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By using the closed orbit theory, the photodetachment cross section of H™ in a static electric field between two

parallel elastic interfaces is derived and calculated. It is found that the photodetachment cross section depends on the

electric field and the distance between the ion and the elastic interface. The oscillation of the cross section becomes more

complicated than in the case of H™ near one elastic interface. The results show that near the detachment threshold,

the influence of the additional interface can be neglected. But with the increase of the energy, its influence becomes

great. At some energies, the cross sections display sharp peaks, contrasting with the staircase structure when only one

interface exists. This study provides a new understanding of the photodetachment process of H™ in the presence of

external field and interfaces.
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1. Introduction

It is well known that the environment such as po-
tential walls or cavities can have a significant influence
on the photodetachment cross section of ions and the
photoabsorption spectra of atoms. Early experiment
and theory showed the total photodetachment cross
section of H™ in the presence of a static field to have
oscillatory structures.!**2 The oscillations in the pho-
todetachment cross section can be interpreted by Du
and Delos’ closed orbit theory.l¥! They found that the
oscillations were caused by the interference between
the detached-electron waves reflected by the potential
barrier of the electric field and the outgoing detached-
electron waves localized in the regions of the bound
state of H™. Later, photodetachment of H™ in other
fields, such as in parallel electric and magnetic fields, !
cross electric and magnetic fields,®! electric and mag-
netic field with arbitrary orientations have also been
studied theoretically.[©]

Recently, a lot of attention has been paid to the
photo-induced electronic excitations of adsorbates on

[7-10] Since it was proposed that H™

metal surfaces.
be used to probe the adsorbate state lifetime and the
charge transfer during the backscattering,['!] the pho-

todetachment of H™ near an interface has attracted

much interest. In Refs.[12, 13], Yang et al applied
an elastic wall model to the electron scattering inter-
face. They derived and calculated the photodetach-
ment cross section of H™ near an interface, separately,
without and with a static electric field by using the
closed orbit theory. Afaq and Du et all'¥ discussed
the photodetachment of H™ near a reflecting interface
using a theoretical imaging method. Wang et all'®
studied the photodetachment of H™ near two parallel
interfaces without the electric field. As to the pho-
todetachment of negative ion in a static electric field
near two interfaces, nobody has carried out its study.
In this paper, by using the closed orbit theory, we
study the photodetachment of H™ in a static electric
field between two parallel interfaces. For simplicity, we
still consider the interface as an elastic reflecting wall.
The results show that the photodetachment cross sec-
tion of H™ in a static electric field between two parallel
interfaces oscillates in a much more complicated man-
ner than in the case in which there exists only one
interface, which suggests that two interfaces have a
great influence on the photodetachment of H~. Near
the electron detachment threshold, our result is iden-
tical to the one given by Yang et al.'3 But with the
increase of the energy, our results come to differ from
theirs. Atomic units are used in the present paper

unless otherwise indicated.
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2. The classical motion

The schematic plot of the system is shown in
Fig.1. The electric field is along the z axis. A hydro-
gen negative ion sits at the origin, and a z-polarized
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Fig.1. Schematic of the classical trajectories of the de-
tached electron of H™ in a static electric field between
two parallel elastic interfaces. The electric field is along
the +2z axis. H™ is denoted by a black dot at the origin.
dy1 and dg represent the distances between the H™ and the
elastic interfaces 1 and 2.

laser is applied for the photodetachment. Two paral-
lel elastic interfaces perpendicular to the z axis are lo-
cated at z = dy and z = —ds. So the photodetachment
electron can be reflected by the electric field and the
interfaces. We still consider the H™ as a one-electron
system, with the active electron loosely bound by a
short-range, spherically symmetric potential Vb(r).[15]
In the cylindrical coordinates (p, z,®), the Hamilto-
nian of a detached electron is

H= (P4 PPt V) + %), ()

in which V'(z) is the interaction between the electron
and the interfaces, and it can be described as

0, —dy < z < dq,
Vi(z) = (2)
00, z < —dy or z > dy.

