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The interaction of slow electrons with XY+ molecular ions in monochromatic IR laser light
is studied. At the field levels considered here, the mechanism by which the field acts on

the e~ +XY™* system is manifested in the stage in which an intermediate Rydberg complex
XY** forms. This mechanism is basically a change in the characteristics of spontaneous
decay and the formation of compound resonances in the field-induced interaction of closely
spaced quasistationary states of the complex. The cross sections for dissociative
recombination are studied as a function of the angle 6 between the direction of the electron
beam and the field vector of the light (for linearly polarized light). The relationship

between these characteristics of the process and the type of molecular orbital of the Rydberg
states in XY** is found. Various physical situations which arise when resonances of the
Rydberg complex accidentally overlap are analyzed. The particular system e~ +H;" is used as
an example to study how the field-induced mixing of p, d, and f states affects the

reaction rate. Criteria for predicting a significant acceleration of the dissociative recombination

are formulated.

1. INTRODUCTION

Research on the dissociative recombination
e 4+XYToX4Y (1)

of electrons e~ and molecular ions XY* in an external
electromagnetic field is important to the theory of radiative
collisions and also in connection with the development of
laser methods for stimulating elementary processes involv-
ing atoms and molecules. There is particular interest in the
case of monochromatic IR light under limitations on the
frequency o, and amplitude f of the external field such
that this field affects the e~ + XY * system only in the stage
in which intermediate Rydberg complexes XY** form
(such complexes are known' to play an important role in
the dynamics of dissociative recombination). A necessary
condition here is that the laser radiation not cause any
resonant intramolecular transitions in the isolated XY™
ion. The next limitation is the inequality (fi=m,=e=1)

fo7 <, (2)

which means that transitions between continuum states in
the Coulomb potential (in which the corresponding tran-
sition dipole moment satisfies’ D« w7 ") are improbable.
Under these conditions, the field-induced broadening of the
Rydberg levels, qu o ( fwa/ 3)z/nz (n, is the main quan-
tum number of the ¢ series of Rydberg resonances; the
index g incorporates the angular momentum / of the elec-
tron; its projection A onto the molecular axis; and the
internal state of the ion), is a measure of the effect on the
XY** complex. This broadening must be compared with
the natural half-width I'¢ y/nf], where the decay rate sat-
isfies Y€1 according to the concept of an intermediate com-
plex. Consequently, one of the conditions for the field to
strongly affect the intermediate complex takes the form

rS (for*?) <l (3)
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The field can also affect the XY** complex even at
much lower field amplitudes f, if resonances of different
Rydberg series (e.g., n, and n;,) overlap or are acciden-
tally close together. In this case, the field-induced interac-

. S —5/3 -3
tion of resonance states [ann', < foy (nqn;,) /2 for a

q9
dipole-allowed transition] must be compared with either
the half-width of these states or with the distance between
levelsA,,q,,;l =|E,y—Eyg|:

e, ré, , TRZA,
Vf r & N ne > (4)
"y | Aug. ART.

Although the basic mechanisms for the effect of mono-
chromatic laser radiation on the intermediate spontaneous-
decay complexes described above are well known, and gen-
eral mathematical approaches have been developed for
describing them (see, for example, Refs. 3-9), many as-
pects of the theory for processes which go in accordance
with the continuum-complex-continuum scheme have yet
to be resolved. From the general theoretical standpoint,
this problem is quite different from the problems which are
being solved in the theory of the interaction of laser radi-
ation with atoms and molecules. There is also a distinction
from the problems treated in the standard theory of radi-
ative collisions,'®!! in which the most successful approach
is the semiclassical approximation. This approximation has
proved successful in research on the collisions of atoms in
a radiation field. It is more difficult to analyze the quantum
conditions of the relative motion of particles in the con-
ventional theory of radiative collisions, particularly for re-
actions with reactive channels, in which case there is a
restructuring of particles [in particular, reaction (1) falls
in this category]. It is apparently for this reason that
electron-ion radiative collisions involving Rydberg states
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have become the subject of an independent field of re-
search, which has begun to develop systematically only in
the past few years.

The behavior of Rydberg atoms in a laser radiation
field was studied in Refs. 12-15. Rydberg molecular com-
plexes XY** and processes involving them were studied in
Refs. 16 and 17, where attention was focused on the reso-
nant (o~ w) situation, in which the field is tuned to the
frequency w of vibrational transitions in XY**,

In the present paper we are interested in the dynamics
of the dissociative-recombination reaction (1) in the field
of linearly polarized IR radiation under nonresonant con-
ditions, w ;4. We examine in detail the dependence of the
cross section for reaction (1) on the relative orientation of
the electron and laser beams (Sec. 3). We also analyze
situations which arise when resonances of different Ryd-
berg series accidentally overlap. We study (in Sec. 5) the
corresponding manifestations in the cross sections and cor-
responding reaction rate constants, averaged over the elec-
tron energy. The results are illustrated in the particular
case of the e~ +H;' system.

In Sec. 2, before we get into the basic material of this
study, we write operator equations for the matrix of radi-
ative multichannel scattering, which we derived in some
earlier papers. The novel aspect of this section of the paper
is the derivation of Eq. (19), which relates the scattering
T-matrix to the submatrices of open and closed channels.
This equation makes the subsequent analysis more com-
pact and physically clearer. Equation (19) is a generaliza-
tion of Seaton’s matrix equations!'® for the S- and
R-matrices. Those equations were derived without consid-
eration of reactive channels or the effect of resonances
which do not conform to the systematics of Rydberg levels.

