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Measured cross sections for the SLi(d,a)a reaction have been evaluated critically, covering the range
0.06-10 MeV and extrapolation carried out to the low energy region using Gamow plots. The reaction rate
parameter {ov) for thermonuclear reactions at equilibrium velocity distribution has been determined as a
function of the plasma temperature T of the reacting nuclei from the experimental and extrapolated cross

section values (T = 2 keV to 1.0 MeV).

polation, thermalized {cv) optimized integration.

‘E\IUCLEAR REACTIONS SLi(d, @); E; =3 keV-1 MeV thermalized ¢ (E;) extra- ]

I. INTRODUCTION

With the progress of inertial confinement for
controlled thermonuclear reactions using com-
pression by lasers'™ or particle beams,*® the
possibility of energy production not only from
2H-°H reactions, but also from *H-2H and exotic
reactions as *H-''B or *H-°Li and others are be-
coming interesting. One essential progress in
this field is the discovery of the much shorter
penetration of the charged reaction products in
the hot and dense plasmas due to a collective
model compared to the long ranges based on the
Fokker-Planck equation.” The experimental proof
is based on an agreement of the new theory with
the penetration of 2 MeV electrons.® The resulting
higher reheat for fusion reactions decreases the
break even energies drastically at densities higher
than 100 times the solid state, while ignition and
self-burning results at surprisingly low temper-
atures (calculations by a general hydrodynamic
code including reheat, depletion, and bremsstrah-
lung).”?®

For a better basis of the calculations of the 2H-
SLi reaction branch leading to 2a with an energy
release of 22.4 MeV, we have reexamined here the
experimental cross sections. Using the best fitting
theoretical plots, we have calculated the {(ov) val-
ues especially for low temperatures from 7=2
keV, as there is evidence of a drastic
decrease of the ignition conditions for self-
burning.®

The question of resonances can be discussed on
the basis of the result of Hirst, Johnstone, and
Poole,'® who reported no evidence for low energy
resonances, in particular the 347 keV reso-
nance previously reported by Whaling and
Bonner.!

II. LOW ENERGY CROSS SECTION

Neglecting older data, we base our evaluation
on the 90° differential cross sections reported by
Hirst et al.'® (E,=60-450 keV), as when con-
verted to total cross section these data join
smoothly to the higher energy results of McClena-
han and Segel'? as can be seen from Fig. 2.

To convert to total cross section, analysis was
made of available reports on angular distribution.
Good fits to angular distributions have been ob-
tained using the Legendre polynomial expansion

Y(6) = Y(90°)[1+A(E) cos?0 + B(E) cos*s].

It was found that A(E) curves given by Antoufiev
et al.*® and Heydenburg ef al.'* are in good agree-
ment for E<1.75 MeV. The large disagreement’
existing in their B(E) curves does not effect the
low energy angular distribution as both references
find B(E)=0 for E <1.25 MeV. The A(E) values
given by Heydenburg for E <450 keV were used to
convert to total cross section as follows:

o=f Y(6)dS

T . N
=27Y(90°) f [1+A(E) cos®6+B(E) cos*9] sin6d g
0]

=47Y(90°)[1+A(E)/3+ B(E)/5]. (1)

Using the values of A and B in the range of results
reported by Hirst, we can use

o=4nY(90°)[1+A(E)/3]. (2)

The small size of A(E) values indicates that the
reaction is virtually isotropic at low energy as
found by Inglis'® at E=0.2 MeV. It has been found
theoretically’® that, assuming the energies of the
interacting nuclei are well below the top of the
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Q=22.4MeV

Deviation from low energy
formula at E >200 keV

o HIRST et. al. integrated for angular
distribution reported by HEYDENBURG
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FIG. 1. Gamow plot for low energy cross sections ¢ of the ®Li(d, a) a reaction, showing line of best fit, Eq. (5).

