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The quantum effects on the formation of the negative hydrogen ion �H−� by the polarization electron
capture process are investigated in partially ionized dense hydrogen plasmas. It is shown that the
quantum effect strongly suppresses the electron capture radius as well as the cross section for the
formation of the negative hydrogen ion. In addition, it has been found that the electron capture
position is receded from the center of the projectile in decreasing the quantum effect of the
plasma. © 2008 American Institute of Physics. �DOI: 10.1063/1.2998629�

The electron capture in atomic collision processes has
been of great interest since this process is one of the most
essential processes in numerous areas of physics, such as
astrophysics, atomic physics, condensed matter physics, sur-
face physics, and plasma physics.1–6 Several classical, semi-
classical, and quantum mechanical methods have been ex-
plored to investigate the electron capture process depending
on physical conditions of the collision system.2 It has been
well known that the Bohr–Lindhard method2,3 is quite cred-
ible for evaluating the electron capture cross section when
the relative interaction velocity of the projectile vP is greater
than the ground state orbital velocity vZ�=Ze2 /�� of the tar-
get with nuclear charge Ze. Since the hydrogen atom can be
transformed into the negative hydrogen ion �H−� by captur-
ing an electron due to the polarization interaction, it has been
known that the negative hydrogen ion plays an important
role in the transport of energy in partially ionized hydrogen
plasmas such as the solar atmosphere.7–9 Hence, it is ex-
pected that the formation of the negative hydrogen ion by the
electron capture plays an important role in the transport pro-
cess and distribution of electrons in partially ionized hydro-
gen plasmas. The formation of the negative hydrogen ion by
the electron capture would be different from the formation of
the hydrogen atom due to the polarization interaction in par-
tially ionized hydrogen plasmas. When the de Broglie wave-
length is comparable to the Bohr radius, the formation of the
negative hydrogen ion in dense plasmas would also be quite
different from those in free spaces or in weakly coupled plas-
mas due to the quantum and plasma screening effects on the
polarization interactions. Thus, in this letter we investigate
the quantum-mechanical and plasma screening effects on the
formation of the negative hydrogen ion by the electron cap-
ture due to the screened polarization interaction in dense
plasmas using the Bohr–Lindhard model2 with the impact
parameter analysis. The screened effective polarization
interaction potential,10 taking into account the quantum-
mechanical effects of diffraction and symmetry of particles
and plasma screening effects, is employed to describe the
interaction between the hydrogen atom and the released elec-
tron in partially ionized dense hydrogen plasmas.

Using the Bohr–Lindhard method,2 the electron capture
cross section �C�vP� is given by

�C�vP� = 2�� dbbPC�b,vP� , �1�

where b is the impact parameter and PC�b ,vP� is the electron
capture probability. This electron capture probability PC
would be represented by the ratio of the collision time to the
electron orbital time in the target ion. It has been known that
electron capture occurs only when the distance between the
projectile and the released electron is smaller than the elec-
tron capture radius determined by equating the kinetic energy
of the released electron in the frame of the projectile and the
binding energy provided by the projectile.2 The electron cap-
ture distance is usually greater than the release distance. The
reaction equation for the formation of the negative ion by the
interaction between the projectile C and target D by the po-
larization charge capture can be represented by C+D→C−

+D+.
Recently, the Ramazanov–Dzhumagulova–

Omarbakiyeva11 �RDO� model for the effective polarization
potential has been given for the interaction between the elec-
tron and the atom polarized by the external field generated
by the electron in partially ionized dense hydrogen plasmas
taking into account the quantum-mechanical effects of dif-
fraction and symmetry of particles and plasma screening ef-
fects. In these partially ionized dense hydrogen plasmas,11

the ranges of the electron number density and the tempera-
ture are about 1021–1024 cm−3 and 102–106 K, respectively.
By using the RDO polarization interaction model,11 the
screened polarization potential for the interaction between
the hydrogen atom and the electron in partially ionized dense
hydrogen plasmas can be represented by

