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HYDROGEN FUSION-ENERGY REACTIONS

KONALD E. BROWN AND NELSON JARMIE
Los Alamos National Laboratory, los Alamos,
New Mexico 87545

bstyact At the Los Alamos Ion Beam Facility we have in-
stalled a low-energy fusion cross section (LEFCS) apparatus
specifically desigrned to measure cross sections to high
accuracy for the various fusion-energy reacticns among the
hydrogen isotopes in the bombarding-energy range 10 to 120
keV. To date, we have completed and published our study of
the D(t,a)n reacgion, have finished data-taking for the
D(d,p)T and D(d, He)n reactions, and have nearly finished
data- taking for the T(t,a)nn reaccion. Here we deiucribe the
LEFCS facility, present final and preliminary results for
these tveactions, and compuare them with R-matrix
calculations.

INTRODUCTTON

Recent ovaluations! of basie fusion-encrgy r1cactions havae
fndicated the possibility of large systematic ervors in some of
the carlior measurements and stressod the need for gecurate
remcasurements of the cross scctfous lor most of these reactious.
In particular, f: seemod! that beam-cuergy uncertafnties caused by
the use of foll-contained gas targets could have been a source of
slpniffeant ervor at these energles below the Coulomb barvrier
where  he ceactfon ceross sectlons change very rvapidly with
fnefdent cuerpy.

I view of this sftuation, we developed, fustalled, mud
tharouphly tested a low-cnergy fusfon cross section (LEFUCSY) appa-
vatus for determining the cross soctlons for nuelear react funs
amaty, the hydrogen {sotopes at low vuergy.  These cross sectlons
are fuportant fu the desipn of the {{rst mapnot e and Iaert fal -
couf fnement fusforc reactory that will eveutually provide
selfictent ceunerpy for commercfal use,  Thene reacstors are expectoed
to opevate fn the tewpevatnre range k¥ = 1230 keV, whifeh cor-
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responds to laboratory bombarding energies having a large overlap
with our experimental range of 10-120 keV.

We have completed‘ our study of the D(t,t)n reaction, are in
the data analysis phase of our study3 of the D(d,p)T and D(d,3He)n
reactions, and are nearly completed with the data-taking for the
T(t,a)nn reaction. Firal and preliminary results are presented
here.

EXPERIMEN AL PROCEDURE AND APPARATUS

The esperiments are performed by accelerating negatively charged D
or T ions through a windowless, cryogenically pumped, flowing gas
target of D, or T, and into a beam calorimeter. The target den-
sity is measured and the calorimeter ls checked by using particle
beams of several MeV energy from the Tandem Van dc Graaff at the
Los Alamos Ion Beam racility. A calibrated resistor stack is used
to determine the LEFCS accelecrator voltagae, and thus the beam
energy, to high precision. The charged-particle reaction products
are detected in silicon, surface-barrier deicctors,

Tho LEFCS systcm consists of the following major featurcs:
(1) A highly stable, accurately calibrated dual-polarity, [V0-keV
accelerating system fncorporeting a duoplarmatron fon source that
can be operated in efther a positive-fon or negative-fon wode.  We
normitlly cmploy negat{ve fons In order to elfmfuate undesfred
molecular species from the beam.  (2) A cryopenfcally pumped,
coitinuous-flow windovless gas target contalnlng veaction-product
ports at six angles. The windowle=s feature aliows the bhean
cnergy in the reaction region of the tarpet to be determined
accurately. To date, the tarpet has been operated with deuterium
and tritium pias at flow rates (about 5 std-ce/min) such that the
fucidant beam lraes less than a few hundred eV In the target, ()
A beam calorimeter to measure the beam power f{ndependent of {ts
charpe state aned henee to deduce the fneldent heam flux.  The
beaw-collecting cup 18 compensated to remalu ac ambient
temperature both when the beam {a on and of i, therehy rveducfng the
posslhfifty of beat leaks. The power calibration {8 accurate to
0.1 over a range of 10 to 800 mW. (4) The use of aceelera. od
particles from !he tandem Van de Graafi to calibrate the tarpoet
dousity to 1 .o 2% accuracy. (%) Accurate detevainatfon of the
accelorating voltage using a rvesintlve alvider whone ealibration
{v traccable to the National Bureau of Standavds. (0) Tritium
handl fug, capabillty for hoth the beam and target.  Further detaflx
are prescented {u Refu. 2, 4, and 5.
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D(t.con REACTION

We measured the uross section for the D(t,a)n reaction at 17
triton bombarding energies from 12.5 to 117 keV (equivalent
deutron bombarding energies from 8.3 to 78.1 keV). Over this
energy range the cross section spans four orders of magnitude, and
the reaction is dominated by s-wave capture (isotropic angular
distribution) into a 3/2% state in “He. When comparing
measurements of charged-particle cross sections below the Coulomb
barrier with other experiments or calculations, it is more
informative to use the so called astrophysical $ function® rather
than the rapidly varying cross section itself. Basically, S is
obtained from the cross section 0 by factoring out the energy
dependences of the de Broglie wavelength and the Coulomb
penetrability in the incident channel. For d + t we have

S = 0.59962 0 Ey4 exp[1.40411 Ey"1/2) (1)

where Ey 1s the deutron bombarding encyry in MeV, 0 is the cross
section in b, and § is expressed in units of MeV b.