2. MATRIX OF RADIATIVE MULTICHANNEL SCATTERING

If we describe the interaction of the e~ + XY™ system
with the external field by a dependence which is periodic in
the time,

Df
uf=2Vfcos o, Vf=—i— (5)

(D is the dipole moment operator), the analysis can be
conducted in the steady-state theory of the multichannel
quantum defect, in which the field is taken into account by
introducing quasienergy states and some new channels of
motion associated with these states.'>~!” The entire analysis
is based on information on adiabatic terms of the Rydberg
complex XY**, which are assumed known. The most im-
portant aspects of this picture of the terms are shown in
Fig. 1. Among them are the Rydberg terms U**(R), the
dissociation terms Ug(R) =Ux,y(R), and also the terms

Ugy(R), which represent the XY valence configuration
which is interacting with them. The latter configuration is
characterized by a quasifinite motion of nuclei (R is the
interatomic distance). Note that the number of electronic
configurations taken into account in this system can also be
large. After we have presented the general calculation
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FIG. 1. Schematic diagram of the terms of the XY molecule which lie
near the ion term (the numbers and lines specify the vibrational levels of
the ion and valence potentials).

method, it will become clear that the incorporation of these
configurations in the theory poses no major difficulty.

The electron terms shown in Fig. 1 are, strictly speak-
ing diabatic, since they are written without consideration
of the configurational interaction V¢, which causes term
splitting in local regions of a quasicrossing of terms, and
which is also assumed known.

In outlining the theory of the multichannel quantum
defect, we restrict the discussion to the case in which the
angular momentum / of the electron is a “good” quantum
number. We will also be focusing on the spectral region
which is adiabatic with respect to rotation, Bnl¢l (Bis
the rotational constant of the ion), for which the molecular
axis is assumed to remain fixed in the course of the colli-
sion, and the analysis is conducted in the coordinate sys-
tem of the XY molecule. The null Hamiltonian Hj, is cho-
sen in such a way that all the interactions in the isolated

(diabatic) configurations X+Y and XY are taken into
account exactly, while in the Rydberg states the Coulomb
potential ¥.=—1/r (r is the coordinate of the weakly
bound electron) and the non-Coulomb part of the interac-
tion with the ion core, V,.(R."), are taken into account for
the equilibrium position of the R, atoms. In the complete
Hamiltonian of the system, H=H,+V, the operatorl)

V=V, (R)—V,(R})+ Vit V/

then includes the intqraction with the core, the configura-
tional interaction V® (which couples the configurations

e” +XY*, X+Y, and XY, which we denote by the indices
g, B, and s, respectively), and the interaction with the ex-
ternal field V/. We also require that the basis wave func-
tions |g,,), |Bn), and |s,) (the index m specifies the
change in the number of photons in the system) be nor-
malized in accordance with
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(gm(E) |gm (E")) ={Bm(E) |Bm (E"))
—18(E—E')8,y,
(Smls;,,r> =6ss’5mm' .

A distinctive feature of the wave functions |g,,) is that at
values of r on the order of atomic distances (r~1) these
functions describe a fast electron and a slow nuclear sub-
system,; i.e., they are adiabatic. Consequently, |g,,), | B,
and |s,,) can be calculated in the Born-Oppenheimer ap-
proximation by the standard methods of quantum chemis-
try.

For a given choice of Hy, the basis functions of the
Rydberg configuration e~ +XY ™ can be written

|4my =7y, (I X(R) Y () | m), (6)

where y,(R) is the vibrational wave function of the XY+
ion (v is the vibrational quantum number), Y;,(7) is the
spherical harmonic (7 is the set of spherical coordinates of
the electron), and | m) is the phonon part of wave function
(6). The function ¢va 1 is the radial wave function of an
electron with an angular momentum /, distorted at short
range by the interaction V,.(R;}). This wave function is
regular at the origin (as r—0). Under the conditions
(1+1/2)%«¢r< | E| —1 this wave function takes the form

m

1/4
by, 1= (W) sin(o,(r) —1r1—2+1m?,\),

where o(r) is a semiclassical phase shift. Under the con-
dition /< | &, | =173 and in first order in the small param-
eter 7|e,,|, this shift is given by o;=(8r)"?
+1(2°)?|e,,,|. In addition, udy =p;s (R}) is the diaba-
tic quantum defect of the /A Rydberg level, determined at
Vi=¥/=0, and v,,,= (—2¢,,) ~"/* is the effective princi-
pal quantum number, which corresponds to an energy
£,m=E—vw,—ma . By analogy with (6), we also define
the wave functions |B,,) and |s,,) of the valence (non-
Rydberg) configurations of X+Y and XY.

Multichannel quantum defect theory leads to the fol-
lowing fundamental equation for the T-matrix of radiative
multichannel scattering (Refs. 16 and 17, for example):

T=t+t 2 |qm){@m| BT (Vom+pin) 1T—it 3 |Bpm)
qgm Bm
| Sm) €Spm| -

X B T+t Y =5 T. (7

s,m
Here E,,=E+muo , are the energy eigenvalues of an iso-

lated XY valence configuration in the quasienergy state
representation, and the index g is g={/A,v}. The operator
T describes the interaction of the electron with the ion core
in the presence of an electromagnetic field and obeys the
equation

t=V+VGt, (3)

where the Green’s operator G is a smooth function of the
energy E and is represented by the contributions of the
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e~ +XY* Rydberg states (minus the hole singularities
which arise from the discrete level structure of the Cou-
lomb center) and the X+ Y dissociation:

1 m) (G
ol s p( el
T gm Evm—E
1 | BB
7 2P ) Fome, e ®)

(P means the principal value of the integral), without con-
sideration of the V interaction. In writing the contributions
from the e~ + XY™ states we used the similarity factor of
the wave functions of the continuous and discrete spectra
at |E|<1.

The operator V consist of two parts: an electrostatic
interaction V¢ and an electromagnetic interaction V/. The
matrix elements of the operator V* are diagonal in m. The
quantities

(G| VEIBm)s  @m|VC|sm)s  (Bm|VE|Sm) (10)

describe the configuration interaction of the e~ +XY* and

X+Y, e +XY" and XY, and X+Y and XY states, re-
spectively. The matrix elements (g,,| V¢|g,,) are responsi-
ble for vibron transitions in the e~ + XY™ system. The
elements of the operator V/ couple the states with m and
m’=m=+1. Under conditions (2)-(4), which we are as-
suming here, these elements should be regarded as small on
the scale of the changes in Green’s function (9).

