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Gur analysis shows that if an electromagnetic field excites a coherent superposition of states of
two different types of atoms, then the results of a collision of those two atoms can be quite different
from the usual dephasing that a coherently excited atom suffers upon collision with another atom.
We present the concept of “two-atom™ coherence as one feature of this interaction where the field
of a given wavelength may interact with the system coherently over a wide range of internuclear dis-

tances.

It is known that the coherence in single or multiphoton
interactions of coherent radiation with isolated aloms is
destroyed by collisions with other atoms (one-atom sys-
tem). This study shows the existence of a new coherent
effect in the two-photon interaction of coherent radiation
with atoms undergoing binary collisions: laser-induced
“two-atom” coherence. In this effect, the dephasing ef-
fects in the two-atom system caused by their collisional
interaction are eliminated, thus allowing the electromag-
netic field to interact coherently with the system over a
wide range of interatomic distances.

The basic idea here is as follows.)~? We have found,
theoretically, that if a single electromagnetic field excites
coherent superpositions of states of two different types of

.atoms, then the results of a collision of those two atoms is
something quite different from the usual dephasing that a
“cohterently excited atom suffers wpon collision with an

unexcited partner or one excited but from a different
source of excitation. The results of such a collision are ex-
pected to show many distinctive and interesting features
resulting from interferences that are possible because the
relative phases of the excitation of the two individual
atoms are traceable to a single common reference, the field

“att=0.

One feature of this effect, which we present in this pa-
per, arises in a process where both atoms initially in their
ground states end up excited as a result of the collision-
radiative interactions (two-photon radiative collision) 3!
In the process, the well-known dephasing due to the col-
lision becomes intensity and detining modulated. This al-
lows for the control of the phase of the final product state
relative to that of the initial product state. In fact, by ap-
propriate choice of parameters this phase difference can
be eliminated completely for a wide range of internuclear
scparations (phase resonance), and the process behaves as
a two-atom coherent interaction. Qur results show, as ex-
pected, that when these conditions are achieved, the ab-
sorption cross section of the colliding system enjoys an
enhancement.

Although the possibility of multiphoton radiative col-
lisions has been previously suggested,* it is only recently
that experimental and theoretical efforts have dealt with
it.’ During the collision of Ba and Tl ground-state atoms,
two photons were absorbed from a single electromagnetic
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Tield which resulted in the simultaneous excitation of both
atoms. The results of this experiment were analyzable in
terms of a one-atom system where only one of the atoms
is coherently driven by the electromagnetic field as shown
in Fig. l{a). In our previous work!~* we showed that the
two-photon radiative collision is much richer than this
simple picture since the two atoms can be simultaneously
driven by the electromagnetic field as shown in Fig. 1(b).
In this paper we present detailed numerical studies of
the absolute line shape and cross section, their dependence
on the intensity of the radiation, and give an explanation
of the effect in terms of two-atom coberence. We find
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FIG. 1. (a) Simplified schematic showing the field-atom in-
teraction in the case of one-atom system. The ficld produces a
coherent superposition of states of atom A only. (b) Simplified
schematic showing the field-atom interaction in the case of two-
atom system. The field produces a coherent superposition of
states of atoms 4 and B.
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that the absorption line shape of the two-atom system €x-
hibits intensity-induced shifts in contrast to that of the
one-atom case. The line shape of the former exhibits sym-
metry accompanied by an enhancement of the peak of the
cross section a! intensities where the phase difference be-
tween the initial and final scattering states goes through
zero (phase resonance).

We consider the collision of atoms 4 and B in their
ground states |0a ) and |0b) in the presence of the radia-
tion field €= Eqcos(wi) which does not resonate with any
of the transitions in either atom. We are interested in the
process where both atoms emerge from the interaction ex-
cited to |1a) and | 15), respectively. Consider first the
case where the field coherently interacts only with atom A
as shown in Fig. 2(a) (one-atom system). The state vector
of the system is taken to be of the form

[ Q1)) =anl1}10a) |06 ) +ay(1}] 1a } { Ob Yexplieyt)
+a,(| 2a} 10b )exp{i(w, +awit]
+ay(n{1a) | 1b)explilwy+w3)],
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FIG. 2. (a) Partial energy-level diagram showing the relevant
levels, transitions, and detunings for the case of one-atom sys-
tem. In this case the field excites only atom A directly. (b) Set
of simplified energy levels showing the sequence of interactions
for the case of one atom interacting with the field. The straight
arrows represent photon absorption while the curved arrows
represent state changes due 1o collisions.

