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A theory is proposed of the time dependent (transient) spectra of resonant secondary radiation (RSR) of
luminescence centers. The spectra in question are emitted in the course of vibrational relaxation in an
excited electronic state. Analytic formulas are obtained for the transient spectrum recorded in the
experiment. The time dependence of the smoothed transient spectra is investigated in detail for the case of
large Stokes losses. It is shown that the changes in the positions of the maxima and in the widths of such
spectra with time have the character of damped oscillations with periods in the picosecond and

subpicosecond bands. The results of the theory are illustrated with computer calculations.

PACS numbers: 78.55.—m

1. INTRODUCTION

The investigation of vibrational relaxation processes
is at present one of the pressing problems in the physics
of crystals and molecules. The development of laser
systems with picosecond and subpicosecond pulses
makes itpossible to setup experiments aimed at a direct
observation of the time evolution of such processes.
This makes it urgent to develop a theory of the time
dependences of those physical phenomena in which vi-
brational relaxation can be observed directly. One such
phenomenon is resonant secondary radiation (RSR).

A number of workers!!?! (see also the review [3?)
have previously developed a theory of stationary spectra
of RSR of luminescence spectra. It was established that
the basis of a theory that describes all the RSR pheno-
mena can be a formula, of second-order in the interac-
tion between light and matter, for the resonant-scatter-
ing cross section (the Heisenberg-Kramers formula).

In those cases when the vibrational relaxation in the
excited electronic state of the center is much faster
than the damping of this state (this is precisely the
property possessed by the known centers), the main
part of the RSR intensity is ordinary luminescence (OL).
This formula contains also resonant scattering (RS),
both Rayleigh and Raman, and in many cases also hot
luminescence (HL). Whereas the OL is emitted
following vibrational relaxation in the excited electronic
state, the scattering and the HL take place eitherbefore
or during this relaxation, the HL being emitted after
the phase relaxation but during the energy relaxation,
while the scattering occurs after the end of the phase
relaxation (a criterion of phase relaxation for discrimi-
nation between resonant scattering and hot luminescence
was proposed by Tekhver and one of us ); a more
detailed discussion of the roles of energy and phase
relaxation in the classification of the RSR is contained
in [3]).

In stationary RSR spectra all the relaxation processes
manifest themselves in averaged form. In the case of
pulsed excitation, as demonstrated by experiment,t®
they can be investigated in much greater detail by using
the time dependence of the RSR. This has attracted
great interest to the theory of time-dependent (tran-
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sient) RSR spectra (see, e.g., [*''J). In particular
formulas were derived for the time dependence of the
moments of the RSR spectra, and studies were made of
the time dependence of the moments of the shape of the
envelope, of the time separation between the scattering
and luminescence, and of many other problems. At the
same time, there were not enough studies of questions
such as the connection between the photon-emission
rates and the directly measured transient spectrum, or
of the role of the spectral apparatus. In the present
paper we consider these questions. We obtain a general
formula for the transient spectra directly recorded in
experiments under various registration conditions and
show in which cases this spectrum reduces to the
photon emission rate, and in which to the emission
probability. On the basis of these formulas, we investi-
gate in detail the changes of the envelope of the HL+OL
spectra in the course of vibrational relaxation and per-
form numerical calculations of these spectra in some
concrete models of the luminescence center.

2. THE TRANSIENT SPECTRUM

We consider the process of the measurement of the
transient (i.e., dependent on the registration time) spec-
trum of the RSR using a very simple system consisting
of a spectral instrument and a pointlike photon counter.
The latter is assumed to have a wide spectral sensiti- .
vity band (such a counter can be turned on and off prac-
tically instantaneously). The transient spectrum I(R,¢)
is defined as the photon counting rate at the instant of
time ¢ when the spectral instrument is tuned to the fre-
quency §. In this case I(R2,¢) is determined by the aver-
age (over the ensemble) value of the normal products of
the field-intensity operators E* and E- at the instant of
time ¢ at the point where the counter is located!!2):

1(Q, t)~<E*(t)E~(t)>.

In the absence of the spectral instrument, then the
indicated mean value would be determined in the case
of a sufficiently small emitter only by the amplitudes
C,q,(t) of the transitions in which one photon is produced
and another annihilated, and its value would be
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(jnumbers the states of the spectrum and {...) denotes
averaging over the ensemble).

