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We have measured excitation functions for the reaction 'H(e, Li) n at 0' (lab) in an energy range covering

the resonance corresponding to the 5/2 state in 'Li at 7.46 MeV of excitation. A Ti-tritide target on a

nickel backing was bombarded by an n-particle beam, and the Li reaction products at 0' were spatially

separated from the beam in a magnetic field and were then detected in a thin solid-state detector. Data at 14

bombarding energies were obtained for the ~Li group emitted at 8, = C', and data at 11 energies were

obtained for the Li group emitted at 8, = 180'. To normalize these reaction data we measured,

simultaneously with the reaction, the yield of the elastically recoiling tritons at +15' and ~30' (lab). We

obtained absolute differential cross sections from the normalized reaction data by measuring excitation

functions for 'H(a, t)'He at 15' and 30' (lab) using a gas target. The average error in the reaction data is

2.7%; the errors in the 15' elastic data are less than 1%; the majority of the errors in the 30' elastic

data are less than 2%, and the n-particle beam energy at the reaction region of the targets was determined

to an accuracy of 6 keV. Our reaction data are compared with other data, data evaluations, and a recent

three-channel multilevel R-matrix analysis of a large body of mass-7 data.

NUCLEAR REACTIONS H(n, Li)n, SH{n, t) He, E=11.3-12.0 Mev; measured
reaction 0 (E;0 ), elastic g (E;15, 30 ). Comparisons with other data, with data

evaluations, and with three-channel, multilevel, R-matrix analysis.

I. INTRODUCTION

Much effort has been devoted over the years to
the study of the interaction of 'Li with neutrons,
and discussions of recent work and reviews of
older work are given in Refs. 1-3. Practical as-
pects of the n+'Li interaction have stimulated
many of these studies For e. xample, the 'Li(n, t)-
'He reaction is often used as a neutron-detection
standard for neutrons of energy below about 100
keV (Refs. 4-6) and has been used at higher en-
ergies to monitor reactor neutron spectra. ' The
same reaction might also be used for breeding
tritium in fusion reactors by incorporating a lith-
ium blanket in the first wall." Knowledge about
the n+'Li interaction is also important for a basic
understanding of the mass-7 system through theo-
retical studies, such as resonating-group calcula-
tions, "which employ a nucleon-nucleon force and
fully antisymmetrized wave functions, or through
more phenomenological approaches, such as R-
matrix analyses. ""

In the neutron energy range from about 100 to
500 keV, the n+'Li interaction is dominated by a
resonance which causes cross sections to peak
near a neutron energy of 240 keV. This reso-
nance is the one labeled 'P, i, in the study of o+ t
elastic scattering by Spiger and Tombrello" and
arises from the influence of the —,

' state at an
excitation of 7.46 MeV in 'Li. In this energy re-
gion the experimental data exhibit large discre-

pancies. For example, the discrepancies in the
angle-integrated cross section for 'Li(n, f)'He are
strikingly illustrated in Fig. 2 of the review article
of Uttley et al.' Because a+ t is the only open re-
action channel in this resonance region, the ob-
servation"" that adopted values for the n+'Li
total, angle-integrated elastic, and n+ t reaction
cross sections often are inconsistent with one
another is cause for concern. Such an inherent
"violation of unitarity" in the experimental data
will naturally cause difficulties for analyses of
such data with unitary theories, as, for example,
the R-matrix analyses of Refs. 12-14.

It seems clear, then, that data are still needed
on the n+'Li interaction and that it would be valu-
able to attack the problem in a novel way rather
than to make yet another set of measurements
employing methods and techniques used previously.
%e have satisfied the objective of novelty in the
present experiment by obtaining differential cross
sections for the 'Li(n, t)'He reaction at c.m. an-
gles of 0' and 180' by measuring the reaction
'H(a, 'Li)n at 0 (lab). In this way we have replaced
the set of problems associated with neutron beams
or neutron detection by the set associated with
charged-particle beams and charged-particle de-
tection. These sH(a, 6Li)n excitation functions were
measured in the energy region of the above-men-
tioned -' resonance. Our results are compared

2
with other data, with data evaluations, and with
a recent three-channel, multilevel, R-matrix
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analysis" of a large body of mass-7 data in which
the present results were not included.

II. EXPERIMENT

A. Overview

Our method of measurement of the *H(&,8Lt)n
reaction cross section required that we also mea-
sure the a + t elastic scattering cross section. Both
experiments were performed at the Los Alamos
Van de Graaff facility, using an a-particle beam
from the FN tandem accelerator. The reaction
experiment used a Ti-tritide target on a Ni back-
ing, and the elastic-scattering experiment used a
tritium gas target.

Theenergyof the -' resonance in 'Li, near which
2

we made our measurements, is not far above the
lab threshold energy E„for 'Li production (8,„
=11.136 QeV); therefore, the 'Li ions from the
reaction are produced in the laboratory in a nar-
row forward cone. At the cross-section peak,
which occurs at about E = 11.61 MeV, the cone
half angle is about 4'. This makes it difficult to
measure the angular distribution of the 'Li ions,
and it mas decided to measure only differential
cross sections at 0' (lab). The 'Li detection sys-
tem could then readily be aligned along the direc-
tion defined by the beam-line collimating aper-
tures. This detection system consisted of a simple
dipole magnet, used to separate 'Li ions from
beam a particles, and a solid-state detector of
thickness about equal to the range of the detected
'Li ions. %e detected two energy groups of 6I i
in this experiment. One group, having an energy
of about 6.5 MeV, arises from emission at a
c.m. angle of 0', and the other group, having an
energy of about 4.9 MeV, arises from emission at
a c.m. angle of 180'. Measurements necessary to
obtain information on Li charge-state probabilities
mere also made in the course of data taking. In
order to normalize the 0' reaction data, the yield
of tritone from 'H(n, f)'He scattering was mon-
itored at + 15' and + 30' (lab) simultaneously with
the 0' measurements.

