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Electron-atom ionizing collisions in the presence of a bichromatic laser field
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A theory of electron-atom ionizing collisions in the presence of a bichromatic laser field is developed. The
incident and scattered electron of high energy is described by Volkov states, the atomic ground state is dressed
by the laser field to first order in the electric-field strength, and the atomic continuum state that corresponds to
the ejected slow electron is dressed by the laser field to all orders in the field strength, but in an approximate
way. It is shown that the dressing of these continuum states is mainly responsible for the different effects that
a bichromatic laser field introduces into this process. These effects are more pronounced compared to similar
effects recently observed in an analysis of the target dressing in free-free transitions in a bichromatic laser field.
The possibility of the coherent phase control is analyzed and it is shown that the triple differential cross section
~TDCS! can be changed by almost one order of magnitude by changing the relative phase between the two
laser field components. The TDCS as a function of the relative phase, the number of absorbed~emitted!
photons, and the laser electric-field strength shows a specific behavior that is mainly determined by the
properties of the generalized Bessel functions appearing in our results. It is also shown that these effects are
particularly pronounced for rather small scattering angles of the fast electron.@S1050-2947~97!04310-2#

PACS number~s!: 34.50.Rk, 34.80.Qb, 32.80.2t
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I. INTRODUCTION

The investigation of atomic processes in multicolor la
fields has recently become of particular interest. It has b
shown that the rates of laser-assisted and laser-indu
atomic and molecular processes can be considerably
hanced or modified in such fields. The important parame
in such investigations is the phase differencef between the
laser field components~usually the laser fields considered a
bichromatic and consist of two components of frequenciev
and 2v or v and 3v!. It was found that for particular value
of f the molecular reaction rates can be suppressed or
hanced and the angular distributions modified~see@1–5# and
references therein!. This effect was coined coherent pha
control ~CPC!. The investigations of the CPC of molecul
reactions were followed by similar considerations of t
CPC of multiphoton ionization~both experimentally@6–8#
and theoretically@9–20#!, autoionization@21,22#, high-order
harmonic generation@23–30#, and free-free transitions in
laser field@31–40#.

The electron-impact ionization of atoms in the absence
a laser field is well described in textbooks@41,42#. It is in-
teresting that this reaction has its prehistory in nuclear ph
ics, where the first (p,2p) experiments were proposed for
years ago~see, for example,@43#!. The electron-impact ion-
ization of atoms or (e,2e) reactions are important for th
electron momentum spectroscopy of atoms, molecules,
solids. An initial experiment of this kind was performed
1969 ~see@43# and references therein!.

An initial treatment of electron-impact ionization in th
presence of a laser field was given in@44#. This paper was
followed by the work of many authors@45–53#, who gave a
561050-2947/97/56~5!/3879~9!/$10.00
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more detailed treatment of this process~see also Mittleman’s
book @54#!. Essentially, the results for the triple differenti
cross sections~TDCSs!, presented in these papers, have
structure similar to the cross sections of other laser-assi
atomic collision processes derived in the first Born appro
mation ~FBA! @55# or low-frequency approximation@56#,
i.e., the TDCS is expressed as a product of the square o
ordinary Bessel function and the TDCS for the electro
impact ionization without the laser field but with laser-fiel
dependent momenta and energy shifts. Later on it was
ognized @57–61# that the influence of the dressing of th
atomic states by a laser field cannot be neglected. In
paper we shall follow the approach of these papers and
will be explained in more detail in Sec. II.

Because we are interested in the CPC effect, we s
simplify our considerations by analyzing the case of (e,2e)
reactions for atomic hydrogen only and, moreover,
Ehrhardt’s asymmetric coplanar geometry@62,63#.
Ehrhardt’s group has studied the situation in which a f
incident electron of momentumkW i and energyEki

'250 eV
scatters at the target and the outgoing fast electron of
mentumkWA is detected in coincidence with a slow eject
electron of momentumkWB . All three momentakW i , kWA , and
kWB are taken in the same plane and the scattering angleuA of
the fast electron is fixed and small ('3°), so that the mo-
mentum transferKW 5kW i2kWA is relatively small. The angleuB
of the slow electron (EkB

'5 eV) is varied. We shall also
choose a linearly polarized laser field in which both fie
components have the same field strength and polariza
i.e.,
3879 © 1997 The American Physical Society
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EW ~ t !5EW 0@sin vt1sin~2vt1f!#, ~1!

with the electric field vectorEW 0 parallel to the incident mo-
mentumkW i and the fundamental laser field frequency eq
to the Nd:YAG laser frequencyv51.17 eV ~where YAG
denotes yttrium aluminum garnet!.

