Influence of the ac Stark effect on multiphoton transitions in molecules
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A multiphoton mechanism for molecular beam transitions is presented which relies on a large
first-order ac Stark effect to modulate the energy separation of the initial and final states of the
multiphoton transition, but which does not require the presence of any intermediate level(s).
The theoretical formalism uses ideas from the laser multiphoton literature for a two-level
system interacting with a monochromatic electromagnetic radiation field, together with a close
analog of the rotating wave approximation. The diagonal matrix elements of the Hamiltonian
operator corresponding to the large ac Stark effect are removed by a mathematical substitution
which in effect transforms appropriate differences of these diagonal elements into transition
moments involving higher harmonics of the frequency of the monochromatic radiation field.
The electric field strength of the true monochromatic radiation field is ““distributed” among
the higher harmonics of the effective field according to an expression involving Bessel
functions. Because these Bessel functions are bounded, there exists for a given time ¢ of
exposure to the radiation, a threshold for the magnitude of the transition dipole matrix element
coupling the two levels: Below this threshold, the transition probability in a traditional one-
photon molecular beam electric resonance experiment cannot be made unity simply by
increasing the amplitude of the radiation field. In fact, if the coupling matrix element is small
enough, the molecular beam electric resonance signal cannot be detected within exposure time
t. The algebraic formalism described above is checked by computer solution of an initial value
problem involving four real coupled linear differential equations. It is then used to explain the
multiphoton transitions previously observed in molecular beam electric resonance studies on
the two symmetric top molecules OPF, and CH, CF,, where the number of photons involved
in a given transition varies from 1-40. Application of the analysis to other experiments is

briefly discussed.

I. INTRODUCTION

In molecular beam electric resonance (MBER) stud-
ies,’ the intensity of the spectrum is conventionally opti-
mized by first setting the frequency @ of the applied oscillat-
ing electric field equal to the molecular transition frequency
@, and then adjusting the amplitude E of the oscillating
field. From the standard treatment’ of the two level problem,
it is clear that for a beam of given velocity there exists an
optimum value E,,, for E at which the transition probability
equals unity. Within the assumptions made,' the optimum
field so defined can always be reached; its value depends only
on the time spent in the transition region and on the matrix
element i, of the electric dipole moment operator coupling
the states in question. Furthermore, it is impossible to attain
unit transition probability at any frequency other than
@ = 0.

During a series of MBER studies on avoided crossings
in symmetric top molecules,>™ it was observed that in addi-
tion to the “normal” signals at @ = @, resonance signals of
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comparable intensity could be observed at @ = @, /n for in-
teger values of # as large as 40, provided that the amplitude
of the oscillating field was increased in proportion to n. That
is, if E {7 is the value of E needed to maximize the signal at
wo/n, then E {7} /n remained approximately constant. In ad-
dition, the resonances observed at @ = w,/n with E = E {7
had half-widths Aw, in frequency space equal to 1/7 times
the corresponding half-width observed at w, with E{.).
These observations all suggest that multiphoton transitions
were being observed in these avoided crossing experiments,
in spite of the fact that the systems under study could be
treated as two level problems.*

While multiphoton transitions are not rare in radio-fre-
quency molecular beam studies,’ no treatment could be
found in the molecular beam literature to explain our results.
In the present paper we therefore adapt ideas from the exten-
sive multiphoton literature associated with high intensity la-
ser experiments,®® and show that our unusual transitions
can be explained by adding terms representing the ac Stark
effect to the more conventional treatments”'° of the coher-
ent excitation of a two level system. These terms are normal-
ly omitted from MBER analyses because diagonal matrix
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elements due to the applied oscillating field vanish'' when
each of the two levels under consideration has no degeneracy
other than the (2J + 1)-fold degeneracy associated with the
total angular momentum projection quantum number M.
For the case of symmetric tops considered here, however, an
additional degeneracy is present, associated with the quan-
tum number K, and a significant linear ac Stark effect can
therefore arise,' whose magnitude is large compared with
the ac term coupling the initial and final states of the transi-
tion. We find that this ac Stark effect, in addition to inducing
multiphoton transitions, also modifies the one photon prob-
lem, so that for small enough values of |u,, |, the maximum
signal at @ = @, is smaller than that corresponding to unit
transition probability.

The terms corresponding to this ac Stark effect can be
transformed mathematically®® into a form equivalent to the
introduction of an “effective” oscillating field which con-
tains large numbers of harmonics of the frequency of the
monochromatic oscillating field actually being applied. It is
the harmonics of this effective field which induce the multi-
photon transitions. It is important to note that intermediate
states in the energy level diagram of the molecule do not play
a role in this mechanism.