Equation (7) has a structure which makes it possible
to use an algebraic method to construct the unitary scat-
tering S-matrix without regard to the number of channels
of motion taken into account. The elements Tqmq:,,, and
T, g, with open-channel indices {where E>vo,+ma;
and cot[m(v,,+uin)]=—i} characterize the amplitudes
for inelastic scattering and for dissociative recombination
(1). Since the configurational coupling is small, and since
we have the small parameter ay/R;} €1 (ay is the ampli-
tude of the zero-point vibrations), we can restrict (7) to a
finite number of states. That the configurational coupling is
small is not as obvious, since the configurational interac-
tion is determined by the particular features of the elec-
tronic structure of the molecules. However, the examples
of the (well-studied) systems e~ +XY* (XYt=Hj,
N;, NO%, 05, etc.) show that this interaction is indeed
small [in the sense that the quantities written in (10) are
small in comparison with unity]. As a result, in determin-
ing the matrix elements of the operator t we use an iterative
procedure, in which t on the right side of (8) is replaced by
V. After some straightforward manipulations we find

t=t'+t/, (11)

where the elements are given by
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e 0) 1 ZP VZ”'ﬂ”’V;mq;n d
Lt e T 3 E—mow;—¢g e
£O
q,,,q q,B
qu =V 4Bm +— ZPJ- de,
0) 0
t o =_<Xv|tg[77(,u'IA-lJ'lA)] |XV’>6mm’ (12)

[

(there are corresponding expressions for the elements
18 e t; e and 7 mBm) and the second term in (11), which
is responsible for the effective interaction with the external

field, can be written as follows, to within terms quadratic in
v/

t/=[14+V’G(E)][V/+V/G(E)V/][1+G(E)V°].
(13)

Under condition (2) it is sufficient to use the linear ap-
proximation for the matrix elements of operator (13):

i =T - IA)STA S, (14)
mimy |
where the radial elements are'’
r(’'A’=IA)
V2 (2)(4\'
_ “\Z ~5/3
—=1(5)5)
1
X cos W(A/J,IAJIAr-Fg) (15)
[T(x) is the gamma function, and Ap,MA:,u?A - ,u?, A S

the difference between the corresponding quantum de-
fects]. The angular elements are given by>

SiA IA-_— E Y*k(f)<Y1AY1kl Yya)

4 2I+1) ,
=,/m (1100|10) (11AA

f
—A|FA)YE, (f)

We now wish to discuss some general properties of Eq.
(7). The matrix T can be determined directly from this
equation. Its rank is equal to the sum (/) of the number of
physically open channels of motion (XN,), the number of
closed Rydberg channels (¥%), and the number of states of

(16)

the XY valence configuration taken into account (N)):
N=N,+ N2+ N,

Here N, includes the continuum states of the e™+ XY™
system and dissociative channels of X+Y.

Below we show that the solution of the operator equa-
tion (7) can also be written formally as a general relation
in which the matrix of interest, T,,, is expressed in terms of
the submatrices T,, (of rank N, XN,), T.. (N.XN,), and
the submatrices T,., T, (N,XN,.). Each of these subma-
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trices can be found from a simpler operator equation (of
the Heitler type?!) defined on the basis of physically open
channels, i.e.,

NO
T'=t—it 2. |p)p|T’ (17)
pr=1
(the index p represents open channels). Using (17), we
can put the operator equation (7) in the form

NC 1
T=T'+T" 2 |e}{c| =T". (18)
c=1 E
Here the diagonal matrix E specifies the spectrum of en-
ergy eigenvalues in the closed Rydberg channels and the

discrete levels of the isolated XY configuration,
E..=tan[m(v,+u°)] for Rydberg channels (with energy
normalization of the wave functions) and E_,=E—E,
(with the wave functions |[c¢) normalized to unity; i.e.,
{c|c')=8,~). Constructing a chain of equations for T,
T,,, and T,., we find

1
To=T,+T,., T,

e Eo7, Teo (19)

where
’ - ’
ch = tcc - ltcoToc '

Relation (19), like the Seaton relation'? for the multi-
channel scattering S-matrix in the absence of a field (when
there is an attractive Coulomb field in all channels of mo-
tion), is written for physically observable characteristics. It
brings out the resonant structure of the transition in a more
graphic way: The zeros of the determinant

det|E—t,,+it, T, | =0

characterize the positions of the levels which are interact-
ing with the continua of discrete states. In the case of an
isolated resonance (Nf:O,N CV =1) we find from (19) the
general Breit—-Wigner formula (here we have a direct
method for determining the phase relations between the
contributions of the background and resonant mecha-
nisms). In addition, the equation derived here is more gen-
eral, since its derivation incorporated the reactive channels
and the interacting quasistationary states of a closed chan-
nel of an arbitrary type. This relation also makes it possible
to describe such processes when there is an external field
which is periodic in the time.¥

Qualitatively, the consequences of the application of
the laser radiation to the e” 4+ XY™ system can be under-
stood even on the basis of (19). The consequences evi-
dently stem from the resonant contribution of the second
term, namely, 1) the change in the spontaneous-decay
characteristics of those resonances which are also impor-
tant in the absence of a field (the terms with m=0), 2) the
appearance in induced resonances {in spectral intervals in
which the condition tan[w(v,,,+ ,uo)] =0 holds for m=£0},
and 3) the superposition of resonances of different Ryd-
berg series and the manifestation of their field-induced
mixing (hybrid states).
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3. CROSS SECTION FOR DISSOCIATIVE RECOMBINATION
IN THE FIELD OF LINEARLY POLARIZED IR
RADIATION

Dissociative recombination (1), i.e., the production of
neutral fragments in the interaction of an electron with a
molecular ion, occurs either because of a direct transition
to the dissociation continuum S or through the production
of an intermediate complex XY** and its subsequent decay
to a dissociation state. The amplitudes corresponding to
these transitions interfere with each other, making the
cross section for dissociative recombination a rather com-
plicated function of the energy E. If the molecular ion
XY™ is in the vibrational ground state (v=0), the closest
closed channel, v=1, plays the most important role in
shaping the resonant structure of the spectrum at energies
below the threshold for the vibrational excitation of the
vibrational ground state. The states of this channel give rise
to an infinite set of Fano-Feshbach resonances:

