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We consider the deep-level absorption of x rays in atoms in the presence of an intense laser field. The laser
field is considered to be small relative to atomic fields but strongly interacting with the outgoing electron,
represented here by a plane wave. The general expression for the x-ray absorption cross section as a function
of the laser field is obtained using the two methods of power-series expansion and asymptotically large fields.
We find that for low fields, the cross section increases as the square of the field, while for large fields it
decreases asymptotically as the inverse power of the field.

I. INTRODUCTION

In recent years the problem of multiphoton pro-
cesses has become an important spectroscopic
tool.}"® In particular, multiphoton absorption in
atoms and plasmas immediately comes to mind.
One possible experiment involves the study of the
change in the cross section of absorption of x rays
in atoms due to the simultaneous irradiation of
the sample by an intense optical laser. Such pro-
cesses are also of interest in the study of laser-
produced plasmas, where x rays are produced as
a result of the interaction of the laser beam with
matter.

In this paper, we consider an x-ray beam inter-
acting with a deep level atomic electron and study
the behavior of the x-ray absorption cross section
in the presence of strong laser radiation. For the
sake of simplicity, we assume that the electronic
states can be represented by hydrogenic wave func-
tions. Then the x-ray absorption cross section in
the absence of the laser can be analytically ob-
tained within the Born approximation.* However,
in the presence of the laser field, the atomic wave
functions are difficult to calculate. Nevertheless,
as will be apparent later, there exists a wide
range of laser intensities for which the modulation
of the deep-level bound-electron wave function by
the laser field is negligible while the laser modula-
tion of the outgoing electron should be taken into
account since the electron can interact with the
intense laser field through multiphoton processes.
Here again, analytic solution for a positive-energy
electron in both the Coulomb and the laser fields
is not available. However, if the energy of the
outgoing electron is much larger than the binding
energy, one can approximate it as a plane wave
modulated by the strong laser field. Therefore,
in the model problem of a plane-wave outgoing
electron, one expects only qualitative agreement
with experiment unless the x-ray energy is much
larger than the binding energy.®

Considering the electromagnetic interaction be-
tween the x-ray photon and the electron to be the
perturbation, transition probabilities are calcu-
lated between the unperturbed states. The elec-
trons are treated quantum mechanically and non-
relativistically, while the laser field is treated
classically since there are a large number of
photons in the same state. Having obtained the
transition probability, the x-ray absorption cross
section is calculated using the two methods: a
power-series expansion and asymptotic-field
approximation. We plot the absorption cross sec-
tion as a function of the normalized field strength
for various values of x-ray photon energies. One
finds a similar behavior at high laser fields as ob-
tained in other processes involving multiple-pho-
ton events.®”

We derive the parameters justifying the plane-
wave approximation for the outgoing electron
and the neglect of the initial Coulomb wave-func-
tion modulation by the laser field. It is shown
that for a large range of values of the x ray, the
laser, and the atom parameters, the present
theory would be applicable for a qualitative esti-
mate of the x-ray absorption cross section.

II. CALCULATIONS

For the calculation of the absorption cross sec-
tion, we first determine the matrix element of the
interaction Hamiltonian

H'=—(e/mc)A D

between the initial and final states of the electron.
Here Kx represents the vector potential of the x-
ray photon and D is the momentum operator. If
x-ray radiation is taken to be plane polarized in
the x direction,

A=A R expling), @
where w, is the x-ray frequency.

The initial electronic state ¥; is considered to

147



148

be the hydrogenlike 1s state unperturbed by the
laser radiation and is given by

iE,t

&)

Py(F, 1) =(ma®)™ /2 exp <— % =
where E,=Z2%¢%/2a, represents its binding energy
and a=a,/Z, with a, the Bohr radius and Z the
nuclear charge of the atom;

)

YT, 1) =exp %('5. rn % [t"ﬁ— %K(t') \zdt'>
®3)

is the final-state plane-wave function (normalized
in a box of unit volume) modulated by the intense
optical field represented by the vector potential
A(#), which is taken to be spatially independent in
the dipole approximation. If we assume the laser
radiation to be a circularly polarized wave of
frequency w, propagating in the Z direction, the
vector potential can be written as

(4)

Using first-order perturbation theory and Eqs.
(1) and (4), the matrix element for a transition
from the state ¥; to the state ¥, due to an inter-
action Hamiltonian H’ is found to be

AD) =A,(¥ coswl +9 sinw?).

