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Detailed studies involving high-resolution Doppler-free two-photon spectroscopic measurements of the v,
vibrational bands in '*NH; are presented. Using the technique of combining fixed-frequency ir sources with
molecular Stark tuning presented in the preceding paper, we have used two successive Q(5,4) vibrational-
rotational transitions to study the spectroscopic and collisional properties of the v, vibrational manifold. We
report (1) precise transition energies for the (v,,J,K) = (07,5,4) —(27,5,4) two-photon transition, (2) pressure-
broadening and pressure-shift data, (3) optical Stark shift parameters, and (4) excited-state transition matrix
elements. An observation of collisional narrowing arising from '*NH;-Ne collisions is also reported.

I. INTRODUCTION

It has been demonstrated® that Doppler-free two-
photon absorption (DFTPA) can be an extremely
useful tool for investigating the spectroscopic and
collisional properties of molecular systems. In
this paper, we extend the techniques presented in
Ref. 1 to the study of the v, vibrational bands in
!NH,. These studies not only provide detailed in-
formation about the spectroscopic and collisional
properties of this molecular system, but they are
also of interest for more applied reasons. There
is great interest in the absorption spectrum of the
v, bands in NH,, since they determine the opacity
of the Jovian atmosphere at wavelengths from 8.5
to 12.5 pm.?® These data are also relevant to
methods of optical down conversion.

NH, has a number of factors in its favor for the
observation of Doppler-free two-photon absorption.
Among the most important are (1) the availability
of reasonably extensive spectroscopic data on the
10-um bands,*< (2) large transition dipole mo-
ments,” and (3) a low rotational partition function.
The latter two factors are important in enhancing
the two-photon amplitude leading to absorption
cross sections which are many times larger than
those reported for CH,F.! This enhancement al-
lows a determination of several transition dipole
moments not observable for lower signal-to-noise
ratios. Since the theoretical considerations of
DFTPA were presented in the preceding paper,' we
will start here with an explanation of the two-pho-
ton transition in *NH,.

II. EXPERIMENT

A. '“NH, two-photon transition

NH, is a pyramidal molecule with the N atom ap-
proximately 0.38 A above the plane of the three
hydrgens and the N-H distance approximately 1.02
A in the ground state.® Because of its threefold
axis of symmetry, it also belongs to point group
C,,. It has four vibrational fundamentals, two
symmetric (v, and v,) and two doubly degenerate
(v, and v,). A partial vibrational energy-level dia-
gram for the various fundamental and combination
bands*™? is shown in Fig. 1. As indicated in this
figure, each vibrational level is split into a sym-
metric (sor +) and an antisymmetric (a or -) state.
The inversion frequency increases with vibrational
quantum number v and is largest for the v, mode.
It should be noted that the 2v, and v, levels are
nearly in resonance and coupled by Coriolis effects.
This Coriolis interaction is known to induce strong
perturbations between the two vibrations,'® causing
substantial mixing of these two states for particu-
lar rotational levels.

The vibrational v, mode of NH, is a parallel band
which involves the symmetric deformation of the
N-H bonds. This band has a strong @ branch at
~10.6 um favoring the nearly resonant coupling of
CO, radiation, which enables the observation of
DFTPA. From a detailed search for the available
spectroscopic data of the fundamental and first-
overtone bands of this mode, we were able to find
close coincidences of the P34 and P18 10.6-um
laser lines with two consecutive @ transitions with
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FIG. 1. Partial energy-level diagram of NHj illustra-
ting several fundamental and combination vibrational
states. The inversion splitting is indicated for each
level. Detailed information on each level can be found
in (a) Refs. 2, 4, and 6, (b) Ref. 7, (c) Ref. 4, (d) Ref. 9,
(e) Ref. 10, (f) Ref. 11, and (g) Ref. 12.