In Sec. II we present our theory, which is essentially
generalization to the case of a bichromatic laser field of
results of previous work@57,58#. We shall also discuss th
closure approximation that we shall apply in our numeri
calculations. In Sec. III we present and discuss our numer
results. Finally, Sec. IV is devoted to the conclusions.
our results were derived in SI units and the final expressi
presented in this paper are in the atomic system of units\
5e5m51).

II. THEORY

We shall consider the (e,2e) reactione21H(1s)→H1

12e2, during whichL photons are transferred between t
electron-atom system and the field so that the energy c
serving condition is

Eki
1E01Lv5EkA

1EkB
, ~2!

FIG. 1. TDCS~in a.u.! for the ionization of atomic hydrogen
from the ground state by electron impact in the presence o
bichromatic laser field as a function of the angleuB of the ejected
electron. The incident electron kinetic energy isEki

5250 eV, the
ejected electron energy isEkB

55 eV, and the scattering angle
uA53°. The laser electric field strength isE0553109 V/m and the

laser photon energy isv51.17 eV. The electric-field vectorEW 0 is

taken parallel to the incident momentumkW i . The relative phase
between the laser field components isf50 and the number of
photons absorbed in the reaction isL51. The complete TDCS is
presented by the dot-dashed curve (f I1 f II1 f III ). The continuous
curve (f I,C) represents the contribution of the first part of the sc
tering amplitudef I to the complete TDCS. The contributions of th
amplitudesf I and f III are presented by dashed (f I) and dotted (f II)
curves, respectively. The amplitudef II is negligibly small in com-
parison tof I and f III and therefore is not presented in the figure
l
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whereE0521/2 a.u. is the ground-state energy of the h
drogen atom andEkj

5kW j
2/2, j 5 i ,A,B. Positive values ofL

correspond to the photon absorption process. With refere
to the discussion in@58# and taking into account that we ar
mainly interested in the effects introduced by a bichroma
laser field, we assume that the FBA is adequate for the
scription of our process. The FBAS-matrix element for the
(e,2e) reaction in the presence of the laser field is

Sion
FBA52 i E

2`

`

dt^xkWA
~ t !u^FkWB

~ t !u

3~V01V01!uxkW i
~ t !&uF0~ t !&. ~3!

If we denote the coordinates of the projectile and target e
trons by rW0 and rW1 , respectively, thenV0521/r 0 and V01

51/urW02rW1u. The incident and scattered electrons are
scribed by the Volkov wave functionsxkW i

(rW0 ,t) and

xkWA
(rW0 ,t), which, for the bichromatic laser field~1!, have the

form

xkW~rW0 ,t !5~2p!23/2 exp$ i @kW•rW02kW•aW ~ t !2Ekt#%, ~4!

whereEk5kW2/2 and

aW ~ t !5E t

dt8AW ~ t8!5aW 0@sin vt1 1
4 sin~2vt1f!#,

a05A0 /v5E0 /v2. ~5!

AW (t) is the vector potential of the laser field@EW (t)5

2]AW (t)/]t#,

AW ~ t !5AW 0@cosvt1 1
2 sin~2vt1f!#. ~6!

The Volkov states~4! are in the momentum gauge and th
A2 term has been removed by performing a standard uni
transformation. The wave functionsF0(rW1 ,t) andFkWB

(rW1 ,t)
appearing in Eq.~3! are the laser modified atomic hydroge
ground and continuum states, respectively. Similarly, as
@58#, we suppose that the laser field is not too strong so
we can use the first-order time-dependent perturbation the
to obtain explicit expressions for these states. Omitting
details of the derivation, we present here the final results
these states in the case of the bichromatic laser field~1!. The
dressed ground-state wave function of the hydrogen atom
given by

F0~rW1 ,t !5exp$2 i @AW ~ t !•rW11E0t#%

3H c0~rW1!1
i

2 (
n

cn~rW1!^cnurW1•EW 0uc0&

3F exp~ ivt !

En2E01v
2

exp~2 ivt !

En2E02v

1
exp~2ivt1 if!

En2E012v
2

exp~22ivt2 if!