The normalized reaction yields for 'H(a, 'Li)n
can be converted to absolute differential cross sec-
tions if one knows the absolute differential cross
sections for 'H(n, t)'He elastic scattering. The
needed elastic scattering cross sections were mea-
sured in a separate gas-target experiment. . Be-
cause, in the resonance region of our measure-
ments, the cross sections vary rapidly with en-
ergy, it was necessary to match carefully the en-
ergies in the two separate experiments. The use
of tmo monitor angles, rather than only one, facil-
itated the energy matching, because the ratio of
the 15' to 30 elastic cross section is a sensitive
function of the a-particle bombarding energy.

Hence, the energy matching mas carried out by
comparing the 15'/30' elastic-yield ratios obtained
during the reaction measurements with those ob-
tained during the elastic-scattering measurements.
This then allowed us to use the 15', elastic, ab-
solute differential cross section to obtain absolute
cross sections for the reaction. The 15', rather
than 30', data were used for the conversion to ab-
solute cross section because of their higher overall.
accuracy.

In addition to this energy-matching procedure, an
absolute energy scale for the reaction measure-
ments was determined by a special calibration of
the tandem beam-analyzing magnet and by a mea-
surement of the beam energy loss in the solid tar-
get. All the data mere corrected for finite geo-
metry, multiple scattering, and beam energy
spread.

8. Elastic scattering: Apparatus and procedure

For the 'H(a, f)'He elastic scattering experiment,
a 76.2-cm-diam scattering chamber and its associ-
ated gas-target apparatus mere used. This system
and data-taking procedure are described in detail
in Refs. 17 and 1S, and some comments pertinent
to the use of tritium as a target gas are made in

Ref. 19. In brief, the a-particle beam passed
through a tritium gas target having 2-mglcm'
Havar" foil windows and was collected in a Fara-
day cup having both magnetic and electrostatic
electron suppression. A single, collimated, ~E-
E mass-identifier detector system was used to
measure the yield of elastically recoiling tritons
from the target. Each of the two geometry-defining
collimators mere nominally 3.5 mm wide and were
separated by 222 mm. The rectangular rear colli-
mator was about 5.9 mm high and was 305 mm

from the chamber center. This results in a nomi-
nal geometry factor"" of 1.07 & 10 ' mm sr and in
an angular acceptance of about 0.9' [full width at
half maximum (FWHM)] in the scattering plane.
Measurements mere made at lab angles of 15' and
30', and, for each angle, data were obtained al-
ternately to the left and to the right of the incident
beam. The electronic system sent the appropriate
signals to an on-line computer for mass identifi-
cation and further processing. The types and
amounts of impurities in the gas target were care-
fully measured by elastic scattering. The impurity
concentration amounted to about 10% and was corn
posed principally of hydrogen and helium-3. As
has been found previously, "the hydrogen concen-
tration slowly increased with time. A test was
made to determine whether or not the multiple
scattering of the beam a particles in the target
windows might lead to incomplete charge collec-
tion inthe Faraday cup. It was found necessary
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to make a small correction for this effect. The
'H(a, t)'He measurements were made at 18 ener-
gies in the resonance region of interest.
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FIG. 1. Schematic diagram of the apparatus for
measuring the 3H(n, 6Li) n 0 cross section. The triton
detectors monitor the elastic scattering 3H(n, t)4He at
+15 and +30, and the Li reaction products are spa-
tially separated from the n-particle beam in the magnet.
A thin detector helps to separate in energy the 6Li ions
from o.-particle background due principally to beam in-
teraction with the entrance aperture.

C. Reaction: Apparatus and procedure

In Fig. 1 is shown a schematic diagram of the
apparatus used for the 'H(o. , 'Li)n reaction mea-
surements. The target and triton monitor detec-
tors were situated in a 60-cm cubical scattering
chamber"" (not shown in Fig. 1) called the
"supercube. " The target" consisted of a 71-gg/
cm' layer of Ti-tritide on a 1.4-mg/cm' Ni back-
ing and contained about 1.1 tritium atom per Ti
atom. The tritium loading was accomplished by
heating the Ni- Ti foil to about 500' C in a tritium
atmosphere, causing only the Ti to absorb tritium.
The rather thick Ni backing of the target served
two purposes. First, the target had to withstand
breakage if a vacuum accident were to occur, be-
cause contamination of the supercube with small
pieces of Ti-tritide could not be tolerated. Sec-
ond, multiple scattering in the backing disperses
the incident e beam to such an extent that only a
small fraction of the beam eventually enters the
magnet used to detect 'Li ions (see Fig. 1). This
greatly reduces the a-particle background in the
'I.i detector. During data taking, the target was
always oriented so that the recoil tritons and
reaction 'Li ions would not have to pass through
the Ni backing before being detected.

The monitor detectors consisted of four, ~E-E
detector pairs set at lab angles of +15 and +30'
to detect elastically recoiling tritons (see Fig. 1).
These detectors were collimated with rectangular
apertures which subtended a full angular width of
1.2 in the reaction plane. Al foils were inserted
between the collimators and the 4E detectors in
order to block the copious flux of n particles elast-
ically scattered mainly by the target backing. Care

was taken that no inefficiencies were present in the
detection of the tritons due to their multiple scat-
tering either in the Al foils or in the 4F. detectors.

For this experiment, the Faraday cup and polar-
imeter of the supercube"'" were replaced by a
straight section of beam tube to allow the 'I.i re-
action products to enter a simple dipole magnet"
(the 0' spectrometer), where they could be spa-
tially separated from the beam n particles. How-

ever, because the magnetic rigidity of the e beam
was greater than that of the detected 'I.i ions,
many n particles which lost energy or changed
direction through collision processes could still
find their way into the 'Li detector (see Fig. 1).