(x+49)2

E—E
0(E)=0((E) a2 *="T

L,

(near the nth resonance E\”). Here T, is the half-width of
this resonance, and ¢ is a profile index. [Corresponding
expressions for 0y(E), I',,, and g can be found from those
written below when the external field is turned off, i.e., in
the case f=0.] In the series of resonances we find an ob-
vious pattern: The same factor n° characterizes the de-
crease in the half-widths T,, in the intensities
I,=mg*0o(E{")T,, and in the distances between reso-
nances with increasing index (n) of the level of the closed
channel. This regularity can be disrupted only by reso-
nances of other Rydberg series (with v>1) or quasidis-
crete states of valence (non-Rydberg) configurations of

XY. Below we examine effects stemming from the influ-
ence of the external field on the e~ + XY™ system, so we
restrict the discussion to the part of the spectrum in which
these disruptions are negligible.

We would first like to determine which conditions are
most favorable for laser stimulation of reaction (1) when
the stimulation is applied to states of isolated resonance
series. Here we assume that the molecular ion XY™ is in
the vibrational ground state (v=0). It can be shown that
these conditions hold in the spectral region £ < min(w,0 /),
in which the field-induced level broadening is comparable
to the natural linewidths, i.e., in which condition (3)
holds. Radiationless transitions involving the formation of
Rydberg complexes of XY** in (v=1, m=0) states and
transitions to (v=0, m=1) states accompanied by the
emission of a field photon make the greatest contribution
here. In the coordinate system tied to the axis of the mol-
ecule, the amplitudes of these transitions are as follows,
where we are making use of the small values of elements
(12) and (14) (in the two-channel approximation in terms
of the vibron coupling):

e ) e e
tl'-’ooo(z10 + W{o) F 851510
Z10+1iv1,

Tg0,(IA—IA) = . Q0
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.0,88,0,('A" ~IA)

Tp o (A" —~IA) = @y

201+ 1Yo,
Here
Zym(E) =tan [7(vy,(E) +1u3)) ] —t oy -

The elements tf, ,» and tf; by which are responsible for the
m'm m

electrostatic interaction, are defined for /A states of the
XY** complex, which we have omitted for simplicity.

In our formulation of the problem, the diagonal ele-
ments of the operator t° are written as the sum of two
terms in accordance with (12). The first term stems from
the interaction with the ion core, while the second de-
scribes mixing of the Rydberg series with the dissociation
continuum. To find an explicit expression for this term, we
use the semiclassical approximation. We also make use of
the circumstance that for the rather “steep” term Ug(R)
near the classical turning point RY, at which we have ¢,
= E — mw; = Ug(R}) we can use the Vinans-Stiickelberg
approximation for the nuclear wave function under the
condition Ugay > w:

X5, (R) = | Up(R) | =8I R~ RA(e)].
For the elements tﬁmum we can then write

V3(R)xA(R)dR
em— Upg(R)

th o=l +v21’f

mm mm B
[V5(R) is the electron part of the configuration interaction,
which is related to the splitting of the /A Rydberg term and
the 8 dissociative term by A,=2Vp/ (7n*)1?]. We can also
introduce the adiabatic quantum defect of the /A Rydberg
levels, which is determined from the relation

tan[ﬂ'(v-}-yo) 1=t
Specifically, this defect is

N 1
Zin(R) =y‘,’A—1—r arctg(IAm|t*(¢,,,R) | IAm)

[|IAm) is the electron-photon part of wave function (6)].
Far from the turning point R¥, this defect becomes

B 1 V123(M) (R) ’s
fin(R) =pp(R) +— arctg w% TR e,

The total rates of decay from the /A state, which ap-
pear in (20) and (21), i.e.,

V=V, tVo 7, Yo, =78 +75, (23)

include partial rates of autoionization (), predissociation
(1/3 ), and field-induced decay (7/). These partial rates can
be expressed in terms of matrix elements:

Vou=t0 0-1 )% Vo =150 1%

vi=2 14, ('A'=IN)|? (24)
I'A

m
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(I'A’ are states allowed by the selection rules during the
radiative decay of the predissociation Rydberg /A state).
The relationship with the natural (I'°) and field-induced
(Ff ) half-widths is given by

C=(Y+9yP)/mnd, T/ =y//mn’.

The total cross section for dissociative recombination
for the transition to dissociation channel B with fixed quan-
tum numbers /A is

3 iF exp(ibpp) Yoo (m)

19:%

a,m(e)——gZ (

2
XTBMOO(I'A'_,IA)’ >

dn=arg[T(I+1—i/k)]1+mul,, k=(2E)? (25)

where g is a spin factor, m takes on the values 0 and 1, the
vector n specifies the direction of the incident electron
beam with respect to the axis of the XY molecule, 6 is the
angle between the vectors n and f, and the angle brackets
(...) mean an average over all possible orientations of the
molecules.

Substituting (20) and (21) into (25), we can write

0g0=0p,0,1 98,0, (26)
where the first term,
8 ) ,
a,,ooo:—E— g{| Y}',‘\(n)TBOOO(lA—»lA) [, (26')

describes a transition not accompanied by an exchange of
energy with the field, while the second term,

V6,70, (m.f)
0go=""78 , (26")
P%™ E < ;01‘*’7’3, >

is responsible for a transition accompanied by the emission
of a field quantum. Expression (26”) is written so as to
display the interference structure in the course of the field-
induced filling of the /A predissociation state of the XY**
complex due to the contribution of /’A’ electron states
(with /"=I41). The quantity ¥, is given by

2
Yo, (nf) =7 > r(I'A’

I'A

2
SIA)SUAIAY (f) Y}‘:A,(n)exp(iwygA,)

(27)

[F(’A’>IA) and SPAYM) are given by (15) and (16)].
characterizes the dependence of the cross section on the
angle 0 between n and f. In incorporating the Coulomb
phase shifts 87 in (27), we make use of the circumstance
that the following relation holds under the condition k/<1,
according to the selection rules:

1
8j,1—08j_=—2arctg Pl
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Let us first analyze the most general aspects of the
energy dependence of the cross section (26). This depen-
dence has a resonance structure, formed by a superposition
of two Rydberg series of different origins. The first corre-
sponds to a series of vibron resonances which converge on
the threshold E=w of the first vibrational excitation of the
XY™ ion. It is determined by a nonadiabatic vibron cou-
pling in the XY** molecule. The second series incorpo-
rates a series of field-induced Breit-Wigner resonances,
which converge on the threshold E=w,. The resulting
picture must therefore depend on the relation between w
and wy. If 0 s> w, for example, we should see some fairly
widely spaced field-induced resonances of a Breit-Wigner
type against the background of the Rydberg resonances of
the first series. In the opposite case, w,<w, these series
trade roles.

