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A plasma-kinetic model to properly describe the behavior of neutrons in the primordial plasma during
the epoch of big bang nucleosynthesis (BBN) is formulated. For the first time, this model is applied to
calculate the realistic energy distribution function of these neutrons and examine their main character-
istics. The fact that the realistic neutron distribution departs from a conventional Maxwellian function is
obtained; its high-energy tail is essentially enhanced by nonthermal neutrons produced in the T(d, n)*He
and D(d, n)*He reactions. The fraction of these neutrons 7/, in the total neutron component is at a level of
1072%-10"3%, while their effective temperature T/, reaches several MeV and exceeds the plasma
temperature in the BBN epoch by about a factor of 10?. The nonthermal neutron influence on individual
reactions is examined on the example of the threshold D(n, 2n)p, "Li(n, nt)*He, and "Be(n, n’He)*He
processes. We show that at plasma temperatures 7y =< 1.2 the nonthermal neutrons strongly maintain these
reactions, increasing their rates by orders of magnitude as compared with the respective Maxwellian
estimates. Note that the obtained phenomenon has a general nature. It may manifest in other nuclear
systems and becomes a natural supplement of nonthermal effects triggered by dark matter decay, which
has been extensively studied elsewhere. An important question remains—to what extent such fast particles

may affect chain reaction kinetics in the plasma and change the predictions of standard BBN.
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L. INTRODUCTION

Big bang nucleosynthesis (BBN) still remains the most
reliable probe of processes in the early Universe. These
processes are commonly described in the standard model
of BBN (SBBN), the basic points of which were formulated
in [1,2]. A remarkable feature of this model is that SBBN
initially operated with only one free parameter that was the
baryon density (g (or the baryon-to-photon ratio n =
n,/ng) of the Universe. Furthermore, highly precise mea-
surements of cosmic microwave background anisotropy by
WMAP made an independent determination of () possible
[3,4], and since that time SBBN has become a parameter-
free theory. Probably, the most important consequence of
this is that at present SBBN can serve as a unique tool to
search for a signature of new physics, i.e., phenomena
which cannot be understood in terms of conventional con-
cepts. In this context we remind one that SBBN with the
WMAP’s baryon density gives reasonable predictions for
the abundances of primordial D and “He in comparison with
those inferred from observations,1 but essentially overesti-
mates the amount of primordial "Li by a factor of 3—4.

In spite of many attempts to explain the "Li puzzle, this
problem has not been resolved in SBBN yet and an updated
picture does not look encouraging [6]. The phenomenon
may in principle be considered as a candidate for new

'Note however a brief discussion in [5] that the currently
adopted experimental abundance of primordial D may in prin-
ciple be somewhat underestimated.
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physics beyond the standard model that is widely discussed
in the literature (see, e.g., [5,7-14], and references therein).
To make it finally clear whether or not this fundamental
cosmological conjecture is really valid, additional efforts
are needed to further refine SBBN and improve the accu-
racy of its predictions. Such important work is currently in
progress and, as an example, we note here a few issues to
be focused on. These include an incorporation of some
heretofore omitted processes [15—17] in the standard BBN
reaction network [18,19], a search for new resonant modes
of reactions between light(est) nuclei [20,21], an inclusion
of independent neutrino distribution functions in BBN
modeling [22], an analysis of nuclear weak interaction
rates [23], examinations of specific effects in the plasma
related to thermally excited nuclei [17], electron screening
[24], etc. The point of particular importance for refined
BBN modeling is the use of updated rate parameters (ov)
of main nuclear reactions. These major nuclear inputs can
be found in several comprehensive compilations [25-30].
These data were obtained using improved estimates of
reaction cross sections and assuming the distribution func-
tions of reacting particles to be Maxwellian. Thus, the
standard BBN network operates with thermal reaction
kinetics in the Maxwellian plasma.

There exists however an interesting issue relevant to
suprathermal non-Maxwellian particles that are perma-
nently present in the primordial plasma. These parti-
cles are generally produced due to two—primary and
secondary—mechanisms. First of all, fast particles are
straightforwardly generated in exoergic nuclear reactions
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and then remain in the plasma as suprathermal species until
their thermalization is achieved. Besides, some fraction of
bulk plasma particles can also be accelerated to supra-
thermal energies by recoil in close collisions between
them and nonthermalized reaction products. As known,
under certain conditions the fast products can transfer, in
a single event, a large amount of energy. These two mecha-
nisms increase the population of nonthermal particles, so
the high-energy tails of particle distributions in the plasma
can depart from a Maxwellian form. In other words, supra-
thermal particle groups appear in the plasma, and they
trigger nonthermal reactions naturally supplementing ther-
mal processes in the BBN epoch [31]. The rates of non-
thermal reactions depend on the number densities n’ of
suprathermal particles and their effective temperatures 7"
being a measure of the particle average energy (E’). The
main characteristics of suprathermal particle groups were
examined recently in [31]. That study demonstrated that
slowing-down conditions for charged particles ¢ (= p, t,
3He, a) are not favorable to obtain an appreciable popula-
tion of suprathermal ¢ groups. Coulomb interaction with a
large amount of thermal electrons and positrons rapidly
slows the fast charged particles, so their partial fractions
1. = nl/n, in the respective ¢ components are negligibly
small. At maximum 7, ranges from 1013 (¢ = p)to 107°
(¢ = t). Therefore, although the fast particle temperatures
T! can be as high as 2 MeV (¢ = p), the marginal amounts
of these particles cannot provide a clear correction to the
production of primordial D, *He, “He, and "Li [31].

