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Abstract. The interference effect in the photdetachment of a diatomic molecular an-
ion is investigated theoretically for different molecular orientation by using the two-
center model. An analytic formula is presented for the photodetached electron flux
distribution at a given observation plane. Taking H−

2 as an example, we calculate the
electron flux distribution and photodetachment cross section for arbitrary molecular
orientation. The results show that the molecular orientation has great influence on the
photodetachment of the diatomic molecular anion. At certain molecular orientation,
the interference in the electron flux distribution is totally constructive; while at some
other orientations, the interference is destructive. For molecular orientation along the
laser light polarization, the oscillation amplitude in the photodetachment cross section
is the largest; however, for the molecular orientation perpendicular to the laser light
polarization, no oscillation appears in the cross section. Our studies suggest that we
can control the photodetachment process of the molecular negative ion by changing
the molecular orientation. Our researches will be helpful for the theoretical and exper-
imental study of the photodetachment of molecular anion.

PACS: 32.80.Fb, 33.80.Eh,34.80.Gs
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1 Introduction

During the past two decades, many researchers have studied the photodetachment of
negative ion in various external fields [1-12]. As a simple one-center model system, the
photodetachment of H− ion have been investigated both theoretically and experimen-
tally. It has been found that the photodetachment cross sections of H− in external fields
display oscillatory structures. Since the photodetachment cross section is proportional to
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the integrated outgoing electron flux across a large enclosure in which the bound H− sits,
therefore it is clear that the oscillation in the total cross section of H− in external fields
reflects the interferences in the spatial distribution of the electron flux. Recently, with
the development of the molecular photodetachment microscopy, the photodetachment
of negative molecular ion has attracted a lot of attention [13-15]. Since 2006, Afraq and
Du have studied the photodetachment of a negative hydrogen molecular ion in the ab-
sence of external fields by using a two-centre model and discussed the interference effect
of the nuclei [16-17]. In their works, they studied in great detail the dependence of the
cross section on the distance between the two nuclei, photon energy and the laser polar-
ization. Their results suggest when the molecular axis of the diatomic molecular anion
is perpendicular to the laser polarization, the total photodetachment cross section is still
smooth curve; while for the molecular orientation is parallel to the laser polarization,
oscillation appears in the cross section. Based upon their work, we discussed the pho-
todetachment of a diatomic molecular anion with the molecular axis orientation varied
in a fixed plane [18]. Then what will happen for arbitrary spatial molecular orientation?
None has given the discussion.

In this paper, by using the two-center model, we study the photodetachment of a di-
atomic molecular anion with arbitrary spatial molecular orientation. The two atomic cen-
ters in the diatomic molecular anion are assumed to interact with one another to an extent
sufficient to establish two coherent sources of detached electrons. When interacting with
a laser, each center is assumed to produce an outgoing wave similar to that in H−. These
outgoing waves propagate to large distances. Sufficiently far from the molecular anion,
the wave propagates according to semiclassical mechanics, and it is correlated with classi-
cal trajectories. Two classical trajectories for a photodetached electron propagating along
two distant paths starting from each center to an observation point produce the interfer-
ence pattern in the electron flux distribution on the screen. The detached-electron flux
on the screen can be calculated analytically. By integrating the detached-electron flux for
all outgoing directions, we are able to calculate the photodetachment cross section with
arbitrary molecular orientation.

2 Theoretical method

The schematic diagram of the system is shown in Fig. 1. Suppose the diatomic molecular
anion is placed in the x-y-z plane. The two circles represent the two centers of the nega-
tive molecular ion, d is the distance between the two centers. θD is the angle between the
molecular axis and z-axis, and ϕD is the azimuth angle. The observation plane is placed
perpendicular to z-axis and the laser light is polarized along the +z-direction.

