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The general theory is set forth for the quasielastic knockout of atoms from molecules by fast atoms with 
energy of the order of 500 eV ( A  + ( B C ) - + A  + B + C ) .  The theory is based on the adiabatic 
approximation and is illustrated by the example of knockout of a hydrogen atom from the molecules H,O 
and H,. It is pointed out that measurement in coincidence of the angular correlation between the two final 
particles gives partial momentum distributions (form factors) of the knocked out atoms in the molecule. 
The appearance of the form factor depends substantially on the nature of the wave function of the excited 
vibrational state of the final radical, which also may be unstable. Thus, the method of quasielastic 
knockout can serve as a unique means of investigation of the properties of molecular radicals. An 
experiment with ions is also possible, A ++ + ( B C )  +A ++ B ++ C ,  but its interpretation is more 
dicult .  

PACS numbers: 34.50. -s 

1. INTRODUCTORY REMARKS 2. GENERAL THEORY OF QUASIELASTIC 
KNOCKOUT OF ATOMS The substantial achievements of the method of quasi- 

elastic knockout of an electron by an electron, (e, 2e) 
at high energies in the keV rangeL1] show that this new The expression for the c ross  section for quasielastic 

method i s  a powerful means of studying wave functions knockout of a particle B from a compound system (BC) 
by an incident particle A has the form['] 

of individual atoms and molecular orbitals and will 
stimulate further theoretical and experimental study of 
the possibilities of use of the methods of high energy 
nuclear physics in the atomic and molecular region. 

In the present work we develop the theory of quasi- 
elastic knockout of atoms from molecules by fast  elec- 
trically neutral particles and propose a new type of 
experiment, utilizing the coincidence technique, for 
direct study of the Fourier spectrum of the vibrational 
function of the initial molecule on the basis of the vari- 
able of motion of the knocked out atom with respect to 
the residual molecule for a specified fixed vibrational 
state of this final molecule o r  radical. In this way it 
is possible to study any vibrational states of the final 
molecule, including even unstable radicals, since the 
Fourier spectrum under discussion is extremely sensi- 
tive to the wave function of this final vibrational state. 

This question was posed by us at one time in prelimi- 
nary form,[21 but was not developed, since the experi- 
mental technique a t  that time did not permit such stud- 
ies to be carried out. However, the state of the a r t  has 
changed radically in the course of fourteen years. In 
the first place, the coincidence technique has been de- 
veloped for (e ,  2e) experiments which a r e  similar in 
their physics.[11 Secondly, the time-of-flight method 
has been mastered for  measurement of the velocities 
of neutral atoms.[31 In the third place, efficient detec- 
tors of neutral atoms have been suggested.14] Further, 
there i s  the possibility of identifying particular rota- 
tional states for certain types of molecules (quadrupole 
lenses, etc.).15] The crossed-beam technique has be- 
come generally available. Finally, a s  we shall see be- 

Here we a re  discussing the process 

A+ (BC) -A+B+C, (2) 

which reduces in the impulse approximation to quasifree 
scattering of particle A by atom B, with the radical C 
being a spectator. It is assumed that the emitted parti- 
cles A and B a r e  detected in coincidence and that their 
momenta pA and p, a r e  measured. The experimental 
geometry must be chosen so  that PA and p, a r e  com- 
parable with the incident-particle momentum Po and 
the radical C obtains a momentum q = p, - pA - p, small 
in comparison with p,, PA, and 3,. In Eq. (1) 

MOl (q) = n 2  I e - ' q R n ~ i , l  Y (B .c ) .o  (4, RB)drc dk, (3) 

and n, is the number of equivalent atoms of type B in 
the molecule (BC). All coordinates a r e  given in the 
laboratory system. It is contemplated that the energy 
E, of the bombarding particles A is several hundred 
electron volts. Here the velocities of atoms A and B in 
the final state a r e  rather large in comparison with the 
velocities of vibrational motion of the nuclei in the mole- 
cule, which permis use of the impulse approximation for 
description of this process. At the same time they a re  
small  in comparison with the velocities of the electrons 
in the molecule, so  that i t  i s  possible to use the adiaba- 
tic approximation and thereby exclude electronic de- 
grees of freedom from the discussion. le' 