Possible sources of such an a-particle back-
ground are as follows: (i) a low-energy compo-
nent in the incident beam, caused by beam inter-
actions with the beam-line collimators, (ii) beam
scattering by the residual gas in the magnet vac-
uum box, (iii) secondary scattering from the walls
of the vacuum box, and (iv) interaction of the a
beam with the edge of the magnet entrance aper-
ture (Fig. 1) causing changes in direction and ener
gy degradation of the beam particles. All of these
effects were reduced by using a relatively thick
target backing, as discussed above. In addition,
the effect of (i) was minimized by paying careful
attention to beam focusing and col,limator sizes,
the effect of (ii) was kept reasonably small by
keeping the pressure in the vacuum box below
about 3 x 10 ' Torr, and the effect of (iii) was min-
imized by proper baffling of the vacuum box. Item
(iv) was found to be the principal source of o.-
particle background, and therefore studies were
made of the background produced by several types
of magnet entrance apertures. The materials
tested were Al, Ni, Ta, and U, and the thicknesses
tested ranged from 50 to 250 p, m. All the aperture
openings were circular with nominal diameters of
2.6 mm and with highly polished edges. A 50- p,m
thick Ta aperture was found to give the lowest
background and therefore was used in the experi-
ment. An additional antiscattering aperture (not
shown in Fig. 1) was also installed at the magnet
entrance. The centers of these two apertures were
set on the line defining the incident beam direction,
which line was determined by sighting with a tele-
scope on the appropriate beam-line collimators.

The 'I.i detector assembly was mounted in the
side of the 0 -spectrometer vacuum box. It con-
sisted of a six-position wheel, which allowed dif-
ferent aperture types to be placed in position with-
out breaking vacuum, and a collimator snout,
which restricted the volume viewed by the 'Li de-
tector and thereby reduced the a-particle back-
ground flux into the detector. The placement and
alignment of this assembly were checked by ex-
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posing photographic paper to an n-particle beam
allowed to enter the 0 spectrometer through the
entrance aperture.

Two 'Li detectors were used in the experiment.
Both were fully depleted Si surface-barrier de-
tectors of sensitive area 50 mm'. The detector
used to detect the high-energy 'Li group was 16.7-
p,m thick and that used to detect the low-energy
'Li group was 15.3- p,m thick. These detectors
were thick enough to stop the 'Li groups of in-
terest, but thin enough to allow a reasonably large
difference between the 'Li energies and the max-
imum energies which a particles could deposit in
the detectors.

The energy pulses of interest were analyzed in
analog-to-digits, l converters (ADC's), and all the
important ancillary pulses were scaled. The out-
puts of the ADC's and scalers mere sent to an on-
line computer for recording and processing. Mass
identification" was performed on the monitor sig-
nals only. However, the 'Li-detector signals were
sent along with the monitor signals to a mixer-
coder, "which fed the analog, coding, and gating
pulses to the ADC's, so that the combined mixer-
coder-ADC dead time was the same for the monitor
system and 'Li-detection system. Because of the
efforts already mentioned, we were able to reduce
the e-particle background to manageable propor-
tions; however, there mere still present enough
low-pulse-height events from such ba.ckground to
require care in processing the pulses from the 'Li
detector. The principal problem caused by these
background events was that they could pile up into
the spectral region where the 'Li pulses occurred,
resulting in a possibly unacceptable uncertainty in
the determination of the 'Li yield. This problem
mas alleviated by using the shortest amplifier"
clipping time (0.25 psec) consistent with good res-
olution for the 'Li peak and by using the lowest
beam currents (5-10 nA) consistent with a rea-
sonable rate of data accumulation. Most of the
background pulses were prevented from entering
the mixer-coder by discriminating against them in

a linear gate throughmhich the 'Li- detector pulses
were sent on their way to the mixer-coder. In
addition, the low-level background was continuously
monitored with a fast discriminator and sealer.
The output of a pulse generator mas fed into the
preamplifier for the 'Li detector and was allowed
to produce counts in an otherwise unused part of
the spectrum. This served as a general check
on the operation of the system during data taking;
however, its main purpose was to monitor any
excessive dead time which might occur in the 'Li-
detector electronic circuit from the preamplifier
to the mixer-coder. It was felt important to do
this because of the relatively large background
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FIG. 2. Sample spectra from the 6Li detector. I. in-
dicates the level above which the linear gate allows
pulses to pass, B indicates n-particle background, and
the pulse-generator peak is also shown. The top figure
illustrates detection of a low-energy ~Li group of
charge state 2+, and the bottom figure illustrates detec-
tion of a high-energy 6Li group of charge state 3+.

rate in that part of the circuit, and, as mentioned
in Sec. IDB belom, it indeed was found necessary
to account for this extra dead time for some of the
data involving detection of 'Li ions in the 2+
charge state.

Two sample pulse-height spectra from the 'Li
detector are shown as semilogarithmic plots in

Fig. 2. That portion (B) of the background is
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shown which contains pulse heights greater than the
level (L) at which the linear gate begins to allow
pulses to pass through it. Note that in the upper
figure (low-energy 'Li group, charge state 2+)
the background rate was high enough to cause pile
up into the region of the 'I.i peak and to produce
a small number of "leak-through" pulses below the
setting L. In the lower figure (high-energy 'Li
group, charge state 3+ } a small but distinct peak
from the detection of "C is present. Qccasionally
such elastic-recoil "C or "Q ions from target con-
tamination can occur in the spectrum, and they
sometimes can occur moderately close to the 'Li
peak. Care was taken not to include any such
events in the extracted 'Li yield.

