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X-ray photoionization in the presence of a bichromatic laser field
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X-ray photoionization of hydrogen in the presence of a bichromatic laser field is considered. The expressions
for the T matrix and the cross sections for the laser-assisted x-ray photoionization are presented. The initial
state is the laser-field-dressed hydrogen-atom ground state, while the final state is the improved Coulomb-
Volkov wave. The gauge consistency is ensured by working inrtlie gauge. It turns out that the matrix
elementgthe explicit form of which is given in the Appendiare much simpler in this case. This enables one
to consider the symmetry properties of fhanatrix and the cross sections analytically. It was shown that the
symmetry @+ w,7m— 6)—(¢,0), whered is the relative phase between the laser-field component® and
the polar angle of the outgoing electron, is exact in our case. In addition to this, there are approximate
symmetriesp«— — ¢ and ¢ ¢+ . All these symmetries, as well as the behavior of the differential and total
cross sections as functions éf 4, and the number of exchanged photons, are analyzed in numerous examples.
The results presented show the possibility of the coherent phase control of the laser-assisted x-ray photoion-
ization process. It was also shown that in the monochromatic case our model gives results that are in good
agreement with the results of previous wo81050-2947®8)00504-¢

PACS numbg(s): 32.80.Fb, 32.80.Qk, 32.80.Wr, 32.84Q.

[. INTRODUCTION to first order. For the soft x rays the dipole approximation is
. . ) also valid[20]. Concerning the interaction with the strong
Atomic processes in the presence of strong laser fields are .
. . . - low-frequency laser field, the approaches of these works are
presently attracting considerable attention. Laser-field-. . : .
: . : different. Only in the paper by Ciongat al.[19] is the dress-
induced transitions of an electron from one continuum state . ) .
o o ing of the atomic states by the laser field taken into account.

to another(free-free transitionsare of special interest be-

. . . .. In [6—8,10,14 the outgoing electrons were described by the
cause in such processes the absorption or emission of d'ffe{iolkov waves, while in [9,15-17,19 more adequate

fent numbers of phgtons can occur With comparable probabil- oulomb-Volkov waves were used. [12,13,18 the low-
ity and the Igser-fleld—matter interaction should be treate_‘ﬁr:equency approximation was considered. It should also be
nonperturbatively. The observation of the free-free transiygieq that, according to the gauge-invariance requirements,
tions was reported by Weingartshoferal. in experiments  gome of the works mentioned are defectisee the first ref-
on laser-field-assisted electron-atom scattefig Later on  grence in[16]). The papers that consider the two-color
such transitions were observed in single- and two-cologpove-threshold ionization within the essential states models
above-threshold ionizatiof2,3,28 and in laser-assisted Au- with the multiple continua should also be mentiorfed].
ger decay4]. More recently, free-free transitions were stud- Recently, two-color processes were analyzed fully nonper-
ied through the observation of the laser-assisted photoelectrigrbatively via the numerical solution of the time-dependent
effect[5]. In this experiment soft-x-ray pulségenerated as Schralinger equation for a hydrogen atom in the presence of
high-order harmonics of a titanium-sapphire lasme used both fields[22].
for ionization of helium atoms. The modifications of the pho-  In this paper we shall consider x-ray photoionization in
toelectron spectra are induced by the fundamental laser-fieldhe presence of a bichromatic low-frequency laser field that
pulse. In comparison with the photoelectron spectrum in theonsists of two components of frequenciesind 2w that are
absence of the laser field one observes the following twaut of phase by an anglé. The study of multiphoton pro-
modifications:(i) The absorption and emission of laser pho-cesses in bichromatic laser fields has recently become a sub-
tons during ionization give rise to sidebands in the spectrunject of particular interest. It was found that by changing the
and (i) the spectrum is shifted to a lower energy as a resulphased¢ it is possible to increase or decrease the rates of
of a laser-field-induced increase of the binding energy of thdaser-assisted and laser-induced processes. This effect was
ionized atoms. coined in molecular physics coherent phase coni@C.
Before this observation of the laser-assisted x-ray photol our recent investigatiofi23,24] a detailed list of refer-
tionization such processes were considered theoretically bgnces concerning this subject was presented.
several author§6—19. In these papers the interaction be- In Sec. Il we present our theory of photoionization of
tween the atom and the weak high-frequency figldoft-x-  hydrogen by a high-frequency laser field in the presence of a
ray field that causes the ionizatiois treated perturbatively low-frequency bichromatic laser field. Numerical results for
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a monochromatic laser field are presented and compared|q>f(t)>%|<pkf(t)>

