
Bremsstrahlung in atom-atom collisions 
M. Ya. Amus'ya, M. Yu. Kuchiev, and A. V. Solov'ev 

(Submitted 1 March 1985) 
Zh. Eksp. Teor. Fiz. 89, 1512-1521 (November 1985) 

It is shown that in the collision of a fast atom with a target atom when the frequencies are on the 
order of the potentials or higher, there arises bremsstrahlung comparable in intensity with the 
bremsstrahlung emitted by an electron with the same velocity in the field of the target atom. The 
mechanism by which bremsstrahlung is produced in at om-atom collisions is elucidated. Results 
of specific calculations of the bremsstrahlung spectra are given for a particles and helium atoms 
colliding with xenon. 

INTRODUCTION 

Buimistrov and ~rakhtenberg' demonstrated the im- 
portant role of the internal degrees of freedom of the target 
atom in the bremsstrahlung of an electron in a hydrogen 
atom. Subsequently the bremsstrahlung process has been 
studied in more complex Important features of 
bremsstrahlung were found, which are related to the dyna- 
mica1 polarization of the target atom during the collision. 
For example, in Ref. 4 it was shown that in the frequency 
region w)I, where I is the ionization potential of the atom, 
the radiation of an electron in an atom actually occurs at the 
nucleus. In Ref. 7 it was noted that the radiation which arises 
in collision between fast heavy charged particles can be of 
the same order as the bremsstrahlung which occurs when 
electrons collide with an atom, whereas it was previously 
believed that it is reduced by a ratio ( m e  /M)2, where me and 
M are the masses of the electron and the heavy particle. In 
Refs. 2-3 and 5-8 bremsstrahlung was studied in the pho- 
ton-frequency region w 2 I, where taking into account the 
polarizability of the target atom makes a very substantial 
contribution to both the differential and total cross sections 
for the process. 

In all of the studies mentioned, the incident particle was 
assumed to be charged and without internal degrees of free- 
dom. In the present work we study the bremsstrahlung pro- 
duced when a fast atom collides with a target atom and show 
that the deformation of their electron shells in the scattering 
process gives rise to bremsstrahlung of the same intensity as 
that of a charged particle colliding with an ion or even of an 
electron in the same target with the same incident velocity. 
Here, as in all studies of the series cited above, we treat the 
bremsstrahlung without including ionization of the atoms, 
which is generated completely by the neutral atoms them- 
selves because the ionized electrons do not radiate. Because 
of the large number of particles involved in producing the 
bremsstrahlung (the atomic nuclei and the electrons bound 
to them), the solution of this problem in the general case is 
rather complicated. However, for a collision between fast 
atoms the problem is simplified and permits a relatively sim- 
ple description. 

The mechanism of atomic bremsstrahlung is as follows. 
In the collision process each of the atoms is polarized and 
acquires a dipole moment. When these induced atomic di- 
pole moments and consequently also the total dipole mo- 

ment of the system rotate, bremsstrahlung is omitted. We 
will show that when fast atoms collide, bremsstrahlung over 
a wide range of frequencies and velocities of the incident 
particle results mainly at distances comparable with the 
atomic dimensions. This permits us to assume that the polar- 
ization and dipole moment of each of the atoms arise as a 
consequence of the displacement in opposite directions of 
the electron shell and the nucleus in the static field of the 
other nucleus, screened by electrons. 

For photon frequencies o ) I  we can assume that the 
electrons of the two atoms radiate as if they were. However, 
when free electrons collide, radiation of dipole quanta is im- 
possible, and therefore bremsstrahlung in this region of w 
arises as the result of acceleration of the electrons of each of 
the atoms in the field of the other nucleus. 

In this paper we show that when two identical atoms 
collide there is no dipole bremsstrahlung. The reason for this 
is that the induced dipole moments of the atoms completely 
cancel each other out so that the total moment of the system 
vanishes. Therefore in a pair identical atoms bremsstrahlung 
arises only as a consequence of corrections associated with 
relativistic effects. 

