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An exact analytical solution in terms of the Meijer functions is obtained from the quantum Rosen-
Zener-Demkov model for nonadiabatic transitions. The N matrix for the nonadiabatic transitions, the S
matrices, and the probabilities for elastic and inelastic atomic collision channels are found.
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I. INTRODUCTION

The Demkov model [1], as well as the model by Rosen
and Zener [2] to which it closely related, is well known in
the theory of atomic and molecular collisions. It applies
to a wide class of problems ranging from charge transfer
in atomic collisions to vibrational transitions in molecu-
lar scattering. Unlike the avoided-crossing model by
Landau, Zener, and Stueckelberg [3], in the Demkov
model the zero-order terms are independent of the nu-
clear separation while the interaction between them is de-
scribed by an exponential coupling.

Previous studies of the Demkov model have utilized
semiclassical and quasiclassical methods [1,2,4—-6]. Here
we present an exact quantum-mechanical solution to the
model with exponential coupling. This makes the model
an ideal reference problem for many applications in col-
lision theory and enables one to quantitatively identify
the ranges of validity of various approximate solutions.

II. FORMULATION OF THE PROBLEM

The radial quantum equations describing the nonadia-
batic transitions in atomic collisions are of the form

# d?
~m 4RZ + V1 (R)—E [¢(R)+V,(R)Y(R)=0,
2.1)
# d?
- m dR2 +V22(R)—E ¢2(R)+ Vzl(R)¢1(R)=O )

where V{(R),V,,(R) are the so-called diabatic terms,
V2(R) is a coupling between diabatic states, R is the in-
ternuclear separation, m is the reduced mass, and E is the
collision energy. Equations (2.1) are written in the dia-
batic representation and were obtained after separating
out the angle variables and truncating the basis [3].

As indicated above, there are two different mechanisms
for the nonadiabatic transitions at atomic and molecular
collisions. According to the first mechanism elaborated
in works by Landau, Zener, Stueckelberg et al. the nona-
diabatic transition is localized in the region of the inter-
section of the diabatic terms V;(R) and V,,(R), which
are approximated by linear functions of R, the coupling
V1, being considered constant. This mechanism ade-
quately describes the situation provided the nonadiabatic
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transition is accompanied by a large energy transfer, i.e.,
asymptotically the energetic states of the reagents and
products are well separated. However, there exists a
large majority of collisional atomic and molecular pro-
cesses accompanied by small changes of the electronic or
vibrational energy. Typical examples of this sort of pro-
cess are the nonresonant charge exchange
AT+B—> A+B™, the nonresonant excitation transfer
A*+B—> A+B*, the exchange chemical reactions
A+BC(v) — AB(v')+C, etc. These processes result in
nonadiabatic transitions occurring as a rule at large sepa-
rations, which permits the use of asymptotic forms for
the potentials ¥,,,¥,, and the coupling V,.

In accordance with the semiclassical Demkov model
[1] we shall approximate the coupling ¥V, by an ex-
change interaction with an exponential asymptote

Vi,(R)=V,(R)=Vexp(—aR) . (2.2)

Additionally, we shall assume that V;(R) vary much
more slowly than V,(R). For the above V;(R) and
V,(R), the physical boundary conditions for Egs. (2.1)
are conveniently specified in the basis that is determined
by the functions

¥,(R) _ cosB(R) sinB(R) | |¥1(R)
¥,(R) T | —sinB(R) cosB(R) | [¥,(R) |~ (2.3)
Here
2V ,(R)
B(R)=larctan—— 2.4)

ViimVa ’
and the adiabatic terms of the system are

U1,2(R)=%{ Vil + V£V — V), )2+4V%2]1/2} .

