flight measurements has been
given'? and details relative to the present measure-
ments of neutron continuum spectra appear in
earlier publications,»? which describe work done



594 R. E. HOLLAND ez al. 19

simultaneously with the °Li(d,»)’Be measurements.

The target chamber for the charged-particle
measurements was the same chamber (76 cm di-
ameter) as that used for the ®Li(d,p)"Li measure-
ments.® Again the ?H; molecular beam from the
Argonne 4-MV Dynamitron was used to allow us
to reach low bombarding energies with reasonable
terminal voltages in the accelerator. The ion
beam entered the chamber through two defining
apertures 1.5 mm in diameter and 25 cm apart,
passed through a thin target in the center of the
chamber, and stopped in a Faraday cup beyond the
chamber. The targets consisted of 75-100 pg/cm?
of LiF enriched to 99.3% in ®Li evaporated onto
thin (10-15 pg/cm?) carbon films. Yields of
charged particles were obtained relative to the
yield of protons from the °Li(d,p)"Li reaction, the
cross sections for which we had measured ear-
lier.*> Thus the derived continuum cross sections
do not depend on measurement of the ion-beam
current, nor critically on the target thickness (ex-
cept insofar as the target thickness influenced the
mean incident deuteron energy).

Because the spectra of protons, *H, 3He, and
“He (as well as the spectra of recoiling higher
masses) were overlapping continuums, the deu-
teron beam was pulsed to allow the mass of the
detected particle to be identified by time of flight;
the energy was determined from the pulse height
in the Si surface-barrier detector since the short
flight path available did not allow good energy re-
solution by time of flight. The beam pulse rate in
this case was 8 MHz with a pulse width of about 1
ns, and the flight path from target to detector was
25 cm. Time and pulse-height data were stored as
a two-dimensional array, 256 X256 channels, in a
PDP 11/45 computer. A simple transformation
from an energy-vs-time array to an energy-vs-
mass array allowed us to produce energy spectra
for each of the low masses in the following man-
ner.

For each set of data, a mass-vs-energy array
was obtained from the time-vs-energy array by
applying to each element labeled by (7, E) the
transformation

M =K(T - T,PE,

and adding to the location (M, E) in the new array,
the contents of the location (7,E). The constant K
(which depends on the distance between target and
detector) and the constant T, (which is the time
channel corresponding to zero time) could, in
principle, be determined from separate measure-
ments on the system. We preferred to infer them
directly from the data. The value of K merely de-
termined the mass scale and was chosen to pro-
duce a convenient range of masses. The other
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FIG. 2. Spectrum of masses observed for deuterons
on ®Li at a laboratory angle of 65° for a deuteron energy
of 578 keV.

constant T, could be estimated by inspection of the
data and then adjusted to produce the mass peaks
at the same channels, independent of energy.
There was no difficulty in interpreting the mass
spectrum because each mass has a characteristic
energy spectrum.,

The mass resolution can be estimated from Fig.
2; it shows the mass spectra obtained after sum-
ming over particle energy. The mass-3 peak
contains both *H and He, and the mass-4 peak,
while it is all “He, contains contributions from
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FIG. 3. Pulse height spectrum of protons from $Li+d
reactions at a deuteron energy of 371 keV and laboratory
angle of 90°
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TABLE I. Differential cross sections (in the laboratory system) for continuum neutrons
(summed over energy) from 6Li(d,x%H)*He.

/

E, 0(6,,) (mb/sr) :

(MeV) 0° 30° 60° 75° 111.6° 126.5° 148.5°

0.204 0.61 0.65 0.69 0.56 0.55 0.57 0.54

0.238 0.79 1.07 0.75 0.71 0.79 0.74 0.96

0.375 2.78 2,62 2.56 2.32 1.97 2.00 1,76

0,578 6.28 5,28 4.58 4.21 3.33 3.16 2.90

0.779 11.16 8.60 6.48 6.42 4.91 3.71

TABLE II. Differential cross sections (in the laboratory system) for continuum protons (summed over energy) from
6Li(d,pH)*He.
E, 0(6,,,) (mb/sr)