The spectral instrument influences mainly only the
amplitude of the waves that pass through it, and this
influence is different for different frequencies. This
influence can be described by adding under the integral
signs with respect to 2’ and Q’’ the spectral transmis-
sion function f,(R’, Q'’):

1@ )= [[a2'd@"1e (@, 2 Y, <Cuaj(OCio; (1)), 1)
E)

t'=t+7,, where 7, is the time of flight of the photons
from the emitter to the counter. The function fo(R’, Q')
in (1) differs noticeably from zero in the region |Q’- Q|
~|Q” - Q|~AQ,, where Q is the frequency to which the
spectral instrument is tuned, and AQ is the employed
spectral resolution. The probability amplitudes in (1)
take for the considered two-photon process the values

t L}
Cuay=— [t | a6 ¥ <ilvaliod<ilonli

. = W
X “P[_i(Q+Ej) (‘—tx) —i(Eh_iTn) (t,-—t,) “iE;.tzle (t2) bi-‘ (2)

Here b, is the amplitude of the probability of finding the
center at the initial instant of time ¢= -« in the eigen-
state |j) of the Hamiltonian H, E, is the energy of the
state |j), v, is the constant of the radiative damping of
this state, w is the average excitation frequency,

vum=(N—1,| H'| N3, va=(N—1.—1a| H'|[N—1,

are the single-photon matrix elements of the Hamil-
tonian H’ of the interaction of the field with the medium,
and describe respectively the annihilation of a photon of
frequency w and production of a photon of frequency £,
|N) is the initial state of the field, and e(¢) is the time
dependence of the perturbation of the center by the
exciting light. (In the dipole approximation, €(f) is
determined by the intensity of the electric field acting
on the center at the instant of time £.) It is assumed in
(2) that the excitation is quasimonochromatic, i.e.,
e(t)=e'(¢), where €(¢) is function of ¢ that varies
slowly compared with e*f, In addition, it is assumed
in (2), as is customary in problems of the scattering
type, that there is no interaction between the exciting
light and the medium at ¢=z+x,

We substitute (2) in (1) and recognize that under
thermal-equilibrium conditions

Cbybsu > =834 exp (—E/kT)z™*

(z is the partition function and T the temperature).
Then

1(©, :')-:U dt, dt,’ “j (u,h_'[ dty’ exp{iQ(t,’—t)}

Xa(t/=t, t/—t, t,—t:) C (t—t,, t—t,") S (8, &),

(3a)
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or, using the variables T=¢/~1t;, T'=¢ ~t,, pu=t{-t,
v=t-3(t+t]),

1(Q,t')= .jdp. f j dvdv’ f dve'™a(p, 1, 7")
-0 [] Iul/2

(3p)

n n ® ®
R O i e — — | t—v—1+ —).
XC(v+2,v 2)S(tv1: 2.tv1: 2)

Here S(¢,t')={¢*(¢)e(t’)) is the correlation function of
the exciting field

C(v,v')= ﬁ dzdz’ e fo(Q+z,Q+z")

is the registration correlation function and differs
noticeably from zero in the region |v|~|v'|~f,~1/48,
and

a(“’ T, Tl) s(u_*e“"*“""vg*e""“L‘ne""’“”‘v.,,e“"‘““""’),

is the three-time correlation function of the medium.

It is of interest to consider the following two limiting
cases: 1) measurement with high spectral resolution
A< 1/7,, and 2) measurement with slow spectral
resolution AQ>1/7 (7, is the characteristic time of the
variation of I(£, ¢)).

In the former case we can assume in (3a) C(¢t -¢,,
t - t)=const. Then

1Q,t)~W(Q, z)=_ﬂ: dz.dz,’i dt,'j- at,’ @)

X ei?t'~tg (=, =1, 8, —1,) S (85, 1),

i.e., in this case the transient spectrum reduces, apart
from a constant factor, to the probability W (£, ¢) of
emission of a photon of frequency © at the instant of time
t. Inthe latter case C(t—t,,t=t])=C(v+pu/2, v=-p/2)
differs noticeably from zero in the region |v|~|u|~1/
AQ<«<1/T,. We can therefore neglect in (3b) the depen-
dence of S on v and . If we assume furthermore that
the line widths 6Q in the spectrum exceed AQ substan-
tially, then we can neglect in (3b) also the dependence of
Con u.

