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Photodetachment microscopy of a hydrogen negative
ion in an electric field near a metal surface*
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According to the semi-classical theory, we study the photodetachment microscopy of H™ in the electric field near
a metal surface. During the photodetachment, the electron is photo-detached by a laser and the electron is drawn
toward a position-sensitive detector. The electron flux distribution is measured as a function of position. Two classical
paths lead the ion to any point in the classically allowed region on the detector, and waves traveling along these paths
produce an interference pattern. If the metal surface perpendicular to the electric field is added, we find that the
interference pattern is related not only to the electron energy and the electric-field strength, but also to the ion—surface
distance. In addition, the laser polarization also has a great influence on the electron flux distribution. We present
calculations predicting the interference pattern that may be seen in experiment. We hope that our study can provide
a new understanding of the electron flux distribution of negative ions in an external field and surface, and can guide

future experimental research on negative ion photo-detachment microscopy.
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1. Introduction

Photodetachment microscopy is used to measure
the electron affinities of atoms and molecules with un-
precedented accuracy. Much attention has been paid
to photodetachment microscopy since it was first pro-
posed by Demkov et al., who suggested that during
the detachment of an electron from a negative ion in
the presence of an electric field, the electron would
be able to follow several trajectories to the detector,
and that this situation would produce an interfer-
ence pattern.['2 The first experimental research on
photodetachment microscopy was made by Blondel
et al.l3l Ejected electrons produced by photodetach-
ment of Br™ in an electric field were recorded with a
high resolution detector in the direction perpendicu-
lar to the applied electric field. The recorded pattern
displayed concentric interference fringes. The mea-
surement with a subsequent detector of photodetach-
ment of O7 in an electric field was also performed
by Brondel et al.') Quantum calculations were shown
to be in excellent agreement with the experimental
data, allowing the determination of electron affinities
from the interference patterns in an unprecedented
accuracy.”~7) In addition, a semi-classical method has
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been developed by Dul®! to predict outgoing electron
current distributions in photodetachment of H™ in an
electric field prior to the experiment of Blondel et al.
An analytical formula for the electron flux distribu-
tion has been presented. The oscillations in the spa-
tial distribution of detached electrons have been at-
tributed to the interference of waves propagating along
two distinctive paths from the region of the bound
state of H™ to the same point. Recently, many inves-
tigations on the photodetachment microscopy in the
presence of parallel electric and magnetic fields have
been reported.®= In these previous studies, they
all considered the photodetachment microscopy in the
As to the photodetach-
ment microscopy of H™ near surfaces, no results have

presence of external fields.

been reported. In our previous studies, we have inves-
tigated the photodetachment of H™ or wave packet
dynamics of photodetachment of H™ in external fields

and on metal surface.[t2=15]

In the present work, us-
ing the semi-classical theory,'®=19 we study the pho-
todetachment microscopy of a hydrogen negative ion
in the electric field near a metal surface for the first
time. Our study suggests that when the metal surface

perpendicular to the electric field is added, the inter-
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ference pattern on the detector is related not only to
the electron energy and the electric-field strength, but
also to the ion—surface distance. Moreover, the laser
polarization also has a great influence on the electron
flux distribution. We hope that our study may provide
a new understanding of the electron flux distribution
of negative ions in external fields near the metal sur-
faces.

The rest of this paper is organized as follows. In
Section 2, we describe the Hamiltonian and the pho-
todetachment process for the system of H™in an elec-
tric field near a metal surface. Then we mainly derive
an analytical formula for electron wave function and
the distribution of electron flux by using the semi-
classical theory. Some calculation results and discus-
sion are given in Section 3. Some conclusions are
drawn from the present study in Section 4. Atomic
units are used throughout this paper unless otherwise
indicated.

2. Theory and method

Assuming that the hydrogen negative ion is lo-
cated at the origin. A laser is used for the photode-
tachment and a metal surface is kept in the z = —d
plane. An external electric field F' perpendicular to
the metal surface is applied. A position-sensitive de-
tector is placed in the z = —zy plane. The Hamilto-
nian H for the detached electron in the electric field
near a metal surface has the following form (in cylin-

drical coordinates):2"]
1 1 1 1
H=_P’+-P’— — 4+ _—+F 1
SRR fass) Tm e W

where d is the distance between the hydrogen negative
ion and the metal surface, and F' is the electric-field
strength.

The photodetachment process of H™ in this sys-
tem can be described as follows. When a laser is ap-
plied to H™, the ion may absorb a photon, then the
detached electron becomes an outgoing p-wave. This
wave propagates away from the ion. The wave prop-
agates sufficiently far from the ion according to the
semi-classical mechanics, and it is correlated with clas-
sical trajectories. Due to the effects of electric field
and the metal surface, the waves initially propagating
away from the ion will return back, and then prop-
agate to large distances down field to interfere with
the initial waves, giving rise to a two-term interfer-
ence pattern in the electron flux distribution on the
detector.