35.64

J=5, K=4, This search was facilitated by the ex-
cellent Stark spectroscopy of Shimizu® on the 0~ —1*
vibrational band. The second transition, 1*—-2~,
was much less accurately known (+1 GHz).* Since
the inversion splitting is very small for the ground
state, almost all of the Stark tuning originated from
these levels. From Sec.IIC, we see that the 0~ vi-
brational level increases in energy only with in-
creasing Stark field. This means that if the sum of
the two CO, photons is above the upper 2~ vibration-
al level, the two-photon transition would never be
tuned into resonance. However, the opposite situ-
ation prevailed and a two-photon transition in NH,
was found. A detailed diagram of the levels in-
volved in the transition is given in Fig. 2. It was
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FIG. 2. Two-photon transition in the v, bands of “'NH,
for the case of AM=0. This transition can be tuned into
resonance with a Stark field of 5253 V/em. The P18
(10 pm) and P34 (10 pm) CO, transitions are assumed to
be at their respective center frequencies.

found from these measurements that this transition
was 294 MHz off-resonance and could be Stark
tuned into resonance with a field of 5253 V/cm.,

B. Estimate of two-photon absorption
cross section in NH,

In order to estimate the two-photon absorption
cross section for NH,, we used Eq. (21) of Ref. 1,

1

where I, is the intensity of the pump radiation field,
g(v, +v,) is the normalized line-shape function for
the transition, and

P=(flE-L|DGIE- L] g)/(E, = hv,)

for one dominant intermediate state. Using the ap-
propriate parameters listed in Table I, we see that

0/I,=3.18 X 10%° cm?/(W cm™),

o(v,) =[(2m)/n c*| 1, IPﬂ;,|2g(V1 +1,),

TABLE I. Two-photon absorption intensity estimates in 14NH3.

Molecule
(transition)

(J K M)
~ (M)
— (5K My)

I“’gi i2
(D%

|P-if|2
(DY

AE
(MHz)

8yt vy)
=0.94/Av,
(1078 sec) ®

o/l
[em?/(Wem™3)]

Ng_Nf
(ecm™3) at
10 mTorr

L
(cm)

AL/L,=aL

NH,

(5,4, 5)
—(5,4,5)
—(5,4,5)

0.026

0.030

4950

0.701

3.78 x 10720

4.80 x 101

17.5

1.2x1074

? Residual Doppler width Avy is calculated from Eq. (32) of Ref. 1.
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This gives an absorption AL /I, ~1.2 X 10™ for
10 mTorr of NH, pressure in our experimental
configuration. Comparing this to the values for
CH,F given in Ref. 1, it is interesting to note that
for the same pressure the two-photon absorption
coefficient is 40 times larger for the case of NH,;
this fact was verified experimentally by the rela-
tive signal intensities. This results essentially
from three factors: (1) The energy difference be-
tween the first CO, photon and the intermediate
state is smaller, resulting in a greater resonant
enhancement for NH,, (2) the relevant transition
dipole matrix elements are larger in NH, than in
CH,F, and (3) the population of a given rotational-
vibrational level in NH, is larger than in CH,F.
This results from the greater rotational spacing in
NH, leading to a smaller rotational partition func-
tion.

It is interesting to note that polarization effects
between the radiation and Stark fields (AM =0, +1)
play an important role in the direction-cosine ma-
trix elements in P,,. For example, the case of two
photons polarized perpendicular to the Stark field
will lead to an absorption cross section which is
reduced by a factor of 100 below the value given in
Table I.

(JZ_KZ)(JZ_MZ)
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C. Stark shift in NH,

In discussing the Stark effect in NH,, we must
take into account the fact that each vibrational lev-
el of the v, mode is split by inversion, as shown in
Fig. 2. Therefore we must treat this as a special
case of two “interacting” levels whose energy sep-
aration is much less than between either one and
any third level. For two such close levels, the en-
ergy owing to the field cannot be considered a
small perturbation; thus an exact solution is nec-
essary. The result of this calculation' is express-
ed as

AWS(MHz) = + 3 [(},, + X%/ 2 = vy | @)
where
x=2uEMKa/J(J +1) 3)

and a =0.503 48 such that p * E(MHz) =0.503 48.(D)
X E(V/cm). Here, v, istheinversionfrequency and
the + sign corresponds to the upper or lower of the
inversion levels, respectively. Equation (2) is an
exact expression for the Stark effect arising from
the two inversion states. The interaction of the
nearby rotational states (J'=J 1) produces addi-
tional shifts that can be calculated from second-
order perturbation theory. These are given by®'**

