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We show that the most commonly used high-intensity approximations as applied to ionization by strong
electromagnetic fields are related. We also discuss the applicability of the steepest-descent method in these
approximations, and the relation between them and first-order perturbation theory.

I. INTRODUCTION

The advent of high-power lasers strongly stim-
ulated theoretical studies on multiphoton processes
and, in particular, multiphoton ionization. These
treatments can be roughly divided in two classes:
high-order perturbation theory, which is well
known to be poorly convergent for strong electro-
magnetic fields (EMF), and a class of treatments,
which we denominate generally by high-intensity
approximations, where one tries to incorporate
approximately the EMF to all orders.

Fifteen years ago Keldysh! pioneered the work
in the area of high-intensity approximations, pro-
posing a scheme based on perturbation theory
with a modified basis, which would include al-
ready part of the effect of the EMF. For direct
ionization, the final states are the exact solutions
of the Schrddinger equation of an electron in the
presence of g spatially homogeneous EMF (dipole
approximatioh). Two other approaches were sug-
gested one year later, the first by Perelomov et
al . which was claimed to be more accurate than
Keldysh’s approximation; the other by Nikishov
and Ritus® who studied the solutions of the Klein-
Gordon equation for a spin-zero particle in the
presence of a strong EMF. Recently Berson* and
Manakov and Rapoport® have proposed approxima-
tions that are similar to the one in Ref. 2. Henne-
berger® and Faisal’ applied Kramer’s unitary
transformation® and, starting from the trans-
formed Hamiltonian, sought to build an approxi-
mate solution suitable for the case of intense
fields. An alternative treatment was proposed by
Gersten and Mittleman,® who expressed the trans-
ition matrix in terms of an approximate Green’s
function, constructed from the exact solutions of
the Schréodinger equation of an electron acted by
an EMF in the dipole approximation.

Recently, Brandi and Davidovich!® have shown
that the approximations proposed in Refs. 1, 7,
and 9 correspond to the first term of the same
kind of expansion in the intra-atomic or intra-
molecular potential, and differ at most by unitary
transformations.

4

In the present paper, we use the Green’s function
formalism to show the equivalence of the treat-
ments by Perelomov ef gl.2 and by Keldysh.! To-
gether with the results of Ref. 10, the most fre-
quently used high-intensity approximations are thus
related. Using the gauge ¢ =0, divA =0, instead
of the choice of Refs. 1 and 2 (¢=-E-F, £=0),
we retrieve the result for the ionization problem
obtained by Faisal,” which we denominate space-
translation approximation (STA), except for the
presence of surface terms, which, however, do
not contribute to the ionization rate.

Several criticisms have been presented against
the applicability of the STA to the ionization prob-
lem in the region of strong EMF (see, for instance,
Ref. 11, p. 1381). The retrieval of this approxi-
mation through the usual Green’s function formal-
ism shows, however, that in the case of ioniza-
tion the STA should indeed be valid for fields suf-
ficiently intense such that the expansion in the
intraatomic or intramolecular potential is rapidly
convergent.

Vaidyanathan et al.!? have recently commented
on the agreement between Keldysh’s approxima-
tion and first-order perturbation theory when ap-
plied to one-photon transitions in semiconductors.
They argued that the good agreement obtained
could be fortuitous due to eventual cancellation of
errors introduced by the use of the steepest-de-
scent method and of approximated Bloch’s func-
tion.

In Ref. 10, however, it was formally shown that
the high-intensity approximations lead exactly
to the first-order perturbation-theory results.

In the present work the simplification introduced
by the choice of gauge allows the identification of
the approximations used in the application of the
steepest-descent method as the unique source of
the discrepancy between first-order perturbation
theory and the proper limit of the calculated high-
intensity approximation. We show explicitly that
there is good agreement between both theories
near the one-photon ionization threshold, which
is the region where the saddle-point method is less
accurate. This fact increases the confidence in
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the application of this method to evaluate multi-
photon absorption processes, except for the re-

strictions discussed in Sec. III and in the Appendix.

In Sec. II, we briefly review the Green’s func-
tion approach, using it to establish the relation
between the treatment of Perelomov et al.? and
the other approaches, discussed in Ref. 10.

