A(2,) detected by two different methods make it possible
to establish at least one of the reasons for the nonexpo-
nential decay of the Nd*' luminescence in L.GS-28 glass
and for the ), dependence of 7,,—the reason associated

~ with the variations of the radiative transition probabili-
ties A for different optical centers in the glass. Just
the fact that a A, dependence of 7 has been observed,
however, is not enough to permit a correct conclusion
to be reached concerning the mechanism responsible for
the changes in the 7 values for the different centers.

Thus, our results show that by using nonresonant
selective excitation one can obtain new information con-
cerning the Stark structure, the variations of the decay
kinetics, and the variations of the radiative transition
probabilities A for various optical centers in a dis-
ordered activated medium, i.e., information that is
usually quite hidden by large inhomogeneous broadening
when traditional spectroscopic methods are used.

UIn an earlier study!™’ it was not possible to detect the A, de-
pendence of T because of the higher temperature (T =300°K)
and broader-band excitation sources (AAg,=1.0—1.5 nm) that
were used.

UThe choice of a short delay time of 10°° sec in recording the
excitation spectra eliminates the effects of slow nonradiative
deactivation processes such as intracenter relaxation and
Nd* = Ng** cross relaxation, which, as our measurements
show, cannot change the population of the ‘Fa /2 level in so

short a time as 1075 sec when the Nd®* concentration is as

low as it was (0.3 wt.%).
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Investigation of the absorption spectrum of a two-level
system subjected to intense two-photon excitation

V. A. Khodovoi and N. A. Chigir
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We investigate the absorption spectrum of weak emission from a two-level system (the Zeeman-splitting
levels of !'*Cd atoms) under intense two-photon excitation. It is observed that, at sufficiently high
probability of two-photon excitation, a change in the sign of the absorption coefficient (i.e., amplification)
takes place without population inversion, analogous to the changes of the absorption contour in resonant
(single-photon) excitation. A theory is constructed that describes the shape of the absorption line in the
case of two-photon excitation of a two-level system; the results of the theory agree well with the
experimental data. It is shown that reversal of the sign of the absorption coefficient can be used to
convert laser emission frequency (to generate the third optical harmonic). Estimates of the efficiency of
the frequency tripling of the 7784 A emission in sodium vapor show that near the third-harmonic
frequency it is possible to attain a gain of ~1 cm™! at a sodium atom concentration ~10'¢ cm™3 and at a

pump intensity ~ 10’ W/cm?.
PACS numbers: 32.80.Kf
1. INTRODUCTION

The changes in the absorption and emission line
shapes of a two-level system under intense resonant
excitation have by now been investigated in sufficient
detail.t'~!1 The usual Lorentz shape of the absorption
and emission lines is the consequence of the exponential
law governing the damping of the upper and lower states
of the system. The change in the kinetics in the damp-
ing of the states of an atom subjected to intense excita-
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tion is the reason for the change in the atomic emission
and absorption line shapes.

The most interesting phenomenon, first predicted
theoretically,™ is the essential difference between the
changes in the line shapes of the spontaneous emission
and absorption of auxiliary weak radiation. In the case
of intense resonant excitation, the probability of the
transition of an atom to an upper state comes close to
the stationary value, oscillating about this value at a
frequency dE/¥% (d is the. matrix element of the dipole
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FIG. 1. Population probability py; of level 2 as a function of the
time (a). Frequency dependence of the probability of spontane-
ous emission in a strong resonant radiation field (b). Absorp-
tion line shape under the same conditions (c).

moment of the transition, E is the amplitude of the
exciting-radiation field) (Fig. 1a). A consequence of
these oscillations is the splitting of the lines of the
spontaneous emission into three components (Fig. 1b),
which has been reliably confirmed in experiment.®°!

The shape of the absorption line of the sounding radia-
tion is much more complicated (Fig. 1c). The spectral
dependence of the absorption coefficient does not coin-
cide with the dependence of the spectral density of the
spontaneous emission. The absorption coefficient even
changes sign in a frequency interval on the order of
AE/F near the frequency of the initial absorption line.
The predicted change in the absorption spectrum was

“also confirmed experimentally.t!®? In addition, it was
established*!’ that a change in the sign of the absorption
coefficient takes place also in the case of intense excit-
ation of atoms by noise radiation; such a change is,
approximately, the change of multimode lasers without
mode locking. The intensity of the exciting radiation
should be sufficient to produce short-duration inverted
level populations in the course of the establishment of
the stationary level values.

In view of the fundamental importance of the change
in the relation between the spectral shapes of the
emission and absorption lines in intense radiation
fields, it is of interest to investigate the analogous
lines-shape changes also for nonresonant intense multi-
photon excitation. The possibility of splitting of the -
spontaneous-emission line into three components under
intense two-photon excitation of a two-level system was
predicted theoretically.*?! The condition for this split-
ting, as expected, is a sufficiently high probability of
two-photon excitation, ensuring periodic inversions of
the level populations in the course of establishment of
their stationary values.