En2E022v G J ,

~7!

a

-
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FIG. 2. Comparison of the results for the TDCS as a function of the angleuB of the ejected electron in the presence of a monochrom
~dotted curve! and a bichromatic~continuous curve! laser field, respectively, for~a! L51, ~b! L521, ~c! L52, and~d! L522 absorbed or
emitted photons. The other parameters are as in Fig. 1.
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wherecn(rW1) are the target states of energyEn in the ab-
sence of the laser field and the summation is over the disc
and continuum states of the hydrogen atom. The fac
exp@2iAW (t)•rW1# is introduced to ensure the gauge consiste
with the Volkov wave functions,~4!, which are given in the
momentum gauge, while Eq.~7! was derived in therW•EW
gauge. Similarly, by the use of time-dependent perturba
theory in a way analogous to the low-frequency analysis
@47#, for the continuum wave function we obtain

FkWB
~rW1 ,t !5exp$2 i @AW ~ t !•rW11kWB•aW ~ t !1EkB

t#%

3H ckWB
~rW1!@11 ikWB•aW ~ t !#1

i

2 (
n

cn~rW1!
te
r
y

n
f

3^cnurW1•EW 0uckWB
&

3F exp~ ivt !

En2EkB
1v

2
exp~2 ivt !

En2EkB
2v

1
exp~2ivt1 if!

En2EkB
12v

2
exp~22ivt2 if!

En2EkB
22v G J .

~8!

In the solutions~7! and~8! c0(rW) is the wave function of the

ground state of the hydrogen atomc0(rW)5p21/2 exp(2r)

andckWB
(rW) is the Coulomb wave function
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FIG. 3. TDCS as a function of the angleuB of the ejected electron for different values of the relative phasef between the bichromatic
laser field components and for a different number of photonsL, absorbed or emitted in the reaction. The other parameters are as in F
Continuous curve,f50; dotted curve,f5p/2; and dashed curve,f5p. ~a! L51, ~b! L521, ~c! L52, and~d! L522.
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ckWB
~rW !5~2p!23/2 exp@p/~2kB!#G~11 i /kB!

3exp~ ikWB•rW !1F1„2 i /kB,1,2 i ~kBr 1kWB•rW !….

~9!

It should be mentioned that theA2 term cannot be remove
from these dressed states as it was done with the Vo
states. This can only be achieved within a perturbative
proach, which puts an upper limit on the laser field intens
for which this approximation is valid. For our Nd:YAG lase
and the energy chosen for the slow electronEkB

55 eV, the

parameterUp /EkB
is less than 10% if the laser field intensi

is less than 4.831012 W/cm2 ~Up5E0
2/4v2 is the pondero-

motive energy corresponding to theA2 term!. Hence our
limit on the laser electric field strength isE0,6
v
p-
y

3109 V/m. The Volkov states, as well as the state~8!,
contain the laser field to all orders via the fact
exp@2ikW•aW (t)#. The dressing of the atomic states by the la
field is included in the states~7! and~8! only to first order in
E0 .

Introducing the wave functions~4!, ~7!, and ~8! into the
S-matrix element~3!, we obtain the following result afte
integration over the time and the coordinatesrW0 :

Sion
FBA5

i

2p (
L52`

`

d~EkA
1EkB

2Eki
2E02Lv! f ion

FBA,L ,

f ion
FBA,L5 f I1 f II1 f III , ~10!

where
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f I52
1

K2 ^ckWB
ueiKW •rW1uc0&$2bL1kWB•aW 0@bL212bL11

1 1
4 ~e2 ifbL222eifbL12!#%, ~11!

f II5
i

K2 (
n

^ckWB
ueiKW •rW1ucn&^cnuEW 0•rW1uc0&S bL21

En2E02v

2
bL11

En2E01v
1

e2 ifbL22

En2E022v
2

eifbL12

En2E012v D ,

~12!

f III 5
i

K2 (
n

^ckWB
uEW 0•rW1ucn&^cnueiKW •rW1uc0&S bL21

En2EkB
1v

2
bL11

En2EkB
2v

1
e2 ifbL22

En2EkB
12v

2
eifbL12

En2EkB
22v D .

~13!

