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Collective correlation and screening effects on radiative recombination
in classical nonideal plasmas
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Collective correlation and plasma screening effects on theK-shell radiative recombination of the
free electron with the ion in classical nonideal plasmas are investigated. The radiative recombination
cross section is obtained by the principle of detailed balance with the photoionization cross section
of the hydrogenic ion in nonideal plasmas. It is found that the collective and plasma screening
effects significantly reduce the radiative recombination cross section in nonideal plasmas. It is also
found that the collective and screening effects on the recombination cross section is almost
independent of the projectile energy. ©2002 American Institute of Physics.
@DOI: 10.1063/1.1506924#

Radiative recombination process1–9 is a subject of spe-
cial attention in many areas of physics, such as astrophysics,
atomic physics, and plasma physics, because it is the inverse
process to the photoionization of atoms or ions. This radia-
tive recombination process also has important consequences
for x-ray astronomy, since the free electron capture by atoms
or ions is the one of the important continuum x-ray emission
mechanisms. It has been known that the Debye–Hu¨ckel in-
teraction potential describes the properties of low-density
plasmas and corresponds to a pair correlation approximation.
The plasmas described by the Debye–Hu¨ckel model are
known as the ideal plasmas, since the average interaction
energy between charged particles in the plasmas is small
compared to the average kinetic energy of a particle.10,11

However, multiparticle correlation effects caused by the si-
multaneous interaction of many charged particles should be
taken into account with increasing plasma density. Then, it is
necessary to take into account not only short-range collective
effects but also long-range Coulomb effects in the case of
plasmas with moderate densities and temperatures. In this
case, the interaction potential cannot be described by the
Debye–Hu¨ckel model due to the strong collective effects of
nonideal particle interaction.12,13 Then, the radiative recom-
bination cross sections in classical nonideal plasmas would
be different from those in ideal plasmas. Thus, in this paper
we investigate the collective and screening effects on the
K-shell radiative recombination processes by ions in classical
nonideal plasmas, since theoretical atomic spectroscopy14 is
essential in the study of plasma parameters.

The inverse process to the radiative recombination is the
photoionization process, consisting of photon emission and
the absorption of a bound electron into continuum. Since we
deal here with binary collisions with the ionX1z11 andX1z,

X1z111e2↔X1z1\v, ~1!

the cross sections (s rr , radiative recombination;spi , photo-
ionization! of both processes have the same dimensions and
are mutually related by the principle of detailed balance,

s rr

spi
5

j \v

j e2

gpi

grr
, ~2!

where j \v(5c/L3) and j e2(5v/L3) are the fluxes of
photons and electrons for the corresponding channels of
the processes, normalized to one particle per given cubic
volume (L3) wherec is the speed of light andv is the speed
of electron, andv is the frequency of the emitted photon.
In Eq. ~2!, gpi@5gX1z11ge24pq2dq/(2p)3# and grr

@52gX1z4pk2dk/(2p)3# are, respectively, the statistical
weights of the final states for photoionization and radiative
recombination processes, wheregX1z11, ge2, gX1z are sta-
tistical weights of the internal state of the particles andq and
k are the wave numbers of the electron and the photon, re-
spectively. Here,gX1z1152J811, ge251, and gX1z52J
11 whereJ8 andJ are the angular momenta of statesX1z11

andX1z, and we can takege251, since there is no electron
spin in the problem. Using Eq.~2! with the relationsq
5mv and k5v/c, we find that the cross section for the
radiative recombination of the free electron to the ground
state of the ion with chargeZ is found to be

s rr 5
Z2a2

2

~Ē1Ēb!2

Ē
spi , ~3!

where a(5e2/\c'1/137) is the fine structure constant,
Ē([mv2/2Z2 Ry) is the scaled electron energy,
Ēb([Eb /Z2 Ry) is the scaled binding energy of the electron,
Ry(5me4/2\2'13.6 eV) is the Rydberg constant, andm is
the electron rest mass. The radiative recombination into the
ground state has the greatest probability, due to then23 de-
pendence of the radiation spectrum on the principal quantum
numbern.