2.5)
Write down these conditions in the form
¥, ,(R)=0, R—0,
W R =K1 { A pe F12R 1) 2.6)
_Blyze_'-(kl.zR—hr/Z)} Rew

where k;={2m[E—V;()]}'"?/#%, E>V;(x), and [ is
the orbital angular momentum. The asymptotic expres-
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sions (2.6) define the S matrix through the relation
A=SB,
where A=(4,,4,) and B=(B,B,). To find out the §

matrix consider Egs. (2.1) near a point R, defined by the
equation

%‘ Vu(Rc)_

2.7

V(R =Vexp(—aR,) . (2.8)

In the vicinity of R, the diagonal elements V;;(R) are as-
sumed to be constants V0 since they vary more slowly as
compared to ¥,(R). Within the above assumptions the
system of quantum equations (2.1) takes the form

# d?
g VR E () + Voexpl —ax Wy(x) =0,
2.9
7 d> o
o aer TVRTE [halx)+ Voexp(—ax )y (x) =
where x =(R —R,) and V,=V exp(—aR,). For sake of

definiteness take V,, = V,,. The semiclassical counter-
part of Egs. (2.9) was first considered by Demkov [1].
The relation to the Rosen-Zener model is clarified by the
trajectory equation

172

2E 210

__2E 2E
cosh(avt) ’

m

exp(—ax )=

provided the turning point is sufficiently remote, where ¢
is time. The system (2.9) is to be solved with boundary
conditions for the adiabatic functions (see Fig. 1)

ifqu(x)dx

172

Vi (x)=q a;exp

—bsexp —ifxq,(x)dx] l ,
(2.11)
Y (x)=0, x——c0,
\lfl‘z(x)=ijl“2”2(al,zeiq“zx—bueﬂq“zx), X— 00,
where
g;(x)={2m[E—-UXx))}'2/%, g, =q(),
(2.12)

UL =LV + Vo F UV — V)P +4Ve 20x]172)

FIG. 1. Schematic diagram of diabatic V9,, ¥, and adiabatic
US%,U9,U,, U, electronic terms.

Further, for simplicity, the asymptotes U;(R — «) and
UP(x — ) are assumed to be coinciding, resulting in
g =k, ={2m[E—V;()]}?/%.

If the energy E >V (o), V; (o) (see Fig. 1), then
three channels are open in the collision process: two
channels at x—o [¥(),¥,(0)] and one channel
[W,(— )] at x — — . The corresponding N matrix for
the nonadiabatic transitions is of 3X3 dimension. At
Vi (0)<E <V,,(0) the N matrix is reduced to a 2X2
matrix.

If the exact terms, ie., U;(R) and U,(R) from Eq.
(2.5), are considered at small R’s, the boundary condi-
tions should be specified at R =0. In this case, at
E>V,(®),V,,(o) the total S matrix combined from
the nonadiabatic N matrix and the diagonal matrix of the
adiabatic evolution at R <<R_ is of 2X2 dimension. At
V,i(0)<E <V,,() the one-channel potential scatter-
ing occurs.

Finally, Egs. (2.9) can be regarded as a sample of an ex-
actly solvable two-channel s-wave scattering problem. In
this case the zero boundary condition for ¥, , should
be specified at x=0, and the S matrix at E
>V, (), V(o) is of 2X2 dimension. All these S ma-
trices in the above order will be given below.

III. THE SOLUTION OF QUANTUM EQUATIONS

Introduce a new variable p and dimensionless wave
numbers

p=(—8mV0e_"")1/2/ﬁa , 412=§4 1/ . (3.1)
Then quantum equations (2.9) take the form
GBS
d 2 TP, T Ui+, =
, (3.2)
d d
2 .
dp2 +Pd +4‘12 l/’:>.+P Y=
Make one more variable substitution, p=4z'/%, and elim-

inate the function v, from Egs. (3.2). For the function 9,
we obtain the equation

4
(3.3)

¥, +z¢,=0,

, 4
n=1 dz
where b, ,==iq,/2 and b; 4=1/2+tiq, /2. The general
solution of (3.3) represented as a linear combination of
four Meijer functions [7]