with the results of other authors in Sec. Ill, while the results

for the bichromatic laser field are presented in Sec. IV. The :|z//kf+A(a,t)>exp{—i[kf- o wt) +U(t) +Ey ]},
conclusions are given in Sec. V. In the Appendix we con-

sider the symmetry properties of tiematrix and the cross (5)
sections for the laser-assisted photoionization process. 12 : P

our results were derived in Sl units and the final expressioﬁ‘skhere E"f_kflz Is the outgoing electron kinetic energy,

are presented in the atomic system of unfts=e=m=1). '[A‘E((‘fg (‘P;A“’(t) t)ij’att?e vector potential of the laser field
- — w

Il THEORY A(p)=Aof cosp+ 300420+ )], 6)
The S-matrix element for laser-assisted processes with the . . L
emission or absorption of one x-ray photon, in theE a(@)=['dt'A(wt’) = age[sing+ 3siN(2¢+ ¢)],
gauge, is 5
ao=A0/w=E0/w y (7)
Sfi=—if_mdt@f(t)lr'Ex(t)lq’i(t)>=8$a”+8§?). U= 1t A2 wt') = SUpt+ Uy (wt), Up=A2/4,
(o«

U
] Us(@)=—L[3sin2¢p+siN( @+ ¢) +sin(3e+ ¢)
where the x-ray electric-field vector By (t) = EgxexSinwyt, w

Eox=1%?, andwy, Iy, andey are its frequency, intensity, + Lsin4p+24)] ®)

and unit polarization vector, respectively. The component
Sii ) —exp(—iwxt)/2i corresponds to the photoionization and|) is the Coulomb wave vector
process we are considering. The initial- and final-state vec- a0 _
tors|®;(t)), j=i,f, satisfy the Schidinger equation i(r)=(2m) "> exd 7/ (2k) ]I (1 +i/k)
02 xXexp(ik-r) Fi(—i/k,1,—i(kr+k-r)). (9

d
i =% -V-rEM|[@0)=0, j=if, (2

Introducing Eqs(4) and(5) into Eqg. (1) we obtain
. : Ey (=

where V=—1/r is the Coulomb potential and the laser- S%—)_?XJ dt f(wt)expi(Ex,— wx+lo+ SUt],
electric-field vectorE(t), in our case of a linearly polarized —o

bichromatic laser fieldwith the same intensity of both field (10

components and the unit polarization vec#y is given by where

E(t)=Eoesinwt +sin20t+ )], Eo=1"2 (3 (@)= (s +ac|r &l Po(@)yexplilks- al(¢)+Us(¢)]}
11
The initial state |®;(t)) is the laser-modified atomic- o ) i
hydrogen-ground state, which in the first order of time-iS & 2m/w-periodic function oft that can be expanded into a
dependent perturbation theory has the fésme[24—26 and ~ Fourier series
references therejn

* 271'ng )
= — = _f ,
1@.(1)) = | Do(wt))exp(il o). f(p) n;_m fpexp(—ing), f, fo 5 (p)exping)

