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A four-state model considering the relative velocity distribution function for calculating the cross section of laser-

induced collisional energy transfer in a Sr—Li system is presented and profiles of laser-induced collision cross section are

obtained. The resulting spectra obtained from different intermediate states are strongly asymmetrical in an opposite

asymmetry. Both of the two intermediate states have contributions to the final state, and none of the intermediate

states should be neglected. The peak of the laser-induced collisional energy transfer (LICET) profile shifts toward the

red and the FWHM becomes narrower obviously with laser field intensity increasing. A cross section of 1.2 x 10712 ¢cm

2

at a laser field intensity of 2.17 x 107 V/m is obtained, which indicates that this collision process can be an effective way

to transfer energy selectively from a storage state to a target state. The existence of saturation for cross section with

the increase of the laser intensity shows that the high-intensity redistribution of transition probabilities is an important

feature of this process, which is not accounted for in a two-state treatment.
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1. Introduction

A laser-induced collision is an optical process in
which a laser field is used during the collision between
two different particles to induce selective energy trans-
fer from a level in one atomic or molecular species to
another level in a different species. It cannot occur
unless the two mechanisms, i.e., collision and radia-
tive interaction, are both present; any of them singly
cannot induce this interparticle transition.

The issue of laser-induced inelastic collisions was
first addressed some 30 years ago. As plenty of
the experimental studies have been carried out,!—3]
people also have proposed many relevant theoreti-
cal models on laser-induced collisional energy trans-
fer (LICET).*=2% The theoretical and experimental
research on this issue have made great advances, but
some questions remain unanswered. The theoretical
results obtained provide only a modest insight into
the physics of laser-assisted collisions. An important

advance in the understanding of LICET was made by
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Bambini and Berman![”! who demonstrated that an in-
termediate state must be treated as real state which
may be populated in the LICET process. And in sub-
sequent theoretical work, Geltman(® proposed that as
the intensity increases, the increase of Rabi oscilla-
tion frequency in the B atomic transition will lead to
strong-field shift in the LICET line shape.

The study of a laser-induced collision process that
might broaden and deepen our general understanding
of dynamic atomic processes has reached a certain ma-
turity for laser-matter interactions and field-free col-
lision. More specifically, it might pave the way for
the control of ultrashort quantum processes, which are
deemed to be important for a number of applications,
such as laser-driven fusion, plasma heating, and the
development of fast optical electronic devices. En-
ergy transfer between different particles occurs more
quickly and efficiently because of the participation of
the laser field; on the other hand, the effect of in-
terparticle collisions can implement transfers which

are difficult for single photon excitation, thus can
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obtain the expected highly excited state and conse-
quently short wavelength laser. Therefore, the study
of laser-induced collision processes is of great signif-
icance for the development of short wavelength laser
sources. In addition, the ability to excite the special
target level of the chosen particle permits potential
applications in controlling the pathways of chemical
reactions. The work by Seely?!! showed that LICET
reactions were useful for the measurement of particle

22] ysed

densities in a tokamak plasma. Hansen et al.
a laser-induced charge exchange detection technique
to observe a laser-induced high resolution absorption
spectra of NJ A — X (4, 0), which were difficult to
obtain by laser-induced fluorescence (LIF).

In the present paper, the four-level LICET model
with considering the relative velocity distribution
function is proposed. The strong-field LICET process
is discussed in detail for predicting the dependence of
the line shape on the transfer laser parameter and fur-
ther revealing the contribution of intermediate state in
LICET process, which may have significance in unrav-

eling the mechanism of LICET process.

2. Theory

Sr—Li system LICET process can be expressed by

the following formula:

Sr(5p 'PY) + Li(2s 2S) 4 hw(669.8 nm)
— Sr(5s? 'S) 4 Li(4d 2D).

Figure 1 illustrates those energy levels relevant to
the LICET process.

1 l
5p lP(f 21698 cm—~ | §

582 1 So 2s 2S
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Fig. 1. LICET transition in Sr-Li system.
1

The energy
levels in the figure are given in cm™

The states of Sr—Li compound system shown in

Fig. 1 can be defined as

1) = [Sr(5s* 1S))|Li(2p *P)),
12) = [Sr(5s5p 'PY))|Li (25 28)),
3) = [Sr(5s5p 'PY))|Li (2p 2P)),

|4) = |Sr (5s 'S))|Li (4d ?D)).
The wave function can be expressed by the basis

states as fOHOWS'

U= ch

The trajectory is assumed for R(t) = (b> +

) |n)exp (—iE,t/h). (1)

v2t2)1/2, where b is an impact parameter and v is the
relative velocity. And then the interaction Hamilto-

nian can be written as

H(t) = H, + Vag. 2)

The radiative interaction H, can be given by
H,=—¢eEy- (ra +7p)coswt, (3)

where the Ey(t) = Ejcos(wt) is the inducing laser
field with frequency w.