; T/2
a(i~f)=- %[m at [ dFr(E DR, )

_ 4 1\~ 87ma®
~ ek P ""(71713) 1+ ?p? /72y
T/2 A eZAZt
2 s ~5)— 0
X ., dtexp — 7 <Qt+ o sin(w? - 6) 27}’202) ,

(5)
where

Q=—p2/2m+ﬁwx—Eb )
A=eAyp,/mc=(eE,/mw)p, ,

6 =tan™(p,/p,) .

Here p, refers to the component of p in a direc-
tion perpendicular to the direction of propagation
of the wave (the z direction). The transition prob-
ability per unit time is

- do

0=(2n—1ﬁ)”fdp a % > fﬁdpf

Nz =0

T+ a?p? /7B)*
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mc(l + a?p? /i)

xi JEN/Tw)d(Q - niiw) ,

N=moo

where J,, is the Bessel function of order .

(6)

In obtaining Eq. (6), we have omitted the term
e®A%/2mc? from the argument of the 5 function.
This term represents the average kinetic energy
shift for an electron having a momentum p, in the

presence of the laser field. It should be noted

that similarly the second-order energy shift of the

ground state is given by

DIH|s |HIb
oL (ALY,

where (E, - E,)>iw. Here |s)and E, are the ex-
cited-state eigenfunctions and eigenvalues, re-

spectively, and
=_ (iefi/mc)V-A .
Using [§,H]=ih§/m we find that

AE,=

21’}’[ 27{2 <Ol x px

which equals the uniform energy shlft of the final-
state electron. We thus obtain that AE, exactly

cancels the A2 term in the argument of the 6 func-
tion. Hence the energy E, is truly the unperturbed

ground-state energy of the bound electron.

The presence of the multiphoton processes is
evident from the energy conservation requirement

represented by the argument of the 6 function.

The interpretation is that positive values of n cor-
respond to the absorption of » photons, negative
values to the emission of || photons and summa-
tion over all n’s must be carried out to add up the
contribution of all such processes to the absorp-

tion cross section.

On dividing the transition probability per unit
time by the incident flux of the x rays, the differ-

ential scattering cross section is obtained as

do Gare?a®p?
as - mEca (1 +ap? [iE)

XE JEN/Tw)d(Q - niiw) .

To obtain the total absorption cross section, one
must integrate over all possible values of p. Thus

the total cross section is

4 L3144
PSMO 125 /rio)5(9 — nitw) .

On carrying out the p integration using the 6 function, the cross section becomes

_ 327e?
mew,a’

T41 +np)5/?
1+ 7T +nBT)*

3
n==1/8

<2m(hw - )5/2

f"de sin®0 J2([§(1 +np)/2/BT*/?]sind),
0

(M
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where B=7w/(Fw, - E,) and we have introduced an atom-x-ray dependent parameter T = (fw, - E,)/E,

and an atom-laser dependent parameter &§ =2eE0a/ﬁw.

The field-independent absorption cross section o, is contained in Eq. (7) for o and is obtained by letting
A,—-0. Then, as expected, the only term that contributes is »=0 to give

_ 1287¢’ 7 s/2 4 ©
%= Smcwa <2m(h‘wx— ,,)> d+7*’
and Eq. (7) is rewritten as
g _3 4 (L+np)y” g i39 72 1/2 1/27 3
o "1 1+7T) 2 (1+T+nBT)4£ do sin®0 J2([E (L +np)L/2/BT/2]sing) . 9)

The integration over ¢ in Eq. (9) cannot be performed exactly to obtain an analytical result for ¢/o,.
Therefore we obtain approximate values for the cross section by using (i) power-series expansion for the
J2 functions and (ii) asymptotic approximation for JZ functions with large arguments.