As a result we have

1@, 1) =T(@,1) [ dvCv,»)~T&1), (®)

where

dW (Q,t)

Q)= 7

=2 Rejjj dudrdt’e®a(p, 1, 1) S(t—u—1', t—1)

(6)
is the rate of emission of photons of frequency Q2 at the
instant of time ¢. This is precisely the quantity pre-
viously taken to be [8~!1] the transient spectrum. We
see that this holds true only in those cases when the
line width of the transient spectrum greatly exceeds the
limiting width 1/7, determined by the Heisenberg un-
certainty relation. We note also that in the latter case
m(e,t)>0.

The physical meaning of formulas (4) and (5) is the

V. V. Khizhnyakov and I. K. Rebane 464



following: At a spectral resolution A, the spectral
instrument passes photons with coherence length L ~c/
AQ. These photons traverse the aperture of the counter
during a time of the order of the coherence time ¢,=1/
AQ, If t,>t, it is possible to register at the instant of
time ¢’ any photon emitted prior to the instant ¢=¢' -7,
(The time is reckoned here and hereafter from the value
of ¢ at the maximum of the exciting signal at the center.)
Therefore the photon counting rate is determined direct-
ly by the probability W(2,¢). On the other hand if to

«<t, then at the instant of time one can register only the
photons emitted in the short time interval between ¢ - ¢,
and £. Hence the photon counting rate is determined by
the difference W(R,t) - W(Q, ¢~ £,). If furthermore the
condition #,<« 7, is also satisfied, then W (R, ¢) - W(Q, ¢
= b)) ~t, dW(Q, 1) /dt ~TI(K, t).

Under stationary excitation conditions, the RSR does
not depend on the registration time (in this case the
function S,,(¢,¢') =S, (¢ - t') depends only on the time
difference). Therefore the condition of the applicability
of formula (5) is satisfied only for arbitrarily small
AQ, so that the measured stationary spectrum is deter-
mined by the emission rate II{€, £).

It was assumed above that the photon counter is actu-
ated only for an instant. If the photon counting extends
over a finite period, the measured spectrum is deter-
mined, in the case of a spectrally insensitive counter,

by the integral of | E(¢)|* with respect to the registration

time.!*?! In this case
12,1, A1) = [ a,(t=2) 1@, ) dt,, O

where x,,(¢ - ¢,) is the counter switching-on-and-off
function, which differs from zero substantially in the
region |t -t |~At. If at the same time A¢>>1/AQ (the
registration time is much longer than the coherence-
loss time of the photon passed by the spectral instru-
ment), and also if the spectral resolution is sufficient
for the investigated structure of the spectrum AQ << 62,
then I(R, ¢,) in (7) can be replaced by the emission rate
(R, —T7,). Inthe simplest case of a rectangular
function X, (¢ - ¢'), and under the conditions A2« 52
and AR« l/ét, the spectrum registered in the interval
(¢, t+1) is given by

at
1(Q,t,At) = j (R, t+z)dz. (8)

3. LUMINESCENCE

On the basis of the general formulas obtained above,
we consider the transient spectra in the following model:
there are two nondegenerate electron levels—ground
and excited, the adiabatic approximation and the Condon
approximation are valid, and the excited electron level
remains empty under conditions of thermal equilibrium.
In this case

a(p, T, v)=|MM.|*e T4 (, 1, ).
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Here (and below)

A(P'y T, ,[r) =<eit'H,einH,e—ivH,e—i(u+('—t)H.)o, (9)

H, and H, are the vibrational Hamiltonians of the ground
and excited electronic states, M, and M, are the elec-
tronic matrix elements for the absorption and emission,
(2 ),1=8p(. .. py,,) is the symbol of quantum-mechani-
cal averaging over the oscillations, while

po,s=exp(—H,,/kT)/Splexp(—H,,/kT)]

is the vibrational density matrix in the ground (0) or
excited (1) electronic state, and v is the radiative-
damping constant of the excited state.