The functionsbL are defined by

bL[BL* ~l,l/4;f!5 (
m52`

`

JL22m~l!Jm~l/4!exp~ imf!,

l5~KW 2kWB!•aW 0 , ~14!

whereBL(a,b;f) are generalized Bessel functions defin
in @31–37,40#. We are using the functionsbL instead ofBL

because, using the formulaBL* (l,0;f)5JL(l), we can eas-
ily establish the connection between our results and thos
@57,58#. In the following we shall use the closure approx
mation in order to simplify the expressions for the scatter
amplitudesf II and f III . In the amplitudef II we replaceEn

2E0 by the mean value Ē54/9 a.u. According to
@64,65,40#, this is a reasonable choice. It is more difficult
determine the value ofĒ for the amplitudef III . We expect
that the dominant contribution to the scattering amplitu
comes from the term withEn'EkB

@58# and therefore we

shall choose in the amplitudef III Ē5En2EkB
50. In this

case, using the closure relation(nucn&^cnu51, in both am-
plitudes f II and f III the following matrix elements appea

^ckWB
urW1•EW 0exp(iKW •rW1)uc0&52iEW 0• (]/]KW )^ckWB

uexp(iKW •rW1)uc0&,
and we therefore only need the analytical result for the m
trix element^ckWB

uexp(iKW •rW1)uc0& for the computation of the
whole scattering amplitude. We justify our use of the clos
approximation by stressing that in this paper we are ma
interested in those effects that a bichromatic laser field in
duces into the electron-atom ionizing collision process
well as the possibility of the CPC of this process. We can
beyond this approximation using the Sturmian expansion
the Coulomb Green’s functions that appear in Eqs.~12! and
~13!. We do not expect any significant change for the am
tude f II because our laser field frequency is much sma
than any excitation energy from the ground state of the
drogen atom and our laser electric field is not too strong.
concerns the amplitudef III , the Sturmian expansion may no
be adequate because for our values of the laser field and
of
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scattering parameters the energy of the Green’s functio
positive and the Sturmian expansion may diverge. In t
case, one can apply the Dalgarno method~see, for example,
@58#!, but there are still some difficulties that should be ov
come.

The TDCS for the electron-impact ionization with the a
sorption of L photons, which corresponds to theS-matrix
element~10!, is given by

d3s ion
FBA,L

dVAdVBdE
5

kAkB

ki
u f ion

FBA,Lu2. ~15!

If we only retain the first part of the amplitudef I and neglect
the amplitudesf II and f III , then we obtain in the monochro

FIG. 4. TDCS for the ionization of atomic hydrogen from th
ground state by electron impact in the presence of a bichrom
laser field as a function of the relative phasef between the laser
field components. The ejected electron angle is~a! uB520° and~b!
uB52140°. L is the number of photons absorbed or emitted in
reaction ~continuous curve,L51; dotted curve,L521; dot-
dashed curve,L52; dashed curve,L522; and double-dot–dashe
curve,L50 @in ~b! only#. The other parameters are as in Fig. 1.
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matic case f ion
FBA,L522JL(l)^ckWB

uexp(iKW •rW1)uc0&/K
2[fI,C,

which is equivalent to the result of Cavaliereet al. @45# men-
tioned in the Introduction. Keeping all three termsf I , f II ,
and f III , we reproduce in the monochromatic case the res
of @57,58#. Our choice ofĒ in f II and f III was made such a
to reproduce fairly well the numerical data in@57,58#.

III. NUMERICAL RESULTS AND DISCUSSION

In our numerical calculations the following paramete
were fixed: the incident electron kinetic energyEki

5250 eV, the ejected electron energyEkB
55 eV, the laser

field frequencyv51.17 eV, and the electric field vectorEW 0

is taken parallel to the incident momentumkW i . The laser

FIG. 5. TDCS as a function of the scattering angleuA for a
given angle of the ejected electron~a! uB520° and ~b! uB5
2140° and for a different number of absorbed or emitted photo
L51 ~continuous curve!, L521 ~dot-dashed curve!, L52 ~dashed
curve!, L522 ~double-dot–dashed curve!, andL50 ~triple-dotted
curve!. The other parameters are as in Fig. 1.
ts

electric field strength isE0553109 V/m for all figures, ex-
cept Fig. 6, and the scattering angle isuA53° for all figures,
except Fig. 5.