(12
i . _ ;
[@o(¢))=| 1~ 5 B[ Go(Eg—w)e'¥~Ge(Eq+ w)e e SO thatwe obtain
T Gy(Eg— 20)%¢ 10— G (Ey+ 20) Sii =272, (B +lot fUp— wx—ne)Tr(n),
(13
xe 2T et | ). 4
] ]llpO) @ whereT;;(n) = (i/2)Exf, is theT-matrix element for the ex-

change of laser photongin addition to the absorption of
G.(E) is the time-independent Coulomb Green’s functionone x-ray photon The processes with<<O correspond to
andl,=0.5 a.u. andjy(r) = 7~ Y2exp(-r) are the ionization stimulated emission, while the processes with O corre-
energy and the wave function of the ground state of the hyspond to the absorption af photons. The matrix elements
drogen atom, respectively. The final stdtg¢(t)) is the that appear inf(¢) can be computed analyticaligee the
laser-modified atomic-hydrogen continuum state. This statéppendiX. For the computation of the matrix elements with
can also be approximated by a perturbative solution, similathe time-independent Coulomb Green'’s functions its Stur-
to Eq. (4) [24,26, but instead of it we will approximate mian representation can be used, but, in our case, as it was
|®P(t)) by the improved Coulomb-Volkov wave7] shown in[25], the closure approximation with the mean en-
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ergy EO=4/9 a.u. gives satisfactory results. Therefore, we

are left with one numerical integration over that can be
easily done. From the energy-conserving conditiEQf

=wx+tnNow—Iy— %Up it follows that the laser field induces
an increase of the binding energy Bpr that is in agree-
ment with the experimenf5] (for a monochromatic laser
field this increase i&J,, while for our bichromatic field we
have an extra increase hy;,/4 because of thea? field com-
ponenj.

The differential cross sectio(DCS) that corresponds to
the exchange oh laser photons, normalized to the flux of
incident x-ray photons, is defined 20]

do(n)
dQ

=2w‘|”—xxkf<n>|Tﬂ<n>|2, (14)

where kf(n)=(2Ekf)1’2 is determined by the energy-

conserving condition. The total cross sectid@CS) for the
exchange oh photons is

a(n)=f

Denoting byn, the smallest negative integer for whik% is
still positive, one obtains for the TC&ummed over alh)

do 2o

a0 (19

©

Oiot— 2 o(n).

n=ng

(16)

Ill. NUMERICAL RESULTS:
MONOCHROMATIC LASER FIELD

We shall first compare our results for the x-ray photoion-
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FIG. 1. The TCS(in a.u) for the photoionization process in the
presence of a monochomatic laser field as a function of the number
n of exchanged photons fap=1.17 eV, wx=50 eV, andl=5
X 10* W/cn?. Filled circles correspond to the(n) defined with-
out the factork; .

t

n

tion for a hydrogen atom in the presence of both fields. The
authors claim that they verified that their results are quite
different from the results of Leonet al. [15]. This means
that the approach of Leonet al. is not applicable for the
laser field parameters considered[&2]. However, as our
Fig. 2 shows, our method gives quite satisfactory results. The
only difference between the results ofMardet al.[22] and

our results appears for Fig(@, where our peaks are slightly

ization cross sections in the presence of a monochromatiguppressed close to the threshold. This difference is expected

laser field with the results of Reff15,22,19. In the paper
by Leoneet al. [15] the initial state was the ground state of
the hydrogen atom and the final state was the Coulom
Volkov wave with an extra gauge factofdq(t))
=exdiA(wt)-r]] iy exp—ilks- a(wt) +U(t) + Ey t]}. The

b-

because for small values E‘kf the influence of the atomic

hydrogen bound statgsvhich is not taken into account in
our improved Coulomb-Volkov wavedecomes important.
All other features of the photoelectron spectra presented in
[22] are recovered.