(MeV) 25° 35° - 45° 65° 90° 105° 125° 135° 145° 157°
0.117 0,105 0,081 0,095
0.184 0.625 0.482 0.464 0.633 0.601
0.269 v 2,647 2.036 1.80 1.96 1.89 1.99 1.90
0.371 5.823 5.94 4.20 3.62 3.86 3.73 3.70 3.75.
0,575 16.67 11.69 9.058 8.098 8.26 7.69 7.744 7.571
0.772 20,24 14.09 10.67 10.55 9.97 9.826 9.068 9.418

TABLE IlI. The coefficients (in the laboratory system) for the expansion, in a series of
Legendre polynomials, of the differential cross section of continuum neutrons (summed over
energy) for 8Li(d,n°He)!He. The indicated errors are those obtained from the least-squares
fitting procedure and do not include systematic errors.

Ey B, B B, By By
(MeV) (mb/sr)
0.204 0.586+ 0,018 0.052+ 0,026
0.238 0,779 + 0,040 -0.028 + 0,070 0.119+ 0,086
0.375 2,217+ 0,030 0.516 + 0,042 0,020 + 0,058
0.578 3.984+ 0,073 1,485+ 0.115 0,439+ 0,161
0.779 5.883 + 0.029° 2.628 + 0,046 0.455 + 0,065 0,500 + 0,081

0,669+ 0,124

TABLE IV, The coefficients (in the laboratory system) for the expansion, in a series of
Legendre polynomials, of the differential cross section of the continuum protons (summed

squares fitting procedure and do not include systematic errors.

. over energy) from 8Li(d,p%H)!He. The indicated errors are those obtained from the least-

E, By By B, By B,
(MeV) (mb/sr)
0,117 0,083+ 0,009 0.022+ 0,014
0.184 0,552+ 0,040 —-0.039+ 0.068
0.269 2.11 + 0,045 0.49 +0.10 0.57+0,12 0.34+ 0,12
0.371 4,33 +0,09 1.39 +0.,19 1.38 +0.24 0.79+ 0.24
0.575 9.38 +0.10 3.53 +0.19 3.19+0.26 2.27+ 0,29 1.05+ 0,28
0,772 115 013 4,22 +0.24 3.80+0,33 3.17+ 0.38 1.84+ 0,40

TABLE V. Total cross sections for the neutrons, protons, mass-3 particles, and mass-4
particles from 8Li(d, p°H)*He and ®Li(d,n3He)*He. The indicated errors include statistical
errors and estimates for all systematic errors.

E, o, (protons) 0; (mass-3) o; (mass-4) ‘E, o, (neutron)
(MeV) (mb) (mb) (mb) MeV) (mb)
0.117 1,04+ 0.18 175+ 0.25 1.67+ 0.22
0.184 6,94+ 0,86 9.256+ 1,28 9.04+ 1.21 0.204 736+ 1.10
0.269 26,5 = 2.5 39.3 + 4.1 38.00 + 4.6 0,238 9,79+ 1.60
0.371 544 + 5.1 818 £ 8.8 79.4 £ 9.8 0.375 27.9 + 4.2
0.575 118 +11 1910 +£19.2 180.0 +£18.1 0.578 50,1 + 7.5
0.772 145 £13 243.8 £22.9 ° 224.9 224 0.779 739 +£10.4
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both reactions °Li(d,n°He)*He and ®Li(d, p°H)*He,
which have differing endpoint energies. The quan-
tized nature of the initial data (256 by 256 chan-
nels) produces a granular effect in the transformed
mass distribution. This is evident in Fig. 2, but

it has no effect on the energy distributions and is
of no importance for the cross-section data. Fig-
ure 3 gives a typical pulse-height spectrum ob-
served in the Si detector for protons.

In these data on the continuum charged particles
the lower limit on the energy that could be detec-
ted was in the region of 200 to 600 keV. However,
the energy distribution of the continuum particles
extends to zero energy. Since the phase-space
distribution approaches zero at zero energy, we
used a linear extrapolation to obtain the yields at
lower energies. The associated error was as-
sumed to be due largely to uncertainties in the
true energy distribution at low energies. We rath-
er arbitrarily took the error to be one third of the
correction in the extrapolation to zero energy.
After this extrapolation, the continuum yield for
each particle at each angle was summed and the
cross section as a function of angle obtained from

o= |2 70,5)|o(0,0)/¥0,9),
E

where 2., Y(6,E) is the yield of continuum par-
ticles at the laboratory angle 6§, summed over
their energy, E; o(6,p) is the cross section for
proton transitions to the two well-defined states
in "Li through the reaction ®Li(d,p)’Li; and Y(8,p)
is the yield of protons to the same states in the
present data. We took o(6,p) from our earlier
measurements.?