The magnet entrance aperture subtended an angle
of 0.17' at the target. Since this aperture deter-
mines the solid angle for detection of the 'Li re-
action products, it is important to know whether
or not all 'Li ions which entered the 0' spectro-
meter through it could be detected in the 50-mm'
detector. The shape and cross-section dimensions
of the pencil of 'I.i trajectories entering the de-
tector is determined mainly by two parameters:
the diameter of the entrance aperture (about 2.6
mm} and the energy spread of the 'Li ions caused
by the thickness of the Ti-tritide layer of the target
(about 80 keV). These parameters were chosen
to ensure detection of all 'Li ions in a given charge
state which entered the 0' spectrometer. Even
so, several tests were made to investigate the 'Li
detection efficiency, using the aperture wheel in
front of the detector. First, the number of 'Li
particles (high-energy group, charge state 3+)
detected per 15', elastic-recoil triton observed in
the monitor detectors was measured as a function
of magnetic field. This measurement used the
largest detector aperture, a 7.6-mm-diam hole,
which is slightly smaller than the diameter of the
sensitive area of the detector. A flat region, or
plateau, was observed in the graph of the 'I.i yield
vs spectrometer field. Second, the field was set
at the midpoint of the plateau, and two smaller
apertures, holes with diameters 6.4 and 5.1 mm,
were used to measure the Li yield. These mea-
surements showed that the 'Li group was well
centered on the detector and that the maximum
transverse dimension of the 'Li penci. l at the de-
tector was somewhat larger than 5.1 mm but less
than 6.4 mm. A third, extremely convenient
method was also used for checking yield efficiency.
A 6.3-mm-diam disk was supported at four points
inside a 7.6-mm-diam hole in. the aperture wheel.
This produced a nearly annular aperture of width
1.3 mm. %hen the 'I.i pencil strikes the detector
properly, the insertion of the annulus would cause
all the 'Li iona to strike the disk, and the observed

yield wouM vanish. If, on the other hand, the field
were set incorrectly or the transverse dimensions
of the 'Li pencil were too large, then some 'Li
yield would be observed from those ions passing
through the annular opening. As mentioned below,
this annulus was used often during data taking to
make sure that the magnetic field setting was cor-
rect.

Qther diagnostic tests were also performed on
the system. By measuring the 'Li yield at a pres-
sure in the magnet vacuum box an order of mag-
nitude larger than normal, it was shown that charge
exchange in the magnet causes no problem. In a
further test, the 'Li yield was measured with
and without a C foil inserted immediately behind
the target. This showed there was no significant
deviation from charge-state equilibrium for the
'Li ions emerging from the target and, more im-
portantly, that multiple scattering of the 'I.i ions
in the target did not significantly affect the yieM.
Multiple scattering of the incident 0. particles in
the Ni backing before they reach the tritide layer
did need to be considered, however. This is dis-
cussed below in Sec. IDB.

All relevant geometrical quantities were de-
termined accurately. These include all important
distances, and the orientations with respect to one
another of the monitor detector apertures, the 0'-
spectrometer entrance aperture, the optical beam
line, the target, and the axes of rotation of the
two supercube turntables which hold the monitor
detectors. The dimensions of the monitor apertures
and magnet entrance aperture were measured
with a precision toolmaker's microscope, and the
microscope calibration was checked by measur-
ing several standard gauge blocks.

At the beginning of each data-taking period, the
a-particle beam was carefully focused and steered
to coincide as well as possible with the optically
determined 0' line. This process was facilitated
both by reading the beam current striking the
entrance aperture of the 0' spectrometer and by
using a Faraday cup (not shown in Fig. 1) which
could be inserted immediately behind this aper-
ture. Current read-out capability for the other
collimators in the beam line allowed monitoring
of the beam direction during data taking. Es-
pecially important in this regard was the current
on a set of four-way slits and on the final anti-
scattering collimator.

Kinematic relations, target energy loss cal-
culations, and a 0'-spectrometer calibration at one
bombarding energy were used to calculate the mag-
netic field (nuclear-magnetic- resonance fre-
quency) needed to center the appropriate 'Li group
on the detector at each a-particle bombarding
energy. In order to check that this calculated field
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was indeed correct, the annular aperture was often
inserted in front of the detector during the mea-
surements. Each time, the central disk of the
annulus was found to block the 'Li group of in-
terest, thereby verifying the correctness of the
field setting.

The primary data were obtained by measurement
of the yield of the dominant 3+ charge state of
'Li. However, to obtain absolute differential cross
sections, the fraction p, of 'Li ions produced in
the 2+ charge state also had to be determined.
This fraction was measured for eight 'Li energies
covering the energy range of interest in our ex-
periment. The values we obtained for Q, are, on
the average, 21% higher than the theoretical values
given in Ref. 29. We found (t), to be about 0.08 for
the high-energy 'Li group and about 0.14 for the
low-energy group. The fractions (t), and Qp of 'Li
ions produced in the 1+ and neutral charge states,
respectively, should be very small. ,"and were
assumed negligible.

The yield of the high-energy 'Li group (cor
responding to emission at 0 c.m. ) was measured at
14 energies from E = 11.310 to 11.930 MeV (lab),
and the yield of the low-energy 'Li group (cor-
responding to emission at 180' c.m. ) was mea-
sured at 11 energies in the range from E = 11.415
to 11.779 MeV (lab). These 25 measurements span
the resonance region corresponding to lab neutron
energies from E„=0.087 to 0.398 MeV for the re-
action 'Li(n, t)'He.

D. Energy scale

There are two basic problems associated with
the energy scale in this experiment. One is the
matching of the energy for the reaction experiment
(Sec. IIC) to that for the separate elastic-scat-
tering experiment (Sec. II 8), and the other is the
determination of the absolute energy scale. The
reaction experiment measures the ratio of the 'Li
yield to the elastic-recoil triton yield, and to ob-
tain an absolute differential cross section. for the
reaction, we used our measurement of the dif-
ferential cross section for the production of elas-
tic-recoil tritone at 15' (lab). The matching is
important because in the energy region of interest,
the cross sections show a strong energy depen-
dence. As mentioned in Sec. IIA, this energy
matching was accomplished by measuring the ratio
of the yieM of elastic-recoil tritons at 15 (lab) to
that at 30' (lab). The energy dependence of this
ratio allowed the energies in the two experiments
to be matched to within a few keV without knowing
independently the energy loss of the incident beam
in either target.