" MUNIR H. NAYFEH AND G. B. HILLARD 29

where w|=£1., w;=£z,—E|,. and (03=E“,. In the pro-
cess the initial state |Oa } ]0b) is virtually excited by the
electromagnetic field to the state [la}{0b), which in
turn is virtually excited by the electromagnetic field ¢~ the
state |2a)|0b). Finally, a collisional transfer from
|2a) 10b) to {1a)|1b) nearly conscrves the overall en-
ergy for the transition [Fig. 20)]. The time dependent
Schrodinger equation of this system gives the following
coupled equations for the time-dependent coefficients:

dap . ,
o pi4Ecexplidytia, ,

da
-dTl =IF‘ME°CXP( —I'Alt)ao+:'pquexp(iA;r)a; s

da '
_de=,F3JEO¢XP{—IA1ZM\+IV1CXP('AOI)G3 '

day . ,
—d;-th;cxp(-—:Aot)az ,

where A=, —w, Ay=wy;—0, Ag=w;—wy Py is the
matrix element of the dipole moment u, of atom 4 in
units of # and V, is the matrix element
($a | {1b |V 12a)|0b) /4

It is to be noted that in this interaction the electromag-
petic field excites 8 coherent superposition of states of
atom A, while the collision results in the excitation of
states of atom B. This system of four coupled Jevels can
be reduced, using the adiabatic approximation,’ to an ef-
fective two-level system comprised of the initial and final -
states of amplitudes ag and aj, respectively: :

dao N ' 2 gl .t oyl - L,

_df +i(b; Eo+b1£o)ao=ngEoV263p(laf) {1)
and

day | 2 .yl .

v +ib;Viay=ic3EqV,explibt) , 2)

where b, and ¢ are functions of the various detunings
and 6=A;+ A+ 4, is the detuning from exact resonance.

It is also to be noted that the §round state is Stark shift-
ed by the amount bjE}+b3E; which over the time of
collision for long pulses can be taken to be flat. On the
other hand, the final state is collisionally shified by an
amount b;¥3 which depends on the internuclear separa-
tion R and, hence, on time since V; is a function of R. It
is often helpful in discussing such collisions to view the
overall interaction in terms of transitions between the lev-
els of a quasimolecule formed during the time of col-
lisions. Figure 3 shows a schematic of the interatomic po-
tential in this model. The lower level corresponds to the
state |Oa ) |Ob) and is constant for all R. The upper lev-
¢l corresponds to the state |1a){1b) and is strongly
curved at small R. The two levels are seen to be two-
photon resonant until R becomes small enough that the
upper level begins to curve. This is the usual “dephasing”
associated with collisional interactions. The transition
pr?bability of the process in the weak-field limit is given
by
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where R?2=b%+0%? is the square of the internuclear dis-

tance, v is the relative velacity, and b is the impact param-
eter. Note that A)+ A, is the two-photon detuning in
atoms. The detuning 8=A,+A,+ A, is the detuning in
the overall process. Note that the validity of Eq. (1) re-
quires
BraEo puEg
A’
Now we consider the case where both atoms are
coherently driven by the electromagnetic field as shown in

Fig. 4(a) (two-atom system). The state vector of the sys-
tem is taken 1o be of the form

Y(t)={0a) [0b)ag(t)+ |Oa) [ 1b) expliwst)a, (1)
+ | 1a) | Ob Yexpliw,t)a,(t)
+ |2a) |0b Yexplilw, +wy)t]as(t)
+ |1a) | 1b )exp[i{lw, 4+ w;3)t]aslt) .

Hufs Vi & papas
Ay A4 T Ay 4mey R3A,

<«l.