VRDO�r� = −
e2�p

2r4�1 − 4�2/rD
2 �

�e−B��,rD�r�1 + B��,rD�r�

− e−A��,rD�r�1 + A��,rD�r��2, �2�

where �p���n6+ �7 /4�n4�l2+ l+2��a0
3� is the dipole

polarizability10 of the hydrogen atom for the nl-state, n and l
are, respectively, the principal and orbital quantum numbers,
a0�=�2 /me2� is the Bohr radius of the hydrogen atom,
m is the electron mass, ��=� /	2�mkBT� is the thermal de
Broglie wavelength for the electron, kB is the Boltzmann
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constant, T is the plasma temperature, rD is the Debye length,
A�� ,rD���1+	1−4�2 /rD

2 �1/2 / �	2��, and B�� ,rD���1
−	1−4�2 /rD

2 �1/2 / �	2��. The detailed discussions on the
physical properties of partially ionized plasmas have also
been investigated on the basis of the pseudopotential
model.12–14 When the quantum-mechanical effects are absent
in partially ionized hydrogen plasmas, i.e., �→0, the effec-
tive polarization interaction potential �Eq. �2�� goes over into
the screened Buckingham �B� potential12

VRDO�r� → VB�r� = −
e2�d

2r4 
1 +
r

rD
�2

e−r/rD, �3�

since B→rD and A→� as �→0. Then, the electron capture
radius RC by the ground state hydrogen atom in partially
ionized dense plasmas can be obtained by the following
relation:

9e2a0
3

4RC
4 �1 − 4�2/rD

2 �
�e−B��,rD�RC�1 + B��,rD�RC�

− e−A��,rD�RC�1 + A��,rD�Rc��2 � 1
2mvp

2, �4�

since the binding energy provided by the polarization inter-
action should be greater than the kinetic energy of the re-
leased electron in the frame of the hydrogen atom. After
some mathematical manipulations with the physical condi-
tions for the thermal de Broglie wavelength, Debye length,
and the parameters A�� ,rD� and B�� ,rD�, i.e., ��rD and
B�� ,rD��A�� ,rD�, the scaled electron capture radius

R̄C��RC /a0� is found to be

R̄C��̄, r̄D,Ēp� �
3

2

�1 + 	1 − 4�̄2/r̄D
2 �1/2

	1 − 4�̄2/r̄D
2 �̄Ēp

1/2
+

	2�̄

�1 + 	1 − 4�̄2/r̄D
2 �1/2

	Product log−
3	2�1 + 	1 − 4�̄2/r̄D

2 �
	1 − 4�̄2/r̄D

2 �̄2Ēp
1/2

	exp�−
3	2�1 + 	1 − 4�̄2/r̄D

2 �
	1 − 4�̄2/r̄D

2 �̄2Ēp
1/2 �� , �5�

where �̄��� /a0� is the scaled thermal de Broglie wave-
length, r̄D��rD /a0� is the scaled Debye length,

Ēp��mvp
2 /2 Ry� is the scaled collision energy, and

Ry�=me4 /2�2�13.6 eV� is the Rydberg constant, and the
Product log �x� �Ref. 15� or the so-called the Lambert W
function is the special function for the solution of w in x
=wew. According to the Bohr–Lindhard method2 at interme-
diate and high velocities vP
vZ, the electron capture prob-
ability is determined by the ratio of the collision time to the
electron orbital time. Thus, the probability for the formation
of the negative hydrogen ion can be determined by

PC�b,vP� =
1

�
�

−tC

tC

dt , �6�

where tC is the electron capture time and t=0 is chosen as the
instant at which the projectile positron makes its closest ap-
proach to the target. Here, the electron orbital time � is given
by ��=an /vn�=n3a0 /�c, where an�=n2a0� is the nth Bohr ra-
dius of the hydrogen atom, vn�=�c /n� is the electron veloc-
ity of the nth Bohr orbit, and ��=e2 /�c�1 /137� is the fine-

structure constant. Since the straight-line trajectory analysis
is reliable for heavy atomic projectiles, the electron capture
time tC would be 2�RC

2 −b2�1/2 /vP. The scaled differential

cross section �̄C���d�C /db̄� /�a0
2� in units �a0

2 for the for-
mation of the negative hydrogen ion by the polarization elec-
tron capture in partially ionized dense hydrogen plasmas in-
cluding the quantum and plasma screening effects is then
found to be