As in Ref. [14], we assume that there is only one active electron in the molecu-
lar anion system and the active electron is loosely bound by a short-range, spherically
symmetric molecular core potential Vb(r), where r is the distance between the active
electron and the origin of the system. Before photodetachment, the normalized wave
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Figure 1: Schematic diagram for the photodetachment of diatomic molecular anion with arbitrary molecular
orientation. The two circles represent the two centers of the molecular anion. The observation plane is placed
at a distance L from the origin perpendicular to z-axis, d is the distance between the two centers. (θD, ϕD) is
the molecular orientation. Two outgoing waves propagating away from each center are shown.

function for the active electron in molecular anion can be written as a linear combina-
tion of the detached electron’s wave function of the negative ion at the two centers [19]:
φM = 1√

2
(φ1+φ2).Where φ1, φ2 are the normalized initial wave function of the negative

ion centered in the two nuclei, φ1 = B eikbr1

r1
and φ2 = B eikbr2

r2
. r1 and r2 are the distances of

the active electron relative to center 1 and center 2 respectively. B is a constant and kb is
related to the binding energy of the negative ion by Eb = k2

b/2. After the molecular anion
absorbs photon energies Eph, outgoing electron waves are generated. The detached elec-
tron wave function is a superposition of detached waves generated from the two centers.
Let ψ+

1 and ψ+
2 be the waves emitting from center 1 and 2 respectively, then the outgoing

electron wave ψ+
M form the negative molecular ion is given by:

ψ+
M =

1√
2
(ψ+

1 +ψ+
2 ). (1)

Using (r1, θ1, φ1) and (r2, θ2, φ2) as the spherical coordinates of the detached electron
relative to each center, we have:

ψ+
1 (r1, θ1, φ1)=U(k, θ1, φ1)

eikr1

r1
, ψ+

2 (r2, θ2, φ2)=U(k, θ2, φ2)
eikr2

r2
. (2)

The factors U(k, θ1, φ1) and U(k, θ2, φ2) for the laser polarization parallel to z-axis can be
written as

U(k, θ1, φ1)=Ccosθ1, U(k, θ2, φ2)=Ccosθ2. (3)

Where C= 4kBi
(k2

b+k2)2 , k=
√

2E, with E is the energy of the detached electron.
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Therefore the detached electron wave function from the negative molecular ion ψ+
M

can be written as:

ψ+
M(r,θ,φ)=

C√
2
[cosθ1

eikr1

r1
+cosθ2

eikr2

r2
]. (4)

(r,θ,ϕ) is the spherical coordinates of the detached electron relative to the origin, then
r1=r, θ1=θ, ϕ1=ϕ. Because the distance between the observation plane and the negative
molecular ion is much greater than the distance d between the two centers, the above
formula (Eq. (4)) can be simplified further. In the phase terms, we use:

r2≈ r−(dsinθD cosϕD)sinθcos ϕ−(dsinθD sinϕD)sinθsinϕ−(dcosθD)cosθ. (5)

And in all other places use r1≈ r2≈ r and θ1≈ θ2≈ θ.

With these approximations, Eq. (4) becomes

ψ+
M(r,θ,φ)=

C√
2

eikr

r
cosθ(1+exp{−ikd[(sinθD cos ϕD)sinθcos ϕ

+(sinθD sinϕD)sinθsin ϕ+(cosθD)cosθ]}). (6)

For a given observation plane perpendicular to the z axis, the electron flux on that plane
in the radial direction at large r is :

jr(r,θ,ϕ)=
i

2
(ψ+

M)
∂ψ+∗

M

∂r
−ψ+∗

M

∂ψ+
M

∂r
. (7)

Substituting Eq. (6) into the above formula, we get:

jr(r,θ,ϕ)=
k|C|2 cos2 θ

r2
(1+cos{kd[(sinθD cos ϕD)sinθcos ϕ

+(sinθD sinϕD)sinθsinϕ+(cosθD)cosθ]}). (8)