agreement between their and our results is good for low We have also compared our results with the results of
laser-field intensities. For the higher intensities we have nowork by Ciongaet al.[19]. They have presented the DCS as
ticed some differences. As an example of this, in Fig. 1 wea function of the polar anglé for two different geometries:

present the TCS as a function of the numbef exchanged
photons for w=1.17 eV, wy=50 eV, and|=5x10"
Wi/cn?. These results correspond to the results presented
Fig. 5 in[15]. Filled circles on our figure correspond to the
o(n) defined without the factok; (as it was done if15];
this factor comes from the density of the final sja@ne can

i < i o
notice that for|n|<8 the sidebands that correspond to theﬁv, and the caseS—+1. The chosen laser-electric-field

stimulated emission processes are larger than those of t
absorption. This is more pronounced thariib]. For higher

intensities and frequencies these differences become more

important and they are significant close to the threshold
=ny. In order to illustrate this, in Fig. 2 we present the TCS
o(n) as a function of the photoelectron energy o 1.55
eV, wy=13w, and () |=5x10" W/cn?, (b) |=3x10%
Wi/cn?, and(c) 1 =1.75x 10" W/cmP. These results corre-
spond to the results of Fig. 2 in the paper byniged et al.

eley (in this case the results do not depend on the azimuthal
angle; the results of our Figs. 1 and 2 are for the parallel
Igr]]eometry caseandel e, (with the azimuthal angle equal to
7/2). Unfortunately, if19] the influence of the ponderomo-
tive potential was neglected. They considered two cases of

the high-frequency photon energyy=16 eV andwy="50

s?rengths werdE;=0.01, 0.02, and 0.03 a.u., whicfor »
=1.17 eV} correspond toU,=0.368, 1.47, and 3.31 eV,
respectively. Our energy-conserving condition, o= 16
ev, givesEkf=(2.39t 1.17) eV-U,, which shows that, in

this case, the neglect &f, is a very crude approximation. In
the case oh=—1 andE,=0.03 a.u., one even obtaif,
<0, which is impossible. Therefore, we will consider only
the casewx=50 eV, for whichU, can be neglected. We

[22]. In [22] the photoelectron spectra are obtained via th€found good agreement. This can be seen by comparing our

numerical solution of the time-dependent Salinger equa-

results presented in Fig. 3 and the results of their Figs), 4
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FIG. 2. The TCS as a function of the photoelectron energy for the monochromatic laser field of frequet &b eV, wyx= 13w, and
(@ 1=5x 10" W/cn?, (b) I =3x10'2 W/cn?, and(c) | =1.75x 10 W/cn?.

6(b), and 8b). We have also taken into account that their4 we present the results for the DCS for one-photon absorp-
definition of the DCS is different from ours by the factor tion, parallel geometry, and=1.17 eV,wyx="50 eV, andl
2/Ks . =3.51x 10'2 W/cn?. From Fig. 4 the approximate symmetry
dp—2m—¢ and the exact symmetry § 6)«—(d+m,m
— 6) can be easily recognized.

Let us now consider the TCS for the same values of the
frequenciesw and wy and the intensity as in Fig. 1. Our

In the case of a bichromatic laser field we have an addinumerical results show that the TCS changes significantly
tional parameter: the relative phagebetween the laser-field with the change of the phageand that the TCS exhibits the
components. The exact and the approximate symmetry pro@xacto(n,¢+ ) =o(n,¢) symmetry and the approximate
erties of theT matrix and the cross sections are analyzed irsymmetryo(n,27— ¢)~o(n, ¢), which is discussed in the
the Appendix. In order to illustrate these symmetries, in Fig Appendix. In Fig. 5 we compare the monochromatic results

IV. NUMERICAL RESULTS:
BICHROMATIC LASER FIELD
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FIG. 3. The DCS, multiplied by the factork/, as a function of
the scatering angle for the monochromatic laser-electric-field
strengthEy=0.01 a.u.,0=1.17 eV, andwyx=50 eV. Continuous
and dotted curves corresponds to the parallel geomelfey X and
to the left ordinate’s scale, while the dashed curve correspond to th
perpendicular geometryéL éx) with the azimuthal angle equal to
/2 and to the right scale. The continuous curve corresponds to th
stimulated emission of one laser field photon, while the dotted ant
dashed curves correspond to the absorption of one photon.