In Sec. I below, we give the mathematical details of the
treatment®® of the ac Stark effect. In Sec. III, we compare
the theoretical results obtained with experimental observa-
tions from the avoided crossing MBER studies on symmet-
ric top molecules.>™ In Sec. IV we briefly discuss other ex-
periments where the ac Stark effect may be important in
inducing multiphoton transitions.

Il. THEORY

We begin with the standard equations for coherent exci-
tation of a two-level system."'® We assume a Hamiltonian
divided into a time-independent part H, and a monochro-
matic time-dependent part ¥(¢), such that

H=H,+ V()
= H, — pE cos wt, (1

where p is the dipole moment operator of the system being
studied, and E and w are the electric field strength and the
angular frequency of the applied radiation, respectively.
Time-dependent solutions of the time-independent
Hamiltonian H, can be written in the standard manner as

V(1) =¢;(r)e” 7 Hop(r) = Ejg;(r), (2)

where E; is the energy of state j, and ; (r) is its spatial wave
function. For a two-level problem, j = 1 or 2.

A solution for the complete Hamiltonian H, + V(1)
can be sought in the standard form

Y (1) =al(t)\l’1(t) +az(t)‘l’2(t), 3)
with initial conditions
a,(t=0)=1, a(t=0)=0, (4)

corresponding to no population of state 2 at ¢ = 0. By substi-
tuting Eq. (3) into HY = ifi(d¥/dt), multiplying by ¥},
and integrating over the spatial variables, forj= 1 and 2 in
turn, we obtain the standard pair of coupled differential
equations:

iﬁ%- — Vo (Da,() + Vi(Day(t)e =,
;. da2 + iwyt
#2020, (e 4 Vi(Day(), (5)

where the V), (¢) are matrix elements of V{(#) obtained by
integration over the spatial wavefunctions, and fiw, = E, —
E,. (We assume w, >0.) When the form of ¥V(¢) is intro-
duced explicitly, we have

iﬁ%: — py,E cos wt a, (1) — p11,E cos wt ay()e ™,
; ?2 = —pnEcoswta,(t)e” ™ — ppE cos ot a(1),
t
(6)

wherey,, and u,, are time-independent diagonal elements of
the dipole moment operator u in the basis set ¥, (r), which
are often associated with the phrase “ac Stark effect” when
they are coefficients of a cos w¢ term; u,, and yu,, are the
corresponding time-independent off-diagonal elements, i.e.,
the transition moments.

As mentioned above, it is customary in the molecular
beam literature to consider Eqgs. (6) with g, and u,, both
zero,"° or both nearly zero.!? It is well known,'* however,
that states of symmetric top molecules for which the X quan-
tum number is greater than zero exhibit a first-order (dc)
Stark effect, and that the eigenstates of H, remain doubly
degenerate. Even though there are then four levels involved
in the energy level diagram, it has been shown* that (with the
exception of a few special cases) the MBER avoided crossing
problem breaks up into a number of separate two-level sys-
tems.

Because of the linear Stark effect, &, and u,, in Egs.
(6) need not be small, and in fact can be large compared to
i1, Thus, rather than discarding these terms,"'® or treating
them only in the very small limit,'* we choose instead to
eliminate them through a convenient mathematical substitu-
tion®®

dj(t) = e+i(#ﬁE/’ﬁw)sinmtX.j(t)‘ (7)

Making this substitution in Egs. (6) yields coupled differen-
tial equations for the quantities X; (¢) of the form,

L dX 4 . ]

i% dt! —_ e+ i {gtss — gy Y E /Aw]sin mtﬂquCOS wte““’“’Xz(:),
dx,
dt

it e @~ 2y — 1y Y E /Rd]sin “Y1,,E cos ot et iﬂ’utX] 1),

(8)

with X, (1= 0) = l and X, (¢ = 0) = 0. In Egs. (8), the de-
pendence of dX; /dt on X; has been eliminated for j = 1 and
2, and in that sense Egs. (8) are analogous to the two-level
coherent monochromatic excitation equations usually
solved.'° Equations (8) differ from the usual equations,
however, since the oscillating electric field term i, E cos wt,
containing a single cosine function, has been replaced by
more complicated expressions F(¢) and F(z)*, where

F(t)ysetitm—mpi/fulsnoy, B oos ot. (9)

F(t), however, is still periodic in time with a period of
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At = 27/ w, and it can thus be expressed as a Fourier series in
harmonics of the fundamental frequency @

“+ o0
2 nﬁ&)[[l12/(,u22—:ull)]

n@ — oo

x]n[(#n_p”)E/ﬁw]e-Hmf, 10)

where J,, is the Bessel function'* of integer order 2.