Owing to the cylindrical symmetry of the system,
the component for ¢ motion has been separated and
the z component of the angular momentum is a con-
stant of motion, which has been set to be zero. When
the electron is far away from the nucleus, the short-
range potential V4 (r) can be neglected. By solving the
Hamiltonian motion equation, we obtain the classical
motion of the electron between two parallel interfaces:

p(t,0) = ksin ¢,
1
2(t,0) = kcos 0t — §Ft27 (3)

where k is the momentum of the detached electron and
f is the emission angle between the momentum and
the z axis. Because the elastic interfaces are perpen-
dicular to the z direction, they have no influence on
the p motion. For 0 < 6 < m, the electron trajectory
is a parabola before hitting the interface. However,
when an electron hits the wall, it bounces back and
changes the sign of the momentum in the z direction
but keeps its magnitude. Figure 1 shows the classical
trajectories of the photo-detached electron. From this
figure we can see that only the orbit emitting up along
the z axis can be drawn back by the electric field or
bounced back by the elastic interface to the origin.
There are only four fundamental closed orbits and the
others are their repetitions, which is similar to the case
given by Wang et al.'® From Fig.1 we find not all the
electrons can hit the upper interface, which depends
on the initial momentum of electron and the electric
field strength. The maximum distance the electron
can reach along the +2z axis is dpmax = k2/(2F). Given
F, with the increase of the initial momentum k&, dpax
is increased. When d,.x < d; , the electron cannot hit
the upper interface before it pulls back by the electric
field. Under this condition, the closed orbits are the
same as the ones given in Ref.[13], the upper elastic
interface has no influence on the photodetachment of
the negative ion. On the other hand, if dya.x > di,
the electron can hit the upper interface. Therefore,
considering the influence of the upper interface, there
can exist the four fundamental closed orbits of the
detached electron as follows: (i) The electron goes up
along the +z direction and hits the upper interface be-
fore reaching its maximum point, then bounces back
by the upper interface and returns to the origin.
(ii) The electron comes down in the —z direction and
hits the second interface, then bounces back and fi-
nally returns to the origin, this orbit is always the
same as the one given in Ref.[15]. (iii) The electron
completes the first orbit and then passes through the
origin, and continues to complete the second orbit.
(iv) This orbit is similar to the one of (iii) but in a
reverse order, the electron completes the second orbit
and then the first orbit.

The periods of these four fundamental closed
orbits are
T 2k — 2v/k? — 2Fd;
1= )
F
T —2k 4+ 24/k? + 2Fdy
2 = )

F
T3=Ti=T +Ts
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_ 2VEk?+2Fdy — 2V/k? — 2Fd; (@)
= Ia )

The length and action of these orbits, respec-

tively, are
Ly =2dy, Ly=2dy, L3=L4=2(dy+dy),(5)
1 1
Sy = —F*13 — §FkT12 + k%1,

12

1 1
Sy = EF2T23 + 5Fsz2 + kT,
S3=84=051+85,. (6)

Maslov indices of these orbits can be found by
counting the returning points,®! and we have p, =
pwe = 1, pus = pg = 2. For simplicity, we denote
Ts5=T4=T,L3=Ls=1L, and S3=5,= 5.

The period, length, action and Maslov index of
all the other closed orbits consisting of these four fun-
damental orbits can be written as

Tju =Tj + 0T, Ljn=1L;+nL,
Sin =8 +nS, pjn = p; + 3n, (7)

in which j =1,2,3,4and n=0,1,2,3,---, 400. The
indices jn refer to the nth repetition of the jth closed
orbits.

