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Physical picture of photodetachment in external fields: A way to its assessment
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The photodetachment of the negative ion H by an uv photon in the presence of a low-frequency (LF)
electric field and a static magnetic field is investigated. The case is treated in which the ejected electron
may exchange a large number of LF photons and the LF field period is much larger than the time re-
quired for the electron ejection. The LF field polarization is taken along the magnetic field direction,
with the uv photon polarization either along or perpendicular to B. The intensities of the two external
fields are taken to be sufficiently weak to neglect the Stark and diamagnetic shifts of the initial state. The
reported results support the physical picture according to which (a) the main role of the LF field is that
of creating a repulsive barrier in the direction of the ejected electron free motion and (b) the oscillations
observed in the experiment [M. C. Baruch, T. F. Gallagher, and D. J. Larson, Phys. Rev. Lett. 65, 1336
(1990)] are due to repeated refiections by such a barrier. The presence of a magnetic field enhances the
interference effects and photodetachment experiments carried out with the additional presence of a mag-
netic field could provide more information on the precise role the LF field plays in the process.

PACS number(s): 32.80.Rm

I. INTRODUCTION

A recent photodetachment experiment [1], in which a
single uv photon with frequency ~, detached the electron
of the Cl negative ion, has shown that the presence of a
low-frequency (LF) electric field in the microwave range
with frequency coz gives rise, in the cross section, to oscil-
lations reminiscent of those produced by a static (dc) elec-
tric field [2].

In analogy with the explanation proposed for the pho-
todetachment in the presence of a dc electric field [3], the
oscillations yielded by a LF electric field also have been
interpreted [4—6] as due to the interference of the direct
photoelectron wave with the wave reflected by the repul-
sive barrier of finite height originated by the LF field. A
detailed analysis of the analogies and differences between
the photodetachment in the presence of a dc field and
that with a LF field has been reported in Ref. [7], in
which the distributions of the ejected electrons are com-
pared vs the kinetic energy Ez. in the plane perpendicular
to the direction of the assisting fields. The results of that
analysis showed that the quasistatic (QS) approximation
for the LF electric field is satisfactory for a limited inter-
val of Ez values only, while the interference effects per-
sist for a larger interval. If the oscillations exhibited by
the cross section in the presence of a LF field are correct-
ly interpreted as due to a barrier, then the additional
presence of a magnetic field should enhance the interfer-
ence effects, as it makes unidimensional the free motion
of the ejected electron [8]. More to the point, the pres-
ence of a magnetic field should allow one to control the
interference effects and, accordingly, the oscillations of
the cross section. As a matter of fact, if the distance be-
tween two adjacent Landau levels (ro, ) is larger than the
effective height of the barrier produced by the LF field,
by increasing the uv photon energy the free motion ener-
gy may be increased to allow the ejected electron to over-

come the barrier while still not being enough to excite the
nearest Landau level. As the interference effects are due
to barrier reAection, in such a case they should decrease
and the oscillations on the cross sections disappear. In
the opposite case, i.e., when the distance between two
Landau levels is smaller than the height barrier, whatever
the energy of the uv photon, we expect that most of the
available energy after detachment will go into excitation
of Landau levels. As a consequence, most of the ejected
electrons will have insufhcient free motion energy to
overcome the barrier. The net outcome, in this case,
should be repeated barrier refIection yielding not only the
presence of interference effects, but also their enhance-
ment. As the effective barrier height is of the order of
2b, 2 [6], where b,2=Ez j4coz is the ponderomotive shift of
the LF electric field of frequency mz and amplitude Ez,
values of the parameter y=co, /2b. z, greater or smaller
than unity, may be taken to characterize respectively the
two cases. For y) I, the interference effects due to the
LF electric field are well separated from the effects com-
ing from the successive opening of Landau levels; de-
pending on the uv photon energy, the interference effects
may be absent. For y & 1, the interference effects are al-
ways present. The above considerations prompt the in-
vestigation of the photodetachment in the presence of a
LF electric field with the simultaneous presence of a con-
stant magnetic field as an interesting case study, in which
one may elucidate, in a clearer way, the role of the LF
field in the experiment of Ref. [1]. Furthermore, they
offer interesting physics with the possibility of controlling
the elementary process.