Polar angle (degrees;

(continuous bapsof Fig. 1 with the bichromatic results with 40
¢=0 (dotted line with the filled circlesand ¢= 7/2 (dashed
line with the triangles Contrary to the monochromatic case,
the ¢=/2 curve has a pronounced maximum fo=0, 5 % o i 20(‘) e o0 s
while the =0 curve has two maxima aroumd= =5, with Phase (degrees)

a minimum between them. This behavior of the TCS can be

connected with the behavior of the generalized Bessel func- -\~ 4 e DCS for the x-raydy =50 eV) photoionization

tions. assisted by a bichomatic laser field of frequeney 1.17 eV and

Finally, in FiQ- 6 we present a ser_ies of results for theintensityl =3.51x 10'> W/cn? as a function of the relative phage
DCS as a function oty and ¢ for the different values oh 514 the polar angl@, for one absorbed photon. The geometry is
and for the laser and x-ray field parameters as in Fig. 3. Thgaraljel.

geometry is parallel. The conclusion is that we have a strong

CPC effect that also depends on the number of exchang&ghanged photons and on the geometry of the photoionization
photons. process.
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the matrix elements. The contributions of the laser-field

dressing of the ground state are small and can be treated APPENDIX

within the closure approximation. Using these results we

were able to show that the cross sections are invariant under In tfh's;] aprpendn_( we Zhaﬂl consider the_ symfmetrﬁ/ plr oper-
the substitution ¢+, 7— )< (¢,0) and that there are ties of the T matrix and the cross sections for the laser-

also approximate symmetrigs— —é and ¢ ¢+ . Our assisted photoionization process. The outgoing electron mo-

numerical results confirm these symmetries. They also shofentum in the spherical coordinates kg=ki(sinfcospix
a significant CPC effect that depends on the number of ex+ sindsing;y+ cos9z). We choose the laser-field polarization
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T depend ong; and the integral ovep; in the TCS gives a
factor 2. For the perpendicular geometry we chodse
v ¢=n/2 l =y and ¢;= /2, so thatey-k;=k¢sing. According to the
\ * results of Sec. Il, thd matrix can be written in the form
—_ \‘\ ; 2w )
3 Yo _ Tn<n;¢>,e>=fo de M(e; ¢, 0)exilig(n;e,,0)],
- I T
3 [ (A1)
= [
< I :
= LS : where
V\V 1
\ M(¢;b,6)= _Ex > Mu(e:¢.6), (A2
i v. m=0,x1%2
% eee
‘ with
0 I |
-5 5 ~
Mo(@; b, 0)=(Pi(o)lr - eltho), k(e)=ki+A(e),
n (A3)
FIG. 5. The TCS as a function of the number of exchanged

photonsn for the same parameters as in Fig. 1 and the paralleRnd (in the closure approximation
geometry. Continuous bars correspond to the monochromatic case

while the dotted curve with the filled circles and the dashed curve
with the triangles correspond to the phage0 and ¢==/2, re-

=2, Mm(e:é, 0)——<¢k o7 - &1 - el o)
spectively. 2(Egtm

_ R Xexgime=xidy 4] (A4)
vector along the axis, so thae- k;=k;cosd. For the x ray

polarization vector we considéas in[19]) two configura-

wherem=+1,+2, EO 4/9 a.u., and the pluéminug sign
tions: parallel geometry witle,|le and perpendicular geom-  stands form>0 (m<0). The functlong(n ©,¢,0), in the

etry with e, e. For the parallel geometry the results do notexponent of Eq(A1), is defined as

n=0 n=9
ZN
£
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FIG. 6. The DCS as a function of the phageand the polar anglé for different numbers of exhanged photoms<0,9,—1,1) and the
parallel geometry. The other parameters are as in Fig. 3.
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g(n;¢v¢10):kfa0C039 [Sin‘P+ %SiW2¢+¢)]+U1(<P,¢) ?i(n?_¢>,9): Ozwd(P M*((p;¢,t9)eXLIig(n;<p,¢,0)].