A more interesting situation concerns nonthermal neu-
trons. These neutral particles do not undergo the dramatic
energy loss due to Coulomb scattering, and the neutron
thermalization time 7, , proves to be larger by a few orders
of magnitude than the thermalization times of charged
particles 7.4,. This provides favorable conditions for the
nonthermal neutron population to become comparatively
high. It was clearly demonstrated that the most abundant
nonthermal plasma species are neutrons, whose fraction
1!, = nl,/n, in the total neutron component reaches 0.01%
[31]. It is also interesting that at a Universe temperature of
Ty =~ 0.9 the amount of nonthermal neutrons even becomes
comparable with the total amount of primordial *He. Some
remarkable properties of nonthermal neutronic reactions
are also worth mentioning here. For example, at tempera-
tures Ty < 0.8 the D(n, 2n) breakup induced by nonthermal
neutrons is the key process that dominates over other
possible reactions in the N + D system (N =n, p) (a
similar conclusion is also valid for reactions in the
N + Li system) [31]. Besides that, it was recently re-
ported [32] that nonthermal neutrons can significantly
change the relation between the forward d +d—
n + 3He and reverse n + *He — d + d reactions in the
plasma due to a strong enhancement of the reverse process.
All this makes neutrons interesting objects for the analysis
of nonthermal effects in SBBN.
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A possible influence of nonthermal neutrons on chain
reaction kinetics in the primordial plasma is determined by
the fast neutron number density n/, and effective tempera-
ture 7. Some estimations of n/, formed due to D + T and
D + D reaction-produced neutrons are available in the
literature [16,17]. However, the neutron temperature 77,
has still not been examined and remains an unknown
parameter. In order to evaluate it accurately, first one needs
to obtain a realistic neutron distribution function in the
BBN epoch. A model approach [17] was recently applied
to describe an energy distribution of fast neutrons in the
plasma. The author considered DT fusion neutrons and
examined their slowing down due to elastic scattering off
bulk protons.

Several nuclear reactions can generate energetic neu-
trons in the BBN epoch [19]. The rates of such processes
between nuclei i and j with mass number A = 7 (excluding
rare °Li) are shown in Fig. 1. These rates were defined in a
conventional form as R;; = (1 + (Si_j)_lnin_i(av)ij and ob-
tained for the SBBN scenario with a WMAP’s baryon-to-
photon ratio n = 6.14 X 10~'°. The main objective of our
work is to calculate the total neutron distribution function,
having Maxwellian and non-Maxwellian components in
the primordial plasma, within a realistic kinetic model
and obtain its main characteristics. The model will con-
sider two main neutron emitters (the D + T and D + D
reactions) and allow for both downscattering (np,, +
slow particle — ng,,, + fast particle) and upscattering
(npa + fast particle — ng, + slow particle) events to
obtain the realistic distribution. This distribution then
will be used to demonstrate the impact of nonthermal
neutrons on some reaction rates on the example of
n-induced two-body breakups of loosely bound D, 7Li,
and "Be. The paper is organized as follows. In Sec. II,
mechanisms of fast neutron energy loss in the primordial
plasma are analyzed. A plasma-kinetic model to properly
describe the fast neutron component in the plasma during
the BBN epoch is formulated in detail in Sec. III. In
Sec. IV, we calculate the realistic neutron distribution
function, examine its characteristics, and also discuss the
influence of nonthermal neutrons on the rates of some
individual reactions. The main conclusions of our study
are summarized in Sec. V.

Age (s)
100 1000 10000

15 —e— T(d,n)'He + 17.59 MeV
10 —o— D(d.n)'He +327 MeV
—— T(t,2n)'He + 11.33 MeV ]

== Li(d,n)2"He + 15.12 MeV

Reaction rate (cm‘35‘1)

Ot1
T9

FIG. 1 (color online). The rates of reactions generating ener-

getic neutrons as a function of the Universe temperature and age.
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TABLE I. The average rates of neutron energy losses (dE, /dt); due to the NES, MMI, and MMC mechanisms.
Mechanism Expression for (dE, /dt), Ref.
NES* 2wy [§ dvvt Ly ddu(vy — v + i) f(v) JUy déa, (€ u) (L = €) [16]
MMI® — %T“(ye + 3y2 + 6y, + 6) exp(—ye)E (for m,c?/26 <T < m,c?)

— e (25 (m, P TE, (for T = m,c?/26) [33]
MMC 78 () X AdE, /dthaw [34]

“The summation is taken over bulk nucleons and nuclei Wlth number density n;, mass m;
1727 whe h
V) )1/2” where ¢ is the cosine of angle between v, and v,. The

function f;(v;). The relative speed u = |v, —

=02+ -2

and unit-normalized velocity distribution

quantity o, (J{f u) is the differential cross @ectlon of n-j NEé where ¢ is the cosine of the scattering angle 6 in the center-ofl mass

frame.
"The quantity y, = m,c/T, n,(= n,-
constant, and g,(= —1.913) is the neutron magnetic moment.

II. FAST NEUTRON ENERGY LOSS

In this section, we consider mechanisms of energy loss
of nonrelativistic neutrons in the primordial plasma and
identify the most important of them. Main loss mecha-
nisms will be incorporated in the kinetic model for fast
neutron slowing down in the plasma described in the next
section.
Nonrelativistic neutrons slow down in the plasma due to
nuclear and electromagnetic scattering processes, such as
(1) nuclear elastic scattering (NES) off ambient nucle-
ons N andnuclei A (n + B—n+B) (B =N, A);

(2) magnetic-moment interaction (MMI) with back-
ground electrons e~ and positrons e (n + e= —
n+et);

(3) magnetic-moment coupling (MMC) to thermal

photons y (n + y —n + y).

Thus, the average energy loss rate of a fast neutron
(dE,/dt) is

dE, dE, dE, dE,
() = (s (i hn * (i he @
dt dt [ Ngs dt [vmi dt [mmc

where expressions for each loss term in Eq. (1) employed
in our study are reduced in Table I.

The calculated energy loss rates are compared in Fig. 2.
The solid curves show (dE,/df)\gs, While the dashed and
dotted curves present the rates (dE,/dt)ng and
(dE,/dthymc, respectively. These results are plotted for
two different neutron energies E, = 14.07 MeV and
2.45 MeV typical of DT and DD fusion neutrons. It is
seen that when E,, drops, all the energy loss rates decrease
but their comparative contribution to the total loss rate
(dE, /dt) does not change. At high temperatures, the total
energy loss is governed by NES and MMI mechanisms.
However, as the Universe cools, the number density of e
pairs rapidly decreases and accordingly the MMI contri-
bution drops. At temperatures 7y < 1 of particular interest
in our work, the main energy loss mechanism is NES.