The bremsstrahlung mechanism described appears also 
when an ion collides with an atom. An ion-atom collision 
and the atom-atom collision discussed above differ qualita- 
tively, because in the system consisting of the incident ion 
and the atom has a long-range Coulomb field the ion, which 
causes the bremsstrahlung intensity increase when the colli- 
sion occurs at large distances. 

The discussion in this paper is arranged according to 
the following plan. In Section 1 we obtain the amplitude of 
bremsstrahlung in atom-atom collisions. In Section 2 we 
study the bremsstrahlung cross section. We discuss the an- 
gular distribution of unpolarized photons, which in the re- 
gion wR,, / u ,  g 1, where v, is the velocity of the incident atom 
and R,, is the size of the atom, coincides with the angular 
distribution of the radiation of a uniformly rotating dipole, 
which agrees with the qualitative picture of the phenomenon 
given above. We study the polarization of bremsstrahlung 
and obtain the bremsstrahlung spectrum da/dw, for which 
we find an especially simple formula in the region w) 1. We 
bring out the role of nuclear recoil in the production of 
bremsstrahlung. In Section 3 we give the results of a numeri- 
cal calculation and compare the bremsstrahlung spectra 
arising when a helium atom or its ion (an a particle) collides 
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FIG. 1. Diagram representation for the amplitude of bremsstrahlung in 
atom-atom collisions. 

with a xenon atom and the bremsstrahlung spectrum of an 
electron colliding with a xenon atom. 

1. AMPLITUDE OF BREMSSTRAHLUNG 

Let us consider the collision between a pair of fast but 
nonrelativistic atoms leading to emission of a photon with 
momentum k and polarization e, in which both at the begin- 
ning and at the end of the process both atoms are in the 
ground state. The momenta of the translational motion of 
the first and second atoms of the pair in the initial state will 
be designated respectively asp ,  ndp,, and those in the final 
state pi  and p i .  To describe the bremsstrahlung from fast 
atoms we shall use the Born approximation, i.e., we shall 
consider the process to first order in the interatomic interac- 
tion U({r,); {r, 1) .  The potential Uis the sum of all possible 
Coulomb interactions between the particles making up the 
first and second atoms, and {ri) and {r,) are the coordi- 
nates of these particles. It is also sufficient to disfuss the 
radiation process to first order in the interaction V of the 
atoms with the radiation field. 

The Feynman diagrams which describe the amplitude 
of the bremsstrahlung of fast particles are shown in Fig. 1. 
The double lines describe atoms, the dashed lines represent a 
radiated photon with momentum k and polarization e, and 
the wavy lines represent the interaction U between atoms. 
The ~ o i n t  ofemission of a photon corresponds to the interac- 
tion V of the atom with the radiation field. We represent the 
wave functions of the moving atoms in the form 

where p is the momentum of the translational motion. R is 
the radius vector of the center of inertia, and Y, ({r, - R))  
is the wave function of the nth state, which depends on the 
relative coordinates of the internal motion of the electrons 
and the nucleus. 

In Fig. 1 the states of the atoms are denoted by two 
letters in correspondence with Eq. ( 1 ) . A summation which 
includes the discrete and continuous spectra of the atom is 
carried out over the intermediate states (p;n).  The ampli- 
tude shown graphically in Fig. 1 describes the radiation 

emitted by the nucleus and by the electrons of each of the 
atoms in the static field of the other one during the collision. 

We shall integrate the matrix elements for radiation of 
the photon and for the scattering process over the coordi- 
nates oftheir centers of mass. These matrix elements enter as 
factors in the desired amplitude. First let us consider the 
matrix element for radiation of a photon by a moving atom: 

Here the summation is carried out over all particles making 
up the atom, including the nucleus; @,, ei and mi are the 
momentum operator, charge, and mass of the ith particle of 
the atom, and c is the velocity of light. Using the wave func- 
tions of the moving atom ( I ) ,  we arrive at the following 
expression: 

<pl;  m l 8  lp; n>=- (2n) 36 (p-p'-k)Jfm,(k; e; p) ,  (3 )  

Here S(p-p' - k )  expresses the conservation of momentum 
during the photon emission, and M is the mass of the atom. 
In the system p = 0, M,, (k,e,O) is the matrix element for 
radiation of a photon in the center-of-mass system of the 
atom. 