How does the cross section in (26) depend on the field
intensity f? It is not difficult to see that the main factor in
the influence of the field in the first term (26’), which is
responsible for the radiationless transition, reduces to a
broadening of the resonance lines at small values of f. This
broadening is important under the condition I'/ 2 "¢ (this
condition corresponds to fields 2 107°-10~*). In stron-
ger fields (f~ 1073), the partial cross section 06,0 be-

comes a weak function of x and tends toward the value
(d)
0840, = g‘}/oi

which is partial cross section for the direct (background)
dissociative recombination in the absence of external radi-
ation.

In the second term (26”), this dependence is consid-
erably more complicated, because of the angular anisot-
ropy in 701. At small values of f(~10""-1079), the be-

havior can take different forms. For example, the total
cross section (26), may in fact decrease with increasing f
at certain values of 6 and at certain energies
E,=w—1/2(n—p%)% On the other hand, the height of
the field-induced Breit-Wigner peaks should increase as f2.
For sufficiently strong external electromagnetic fields
(~107%1073), the picture changes significantly since the
angular distribution becomes a weak function of f in this
case. On the other hand, the height of the peaks superposed
on the gently sloping plateau should decrease in proportion
to 1/f2

Let us illustrate these features in a specific example
(g=1/4):

e”+H; (v=0)+Now,~Hf* > H*+H+No, (28)

(N is the number of photons in the system, which differs
from from the initial number N, by an amount
m=N—N;). In the H}* quasimolecule, we know that the
Rydberg series ndoy( 2*) undergoes predissociation. In
this series, the angular momentum of the electron, /=2, is
a “good” quantum number.?? Consequently, the main con-
tribution to (28) for a process not accompanied by a
change in the number of photons (m=0) is made by the
state with angular momentum /=2 (the d wave), while for
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a process which is accompanied by the emission of a pho-
ton (m=1) the angular momenta /=1 and 3 (p and f
waves) are important. In this case the partial decay rates
(24) of the intermediate complex are

L I
7/‘0_2Ma) (ﬁ.udo)lﬁ_’ um—ﬂavmﬁ ﬂ( m)’

f2 2
=vh=% l %alAYM(Gf,O)’ . (29)

Here M is the reduced mass of the molecule; a, g is the
Franck—Condon factor, which is a measure of the efficiency
of the transition from an ionic term to a dissociative term
with the energy e,=E—m’w;; and RY is the
&,,-dependent classical turning point [¢,, = Ug(R})]. The
rate of the field-induced decay (27), can be written in the
following form according to (14)-(16):
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_ .
7o, ()= | 2 exp(imui)anDRi(0.6,.7—9))

2
X Y1a(67,0)Y%(6,8)]| - (30)

Here D),;(a,B,7) is the Wigner function,® 6 rand @ are
the spherical angles which specify the direction of the axis
of the molecule with respect to the vector f, and the coef-
ficients are given by

2 7 )
aA=3 §(2—3A Yr(1A-20),

Ifr(9—A2)(4—A2)
BAEVT 357

r(3A-20) 31

(A=0,£1). The subsequent averaging of cross section
(26) is carried out over the angle 6, and the angular dif-
ference ¢ —o .

Figures 2-5 shows results calculated for the cross sec-
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tion for reaction (28) from Egs. (26) and (29)-(31) with
the help of data on u;, (R), Up(R), and Vg(R) from Refs.
22 and 23. The matrix elements for the vibron coupling for
the do series, allowing for transitions through the dissoci-
ation continuum, are

t8101=—0.17, ti010=—0.21, tiooo= —0.11.

The Franck—Condon factors which appear in the definition
of the predissociation rate ﬁm were calculated in the semi-

classical approximation with the help of Morse vibrational
functions y,(R) (with the parameter value
x=D,/0=9.31, where D, is the dissociation energy of the
H3 ion). Figure 2 shows the total cross section for reac-
tion (28) as a function of the energy E for an external-field
frequency @ ;=0.6w. The curve for the dissociative recom-
bination in the absence of a field (f=0; Fig. 2a) is drawn
for comparison with the results of previous calculations?>?*
for the spectral region adjacent to the isolated vibron res-
onance ny =8(v=1). The dot-dashed curve here repro-
duces the result derived in Bardsley’s theory,2* which of
course ignores the interaction of closed channels. In the
version of the theory of the multichannel quantum defect
proposed in Ref. 24, this interaction is taken into account
(for example, in Refs. 22 and 24, nine closed channels are
taken into account), but virtual transitions through the
dissociation continuum are ignored (in contrast with Bard-
sley’s theory?* and our own). For this reason, the dotted®?
and dashed® curves in Fig. 2a have a clearly expressed
“antiresonance” structure. In our version of the theory of
the multichannel quantum defect, vibron transitions
through the dissociative continuum are taken into account
systematically. However, for simplicity in describing disso-
ciative recombination in an external field, we restricted the
discussion to a single closed channel (v=1) and to the
energy region in which this description was valid. For this
reason, the results derived in this paper are close to those
found by Bardsley.?* The only explanation for the differ-
ence is that we are using more-accurate data on the param-
eters of the e~ +H;' system?? (for example, in Ref. 24 the
derivative of the diabatic quantum defect du/dR was taken
to be 0.1, while according to recent data?’ the value is
0.008).