In the present work, we treat the photodetachment of
the negative ion H in the presence of a magnetic field
and a LF field. In particular we investigate the effects of
the external fields on the ejected electron; accordingly,
the intensities of such fields are taken to be small enough
to neglect the Stark and the diamagnetic shifts of the
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ground state. The paper is organized as follows. In Sec.
II we derive the cross section of photodetachment when
the LF and magnetic fields are along the same z direction,
while the uv photon polarization is either parallel or per-
pendicular to z. In Sec. III we report the cross sections
for both geometries and analyze their basis characteris-
tics, comparing them both with the cross section without
the LF field and with the cross section in the presence of
a QS field. Section IV reports the concluding remarks.
The Appendix contains the derivation of the cross section
in constant fields, using a gauge allowing a direct corn-
parison with the case under consideration. Atomic units
are used throughout the paper.

II. THEORY

In this section we derive the cross section of the photo-
detachment by absorption of an uv photon of frequency
cu& and energy comparable to that of the negative-ion
ground state Io in the presence of a constant magnetic
field B and a radiation field E2 with frequency co2«co&.
During the photodetachment, the negative ion may ex-
change an arbitrary number of photons with the field E2.

We represent the negative ion by a one-electron bound
system, in which the electron moves in a zero-range static
potential V(r) Within . such a model, the exact S matrix
of the photodetachment process by two radiation fields in
the presence of a magnetic field B is written as [9]

Sf; = —i f (+f(r, t)~ V(r)~+,+(r, t))dt . (1)

In Eq. (1) %',+ is the exact wave function of the negative
ion in the presence of all the fields, for t ~—~, tending
to the negative-ion bare state; %'f is the wave function of
the free electron dressed by the radiation and magnetic
fields. Assuming B to be along z with the vector potential
Az! = By x, ~I'f ma—y be written as [10]

2

%f(r, t) =c„exp( iE„t)exp(—ip r)exp — H„(g)

nomial, and A (t) (j= 1,2) is the vector potential of the
two radiation fields. Finally, II and II, are two real
functions defined as

II +i IIy 3 iy 7 + 3 2y T
c

i [A—, (r)+ Az„(r)][

X exp[ice, (t —r) ]dr . (4)

For H, N=0. 315 52 a.u. and I = —0.0277509 a.u.
Assuming that the LF field is along z and that the uv ra-
diation field is weak enough to be treated perturbatively,
neglecting in the S matrix all the terms of order higher
than those proportional to E&, the cross section of the
photodetachment by absorption of a photon co& polarized
along z has the form

n mRx

(a„)L„=y y f daexp(in z+aiA, sizan
n n=On2 "—

+ipzsin2a)

2
4m' IoA co,

X [p, +K(a) ]
C C01pz

In the case in which the uv photon is polarized perpen-
dicularly to z the cross section is

As mentioned in the Introduction, the inAuence of the
external fields on the initial state is neglected. Accord-
ingly, the latter, in the zero-range approximation, may be
written as [11]

!I/,+ =exp( BIO t)—N exp( br)—
r

where N is a normalization constant [11]and

[ A, (t)+ A, (t)].r
Xexp 'i

I

Xexp ——f P (r)dr
2

Cn

1/2
( )

—i/2[p 11 ]2

1/4

!2n]—1/2
2

where

E„(n+—,')co, (n =0, 1,2, . . . ),
p=[p»y~pz] ~

2

Pz(t)= p+ —[ A, (t)+ A,(t)] +[p —II„]',1

(3a)

(3b)

(3c)

(3d)

(3e)

A z
= (Ez /coz)p, ,

P2 ~2~2~2 ~

p, =+2[nzci)2+co, +Io b,z (n+ ,' )co, ], ———

(9a)

(9b)

(9c)

n max

( n 2 co2 + rd i +Io 62 ) 1

2 ' (9d)

max

(al)LF rf rf J ( ~2 p2)(ai)FF
n, n=O

where o.F~ is the cross section in the absence of the LF
radiation field, equal to

4nI 3 co co+co
(oi)FF =

2 2
n+ — . (9)

