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The (2 + 2) resonance-enhanced multiphoton ionization (REMPI) of N, via the

a ’1'[s (v =1,J) levels shows a strong dependence on the polarization of the laser beam causing
this process. This behavior is attributed to the ac Stark effect produced by the near resonance
of the N, 0,'I1, (v = 0,J) levels with the sum of the first three photons. The multiphoton
transitions are broadened and asymmetric in appearance; one level is even split. The line
profiles change markedly as the polarization of the laser beam is varied from linear to circular.
A general theory is presented for the ac Stark effect in a diatomic molecule undergoing a
multiphoton transition. When the sum of the photon energies is resonant with an allowed
transition, a splitting of the line is observed (Autler-Townes effect). Off resonance, the
magnetic sublevels are shifted by different amounts, causing the line profile to be broadened
and distorted. This theoretical treatment is able to explain in a satisfactory manner the
observed behavior of (2 + 2) REMPI of N, via the a 'T1 X 13 o transition and the two-
photon laser-induced fluorescence of CO via the 4 'TI-X '=* transition.

I. INTRODUCTION

Perturbations in molecular spectra appear as deviations
in an expected pattern of line positions.! Often perturbed
lines show sharp intensity variations as well as changes in the
linewidths. These characteristics are independent of the po-
larization of the radiation source for a sample of randomly
oriented molecules having no spatial anisotropy. Imagine
then how puzzling it was to find in the (2 + 2) resonance-
enhanced multiphoton ionization (REMPI) of N, that the
position, intensity, and profile of certain transitions varied
markedly as the polarization was changed from linear to
circular.” The clarification of these observations motivated
this paper. This phenomenon is not a perturbation between
interacting levels in the absence of radiation. Rather, it is
caused by the interaction of the electromagnetic field with
the molecular energy levels and may be regarded in that
sense to be a perturbation between molecular energy levels
“dressed” by the radiation field.

This phenomenon, first observed on a radio-frequency
(rf) transition by Autler and Townes® in 1955, is called by
many names, the ac Stark effect (our choice), the dynamic
Stark effect, the Autler—Townes effect, and simply as the
light shift. Its theory has been extensively developed* and
experimental verifications in the radio-frequency and micro-
wave regions of the electromagnetic spectrum are well
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known.® With the advent of powerful infrared (IR ), visible,
and ultraviolet (UV) lasers, specifically with the introduc-
tion of multiphoton absorption techniques, the ac Stark ef-
fect has regained interest, both as limiting the ultimate reso-
lution of Doppler-free techniques and, in itself, as an
interesting field of investigation for testing the fundamental
theory of radiation—-matter interactions.®

The first experimental observation of the ac Stark effect
in the optical domain was obtained in 1966 by Aleksandrov
etal.” in a double-resonance study of potassium vapor. Since
then, extensive studies of Autler-Townes splittings® and ac
Stark shifts’® have been conducted by different groups on
various atomic systems. Recently, the ac Stark effect has
been used to produce subtle effects on the atomic system
itself. For example, it plays a central role in laser cooling
techniques below the Doppler limit (the so-called Sisyphus
effect'®). It has also been proposed to use the phase shift
induced by the ac Stark effect on the wave function of an
atomic system as a nondestructive technique for monitoring
the intensity of an electromagnetic field."'

The importance of the ac Stark effect has been much less
appreciated in experiments involving molecules. Although
multiphoton absorption studies on molecules are common,
the significance of light shifts in such experiments is often
underestimated or ignored. A naive point of view is to as-
sume that the ac Stark effect is small and disappears as the
laser intensity is reduced. Although this view is true in most
experiments involving a simple three-level system,'? it fails
when a fourth level is introduced, as we show. Moreover, the
light shifts of molecular transitions may exhibit a strong po-
larization dependence, a fact that may surprise the uninitiat-
ed and that needs to be taken into account in interpreting

© 1992 American Institute of Physics

Downloaded 23 Feb 2012 to 171.64.124.19. Redistribution subiect to AIP license or copyright: see http://icp.aip.ora/about/rights and permissions



Girard et al.: Molecular ac Stark effect 27

polarization measurements in terms of the orientation and
alignment state multipoles of the molecule.'?

The ac Stark effect has already been reported for molec-
ular systems and analyzed in a few cases. In 1981, Otis and
Johnson'* found a marked narrowing of the ac Stark-broad-
ened REMPI spectra of NO caused by increasing the pres-
sure. At first, this was attributed to some collective effect'®
but later was shown to be likely the result of space—charge
effects.'® Quantitative analysis of the ac Stark effect in two-
photon excitation spectra have been reported in CO (Ref.
17) and NO (Ref. 18). Light shifts have also been reported
in the (2 4+ 1) REMPI of H, via its E,F state, "% predicted
in (1 + 1) autoionization of H,,>* and observed and ana-
lyzed in four-wave mixing in I, (Ref. 24) and N, . (Ref. 25).
We also call attention to a two-color study of the Autler—
Townes splittings in the multiphoton ionization spectra of
H,, which has been proposed as a new technique for measur-
ing transition dipole moments.*® Finally, laser-induced level
crossings in the dissociation of diatomic molecules have been
theoretically investigated in the time domain.?’

In this paper we review the general theory of the ac Stark
effect for a diatomic molecule and apply it to the (2 + 2)
REMPI of N, and to the two-photon induced fluorescence
of CO. The ion yield as a function of wavelength reflects
the resonant two-photon step, N, a'll (v'=1,J')-
X'E} (v" =0,J").Several O-and P-branch transitions ap-
pear asymmetrically broadened and the O(20) line appears
to be split into two broad features in linear polarization but
only slightly broadened in circular polarization. A quantum
treatment of the ac Stark effect is able to reproduce success-
fully the observed REMPI spectrum as a function of polar-
ization. The asymmetric broadening is caused by the ac
Stark effect produced by the N, o, 'TI, (v = 0) state that is
nearly resonant with the energy sum of the first three pho-
tons. The splitting observed on the @(20) line is shown to be
the result of almost exact resonance with the R(18) line of
the N, o, 'I,—a ', (0,1) band. The ac Stark effect pro-
duces an asymmetric broadening in the two-photon laser-
induced fluorescence of the CO A4 'II state. This case illus-
trates the nonresonant ac Stark effect presented in the
theoretical part and we show how this broadening varies
linearly with the laser power.

Il. PHENOMENOLOGICAL TREATMENT

This short section contains largely review material that
allows the connection to be made between classical and
quantum descriptions of the ac Stark effect. In describing
classically the interaction of matter on an electromagnetic
field, it is useful to introduce a complex quantity called the
index of refraction. The imaginary part of the index of re-
fraction expresses the gain or loss of photons, i.e., the emis-
sion or absorption of radiation. The real part of the index of
refraction describes an alteration in the propagation velocity
of the electromagnetic field but with no change in the num-
ber of photons. The corresponding perturbation of matter by
this altered electromagnetic field gives rise to light shifts,
Autler-Townes splittings, and what we call collectively the
ac Stark effect. Because the total energy is conserved, the

energy change in the electromagnetic field must balance the
energy change in the matter system. Therefore, the light shift
of the ground state can be directly deduced from the linear
susceptibility of the medium at the frequency of the electro-
magnetic field,*® as is shown in what follows.