Reported values of the energy in the region of the

resonance at which the 'Li(n, f)'He total reaction
2
cross section has its maximum value vary con-
siderably. For example, the work of Ref. 30 gives
a lab neutron energy E„of about 232 keV for this
value, whereas the value quoted in Ref. 4 is 247
keV. We therefore expended considerable effort
to determine accurately the reaction energy E
of the incident e particles in the interaction re-
gion of the target. This determination involves
the measurement of three quantities: (i) the beam
energy, (ii) the beam energy loss in the target,
and (iii) the thickness of the Ti-tritide layer on the
beam-exit side of the Ni backing.

For item (i), the tandem beam-analyzing magnet
was calibrated, yielding a beam energy accurate
to 1 or 2 keV. The calibration was carried out by
measuring "C(P,P) elastic scattering in the region
of the isospin- forbidden resonance which occurs"
at a proton lab energy of 14.23075+ 0.00020 MeV.

For item (ii), the energy losses of 11-, 11.5-,
and 12-MeV n particles in the target were mea-
sured by using the quadrupole-dipole-dipole-di-
pole (Q3D) magnetic spectrograph. " There we
determined the energy difference between e par-
ticles scattered from the target of interest and
n particles scattered from a very thin (38 pg
cm') Ni target, and a small correction was made
to account for the energy loss in the thin target.
The nominal energy loss in the target of interest
was about 400 keV, and the actual losses could be
measured to about 4 keV. The target uniformity
was also studied, and it was determined that non-
uniformities cause an additional uncertainty of
about 4 keV in the beam energy for the 0' mea-
surements.

For item (iii), the scattering of 14.3-MeV pro-
tons at 160' (lab) from the target was used along
with the known P+ Ti elastic cross section" to
determine that the Ti layer has a thickness of 71
gg/cm'. This corresponds to an a-particle en-
ergy loss of 20 keV in the 0' experiment. There-
fore the reaction energy E in the 0' experiment
is given by the beam energy, minus the total en-
ergy loss in the target, plus 10 keV. Overall,
E is known to +6 keV, which corresponds to an
uncertainty of +3 keV in the lab neutron energy
E„for the reaction 'Li(n, f)'He.

III. DATA REDUCTION

A. Ejastic

Discussions of procedures for and errors in-
volved in the extraction of differential cross sec-
tions from gas-target data are given, for ex-
ample, in Refs. 17, 18, and 34. Equation (1) of
Ref. 34 gives the formula relating the lab dif-
ferential cross section to measured quantities.
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Geometric calculations for gas-target detection
systems are carried out in Refs. 21 and 22. In
general, the methods of these references, par-
ticularly of Ref. 18, were used in reducing the
present elastic-scattering data to differential cross
sections. Two sets of corrections for the effects
of finite geometry, multiple scattering, and beam
energy spread need to be considered here. One
set serves to correct the gas-target, 15' excita-
tion functions to match the conditions under which
the triton elastic recoil data were obtaioed with
the 15' monitor detectors in the supercube during
the reaction experiment. The other set serves to
correct both of the gas-target excitation functions
as completely as possible for these effects in
order to present final values for the 15' and 30'
elastic differential cross sections.

Finite geometry effects were considered by ap-
plying a formula from Ref. 35 to the solid-target
data, obtained in the supercube, and by ayplying
a formula from Ref. 21 to the gas-target data.
Multiple- scattering effects were considered by
using a formula from Ref. 36, and the multiple-
seattering of both the a-particle beam and the de-
tected tritons was taken into account. The needed
rms multiple-scattering angles (about 1' for the
a particles and z

' for the tritons) were calculated
by the method of Ref. 37. Although this multiple-
scattering formula" was derived for solid-target
geometry, some studies we have made with Monte
Carlo calculations have shown that it is still rea-
sonably accurate when applied to our gas-target
geometry. Our use of these formulas required
knowledge of o' and o", the first and second de-
rivatives, respectively, of the lab, elastic dif-
ferential cross section with respect to lab angle.
We could not obtain o' and o" from the present ex-
periment because we did not measure angular dis-
tributions. Instead, we made use of 8-matrix cal-
culationss of these quantities based on a fit~ to a
large body of mass-7 data. These considerations
showed that the solid-target and gas-target 15' ex-
citation functions could differ by at most 0.1@ due
to differences in geometry and in multiple-scat-
tering processes, and consequently, no corrections
for these effects needed to be made to match the
two sets of 15' data. On the other hand, a small
correction was made for the difference in beam-
energy spread for the two 15 data sets. This cor-
rection becomes barely significant only in the re-
gion of the excitation-function minimum, which oc-
curs near E = 11.58 MeV, and amounted to at most
1%. The energy-spread corrections for the elastic
data were made with an 8-matrix code which pro-
duced a good fit to our excitation functions and
which contains an energy-folding capability. " In
these experiments, the energy spread in the beam,

when it reaches the reaction region of the target,
is almost entirely due to energy straggling in the
target. This energy straggling was treated in the
Gaussian approximation in which particles of
charge z have" energy spread (FWHM) &E = 29.4z
x(xZ/A)'~' keV after having passed through a ma-
terial of atomic number Z, of atomic weight A, ,
and of thickness x in mg/cm'. The validity here of
the Gaussian approximation was verified by per-
forming a modified Vavilov calculation with the
computer code STRAGL ." The 4E formula gives
&E=48 keV for the reaction experiment using the
solid tar get and &E = 60 keg for the elastic- scat-
tering experiment using the gas target. Thus the
energy-spread matching consisted in correcting
the data obtained with a 60-keg spread to what
would have been obtained with a 48-keV spread.
This matched, 15', elastic excitation function was
used to normalize the data for the 0' reaction
'H(a, 'Li}n, as discussed below in Sec. III B.

To obtain final elastic differential cross sections,
the full effects of finite geometry, multiple scat-
tering, and beam-energy spread were unfolded
from the gas-target 15' and 30' data. Generally,
the corrections for these effects were larger for
the 30' data. This is mainly because the 30' ex-
citation function varies more rapidly with energy
than does the 15' excitation function and because
the angular distributions in our energy range have
relative minima near 30', but not near 15'. The
combined corrections for finite geometry and mul-
tiple scattering were negligible for the 15' data,
but ranged from about 3 to 6% for the 30' data, and
the corrections for beam energy straggling ranged
from 0 to about 3% for the 15' data and from 0 to
about 9% for the 30' data.

