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The problem of the ions that fly apart in a "Coulomb explosion" of a fast diatomic molecule passing 
through a solid film is analyzed. The relative roles of the stopping forces and of the "wake" forces due to 
the polarization of the medium are assessed. It is shown that in the case of a film of small thickness all 
the singularities of the particle distribution in angle and in energy are determined by the specific angular 
momentum acquired under the influence of these forces by the particles that move apart, as well as by the 
non-inertial character of the motion of the mass center of the cluster in the medium. The result is a 
strong anisotropy of the angular distribution, with peaks of varying intensities for particles emitted parallel 
and anti-parallel to the primary beam in the c.m.s. Analytic expressions in closed form are obtained, 
which demonstrate in explicit form the dependence on the masses and the charges of the decay particles, 
and explain the pattern of the phenomena observed in experiments by Gemmell et al. [Phys. Rev. Lett. 
34, 1420 (1975); Nucl. Instrum. Methods. 132, 61 (1976); Phys. Rev. A14, 638 (1976); Phys. Rev. 
Lett. 37, 1352 (1976); Informal Workshop on Wake Phenomena, Summary Report by G. Lapitcki and S. 
Stem, New York University, 1977, p. 31. 
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1. INTRODUCTION the fact that the distribution of the molecules over the 
initial angle yo  i s  equally probable. After a t ime t of 

Many interesting experiments have been recently per-  t ravel  through the film, the angle q of the cluster 
f ~ r m e d ' ~ - ~ '  on the correlated motion of the decay prod- orientation in the c.m.s. changes: 
ucts of fast  molecular ions passing through thin films. 

q ( t )  -cp.+ l r ~ , " ( q " .  t )  The least  t r ivial  of the observed effects turned out to b e  
the singularities of the angular distribution, with a 

and the pair  of part icles acquires simultaneously, a 
clearly pronounced asymmetry for part icles emitted 

certain angular momentum M = M(po, t ) ,  a s  the result  of 
parallel and antiparallel to the motion of the primary 

which the angle y along the path from the film to the 
beam in t he  c.m.s. The physics of phenomena of this  

detector again increases by an  amount ~qu, , , (q~,  t ) .  For type can be understood in principle within the frame- 
ba re  part icles with atomic numbers 2, and 2, this 

work of the picture of the dynamic interaction of diverg- amount is determined by the known formula from the 
ing particles via the so-called "wake" potential pro- theory of the motion of a particle in a Coulomb field 
duced a s  a result  of polarization of the solid-state elec- 
t ron  p l a~ rna . [ l -~ ]  (see, e.g., [l2]): 

Interest in this group of problems has greatly in- 
creased recently, particularly in connection with prob- 
l ems  of the energy loss  of proton  cluster^'^^^^ and bound 
states of electrons in the wake potential.c7-111 However, 
no direct  analysis has been made so  f a r  of the corre-  
lated dispersal  of the ions that fly apa r t  upon decay of 
a fast  diatomic molecule in a thin film. This i s  the sub- 
ject of the present paper. 

When a molecule of energy E 2 100 ke~ /nuc leon  en- 
t e r s  a solid film, the bound electrons a r e  stripped a t  
atomic t h i c k n e s s e ~ ~ ~ . ~ ~  and the so-called "Coulomb ex- 
plosion" of the molecule s e t s  in, i.e., the ions move 
apar t  under the influence of the repulsion forces that ac t  
between them. The main physical feature of the prob- 
lem, which determines to a substantial degree a l l  the 
angular dependences, i s  that the pair  of diverging par-  
t icles acquires a n  angular momentum in  the film. 

Assume that a t  the instant that an  ion pair  s t a r t s  to 
fly apart  i t  has  no angular momentum and the axis  of 
the cluster makes an  angle y o  with the direction of the 
motion (the z axis). The angular distribution behind the 
film will then be  determined by the dependence of the 
final 1.s. angle 11, of the part icle emission on yo, and by 

where p i s  the reduced mass  and E l  and r1 a r e  respec- 
tively the energy of the relative motion and the distance 
between the part icles a t  the exit from the film. 

Another important circumstance i s  that on changing 
to the 1.s. i t  is necessary to take into account, besides 
the tr ivial  change in the angle scale,  a l so  the non-iner- 
t ial  character  of the motion of the m a s s  center of the 
cluster in the medium under the influence of the unequal 
forces that ac t  on the different part icles of the pair. 