The energy density of a monochromatic electromagnet-
ic field of angular frequency @ = 27v is given by the average
(over a cycle) of the scalar product of the electric field
E = E, cos wt and the polarization P = €,n, E of the medi-
um, where €, is the vacuum permittivity and »,, is the index
of refraction at w. This yields Je, 1, | E, | In the general case
(at a value of @ far away from internal resonance of the
matter system), n,, may be approximated by a real quantity
greater than unity. Thus, the energy density of the electro-
magnetic field increases upon entering the medium and de-
creases upon leaving it. The energy change of the electro-
magnetic field in the medium is a positive quantity, given by

AE;s =46 (n, — 1)|E, % (1)
It is simply caused by the slowing down of the photons inside
the medium, which increases the density of photons (the
energy of each photon and the number of photons remaining
constant in this case). As the index of refraction approaches
unity (@ distant from the angular frequency of any absorp-
tion line), n, is given by n, = [1 + yV]"? =14 L'",
where y'" is the linear susceptibility, given by*®

(I]ZE d - 2[ 1
X Eo;l,.g €l Mo — )

e ] .
#(,, + )

(2)
Here n represents any excited state of the system, w,,, is the
angular transition frequency between nand g, d,,, is the tran-
sition dipole moment, € is the polarization unit vector of the
electromagnetic field, and N is the number density of matter
systems (atoms, molecules, etc.). The energy change AE,,4
is balanced by an opposite energy change in the ground state
of the matter system, i.e.,

1 w
A.Eg = — AEﬁe]d /N: _— ?’;‘z idng'E[‘.llz

n ng

ng
2 9.

(3)

Hence, Eq. (3) is the phenomenological expression for the
light shift of the ground state in the nonresonant case. In
what follows, we use a more rigorous formalism to establish
a general formula of the light shift for any internal state of a
quantized matter system, at or away from resonance.

lll. QUANTUM TREATMENT

The dressed-state formalism is well suited to express the
mutual interaction between an electromagnetic field and a
quantum system.>® In this formalism, both the electromag-
netic field and the matter system are quantized; their interac-
tion is studied in the Hilbert space resulting from the direct
product of the Hilbert space of the electromagnetic field and
the Hilbert space of the matter system. The states of this new
Hilbert space are of the type |i,n), where |7} is a state of the
matter system and |n) is a state of the electromagnetic field.
The total Hamiltonian of the system is
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H= Hmatlcr + H g + Hyy, (4)

where H .iers Haq, and H,, are, respectively, the Hamilto-
nians of the matter system, the electromagnetic field, and the
interaction between them. In the electric dipole approxima-
tion, the latter is represented by?*

H,, = —D-E(r), (5)

where D is the electric dipole operator of the matter system
and E(r) is the electric field operator of the electromagnetic
field. Specifically,

E(r) = i(fiw/26, V) *(eae™" — e*a*e~*7),  (6)

where a ¥ and a are the creation and annihilation operators
associated with the normal mode € of the electromagnetic
field, k is the wave vector, and FVis the quantization volume
of the field. For simplicity, we assume in Eq. (6) that the
electric field is in a normal mode so that the radiation is
either linearly, left or right-circularly polarized. The gener-
alization to an elliptical polarization is straightforward; it
consists of summing over the different possible modes in
Eq. (6).

Consider two state |e) and |/} of the quantized matter
system. Then the matrix elements of H,,, connecting them
are readily deduced from the well-known properties of a *
and g,

H, , = {in+ 1|H,,|en)

= —i[(n+ Dfiw/2¢, V' *(i|D-€*|e}e~** (Ta)
and
H,_ =(in—1|H,|en)

= — i[nfiw/2e, ¥V 1'*(i|D-€|e)e™ ™. (7b)

We introduce the notation #iw, = E; — E,, the energy dif-
ference between the |7) and |e) levels of the quantized matter
system. For simplicity, we suppose that w,, is positive, i.e.,
E,>E,. The matter—radiation levels coupled by H,,, have an
energy difference of either fi(w,, + @) or #(w, — ). To
first order the effect of H,, is to mix the |e,n) and |i,n 4 1)
states, inducing a virtual transition between.|e) and |i). The
light shift is a second-order correction to the energy levels
associated with the states |e,n) and |i,n 4+ 1). The light shift
can also be regarded as resulting from two consecutive vir-
tual transitions, absorption followed by emission, or emis-
sion followed by absorption. Two important cases can then
be distinguished depending on the relative magnitudes of
H, , and fi(w, + o).

A. Nondegenerate case: Quadratic ac Stark effect

When the energy difference #i(w, + @) of the states
coupled by H,, is much larger than the magnitudes of the
matrix elements of H,, causing this coupling, the light shift

of the level |e) may be estimated from second-order pertur-
bation theory

AE{. e l |Hle.+ iz |Hie.— P .
o, +0) #Alw, —o)

(3)

The generalization of this expression to a multilevel system

is obtained by summing over all the different possible states
|i) connected to |e). Moreover, the energy correction to the
level |7) is just obtained by interchanging the labels e and 1.
With the approximation (n + 1)'?~n'/?, which is always
valid for the high-energy fluxes used in multiphoton experi-
ments, we obtain

(9)

Wy
2

P ;
AE, = ——— D-¢le)|* ——,
eocSﬁE,-:l(ll le)| 7 o

e

where we have replaced nfiw/V by P /Sc, with c the speed of
light, P the total power of the electromagnetic field (laser
beam), and § its cross section. Equation (9) is seen to be
identical to Eq. (3) by recognizing that the modulus of the
Poynting vector P /S equals l€,cE 3. This provides a quan-
tum justification for the classical arguments used to derive
Eq. (3).

Equation (9) shows that AE, varies quadratically with
the electric field strength of the electromagnetic wave (the
quadratic ac Stark effect). Hence, AE, is linear in the power
density. Note that the sign of this light shift may change
when the angular frequency @ crosses an absorption line
with angular frequency w,,. Note that for the ground state
|g) w,, is always positive for any i. Hence, if w is less than any
angular absorption frequency of the system, the light shift
AE, is negative for the ground state; again, this result is in
agreement with Eq. (3). In particular, when @ = 0, we find
that Eq. (9) reduces to the well-known quadratic dc Stark
effect.

By analogy with the operator used to describe a two-
photon transition,'*’" light shift operators A, and A _
may be defined by

e S De— 20 b
Ay E,-“Deﬁ(w+m,-,_,)DE (10a)
and
A_=FDe 2 _p. (10b)

; il — ;)
In Eq. (10a) A, describes the ac Stark effect arising from a
virtual absorption of a photon of angular frequency @ fol-
lowed by a virtual stimulated emission of a photon at the
same angular frequency; in Eq. (10b) A _ corresponds to
the reverse process. Then Eq. (9) can be rewritten as

i

= 5e 5 [l &) 4 (ela_ o),
from which it is apparent that the diagonal matrix elements
of A , are the light shifts. The off-diagonal matrix elements,
(e'|A , |e), describe an effective transfer from the state |e)
to the state |e’). In this process, the number of photons in the
electromagnetic field remains unchanged. Conservation of
energy requires that |e) and |e’) lie at the same energy; this
process, in which |e) and |e') are coupled without the cre-
ation or destruction of photons, is the well-known photoca-
talytic effect, studied in detail by Lau.>?

