Uspekhi 20, 45§ 1977)].

4v. B. Braginskii, Yu. I. Vorontsov, and F. Ya. Khalili, Zh.
Eksp. Teor. Fiz. 73, 1340 (1977) [Sov. Phys. JETP 46, 705
1977)]. .

5V. B. Braginskii, Yu. I. Vorontsov, and F. Ya. Khalili, Pis’-
ma Zh. Eksp Teor. Fiz. 27, 296 (1978) [JETP Lett 27, 276
(1978)].

6A. V. Gusev and V. N. Rudenko, Zh. Eksp. Teor. Fiz. 74, 819
(1978) [Sov. Phys. JETP 47, 428 (1978)].

K. S. Thorne, R. W. P. Drever, C. M. Caves, M. Zimmer-
mann and V. D. Sandberg, Phys. Rev. Lett. 40, 667 (1978).

8W. G. Unruh, Phys. Rev. D17, 1180 (1978).

*E. G. Unruh, Phys. Rev. D18, 1764 (1978).

10y incent Moncrief, Ann. of Phys. (N.Y.) 114, 201 (1978).

1M, B. Mensky, Phys. Rev. D19, 384 (1979).

12R, P. Feynman and A. R. Hibbs, Quantum Mechanics and
Path Integrals, McGraw-Hill, N. Y., 1965 (Russian transla-
tion, Mir, 1968).

13C. W. Helstrom, IEE Trans. Inform. Theory 14, 234 (1968).

14B, A. Grishanin and R. L. Stratonovich, Problemy peredachi
informatsii 6, 15 (1970).

15R . Stratonovich, J. Stochast. 1, 87 (1973).

Translated by R. T. Beyer

Radiative collisions between atoms in a bichromatic field

S. P. Goreslavskii and B. P. Krainov

Moscow Engineering Physics Institute
(Submitted 27 April 1979)
Zh. Eksp. Teor. Fiz. 77, 1340-1347 (October 1979)

We investigate the influence of nonmonochromaticity of radiation on transitions between atomic terms in
radiative collisions between atoms. As the simplest analytically solvable example of a nonmonochromatic
field we consider the bichromatic field. An analysis is carried out of Landau-Zener-type transitions in
such a field at different field amplitudes and at various differences between the harmonic frequencies.
New combination Landau-Zener transitions are described. The results are generalized to include the case

of arbitrary nonmonochromaticity of the field.

PACS numbers: 34.20.Fi

1. INTRODUCTION

Radiative collisions, i.e., collisions between atoms
and molecules, which occur in the presence of an op-
tical field, have recently attracted great interest. In
the course of radiative collisions it is possible to have
inelastic collisions that are adiabatically forbidden in
the absence of an optical field by virtue of the slowness
of the collisions. A review of the theory of radiative
collisions is contained in a paper by Yakovlenko.' The
theory of radiative collisions in the presence of a mon-
ochromatic perturbing field has been well-developed.
At a certain instant of time, the difference between two
energy terms of a quasimolecule made up of two col-
liding atoms becomes equal to the energy of the optical
photon and crossing of the terms takes place in the
“quasimolecule + field” system. As a result of this
crossing, a nonadiabatic transition becomes possible.
The mathematical description of the process is similar
to the theory of Landau-Zener term crossing (see Ref.
2, Sec. 90).

The task undertaken in the present paper is to in-
vestigate the influence of nonmonochromaticity of the
radiation on transition between terms in radiative col-
lisions. By way of the simplest example of nonmono-
chromaticity we consider a bichromatic field, which is
a superposition of two harmonic waves with close fre-
quencies w, and w,. The matrix element of the bi-
chromatic field between the lower (a) and upper (b)
levels of the quasi-molecule then takes the form

Va(t) =2V cos @,t+2V5 cos(wst+a). (1)

The quantity a is the phase difference at the instant of
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time £= 0.

We denote the time dependent energies of the terms
of the quasimolecule by E (¢) and E,(f). Following the
usual approach, we expand the term difference near
the point of crossing in a series, and confine ourselves
to the linear term

Wpa(t) =E, (t) —Ea(t) =0+ (Fo—F.)t.
For the sake of argument, we reckoned the time from
the crossing point due to the first field:
Ey(0)—E.(0)=a,.
The derivatives F, and F, are small quantities, since
they are proportional to the velocities of the colliding

atoms », which are small compared with the atomic
velocities. Namely, it is assumed that

u @ @,
FoFy~——<«—,
Us Te Ta

where u, and 7, are the characteristic atomic velocities
and times.