2. EQUATIONS OF MOTION 

If the part icles that fly apa r t  a r e  b a r e  nuclei with 
masses  HI ,  and n i , ,  then the equations of the relative 
motion (Y =r ,  - r l )  and of the motion of the mass  center 
R in the film a r e  
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Here Fa is the stopping force that acts on the particle 
with a unity atomic number in the direction of the nega- 
tive z axis, z,z,F;U,(~) is the wake force produced by the 
ith particle and acting on the kth particle (F;' # - F;). 

From the form of Eqs. (2.1) and (2.2) we can draw the 
following conclusions: 

(a) The action of the wake potential on the relative 
motion is not symmetrical to the interchange m, = m,. 
An analysis of the angular dependences of the wake 
forces (see Sec. 4 for details) shows that the corre- 
sponding torque is due primarily to the force Fw that 
acts in the wake of the front particle. Combining these 
facts, we see  that the torque of the wake forces is 
stronger the smaller the mass of the rear  particle. 

(b) The action of the stopping forces as a function of 
the ratio of the parameters Z;/m, and Z:/m, can both 
help and hinder the rotation due to the weight potential. 
Since Fd has the same origin and is of the same order 
a s  Fw, a suitable choice of the parameters can enable 
the resultant torque, in principle, to counteract the 
wake forces and increase the angle between r and the z 
axis. In particular cases, a s  for the 'HeH* ions, the 
term with the stopping force drops out completely from 
(2.1) and the cluster rotates only under the influence of 
the wake potential. 

(c) Since the wake forces Fyh have components per- 
pendicular to the e axis, the solution of Eq. (2.2) leads 
to the appearance of a transverse velocity component of 
the cluster mass center. Allowance for this component 
on changing to the 1.s. corresponds, in the case of the 
real  particle, to additional rotation towards the z axis, 
and in the case of the front particle, on the contrary, to 
repulsion away from this axis, (we consider films that 
a re  thin enough s o  Bat the time of flight t is too short 
for the cluster axis to turn parallel to the z axis). 

3. APPROXIMATION LINEAR IN t. THE OLD 
SYSTEM OF COORDINATES 

We trace the action of the effects listed above, using 
a s  an example motion in a homogeneous and isotropic 
electron plasma. In this case the problem, in view of 
the axial symmetry, is greatly simplified and reduces 
to the problem of particle motion in a plane passing 
through the symmetry axis z .  Assume that a t  the in- 
stant of Coulomb explosion we have r =r, and ; = 0. For 
films of sufficiently small thickness, corresponding to 
a time of flight 

f .Kt'=2ro, L.', (3.1) 

where 

v'- (2Z,ZleYpr.)", 

all the effects can be considered in an approximation 
linear in t. 

The equation for the angular momentum M = prZ@ of 
the pair particles moving in a film takes the form 

dM/dt=-dU(r,  c p ) l B ~ ,  (3.3) 

where 

is the effective potential of the dynamic polarization in- 
teraction between the particles that move apart, and de- 
pends on the polar coordinates r and cp in the plane of 
particle motion (a direct  Coulomb interaction obviously 
does not lead to a change in the angular momentum). 
Here Fa= I FSI  = const, and UYh(r, cp) a r e  the potentials 
corresponding to the wake forces q,; the angle $9 is 
reckoned from the direction of the z axis. 

Eq. (3.3) shows that a t  small t we have ~cp,(cp,,t)-t~ 
and should be omitted. For the angular momentum . 
M(cp,, t )  acquired by the particle pair on moving through 
the film we have, on the other hand, 

From (1.1) i t  follows then directly that in the approxi- 
mation linear in t we have 

and consequently the connection between the final (p) 
and initial (cp,) orientation angles of the pair  of particles 
in the c.m.s. will be determined by the relation 

Determination of cp,(cp) from (3.6) and its substitution 
in the formula df =dn,,,/4n would make i t  possible to 
calculate the distribution of the particles with respect 
to the angle cp. However, the distribution obtained in 
this manner cannot be interpreted as the angular dis- 
tribution of the particles in the c.m.s., because the non- 
inertial character of the mass-center motion in the 
medium causes the velocity of the c.m.s. to be depen- 
dent on 0 after the passage through the film, s o  that 
c.m.s. that correspond to different initial values of 9, 
a r e  not identical. 