In the process, the initial state {Oa } {Ob) is virtually ex-
cited by the electromagnetic field to the state |0a ) | 15).
A virtual collision then transfers the excitation from
[0a) |15} to the state [1a) |0b) which in turn gets vir-
tually excited by the electromagnetic field to |24 ) |0b ).
Finally a collisicnal transfer from [2a)|0b) to

FIG. 4. (a} Partiai encrgy-level diagram showing the relevant
levels, transitions, and detunings for the two-atom case. In this
case the field simultaneously excites atoms A and B directly. (b)
Set of simplified encrgy levels showing the sequence of interac-
tions for the case of both atoms interacting with the field.

|ta} | 1b) nearly conserves the overall energy for the
transition [Fig. 4(b)]]. The time-dependent Schrédinger
equation gives the following coupled equations for the
time-dependent coefficients:

dao N Cae
—‘F=IFIBE0€XP(IA]t)a| ’
da, . . .
—dT=1,quoexp(—1A11)00+1V|exp(—iAor)az ,
da; . . .
-‘—ﬂ—=:V'1'exp(aAut)a|+ipuE0cxp(iA2r)a2 ,
da; .
o =ip4Egexp(—ilAytia, +iV;expl—ilgtlay ,
dﬂ3 . , .
E——z:V;exp(ert)az )

where
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A=y ~w, do=wn~w,,

Ay=an—w, Ap=wy—wy,
pip=40b|figz | 16) /8 py=0lalfisz2a) /%,
by ={0b | {la|¥,5z10a) | 1) /%,

Va={la |{1b| V52 |10b) {20} /# .

In contrast to the one-atom case, the electromagnetic
field here excites a coherent superposition of states of
atoms 4 and B. This system of five coupled levels can be
reduced again using the adiabatic approsimation to an ef-
fective two-level system comprised of the initial and final
states of amplitudes ag and a;, respectively:

dﬂg

— +iSya,=CoE3V, Vyexplibila; (6)
and
da; ? ,
-d-’—+xSJaJ=C4EDV',V;exp(—t5! Jag , n
- with

8, =bEJ+b,E Vi +b:ESVE, S)=b.V3,

where 5=A,+A;—Ay—A; is the detuning from exact
resonance and the coefficients b; and ¢; depend on the
various detunings and the dipole-moment matrix ele-
ments. '

It is to be noted that the ground state is Stark shifted by

the amount &,E3, and also shifted by a new type of shift

b,EXV} +byES¥E. The final state, on the other hand, is
only collisionally shifted in this mode! by an amount
b,V3. Figure'S shows a schematic of the interatomic po-
tential in this case. Unlike the previous case, the lower
level is now curved as well. This additional shift depends
on intensity and can therefore be adjusted so that the two
levels remain parallel even at small K. The transition
probability, when the atoms interact via the dipole-dipole
interaction is' :
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FIG. 5. Schematic of the interatomic potential as a function
of R, the internuclear distance, for the two-atom case.

MUNIR H. NAYFEH ANDY G. B HILLARD 29

gl bt

o f 2
=4aEL) [T R Scon | [CR "—budi {di L 18y

(

i
a'= ——"q, (9)
A
C'=#pipip/Ao—FaEdpiapia /8 (10)
ag=pig /A (A —AY) . {11)

Note that the validity of Eqgs. (6) and (7} requires in addi-
tion 1o the above conditions
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The cross sections for the two processes are derived
from |a3{«)|? by integrating over the impact parameter
o=27 f |ay|%pdp. The above expressions for

" |ayle)|® were numerically integrated using cautious

adaptive Romberg extrapolation. Since it is necessary to

.integrate over time and square the result before integrat-

ing over impact parameter, two versions of a one
dimensional working algorithm, though common, were
emploved. The computes codes were part of a library
leased from IMSL, Inc. No attempt was made to average
over a thermal velocity distribution as this would have
greatly increased cost and would not have altered the basic
physics. Previous workers analyzing a one-photon radia-
tive collision in this approximation have shown that the
maximum cross section is underestimated by about 509 .6

Alhough we have used a one-frequency source in the
derivation of the effect, one can easily show that the same
expressions are valid in the case of a two-frequency source
of fixed phase difference provided that the wavelengths
are sufficiently different. In our numerical calculations
we have used a two-frequency interaction because it allows
more freedom in choosing realistic conditions.

