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Reaction rate for destruction of Li and primordial nucleosynthesis
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The rate for destruction of Li via deuteron-induced reactions is reexamined and is found to be appre-
ciably larger than that previously used in primordial nucleosynthesis codes over most of the temperature
region of interest. Numerous calculations were run to determine the significance of the new rate; it was
found to change the predicted Li abundance by not more than 20% over the parameter space examined.

PACS number(s): 25.45.—z, 98.80.Ft

I. INTRODUCTION

Calculations of the light element production in the ear-
ly Universe generally employ the "standard" big-bang
model, which assumes a high-entropy, radiation-
dominated Friedmann cosmology. In addition, they usu-
ally assume a homogeneous distribution of the baryonic
matter [1]. In some scenarios for the early Universe,
however, subhorizon baryon number fluctuations may de-
velop [2]. The abundance yields computed in models of
these baryon-inhomogeneous universes [3—5] may be con-
siderably different from those found in the homogeneous
models. Light element yields in primordial nucleosyn-
thesis thus provide diagnostics of the degree of baryon in-
homogeneity in the early Universe.

Because of its particular sensitivity to baryon inhomo-
geneity, the primordial Li yield is one of the more im-
portant of these diagnostics. In inhomogeneous nu-
cleosynthesis models, Li is generally overproduced com-
pared with the yield in the homogeneous models. More-
over, the overproduction increases with the degree of in-
homogeneity [3—5]. Unless late-time dissipation of pri-
mordial baryon-number fiuctuations [6] or galactic de-
struction mechanisms [7] can destroy significant amounts
of Li, the primordial Li yield constrains baryon inho-
mogeneity to be small in the early Universe [8].

The abundance of Li is determined from a balance be-
tween the reactions which produce it and those which
destroy it. In order to have confidence in our predictions
of the primordial Li yield, we must therefore use accu-
rate rates for both types of reactions. The rate for one set
of destruction reactions, the Li+d reactions, that has
been used in primordial nucleosynthesis codes involves
only a direct term [9]. However, 'resonances are known
to dominate the low-energy interactions between Li and
d. We have thus reexamined the reaction rates pertinent
to those two nuclei. The Li+d reactions may be of im-
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portance in the baryon-inhomogeneous models because
Li and d coexist in the low-density regions of these mod-

els and the d abundance can be large.
Section II deals with our considerations in deriving the

reaction rate for Li+d reactions. Section III presents a
series of calculations of predictions of primordial nu-
cleosynthesis using the new rate, and Sec. IV gives our
conclusions from this study.

II. DERIVATION OF THE REACTION RATE
FOR Li DESTRUCTION REACTIONS

The low-energy resonances associated with interactions
between Li and d, one at 280 keV and the other at 600
keV, have been studied by a variety of authors, and will
be discussed individually below. In addition to the reac-
tion rate contributions from them, a direct term is also
needed. This is also discussed below.

A. The 280-keV resonance

2J +lR

(2J, + 1)(2J2+ 1)

1,(r„+r,+r.)

r

(o.v) =
pkT

exp( Ett IkT), —

can be used. In this expression, I d represents the partial
width of the resonance for deuteron decay, while the oth-
er partial widths represent the widths for decay by neu-
trons, protons, or a particles. Jz, J„and J2 are the spins
of the resonance and entrance channel particles, respec-
tively, Ez is the resonance energy, p is the entrance chan-
nel reduced mass, T is the temperature, and A' and k are
Planck's and Boltzmann's constants.

In a study by Zijderhand et al. [11] it was found that
I d=86+18 eV, I „+I =380+50 eV, I =490+50 eV,

Recent experiments have determined all the informa-
tion about this resonance that is necessary to calculate its
contribution to the Li+d destruction rate. In calculat-
ing the contribution to the reaction rate, the narrow reso-
nance formula [10],
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and therefore, that I is negligible. Thus, this resonance
contributes a reaction rate of

N„(o v ) = 1.71 X 10 T9
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B. The 600-keV resonance

This resonance is a broad resonance, so the broad reso-
nance formula must be used as the prescription for its
contribution to the reaction rate, and that contribution
must be calculated numerically. The broad resonance
cross section is given [10]by

E„r„(E) r, (E) (r, /2)'
cr(E) = cr~ «d(Eg) I;(Eg) (E—E, )'+[r(E)/2]' '

where o.z is the cross section at Ez and I z is the width
the resonance would have if its energy-dependent factors
were taken to be their values at E =Ez. In this expres-
sion, the most important energy-dependent quantity is
the barrier penetrability, which must be taken into ac-
count explicitly for I"s, especially when they involve
charged particles. I; are the partial widths for decay of
the resonance into neutrons, protons, or alpha particles;
all three must be included to determine the total cross
section for destruction of Li via this resonance.