Consider for the sake of argument particles of mass 
m, which have already passed through the film, and let 
Em,, and Em, be  respectively the minimal and maximal 
energy of the particles of this type in the 1.s. We sep- 
ara te  from them a group of particles that have in the 
1.8. an  energy E=~(E,,,+E,,), and introduce a refer- 
ence frame in which the particles of the separated group 
travel perpendicular to the direction of incidence of the 
primary beam of molecules. We shall call this refer- 
ence frame the old-system (o.s.). The annular distribu- 
tions of the decay particles as functions of the energy E 
and of the emission angle J ,  in the l.s., which were ex- 
perimentally investigated in c2-41, a r e  precisely the 
ones that reveal the properties of the angular distribu- 
tions of the particles in the o-systems (see Sec. 5 be- 
low). 

It can be shown (and this will be seen from the results 
of Sec. 5) that within the framework of the approxima- 
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tion linear in t the o-system coincides with the  c.m.s. 
of a cluster oriented from the very outset along the in- 
cidence direction (along the z axis). Operating in this 
system, we designate the emission angle of the parti- 
cles with mass m, relative to z by X. Let furthermore 
poe(cpo, t) and plc(cpo, t) be respectively, in the o-system, 
the longitudinal and transverse (relative to the same 
axis) components of the momentum of the mass center 
of the cluster whose initial orientation is given by the 
angle cp,. Then the connection between the angles X and 
cp, will obviously be 

mlv, (qo, t )  sin cp (QO, t) +p,(cpo, t) 
m,v,(cpo, tlcos cp(cpo, t) + P U = ( ~ O ~  t) ' 

Here v,(q,, t) is the relative velocity of the diverging 
particles at infinity, and ~(cp,, t) is the angle between 
the vector v,(v,, t )  and the z axis. 

In the approximation linear in t, the velocity v,((p,, t) 
turns out to be independent of cp, or  of t, and is simply 
given by 

[see (3.2)], while the angle cp(q,,t) is defined by (3.6). 
For the quantity Acp,,((p,,t) (3.5) we then get the in- 
e q u t 9  

The validity of this relation in the region Po 2 1 is en- 
sured by the fact that ~q,,"t/t*. On the other hand, in 
the region of small angles 9, the properties of the wake 
potentials (see Sec. 4 below) lead to Arp,,((po, t) - (p,t/t* 
and, consequently, the inequality (3.9) is satisfied in 
that region, too. 

Substituting (3.6) and (3.8) in (3.7) and taking (3.9) into 
account, we have 

It follows from (3.10) that in the considered approxima- 
tion we have 

where 

The quantity P,,(X, t)cosx -P,,,(x, t ) s i n ~ ,  in the last  
expression can be expressed directly in terms of the 
derivatives of the wake potentials, we use an equation 
analogous to (2.2) for the motion of the mass center of 
the cluster in the 0.8. Simple calculations yield 

Here 

The use of relations (3.51, (3.151, (3.4), and (3.16) 
makes i t  possible to express 6(x,t) [~q. (3.1211 in the 
following final form: 

Knowledge of the function y,(x) (3.11) enables us to 
obtain directly the angular distribution df/dh2, of the de- 
cay particles with mass m, in the 0.8. In the general 
case 

In the approximation linear in t ,  this formula becomes 

Substitution of (3.18) and (3.19) yields in fact the sought 
particle angular distribution. 

4. ANGULAR DISTRIBUTIONS OF THE DECAY 
PARTICLE FOR CASES OF FORWARD AND 
BACKWARD EMISSION I N  THE o. s. 

To reveal the singularities and the differences of the 
anguhr  distributions of the decay particles emitted in 
the O.S. parallel and antiparallel to the direction of mo- 
tion of the primary molecule beam, we consider the 
distribution of df/dhb, in two regions, x << 1 and n - x << 1. 
From the symmetry of the problem i t  follows that the 
wake potential LlL(r,, X) can be represented in these re-  
gions by a ser ies  of the form 

The factor r,Fais introduced in (4.1) and (4.2) from 
symmetry considerations. 