Figure 2, b—d, clearly demonstrates the dependence of
the cross section for reaction (28) on the field intensity f.
The curves are drawn for the case 0=0, in which the elec-
tron beam and the light beam are mutually perpendicular.
The curve labels (Fig. 2, a and b) specify the positions of
the vibron level (n,,=8) and of the field-induced resonant
levels (ng; =11 and 12).

Let us analyze the angular dependence of the cross
section for reaction (1), which is shown in Figs. 3 and 4
for the ratio ogy(E,f ,0)/0g(E, f,0). For weak external
fields (f~107"), the 6 dependence is weak. Using repre-
sentations (26) and (30) (and ignoring the small contri-
butions of the fA harmonics), we can put this ratio in the
form

Um(E,f,e)

om(ES0) .
o ES0) | WS )sin” 6,

(32)
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%0 (0=n/2)/9y, 0=0)
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1073 1072 107" 1
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FIG. 3. The ratio opg(0=m/2)/0p(0=0) versus the field intensity f.
Dashed line: Energy of a field-induced resonance (ng;=11). Solid lines:
The minimum at E;=5.59-10"2 eV (1) and the maximum at
E;=5.08-10"% eV (2) of the cross section for reaction (28) in the ab-
sence of a field.

where
w=Af?
Zi0(E) + 2V cf* + 71,
" @B + BBy (E)+ 1) + B B) + YOO

(33)
and the quantities 4, B, and C are defined by
45 2 6 2 e e e
A=1024 G0tz doantan |, B=tg, 1o /t0)

3 2 2
C=m (a10+20“).

The elements a,, are given by expressions (31). It follows
from this expression that the strongest f dependence at a
given 6 should occur near the point E;, which character-
izes the position of the minimum of the cross section Opos at
which we have z,y(E,) = B. The following maximum of the
function w(E,f ) corresponds to the position of a field-
induced resonance, found from the condition zy, (E,) =0.
The most poorly expressed region is the vicinity of the
vibron resonance z,y(E;)=0, in which we have w
« Af 2(ﬁ0) 2/ B% These conclusions are illustrated in Fig. 3

for the angle 6=7/2 (the laser beam is directed along the
electron beam). We see that the relative cross section be-
gins to decrease significantly with increasing 6 at f~10~%
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according to (32), this cross section reaches a minimum at
0=m/2. Figure 4 shows the angular distribution of this
cross section near the field-induced resonance ng =11
(which has the energy E,=4.7- 10~% eV) for the fre-
quency o ;=0.60 and for various values of f. For fX 103
the angular distribution corresponds to curve 5 in Fig. 4
and varies only weakly with f. Since the resonance struc-
ture in the total cross section is poorly defined at these field
levels (Fig. 2d), this distribution should also apply to
poorly collimated electron beams, in which case there

I 1078 cm?

10° |

II

10

10 1 1 L

would be effective averaging over the energy. It should be
noted, however, that the properties we are discussing here
are determined by the specific features of the H¥* complex
which stem from the existence of a special predissociation
do, orbital in this energy region.

Figure 5 shows the total cross section for reaction (28)
versus the field for the angles 6=0 and w/2. Curve I cor-
responds to the energy of the field-induced resonance
no;=11, while curve 2 corresponds to the vicinity of the
minimum of the cross section (E;=5.59" 1072 eV). It is

FIG. 5. Cross section for reaction (28) versus the field intensity f
for 6=0(1,2) and 7/2(1’,2’) and for a field frequency w,=0.6c.
Curves 1 and 2 correspond to the energies of the field-induced res-
onance (ny=11) and the minimum of the cross section
(E;=5.59-10"2eV).

1072 107"
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not difficult to see that for £ 1075 the cross section in-
creases as f2. With a further increase in f the cross section
reaches a maximum whose position corresponds to
f~1073, when the field-induced widths are comparable to
the natural widths. In the case 6=0 we have the most
favorable conditions for field induction of a dissociative
recombination, in which there may be a substantial in-
crease in the cross section (by at least an order of magni-
tude). If, on the other hand, we take an average over all
angles 0, we see that for f> 1072 the external field leads to
roughly doubling of the cross section.

4. FIELD-INDUCED MIXING OF RYDBERG VIBRON STATES

Because of the rich resonance structure in Rydberg
complexes, resonances belonging to different series may
overlap for essentially any relation between the frequencies
o and ;. Under these conditions, compound resonant
vibron states arise for which the filling and decay mecha-
nisms in the course of dissociative recombination are quite
different from those discussed above. Some new channels
for the process open up when those /’A’ harmonics which
are shut out of the process in the absence of a field, because
the configurational interaction with dissociation channels
is weak, also become effective. Since the conditions for the
formation of field-induced compound resonances of the
e~ + XY™ system are extremely sensitive to the position of
the unperturbed resonance levels, it is generally necessary
to take account of the rotational structure of the XY**
Rydberg complexes. This is done by using a rovibron basis
with adiabatic (under the condition Bn’<1) electronic-
rotational wave functions in Egs. (7) and (8). The transi-
tion matrices incorporating the interacting resonance states
in the adiabatic rovibron basis and in a basis with a fixed
molecular axis are written in the same way [see Egs. (34)
and (35) below]. They differ only in the definition of the
matrix elements which they contain. The basic conclusions
concerning the intensities and the characteristics of the
process averaged over energy (whose determination is the
ultimate goal of this study) do not depend on the particu-
lar basis used.