Studies of the Li(d, p) and Li(d, n) reactions [12,13]
were used to estimate the value for I to be 200 keV, and
the ratio of I „ to I to be 420 mb (assuming isotropy) to
110 mb at the peak of the resonance. Studies [14] of the
Li(d, a) reaction through this resonance suggest that the

resonant yield is appreciably smaller than that for
Li(d, n), so I has been neglected in comparison to I „.

In any event, that partial width would have been included
in the I „measurement. The cross section for this reac-
tion was calculated numerically, then inserted into the
general expression [10] for the thermonuclear reaction
rate
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FIG. 1. The thermonuclear reaction rate for destruction of
Li via Li+ d reactions. The solid curve shows the present re-

sult, with the various components indicated as the short-dashed
curve (contribution of 280-keV resonance), long-dashed curve
(nonresonant contribution), and long-dash-dotted curve (contri-
bution of 600-keV resonance). The short-dash-dotted curve,
which is seen to exceed the present result only at low values of
T9, is the rate used [9] in previous primordial nucleosynthesis
calculations.

rate from such processes can be calculated from the ex-
pression [10]

2
(harv &=

p

1/2

S(Eo )exp( —3Eo Ik T),
(kT)3/2

(6)

10

where S(Eo) is the astrophysical S factor evaluated
at Ep the peak of the Gamow window,
b, =(4/3' )(EokT)' and

Eo = [(2p )
' ere Z, Z~ k T /2A] ~',

where Z, and Z2 are the charge numbers of the entrance
channel interacting nuclei. The only parameter which

(ou&= 8 J o (E)E exp( E lkT)dE—(kT)'"

(4) 10

to determine the contribution from each of the possible
decay channels to the reaction rate. The resulting reac-
tion rate was then 6tted with a polynomial expansion to
give, for the rate due to the 600-keV resonance,

N~(ou) =1.49X10' T9 ~ exp( —4.0894T9 ')

X [0.0257T9 '+2.6314T9
—4. 1929T9 ' —2. 1241+4.1136T9 ]
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C. Nonresonant component

An appreciable nonresonant component apparently ex-
ists for Li+d reactions; the contribution to the reaction

FIG. 2. Production of Li in the homogeneous models of pri-
mordial nucleosynthesis as a function of the baryonic density
Qb, given as the fraction of the critical density. The solid curve
shows the Li production using the Li+d destruction rate
given in this paper, while the dashed curve shows the result of
using the rate of Caughlan and Fowler [9].
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TABLE I. Abundances of light nuclides in inhomogeneous models with different Li+d destruction
rates. Oh=1. 0. Note that all calculations assumed the fraction of the space in the inhomogeneous
models in the high-density regions was 0.25, the separation distance between high-density regions was
100 m. The predicted abundances for H, He, and He were the same to three significant figures for ei-

ther Li destruction rate.

n(~H)/n(H) n( He)/n(H) X( He)
Old

n ( Li) /n (H)
New

1.0X 10
1.0x10'
1.0X 10
1.0X 10
1.0x10'
1.0X 10
1.0X 10

0.91 X 10
3.07 X 10
2.92 X 10
5.04x 10-'
1.94X 10
2.05 x10-'
2.06 X 10

4.02 X 10
4. 18X 10
3.76 x 10-'
2.61 X 10
5.37 X 10
5.55 x 10-'
5.56X 10

0.269
0.270
0.271
0.273
0.261
0.258
0.258

8.22 x 10-'
1.17X 10
4.03 X 10
5.81X10
4.97 X 10
4.95 X 10
4.95 X 10

8.22X 10
1.17x jo-'
4.03 x 10-'
5.81X 10
4.79x10-'
4.78 x 10-'
4.78 x10-'

needs to be evaluated to estimate the nonresonant contri-
bution is S(EO); this was done by examining the Li(d, n)
and Li(d, p) data [12,13] above the low-energy reso-
nances. The values obtained for S(E) for Li(d,p) and
Li(d, n) were found to be fairly constant from 1.6 to 2.0

MeV, and were found to sum to about 1.7X10 keVb
over that region. Thus this value was assumed for S(EO).
The contribution to the reaction rate for the nonresonant
processes, then, is

N„(o.U ) = 1.66 X 10"T9

Xexp( —10.254T9 '
) cm s 'mol

The total thermonuclear reaction rate for destruction
of Li is the sum of the terms given in Eqs. (2), (5), and
(7). It is shown in Fig. 1, where it is also compared to the
rate of Caughlan and Fowler [9], which is presently in
many of the primordial nucleosynthesis codes.