The expansions for the potential U;fa(r,,x) in the con- 
sidered regions of x follow from (4.1) and (4.2) if we 
use the relation 

UI2"(r, X )  =G-.," (r, n-X) . 

whence 
Using these expansions in (3.18) and (3.19), we easily 
obtain for  the angular distribution of the particles of 

150 Sov. Phyt. JETP 47(1), Jan. 1978 Kagan et a/. 150 



mass m2 in the region x << 1 

where 

1 Z,' Z ' F* + ~ ( ~ - ~ ) + ~ l ~  
The time t in expressions (4.4) and (4.5) is the time of 
flight of the cluster through the film, while t* is given 
by formula (3.1) and the dimensionless constant Y is de- 
fined by the relation 

7 - (roz/e') F". (4.61 

Similarly, in the region n - X << 1 we have 

The corresponding formulas for the particles of mass 
m, follows from (4.3)-(4.9) with the substitutions 
m,*m,, Zl*Z2. 

The obtained expressions, which describe the angular 
distributions of the particles in the considered regions 
of X, demonstrate explicitly both the dependence on the 
masses and charges of the diverging particles, and the 
differences between particles emitted forward (X << 1) 
and backward (n - x << 1) in the O.S. (we emphasize that 
the constants a,,B,,FS, Fw, and y do not depend on the 
masses or  charges of the particles). Of course, the 
values of the constants A, and v, in (4.3) and (4.7) depend 
substantially on the values of the constants a ,  and 8 ,  in 
(4.1) and (4.2). An exact calculation of the latter iq a 
rather complicated task and is outside the scope of the 
present paper. However, from the general properties 
of wake potentials of fast charged particles in solids, 
which a re  clearly manifest even in the simplest cases, 
such, for example, a s  in c31 , we can deduce that 

wherein a, is positive and can reach several units in 
magnitude (for the typical values r, = 1 A of interest to 
us), while 8, is apparently negative. 

We now analyze the angular distribution of the ions 
that result from the decay of fast diatomic molecules in 
a thin film. We consider f i rs t  the lighter component, 
i.e., we assume that m2<ml, and let for the sake of 
argument ~ : / m ,  3 Z:/m,. Comparing the expressions 

for X, (4.8) and X, (4.4), we see  that because of the rota- 
tion of the cluster under the influence of the wake forces 
(the first two terms in the square brackets of the two 
expressions) the particles a r e  "raked togetherJ' in the 
region of small angles and in the region of angles X 
close to n, and this effect is much more strongly pro- 
nounced for the rea r  peak (n - X << 1) then for the front 
one (X << 1). We a r e  concerned primarily with tQe 
peaks, inasmuch as by virtue of dl< 0 the coefficients 
v, < 0 and v2 < 0, and the particle distribution has maxi- 
ma a t  X = 0 and X =n. The intensities of the two maxima 
exceed the intensity corresponding to a uniform angular 
distribution of the particles in the c.m.s. in the case of 
the Coulomb explosion of a molecule in vacuum. 

The physical reason for the difference between the irr- 
tensities of the rea r  and front peaks is that the gradient 
of the wake potential produced by the front particle a t  
the location of the rea r  particle is much larger than the 
corresponding gradient produced by the rea r  particle 
a t  the location of the front particle. Therefore the 
force that presses the rea r  particle towards the flight 
axis e is therefore much larger than for the front par- 
ticle. Since Newton's third law does in fact not apply 
here, the "pure" rotation of the cluster takes place in a 
certain coordinate f rame that has a velocity component 
perpendicular to  the initial direction of motion, thereby 
enhancing the raking effect for the rea r  particle and, 
conversely, weakening this effect for the front particle. 
We note that the stopping of the particles (the terms 
proportional to Z:/m2 -Z:/m, in (4.4) and (4.8)) only in- 
creases the difference between the intensities of the 
front and rea r  peaks in this case. A certain decrease 
in the anisotropy of the angular distribution is due to 
those terms in X, and X2 which a r e  proportional to 