The present paper is devoted to an experimental and
theoretical investigation of the absorption line shape
of sounding radiation of a two-level system under in-
tense two-phdton excitation. It is established that at
sufficiently high excitation intensity the line shape
undergoes changes similar to those occuring under
resonant (single-photon) excitation. It is shown that the
reversal of the sign of the absorption coefficient (i.e.,
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amplification) under multiphoton excitation of atoms
can be used to increase effectively the emission fre-
quency of a laser (in particular, for optical third-har-
monic generation).

2. EXPERIMENT

The object of the investigation was *3Cd vapor, which
has in the ground state only a nuclear spin 1/2. Ina
constant magnetic field, the ground level splits into two
with atransition frequency (w,, =3kHz in a field ~3G),
which is less'by many orders of magnitude than the fre-
quencies of the transitions to the excited levels; this
makes it possible to regard such a system as a two-
level one. We investigated the spectrum of the absorp-
tion of weak sounding radiation H = H cos wt by this two-

 level system when the atoms are acted upon by intense

radiation of frequency w, close to w,,/2 (Fig. 2). The
weak sounding field H was perpendicular to the constant
field H, directed along the Z axis. The strong field
H,(¢) consisted of two components:

H,(t) =H,(excos wot+e,sin wot) +H,e, cos ot ,

one rotating about the Z axis and one linearly oscillating
along the same axis. By virtue of the selection rule

for the projection of the magnetic quantum Am =1, two-
photon excitation of atoms took place only when both
strong-field camponents acted simultaneously. The
experimental setup was described in detail previous-
ly.[m]

The main features in the change of the absorption
spectrum of the sounding radiation turned out to be the
same as in intense resonant excitation.®! The most
substantial distinguishing feature of the observed spec-
trum is the strong dependence of the absorption line
shape on the accuracy with which the doubled frequency
of the strong field 2w, coincides with the frequency of
the Zeeman transition between the perturbed levels.
The latter does not coincide with the frequency w,, of
the transition in the absence of a strong field, but is
shifted relative to it by an amount equal to the Bloch-
Siegert shift A,. Figure 3 shows the measured absorp-
tion spectra of the sounding radiation in the case of
exact resonance (Fig. 3a) and in the case of deviation
from resonance (Fig. 3b).

3. THEORY

The problem of finding the absorption spectrum re-
duces to solving an equation for the density matrix,
which takes in the interaction representation the form

Wy, w
o*lwy

FIG. 2. Level scheme (a) and arrangement of the fields (b) in
the experiment.
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FIG. 3. Dependence of the absorption coefficient on the fre-
quency: a—at €y=0 and Ay=3T; b—at €)=2.07T, A;=8T;
I'=2.7Hz. Solid curves—theory, crosses—experiment.

if22=an||"fz|V:z—ir‘l)‘zz,
i/u“'—vu. (fuf“fu) —ilaofiatfiaViy (3_“""'5"“') ,

.fn+fn=1, f|z=fu'- (1)
Here
Vay=Vie“'tve' =V, Vi=—nyH, Vu=nyH, v=—uyH,
1=942 Hz/G, ©=01—0, B=0y—0,

T, and T, are the frequencies of the longitudinal and
transverse relaxation.

We solve the system (1) subject to satisfaction of the
experimentally realized conditions

‘ vV, Vy, (2)
VO‘/(I)I'<’-1 (3)
IZ(I)o"(l)n l L. (4)

We seek the solution of (1) in the form

fa=ta" +ou, (5)

where f12’ is the solution of the system (1) in the ab-
sence of a weak field (v=0), and ¢,, is a small correc-
tion due to the weak field.

The two-photon resonance condition (4) allows us to
seek an approximate solution of the system (1) in the
absence of a weak field in the form?!’
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v fu=Xo+X e +X_ e, (6)
fu=Z,+Z, e +2Z_ e, (7

Substitution of (6) and (7) in (1) at v=0 and retention
of only the constant and slowly varying terms with fre-
quency §= w,, — 2w, leads to the following system of
equations for X, and Z,:

iXo=—(AcHily) Xo—V Ve 0, +2V, Ve~ Z /0y,

. (8)
124=—il'\Zy+V,V " X/, —V, Ve "Xy 0,

where A,=2V?2/w, is the dynamic shift of the transition
frequency under the influence of the strong field.