In order to obtain the flux on the observation plane, we project the flux in Eq. (8) in the
normal direction of the plane:

jz(r,θ,ϕ)= jr(r,θ,ϕ)r̂ ·n̂. (9)

Since r̂ ·n̂=cosθ, so we get

jz(r,θ,ϕ)=
k|C|2 cos3 θ

r2
(1+cos{kd[(sinθD cos ϕD)sinθcos ϕ

+(sinθD sinϕD)sinθsin ϕ+(cosθD)cosθ]}). (10)

From the above formula, we find that the electron flux distribution is related to the molec-
ular orientation (θD,ϕD).
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When the molecular axis orientation is parallel to z-axis, by setting θD in Eq. (10), we
get:

jz(r,θ,ϕ)=
k|C|2 cos3θ

r2
{1+cos[kd(cosθ)]}. (11)

When the molecular axis orientation is perpendicular to z-axis, by setting θD=π/2, ϕD=
π/2 in Eq. (10), we get:

jz(r,θ,ϕ)=
k|C|2 cos3 θ

r2
{1+cos[kd(sinθsinφ)]}. (12)

The above two special cases are studied by Afaq and Du earlier for the photodetachment
of H−

2 [16-17]. If we set ϕD =π/2 and change the value of θD, we find this situation likes
the case of the molecular orientation in y-z plane [18].

Next, we calculate the total photodetachment cross section of the diatomic molecular
anion with arbitrary molecular orientation. Imagine a large surface Γ such as the surface
of a sphere enclosing the source region, the differential cross section on that surface is
defined as:

dσ(q)

ds
=

2πEph

c
~jr ·n̂. (13)

Where c is the speed of light and Eph=E+Eb is the photon energy, q is the coordinate on

the surface, n̂ is exterior norm vector at q, ds= r2 sinθdθdϕ is the differential area on the
spherical surface. The total cross section can be obtained by integrating the differential

cross section over the surface, σ(E)=
∫ dσ(q)

ds ds.
In the present case, we haveG

σ(E)=
2πk|C|2Eph

c

∫ 2π

0

∫ π

0
cos2θsinθ(1+cos{kd[sinθD cos ϕD)sinθcos ϕ

+(sinθD sinϕD)sinθsin ϕ+(cosθD)cosθ]})dθdφ. (14)

From this formula, we find that the total cross section is related to the molecular ori-
entation (θD, ϕD). When the molecular orientation is perpendicular to z-axis, by setting
θD =π/2, ϕD =π/2 and integrating Eq. (14) , we get:

σ(E)=σ0(E)[1+
3(−kdcos(kd)+sin(kd))

(kd)3
]. (15)

For the parallel case, by setting θD =0 and integrating Eq. (14) , we obtain:

σ(E)=σ0(E)[1+
3sin(kd)

(kd)
+

6cos(kd)

(kd)2
− 6sin(kd)

(kd)3
]. (16)

The above two analytical formula are discussed by Afaq and Du for the total photode-
tachment cross section of H−

2 in Ref. [16-17].



124 Z.-M. Zhong and D.-H. Wang / J. At. Mol. Sci. 6 (2015) 119-128

As for the arbitrary molecule orientation, Eq. (14) cannot be integrated analytically,
but once the molecular orientation (θD, ϕD) is given, we can still calculate the photode-
tachment cross section by using the numerical integration method easily. For the H−

2 ,
the constants B and kb in the electron flux and cross section are as follows: B=0.31552,
kb=0.2345.

3 Results and discussions

Suppose the laser is polarized in the z direction, the distance between the observation
plane and the origin is L, then the detached electron flux in the z-direction is:

jz(r,θ,ϕ)=
k|C|2L3

r5
(1+cos{kd[(sinθD cos ϕD)

x

r
+(sinθD sinϕD)

y

r
+(cosθD)

L

r
]}). (17)

Here r=(x2+y2+L2)1/2.

