
We emphasize that for  an exact measurement of a, we 
must use a single laser pulse. Such measurements 
a r e  presently underway. The methodological e r r o r  in 
the measurement of a! is determined a s  shown above 
and can amount to less than several percent, i.e., the 
main measurement e r r o r  is determined by the instru- 
mental errors .  

An exact measurement of a! for a given material can 
be of practical importance for  the following reasons. 
Knowing the constant 0, we can use (16) to determine 
the duration of a rectangular laser  pulse (or estimate 
the duration if the pulse is close to rectangular): 

I t  is essential here to  measure the maximum value of 
the electron temperature T, and the total absorbed 
energy Q. 

Thus, to estimate the pulse duration there is no need 
for direct measurements with the streak camera. The 
proposed method of measuring the duration of ultra- 
short pulses, while subject to  the shortcomings in- 
herent in indirect measurement methods (e.g., the 
impossibility of resolving a fine temporal structure), 
has the important advantage that it can determine the 
durations of ultrashort laser pulses in the near and f a r  
infrared. 

4. CONCLUSION 
Inertialess glow of metals makes it possible to ob- 

serve the onset of hot electrons, and can serve a s  the 

basis of a method for studying the properties of metals 
and for the conversion of IR laser  radiation into visible 
light. This conversion offers prospects of expanding 
the spectral range of modern photoelectric recorders. 
This phenomenon is presently under study for various 
metals under the action of a single picosecond Iaser 
pulse. The purpose of further research is to  determine 
the exact range in which the phenomenon is inertialess, 
to  measure the constant a! of various metals, to search 
for means of further expanding the power and laser- 
pulse-duration ranges of the observed phenomenon. 
For practical applications, this phenomenon is being 
investigated for the study of the properties of metals 
and for the measurement of the temporal parameters 
of picosecond IR laser  pulses. 

The authors a r e  deeply grateful to S. I. Anisimov 
for a heIpful discussion of the results. 

 he inequality (6), which is not contained in Ref. 2, corresponds to the condition 
of weak heating of the lattice, i.e., Ti-To <<To. It is due to the dependence of the 
coeficient of electronic thermal conductivity and of the quantity q(r,t) on the lat- 
tice temperature, which is by itself subject to inertia. We note also that the constant 
cr, the absorption coefficient , and the reflection coefficient R are practically inde- 
pendent of t i e  and correspond to their values at T, = TI=  To ,  inasmuch as thanks to 
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Rayleigh scattering of Miissbauer radiation (RSMR) is employed to determine the mean square displacement 
(x2> of the oscillations of atoms in myoglobin molecules in the crystal state. A procedure is described which 
has been developed to separate (x2> of the Mb molecules in a crystalline sample consisting of a mixture of 
buffer-solution molecules and myoglobin molecules. The experimental value of (x2> obtained is found to 
exceed considerably that found by x-ray analysis. It is concluded that determination of (x2> by the latter 
method is greatly affected by thermal diffusive scattering, which appreciably lowers the value compared to the  
true value as determined by the RSMR technique. 

PACS numbers: 61.65. + d, 33.20.B 

The investigation of the dynamic properties of pro- 
teins takes on great importance in connection with the 
strong influence of these properties on the functional 
activity of proteins.' One promising method for  the 
study of protein dynamics i s  x-ray diffraction, which 
yields a map of the mean square displacements ( x 2 )  of 
the atoms in the molecules under However, 
the time scale in this technique i s  7%-10-l5 sec, and 

consequently this method is insensitive to conforma- 
tional transition frequencies. Static disorder in the ar-  
rangement of the molecules in the crystals gives the 
same contribution to ( x2 )  a s  real motions, which may 
be rather slow (- 10'- 10'' HZ) for protein molecules. 
Moreover, with an energy resolution to several elec- 
tron-volts in protein x-ray diffraction, it is difficult to 
separate elastic scattering from inelastic thermal dif- 
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fusive scattering; this may give inaccurate values for 
(2) * 