In order to treat an n-photon transition, we now make
the usual rotating wave approximation”'® and near-reso-
nance assumption. We select the term in F(¢) oscillating as
et ™' with nw=w,, and the term in F(#)* oscillating as
e~ " substitute these terms into the first and second of Egs.
(8), respectively, and solve the resulting coupled differential
equations'® for X, () and X, (). Equation (7) then gives
immediately a, (¢) and a, (¢), which describe the time de-
pendence of ¥ () of Eq. (3) under the influence of the mo-
nochromatic oscillating field V(¢) of Egs. (1). For the
boundary conditions of interest, and using a notation similar
to that of Shimoda'® we find

X, (t) = {cos Qt /2 — i[ (nw — w,)/Q]sin Qt /2}

>(e-q-i(nw-m..)I/Z (11)
X,(2) = (ix/Q)sin Qt /2 e~ o= w72,
where
x=2no{p/ (e — 1) W, [ (U2 — 1)) E /i),
(12)

Q=[(nw — wy)* + x*]'2

Qualitatively speaking, as the electric field strength in
UE cos wt is increased, the diagonal (ac Stark effect) terms
in Eqgs. (5) or (6) cause this field strength to be distributed
among a number of higher harmonics of the fundamental
frequency @ in Eqs. (8). This distribution is governed®® by
Bessel functions, which have extremely small values for high
order and small arguments,** and Eq. (10) shows that high
harmonics are generated only when the oscillating electric
field is large enough to induce an ac Stark shift in the transi-
. tion frequency which is comparable to the photon energy. As
a check, we note that in the limit where the ac Stark
effect vanishes, i.e., as (u,, —u,,) -0 in Eq. (9), F(1)
— 14y, E cos wt. F(t) as given in Eq. (10)can also be shown to
reduce to u,, E cos wt in this limit by examination of the
Bessel function expansions for small arguments.'* The very
rapid decrease of high-order Bessel functions as their argu-
ments approach zero is in agreement with the results of Tor-
rey,'? who found that the introduction of small ac Stark ef-
fect terms caused no perceptible changes to the molecular
beam electric resonance results obtained when the ac Stark
effect terms were absent.

Equations (7) and (11) show that the probability of
finding a molecule in state 2 at time ¢, if itisin state 1 at £ = O,
is given by

4683

la, ()2 = {x¥/[(no — wo)* + x*]}

xsin?{[ (nw — wo)? + x*1V% 2}, (13)

In a coherent excitation experiment, the transition probabili-
ty is given by Eq. (13) with ¢ being the time the molecule
spends in the region containing the applied oscillating field.

In conventional molecular beam electric resonance line
shape analyses,"'°|a, (1)|? is given by Eq. (13) with n =1,
with x equal to i, E /#, as can be obtained from Eq. (12) in
the limit (g,, — f£;; ) -0, and with t =1/v, where / is the
length of the transition region and v is the molecular veloc-
ity. The resulting line shape differs from Eq. (13) in two
important respects. First, the multiphoton resonances are
absent. Second, the value of |a, (¢)]* can always be made
unity, since the first factor equals 1 at @ = @, and the sec-
ond can be made unity by setting x = u, E /#i= n/t. For
fixed ¢, this can always be done in the conventional case by
adjusting E.

By contrast, in the current case with the ac Stark effect
present, x is proportional to J, (z), and z in turn is propor-
tional to E. For any given n, there is stili a value of E, denoted
here by E {7, which will maximize the n-photon resonance
signal, but because |J,, | is bounded, it is possible for given ¢
that the value of |x| will be less than /¢ for all values of E,
and it will then be impossible to make the transition proba-
bility unity. Thus, for small enough valuesof tand i2,,/ (5,

~ f41 ), the maximum transition probability can be so low
that the resonance signal is lost in the noise. This applies
even for n = 1.

In the current treatment, there are two parts to the ap-
proximation made by considering a single value of n: (a)
neglect of the term in ( — n) , commonly called the rotating
wave approximation, and (b) neglect of the termsin (n + 1)
and (n — 1), often called the near-resonance assumption.
Errors arising from (b) are expected to be larger than those
from (a), since the neighboring frequencies omit-
ted in (b) differ from that retained by about dw,

= |(1/n) — [(1/(n + 1)]|w, =w,/n?, while the negative
frequency omitted in (a) is off resonance by 2w,/n. We
might expect, however, that the effects of neglecting these
off-resonant terms will be mitigated by the reduction in
linewidth as » increases. Indeed, if frequency differences are
measured as multiples of the line width Aw, of the resonance
at w,/n, then the “distance” from resonance in (a) becomes
2wy /n)/(Aw,/n) = (2w,/Aw, ), which is independent of
n. Similarly, the distance from resonance of the w,/(n + 1)
frequencies becomes dw,/Aw,=w,/nAw,, which ap-
proaches zero only as 1/n. Qualitative arguments of this type
suggest that the current “single” n approximation will be
valid for treating n-photon transitions as long as &, /nle,
>1.