+ n,+) is the total number density of electrons and positrons, a(= 1/137) is the fine structure

It is worthwhile to identify which specific nuclear scat-
tering process is most important here. Since the rate
(dE, /dt)ngs is proportional to the number density of scat-
tering centers n; (see Table I), the majority of energy loss
through NES comes from the most abundant bulk particles
Jj in the plasma. These are protons, « particles at Ty < 0.8,
and also neutrons at high temperatures 7o > 0.8. The
respective partial loss rates due to the n-p NES, n-a
NES, and n-n NES processes are plotted in Figs. 3 and 4.
These results are found with n-j scattering cross sections
do,;/dQ) taken from the ENDF [35]. Figure 3 shows

temperature dependence of the partial loss rates on the

10" ; ; ; ; ;

10" | - MM

(keV s

n

- <dE /dt>

(keV s

n

- <dE /dt>

FIG. 2 (color online). The energy loss rates of fast neutrons
due to the NES, MMI, and MMC mechanisms as a function of
the Universe temperature. The upper and lower panels show the
results for neutrons produced in the D + T and D + D reactions,
respectively.
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FIG. 3 (color online).
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The energy loss rates of DT neutrons

due to NES off bulk plasma particles (protons, « particles,

neutrons) as a function of the Universe temperature.
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afn,fast

J
Efn,fast(vnv t) = ( a1

).~ LOw 0+ S0, @)
where (9f, ./ 9t)c represents the scattering collision
term, L(v,, 1) is the loss rate due to nuclear reactions, and
S(v,, ) is the source at an arbitrary time 7.

Hereafter we omit for simplicity the subscript ‘“‘fast,”
drop the time variable ¢, and write down the terms in Eq. (2).
The scattering collision term consists of in- and out-
scattering rates, i.e., (3f,/d1)¢ = In(v,) — Out(v,). Each
rate is written in the Boltzmann integral form [37]

In(v,) = Fa)f VIV, = Vil
5 [[[ st =,

X O'(V:z; V;- —V,, Vj)dVildvngj, (3)
Out(vn) = Z /] fn(vn)fj(vj)lvn - le
J
X o (Vy, V; =y, Vi)dv,dv;dv', 4

10" . .
—~ [ T,=0.73 n-p NES
Kl —e— n-o NES
; 10% | o
[0}
X L
A2 10°f
3 L
LIJC (N)\W’“‘\
T 10 \H\(\\

10° ; ;

10" 10° 10"
E, (MeV)

FIG. 4 (color online). The energy loss rates of fast neutrons
due to NES off bulk plasma particles (protons, « particles,
neutrons) as a function of neutron energy.

example of DT neutrons. Energy dependence of these rates
at a moderate temperature 7o = 0.7 is presented in Fig. 4.
A peak seen in the n-a NES curve in Fig. 4 is accounted
for by the P3/, resonance behavior of n-a scattering at
E, =1 MeV [36].

Summarizing the results, we can conclude that the domi-
nant mechanism of fast neutron energy loss in the primor-
dial plasma is NES off bulk protons. The next contribution
to (dE, /dt)\gs at temperatures of our interest comes from
elastic collisions of fast neutrons with bulk « particles.

III. KINETIC MODEL DESCRIPTION

In this section, we derive the kinetic equation for the
slowing down and thermalization of fast neutrons gener-
ated in the primordial plasma. The nonrelativistic descrip-
tion of processes can be used because neutron energy
E, < m,c? and plasma temperature in the BBN epoch
T <m,c?.

A. Basic equations

We start from an equation of evolution for the velocity
distribution function of fast neutrons f, (v, 1)

where f; is the velocity distribution function of background
ion species j (j = p, a, ...). According to the results of
Sec. II, at temperatures of our interest (79 < 1) the interac-
tion between neutrons and those with plasma electrons as
well as positrons can be neglected, i.e., j # n, e, e*.

Let us introduce the probability distribution function
P which is defined for v, and v/, (neutron velocities
after scattering) so that [P(vl, —v,)dv, = [P(v, —
v!)dv!, = 1. It follows that

[(r(vﬁ,, Vi—= v, v)dv; = og(u)P(v, = v,), (5)

(6)

[ oty = i, = o, = vi),
where u' = |v), — V}|, u = v, —v;|, and og; is the cross

section of neutron scattering off background species ;.
Consequently, the scattering rates are reduced to

W) =3 [[ 200760 o w)PW, = v)dv,dv,
J
@)

OUt(Vn) = Z/ fn(vil)fj(vj)uUSj(u)P(Vn - V;l)dVﬁlde
J

= ffn(vn)fj(vj)uasj(u)dvj. (8)
j

The fast neutrons disappear in the plasma through ab-
sorption reactions by the background species. The loss rate
is hence written in terms of the absorption cross sections

L) =X [ o0f e wdv, ©)
J
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The main sources to generate fast neutrons in the plasma
are fusion reactions and close scattering collisions between
bulk thermal neutrons and some energetic particles.
Accordingly, the generation rate may be written as

S(v,) = Spus(v,) + Supscat(vn)- (10)

Now we put the equations into more tractable form.
Because of the cosmological principle of homogeneity
and isotropy of the Universe (in the standard model),
one can assume that velocity distributions of neutrons
and other plasma species are isotropic. We use the neu-
tron energy E, instead of velocity v, as an independent
variable and adopt the neutron flux W(E,) defined by
W(E,) = v,f,(E,), where f,(E,) is the neutron energy
distribution function. The relation between f,(E,) and the
foregoing velocity distribution function is f,(v,)dv, =
fav)dmvidv, = f,(E,)dE,. The probability distribu-
tion function P(E', — E,) for E,, scattered-neutron’s en-
ergy, is also introduced. Its relation with the foregoing
function is P(V, — v,)dv, = P(V, — v,)4mvidv, =
P(v!, — v,)dv, = P(E, —» E,)dE,. Using these, first
we rewrite Eq. (2) as