In a number of papers a new technique has been de- 
veloped which has considerably greater energy resolu- 
tion (- 10-*-10-~ eV). We refer to the method of Ray- 
leigh scattering of the Mijssbauer radiation (RSMR), in 
which Mijssbauer nuclei a r e  used a s  the source of ra- 
diation and as the analyzer of the scattered r a d i a t i ~ n . ~ - ~  
This method makes it possible to also describe slow 
motions, since the time scale here is the lifetime of the 
nuclear level 7,; for  example, 7, for 5 7 ~ e  is equal to 
1.4.10" sec. In the RSMR technique, only real atomic 
motions contribute to (g), and the high energy resolu- 
tion makes i t  possible to easily separate the elastic and 
the inelastic scattering components. 

However, the investigation of complex substances 
such a s  proteins requires that we take into account the 
contribution of various background components to (x2), 
e.g., the contribution of the atomic vibrations of the 
buffer solution in which the protein molecules a r e  in the 
native state. Accordingly, we undertook an investiga- 
tion in which we worked out a system to determine (x2) 
f o r  a rather well-studied protein-myoglobin-in the 
polycrystalline state, and we compare the results with 
data from x-ray diffraction in order to clarify the in- 
fluence of thermal diffusive scattering on the determina- 
tion of (x2). 

PRINCIPLES OF TREATMENT OF RESULTS 

The RSMR technique is described in Refs. 4-6. Let 
us recall that the fraction of elastically scattered y 

quanta is determined by the following equation4: 

where (x2) is the mean square amplitude of the atomic 
vibrations for the scatterer,  = 4n sin8/h i s  the scat- 
tering factor, the factor y i s  equal to the ratio of the 
Rayleigh scattering intensity to the summed Rayleigh 
and Compton scattering intensity, 28 is the scattering 
angle, h i s  the wavelength of the Mijssbauer y quantum. 

The myoglobin (Mb) crystal consists of myoglobin 
molecules arranged in an orderly fashion in a buffer 
solution of (NH4),S04. Thus, Rayleigh scattering oc- 
curs both a t  the myoglobin molecules themselves and 
a t  the molecules of the buffer solution. In order to 
isolate the motion of the myoglobin molecule in a back- 
ground of motion of buffer solution molecules from the 
experimental data, we resorted to the following pro- 
cedure. It i s  known that Bragg peaks occur very close 
to one another in crystalline myoglobin (30' separa- 
tion).' Under our experimental conditions, when the 
receiving angle of the detector i s  equal to - 5", about 
100 Bragg peaks occur within the limits of receiving 
angle. In this case, with a good degree of accuracy, we 
may consider the elastic Rayleigh scattering to be in- 
coherent. Then the intensity of the Rayleigh scattered 
y quanta i s  equal to the sum of the intensities of the y 
quanta scattered from the myoglobin molecule and the 
y quanta scattered from the buffer solution molecules: 

The parameter determined in the experiment (the 
fraction of elastic scattering) is 

where P,,, is the elastic part of the Rayleigh scat- 
tering intensity, PC,,,, is the Rayleigh scattering in- 
tensity (including the inelastic component), and I, is 
the Compton scattering intensity. 

Eq. (3) may be rewritten in the following form: 

where x is the fraction of myoglobin molecules relative 
to the total number of molecules contained in the scat- 
terer;  fi,, f :,, I;,, FB a r e  the Rayleigh and Compton 
scattering intensities from molecules of myoglobin and 
the buffer solution, which may be expressed in terms 
of the corresponding atomic form factors and the Comp- 
ton scattering intensities a t  the atoms for the given 
molecules; em(- 2 W i )  a r e  the Debye-Waller factors 
fo r  myoglobin (i = M )  and the buffer-solution (i =B) 
molecules. 

Since we may independently measure the fraction of 
elastic scattering in the buffer solution, Eq. (4) may be 
transformed to the following form: 

where C, and C2 a r e  coefficients which a r e  respectively 
equal to 

C, and C2 may be calculated on the basis of data in Ref. 
8 for a known concentration x; f, and f, a r e  experimen- 
tally measured values. 

