It is obvious that the matrix X7’ must be proportional

to ©7’,. We determine the proportionality coefficient
and show that it does not depend on the representation
r of the scalar fields which enter into the Lagrangian

(A.1) but is completely determined by the representa-

tions »; and 7 to which the fermions belong.

The matrix X7

2i, o Can be identically rewritten in the
form

X =2 (Fus"©ts, a—Oun, aFn™) Fi®
+6ﬂi'G(FnFn)hi]-*_l/z[Fabn(ebf, aFji“_“Fbc"ect, ﬂ)

+(FF)0Oci, a]+/20ui, s (F"F") pa.

We make use of the commutation relation (A.2) and of

the fact that (F"F"),, = C,(») 6,,., Where C,(») is the eigen-

value of the Casimir operator in the given representa-
tion, We have

B 2 =130u a[Ca(re) +Ca(ra) +Ca(r) ]
+1/2(Ou;, yF i"—Fap"Ous D Fy"

Using Eq. (A.2) once again, we obtain

(2]

Xa‘ir,:g=‘/:[cz (r.)+ Ca(rz) 18ai0.

We see that the explicit dependence on the representa-
tion 7 of the scalar particles has disappeared. Thus

3hrg’ C, (rL) +C, (rn)
8n* 2

B=—

in agreement with the calculations of Sec. 3.

DThe fact that the large-field limit corresponds to a passage
to short distances follows from the circumstance that the
field-dependence of the effective coupling constants in the ef-
fective Lagrangian duplicates the dependence of these constants
on the momentum (for some definition of the renormalized
charges). Moreover, it can be seen from the Feynman dia-
grams that large values of the external scalar fields as well
as large external momenta cut off the region of integration
with respect to small momenta, i.e., the contribution of
large distances.

DFor switched off sources we shall assume that simultaneously
®,—~v, and ®/ —=v,, which reduces to the normalization ¢,(®/)
=1 condition for ¢, with all ¢/ =v,. This implies some change
of the normalization and will be discussed in detail below.

9We note that the constants defined according to (37) and (36)
differ by quantities of the order gz.

Y0ne can verify that this is the situation which arises in the
renormalization of the coupling constants in a xqf coupling.
If one requires chiral invariance of these interactions by im-
posing relations on the coupling constants A, then these rela-
tions will be violated already in first order in gz, so that in
this sense the Yukawa couplings are unique.
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Processes of the charge exchange type between multiply charged ions and atoms are investigated taking
into account the decay of states due to Auger ionization. It is shown that for sufficiently slow collisions
with a small resonance defect the decay of states can significantly alter the probability of elastic collisions
and the probability of charge exchange. It is also shown that along with the traditional charge exchange
scheme a stepwise charge exchange is possible as a result of coherent interaction of states, between which
electron transitions occur, via virtual states of the continuous spectrum. The probability of stepwise charge
exchange is calculated taking into account the interference between two channels.

PACS numbers: 34.60.+z, 32.10.Qy

INTRODUCTION

In many problems of the physics of atomic collisions
one has to consider transitions between states which de-
cay into the continuous spectrum in the course of the
collision. Transitions occurring in collisions of multi-
ply charged ions and atoms, 22 in collisions of many-
electron atoms with the formation of vacancies in the
inner shells"™ *! and in many other cases'™® are of such
a nature. All the aforementioned processes are char-
acterized by the fact that the lifetime of quasimolecular
states between which the transition occurs can be com-
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parable with the time of their interaction in the act of
collision.

In investigating the effect of the interactions between
states decaying into a common continuum on the prob-
ability of a transition it is necessary to distinguish two
cases, which practically can be realized in the case of
atomic collisions and which in a certain sense are limit-
ing cases. In the first case only the direct interaction
between two states and, consequently, only the usual
channel for the transition from the initial state to the
final state is essential, while the interaction between
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FIG. 1. Possible channels for charge exchange in the case of
a collision of a multiply charged ion with a neutral atom.

states and the continuous spectrum leads only to their
decay. In the second case the coherent interaction be-
tween two states via the intermediate virtual (but close
to real) states of the discrete and the continuous spec-
trum is essential. Therefore a stepwise transition from
the initial state into the final state can be realized, and
also the interference of this transition with the direct
one.

Specifically we consider charge exchange in a col-
lision of a multiply charged ion with a neutral atom. In
the initial state |1) let both electrons be situated in the
atom, while the final state |2) is formed as a result of
the transition of one of the electrons into the excited
state of the multiply charged ion closest is energy. If
the transition from the state |2) into the ground state
I3) is allowed, then in addition to the usual channel for
charge exchange brought about by the exchange inter-
action and shown in Fig. 1a by the broken line another
channel is opened up shown in the diagram by solid lines.
The role played by the second electron which is virtually
Auger-emitted and absorbed by the atom reduces to
satisfying the law of conservation of energy, or in fact
to guaranteeing the coherent interaction of the states |1)
and |12) via the intermediate resonance state. In this
case the problem consists of determining the probability
of stepwise charge exchange and of its interference with
the direct charge exchange. The necessary investigation
is carried out in §3 of the present paper.