III. EFFECT OF THE Li DESTRUCTION RATE
ON PRIMORDIAL NUCLEOSYNTHESIS

We now consider the effect of the new Li+d destruc-
tion rate on primordial nucleosynthesis. In the homo-
geneous models [1] the deuteron abundance is low
enough, and the proton abundance high enough, that
proton-induced reactions would constitute the dominant
Li destruction processes. That this is i.ndeed true may be

seen in Fig. 2, which shows the Li abundance relative to
hydrogen in the homogeneous models as a function of

Qb, the ratio of the baryon density to the critical density
of the Universe. These calculations were performed with
the code described in Ref. [4] using a Hubble constant of
50 km/sMpc, three light neutrino families, a neutron
lifetime of 889 s [15], and a present microwave back-
ground temperature of 2.7 K. The dashed curve gives the
results using the Li+d destruction rate in Ref. [9],while
the solid curve gives the results derived from the new
Li+d destruction rate presented. in this paper. Only at

low baryon density, where the deuteron abundance
remains high throughout primordial nucleosynthesis, and
where mass 7 u nuclei are in the form of Li instead of
Be, is there significant destruction of Li by deuterons

and, consequently, any appreciable decrease in Li pro-
duction due to the new Li+d rate. We note that from
the concordance among the observations of d, He, He,
and Li abundances, the lower limit on 0& is 0.02 [1]. Be-
cause the new Li+d rate only affects the Li abundance
for Q, b &0.01, the new rate has no effect on conclusions
resulting from homogeneous model primordial nu-
cleosynthesis.

In contrast to the homogeneous models, the inhomo-
geneous models [3—5] develop low-density, neutron-rich
regions in which a high deuteron abundance can coexist
with Li and a low proton abundance. In such regions,
we may expect considerable deuteron induced destruction
of Li. In the high-density regions, which are proton
rich, Li is produced as Be. Its destruction mechanism is
Be(n,p) Li(p, a), which is initiated by neutron back

diffusion [5]. In general, the Be yield in the high-density

TABLE II. Abundances of light nuclides in inhomogeneous models with different Li+d destruction
rates. Qb =0.1. Note that other parameters and results of the calculations are as in Table I.

n (~H) /n (H) n( He)/n(H) X('He)
Old

n( Li)/n(H)
New

1.0X 10
1.0X 10'
1.0x10'
1.0x10'
1.0X 10
1.0X 10
1.0x 10'

1.87 x 10-'
2.03 X 10
3.61x 10-'
1.25 X 10
1.56 X 10
1.59 X 10
1.59 x 10-'

1.06x10-'
1.06x 10-'
9.50x10 '
1.40x 10-'
1.66x 10-'
1.69 x10-'
1.69 X 10

0.249
0.250
0.249
0.237
0.222
0.220
0.219

5.23 X 10
7.12x 10-"
2.03 X 10
5.91 X 10
6.53 x10-'
6.42 X 10
6.41 X 10

5.23 x 10-"
7.12X 10
2.03 x 10-'
5.45 x 10-'
5.68 x 10-'
5.58 X 10
5.57 X 10
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TABLE III. Abundances of light nuclides in inhomogeneous models with different Li+d destruc-
tion rates. Qb =0.01. Note that other parameters and results of the calculations are as in Table I.

n(~H)/n(H) n( He)/n(H) X( He)
Old

n( Li)/n(H)

1.0X 10
1.0x 10'
1.0x 10'
1.0X 10
1.0x 10'
1.0x 10
1.0x 10'

8.18X 10
8.33x 10-'
1.10X 10
1.18x 10
1.14x10-'
1.13x10-'
1.13x 10-'

4.34 X 10
4.39 X 10
5.26x 10-'
5.32 X 10
5.09 x10-'
5.05 x10-'
5.04 x 10-'

0.212
0.211
0.189
0.148
0.137
0.136
0.136

8.42 x10-"
9.18 X 10

—10

2.03 x10-'
1.39x10-'
8.55 X 10
7.90X 10
7.83 X 10

7.97 X 10
8.60x 10-"
1.70x 10-'
1.09x 10
6.92 x 10-"
6.44x10-"
6.38 X 10

regions will be unaffected by the Li+d rate. The effect
of the new deuteron-induced destruction rate on Li in in-
homogeneous models will thus depend on the relative
contributions of the low- and high-density regions to the
overall mass 7 yield.