1 0w
— ) - L, ) = 0.
( ) (E,) + S(E,) =0 (an

Uy at /¢

The components of the ““new’ scattering collision term
(v,'0W/at)c are treated as follows:

mm=zﬂﬂ@m@w%wma~mwwa

—z]wv[ ﬁmgw

X P(E, —E,) fj(Ej)dEj]dE;,
=3 [noEL— EDVEE, (12)
J

where n; is the number density of background species j,
and 0§ (E, — E,) is the differential scattering cross

section averaged over the energy distribution of back-
ground species J, i.e.,

oE—~E)=—
jiYn
(13)

Similarly, the outscattering rate is modified as

ou(E,) =3 [ [ £u(E 1 Epucrs PE,—~ EE,dE,

= Sy [uogor ),
J

=Zn o (E)V(E,), (14)

f W, (u)P(E, — E,)f (E,)dE,

PHYSICAL REVIEW D 84, 063016 (2011)

where aeff(E ) is the scattering cross section averaged over
the thermal motion of target j

ol (E,) =

[ uos (W f(E)dE.  (15)

n;v,

The loss rate is given by
L(En) = Z ffn(En)fj(EJ)uo-aj(u)dEj
J

- Z.‘P(En)vil [”‘fa/(”)f/(E/)dEf

= anaeff(E YW(E,), (16)

where o<1(E,) is the thermal-motion average of the reac-
tion cross section.

Combining these terms and using the total cross section
o"“‘ltf = 0'etf + o";?f, we obtain the final form of the kinetic
equation for fast neutron slowing down and thermalization

1 0¥
eff
o o + En (ol (E,)V(E,, 1)

=ZfMMWE~Ewuwwwam»<m
J

In Eq. (17) we have recovered the time variable . However,
in most cases, the neutron thermalization time 7,y is much
shorter than a typical time scale of plasma evolution in the
BBN epoch (see, e.g., [16]). This implies that the plasma
temperature and density can be assumed to ‘““freeze out”
during the time needed for the slowing down and thermal-
ization of fast neutrons. In such a case, we can make
“steady-state” calculations to obtain the neutron velocity
distribution function at each time step #,,. The equation to
be solved is hence

Zn a'eff(E YW(E,)

eff
-5 [

— E,)V(E,)dE, + S(E,).  (18)

From this equation we can derive the energy distribution
of fast neutrons at each time step in the BBN epoch. For
accurate calculations, thermal-motion averaging of the
cross sections is essential.

B. Fast neutron source

The source strength S(E,,) consists of fusion and upscat-
tering components. The rate due to a fusion reaction
i + j— k + n, for example, is given by [38]

063016-5
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(En - E'())2
](z n)k(E ) 1+ 5 <0.U>lj \/_A exp[_ A2 :Iy

dm,TE
A= ’M’ EOZLQ’ (19)
m, +m, my +m,

where Q is the reaction Q value, and T is the plasma
temperature in energy units.

The upscattering rate of bulk thermal neutrons due to
close collisions of energetic particles (e.g., fast protons
released in the D + 3He fusion reaction) is written in terms
of their flux W, and appropriate differential scattering
cross sections as

Supscat(En) = Z[nn,bulka'e“(Ek,E )\Pk(Ek)dEk (20)
k

Here, we have defined ae“ (E'; E,), the effective differen-
tial cross section for the energetic particle k with energy E,
to undergo a close scattering collision such that a thermal
neutron is knocked into a unit energy width around E,,. If
the scattering is elastic, from energy conservation
o(El; E,) = o%(E), — El + E — 3T/2).

To calculate S,,q(E,) we need Wi (E}), the flux of
energetic charged particles. An appropriate kinetic equa-
tion to obtain W (E}) is given, for example, in our previous
paper [39]. There, the equation is being written for velocity
distribution function f;(v;). The scattering collision term
consists of the Fokker-Planck term treating small-angle
Coulomb scattering and the Boltzmann integral for close
collisions. An additional term is also included in the equa-
tion to allow for the particle loss from the ‘“‘confinement
system.” In this study, we omit this additional term and use
the equation to calculate f;(vy).

C. Thermal-motion averaging of cross sections

The averaging procedure is somewhat complicated be-
cause the integrands in Egs. (13) and (15) include relative
speeds u' and u, respectively. To advance the integration
operations, we return for a moment to the velocity
representation.

The averaging technique is found in the literature on
nuclear reactor theory [40] or neutron physics [41]. The
basic formula for thermal-motion averaging of cross sec-
tions is

o5l (v,) =

f wos(Wf,v)dv, Q1)

jVn

In evaluating, most of the texts neglect the energy depen-
dence of the cross section; the energy-independent cross
section o, for a target at rest is used instead of og;(u). In
our case, however, such a treatment is not always valid, so
the cross section (scattering, absorption) is operated as

PHYSICAL REVIEW D 84, 063016 (2011)

/ uos;(u)f;(v,)dv;

of(v,) =
j\Yn U

/w [ﬂ uos;(u)f;(v;)vs sinfdv;de,
o Jo
(22)

where 6 is the angle between v, and v;. From the relation
u* = vy + vi — 2v,v;co86, sinfd6 = udu/v,v;. The
interval that correspondsto 0 =< 0 =< wis|v, —v;| = u =
v, + v;. Thus, we obtain

1 ()
(v =—27T[ vif(v;
SJ( n) njv%l 0 ]f]( ])

x [ f| :”"” uzasj(u)du]dvj. (23)

The energy-variable representation of Eq. (23) is given by

4m:/2n E,

X [ f "EV oy j(E,)dE,]dEj, (24)
E;

O'est/f(En) = _l/sz(E )

where m, is the reduced mass, and E, = m,u?/2 is the
relative energy. We defined ESO) by

B =m[ P 2T o)
n j

In a similar way, the thermal-motion averaging of the
differential scattering cross section is written as

1
ofi(v, > v,) =—

o J westwre — vasw e,

- 2 foo fi( )I:’[UHU/ Pogi(u)
vifi(v; u“ogi(u
P o Iy J

J

X P(v!, — vn)du’]dvj. (26)

When the scattering is elastic, the probability distribution
function P is given by [40]

4vng(vn’ lu’C)