In any case, the validity of the single n approximation
was tested by comparing the values for X, (f) and X, (#)
obtained algebraically from Eqgs. (11) with values obtained
by direct numerical integration of the coupled differential
equations (8). To simplify the computer calculations, the
pair of coupled complex differential equations was convert-
ed to four coupled real equations, and the resulting initial
value problem was solved using the routine D1vPBS from the
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IMSL library.'® For the cases examined, i.e., for the cases of
interest in the next section, the values of |.X, (7) |? from the
two methods showed disagreements only in the fourth or
fifth decimal places when the multiphoton transition was in
exact resonance. For off-resonance calculations, i.e., for line
shape calculations, the weak secondary maxima which ap-
pear when the frequency is displaced several linewidths from
the line center were well reproduced in position, but had
errors of 15% or so in their intensity. Nevertheless, the cal-
culations show that the single # approximation applied to
the Fourier expansion of Eq. (10) is valid for quantitative
treatments of multiphoton transitions near resonance.

As a final point, we note that the multiphoton transition
mechanism under discussion here does not require any inter-
mediate states in the molecular energy level scheme. Itis a
two-level mechanism,*®® though at least one level must ex-
hibit degeneracy at zero electric field other than that asso-
ciated with M, in order to exhibit a first-order Stark effect
when the field is present.

IIl. COMPARISON WITH MBER AVOIDED CROSSING
EXPERIMENTS

The MBER avoided crossing results to be considered
here all involve measurements on symmetric top mole-
cules.'® Thus, it is convenient to consider matrices of H, and
V(¢) of Eq. (1) in asymmetric top basis set |y,J,K; M; ), with

Jj = aor b. (In this section, basis set functions will be labeled
by the letters a and b; eigenfunctions of H, will be labeled by
the numerals 1 and 2.) The quantum numbers K and M are
projections along the molecule-fixed z axis and the laborato-
ry-fixed Z axis, respectively, of the total angular momentum
J (exclusive of nuclear spin); ¥ represents a collection of all
other quantum numbers for the molecule.

The matrix of H, in the g, b basis set has the form*™

" _[—,u[K,,Ma/J(J+ 1)](Eqr —E.), (1/2)%0}
T latw,, —p[K,M,/IJ+ )] (Ess —E)]
(14)

where we have taken u as the permanent dipole moment of
the molecule. As is appropriate for the particular anticross-
ing experiments to be considered here, K, #K, andJ, =J,
= J. Diagonal elements of this matrix represent the Stark
effect of the static (dc) electric field E ¢, along the laborato-
ry-fixed Z direction, which is used to tune the two levels into
energy coincidence at the crossing field E,. (The origin of
energy has arbitrarily been taken to lie at the energy of this
crossing.) No off-diagonal elements arise from the perma-
nent moment because its matrix elements obey the selection
rule AK = 0. The off-diagonal elements in @, represent the
small interaction (w./27 250 kHz) which induces the
avoided crossing. These off-diagonal elements may arise
from higher order dc Stark effects, from hyperfine interac-
tions, etc., but they do not arise from interaction terms pro-
portional to some power of the ac electric field. It is of inter-
est that the effects of several of these weak off-diagonal
interactions can only be seen in the presence of a static elec-
tric field of appropriate size to bring the two weakly interact-
ing levels into near resonance.
The matrix of ¥(¢) in the a,b basis set, i.e., the matrix for
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an oscillating electric field along the laboratory-fixed Z axis
with amplitude E and frequency o, has the form

—u[K,M,/J(J+ 1) ]Ecoswt, 0] s
0, —pu[K,M,/J(J+1)]Ecoswt] (13)
The unitary transformation which diagonalizes H,, of

Eq. (14) is given by the matrix
U= [ -+ cos 0 —sina]

" l—sing@ —cosbf
where the rows of U are labeled by the symmetric top basis
functions a and b, and the columns are labeled by the eigen-

functions 1 and 2 of H;,. The angle & and other quantities to
be used below are defined by

Bxy=+ (V/2)u(KM, + K,M,)/JWJ+ 1),
Apgpy= + (KM, — K. M)/JJ + 1),
#iwy €08 20= — Aptyp (Esy — E.),

fiw, sin 20 = 4+ fiw,

fiwo = + [A”%(M(EST -E)’+ (fiw, )2] 1,
The quantity fiw, is the actual energy difference £, — E, in
the molecule at any given static field Eq;. The quantity
Apgr/h is called s in Eq. (10) of Ref. 4; it or its negative
[depending on the signs of various quantities in Egs. (17)]
represents the Stark tuning rate 9(w, /27)/3E gp of the mo-
lecular transition frequency, provided that the static field is
far from the crossing.