�̄C �
d�C

db̄
/�a0

2 =
4

ĒP
1/2

b̄� 3

2

�1 + 	1 − 4�̄2/r̄D
2 �1/2

	1 − 4�̄2/r̄D
2 �̄Ēp

1/2

+
	2�̄

�1 + 	1 − 4�̄2/r̄D
2 �1/2

�
	Product log�−

3	2�1 + 	1 − 4�̄2/r̄D
2 �

	1 − 4�̄2/r̄D
2 �̄2Ēp

1/2

	exp�−
3	2�1 + 	1 − 4�̄2/r̄D

2 �
	1 − 4�̄2/r̄D

2 �̄2Ēp
1/2 ��2

− b̄2�2

, �7�

where b̄��b /a0� is the scaled impact parameter. For the in-
teraction between the projectile with charge z and the target
with charge Z, the electron release radius is known to be
proportional to 1+2	z /Z.3 Hence, for small values of the de
Broglie wavelength, i.e., weakening of the quantum screen-
ing effect, the electron capture cross section �Eq. �5�� would
be reliable since the electron release distance is smaller than
the electron capture radius for intermediate and high projec-
tile energies.

In order to investigate the quantum-mechanical and
plasma screening effects on the formation of the negative
hydrogen ion by the polarization electron capture in partially

ionized dense hydrogen plasmas, we set Ēp
1 since the
Bohr–Lindhard model is known to be valid for intermediate
and high collision velocities, i.e., vP
vZ.2 Figure 1 shows
the three-dimensional plot of the scaled electron capture ra-

dius �R̄C� as a function of the thermal de Broglie wavelength

��̄� and Debye length �r̄D�. From this figure, it is shown that
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FIG. 1. The three-dimensional plot of the scaled electron capture radius

R̄C��̄ , r̄D , Ēp� as a function of the scaled thermal de Broglie wavelength ��̄�
and scaled Debye length �r̄D� when Ēp=2.
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the quantum-mechanical effect suppresses the electron cap-
ture radius. Figure 2 represents the plot of the scaled electron

capture radius �R̄C� as a function of the thermal de Broglie

wavelength ��̄� for various values of the collision energy

�Ēp�. As we see in this figure, it is also found that the elec-
tron capture radius decreases with increasing collision en-
ergy. Figure 3 shows the three-dimensional plot of the scaled
cross section ��̄C� for the formation of the negative hydrogen
ion by the polarization electron capture as a function of the

thermal de Broglie wavelength ��̄� and impact parameter �b̄�.
As it is seen in this figure, the differential cross section is
strongly suppressed by an increase in the de Broglie wave-
length. Thus, it should be noted that the quantum effect
strongly diminishes the cross section for the formation of the
negative hydrogen ion. In addition, the domain of the differ-
ential cross sections significantly decreases with increasing
quantum effect. Figure 4 represents the scaled cross section

��̄C� as a function of the scaled impact parameter �b̄� for

various values of the thermal de Broglie wavelength ��̄�. It is
interesting to note that the electron capture position has
been receded from the center of the hydrogen atom with
decreasing thermal de Broglie wavelength. Thus, it is shown
that the quantum effect plays a very important role in the
formation of the negative hydrogen ion by the polarization
electron capture in partially ionized dense hydrogen plasmas.
These results provide useful information on the quantum-
mechanical and plasma screening effects on the polarization
charge capture in dense plasmas.
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FIG. 2. The plot of the scaled electron capture radius R̄C��̄ , r̄D , Ēp� as a
function of the scaled thermal de Broglie wavelength when r̄D=50. The

solid line is the case of Ēp=2. The dashed line is the case of Ēp=4. The

dotted line is the case of Ēp=6.
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FIG. 3. The three-dimensional plot of the scaled differential cross section

�̄C���d�C /db̄� /�a0
2� in units �a0

2 for the formation of the negative hydro-

gen ion as a function of the scaled thermal de Broglie wavelength ��̄� and

scaled impact parameter �b̄� when Ēp=5 and r̄D=50.
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FIG. 4. The plot of the scaled differential cross section

�̄C���d�C /db̄� /�a0
2� in units �a0

2 as a function of the impact parameter �b̄�
when Ēp=5 and r̄D=50. The solid line represents the case of �̄=0.2. The

dashed line represents the case of �̄=0.4. The dotted line represents the case

of �̄=0.6.
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