By using Eq. (17), we calculate the photodetachment electron flux distribution of H−
2

with different molecular orientation at a given observation plane on the x=0 line, the

10 

-2000 -1000 0 1000 2000

0

2

4

6

8

 

E
le

c
tr

o
n

 f
lu

x
(*

1
0

-9
a

.u
.)

y(a.u.)

(a)

-2000 -1000 0 1000 2000

0

2

4

6

8

E
le

c
tr

o
n

 f
lu

x
(*

1
0

-9
a

.u
.)

 

y(a.u.)

(b)

-2000 -1000 0 1000 2000

0

2

4

6

8

E
le

c
tr

o
n

 f
lu

x
(*

1
0

-9
a

.u
.)

 

 

y(a.u.)

(c)

0 6/ 2/ 0

Figure 2: The variation of the electron flux distribution for the photodetachment of H−
2 with different ϕD. (a)

ϕD =0, (b) ϕD =π/6, (c) ϕD =π/2. The solid line is θD =0, the dashed line is θD =π/6, the dotted line is
θD =π/4, the dash-dotted line is θD =π/3 and the dash-dotted-dotted line is ϕD =π/2.
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distance between the two centers of H−
2 is d=4.0a.u.. The photon energy Eph=150eV and

the distance between the origin and the observation plane is L=1000a.u.. The results are
given in Figs. 2-4. In each plot of Fig. 2, we fix the azimuth angle ϕD and change the value
of θD. Fig. 2(a) is the case when ϕD =0 and θD is varied between 0 and π/2. Under this
situation, the molecular axis lies in the x-z plane. From this plot we find, the electron flux
distribution is symmetric about y-axis. As the angle between the molecular orientation
and z axis is θD =π/2, the oscillation amplitude is the largest. The oscillation amplitude
is the smallest with θD = π/4. For other angle θD, the oscillation amplitude is varied
between the maximum and minimum. Fig. 2(b) is the case with ϕD=π/6 and θD is varied
between 0 and π/2. This plot suggests that as θD =π/2, the electron flux distribution is
symmetric about y-axis, and its oscillation amplitude is the largest. With the decrease of
θD, the oscillation amplitude becomes decreased. At θD =π/4, the oscillation amplitude
is the smallest. As we further increase θD, the oscillation amplitude increases again. Fig.
2(c) is the case with ϕD=π/2 and θD is changed from 0 to π/2. Under this condition, the
molecule axis lies in the y-z plane. At θD =π/2, the molecular orientation is along the y-
axis and is perpendicular to the laser light polarized along z direction [16], the oscillation
in the electron flux distribution is the largest. With the decrease of the angle between
the molecular axis and the z-axis, the oscillation in the electron flux distribution becomes
weakened. As θD = 0, which is the case of the molecular axis direction parallel to the
z-polarized laser light [17], the oscillation in the electron flux distribution is the smallest.
From this figure, we also find at the given point (x=0,y=0,z=L) in the observation plane,
the electron flux is the largest at θD =π/2 and the smallest at θD =0. The reasons are as
follows: from Eq. (17), we find as x=0, y=0, z=L, the electron flux can be described as
follows:

jz(r,θ,ϕ)=
k|C|2

L2
(1+cos(kdcosθD)]. (18)
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Figure 3: The electron flux distribution versus θD for the photodetachment of H−
2 with different molecular

orientation at a given point (x=0, y=0, z=L) in the observation plane. The distance between the two centers
of the H−

2 is d=4.0a.u.. The photon energy is Eph=150eV.
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Figure 4: The variation of the electron flux distribution for the photodetachment of H−
2 with different θD. (a)

θD = 0,(b) θD =π/6,(c) θD =π/2. The solid line is ϕD = 0, the dashed line is ϕD =π/6, the dotted line is
ϕD =π/4, the dash-dotted line is ϕD =π/3 and the dash-dotted-dotted line is ϕD =π/2.