The diagonalized Hamiltonian H, = U ~'H, U has the
form

Vit) = [

(16)

(17)

+1 0}

§o= —EKM(EST-Ec){ 0 +1

+ (1/2)15@0[ -1 0 ]

0 +1
and V(¢) = U ~'V(¢) U has the form

<, - +1 0
V) = —pKMEcoswt[ 0 + 1}

(18)

—cos26 +sin 29]
+sin20 +cos26)
(19)

where rows and columns of the matrices in Eqs. (18) and
(19) are labeled by the eigenvectors 1 and 2 of H,.

Comparison of various equations in this and the preced-
ing section shows that the matrix elements ¥, (¢) of Egs. (5)
correspond to the matrix elements V), (¢) of Eq. (19). The
quantities u;, in Egs. (6) thus become

Bis =ty = + (1/2)Apig,, sin 26. (20)

In the avoided crossing experiments, the # photon tran-
sition probability is given by Eq. (13) with @, given by the
last of Eqgs. (17) and

x = ne tan 267, (A, cos 20E /fiw). (21)
There are two limiting cases of interest here for x. For transi-
tions far from the avoided crossing, i.e., when o, » o, in Egs.
(17), sin 28 is very small and |cos 26| is near unity. This
represents the case for most of the measurements in the
avoided crossing studies.> On the other hand, for transi-

— (1/2)Apigep  E cos oot [
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tions very close to the avoided crossing, i.e., when Egp =E_,
in Egs. (17), cos 26 is very small and sin 26 is near unity.
Since both the Stark tuning rate d(w, /2#)/JE sy and the ac
Stark effect of the molecular transition (though not of the
individual energy levels) approach zero in this limit, the val-
ues cos 26 = 0 and sin 26 = 1 correspond to the more tradi-
tional two-level coherent excitation treatments."'® This can
also be seen from the fact that this limit leads to a value for x
in Eq. (21) which agrees with the matrix element given in
Eq. (12) of Ref. 4. In this connection we note that the pres-
ent mechanism requires all multiphoton transitions to van-
ish right at the avoided crossing.

Table I gives a summary of the experimental measure-
ments and some theoretical quantities for the molecule
OPF;. The first column of the table gives the quantum
numbers (J' . K' M")-(J",K",M"”") of the two rotational
states participating in the avoided crossing, and the Stark
tuning rate |Api,,/h | in kHz/(V/cm). The second, third,
and fourth columns in Table I give the integer number »n of
photons required for resonant absorption, the applied radio
oscillator frequency v = /27 in MHz, and the molecular
transition frequency v, = wo/27 in MHz, respectively. The
fifth column gives the value of the static electric field Egy in
V/cm at which the molecular transition assumes a frequency
of v,.

It can be seen from columns 2-5 that two types of mea-
surements were carried out. In one type of measurements,
the molecular transition frequency v, was held constant (by
keeping E ¢ constant) and the applied radio-frequency v
was varied. In the other type of measurements, the applied
radio-frequency v was held constant and the molecular tran-
sition frequency was varied (by adjusting E¢1 ).

Column 6 gives the amplitude of the radio-frequency
field E {;) required to maximize the molecular beam flop-out
signal’ for each n-photon transition. The experimental un-
certainty in E 1) is 10% to 20%, since its measurement in-
volves determining the top of a rather flat and somewhat
noisy intensity maximum. The half-width Av, for an #-pho-
ton transition observed with E {7} was approximately 1/n
times the width Av, for the corresponding one-photon tran-
sition observed with E ).

Column 7 gives an unsigned value for the argument z
appearing in the Bessel function J,, (2) of Eq. (21), i.e., gives

For preliminary calculations, [cos 26 | was set equal to unity.
This approximation is reasonably well satisfied, since sin 26
in Egs. (17) has a value of w_./w,, and this latter ratio does
not exceed 0.1 for the measurements reported in Table L
Column 8 gives the value of J,, (2) for each measurement, as
taken from tables'* or from the computer program DBSINS of
the IMSL library.'®

The present interpretation of the multiphoton absorp-
tions indicates that the observed values of £ {;) can be used
to determine v, = w_ /2 as follows. In the experiments re-
ported here, the length / of the transition region is 6.2 cm,
and the molecylar velocity v is 550 m/s. These parameters
determine the optimum value for x = 7rv//, which when used
together with Eq. (21) and n, », and J, (2) from Table I,

4685

leads to a value for tan 28. This latter quantity, used together
with the definitions in Egs. (17) then gives a value for the
parameter v, = @ /2. Itis necessary, however, to carry out
this procedure in an iterative fashion: (i) set the magnitude
of cos 26 equal to unity in Eq. (22) for the argument z of J,,,
(ii) use Eq. (21) to determine a value for tan 26, (iii) use
this value of tan 26 to obtain an improved value for cos 20in
the argument of J,,, (iv) continue the iteration procedure. It
is the converged values of z, obtained after several iterations,
that are actually given in column 7 of Table L.