In the dipole nonrelativistic approximation (wR,,/ 
c( 1, v/c( 1, where v = p/M),  which is valid even for fre- 
quencies comparable with the ionization potential of the in- 
ner shells, the function M,, (k,e,p) is simplified: 

O m n  
B.. (e, p) =6,, ei t i - (edmn), 

Mc c 
( 4 )  

, = I  

where dm, is the matrix element of the dipole moment of the 
atom and w,, = E, - E, is the frequency of the transition 
between states m and n. 

Similarly, separating the coordinates of the centers of 
mass of the atoms in the scattering matrix element and inte- 
grating over them, we can transform it to the form 

(P,', m i f ;  p,', n,' l i ( p 1 ,  mi;  p2, m 2 ) =  ( % n ) 3 6 ( ~ ~ f  P~-P~'-P?'! 

The subscripts and superscripts 1 and 2 in Eq. ( 5 )  and below 
denote the assignment of the various quantities to the first or 
second atom respectively. The function S,,. ( Q )  which de- 
scribes the distribution of the charge of the electrons and 
nucleus inside the atom is defined by the relation 

where the momentum transfer is Q = p - p'. The amplitude 
( 5 )  is similar to the amplitude of the scattering of two 
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4n o 
charged structureless particles. Here the role of the charges F I  (w; 92; e) = F;;_ (eQ2)GI ( a ;  QZ)S2(Qz), 
in Eq. ( 5 )  is played by the functions S. 

A\ + I  

As will be shown below, to describe bremsstrahlung it is 
actually sufficient to consider the function S,., ( Q )  in the Gi(w; Qz)=- X e t m  Si(Q2) +Al(w; Q,), ( 1 0 )  

limit of small momentum transfers QR,, < M / Z m ,  ( Z  is the 
,=I 

nuclear charge and m,  is the electron mass, where it is some- ( )  ) ) ,  s2 (Q) -sd,"' (Q,) . 
what simplified: 

R 

Zm, 
S,.,,, (Q) =Z6,,.-im' 1 z e ,  exp ( - i ~ r { )  I m)+iQd..*, -. 

i=l  
-I!l 

Here the quantity A,,  which is defined by the following equa- 
lity: 

( 7 )  is the generalized polarizability of the first atom. For a 
spherically symmetric atom it follows from ( 1 1  ) that A,  (o; 

Equation ( 7 )  was obtained from (6)  by expanding the Q )  depends only on the absolute value of Q,  which will be 

exponential used subsequently in calculating the bremsstrahlung cross 
section. For neutral atoms, and also for heavy ions with mass 

R 

miri M ) m ,  we have GI (w;  Q )  - A ( w ;  Q ) .  In the region of small 
Z e ~ p ( - i Q r ~ + ~ )  ~ z - i Q r ~ + ~ ,  rN+i=- - 

M '  
momentum transfers, A(w; Q )  goes over to the ordinary di- 

i-I pole dynamical polarizability of the atom a, ( w ) ,  since for 

which contains the displacement of the nucleus in the center- 
QRat ( 1 

N+ 1 

of-mass system of the atom, expressed in terms of the coordi- 
nates of its N electrons. s.. ,(Q)= ~ e , 6 , . . - i ~ d , , ,  d,,=O. 

We shall represent the analytic expression for the ,=I 

bremsstrahlung amplitude in atom-atom collisions in the The analytic expression for F, in ( 8 )  is obtained from F, 
form of a sum of two terms: by permutating the indices 1 and 2.  Taking this into account, 

we find from ( 8 )  the following expression for the brems- 
F=Fl+F,, ( 8 ,  strahlung amplitude in atom-atom collisions: 

where F, describes the radiation of a photon by the first atom 
(the first two diagrams of Fig. 1 ), and F, describes the radi- 
ation of a photon by the second atom (the third and fourth 
diagrams of Fig. 1 ). Using Eqs. (3 )  and ( 5 ) ,  integrating 
over the momenta of the translational motion of the atom p 
in the intermediate state and summing over its excited states, 
we obtain the following expression for F,, written in atomic 
units A = me = e = 1 :  

In derivation of ( 12) we used the condition 
Q2 = - Q 1  + k=: - Q , ,  which follows from the relation 
Q,>w/v , )w/c  = k, where u ,  is the velocity before the colli- 
sion of the first atom in the rest system of the second atom. 