AW®R) = 2p2
W®)MHz) = a®u’E ((ZBJiV-

inv

For the lower state (v, =0), the Stark shift must be
calculated by combining Egs. (2) and (3). However,
for the upper vibrational level (v, =2) one may use
an approximation for Eq. (2), since x <<v,,,. In
this case, the first-order term becomes

AWM (MHz) = 522 /v,,,. (5)

Since this term is generally small, we will com-
bine it with the second-order terms for the upper
state given by Eq. (4). Since the overall tuning of
the two-photon transition is the difference between
the tuning of the individual levels, we can write the
total Stark shift as

SW/ =AWD + AWE) _ AW, (6)

Substituting Eq. (2) for AW, Eq. (4) for AW,
and Egs. (4) and (5) for AW*’, we have
GW'(MHZ) =% [(V2 +X2)1/2 - Vinv]g+D3“‘§'E2

inv
-D,u2E?, (7)

where D, is defined by Eq. (4) using the plus sign
and D, is defined by a sum of Egs. (4) and (5) using
the plus sign. Values for D, and D, for the three
AM =0 Stark transitions observed in NH; are given

YI2@T-1) (@I +1) [-2BU+ 1)z v, JT+1)2 @I +1) (2J +3)

[(T+1)2 - K2|[(J+1) - M?] ) @)

r

in Table II. It is interesting to note from Eq. (2)
that each Stark-shifted level is now doubly degen-
erate owing to the + M degeneracy. This should be
compared to the nondegenerate Stark-shifted levels
for the case of CH,F [Eq. (43) of Ref. 1].

In order to accurately find the two-photon transi-
tion frequency, two correction terms must be add-
ed to Eq. (7). The first correction is experimental.
In determining a particular resonance we set the
dc Stark field at a constant value, offset one of the
lasers (the P34 line) 500 kHz below its center fre-
quency, and sweep the other laser (P18) line
through the two-photon resonance. These fre-
quency offsets corresponding to the center of the
two-photon resonance are tabulated in Table II.
The other correction involves the level shifts
(power shifts) induced by the optical fields of the
lasers. This term (6W ) is calculated in Sec. IVC
and tabulated in Table VI. Equation (6) may now be
written

oW = AWS+ AW AW +8W , + 6W (8)

where 6W is now referenced to the center of the
CO, laser lines. Tabulated values for 6W may be
found in Table II. Note that our calculated values
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TABLE II. Evaluation of resonant Stark shift in NHj. 2
Transition EP awt Dau2x10°¢ aw® Dyx10%¢ awPe  ow,  owg'  ow
My  Mj (V/ecm) (MHz) [MHz/(V’em™)] (MHz) [MHz/(V’em™3)D?¥ (MHz) (MHz) (MHz) (MHz)
5 5 5253.40 294.786 —6.62749 -0.183 1.56110 0.297  —0.021 0.071 294.36
4 4 6580.43 295.999 —6.043 64 —0.262 1.33944 0.400  —0.993 0.045 294.39
3 3 8772.34 295.895 —5.589 52 -0.430 1.167 03 0.619  —0.517 0.026 294.36

Average 394.37

2 See Eq. (7) for definition of column symbols.
b plate spacing of 0.49648 cm.

€ B(ry=0%)=9.9463 cm™ (Ref. 6); Vip, (Vy, J, K=0,5,4)=0.7551 cm™! (Ref. 11); p,=1.475 D (Table V).
4 B(r,=2%)=10.261 cm™, vip(¥y, J, K=2, 5,4)=281.66 cm™ (Ref. 4).

¢ us=0.83 D (see Table V).

f OWg=AWg, —AWgs. These values are tabulated in Table VI.

for the three independently measured (AM =0)
transitions (6W) differ from the average value of
oW =294.37 MHz by a maximum of only 20 kHz.
This close agreement between theory and experi-
ment is encouraging and testifies to accuracy at-
tainable with this technique of measurement. Com-
bining this Stark shift with the CO, laser gives a
value for the frequency of the two-photon transi-
tion (v,,J,K)=(0",5,4) ~(27,5,4) of 1876.991493
+3x 10 cm™. This is unquestionably the most
accurately determined value for a two-photon
transition.