Yi(p)=c;G@e ™ (p/4)*|b,)+c GR(p/4)*b,)
+emG&le*™(p/4)b,)
+eyGRe* (p/4)*b,) , (3.4)

where Ggj(e’™(p/4)*b,) (r=—1,0,1,2 and b,=b,,
b,,b;,b,) are four fundamental solutions of Meijer equa-
tion (3.3) in the region of irregular singular point p=oo.
The function ¢,(p) has the form similar to Eq. (3.4) where
the substitution g,<>g, should be performed
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ha(p)=c;G (e "™ (p/4)*b;)—cpy G ((p/4)*|b,)
+emGiae*™(p/4)b,)
—cvGoale* ™ (p/4)%b,) ,

with b,;=iq2/2,—iq2/2,%+iq1/2,%-—iq1/2. Thus the

general solution of Eq. (3.2) and hence of system (2.9) can
be written in the form

(3.5)

¥ v
Y= ¥, =3 ¥, (3.6)
L=1

where in accordance with (3.4) and (3.5) the vector func-
tion ¢’ is composed of the fundamental solutions
Goale*™(p/4)b,) and G3g(e*™(p/4)|b, ).

The next step is to find out the asymptotes of the func-
tions ¢+ (L=I-IV) at p—0 (x—) and p—
(x ->— ). To this end invoke the well-known asymp-
totes of the Meijer G-functions [7]. For ¥ we obtain

a{‘ —2iq, b{— 2ig,
—p ————0p
. V'2q, V'2q,
'ﬁ = L bL ’ P'—*O ’ (3-7)
a; p—ziq2 _ pZiq2
V'2q, V'2q,
lﬁL:L— ((a{“e"”—bge—"”) [1 l
Vs 1
L L, — 1
+(ageP+bgeP) -1 , p—> o . (3.8)

The exponentially small terms b%e P are obtained from
09((p/4)*b,) and GE3((p/4) 4Ib ). The necessary con-
stants are

aler("Il) [++i(g,+q,)/2]

XT[L+i(g,—g,)/212"e" ™/ 2q, ,

a7 =1q7(q1oq,),

ai=—Qmp%i™ oV =Q2my %", (3.9)
bf=—at(gi—>—q\), b37=—ai(g;—>—q,),
bl =—(2m)%e =i/ | bl =212,

where the sign (+) is for L =LIII and the sign (—) is for
L =ILIV. The others constants equal zero.

The consequent determination of the S matrix requires
constructing of a linear combination similar to (3.6) for
the adiabatic functions (2.3)

v, v .
V=g, = 3 avt (3.10)

The angle B goes to m/4 at p— « and to zero at p—0.
Note that the solution ¥'V in (3.6) and (3.10) growing ex-
ponentially at p— oo (x — — o) does not satisfy the phys-
ical boundary condition for W(11), and therefore ¢V=0
in linear combination (3.10).

IV. DETERMINATION OF THE N AND S MATRICES

A. Three-channel nonadiabatic N matrix:
E> V“(Cﬂ ),sz(oo)

Let us define the channels 1,2,3 and the elements of the
nonadiabatic N matrix for the inelastic processes as fol-
lows (see Fig. 1). Let

(pZIql_N“p_Ziql) 4.1)

\/2‘11

stand for the ingoing and outgoing waves, respectively, in
channel 1; then the outgoing waves in channels 2 and 3
are

—2ig ;
2 eiP

L___ N, (4.2a)
V'2q, . Vp

—Np,

respectively. Similarly, for the ingoing wave in channels
2 and 3 we define

1 2ig, —2ig,
( sz ) ’
V24,
-21q1 eip
—Nyy——; (4.2b)
Ny 23 >
\/ 2q, Vp
1 i
‘/—’—)(e P—Njse'P)
—2iq, —2igq,
—Nyp—Fwe, 31L— , (4.2¢)
\/2‘12 \/2‘11

respectively. Three-channel nonadiabatic N matrix con-
nects the coefficients of the ingoing and outgoing waves
centered at x =0, i.e.,

a=Nb , a=(al,az,a3) 5 B—__(bl’bZ’bE}) (4.3)

in accordance with (2.11). Vector equation (4.3) reduces
to three simple algebraic problems
wbE (k=

1,2,3; L=LILIII) . 4.4)