Reaction (28) in the e~ +Hj system, which we are
discussing here for definiteness, occurs in the absence of a
field during the scattering of an electron in a do state (the
S,_, Ps_, and p, orbitals of the closed channels are purely
autoionization orbitals, while the f orbitals are weakly
penetrating orbitals characterized by small quantum de-
fects, p oy~ 1073, and by negligible autoionization rates,
1/ ~107%). As we mentioned earlier, under conditions (4),
with the field-induced widths small in comparison with the
natural widths (yf <Y°), the states of isolated series of the
XY** Rydberg complex are essentially unaffected by the
laser radiation. The situation changes fundamentally, how-
ever, if some resonance level of the predissociation Ryd-
berg ndo, series overlaps a field-induced resonance belong-
ing to the next series in terms of / (p or f ) for v=1. To
examine this situation in more detail, we distinguish three
cases.
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Field-induced mixing of ndo and n’po states

Active in this case are the po and do harmonics of the
scattering of the electron by the ion core; correspondingly,
there are two types of transitions. The first occurs during
radiationless excitation of the po component (v=1) of the
hybrid state nigpo(v=1, m=0)—n,,do(v=1, m=x1)
and its decay to the do dissociation channel. The corre-
sponding transition amplitude, whose construction incor-
porates the interaction of these series, is (m=+1)

Tgn)oo( po—do)

t51, (A0 | (po—da); , (po)
= D(po,do) ’

(34)

where
D(pa,da) =k (po)k, (do)— [, (po—da)].
For convenience we have introduced some notation here:

Ky, (IN) =tg[ T (Vo +30) 1 +i7;,_(IA),

Bn=ma(R})), Y'=7'+¥°
In determining K,,m(lA) we made use of the small value of

the elements #, , and expression (22) for the adiabatic

quantum defect fZ;, . The amplitude in (34) is not small if
the electron energy is close to the position of some reso-
nance of the po series.

The other transition occurs near the point
E=w0—1/2(ny—iY,)? during the formation of a hybrid
[niodo(v = 1,m = 0)] — [n],po(v = I,m = +1)] state
due to the filling of a vibron resonance ndo state and the
subsequent radiationless decay of this state into the disso-
ciation channel. The amplitude for this transition is

t51,(do)ky, (po) 1| o (do)
D(do,po)

nggz,o(daada) = (35)
We need to stress that the denominators in (34) and (35)
are not the same (their zeros correspond to different ener-
gies). We also note that at f=0 expression (35) becomes
the resonance term in the amplitude (20), taken without
the field-induced broadening.

Mixing of ndo and n’pr states

The case of mixing of do states with doubly degenerate
pm states is described by expressions like (34) and (35),
with the new features that transitions of two types arise
because of p states: pm and pr— (the plus and minus signs
here specify the parity of the electron wave function under
reflection in a plane passing through the axis of the mole-
cule), and the quantity [t{olm(pa - do)]? in expression
(34) for the determinant is replaced by the sum of squares
of the field-induced interaction of the do—pw* and
do—pm~ states.
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Field-induced mixing of ndo and n’fA states

In the case of an overlap of coupled dipole transitions
of do and fA states (fo, fm*, and fr™), i.e., of the states
ndo(v=1) and n{, fA(v = 1,m = 1), the transition
occurs because of an admixture of the do component in the
hybrid do — f state. Since (as we have already mentioned)
the natural broadening of the f levels is exceedingly slight,
some clearly expressed minima reproducing the positions
of the f levels of the e”+H; (v=1) system should be
observed in the reaction cross section in this case.

We can get an idea of the effectiveness of the laser
radiation for this system by comparing Egs. (34) and (35)
for the cases of low (# <#°) and fairly high (¢ 2 £°) exter-
nal fields £. In the former case, transitions of the form (34)
disappear, and we are left simply with transitions of the
second type, for which expression (35) becomes the ex-
pression for a one-resonance approximation in the vicinity
of the n,,do resonance:

Ié(do)T5(do)
(r) 2 ! B
| TH}y(d0=d0) "= g trecame OF)

Here I';(do) and I'g(do) are the autoionization and pre-

dissociation half-widths of the resonance vibron level

EQ,=w0—1/2(ny—[13,)% given by

|10, |1’
f=—a, Tp=—03, (37)

and the total natural width is
re=ri+ I‘fg .

In the case of a strong field-induced interaction of the
resonance states (which are discussed below in the exam-
ple of mixing of the po and do series), a compound reso-
nance can arise at the position of an individual (in the
absence of a field) resonance Ef,f;m level in the po scattering
channel at certain values of ;. This compound resonance
is described by a curve with two peaks, whose positions are

Ey2(po) =3(E,,) ,+E5) £8(),

— 1
8 (po) = [ (PL)2+A2]V2, Ap=3 (E;CLU—Ef,:da),
where Ef,:da is the position of the field-induced resonance

(at m==1), given by

E(r) = —— 30,
" mmf+w 2(nlm_P’dtr)2 0

and V7 is the interaction. We assume that this interaction
satisfies the following condition:

_ |f1fm10(1’0—'d0)| .
Vm=W A, (38)

This is true although the field f is still fairly weak, i.e.,
although the inequality I/, <T"® holds, where '}, = (¥/)%
Furthermore, a second compound resonance in the do
scattering arises near the point E{) . For m <0, these res-
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onances form only if @ ;<w. The corresponding behavior
of the squares of the matrix elements in this case is de-
scribed by

| Ty, (po—do) |2

T5(do) T, (po)
= 2, 2 T =y (39)
[(E—E(po))*+T 1 (E—Ey(po))"+TI7]
| Ty, (do—do) |?
T5(do) [(E—E,},)*+ (T{(p0))*]T{(do)
(40)

T [(E—E\(d0))*+ 2| [(E—E;(do))?+ 2]’

where I';(po), I';(do), and T'g(do) are the autoionization
half-widths of the po and do levels and the predissociation
llalf-width of the do level. Here also,
I'=[I{(po) +T;(do)+Tz(do)]/2. The intensities of the
lines under the conditions (38) are

7 [ (po)Tg(do) 7 I'{(do)T5(do)

Py F AP F ’

and the ratios of these intensities for the case in which the
compound resonances are not far apart is

Ie Ti(po)
I, Ti(do)’

According to (39), in the spectral interval adjacent to
the resonance line Ef,f;m, the products of the dissociative
recombination either accelerate (m= —1) or slow down
(m=1), depending on how the compound resonance of

the system is formed:

1 1
p— n =mw _ﬁ—
2(”10_#1)0)2 4 2(n1m_.u'do)2

(m==<«1).