We use henceforth the dimensionless time ¢
= (F,=F,) /24 and thedimensionless frequency difference

Ao=(w—a;) (Fe—F3) "
The dimensionless amplitude of the field
UA,1=V.(:'I) (F.—Fa) ~th

then coincides with the known Landau-Zener parameter.

In Sec. 2 we consider the case of a weak field, and in
Sec. 3 the case when the difference between the fre-
quencies of the bichromatic field is large enough, and
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the field itself can be strong. Finally, in Sec. 4 we
investigate the case of very strong fields at not too
large differences between the frequencies of the bi-
chromatic perturbation. The conclusion is devoted to
a generalization to the case of a realistic multimode
laser radiation.

2. WEAK FIELD

In this section we shall assume that the conditions
v,,,<< 1 are satisfied. Then, just as for a monochro-
matic field, the probability of the transition between
the terms can be obtained within the framework of
perturbation theory.! The amplitude of the transition
in first-order perturbation theory is given by

Ay =—i j: Va(t) exp[ i j s (t')dt’ ] dt. )

The time dependence of the wave functions in the in-
tegrand is given in the adiabatic approximation, There-
fore direct integration with respect to time yields the
correct result only if there are no fast oscillations in
the region that is important for the integration (see
Ref, 2, Sec. 131). The perturbation-theory series con-
stitutes in this case simply an expansion in powers of
v,,.- This is precisely the situation in the Landau-
Zener transition in a weak field, where the essential
time interval is of the order (F,—F,)!/2.

In the resonance approximation, leaving one expo-
nential each from the cosines in the perturbation (1)
and taking the expansion (2) into account, we obtain the
transition probability

Wa=I4a" 1*=2n [0 +v:+ 20,02 cos (a—2A0%) 1. (3)

We see therefore that the magnitude of the interference
term depends both on the initial phase difference a,
and on the change of the phase as a result of the differ-
ence between the frequencies of the harmonics.

If the frequency difference is large, i.e., Aw>1,
then we must average the probability over small fluc-
tuations of this quantity. The reason is that in a
realistic case the two laser waves are not strictly
monochromatic, but have a finite spectral width dw.
The statement made above concerning the averaging
is valid under the condition

F .‘—F »

< fo<|o—ao.!
loy—o.l

of these two inequalities, the right-hand one ensures
the existence of two separated monochromatic wave,
and the left-hand one ensures a large increment,
compared with unity, to the argument of the cosine in
expression (2), owing to the contribution 6w, and it

is this which brings about the need for averaging. As

a result, the interference term vanishes, and the prob-
ability of the transition turns out to be equal to the sum
of the probabilities of the Landau-Zener type from each
of the harmonics:

(we> =2n (v *+vs7).

We note that because of the indicated effective averag-
ing there is no interference between two such trans-
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ition points in the pre-dissociation phenomenon (Ref.
2, Sec. 90).

3. FIELD WITH HARMONICS THAT DIFFER
GREATLY IN FREQUENCY

In this section we consider the case when the crossing
points of the terms can be regarded as isolated. To this
end it is necessary that the time interval between the
crossing points Ap = Aw be substantially longer than the
time of transition in the vicinity of the crossing points:

Aw>max (1, vy,2).

The amplitudes can in this case be of arbitrary mag-
nitude: v,,,z=1.

Inasmuch as at Aw>>1 there is effective averaging
over the phase difference of the two fields and there
is no interference term, we can multiply the prob-
abilities calculated by the Landau-Zener theory for
each of the transition points. This statement was
justified in Sec. 2 within the framework of perturbation
theory. We shall show that it is valid also outside this
framework. Assume that far to the left of the first
term-crossing point #, the particle is on the lower
level a. Then its wave function is

W (t<t,) =1p, exp (—iEdt).
After passing through the point £,, since the time of
buildup of the probability of population of the upper
level b is small compared with the time ¢, —¢, to the
next crossing point, we have for the wave function in
the interval between the two crossing points the ex-
pression

W (¢, €t €t;) = e 0xp(—iEat-+ige) + (1—au,) "py exp (—iEst+ips) .

Here a,= exp(-2mv?) is the probability of staying on
the lower level a in accord with the Landau-Zener
theory, while ¢, and ¢, are the phase shifts accumu-
lated after the passage through the first crossing point
t.

