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Measurement of the branching ratio H(d, y)/ H(d, n) using thick tritium gas targets
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Measurements have been made of the branching ratio for the reactions H{d,y) He/ H{d,n) He for
several incident deuteron energy ranges between 0 and 0.72 MeU. A stopping length tritium gas tar-

get bornbarded by a pulsed deuteron beam eras used to obtain a high reaction rate as ~ell as provide

neutron-gamma ray separation by time of flight. The branching ratio was determined to be

5.6%0.6)& 10 integrated over the resonance from 0 to 275 keU.

INTRODUCTION

The reaction H(d, y) He has been studied by a number
of workers over the last thirty years. In the earlier
work' most of the emphasis was on the information
provided by this reaction on the A =5 system. More re-
cently, interest has been focused on this reaction as a pos-
sible diagnostic tool for the study of high temperature
D-T plasmas. The results reported in Refs. 1—6 give
values for the H(d, y)/ H(d, n) branching ratio which

range from 2X10 to 3X10 . A recent report by Cecil
and Wilkinson gives a value of 5.4+1.3&&10

Only one of these earher experiments had the advan-
tage of a tritium gas target. The other investigations were
done with tritium absorbed in solid targets with their
more difficult background problems. None used the re-
cently developed bismuth germinate (BGO) crystals as
gamma-ray detectors. These detectors have a consider-
ably increased y-ray efficiency over NaI crystals, ' and
for equivalent efficiency a much reduced neutron sensi-
tivity.

In the work reported here a combination of gas target,
BGO detector, and pulsed beam time-of-flight (TOF)
techniques were used to study the 'H(d, y)/ H(d, n)
branching ratio for several deuteron energy intervals be-

tween 0 and 700 keV. Because a thick target was used,
the results reported are cross-section-weighted averages
over substantial energy ranges.

EXPERIMENTAL PROCEDURE

A schematic diagram of the experimental arrangement
is shown in Fig. 1. Pulsed beams of deuterons from the
Los Alamos Vertical Van de Graaff accelerator were in-
cident on a gas target cell. These beam pulses had about 1

ns width with a repetition rate of 1.25 MHz. The gas tar-
get cell was 1.0 cm in diameter with a length of 2 cm.
The entrance window consisted of a molybdenum foil
with a thickness of 5.3 mg/cm . The downstream end of
the target cell contained a beam stop of gold. The cell
could be evacuated and filled with either tritium, iHe, or
He. A calibrated capacitance manometer was used to

monitor the cell pressure.
Neutron production in the gas cell was determined us-

ing a calibrated NE-213 scintillation counter located at
zero degrees with respect to the incident deuteron beam at
a distance of 4.13 m. Pulse shape discrimination tech-
niques were used with this detector to eliminate back-
grounds due to gamma rays. Figure 2 illustrates a typical
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FIG. 1. Schematic diagram of the experimental arrangement.
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FIG. 2. Pulse-shape discrimination spectrum from a PuBe
neutron source placed near the neutron detector. The peak on
the left {right) corresponds to y-ray {neutron) events.
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FIG. 3. Time-of-Aight spectrum (pulse-shape gated) in the
neutron detector for the H(d, n) reaction. The peak at about
channel 520 is due to 14 MeV neutrons.

pulse shape spectrum and demonstrates the high quality
of separation.

Gamma rays produced in the gas cell mere detected
with a 7.6 cm diameter by 7.6 cm long BOO scintillation
crystal. This detector, located 1.07 m from the target cell
and at an angle of 90 deg, had been specially developed'
to provide fast timing as well as good energy resolution.
In order to reduce the neutron fluence incident on the
8GO detector, a 25 cm long by 10 cm diameter cylinder
of I.iD was interposed midway between the target cell
and BGO. This shadow shield had a transmission of
about 0.77 for the 16.7 MeV gamma rays from the
H(d, y) reaction, but the uncollided flux of 14 MeV neu-

trons was reduced by about a factor of 20. A 5.1 cm thick
lead shadow shield could also be placed in line between
the target and BGO in order to check backgrounds due to
gamma rays not coming directly from the target.

The incident deuteron beam was monitored using a
current integrator connected to the target cell. A start
signal for the TQF measurements was provided by a capa-
citive pickup loop in the beam line directly in front of the
aperture which defined the deuteron b~itn spot on the gas
target entrance window.