A. Power-series expansion

The J2 function occurring in Eq. (9) can be replaced by a formal power-series expansion. Then the 6
integration can be easily performed term by term. To the dominant order in 3, the absorption cross sec-

tion can be represented (Appendix A) by the series
=, §2m 3(m+1)

2m+3)2m+1) oos (5-2m+2p)(—=1)?45°6°-° (4+p— 1)

T 2m+3)(2m+1) =

The above series in powers of §2/T is found to
diverge for §T-'/2 =2 (see Appendix A). There-
fore, it is primarily useful for obtaining the cross
section for low-field values with the low-field pa-
rameter given by §2/7. It is worthwhile to obtain
the first few terms of the series in order to ob-
tain an order-of-magnitude estimate of the cor-
rection to the cross section. To order 8%, E
(10) becomes

2
g =1+§ & (1_ 16T_)
00

1T (! 371y
9 & RT(T-1y
BT\ T T @ 1e
6
‘Tée%(l (Tlff)s (37— 60T° +1307*

- 60T +3)> . 11)

Thus, to the lowest order, the correction to the
cross section is of the order §2/T. This value is
of the order g% =[#w/(fiw, - E,)? smaller than has
been previously suggested in the literature.?

In order to discover the reason for this dis-
crepancy, let us consider the term proportional
to &2 in the power-series expansion in Eq. (9).
The contributions to this order come from the val-
ues of #=0 and +1. Here the contribution from
n=1 represents the process where only one photon
is absorbed from the laser field, i.e., the kinetic
energy of the outgoing electron is given by 7w,
+7%w- E,. The correction to the cross section
contributed by the n=1 term is proportional to §2/

22mP(2m — ;b)'P‘(l +1/TY

(10)

T@? to the dominant power in g<<1 and is in agree-
ment with the result of Ref. 2. However, in order
to get the correct §% term, where no measurement
on the outgoing electron is performed, one must
also consider the other two contributions. One of
them, given by n=-1, represents the process in
which the outgoing electron, stimulated by the
strong optical field, emits an optical photon. This
term, to the dominant power in g, exactly equals
the n=1 term. The other contribution, coming
from =0, arises from

the interference between the field-independent
matrix element and the matrix element of second
order in the optical-field parameter. This second-
order matrix element represents the process in
which the outgoing electron first emits (absorbs)
and then absorbs (emits) an optical photon, thus
reaching the same final state as in the case of no
electron—-optical-photon interaction. This contri-
bution to the cross section is negative and exactly
cancels the positive contribution (to the dominant
power in g) arising from the process in which the
electron physically either absorbs or emits an op-
tical photon. Therefore, the calculations must be
performed to higher powers in g in order to obtain
the term proportional to §2.

On summing up the contributions from »=0 and
+1 terms, we find that the first nonzero terms are
of the order 82/T, and not §2/TB%. These results
have been reported elsewhere.®

The parameter 8°/T =26°E}/mw*(hw, - E,) is es-
sentially the ratio of the classical kinetic energy
of the electron in the presence of the field and the
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kinetic energy imparted to it through absorption of
the x-ray photon.

B. Asymptotic approximation

When the parameter §/87*/2 occurring in the
argument of the J2 function is large, one can make
use of the asymptotic approximation for J2 in Eq.
(9), and as shown in the Appendix B, the absorp-
tion cross section in this limit is given by

2 =5 Grr A2)-12,), (12a)
where
1
O Tty
x{1+3T+3TZ
+(2/82)[3TZ(1+T+TZ)+(1+T?)]},
(12b)
2 1/2
foigﬂ [*% 77 -G%”) ] ; (120)
8 1

§ (18 i/
Zz=7—,17§|:+2m+<17+1> :I.