low, we can discuss experiments of this type in which Equation (3) corresponds to the transition between 
the incident particles and both final detected particles definite states (0) = (uJK) of the initial molecule (BC) 
a r e  charged. Such experiments a r e  technically very and V ) =  (ucJCKc) of the final radical C.  Consequently 
simple. we have 
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Here R, i s  the coordinate of the nucleus of atom B re- 
lative to the center of mass of the molecule (BC), and 
the se t  of vectors y a r e  the vibrational variables of the 
radical C. All of these variables and also the momen- 
tum q h =  Q'lq in Eq. (6) a r e  taken in the internal coor- 
dinate system of the molecule (BC), which is related to 
i ts  principal axes of inertia. The transition from it  to 
the laboratory system is carried out by rotation of 
Si; (S2 I J K M )  and (S2 I J,K,M,) a re  the rotational wave 
functions respectively of the molecule and the radical; 
M and M ,  a r e  the magnetic quantum numbers. If the 
orientations of the principal axes of inertia of the mole- 
cule (BC) and the radical C do not coincide, i t  is neces- 
sary  to carry out, a s  i s  done in Eqs. (5) and (6), a rota- 
tion of a, from the axes of inertia of the molecule (BC) 
to the axes of inertia of the radical C. 

Using the Boltzmann distribution W,K(T) for the tar -  
get molecules and assuming that the vibrational degree 
of freedom for them is frozen, we can write the final 
formula: 

Here there ar ises  the very interesting problem of the 
correct transition from the rotational and vibrational 
variables a, Q of the initial molecule (BC) to the rota- 
tional and vibrational variables 51' , Q' of the residual 
radical C and the coordinate p of the knocked out atom 
B relative to the radical C. Here i t  is necessary to 
take into account that the system of principal axes of 
inertia of the molecule (BC) and of the residue C do not 
coincide. The approach to solution of this nontrivial 
problem has been noted in the work of Davydov and 
~ i l i ~ ~ o v [ ~ ]  (at least for triatomic molecules), but we 
shall not immerse ourselves in this question, which is 
important when we a r e  considering a transition from a 
fixed rotational level of the molecule to a specified ro- 
tational state of the radical. The fact is that in the 
early stages the level of the energy resolution A E  will 
probably be too crude to separate individual rotational 
states of the radical, and the measured cross  section 
will include practically the entire rotational band. 
Therefore it is desirable to make use of the complete- 
ness relation for the rotational functions of the radical 
and to simplify Eq. (7), reducing i t  to the form (the de- 
tails of the procedure of this simplification can be 
found in our 1975 article[']) 

dQ sin 0 de dcp 
I M - ~  ( q )  I ¶ -  Jy IM:~ (Q-lq) 12= IM:~ (qin) la, 

8n - 4x (8) 

where 6 and cp a r e  angles specifying the orientation of 

the vector qin in the internal system of the molecule 
(BC). 

In the earl ier  publication[21 Matthies and Neudachin 
did not use this folding and obtained the distribution of 
intensities of excitation of the final radical OH in vari- 
ous rotational and vibrational states, but only for y = 0. 
The question of form factors was not raised in that 
work. 

3. QUASIELASTIC KNOCKOUT OF A HYDROGEN 
ATOM FROM THE MOLECULES H 2 0  and Hz 

These specific examples permit a good demonstration, 
in essence, of the general method of calculation of the 
integrals (6). We introduce the following designations 
for  the variables of the vibrational wave functions of the 
H,O molecule p H  is the relative coordinate of the nu- 
cleus of the knocked out hydrogen atom H( ,) and the cen- 
ter  of mass of the residual nucleus, and @ i s  the equili- 
brium value of this coordinate, so  that p H = p t +  ~ p " .  
We shall designate by y, and y, the components of the 
displacement vector llpH relative to the equilibrium 
position p t  respectively parallel and perpendicular to 
p t .  Finally, r,, Y,, and r, will specify the distances 
H( ,) - H( ,) , H, - 0, and H( ,) - 0 in the H,O molecule, 
and s,, s,, and s, a r e  their departures from the equili- 
brium values: 

Assuming that the vibrations relative to the equilibri- 
um distances a r e  small, we obtain 

where 

16  OX . pdl' , 16 ~ O I C  
k,=-  --sin q,. k2 = - f --cos (FO, 

17 rlll l  rig, ,  17 rllli 
IG2 ru11 16 ( ! , , I '  I 

I;,=---+--cosryr, k : = -  sin (r,, 
17' rll" 17 rrlx 1; 

PO" 1 I;j = ---- - cosqo, !s poL' cos rpp. 
r0, 17 "-I-: I l i  r,,n 

Here qO is the equilibrium angle between the vector p t  
and the bond H( ,, - 0. 