The laboratory differential cross sections (),
which are given in Tables I and II for neutrons and
protons, were expanded in a series of Legendre
polynomials. The coefficients of this expansion are
given in Tables II and IV for neutrons and protons.
The errors givenin Tables IIIand IV for the expansion
coefficients are the errors from the fitting pro-
gram and represent the statistical errors modi-
fied by the internal consistency of the data. The
total cross sections, representing integrations
over energy and angle of the differential cross
sections, are given by o,=47nB,, where B, is the
coefficient of the zeroth order Legendre polynom-
ial. A similar procedure was used to obtain the
total cross sections for mass-3 and mass-4 nu-
clei which were used in constructing Figs. 6 and 7.

In addition to errors given in Tables I-IV, which
are mainly statistical, there are also systematic
errors which contribute to the total error. For
the charged-particle spectra these come primarily
from the process of extrapolating the energy spec-

tra to zero energy and from systematic errors in
the °Li(d,p)"Li cross section such as errors in
target thickness and charge integration. These
must be added in quadrature to the errors given
in Tables I-1IV to get the total errors. The total
cross sections, with the total error, are given in
Table V for continuum neutrons and continuum
charged particles from °Li(d,#3He)*He and
SLi(d,p*H)*He.

III. RESULTS AND DISCUSSION

We wish in this section to discuss the observed
energy spectra from °Li(d, p°H)*He and
SLi(d,n°He)*He reactions. A useful starting point
for a discussion of the continuum spectra from
three-body final states is the phase-space energy
distribution!® of one observed particle in the cen-
ter-of-mass for the reaction. For our case this
energy distribution is

P(E)E « [(Ey,,— E)E}2dE | 1)

where E is the particle energy and E_,, is its kin-
ematically allowed maximum value. Equation (1),
after transformation to the laboratory system, is
the appropriate half ellipse shown on the energy
distributions in Figs. 4 and 5.

The Coulomb force can be expected to influence

SLi+d —>n +He + *He
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FIG. 4. Energy spectra of continuum neutrons from
SLi(d, n*He)*He for several deuteron energies at a labora-
tory angle of 0°. The dashed curve is the phase-space
distribution of Eq. (1); the solid curve is the Coulomb-
corrected distribution calculated according to Eq. (2).
Both calculated distributions have been transformed to
the laboratory system. :



19 ABSOLUTE CROSS SECTIONS FOR THREE-BODY BREAKUP.... 507

a) _ 1 b) c)

Ed= 0.772MeV

Ed= 0.772 MeV

E o 0.772MeV

(arbitrary units)

f Ed=0.37IMeV ‘ =0.371MeV
I3he
°Li !
T J \1 T T

T 3

p E470.269Mev KXE =0.269 MeV
\
-1
|
|

YIELD

T

E 0.184 MeV
Ed=O.|84MeV 1
]

Ed=O.IS4MeV

|
Li* ‘
T T T L T T T T T T M T
1000 2000 3000 1000 200 3000 IOOO 2000 3000
ENERGY (keV)

7,

FIG. 5. (a) Energy spectra of the proton continuum at a laboratory angle of 65° and at a number of incident deuteron
energies. The solid curve is the phase-space distribution of Eq. (1) after transformation to the laboratory system.
The Coulomb-corrected energy distribution is shown as a dashed curve for the upper end of the spectrum. The peak
arising from the "Li (4.63 MeV) state is indicated by an arrow. (b) Energy spectra of the continuum mass-3 particles
at a laboratory angle of 65° and at a number of deuteron energies. The spectrum contains *H from 1.i(d,p%H)*He and
3He from °Li(d, n*He)*He. The phase space distribution is the solid curve which is the sum of two distributions calcula-
ted from Eq. (2), whose areas were determined as described in the text. The Coulomb corrected curve is shown as a
dashed curve only for 3H near the maximum allowed energy. The expected positons of peaks coming from transitions
to °Li and *He are shown by arrows. (c) Energy spectra of ‘He particles from Li(d, »’He)*He and ®Li(d, p°H)*He at a
laboratory angle of 65°. The phase-space distribution is the solid curve calculated by combining the contributions from
the two reactions as described in the text. The Coulomb-corrected energy distribution is shown only near the maximum
allowed energy as a dashed curve. .