Here it must be pointed out that while the power-
series expansion given by Eqgs. (10) and (11) is
valid for relatively low field values such that
8T"1/2<2, the asymptotic approximation leading
to the result given by Eqgs. (12) holds good as long
as §BLT-1/2> 1, Thus there is a large range of
values of & for which the domains of the validity
of the two approximations coincide, and either of
them can be used to obtain the cross section which
was evaluated numerically and is presented in Fig.
1.

It should be pointed out here that these results
are valid only for values of B<< 1, which is the
usual situation for experiments to date. However
a situation may arise for which 3 is not so small,
for example, for coherent ultraviolet and soft x-
ray sources. To obtain the results for such a
case, for low fields, we extend our calculations
and retain the next higher-order term in § in the
power-series expansion given by Eq. (Al). One
finds that for low fields, the cross section
changes by a factor of 1+Ap? where A depends on
the parameter T and is of the order unity or less.

III. RESULTS AND DISCUSSION

In the previous section, we have obtained the ab-
sorption cross section for the x rays in the low-
field and asymptotic-field limits. The low-field
result, represented by Eqgs. (10) and (11), is of
use mainly when processes involving only a few

photons are being considered. With the present-
day laser strengths available, the asymptotic-
field-limit result, given by Eq. (12), is more
likely to be of chief interest.

In Fig. 1, we plot 0/0, obtained from Eq. (12) as
a function of the field parameter § for various
values of T'. The cross section first increases as
&2 as predicted by Eq. (11) for the low-field case.
For increasing § values, 0/0, reaches a peak and
finally for higher fields, decreases asymptotically
as 1/8. This behavior is reminiscent of other
phenomena involving multiphoton processes such
as “multiphoton ionization” in atomic systems®
and high-field heating of electrons in plasmas”’
where one also encounters a drop in the “efficien-
cy” of the laser at very large fields. Thus our
finding is in sharp contrast with the results for
large fields presented in Ref. 3 where the cross
section seems to increase monotonically with the
field. In addition, our results differ from Ref. 3
even at low fields, where our cross section, Eq.
(11), is shown to depend explicitly on 7', the ratio
of the kinetic energy of the outgoing electron to the
binding energy, whereas no such dependence is
found in Ref. 3. We cannot make a detailed com-
parison of our results with those of Ref. 3, where
only final results were quoted.

To explain these results, one can argue that for
low fields, both absorption and emission of » pho-
tons are equally possible and the opening of extra
“channels” for the final electronic state results in
an initial increase in the absorption cross section.
However, at intermediate fields, the emission of
photons reaches a saturation since energy conser-
vation puts an upper limit of (Zw,~ E;)/Zw on the
maximum number of photons that can be emitted.
Here the cross section tends to level off.

0 10 20 30 40

50 860 70 8 9 100 110 120

FIG. 1. Normalized absorption cross section 0/0; as
a function of the field parameter § =2¢E ja/fiw for various
values of the parameter T = (iw,—E;)/Ey.
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For even higher fields, in addition to this limit,
the electron is moving at very high velocities, and
the effective coupling between the final electronic
state and the initial Coulomb wave functions is
very much reduced. This results in the reduction
in cross section at very large fields.

The above reasoning is consistent with the be-
havior of the absorption-cross-section curves for
increasing T values. T is essentially a measure
of the energy of the incident x-ray photon. For a
more energetic x-ray photon, the electron is
ejected from the atom with higher kinetic energy
and in turn can emit more photons itself through
stimulated emission. Thus, an increase in the
maximum number of emission photons results in
a higher value of the laser field where the leveling
off of the curve starts. Thus the peak value of the
absorption cross section is higher.

This behavior of the cross-section dependence
on the parameter § naturally leads one to look for
the electric field at which the laser is most effi-
cient in changing the absorption cross section.
This field is obtained from & ,,,
as the value of § for which 0/0, is maximum. Us-
ing the curves in Fig. 1, one can read-off §,,, for
various values of the parameter 7. When &, is
plotted as a function of T (see Fig. 2), one finds
a linear relationship between the two parameters
for T>1. This simple result is difficult to obtain
directly from the rather involved formula given in
Eq. (12). However, it leads to much simplification
in choosing proper values for the various param-
eters for the process. One finds from Fig. 2 that
for the range of values considered, &, is not
very far from being equal to 7. Since we are es-
sentially looking for the value of § around which
the laser will be most efficient, we simply take
8 ax=T.