2 b
n max n,min

P, —v,) = (27)

where g(v/,, wc) is the probability distribution function for
the cosine of the scattering angle in the center-of-mass
system. If the scattering is isotropic, then g(v), wc) =
1/2. The upper and lower limits of the possible ““final”
speed v, are given by

m2u? 2m;Vu'

Yoy Omemy @

Un, max(min) =

where Vg is the speed of the center of mass
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mnV;,l + mJVJ
Vo= |22 —1J

m, + m;

J

J(mn + m))(m,vi} + m; vf m,m;u"
. (29

m, + m;
The energy-variable representation of Eq. (26) is

M7

eff(El_’E)—
4m}*n,E),

E;Vf(E))

B2 / / !
X o r O-S](Er)P(En_)En)dEr dE]

(30)

The upper and lower limits of the inner integral are

B =1 ,/ZE/ =T e
Zm[ m ,]

The probability distribution function P is written as

- En,min

P(E, — E,) , (32)

En,max

where E,, 14x(min) 1S the upper (lower) limit of possible final
energy E,:

1
— 2
En,max(min) - 5 my Un,max(min)
mn(Efz + En) (mVl B mJ)E;’
" - - +(-)
m,, m] m, m]
2\/mnm J(E, + E; — E|)E,
X . (33)

m, +m;

D. Numerical method

Equation (18) is solved numerically. There is no new
feature in the numerical method itself, so we here
describe only the outline of the method adopted, i.e.,
the “multigroup method” [40]. First, the neutron energy
range of interest is divided into a finite number N of
intervals separated by the energies E,, ie. Ey <
Ey < <E,<E, | <--<E; <E, Then, the
group-integrated flux and source are defined by

E,
S, = [ ' S(E,)dE,.

g

E,
v, = [E W(E,)dE,

(34

Integrating the energy-dependent equation (18) over the

gth energy interval [E,, E, ], we obtain the multigroup
equation,

Zn oW, = ZZn SO Wy + S, (35)
J i h

J
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eff

eff
where o, P

and 0§ pg AT group cross sections” or

“group constants” defined, respectively, by

i “ " o$(E,)V(E,)dE,

e R, aE,
1 E,
=_'[( I eff(E YW(E,)dE,, (36)
\I’g Eg
e e ot (B, — E,)W(E,)dE,dE,
tph—g Eh

"W(EL)dE!,
E,, (E,
——fg /h ol (E, — E,)V(E})dE,dE,.
E,

(37)

Equation (35) is solved by iteration to obtain the group flux
W, (g=12...,N). From ¥, we construct the distribu-
tion function of fast neutrons—f, o (E,).

IV. NUMERICAL RESULTS AND DISCUSSIONS

In this section we calculate the realistic distribution
function of plasma neutrons in the BBN epoch and exam-
ine its main characteristics. We also demonstrate how the
non-Maxwellian perturbation of this distribution can
change the rates of some neutron-induced reactions.

A. Neutron distribution function

In order to solve Eq. (18) one needs to specify processes
most important for scattering, absorption, and generation
of fast neutrons in the plasma. Having in mind the results of
Sec. 11, in the present calculations we allow for the neutron
interaction with bulk protons and also « particles. The
respective n-p and n-a total (or elastic) cross sections,
g, (or og;), are taken from [35]. The fast neutron source S
in Eq. (18) is a sum of fusion and upscattering terms. The
fusion term Sy, is mainly determined by the T(d, n)*He
and D(d, n)’He reactions which are dominant neutron
emitters in the BBN epoch (see Fig. 1). Energetic parti-
cles—the most appropriate candidates for contribution in
the upscattering term S ,ico—are 14.68-MeV protons re-
leased in the *He(d, p)*He fusion reaction. Indeed, this
reaction is an effective emitter of highly energetic protons
and, besides, the kinematics of n-p elastic collisions pro-
vides favorable conditions for energy transfer from p (fast)
to n (slow).

Figure 5 presents these source strengths at plasma tem-
peratures Tg = 0.9 and 0.1. The solid curves show S (E,)
for DT and DD neutrons. The shape of Sy, has a Gaussian
form with temperature-dependent width given by Eq. (19).
Note that the shape asymmetry, especially seen at Tg =
0.9, simply results from a logarithmic scale of energy axis.
The dashed curves give Sy,icq(E,), the knock-on neutron
source due to collisions between bulk neutrons and fast
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D3He protons. These curves are truncated at an energy
point corresponding to the maximum kinetic energy gained
by a bulk neutron in head-on backscattering by the 14.68-
MeV proton. Thus, Fig. 5 shows that the main sources of
neutrons with energy E, in excess of 1 MeVare the D + T
and D + D reactions, while the n-p upscattering process
essentially contributes to the production of neutrons with
E, <1 MeV.

Now we consider the neutron energy distribution. The
realistic (total) distribution function f,(E,) of neutrons at a
cosmic time ¢ can reasonably be defined as

fn(En) = fn,fast(En) + fn,bulk(En): (38)

where f, .y 18 the fast neutron distribution introduced in
Sec. III, while f,,ux is the thermal distribution of bulk
neutrons populating the primordial plasma at that time 7.
Figure 6 presents, as an example, neutron energy distribu-
tions calculated at three different temperatures 7y = 0.9,
0.7, and 0.1. The solid curves show the realistic distribution
functions allowing for the fast neutron component. For
comparison, the respective Maxwellian distributions are
indicated by the dashed curves. It is clearly seen that the
high-energy tail of the realistic distribution is appreciably
enhanced and deviates from the Maxwellian function. This
phenomenon is a result of the plasma irradiation (pumping)
by fast 14.07-MeV DT and 2.45-MeV DD fusion neutrons.>
Note that one can discern two peaks in the realistic distri-
bution tail located at energies corresponding to the birth
energies of these reaction-produced particles. Figure 6 in-
dicates that the non-Maxwellian perturbation of the neu-
tron distribution function becomes more pronounced as the
Universe expands and cools.