We conclude this section with a brief mention of
the main sources of error in the elastic cross
sections. A thorough discussion of errors arising
in the use of the gas-target system is given in
See. IV of Ref. 18, much of which is relevant to the
present measurements. The standard deviation in
the absolute cross-section scale is 0.6% and comes
from the following contributions: target gas pres-
sure, 0.2%; target gas temperature, 0.1%; target
gas purity, 0.4/p; detection geometry, 0.2%; and
beam current collection, 0.35%. The major con-
tributions to the relative standard deviations in the
30' data are, approximately: counting statistics,
1%, background determination, 1%; multiple-scat-
tering corrections, 1/p, and beam-energy- spread
corrections, 0.1-1.17&. The major contributions to
the relative standard deviations in the 15' data are,
approximately: counting statistics, 0.5 jo, back-
ground determination, 0.3%; multiple-scattering
corrections, 0.1/o., beam-energy-spread correc-
tjons, 0.1-0.5%; and absolute angle uncertainty
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(0.03'), 0.37%. All compounding of errors was
done by adding in quadrature.

8. Reaction

I. Preliminary steps-

The first step in reducing the 0' reaction data
was to extract the ratio of the number of detected
'Li ions per unit solid angle to the number of de-
tected 15' elastic tritons per unit solid angle. Care
was taken to correct for a small amount of mass
feed through of deuterons into the triton spectrum
and for any e-particle pileup into the region of the
'Li peak. The main error in the yield ratio is
from the statistical error in the number of de-
tected 'Li particles, which ranged from 1000 to
5000 in the 3+ charge state and from 200 to 300 in

the 2+ charge state. The solid angles were known

to +0.25% and the number of triton counts was
known to about +0.5 jp.

The second step was to correct the primary data,
which was for the 3+ charge state, to account for
the 'Li ions produced in the 2+ charge state. This
was done by making a linear least-squares fit to
the eight measured 2+ probabilities (t), as a func-
tion of 'Li velocity, from which fit a value of p,
and a correction factor 1/(1 —P,} were determined
for each 3+ measurement. For four of the 2+

measurements, corresponding to detection of the
high-energy 'Li group, it was necessary to make
an extra dead-time correction in the range 6 to
11%, as determined from the pulser method men-
tioned in Sec. IIC. The values of (t), ranged from
0.06 to 0.14 with an error of +0.005, and this
results in an error contribution to the final cross
sections of less than 0.6%. Theory indicates"
that the number of 'Li ions produced in the 1+ and

neutral charge states is negligible in this experi-
ment, and thus no corrections for these charge
states were made.

The third step was to convert the charge-state-
corrected yield ratios to preliminary differential
cross sections by using the matched, 15', elastic
differential cross sections referred to in Sec.
HIA. The error in this preliminary reaction cross
section was calculated by adding in quadrature
the total error in the elastic cross section and
the error associated with the uncertainty in the
reaction energy E (s6 keV). This latter error
was computed by multiplying 6 keV by the slope
with respect to lab energy of the 15' elastic cross
section, and it ranged from negligible to 2%.

2, Nultipleaeattering and energy-spread corrections

The preliminary cross sections were corrected
for the beam energy spread, due mainly to energy

straggling in the target backing, and for the multi-
ple scattering of both the incident a-particle beam
in the target backing and the outgoing 'Li ions in
the Ti-tritide layer of the target. The latter cor-
rection is quite small, but the former two are
significant.

The multiple-scattering formula of Ref. 36,
which was used to correct the elastic data, is not
valid at 0; however, the correct formula is readily
derived. If, as in Ref. 36, we expand the lab cross
section through the second derivative term (para-
bolic approximation), and if we include the effects
of beam energy spread, we obtain

. (o")
+ k («.'+ «.')

In Eq. (1), y is the ratio of the measured 'Li yield to the
yield which wouM have been obtained with no multiple
scattering and beam energy spread; & and e, are
the rms multiple-scattering angles" for the n
particles and 'Li ions, respectively; 0 and o" are,
respectively, the lab cross section and second
derivative of the lab cross section with respect
to lab angle for the reaction 'H(a, 'Li)n at 0'; and
the brackets represent smearing over the incident
energy. The energy smearing (f) for a quantity

f which depends on energy E is given by

(f) -=f f((()p((()«,
0

where P(E) is the probability density function for
the e-particle beam and is represented by a Gaus-
sian with a FWHM energy spread of 48 keV (see
Sec. IIIA). Quantities without brackets in Eq. (1)
are to be evaluated at the reaction energy E = (E).
The rms angle & was about 0.8' and ~, was about
0.3'. Because the full angular opening of the 0'-
spectrometer entrance aperture was only 0.17',
no finite geometry corrections need be included in

Eq. (1). To compute the quantity (o")/o in Eq. (1),
weused the angular distributions of Ref. 30 for the
reaction 6Li(n, t)4He, after conversion to lab cross
sections for 'H(a, 'Li}n. In doing this, however,
it was found necessary to shift the lab neutron en-
ergy E„for the data of Ref. 30 upward by 13 keV in
order to bring that energy scale into agreement
with ours. The quantity (o)/o in Eq. (1) was com-
puted from the results of the present experiment.
We examined the validity of the parabolic approxi-
mation by comparing multiple-scattering calcula-
tions using that approximation with calculations
based on full numerical integration. The agree-.
ment was good; however, small corrections were
applied to Eq. (1) to account for the differences ob
served.

The final, 0', lab differential cross sections for
'H(a, 'Li)n were obtained by dividing the prelimin-
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ary cross sections by the quantity y of Eq. (1). The
25 values of y ranged from about 0.95 to 1.13, and
all but 4 of them fell in the range 0.96 to 1.04. The
error in y was taken as the larger of 0.005 or 20k
of y —1. For most of the data, this contributes an
error of 0.5-1.0% to the final cross sections.