The hydrogen negative ion is considered as a one-
electron system. The electron is bounded by a short-
range potential. The binding energy of the electron E},
is 0.754 eV, and the laser photon energy E;, = E+Ey,,
where E is the electron energy.'f] Let the initial
bound state of H™ be ¢;(r) = Br~!exp(—kyr), with
B = 0.31552 and ky, = 0.2344883 as previously used
in Refs. [17]-][19]. The electron outgoing wave ¢ pro-
duced in the photodetachment in the presence of elec-
tric field near a metal surface satisfies the following
inhomogeneous Schrodinger equation:

(E — H)r = Doy, (2)
where D is the dipole operator. For an arbitrary laser
polarization, we assume that the laser polarization is
along the (01, 1,) direction. The dipole operator D
can be written in the following form:

D=r-¢
=r(sin 6 cos @, sin f sin ¢, cos §)
- (sin @y, cos w1, sin 0y, sin @y, cos 0y,)
=rf(0,¢;0L, 1), (3)
where f(0, ; 01, ¢1,) represents the dependence of the

detached electron wave function on the outgoing di-
rection (6, ¢),?! i.e.,

f(0,¢;01, ¢1.) = cosf cos by,
+ sin@sin 0y, cos(p — o).  (4)

Assuming the detector perpendicular to the z axis and
intersect with the axis at z < 0, the detached-electron
flux distribution on this detector can be calculated ac-

cording to!®!
d20(p, z, ) 2n(Ey, + E) .
= - J- k7
pdpdy c
J = §(¢fv¢f — Y Vi), (5)

where )¢ is the detached electron wave function, and
k is a unit vector perpendicular to the detector.

2.1. Detached electron wave function

The outgoing electron wave function in the pho-
todetachment of H™ in the absence of electric field
Yout (1) satisfies

ER %v? —Vo(r)|ous(r) = Dér,  (6)

where V,(7) is the polarized central field of the H
atom. Since (p; is an S state for H™, outside the source
region, we havel®!

Vo) = [ X2 CulB)Yim(0,9)| 1V (kr). (1)

m=-—1
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with

k) = —2ik / A(kr)Y (6,0)D

where ji (kr) and hgl) (kr) are the regular and outgoing

(r)¢i(r)dv, (8)

spherical Bessel functions, respectively. By using the
ji(kr)ye *rr2dr = 2k(k2 + k)72, then
0
Eq. (7) becomes
4ik’B (1)
Yout () = _Wf(97¢§9L7<PL)h1 (kr). (9)
At large r, the following asymptotic form is used:

(Y (kr) ~

integral

% expli(kr — )], r — oo. (10)

Finally, we obtain the expression of 1oyt (r) in the fol-
lowing form:

4ik%B

wOUt (T’, 07 90) - -

exp(ikr) .
(k2 + k2)?

kr
(11)
As the electron wave propagates out to large r, the

J(0,0;0L, 1)

influences of electric field and metal surface become
more and more important. Therefore, we can neglect
the influence of the short-range potential of the de-
tached electron on the hydrogen atom and use the
semi-classical method to compute the outgoing wave
function, which is related to the classical trajectories
of the photo-detached electron. In cylindrical coordi-
nates, the classical motion of the detached electron in
the electric field near a metal surface can be separated
into the motion along the z axis and the motion along
the p axis. Then the classical motion equations can
be formally written as

p(t) = r(sinf) + k(sin 0)t,

1
2 _
/\/ Ecos?0+ ——— (d—|— ) 1

100

50

z/a.u.
o

—50
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p/a.u.

Fig. 1. Some outgoing electron trajectories in the photo-
detached electron flux of H™
metal surface.

in the electric field near a
The observation plane is placed at z =
—100 a.u. The metal surface is placed at z = —120 a.u.

Figure 1 shows some of the electron trajectories
described by Eq. (12) with varying 6. Due to the ef-
fects of the metal surface and the electric field, there
are two distinctive trajectories along which the elec-
tron waves produced in the photodetachment in the
bound state region of H™ propagate to arrive at the
same point on the detector plane. Thus, the wave
function at a given point (p, z, ¢) can be written as the

sum of the contributions from the two trajectories!s:9!

Z ¢out r, 0]7

xexp[i(S (p,z,0) — ’uJQ )}, (13)

where Aj; is the corresponding amplitude and can be
22

t(p, 2, 0) Aj(p, 2, 0)

written asl

1/2
det J]@) (p,2,0) 1/2

A=
’ det JJ@)(p, 2, 1)

with J)(p, z,t) being a two-dimensional Jacobian[??l

ap 9z
72z~ | 3

80 06
Then, we have
kr?sin;
Aj = (t)(az o 8,0%) . (14)
Pt 90 ~ ot 09

In Eq. (13), S; = /ppdp + [ p.dz is the classical
action, and p; is the Maslov index of the j-th trajec-

tory.