Substitution of X,=p, e~* transforms the system (8)
into a system of linear equations with constant coef-
ficients:

i‘blt"'pn (6+Al+iri) —ZVUVHZG/0)|=V||V|/0)|,

¢2.+1PIZ.—V.V.| (p‘—P".)/(I)|'=0. (9)

The stationary solution of the system (9) is easy to
obtain by putting o, =Z,=0. This yields the sought
changes of the constant population component Z, and of
the component X, that is at resonance with the atom
transition frequency:

1 K,'T./T,

Zy = 10
TS T LKAT, (10)
V“Vo eu—~iI‘, )
X, =+ —idt__ ot 11
T e, e TALKT, . Pwe (1)
0 —irl,
e (12)

©, e +I2+LKYT,
Here
Bn’=6+Ao, K1=2VQV]|/(’)I.

It is precisely these values of Z, and X, which deter-
mine the change of the absorption line shape of the
sounding radiation under the action of a resonant strong
field. Expressions (10) and (11) differ from the cor-
responding expressions for Z, and X, under resonant
action of a strong field in that the matrix element V, of
the single-photon transition is replaced by the matrix
element K, of the two-photon transition (see®57),

Using the obtained solutions

A RZ, (O A Xempae®

and substituting (5) in (1), we obtain, neglecting second-
order terms (vg,, and v@,,), the following system of
equations for the corrections ¢,, and ¢,,:

ipay= V,e""q).;‘f‘ve"‘ﬂ:’ —Voe"""(vu—W"'“f;(,“—il",q),g, (13)
i(i>.,=2vo¢"'“"tp,,+ve"" (2/,(:) —1)+V (em''+e™") uu—ila@s.

Here A= w,, - w.

To find the polarization of the system at the frequency
w of the sounding field, the following approximate form
of the solution is sufficient:[% %]

Qu=A,tA e +A_ e, (14)

@u2=DB,+B,e*'+B_,e-'*",
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Substitution of (14) in (13), after neglecting the rapidly
oscillating terms, leads to a system of equations for A,
and B

idi=V.V,Be® 0, tpgve'—V, V,B,'e=* 0,—pgx "ve —il' A,

. 15
iBy=— (Ao Hils) Bo—vgge~242V,, V4 e~ w,, (15)

where e =w-2w, and g, =1-2Z,.

Introducing the substitution B,=pe"'* and changing
over to the correction for the change of the population
difference 7=2A4,, we can reduce the system (15) to the
form

g=—2Re {iK.p} —T'.g—4Re {ve~"'py},

. 16
p=—"1K:— (Ta—ies) p+ve"'qu. a0

The system (16) differs from the corresponding
system of equations for the single-photon resonant in-
teraction (Egs. (3) and (4) off®?) only in the symbols
used for the constant coefficients of the equation. Since
a complete analysis of the stationary solution of the
system (16) has already been made!®! and has yielded
for the nonlinear susceptibility of the atomic system
expressions that determine the absorption coefficient
and the refractive index of an ensemble of atoms, we
present directly the expression for the absorption co-
efficients of the sounding radiation:

(F+ie) (T+ieo) (T+ie+ieo) —ieAoV ¥/ (02—wy)
(T+ieo) 2 (ie) ’

20,V

02— @y

K(o0)=K,gq Re

2A.V4,

®2,— W,

Z (ie) =—ie'—3e'T+ie (e,,’ + + 3r=) +T (et +T7) +T7

1

Here K, is the absorption coefficient at the line center
in the absence of a strong field, gq,is the initial popula-
tion difference of the lower and upper levels, I'=T',=T,,
and €,= wy — 2w, + 4.

4. DISCUSSION OF RESULTS

The absorption line shape calculated from formula
(17) agrees within the limits of measurement accuracy
with that observed in experiment (Fig. 3). The change
in the line shape is similar to that which occurs under
resonant or quasiresonant intense excitation. The dif-
ferences consist of replacement of €= w,, - w, by €,
= w,, - 2w,y + 4, and the matrix element of the single-
photon transition by the matrix element K,=2V,V,,/w,
of the two-photon transition. A spectrum shape that is
symmetrical with respect to the doubled frequency 2w,
of the strong field is obtained when the doubled fre-
quency of the strong field coincides with the frequency
of the transition with account taken of the dynamic shift
of the levels by the strong field (Fig. 3a).

The reversal of the sign of the absorption coefficient
(i.e., that amplification) under multiphoton excitation
can be used to develop amplifiers of optical radiation
and for the conversion of laser frequencies. Compared
with resonant pumping, the use of multiphoton transi-
tions offers two advantages. The first is the possibility
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of tuning the frequency of the gain (or lasing) line over
a wider range. In the case of resonant pumping, this
range is severely restricted by the equalization of the
level population with increasing pump power and with
decreasing gain.'®’ In two-photon pumping, the ampli-
fication frequency can be tuned by dynamically shifting
of the levels by one of the exciting strong fields. The
attainable degree of equalization of the populations is
ensured by a corresponding decrease of the power of
the second field. From the result of the experiment and
formula (17) it follows that under optimal conditions
the gain can reach 5% of the initial linear-absorption
coefficient.