D. NH; data presentation and analysis

The general experimental setup was again that
described in Sec. IIID of Ref. 1. Throughout the
NH, experiments, however, there were some prob-
lems not present for the case of CH,F. Since the
Stark voltage was much higher to obtain resonance,
the problem of gas breakdown was present. The
highest pressure attainable in the cell at these high
voltages for the plate spacing of 5 mm was only 40
mTorr. This pressure was not sufficient for de-
tailed pressure-broadening studies. This problem
was partially alleviated by going to a smaller plate
spacing of 2.2 mm, This new plate spacing was
calibrated by taking the ratios of the new voltages
determined for the three AM =0 transitions to the
old voltages times the old plate spacing which was
calibrated from the CH,F data. This determined a

TABLE III. Laser Frequency offsets corresponding to
the observed two-photon resonances for Stark fields
given in Table V.

Transition P18 P34 oW,

Mg My (kHz) (kHz) (MHz)
5 5 +479 -500 -0.021
4 4 —493 -500 —0.993
3 3 -17 —-500 -0.517

new value for the plate spacing of d=0.219 74
+0.00010 cm. With this spacing we were able to
obtain pressures of 80-100 mTorr for the self-
broadening case.

We also added a small amount (2-3 mTorr) of
SF¢, a material with favorable dielectric properties
which strongly inhibited the breakdown phenomenon.
However, an alternate problem appeared, as the
threshold voltage for corona was substantially re-
duced by the SF;. This behavior limited the total
pressure range that could be examined, but the
combination of the lower plate spacing and the SF,
allowed sufficient data to be obtained for pressure-
broadening studies.

A significant practical problem arises from the
fact that NH, is very adhesive to the interior walls
of the absorption cell. This aspect interfered with
determinations of accurate partial pressures of
NH, and foreign-gas perturbers. This difficulty
was eliminated by first flushing the cell with high-
pressure NH, (several Torr) and then filling the
cell to the appropriate pressure and waiting at
least 30 min for the pressure to reach equilibrium.
This procedure insured accurate NH, partial pres-
sures.

A sample of the data obtained in NH, using an
experimental procedure similar to the one outlined
in the preceding paper is given in Fig. 3. As in the
case of CH,F, there is no Doppler background ow-
ing to separate beam two-photon absorption, since
the frequencies 2v, and 2v, are several hundred
Doppler widths off the two-photon resonance. The
analytical procedure used to reduce the NH, data
was simplified somewhat from the one used for
CH,F. As can be seen from Fig. 3, the signal-to-
noise ratio is extremely high for NH,, allowing the
data to be taken using a very small modulation
amplitude. Thus modulation broadening did not
complicate the data reduction. This allowed the
experimental linewidths to be fitted directly with
the derivative of Voigt profile. This fit is indicated
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FIG. 3. Two-photon absorption signal from NH; using
the transition in Fig. 2. The probe oscillator (P34) was
locked 500 kHz below line center while the pump oscil-
lator (P18) was swept through the line. The NH; pres-
sure was 42 mTorr and the peak-to-peak modulation
amplitude was 0.293 MHz. Note the slight asymmetry
in the line shape which could be attributed to unresolved
hyperfine splittings. Dotted line: Best fit to the deriva-
tive of the Voigt profile giving a total width of 3.14 MHz
and a homogeneous contribution of 2.52 MHz.

by the dotted line in Fig. 3. The numerical pro-
cedure calculating this derivative was originally
used to evaluate the plasma dispersion function.'®
From this analysis, we obtain homogeneous line-
widths which were automatically stored for the
various pressures and subsequently fitted to a
straight line, thereby determining the pressure-
broadening coefficient.

Pressure-broadening coefficients were obtained
for the cases of self-broadening and broadening by
the foreign-gas perturbers H,, D,, He, Ne, and
Xe. A sample plot of the data is given in Fig. 4 for
the case of self-broadening in NH,. Note that the
homogeneous contribution to the linewidth does not
extrapolate to zero, as was the case for the data
taken in CH,F (Fig. 5 of Ref. 1). One explanation
for this observation might be that unresolved hy-
perfine splittings'!**® are contributing to the total
linewidth. Also, power-broadening and power-
shift'” contributions to the linewidths are no longer
negligible and could account for part of the zero-
pressure value of the homogeneous linewidth.