and which appear a s  a result of the non-inertial char- 
acter of the longitudinal motion of the mass center of 
the cluster in the film, and have a tendency to enhance 
the raking of the front particles and weaken the raking 
of the rea r  particles. These terms can become signifi- 
cant precisely in the opposite case, when the heavier 
component of the decay is considered (m, designates in 
this case the lighter particles). If i t  is recognized that in 
this case the difference between the raking effects can 
substantially be decreased for the rea r  and front parti- 
cles, due to the rotation of the cluster, then we can a r -  
rive a t  the conclusion that the difference between the 
intensities of the front and rear  peaks for the heavy 
particles may turn out to be small and the sign of the 
anisotropy may even be reversed. We note that this is 
precisely the pattern observed in the f i rs t  experi- 
m e n t ~ ~ ~ - ~ '  on the correlated motion of the decay prod- 
ucts of the 4HeH* ions (~:/m,=Z:/rn,) in thin films. 

If the stopping forces of the cluster particles a r e  
greatly different, i.e., if the parameters Z:/m, differ 
greatly, these forces can in principle alter qualitatively 
the pattern of the angular distribution of the decay par- 
ticles. Thus, if the difference ~ : / m ,  - ~ : / m ,  becomes 
large enough, then when light particles emitted forward 
a r e  examined, the intensity may reveal a dip rather 
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than a peak, whereas the rear peak of the distribution 
will remain strongly pronounced a s  before. If we follow 
the behavior of the heavy component under the same 
conditions (stronger stopping of the light particles), 
then an analogous "unraking" effect can appear already 
for the particles emitted backward, while the angular 
distribution retains a maximum for the particles moving 
forward. We note that the described pattern can be ob- 
served most effectively in the case of a large difference 
between the masses of the ions in the decaying mole- 
cule, if the heavy particle is only partially ionized a s  it 
moves in the medium. 

Attention must be called to the fact that simultaneous 
measurement of the intensities of the light and heavy 
components emitted forward and backward in the o-sys- 
tem in the decay of fast diatomic molecules in a thin 
film (at t <<t* (3.1), when expressions (4.3)-(4.9) a r e  
valid) would make i t  possible to determine experimen- 
tally the value of the constants a,, a,, B,, B,, and Fw 
which characterize the wake potentials of the fast 
charge particles in such a film. 

To get an idea of the order of magnitude of the de- 
scribed effect, we consider the decay of the molecular 
ion 4yeH' in a carbon film. Using the value r, 
= 0.8 A,C1'31 we easily obtain the corresponding value 
t* = 1.7 10-l5 sec. Assuming by way of an estimate 

we get for the angular distribution of the decay protons 
from (4.4) and (4.8) 

if we approximate the quantity y (4.6) by the formula 

where m is the electron mass, w, is the plasma fre- 
quency of the electron subsystem of the film 25 
eV for carbon), and v ,  is the velocity of the primary 
molecule beam, then for molecules of energy 8 = 2 
~ e ~ / n u c l e o n  incident on a carbon film of thickness 
100 A (YM 0.13, t % 0.3t* 0.52 10-l5 sec) relation (4.10) 
yields 

Similarly, for quantities A, and A, that enter in the 
angular distribution of the helium nuclei we obtain the 
expressions 

I,=9.6yt/tA. h2=6.4yt/t', (4.13) 

which yield, a t  the same molecule energies and film 
thicknesses as above, 

b,=0.37, h2=0.25. (4.14) 

The foregoing relations show clearly the great differ- 
ence between the intensities of the front and rea r  peaks 
for  light particles and the small difference, further- 
more of opposite sign, in the case of the heavy ones. 

a 11, 
X' 
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Thus, even under the conditions when the approxima- 
tion linear in t is applicable, the dynamic-interaction 
effects in the angular distributions of the decay parti- 
cles can be appreciable. At a fixed film thickness and 
a t  a constant incident direction we have 

and consequently the peaks in the angular distributions 
of the particles should increase quite rapidly with de- 
creasing energy E. 

To conclude this section, we note that a direct quanti- 
tative comparison of our results with the experimental 
results of C'41 is difficult, because the experimental 
parameters corresponded to rather large values of y 
and to flight times t 20.5t* that made it necessary to go 
outside the framework of the approximation linear in t. 

5. DISTRIBUTION OF DECAY PARTICLES IN THE 
LAB SYSTEM AS A FUNCTION OF THE ENERGY 
AND OF THE EMISSION ANGLE 

A study of the fast-molecule decay-product distribu- 
tion a s  a function of the energy and of the emission 
angle in the 1.s. is of great interest primarily because 
this distribution contains direct information on the an- 
gular distribution of the particles in the O.S. 