It is also useful to plot a function y,(E,) = E, f,(E,).
This function is easily reduced to y,(E,) = dn, /d(InE,)
and thus gives the “‘spectral”” abundance of neutrons, i.e.,
the neutron abundance per log energy interval. As an
example, Fig. 7 shows y,(E,) for Ty = 0.7.

B. Nonthermal neutron parameters

In order to describe the obtained perturbation quantita-
tively, one needs to evaluate the number density 7/, and the
effective temperature T, of nonthermal neutrons populat-
ing the non-Maxwellian distribution function tail.

*We briefly comment on the form of the neutron distribution
tail. It is well known that when an infinite, homogeneous,
hydrogenous medium contains sources emitting neutrons with
the energy E| at a constant rate and when there is no absorption,
the flux of moderated neutrons follows a 1/E,, law [41]. Thus, in
our case at energies below E; the neutron distribution function
f.(E,) becomes approximately proportional to E, 2 A nearly
linear form of nonthermal spectra seen in Fig. 6 (double log
scale) reflects this fact.
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FIG. 5 (color online). The source strength S(E,) of fast neu-
trons in the plasma at temperatures 79 = 0.9 and 0.1. Shown are
the fusion and upscattering components, Sp,; and Sypeey (S€€
details in the text).

The value of n), is given by

/ E tail
n, = | fiNE,dE,, (39)

E

where f@! is the non-Maxwellian tail of the realistic
neutron distribution and the integration limits £, and E,
can easily be determined using Fig. 6. The fraction of
nonthermal neutrons in the total neutron component is
1!, = n},/n,. The dilution of n/, due to expansion can be
factored out by using the reduced number density of non-
thermal neutrons defined as n/,/ng, where ny is the baryon
number density. The quantity n),/ng is shown in Fig. 8. We
see that at Ty =~ 0.8 the nonthermal neutrons account for
2 X 1077 of the total number of bound and free nucleons
N(= n, p) in the Universe. The fraction of nonthermal
neutrons 7, in percent is presented in Fig. 9. The solid
curve shows 7/, calculated in the present work. It has a
steplike form and its ‘“‘plateau” ranges within
1072%-10"3%. The dotted curve gives 7/, found by an
independent method, where the number density of non-
thermal neutrons produced in the D + T and D + D reac-
tions is estimated as

n, = Rpr X 7,4 + Rpp X Ty (40)

Here R;; is the i + j reaction rate [see Eq. (43) in the
next section] and 7, y, is the neutron thermalization time
defined by
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FIG. 6 (color online). Neutron distribution functions in the
primordial plasma at three different temperatures 7o = 0.9,
0.7, and 0.1. The solid curves show the calculated realistic
distribution functions. The respective Maxwellian distributions
are given by the dashed curves.
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FIG. 7 (color online). The neutron abundance per log energy
interval as a function of neutron energy.
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FIG. 8 (color online). The reduced number density of non-
thermal neutrons n),/ng as a function of the Universe tempera-
ture.

ot = [ " dE, J(dE,/d1), @1)

E,

where E, is the neutron birth energy in the respective
reaction, and Ey, = 37T /2 is the plasma thermal energy. It
is seen that this method somewhat overestimates the non-
thermal neutron fraction but reasonably reproduces its
dependence on plasma temperature. Note that a similar
steplike behavior of 71/,(Ty) was obtained in a Kkinetic
analysis [17].

For comparison, we also demonstrate in Fig. 9 the
respective result for charged particles on the example of
nonthermal D*He protons. Their number density was esti-
mated as ), = Rpsy X 7, - The fraction of these protons
7', in primordial hydrogen is shown by the dashed curve.
Rapid thermalization of the D3He protons through electro-
magnetic interaction with plasma species (mainly with ™)
strongly suppresses n), and makes 7, < 7;,. The negli-
gible nonthermal proton abundance is a reason why the n-p
upscattering process does not play an essential role in the
production of high-energy neutrons (see Fig. 5).

10’
10°
10°
10™
10™
10"
10

Fast nucleon fraction (%)

FIG. 9 (color online). The fraction of nonthermal neutrons
n, = n!,/n, as a function of the Universe temperature. The
realistic and model estimates of 7, are shown by the solid and
dotted curves, respectively. For comparison, the fraction of
nonthermal D*He protons 7/, = n/,/n,, is given by the dashed
curve.
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Now we consider the effective temperature of nonther-
mal neutrons T7,. This temperature is a measure of the
average kinetic energy of these neutrons (E,), so it can
reasonably be evaluated as

2 2

T, = “(E,) =

E, .
P =3 f E,f9VE,)dE, — (42)

!
3n, JE,

In Fig. 10, the solid curve shows the calculated value of T,
versus the thermal particle (i.e., Universe) temperature 7.
As seen, T, reaches a high level of several MeV and
exceeds T by a factor ranging within 70-300. It is possible
to find constraints on the effective temperature 7/, using the
following simple consideration. The temperature of mono-
chromatic 14.07-MeV DT neutrons, i.e., neutrons which do
not undergo collisions with plasma particles, evaluated by
Eq. (42) is T) = 9.4 MeV. This case apparently is non-
realistic, but it reflects the upper temperature limit. When
slowing down in the plasma, the average fractional energy
loss £ of a neutron per elastic scattering collision (with a
proton and/or an « particle) is estimated to be 0.2-0.4 in
the MeV energy range. Only a few collisions for the
neutron is enough to become thermalized. Choosing the
“central” value for £ = 0.3, we find that the neutron
loses most of the energy ~90% after 3 collisions. As a
result of these collisions, the monochromatic neutron tem-
perature decreases from 77 down to 7, = 0.8 MeV that
approximately reflects the lower limit. As seen, the real-
istic value of T/ indeed lies in the T;-T, corridor.

For comparison, the effective temperature of nonthermal
D*He protons T), is shown in Fig. 10 by the dashed curve.
This temperature is essentially suppressed as the protons
rapidly cool down due to interaction with thermal e (see
details in [31]). It is worthwhile to remind one that T;, is the
most high temperature of reaction-produced charged par-
ticles (p, t, *He, a). This means that T/, essentially exceeds
the temperature of any nonthermal as well as thermal
plasma species. In view of this, an interesting question

8000 . . . .
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1000 | ’ ]

0 L L L L
100 80 60 40 20 0

Universe temperature (keV)

neutrons

Fast nucleon temperature (keV)

FIG. 10 (color online). The effective temperature of nonther-
mal neutrons 7/, versus the Universe temperature is shown by the
solid curve. For comparison, the dashed curve gives the effective
temperature of nonthermal D3He protons T,
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arises of whether or not the nonthermal neutron group
could change the rates of individual n-induced reactions.