Thus, using the described procedure of two measure- 
ments on crystalline myoglobin and the buffer solution, 
we may obtain for the dynamics of Mb molecules in the 
crystalline state information impossible to obtain di- 
rectly from experiment. 

EXPERIMENTAL TECHNIQUE 

The scattering geometry in our work i s  essentially 
the same a s  that used earlier.4-6 We used 5 7 ~ o  in Rd 
with an active area  of 2 mm diameter and 120 mCi 
activity a s  the source, and a krypton proportional 
counter a s  the detector for  the scattered radiation. In 
order to determine the fraction of elastic scattering, 
we used a "black absorber," Li,FeF6 + (NH,)F,(FeF,),, 
containing 7.0 mg/cm2 of 5 7 ~ e .  The RSMR spectra were 
analyzed with the aid of the compound K ~ ' F ~ ( C N ) ~ ~  3H20, 
containing 2.0 mg/cm2 5 7 ~ e .  

The scattering geometry was optimized in order to de- 
crease the relative e r r o r  in the determination of the 
mean square vibrational amplitude. The scattering 
angle was accordingly chosen to be 28 = 14.5", The re- 
ceiving angle, determined by the collimating system, 
was i 2.5". 

One of the greatest sources of e r r o r  in the analysis of 
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the experimental results is the averaging of the data 
over the receiving angle. One possible variant is to de- 
termine the average scattering angle (zo).' Then (x2) 
should be determined from the following expression: 

f-y (a) exp{- (4n sin 0 I h)Yx2)). (7 

It is more correct to directly average the fraction of 
elastic scattering over the receiving angle. In this 
case, (xa) will be determined from an expression such 
as : 

where S(9,) is the fraction of the a rea  of the detector 
with a specified value of the scattering angle 9,; conse- 
quently, E S ( ~ , ) =  S, where S i s  the receiving area  for 
the radiation. 

We carried out both of these procedures, and in both 
cases the values of (x2) turned out to be the same. This 
indicates that determination of the average scattering 
angle (29) is  an entirely proper procedure. In our case, 
(29) = 15.3 * 1.5". 

The concentration of myoglobin in the Mb crystal was 
determined spectrophotometrically and proved to be 
equal to 46% 

EXPERIMENTAL RESULTS AND DISCUSSION 

We measured the fraction of elastic scattering for 
four substances a t  room temperature and present the 
results in Table L Since the temperature dependence 
f (g was not measured, we took the calculated value fo r  
y. Thus, for example, for an Mb molecule containing 
823 C atoms, 214 N atoms, 221 0 atoms, 1268 H atoms, 
2 S atoms and one Fe atom, y, was determined from the 
following expression: 

and proved to be y,=0.93. Since crystalline Mb i s  a 
mixture of Mb molecules and buffer-solution mole- 
cules, we do not give a value for y in the table for this 
case. 

Using Eqs. (2)- (5) and selecting data from Table I 
for f, and f,, we determined the mean square displace- 
ment of the atoms of the Mb molecule in the crystalline 
state a t  room temperature by the RSMR method: 0.22 
k 0.02 A2. The mean square vibrational amplitude fo r  
atoms of the Mb molecules, a s  determi~ed by x-ray 
diffraction, has the value 0.108 k 0.003 A'. 

Using the data in Table I, it is easy to show that the 
assumption that hydration shells of water with the vis- 

TABLE I. Values of the fraction of elastic 
scattering at room temperature and of the 
parameter y for the substances measured. 

Substance I I 1  
Water 
Buffer solution 
37% glycerine 

Mb crystal 

cosity of glycerine surround the Mb molecules in the 
crystal1 does not affect the final determination of (x2) 
by the RSMR method. The values of y, were also 
varied, assuming in the calculation that the carbon 
atoms occur in the C' states, the nitrogen in the N' and 
N- states, and the oxygen in the 0' and 0- states. The 
change in y, in this case proved to be insignificant, 
and (x2) remained within the limits of measurement 
error .  