(11)

e

B. Quasidegenerate case: Linear ac Stark effect

For #i(w,, — w) = |H,, , |, perturbation theory cannot
be used and an exact diagonalization must be performed. In
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general, only one level |i) satisfies this condition and the
contributions of all other levels can often be neglected. Fur-
thermore, the nonresonant contributions of H,, , can be
neglected in most cases and the light shift calculation re-
duces to the diagonalization of a two-level system. The new

energy levels £, and E_ are given by

w, +w; +w
B, =a{trgs

i% [0 — ) +4|H, , IW]W] . (12)

In the limit of exact resonance, w,, = , or very high electro-
magnetic field strength, #i(w;,, — ) €|H,, , |, Eq. (12) re-
duces to the linear ac Stark effect,

0, ‘o +o
Et =ﬁ(—2—“):tlﬂr‘e.j-_]’

and the new eigenstates are the symmetric and antisymme-
tric combinations of the original states in the absence of in-
teraction,

(13)

0, ) =— (in—1) £ |en)). (14)
V2

Two important features characterize this case. (1) The ener-
gy splitting, which is directly connected to the Rabi frequen-
cy of the (i—e) transition, is proportional to the electric
field, and hence to the square root of the laser power, and (2)
if one of the levels, for example the |e) level, is connected to
another level |g) by an electric dipole transition, then the
emission (or absorption) will be split into two lines, one line
connected to the |#, ) level, the other connected to the
|# _ ) level. Each line has equal intensity and carries half of
the total intensity. This is the well-known Autler—Townes
effect.?

C. Application to diatomic molecules

The application of the general theory presented above to
diatomic molecules requires the evaluation of the matrix ele-
ments of A, in a molecular basis set. This requires the eval-
uation of the scalar product D€, where the electric field € is
naturally most easily evaluated in the laboratory frame and
the electric dipole moment D in the molecular frame. This
problem is easily solved using Wigner rotation matrices.****
We will treat it in a Hund’s case (a) basis set, which applies
to molecular states of N,. The extension to any other cou-
pling case is straightforward through a similar treatment.

We first expand D-e in the laboratory frame,

(15)

D:e = z o 1)46(_”91);”,
q

where €', and D" are the standard components of the
electric field and electric dipole moment of the molecule in
the laboratory frame. Using the Wigner rotation matrix
D ;') (#,6,y) between the molecular and laboratory frames,
where ¢,0,y describe the three Euler angles connecting the
two frames, we write

D =S DI*0x)d . (16)

Here d |’ designates the components of the dipole moment
in the molecular frame. The matrix elements of D-e€ in the
molecular basis set |v,A,s,2;J,Q0, M ) are then calculated,

(i[D-eley = 3 (—1)%,
q

X Z (i)UMA;'!SUEi |d }:l ’ |elve rA.g !Se !ze )

X (JE!QHME |D;']"}*(¢,6,x) l‘felﬂe:Me>t { 17)

where we have neglected any dependence of the transition
dipole matrix elements on the rotation quantum number,
which is usually a very good approximation (so long as the
rotational energy is small compared to the vibrational spac-
ing). The second matrix element of Eq. (17) completely
expresses the rotational and angular dependence. It is given
by35.36

(Ji!QUM:' ID ;.ﬁ)*(¢’9:l’) tje!ﬂe’Me)
=(—D" "M@, + 1), + D]

J; K J, )( J; K J, )
X(—M,- g MN\-9, n Q)

As expected from the comparison with the dc Stark ef-
fect, the ac Stark effect clearly splits the degeneracy of the
different magnetic sublevels. The M dependence of
(i|D-ele) is given in Table I for the standard polarizations.
Recall that the ac Stark shift varies either quadratically (Sec.
IIT A) or linearly (Sec. III B) with this matrix element.
Therefore, a splitting of the absorption (or emission) lines
intoJor J + 1 components (linear polarization) or 2J + 1
components (circular polarization) should be expected.
However, this is seldom the case in practice. Because of the
variation of the laser power density across the laser profile,
the line shape is in fact inhomogeneously broadened. More-
over, different other sources of broadening (such as the laser
spectral profile and the Doppler profile) will in general mix
these components and prevent the observation of such mag-
netic sublevel splittings. We present a study of all these ef-
fects in more detail in the next section.

Overall, the intensity of each Zeeman component de-
pends on the way it is observed. For instance, in a laser-
induced fluorescence (LIF) experiment, the intensity of
each Zeeman component of the line depends on its excitation
and detection probability, which depends sensitively on the
polarization of the laser and on the nature of the excitation

(18)

TABLE L. Angular dependence of the matrix element (i, J,, M,|D-¢le,
J.. M,).

Polarization
Branch Circular Linear
P [Je—MHWU, —M, —1)]'72 [Ji—M:]'2
) [Jo—M)J. + M, +1)]'? M

R [((Jo+M +D +M +2)1" [(L+1D=M2]"7
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30 Girard et al.: Molecular ac Stark effect

line (O,P,Q,R,S branch, etc.) as well as on the location of
the detector with respect to the polarization of the laser.>’
As these effects are special to the experiment performed, we
will only detail them in each experimental case studied here.
|

leld,ley= =3 (— D7 (e*) Ve
qq

Before closing this section, we show how the ac Stark
effect for a diatomic molecule takes on a simple form far
from resonance. With the help of Eq. (17), the matrix ele-
ments of the light shift operator A | may be written as

X z z <e’v¢”A¢ ’Se’Ee |d E|” |I.,U'-,A(-,S‘-,E,-) (i!A:'!Snzi |d :(:1) |e',U;,A; !S;’E;)

o

(4,2, M,|D §)*($,0,0) |V, M) {(J,,Q,,M,|D 0¥ (8,6 " ¥ ) QLM ()

x ¥ 51
T M,

with a corresponding expression for {e|A _ |¢'). In Eq. (19)
the summation over J, is limited to three terms, J, = J, and
J. =J, + 1. Far from resonance the variation of the energy
denominator with J; in Eq. (19) can be neglected so that it
can be factored out as a constant; moreover, the time spent in

the intermediate state, 27/ (@ — w, ), is small compared to
the classical period of rotation in the intermediate state,

#/2BJ,, so that the angular arguments of the two rotation
matrices in Eq. (19) may be approximated as the same.
Then, use of the closure relation

S VoQ0MYI,QM,| =1

JLM,

(20)

and the Clebsch—Gordan series for the product of two
Wigner rotation matrices with the same Euler-angle argu-
ments,>® allows the light shift operator to be recast in the
form

A+ = z (ﬂ+ )(QK)(5+ )E\'K,D (Q‘T}\)((¢r6!,¥): (21)
K.ON
where
1
@ P =3 @@ epex+ya(l LK)
9.9 q9 9 —
(22)
contains all the polarization factors,
(6+ (NK)= _ Z (_ 1)N{2K+ 1)1/2
1 1 K \d®Dld?
n n s 'ﬁ(@'i‘w;'J

contains all the electric dipole transition moment factors,

and D 5 (4,0,y) is a Wigner rotation matrix element of
rank K, wherein Egs. (21)-(23) K ranges from 0 to 2 in unit

steps. A similar expression to Eq. (21) holds for A _ , where
(a_ )y is obtained from (a , ) by exchanging € and €*,

and (§_ ){¥ is obtained from (5, )’ by replacing @ with
- .

Note that the |A,S,=;J,Q2,M ) basis vectors used in this
calculation are not in general eigenvectors of the molecule,
even if the molecule obeys Hund’s case (a) coupling. In par-
ticular, for states with A0 (or 5£0), the eigenvectors are

(19)

filw + @ (v;,A0;) ]

i
symmetric and antisymmetric linear combinations of |A)
and | — A) states. It is therefore necessary in general to cal-
culate two types of matrix elements, (A|(&, )§|A) and
(A8 )] — A).

The calculation of the ac Stark effect far from resonance
is readily carried out using Egs. (21)-(23) by expressing a
given molecular state in the |A,S,2;J,Q,M ) basis set. We
limit our analysis to Hund’s case (a). If we define

A(Q,Q) = (ASZLQM|(A,
+A )NS50 \M), (24)

then for symmetry reasons A(,0') =A( — , — Q). It
follows that only two matrix elements need to be calculated
in the most general case, 4({,{}’) and 4(£}, — €}'). How-
ever, because of the |Af}|<2 selection rule, it is only neces-
sary to calculate explicitly these two terms for the case
|| = [©'| = 1. The application of Eq. (21) will be illustrat-
ed in Sec. V, which discusses the ac Stark effect in the two-
photon (LIF) of CO.