3. The photodetachment cross

section

The photodetachment process of H™ in a static
electric field between two parallel interfaces can be
described as follows: when H™ absorbs photon energy
Epn, outgoing electron waves are generated. These
outgoing waves propagate a long distance. Due to
the effects of the electric field and the interface, these
waves cannot propagate to infinity, some of them turn
back by the electric field or the interfaces and return to
the origin. Finally, the returning waves overlap with
the outgoing source waves to give the interference pat-
tern in the photodetachment cross section. According
to the closed orbit theory, the photodetachment cross
section can be split into two parts:

o(E) = 0o(E) + 0°(E), (8)

where 0¢(E) is the smooth background term without
the external field;[® the second part on the right-hand
side of expression (8) is the oscillating term which
corresponds to the contribution of the returning wave
travelling along the closed orbit:

O'OSC(E) = (E+Eb)1m<Dwi‘7/}ret>a (9)

47
c

where ; = Be %" /r is the initial wave function of the

6] and for

detached electron; D is the dipole operator,
the z-polarized light, D = z; 9, is the returning part
of the detached electron wave function. In fact, not
all the outgoing waves return to the nucleus. Only the
returning waves travelling along the closed orbits can
overlap with the steadily-producing outgoing spherical
wave, thus producing the oscillation in the cross sec-
tion. The returning wave associated with the closed
orbit jn is written as j”jf = Ajnei[sf"*“f"”/m, where
Ajp is the amplitude of the returning wave and given
by3]

1/2
1 /

Ajp = ,
T2 k2 + (1) FETy,,]

(10)

When the electron returns near to the nucleus, the
electron motion is approximated by a free motion,
i.e. the wave function is approximately an incom-
ing plane wave. Therefore, the returning semiclassical

wave should be proportional to the incoming plane
;(T:lt — Njneikrcos 5°t
ing angle of the jth orbit and Nj, is the proportional

wave: , where 0% is the return-

constant, given by!!3!

4iBk?

N, = (=11 "~ _
in = (=1) (k2 + k2)2

Ajnei[sjn*#jnﬂ/Q] . (11)

The whole returning waves are the sum of each

returning wave and expressed as

Yoot = Y U5 (12)

n

The overlap integral of the returning waves with
a source wave function (Di;| gives the oscillation in
the photodetachment cross section. Buy substituting
Eq.(12) into Eq.(9), we obtain

0% (E) =Y Cjnsin(Sjn — pjnm/2),  (13)
in
where

2 2
-t 16B“m*FE A (14)

Com = 0, v

Therefore, the total photodetachment cross section is

_ 16V2B2r2E3/?

in

(15)
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4. Results and discussion

Using Eq.(15), we calculate the photodetachment
cross section of H™ in a static electric field between
two parallel elastic interfaces for different values of
the distance between the ion and the elastic interface
and different electric field strengths (see Figs.2—4).

In our calculation, the energy of detached elec-
tron varies between 0 and 0.4eV. In Fig.2, we keep
the electric field F' at 200kV/cm and the second in-
terface at do = 300 arb. units, then we change the dis-
tance between the ion and the first interface. Under
this condition, the maximum height the electron can
max/F = 379.06
arb. units. The results show that when dy > dpax,
There-
fore, the upper interface has no influence on the pho-

reach along the +2z axis is dpax =
the electron cannot hit the upper interface.
todetachment cross section. The results should re-
turn to the case where only one interface exists. Take
d; = 1000 arb. units as an example, the calculated

This result is the
same as the one given by Yang et al['3 With the

cross section is shown in Fig.2(a).

decrease of dy, the influence of the upper interface
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becomes significant. Fig.2(b) shows that the result,
with d; = 300 arb.
ence from that in Fig.2(a).

units, has only a little differ-
But with d; = 200 arb.
units, the cross section changes greatly when the pho-
ton energy E, = E+ Ej, is larger than 0.965eV. With
d; = 120 arb. units, the cross section oscillates in a
much more complicated manner above the photon en-
ergy 0.881eV. The reasons are as follows: the closer
to the ion the upper interface moves, the more the re-
turning waves bounced back by this interface, there-
fore, their contribution to the cross section becomes
great. This figure also suggests that near the detach-
ment threshold, the influence of the upper surface can
be neglected. But with the increase of the energy, its
influence becomes important. The sharp peak in this
figure can be explained by using Eqgs.(15) and (10). At
some energy, the denominator in Eq.(10) approaches
zero, which makes the amplitude of the closed orbit
in Eq.(15) infinite, thus its contribution to the cross
section is great. As to this problem, we will modify
it by using the uniform semiclassical approximation
method in the future work.['6]
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Fig.2. The photodetachment cross section of H™ in a static electric field between two parallel elastic interfaces.
The electric field F = 200kV /cm and the second interface is located at do = 300 arb. units. The values of distance
d1 between the H™ and the first interface are: 1000 arb. units. (a), in which the photodetachment cross section of