If the transition from the excited state of the ion into
the ground state is forbidden (Fig. 1b), then, in princi-
ple, a charge exchange channel is possible in which the
electron undergoing the transition is emitted by the
atom, and is absorbed by the ion. An anologous situa-
tion is also possible in the case of a two-electron charge
exchange. As will be shown below, in this case for the
process under consideration, just as for a majority of
the problems of atomic collisions with a distant cross-
over of terms, the stepwise charge exchange can be ne-
glected, since the de Broglie wavelength for the elec-
tron in the continuous spectrum is considerably smaller
than the internuclear distances R, which are effective
for charge exchange. Then the problem consists of in-
vestigating the effect of the decay of the states on the
probability of direct charge exchange. The correspond-
ing results are given in §2.

§1. FORMULATION OF THE PROBLEM

From a formal point of view in the phenomena under
investigation two quadiscrete states interact within a
given time interval both with each other and with the
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states of an unbounded continuous spectrum.” For the
slow collisions of atomic particles considered in this
paper the states of the continuous spectrum can be ex-
cluded from the time-dependent Schrddinger equation
in a manner analogous to the way this was done in the
paper by Lisitsa and Yakovlenko'"? and under the same
assumptions. As a result a system of equations is ob-
tained for the amplitudes of only the quasidiscrete states
[1) and 12), while the effect of the continuous spectrum
in this system is taken into account by introducing the
widths and shifts of the states |1) and |2) under con-
sideration and their effective interaction through the in-
termediate virtual states of the continuous spectrum

ia,=[E, () —iT\(t) la,+V(t)a., (1)
i, =[Ex(t) —iTa(t) laa+V (t)ay.

where

E,(t)=H,.(t)+A..(t), n=1,2.
V() =H.s(t) + A2 (8) —iTia(2).

The expansion coefficients of the total wave function in
the diabatic basis a,(f), ay(¢) as ¢ =+~ can be interpreted
as probability amplitudes for finding the system in some
particular state. The matrix elements of the electron
Hamiltonian H,,(¢) depend implicitly on the time through
the internuclear distance R(f). The widths 2T ,(¢) and
the shifts A (¢) of the states can be expressed in terms
of the matrix elements H,, () which connect the state

|7y under consideration with one of the states of the con-
tinuous spectrum | %), and the density of the final states
p(k) in the following manner

Ta(t) =1 [ 1 (HtHaa) 12— K21 H % () () b A,
(2)

Bun(t)= [d, |

o

Ha?(t)p (k) dE
(Hy+Ho) 2—k/2

8(x) is the Dirac delta-function. The quantities I';y,,
T, , Ay, Ay describing the interaction of the decaying
states via the continuous spectrum are equal to

Lo (2) =:rr.r Hop(t)Hym () 8 (Hy+H o) /2—K/2]dE dQ,. (3
Aun()= [ d2, —fﬂ‘(f:“’;jtz)_p:”/)z dk, (n,m=1,2; n#m).

The system of equations (1) is non-Hermitian, the deriv-
ative d(la;1%+ 1a,12)/dt is equal to the total rate of de-
cay of both states |1) and 12).

Analysis shows that the interaction of the states |1)
and |2) via the intermediate states of the continuous
spectrum depends on the different physical parameters
for two different channels of stepwise charge exchange
(cf., Figs. la, b). The interaction leading to channel
a which is characterized by the emission and absorp-
tion of an electron by the same atom can be expressed
only in terms of the decay parameters I';(¢) and I',(¢)

Tua(8)=(T4(5)Ta(8) ™ (4)
As the atoms move apart this interaction is “switched
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off” simply because the states become stable as ¢t =+,

The interaction leading to the channel b which is char-
acterized by the emission and absorption of an electron
by different atoms is, generally speaking, considerably
more complicated. Under the fairly realistic assump-
tion that all directions of emission of the electron are
equally probable, while the widths do not depend on the
energy, it has the form

[.=(I\Ts)* sin k.R/k.R. (5)

The presence of the factor sink, R/keR is quite essential.
It guarantees the “switching off”” of the interaction via
the virtual states of the continuous spectrum even in the
case when H,,(R)—const as R—=, (Such behavior of the
matrix element means that if the electron is situated in
the field of each isolated atom, then this atom decays.)
For the majority of problems of the type under con-
sideration the parameter &,R is large (¢,R>>1), and
therefore one can neglect the interaction between states
via the continuous spectrum. If at the same time one
neglects the shifts A, treating them as quantities which
are numerically even smaller, then from the system (1)
we will arrive at the system of equations investigated
earlier. ™1 In this system only the widths 2I'; and 2T,
are contributed by the states of the continuous spectrum.

§2. THE EFFECT OF THE DECAY OF STATES ON
THE PROBABILITY OF CHARGE EXCHANGE

In this section we investigate the effect of the decay
of states on the probability of charge exchange in the
case when one can neglect the interaction between these
states via the continuous spectrum. Such a problem
had been investigated earlier within the framework of
the Landau—Zener model®? and, in particular, the limi-
tation of this model was demonstrated associated with
the fact that as the difference in the decay constants AT’
is increased the rapidly growing region of essential in-
teraction between the terms can include those ranges of
internuclear distances within which the terms are prac-
tically parallel, and do not diverge linearly. Therefore
for a complete solution of the formulated problem the
model selected must describe in a sufficiently realistic
manner the behavior of the terms and the exchange in-
teraction far from the point of quasi-intersection.