The results obtained so far have been completely
general with regard to the atom, laser, and the
xX-ray parameters. The main limitation here is
the neglect of the modulation of the Coulomb wave
function by the laser field. For this, one requires
that the laser field, E,=7w8 /2ea be smaller com-
pared to the atomic field E,; ;.= Z3%/a2. As dis-
cussed before, we can replace § by §_,,=T for
the most efficient laser field and obtain the condi-
tion as

54.4Z% /iw(eV)>T . 13)

It is easily seen that there exists a wide range

of values of the parameters w, Z, and 7T for which

the above condition can be satisfied. Consider,
for example, a 100-keV x-ray photon ejecting a K-
shell electron from an intermediate mass atom;
i.e., we take E,; ..~ 8 keV in the presence of a
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FIG. 2. Plot of &max (the value of § at which the cross
section is maximum) vs T = (fiw, —E})/Ey.

Nd laser (w=1.8X10'S sec™). These parameters
result in a value about 4.5 X 10* for the left-hand
side of inequality (13) while the right-hand side
equals 11, thus implying E,<<E ;.- The value
8 nax =11 corresponds to a laser field intensity of
about 4 X 10'®* W/cm?. This value is quite high,
but is within the range of present day lasers.
From Fig. 1, one obtains a value of 0/0,~2 for
the parameters chosen above.

As another example, consider the case of a
light atom like deuterium absorbing a 1-keV x
ray in the presence of a CO, laser (Zw=0.1 eV).
Using these parameters, one obtains 7'~ 80 while
54.42%/fiw(eV)=544. Thus the condition repre-
sented by Eq. (13) holds. These values result in
an absorption cross section ¢~ 360,.

In conclusion, in this paper we have calculated
the absorption of x rays in atoms in the presence
of laser radiation and have obtained universal
curves showing the large effect of the laser field
on the absorption cross section.

APPENDIX A

In order to be able to perform the 6 integration
in Eq, (9), we use for the J2 functions the power-
series expansion given by®

2 _ 3 (—l)k(2|n|+2k)!yzlnl+2h
Jn(y)" ?;.; 22|n|+2k-[(lnl+k)I]Z(ZInl+k)!k!

and integrate term by term. The result is
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(1+np)inisess/a /g \zlnliza 3(Inl+k +1)(=1)*
(1+T)“’.=_Zw;/_,j0 T T <BT1/2> BT+ 2k 3 I+ 2k + DRI NI+ B B (A1)

The above result is exact and can be employed to obtain a power-series expansion in powers of §. How-
ever, after the first few terms, it becomes very cumbersome to obtain the coefficients. In what follows,
we shall express the result in a more manageable form by expanding it in powers of 8 and keeping only
the lowest-order terms. This approximation is justified since for a case of practical interest B=h‘w/(h‘w,
- E,;)<<1. Inthe same spirit, the lower limit in the » summation is allowed to approach —«. Thus, on
combining the positive and the negative n terms, Eq. (Al) takes the form,

o . o[ & \*  3(k+1)(-1)*

0—0—1+;<3TW> Q@E+3)2k+1)(E!)Y
EN R (L+npg)mres/e (1 - npyrrse/z § |22k 3(n+k +1)(=1)*
*;;0[[1”";3/(1#)]4 1- TnB/(1+T)]](ﬁT1/2> G E T )@tk D )R B2

Furthermore, the terms inside the large square brackets can also be expanded in powers of 8 to obtain
the double summation,

SN 2m+k+d) Ak s) e (nrh+3—1) (14456 (44+p— 1)(np)***
22 TP\ (L4 1/T)

l+p=even

©

Z 2L 2n+2k+3)2n+2k+1) o (2n+2k+5 - 4j+2p)(~1)P4+5:6+°+ (4 +p — 1)(nB)2’
5= = 22 - p)Ipt (L +1/TY

The j=0 term in the above expansion exactly cancels the second term (containing E;:l) on the right-hand
side of Eq. (A2). This is seen by making use of the identity

. (-1)m2* (o0, 1<i<m
— (m+n)!(m-n)!—{ =" 1=m (A3)

On further simplying Eq. (A2) by substituting m =n+k&, one obtains

v &\m 3(m+1)(=1)™"
o ,,._m< )B @m+3)@m +1)(m +n)!m - n)!