The interaction Vap can be represented by the
multipole expansion!23:24]

j—2 <

o =X Y

71=31=1 m=—-1<

(25 —2)! 1/2
x [(2j-2z_2)!(21)!]
XC(j—l—l,l,j—
X QI'(A)Q 1 (B)R(t) ™.

lo is the lesser of [ and j — 1 —

1; m,—m, 0)

Here, L, Q"A)
and Q;"}_,(B) are multipole moment operators, and
C(j—1-1,1,j—1; m, —m, 0) is the Clebsch—-Gordan
coefficient. 23]

By making formula (3) simultaneous with the
Schrédinger equation and supposing that the laser
field is sufficiently intense, the motion equation of for-

mula (2) can be obtained as follows:

ie1 = Vigep el 4 Vg ellintelicy
HVigeiltalie,

iy = Varcg @@t 4 Vogel(wzstwlicy

s i(ws1—w)t i(wga—w)t (4)
1C3 = ‘/31 € 31 c1 + V32 € 32 (6]
i t
+V3qcq 019347,

ey = Vi el@n—wte) 4 Vo egeivist

where
Vinn = (m[H (t)|n),
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and
Wimn = (Em — E,) /R

Through solving the coupled equations as a func-
tion of impact parameter, we can obtain the transition
probabilities of the final state. And then, by consider-
ing the probability density function of relative veloc-
ity between two colliding atoms in three-dimensional
space under thermal equilibrium condition, the laser-
induced collision cross section at a given temperature

can be obtained as
o0 o0
0= / / lea(b,v,t = 00)|*F(v)2rbdbdv.  (5)
o Jo

The probability density function F'(v) can be rep-

resented byl

3/2
M ) / UQe—IVIv2/2kT.
2kT

F(v) = 410 f(v) = 47 (
Here, M is the reduced mass of the two colliding
atoms, T is the thermodynamic temperature, and k is

the Boltzmann constant.

3. Results and discussion

When the laser field intensity is fixed to be
2.4x10% V/m, the relative speed between the two
colliding atoms is 700 m/s, for the Sr-Li system the
collisional cross section as a function of transfer laser
detuning is shown in Fig. 2. Figure 2(a) shows the
case where the collisional interaction takes place first,
coupling the initial state to the intermediate state,
followed by the laser interaction, i.e., the excitation
channel includes the three states of |1), |2), and |4).
While figure 2(b) shows the opposite order of the oc-
currence of these interactions, i.e., the laser interaction
takes place first, followed by the collisional interaction,
coupling the intermediate state to the final state, and
the excitation channel includes the three states of |2),
|3), and [4). Figure 2(c) shows the results from the
four-state model. The resulting spectrum in Fig. 2(b)
is strongly asymmetrical in an opposite asymmetry
compared with that in Fig. 2(a). An understanding of
this is based on the adiabatic molecular curves given
in Fig. 3. Within a simple molecular picture of the
process we note that the LICET process can be viewed
as a resonant radiative transition between adiabatic

molecular states as figure 4 shows. Molecular curves

of |1) and |2) become strongly repelling energy curves
by the coupling between |1) and |2). When w > wy,
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Fig. 2. LICET spectra for the Sr-Li system, where the
excitation channel includes the three states of |1), |2) and
[4) (a); 2), |3), and |4) (b); all of the four states (c).

N4 = Sr(5s® 1S0) + Li(4d °D) B S
?

I3) = Sr(5p 1PY) + Li(4p 2P)
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Energy
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Fig. 3. Schematic adiabatic quasimolecular potential for
the Sr—Li system.
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Fig. 4. (colour online) LICET spectrua for the Sr-Li system at various transfer laser inten-

sities.

there are internuclear separations for which the tran-
sition frequency of the quasimolecule is resonant with
the laser field, which leads to the slow reduction of the
transition probability in the static wing as shown in
Fig. 4(a). On the other hand, molecular curves of |3)
and |4) become strongly repelling energy curves by the
coupling between |3) and |4) states, thereby account-
ing for the universal asymmetric line shape shown in
Fig. 2(b).

of the intermediate states have contributions to the

It is also apparent from Fig. 2 that both

final state, so none of the intermediate states should
be neglected.