There i s  an obvious discrepancy between the values of 
(x2) determined by the RSMR method and by x-ray dif- 
fraction. We measured the RSMR spectra to test 
whether the difference in the time scales 7, and r, 
(which may affect the line broadening) affects the de- 
termination of (x2) with RSMR Line broadening was 
not noticeable. The reason for such a large discrepancy 
may be the influence of the thermal diffusive scattering 
(TDS) on the value of (x2) obtained from x-ray diffrac- 
tion. Indeed, in x-ray diffraction, in contrast to RSMR, 
thermal diffusive scattering is detected in the Bragg 
reflection. For biological crystals, the Bragg peaks 
a r e  situated very close to one another (30' separation). 
As a consequence of the extreme closeness of the Bragg 
peaks, the entire one-phonon scattering lies in a very 
narrow angular interval relative to the Bragg peak, 
since all the phonon vectors a r e  contained in the first 
Brillouin zone. Consequently, even high- resolution x- 
ray diffraction will detect a large part of the TDS. The 
situation will be similar with multiphonon processes, 
and also will lead to detection of a large part of the 
TDS. A slight divergence in the primary beam also 
leads to detection of a large fraction of the TDS. Des- 
pite the fact that the TDS intensity may be rather low, 
even in this case TDS will give a large e r r o r  in the 
determination of (x2) in x-ray diffraction. 

Let us write the intensity of the scattered x-ray beam 
detected in the Bragg reflection a s  follows: 

Here the intensity of coherent elastic scattering i s  equal 
tot0 

. l = ~ P z  exp (-Q'(X~)),  (10) 

where A. is  the scattering amplitude for the Bragg re- 
flection in the Q direction, and the intensity of the co- 
herent inelastic scattering is given approximately by 
the following expression: 

PC*, ,,,d*APZ exp (-Q2(xZ))Qz(x')f., 
(11) 

where'f, is approximately equal to the fraction of one- 
phonon scattered x-ray beams detected in the experi- 
ment; f, depends on the structure of the detector and on 
the experimental apparatus. 

We estimate f, J ( d / ~ ) ~ d n b @ ,  where d characterizes 
the unit cell of the crystal, h is  the wavelength of the 
radiation, d n  i s  the receiving angle of the detector, 
and b@ i s  the initial divergence. For the case of an 
ordinary crystal with a small unit cell, d s  10 A, f, 
<< 1. For  a crystal comprised of large biomolecules 
(d = 50-100 A), with quite realistic assumptions con- 
cerning the divergence of the primary beam and the 
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angle of resolution of the detector, fn 2 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 
(x2), iff, - 1. In fact, (xz) i s  extracted from the experi- 
mental data by determining the dependence of logP on 
QZ. From Eqs. (9)- (11) we obtain 

log P=- (I-f.) <x2)Q~cons t ,  (12) 

i f  Q ~ ( x ~ )  << 1 (for the first Bragg peak, QZ(x2) -lo"), so 
that the experimental slope proves to be - (1 - f,)(xz), 
and not - (x2). 

Thus, for a crystal comprised of large biomolecules, 
fn may be - 1; and consequently the experimentally de- 
termined (x2) in x-ray diffraction will be significantly 
less than the true value. 

In the case of RSMR, TDS i s  easily separated from 
the elastic scattering by the ~ S s s b a u e r  detector, and 
consequently the determination of (xZ) by this technique 
should be more accurate. 

CONCLUSION 

Thus, in our work we determined the amplitude of the 
mean square atomic displacement (x2) for myoglobin in 
the crystalline state by the technique of measuring the 
Rayleigh scattering of the ~ i j s sbaue r  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 (xz) for the Mb molecules from a 
crystalline sample comprised of molecules of buffer 
solution and myoglobin. The value of (x2) experimental- 
ly measured using RSMR proved to be significantly 
greater than the (xz) 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 (x2) 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 quantum systems by a strong coherent electromagnetic 
of atoms by a field of stochastic radiation is a subject field, the development of powerful lasers made it 
of present importance in theoretical and experimental possible to study this process experimentally for spe- 
spectroscopy. After the fundamental work of ~eldysh, '  cific atomic systems (see, for example, Refs. 2 and 3 
who investigated the basic laws of the ionization of and the literature they cite). However, since present- 
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