Coulomb barrier (height 0.28 7,7, MeV) and fur-
ther assuming zero relative angular momentum
of reacting nuclei, the cross section for a bom-
barding charged particle mass m, energy E is
given by the S wave Gamow form

—23/21727)1”2822122

FETT (S= constant)

o(E) zg exp
(3)
giving for the ?H-°Li reaction
o(E) ~S/E exp(-133.2/E*'?) (E in keV, o in b).
4

From the Gamow plot (InoE versus E™'/?) (see Fig.
1) using total cross section calculated as in Eq.

(2) from the data of Hirst ef al. and Heydenburg

et al., it was found that experimental points were
best-fitted by

4
o(E) = 2—3;—1-9- exp(-138.7/E"/2) 5)

in the energy range 60-200 keV. For E >200 keV
deviation from the Gamow plot straight line form
Eq. (5) occurred as can be expected when the en-
ergy becomes less small in relation to the height
of the Coulomb barrier. The departure of Eq. (5)
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from the theoretical form of Eq. (4) is not very
significant and is a consequence of the assumptions
made in the theoretical derivation.

Extrapolation to energies below 60 keV can be
carried out simply by extending the Gamow plot
straight line form (5) down. However, as energy
decreases and theoretical assumptions become in-
creasingly valid, it is expected that the theoretical
form (4) will apply. The problem is to decide at
what energy this occurs. To this point reference
is made to the experience found with the now well-
known low energy *H-?H cross section.!” Theoret-
ically this has the form

Op 2y = (S/E) exp(-44.4/E'?), (6)

whereas from 13-100 keV ?H-2H experimental
cross sections are best-fitted by

T2y = (288/E) exp(~45.8/E'/?), (1)

It is below 13 keV that the data are well repre-
sented by (6).

Converting this energy to a fraction of the height
of the ?H-*H Coulomb barrier and applying this to
the ?H-°Li reaction, it can be approximately in-
ferred that the theoretical exponent will apply for
E<40 keV. The *H-°Li cross section was conse-
quently calculated to be well represented by the
analyfical forms (4) for E=1 to 40 keV (S=9.63
x10%) and (5) for E =40 to 200 keV.

III. TOTAL CROSS SECTION DATA

Summarizing the present status on total cross
section data, the most recent reports for this re-
action are given by McClenahan ef al.'? (Eppy=0.5-
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FIG. 2. Experimental values and best fit curves of cross sections ¢ of the ®Li(d, o) a reaction.
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3.4 MeV) and Gould and Joyce'® (E, =2.25-6.0
MeV). Both papers estimate errors at 15% and
within this limit they show good agreement. Fur-
ther, the total cross sections calculated from
Hirst et al.'® (E, =60-450 keV) fit smoothly to the
results of McClenahan. McClenahan also shows
comparison with the total cross sections of Refs.
19-21, indicating agreement with Meyer, Pfeifer,
and Staub'® and disagreement with Bruno et al.,?°
and Jeronymo et al.** The shape of the cross sec-
tion and angular distributions reported by Jeron-.
ymo were in agreement, however. These data
have been used to establish a consistent cross sec-
tion shown in Fig. 2. The high energy 9.5 MeV
data point given by Mani et al.?* has been included
but must be regarded as purely approximate due
to disagreement of their low energy results with
those of McClenahan and Gould.

IV. REACTION RATE PARAMETER (ov)
Using the Maxwellian velocity distribution
dn =n(M/27RT)*'? exp(- Mv?/2kT)v?dv, (8)

where dn is the number of particles relative to that
of a given particle in the range v to v+dv, M being
the reduced mass of interacting nuclei, the ex-

pression for (ov) can be derived from the relation'®

(o= S sovdn

odn
leading to
/2n,3/2 o
(ovy= CLED M [ expl- (a1 /) /7]

X (E/T)dE ,

where m and E are the mass and energy of the
bombarding nucleus in the laboratory system, re-
spectively, and T is the “kinetic temperature” k7.
This integral has been evaluated numerically.