We consider first the RSR in the region of long times
t21/y> 6t (6t is the characteristic excitation duration).
In this case the excitation can be regarded as instan-
taneous:

S(t—p—1, t—1) =S 0(t—pu—7")6(t—1) =86 (t—1)d (nt1'—1). ' (10)
We obtain first the emission rate I1(,¢). Substituting
(9) and (10) in (6) we get

t
I(Q, £) =2 Be™™" Re [ dpe+mcemmeii),
: (11)
B=S.|MM.|% <..>=Sp(...p(1)),

where
p(t) ;=exp(—itH,)po exp (itH,)

is the vibrational density matrix in the excited elec-
tronic state at the instant of time {£. The dependence of
p(¢,) on ¢ describes the vibrational relaxation in the
excited electronic state, and the dependence of II(,#)
on ¢ describes the change of the rate of emission of
photons of frequency £ in the course of this relaxation.

We recognize that according to the ergodic theorem
we have (F),=(F), if t~= (F is a certain operator).
Consequently we have in (11) p(#), = p, as ¢=~«. The
time domain ¢ in which p(¢), differs noticeably from p,
determines the characteristic time I';* of the total
(energy vibrational relaxation in the excited state. This
time is usually much shorter than the radiative lifetime
y~l. Therefore at t~y *>I';! we can assume in (11) '
that p(¢), =p,. If furthermore we replace the integration
limits in this formula by + and neglect the factor e’'*!,
then II(R,?) reduces to the well-known formula for the
spectrum of the OL whose intensity attenuates at the
decay rate of the excited level:

(R, t) ~Be~*" j dp e e Bigintey (12)

At a spectral resolution AQ> 1/t ~v~* these approxi-
mations are justified. This resolution is as a rule
sufficient, since ordinarily 62> y. In such cases, as
noted above II(2,?) actually determines the spectrum
determined in the experiment. An exception is the spec-
trum in the region of zero-phonon lines, whose width
can be very small at low temperatures. To find the
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measured spectrum in the last case we must use the
general formulas (3). If we choose then the registration
correlation function in the exponential form C(t - ¢,,
t-t")=C,exp[-T'(2t - £, - t'], then we have in the con-
sidered case of the instantaneous excitation in the re-
gion of the zero-phonon line

s UA T e U4
PR P
(2*+11Ys) cos zt+2y.z sin zt
(241 (2+1.Y) !

1(Q,t')~ 13)

—Qe—(1+T4D)t

where ¥, =y-v,-T,7,=v+y,-T,7=y-T. We see that
with increasing distance from the center the spectrum
I(®,t") undergoes damped oscillations. The distance
between neighboring oscillation maxima is xf, and the
oscillation amplitude is larger the smaller y and I'.

It is of interest to note that the width of the individual
oscillation maxima can be smaller than the spectral
resolution I', but in accord with the Heisenberg uncer-
tainty relation it is always >1/t. We note also that, in
accord with the general theory developed above, we
have at I'=0

1(Q, ') ~W(Q, t),
and at ¥, »T'>» 1/t
1(Q, t')~T1(Q, t).

In the case v7,=0 and I' =y formula goes over into the
known formula™?! that describes the time dependence
of a zero-phonon line in the M8ssbauer effect.

4. SMOOTHED TRANSIENT SPECTRUM IN STRONG
ELECTRON-PHONON INTERACTION

In the region ¢<T';? the transient spectrum depends
essentially on the excitation and registration character-
istics determined by the functions S and C. We select
below these functions in the following simple form:

S(t, t') =S, exp{iwo(t—t') —'/26*[ (t—t")*+ (t+1')*]},
C(t, t')=C, exp{—"/2p*[ (t—1t')*+ (t+t')*].

Here o determines the spectral width of the exciting
light (and the excitation duration: 6¢~¢"!), and 8 deter-
mines the employed spectral resolution: B8 ~AQ.

Assume that the interaction between the optical elec-
trons and the phonons is strong, i.e., the Stokes losses
and the widths of the absorption and luminescence spec-
tra are large compared with the average oscillation
frequency w. Then the total width of the transient spec-
trum o, is large compared with @. In this case it is of
interest to find the transient spectrum in the time re-
gion t 2 T=27/% (T is the average period of the oscilla-
tions) in the case of poor spectral resolution AQ ~ 8> w,
since this spectral resolution, on the one hand, is
sufficient for the investigation of the smoothed spectrum
(B < o0,), and on the other hand it makes it possible to
obtain fast changes of I(, ¢’) with time in view of the
“good” temporal localization of the registration function
C. Naturally, the smoothed spectrum I(£, ¢’) can change
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(14)

significantly in the time region ¢~T only if the excita-
tion duration o-! is also small enough. We assume
therefore not only B8 > @, but also 0> w. We note that
in this case we are dealing in the considered region
t= T > &t with afterglow, i.e., with HL+OL.