In the region w,I, neglecting w , 0 - I  in comparison 
with w  in the energy-dependent denominators in ( 9 ) ,  and 
also taking into account that M ) m , ,  we obtain a simple 
expression for the bremsstrahlung amplitude (8)  : 

- 5':' (ql) M,(:' (k; e;  pi)  
o+w,,-pi2/2MI+ (p,-k)'/2M2 } ( 9 )  4.-r (eQ) 

F ( o ,  Q, e)  = - ---- {Z,Wi (Q) -ZlW2 (Q) 1. 
Q2 O C  

( 1 3 )  

Here and below we shall not write out the delta function 
which describes conservation of momentum in the collision, 
and q, = p ,  - p, - k. In Eq. (9 )  the factor in front of the 
summation sign is the Fourier transform of the static atomic 
potential of the second atom, and the expression in curly 
brackets is the dynamical reaction of the first atom to the 
external perturbation produced by the second atom. 

The polarization of the atoms is particularly strong in 
the region w  5 I, where the bremsstrahlung process is well 
described in the dipole approximation. Substituting (4)  into 
( 9 ) ,  and omitting in the energy-dependent denominators the 
terms which contain as a factor the small parameters u,/ 
c (1 ,  Q / M u , ( l ,  or o/Mu: ( 1 ,  we obtain the following 
expression for the amplitude F, of dipole bremsstrahlung: 

Here W ( Q )  is the form factor of the atom. For the function 
S ( Q )  in derivating ( 1 3 )  we used the approximation 
S ( Q )  = Z  - W ( Q ) ,  which follows from ( 7 )  for the condi- 
tion W ( Q )  ( ( Z m ,  /M)QR,,  , which is satisfied in the region 
of momenta comparable with atomic momenta which is of 
interest here. As follows from Eqs. ( 12) and ( 13 ) , there is no 
dipole bremsstrahlung when identical atoms collide: F ( o ;  
Q ;  e )  = 0, and therefore the bremsstrahlung in this case is 
determined by the relativistic correction to the amplitude 
found. 

2. BREMSSTRAHLUNG CROSS SECTION 

Calculating the differential cross section correspond- 
ing, to the bremsstrahlung amplitude ( 12),  we shall take as 
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unit polarization vectors the vectors 

el=[pl, kill [pi, k l  I, e2=[k, ell l k ,  
where the square brackets denote a vector product, and we 
shall introduce the polarization matrix of the photon den- 
sity, expressed in terms of the Stokes parametersgi (i = 1,2, 
3).  Integrating d 3a/d kdpIfdp2' over the momenta of the 
atoms in the final state, we obtain the following expression: 

PWU* 

Here 6 = kc, and ,LL = MlM2/(Ml = M2) . The upper and 
lower limits of integration over Q are established from con- 
servation of energy and momentum. 

The parameter 6, characterizes the degree of linear po- 
larization of the photon along the vectors e l  and e,; the prob- 
ability of polarization along e, is 1/2 ( 1 + g,), and that along 
e, is 1/2( 1 - g,). Thus, the resulting bremsstrahlung is 
found to be linearly polarized. Setting 6, = 0 in ( 14) and 
multiplying by two, we obtain the cross section averaged 
over photon polarization da/dwdO, 

Equation ( 14) shows that to calculate cross sections for 
the collision of two neutral atoms it is necessary to know the 
amplitude in the region QR,, - 1, for outside this region the 
integrand falls off rapidly. On the other hand, when even one 
of the particles of the pair is an ion, the integrand rises as l /Q 
in the region QR,, < 1 if this region of momentum transfer is 
allowed kinematically, i.e., when Qmin Rat = wR,, /vlg 1. 
This can easily be seen from the following relation: 