The electron flux at this given point is only related to θD.

In Fig. 3, we plot the electron flux at this point versus θD. From this figure, we
find at θD = π/3, θD = π/2, the electron flux attains maximum and the interference is
totally constructive. However, at θD =π/4, the electron flux attains minimum and the
interference is totally destructive.

In Fig. 4, we fix the angle θD and discuss the influence of the value of ϕD on the
electron flux distribution. Fig. 4(a) is the case with θD = 0, and the value of ϕD is var-
ied between 0 to π/2. We find that the electron flux distribution does not change with
ϕD. The reason can be interpreted as follows: As θD = 0, the electron flux distribution
approaches the case of the molecular axis parallel to the z-polarized laser light, which
is given by Eq. (11) and has no relation with the angle ϕD. Fig. 4(b) is the case with
θD =π/6. This plot suggest at ϕD =0, the oscillation amplitude is the smallest. With the
increase of the value ϕD, the oscillation becomes strengthened. At ϕD =π/2, the oscilla-
tion amplitude is the largest. Fig. 4(c) is the case with θD =π/2. Under this condition,
the molecular axis lies in the x-y plane, which is perpendicular to the z-polarized laser
light. We find as ϕD =0, there is only one peak in the electron flux distribution. With the
increase of the value ϕD, the oscillation peaks becomes increased.
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Figure 5: The photodetachment cross section of H−
2 with different molecular orientation and different distance

between the two centers. (a) d=4.0a.u., ϕD=π/6; (b) d=40.0a.u., ϕD=π/6. The angle between the molecular
axis and the z-axis in each plot is as follows: θD = 0 (solid line), θD =π/6 (dashed line), θD =π/4 (dotted
line), θD =π/3 (dash dotted line), θD =π/2 (dash dot dotted line).

Finally, we discuss the influence of the molecular orientation on the photodetachment
cross section of H−

2 . The results are given in Fig. 5. Fig. 5(a) is the result with the
distance between the two centers is very small, d=4.0a.u.. In this plot, we fix the angle
ϕD =π/6 and θD is varied between 0 and π/2. For different molecular orientation, the
structure of the cross sections likes the case of the photodetachment cross section of H−

without external fields, which is a smooth oscillating curve. The results also suggest at
low photon energy, the cross section changes little with the variation of the molecular
orientation. But at high photon energy, the difference between the cross sections begins
to enlarge. The value of the cross section is the smallest with the molecular orientation
pointing along the z-axis (θD = 0), while its value is the largest for the molecular axis
orientation perpendicular to the z-axis (θD =π/2). Fig. 5(b) is the case with the distance
between the two centers is very large, d=40.0a.u.. Under this circumstance, the cross
sections begin to oscillate except the case with the molecular orientation perpendicular
to the z-axis (θD =π/2). The results also suggest with the decrease of the angle between
the molecular axis and the z-axis, the oscillation amplitude in the cross section becomes
increased. As θD=0, the total cross section equals the case of the molecular axis direction
parallel to the z-polarized laser light [17], the oscillation amplitude in the cross section is
the largest.

4 Conclusions

In conclusion, we have investigated the influence of the molecular orientation on the
electron flux distribution and the photodetachment cross section of the diatomic molec-
ular anion. An analytical formula for the electron flux distribution has been deduced.
The results show that the molecular orientation has important effect on the electron flux
distribution and the cross section. At certain molecular orientation, the interference in
the electron flux distribution is totally constructive; while at some other orientations, the
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interference is destructive. In general, for the molecular orientation perpendicular to the
laser polarization, the interference effect in the electron flux distribution is the strongest.
Presently, no experiments on the photodetachment of H−

2 have been carried out. Our
studies suggest that we can control the photodetachment of diatomic molecule negative
ion by changing its molecular orientation. We hope that our results will guide future
experiment research on the molecular photodetachment microscope.
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