With this aim in mind we approximate the dependence
of the matrix elements of the Hamiltonian of the system
(1) in the following manner;

[Ex(t) —il.]— [E\ (t) —iT\ ] =AE (1—pe**) —iAT,
V(t)=Ve, (6)

where AE is the difference in the energies of the terms
at a sufficiently great distance between the nuclei (the
resonance defect); V>0 is a characteristic value of the
energy of the exchange interaction; « is the rate of
change of the interaction; B is a parameter character-
izing the behavior of the terms in the neighborhood of the
point of intersection. For ¢=0 the values of the matrix
elements in (6) vary in inverse order (@ — - a), and this
corresponds to a symmetric (with respect to the instant
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of minimum distance between the nuclei ¢ =0) trajectory
of relative motion.

An analogous dependence was utilized in the paper by
Vitlina ef al. 7 in calculating the charge exchange cross
section in the field of an intense electromagnetic wave.
In contrast to the aforementioned paper we take into ac-
count the decay of the states in the course of the reac-
tion: AI'=T',-T'; is the difference in the decay con-
stants of the terms which is assumed to be constant with-
in the domain of the interaction. It must be noted that,
as follows from the results of the work of Vitlina et
al., {81 the use of the relations (6) in the absence of de-
cay does not lead to a result for the probability of charge
exchange which would not be well described by the well-
known Nitkitin model. ) The difference consists only of
the fact that in passing through the region of closest ap-
proach of nuclei (in the absence of decay real transitions
do not occur in this region) a different phase difference
of wave functions is accumulated. In averaging over this
phase, which is large in both cases, the difference dis-
appears entirely. But when decay of the states is taken
into account the model (6) has a greater degree of gen-
erality than the Nikitin model. Indeed, in the Nikitin
model the case when the principal contribution to the
probability of charge exchange comes from the region
where the terms are parallel corresponds to the situa-
tion in which terms become significantly mixed in the
region of closest approach of the nuclei; i.e., the sys-
tem developing according to the collective terms decays
according to half the sum of the decay constants I'; and
T';. The model utilized in the present work enables us
to describe both the case referred to above (3=0) and
also another one when in the region of closest approach
the system develops according to isolated terms each
of which decays with its own decay constant.

The particular solution of the system (1) with the mod-
el dependences (6) satisfying the initial conditions

tp—>—o0

lai(ts) | =1,

|a:(to) [ =0, @

to—>—o0

can be written in the form

t
a,(t)=exp [«i je ) dt’—AFto/2+aqt—z/2] O (—p,'/2tq,2),
(8)

lw(i—p,ﬂ/ﬁq.z),

oy ar (
a,(t)=exp [—l:[ e(t’)dt ——AI‘t,,/Z-I—aqt—z/Z] oy

e(t) =[E.(t) —il,+E (t) —il,]/2,
p=-iV2/2AEaB is the Landau—Zener parameter, 19111
g=(AE/2a)[i+ (AT /AE)]; AE/2a is the Rosen— Zener pa-
rameter, "*1 z = /AE exp(2at)/2a, ®(a, c, 2) is the con-
fluent hypergeometric function. The asymptotic values
of expressions (8) for the amplitudes a,(¢) and a,(t) en-
ables us to obtain the probability of the electron re-
maining in the atom w,,(#), and also the probability of
the transition of the electron to the ion w,,(¢) after a
single passage through the essential charge exchange
region, i.e., when the nuclei approach each other (¢ ~0):
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I'(‘/.+q) :

ll.’n.(t) = exP[zrlt“]I W

exp[—inpsgn(AEB) Jexp[—2T¢],

©)
w2 (t) = exp[ 2T t] |—|

X IT(/-+q) |*[1—exp{—2inpsgn (AEB)} ]

xp[—2T.t].
2w exp(—nlAE|sgn B/2a) expl :t]

where sgn x=x/lx|; T'(x) is the Gamma function of x.
We emphasize that the formulas (9) describe the charge
exchange process in which within the region of closest
approach of the nuclei the terms are isolated and each
decays with its own decay constant. We consider two
limiting cases of expressions (9) which enable us to in-
vestigate in detail the effect of the decay of intersecting
terms and also of terms parallel within the effective re-
gion of interaction on the probability of transition be-
tween them.

1. Let the principal contribution to the probability of
these processes be given by the immediate neighborhood
of the point of intersection which occurs at relatively
large values of the resonance defect

|AE/a|>»max (1, |V*}/AE23]). (10)
Utilizing the asymptotic representation of the I'-func-
tions in (9) for large values of the parameter g we obtain

2

(e

1
wy (8) =, (t", lo)exp[ - —arctg ——— A )] Y (t,t),

(11)
AT AI‘) o,

, nV? AE
w.g(t)zx,(t,to)[l»exp(Am)] \p( arc tgﬁ—T Y
Yi(ty, t) =exp [—2T:(t,—t.)]. i=1. 2.

In expressions for the probabilities (11), exponential fac-
tors of the form e"?"»" have been separated out. These
factors can be taken into account in advance, as has been
done by Kishinevskii and Parilis, t by assuming that the
transition between terms occurs at the point of “inter-
section” of the complex terms ¢ = - (1/2a)1In[ (1 + (AT /
AE)%)], and neglecting the finite size of the region of in-
teraction between the terms. The remaining dependence
of the probabilities (11) on the difference between the
decay constants of the terms is associated with the ef-
fect of decay in the region of interaction of the terms.

If one neglects this dependence by considering such im-
pact parameters when the following inequalities are
satisfied

|AT/AE| <min (1, |AEaB|/V?),

7|AT|*/12aAE*<min (1, exp [—nV*/|AEaB|]), (12)

then with an accuracy up to trivial factors we shall ob-
tain a result which agrees with the result obtained ear-
lier'®? and which consists of the fact that the decay of
the terms does not affect the process of charge exchange
(apart from the appearance of trivial multiplying fac-
tors), if from the very beginning we restrict ourselves
to a linear dependence of the difference between the en-
ergies of the terms on the distance to the point of in-
tersection of the terms.