We change over in (3b) from the integration variables
Tand 7' toz=p+7'—=7and y=7+7'=2(¢t-v). We
recognize that when AQ> w and 1/6¢> @ in (3b) the
actual values of |u| and |z| are small compared with

@"!. In this case we can use the approximations

eiux.ze-iur W3 glull, ity gizV (s/2ugtstts,

where V(x), , = e¢*#0,1Ve **#o,1. Under these approxima-
tions :

A=A = exp[ —inV (t—v+ (y+2)/2) 'V /D), (15)
In addition, at ¢2 T the actual values of |v|, |y|, and
|z| are much less than ¢. Therefore the limits of inte-
gration with respect to y and z can be assumed equal to
xw, We recognize also that if B<o, we have [p| «v.
Then

I(Q,t)= %‘ e-"*j.dv j} j dy dzdp
p' 0 - 0' (16)
Xexp [— 3+ HOp— 0= () ] A,

2
.

where B, =S,C,|M,M,

Further calculation of the spectrum I(£,¢’) calls for
specifying more concretely the model of the electron-
vibrational system. We assume in this paper that the
vibrations are harmonic and that the difference of the
adiabatic potentials V is linear in the displacements of
the nuclei:

1 J 22 -
H=— Z (- ste ). V=Vetg=vit Y ez, amn
Here w; is the frequency of the normal oscillation 7
and x; is its coordinate. In this case
V(z)=Votq(z)i=0.ti+q(z),, (18)

where
l.=<(q(z) )o= Z (:,—'l_)'cos Wz,
3

x=t-v+(y+2)/2, w,=V,-1 is the frequency of the
maximum of the OL spectrum, and =/, is the Stokes
loss.

We substitute (18) in (15) and use the Bloch theorem
on pair correlations.[**!

Then
A°=cxpl—ip(0uHh) +izVokpaiio—m(W+2) /2], (19)
where
z'=x-2/2, m=m,+il,'/2, I/ =dl,/dz,

e/’ ©;
= E - th —,
m A 2("jcos(m,z)c 12kT

m=m, is the second central moment of the absorption
band. Inasmuch as the essential region of integration
in (16) is with respect to |v|, |u|, |y|, |z| <Tst,
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t=105T 9T

1 /\ L

w,-25 w w,+28

FIG. 1. The spectrum I(Q, ¢) with account taken of one damped
local vibrations; the Stokes loss is S;,.=55, the damping con-
stant is T"'=20 T\, ; B=0, o= 0.111 m,.

we can put henceforth

mexmy, L=+ (y+2-2v)/2.

Therefore
1(Q,t)=B-*" erv .Hrj dpdydz exp (—25’\;"
[) -

+i(Q—w.) p—p? (m+p*) /2+iul’ (v—y/2)
—6%y*/2—iz—2}(m+0")/2+pzm,). (20)
The integrals with respect to z, y, and u are calculated
in elementary fashion, and the remaining integral with
respect to v is expresséd in terms of the error function.
As a result we have

1(Q, t)=(B/o.) (1—erf &) exp[ —2yt— (Q—w,)*/20.*], (21)

where

B=(2n*B,/po(m+0*)")exp[—(0—V,)¥/2(m+0*) ],
o=o,+it+(0—V)m/(m+a*),
o =m+p*+1"/4a*+1*/ 48’ —mi/ (m+d*),
er=l/(Q—w.)/2"Bad:, 8 =0—L"/4p".

Thus, in the model considered here, the time depen-
dence of the smoothed transient spectrum is determined
by the functions /, and m,. The time dependence of the
position of the maximum of the spectrum is determined
-only by the function I,, which is described by the depen-
dence of the configuration coordinate on the time in the
excited electronic state. This dependence has the char-
acter of damping of almost periodic (if the phonon dis-
persion I' is small compared with @) or aperiodic (if
T =) oscillations.!’ In the region ¢< I'"! the shift of
the spectrum during one-half oscillation period is quite
large, of the order of the Stokes loss ! (or even ~2I),
and can amount to several electron volts.