After the passage through the second term crossing
point ¢,, we have for the wave function the following
expression:

W (£>1:) = (040) "bs xp (—iE L +iga’)
+ (a:(1~—as) ) "y exp (—iEst+igs')
+((1—a) as) ", exp(—iEyt+ig,” )
+((1—a:) (1—az) ) "pe exp(—iEat+iga" ).

Here a,= exp(-2mv3, and ¢, , and ¢, are the phase
shifts accumulated after the passage through the

‘crossing point £,. The transition probabilities are

given by
wa=| (@ (1—az) ) "+ (@2 (1—a) ) " expli(@s " —@) }|*.

The interference term vanishes after averaging over the
phase difference, in analogy with the situation in Sec.
2 for the perturbation-theory case. We thus obtain

(> = (1—0) +aa (1—at). @)

For a weak field we obtain from this the result obtained
at the end of Sec. 2, as was to be expected.

A specifically new effect for the bichromatic field is
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the appearance of combination frequencies of the type
nw, - (n - 1)w,. If the distance between the quasimolec-
ular terms is close to any one of these frequencies, then
transitions of the Landau-Zener type also occur in the
vicinity of these points. The corresponding transition
points are shown in Fig. 1. The distance between neigh-
boring transition points is Aw, as is also the distance
between the basic points, where the term difference is
equal to w, and w,. Therefore the very idea that these
points are isolated is valid under the condition Aw

> max(1,v,,,) written out above.

To consider the produced transitions, which we can
call combination transitions, the standard system of
two equations that describe the dynamics of a two-level
system in a monochromatic external field in the vicin-
ity of the Landau-Zener point! must first be subjected
to the following modification: it is necessary to iterate
each of the equations up to terms of third order pertur-
bation theory with respect to v,,, and retain only those
terms which contain the combination frequencies 2w, -
w, or 2w, — w,. The system of equation then assumes
the traditional form in the Landau-Zener approxima-
tion, except that the matrix element v, , is replaced by
a three-photon combination matrix element. A similar
procedure is carried out for the investigation of multi-
photon bound-bound transitions in atoms in the case of
term energies that are independent of the time (Ref.

3, Sec. 3.2; Ref. 4).

The matrix element for the transition at the frequency
2w, — w, is of the form

®
v, =v,)/Aw’.

The corresponding Feynman diagram (Ref. 3, Sec. 2.3)
is shown in Fig. 2. Similarly, in the case of the trans-
ition of the frequency 2w,-w, we have

v = v/ A0

Under the condition Aw>> v, , indicated above, these
multiphoton matrix elements are small compared with
the single-proton matrix elements v,,,. This state-
ment agrees with the assumption that the Landau-
Zener transition points are isolated. If v,,,<1, then
the combination transitions have a weak effect on the
resultant transition probability inasmuch as we obtain
in this case »{3)« 1. They become important, how-
ever, in the case of strong fields v,,,> 1. The passage
through the points w, and w, (see Fig. 1) returns the
system in this case to the initial state, so that the re-
sultant transition probability, after passing through
the four Landau-Zener transition points 2w, -w,, w,,

2w~wy

Zwy~wy

&)

Jwy-2a,

Jw,-2w,

. E,

~e -4 0 v lw w p affl

FIG. 1. Term crossing in bichromatic field and combination
points of Landau~Zener transition.
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FIG. 2. The Feynman
diagram for three-photon
combination transition at
the frequency 2w, - w;.

.
N%

w, and 2w,-w, takes the following form
(1-a”). (5)

They have introduced here the notation

wad=a" (1—as" ) +ai”

iy =exp[—2nlvi?1?]

and used the same averaging over the phase difference
as in the derivation of Eq. (4).

Atv,,,>1 and v{3)«< 1, as seen from (4) and (5), the
transition probability is low. If we remain within the
framework of Eq. (4), then the probability obtained is
exponentially small. The probability of combination
transitions calculated by formula (5) may turn out to
be much higher. In this case the probability is

{Wap) =27 (v10:/A©%)* (v*+0,7)

and has only a power-law smallness. However, if we
take Aw large enough such that (w,) turns out to be
very small, then we can make the combination prob-
ability small compared with the exponentially small
probability obtained from formula (4) on the funda-
mental harmonics.

All the foregoing is valid when then following five-
photon combination transitions generated by the matrix
elements

(%)
Vg3~ viv'v /Aot

at the frequencies 3w, - 2w, and 3w, — 2w, are small.
To describe them we can repeat everything stated
above concerning three-photon combination transitions.
This description is necessary if they become com-
parable with unity.

