angle of resolution of the detector, f; <1. In this case
we should point out that in an experiment carried out on
silicon crystals,!! the TDS intensity may amount to up
to 40% of the overall scattering intensity in the Bragg
reflection. Judging from the estimate given above, we
can only expect this fraction to increase for protein
crystals,

TDS may significantly influence the determination of
(x?), if f, ~1. Infact, (x?) is extracted from the experi-
mental data by determining the dependence of logP on
Q% From Egs. (9)-(11) we obtain

log P=—(1—fa) <z*>Q@*+const, (12)

if Q¥ x?) <1 (for the first Bragg peak, QXx?)~107%), so
that the experimental slope proves to be — (1 - £, Xx?),
and not - (x?),

Thus, for a crystal comprised of large biomolecules,
Jo may be ~1; and consequently the experimentally de-
termined (x?) in x-ray diffraction will be significantly
less than the true value.

In the case of RSMR, TDS is easily separated from
the elastic scattering by the Mossbauer detector, and
consequently the determination of (x?) by this technique
should be more accurate,

CONCLUSION

Thus, in our work we determined the amplitude of the
mean square atomic displacement (x*) for myoglobin in
the crystalline state by the technique of measuring the
Rayleigh scattering of the Mossbauer radiation (RSMR).
We have taken the RSMR spectra and determined the
fraction of elastic scattering for crystalline myoglobin,
the buffer, glycerine, and water. We developed a tech-

nique to separate (x?) for the Mb molecules from a
crystalline sample comprised of molecules of buffer
solution and myoglobin., The value of (x?) experimental-
ly measured using RSMR proved to be significantly
greater than the (x?) measured by x-ray diffraction.

We show that in the case of crystals comprised of large
biomolecules, thermal diffusive scattering (TDS)
strongly affects the value of (x?) experimentally deter-
mined from x-ray diffraction, leading to a significant
under-estimation of these values compared with the
true ones determined by RSMR.

In conclusion, the authors express their thanks to
V. A. Namiot for useful discussions,
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Scientific Research Society.
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The probability of nonresonant ionization is calculated for the case of atoms in a strong stochastic low-
frequency electromagnetic field. The calculations are made with accuracy up to the coefficient of an

exponential function. It is found that, as in the case of a monochromatic field, the probability of ionization by
a stochastic field is determined by a single parameter; it is called the stochastic adiabatic parameter. The well-
known limiting cases of a stepwise many-photon process and of tunnel ionization are discussed. A general
expression is derived for the statistical factor which characterizes the ratio of the ionization probabilities in
stochastic and monochromatic fields with the same radiation intensity. The known experimental results agree

well with the calculations.

PACS numbers: 32.80.Fb, 32.80.Kf

The study of the features of the process of ionization
of atoms by a field of stochastic radiation is a subject
of present importance in theoretical and experimental
spectroscopy. After the fundamental work of Keldysh,!
who investigated the basic laws of the ionization of
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quantum systems by a strong coherent electromagnetic
field, the development of powerful lasers made it

possible to study this process experimentally for spe-
cific atomic systems (see, for example, Refs. 2 and 3
and the literature they cite). However, since present-
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day lasers produce radiation which, strictly speaking,
is incoherent, definite difficulties are encountered in
comparing the experimental data with the theory. Be-
sides this, it is often better to use for experiments
laser radiation with a large number of longitudinal
modes, Both theoretical*~" and experimental® analyses
show that the intensity distribution of such radiation

is close to an exponential law; i.e., the statistics of
this radiation is Gaussian,

Accordingly, the qualitative agreement of the ex-
perimental results on many-photon ionization of atoms
with the theory calls for additional theoretical investi-
gation of this process, with the stochastic character
of the laser radiation taken into account. Some fea-
tures of the ionization of quantum systems by stochas-
tic radiation have been given in several papers.®~!! In
particular, specific numerical calculations have been
done of the so-called statistical factor G, which is the
ratio of the probabilities (W and w) of ionization of an
atom by fields of stochastic (W) and of monochromatic
(w) radiation with the same value of the field-strength
amplitude. These calculations were done for five-
photon ionization of xenon atoms!®!! by radiation from
a neodymium laser. These results, however, are not
of a sufficiently universal character.

A more general theoretical analysis of the effect of
the coherence of radiation on the process of many-
photon ionization of an atom was made in a paper by
Karapetyan.® On the basis of that work we make in this
paper a numerical universal calculation of the statis-
tical factor for nonresonant ionization of atoms, using
the adiabatic approximation and working to exponential
accuracy.