Column 9 of Table I gives the values for the minimum
energy spacing v, (right at the avoided crossing) obtained
from this iterative procedure. These values can be compared
with the more accurate values in column 10, which are ob-
tained from Eqs. (13) and (23) of Ref. 4

v, =upE.m,[(J—1)(J+2)]"? (23)

together with the values for i1, and E, given there. While the
agreement is not outstanding, it is probably as good as can be
expected, since the values of v, in column 9 are determined
from intensity, rather than frequency, measurements and
are thus subject to the large experimental errors mentioned
above. Comparison of columns 9 and 10 indicates that inten-
sity measurements of the present type can be used to deter-
mine v, to about a factor of 2. This method could thus be
useful in cases where v, is too small to be determined by the
direct frequency measurement technique.*

The reasonable agreement between v, values in columns
9 and 10, as well as the approximate constancy of the values
of J, (z) within each group of multiphoton transitions, pro-
vides good evidence that the present explanation for these
observed multiphoton results is correct.

For most of the n-photon experiments reported in Table
I, the one-photon signal intensity could be fully recovered.
For the sequence of measurements with superscripts j in Ta-
ble 1, however, the intensity was observed to fall off with
increasing n. From a theoretical point of view, the values of
J,, (2) calculated from the measured values of E {7 were ac-
tually the maximum allowed for each Bessel function, imply-
ing that while the transition probability was maximized, it
was probably nof unity. Thus, if / /v could have been made
larger, then even stronger MBER signals could probably
have been achieved. This statement applies even to the one-
photon case in this sequence of measurements.

Better evidence for this effect is given in Table II, where
we present a series of relative intensity measurements for
multiphoton transitions in CH; CF, with » ranging from 1~
40. The experimental intensities were normalized such that
the n == 1, 2, and 3 photon transitions, which were observed
to be equally strong, all correspond to 100%. The theoretical
intensities were normalized by assuming that the “true” val-
ueof J, for unit transition probability in the MBER appara-
tusis (J, +J, + J3)/3 = 0.46. (The 25% spread in the val-
ues of J,, J, and J; gives a measure of the experimental
uncertainty.) Theoretical intensities were thus calculated
from the expression sin’[(J, /0.46) (7/2)]. It can be seen
that the experimental and theoretical intensities are in very
good agreement.

From the discussion above, it is clear that a threshold
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TABLE I. Comparison of multiphoton theory and experiment for OPF,.

Transition® n° W» Yo© Eg ¢ En z J, (2)° v’ v 8
3, +£2,£3)-(3,F1,+3) 1 2236 2236 922.633" 1.729 0.545 0.26 17 26
Sc = 704.5 kHz cm/V 2 1118 2236 922.633 2.554 1.609 0.26 17

3 745 2236 922.633 3.300 3.121 0.33 13

1 250 250 926.161° 0.216 0.608 0.29 15

2 250 500 926.518 0.550 1.549 0.24 18

4 250 1000 927.228 1.572 4.430 0.34 13

1 250 250 926.117 0.236 0.664 0.31 14

2 250 500 926.468 0.629 1.772 0.30 15

4 250 1000 927.176 1.768 4.982 0.39 11

8 250 2000 928.595 3.143 8.857 0.30 15
(3,+2,+2)-(3,F1,+2) 1 250 250 1385.200 0.251 0.473 0.23 19 26
sc =472.3 kHz cm/V 2 250 500 1385.730 0.629 1.186 0.16 28

4 250 1000 1386.789 1.886 3.562 0.21 21
(2,+2,+2)-(2,F1,+2) 1 250 250 695.003 0.236 0.885 0.40 11 8
sc = 938.4 kHz cm/V 2 250 500 695.270 0.629 2.361 0.43 10

4 250 1000 695.803 1.336 5.015 0.39 11
(2,+2,+ D)-(2,FL 1) 1 250 250 1368.687 0.943 1.824 0.58 8 8
sc =483.8 kHzcm/V 2 250 500 1369.204 1.572 3.041 0.49 9