wherelt; (¢, @) is given by Eq.(8). Using Eqgs.(4) and(9),
for the explicit form of the matrix elements that appear in
M., we obtain

If |argM (@; ¢,0)|<<|g(n; ¢, ¢,0)|, then the DCS satisfies the
relation

oy _ 2 ek ik
Wl &0l = k) 17K

XT(1—i/k)exd m/2k] (A6)

do(n;—¢,6) da(n;e,0)
o do

(A10)

The same symmetry is satisfied in the opposite case when
and largM (@; ¢, 0)|>|g(n;¢,4,6)| [in this case one should
<¢k|f'éxr'é|¢o> compare T¢(n;—¢,0), instead of Tf(n;—¢,6), with

T (n;¢,0)]. Of course, becausg(n;¢,d,8) depends on
co9, there is a small interval ob for which the relation

22 a.kd-k _ . . S|
= [(k—2i)(1+ k2) +3K] (A10) is not satisfied.

T | (1+k?)*(k+i) In addition to the symmetrig@\8) and(A10) there is also
A , an approximate symmetry
&€ i—k\ K _

(1K) (k+i)?) itk F(1-kjexpl mi2k]. do(n;¢+m,60) do(n;¢,0)
a da (ALD)
(A7)
Using these results we found the symmetry property which is connected with the following property of the gen-

eralized Bessel functionsee, for exampl€g,29]):
Tfi(n;¢+77,77_0):I(_l)ani(n;(i),a), (A8)

where the minus and plus signs stand for parallel and per- 2rd
?endlcular geometries, respectively. Therefore, if the results Bn(a,b;fﬁ):f —(Pexp{i[asingo—l— bsin(2¢+ ¢)—nel}
or the DCS are known for € < 7/2, 0< ¢=<2, then the 0o 2m
results forzr/2<#<m can be obtained using E¢A8). The Nk
results of this type follow from general considerations about =(=1)"By(a,b;¢p+m). (A12)
the relation between a shift in relative phasesgand a shift
in the origin of time and space inversigsee, for example, Namely, if the contribution o#/;(¢,¢) in Eq. (A5) is small,
[2]). then the functiong(n; ¢, ¢, 6) is of the same form as the
In addition to the symmetryA8) there are also some exponent of the function under the integral that defines the
approximate symmetries. We should take into account thageneralized Bessel function. For example, éor1.17 eV,
for the higher laser-field intensities multiphoton ionization wx=>50 eV, andl =5x 10" W/cn?, which corresponds to
processes become important. Because we are not consideritige parameters of our Fig. 5, it (¢, $) ~ U /20=0.224
such processes, there is an upper limit on the laser-field im.u. <kfag~ 10 a.u., so that/;(¢,®) can be neglected. If
tensity for which our theory can be applied. For the lasetthe matrix elements that appear M(¢;¢,6) are slowly
frequencyw=1.17 eV the critical intensity is of order ¥0  varying functions ofe, they can be extracted out of the in-
Wi/cn?. In this case our numerical results show that the cortegral overe and we will just rest with the generalized
rections due to the dressing of the ground state are small ariBessel functionB_,(a,a/4;¢), a=k;agcosd, which ex-
one can neglect the contribution of the matrix eleméngs, plains the symmetry propert§A11). From Eq.(A8) it fol-
m=+1,+2, which are proportional t&,=1Y? [Eq. (A4)].  lows that the TCSfor parallel geometrysatisfies the sym-
In this case, after the substitutiop () —(—¢,— @) in Eq.  metry propertyo(n,¢+ 7)=0c(n,¢) and the approximate
(A1), one obtains the approximate relation for thenatrix symmetryo(n,— ¢)=~a(n,d).
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