A tabulation of all of the experimentally deter-
mined linewidths is given in Table IV. A general
interpretation of these data in terms of the molec-
ular collisional process is left to Sec. III. It is
interesting to note the existence of anomalous ef-
fects in the NH,-rare-gas—-broadening data. The
most pronounced effect is seen in Fig. 5 for the
case of NH,-Ne collisions. We observe in this case
that the linewidth at low pressure actually narrows

4.0

T T 1 T T T T
3.5 O Measured FWHM
. x Homogeneous FWHM -
& 3.0 i -
=
>
z 2.5 —
.
2 2.0 - -
= P
s -
2 L5 X —
— v
]
= 10 Parameters: 7
0 Residual Dopper width: A\;D = 1.35 MHz B
: Homogeneous width: by = 28.8 MHz/Torr
0 1 I | | I 1

1
0 10 20 30 40 50 60 70
Total pressure (mTorr)

FIG. 4. NH; self-broadening data for the two-photon
transition ¢/ ,K,M)— (',K',M’) =(5,4,5)—~ (5,4,5). The
two laser fields were polarized parallel to the Stark
field. The data were established by a fit with the deriv-
ative of the Voigt profile.

(line S,), while the higher-pressure points indicate
a broadening at a very low rate (line S,). Similar
effects can also be seen in the low-pressure NH,-
He data, where a very low broadening coefficient
is observed (see Table IV). These effects can be
interpreted in a manner after Dicke'® and are dis-
cussed in Sec. III C.

One final comment concerning these data for the
case of NH;-Xe is in order. Pressures higher than
50 mTorr were unobtainable because of breakdown
and corona problems. The data obtained for the
lower pressures give a low broadening coefficient.
The error bars on this coefficient are fairly large
and the reported value should be taken as correct
only within a factor of 2.

III. COLLISIONAL PROPERTIES OF “NH;

A. Pressure broadening in NH;

During the last thirty years, the pressure broad-
ening of NH; microwave transitions has been ex-
tensively studied both experimentally and theoreti-
cally. Anderson'® was the first to obtain reason-
ably good agreement between his theoretical treat-
ment and the data of Bleaney and Penrose.?’ A good
review of this earlier work is given by Townes and
Schawlow.'! Assuming the dominant collisional
processes in NH; are dipolar transitions between
the inversion doublet, Anderson predicts a line-
width dependence on rotational state (J, K)

Ay, |K|/[J +1)]1 /2, 9)

Although Bleaney and Penrose obtained the closest
fit to their experimental data by using Eq. (9) to the
3 power, we will assume the rotational-state de-
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TABLE IV. Comparison of experimental pressure-broadening parameters in 14NH3 for the two-photon transition

(vy, J, K, M) —~(v5, J', K", M")=(07,5,4,5) —(27, 5,4, 5).

Experimental Experimental Relative
linewidth (Av,) optical-broadening Gas kinetic Reduced velocity ?
(FWHM) cross section ? cross section® mass (@) @ rer)
Perturber (MHz/Torr) b, (A) o’ (AY b, (A) o’ (AY (amu) (x 10° cm/sec)
NH; 28.8 1.0 10.2 325 4.43 61.7 8.50 0.864
H, 4.74+0.25 2.80 24.6 3.68 42.5 1.789 1.88
D, 4.32+0.25 3.10 30.1 3.68 52.5 3.24 1.40
He 1.44%0.15 1.79 10.0 3.50 38.4 3.24 1.40
Ne 0.57+? 1.46 6.70 3.61 40.9 9.189 0.830
Xe 1.8 £°? 2.93 27.1 4.24 56.5 15.04 0.649

* The conversion formulas used to calculate these values can be found in Table IV of the preceding paper (Ref. 1).
b Kinetic diameters are those obtained from Joseph O. Hirschfelder, Charles F. Curtis, and R. Byron Bird, Molecu-
lar Theory of Gases (Wiley, New York, 1954). The kinetic diameters for mixtures are obtained from the usual combi-

nation rule, b= %(bl+b2).

pendence shown in Eq. (9), since Anderson has
shown that the assumptions used by Bleaney and
Penrose to derive their result were incorrect.