Let < be the 1.s. energy of the particle with mass rn, 
reckoned from the value E= $(E,,,+E,,) (see Sec. 3). 
If V,, is the velocity of the O.S. relative to the 1.s. and 
V(X) is the O.S. velocity of the particles of the con- 
sidered type and depends on the emission angle X, then 
we have for the distributions of these particles in the 
energy < and in the emission angle I) in the 1.s. 

In writing down this formula we used the fact that in the 
case of fast molecules the formula is valid with high 
accuracy in the case of fast molecules. 

v (%I sin $ (x) = -siu T.=$ ( x )  . 
V" 

We introduce on the <I) plane polar coordinates with 
X a s  the azimuthal angle. The polar radius p i s  defined 
by the relations 

$=p sin X .  e/rn,l','=p cos X .  (5.2) 

It is then easy to show that 

Therefore relation (5.1) can be written in the following 
final form: 

It is clear from this expression that in the case of 
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Coulomb explosion of a molecule in vacuum, when 
df/dhl,= const and the velocity v(x) is also independent 
of the emission angle X, a uniformly populated ring of 
radius p=v/V0 is produced on the $E plane if the units 
of $9 and E a r e  suitably chosen (see formulas (5.2)). 
When the molecules in the film decay, the pattern of the 

distribution undergoes changes of two types. On the 
one hand, it follows from (5.3) that the curve on which 
d2f/dn,dc differs from zero is no longer a circle but a 
more complicated curve defined by the equation p(x) 
=v(x)/V0. On the other hand, the population of this 
curve turns out to be directly proportional to df/dS%. 
Thus, measurement of the population-curve radius p 
corresponding to the angle X on the Jlr plane, and mea- 
surement of the corresponding population intensity, 
make i t  possible to determine directly the particle an- 
gular distribution df/dlb, in the O.S. Of course, in a 
real experimental situation, when the curve populated 
by the particles has on the $E plane a finite width, to 
obtain information on df /dq it is necessary to integrate 
a distribution of the type (5.4), multiplied by p2, with 
respect to the radius p. 

Turning to the velacity v(x) of the particles of mass 
m, in the o.s., we have (cf. 3.7) 

where the angle cpo is assumed to be a known function of 
the angle X. It is easily seen that in the approximation 
linear in t we have 

Using relations (3.13) and (3.14) for the transverse and 
longitudinal components p,, and p,,, of the cluster mass- 
center momentum in the o.s., we obtain ultimately in 
the approximation linear in t 

m, 
r(x)=- m,+ rn? [v.--- . nil dr, 

The velocity v* and the potential V(r, X) in this equation 
a re  defined respectively by (3.2) and (3.16). 

Let w analyze the obtained expression (5.5). From 
the definitions (3.16) and (3.17) and from the symmetry 
conditions of the problem it follows that a t  fixed r the 
potential V(r, X) i s  antisymmetrical with respect to the 
value x =n/2, i.e., 

It is clear therefore that the same property is pos- 
sessed also by the derivative 8V(r, x)/Br 

On the other hand, i t  follows also from (3.16) and (3.17) 
that 

FIG. 1. View, on the $E plane, of the pear-shaped curve along 
which the distribution of the decay particles differs from zero 
under conditions when the approximation linear in t is applica- 
ble. The dashed circle corresponds to Coulomb explosion of 
the molecule in vacuum. 

The properties (5.6) and (5.7) allow us  to conclude 
that in the approximation linear in t the populated curve 
on the plane (E is in units of m 2 q )  will change with in- 
creasing t from a circle into a certainpear-shaped curve 
(see the figure), and furthermore in such a way that those 
points on the curve which correspond to X = 0, X =n/2, 
and x =n remain immobile. The last  circumstance fol- 
lows from the condition 

which follows directly from (5.5)- (5.7). The relative 
deformation of the populated curve 

turns out to be inversely proportional to  the mass m, of 
the f i rs t  particle at the given value of X. 

It can be shown that the maximum value of the defor- 
mation of the curve can be estimated at 

where the constant 5 is of the order of unity and y is 
defined in accordance with (4.11). For  the u particles 
produced as a result of 4HeH* ions with energy 2 M ~ V /  
nucleon in a carbon film 100 di thick we have 

The corresponding value of 1 q I,, for protons is 
smaller by a factor of four. 