In recent papers,12,15 an integro-differential equation for
the effective potential of the particle interaction taking into
account the simultaneous correlations ofN particles was ob-
tained on the basis of a sequential solution of the chain of
Bogolyubov equations for the equilibrium distribution func-
tion of particles of classical nonideal plasmas, and an ana-
lytic expression for the pseudopotential of the particle inter-a!Electronic mail: yjung@bohr.hanyang.ac.kr
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action in nonideal plasmas was also obtained by the
application of the spline approximation. Using the pseudopo-
tential, taking into account the collective and plasma screen-
ing effects, the interaction potentialV(r ) between the free
electron and the ion with chargeZ in classical nonideal plas-
mas can be represented as

V~r !52
Ze2

r
e2r /L

11g f ~r !/2

11c~g!
, ~4!

where r is the distance between the projectile electron and
the ion, L is the Debye length,f (r )5(e2Agr /L21)(1
2e22r /L)/5, and g([e2/LkTe) is the nonideality plasma
parameter,c(g)>0.456g20.108g2 is the correlation co-
efficient, andTe is the electron temperature. In ideal plas-
mas, i.e.,g→0, the pseudopotential@Eq. ~4!# goes into
the Debye–Hu¨ckel interaction potential VDH(r )
→(2Ze2/r )e2r /L. For the recombination of the free elec-
tron to the 1s ground state of the ion with chargeZ in clas-
sical nonideal plasmas with the pseudopotential model@Eq.
~4!#, the binding energyEb(5uE1su) can be obtained by a
recent investigation16 for the screened 1s ground state and
2p excited state energies and screened wave functions using
the Ritz variation method

Eb~g,L,Z!5Z82 Ry5Z2 Ry@12d1s~g,L,Z!#, ~5!

whereZ8 is the 1s effective charge,d1s represents the col-
lective and plasma screening effects on the ground state en-
ergy:

d1s~g,L,Z!>12A2~g!

22A~g!S aZ

L D1
3

2 S aZ

L D 2S 12
2

5
g3/2D

2
1

A~g! S aZ

L D 3S 12
12

5
g3/22

3

5
g2D , ~6!

A(g)[@11c(g)#21, andaZ([a0 /Z5\2/Zme2) is the first
Bohr radius of the hydrogenic ion with nuclear chargeZ.
Then the radiative recombination cross section to the 1s
ground state is given by

s1s
rr 5~Z2a2/2Ē! ~Ē1D1s!

2s1s
pi , ~7!

where D1s@[12d1s(g,L,Z)# is the screening constant in
the 1s ground state ands1s

pi is the 1s photoionization cross
section in classical nonideal plasmas described by the
pseudopotential model@Eq. ~4!#. TheK-shell photoionization
cross section17 s1s

pi in nonideal plasmas, including the screen-
ing corrections on the bound and continuum states, retarda-
tion correction, and Coulomb correction is given by

s1s
pi ~«,g,L,Z!5

29p2

3
h1s

23D1s
1/2aaZ

2«24$12Z2a2«2/~«2D1s
1/2!%22

e24~«2D1s!21/2 cot21~«2D1s!21/2

12e22p~«2D1s!21/2 S «21

«2D1s
D

3@ tan21~«21!1/2#22uI 1s
~A!~«,g,L,Z!u2, ~8!

where the parameterh1s
21 represents the collective and screening effects on the first Bohr radius:

h1s
21~g,L,Z!>A~g!F12

3

4 S aZ

A~g!L D 2S 12
2

5
g3/2D1S aZ

A~g!L D 3S 12
12

5
g3/22

3

5
g2D G , ~9!

and«([\v/Z2 Ry) is the scaled photon energy. Here,I 1s
(A)(«,g,L,Z) is the dipole acceleration matrix element17 for the 1s

bound state including the collective and plasma screening effects:

I 1s
~A!~«,g,L,Z!5tan21S kf

a1s
211L21D 1

g

10F tan21S kf
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D 2tan21S kf

a1s
211L21D

1tan21S kf

a1s
211~Ag11!/L

D 1tan21S kf

a1s
2113/L D G1

1

L

kf

@~a1s
211L21!21kf

2#

1
g

10FAg11

L

kf

@~a1s
211~Ag11!/L!21kf

2#
2

1

L

kf

@~a1s
211L21!21kf

2#

2
Ag13

L

kf

@~a1s
211~Ag13!/L!21kf

2#
1

3

L

kf

@~a1s
2113/L!21kf

2#G , ~10!

wherea1s@[aZh1s(g,L,Z)# is the effective Bohr radius andkfaZ@5(«2D1s)
1/2# is the scaled wave number of the projectile

electron obtained by the energy conservationĒ1D1s5«. In obtaining Eq.~10!, we restricted ourselves to hydrogenic wave
functions withZa!1 so that relativistic effect on the bound state wave function was neglected since the relativistic correc-
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tions are only of relative order (Za)2.18 After some algebra, the 1s radiative recombination cross in units ofpa0
2 in nonideal

plasmas including the collective and plasma screening effects and the retardation and Coulomb correction effects is then
obtained as a function of the scaled electron energy (Ē):

s1s
rr ~Ē,g,L,Z!/pa0

25
28p

3
a3h1s

23D1s
1/2

~Ē1D1s21!