We begin by comparing our widths to other pub-
lished data of transitions in the microwave and in-
frared. A tabulation of the microwave linewidths
determined before 1955 can be found in Ref. 11.
Other measurements used for comparison are the
work of Legan ef al.?* and Kakar and Poyneter.?
The values given by Legan are the result of a care-
ful and systematic investigation with corrections
included for modulation broadening, cell length,
and even Doppler broadening at low pressures. Al-
though these values are consistantly lower than
those given by Bleaney and Penrose, we will as-

2.4% 0 0 0 45 o o

MHz)

~N

o

T
h

\ wm

x N
x 1

R N St =
- —_—
2 12k o Measured FWHM B
- .
s x Homogeneous FWHM
f 0.8 Parameters: |
> Residual Dopper width: avp = 1.35 MHz
High pressure slope: S] = 0.57 MHz/Torr
0.4~ Low pressure slope: S, = -0.92 MHz/Torr]
0 | 1 | | |
0 40 80 120 160 200

Ne pressure (mTorr)

FIG. 5. First observation of collisional narrowing
effects in two-photon absorption spectra. Line S, is
the straight-line fit to the high-pressure points (> 100
mTorr) and gives an anomalously small broadening
coefficient. The slope of line S, is actually negative,
indicating collisional narrowing is occurring. The to-
tal narrowing observed is ~ 70 kHz.

sume these are the correct values. Since the
broadening coefficient can vary by as much as 50%,
depending on the rotational state (J,K), it is neces-
sary to compare our transition [@(5,4)] to other
determinations using the same rotational states.
Unfortunately, there are little data useful for a
direct comparison. However, assuming a line-
width dependence on J,K, as in Eq. (9), one can
extrapolate the microwave data with reasonable
accuracy to obtain a broadening coefficient of about
44,0 MHz/Torr for the Q(5,4) transition. Note that
our determination for the two-photon @(5,4) trans-
ition (Av,=28.8 MHz/Torr) is much smaller.

Data for infrared transitions are even more
sparse. A few line-broadening parameters have
been measured by Varanasi,?® Mattick ef al.2*
Shimizu,” and Benedict et al.?® Comparing these
determinations to available microwave data, we
find that the infrared-broadening coefficients are
generally 10-20% less than the corresponding mi-
crowave coefficients. From these comparisons,
we can obtain a general trend: As the v, vibration-
al quantum number increases, the linewidth nar-
TOWS.

To understand this narrowing, one must first
look at the basic collisional processes allowed in
NH,. Assuming the collisional interactions in the
upper and lower states are statistically indepen-
dent, we can approximate the linewidth as”

1 /1 1

AVP—E <T—L+Tu>. (10)
Normally, it is assumed that T;=T,. This as-
sumption should be reasonably accurate for micro-
wave broadening but could change drastically for
infrared broadening, since the character of the up-
per state is much different from the lower state.
In general, the linewidth is a combination of con-
tributions from different types of collisional pro-
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cesses which perturb the phase but do not change
the state, reorient the angular momentum vector,
or change the rotational state. The general selec-
tion rules for dipole-dipole type transitions (ex-
pected for CH,F and NH, self-broadening) are

+=—, AJ=0,+1, and AM=0,+l1.

These selection rules have been verified for NH, by
Oka.?® If we assume a linewidth model as in Eq.
(10), the variances in the linewidth could be ex-
plained by a reduced collision frequency in the up-
per state. To illustrate this point, we compare the
collisional processes for CH,F and NH,.

In the case of CH,F, the vibrational states are
doubly degenerate (+). Hence collisional processes
which require little or no energy change (types a
and b) can cccur and contribute to a substantial
portion of the linewidth. This has been verified by
Johns et al.?® who estimate that reorientation col-
lisions (AM =+1) can account for up to 70% of the
linewidth. Also, since the B constants are almost
the same for upper and lower states, the contribu-
tion from rotationally inelastic collisions should be
the same. This means that we would expect line-
width comparable to the microwave data, an ex-
pectation which is supported by the data.