In Sec. III, we calculate the ionization rate using
the gauge ¢ =0, divA=0, as in the STA (Ref. 7),
and show in the appendix that the saddle-point
method cannot be applied to fields of arbitrary
intensity. We discuss the region of applicability
of this method.

In Sec. IV, we compare our results with those
predicted by first-order perturbation theory.

II. RELATION AMONG HIGH-INTENSITY
APPROXIMATIONS

We consider for simplicity an electron bound by
a short-range potential V(|X|) in the presence of
a spatially homogeneous EMF. The corresponding
Hamiltonian is (in atomic units Z7=e=m =1):

H=H,+H({), (2.1)
where
v? -
H°=——2+V(]x|) (2.2)

and, depending on the specific choice of gauge,
H(#) stands for either

H(b) =Zi A -$+§i—222(t) (2.3)

or
Hyt)=-E -X. (2.4)

In Refs. 1 and 2 the interaction given by Eq. (2.4)
is used, while H,(¢) is assumed in Ref. 7. The
term A2%(t) in Eq. (2.3) is eliminated by a contact
transformation in Ref. 9.

Let ¢¢(§,t) and ¢>f(§, t) be eigenfunctions of H,
corresponding to the initial and final states of the
system, respectively. Let the interaction H(f) be
turned on and off adiabatically. The transition
amplitude from ¢, to ¢, is given by

A= lti_{n M, (t,t0) , (2.5)
[ el
where
M, (t,t,) =i f dx dx’ PR, ) G(XE; X E,) O (X', 1) -
(2.6)

The retarded Green’s function G satisfies the
equation

(ia%—H)G(x,x') =o4x-x7), (2.7

where we set x =(X,#). We also introduce the fol-
lowing retarded Green’s functions:

("a%'”o) Golx, ') = 0%(x - x') (2.8)
and
(i—fpv—;— Fl(t)> G, x") = 8¥x = x') . (2.9)

The functions G and G, are related by the inte-
gral equation:

G(x,x") =Gy(x,x")
+ fd"x"G(x,x”)P—I(x")Go(x’,x’) (2.10)

(symbolically G=G,+GHG,). An alternative repre-
sentation for G is

G=G}+GVG,. (2.11)

The high-intensity approximations discussed in
Ref. 10 are obtained considering G =G, on the rhs
of Eq. (2.10) and taking a plane wave for ¢.(x,?).
This involves neglecting in Eq. (2.11) terms de-
pending on V, and should be appropriate for suf-
ficiently strong EMF.

Now we show the equivalence of the above treat-
ment with the one proposed in Ref. 2. Using the
approximation described above, G=G,+ G HG,, we
can write

t
Myt t) =0,,+i ]t' at’ [ dxax’ opE, 0
0
X Gylor; ) H(x) 0, 1)
(2.12)

As finite limits of integration are used in Eq.
(2.12), we may set the Heaviside step function in
G/ equal to one. Then we may replace GoH by
(-i8/8t’ +3V'?)G, in the integrand of Eq. (2.12), as
it is immediately seen in the case of H=H,. When
H=H\(?), it is necessary first to perform a partial
integration with respect to X'.

After partial integration with respect to X’ and
t’, one gets:

My, =yt MY+ MY (213
where
M =0y, +i [ dxadx o} 0

X G(Xt; X't O (X', 1) (2.14)

and
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M,(ﬂy—f ar’ fd“xds X’ OHE, ) Gyx; ')

s 4 C- TRy
X (1 at'+_2>¢i(x st )-

The term Mﬁ’ comes from the surface contribu-
tions in the partial integration with respect to the
variable ¢'. The partial integration with respect to
the space variables leads to no surface contribu-
tion.

Since

(2.15)

2
(iait+-vz—)¢,(i,t) =v(|Z) e 0, (2.16)

we may rewrite Eq. (2.15) as
t
M@= j: ar f & d% $HE, 1) Gyx, x')
o ,
X V(% )6t

which corresponds to the approximation used by
Perelomov et al.? to calculate the transition rate.

We show below that the surface term M,“‘.’ does
not contribute to the transition rate, which estab-
lishes the equivalence between the scheme of
Perelomov et ql. and the high-intensity approxi-
mations discussed in Ref. 10.