The variation of the width of the spectrum with time
in the region ¢< I'"! is also appreciable and takes the
form of damped oscillations (see Figs. 1 and 2). The
spectrum I(Q, ¢) has the largest peak intensity and the
smallest width in the region of the classical turning
points of the configuration coordinate ¢(¢),, which are
reached at instants of time ¢=¢,~nT/2 (n=0,1, 2,...),
satisfying the condition /;=0. In the region of these
points its shape is approximately described by the
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te1S5T £ ls¢ /”7'ﬂ

w,-28 w, w, +25

FIG. 2. The spectrum I(Q, t) for different ratios of g and o.
The remaining parameters are the same as in Fig. 1.

- normal distribution

I(Q t)= azexp [-:—(Q——m')’] , (22)

20,

where w,=w,,, 0,=0,, Inthe limit of large t>TI'"! we
have I,~0,l{~m,=0. As a result the transient spectrum
reduces to OL, as it should.

5. THE SPECTRA 1 (2,t,A 1)

‘The “instantaneous” transient spectrum (21) obtained
above can be measured in experiment only if the regis-
tration duration A¢ can be made substantially shorter
than the characteristic time 7, of the variation of the
transient spectrum. It follows from (21) that during the
initial stages of the relaxation we have (I&°)'/*< T, '
< (I@)*/2, i.e., usually in the range 10°'3-10"* sec (we
assume that 8 < o~m!/2~(lw)*’?). At the present time,
however, the experimentally attainable registration
time is A¢= 10-!2 sec. It is therefore of interest to cal-
culate the spectrum I(f, ¢, Af), defined by (8), averaged
over the registration time A¢, Since we are interested
here in the case Atz T, it is not obligatory to use in the
integral (7) the exact value of II (£, ¢); it suffices to use
the correct value of the spectrum width only in the re-
gion of the extreme positions of the spectrum, which
correspond to the classical turning points of the config-
uration coordinate g. We can therefore assume at AT
=T

1+at —-(Q—m')l (23)
I1(Q,t', At)=const | dt,ex [—-————]
( ) =cons ;" 1exp Sou
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-100 -50 50 100 2

wL—‘.S w, w,

50 0 e0 mo %

w, -8 w, w,
FIG. 3. The spectra I(R, t, At) with account taken of only lo-
cal (pseudolocal) vibration, S, =55;thedamping constant is I'"!
=20 T, =40 7/w,,.. a) The registrationtimeis At=5 Ty, Ini-
tial time: 1) t=T,., 2) t=20 Ty, 3) £=400 T,,.. b) Registra-
tion time At=50 T),. Initial time: 1) #=T, 2) =500 Ty,;
®—absorption spectrum.

where o2,=m — m3/2(m + ¢%). In the considered case
At 2 T the spectrum (22) can be calculated only numeri-
cally. It is then necessary to specify the function

?(o)= Z (:,—’l)zﬁ(m—m,),
H

| -0 J 3100
w=-25 w W

1
-50 0 50 50 100 ul,o [Y]

FIG. 4. Spectra I(Q, ¢, At) with account taken of both the
crystal and the local vibrations; S4.=S;,.=27.5; local-vibra-
tion damping time Ty =20 Tj,.=40 7/w;,.. Frequency ratio
Wioo/ Wer=9. a) Registration time At=5 T,; initial time: 1)
t=Tioer 2)£=20 Ty, 3) t=400 T(,.. b) Registration time At
=50 Toe; 0°=0.111 m,.
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that determines m,, and m,,. We have chosen this func-
tion in the form

I/x

(0—@y)* T2’ (24)

?(w) -0(0)8-(%);@(:&%)%@

where S are the dimensionless Stokes losses. The first
term in this formula takes into account the crystal vi-
brations, and the second and local (pseudolocal) vibra-
tion. We note that such a function ¢(w) results in a
qualitatively correct asymptotic behavior of m,, and m,,
at small and large times {. The numerical calculations
were performed with an M-4030 computer. In all cases,
the summary dimensionless Stokes losses were chosen
to be the same: S, +S,=55. The calculation results are
shown in Figs. 3 and 4.