ceo&(co, +co) (co!—co)2 2 p,

In addition,

EC(a) =(Ez/coz)cosa . (9e)
p and p, are constant of motion, n is the quantum num-
ber identifying the Landau level, H„ is the Hermite poly- n2 is the number of photon exchanged by the ejected
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electron; J„(x,y) is the generalized Bessel function
[12,13]; E(a) is the oscillating momentum imparted to
the electron by the LF field; A =16.079000. The cross
sections (o~~)L„and (oi)i„are incoherent sums of
different processes, each identified by the number n2 of
exchanged LF photons and by the Landau quantum num-
ber n. By an inspection of formula (8) one can tell that
the cross section of a given channel is factored into a
product in which the generalized Bessel function may be
interpreted as the probability that the ejected electron ex-
changes n2 photons with the LF field, while the second
factor is the cross section without the LF field evaluated
at the value of the momentum fixed by Eq. (9b). As
(oi)~~ exhibits resonances when p, =O, i.e., when the
opening of a Landau level is energetically possible, the
presence of a LF field gives rise to replicas of such reso-
nances. When the uv photon has a polarization parallel
to 8, the cross section is no longer factored and the pres-
ence of E2 produces another kind of resonance, brought
about solely by E2. By an inspection of Eq. (7) it is seen
that such resonances are originated by the fact that the
final-state density is inversely proportional to the average
Ualue of the electron momentum along z (p, ), while the
transition amplitude differs from zero even when p, is
zero because it is a coherent sum of amplitudes corre-
sponding to processes in which the electron is ejected
with instantaneous momentum p, +K(a). It is worth
noting that the presence of resonances in the cross sec-
tions is a result differing in an essential way from what is
found when a dc electric field is present [8,14]. In the
latter ease, in fact, the field smears out the resonances, if
these are present when there is no such field. The reso-
nances of Eqs. (7) and (8) disappear if, more realistically,
the broadening of the Landau levels is taken into ac-
count. Such broadening may be accounted for in our
treatment using a complex energy for the Landau levels.

s„=(n+—,)co, +i (10)

III. CALCULATIONS AND COMMENTS

In this section we report calculations of cross sections
as functions of the relative energy co„=~i+Io—cu, /2 of
the uv photon. As in the experiment of Ref. [1], the pa-
rameters of the LF field E2 are chosen in such a way as to
allow a large number of LF photons to be exchanged with
the ejected electron. As discussed in Ref. [5], the multi-
photon regime is identified by the condition

In such a case, in the transition probability for a unit of
time, the 6 function, accounting for the conservation of
energy, is replaced by a Lorentzian and following known
procedures [15,16], cross sections are obtained differing
from those reported in Eqs. (7) and (8) by the substitution
ofp, with

p,'+ Qr'+p, '
r'+p4

When this procedure is adopted, the divergences of Eqs.
(7) and (8) are replaced by enhancements.

g=Az/co&»1. In the calculations reported below, such
a condition is always met. Besides, the period of the LF
field is chosen to be larger than the time required for the
electron to leave the ion, this latter condition allows one
to consider the LF fields as quasistatic during the photo-
detachment. As mentioned in the Introduction, in the
process under consideration, two distinct physical re-
gimes may be identified and characterized, respectively,
by values of the parameter y larger or smaller than unity.
In one regime (y ) 1), the interference effects due to the
LF electric field are well separated from the effects com-
ing from the successive opening of the Landau levels.
Depending on the uv photon energy, the interference
effects may be absent. In the other regime (y ( 1), the in-
terference effects are always present. The reported calcu-
lations cover both regimes and the following two
geometries: (a) the uv photon is polarized along B: (b) the
uv photon is polarized perpendicularly to B. In both
geometries the LF field E2 is polarized along 8.

A. nv photon parallel geometry (Ei~~B) and Ez((B

In Fig. 1(a) we report the cross section of photodetach-
ment in the presence of the LF field only, while in Fig.
1(b) the cross section with magnetic field B in the regime
y ) 1 is shown. In Fig. 1(b) the cross section is also com-
pared to that with 8, but without the LF field E2. The
field parameters are I2=10 W/cm, o~2=4X10 eV,
and B=5 X 10 G. The comparison between the curve of
Fig. 1(a) and the thin curve of Fig. 1(b) clearly shows that
the presence of the magnetic field enhances the interfer-
ence effects; in fact, more oscillations of larger amplitudes
are present in the thin curve of Fig. 1(b). The most pecu-
liar features exhibited by the curve representing the cross
section with both fields B and Ez are the following. (i)
The cross section displays structures that are absent in
the cross section of photodetachment when only a mag-
netic field is present. These structures are repeated each
time co„becomes larger than men„with m =1,2, 3, . . . .
At each repetition, the shape of these structures remains
largely the same. This is a consequence of the fact that
the magnetic effects are separated from those due to the
LF field Ez. (ii) For values co„(0, the cross section does
not exhibit oscillations and shows a behavior typical of
tunneling processes. (iii) When oi„=O the cross section
has a maximum, and this value of co„separates the region
of tunneling from that of oscillating behavior, which ex-
tends up to values of co„between 2b, ~ and 3b,2. (iv) Final-
ly, for even larger values of cu„, the curve shows an in-
crease in the average behavior, overlapping that of the
cross section with the magnetic field only. As discussed
in Sec. II, the enhancement, interrupting the regular
behavior of the cross section, is due to the opening of the
successive Landau channels.