We shall first analyze separately the contributions of
amplitudesf I ,C @defined below Eq.~15!#, f I , f II , and f III , to
the complete TDCS~15!. In Fig. 1 we present the results fo
the TDCS as a function of the angleuB of the ejected elec-
tron for L51, i.e., one absorbed photon, and the relat
phasef50 between the laser field components. From t
figure it follows that the main contribution to the comple
TDCS comes from the termf I . The termf II is not presented
because it is negligibly small. The termf III is important be-
cause it can enhance the complete TDCS through a cons
tive interference withf I as is the case for the results pr
sented in Fig. 1. The termf I ,C of Cavaliereet al. @45# is

s:

FIG. 6. TDCS as a function of the laser electric field strengthE0

for a given angle of the ejected electron~a! uB520° and~b! uB5
2140° and for a different number of absorbed or emitted photo
L51 ~continuous curve!, L521 ~dot-dashed curve!, L52 ~dashed
curve!, L522 ~double-dot–dashed curve!, andL50 ~triple-dotted
curve!. The other parameters are as in Fig. 1.
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important, but it is not sufficient to explain the whole proce
because the other term inf I , as well as the termf III , are of
the same order of magnitude. We conclude that all ter
except maybef II , should be taken into account in computin
the complete TDCS. The termf II is proportional to 1/(En

2E06mv), m51,2. This term has its maximum forn51,
but it is still small in comparison to the termf III;1/(En

2EkB
6mv);1/v. Furthermore, in@40# it was shown that

the CPC effect for the target dressing in free-free transiti
becomes important only for high laser field intensities (E0

.1010 V/m). Taking into account that the termf II corre-
sponds to dressing of the atomic ground state, it follows t
its contribution to the TDCS should be small for the las
field intensities we are considering.

In Fig. 2 we present the comparison of the results for
TDCS as a function of the angleuB of the ejected electron in
the presence of a monochromatic~dotted curve! and a
bichromatic~continuous curve! laser field for~a! L51, ~b!
L521, ~c! L52, and~d! L522 absorbed or emitted pho
tons. It is evident that the influence of the second field co
ponent is considerable. Some of the peaks in the TDCS
enhanced, while others are suppressed. Even the positio
the peaks are shifted@see, for example, the caseL52 in Fig.
2~c!#. In the caseL50 ~no photons absorbed! we only get
one strong peak atuB'40° and the influence of the secon
field component is small~we therefore do not present th
case in Fig. 2!.

In Fig. 3 we present the TDCS as a function of the an
uB of the ejected electron for different values of the relat
phasef and for a different number of absorbed~emitted!
photonsL. One can see that by changing the phase
TDCS can be increased or decreased by a factor of 5. He
the CPC effect is significant. As in Fig. 2, we do not pres
the results forL50 because the phase effects are smal
this case. We also have noticed that the peak positions
not affected much by the change of the phase. Therefore
our further analysis we fix the angle of the ejected electron
those values that approximately correspond to the maxim
the TDCS.

In Fig. 4 we show the TDCS as a function of the relati
phasef for fixed uB520° @Fig. 4~a!# anduB52140° @Fig.
4~b!# and for different values ofL. In addition to a signifi-
cant CPC effect on the order of magnitude of the TDCS, o
can also notice some symmetry behavior of the TDCS a
function off. This symmetry is the consequence of the sy
metry properties of the generalized Bessel functions,
shown in@31,32,36,37,39#. In the case ofuB52140° @Fig.
4~b!#, we recognize the symmetrydsL(f)5dsL(2p2f)
@we denote the TDCS for fixedL and f by dsL(f) and
expressf in radians#. There is also a mirror symmetry fo
ds uLu and ds2uLu with respect toL50. This means in par-
ticular thatds21(f) has its maxima forf50 and 2p and its
minimum for f5p, whereasds1(f) has its minima atf
50 and 2p and its maximum forf5p. The curves
ds uLu(f) andds2uLu(f) are shifted in phase byp relative to
each other. The situation is more complicated foruB520°
@Fig. 4~a!#. There is no longer af↔2p2f symmetry, but
the mirror symmetry for the caseL561 is still present. The
fact that in this case we have only approximate symme
properties is probably due to the shift of the maxima of
s
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TDCS as a function ofuB . According to Fig. 6, another
explanation is that we are in a different ’’regime’’ of beha
ior of the generalized Bessel function, i.e., forE055
3109 V/m the dominant maximum in case~a! is for L50,
while in case~b! the dominant maximum is forL561. This
is so because the argumentl of the generalized Bessel func
tion depends onuB .