Thus, in taking into account the decay of the terms,
the use of the Landau— Zener model is justified if the
resonance defect is so great that in addition to the in-
equality (10) condition (12) is also satisfied.
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It should be noted that the division of the effect of the
decay of the terms into a “trivial” effect and an effect
occurring in the “process of transition” is, generally
speaking, arbitrary. Thus, for example, the probability
of a transition of an electron to an ion when the nuclei
approach each other extrapolated to the point of inter-
section of the terms (for £=¢') can for a sufficiently
large value of I'; exceed not only the transition probabil-
ity according to Landau— Zener%!1 pyt also can exceed
unity. However, the population of the state of the elec-
trons in the ion at the instant of interaction ¢’ is an unob-
servable quantity. In order to measure the population
of this state it is necessary that a time should elapse
greater than the duration of the interaction. It is just
at such times that the asymptotic expressions (9) and
(11) are valid, and the probability w,,(¢) is less than
unity. The example cited above demonstrates the ar-
bitrary nature of splitting up the effect of decay, how-
ever, such a splitting up turns out to be convenient in
comparing and interpreting results.

Thus, a comparison of the probability w,; of an elastic
process as the nuclei are made to approach each other
(cf., (11) without the trivial factors)withthe correspond-
ing probability according to Landau—Zener (cf., (11)
for 'y =I', = 0) shows that these quantities differ by a fac-
tor of exp[V?‘tan"(AI‘/AE)/AE aB]. For relative ve-
locities v ~10° cm/sec the Landau— Zener parameter v/
|AE ol can attain values of *10. For a resonance de-
fect |AE| ~107'° sec™! and for decay constants I'y= 10
sec”(['; <« T',), which is characteristic for collisions of
multiply charged ions with neutral atoms, the probabil-
ity of an elastic process, according to our results, is
reduced by a factor of e compared with the usual theory
which does not take decay into account.

The ratio of Ry, the probability of charge exchange
as the nuclei approach each other, to the corresponding
probability according to Landau—Zener is illustrated by
a graph (Fig. 2). Along the vertical axis we plot the
logarithm of this ratio, and along the horizontal axis we
plot the Rozen-Zener parameter x = |AE|/2a. The dif-
ferent curves correspond to different ratios of the dif-
ference between the decay constants to the resonance
defect (5=AT'/|AE|). It can be seen that for a fixed

ue, l
I =07
i -0,5
F =0.3
0 X
-1k - 4 037
l 0.5
_s| 97 1
FIG. 2. The logarithm of the ratio of the probability of charge

exchange taking the decay of terms into account to the proba-
bility of charge exchange according to Landau—Zener as a func-
tion of x—the ratio of the resonance defect | AE| to the quantity
2a =20(2¢)!/2 (¢ is the greatest of the electron binding energies
in the atom and the ion, v is the relative velocity of the nuclei)
for different parameters 6=AT/|AE| (AT —is the difference
between the decay constants for the states of the electron in an
ion and in an atom).
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FIG. 3. The logarithm of the ratio of the probability of charge
exchange (elastic collision) taking the decay of the terms into
account to the probability of charge exchange (elastic collision)
according to Rozen—Zener as a function of the parameter

| AE|/2a for different values of 6=AT/ |AE] .

resonance defect the deviation of the theory which takes
into account the decay of terms from the usual theory is
the greater, the greater is the difference between the
decay constants of the terms and the smaller is the rela-
tive velocity of the nuclei (v~ a).

2. Further, let the principal contribution to the prob-
ability of the processes be given by the region in which
the terms are parallel, and this is satisfied for relative-
ly small values of the resonance defect

| V*/AEaB|>max (1, |AE| /o). (13)
Then the expressions for the probabilities (9) can be
represented in the form

|F(!/2+Q) |2

(INCA ]
9 oxp (CalAB 2 1o i) (bt
tu=(11)" L=(1/a) In (V/|AEB|), ti=(1/e) In (2/V).

Wu(t):‘{l(tntn) ”{xz(tz,tl)"fx(ts t:),

w1:<t)="{x(tiyto) (14)

Factors of the form v;,(¢z, ¢;) and ¥,(¢, #;) can be fore-
seen in advance, assuming that in the interval of time
from ¢, to ¢, the electron exists in the molecular state
which decays with a constant equal to half the sum of
the decay constants of the atomic states, while at other
times it decays with the constants I'; or I'; which cor-
respond to the electron being situated in the atom or in
the ion. The remaining dependence of the probability on
the difference between the decay constants can be re-
garded as the effect of decay in the region of the transi-
tion. The ratio of the probability (14) (without “trivial”
factors) to the corresponding probabilities obtained with-
out taking into account the decay of the state, is deter-
mined by the factor Ry= T (3 + q)1%/7cos(TAE/2a). The
logarithm of this ratio is graphically shown in Fig. 3 as
a function of the Rozen— Zener parameter x = |AE| /2a
for different values of 6§ =AT'/|AE|, Just as in the case
of intersecting terms the effect of the decay is the
greater the greater is the ratio 6 and the smaller is the
relative velocity of the nuclei, with the decay effect in
the case under consideration being more sensitive to a
change in the parameters 6 and x than in the case of in-
tersecting terms.