We now can express the normal coordinates Q1, Q2, 
and Q, of the H,O molecule in terms of the displace- 
ments Y l ,  Y,, and y,: 

The quantities a,, u,, . . . , a, a r e  known from study of 
the vibrational spectra of the H,O molecule, and there- 
fore the coefficients di can easily be computed by means 
of Eqs. (9) and (10). We finally obtain for the vibration- 
a l  wave function of the ground state of the H,O molecule 
the following expression: 

1 
@.(y. R.) -8.0 exp {- z- w . ~ ? )  

(12) 
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where 

and the normalization i s  

Introducing the variables y,, y,, and y, into Eq. (6), 
i t  is easy to carry out in i t  integration over y, and y, 
and to arrive at the result 

w 

.1.1,,;(q)= j d y ,  d y z d y ,  esy { - i ( q , y , + q ~ y ~ ) ) ' ~ . , ' ( y ~ - ~ r o a )  
- m 

~ , ( y , y ~ y ~ )  = J d y ,  ~p. ,  ( y s - ~ r o ~ ~ ) F o ( ( l ~ .  q?; y l ) ,  ( 15 )  

where 

Substituting this result into Eq. ( 8 ) ,  we eventually 
obtain the form factor 

1. 

X (dcp exp{-qz( l - t2)  (a cos2cp+j3 sin2p+T sin p eos cp)} Iffvc (ef i g ( q " ) )  1'. 
0 

in which 

poH i s  the reduced mass of the OH radical and H,(x) is 
a Hermite polynomial. 

The result ( 1 7 )  i s  greatly simplified if we sum the 
contributions from al l  vibrational states qUc of the OH 
radical. Indeed, the completeness relation 

leads to the following expression for the complete form 
factor of H,O molecule: 

1 1 1 
-A2 e x p  (- !'q2) exp  {- (a f  - P ' )  q z t 2 ] ~ 6  {T $'q2(1-t') }, 

(18)  

where 

and I ,(x) is a Bessel function of imaginary argument. 

In Fig. 1 we have shown the result of calculation of 
the form factors (17) and (18)  for knockout of a hydrogen 
atom from H,O, and also the complete form factor (18) 
for  knockout of an oxygen atom. It is evident that in 
knockout of an H atom only the several lowest vibra- 
tional states of the 08 radical a r e  excited. This i s  ex- 
plained by the small change Ar,,  of the equilibrium dis- 
tance r,, in the transition from the H,O molecule to the 
OH radical. In contrast to this, in knockout of an oxy- 
gen atom from the H,O molecule the distance r,, de- 
creases by 5 W o  in the transition to the H, residue, and 
states of the Hz molecule with high vibrational quantum 
numbers a r e  mainly excited. Therefore, we shall limit 
ourselves to illustration of the complete form factor for 
this case. 

Our adiabatic discussion assumes that a s  R, ap- 
proaches infinity there is no crossing of terms and the 
final radical C is formed in the ground state. It is ob- 
vious that by knocking out various atoms from a mole- 
cule it is possible to study very diverse radicals, in- 
cluding short-lived ones. 

If we now turn to knockout of a hydrogen atom from 
the H, molecule, we obtain fo r  the corresponding form 
factor 

JJ,.,, (q) = J e-'q'(l), ( R )  YLM (Qn) d R ,  

where a$= p+,/ii, and Ro is the is the equilibrium dis- 
tance between the nuclei in this molecule. 