NH,, however, is a completely different case.
Here the vibrational levels have an inversion split-
ting which rapidly increases with v, quantum num-
ber. Since the dipole selection rule is +=—, the
only allowed dipole-type collisions must occur be-
tween the inversion doublets. For the ground state,
the splitting is only 0.8 cm™. Hence energy can
easily be exchanged between these states and near-
ly resonant dipolar transitions can occur. How-
ever, for the v,=1 level, the splitting is 35 cm™,
leading to a much larger energy deficit to be con-
verted into translational energy. Thus these par-
tially resonant collisions have a smaller broaden-
ing cross section, giving T, <7, and a smaller
linewidth.?” Forthe v,=2mode, the inversion split-
ting is 280 cm™, a value which is somewhat larger
than the average thermal energy (27 =200 cm™).
Also, for J =5, the rotational line spacing is 2BJ
=100 cm™, which means that a rotational transi-
tion J —=J +1 is still ~180 cm™ off-resonance.
Hence any dipole collisional process would be com-
pletely nonresonant and would have a very small
transition probability. To zeroth order we could
assume the upper state contribution to be zero and
hence expect a 50% reduction in width. Qualitative-
ly, dramatic reductions in the widths are observed,
which in this model can be attributed directly to the
dipole-dipole selection rules. Note that in the di-
pole approximation there is no contribution from
reorientational collisions. We can expect some re-
sidual contribution to the linewidth from inversion

state changes in the v, =2 state, but the major ef-
fect is probably due to reorientation collisions from
the quadrupole-dipole interaction term in the in-
termolecular potential, since the vibrational selec-
tion rules for these types of collisions are +=+

and — =-. However, NH; has a relatively small
quadruple moment (1.30 DA) and a detailed calcu-
lation would have to be performed to extract the
relative contribution. Johns et al.?® have demon-
strated that reorientational collisions do occur in
NH, and make up approximately 7% of the linewidth.
Benedict ef al.®!° propose a similar explanation for
decreases in the widths of lines in combination band
spectra.

Foreign-gas broadening in NH,; has been as ex-
tensively studied as self-broadening. One reason
for the interest in NH, is that Smith®® concludes
that the NH, inversion spectrum is more useful
than the rotational spectra of linear molecules for
the purpose of evaluating the quadrupole moments
of foreign-gas perturbers. This conclusion is pre-
dicated on the fact that competing interactions in-
volving the polarizability of the collision partner
are much smaller for ammonia than for linear mo-
lecules. A large number of quadrupole moments
have been determined from NH; line-broadening
data.?®

It is interesting to note the velocity dependence
of the linewidths for dipole-quadrupole forces.
Following the treatment in Townes and Schawlow,'*
we see that the line-broadening parameter (Ay,)
can be related to the relative velocity (v,,,), using
Anderson’s theory, by

2mAY,=Nv g 0 No[2 D), (11)

where » is related to the specific term in the multi-
pole expansion of the intermolecular potential and

o is the velocity-dependent collision cross section.
For dipole-quadrupole forces =4, hence

1/3
Auﬁocvrel .

Note that there is no velocity dependence of the
linewidth for dipole-dipole forces (z=3). This has
been beautifully demonstrated by Mattick et al ¢
for the case of self-broadening in NH,.

We now compare the velocity dependence of the
linewidth for the case of broadening of NH, by H,
and D,, assuming a dipole-quadrupole interaction
force. Since both of the molecules have the same
quadrupole moment,?® we would expect from the
previous discussion that the radio of the linewidths
would go as

() ()
AVnz Up, K,

since the relative velocity is related to the reduced
mass by v, < 1/p'/?. With pp, =3.24 and py, =1.79
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amu,
Avy /Avp, =(3.24/1.79)'/°=1.10.

Taking the appropriate measured linewidths from
Table IV, we see that

Auﬂz/AVD2 =4.74/4.32=1.10,

which provides very strong support to the assump-
tion that the main interaction in NH,-H, collisions
is the dipole-quadrupole term. Anderson®’ suggest-
ed that the main part of the linewidth for NH,-H,
collisions could be accounted for by the quadrupole-
induced dipole term (z="7) in the intermolecular
potential. The polarizabilities of H, and D, are the
same, so we again can compare the velocity de-
pendence of this term. Using Eq. (11) we have

Avecvil?,

giving
BV _ <E>2’3 _ (__“Dz)”3 -1.21
Avp, \p, B,

Since our relative error is estimated to be of the
order of +2%, the experimental value is clearly not
accounted for by quadrupole-induced dipole forces.