For definiteness let us choose the gauge ¢=0,
divA=0. We then have

(2.17)

’ "N s ’ _dip_ -, _1, LY. l__ 2

Go(x,x)——ze(t—tb)f(zﬂ)aexp[zp (x—x)]exp[—zj;(p-—cA(T)> d'r]. (2.18)
Let

DX, 1) = ¢ (Xe'ht, (2.19)

04X, 1) = p(R)e ¥t 2= m)s—le“"z”z, (2.20)

oK) = fe"“%(?t)dax , (2.21)
and

2 X Kk

a(E, 1) = f (A(T) (Tg k)dT (2.22)
Then

M‘”:-G +(%>L§:lf—/)2 ila @ t)-a(,tg)] 5ikPr2e L)ty (2.23)
and

MP2 = (7‘1’%%(1 +k2)e‘°‘“"”A(t W AN (2.24)
where

A(t,to,E,Ko,Io)=Iotdt'exp{+i f[z += (5-—:& r)) ] } (2.25)

It is clear that, when / -+« and {, ~~«, A be-
comes a singular function, while M/}’ remains
bounded. Therefore M,‘}’ does not contribute to
the transition rate, and the scheme proposed in
Ref. 2 is indeed equivalent to the other approaches.
The different results obtained by Keldysh! and
Perelomov et al.? are due only to different choices
of the bound-state wave functions, and not to a
more exact formulation of Ref. 2, as claimed by
Perelomov et al. (cf. footnote on p. 931 of Ref. 2).

To show that Eq. (2.12) reduces to the usual

—

first-order perturbation theory it is necessary

to assume that ¢,(z‘<, t) is a plane wave. In fact, in
first order of H, G, in Eq. (2.12) must be replaced
by the free propagator and, of course, after in-
tegration with respect to X, we obtain the usual
result.

III. THE IONIZATION RATE
We consider the case of linearly polarized light,

so that A=A  coswt. From Egs. (2.13), (2.23), and
(2.24), we get for the transition probability, for
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finite times (¢,%,), and f#i:
} _1od®) 12
- |Mfilz_ (2,”)3
X [1+2(1, +£%/2)
x Rela* g-ilatktg)- (k21241 ¢4])

+(Io+k2/2)2]Aj2]. (3.1)
We may choose, as usual, ¢{,=-7/2, £ =T/2, and
take the limit T'==. Using in Eq. (2.25) the re-
lation:

+

eia sinwt=ZJ"(a)einwt, (32)

where J (a) are cylindrical Bessel functions, it is
easily shown that

T . > (k’ -A A
- —0
le A(z = , k, KO’ 10) 21 fom JN+zn we )Jn<8wc2)

B2 A2 )
* +%0 —
X 6(2 + 4 +I,- Nw].
(3.3)
Defining, as usual, the transition rate W, as

W, —hml—ﬁ— (3.4)
T—x
it is clear that the only contribution to W,; comes
from the third term on the right-hand side of Eq.
(3.1), leading to

2
WN=21rfd3k6(Nw—70—%)]FN(E)]2,

RIS B W

o we wc?
kz AZ
X 6(10 +E+—4°—Nw> .

(3.5)

Although the transition amplitude obtained by
Faisal’ differs from the present results, the tran-
sition rate given by Eq. (3.5) is exactly the same
as in the STA. This occurs because M‘” can be
discarded and M,"‘;’ differs from Falsal s tra.nsmon
amplitude by a phase factor.

The total ionization rate is obtained from Eq.
(3.5) by summing over all final momenta. The
main difficulty is to evaluate the summation of the
Bessel functions, which can be done approximate-
ly by using the method of steepest descent as sug-
gested by Keldysh! and Perelomov et al.?

Using the integral representation

Z I @ yogD) =

we may write the total ionization rate as

f deet(Ne bsina-mslnzb) (3.6)

W= Wy, (3.7

N3y

where

(3.8)

2 1 2 2 1/2E .
FyB) = (kz(zln el f a6 exP{ [(1+2—7E 5kf;> f —(I_.,) y 4y2 ]} (3.9)
and E,=cA,/w, I,=1[1+1/(2¥9)], y=wV2I, /E,, v=I,/w, and K,=A%. The quantity W, may be interpreted
as the ionization rate associated to the absorption of N photons.