In Figure 1 we compare our data with some’ of the other data
in the literature. The LEFCS data are accurate to l1.4% absolute
over most of the enerpgy range, with the errvor rising to 4.8% at
the lowest energy. These errors are at least a factor of three
smalier than those of previous work., It {s seen that § displays
the typical bell shape appropriate to a reaction that proceeds
through an isolated resonance state. The dashed curve sliows the
result of a single level R-matrix fit to a data base up tu 250 keV
that fncluded selected data from tue l{terature as well as the
LEFCS resulis,

In Flgure 2 we show the §-function results of several cvalu-
atlons®=17 for the t 4+ d reaction at deutron bombarding enerw ey
below 20 kel 1A (s Hale's%'? evaluat fon (up to 8 MeV) prior to
the LEFCS resulta, and TABY {8 hiis most recent evaluntion, which
fneludes the LEFGS data,  We eonsfder the TARBA ovaluation to he
presont {y the most aceurate representatfon of the D(t,)un cross
scetfon, althouph (_il'm-lu-'sl”
Clearly the buane ™’

wark dooy not scem unreasonable,
cevaluation {8 to be avolded, and llowerton's
shows an wdd hehavior that we tentatively aseribe to fnterpelation
difffcultien, although, on the averape, {t doex pive reasoualle
values, A sfwilar such comparfson, bat {n terms of reactivities
up to a plasma temperature k1 of 20 keV, {s plven {n Ref, 2. The
reader should consult Rei, 2 for further dotafls on the LEFCS
D(t,a)n mearurement .
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FIGURE 2 Evaluated S
functions for the low-energy
reglon of the T(d,n) reaction.
Ey 1s the deuteron bombarding
energy in keV, and §; ., 1is
computed by dropping the term
0.59962 in Eq. (1). The
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By simu)taneously detecting p,t and 3"@, wo mcasured the differeun-
tinl cross scections for the D(d,p)T and D(d.JHo)n reactions at 11
deut ron bombarding eunerglies from 20 to 117 keV. A preliminary
extraction of the cross sections from the raw data has been
performed, aml a few small corrvect{ous have yet to be made. 1In

o —maim
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this report we indicate absolute errora of 3%, although when the
final error analysis is carried out, we expect most of the data to
be more accurate than that.

A remarkatle difference between these reactions and the d +
t reaction is the large angular anisotropy present in the d + d
differential cross s:ctions 0(6), even at these low energies (see
Fig.ure 3). We have therefore fitted our preliminary values for
o(8) to the form a + bcosze, assuming s and p waves predominate.
From past work13 it is known that ¢ waves begin to manifest them-
selves at the higher energies in our range, und therefore in our
final analysis we will add a cos Hterm to the fitting function.
From our fits to 0(6) we can derive the integrated cross sectiona
and convert these to an S function via

S = 0.5 E4 0 exp[44.6021 Eg°1/2) (2)

where Ed is in keV, 0 1s Iin b, and S 1s expressed in units of keV
b. These results are shown in Figure 4, It is seen_that over
most of our energy range the cross section for the n”He branch i:-
larger than that for the pt branch, but decreases more rapidly
with decreasing energv than does the cross section for the pt
branch. 1In Figures 5 and 6, we compare the LEFCS data with rep-
resentative sets from the literature. The curves are from a
unified, mass-4, R-matrix ana1y5158=9 that did not include the
LEFCS results. It is seen that there is a relatively small
systematic difference between the LEFCS data and the R-matrix

DD D keV

24 -

2 ntle

! FIGURE 3 The c.m. differential
20 cross section for both branches of
the d + d reaction at a deuteron
bombavrding cnergy of 110 keV. Note

y/ the suppressed zero. The curves
/ represent least squares fits to the
I/ tata. The displayed errors are

14 statistical only.

cm Differential Cross Section (mb sr)
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(as can also be seen in Figure 3).
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In evaluating the

anisotropies, the results of Theus et al. perhaps should be given
the greatest weight, since they measured 0(6) at more angles than
was done for the LEFCS data, thereby obtaining smaller errors for

the anisotropies.