IV. (24 2) REMPI SPECTRUM OF N,
A. Experimental data
1. Apparatus

The experiments described here have been performed in
the course of a gas—surface scattering study of N, on
Ag(111).>** The N, molecules were detected in a quan-
tum-state-specific manner by (2 + 2) REMPI. The appara-
tus has already been described in detail. We review only its
main features. Some of the data presented here have been
obtained with surface-scattered N, , other with the chamber
uniformly filled with static N, at a pressure of 51077
Torr. No qualitative difference was observed in the ac Stark
effect for these two operating conditions. The tunable radi-
ation used to excite the (1,0) band of the N, a 'IT,-X 'Z*
transition at 4 = 283-285 nm was generated by frequency
doubling the output of a Nd **:YAG-pumped dye laser
(Quantel YGC581C-TDL50-UVX2). Typical energies
were 13—-16 mJ/pulse at 283 nm, measured at the entrance of
the chamber. The polarization of the laser light was con-
trolled with half and quarter-wave plates (Special Optics).
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The wave plates were zero-order plates, air-spaced, and anti-
reflection coated. The laser beam was focused between the
grids of a time-of-flight mass spectrometer by a 250 mm fo-
cal length AR-coated lens.

Ions formed at the laser focus were collected in a time-
of-flight mass spectrometer and detected with a multichan-
nel plate (Galileo CEMA ).*? Ion signal collection, laser
wavelength, and laser polarization were all computer con-
trolled viaa CAMAC interfaced toa DEC PDP 11/23 com-
puter.

2. Results

The ion signal was found to vary with the square of the
laser power,” in agreement with an independent study.*
Moreover, when background N, was probed, it was verified
that correction of the line intensities by the nuclear spin de-
generacy and by the rotational line strength of the N,
a'll,-X 'Z," two-photon transition**’ gave a room-tem-
perature Boltzmann distribution. These two observations in-
dicate that the strongly nonresonant two-photon excitation
of the a 'Il, state is the rate limiting step in this (2 4 2)
REMPI detection scheme and that the two subsequent steps
are completely saturated.

Figure 1 shows a typical (2 4 2) REMPI spectrum of
room-temperature N, obtained at a pressure of 5X 107
Torr. The relative ion intensity is plotted as a function of the
dye laser wavelength. Rotational lines belonging to the O, P,
and S branches are identified. The Q-branch lines are very
weak and most of the R-branch lines are overlapped [be-
tween the S(0) and P(2) lines]. The bandhead, which ap-
pears at A=569.5 nm, corresponds to (3 + 1) REMPI
through the v = 6 level of the N, b 'TI,, state (see, for exam-
ple, Ref. 48). Note the odd—even alternation of the line in-
tensities, caused by nuclear spin statistics in this homonu-
clear diatomic molecule (7 = 1 for '*N).

The most interesting features appear between 567.9 and
569 nm. Lines of the Pbranch show an asymmetric broaden-
ing, which increases from P(18) to P(21) and then changes
sign at P(22) [with a width comparable to P(21)]. Lines of
the O branch present still more striking features. The
O(16)-0(19) and O(21)-0(23) lines are asymmetrically
broadened similar to the P(18)-P(21) and P(22) lines. No
line is observed at the expected position of the O(20) line,
which should be midway between two broad bumps. These
broad bumps are asymmetric with opposite signs. The scat-
tering of N, on an Ag(111) surface is known to produce
highly aligned molecules with J perpendicular to the surface
normal.*® This feature was used to measure the alignment of
these two bumps. Both exhibited alignment characteristic of
a AJ = + 2 transition (very different from a AJ= + 1
transition) and similar to the alignment of the neighboring
O(19) and O(21) lines. This allowed an assignment of these
bumps as two parts of the O(20) line.

These observations suggested at first that the a 'I1, state
is perturbed near v = 1,J = 18 for the e component and near
v = 1,J = 20-21 for the f component. Vanderslice et al.*®
made no mention of any perturbed lines in their absorption
study of this band of N, . However, owing to the weakness of

111945 17 19 218
Fll LI T 1 T T T T 1
43210
3 5 6 7 8
P 4 3 & T % o
23 4 5 8 7 8 9 10 P
r T T T T ] ] T T

lon Signal

567.10

568.89

569.82

569.46
Wavelength (nm)

569.09

FIG. 1. (2 + 2) REMPI spectrum of N, via the a 'l'lg,v = | intermediate
state. The lines of the O, P, and Sbranches are identified. Note the asymmet-
ric broadening of the last lines of the O and P branches and the two bumps
that appear at the expected place of the O(20) line.

this electric-dipole-forbidden transition, the O(20) line was
the last line they observed and its splitting may have been
missed. However, this interpretation is not consistent with
the following observations.

Figure 2 presents the profile of the 0O(20) line obtained
using different polarizations. The angle £ describes the ellip-
ticity of the laser beam. It corresponds to the angle between
the optical axis of the quarter-wave plate and the polariza-
tion of the incoming beam. For linearly polarized light,
B =0°, while for left/right circularly polarized light,
B = + 45° intermediate values of 2 correspond to ellipti-
cally polarized light. As the polarization is varied from lin-
ear to circular, Fig. 2 shows that the line profile changes
dramatically. The two broad bumps observed for = 0°
gradually collapse to a single sharp line at # = 45°. This sin-
gle line appears slightly broadened compared to a “normal”
line [for example, O(12) ], which does not exhibit any shape
variation with the laser polarization. The differences ob-
served between opposite values of 3 are a consequence of the
fact that these spectra have been obtained from surface-scat-
tered N,, which causes a high degree of orientation for the
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FIG. 2. Line shapes of the O(20) line obtained with different laser polariza-
tion. Bis the ellipticity of the laser beam; § = 0° corresponds to linear polar-
ization; § = < 45° to circular polarization, intermediate angles to elliptic
polarizations, These spectra were recorded with N, scattered from
Ag(111) that is oriented (Ref. 39). This explains the lack of symmetry
observed for opposite values of 5. The horizontal scale corresponds to the
laser frequency.

—r

highest rotational numbers.*® Within experimental errors,
these differences affect the intensity but not the line shape;
this has been verified by examining neighboring lines.