2.2. Detached electron flux distribution

Now consider a detector plane perpendicular to
the electric field that intersects with the z axis at z <0.
The resulting wave function, given quantitatively by
Eq. (13), is therefore a sum of two terms. Inserting
Eq. (13) into Eq. (5), the differential cross section or
the electron flux distribution exhibit a typical two-
term interference pattern. The electron flux distri-
bution defined on this detector plane may be readily
evaluated from Egs. (13) and (5) as

d?o(p, z,¢) _ 2n(Ep + E)

pdpdp c

+ (v1s + vas)Re(unvp)|,  (15)

|:W}f1|2vlz + |52 P2,
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where

4ik?B elkr
gy = —

Wf(gj’ ©; 61, ¢1,)

ksin 0;

i (Si—1sm/2)

) .j: 1727 (16)

P (55 — % 5)
and vy, and vs, are the z components of the electron
velocities of trajectories 1 and 2 at (p, z, ¢), respec-
tively.

3. Results and discussion

Using Eq. (15), we calculate the electron flux dis-
tribution of H™ in electric field near a metal surface.
Firstly, we consider the case of the laser polarization
parallel to the z axis, which corresponds to the case
of 6, = 0. In Fig. 2, we study the influence of the
ion—surface distance d on the electron flux distribu-
tion. The detached electron energy £ = 0.26 €V, the
electric-field strength F' = 500 kv/cm and the detector
plane is fixed at z = —100 a.u.

.010E

0.010 —— d =150 a.u.
—— d =300 a.u.
—— d=1000 a.u.

0.008}
—— no metal surface

0.006

0.004

Flux/a.u.

0.002

n 1 n 1 n 1 n
0'0000 50 100 150 200 250 300

pla.u.

Fig. 2. (colour online) Electron fluxes of H™ in the elec-
tric field near a metal surface with different values of ion—
surface distance d.

The results suggest that with the increase of the
ion—surface distance d, the oscillating amplitude in the
electron flux distribution decreases and the oscillating
peaks shift toward the right on the whole simultane-
ously. The impact radius of the electron reaching the
detector plane increases. For example, for ion—surface
distance d = 150 a.u., the maximum oscillating ampli-
tude in electron flux distribution is 0.01 a.u., and the
corresponding position is at p = 14.9 a.u. When the
ion—surface distance d increases to 300 a.u., the max-
imum oscillating amplitude in electron flux decreases
to 0.008 a.u., and the corresponding position shifts to
p = 43.8 a.u. If the ion-surface distance continues to
increase to 1000 a.u., the electron flux of H™ is close

to that in the case where only electric field exists and
the influence of the metal surface can be neglected.!®!
It can be interpreted as follows: when the ion—surface
distance d increases, the electrostatic potential of the
metal surface acting on the detached electron reduces.
The electron needs to move farther to reach the detec-
tor plane. Then, the strengths of outgoing waves in
the detector plane emitting from the H™ are weak. As
a result, the interference effect is reduced and the im-
pact radius increases. When the ion—surface distance
increases to 1000 a.u., the electrostatic attraction po-
tential of the metal surface is very small so that the
electron flux under this condition is coincident with
the case where only electric field exists.

In Fig. 3, we display the electron flux of H™ with
fixed ion—surface distance d and electric-field strength,
but with different values of detached electron energy
E. This figure suggests that as the electron energy
changes, the amplitude in the electron flux near the z
axis (p ~ 0) varies and the impact radius of the elec-
tron arriving at the detector plane increases. In addi-
tion, the oscillation patterns at large p remain similar
in shape, but shift slightly for different electron ener-
gies.

0.006

Flux/a.u.

0.004

0.002

0.000 L L L
0 50 100 150 200 250 300

p/a.u.
Fig. 3. (colour online) Electron fluxes of H™ in the elec-
tric field near a metal surface at different electron ener-
gies. The ion—surface distance d is 120 a.u. The observa-
tion plane is placed at z = —100 a.u. The electric field
strength F' = 500 kv/cm.

Figure 4 shows the electron fluxes of H™ with a
given ion—surface distance d and detached electron en-
ergy, but with different electric field strengths. More-
over, the electric-field strength F' is 300 kv/cm, the
number of the peaks in the flux is 5 and the max-
imum impact radius of the electron arriving at the
detector plane is 350 a.u. With the increase of the
electric field strength, the number of the peaks in the
electron flux distribution decreases and the maximum
impact radius of the electron arriving at the detector
plane also decreases correspondingly. When the elec-
tric field strength increases to 700 kv/cm, the number
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of the peaks in oscillation decreases to 3 and the max-
imum impact radius of the electron arriving at the
detector plane decreases to 200 a.u.