the energy distribution. .One method for calcu- where

lating the effect of the Coulomb interaction'* 2

makes use of the sequential decay model. When Co* =2m/[exp(2mn) - 1]

the Coulomb interaction with the observed par- and

ticle is neglected and only the Coulomb interaction n=2.2,¢% i

of the two unobserved particles is considered, the 172 :

energy distribution of the observed particle in the Here Z,e and Z,e are the charges of the unobserved
center-of-mass system becomes particles and u is their relative velocity. This

may be expected to be a particularly good approxi-
P(E)AE & CR[(E oy — E)E%dE 2) mation when the observed particle is a neutron



598 R. E. HOLLAND et al. 19

since its Coulomb interaction with the other par-
ticles is zero. Neutron spectra at zero degrees
for several bombarding energies are shown in Fig.
4. Even for the neutron spectra, one can expect
deviations between the Coulomb-modified phase-
space distribution and the observed distributions.
In the first place, the relative angular momentum
of the unobserved pair is assumed zero; and sec-
ond, other final-state interactions—for example,
the interaction between the neutron and “He (to
form ®*He)—have not been taken into account. The
latter interaction can produce a peak in the energy
distribution of tritons, but its effect on the neutron
spectrum is spread by recoil effects so that it is
very difficult to identify. For our data, the neu-
tron spectra, at least in the higher energy region,
are well described by the approximate Coulomb
correction to the phase-space distribution as
shown in Fig. 4.

Similar arguments can be used to interpret pro-
ton spectrafrom®Li+ d —p +°H +*He. In this case,
however, one expects that the Coulomb modifica-
tion described above will be less successful since
there are additional Coulomb interactions between
the proton and each of the unobserved particles
which have not been included in the calculation.
The results for protons are shown in Fig. 5(a).
The calculation with the Coulomb correction ac-
cording to Eq. (2) is shown as a curve covering
approximately the upper 20% of the energy distri-
bution. It was normalized to have the same area
over the channels where it is shown as the mea-
sured.energy distribution. At lower proton ener-
gies it differs widely from the observed spectrum.
The phase-space energy distribution given by Eq.
(1) and transformed to the laboratory system is shown
as an approximate semiellipse. In Fig. 5(a) one
also sees’a nice illustration of a final-state inter-
action in the observed peak in the proton yield
which arises from transitions to the 4.63-MeV
state in "Li. This state is unstable to decay to
°H +“He, with a width of ~100 keV, so that proton
transitions to it produce a well-defined peak su-
perimposed on the phase-space distribution. How-
ever, the particles (°*H and *He) from the breakup
of this state do not produce any recognizable effect
in the ®H or *He spectrum because the "Li recoil
velocity is added to their relative velocities in a
manner which distributes the peak over a large
region of their energy distributions.

Figure 5(b) displays similar spectra for the
mass-3 particles (3H and 3He) from the reactions
of °Li+d. In this case, two phase-space distribu-
tions were calculated (one for *H and one for 3He)
and added. The ratio of their areas in the center-
of-mass system was simply the ratio predicted by
the phase-space model described by Eq. (6) below.

This composite curve was adjusted to have the
same area as the measured data including the ex-
trapolation to zero energy. The results in Fig. 5(b)
are typical comparisons. Also shown in Fig. 5(b)
is a calculation in which the phase-space distribu-
tion is modified by the Coulomb interaction as dis-
cussed above. Again, as with the proton spectra,

it only fits the data in a very narrow region near

maximum particle energy. The expected energies
of H from transitions to °Li (g.s.) and energies of
%He from transitions to *He (g.s.) are marked with
arrows in Fig. 5(b). The broad peak near the °Li
and *He arrows may correspond to the sum of the
°Li and °He transitions. However, considerably
more data and analysis would be required before
one could be sure of such details.