Data were recorded for the neutron detector in a TOF
spectrum gated by those events which were identified as
neutrons using the pulse shape discrimination circuit.
Figure 3 shows a TOF spectrum for a deuteron bombard-
ing energy of 0.715 to 0.194 MeV in the gas. For the
BGO detector, data were recorded in event mode on mag-
netic tape in the form of pulse height and TOF parame-
ters. These data could then be sorted off-line. Several
pulse height and TOF cuts were displayed on-line to mon-
itor data acquisition.

For each energy region studied, data were taken for
several target and shadow bar configurations. In addition
to the measurements with tritium in the target, back-
grounds were studied by measurements with the lead sha-
dow bar in place to block gamma rays coming directly
from the target. Backgrounds associated with the deute-
ron beam striking the target cell entrance foil and defining
apertures were studied by replacing the tritium in the gas

Incident
deuteron

energy
(MeV)

TABLE I. Summary of measurements.

Target
thickness
(mg/cm2)

Deuteron
energy

in target
(MeV)

1.20
1.43
143
1.43
1.43

0.344, H
0.344, H
0.774, H
0.9SO, H
0.478, 3He

0—0.275
0.S34—0.715
0.194—0.715

0—0.715
0.236—0.715

cell with an amount of helium gas which gave an
equivalent energy loss. Table I summarizes the energy re-
gions studied in the work reported here.

The response of the BGO detector was checked in situ
by making runs using the He(d, y) reaction for a deuteron
energy in the gas of 0.715 to 0.236 MeV. This reaction
produced gamma rays of known intensity and an energy
essentially the same as that from the iH(d, y) reaction
(16.7 MeV).

DATA ANALYSIS

For each measurement the neutron production rate
from the target cell was determined by integrating the
peak in the neutron TOF spectrum and dividing out the
detector efficiency and solid angle. The total neutron pro-
duction rate was obtained by transforming to center-of-
mass coordinates and using the fact that the sH(d, n) reac-
tion is isotropic at these deuteron energies.

For this procedure the weighted average of the labora-
tory to center-of-mass transformation was calculated in
the form

G=
sz g (E)o(E)dE Ez o(E)dE

$(E) Ei $(E)
where G is the weighted average transformation, g(E) is
the transformation at energy E, cr(E) is the H(d, n) reac-
tion cross section, and $(E) is the stopping power of the
tritium gas. El is the initial deuteron energy in the gas
and E2 is the lowest energy reached in the gas. A similar
procedure was used to calculate the average neutron ener-

gy incident on the NE-213 detector for the purpose of
determining its efficiency.

As a check on both the calculational procedure and the
neutron detector efficiency, the absolute yield from the
target was calculated using the relation

N i.E2 o(E)dE
$(E)

where n is the total number of deuterons incident on the
target as determined by the current integrator, N is
Avogadro's number, and A is the atomic weight of the
target. The measured and calculated yields were com-
pared for the measurement with deuteron energies be-
tween 0 and 275 keV and found to agree within 1%.

The data from the BGO detector were sorted off-line
after the experiment. By summing over all pulse-height
values, a TOF spectrum was formed for each run. Figure
4 shows a typical TOF spectrum, in this case for 194—715
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FIG. 4. Time-of-flight spectrum for the BOO detector. The
prompt gamma ray is at channel 710. The peak at 640 is due to
14 MeV neutrons.
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FIG. 5. Pulse height distribution in the BGO detector for
those events in the prompt gamma-ray peak of Fig. 4. The
background spectrum was obtained with the lead shadow bar in
place. The line through the 16.7 MeV gamma-ray pulse height
response is a guide to the eye only.

keV deuterons in H. This figure demonstrates the effec-
tiveness of the TOF technique in separating those events
due to high energy neutrons (the peak near channel 640)
from those due to gamma rays from the target (near chan-
nel 710). After selecting those time channels correspond-
ing to the prompt gamma ray from the target cell, the
data were sorted again to form a pulse-height distribution
from events only in these time channels. Figure 5 shows a
pulse height spectrum resulting from sorting on the
prompt gamma-ray peak in Fig. 4. The points labeled as
background are the results of sorting over the same time
charmels in the data obtained with the lead shadow bar in
place.