In Fig. 2 we report the cross section with the magnetic
field 8, keeping for the LF field the same values of the pa-
rameters as in Fig. 1(b) and lowering by an order of mag-
nitude the intensity of the magnetic field, which now is
equal to 5X10 G. With this we now have y(1. Exam-
ination of Fig. 2 shows that the cross section with 8 and
Ez has an irregular behavior, as we have a mixing of the
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contributions coming from different Landau levels. As
observed above, when y & 1 the magnetic-field effects on
photodetachment cannot be separated from those due to
the LF field. The results reported in Figs. 1 and 2 may be
interpreted according to the following model. In the ab-
sence of the LF field, the photodetachment has a thresh-
old corresponding to the uv photon frequency
co,h= ~Io~+co, /2, which is the minimum value to reach
the first Landau level. If co, is larger than co,h, the excess
energy is converted into kinetic energy Ek of the free
motion along B up to where co& becomes sufBcient to ex-
cite the second Landau level, and so on. The presence of
the electric field Ez along B produces a barrier of height
of about 2b, i [6]. For values of co„&0 the electric field Ez
makes possible the electron ejection by tunneling, while
for values of co„)0 the interference region is entered,
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FIG. 2. Same as in Fig. 1(b) with B=SX10 G.
0.0014

lasting until the kinetic energy of the free motion is
smaller than or almost equal to the barrier height. Be-
cause of the interference between the direct and the
reflected waves, oscillations appear in the cross section.
For values of the free motion kinetic energy greater than
the barrier height, the barrier effects disappear and the
cross-section behavior becomes similar to the one with
the magnetic field only.

To make more clear the role played by the barrier pro-
duced by the LF field, in Figs. 3 and 4 we compare the
LF cross sections reported in Figs. 1(b) and 2 with those
resulting by averaging the cross sections in the presence
of a magnetic and a static electric field over the values
taken by the LF field over a cycle (see the Appendix for
the derivation). Figure 3 shows that (o ~~)L„, correspond-
ing to the case y) 1, exhibits the same behavior as
(o

l )d„Eq. (A5), for co„&b, 2, i.e., up to where the kinetic
energy Ez of the free motion is much smaller than the
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FIG. 1. (a) Photodetachment cross section in the presence of

the LF field vs the relative energy ~„=co&+I0 of the uv photon.
The LF parameters are I2=10 W/cm and co&=4X10 eV.
Both the oscillating electric fields are directed along the z axis.
(b) (o~~)LF, Eq. (7), vs co„=~&+I0—co, /2 with (thin line) and
without (thick line) the LF field. The parameters of the LF field
are the same as in (a) and 8=5X10' G. Both the oscillating
electric fields are parallel to the static magnetic field.
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FIG. 3. (o~~)„„(thin line) and (ol)d„Eq. (A5), (thick line) vs
co„. The parameters of the LF and static magnetic fields are, re-
spectively, the same as in Figs. 1(a) and 1(b). The field geometry
is the same as in Fig. 1(b).
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FIG. 4. Same as in Fig. 3 with 8 =5 X 10 G.

height of the potential barrier. In particular, we want to
point out that for y ) 1 at co„=O the dominant channel of
photodetachment is the one corresponding to the Landau
level with n=0. Hence, at the threshold, (ol)«has a
relative maximum'because the squared derivative of the
Airy function Ai(z) has a relative maximum for z=O.
Since near the threshold (o.

i )„„and ( o
~~

) d, have the same
behavior, it follows that the occurrence of the maximum
at the threshold can be considered a general feature of
the cross section of the process under consideration. We
remark that this generality is confirmed by inspecting the
curves reported in Ref. [7] (showing the photodetach-
ment cross section in the presence of the sole LF field as a
function of the electron energy ET along the direction
perpendicular to the LF field). Also in that case the
curves exhibit a relative maximum when the electron lon-
gitudinal energy ~, +Io —ET is zero. For larger values of
Ek, the oscillations of the two curves go out of phase be-
cause of the finite height of the effective barrier and per-
sist up to values of the free motion kinetic-energy approx-
imately equaling the estimated height of the barrier. Ac-
cordingly, the quasistatic approximation is valid for
values of the free motion energy smaller than 52. When

y & 1, the predominant channels are the ones in which
the electron is ejected with a kinetic energy along the
magnetic field direction smaller than the barrier height
for any energy of the uv photon giving rise to the in-
terferences responsible for the oscillations appearing in
the cross sections shown in Fig. 4.

