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HYDROGEN FUSION-ENERGY REACTIONS

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

~bstract At the Los Alamos Ion Beam Facility we have in-
stalled a low-energy fusion cross section (LEFCS) apparatus
specifically designed to measure cross sections to high
accuracy for the various fusion-energy reacticns among tile
hydro~en isotopes in tilebombarding-energy range 10 to 120
keV. To date, we have completed and published c)\Ar study of

the D(t,a)n reac ion, have finished data-taking for the
5D(d,p)T and D(d, He)n reactions, and have nearly fin,Lshed

data-taking for the T(t,o)nn reaccion, Here we describe the
LEFCS facility, present finnl and prc!liminnry results for
these re{~ctjons, and compa~e t.hcmwith R-mntrix
CillCUliIt.iOIIS.

.
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responds to laboratory bombarding energies having a large overlap
with our experimental r~nge of 10-120 keV.

We have completes’ our study of the D(t,a)n reaction, are in
3 of the D(d,p)T and D(d,3He)nthe data analysls phase of our study

reactions, and are nearly completed with the data-taking for the
T(t,a)nn reaction. Fir.aland preliminary results are presented
here.

W!E!WIEPIALpRocED~JRE A~DAppAR.AT~Is
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We measured the cross 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 mag~itude, and
the reaction is dominated by s-wave capture (isotropic angular
distribution) into a 3/2+ state in 5He. men 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 S function6 rather
than the rapidly varying cross section itself. Basically, S is
obtained from the cross section o by factoring out the energy
dependcnces of the de Broglie wavelength,and the Coulomb
penccrability in the incident chnnncl. For d + t we have

s- 0.59962 (l Ed exp[l.40411 Ed-1/21 , (1)
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FICUitE1 The S
function, Eq. (l), VS

equivalent deuteron
bombarding energy for
the D(t,a)n reaction.
Shown are the present
data and those of Ref.

7. Note the suppressed
zero. Total errors are
indicated. The curve is
the result of a single-
level R-matrix fit,

.

FIGURE 2 Evaluated S
functions for the iow-energy

region of the T(d,n) reaction,
Ed is the deuterrm bombarding
energy in keV, and s~ab is
computed by dropping the term
0.S9962 in Eq. (l). The
solid curve, LA84, shows a
recent unpubl~shcd evaluation

of Ilalcthat includrs the
LEFCS data (squares). The
clnshcdcurve, LA79, is from
Refs. 8 and 9. We thnnk G.

14,halo for furnishir.g this

figure.

By ~imultatiooilslydct{lctingp,t and ‘Ile,wm mvasurec.1thr differcn-
311r)nreactiorw at 11tinl cross scctlons for the f)(d,p)Tand L)(d,

de~itrrmhomhnrding enorp,iasfrom 20 to 117 knV. A preliminary

@xLrnctlol\of tlw cro~s ~ectiollsfrom the raw ii~~tahae bnen
pcrforrnod, aIN1 n fcw smnl] corrcctlotls hnve yet to be made. In
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this report we indicate absolute arrort of 3C, although when the
final error analysis is carried out, we expect most of the data to

be more accurate than that.
A remarkable difference between these reactions and the d +

t reaction is the large angular anisotropy present in the d + d
differential cross s:ctions a(e), even at these low energies (see
Fig.lre3). We have therefore fitted our preliminary values for

u(Q) to the form a + bcos26, assuming s and p wav~s predominate.

From past work13 it is known that d waves begin to manifest them-
selves at the higher energies in our range, und therefore in our
final analysis we will add a cos4eterm to the fitting ftinction.
From our fits to u(6) we can derive the integrated cross sectionu
and convert these to an S function via

S - 0.5 Ed (Yexp[44.&021 Ed-1/21 , (2)

where Ed is in kev, u is in b, and S is 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 n3He branch 1:
larger than that for the pt branch, but decreases more rapidly
with decreasing energy than does the cross section for the pt
branch, In Fibures 5 and 6, we compare the LEFCS data with rep-

resentative sets from the literature,13 The curves are from a

R-matrix analvsis89 that did not include theunified, mass-~, .
LEFCS results. It is seen that there is a relatively small
systematic difference between the LEFCS data and the R-matrix

u

11910

-t
FIGURE 3 The c,m, differential
cross section for both branches of

the d + d reaction at a c!euteron
homl~iiidingcnerg.yof 110 keV, Note
the suppressed zero. The curves

represent least squares fits to the
<ata. The displayed errors are
statistical only,
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(as can also be seen in Figure 3). In evaluating the
anisotropies, the results of Theus et al. perhaps should be given
the greatest weight, since they ❑easured u(9) at ❑ore angles than
was done for the LEFCS data, thereby obtaining smaller errors for
the anisotropies. We should stress, however, that the @solute
cross sections from LEFCS will be the ❑ost accurate yet ❑easured.

D(d,n)3He
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FIGURE 6 The S function
for the D(d,n)3He
reaction. See the
caption to Figure 5.
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FIGURE 7 The angular.
12 1 anlsotropy vs deuteron

>, bombarding energy for the

D(d,p)T reactio~’.;
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FIGURE 8 The angular
anisotropy for the
D(d,n)3He reaction. See

the caption to Figure 7.

T(t.U)nllREACTION

We have nearly completed measuring the cross section for the
T(t,a)nn reaction and have so far obt.sineddata 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.lationwe
have covered one of the twc 45° detectors with a Ta absorber thick
enough to stop the charged particles, but,thin enough not to ap-
preciably 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

a continuum arises from only a 0.5% deuterium impurity in our
tritium target gaa. 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) We

interpolate across the D(t,a)n peak. (3) We extrapolate the
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FIG~E 9 Alpha-
particle spectrum at
45° (lab) from the
T(t,a)nn reaction a~
115 keV triton
bombarding energy.
The neutron

background is

indicated by the

spectrum obtained

with an absorber in

place that prevented

the alpha particles

from entering the

detector. Channel

200 corresponds to

about 4 FleV deposited

in the detector.
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T(t,~)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 t’romt + t. Even

without the model, we estimate we can extract cross seczions to

better than 5% at most erlergies. In Figure 10 we show the results

of the preliminary o extraction, converted to the S function

s - 0.5 Et u exp[54,3378 Et-1/21 ,
(3)

where Et is in keV, u is in b, and S is in keVb. At present, we

assign errors of 5% to the LUFCS data.

best with the data of Serov et al.14 ando~;n;;~; ;~;~’ ~;’‘gree

analysis quite well. We disagree with ~reene~~ analysis,10 which

was evidently influenced by the Govorov data. Also shown in
16Figure 10 are the data of Agnew et al. , In the near future we

will obtain a small amount of tritium having a cleuterium impurity

100 times less than that of our present supply. With this we will
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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 triangles 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 ~), and the dashed curve is

from Greene’s evaluation (Ref. 10).

be able, at one or two energies, to investigate more carefully the

high-energy end of the alpha spectrum in the region of the nn
final state interaction.

CONCLUSION

With the LEFCS

cross sections

system we have demonstrated the ability to metisure

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 + t

measurements we plan to attempt measurements of some gamma-ray
reactions, such as D\t,Y)5He, which may be useful as burn
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diagnostics. We will also look at the feaaibillt of studying
?3another charged particle reaction of interest, D( He,p)4He.
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