Figure 3 shows the spectra I(R2, ¢, A¢) with only the
slowly damped local vibration taken into account. It is
seen that during the initial relaxation stages the spec-
trum has a two-mode shape, the maxima being due to
radiation from the classical turning point. This result
agrees with the conclusion of [**! based on an analysis
of the Franck-Condon factors. Figure 4 describes the
transient spectra in the case when the vibrational relax-
ation has two stages—short and long. The maxima in
the spectra are due as before by radiation from the re-
gions of the classical turning points.

We note in conclusion that we have investigated in de-
tail above only the time dependence of the smoothed
RSR spectrum. In many cases the exact spectrum
should contain sufficiently narrow lines of the vibra-
tional spectrum. In such cases the smoothed spectrum
yields only some information on the redistribution of the
spectra among the lines in the course of time. On the
other hand, the detailed behavior of the position, width,
and shape of each such line calls for a special investi-
gation.
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a discussion of the work, and A. Tuul for help with the
numerical calculations.
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the same token, of the time dependence of the transient spec-
trum calls for allowance for the anharmonic decay of the os-
cillations. The obtained first-order approximations remain
in force if the oscillation frequencies w; are replaced by
w; 4Ty, where T; is the anharmonic-damping constant of the
normal oscillation j (see %),
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Charge transfer between hydrogen atoms and the nuclei of
multicharged ions with allowance for the degeneracy of the

final states
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Zh. Eksp. Teor. Fiz. 74, 897-910 (March 1978)

The cross sections, o, for charge transfer between hydrogen and the nuclei of multicharged ions are
computed with allowance for the degeneracy of the final hydrogen-like ion states. Allowance for the
transitions, induced by the rotation of the internuclear axis, between these states leads to a qualitative
change in the v dependence of o at low v (a power-law decrease of the cross sections instead of the
exponential decrease found in the Landau-Zener model), as well as to a significant increase in the cross
section at the peak. The solution is based on the use of the symmetry properties of the hydrogen atom;
this approach makes it possible to take account of the rotation effects in a wide range of velocities.

Concrete computations are carried out for the jons C*¢ and O*%.

-PACS numbers: 34.70.+¢

§1. INTRODUCTION

Calculations of the cross sections for charge transfer
between neutral hydrogen and multicharged ions are of
considerable interest from both the practical and meth-
odological points of view. The practical importance of
this problem is due to its connection with the problems
of high-temperature-plasma heating and diagnostics. At
the same time, charge transfer between hydrogen and
nuclei is the simplest type of process in which a large
number of degenerate states participate, a process
which is of general physical interest (see below).

Of the number of papers devoted to this problem let us
note Gershtein’s paper,!!! in which charge transfer be-
tween mesic hydrogen atoms and ions is computed in the
Landau-Zener model. Charge transfer between a hydro-
gen-like ion and its nucleus has been considered by
Smirnov.?) The distinctive feature of hydrogen-like
systems stems from the presence of the additional sym-
metry connected with the separability in the field of the
two-Coulomb centers of the variables in elliptic coordi-
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nates.!®) This fact was also used recently by Olson and
Salop,™ 5! who undertook charge-transfer cross-section
calculations within the framework of the Landau-Zener
model with allowance for numerical dataf®! for the elec-
tronic terms of the molecular ion (HZ)*#, composed of
hydrogen, H, and the nucleus of a multicharged ion,
X+Z, with charge Z.

In Ref. 7, to compute the charge-transfer cross sec-
tions, Presnyakov and Ulantsev use the Langau-ZSner
formula for low speeds together with the Vainshtein-
Presnyakov-Sobel’man formula,'® which allows us to
follow the transition to the region of high speeds of the
charge-exchanging particles. An important distinctive
feature of Presnyakov and Ulantsev’s paper!’ is the des-
cription of the transition from the Landau-Zener model
to the Brinkman-Kramers model,!®? which is valid for
fast collisions.

In Ref. 10, Chibisov uses the concept of the decay of
the initial “neutral atom +nucleus” term into the contin-
uum of the final “proton + level system of multicharged
ion” states. An advantage of the method is its simplicity
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