4. FIELD WITH HARMONICS THAT DIFFER LITTLE
IN FREQUENCY

We assume in this section that the condition Aw
«v,,, is satisfied. The time of the Landau-Zener
transition then greatly exceeds the distance Aw between
the transition points, and these points cannot be re-
garded as isolated. For the same reason, we cannot
speak of combination transitions, since the respective
points come close to the point corresponding to the
fundamental tones. At first glance it might seem that
in the case considered here we can speak of one field
with amplitude

v, tve.

Actually, the inequality Aw< v,,, indicated above turns
out to be insufficient. The amplitude of the bichromatic
field

vtz exp [i(ateAe)]

remains constant also during the transition under the
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condition AwAg,.«< 1. In a weak field Ap,.~1 and the
transition to the limit of one field is justified, since
Aw< 1. On the contrary, in a strong field we have
A¢@,,~v, , and the two fields can be replaced by a
single one when the more stringent condition Aw << 7},
is satisfied.

When a transition to the case of a single field is pos-
sible, the probability is described by the Landau-
Zener formula

{Wap>=1—exp[~2n (v *+v2+2v,0, cos @) ]. (6)
This formula is valid under the condition
Ao<min (v, s, vis).

At v,,,<« 1 this yields in natural fashion the perturba-
tion-theory result (3) with Aw<< 1,

If the phase difference a of the two fields has a ran-
dom character, then expression (6) can be averaged
over a and we get

(Wad=1—exp [—21 (0, +0:%) [T (4nvws). (M

Here I, is a modified Bessel function. In particular,
in strong fields, when v,,,> 1, we get from (7)

(Wapd=1—(8x°v,v,) ~* exp [ 25 (v,—v:)?].

We see that in the case of a very strong field at v,

= p,, for a bichromatic field with close frequencies but
with randomly distributed phases, the probability that
the particle will remain on the initial level can be
small not exponentially in v,,, as for the case of the
monochromatic field, but in power-law fashion. How-
ever, at v,#v, the exponential smallness is pre-
served.

We proceed now to the case

-1
V1, SA0KD,

when the problem cannot be reduced to the case of a
single field. In this case, obviously, it is necessary
to regard the field as strong, i.e., v,,,>1. To con-
sider this much more complicated situation we con-
fine ourselves to the particular case of identical per-
turbation amplitudes in both harmonics:

Vy=v;=v.

This system of equations that describe the amplitudes
of the populations of the levels b(p) and b(gp) takes the
following dimensionless form

PAo—a pAo—a

PR + @b, (8)

i da 2vb cos e 2va cos
—_— == ¢
do do

In the case when

Ao—
cos(‘p 0)2“)-»1,

we have the usual Landau-Zener system of equations®
for a monochromatic field.

In the general case the system (8) has no analytic
solution. We resort to a quasiclassical solution of this
system. It is valid under the condition d\/dp «< 1,
where
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A= [ v cos plo—a ] )

is the characteristic wavelength of the system. This
means that the conditions » > Aw and »>>1, which
were already postulated before, must be satisfied.

When these conditions are satisfied, the probability
that the particle will remain on the level a takes, ac-
cording to adiabatic perturbation theory, the form
(Ref. 2, Sec. 53)

vamerp{ 320 | [4oort (a5 - 2)]" as). ©

Here {= 2vAw, and x* is a point in the complex plane
(complex turning point), where

z*+cos? (2E—a/2) =0.

In the case £« 1, i.e.,, Awp™, we obtain from (9) the
possibility of the substitution

cos (zE—at/2) =+cos(a/2),

so that x*= icos(a/2). We then obtain
Was=exp (—8nv? cos? (2/2)),

as already seen in (6) above at v, = v,.

In the case of arbitrary vAw=1, we estimate the in-
tegral in (9) by starting from the condition v> 1. It
is easy to see that under this condition w ,, is maximal
when the phase difference « is close to 7. Outside this
region, the probability w,, decreases rapidly, so that
we confine ourselves only to the vicinity of the values
of @ near 7. Calculating the integral in (9), we obtain

We=exp{—2n0* (n—a)¥ (1+7]5}. (10)
At £« 1 we obtain from (10) the alxjeady known result,
Wee=exp[—2m0* (n—ax)*].
If £>>1, then we get from (10)
wa=exp[—n(n—a)*¥4v(Aw)?].