The second advantage of multiphoton pumping is the
possibility of obtaining generation in a frequency region
greatly differing from the pump frequency or summary

" or difference frequencies. For atoms, greatest interest

attaches to three-photon excitation and lasing at a fre-
quency close to the frequency of the third optical har-
monic.

We have estimated the efficiency of frequency tripling
of ir radiation in sodium vapor. Three-photon excita-
tion in sodium vapor from the state 3S into 7P can be
produced by radiation of wavelength 7784A (Fig. 4). As
a consequence of the two-photon resonance for the tran-
sition 3§—4S, the required pump power is decreased.
The threshold pump power needed to attain gain near the
third-harminic frequency (A=2595A) corresponds to
equality of the rate of three-photon excitation and the
atom-relaxation rate I':

duE duE doE 1 -r
20 20 2R (0n—wo) (0n—2@0)

(18)

At high pressures, the value of I' is determined by the
impact broadening of the line of the TP—3S transition
and is of the order of 10®sec"! at a sodium atom con-
centration on the order of 10'® cm"3.1'%) According the
data on the oscillator strengths for Na,!*! condition (18).
is satisfied at a pump intensity on the order of 107 W/cm?.

The attained gain, under optimal conditions, is equal
to 1 cm™! at an Na atom concentration ~10'® cm-3, It
appears that the greatest difficulties for the practical
realization of this method of generating optical har-
monics are posed by the need for obtaining monochro-
matic pump radiation. The use of multimode dye lasers
for pumping leads to broadening of the gain lines, to an

04 &
R
“ ZFem T
J A=25954 FIG. 4. Scheme of the Nal
! levels participating in three-

3r i 2 photon excitation.

47-70%cm-Y

A

A=7784A
38 Zr
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increase of the threshold pump powers, and to a de-
crease of the gain. We are now planning experiments
aimed at determining the requirements that the mono-
chromaticity of the pump radiation must satisfy to ob-
tain optical amplifiers and laser-frequency convertors.

The authors thank S. G. Przhibel’skii for valuable
theoretical consultations and A. M. Bonch-Bruevich
for interest in the work. )
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Dissociative recombination of electrons on the molecular
ions H,” and D,* with production of strongly excited

atoms ‘
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The process of dissociative recombination with production of strongly excited atoms in collisions between
electrons of energy 1-13 eV and molecular ions is considered. The recombination cross sections are
calculated for the system e +H,* (D,*) with formation of excited atoms in states with n> 3 for different
vibrational states of H,* (D,*). The calculation results are compared with the available experimental
measurements. The transition from the quantum description of the motion of the nuclei in dissociative

recombination to the classical description is indicated.

PACS numbers: 34.80.Gs

1. INTRODUCTION

One of the important elementary processes that lead
to the decay of the electron density in recombining dis-
charges and to the vanishing of electrons and ions from
the upper layers of the atmosphere is the dissociative
recombination (DR) process

e+AB*—>AB'~A+B",

in which collision of the electron with the molecular
ion produces an autoionization state AB* with a repul-
sion term, nuclear motion over which leads to forma-
tion of recombination products.

The rate coefficients of DR at thermal energies of the
electrons were measured in recombining discharges for
many ions (see the reviews'*?}). For the simplest ions
H,' and D,* there was no experimental information on the
DR cross sections until recently, because of the rapid
formationof the Hy* (Dy*) and H,* (D;*) at relatively high
pressures of the recombining discharges. Only in re-
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cent experiments with crossed beams!*-*! were DR cross
sections measured at relative energies on the order of
several electron volts, namely, the total DR cross sec-
tion for collisions with H,* and D,* was measured at en-
ergies 0.6—17 eV, in'® and the DR cross section with
production of D(n=4) was measured at energies 1.4—
7.5 eV, inf*? and the cross section for recombination
with production of D(rz=2) was measured at energies
1.4—17.5 eV in'®),

The theoretical papers'®®! devoted to the description
of DR in collisions with H,* and D,* are restricted mainly
to slow (up to 1 eV) electrons and to the case when the
repulsion term of the autoionization state crosses the
ground vibrational state of the molecular ion. The re-
sults of these studies cannot be used todescribe DRwith
production of strongly excited (x> 3) states of hydrogen
or deuterium. Thus, the first estimates of the DRcross
sections for the system e +H,* and energies <1 eV via
production of the autoionization states H,*(2p0,, 250,,°Z,)
and H,*(2po,, 2p7,, *1,) were carried out by Bauer and
Wut®! and were repeated with slight modifications by
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