4 250 1000 1370.237 2.357 4.561 0.36 12
4,+£2,+4)-4F1,+4) 1 1875 1875 1153.566 0.707 0.213 0.106 42 58
s¢c =563.9kHz cm/V 2 938 1875 1153.566 1.572 0.945 0.104 43

3 625 1875 1153.566 2.357 2.127 0.150 30
(5 +2,+5)-(5F1,+£95) 1 2050 2050 1383.615 0.471 0.108 0.054 82 108
sc¢ =470.0 kHz cm/V 2 1025 2050 1383.615 1.572 0.721 0.062 72

3 683 2050 1383.615 2.200 1.513 0.062 72

', K'\M")-(J",K",M") are quantum numbers for the two states involved in the avoided crossing. The quantity s¢ = |Apy,,/h | is the Stark tuning rate
from Egs. (17).

*The number of photons 7 of the radio-frequency v = w/27 in MHz absorbed at resonance.

“The molecular transition frequency v, = w,/27 in MHz, from Egs. (17), and the corresponding dc Stark field Egr in V/cm.

“The radio-frequency electric field amplitude in V/cm necessary to maximize the MBER signal. Errors in these amplitudes are estimated to be from 109 to
20%.

“The argument z from Eq. (22) of the nth-order Bessel function in Eq. (21), and the value of that Bessel function.

"The value of v,, as obtained from Eqs. (17) and (21). The value of v, should be a constant for all measurements on a given (J',K'M')~(J" K" M")
transition.

& A much more accurate value of v, from Egs. (13) and (23) of Ref. 4.

" Transitions studied below the avoided crossing.

Transitions studied above the avoided crossing. These two sets were studied on different days with different polarities, and the ~50 mV/cm differences in
corresponding E; values refiect a small contact potential. The small correction is not relevent here and has not been made.

iMaximum (or near maximum) value of J, (z), implying that these Bessel functions cannot achieve a large enough value to make the MBER transition
probability unity.

exists for v, below which the transition probability cannot be
made unity, even for a one-photon transition. In order that
la, (1)|* = 1at E {}), itis necessary that |x|/ /v = . Far from
the crossing, this condition can be rewrittenas 2v_J,/ /v = 1.
The smallest value of v, for which the n = 1 transition prob-

ability can be made unity is thus

(V) min = 0/21(J}) oy =7.6 kHz. (24)

For values of v, significantly smaller than (v, )., the one-
photon MBER signal may disappear into the noise. As men-
tioned in Sec. II, this cutoff does not arise in the conventional
line shape analysis, which does not take into account the ac
Stark effect. It is hoped that this cutoff phenomenon can be
used to explain the failure to observe a number of expected

avoided crossing signals in symmetric top molecules exhibit-
ing internal rotation splittings.'®-°

IV. APPLICATION TO OTHER EXPERIMENTS

It is of interest to ask whether the multiphoton mecha-
nism discussed in the present paper plays a role in other two-
level coherent excitation problems.

It is clear that it will play a role in some MBER experi-
ments in which AM = + 1 transitions are studied, since in
many cases the oscillating rf field is not applied exactly per-
pendicular to the axis of quantization Z, but is instead gener-
ated®' by using a “split C field,” which leads to a large com-
ponent of the rf field in the Z direction in addition to the
desired component in the X direction. In those cases, for
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TABLE II. Comparison of theory and experiment® for multiphoton intensities in CH, CF,.

Transition n v Vo Eyr El z J.(z)* Int® Int
(3, +2,+3)-(3,FL 3 1 227 227 1062.969 0.346 1.347 053 100 094
sc =884.5kHzem/V 2 227 454 1063.225 0.605 2.356 042 100 098
3 227 681 1063.486 1.037 4.041 043 1.00 099
v.°=10kHz 4 227 908 1063.742 1.241 4.836 0.38 094 093
5 227 1135 1064.000 1.454 5.665 034 0.83 0.84
v, = 16kHz 10 227 2270 1065.282 2.852 11.113 029 0.67 0.70
20 227 4540 1067.848 5.359 20.881 021 046 043
40 227 9080 1072.986 10.372 40414 0.15 027 024

2See the footnotes to Table I for an explanation of the column headings.
“The experimentally determined value of each nth-order Bessel function J, in this column is equal or nearly equal to the maximum value for that Bessel

function.
“Experimental relative intensity measurements.

9Theoretical relative intensity estimates, obtained from sin’{[J, (2)/0.46](7/2)}, where the value 0.46 in the denominator is equal to the average

(-I; + 5 +J3)/3.

*Value of the minimum separation v, as obtained from Egs. (17} and (21).

‘More accurate value of v, from Eq. (23) of Ref. 4 and molecular parameters of Ref. 17.

molecules with a first order Stark effect, multiphoton transi-
tions can be induced via a mechanism essentially identical to
that described above.