0—2

A simple way to calculate the N matrix is to choose the
¢; coefficients providing successive ingoing waves in each
of the three channels and outgoing ones in the rest chan-
nels according to (4.2a)-(4.2c). Simple calculation leads
to the following expressions for the elements of the N ma-
trix:
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I’[L+i(q,—q,)/2] (ig;)

81’(;,6*#(;l - . : ’
I“[+—i(g,+q,)/2](—iq,)

N11=_2

. —mlg,+q,)
Ny, =Ny (g,¢q,;), N3;=ie n qz)

4
N, =Ny =2

a1 451, ~ota, vay2 D341 =2) /21014 +i(02 —q0) /21T (3 +ilg, +4,)/2]

N;=Ny = —\/m24iq‘ei”/4e

Np3=N3;p=Nis(g1+09,) ,

where I'(x) is the gamma function. The N matrix given
the above expression is symmetrical and unitary.

B. Two-channel nonadiabatic N° matrix:

— , : s : 4.5)
[(5—i(q,+4,)/2)[(—iq ) T'(—ig,)q,q;)
— g, +4,)/2 r[y+i(g,—q,)/2]
[
1, =Nk 2 (x)sin [kal(x)dx+7r/4 ]sinB
*)
— N,k 2(x)sin [f:kz(x)dx+w/4 ]cos/s ,
’ (4.8)

V(0 )<E <Vy(w)

In the energy region under consideration, channel 2 is
closed while channels 1 and 3 are open, i.e., the N matrix
(4.5) is reduced to a N° matrix of the 2 X2 dimension. In
this case linear combination (3.10) has to fulfill the condi-
tion W,(p)—0 at p—0 and p— . The N° matrix is
defined by the relation

a=N%, a=(a,,a;), b=(b,,b;) (4.6)

and is an analytical continuation of the corresponding
submatrix of N by the parameter g, (g, —ig,). As a re-
sult we obtain

(L+q,/2+ig,/2)T(ig,)

N(,)1=—~28iq‘e—1qu > - ,
r“(i+q,/2—iq,/2)I'(—iq,)

 —img, —mq
NY=ie e TV,

N(l)3 :N(3)1 = —\/Tﬂqﬂﬁqlei”/“eim]z/ze7”‘
T(l+q,/2+ig,/2)
X .
[(;+q,/2—iq,/2)T(—iq,)

Like the N matrix, the N° matrix is symmetrical and uni-
tary.

C. The total two-channel S matrix: E > V(o ), V5,( )

As noted above, the total S matrix appears when the
exact terms U (R) and U,(R) are taken into account in
the region of small R. It describes both nonadiabatic
transitions characterized by the N matrix and the adia-
batic evolution of the states ¥, and ¥, at small R. In or-
der to calculate the S matrix, we shall invoke the match-
ing method. In the spirit of that method we shall suppose
that the quasiclassical and adiabatic approximation apply
outside the domain of nonadiabatic transitions. Then
there exist the turning points R;(x;) and R,(x,) on the
U, and U, terms (see Fig. 1), and ¢, , are represented as
a sum of quasiclassical waves

l/,zq:lef”Z(x)sin [kal(x)dx +m/4 ]cosB
X
+ N,k 2(x)sin [kaz(x)dx+1r/4 ]sinﬁ'
*2

in the range between x,(R ), x,(R,), and x =0(R =R,).
After using the quasiclassical representations for the
Meijer G functions, the exact functions ¥,(x) and ¥,(x)
(3.4) and (3.5) to the left from R, can be presented in the
analogous form. To be specific, we shall assume that only
the U, term is modified at small R. Matching ¢;,(x) and
¥,(x) and using of the asymptotic expansions of the
Meijer G functions (3.7) and (3.9) at p—O0 gives after rou-
tine algebra the following S matrix for the boundary con-
ditions (2.6)

, N3N, , N3N,
Nt v Noet—Q/
e _N33 e _N33 (
S= ' oAr ' oA ) 4.9)
, N3N 3 , NNy,
Ny + —2in 22 —2in
e _N33 e —N33
where
N;j=Nexp[—(§;+§;)], Nj3=Ngexp(—i§;)
(i,j=1,2), (4.10)
8mV,
§i=q;ln | — ey (4.11)
a

The phase 7 is the so-called matching phase and the
phase £; emerges in going from the variable p to the vari-
able x by (3.1).