In the numerical calculations we took the following
values: uy,=1.25 au., p;,=025 au, pp=5 aun,
Ay=—6000 cm~}, A;=5000 cm~!, and A,= 9000
cm™'. With these numerical values, the quantity C’ goes
10 zero at laser intensity J,=4.34 GW/cm? Despite the
rather sizable value of intensity, the quantity
(laa /114 (A5 /A80)=0.03. Tt is this parameter which
measures the validity of the weak-field limit approxima-
tion and which we require to be << !,

We start by describing the results of the one-atom case.
The intensity dependence of the response enters only
through the factor E§ which gives a quadratic dependence
on the intensity. This factor results from the two-photon
nature of the process. The absolute line shape is shown in
Fig. 6. The peak of the response occurs at §=0, that is,
when the atoms are at infinite internuclear separa-
tions.}—%"#

We now describe the results of the two-atom case. In
this case the intensity dependence is far more involved.
Figures 7(a)—7(e) give the line shape of the two-collision
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FIG. 6. Line shape of the one-atom case, a1 laser intensity
I1=4.34 GW/cm".

case at laser intensities 1.02, 1.87, 2.68, 4.34, and 8.84
GW/cm?, respectively. These figures show that as the jn-
tensity rises from 1.02 GW/cm?, the asymmetry on the
red wing becomes less pronounced. At intensity I;=4.34
GW/cm® the line shape becomes completely symmetric
indicating what we call intensity-induced symmetry (phase
resonance). As the intensity rises to a value above the in-
tensity that produces the phase resonance, the line shape
becomes again asymmetric, developing a blue wing,

It is to be noted that the line shape exhibits a shift as
the intensity of the radiation is varied. The shift of the
peak of the response is plotted as a function of intensity in
Fig. 8 for values around the value I, (at phase resonance).
The shift is found to be linear at small intensities and also
linear in the neighborhood of J,. At intensities larger
. than Iy, the shift becomes a nonlinear fumction of the in-
tensity. Only at phase resonance does the response peak at
§=0, that is, occurs when the atoms are at infinite inter-
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FIG. 7. Line shape of the two-atom case at laser intensities,
(a) 1.02 GW/cm?, (b) 1.87 GW/cm?, (c) 2.68 GW/cm?, (d) 4.34
GW/cm?, (e) 8.84 GW/cm?.
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FIG. 8. Line shift as a function of the laser intensity in the
Iwo-atom case.

nuclear separations (R_). At intensities different from
Iy, the resonance occurs at §:£0, that is, at finite internu-
clear separations.

The cross section of the two-collision case was also
studied as a function of the intensity of the laser. The
peak of the absolute cross section is shown in Fig. 9. At
higher intensities the cross section continues to rise, while
at lower intensities, the cross section vanishes. Figure 10
gives the peak of the intensity-normalized cross section
0o/1° as a function of intensity in the neighborhood of 1.
It shows that the cross section exhibits the phase reso-
nance. Below 7=1.3X10" W/cm? the normalized cross
section approaches a constant value as the intensity de-
creascs, while above /=6 10° W/cm?, the cross section
oontinues to decrease as the intensity increases. ' Finally,
Fig. 11 gives the ratio of the peak of the cross section for
the two-atom case at phase resonance to that of the one-
atom case as a function of the minimum impact parame-
ter. The figure shows the enhancement resulting from the
interaction at small impact parameters due to the phase
resonance. This can be understood by recalling that the
one-collision case suffers dephasing such that collisions
occurring at impact parameters less than the well-known
Weisskopf radius do not contribute to the cross section.

~ For the constants used in our example, this quantity is

calculated to be 6.2 A. For the two-atom case, this de-
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FIG. 9. Peak of the cross section as a function of the laser in-
tensity for the two-atom case.




1912

g/’

0
0 5 10

INTENSITY (C¥/cm ')

FIG. 10. Intensity-normalized peak of the cross section oo/1?
plotied as a function of intensity for the two-atom case showing
the phase-resonance effect.

phasing is effectively canceled when phase resonance is
achieved allowing smaller impact parameters to contribute
to the cross section. The result is the dramatic increase,
shown in Fig. 11, in the ratio of the two cross sections
when the integration over impact parameters includes the
region closer than 6 A.

The results of the two-atom case can also be understood
by examining the energy nonconserving nature of some of
the interactions. When energy nonconserving steps are in-
volved in atomic interactions, energy shifts in the partici-
pating energy levels occur. The familiar ac Stark shift in-
troduced in two-photon interactions of an electromagnetic
field with a three-level system with a nonresonant inter-

“mediate state is one example of these energy nonconserv-
ing effects. The van der Waals energy shift is another ex-
ample of these effects where two atoms interact through
their long-range dipole-dipole interaction via an energy
nONCONServing process.