To illustrate the influence of laser field on the
LICET profile, we take more laser field intensities into
consideration. A series of cross sections at various
field intensities are shown in Fig. 4. In weak field as
shown in Fig. 4(a), the results are characterized by a
universal asymmetric line shape and the magnitude is
proportional to the field intensity. The profile can be
divided into two parts, i.e., the quasi-static wing and
the anti-static wing.

As the field intensity increases, shown in Fig. 4(b),
the resulting spectrum shifts in frequency toward the
anti-static wing. An understanding of this is that as
the laser intensity increases, the Rabi oscillation fre-
quency in the Li(2s—2p) atomic transition increases
and become dominant over the van der Waals quasi-
molecule mechanism. It tends to enhance the LICET
cross section as w approaches to wss which is < wys,
resulting in the bathochromic shift.[’] Figure 6 ex-
hibits the shift of the peak cross section as a func-
tion of transfer laser intensity. When the laser field
intensity is 8.25 x 107 V/m, the maximum occurs at
A = —78.35 cm™!, making this configuration very
promising for a quantitative experimental study.

The peak cross section as a function of transfer
laser intensity for the Sr—Li system is given in Fig. 5.
A cross section of 1.2 x 10712 cm? at a laser field inten-
sity of 2.17 x 107 V/m is obtained. The collision cross
section rises with laser intensity increasing and tends
to saturate. It has a significant deviation from the
two-state treatment result that the LICET peak cross
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section is monotonically increasing with the laser in-
tensity increasing which does not conform to physical
reality. The existence of saturation for cross section
with the increase of the laser intensity shows that the
high-intensity redistribution of transition probabilities
is an important feature of this process which is not ac-

counted for in a two-state treatment. !
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Fig. 5. Peak cross section as a function of transfer laser
intensity for the Sr—Li system.

The previous theoretical work[>='2?l was based on
the assumption that the relative velocity was fixed.
Nevertheless, all of the previous experimental investi-
gations on LICET were made for mixed metal vapors,
atoms that were collisional, should have many differ-
ent speeds, which were distributed in a certain way,

around an average value that had been used in the

early theoretical calculation. Therefore, it is neces-
sary to consider this distribution in the calculations.
In the present calculation, the distribution function of
relative velocity between two colliding atoms in three-
dimensional space is obtained based on Maxwell ve-
locity distribution function under thermal equilibrium
condition. And the profiles of laser-induced collision
cross section at different temperatures are obtained
and shown in Fig. 7. It appears that the profiles of
the spectra keep invariant at different temperatures.
Since the average velocity decreases as temperature
As
a result, the magnitude of the cross section increases

increases, it leads the Weisskopf radius to rise.

with temperature decreasing.
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Fig. 6. Shift of the peak cross section as a function laser
field intensity.
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Fig. 7. (colour online) LICET spectra for the Sr—Li system at different temperatures.

4. Conclusion

In this paper, the laser-induced collisional energy

transfer process in the Sr—Li system is studied. A

four-state model considering the relative velocity dis-
tribution function for calculating the cross section is
presented and profiles of laser-induced collision cross

sections are obtained. The resulting spectra obtained
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from different intermediate states are strongly asym-
metrical in an opposite asymmetry, which is due to
the opposite order of the occurrence of laser field and
collision interaction. Both of the intermediate states
have contributions to the final state, and none of the
intermediate states should be neglected. The peak
of the LICET profile shifts toward the red and the
FWHM becomes narrower obviously with the laser
field intensity increasing. When the laser field in-
tensity is 8.25 x 107 V/m, the maximum occurs at
A = —78.35 cm~!, making this configuration very
promising for a quantitative experimental study. The
collision cross section rises with laser intensity increas-
ing, and becomes smaller as the system temperature
increases. A cross section of 1.2 x 107'2 cm? at a laser
field intensity of 2.17 x 107 V/m is obtained which in-
dicates that this collision process can be an effective
way to transfer energy selectively from a storage state
to a target state. The existence of saturation for cross
section with the increase of the laser intensity is in
sharp contrast to the two-state results where cross sec-
tion goes over to the purely increasing indicating that
the high-intensity redistribution of transition proba-
bilities is an important feature of this process which

is not accounted for in a two-state treatment.
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