Figure 5(c) contains plots of the energy distri-
butions for *He particles from the two breakup
reactions. In this case there are no states of “He
which could act as an intermediate state in a se-
quential decay, and so one expects no peaks in the
‘He spectrum arising from final-state interactions.
Distortions of the phase-space distribution are ex-
pected from the decay of "Li, °Li, and 5He inter-
mediate states mentioned above, but recoil effects
should distribute the *He decay product over a
large part of the energy spectrum and make it dif-
ficult to recognize contributions from any particu-
lar source. Here, as with the mass-3 spectra,
one expects our calculation of Coulomb effects to
be appropriate only near the upper end of the spec-
trum.

The final matter we wish to address concerns
our measurements of total cross sections. The
total cross section for proton production in the
°Li(d,p°H)*He reaction obtained from present mea-
surements is plotted in Fig. 6. The results of
Macklin and Banta’ based on *H production from
the same reaction are also plotted and are in ex-
cellent agreement with our measurements. Sim-
ilarly, the total cross section for ®Li(d,n*He)*He
as obtained from the neutron measurements are
given by the lower points of Fig. 6. We also have
total cross sections for mass-3 (°*H and *He) par-
ticles and mass-4 (*He) particles. It is easily seen
that the total cross section for production of mass-
3 particles, 0,(3), and for mass-4 particles, o,(4),
should be equal. Thus

0(3)=0,4), (3)
and
o p)+o,n)=0,3), (4)

in which o,(p) is the total cross section for protons
from °Li(d, p°H)*He and o,() is the total cross sec-
tion for neutrons from °Li(d,n°He)*He. We have

chosen to use these relationships to obtain another
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FIG. 6. Total cross sections for $Li(d, p°H)*He and
®1,i(d, n*He)*He as a function of deuteron bombarding en-
ergy. Also'shown are the results of the activation mea-
surements of Macklin and Banta.® A second determina-
tion of the neutron cross section is derived from the
charged-particle data as described in the text, and plot-
ted as points marked with an x.

measure of the cross section for °Li(d,»n*He)*He
given by

oln) =[0,3)+0,(4)]/2-0,(p). (5)

This is also plotted in Fig. 6 and gives an inter-
comparison between the neutron measurements
and the charged-particle measurements. Again
the agreement is within experimental error.

The ratio 0,(p)/0,(n) is plotted in Fig. 7Tas a

" function of deuteron bombarding energy. Also

shown in Fig. 7 is the ratio of the phase-space
predictions for the total cross sections. This ra-
tio can be easily computed in the center-of-mass
system; it is unchanged by transformation to the
laboratory system. Thus, at each deuteron ener-
gy, we obtain for the ratio

o(p)/o = J Pye)E/ [ PE)E

& [Epaxl PV/E nax @) P (8)

All energies, cross sections, and energy distribu-
tions are taken in the center-of-mass system. The
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FIG. 7. The ratio of the total cross sections for
61.i(d, p’H)*He and ®Li(d,p°He)*He as a function of deuter-
on energy. The curve is calculated from the phase-space
energy distributions as described in the text.

maximum kinematically allowed particle energy in
the center-of-mass system is given by

Epa =@+ E)(my+my) /(my + my+m) ,

where @ is the reaction @ value, m, is the ob-
served particle mass, m, and m; are masses of
the unobserved particles, and E, is the incident
deuteron energy in the laboratory system. Equa-
tion (8) gives o,(p)/0,(n) =2.03 for E,=0; the ratio
slowly decreases as E, increases. Although our
data are consistent with this prediction, the errors
in the experimental values are large, and other
functions for this ratio could also fit the data.

The observation that the ratio of the measured
total cross sections for protons and neutrons is
apparently given by the ratio of their respective
phase-space volumes does not necessarily imply
that simultaneous, or direct, three-body breakup
dominates these reactions. Indeed, we saw above
that modifications to phase-space distributions due
to Coulomb final-state interactions between the
two unobserved particles lead to good representa-
tions of the shape of the individual spectra in the
higher energy region. The results shown in Fig.

7 do suggest, however, that if any sequential-de-
cay model is relevant to these three-body reac-
tions, the important final-state interactions are
expected to be similar for these charge-symmetric
neutron and proton processes.
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