The integral in Eq. (3.9) is evaluated by the saddle-point method, as in Refs. 1 and 2, under the condition
I,/w>1, and as long as E, is much smaller than 9E ;, where E is the intraatomic field (see the Appendix).
This last condition has not been established in Refs. 1 and 2, and imposes a high-intensity limit on the re-
gion of applicability of Keldysh’s formula. For E < 9E,, one has

1 w

B =gy 2 BB (B o[t 2 e )

21 1k Q+r) k2 ¥ ]
~ 220 -1_ —_—
Xexp{ " [<1+2 2+21)'YS inh % 210(1_”/2),,2 .

r

(3.10)

This result is identical to Eq. (53) of Ref. 2 for
the case of a bound wave function of the form e™*"/7.
For other wave functions the differences are due
to the choice of different gauges. In the case of
circularly polarized EMF it is also possible to
show that the results are equivalent to those of
Ref. 2 except for the choice of gauge.

One should note that the dependence of the trans-

ition rate on the bound-state wave function, as
given by Eq. (3.10), is much simpler than that of
Refs. 1 and 2 due to the choice of gauge ¢ =0,
v-.A=0.

From Egs. (3.8) and (3.10), we may proceed as
in Ref. 2 to obtain the total ionization rate. This
establishes the applicability of the STA to ioniza-
tion by strong EMF.
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IV. PERTURBATION THEORY

As mentioned previously, there exists some
interest? in the applicability of the high-intensity
approximations, in particular the Keldysh method,
to few photon processes. In the case N=1 it is
easily shown from Eq. (3.5), that for ¥> 1 the
dominant contribution to the summation comes
from the Bessel function J,(&, -K/wc) =J,(k, Y21,/
wy). If one retains only the first term of its series
expansion the results of first-order perturbation
theory are exactly reproduced.” Therefore, we
are able to estimate the errors in evaluating the
summation in Eq. (3.5) by the method of steepest
descent in its most disfavorable situation, that is,
near threshold ionization I, /w~ 1.

To do this we cannot proceed as in Ref. 2, neg-
lecting the term cos{(4],/w)[(1 +y2)”2/7](k,/\/_27‘,)},
since in the case Y>> 1 this term contributes sig-
nificantly to the ionization rate. In fact from Eq.
(3.10) one easily gets in this limit

2 (Nw)® w | pR)I2
| F(R) 2= @ I W

X [1 +(-1)”(1 —%}ki)]
X exp[I (1 +EI§>] (4.1)

The relevant contribution comes from N=1. If
we assume w~], and, consequently, by energy
conservation, k2<2l,, we must use the expression

|Fy(®)|2= -“’—'—%QT'H exp(1) (4.2)

in Eq. (3.8), and compare this result with the first-
order perturbation theory ionization rate

@k 19K 12 ( k2 )
’ = 101,05 (, & _ ). 4,
Wiz | G a2 k26 5=l (4.3)
This yields
w.
__1=—~
Wi 0.865.

It is clear then that the differences found by
Vaidyanathan et al.!? between Keldysh’s method
and first-order perturbation theory are basically
due to the approximations involved in the use of
the saddle-point method. As we mentioned pre-
viously the choice of the gauge ¢=0, V-A=0
allows an immediate comparison with perturbation
theory. This is not the situation in Keldysh’s re-
sult, since in this case the integral which is eval-
uated by the steepest-descent method depends on
the wave function.

APPENDIX

We show now that, for very intense fields, the
integral in Eq. (3.9) cannot be calculated by the
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usual saddle-point method, as applied by Keldysh,
due to the presence of coalescing saddle points.
Let

£(6) ={3 [( +#+—§;)e

(2 12 9 ]
I—o) siné +Wsm 0 (A1)

The saddle points will be the zeros of f/(8), and
are given by

2\1/2
cosf, = y,——:l 117(1+2£1“> (A2)

0o

The positions of the four corresponding sad-
dle points in the 6 plane are sketched in Fig. 1,
which also shows the paths followed by them as
a function of increasing v, for £,<0, k.=0, and
k,>0. As vy -0, the four saddle points coalesce
in pairs around 6 =7/2,

The integral (Eq. 3.9) can be evaluated by de-
forming the original contour of integration so that
it passes through the two saddle points above the
real axes.