We should stress, however, that the ghgolute

cross sections from LEFCS will be the most accurate yet measured.
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FIGURE 6 The S function
for the D(d,n)3He
reaction. See the

caption to Figure 5.

FIGURE 7 The angular
anisotropy vs deuteron
bombarding energy for the
D(d,p)T reactioi’. The
solid circles are the
LEFCS data, and the
squares are the data of
Theus, et al. (Ref. 13).
The curve is from a
unified, mass-4, R-matrix
analysis (Refs. 8 and §).
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FIGURE 8 The angular
anisotropy for the
D(d,n)3He reaction. See
the caption to Figure 7.

Anisolropy

T(t. odnn REACTION

We have nearly completed measuring the cross section for the
T(t,a)nn reaction and have so far obtained data at triton
bombarding energies of 115, 105, 90, 75, 60, 45, and 30 keV. Two
major complications presented by this reaction are the Ilowing of
tritium in our windowless gas target and the fact that the
detected a particles emerge from the reaction with a continuum of
energies. This latter effect makes background determination more
of a problem than for reactions where the yield is contained in a
narrow peak. The background is caused mainly by neutron
interactions in the detectors, and to aid in its determi.,ation we
Lave covered one of the twc 45° detectors with a Ta absorber thick
enough to stop the charged particles, but thin enough not to ap-
precizbly affect the neutron spectrum. In Figure 9 we show a
comparison of the spectra from the two 45° detectors at 115 keV
triton bombarding energy. The large peak near the top of the

¢ continuum arises from only a 0.5% deuterium impurity in our
tritium target gas. The large peak in the low channels near the
electronic cutoff is from tritium decay activity. We have derived
preliminary cross sections from the measured spectra through the
following procedure: (1) We calibrate the tritium target density
by accelerating deuterons, measuring the T{d,a)n yield, and using
our previously measured cross sections for that reaction. (2) Ve
interpolate across the D(t,d)n peak. (3) We extrapolate the
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!
140} .' ALP4AS FROM TD FIGURE 9 Alpha-
T particle spectrum at
45° (lab) from the
1201 T(t,a)nn reaction &L
115 keV triton
100l ALPHAS ExoM TT bombarding energy.
The neutron
background is
v 80t indicated by the
= spectrum cbtained
o with an absorber in
oy place that prevented
the alpha particles
sol from entering the
detector. Channel
200 curresponds to
20 “ff""'" about 4 MeV deposited
u in the detector.
0 v . ¥ ]
0 100 200 300
CHANNEL
T(t,c)n spectrum to zero energy. (4) We subtract the neutron-

produced background. (5) We integrate the yield over lab solid
angle. In the future we will develop a reaction model to aid in
the cross section extraction. With such a model we may be able to
predict reliably the associated neutron spectrum trom t + t. Even
without the model, we estimate we can extract cross sectlions to
better than 5% at most erergies. In Figure 10 we show the results
of the preliminary o extraction, converted to the § function

S =0.5E 0 exp[54.3378 E."}/2] (3)
where E, is in keV, 0 is in b, and S is in keV b. At present, we
assign errors of 5% to the LEFCS data. Our data seem to agree
best with the data of Serov et al.l“ and confirm Hale's3:
analysis quite well. We disagree with Greene's analysis.10 which
was evidently influenced by the Govorov data. Also shown in
Figure 10 are the data of Agnew et a1.16. In the near future we
will obtain a small amount of tritium having a deuterium impurity
100 times less than that of our present supply. With this we will
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T(t,a)nn
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FIGURE 10 The S function of Eq. (3) vs triton bombarding
energy for the T(t,a)nn reaction. The solid circles are the
preliminary LEFCS data shown with 5% errors. The squares
are data of Ref. 14, the trlangles are data of Ref. 15, and
the crosses are data of Ref. 16. The solid curve is from an
R-matrix analysis (Refs. 8 and G), and the dashed curve 1is
from Greene's evaluation (Ref. 10).

be able, at one or two energiles, to investigate more carefully the
high-energy end of the alpha spectrum in the region of the nn
final state interaction.

CONCLUSTION

With the LEFCS system we have demonstrated the ability to measure
cross sections for the basic fusion reactions in the low-energy
region to unprecedented accuracy. These data can greatly aid
evaluations, such as R-matrix analyses, in producing highly reli-
able fusion energy data. After completion of the t + ¢
measuremenis we plan to attempt measurements of some gamma-ray
reactions, such as D(t.Y)SHe. which may be useful as burn
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diagnostics. We will also look at the feasibilit! of atudying
another charged particle reaction of interest, D( He.p)“He.
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