The probability of charge exchange after two transi-
tions through the interaction region can be obtained after
joining the solutions of the system of equations (1) at the
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point of closest approach of the nuclei. The result ap-
pears to be fairly awkward, but the prescription for
writing it is simple due to the fact that in the region of
closest approach the terms diverge without interacting.
Therefore we shall not exhibit the corresponding ex-
pressions,

3. The other limiting case which we consider also
corresponds to transitions between parallel terms—but
with the essential difference that in the region of closest
approach of nuclei the terms are strongly “mixed” and,
consequently, decay with the collective decay constant.
This limit describes a weak variation of the difference
in the energies of the terms during a time in the course
of which the magnitude of the interaction varies from
values smaller than |AE| to values considerably exceed-
ing |AE| within the region of closest approach of the
nuclei £~0 (3=0 in expressions (8)). Then the probabil-
ity of the elastic process Wj; and the probability of
charge exchange Wj, in the collision of an atom with an
ion can be represented in the form

Wi=vY1(ty, to) =" | T (Yotq) |*|cos (Via—ng) | Py (—ty, 1) 1.(2, —11),

W=y (ty, to) |cos ng|~* sin® QV/a)yi2(—ti, 8,)Y2(2, 1), (15)
where ¢,=— (1/a)In(V/2a)—is the “instant of transi-
tion” of the electron from an atomic state into a molec-
ular one. As a result of the symmetry of the trajectory
with respect to £ =0 for ¢ =~ ¢, the wave function for the
electron again becomes close to an atomic one. If we
assume that the transitions from an atomic state into a
molecular one and in the opposite direction take place
“instantaneously” respectively at the points #; and - ¢,
then the appearance in (15) of factors of the form ¥y,(~#,,
t;) and ¥,(¢, ¢;) becomes understandable.

Neglecting the decay of the states (I'y=I';=0) in ex-
pressions (15) we obtain for the probability of charge
exchange

W.=sech*(nAE/2a) sin® (2V/a), (186)
and this agrees with the result of Demkov. “?7 The
quantity V/o, which is usually large, varies rapidly
corresponding to a small alteration in the impact pa-
rameter. "'®] Therefore, averaging (15) over a small
integral of impact parameters and considering the prob-
ability of an elastic collision in the case when the initial
state of the electron in the atom has a sufficiently long
lifetime (T'; -~ 0), we obtain the following result:

amn

W ( _K) —Hve |D(Y/,+AT/20+iAE/ 2a) |? -z)

20 nch?(nAE/2a) ’
where W2 =1 - [2ch®(rAE/2a)]™ is the probability of
an elastic collision averaged over the oscillations and
calculated without taking into account the decay of the
state of the electron. M**

As has been noted already, the first factor in (17)
arises as a result of the “transfer” of the decay from the
second term to the first term in the case of an intense
“mixing” of the terms over a fairly wide time interval
7~2l¢,1. The dependence of the second factor in (17)
on the Rozen—- Zener parameter (x = |AE|/2a) is shown
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in Fig. 3. This factor takes into account the “nontrivial”
effect of decay in a “transition region” between the
terms. '

In follows from (17) that the decay of the state of the
electron in an ion reduces the probability for an elastic
process. If we substitute into (17) the values V/2a=10,
I,=10" sec™ (I, /|AEI)=10"", |AE|/2a=1, and this
is quite realistic for not too rapid collisions (v < 107
cm/sec), then W), turns out to be smaller by a factor
of (ZR. &Zl)than the probability according to Rozen—Zener
Wi .

4. The discussion given above confirms the qualita-
tive considerations states in the Introduction concerning
the necessity of taking into account the decay of the
states in processes of the type of charge exchange be-
tween a multiply charges ion and an atom. According to
the results obtained, as the nuclei move along a given
trajectory one can arbitrarily distinguish several re-
gions of relative distances between the nuclei depending
on the mechanism by which the decay of the terms exerts
its effect. In the range of distances where the overlap-
ping of atomic wave functions is small V(t) <[E,(f)

- E,(#)], the decay reduces the population of the states
in a trivial manner (as exp[— 2I',7]). Generally speak-
ing, there also exists a range of distances over which
the overlap of atomic wave functions is great, but in the
absence of decay real transitions between terms do not
occur since the Massey criterion™?? required for the
transitions is not satisfied. Taking decay into account
"within this range of relative distances leads to a “trans-
fer” of the decay from the one term to the other one.
Thus, for example, if the state within the atom is stable,
then for appropriate distances between the nuclei it can
decay with a constant equal to half of the decay constant
of the state in the ion. This effect has an analogy in
the problem of the destruction of the metastable 25, ,,
level of a hydrogen atom by an external field.®? The
role of the external field in this case is played by the
relative motion of the nuclei. The parameter which de-
termines this effect is the quantity (I'y + I'5)743, where
Ty2 is the effective time for the “mixing” of the terms.

On the other hand the decay of states can manifest it-
self for those relative distances between the nuclei for
which the overlap of the atomic wave functions is great
and at the same time the Massey criterion is satisfied
(V3/1AE| aB~1, |AE|l/a~1), i.e., in the region where
real transitions between terms take place even in the
absence of decay. In this case the decay of the states
affects in a quite nontrivial manner the probability of
transition between them.

§3. COHERENT INTERACTION IN THE PROCESS
OF CHARGE EXCHANGE

We consider a stepwise channel for the charge ex-
change between -a multiply charged ion and an atom in the
case when the interaction of the states |1) and |2) through
an intermediate stage is significant, and also the inter-
ference of this channel with the direct charge exchange
channel.