S (Q) =Z-iV+O (Q2Ra:), 

The difference for small Q is due to the Coulomb long- 
range interaction in ion-atom and ion-ion collisions, which 
does not exist in collisions between neutral atoms. The long- 
range interaction of ions is felt in the region Q- Qmin (here 
Qmin Rat ( 1 ), since in this case there is a large contribution to 
the bremsstrahlung spectrum from events which occur at 
large distances between the colliding particles. When the 
condition wR,,/v, 2 1 is satisfied, the bremsstrahlung ori- 
ginates at distances comparable with the atomic dimensions, 
and the cross sections ( 14) for neutral atoms and charged 
ions are found to be of the same order. 

In the region Rat /v, < 1 the cross section ( 14) is simpli- 
fied: in the expression in curly brackets we can neglect terms 
containing the parameter ( ~ / v , Q ) ~ ,  because in the region 
QR,, - 1 which is most important for the formation of 
bremsstrahlung of neutral atoms this term is small (a/ 
v1Q)'- ( w R , , / ~ , ) ~ < l .  

In addition, for neutral atoms the lower integration lim- 
it in ( 14) can be approximately set equal to zero, since the 
integrand becomes extremely small in the region Q- Qmin. 
Then 

where the integral in Eq. (14), calculated between limits of 
zero and infinity, is a function of w characterizing a given 
pair of atoms. From this formula we obtain the angular dis- 
tribution of unpolarized photons (1 + cos2 6). I t  coincides 
with the angular distribution of the radiation of a dipole ro- 
tating in the plane of scattering and averaged over the possi- 
ble orientations of this plane. 

In the case of an ion-atom or ion-ion collision for fre- 
quencies R,,/v,( 1 the angular distribution of unpolarized 
photons (1 + cos28) is obtained form ( 14) in the so-called 
logarithmic approximation, for which it is necessary to ex- 
pand the integrand in powers of Q and to integrate it between 
limits Qmin and Q- l/Ra, and then to separate only the lead- 
ing logarithmic term of this expansion. 

Averaging ( 14) over polarizations and then integrating 
over dR,, we obtain the differential cross section for brems- 
strahlung as a function of frequency, i.e., the bremsstrahlung 
spectrum: 

2PU, 

The remarks made above regarding the features of the calcu- 
lation and the possible simplification of the cross section do/ 
dwdO, in the region wR,, /v l  < 1 apply equally to Eq. ( 15). 

In the region w ) I  the bremsstrahlung spectrum corre- 
sponding to the amplitude ( 13) is particularly simple: 

The upper integration limit in (16) has been replaced by 
infinity. The integration in the region Q>Qma, does not 
make an appreciable contribution to the bremsstrahlung 
spectrum, since in this region, as over the entire region 
QR,, ) 1, the integrand falls off rapidly. 

The structure of ( 16) is quite clear. In the region w)I 
the bremsstrahlung spectrum is formed only as the result of 
acceleration of the electrons of each of the atoms in the field 
of the other nucleus. The bremsstrahlung amplitude of qua- 
sifree electrons belonging to one of the atoms, for example 
the first in the nucleus of the second, is proportional to the 
factor Z, W, (Q) ,  which is analogous to the product of the 
two charges in the amplitide of bremsstrahlung of two struc- 
tureless charged particles. Therefore the complete ampli- 
tude of bremsstrahlung in collision of two atoms is propor- 
tional to Z, W,(Q) - Z2Wl(Q) .  The minus sign in this 
expression arises as the result of the fact the dipole moments 
of the atoms have been oriented in opposite directions in the 
collision process. 

Recoil of the nuclei in the scattering process has been 
taken into account in the cross sections ( 14) and ( 15) in the 
functions S Lh' (Q) and S$J' (Q)  (see the third term in Eq. 
( 7 ) ) ,  which enter into these formulas both explicitly for 
n = 0 and implicitly in terms of the definition of the general- 
ized polarizabilities. However, in calculation of these cross 
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sections, recoil can be neglected since it becomes appreciable 
only for rather large Q when W(Q) 5 QR,, (Zm, /M), and 
for the bremsstrahlung spectrum of atoms values QR,, - 1 
are most important. 