The above S matrix expressions enable one to calculate
the probabilities of the nonadiabatic transitions. For ex-
ample, the nonadiabatic transition probability from the
state W, to the state W,, i.e., the nonresonant charge-
exchange probability has the form
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P =ISp,1?
_ sinh(7q, )sinh(mgq, )cos?y
m(q;—q;) m(g;+q,)
cosh? 91— 92 2 ‘112 93 — cos?y

(4.12)

This expression agrees with that of the work [6] where,
however, the phase 7 was not defined. In the case of the
resonant charge exchange, i.e., ¢ =g, =g, the probability
reduces to

sinh?(7q )cos’n

= . (4.13)
" coshX(mq)—cosy
At high collision energy when
2AU,—-U))
41—y~ 2 1) _2AU(») 4.14)

fiaV fiaV

takes place, Eq. (4.13) coincides with the semiclassical
Rosen-Zener-Demkov (RZD) probability for the non-
resonant charge exchange process A +B*— 4" +B

__ sino

P = , (4.15)
RZD ™ osh28
where
6=AU(w)/faV , o=n—7/2. 4.16)

In this limit Eq. (4.13) coincides with the semiclassical
nonresonant charge-exchange probability

PY, =sin’c . 4.17)

Concluding this section, we note that if the terms
U,(R) and U,(R) are modified at large R, too, then the S

matrix (4.9) is replaced by the S’ matrix
exp(in,) 0 exp(in,) 0
S'=

b

0 exp(in,) S 0 exp(in,)

(4.18)

where 7, and 7, are the adiabatic phases for the U, and
U, terms in the range of R > R,.

D. One-channel S° matrix: V(0 )<E < V()

Within this energy range, elastic scattering in the adia-
batic term U,; occurs, the scattering being distorted by
the nonadiabatic coupling with the adiabatic term U,.
The elastic S matrix is equal to the matrix element S,
subjected to the analytical continuation as a function of
parameter g, (g, —iq,)

§°=e¥7=5,,(g,—iq;)
NN

’11 + —2in . :
e ~N33 (q2—>lq2)

(4.19)

With the use of Eq. (4.5), this expression can be recast in
the form

; 2i(&,+d,,)
e2iv =g 2" %02

(1+e ™H+i(1—e "Mtano ]
(1+e ™) —i(1—e ™tano |

(4.20)
The elastic phase y is

(1—e "tano

Y =§,+¢,,+arctan —
14e ™

4.21)
¢y, =4qIn2+argl(iq,)+2argl'(; —q,/2+iq,/2) .

The elastic S° matrix displays well-known features of the
low-energy scattering of the particles.

E. Two-channel S matrix for the s-wave scattering

Of certain interest is the S matrix for the quantum
problem (2.9) regarded as a model for the two-channel s-
wave scattering under zero boundary conditions at x =0.
For the wave functions ¢,=v¢;+¢, and ¢,=¢,— ¢, the
system (2.9) has the form

1 d? _
R RATa ]
R (4.22)
1 d —
—_ETZ—_E*’!‘_VO? “($:=vd1

where p=(V9,+V9,)/2 and v=(V{;—¥%)/2. The §
matrix for the system (4.22) is a generalization of the
one-channel S matrix for an exponential potential [8].
The boundary conditions for either (2.9) or (4.22) lead to
the equations

W(po)=0 or ¢py)=0, po=(—8mVy)'"2/fia, (4.23)

which are, according to (3.6), equivalent to the system
v

S c1¥ialpe)=0.