The last formula is valid if v < Aw< v,

5. CONCLUSION

We examine in conclusion how the results of the pres-
ent paper are modified if we go over from the simplest
nonmonochromaticity in the form of two harmonics of
a field to a realistic nonmonochromatic field containing
a large number of close harmonics. The situation is
simplest if perturbation theory is applicable (see Sec.
2). By generalizing formula (3) we find that the trans-
ition probability is proportional to the sum of the
squares of the individual harmonics of the amplitude
of the nonmonochromatic perturbation, expanded in a
Fourier series, to which quadratic interference terms
are added. The latter vanish in the case of a sufficiently
large so-called correlation interval of radiation,® which
constitutes the difference between the frequencies of
neighboring field harmonics (the analog of the condition
Aw>1), or when the mode phases are not synchronized.

The results of Sec. 3 remain on the whole in force
also for an arbitrary nonmonochromatic field, inas-
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much as in a real laser the distances between the fre-
quencies of the neighboring modes are the same. Con-
sequently, no new combination transitions, besides
those indicated in Fig. 1, arise. Of course, changes
take place in the values of the probabilities of the tran-
sitions because each value of the combination frequency,
including also that of the fundamental tones, is real-
ized by a large number of pairs of radiation harmonics.
We can state as a result that the time of the Landau-
Zener transition increases to the effective width of the
nonmonochromatic radiation

nonmon wmin—("mnxl
~ =77,

tr F.,— Fb

if this width exceeds the time of the Landau-Zener °
transition for one harmonic.

The laser-radiation spectrum, hoviever, contains be-
sides the superposition of the modes also a nonmono-
chromaticity due to the finite duration of the pulse and
the stochastic phase randomization, whose influence

on the character of the Landau-Zener transition calls
for a separate analysis and may alter the foregoing
conclusion concerning the transition time.

The authors are sincerely grateful to N. B. Delone
and M. V. Fedorov for valuable advice on the content
of the paper.
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Permutation symmetry of wave functions of a system of

identical particles

M. F. Sarry

(Submitted 22 May 1979)
Zh. Eksp. Teor. Fiz. 77, 1348-1351 (October 1979)

It is shown that if the concept of identity of particles of a system is correctly defined, the known
limitation on the permutation symmetry of the wave functions of physically possible states of the system

turns out to be an automatic consequence of this definition.

PACS numbers: 03.65.Ca

1. We consider a system of N particles and assume
that the quantity ¢, is the complete set of dynamic
variables that describe its i-th particle. Then the
Hamiltonian of this system and the wave functions |¥)
of its physically possible states will depend on the
quantities ¢,. If the particles of the system are in-
distinguishable, then its Hamiltonian turns out to be a
symmetrical function of the quantities ¢;. Analytically,
this property of H is expressed by the relation

PHPp=H-HP=PH, 1)

where p is any operator of the permutation group of

the N indices of the quantities g;. We must immediately
emphasize that the explicit form of H, and in partic-
ular its property (1) is assumed to be known before -
hand, since the equations of quantum mechanics be-
come meaningful only under this condition.

Each level of the Schrédinger equation
H|m>=E,|n) )

of a system of identical particles (SIP) corresponds
as a rule to a function |xn) which has one fully defined
type of permutation symmetry (PS), i.e., to each
value of E, there corresponds only one Young pattern.
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However, Young patterns of different levels may not
coincide: Eq. (2) obviously admits of solutions In)
with different types of PS. On the other hand, it is
known that in nature there have been encountered so
far only those |#) for SIP, which have a maximal PS—
either fully symmetrical, or fully antisymmetrical.
It can be assumed that this strong limitation on the
possible type of the PS of the solutions ln) of the
Schrédinger equation for SIP is connected with the
nature of its particles—-an SIP of definite nature ad-
mits also solutions only of the corresponding type PS,
consequently, so far only two types of particles have
been observed-bosons and fermions. This raises the
question of the possibility in principle of existence in
nature of particles (of course, with integer or half-
integer spin in units of z), aggregates of which would
be described by functions with an intermediate type of
PS—parabosons and parafermions.!*?

If the wave functions |¥) of the physically possible
states of SIP admit of more than two types of PS, then
there is apparently no unambiguous connection between
the spin of the particles and the PS of these functions.
It will be shown below, however, that the PS of the
functions I\Ir) is an intrinsic property of the SIP as a
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