The model utilized in §2 in order to obtain the prob- -

676 Sov. Phys. JETP, Vol. 44, No. 4, October 1976

ability of charge exchange is no longer able to describe
adequately the effects being investigated, since for them
it is essential that the terms begin to decay only during
the process of interaction. In such a case the expon-
entially decreasing exchange matrix element appears
both in the real interaction Re V(f), and in the widths of
both terms I',(¢), I',(¢) and, consequently, it turns out
to be possible to describe the dependence of all the co-
efficients in equations (1) by a single exponential de-
pendence. In this case of the exactly soluble models
only the Nikitin model®? with complex parameters en-
ables one to formalize the problem in a noncontradictory
and most general manner (cf., also the text following
formulas (22)):

[EL(8) —iT2(8) 1 —[E () —iT, (¢) |=AE (1—be™),
() —ila(8) 8y il (2) e (18)
V(t)=(V—-iU)e™, —oo<<t<0,

where the quantities b =8(1+AT'/AE) and V() are com-
plex. In this case U=(I';T',)'/? for channel a (Fig. 1)
and U= (', T';)"/? sink, R, /k, R, for channel b.

* To obtain the probability of charge exchange it is
necessary to solve equations (1) with model dependences
of the form (18) and initial conditions (7), and then to
connect these solutions with solutions valid for {=0,
and to examine the asymptotic expressions for the am-
plitudes, the square of whose modulus determines the
desired probability.

1. We first investigate the processes occurring when
the nuclei are brought closer together. The solution
which describes the evoluation of the amplitudes of the
states as the nuclei are brought closer together has the
form

;l' t

a,(t)=(z' %)- M, o @esp|—i { e@ar],

—

R\ (T — 1) (V2T 4 Yok
a() - (i) 2(27+1)(V—i(/2) M
t
Xexp[—i S e(t) dt’],

—%

(19)

A QG+ @

where

G=iAE/2a, A=IAE®b/2an,

w=[4(V = iUV + (AEDY]'/?, z=inexp(at)/a, and M, ,(2)
is a Whittaker function.

Let the terms intersect within the effective region of
interaction, so that the principal contribution to the
probabilities of the processes comes from the immedi-
ate neighborhood of the point of intersection

|AE/2a|>max (1, |(V—iU)/AEab?]). (20)
In this approximation A=g+5, where p =—i(V - iU¥?/
AE b’ is the generalized Landau and Zener parame-
ter, and for the probability to remain in the original
state |a;(#)1% and for the probability to make a transition
to another term la,(#)|® in the case when

exp (at) > | (1) (FHr+1)a/x| (21)

Bazylev et al. 676



we obtain the following expressions:

| @y (t) |*=Dy(—oo, tYwyD, (¢, t)exp[2a Re p(t—t') ],
wy=exp[2 Im p(n sgn AE—arctg AT/AE)],

las(t) [*=D\(—, £')waDi(t', £) exp [2a Re p(t—t') ], (22)

2nexp (41m § arctg AT/AE NERTE

o S TS S eap | 28D(, (ALY
[BH27F " IT(—p P a ' \AE
Xexp [Im p(nsgn AE - 2arctg AT/AE) + 4 Re p],

D;(t,,t.)=exp [—~ Jl: I‘,-(t)dt] ,  t'=(/a)lnlbl.

The factors exp[+2a Rep(f — ¢')] are determined by the
interference of the two charge exchange channels which,
apparently, does not disappear after passage through a
point of quasi-intersection, and in the region between two
consecutive points of quasi-intersection leads either to an
increase or to a decrease in the rates of decay of these
states.

We note that the quantities w,; and w,, , which should
not be interpreted as the probabilities for remaining on
a particular term or making a transition to another
term, can also be greater than unity, which directly
means merely a slowing down of the decay.

Expressions (22) represent a result of a limiting
transition from the general case to the particular case
of Landau-Zener. This result explicitly contains pa-
rameters of the general model @ and AE: rate of growth
of the interaction and the splitting of the terms for
t = -, which do not play a role in the Landau-Zener
model for decaying states (excluding, of course, the dif-
ference in the forces AF=AEag?/v). Therefore, we
emphasize that expressions (22) cannot be obtained from
an a priori Landau—Zener model. Moreover, if one
takes into account the interference of the direct charge
exchange channel with the stepwise one, then within the
framework of this model it is not possible to specify
correctly the initial conditions due to the insufficiently
rapid “switching off” of the interaction and, conse-
quently, in general to obtain a noncontradictory result
capable of sensible interpretation.

But if we neglect the direct charge exchange (V=0),
and also the difference in the widths of the terms (AT
=0), then the corresponding formulas for the probabil-
ities of stepwise charge exchange as the nuclei are
brought closer together, which now can be obtained
within the framework of the Landau-Zener model, have
the form

2nV?
|AE|aup?