Thus, the influence of the dynamic interaction of the 
dispersing particles on the shape of the populated curve 
in the $r plane is much weaker in the approximation 
linear in t than the corresponding effects in the intensity 
of the population of this curve (cf. (4.10), (4.12)-(4.14)). 

We note in conclusion that relation (5.8) allows us to 
verify directly that the particles emitted at an angle 
x =r /2  in the reference frame considered by us, which 
coincides with the c.m.s. of the cluster, carry in the 
1.s. an energy E=~(E,,,+E,,). It is this which proves 
that the reference frame chosen by us is indeed the 0.s. 
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External photoeffect in the diffraction of x rays in a 
crystal with a perturbed layer 
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A general theory is constructed of the emission of secondary rays in Bragg diffraction of x rays in an ideal 
crystal and in a crystal with a perturbed surface layer. In the case of photoemission, the angular 
dependence of the photoelectron emission is extremely sensitive to weak displacements of the atoms in the 
surface layer. The question of the possibility of extracting information on the structure of the perturbed 
layer is analyzed in detail. It is shown that in a number of situations the aggregate of the data provided 
by the photmnission curve and the reflection curve permits a complete reconstruction of the structure of 
the perturbations in the surface layer, including both the averaged and random displacements of the atoms 
from their positions in an ideal crystal. 

PACS numbers: 61.10.Dp, 68.20.+t, 79.60.-i 

1. INTRODUCTION 

The diffraction scattering of x rays in thick crystals  
of high degree of perfection, in the so-called dynamic 
regime, is characterized by the formation of a single 
wave field by coherent superposition of the incident 
and diffracted waves. The structure of this field, i.e., 
the distribution of its nodes and antinodes, depends 
strongly on the angle of incidence of the x rays  on the 
crystal. This leads in turn to a strong angular depen- 
dence of the cross  sections of the inelastic processes 
such as the photoeffect, fluorescence, Compton scat- 
tering, and others, which decrease strongly when the 
field nodes are at the crystal atoms, and conversely 

ing work of Batterman,[=] extensive investigations have 
been made of secondary processes ( f l u o r e ~ c e n c e , [ ~ ' ~ ~  
thermal diffuse Compton scatteringf8]) 
that accompany the diffraction of x rays. In al l  cases,  
strongly pronounced anomalies were observed in the 
angular dependence of the secondary emission near the 
Bragg angle. However, in view of the large depths L of 
emergence of the secondary radiations investigated 

which greatly exceed the extinction length L,, 
of the x rays, the observed anomalies took mainly the 
form of dips on the yield curves, and only a small  
asymmetry of the curve reflected the structure of the 
wave field. 

increase when the crystal lattice si tes correspond to The situation changes radically if one registers the 
antinodes of the combined electric field. A reflection emission f rom the crystal  of photoelectrons for which 
of this circumstance is the sharp decrease of the x-ray L i s  always much less than L, . Such investigations 
absorption coefficient in diffraction in the Laue geo- were f i r s t  initiated in the early Seventies at the initia- 
metry, observed by Borrmann in 1941-the so-called tive of 0. N. Efimov at  the Leningrad University. It 
anomalous passage effect (see, e.g. ,[I1). was shown even in the f i rs t   paper^[^.^' that the photo- 

The changes of the intensities of the inelastic proces- 
ses can be investigated also directly, by studying the 
angular dependence of the emission of secondary rays. 
The f i rs t  to choose this procedure, namely measure- 
ment of the angular dependence of the yield of the n-y- 
reaction, was ~ n o w l e s , [ ~ '  in an investigation of the 

electron yield curve reflects primarily the structure 
of the wave field in the crystal, while the extinction of 
the x rays has little effect. This circumstance was the 
basis of a new method of investigating structural  imper- 
fections produced in a crystal  by various types of ex- 
ternal  action.[''- lZ1 

anomalous passage of thermal neutrons in perfect cal- Later on Golovchenko, Batterman, and ~ r o w n [ ' ~ ]  

cite crystals. In the Sixties, starting with the pioneer- found a method of decreasing the parameter L also in 
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