0.012
—— F=300 kv/cm
—— F=450 kv/cm
—— F=550 kv/cm
—— F'=700 kv/cm

0.010

0.008

0.006

Flux/a.u.

0.004

0.002

I 1 I 1 1 1 L 1 I 1
O'OOOO 50 100 150 200 250 300 350
p/a.u.

Fig. 4. (colour online) Electron fluxes of H™ in the elec-
tric field near a metal surface with different electric-field
strengths. The ion—surface distance d is 120 a.u. and the
electron energy E = 0.25 eV. The observation plane is
placed at z = —100 a.u. The electric-field strengths are
300, 450, 550, and 700 kv/cm, respectively.
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In order to show the electron flux distribu-
tion on the detector plane clearly, we plot the
three-dimensional contour interference fringes (see
Fig. 5).
to the ones observed in the “photodetachment mi-
croscopy” experiments.!®*7) Tt is found that the three-

Such interference patterns are similar

dimensional contour interference fringes on the detec-
tor consist of bright and dark rings. The bright ring
which corresponds to the peak appears at the detector
plane because of constructive interference of the two
coherent detached-electron waves, and the dark ring
which corresponds to valley appears at the detector
plane because of destructive interference of the two
coherent detached-electron waves. With the increase
of the electric field strength, the maximum impact ra-
dius of the ring decreases. For instance, when the
electric-field strength F' increases to 700 kv/cm, the
maximum impact radius becomes small, and thus the
concentric interference fringes become much smaller.
The results are in excellent agreement with the results
shown in Fig. 4.

—400
—400

—200 400

(b) F=450 kv/cm

—200

200

400

—200 0 200 400
(d) F=700 kv/cm

200

400

Fig. 5. Three-dimensional contour interference fringes on the observation plane for (a) F = 300, (b) 450, (¢) 550, and

(d) 700 kv/cm, corresponding to Fig. 4.
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Fig. 6. (colour online) The electron fluxes of H™ in the
electric field near a metal surface when the laser polar-
ization is in the (0, ¢y ) direction. (a) ¢, = 7/6. (b)
Polarization angle 0y, = /6.

Finally, we study the laser polarization effect on
the electron flux distribution of H™ in electric field
near a metal surface. The result is demonstrated in
Fig. 6. Let the ion—surface distance d = 500 a.u., elec-
tron energy E = 0.26 eV, and electric-field strength
F = 500 kv/cm. The detector plane is placed at
z = —490 a.u. Due to the cylindrical symmetry of the
system, we take ¢ to be zero for convenience. Firstly,
we keep the azimuth angle unchanged (¢, = 7/6),
and vary the value of 0. The results are given in
Fig. 6(a).
boundary angle of 7/4. When the value of 8y, is less

From this figure we find that there is a

than /4, taking 6y, = 7/6 for example, the amplitude
of the oscillation in the electron flux first decreases and
then increases until a large oscillation appears. How-
ever, when the value of 6y, is greater than 7/4, taking
01, = /3 for example, the amplitude of the oscillation
in the electron flux is almost invisible and then contin-
ues to increase until a large oscillation appears. In the
following case, we fix the polarization angle 01, to be
/6 and change the azimuth angle ¢r,. The results are
given in Fig. 6(b). This figure indicates that the am-
plitude in the electron flux changes with the increase
of the azimuth angle ¢r,, but the change is very small.

In addition, the oscillation patterns are nearly similar
in shape. The result suggests that the azimuth angle
¢1, has a little effect on the electron flux distribution.
Comparing Fig. 6(a) with Fig. 6(b), we find that the
influence of the polarization angle 01, on the electron
flux distribution is more obvious than the influence of
the azimuth angle ¢r,. In other words, the effect of the
polarization angle 0, on the electron flux distribution
is more important.

4. Conclusion

We study the photodetachment electron flux of
hydrogen negative ions in the electric field near a
metal surface by using the semi-classical method. The
results show that the detached-electron waves travel-
ing along two distinct paths lead to the interference
in the electron flux distribution. The calculation re-
sults suggest that if the metal surface perpendicular
to the electric field is added, the interference pattern
in the electron flux distribution is related not only to
the electron energy and the electric field strength, but
also to the ion—surface distance. Moreover, the laser
polarization effect on the electron flux distribution is
also discussed. The results show that the influence of
the polarization angle 61, on the electron flux is more
obvious than the influence of the azimuth angle ¢y,.
Since no experiment on the photodetachment micro-
scope of H™ in this system has been carried out, we
hope this theoretical prediction will guide future ex-
periments on the photodetachment microscopy.
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