H~ amounts to that in a static electric field near one elastic interface;[*3 300 arb. units. (b); 200 arb. units. (c);

and 120 arb. units. (d). The solid lines represent the cross section near two elastic interfaces and the dashed line

refers to the result in the case where only one elastic interface 2 exists, which amounts to di — oo, and da = 300

arb. units.
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Fig.3. The dependence of the photodetachment cross section on the electric field. The two interfaces are fixed at
di = d2 = 200 arb. units and the values of electric field (F') are: 300 (a), 200 (b), 100 (c), and 10kV /cm (d). The
solid lines represent the result with two elastic interfaces existing, and the dashed lines refer to the results with only

one elastic interface 2 existing.
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Fig.4. Photodetachment cross section of H™ in a static electric field between two parallel elastic interfaces as
F — 0. (a) The solid line represents the result with F = 1V/cm, di = 200 arb. units, and d2 = 300 arb. units,
and the dashed line refers to the result without electric field, which amounts to the photodetachment cross section

of H™ between two parallel elastic interfaces. 15! (b) The photodetachment cross section with F' =1V /cm, di — oo,

and do = 100 arb. units. The solid line represents the result obtained from our closed orbit theory and the dashed

line refers to the result obtained by using the imaging method.

In Fig.3, we show how the electric field influ-

ences the photodetachment cross section for a fixed

distance between the ion and the interface. We keep
200 arb. units, and the electric field de-

dy = da

(14]

creases from 300 to 10kV/cm. From Figs.3(a)-3(c),
we find that with the decrease of the electric field, the
oscillation of the cross section becomes much more
complicated. This can be interpreted as follows: with
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the decrease of the electric field, the maximum height
the electron can travel along the +z axis is high. The
probability with which the electron hits the upper in-
terface becomes large. Thus the influence of the up-
per interface is significant, which amounts to putting
If we further
reduce the electric field (F'), for example, to a value
of 10kV/cm, ie. F = 10kV/cm, the cross section
displays a multi-periodical oscillation structure. Un-

the upper interface closer to the ion.

der this condition, the cross section is different from
that with only one interface even near the detachment
threshold (see Fig.3(d)).

When F is very small, for example, F' = 1V /cm,
in atomic units this value is much less than 1 and close
to 0. Under this condition, the influence of the electric
field can be neglected. The photodetachment cross
section approximates that in the case of H™ near two
parallel elastic interfaces.'® Figure 4 shows the pho-
todetachment cross section of H™ between two par-
allel elastic interfaces, separately, with and without
electric field. The solid line in Fig.4(a) represents the
photodetachment cross section with an electric field
F =1V /cm, while the dashed line refers to the cross
section without the electric field. They are nearly the
same, which suggests that the influence of the elec-
tric field can be neglected. Furthermore, if we locate
one interface at infinity (dy — 00), the cross section

returns to that in the case of H™ near one interface
without the electric field.'?l In Fig.4(b), we plot the
cross section by using our formula and the one given by
Afraq and Du, they are in correspondence with each
other, which suggests that our analysis is correct.

5. Conclusion

In summary, we have studied the photodetach-
ment of H™ in a static field near two parallel interfaces
by using the closed orbit theory. We find that the elas-
tic interfaces and the electric field have a significant
influence on the photodetachment process. The cal-
culated photodetachment cross section oscillates in a
much more complicated manner than the case in which
there exists only one elastic interface. This study pro-
vides a general framework for an understanding of
the photodetachment process of H™ in the presence
of electric field and two interfaces. At present, no
experimental results on this system are available for
comparison. In the future work, we will carry out
the quantum calculation and compare the result ob-
tained from our semiclassical closed orbit theory with
the quantum result. We hope that our results will
be useful for guiding the experimental study of the
photodetachment of negative ions in the vicinity of

interfaces.
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