The results presented in Fig. 5 show the behavior of
TDCS as a function of the scattering angleuA for a given
angleuB of the ejected electron in~a! uB520° and~b! uB
52140° and for a different number of the absorbed ph
tons: L51 ~continuous curve!, L521 ~dot-dashed curve!,
L52 ~dashed curve!, L522 ~double-dot–dashed curve!,
and L50 ~triple-dotted curve!. The results presented ar
consistent with the choice of the Ehrhardt geometry@62,63#,
i.e., they show that the TDCSs are in general dominant
small values ofuA . Furthermore, we can increase the TDC
by choosing values ofuA lower than 3°~as chosen for all
other results presented!. We expect that the effects of
bichromatic laser field are more pronounced foruA51°, as
shown in@40#.

Finally, in Fig. 6 we present the TDCS as a function
the laser electric field strengthE0 for a given angle of the
ejected electron~a! uB520° and ~b! uB52140° and for
different numbersL of the absorbed~emitted! photons. The
results of Fig. 6~a! show that forE0,53109 V/m ds0 is
larger thandsL , L561,62. With increasing laser field
strength theds61 become dominant, whileds0 decreases.
With a further increase of the laser field intensity theds62
become dominant,ds0 is increased, andds61 become sup-
pressed. The results of Fig. 6~b! show similar behavior, ex-
cept that now the effect of the increase and decrease ofdsL
is noticeable for lower laser field intensities. The contrib
tion of ds0 now has a maximum forE0'23109 V/m and
gets completely suppressed forE0'53109 V/m, where
ds61 have their maxima.ds2 has its maximum aroundE0
'63109 V/m, while ds22 becomes dominant aboveE0
573109 V/m, where we also find a noticeable contributio
of ds0 . The explanation for this oscillatory behavior o
dsL(E0) is similar to the one given in@39#. The arguments
of the generalized Bessel functions are proportional toE0
and also depend on the reaction parameters~such asuB!,
which explains the differences between the results prese
in Figs. 6~a! and 6~b!. Therefore, with the increase ofE0 the
parameterl also increases and becomes of orderL. But for
l;L the generalized Bessel functions have their maxim
which explains the appearance of maxima forL561 and
later on forL562.

IV. CONCLUSION

We have presented analytical and numerical results
the electron-atom ionizing collisions in the presence o
bichromatic, linearly polarized laser field. The incident a
scattered electrons were described by taking into accoun
laser field to all orders through the Volkov states for
bichromatic laser field. We described the second electron
the laser modified ground and continuum states of the hyd
gen atom including the laser field to the first order for t
ground state and to all orders~but in an approximate way!
for the continuum state. Our final result for the TDCS for t
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electron-impact ionization with the absorption or emission
L photons in the FBA is given by Eq.~15!. The amplitude
f ion

FBA,L , which appears in this result, consists of three term
The behavior of the TDCS is mainly determined by the b
havior of the generalized Bessel functions~14!, that appear
in all these amplitudes. The first termf I in the amplitude
f ion

FBA,L is given by Eq.~11! and consists of two parts. Th
first one is proportional to a generalized Bessel function w
index L and, in the monochromatic case, reproduces the
sults by Cavaliereet al. @45#. The second part off I has its
origin in the laser dressing of the state of the ionized elect
and has terms withbL61 andbL62 . For a sufficiently strong
laser field this second part can become dominant. The se
term f II in Eq. ~12! has its origin in the dressing of th
ground state. For the laser field intensity we are conside
and within the closure approximation, the contribution of th
term is small@40#. Finally, the third termf III in Eq. ~13! can
give a significant contribution to the TDCS because it h
terms proportional to 1/(En2EkB

6mv), m51,2, which are

large for En'EkB
. In our computation of the termsf II and

f III we have used the closure approximation, adjusting
two average energiesĒ such that we get sufficiently goo
agreement with the results of@57,58# for a monochromatic
laser field.

Our numerical results have shown that the introduction
the second field component can significantly change the
sults for the TDCS. We have presented a detailed analys
the influence of the relative phase between the two fi
components on the TDCS and we have noticed that the C
effect is important and that it is possible to increase or
d

tt

A

ith
f

s.
-

h
e-

n

nd

g

s

e

f
e-
of

ld
C
-

crease the TDCS by almost one order of magnitude
changing the relative phase. We also have noticed the s
metry properties of the TDCS due to the presence of
generalized Bessel functions, which are in agreement w
previous findings@31,32,36,37,39#. Moreover, we have ana
lyzed the influence of the scattering angleuA of the fast
electron on the TDCS and we have found that the TDCS
its maximum for small values ofuA , which is consistent
with the reaction geometry described in@62,63# and the re-
sults of @40#.