L=1I

(4.24)

This system enables one to replace any pair of the c;
coefficients in Eq. (3.6) with linear combinations of two
others and, as a result, to introduce a new basis of funda-
mental solutions

v
L=1

where the rectangular matrix Q,,, consists of 2 X2 deter-
minants of the form

¥(po)  Yi(po)
#’(Po) #'(Po)

The basis (4.25) specifies the coefficients 4 and B} and
defines the § matrix similar to the S matrix (4.9)

AM=S 5;BY (i,k=1,2; M=1,2).
k

(4.26)

The actual calculation of the elements S, is appropriate
to perform by choosing the two yet indefinite c;,
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coefficients in a way providing an ingoing wave in chan-
nel either 1 or 2, i.e.,

1 —iag,x iag,x
— (e =S e ")
Viag,
¢~ _ 1 S~ iag,x ’
— P12
V'ag,
(4.27)
_ 1 § eiaqlx
— 921
l/afh
v~ 1 |
L. i qzx__gzzezaqzx)
Vag,

The final result can be formulated as follows. Define vec-
tors V,,V,,v,,v, and a matrix &

A1,2

r 0

B,, 0 r
V,= Ci, | ViTilml| Y2 Pl

D, n q

(4.28)
o ol QI IV

BI BII BIH BIV
,yI ,yII y I y v
81 811 SIII 81V

They obey equations V1,2=19 vy,2- The coefficients
al, Bl vE, 8t (L=1,...,1V) are determined from asymp-
totic expansions of the Meijer G functions at x — o, as in
Egs. (3.9), and they are

al=—Va/24" bt | Br=Va/z4 "Mk,

yi=—Va/24™ bk, 8'=va724 "k,
A=(—8mV)"?/#a .

(4.29)

The quantities r,m,n,p,q are the determinants composed
of the boundary values of 1//f 2(x=0)

I1V(Po) gv(Po)
(pg) ¥1po)
m=—r(Ill-1), p=m(I->II),

g=n(I->1II) .

r= ,

(4.30)
n=—r(IV->I),

The sufficient development of the Meijer G functions per-
mits calculations r,m,n, P9q with any degree of accuracy.
Then the elements of the S matrix have the form

N B, C, D, C,

Sy= B, C, D!, §12= D, C, D!,

N 4, B, 4, D,

Sy = A, B, D!, Syp= A, D, D!, (4.31)

¢, 4,

b= C, 4,

Thus all of the N and S matrices mentioned in Sec. II, for
the nonadiabatic transitions described by the quantum
Rosen-Zener-Demkov model have been found out.

V. CONCLUSION

The Rosen-Zener-Demkov model in its original semi-
classical form as well as in other modifications [4,5,9] is
frequently used for interpreting experimental data on
nonresonant charge exchange in ion-atom collisions. In-
vestigated in most detail have been the charge-exchange
processes in collisions of alkali-metal ions with atoms
such as [10]

K*(18)+Rb(2S)—>K(2S)+Rb+(18)+0.163 eV ,
LiT(1S)+Na(®S)—Li(3S)+Na*(1S)+0.253 eV ,

etc. Recently, this semiclassical model also has been used
for interpreting complicated numerical calculations of
the probabilities and cross sections of chemical reactions
involving light-atom transfer [11]

Cl+HBr(v=0)—Br+HCl(v=2) ,
Br+HCl(v =0)—Cl+HBr(v=2) ,

(5.2)

with special attention being paid to resonances in the en-
ergy range near threshold. The discrepancies seen be-
tween the experimental data and the exact numerical cal-
culations, on the one hand, may to a degree be due to
breakdown of semiclassical version of the model at low
collision energies. The expressions given in this paper for
the N and S matrices, and the resulting probabilities, pro-
vide, in contrast, an adequate representation of these pro-
cesses, especially in the threshold energy range.

In addition, the exact results given in Egs. (4.5) and
(4.7) can be exploited as local elements in numerical cal-
culations for other real problems in collision theory. In
this case, depending on the applicability of the exponen-
tial approximation, significant improvements in the time
requested for the calculations may be expected. In the
best case, the problem may reduce to numerical matching
of the adiabatic wave functions inside the collision region
with the exact quantum amplitudes from the coupled
equations (2.9) or (4.22). As a result, the calculation for a
real system will simplify in practice to a calculation of the
adiabatic motion whose results in quasiclassical range of
parameters can be controlled by means of Egs. (4.9) and
(4.19).
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