IAZLJ«;—II;Z) —1] D.(t',t).

lau(8) *=D, (=, ) exp ( )Due,0),
(23)

la: (t) [*=D,(—oo,t’) [exP(

As a result of two passages through a point of quasi-in-
tersection the desired probabilities for the elastic pro-
cess Wi, and for charge exchange W;, can be written in
the following form:

W“=W|(;)+ W|(|2)+(W|(|1)

) (2) 1)

W|2=W|2 +W|z _(Waz

(2)

W, )" cos g,
(@),

Wi: )" cos @,

W=D, (~,t"Yw,D,(t',—t") exp (—4a Re pt') ., D, (—t, ),
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W =D, (—oo,t")w,D, (', —t") exp (4a Re ft’)WauD, (—t, =),
Wx(;) =D, (—oo, t")w,D,(t', —t") exp (4o Re ﬁt,)u_f'zzDz (—t’, ), (24)

i2' =D, (—c0,t ) w,D, (', —t') exp (4a Re pt’) T1aD; (—1', ),

Here ¢ = [;'[E,(t) - E;(t)] dt/2 is the real phase arising
as a result of interference of different paths of making
the transition to the final state. The “probabilities” on
separation w, (i, =1, 2) can be expressed in terms of
the “probabilities” w,, as the nuclei are brought closer
together (cf., (22)) in the following manner:

W=Wyy. Wp=wy(—AE, —AT),

g

(25)

I =Wy, Z5|z=w12(*A}.;:, —AF) .

&

2. We further investigate the case when in the es-
sential region of transition the unperturbed terms are
in practice parallel, while the nondiagonal matrix ele-
ment of the interaction varies rapidly from values con-
siderably smaller than the difference in the energies of
the unperturbed terms up to values considerably in ex-
cess of this quantity
; 2
S| 7 mes(157): @)

In this case for times ¢ satisfying the inequality (21) it is
convenient to go over from the setates 1) and 12) to a
collective symmetric |s) and antisymmetric |a) states

a,(t) +a, () ay(t) —a(t)

a.(t)=#, aa(t)=~—'2—.

Then a,(¢) will have the meaning of the amplitude of the
probability to find the system in the symmetric state
after passine through the effective region of the interac-
tion, while q,(t) has the meaning of the amplitude of the
probability to find the system in the antisymmetric
state. When condition (26) is satisfied then from the
asymptotic values of expressions (19) we obtain

t
1a0a(2) 12=D, (=20, 1) |An,a|zexp{—i Im [e(t):tV(t)]dt},
: (27)
U = 2U—AT
p— —a 1 A ia — — —_—
Aje=n I‘(/z+q)exp[lq(arctg v i3 )+ Vi)™ ]
where #;= (- 1/a)In[(V?+ U®)'/%/2q4] is the instant of
transition into the symmetric or the antisymmetric
state.

Formulas (27) are easily interpreted. The adiabatic
development of the initial state |1) (the factor D;(-,
¢1)) at the point #, is replaced by the transition of the
system into the collective symmetric and antisymmetric
states (4;,, A;, are the amplitudes for the formation of
these states). From formulas (27) it follows that the
“probabilities” for the formation of collective states
|A;,!% and I'AIal2 depend in an essential manner both on
the decay of the states AI', and also on their interaction
U via the continuum. After the instant ¢, the further de-
velopment of the system according to the symmetric and
the antisymmetric states is “marked” by the interference
between the different decay channels which can lead to a
significant decrease in the rate of the decay of the sym-
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metric state, and, conversely, to an increase in the
rate of decay of the antisymmetric state. Indeed, in the
propagation amplitudes for these states in accordance
with (27) the following factors appear

¢ Ty(1) F2Im V() +Ta(2)

exp [— j 5 dt] .
Therefore for ImV (¢) =[I',(t)T,(¢)]/?, T'y=T, the sym-
metric state is stable, while the antisymmetric state
decays twice as fast. This phenomenon is brought about
by the coherent interaction of states via the continuum
and is analogous to the Dicke problem'!®? dealing with
the collective spontaneous radiation from identical two-
level system.s situated within a volume whose linear
dimensions are much smaller than a wavelength.

The result of two passages through the significant re-
gion of interaction obtained by joining together the solu-
tions obtained for nuclei approaching and receding from
each other we can write in the form

)

2AE U 2(I'+T,) 7 lcos(2V/a—inAE/2a—i2U/a) |2
W, ,=exp [———arctgf~ ]
o V o ch*(nAE/2a)

2(L+Ty) ] |sin (2V/a—i2U/x) |? 28)
a ch?*(nAE/2a) ’

W.=exp [—

In the limiting case of the absence of decay (I'y=T',=U
=0) this result coincides with the results of Rozen-
Zener™™*) and of Demkov. {2

If we neglect the direct charge exchange (V=0) we ob-
tain the probability for the elastic process and the prob-
ability for the stepwise charge exchange

nAE  2(1',+T:) 1 ch*(nAE/2a+20/a)
Wu=exp _—— )
o a ch*(nAE/2a) 9
2(I,+T2) 1 sh?(2U/a) (29)
W=exp| — - .
o ch*(nAE/2a)

If in expressions (28) we average over the phase 2V/
a[(sin®(2V/a)) = 3], then the general result is somewhat
simplified:

2AE U 2(I'+T,) 7 ch(4U/a+aAE/a)
Wy=exp| — arelg — —
| o 2 ch*(nAE/2a) (30)
2(Iy+T5) 1 ch(4U/a)
Wiaa=exp| —
a 2 ch*(nAE/2a)

We note that in those cases when the interaction through
the states of the continuous spectrum has the form U

= (T, T,)'/?, while the rates of decay are close to one
another (I'y=T';), then, as follows from (30), in the case
of infinitely great decay (T'; ,—=) the probability of the
elastic process Wy; and the probability of a transition
Wi, are finite

w=[4ch* (NAE/20) 17", W,.=[4ch* (nAE/2a)]". (31)

This result also means that even in the case of infi-
nitely slow motion of the nuclei the probability of “captur-
ing” an Auger-electron differs from zero. Such an ef-
fect is associated with the fact that in a collision of
atomic particles as a result of coherent interaction a
metastable state arises in the stepwise channel which is
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symmetric (in terms of the initial stages). It is just
along this nondecaying channel that the process of charge
exchange is realized.