The most interesting region for experiments is that of
low frequencies (w< E,, where E is the energy of the
discrete ionization level) and high intensities & of the
field. One example is the ionization of inert gas atoms
observed in fields with intensities 10°-10® V/cm,'2-1*
Under these conditions the probability of ionization by a
monochromatic field with frequency w and intensity &
is given (to exponential accuracy) by!

w=exp[—2nf(1) ], 1)

- 1 _ 1 2% 2)
f("{)—(HW)arsh'r Fr+"
where n=E,/w, i.e., n is equal to the multiplicity of the

many-photon ionization. The condition for the adiabatic
approximation is #>1, The quantity

y=0(2E,)"|&
is called the adiabatic parameter. A system of units
is taken in which m =e=% =1,

Accordingly, many-photon ionization by a mono-
chromatic field is characterized by a universal function
of a single parameter ¥. The form of this function is
shown in Fig. 1. For y<1 we have from Eq. (2)

Fr)=2v/3

and then from Eq. (1) we get the probability of the tunnel
transition
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FIG. 1. The universal function f(y) of the adiabatic parameter

v, which determines the probability of many-photon ionization
in a monochromatic field.

w=exp[—4(2E,*)"/3&], . ®3)

which agrees, up to a multiplicative constant, with the
probability of ionization by a constant electric field
In the opposite limiting case ¥>1 we find from Eq.
(2) that f(¥) =In(2v/€'?), so that from Eq. (1) we get

w=(e"&/20 (2Es) ") (4)

This is nothing other than the result of n-th order per-
turbation theory. A power law for the ionization
probability is realized at not too high values of the field
strength &, of the order of 10*~10° V/cm,'?-1% as we
see from the definition of the adiabatic parameter 7.

In a stochastic (Gaussian) field the ionization proba-
bility is given by the expression

W=‘-;:zfexr>{~2nf('r)—-—zr:}@’dé’» ()

where & =(#?)? is the rms value of the intensity of the
stochastic field. Our problem is to calculate the ex-
pression (5) with exponential accuracy.

Before doing the calculation, let us consider the
question of when the averaging procedure defined by
Eq. (5) is justified. In principle one should determine
the amplitude for the ionization transition in the non-
monochromatic field and then take the square of its
absolute value. Instead of this we take the square of the
absolute value of the amplitude as calculated for a
monochromatic field, and then average it over the
various harmonics. These harmonics correspond to the
Fourier series expansion of an external field with mag-
nitude & varying randomly with time.

This approach to the averaging of the probability is
obviously justified when the field strength amplitude &
varies randomly and sufficiently slowly, From the
mathematical point of view this means neglecting the
damping of the correlation function (#(#)# (0) of the field.
This is justified when the characteristic time 7 of the
random variations of the field amplitude is large in
comparison with the transition time 1/w. This ap-
proximation, which is valid far from thresholds of
many-photon transitions, can be violated near such
thresholds, i.e., when with change in frequency the
minimum number of photons necessary for ionization
changes by a unit. In fact, when this is so the quantity
w is small and the condition 7>>1/%» may not be satis-
fied. The thresholds are clearly marked only in weak
fields, or more precisely under the condition ¥>1,
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when the ionization is many-photon in nature (see later
discussion). In such a case allowance for the damping
of the correlation function would lead to a smearing out
of the ionization thresholds, In the tunnel-transition
regime (¥< 1) and in the intermediate case (y~1) the
condition 7>>1/w is always satisfied for realistic
strengths & of a laser electromagnetic field, which
obviously must not be supposed too small,

Since we are considering the case n>1, we apply the
method of steepest descent to calculate the integral
(5). The result is

W=exp[—2nF (¥)], (6)

where the quantity F is determined as the solution of
the transcendental equation

—F+—%—sh 2F=y. 7)

The quantity 7 that appears in Eq. (7) is given by
7=0(20)"/&
and can be called the stochastic adiabatic parameter.,

Accordingly, in a stochastic field the probability of
an ionization process is also determined as a universal
function of a single parameter, ¥(¥). This function is
shown in Fig. 2. There are analytic limiting expres-
sions for it. For ¥ <1 we find

F(§)=(/y*"
and for the probability W we get the well known ex-
pression®

W=exp[—2-3"E./&"]. (8)

Like Eq. (3), the expression (8) is the probability of a
tunnelling. We see that in a stochastic field, as in a
monochromatic field, the dependence on the field fre-
quency w disappears, but there is a change in the de-
pendence on & and E,,.

In the opposite limiting case ¥ >1 we find from Eq.
(7)
F(y)=In2y,
and the expression for the probability W is
W={B7(20)*)™. 9

Like Eq. (4), it depends only on the field intensity by a

Fp)
J

1 1 1 1 J
iz 4 ¢ & W
7

FIG. 2. The universal function F(y) of the adiabatic param-
eter ¥, which determines the probability of many-photon ioni-
zation in a stochastic electromagnetic field.