L 24
2 2m+3)2m+1) s« (2m+5—4j+2p)(—=1)?4+ 562+ (4+p — 1)
X;("‘”’,Z,; 227512 5 _ pYipl (1+1/T)P (a4)

An expansion of Eq. (A4) in powers of 8 shows that all terms containing negative powers of 8 vanish;

e., the j summation actually starts contributing at j=m. As previously discussed, we keep only the low-
est-order terms in powers of 3. Hence the only term contributing significantly from the j summation is
j=m term and Eq. (A4) reduces to

o Z“’:<52>m 3m+1)(-1)" Z (2m+3)2m+1)s + « (5-2m+2p)(~=1)24+ 5+ ++ (4+p—-1)

o 2\ T) EmraensD & TG - PP (L 1/

m=1

m (_1)"n2m
XZ (m+n)!(m -n)! (a5)

n=1

Using Eq. (A3) in the above equation results in the power series given by Eq. (10). In Eq. (10), the leading
term for each coefficient in the power series is given by p =0 term. A comparison of the (m +1)th term
with the mth term as m -« shows that the series is convergent only for§/7*/2< 2.

APPENDIX B

When &/B8T*/2> 1, one can obtain an asymptotic approximation for Eq. (9) which is rewritten as

3 = (LengP”
=g 3 &,_%741( (8/BT*/%)(1+nB)?) , (B1)
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where

1(t) = f " 46 sin®0 J2 (¢ sind)
0

_2rt ylay
—tsj; (75:'3,-2')*1%%07)- (B2)

Now J 2(y) is very small for »# >y, while for y
>>n it behaves like 1/7y. Thus for n> (8/BT* %)
(1+np)'/2, the nth-term contribution to the sum-
mation in (B1) is extremely small, and we can re-
strict the positive-n summation to M, the positive
root of the equation,

n=(&/BT* ) (1 +np)/? . (B3)

For the same reason, the negative-n summation

is restricted up to N, the negative root of Eq. (B2).

These values are obtained as
& 1.1 8 (8 \?
megpin [rg (& 01) ]

1 8 2 1/2
N=l§—1‘,§ﬂ§[+'2-§,m—<%+1> j| . (B4)

As a pictorial representation of this approxima-
tion we present in Fig. 3, a plot of v,=(&/8T*/2)(1
+npB)*’? as a function of n. M and N are the values
of n where this graph intersects the lines y,=n
and y,=-n respectively. Essentially, the approx-
imation made above is that instead of integrating
over y and summing over » over all the area under
the curve, we only take the shaded area (y,= In\)
into consideration since contribution of the un-
shaded area to the cross section is very small. In
addition, when y >, a good approximation for in-
tegration purposes is

Yn

EBTI2

B N 0 n M
FIG. 3. Function y,= &/BTV A+ B vsn.

T20)=1/70% —n)
Thus we obtain
o 3 (1+np)3/2
;(,-74. (1+T)4:/-:1, (1+7T+Tnp)*
XI((8/BT*/2)(1+nB)'?) ,

where

2 t y3 dy 2 +n2
I(t):‘n_ﬁ _/"' =P )2 YL
Approximating the summation over » by an in-
tegral and using Eq. (B6) in Eq. (B5), one obtains

o 3 T2 M 14+Z+TZ2/8°
g2 1+T4—f az
0'0 8( ) g N

s 1+T+TZ)* -
Performing this integral leads to the result given
in Eq. (12).
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