In a similar manner, a large ac Zeeman effect can lead to
the observation of multiphoton magnetic dipole transitions
in a molecular beam, Typically,"” AM = 4 1 transitions are
studied in a large static magnetic field H, taken tobeinthe Z
direction. The rf coil used to drive the transitions is oriented
so that the oscillating magnetic field H, produced is perpen-
dicular to H,,. Although ideally H, lies in the XY plane, in
practice it can have a significant Z component. This pro-
duces the diagonal matrix elements which can lead to multi-
photon transitions by means of the mechanism described
above. A case in point is a recent study* of O,. While this
system presents other theoretical complexities because of the
presence of sets of (2J + 1) equally spaced levels,”” multi-
photon transitions with the properties discussed above can
be clearly observed for n =2 and 3 when the rf power is
raised above the level required for the single photon case.

Two-photon magnetic—dipole transitions have been re-
ported recently in electron-spin resonance experiments®*
and in electron-nuclear spin double resonance studies.?® In
the former, the oscillating field H, was set at 7/4 to the Z
axis in the XZ plane, while in the latter the internal field
rotated the effective static field so that it had a significant
component along H,. The possibility of such muitiphoton
transitions associated with the parallel component of H,
was first pointed out by Winter.?® An analysis using a doubly
rotating frame and Bloch-like equations has been devel-
oped.?” The alternative approach used here and in the analy-
sis of high-intensity laser experiments®® may be useful in
these magnetic resonance studies as well.

It is also of interest to ask to what extent the two-level
mechanism described above contributes to vibrational mul-
tiphoton transitions in the infrared region. For that purpose
we consider the quantity

sin®(xt/2) = sin®™{(nwt) g/ (o — ti11) ]
X, {2y — 1) E /i }, (25)

which gives the probability as a function of time ¢ that a
system initially in state 1 was pumped into state 2 by reso-
nant absorption of n photons.

To obtain a numerical estimate for a favorable case of
this probability for an infrared multiphoton transition in a
molecule with no permanent dipole moment, we can set
w/2m~3X 10V s~ (CO, laser radiation), and y,; = 0. If
we further make the reasonable assumptions that: (i) the
(v=n) ~ (v = 0) overtone transition dipole moment y1,, is
approximately given by 10~ ™2 D, (ii) the vibrationally in-
duced®®* dipole moment u,, of the (degenerate) excited
vibrational stateis ~ 102D, (iii) the infrared laser power is
~10 GW/cm? corresponding to puyE /fi~103u,,
[s™'D~!], and (iv) the laser pulse duration ¢ is 1077 s,
then, using also the approximate expression'* for a Bessel
function J, (z) for small values of its argument z, we find
that

sin?(xt /2) ~sin’[10° = ** /(n — D!]. (26)

From this expression we see that the probability of a two-
photon transition would be unity for even lower laser powers
or even shorter laser pulses, but that the probability of a
three-photon transition drops dramatically to 10~7. Since a
vibrationally induced dipole moment cannot occur in mole-
cules with a center of symmetry,”®?* Eq. (26) cannot be ap-
plied at all to the extensively studied class of molecules like
SF, belonging to the point group O,. Even for molecules
like SiF,, belonging to the point group 7', it seems unlikely
that the present mechanism will be of general importance for
inducing three or more photon transitions in the infrared
region.

Investigation of a molecule with a permanent dipole mo-
ment, however, might permit experimental observation in
the midinfrared region of the mechanism described in this
paper. For example, if (z,, — y4,, ) takes on a value of 1 D,
instead of 10~2 D, then Eq. (25) becomes

sin?(xt /2) ~sin?[107 ~ 2" /(n — DI]. 27
Under these circumstances, a three-photon transition would
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have a high probability, while a four-photon transition
would have a probability of 10~%.

Fourier transform microwave spectroscopy’° offers an-
other possibility for observing multiphoton transitions aris-
ing from the mechanism discussed above. For the instru-
ment described by Campbell et al.,*' a power R of 1.5 mW
put into the Fabry—Perot cavity with a Q of 6300 at 10 GHz
leads to an amplitude of 1 V/cm for the electric field. For the
transition V=2, K=1,M=1)(J=1,K=1,M=1)
in a molecule with a dipole moment of 1 D, a power R of
about 240 W with an excitation pulse length of 2 us is re-
quired to make the two-photon transition probability equal
to unity. By raising the Q by a factor of 3, the power required
is reduced to < 30 W. Thus, by putting in pulses at 10 GHz,
it should be possible to observe molecular emission at 20
GHz. Among other things, this technique would extend the
frequency range of the spectrometer for molecules with large
first order Stark effects by a factor of 2.
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