36 Sov. Phys. JETP 52(1), July 1980

power law. The proportionality constant in the power
law is changed. :

Let us now turn to the calculation of the statistical
factor G, defined as

G=W/w=expl2n(f(y)—F(¥))1], (10)

in which formula we set € = ¢, Let us first examine
the two limiting cases. Suppose y>1, Then, using
Eqgs. (9) and (4), we find from Eq. (10)

G=(nle)". (11)

According to Stirling’s formula, to exponential accuracy
this is equivalent ton!, This result is a well known
one. The yield of a many-photon process caused by
radiation with Gaussian statistics is larger by a factor
n! than the yield produced by one-mode (coherent)
radiation'®~'® with the same mean intensity. This re-
sult has been confirmed experimentally for two-
photon'® and for five-photon'® processes.

Let us now consider the opposite limiting case y<<1
(and a fortiori ¥ <1), for which the transition is of the
tunnelling type. From Eq. (10) together with (3) and (8)
we get -

G=exp[4(2E,*)"/3&]. (12)

In view of the condition & < &, we have G>1 also in
the tunnelling case. However, as can be seen by com-
paring Eqs. (11) and (12), the tunnelling statistical
factor is much smaller than the many-photon statistical
factor.

In the intermediate case the statistical factor is given
by Eq. (10) in terms of the one-parameter functions
f(¥) and F(¥) shown respectively in Figs. 1 and 2.

It must be emphasized that refinement of these formu-
las by taking the coefficient of the exponential into ac-
count is illusory, owing to the many inaccuracies pres-
ent in attempts to get this coefficient in the original
formula of Keldysh, Eq. (1). This means that attempts
to calculate the general integral in Eq. (5) exactly, in-
stead of by steepest descents, are excessively accurate
and therefore superfluous.

In the experiment described in Ref, 15, for n =11 and
y=5 the value found was InG =122, In this case ¥ -
=1.5, so that the asymptotic formula (11) for »! must
not be used, and we have to deal with the intermediate
case, Eq. (10). Using Figs. 1 and 2, we find that the
calculated value is G =12.5, which is very close to the
experimental value.

In another experiment,'® performed with an average
radiation intensity of 0.98°10'2 W/cm?, we find ¥=9.3
and ¥ =2.8. This situation falls in the many-photon
region. By means of Figs. 1 and 2, or Eq. (11), which
in this case is the same thing, we find InG =15.3. This
agrees with the experimental value,!® InG =15.87+0.69.
This agreement is to be regarded as a confirmation that
the statistics of the laser radiation was Gaussian (the
number of modes in the experiment was N =100), as we
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assumed in our calculation.

Owing to the nonexistence at present of experimental
papers with n>20, the following fact should be empha-
sized. Since

1 B 1 &
T VTR E

the conditions 7, ¥ =1 for which the ionization proba-
bility deviates from the power law are satisfied for

128/ 28,

in a monochromatic field, but for
n> (&a/28)",

in a random field; that is, for a lower value of » in the
latter case. For the experiment of Ref. 15 we have
€,./% =110; thus the inequality y=1 gives n=2 55,
whereas the inequality ¥ <1 gives 22 15, Accordingly,
appreciable deviation of the ionization probability from
the power law, characteristic of ordinary perturbation
theory can be achieved more easily in a stochastic field
than in a monochromatic field.

In conclusion we can state that the proposed theory
contains simple universal one-parameter functions, by
using which one can easily calculate probabilities of
nonresonance many-photon ionization in a strong
stochastic electromagnetic field, and also the corres-
ponding statistical factors.

The writers express their sincere gratitude to
N. B. Delone, B, A, Zon, R. V. Karapetyan,
N. F. Perel’man, and M. V. Fedorov for valuable
comments on the subject of this work.
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of depolarized light

It is shown that accounting for the correlation of simultaneous fluctuations leads to the appearance of terms
with spatial velocity derivatives in the permittivity. As a consequence the permittivity is no longer a scalar
and a fine structure appears in the spectrum of the depolarized light scattering.

PACS numbers: 77.20. + y, 78.20.Bh

INTRODUCTION

The intensity of light scattered by a liquid consists of
two essentially different parts (see, e.g., Ref. 1). The
first is scattering by macroscopic fluctuations, i.e.,
the fluctuations of such hydrodynamic quantities as
entropy or pressure. The second is scattering pri-
marily by the anisotropy fluctuations and in general by
the relative location fluctuations of the particles on
microscopic scale., Both types of scattering give com-
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parable contributions to the integrated scattering in-
tensity, but are characterized by essentially different
spectral distributions.

The microscopic fluctuations result in the appearance
of non-shifted line (wing) the width of which Aw, is of
the order of the characteristic frequency v of micro-
scopic movements in the liquid, Aw,~v=1/7 (for sim-
plicity in the estimates below only simple liquids hav-
ing no slowly relaxing parameters will be kept in mind).
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