Finally, we showed that the TDCS as a function of t
laser electric field strengthE0 has an oscillatory behavior
There are regions ofE0 in which the reactions for a fixedL
are suppressed or enhanced, depending on the behavi
the generalized Bessel functions.

The general conclusion of this paper is that the influen
of the laser field on the atomic processes is more pronoun
if the atomic continuum states take part in the process.
influence of the laser field on the electrons in such sta
becomes comparable to the influence of the electric field
the atomic nucleus on these states and therefore the
field induced effects, as is the CPC in our case, become m
pronounced.

ACKNOWLEDGMENTS

D.M. thanks the Institute for Theoretical Physics, Unive
sity of Innsbruck, for its hospitality and financial suppo
This work was partially supported financially by the Bu¨ro für
Austauschprogramme mit Mittel- und Osteuropa des O¨ ster-
reichischen Akademischen Austauschdientstes.
Y.

s.

ys.
@1# A. Giusti-Suzor, F. H. Mies, L. F. DiMauro, E. Charron, an
B. Yang, J. Phys. B28, 309 ~1995!.

@2# J. J. L. Ting, Phys. Rev. A51, 2641~1995!.
@3# B. Sheahy, B. Walker, and L. F. DiMauro, Phys. Rev. Lett.74,

4799 ~1995!.
@4# Z. Chen, M. Shapiro, and P. Brumer, Phys. Rev. A52, 2225

~1995!.
@5# E. Charron, A. Giusti-Suzor, and F. H. Mies, Phys. Rev. Le

75, 2815~1995!.
@6# H. G. Muller, P. H. Bucksbaum, D. W. Schumacher, and

Zavriev, J. Phys. B23, 2761~1990!.
@7# C. Chen and D. S. Elliott, Phys. Rev. Lett.65, 1737~1990!.
@8# Y. Y. Yin, C. Chen, and D. S. Elliott, Phys. Rev. Lett.69,

2353 ~1992!.
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@40# S. Varróand F. Ehlotzky, J. Phys. B30, 1061~1997!.
@41# N. F. Mott and H. S. W. Massey,The Theory of Atomic Col-

lisions ~Clarendon, Oxford, 1971!.
@42# M. R. C. McDowell, and J. P. Coleman,Introduction to the

Theory of Ion-Atom Collisions~North-Holland, Amsterdam,
1970!.

@43# I. E. McCarthy, Can. J. Phys.74, 703 ~1996!.
@44# M. Mohan and P. Chand, Phys. Lett.65A, 399 ~1978!.
@45# P. Cavaliere, G. Ferrante, and C. Leone, J. Phys. B13, 4495

~1980!.
@46# P. Cavaliere, C. Leone, R. Zangara, and G. Ferrante, P

Rev. A 24, 910 ~1981!.
@47# J. Banerji and M. H. Mittleman, J. Phys. B14, 3717~1981!.
@48# P. Cavaliere, G. Ferrante, and C. Leone, J. Phys. B15, 475

~1982!.
s.

@49# R. Zangara, P. Cavaliere, C. Leone, and G. Ferrante, J. Phy
15, 3881~1982!.

@50# M. Zarcone, D. L. Moores, and M. R. C. McDowell, J. Phys.
16, L11 ~1983!.

@51# M. H. Mittleman, J. Phys. B16, 1089~1983!.
@52# S. K. Mandal and A. S. Ghosh, Phys. Rev. A30, 2759~1984!.
@53# R. Burlon, P. Cavaliere, and G. Ferrante, Nuovo Cimento D4,

19 ~1984!.
@54# M. H. Mittleman, Introduction to the Theory of Laser-Atom

Interactions, 2nd ed.~Plenum, New York, 1993!.
@55# F. V. Bunkin and M. V. Fedorov, Zh. Eksp. Teor. Fiz.49,

1215 ~1965! @ Sov. Phys. JETP22, 844 ~1966!#.
@56# N. M. Kroll and K. M. Watson, Phys. Rev. A8, 804 ~1973!.
@57# C. J. Joachain, P. Francken, A. Maquet, P. Martin, and
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