CONCLUSION

In conclusion we indicate one circumstance associated
with the impossibility—in the general case—of exclud-
ing the continuous spectrum from the time-dependent
Schrodinger equation. The possibility of such a proce-
dure or, in other words, the possibility of diagonalizing
the energy matrix, is closely associated with the inde-
pendence of the Hamiltonian on the time, "'7-'°1 But if
the Hamiltonian is time-dependent—then the different
states of the continuous spectrum are “mixed” as a re-
sult of the motion of the atoms (the matrix elements (8/
3t)ye Or Hy,. differ from zero). In the processes con-
sidered in this work which occur at large internuclear
distances one can neglect the mixing of the states of the
continuous spectrum. But if the matrix elements (3/
9t),,s are not small, then transitions take place between
different states of the continuous spectrum (which are
not excluded by a well-known procedure). '17=191 Their
influence on the process of atomic collisions could be
the object of a separate investigation, particularly when
the problem is set of finding the spectrum of the Auger
electrons which gives, in a definite respect, richer in-
formation concerning the collision process. (In a de-
veloped formalism the spectrum of Auger-electrons is in
fact determined by taking the Fourier-components of the
amplitudes a,(t) and a,(¢) obtained in the present work.)

We note that the results obtained in this paper can be
useful not only for the calculation of charge exchange of
multiply charged ions with atoms. Other possible ap-
plications of the theory developed in this work can be
processes of the transfer of excitation between meta-
stable levels (in particular, the Penning ionization®%21)
collisions of negatively charged ions with neutral atoms,
and also processes of ionization of internal shells when
many-electron atoms collide with ions, as has been
mentioned in the Introduction.

The authors are grateful to O. B. Firsov for discus-
sion of the results of the present work, and also to V.
I. Glebov for numerical calculations on an electronic
computer.
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Decay and excitation of a quantum system following two
successive sudden changes in the Hamiltonian

G. V. Golubkov, F. I. Dalidchik, and G. K. Ivanov

Institute of Chemical Physics, USSR Academy of Sciences
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Zh. Eksp. Teor. Fiz. 71, 1299-1306 (October 1976)

The response of a quantum system to two successive sudden changes of the Hamiltonian is considered.
The dependence of the probabilities for various processes on the dwell time 7 of the system in the
intermediate state is investigated, the interaction in the intermediate state being represented by a
repulsive potential of the form y/r % Analytic expressions are found for the limiting cases of large and
small values of 7. The deviations of the spectra of the dissociation products of diatomic molecules from
the Franck-Condon distribution for resonance ‘scattering of electrons is investigated in detail. A possible

isotope effect for hydrogen molecules is noted.

PACS numbers: 03.65. —w, 31.30.Gs, 34.70.Gm

1, The problem of the transitions of a quantum sys-
tem described by a time dependent Hamiltonian arises
in the treatment of various processes involving the in=-
teractions of atoms and molecules. Such problems do
not admit of exact solution if the transitions in the con-
tinuous spectrum are to be taken into account, and most
of the known results either relate to special model Ham-
iltonians or have been obtained within the limitations of
time dependent perturbation theory., Here we examine
the reaction of a quantum system to two successive sud-
den changes of the Hamiltonian H(#, ) !:

H,(r), t<0
H(r,t)=1 Hin(r), O0<t<t. (1)
Hy(r), 1<t

Here H, and H; are the initial and final Hamiltonian,

and 7 is the dwell time of the system in the intermediate
state described by Hamiltonian H,,,. Such a problem
was first formulated for a zero-range potential model
under the initiative of Yu., N, Demkov, and the ejection
of a weakly bound electron in an atomic collision was
treated by Bronfin and Ermolaev'?? as an example,

However, it is easy to exhibit a wide range of physi-
cal processes and systems involving successive fast
changes in the character of the binding in which the in-
teractions are of a more complicated type. As an ex-
ample we might consider processes in which the outer
electron shells of atoms are reconstituted as a result
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of a cascade of nuclear transformations (in which the
nuclear charge or the effective charge of the core of
tightly bound electrons suffers changes). Specifically,
we might speak of a sequence of 8" and g8~ decays of a
heavy nucleus, of the nuclear photoeffect

2A%(y, 1 HY) ;.1 AY! (with subsequent ejection of a K elec~
tron by a y ray from the excited product nucleus
2-1ANY), ete.

The resonance scattering of an electron by a diatom-
ic molecule,

&+ AB(v)
Ve
e~ -+ AB (v) — (AB)” , (2)
e -+A+B

may serve as another example., As can be shown, the
theoretical treatment of this process involves a stage
in which the problem of the reaction of the nuclear sub-
system to two successive sudden changes in the inter-
atomic potential must be solved. In fact (see,

e.g., ™), the amplitude for process (2) has the form
(except for a constant factor)

<@y VT T ot VT g> ——
A=Y =[dr o VTC) L (). (3

Here ¢, , and x,, are the wave functions for the initial
(final) and intermediate states of the nuclear subsystem

Copyright © 1977 American Institute of Physics 679