3. Coupled states

The spectrum observed in a (2 + 2) REMPI experi-
ment reflects the absorption of the first two photons. The
features observed here are therefore caused by a perturba-
tion occurring either in the X '2. ground state or thea 'I1,
excited state. Note that the absorption of the first photon is
totally nonresonant because there are no suitable intermedi-
ate states for this two-photon process. The ac Stark effect of
the N, X 'S state is therefore negligible. For the same
reason, the ac Stark effect of the N, a 'II, state can only be
produced by a state lying at a higher energy, close to the
energy of three photons above the ground state (~13 eV).
At this energy, the density of Rydberg states of N, is high.*®
TheN, o, 'Il, (v =0) (Ref.51) andtheN, &' '2F (v=13)
(Refs. 48 and 52) states are two possible candidates (see Fig.
3). Figure 4 presents the photon energy of the N,
a'Tl,-X 2" (1,0) two-photon transition as well as the N,
0y 'M,—a'T, (0,1) and N, b''2}—a 'I, (3,1) one-pho-
ton transitions. These energies are plotted as a function of
the rotational quantum number of the N, a 'Il, state, J,,
which is common to these three transitions. This allows a

Energy (eV)

08 1.6 2.4 3.2 [++]
r (R)

FIG. 3. Potential energy curves of the states of N, relevant to this study
(Ref. 50).

direct graphical determination of the positions of the reson-
ances. They occur for J, = 18 between the O branch of the
N, g-X transition and the R branch of the N, o0,—a transi-
tion, and between J, = 20 and 21 for the Pbranch of the N,
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o 1/2 (a=X) P branch
L o (b'-a) R branch
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& (og-a) Q branch
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FIG. 4. Photon energies of the different transitions involved. Note that for
two-photon transitions, half of the energy of the transition is plotted.
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a-X transition and the R branch of the N, 0,—a transition.
For the 0(20) line, the energy mismatch is only 0.26 cm ~ !
These resonances match exactly the observations described
above, the splitting of the O(20) line and the change in the
sign of the asymmetry between the P(21) and P(22) lines.
No resonance occurs between the N, b'—a (3,1) and the N,
a-X (1,0) transitions. The energy difference is close to 10
cm ~ ! between the N, b'—a (3,1) R branch and the N, a-X
(1,0) Obranch for the rotational levels J = 10-17. The tran-
sition dipole moment of the N, b'—a transition and the
Franck—Condon factor for the (3,1) band are unknown. The
transition dipole moment of this transition is not expected to
be small, since the transition involves the excitation of only
one electron. However, this transition appears never to have
been observed, The O(10) line exhibits little or no broaden-
ing. Therefore, it is likely that the Franck-Condon factor for
the (3,1) band is small, and the contribution of the N,
b'Z} statetothe ac Stark effect of the N, @ 'Il, state can be
neglected.

B. Simulation of observed line profiles
1. Intensity of individual magnetic sublevels

As already indicated, it is a good assumption to consider
that every N, molecule that can reach the resonant interme-
diate state N, a 'TI, becomes ionized, with a probability in-
dependent of the rotational level and that we also assume to
be independent of the magnetic sublevel M. The intensity of
each magnetic sublevel is therefore completely accounted
for by the two-photon absorption probability. These proba-
bilities are usually given without detailing the contribution
of each magnetic sublevel,***® but these can be easily ob-
tained using the same methods and avoiding the M summa-
tion.*” We simply recall the result here

PV 1
r.(J.M,) =(=) ——
VoM (Sc) #e Ao,

X ¥ (Ve M, D 53*(,0,%)

K.QN

X Vs M, ) |2|ag’ (el i 18D |7 (25)

where

1 1
(K _ —1)2e1 (‘n( K)’ 26
ap ;( ) €, €4 q qr 0 (26)
1 1
(K) A TR L
(elgi”lgy = (~1) Z(,, " 9
(eld (V|i)(ild \’|g)
’ 27
Z ‘ﬁ(ﬂ?—ﬂ)fg) ( )

and D §* (4,6,y) is the Wigner rotation matrix of order K
whose matrix elements have been given in Eq. (18). All the
angular dependence of the two-photon absorption probabili-
ty is contained in the matrix elements of the Wigner rotation
matrix. In the case of standard polarization, the summation
over Q reduces to one term, namely Q = 0 for linear polar-
ization, + 2 for circular polarization. The summation over
N reduces also to one term, namely N = , — £,. Finally,
the irreducible tensorial operator Q {”’ is nonvanishing only
in the case of a Q-branch transition between states with the
same {). This is not the case studied here; in our case, as in
most of the cases, the summation over K,Q,N reduces to one
term in which K = 2 and N = 1. Hence, the angular part can
be completely factored from the two-photon probability.
Table II presents the high-J limit of this expression to-
gether with the most-populated magnetic sublevel for the
lines of the different excitation branches (O,P,Q,R, and S),
for linear and circular polarization. For linear polarization,
the expression is independent of the sign of AJ =J, — J,,
whereas for circular polarization, changing the sign of AJ is
equivalent to changing + M into — M. A comparison with
Table I shows that, for both polarizations, when the line
producing the light shift has the same AJ sign as the line of
the two-photon excitation, the most shifted magnetic sublev-
els give rise to the strongest absorption. This is for example
the case of a P-branch line (AJ = — 1) producing the light
shift when an O-branch line (AJ = — 2) is used for the two-
photon excitation (recall that an O-branch line is a succes-
sion of two P-branch transitions). In the case of linear polar-
ization, this is also true for lines with the same value of [AJ |.
Therefore, in the case of a light shift produced with linear
polarization by an R-branch line after excitation by an O-
branch line, it can be expected that the most intense levels
undergo the largest shifts, giving rise to a large broadening.
In contrast, with circular polarization the most shifted levels
are the least intense, giving rise overall to a much smaller
broadening. To illustrate this, Fig. 5 plots the intensity as

TABLE I1. High-J limit of the angular dependence of the two-photon line strengths for a AQ2 50 transition.

Polarization
Branch Circular M_,. Linear M, ..
o (J— M) J* = 6(J2 — M J* 0
P 4(J — MY (J+ MY/ J* - J/2 24 - MM +J/V2
Q 6(J2 — M) J* 0 A[IME —J(J+ DT +J,0
R 4(J— MY(J + M) /T* J/2 (I —MHYMYJ? J/v2
s (J+ M) /74 J 6(J2 — M/ J* 0
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FIG. 5. Intensity of the (2 + 2) REMPI probability for each individual
magnetic sublevel plotted as a function of the ac Stark shift in the case of the
nondegenerate quadratic ac Stark effect [ 0(20) line].

function of the light shift of each magnetic sublevel for exci-
tation with linear and circular polarization, in the case of the
quadratic ac Stark effect. The contrast is striking.

2. Spatial variation of the laser power density

To carry out efficient nonresonant multiphoton absorp-
tion, high laser power densities are required. The laser beam
is therefore strongly focused, which means that the trans-
verse and longitudinal variations of the laser power density
in the probe volume must be taken into account. Each mole-
cule encounters a different laser power density and accord-
ingly undergoes a different light shift. The temporal struc-
ture of the pulse has not been characterized and is not taken
into account; consequently, we assume a constant laser pow-
er. The signal S(w) at w is therefore obtained by integrating
over the probe volume the line profile of each individual
molecule

S(w) =%jfj;ntr)xd(r)l“g (J,Mr) | (el (r))|?

Xg[20 — wy (r)]d°r, (28)

where n(r) is the density of molecules at the point r, A(r) is
the detection efficiency of the ion (or of the fluorescence
photon in case of a LIF experiment) at the point r,
g[2® — @y, (r) ] includes all the line broadening effects oth-
er than the ac Stark effect (Doppler profile, laser bandwidth,
natural linewidth, etc.) and @, (r) is the shifted resonance
angular frequency of the level M for a power density P(r),
and |, (r)) is the corresponding wave function. The two-
photon transition probability ', (J/,M,r) depends on r only
through P(r), the radially dependent power density [see Eq.
(25) ]. The photoionization probability of the N, a 'IT, state
is assumed to be constant and has therefore not been includ-
ed. Thus, this treatment neglects possible broadening of the
dressed state caused by one-photon coupling of the N,
o0, 'I, component with the continuum, a broadening mech-
anism that can be significant under some circumstances.'®
It is convenient to study the influence of the ac Stark
effect on the line profile independently of the other sources of

broadening. This can be done using the relation

g[20 —wy(r)] =J 22w — 2w')
X6[20" — oy (r)]d(20"), (29)
which allows Eq. (28) to be rewritten as
+ o0
S(w) =f S (0')g(2w — 20")d(20"). (30)

Here S, (") is the line profile arising only from the contri-
bution of the ac Stark effect

Sp(@) =3 j J f n(r)A(R)L, (LMr) [{e¢hy, (r))}|?
M ¥

X 8[20 — wy (r)]d>r. (31)

The detailed calculation of this integral is presented in the
Appendix.