B. uv photon perpendicular geometry (E,j.B) and E2~~B

For this case as well, the LF field polarization is the
same as before. The photodetachment cross sections vs
co, are expected to have a rather different behavior as
compared to the one discussed in the preceding subsec-
tion, just as it happens when the LF field is switched off
or a static field is present [12]. However, as the main
effect of the presence of the LF field remains that of
creating a barrier of finite height in the direction of the
magnetic field, it is still possible to characterize, as in the
previous case, two different regimes depending on y. In

cos(P+ ~/4—)
1

(l2)
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Flax. 5. (cr~)L„(thin line) and (oj)d„Eq. (A7), (dotted line)
vs m, . The LF electric field is parallel to the static magnetic
field and the uv field is perpendicular to both. The thick curve
represents the photodetachment cross section without the LF
field. The parameters of the LF and static magnetic fields are
the same as in Fig. 3.

Fig. 5 we show the photodetachment cross sections vs co„
for y ) 1. Their features indicate that the LF field-
inPuced ripples are qualitatively similar to the ones found
in the parallel geometry. Moreover, the quasistatic cross
section ( o ~ )d, exhibits the same behavior as (cr ~)L„ for
values of the kinetic energy of the electron free motion
Ek much smaller than the height of the effective poten-
tial barrier 262. We note that, for y ) 1, the maximum of
( cr J )LF are more pronounced than the ones exhibited by
(o.l)LF and are located beyond each Landau threshold,
just where (o l)L„have relative maxima. Further, the rip-
ples induced by the LF field in the parallel geometry
range over an interval of co„ that is wider than the one
found in the perpendicular geometry. This circumstance
indicates that, as the kinetic energy of the electron free
motion increases, the interference effects in the perpen-
dicular geometry are less persistent than the ones in the
parallel geometry. Also, we remark that for co„&co„in
the region where the cross sections oscillate, the maxima
of (cTt)L„are located in correspondence with the minima
of (o.l)L„. By exploiting the closeness of the values of
(o. )L„and (cr )« in both the geometries investigated, in
the region of oscillation, this last aspect may be easily
evinced by the approximate expression of ( o )d, . In fact,
by using the asymptotic expansion of the Airy function in
the region where it oscillates and evaluating the integrals
(A5) and (A7) by the steepest descent method (see Ref.
[7]), (o~~)«and ( r,c)«re da, respectively,

' 1/2

sin(P+ ~/4 )
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2(ol ~dc (oJ. )FF 1+
mp

1/2

sin(p+ m. /4)

——cos(p+ m /4)
1

with

p= (co„—n co, )
4&2

2

(13)

IV. CONCLUSIONS

We have investigated the photodetachment of the neg-
ative ion H by an uv photon in the presence of a low-
frequency electric field and a static magnetic field. The
case has been treated in which the ejected electron may
exchange a large number of LF photons and the LF field
period is much larger than the time required for the elec-
tron ejection. The LF field polarization has been taken to
be along the magnetic field direction, with the uv field po-
larization either along or perpendicular to B. The inten-
sities 'of the two external fields have been taken to be
sufficiently weak to neglect the Stark and diamagnetic
shifts of the initial state. The reported results support the

0.025

0.02—

0.01 5

0
6

0.01

0.005-

Equations (12) and (13) show that for p & 1 the effect of
the LF electric field is to add oscillations to the cross sec-
tion found in the absence of radiation whose amplitude is
(o )FF. Moreover, whereas for one kind of geometry the
interference is constructive, for the other it is destructive.