In bremsstrahlung processes in which the momentum 
transfer is fixed, in the region of large Q the role of recoil is 
very important. In fact in the polarizability A(w; Q) the 
main contribution is from values of S,, (Q)  with energy 
E,  -I. It follows from Eq. (7 )  that in the region 
W(Q) < ( Z m ,  /M) QR,, the contribution of recoil (the third 
term in Eq. (7 )  ) to S,,, (Q)  for n $0, E ,  - rand consequent- 
ly also to A (w; Q)  will be the main contribution. Considering 
the cross section in just this region, we arrive at the following 
result: 

Integrating the cross section (17) over the momentum 
transfer Q in the region determined in ( 17), we see that the 
expression obtained here contains a small parameter (Z,Z,/ 
M ,,,, ) (1. This demonstrates the possibility of neglecting 
recoil in calculation of the cross sections ( 14) and ( 15). 

The spectrum ( 15) in the case of an incident structure- 
less charged particle goes over to the expression obtained in 
Refs. 5 and 6 in discussion of bremsstrahlung in a many- 
electron atom with inclusion of its dynamical polarizability. 
Indeed, setting in ( 15 ) for the target atom 

G 2 ( o ;  Q ) A  ( w ;  Q ) ,  SL(Q)=Z-I .V(Q)  
(the recoil of the nucleus can be neglected) and for the inci- 
dent particle 

G , ( o ;  Q ) = - 1 / M o 2 ,  S ( Q )  = - I ,  

where M is the mass of this particle, we arrive at the well 
known result: 

Here the first term within the absolute value signs describes 
the radiation of the incident particle in the field of the neu- 
tral atom, and the second describes the radiation of the atom 
polarized by the incident particle in the course of the colli- 
sion. 

3. BREMSSTRAHLUNG IN COLLISION OF HELIUM WITH 
XENON 

As was mentioned above, the bremsstrahlung of heavy 
charged particles in an atom turns out to be of the same order 
as the bremsstrahlung of an electron in the same target. For 
the bremsstrahlung spectra arising when a helium atom an a 
particle, and an electron collide with a xenon atom we shall 
demonstrate that the intensities of radiation when neutral 
atoms and charged particles scatter are of the same order 
over a wide region of characteristic atomic frequencies. The 
results of a numerical calculation of the bremsstrahlung 
spectra of an a particle and a helium atom on a xenon atom 
have been given briefly in a previous note.9 

To calculate the bremsstrahlung spectra of a helium 
atom and an a particle scattering on a xenon atom we shall 
use Eq. ( 15), while to calculate the bremsstrahlung spec- 
trum of an electron we shall use Eq. ( 18). In ( 15) it is not 
necessary to take into account the recoil of nuclei in the fre- 
quency region studied and the velocity region wR,, /v 5 1, as 
follows from the discussion given in the preceding section. 
The values of the He form factor necessary for the calcula- 
tions were taken from Ref. 10. The xenon form factor in the 
Hartree-Fock approximation and the generalized polariza- 
bility of xenon A Xe (w;Q) were taken from Ref. 8, where the 
bremsstrahlung spectrum of an electron is an xenon atom 
was calculated. The generalized polarizability of helium in 
the region of frequencies above the threshold for ionization 
of the 4d lo subshell of xenon which we are discussing here 
can be represented in the form A He (w; Q) =: - W (Q)/wZ. 
For frequencies w 2 I(xe, 4d lo )  the relation IA He (w;Q) 
4 IA Xe (w;Q) l 2  holds. However, since in the region QR,, - 1 
we have 
(ZHe-WHe ( Q )  ) Re iZXe(o; Q )  - (2"'- Wx' ( Q )  ) Re AH' ( o ;  Q )  , 