The profile of a single Zeeman component [see Eq.
(A8)] for different values of the observation length z,, is
presented in Fig. 6 for the nondegenerate case. The relative
power density X, = P /P, varies approximately linearly
with the frequency detuning. When the observation length
z, is shorter than or comparable to the Rayleigh length z,
the line profile is a triangle.'”*” When the observation length
is much longer than the Rayleigh length, then the weight of
the less shifted points, corresponding to lower laser power, is
increased.

The parameters used in the simulation of the spectra are
listed in Table III. The laser beam parameters have been
calculated from the optical system assuming a Gaussian
beam. The laser bandwidth has been determined from un-
perturbed lines (low-J lines of the O branch); this includes
also a small contribution from Doppler broadening. The
transition dipole matrix element has been adjusted in order
to reproduce the magnitude of the observed ac Stark effect.
The contribution of the P, O, and R-branch lines of the N,
0,—a transition have been included.

Figure 7 presents the line profile of the O(10) to O(23)
lines in linear polarization [Fig. 7(a) ] and circular polariza-

8, (w) (arb. units)

0 0.2 0.4 0.6 0.8 1.0
w/w (r=0)

FIG. 6. Line profile of a single Zeeman component for different values of
Zo/(Z + 2R).
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TABLE I11. Parameters used for the simulation of the ac Stark effect of the
a 'll, state of N,.

Parameter Value
[{a ' 0= 1|d|jo, 'M,,v=0)| 1.0x10-*D
Laser bandwidth (FWHM) 0.08cm ™'
Pulse energy 15mJ
Estimated power density 1.2 10" W/em?
Laser Rayleigh length, zg 2.5 mm
Detection length, z, 20 mm

tion [Fig. 7(b) ]. The resonance at the O(20) line stands out.
In linear polarization, the asymmetric broadening increases
progressively from O(10) to O(19). On this scale, the O(20)
line appears completely “flat.” The broadening decreases
from O(21) to O(23), and the asymmetry has an opposite
sign. In circular polarization, only the O(20) line is signifi-
cantly affected by the ac Stark effect.

Figure 8 presents the experimental and theoretical
widths of the O-branch lines in linear polarization. The
agreement is excellent. Below the resonance (forJ<19), the
P, Q, and R-branch lines add their contribution to produce a
light shift with the same sign. The linewidth increase is
therefore smooth and progressive. On the other side of the
resonance, R-branch lines on one hand, and Pand Q-branch

FIG. 7. Calculated line profiles of the O(10) to O(23) lines (a) linear polar-
ization and (b) circular polarization. The O(20) width is much larger than
the frequency interval presented here.
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FIG. 8. Comparison of the experimental and theoretical linewidths for the
0(10) to O(23) lines [the @(20) line has been omitted].

lines on the other hand produce shifts of opposite signs. The
linewidths therefore drop more sharply. The experimental
error bar of the O(23) line is important to recall because this
is the weakest line observed; this explains the discrepancy
observed. For the lowest observed levels [namely O(10)],
the relative contribution of the P-branch lines to the ac Stark
effect is ~30%.

Figure 9 presents a direct comparison of the polariza-
tion effect for the O(20) line under excitation. The contrast
is marked. In linear polarization, the spectrum appears as
two humps, which is what is observed experimentally. The
ac Stark effect is linear here ( matrix elements of the coupling
Hamiltonian larger than the energy separation ), and the two
resonances corresponding to [, ) and |¢_ ) [see Eq.
(14)] carry half of the total intensity; this is the Autler—
Townes effect. The width of the features is caused by the
superposition of the M sublevels, which have different split-
tings. In circular polarization, the O(20) line is barely
broadened and exhibits a small shoulder at the position cor-
responding to the three-photon resonance with the N, o0;-X
transition. In this polarization, the magnetic sublevels with
M close to — J carry the strongest intensity, but the matrix

04

03}

Circular

Line Intensity (arb. units)

Frequency (cm™')

FIG. 9. Profile of the O(20) line for linear and circular polarization.
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elements of the coupling Hamiltonian are the smallest; in
particular, they are smaller than the energy difference be-
tween the unperturbed levels [|H,, , | Sfi(o, — ®)]; the
ac Stark effect is quadratic and the two-photon resonance
carries most of the intensity, When M increases from — J to
+J, |H,, , | increases and the ac Stark effect changes pro-
gressively from a quadratic to a linear dependence on the
electric field strength. In this last case, the intensity of the
transition is split between the two resonances, but it is also
very small; the expected two humps do not appear.

In summary, the agreement between the experimental
results and the theoretical simulations is excellent for the
(2 4+ 2) REMPI detection of N,, both qualitatively and
quantitatively. Similar results are obtained on the P branch,
but the resonance occurs between the P(21) and the P(22)
lines, which explains why no line splitting was observed in
this branch. The contrast between linear and circular polar-
ization is less striking, as can be expected from the Honl-
London factors listed in Table I. These results give a good
estimate of the transition dipole matrix element of the
N, o0;—a (0,1) band, even though the number of magnetic
sublevels is important [when compared to the experiment
performed on the (v =6,/ = 1) level of H, E,F ‘2‘.;, for
instance®® |, and also despite the characteristics of the laser
beam, which are far from ideal as well as somewhat uncon-
trolled.

V. TWO-PHOTON LASER-INDUCED FLUORESCENCE
OF CO

The ac Stark effect has been observed in the two-photon
LIF of the CO 4 'l state."”*” A near-UV laser beam is used
to excite the CO 4 'TI-X 'S+ (0,0) band. The resonances
are detected by collecting the vacuum-UV fluorescence.
Asymmetrical line broadenings appear in the excitation
spectra, taken with linearly polarized laser light. The
linewidths exhibit a linear dependence on the power of the
laser beam. These broadenings are produced by the nonde-
generate ac Stark effect. We review here the experimental
results, giving special emphasis to the geometry of the flu-
orescence detection system.

A. Experimental data
1. Apparatus

The experimental setup has already been described else-
where.!”*" Briefly, a linearly polarized excitation light beam
(A =309 nm, 2 mJ/pulse) is obtained by frequency doubling
a Nd:YAG-pumped dye laser. The UV beam linewidth is
~0.08 cm ~'. The beam is focused into a CO cell by a fused-
silica lens (focal length of 200 or 46 mm ). The laser power is
varied by placing a set of fused-silica plates in the beam path,
which does not affect the laser linewidth.

The CO 4 '[I-X 'S * fluorescence is detected by a so-
lar-blind photomultiplier, which views the molecular sam-
ple along the direction of linear polarization of the incident
light beam. The laser wavelength is tuned by tilting the intra-
cavity Fabry—Pérot interferometer (Littrow-type cavity).>
The wavelength calibration is obtained by comparison with

(a)

Signal

(b)

| 1
64 666 84664

Freguency (cm ')

FIG. 10. Two-photon excitation spectrum of the CO A My =0-
X'Z*t,0=0, P(11) line (a) at low light intensity (E =320 ulJ;
P/S=2.5%10" W/cm?); (b) at high light intensity (E= 1.7 m];
P/S=14x%10"W/cm?).

the iodine fluorescence spectrum (excited with visible
light).>*

2. Results and qualitative discussion

Figure 10 presents the fluorescence spectrum of the
P(11) line of the (0,0) band recorded at two different laser
powers (320 uJ/pulse and 1.7 mJ/pulse). At high power
densities, the line is shifted, broadened, and becomes asym-
metric. Figure 11 presents the variation of the linewidth with
laser power and compares this to the result of the theoretical
simulation. Particularly pronounced is the linear variation
of the linewidth with laser power, which is expected from
Eq. (9), as soon as the linewidth exceeds the laser linewidth
and Doppler broadening contribution to the width.