4, ai: 

FIG. 1. Form factors for quasielastic knockout of a hydrogen 
atom from the H20 molecule with transition to various vibra- 
tional states I v c )  of the OH radical. Curves 1, 2,  and 3 cor- 
respond to v c = O ,  1, and 2. Curves 4 and 5 show complete 
form factors for knockout from H,O of an H atom and an 0 
atom, respectively. 
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The last integral can be calculated approximately in 
analytical form if we take into account that the main 
contribution to i t  is from the region ~ x - c r , " ~ R , .  For 
this purpose we use the well known expression for the 
spherical Bessel function 

which can be reduced to the form 

Here U, is some polynomial of degree L, and 
z =q(R,+x). 

It is clear that U, and U,,, in Eq. (21) for not too 
large L vary slowly in the indicated interval Ax in com- 
parison with the oscillating functions sin(qR, + qx) and 
cos(qR,+ qx). This permits us  approximately to take 
U, and U,, , out from under the integral sign. Calcu- 
lating the remaining integral, we obtain 

8n"R: 
&IL= ( q )  = - 

QO i 2 ( q ~ ~ ) e r p ( -  f) 
If we a r e  interested in the result for some final temper- 
ature T of the gas target, it is necessary to take in ac- 
cordance with Eq. (7) the appropriate combination of 
form factors (22). 

In Fig. 2 we have shown the results of calculation of 
the form factor (in relative units) for knockout of a hy- 
drogen atom from the H, molecule a t  various tempera- 
trues. It can be seen that with increase of T the width 
of the form factor increases. The narrowest form fac- 
tor is at T = 0, when the contribution to the cross  sec- 
tion is only from the state with L= 0. On increase of T, 
states with higher angular momenta begin to play a part, 
but the number of such states which contribute substan- 
tially to the cross  section i s  comparatively small. Thus, 
for  T = 300 K i t  is sufficient to take into account states 
with L 6 4. We note that with increase of T the absolute 
value of the maximum of the form factor decreases. 

The cross  section ( d ~ , / d S l ) ~ ,  which determines the 
cross  section (1) of the quasielastic knockout process 
is rather large, of the order of 10-l9 cm2/sr. There- 
fore the achievement of such an experiment in gaseous 
targets similar to those used in Weigold's group['1 is 
quite realistic, including also measurement of the angu- 
l a r  correlations of the final products. The energy reso- 

~M,,(q)l'. rel. units 

FIG. 2. Form factors for 
knockout of a hydrogen 
atom from the H2 mole- 
cule a t  different tempera- 
tures: curve 1) T >>pt  
=85.4 K;  curve 2) T 
= 300 K; curve 3) T << T ? ~ .  

lution hE - 0.1 - 0.01 eV desired in such experiments at 
bombarding-particle energies E,  =pE/2m, = 300 - 500 eV 
is not very f a r  removed from the resolution already 
used by experimenters a t  the present time['' and ap- 
pears quite achievable. 

Considering briefly more complicated molecules, we 
note that there can be both cases in which the radical C 
in i ts  electronic ground state is a slightly changed frag- 
ment of the (BC) molecule (for example, the transition 
NH,- NH,), and cases where the radical will be sub- 
stantially rearranged in shape (in the transition CH, - CH3 this last radical in i t s  electronic ground state 
is planar, and only one of the lowest electronically 
excited states is apyramidalfragment of the tetrahedron; 
the behavior of the shape of radicals i s  discussed in 
Herzberg's bookr8] ). In the first  case naturally only 
the lowest vibrational levels of the radical will be ex- 
cited, and in the second case-higher levels. The ques- 
tion of the relative probabilities of excitation of various 
electronic states of the final radicals requires special 
consideration. The approximation of adiabaticity does 
not exclude electronic excitation of the final radical a s  
the result of possible crossing of levels. This question 
is closely related to another interesting problem-the 
physics of the process of quasielastic knockout of an 
atom by a doubly charged ion A++ (for example, an ol 
particle) with pickup of an electron, where we finally 
detect singly charged ionsA' andB+. This is apparent- 
ly a technically very simple experiment, but the ions 
will exert a strong perturbing influence on the elec- 
tronic configurations (since we a r e  discussing in the 
present work especially stable atoms of noble gases 
such a s  He o r  even neutrons a s  bombarding particles, 
we shall everywhere neglect this effect). Therefore the 
information obtained will be greatly complicated-it 
will be characterized by vibrational and electronic de- 
grees of freedom simultaneously. 
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Hydrodynamic instability and spontaneous magnetic fields in 
a spherical laser plasma 