these two terms interfere in the spectrum ( 16). The nature of 
the interference is determined by the signs of the generalized 
polarizabilities. Since ReA He (w; Q) < 0, consequently for 
ReA Xe (w; Q) < 0 (the region w 2 7.8 Ry in Fig. 2 )  the real 
parts of the polarizabilities of the atoms in the bremsstrah- 
lung spectrum ( 16) interfere destructively, while for 
ReA Xe (w; Q)  > 0 (the region w 5 7.8 Ry in Fig. 2)  they in- 
terfere constructively. There actually is no interference of 
the imaginary parts of the polarizabilities in the spectrum, 
since in the frequency region we are considering ImA He (w; 
Q) ~ 0 .  The imaginary part ImA Xe (w; Q) is very large for 
w 2 I ( X e ,  4d l o )  and when the real parts of the polarizabili- 
ties interfere destructively it basically describes the behavior 
of the bremsstrahlung spectrum of atoms. 

Results of the calculation of the bremsstrahlung spectra 
of helium, a particles, and electrons in xenon atoms for 
v = 5va, are given in Fig. 2, where we also show the results 
from calculating the bremsstrahlung spectrum of He in Xe 
without taking into account the polarizability of He (Ref. 9)  
(vat = e2/f i  is the characteristic velocity of an electron in the 

FIG. 2. Bremsstrahlung spectra in Xe: of an electron (dashed curve), of 
an a particle (dot-dash line), of helium without taking into account its 
polarizability (dash double-dot line), and of helium including the polariz- 
ability of both atoms (solid line) for a velocity of incidence u ,  = 5u,, . 
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atom). The selected velocity u is close to the lower limit of 
applicability of the approximation described. The radiation 
spectra shown in Fig. 2 exhibit broad maxima. They arise as 
the result of the fact that in the generalized polarizability 
/ A X e  (w; Q) l 2  as a function of frequency in the region 
w k I(Xe, 46 l o )  there is a broad m a ~ i m u m . ~  

In the example we are considering (see Fig. 2)  above 
the ionization threshold of the 4d lo subshell of Xe for fre- 
quencies 0 - 8 Ry and v - 5v,, the relation Q,, Rat - 1 is 
satisfied, and consequently the intensities of bremsstrahlung 
of helium atoms, a particles, and electrons in Xe are of the 
same order, as follows from the discussion given in Section 2. 

CONCLUSIONS 

In this article we have discussed the polarization mech- 
anism by which bremsstrahlung is produced in collisions of 
atoms, which leads to very substantial intensities of the radi- 
ation in the continuum. 

We can expect that as incident velocity decreases the 
mutual deformation of the atoms will rise, giving rise to an 
increase of the intensity of the bremsstrahlung they emit. As 
in the case of electron bremsstrahlung in an atom when the 
target polarization is included in the collision process,' at 
relativistic velocities the retardation in the interaction 
between the atoms should enhance the effectiveness of their 
polarization mechanism of radiation. 

In addition to this process in which bremsstrahlung is 
produced without changing the internal state of the atom at 
the end of the collision, photon emission results also from 
reactions accompanied by ejection of electrons or by transi- 
tion of atoms to an excited state. The relative role of these 
processes in the total cross section for bremsstrahlung is be- 
ing studied at the present time. '' 

It is also of interest to investigate the bremsstrahlung 
produced in collisions of atoms which do not have spherical 
symmetry, for example, in the case in which the quadrupole 

moment of the atom is nonzero. Since this creates a long- 
range field falling off as l / r 3 ,  we can expect the intensity of 
bremsstrahlung in processes involving such atoms to in- 
crease. 

The conclusion drawn in our work that the intensity of 
bremsstrahlung in neutral atom scattering is significant can 
be qualitatively generalized to collisions involving mole- 
cules. To calculate the bremsstrahlung cross section in this 
case it is necessary to take into account both the nonspheri- 
cal static distribution of the molecular charge in the field of 
which the motion of the other molecule occurs, and also the 
molecular (vibrational and rotational) degrees of freedom, 
which should appear in the polarizability especially strongly 
for w greater than or of the order of their excitation energy. 
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