To study the effect of the new Li+d rate on inhomo-
geneous model primordial nucleosynthesis we have run
several calculations within the inhomogeneous models,
using the code described in Ref. [4]. The values used for
the Hubble constant, the number of light neutrino fami-
hes, the neutron lifetime, and the temperature of the mi-
crowave background were those described above. With
the old and new Li+d rates we have run models with R,
the density contrast, varying from 1.0 to 1X10 and Qb
having the values 0.01, 0.1, and 1.0. In all cases the sepa-
ration between the centers of high-density regions was
100 m. This separation was chosen because it is the op-
timal one for neutron diffusion and shows the greatest
variation in Li production due to the different Li+ d re-
action rates. The volume fraction f„of the high-density
region was 0.25 in all calculations.

In Table I we see that there is little sensitivity of the
final Li yield to the Li+d destruction rate used. At
low-density contrast (small R), the model is essentially
homogeneous, and the results are close to those of the
homogeneous models with Qb=l. 0 (see Tables II and
III). As is shown in Fig. 2, the new rate had no effect on
a homogeneous model for Qb )0.01, and the low-
contrast inhomogeneous models are no different. As R is
increased, it would be expected that greater destruction
of Li would occur in low-density regions due to the
higher abundance of deuteron. Playing against this
effect, however, is the fact that for larger R, more and
more of the mass 7 u production comes from Be syn-
thesized in the high-density regions. Since, as noted
above, the Be production is unaffected by the new rate,
there is again little effect from the new rate.

For lower values of Qb the effect of the new rate be-
comes larger. Lower Q& leads to lower baryon densities
in both the low- and high-density regions. This gives
larger deuteron abundances and greater destruction by
Li+d. Nevertheless, the largest decrease in the Li yield

due to the new rate is around 20%. While 20%%uo is a large
enough efFect to require the new rate to be used when
great accuracy is needed, there is no need to make a

change in any conclusions about nucleosynthesis in
baryon-inhomogeneous universes [3—5].

IV. CONCLUSIONS

The inclusion of the resonances in the d + Li processes
increased the reaction rate for destruction of Li in the
temperature range from roughly T9=0.6 to T9 & 10, the
range relevant to primordial nucleosynthesis. Therefore,
all primordial nucleosynthesis calculations performed up
to the present time, which have neglected the resonances
in the Li+d system, have underestimated the amount of
deuteron-induced destruction of Li that occurred during
the big bang. Nevertheless, their inclusion has little effect
on the primordial production of the light elements in the
homogeneous models because, in the baryon density re-
gimes of interest to the homogeneous model, the deute-
ron abundance is not high enough and the abundance of
mass 7 u nuclei actually in the form of Li is too low to
effect much Li destruction. Similarly the effect on Li
production in baryon-inhomogeneous primordial nu-
cleosynthesis models is typically less than 20'f/o because,
although deuteron abundances can be high in the low-
density regions in such models and the consequent Li de-
struction large, the contribution of these regions to the
overall Li yield is small. Thus there is no need to change
any conclusions previously made about primordial nu-
cleosynthesis, although workers seeking accuracy in their
estimates of the Li yield from the big bang should use
the Li+d rate presented in this paper.

However, it should be noted that an important mass 7
u destruction process, late-time homogenization [5], has
not been included in the present calculations. There are
two reasons for this. First, it would mask the effects of
changes in the Li(d, n) and Li(d, p) reaction rates, the
primary result of the present paper. Second, there are
sufficient uncertainties with that process, primarily as to
the time at which it occurs, that its effects constitute a
separate study in themselves. However, it should still be
noted that late-time homogenization has the potential to
destroy most of the mass 7 u nuclides which are produced
in primordial nucleosynthesis.

This work was sponsored in part by NSF Grant No.
PHY89-20606.
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