Data on other rotational levels are limited. No splitting
appears, as was observed in the case of N,. This means that
the identification of the state producing the ac Stark effect is
less straightforward than in the case of N,, and that the shift
results most probably from the contribution of several states.
Lying below the 4 I state are triplet states.>® Of these, the
lowest one, the a°II state, lies 16 400 cm ~ ! below the 4
state, whereas the photon energy is 32 400 cm ~'; thus, their
contribution is negligible. Above the 4 state, the B'S *,
C'X*,and E 'Il Rydberg states have vibrational levels that
are <1000 cm ' away from resonance. Moreover, these
states have reasonably strong transition dipole moment ma-
trix elements connecting them to the A4 state.>®
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FIG. 11. Variation of the full-width at half-maximum of the P{11) lineasa
function of the laser energy. Here the solid circles represent experimental
measurements and the solid curve is theory. [ Calculated with the following
data: laser bandwidth (HWHM) =0.036 cm ', Doppler width
(HWHM) = 0.069cm~.]

B. Simulation of observed line profiles
1. Intensity of individual magnetic sublevels

Because the COA 'II-X 'S + two-photon transition has
no resonant intermediate level,> the excitation of the A state
is in the nonsaturated regime. Its probability is therefore
given by the two-photon line strength**" [see Eq. (25)].
The fluorescence signal does not depend solely on the excita-
tion process but also on the detection efficiency; each mag-
netic sublevel |J',M ') radiates with a given geometrical pat-
tern (which depends on M’ and on the parallel or
perpendicular character of the transition); its detection effi-
ciency depends therefore on the direction of observation, i.e.,
on the direction of the photomultiplier tube (PMT) with
respect to the linear polarization of the incident light beam.

The calculation can be carried out in a manner similar to
Eq. (25) for the M-dependent one-photon fluorescence by
summing the transition probabilities corresponding to the
two directions of polarization that can be detected (in the
absence of a polarization analyzer in the detection channel).
However, a more convenient way to treat this optical pump-
ing cycle is to use the density matrix formalism.>” Even in
this simple case, in which the evolution of excited-state pop-

(e J' \M'|&|eJ' M)
= 3 a0 (elg | f)elg | £)*

k& '\q.q mn'

ulations is given by the diagonal part of the density matrix,
this formalism allows us to derive a simple expression for the
line intensity using irreducible tensorial operators.

The fluorescence intensity of one magnetic sublevel
le',J',M") is given by*"-!

(' "\ M’

P 3
I =(—) _ &Y' J M’
M Se/ 2nHei Aw, | »
(32)
where & is the operator describing the density matrix of the
excited state |e',J ',M ") arising from the two-photon excita-
tion process

& = ; QLM SIMQ*

and & is the operator associated with the detection proba-
bility of an excited state |¢’,J ',M ') by a fluorescent transition
to all the possible levels | /”,J",M "),

(33)

@: Z D'€’|f”,J”,Mﬂ>(f",J",Mnl{D‘E,)‘,
frInmMe
(34)

where € is the polarization of the detected light.

In the case of REMPI, we have assumed a detectivity
operator & independent of J' and M '. The line intensity is in
this case directly proportional to the matrix element of ¥,
which has been given in Eq. (25). We detail now the calcula-
tion of the matrix elements of & and of & in the case of
fluorescence detection.

In Eq. (33), Q is the two-photon absorption operator,
which has an expression similar to the light shift operators
A, defined by Eq. (10) [A | + A _ is the diagonal part of
a generalized operator describing the (one-color) two-pho-
ton processes; Q is the nondiagonal part],

0=y pe— 24 p.

35
i ﬁ(ﬂ’_ mgr) 22

Using the same approximation as for the light shift operator,
the two-photon absorption operator can be expressed [see

Eq. (21)] as

Q = 2 afgmq}:va E}KJ\}P (¢!8:X);

KON

(36)

where expressions for a5 and gy have been given in Egs.

(26) and (27). The operator Q results from the combination
of two operators of rank 1; its rank is therefore <2. More-
over, @ is a symmetrical operator. Consequently, its decom-
position is limited to symmetrical operators so that K can
only have the values 0 or 2. Hence, the matrix elements of &
are given by

X (— MM Z( "

MO
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In the CO 4 'TI-X 'S+ transition, |AQ| =1 and the
k = O term vanishes in Eq. (37). The summation is therefore
limited to the terms k = k' = 2. As the polarization of the
laser is linear, the only nonvanishing term is a$*’, which
means that g = ¢' = 0. Hence, Eq. (37) reduces to one term,
{e,sJJ;Mtl g’lef,J!’M I )

=‘SM',M;|“52}|zl(e'|q;2]|f)|2

( 2 J)z( J’ 2 J )2
N1 1 o/\=m 0 M)

The decomposition of Z = 2, , Z T §° in terms of

the irreducible tensor operators T' 5 defined by***?

(38)

Tgt’): z (_I)K+Q+J+M[2K+1]IKZ

MM’
g)IJM‘HJMI, (39)

X( J J
-M' M

is well known.*® The detection of a photon having a polar-
ization direction €’ is given by

1 1
@(K) L4 r_ 1% _ '( , K)]
o (€) J%_ p.zp‘ e_,(e%)_, —p =gt

x|(e'lld Pl + 1)

J'1 J"y apedi
><(2J”+1)(_Q, n Q”)(_I)J v
1 1 K
><[2K+1]"2[J, g (40)

The summation overJ ” and /” corresponds to the nonselec-
tivity of the detection process ( f” can represent, for in-
stance, the different vibrational levels) and
(e'lld V|| f") =ty is the reduced matrix element (inde-
pendent of J') of the electric dipole transition.

We apply this result to our particular geometry (see Fig.
12), in which excitation laser polarization is along the Z
direction, which is also the direction of detection (and the

Detection
Direction

z

FIG. 12. Geometry of the experiment. The laser (k vector) is directed along
the X axis and is polarized (€) along the Z axis. The photomultiplier detects
photons emitted in the Z direction.

quantization axis). The detector (a photomultiplier tube)
does not select any particular polarization. This means that
the contributions of both €, and €, polarizations must be
added incoherently or, in an equivalent way, the contribu-
tions of both circular polarizations e , and € _ . The elec-
tronic transition is a [I-2 * transition. The upper state has
two components I1(A ') and I1(4 ") (according to the new
convention® ) of parity ( — 1)?and ( — 1)”* ', respective-
ly, while the X ' * ground state has only one component
with parity ( — 1)”. Accordingly, the I1(A4 ') component can
be excited by the O, @, and S two-photon transitions and
reradiate by the one-photon spontaneous emission P and R
transition lines. Similarly, the I[1(A4 ) component is excited
by P and R two-photon lines and reradiates only Q lines.
Hence, the matrix elements of & are given for these two
different cases by

(J .M\ TI(A)| DT M TI(4"))

W42 -3
(' —1)(2J" +3)

= #:;r' l

(41a)

M™(2J2 427"+ 3) }
J'J'+ DRI =12+ 3)

and
I M\ A D|I M IIA"))

+ ' ’2
— - J (J!-i- ’I} M .
JI(J' +1)
Because # has only diagonal elements, we have limited our
calculation to the diagonal elements of &.