C. Nonthermal impact on reaction rates

First, we recall some definitions and expressions useful
for evaluations of reaction rates. The rate R;; of nuclear
reaction between plasma particles i and j is defined as

1

ij= mnin,’@'v%j» (43)
ij

where §;; is the Kronecker’s delta, n; and n; are the
number densities of reacting nuclei, and (ov);; is the
i + j reaction rate parameter (so called the i + j reactiv-
ity). For the nonrelativistic i + j process, the rate parame-
ter is given by

<¢7U>ij = %nj ffi(Vi)fj(Vj)U'ijﬂVi - le)lvi - Vj|dVidV',

(44)

where o;; is the i + j reaction cross section, and f} (k =
i, j) is the velocity distribution function of particles k
having velocity v; in the laboratory frame. The function
fr is normalized to the particle number density nj. After
some algebra, Eq. (44) can be reduced to an expression
convenient for numerical integration
2 (o) o0
<0'U>ij = Sl 0 vifi(vi)j; Ujfj(vj)

l’ll‘l’lj

X [U'Jrv/ vza(v)dvdvidvj, (45)
|Ui7Uj|

where v, = |v,| and v is the relative speed |v; — v;|. If

particles i and j have Maxwellian distribution functions

fim and f;y with temperatures 7; and T, respectively,

the i+ j reactivity takes the following density-

independent form

8 \I/2__ap [ E
(oYM = (—) T2 f Eo(E) exp<— —)dE,
’ mm, 0 T,
(46a)
Ty=—2 1+ 1, (46b)
ml' + mj m,- + mj

In these equations, m, is the reduced mass of these
particles, E is their kinetic energy in the center-of-mass
frame, and T,, is some average Maxwellian temperature.
If both distributions have the same temperature 7, then
T,, =T and Eq. (46a) gives the classical formula for
reactivity in a Maxwellian plasma.

Equations (46) make it possible to simplify a description
of nonthermal reactions by using a two-temperature
Maxwellian (2TM) model for particle distribution func-
tions [42]. In this model, the realistic distribution function
of particles k is approximated by a superposition of two
Maxwellian functions
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Fevisvi) = fim(Ve) + fim (Vi) 47)

Here f} v describes the behavior of bulk thermal particles
with density 7, and temperature 7T} (= T}), while
the function f} ; is introduced to model the ensemble of
nonthermal particles with some density 7} and temperature
T, >T,. Apparently, the total number density n; =
Nepuk + 1. Substituting Eq. (47) into Eq. (44) and taking
into account Egs. (46), we can rewrite the general expres-
sion for (ov);; as

b b
(ov); = 77i77,j<0'v>?;)M + 77§77j<‘7'v>{/,M + 77i775‘<0'v>i.{M
+ nimllov)iy (48)

where 7, = ny pux/ny and n}, = n/n; are the fractions of
bulk and nonthermal particles k(= i, j) in the total plasma
k component, respectively. This formula shows the partial
contributions to (ov);; resulting from bulk-bulk, fast-bulk,
and fast-fast particle interactions. The subscript at each
term (reactivity) on the right-hand side of Eq. (48) denotes
the sort of reacting particles as bulk (b) or fast (f). All
these reactivities are determined by Eqgs. (46).

Now we can examine how the non-Maxwellian tail of
the realistic neutron distribution affects the rate parameters
of individual n-induced reactions. In this connection, note
that there is a difference between mechanisms of nonther-
mal impact on exoergic reactions induced by charged
particles and neutrons. The cross sections of charged par-
ticle reactions usually increase with increasing energy, so
fast particles can enhance the reaction rates. Contrariwise,
the cross sections of exoergic neutronic processes com-
monly decrease with increasing neutron energy. These
processes therefore are weakly sensitive to fast neutrons
unless strong resonances appear in a high-energy region.
At the same time however an increase of fast neutron
population leads to a redistribution of the whole neutronic
component, so that the amount of thermal neutrons—for
which the reaction cross sections are large—somewhat
decreases. Thus, such redistribution can cause a weakening
of the respective rates of exoergic reactions. This specific
effect however is unlikely to manifest in the BBN epoch
because the evaluated fast neutron fraction 7/, proves to be
rather small (see Fig. 9).

The most promising candidates to observe a clear sig-
nature of nonthermal neutron effects are endoergic (i.e.,
threshold) neutronic reactions. These reactions cannot pro-
ceed at energies below their thresholds E,, and should be
strongly influenced by fast neutrons. Such processes hav-
ing negative Q values—for example, n-induced breakup as
well as various reverse reactions—widely occur in the
BBN epoch. In the present work, we examine the influence
of nonthermal neutrons on breakups of loosely bound D,
Li, and "Be nuclei synthesized in the primordial plasma.
Such a choice of processes is partly motivated by recent
speculations [31] showing that under certain conditions
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these disintegration reactions may in principle affect the
abundances of primordial D and "Li. Thus, we consider the
following two-body breakup reactions induced by neu-
trons:

n+D—=n+n+p, 0= —-222MeV, (49a)
n+'Li-n+t+a, Q = —2.47 MeV,  (49b)
n+Be—n+3He+a O=-159MeV. (49c)

The n + D and n + "Li reaction cross sections taken from
ENDF [35] and JENDL [43], respectively, are shown in
Fig. 11 by the solid curves. The n + "Be reaction cross
section is unavailable in the literature and not plotted here.
However, simple arguments [16] indicate that this cross
section can be assumed to be close to that for the n + "Li
reaction. Although such assumption suffers from some
inaccuracy at energies close to threshold Ey,, this is not
dramatic for our study as the near-threshold region does
not contribute much to the n + "Be reaction rate. The
dotted curve in Fig. 11 shows the realistic neutron distri-
bution function calculated at 79 = 0.9. As seen, the non-
Maxwellian distribution tail overlaps the energy range
where the considered reactions have sizable cross sections.
So we may expect that the nonthermal neutrons populating
this tail can significantly enhance the n + X breakup re-
actions (X = D, "Li, Be).