5. EFFECT OF FIELD-INDUCED MIXING OF RESONANCES
ON THE RATE CONSTANT FOR DISSOCIATIVE
RECOMBINATION

The effect of the field on the characteristics of the pro-
cess, averaged over the energy, at field levels corresponding
to condition (38) is determined by expressions (39) and
(40) and by the explicit functional dependence F(E), used
to carry out the averaging. For definiteness we assume that
the incident electrons have a Maxwellian velocity distribu-
tion and that their motion is uncorrelated with the direc-
tion of the field vector f (i.e., we are assuming that a
corresponding average is taken over the angle 8). The dis-
tribution function then takes the form

21 E
F(E)=\/—;exp(—?:),

where T, is the electron temperature. Making the further
assumption that the vibrational temperature of the ions
satisfies 7;€ T, S w, we can write the rate constant for dis-
sociative recombination as
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2
k=ky+ 2 f ‘ > ng:oo(m_.da)‘ F(E)dE, (41)
m 0 IA

where

© 2
= f F(E)Y (do)dE= \/;, Y8 (do).
0 e
Separating out the field-independent terms in (41), and
going through the necessary calculations, we finally find
k=k0+k/, (42)

where the first term is the reaction rate constant in the
absence of an external field, i.e.,

V1, (@075 (do) [1—exp(—w/T.)]
1+ ¥o,(d0) [V (do) +74 (do) ]

K=k,
(43)

[The second term in square brackets in (43) shows the
contribution from intermediate Rydberg do, states of
H3*.] The next term is caused by the field and is given by

Vlo(po)yﬂ (do) [F(E)) 1(dD) F(E(’))
2T

7’1 (do) (njni)?
(44)

(nigmn)’

Here £, E? oo and By E?) » are the positions of the field-perturbed
compound resonances in the po and do channels, respec-
tively, for electron scattering.

Let us clarify the conditions under which the quantity
k/ is not small, and the field-induced mixing of resonance
plays a major role. For a given ratio w/o there should
exist a finite number of compound resonances which can
contribute significantly to (44). In the po scattering chan-
nel, these resonances increase the rate constant for disso-
ciative recombination, while in the do channel they de-
crease this rate constant. Depending on the relations
between the half-widths for autoionization, I'{(po) and
I'{(do), and predissociation, I'g(do), which appear in
(44), we can expect an effective increase in the rate of
dissociative recombination at temperatures T, ~ f,';m and
we can expect slowing at T,~E\). Here we must also
require that the distance between the compound reso-
nances with the lowest principal quantum numbers, ”10
and n, satisfy the condition AE =| Eflf) — E|
R T,. This condition imposes further restrictions on the
electron temperature> T',. In the opposite case, the elec-
tromagnetic field leads to a slight increase in the rate con-
stant.

The maximum increase in the rate of dissociative re-
combination is reached in a process accompanied by the
emission of a field photon (m=1). The effect should be
greatest when the frequency detuning satisfies
[w}’)—w 7l <&V, where the resonant frequency w(f’) is
given by

1 1

(r)
0P = — . (45)
2(ny—fig)? 2(nio—fip,)?
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TABLE I. The coefficient 7 versus the ratio o /.

™o
nyy 8 9 10 11

4 2,45 [ 2,63 [ 278 | 2,85
0,16 1 0,06 | 0,03 [ 0,02

5 1,25 | 1,43 71,56 | 1,65
0,15 70,06 [ 003 710,02

6 0,61 | 0.79 1 0,91 | 1,00
0,15 70,05 [ 0037007,

7 0,23 | 0,40 | 0,53 | 0,62
0,15 | 0,04 | 0,03 [ 0,02

For each ny,, the upper row gives the ra-
ti0 w s/w, and the lower one the value of
7 found from (46).

For the resonant Rydberg series do,, which is filled in a
radiationless transition, the autommzatlon rate y’l (do) is

an order of magnitude smaller than the predlssoaatlon
rate. At temperatures T, <w, the ratio of constants charac-
terizing the effect of the field-induced mixing of resonances
on the rate of reaction (28) can thus be written

=10

V1,297 (do) exp(—Eq) /T.)
T T (v}, (po) +75,(do) [ﬁo(pa)n11+ﬁl(dcr)nﬂ§] ’
(46)

where the quantity ';/3 (do), which depends only weakly on

the energy (on the scale of the change, ~1/n%), is calcu-
lated for an energy E~T,, and 1/3 (do) is calculated at the

energy Ef,f; — . The results of a calculation from (46)
for external-field frequencies w ;= w}’) are listed in Table I.
[Here we have taken T, to be the energy of the first (n],
= 8) vibron level in the po scattering.] The largest number
of resonances with a coefficient 7R 0.1 is in the IR range.
As the temperature T, rises, the coefficient n decreases, but
it does not become negligible. This result means that the
effect of the field-induced mixing on the dissociative recom-
bination can be seen in a low-temperature hydrogen
plasma over a broad temperature range.

This work was carried out with financial support from
the Russian Fundamental Research Fund (93-03-4700).

DThe external electromagnetic field is incorporated in the definition of the
Hamiltonian Hj,.

DThe introduction of the quantum defects ;, (R) does not require the
assumption that the interaction V¢ in an isolated configuration of
e~ 4+ 4+ XY is small.

'We are using the notation of Ref. 20 for the spherical harmonics ¥, and
for the coefficients of the vector addition (/'AA’|JM).

“From (19) we also find a generalized representation for the reactance
matrix R (found by formally replacing T’ by t):

1
Ry,=t,+t, m T -
This representation includes as a particular case (in the absence of a
field and in the absence of non-Rydberg channels) Seaton’s relation!® for
the R-matrix (our definitions of the t- and R-matrices differ in sign from
those of Ref. 18).

5)For example, the first resonance in the po scattering channel (for v=1)
corresponds to 7y, = 8 (E = 1.78 - 10~?), and that in the do channel

to nyp=8 (E\,=1.99-10~ 3) In other words, the distance between the

ndo™—

hybrid states is AE=2.1-10"%
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