Ē2~Ē1D1s!
2 H 12

Z2a2~Ē1D1s!
2

Ē
J 22
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h1s
2113aL

D G
1

aLĒ1/2
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3aLĒ1/2

@~h1s
2113aL!21Ē#
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, ~11!

where aL([aZ /L) is the scaled reciprocal Debye length.
This final expression of the radiative recombination cross
section @Eq. ~11!# in nonideal plasmas is reliable for the
range L>10aZ and 0<g<1, since the collective and
plasma screening effects@Eq. ~6!# on the ground state are
obtained by the perturbational expansions for the domain
L>10aZ and 0<g<1 and the collective and plasma
screening effects on the continuumEp state (2pD1s

1/2/

«1/2)e24(«2D1s)
21/2 cot21(«2D1s)

21/2
/@12e22p(«2D1s)

21/2
# is

also reliable for our interesting domainL>10aZ and 0<g
<1. Figure 1 shows the radiative recombination cross sec-
tion for the electron capture into the 1s bound state as a
function of the scaled electron energy. Figure 2 shows the
three-dimensional plot of the radiative recombination cross
section as a function of the nonideality plasmas parameter
and Debye length whenĒ5100. As we see in these figures,
the collective correlation and plasma screening effects sig-

nificantly reduce the radiative recombination cross section. It
is also found that the collective effect on the recombination
cross section is increased as the projectile energy increases.
The numerical values of the radiative recombination cross
sections in units ofpa0

2 are also listed in Table I. It should be
noted that the collective effect reduces the radiative recom-
bination cross section~e.g., '13% for g50.1; '49% for
g50.6). Figure 3 shows the three-dimensional plot of the
radiative recombination cross section as a function of the
nonideality plasma parameter and projectile energy. As we
see in this figure, the radiative recombination cross section
decreases with increasing projectile energy. Figure 4 shows
the contour plot of the recombination cross section as a func-
tion of the nonideality plasma parameter~g! and the scaled
reciprocal Debye length (aL). As we can see in this figure,

FIG. 1. The 1s radiative recombination cross sectionss1s
rr in units of pa0

2

for Z52 andaL50.1 as functions of the scaled electron energy: solid line,
g50; dashed line,g50.5; dotted line,g51.

FIG. 2. The three-dimensional plot of the 1s radiative recombination cross
section~RRCS! s1s

rr in units ofpa0
2 for Z52 as a function of the nonideality

plasma parameter~g! and scaled reciprocal Debye length (aL) when Ē
5100.
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the nonideal effect plays a more significant role on the re-
combination cross section than the plasma screening effect.
Recently, ionization and recombination rates in dense and
nondegenerate carbon plasma19 were investigated using the
generalized kinetic equation including many-body effects
and lowering of ionization energies. However, the collective
effects on the recombination cross section have not been in-
vestigated.

Summarizing, we have obtained the collective and
plasma screening effects on theK-shell radiative recombina-
tion of the free electron to the 1s bound state of the hydro-
genic ion in classical nonideal plasmas. The charged particle
interaction potential in nonideal plasmas is given by the
pseudopotential model. The collective and plasma screening
effects on the radiative recombination cross section is ob-
tained as a function of the nonideality plasma parameter,
Debye length, and projectile energy. It is found that the col-
lective and plasma screening effects significantly reduce the
radiative recombination cross section and also that the col-
lective and screening effects are almost independent of the
projectile energy. These results provide useful information
on radiative recombination processes in classical nonideal
plasmas.
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TABLE I. The numerical values of the 1s radiative recombination cross
sectionss1s

rr in units of pa0
2 for Z52 andaL50.1.

g s1s
rr (Ē5200)a (pa0

2) s1s
rr (Ē5400)b (pa0

2)

0 1.182310211 2.377310212

0.1 1.033310211 2.076310212

0.2 9.118310212 1.832310212

0.4 7.310310212 1.468310212

0.6 6.061310212 1.217310212

0.8 5.174310212 1.038310212

1.0 4.533310212 9.097310213

aThe radiative recombination cross sections forĒ5200.
bThe radiative recombination cross sections forĒ5400.

FIG. 3. The three-dimensional plot of the 1s radiative recombination cross
section~RRCS! s1s

rr in units ofpa0
2 for Z52 as a function of the nonideality

plasma parameter~g! and projectile energy (Ē).

FIG. 4. The contour plot of the 1s recombination cross sections1s
rr as a

function of the nonideality plasma parameter~g! and scaled reciprocal De-

bye length (aL) for Z52 andĒ5100.
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