These equations have been used to calculate the profile
of the P(11) line. The variation of the power density along
the laser profile has been taken into account exactly in the
same way as for the REMPI of N, (see above and Appen-
dix).

(41b)

2. Quantitative evaluation of the light shift

The CO 4 ' state is described by Hund’s coupling case
(a). It is a linear combination of the |2 = + 1) and

|2 = — 1) components. The ac Stark shift is therefore given
by
P
AE = [4(1,1) £ 4(1, - 1)], (42)
26,08

where A(1, — 1) is nonvanishing only if there are contribu-
tions from , = O states (= *+ or 'Z ~ states in this case)
andthe + and — signscorrespondtothe4 'and4 " compo-
nents, respectively. This total shift can be split into four
terms corresponding to the different possible values of the
perturbing state , (0+,0~, 1, 0or 2),

AE=AE,, +AE, + AE, + AE,. (43)

Each of these terms has a specific angular dependence
(which depends only on the value of £);) and a specific am-
plitude, which depends on the detailed characteristics of the
intermediate states (energy, transition dipole moment),
AE, = (P/2€,cS)Fy (M,J)S,, . Most of this information is
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TABLE IV. Angular dependence of the contribution of the @, =0*, 0,
1. and 2 intermediate states to the ac Stark effect of the I1(4 ") component.
For the [1(A4 ") component, the contributions of the 0 * and 0~ intermedi-
ate states are exchanged.

Fy(MJ) Expression
Mz
F,. (M,
gt JJ+1)
2 z
F, (MJ) WAI+ 1) - M+ 2 +3)
' JI+ DT +3) (2T —1)
2 1,72
F (M.J) JWJ+ 1)+ 20 —3) —2M*(J> +J - 3)
JJ+ (2T +3)(27—1)
z 2 272 o
Fy (M) JAI+ 1P M +T—3)

JI+ 1) (20 +3)(27—1)

lacking as some of these intermediate states lie above the
dissociation limit and have not been observed (or the transi-
tion connecting to the A 'I1 state has not been observed). Itis
therefore not possible to calculate either the total magnitude
of AE or its total angular dependance.

We shall only give here the angular dependence of these
four terms (see Table IV) and calculate the magnitude of
AE, for which the largest amount of information is avail-
able. The detail of the contribution of several vibrational
levels of the X 'S+, B'S+, and C'S* states is given in
Table V. Only the first few vibrational levels of the B and C
states have been observed. For these states, we give two val-
ues, the first resulting from taking into account only the ob-
served levels and the second by including higher vibrational
levels (whose positions have been extrapolated from the
lowest levels). For these levels, the Franck—Condon factors
of the (B-A4) and (C-A) transitions have been borrowed
from the (A-X) transition®® as the X, B, and C states are
nearly parallel. The contribution of the unobserved levels is
predominant but uncertain, the (B '=*,0’ = 5) alone ac-
counting for 70% of the total. For this level, the energy de-
fect is only 30 cm ~ ! and is affected by a large error bar. The
experimental value has a sign opposite to the one of these
various calculated values, but an increase of the position of
the B'S ' ' =5 level by 100 cm~' would be enough to
account for the experimental value. Higher lying Rydberg
states and their continua, for which little is known, would

TABLE V. Detailed contribution of the X, B, and C states to the ac Stark
effect (S,. ) of the 4 T4 "), v'=0,J" = 10 level [excited by the P(11)
two-photon line at a laser frequency of 32 330 cm ~']; units are D*/cm ~ .
(a) Only observed vibrational levels are taken into account; (b) contribu-
tions from unobserved vibrational levels are included.

Xz B'E* C Iz Total
S,. (a) 6.8x10 * 29x10-* 32x10°* 6.8x107*
S,. (b) 68x10~* 41x10-* 7.6x10~* 49x107°
S,. (expt) — [EAE10-"

also contribute to a negative shift. In spite of limited infor-
mation on the states involved, it is remarkable that this cal-
culation can indicate the order of magnitude of this effect.

VI. CONCLUDING REMARKS

We have presented a detailed analysis of the ac Stark
effect for a diatomic molecule. A thorough understanding of
this effect is necessary in carrying out REMPI experiments
because quasiresonances with high-lying Rydberg states are
highly probable, given the high density of such states. More-
over, with the high laser intensity commonly used, Rabi os-
cillations may be large (up to hundreds of wave numbers).

In the ac Stark effect observed in both experimental
cases presented here, only the excited state is significantly
shifted. The shift of the ground state is negligible because
this state is far from resonance (the first resonance occurs
after absorption of two photons). More generally, the ac
Stark effect of a ground state may be significant. The ac
Stark effect can then be considered as equivalent to the appli-
cation of an external field, which can be used to manipulate
molecules as it is used for atoms. One possibility is the laser
cooling of molecules. In such a process the velocity change of
the emitter caused by spontaneous emission occurs in a ran-
dom direction, whereas the absorption occurs in the direc-
tion of the laser beam. For each cycle of absorption followed
by spontaneous emission the momentum of the emitter is
reduced only by a quantity lying between O and 2 #ik. Hencea
large number of cycles are required, and the emitter must
remain in resonance, i.e., act essentially as a two-level sys-
tem. Few molecules appear to satisfy these criteria. Another
application of the ac Stark effect to manipulate molecular
systems may be to focus or defocus molecules in a selected
state in a molecular beam. This task appears to be less de-
manding than laser cooling.
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APPENDIX: DETAILED CALCULATION OF THE LINE
PROFILE

The ac Stark effect line profile is given by Eq. (31),
su@ =3 [ [ [ nmamr, o, m)r
M

X8[20 — wy (r)]dr,

where the quantities in the integrand have already been de-
fined. We assume here the transverse variations of the detec-
tion efficiency 4(r) to be negligible compared to the laser
beam waist and that the longitudinal variation can be mod-
eled by a square function,

A, for —z,<z<z,
0 otherwise '

(A1)

A(z) =
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Wealsotake ", (J,M,r) = P *(r)I(J,M) as the photoioniza-
tion (or excitation) probability, where P(r) is the radiation
density at the distance r measured from the center of the
beam line and I(J,M) represents the remaining factors in
Eq. (25). In Eq. (A1) (e|¢, (r)) and w,, (r) are obtained
by diagonalizing the total Hamiltonian of the system H [see
Eq. (4)] for a given laser power P(r) (the frequency origin
is taken at the ground state). To derive an analytic expres-
sion of the line profile, we assume that at most one level |7} is
close to resonance. The contribution of this level |7} is evalu-
ated through an exact diagonalization, and the contribution
of all other levels |i") is calculated using second-order per-
turbation theory,

@, +

Oy, (1) =¥ﬂ{m2 + 4y P(r) ]V

20;.
= 'ZaMP(r} m, (A2)
where Aw = @;,, — w and
|Celthary (X))
B 2a,,P(r)
" A@*+4a,, P(r) + Ao [ Ao + 4, P(r) ] *
(A3)

with the shorthand notation |H, , |*=a,P(r)#* and
|H;e, + |* = @i P(r)#*. We have neglected the contribution
of the other levels |/') to the projection of the wave function
on the level |e) as this contribution is much smaller than
unity.
We assume that the laser beam has a Gaussian profile
2r2 ]

w(z)?]’

P(rz) =P, L cxp[ — (A4)
w(z)?

S (@) =mnA, Z I(J,M)
7] k

2

(de)
dP /p= Py

= ndyP, 3 I(J,M)
3 7 k

2.

(%)
dP /rp-p,

where

dw
(_d;)h " = aM/ [Sw — (0, + ®;) + Z ay P, =
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