This conjecture is well confirmed in Fig. 12 demonstrat-
ing the astrophysical rate coefficients for these reactions
Na{ov),x, where N, is the Avogadro’s number. The solid
curves show N,{ov),y obtained for the realistic neutron
energy distributions using Eq. (45). These realistic rate
coefficients are compared with the Maxwellian ones
Nx{ov),xm given in Fig. 12 by the dashed curves. It is
clearly seen that the nonthermal neutrons strongly support
the breakup reactions as the Universe cools down.
Furthermore, the Maxwellian-based description of the
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FIG. 11 (color online). The solid curves show the cross sec-
tions of the n+D—n+n+p and n+'Li—n+t+a
breakup reactions as a function of incident neutron energy.
The dotted curve presents the realistic neutron distribution
function at the Universe temperature 79 = 0.9.
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FIG. 12 (color online). The astrophysical rate coefficients for
the n + X breakup reactions (X = D, "Li, "Be) as a function of
the Universe temperature. Shown are the realistic rate coeffi-
cients Np(ov),y, the Maxwellian ones No{(ov),x v, and the rate
coefficient Np{ov),x oy estimated within the 2TM model.

breakup reactivities proves to be fully useless at tempera-
tures Ty below some critical value T, = 1.2.

An interesting question is to what degree of accuracy the
2TM model could describe these reactions. In Fig. 13, we
approximate the realistic neutron distribution obtained at
To = 0.7 by two Maxwellian functions presenting the
ensembles of bulk and fast neutrons with parameters
(n,, T,) and (%), T)), respectively. Here 5, = 1 — 7/,
T, = Ty (Universe temperature), while 7’ and 7T/, are
plotted in Figs. 9 and 10. Figure 13 shows that the
Maxwellian function cannot accurately reproduce the real-
istic distribution tail truncated at some energy close to the
DT neutron birth energy. However, this local discrepancy
may not dramatically affect some averaged quantities such
as (ov). Assuming the target nuclei X =D, "Li, 'Be
purely bulk (nx = 1), one can easily reduce Eq. (48) to
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FIG. 13 (color online). The approximation of the realistic
neutron distribution function (shown by the solid curve) by
two Maxwellian distributions. The dashed and dotted curves
describe the ensembles of bulk and fast neutrons, respectively.

(ov),x = <0'U>nx,2TM

= (1 — pl)av)hy + mlovYine  (50)

The rate coefficients Ny{ov),x oty are shown in Fig. 12 by
open circles. We see that the 2TM model provides a
remarkable description of the realistic rate coefficients.

V. CONCLUSIONS

In the present work, we have presented the first analysis
of the realistic neutron component in the early Universe
plasma during the BBN epoch. The respective energy
distribution function of plasma neutrons has been calcu-
lated within the appropriate plasma-kinetic model. The
main characteristics of this neutron component have been
examined in detail. Briefly summarizing the results of our
study, we conclude the following:

(1) Fast neutrons generated in the T(d,n)*He and
D(d, n)*He reactions in the plasma cause the pertur-
bation of the neutron distribution function, so that its
high-energy tail is essentially enhanced and departs
from a conventional Maxwellian function. The com-
peting source of nonthermal neutron production—
due to elastic collisions of bulk neutrons with fast
charged products of nuclear reactions—has been
found to be not significant. It becomes important
to the production of neutrons with energies only less
than 1 MeV.

(2) The fraction of nonthermal neutrons 7/, in the total
neutron component in the plasma is at a level of
1072%—10"3%. At the same time, their effective
temperature 7, reaches several MeV and exceeds
the Universe temperature in the BBN epoch by
about 2 orders of magnitude. These neutron parame-
ters have record values; they are much higher than
the respective parameters (7%, T') for nonthermal
charged particles c(= p, t, *He, «) in the plasma.
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(3) The nonthermal neutron influence on some individ-
ual neutronic processes has been examined. On the
example of the n + X breakup reactions (X = D,
Li, "Be), we have demonstrated that the nonthermal
neutrons can strongly enhance the rates of endoergic
processes. Furthermore, there is a critical plasma
temperature 7., = 1.2 below which the discrepancy
between the realistic rate coefficients N{(ov),x and
those obtained within the Maxwellian approxima-
tion Na{ov),xm is so appreciable that the
Maxwellian-based description of the breakup reac-
tions becomes fully useless.

(4) It has been shown that the 2TM model can serve as a
convenient tool for a proper description of reactions
involving non-Maxwellian particles, provided the
number density and effective temperature of these
particles are determined properly. This result is of
particular methodical significance.

An important question still remains—whether or not
the nonthermal neutrons could affect reaction kinetics in
the early Universe and change the predictions of standard
BBN. A number of nonthermal forward as well as reverse
reactions should be incorporated in the SBBN network.
As for the nonthermal X breakups examined in the paper,
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their rates R, x ,onm prove to be lower than the thermal
rates R;x, for major competing reactions of X depletion:
D(d, n)*He, D(d, p)T, "Li(p, «)*He, and "Be(n, p)’Li. It
is found that for each target nucleus X the ratio
R, X nontn/Rix.n ~ 1073 at maximum. At the same time,
however, nonthermal neutrons can appreciably enhance
some other reactions. A process of particular interest is
d + d=n + 3He, for which the reverse *He(n, d) reactiv-
ity can become almost comparable with the forward
d(d, n) reactivity [32]. This may somewhat prevent D
depletion and thereby cause an additional emission of
neutrons predominantly via the resonant T(d, n) reaction.
The strength of this emission has not been examined yet.
In this regard, it is worth noting that an injection of
neutrons at a level of n/p ~ 107> was found to cause
significant "Be destruction [44]. We address the study of
SBBN predictions allowing for nonthermal reactions in a
future publication.
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