3. Conversion ro sL((n. s'He

x=x P„,
with

(4)

Mt M„E —Eth (5)

In Eqs. (3) and(4), Bs and R„are relativistic cor-
rection factors which are straightforward to de-
rive and which are very close to unity here. In
Eq. (5), the quantities M are the appropriate
masses, and E„and E,„are, respectively, the
lab e-particle and lab threshold energy for the
reaction 'H(a, 'Li)n. The threshold energy is
given by

E,„= [(M„+M,)'- (M. +M,)']
t

= 11.1362 Mew. (6)

%hen a kinematic expression, such as that of Eq.
(3), is written explicitly in terms of E,„, it be-
comes clear that for reactions near threshold it is
important that an accurate value of E,„be used.
Therefore, the correct relativistic relation, as in
Eq. (6), should be employed. In such a situation
one should avoid using nonrelativistic formula, s in
which E,„ is implicit rather than explicit. Such a
procedure would be equivalent to using the nonre-
lativistic expression for E,„, and that would lead
to unnecessarily large errors in the calculated
kinematic quantities. As an example, use of the

For comparison with other work, we have con-
verted our results from lab differential cross sec-
tions o„b for the reaction'H(a, 'Li)n at 8„b=0'
to c.m. differential cross sections o for the
'Li(n, t)4He reaction at 8, =0'and 160'. We list
some of the formulas involved in this conversion,
mainly to point out a pitfall to be avoided when

dealing with reactions near threshold. Let J, be
the 0' (lab) Jacobian for converting our lab cross
section to the c.m. cross section for sH(a, 'Li)n,
or equivalently to the c.m. cross section for
'He(t, n)'Li. This Jacobian is given by

xo~z
(I+ox)s'

where the plus sign refers to the high-energy 'Li
group, and the minus sign refers to the low-energy
'Li group, and where

nonrelativistic value of E,„for the present reac-
tion would yield a 4% error in J', at an energy E,
of 100 keg above threshold.

Finally, to convert the e.m. cross section for the
'He(t, n)'Li reaction to the e.m. cross section
&r for the 'Li(n, t)' He reaction, we must multi-

ply by a reciprocity factor ,k, '—/k„' T.his yields
the overall conversion relation

2Mt Og,b 7'CIIL 3Ms(lg~x)2 v&

where 8, is a relativistic correction factor which
is very close to unity, and x is defined in Eq. (4).
Note that the strong dependence on E —E,„pres-
ent in Eq. (3) is not present in Eq. (7). This isbe-
cause the reciprocity factor contains a factor
1/(E —E,h) which cancels the term (E —E,h) in

J,. This cancellation is fortunate because the 6-
keV error in E then causes only an additiona, l
uncertainty in o„- of about 0.1% over that already
contained in 0,~. The lab neutron energy E„as-
sociated with the converted cross section was ob-
tained from the relativistically correct expression

(6)

%'e conclude this section with a brief summary
of the error contributions to the final values of
e„ for the 'Li(n, t)' He reaction. These standard
deviations are, approximately: counting statistics
and background determination, 2.30', charge- state
correction, 0.5%; conversion of ratio data to lab
differential cross section, 1.5%; multiple-scatter-
ing and beam-energy-spread corrections, 0.8(k;
conversion to c.m. and inverse reaction, 0.1~&.

All compounding of errors was done by adding in
quadrature.

C. Results

The results of the elastic-scattering measure-
ments are given in Table I. The data were ob-
tained as differential cross sections for sH(a, t)' He
as a function of a-particle lab energy E„but are
presented as c.m. differential cross sections for
'He(t, t)' He as a function of triton lab energy E,.

The results of the reaction measurements are
given in Table II. The data were obtained as dif-
ferential cross sections for 'H(n, eLi)n as a, func-
tion of E, but are presented as c.m. differential
cross sections for 'Li(n, t)' He as a function of lab
neutron energy E„. A 0.6% scale error, deriving
from the scale error in the 15' n+ t elastic data,
is included in the quoted percent error 4. If this
scale error were to be unfolded from 4, it would
result in a reduction in & of at most 0.1 jg. These
reaction results are also shown as solid circles
in the graphs of Fig. 3.
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(MeV)

~c.m. = 119 95'

(mb/sr) (/o)

g, = 149.97'

(mb/sr) (%)

TABLE I. Excitation functions for 3H(o. , t)4He at 30'
and 15' nab). The data are presented as c.m. differen-
tial cross sections 0'~ m for He/, t) He at c.m. angles
of &19.95' and 149.97 and at triton lab energies Et. The
relative standard deviations 6 are given in percent, and
there is an additional 0.6,0 standard deviation in the ab-
solute cross-section scale. The uncertainty in Et is
+4.5 keV. The data have been corrected for the effects
of finite geometry, multiple scattering, and beam energy
spread.
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FIG. 3. Differential cross sections 0.~~ vs lab neu-
tron energy E„for ~Li(n, t)4He. The solid points show the
present data, the crosses depict results from Ref. 30
(shifted in energy), and the curves show calculations from
the R-matrix fit of Ref. 16.

En
0 eV)

~c.m. = 0
0'c. m.

(mb /sr)

8~ m
=180'

(mb/sr) ()

87
113
140
165
191
204
218
232
244
257
270
296
322
398

90.9
103.9
122.9
179.4
259.8
341.8
409.9
496.1
499.8
438.1

371.2
233.5
175.7
84.1

3.0
3.2
2.6
2.6
2 ' 3
2.7
1.8
2.0
2.8
2;8
2.8
2.4
2.4
2.7

31.0
71.8

150.0
210.6
268.2
348.6
380.6
375.6
345.8
232.3
148.3

5.7
3.7
3.0
2.9
2.3
2.4
3.1
2.9
2.9
2.8
2.9

TABLE II. Excitation functions for H(n, Li) g at 0'
(lab). The data are presented as c.m. differential cross
sections o~ ~, along with their total standard deviations
4, for the reaction Li(n, t)4He at c.m. angles of 0' and
180 and at lab neutron energies E„. The uncertainty in

E„ is +3 keV. The data have been corrected for multiple
scattering and beam energy spread.