In Fig. 6 (o i)L„and (o ~)d, are shown as a function of
cu„ for y &1. Once again, as for the parallel geometry,
the effects of the magnetic and LF fields cannot be
separated, giving rise to a quite irregular behavior of the
cross sections.

picture according to which the main role of the LF field
is that of creating a repulsive barrier in the direction of
the ejected electron free motion. Insofar as the uv pho-
ton energy is smaller than the threshold energy without
the LF field, the detachment takes place through tunnel-
ing. When it is larger than the threshold energy, the ex-
cess energy is converted into kinetic energy of free
motion Ek. If Ek is smaller than the effective height of
the barrier (estimated to be about 2b, 2), the quasistatic
approximation for the LF field holds and the oscillations
of the cross section overlap those obtained averaging the
cross section in the presence of a static electric field over
the values taken by the LF field in a cycle. For values of
Ek approaching the barrier height, the presence of the
LF field continues to give rise to interference between
direct and rejected waves, producing in the cross sec-
tions oscillations out of phase as compared with those ex-
hibited by cross sections in the presence of a quasistatic
electric field. Finally, for values of Ek larger than the
height of the effective barrier the interference effects
disappear and the cross section overlaps that calculated
with the presence of the magnetic field only. We remark
that the presence of the magnetic field allows one to con-
trol the free motion energy of the ejected electron Ek,
which, in turn, gives the possibility of controlling the os-
cillations of the cross section. In particular, one can
define two regimes, characterized by values greater or
smaller than one of the dimensional parameter
y=co, /2b, z. When y & 1, the cross sections exhibit the
three regions commented on above, while for y & 1, the
curves showing the cross sections as a function of co„ex-
hibit oscillations for any value of the uv photon energy.
When the uv photon is polarized along B the presence of
the LF field yields enhancements in the cross section,
which are a peculiarity of this geometry and originate by
the oscillating moment imparted to the ejected electron
by the LF field. If, instead, the uv photon is polarized
perpendicularly to 8, the LF field replicates the enhance-
ments the cross section exhibits also in its absence.

In conclusion, the reported results lend support to the
physical picture explaining the oscillations observed in
the experiment of Ref. [1]as due to rejections by the bar-
rier created by the LF field. While the QS approximation
holds insofar as the kinetic energy Ek associated with the
motion along the LF field is considerably smaller than the
height barrier, the barrier effects persist until E~ approxi-
rnately reaches the value of the barrier height. This re-
sult is in agreement with that reported in Ref. [7]. We
conclude by stressing that the presence of a magnetic
field enhances the interference effects and that experi-
ments such as those of Ref. [1), carried out with the addi-
tional presence of a magnetic field, could provide more
precise information on the role the LF field plays in pho-
todetachment.
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~
V(r )~%',+(r, t) )dt, (A 1)

of a quasistatic electric field E, and a magnetic field B us-

ing Cartesian coordinates to maintain the same gauge
used in the main text to derive the cross section with a
LF field. The starting point is the S matrix

APPENDIX

Here we outline the derivation of the cross section of
photodetachment of the negative ion H in the presence

where 0,+ is the bound-state wave function in the pres-
ence of two static fields and 4f is the free electron wave
function. Taking the static electric field E, along B and
co, (1,4f in Cartesian coordinates is written as

1 2
4& =c„exp(ip x )exp — (y —

yo ) H„[+ co(y —
yo ) ]

277

i /6

Ai (2E, )'/ z—
S

exp [
—i [(n + ,' )co, +b—i+Ek]t ]exp( —i A isincoit —i pisin2coit) (A2)

with A, , =(EiP)/co, 5, =E, /4co; pi =Xi/2coi, c„=(co,/n)' /'1/2"n!; and yo = —p„/co„Ekis the electron free motion
energy along B. Ai is the Airy function. Neglecting the effects of the static fields on the initial state, %', is approximat-
ed by the free field bound-state wave function Eq. (5). Keeping only terms linear in the uv field Ei, the S matrix for the
uv photon polarized along B reads

S.= Ec X2 ' E' Aifi 1 ~n S
CO i

2Ek

(2E )' ' exp
2 H„" 2~5[E„+(n+—,')co, —Io —co, )] .

2co ~

(A3)

Proceeding in the usual way, the cross section is obtained as

3 + ~ "max

dc 3 2/3 s
cco i 2 n=0

2Ek

(2E)2/3

2

(A4)

with Ai the derivative of the Airy function and n, „=(co, Io)/co, —
—,.—Now we change E, into E2sina and average

Eq. (A4) over ct in the interval 0 (ct ( tr/2:

(A5)

This procedure gives the QS cross section to compare to the LF cross section, Eq. (7) of the main text. If the uv photon
is polarized perpendicularly to B, the static cross section is

8 3 max

(cr ) co2~222/3E —1/3 g Ai
CQ)i n=0

2Ek

(2E)2/3
(n+ —,

'
) (A6)

and the corresponding QS cross section is obtained with the same recipe as above:

(A7)

Equation (A7) is to be compared with Eq. (8).
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