Low energy cross section values were calculated
from Eqs. (4) and (5) in the stated ranges of their
validity. For energies greater than 200 keV the
necessary cross section values were calculated
by linear interpolation of input data point from the
best-fit curves of Fig. 2. Linear interpolation is

" justified by the stated error of 15% in cross sec-
tion values. A resulting plot of {ov) versus T in
the range T=2 keV-1.0 MeV is shown in Fig. 3 in
comparison with2H-?H, ®H-°H and ?H-°He reaction
rates. The accuracy of this plot will be increased
for low values of 7', which is the region of interest
for controlled thermonuclear reactions.
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FIG. 3. (o) values calculated from cross sections o
derived from low energy Gamow extrapolations and best
fit curves of Fig. 2 for the %Li(d, a) ¢ reaction. Com-
parison is shown with other fusion reactions.

V. DISCUSSION

Using Coulomb wave functions, Brennan® has
derived a correction to the Gamow formula (3) ex-
pressed by a function ¢(E) that allows a better ap-
proximation to cross section behavior at low en-
ergies. This has the form

o(E)=1/E exp[¢(E)~C/E?], (9)

where for the 2H-°Li reaction C=133.2 (with ¢ in
b, E in keV), E is the incident energy of the bom-
barding particle and it can be approximately as-
sumed that ¢(E)=K, + K,E(K,, K, constant).? This
correction is very small, however, in our case.
A plot of ¢(E) versus E using the cross section
data of Hirst ef al. integrated for angular distri-
bution reported by Heydenburg et al. has been
made for E=60-200 keV (see Fig. 4) giving

$(E)=9.18+0.0026E. (10)
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FIG. 4. Plot of ¢ (E) versus E to establish the low energy Brennan form Eq. (9) for the ®Li(d, @) o reaction. Deviation
of data points (calculated from the cross section results of Hirst integrated for Heydenburg angular distribution) from
the line of best fit ¢ (E)=K,+ K, E indicates the disparity of experimental error of data points with graphical scale re-
quired to evalute K and K, and demonstrates that use of the Gamow plot (Fig. 1) is more realistic.

As such the Brennan approximation becomes
o(E)=1/E exp(9.18+ 0.0026E - 133.2/E/?). (11)

Considering the large experimental error in cross
section values from which the ¢(E) data points

are deduced, and the consequent large deviation
of some of these data points around the ¢(E)
straight line form (10) on the scale that has to be
used to evaluate ¢(E) with K, being so small, the
accuracy of the determination of ¢(E) is low. Our
use of the Gamow form (5) as an approximation of
Eq. (9) in extrapolating down to 40 keV and the con-
sequent use of (4) for energies below this, as dis-
cussed in the text, is fully justified in terms of
current experimental errors. Values of (o) ob-
tained using (11) for E=1-40keV in lieu of (4) are
within 73% of those given in Fig. 3 at 2 keV and
within 3% at 5 keV. Indeed, the final result for the
temperature dependence of the average cross sec-

tion varies so strongly with temperatures that a
few percent doubt in the cross section is not crit-
ical at this stage of reaction physics.

Previous calculations of {ov) for this reaction
have been carried out by Greene,** who used the
low energy cross section data of Sawyer and Phil-
lips® (30-250 keV) and the higher energy cross
section data of Whaling and Bonner?® (180-550 keV),
Heydenburg et al.'* (600-750 keV) and Jeronymo
et al.?' (0.92-4.6 MeV), assuming isotropy up to
550 keV. Comparison of these higher energy cross
sections with the more recent results shown in
Fig. 2 indicates the justification for the preference
of the more recent data we have used here. The
low energy cross section data of Sawyer is within
20% of the later results of Hirst. However, the
results of Hirst fit more smoothly those of Mc-
Clenahan and have been favored in our calcula-
tions.

*Permanent address: Department of Nuclear Physics,
Institute for Advanced Studies, Australian National
University, Canberra, Australia, 2600.
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