IV. COMPARISONS WITH OTHER DATA
AND EVALUATiONS

The bulk of the published data on the 'Li(n, t)' He
reaction is for the integrated cross section o vs
lab neutron. energy E„. In order to make an ap-
proximate comparison of our results with such
data, we have used the work of Refs. 30 and 16 to
aid in making appropriate conversions of our data.
In Ref. 30, Overley, Sealock, and Ehlers have
given results of measurements of differential
cross sections for 'Li(n, t)'He for values of E„
from 100 to 1800 keV. They present the data by
listing, as a function of E„, the coefficients B,
{for 1=0-4) of Legendre-polynomial expansions of
the differential cross sections. From these coef-
ficients we calculated the integrated cross section
o (4mB ), the 0' differential cross section QB,),
and the 180' differential cross section [Z(-1)'B,j
vs E„. From these we obtained the ratio of the
maximum integrated cross section to both the
maximum 0' cross section and the maximum 180'
cross section (these maxima do not all occur at
the same E„) We then mul. tiplied these ratios by
our 0' and 180' differential cross sections. These
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two results for "our" peak value of e were both
very close to 3.15 b, and this value is listed in
Table III along with results from other work. We
have also listed in Table III the values of E„at
which o was found to have its peak value. Qur
value was found with the aid of the R-matrix anal-
ysis of Hale and Dodder. " That analysis indi-
cates" that the integrated cross section should
peak about 1.5 keV higher than does the 0' cross
section. Since our 0' cross section peaks near
239.5 keV, we obtain 241 keV as our best estimate
for the value of E„at which 0 passes through its
maximum. Qn taking approximate account of the
errors involved in the o' and E„values of Table DI,
we conclude that we are in reasonable agreement
with the results of Refs. 5, 16, 42, and 43 and in
disagreement with the others.

Qur data can be compared directly with some
other differential- cross- section results. The
work of Ref. 30 has already been mentioned, and
the 0' and 180' differential. cross sections from
that work, as computed from the given Legendre
coefficients, are plotted as crosses in Fig. 3. As
mentioned above, the energies E„of Ref. 30 had to
be increased by 13 keV to agree with our energy
scale. ' After this energy shift is made, the data
of Ref. 30 are in rather good agreement with ours,
except for the cross sections near the peaks.

In Ref. 42, Fort has given Legendre coefficients
vs neutron energy E„derived from a two-channel,
8-matrix evaluation of 'Li(n, f)'He data. The 0'

Peak cr

{b)
Peak g„

(kev) Ref.

2.30
3.45
3,15
2.95
3.00
2.90
3.80
3.25
3.15

255
247
242
241
244
232
252
241
241

4 a

42~
43

5
30

16c
Present work~

~Review and evaluation.
~ Two channel, 8-matrix evaluation.

Three channel, 3-matrix evaluation.
~Deduced with the help of Refs. 30 and 16. See Sec. IV.

TABLE III. Comparisons of values of the integrated
cross section 0' for the ~Li(n, t) He reaction at the peak
of the ~ resonance and of values of the lab neutron en-
ergy E„at which this maximum in cr occurs. Only a por-
tion of the existing data is presented, and Ref. 4 should
be consulted for references to other results. The cr val-
ues have been extracted from the indicated references to
the nearest 0.05 b, and the g„values have been extracted
to the nearest 1 keV. The original references should be
consulted for an assessment of the errors in these quan-
tities.

and 180' differential cross sections calculated
from these coefficients are not shown in Fig. 3,
but have the following features. The 0' results of
Ref. 42 must be lowered by about 6 keV to bring the
peak energy into agreement with ours. When this
is done, the 0' cross section of Ref. 42 agrees
with ours in the region of the peak, but falls below
our data at both the higher and lower energies.
The 180' results of Ref. 42 must be raised by about
6 keV to bring the peak energy into agreement with
ours. When this is done, the 180' cross section of
Ref. 42 falls below ours for energies above 190
keV and falls above ours for energies below this.
Qverall, the evaluation of Ref. 42 is not in very
good agreement with our data.

Qur final comparison is with a receot, "three-
channel, "multilevel, 8-matrix fit to a large body
of mass-7 data. (The present data were not in-
cluded in the input to the fit. ) The 0' and 180'
cross sections resulting from this fit are shown
as solid curves in Fig. 3. The most obvious dis-
crepancy between the fit and our data is that the
O' R-matrix cross section is lower than the data
for E„greater than about 300 keV. In addition,
there is some indication that the 180' R-matrix
cross section peaks at a slightly lower energy
than the data. However, the overall agreement of
this calculation with our data is good.

V. CONCLUSION

In Tables I and II we have presented the results
of our measured differential elastic- scattering
and reaction excitation functions for the mass-7
system in the region of the -', state near 7.46 MeV
in 'Li. Particular attention was paid to problems
peculiar to this experiment, especially to the reac-
tion experiment. These include cleanly separating
the 'Li ions from the o-particle beam, accounting
for the mixed charge state of the 'Li ions, and de-
termining the beam energy to obtain the absolute
normalization of the cross section. Where neces-
sary, we have corrected our data for finite detec-
tion geometry, multiple scattering, and beam en-
ergy spread.

We have seen that our data suggest that the in-
tegrated cross section o for 'Li(n, t)' He should
peak near a neutron lab energy of 241 ke7 and that
the peak 0 should be about 3.15 b (Table QI). Com-
parisons with other data and evaluations have
shown that our 0"and 180' differential cross sec-
tions for 'Li(n, f)'He are in best agreement with a
recent, "three-channel, multilevel, R-matrix
analysis of much of the existing mass-7 data. It
should prove valuable to include both the elastic
and reaction data of the present experiment in
future such analyses. "
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