Yu. V. Afanas'ev, E. G. ~arnalz, I. G. Lebo, and V. B. Rozanov 
P. h'. Lebedev Physics Institute, USSR Academy of Sciences 
(Submitted 3 March 1977) 
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We consider the magnetic fields generated in a spherical laser target by the appearance of thermoelectric 
currents in the region between the thermal-wave front and the surface on which the hydrodynamic velocity 
is equal to the local velocity of sound (the Jouguet point). Noncollinear temperature and density gradients 
are produced by small perturbations and by the development of a Rayleigh-Taylor instability. For targets 
in the form of glass shells, which are being studied in contemporary experiments, these fields amount to 
-lo6 G at laser-irradiation energies -1d J IN. G. Basov et al., JETP Lett. 23, 428 (197611 and are 
capable of magnetizing the plasma in the indicated region (w,T,- 1). Outside the target, the fields 
decrease rapidly to less than one gauss at a distance - 1 mm. 

PACS numbers: 52.50.Jm, 52.35.Py, 52.25.L~ 

1. Magnetic fields of appreciable magnitude (up to a )  In the genera l  case, the  magnetic-field generation 
10%) havebeenobserved in experiments  on the in te r -  is connected with the anisotropy of the energy-momen- 
action of l a s e r  radiation with the m a t t e r  i n  the p ro-  tum tensor  T ' ~  of the electromagnet ic  fieldcs'7': 
duced Although many experiments  have not 
been uniquely interpreted,  the possibility of formation BB -=--rot- - ,  c S 
of s t rong  magnetic fields i n  a laser produced p lasma is B t  e .T, 

subject to  no doubt. The presence  of a field of -lo6 G y=- .  a T'~ 
can  significantly alter the t ranspor t  coefficients of the ark 

- 

plasma,  influence the t ranspor t  of "fast electrons" f r o m  
In par t i cu la r ,  magnetic fields c a n  resu l t  f r o m  a n  in-  

the "corona" of the t a rge t ,  deform the profile of the crease i n  the longitudinal component of the electric 
electron density i n  the corona,  and change the  charac-  field in the incident wave as the critical density is ap- 
ter of the evolution of the hydrodynamic perturbations. proached. 
The s trongest  effect can  be  exerted on the ta rge t  c o m -  
press ion  by the p lasma magnetization in the region be-  L e t  u s  es t imate  the  magnetic field in the case when 

tween the zone where the l a s e r  radiation is absorbed the presence  of the longitudinal component is due to ob- 

and the front of the thermal  wave, s ince  th i s  region is lique incidence of the wave on the critical surface,L101 

responsible f o r  the formation of the p r e s s u r e  pulse. while the saturat ion mechanism is connected with the 

The presen t  p a p e r  dea l s  with the generation of the 
fields in  th i s  region. The  field generation c a n  be the 
resul t  of a number of mechanisms:  a )  resonant absorp-  
tion of plane-polarized lightC5' and anisotropy of the 
light pressurec71; b) magneto-thermal i n ~ t a b i l i t y ~ ~ * ~ ' ;  
thermoelectr ic  power i n  inhomogeneous plasma.c31 We 
sha l l  show that at radiation fluxes -1014 w/cm2 and at 
the p lasma p a r a m e t e r s  in  the indicated zone (Ned 1021-22 
~ r n ' ~ ,  T, - I ,  eV) the main contribution to the generation 
of the field is made by a mechanism connected with the 
thermoelectr ic  power i n  the inhomogeneous plasma.  
Let  u s  es t imate  the  fields f o r  the aforementioned mech- 
ans ims  . 

fact  that the  e lec t rons  c a r r y  the field out of the genera-  
tion regioncs1: 

where  J =  eN,v,, L - 3x0, v- 0 . 1 ~ ~  (w, = ( 4 ~ ~ , e ~ / r n , ) ' / ~  is 
the p l a s m a  frequency), and B = 10". F o r  the specified 
p a r a m e t e r s  we obtain 

b)  The  magneto-thermal instability mechanism 
causes  the field to i n c r e a s e  i n  the case when the d i rec -  
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