In the usual procedure, the saddle-point contri-
bution is evaluated by approximating f(8) by

(8, +3f"(8)(6 - 6,)%, where 6, is the saddle point.

This cannot be done for arbitrarily high field in-

x
"
o

ko[ oo v [ug0

-
e e

l.<0

- em e e en e e e wm o

FIG. 1. Paths followed by the four saddle points 6y,
0y, 63, and 64 as y increases. The dashed and full lines
correspond to the plus and minus signs in Eq. (A2),
respectively, and

«a=tan -‘[ 2y (1 ) ]
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tensities (when y - 0), since the contribution of the
second- and third-order derivatives are compar-
able in this case.

Indeed, we have, for the saddle point denoted
by one in Fig. 1:

2L, (, K “2[ E2? ( K )
" -1
o= (1 21°> -3 77 Uy

)] w
w [E) . o

1y —!ﬂ _2_ 2_k2l EI
f (91)—w[4+},2+ Io Io

When y -0, we have

2 \1/2
70) -2 (i), (45)
o) -, (46)

and the higher-order derivatives are also pro-
portional to I, /wy or I,/w??. Similar results are
valid for 6,.

Expanding f(6) around the saddle point, we have

() =A18) +3/"(8)(6 -6,
+3ONO=8) + (A7)

In the usual saddle-point method, the range of
the saddle point is defined by

6 2 1/2
6- R
oo )
so that when vy -0, the range of 8, would be given
by
wy 1/2 1 1/4
|66, ”( o) (1 +ki/21°> : (A9)

In this region, the magnitude of the contribution
of the next term in the expansion (A7) would be

% |f’l'(os)||9 - 93'3

1 w 1/2 1
"§(wo> A+~ /20 (A10)

So, this term is negligible if and only if

1/ w )72 1
5(‘_}’-1_0) (_F«I (Al11)
1+ )

0

for all k,, which means that w/97],< 1.

Using that ¥ = wVar, /Eo, and defining the intra-
atomic field as E —(21,,)3’2, we see that this con-
dition is equivalent to E<< 9E 5, which defines the
region of applicability of Keldysh’s approach. For
the hydrogen atom, E;=5.13x 10° V/cm.

ACKNOWLEDGMENT

This work was partially supported by FINEP
and CNPq.

11.. V. Keldysh, Zh. Eksp. Teor. Fiz. 47, 1945 (1964)
[Sov. Phys.—JETP 20, 1307 (1965)].

2A. M. Perelomov, V. S. Popov, and M. V. Terent’ev,
Zh. Eksp. Teor. Fiz. 50, 1393 (1966) [Sov. Phys.—JETP
23, 924 (1966)].

3A. 1. Nikishov and V. L. Ritus, Zh. Eksp. Teor. Fiz.
50, 255 (1966) [Sov. Phys.—JETP '2_3, 168 (1966)].

4L. J. Berson, J. Phys. B 8, 3078 (1975).

N. L. Manakov and L. P. Rapoport, Zh. Eksp. Teor.
Fiz. 69, 842 (1975) [Sov. Phys.—JETP 42, 430
(1976)]1.

éW. C. Henneberger, Phys. Rev. Lett. 21, 838 (1968).

'F. M. H. Faisal, J. Phys. B 6, L89 (1973).

8H. A. Kramers, in Les Particules Elementaires,
Proceedings of the Eighth Solvay Conference, held
at the University of Brussels, 1948, edited by
R. Stoops (Wiley-Interscience, New York, 1950).

%J. Gersten and M. H. Mittleman, Phys. Rev. A 10, 74
(1974).

104, §. Brandi and L. Davidovich, J. Phys. B 12, L615
(1979).

1y, C. Henneberger, Phys. Rev. A 16, 1379 (1977).

24, Vaidyanathan, T. W. Walker, A H. Guenther, S. S.
Mitra, and L. M. Narducci, Phys. Rev. B 20, 3526
(1979).