In the present process we have both effects: energy
nonconserving electromagnetic interactions and energy
nonconserving collisional interactions occurring simul-
taneously in one sequence. As a result, a mixed intensity-
induced collisional shift is introduced. This shift is

20
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~ 10
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o]

0

4 & 8 10
Prin (A)

F1G. 11. Peak of the cross section for the two-atom case (at
phase resonance) divided by that of the one-atom case as a func-
tion of the minimum impact parameter used in the calculation.
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FI1G. 12. Schematic of the coherent two-atom system {at
phase resonance) showing the effective relevant energy levels.
The interatomic potentials of the initial and final states are
parallel, thus allowing a single-frequency radiation to interact
with it over a wide range of interatomic distances. The absorp.
tion of the system occurs at w=/[a1 +w;)/2.

equivalent 10 a van der Waals shift with an intensity
modulated C,. In Eq. (81, C’ is an intensity modulated C; -
for the present process.

The phase of the final scattering state relative to the ini-
tial scattering state is the argument of the cosine in Eq.
{8). The phase difference at R =0 is 8¢ which is con-
trolled by the frequency of the laser excitation. At finite
R, the phase is further controlled by the laser intensity,
i.e., by controlling C'. By choosing the detunings appear-
ing in C' appropriately, the intensity-induced shift can be
chosen to have the opposite sign of the pure collisional
shift, allowing for possible cancellation. Finally, for laser
pulses which change very little during the collision (e,
long pulses compared to the time of collision) complete
cancellation of the collisional shift can be achieved by
choosing the appropriate laser intensity, thus achieving
phase resonance for all internuclear separations and,
hence, all times. )

In the above numerical example, C' becomes zero at
laser intensity Jo=4.34 GW/cm? This is the intensity at
which phase resonance occurs. The situation where €' is
very small suggests a large coupling coefficient in the ab-
sence of any dephasing effect for all internuclear separa-
tions. This leads to large cross sections for the process.
Moreover, because of the absence of the shift, the line
shape is expected to be symmetric. However, because of
detuning at small R, orbiting phenomena play a signifi-
cant role, thus making the calculation very hard at small
nuclear separation. In the above numerical example we
restricted R >4.5 A such that orbiting may not play an
important role. Additional contribution to the cross sec-
tion from R <4.5 A are expected 10 arise in the neighbor-
hood of phase resonance, thus making the present calcula-
tion a lower limit for the cross section of the phase reso-
nance.

We now discuss the line shift encountered in the two-
collision case. In the one-atom dipole-dipole interaction,
the collisional coupling has a radial dependence of the
form R —*. It is known that such an interaction, when ac-
companied by the radial dependence of the dephasing of
the form R %, results in a response peaked at 6=0, that
is, when the atoms are at infinite internuclear st:parations.B
The departure from R ~? makes the position of the peak
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occur at bs 0. This property was previously noted” in
charge-exchange processes where the interaction is of the
form R =% Morcover, it is expected that the position of
the peak will be dependent on the magnitude of the de-
phasing. that is, on C,. Since, in the two-collision case,
the interaction is of the form R =" and the dephasing is
dependent on the intensity, we expect the line to shift as a
function of intensity.

In conclusion we state that the present effect occurs
only when both partners of the system are simultaneously
dnven by the field [Fig. 1(b)]. The nature of the
phenomenon lies in the fact that the sysiem in Fig. I(b)
undergoes energy noncomserving sequences of radiative
and collisional interactions which result in the familiar ac
Stark shift and collisional shift and in & new mixed ac
Stark-collisional shift. Whereas the familiar collisional
shift is responsible for the dephasing of the coherence, the
new mixed shift can be used to eliminate this dephasing
effect for a wide range of internuclear distances (phase
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resonance! if the intensity of the radiation and other de-
tunings arc chosen appropriately.

When phase resonance is achieved. the transition fre-
quency of the system which is ordinarily dependent on the
internuclear distance relevant to the process becomes con-
stant (paraliel potential curves) and. consequently, the
two-atom system may then interact coherently with the
electromagnetic field without interruption (see Fig. 12). It
is found that such coherent interaction will result in the
excitation of the relevant transitions of the individual
atoms of the two-atom system at frequencies w, and o, if
the frequency of the excitation w is in near resonance with
half the frequency of the two-atom system (0 +w3} /2,
Our results also indicate that the coherent absorption by
the coherent two-atom system will dominate the absorp-
tion by the incoherent one-atom system of Fig. 1(a).

This work was supported by National Science Founda-
tion Grant PHY-81-09305.
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