To determine the gamma-ray yield, the pulse height dis-
tribution was summed over channels 60 to 90 (13.5 to 20.1

MeV) in Fig. 5. This was done for the H(d, y) reaction
and each of the various background checks. In all cases
those backgrounds with the lead shadow bar in place were
less than 15% of the foreground values and those back-
grounds measured with He in the target cell were less
than 5%. Corrections were made for the fact that the
lead shadow bar transmitted about 4% of the 16.7 MeV
gamma rays from the H(d, y) reaction.

The efficiency of the BGO was determined by two in-
dependent methods. In the first, the efficiency of the
BGO detector was checked from the measurement with
He in the target cell. The yield of 16.7 MeV gamma rays

was calculated using the target thickness, integrated
deuteron current, and the cross section data from Ref. 13
in the following equation:

pEi Ii (E)dE
S(E)

where A is the atomic weight of He, h (E) is the 90' dif-
ferential cross section for the He(d, y) reaction, and S(E)

is the stopping power of the He gas. El and E2 are the
starting and final energies of the deuterons in the target
gas (0.715 and 0.236 MeV). The counts recorded in chan-
nels 60 to 90 for this run (after background corrections)
are then related to the gamma-ray yield by the equation

where I'is the yield in gamma rays per steradian, 0 is the
solid angle subtended by the BGO, T is the transmission
of the lithium deuteride shadow shield, and e is the intrin-
sic efficiency of the BGO crystal for the specified pulse
height range. For the purpose of this experiment it is suf-
ficient to determine the product of 0, T, and e. However,
as a check on consistency, e was determined by using a
calculated value of T (obtained from the photon cross sec-
tions of Ref. 14) and the value of 0 determined from the
detector size and distance. The resulting value of the in-
trinsic efficiency was @=0.394, which had an uncertainty
of about 30% due mostly to the systematic error in the
production cross sections of Ref. 13.

In the second method, the efficiency of the detector was
calculated using the code CYLTRAN. ' The result of this
calculation was the absolute pulse-height distribution
from the detector. This distribution was then integrated
over pulse heights from 13.5 to 20.1 MeV to obtain an ef-
ficiency corresponding to the region of pulse height uti-
lized for the H(d, y) data. Extensive checks had been
made' of the accuracy of the cYLTRAN calculations by
comparison to absolute efficiency measurements made us-
ing a tagged-photon bremsstrahlung source. This work
indicated that the calculated efficiencies were accurate to
about 10%. The calculated value of the efficiency for
16.7 MeV was 0.447, which agrees within the errors with
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TABLE II. Summary of results for the branching ratio
H(d, y }/ H(d, n).

Deuteron
energy
interval
{MeV)

0.0—0.275
0.0—0.715

0. 194—0.715
0.534—0.715

Branching
ratio

( /10')

5.6+0.6
7.6+0.9
7.8%0.9

10.6+1.2

the value quoted above from the He(d, y) data. For the
work reported here the efficiency and its uncertainty were
taken from a weighted average of the two determinations.

Using the measured efficiency and the total neutron
production data, the background-corrected counts for
each measurement were converted to a branching ratio for
the reactions 3H(d,y)/ H(d, n). The overall uncertainty in
the result was estimated to be about 114%, from the
combination of uncertainty in the neutron measurement
(5%), BGO effiriency determination (9.5%), and counting
statistics in foreground and background (3—4%).

Implicit in this analysis is the assumption that the
channels summed in the pulse height distributions, which
included energies from 13.5 to above 16.7 MeV, did not
contain any contribution from a possible transition to the
first excited state in either 'He or Li. The present data
are obscured by nonsubtracting backgrounds at the lower
pulse heights, and no information is available from the
present experiment on this question. The existence of this
transition for the He(d, y) reaction is discussed in Refs.
13, 16, 17, and 18.
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gion of the resonance at 107 keV, the reaction can be
described as a single level resonance. This implies that
the branching ratio should be independent of deuteron en-

ergy. The present measurement agrees well with the value
quoted in Ref. 9 for the energy region covering the reso-
nance. At higher deuteron energies there may be contri-
butions from other compound levels as well as direct reac-
tion components. Thus the results for the branching ra-
tios for these energy intervals may be complicated aver-
ages involving energy-dependent branching ratios, cross
sections, and stopping powers.
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FIG. 6. Comparison of present results for the branching ratio
'H(d, y }/ H(d, n} with earlier work.
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