Foreign-gas broadening by rare gases is expect-
ed to be dominated by quadrupole-induced dipole
forces.?”»?8 It is surprising that this force should
dominate over the longer-range interaction of di-
pole-induced dipole. It can be shown, however,
that the symmetry of the dipole-induced dipole
term is such that it provides no inversion tran-
sitions and hence a small contribution to the line-
width. Anderson has used this term to obtain
fairly good agreement for the NH, linewidth broad-
ened by argon and helium.

Finally, note from Table IV that all of the for-
eign-gas optical-broadening cross sections are
less than the gas kinetic cross sections. This has
two implications: The approximation of straight-
line trajectories used by Anderson is no longer
valid, and the collisional processes involved do not
significantly perturb the internal coordinates lead-
ing to the possibility of observing collisional nar-
rowing of the residual Doppler width.

B. Pressure shift in NH,

As described in Sec. III H of Ref. 1, a pressure
shift in the center frequency of a line can give us
additional information about elastic collisional
processes not available from line-broadening stud-
ies. For the case of NH; microwave transitions,
we would expect no pressure shift in first order
for self-broadening. The reasons are twofold.

The matrix elements are not diagonal in the in-
version quantum number, and hence dipole-dipole

v

67OL-

650
Slope = 0.38 MHz/Torr

630

Relative center frequency (kHz)

610 1 1 1 | |
0 40 80 120 160 200 240

Ne pressure (mTorr)

FIG. 6. NH;-He pressure shift in the center frequency
of the two-photon transition (J,K,M)— (J',K',M’) =(5,4, 5)
— (5,4,5). The indicated error bars are 20 kHz. The
slope of this line is 0.38 MHz/Torr.

forces cause state changes; and both our upper and
lower rotational states are the same, since we are
dealing with a Q(AJ =0) transition. The second rea-
son is valid in the microwave region, but is con-
sidered inapplicable for our case, since the inver-
sion splitting is much larger in the upper state

(v, =2) than in the lower state, leading to a differ-
ence in the collisional shift of each level. For
broadening by foreign-gas perturbers examined in
this study, the only case exhibiting a resolvable
pressure shift was that of NH,-Ne collisions.
These data are presented in Fig. 6, giving a value
for the shift of 0.38 MHz/Torr. This shift is a
large fraction (3) of the broadening coefficient
(line S, in Fig. 5). As explained in Ref. 1, the
pressure shift samples only collisional processes
which are elastic. Since the quadrupole-induced
dipole force accounts for the broadening of NH,-
rare gas by causing transitions between the in-
version doublet, we are led to postulate that the
dominant force involving elastic collisions is the
dipole-induced dipole force. Since this is a longer-
range force than the quadrupole-induced dipole
force, it could account for the observed pressure
shift.

C. Collisional narrowing in NH;

One final observation concerning collisional ef-
fects in NH, is the observation of collisional nar-
rowing of the residual Doppler width. The most
pronounced observation is given in Fig. 5 for NH;-
Ne collisions. Note that a straight-line fit through
low-pressure points (S, in Fig. 5) actually gives a
negative slope for the pressure-broadening coef-
ficient. The actual narrowing that occurs is 70
kHz. This is the first observation of collisional
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narrowing in two-photon absorption spectroscopy.
A narrowing of this magnitude is significant when
one considers that the total linewidth is a convolu-
tion of a Doppler width (~1.35 MHz) and a homo-
geneous width (~1.6 MHz). An anomalously low
broadening coefficient was also observed for the
low-pressure points of NH,-He collisions; however,
a narrowing was not observed in this case.

Collisional narrowing was first predicted by
Dicke'® and has since been included in a large num-
ber of theories of combined Doppler and pressure
broadening. Dicke’s basic assumption is that the
total effect of a collision is to change the radiator’s
velocity without a perturbation of the internal co-
ordinates. Under these conditions a Doppler-
broadened line can show considerable narrowing as
the pressure is increased. This effect has been ex-
perimentally demonstrated in water vapor®® and in
the vibrational Raman lines® of H,.

For the case of NH;-Ne collisions, we see that
the straight-line fit to the high-pressure points (S,
in Fig. 5) gives a very low broadening coefficient.
This indicates that collisions do not strongly per-
turb the internal motions, and hence that this would
be a good system for the observation of collisional
narrowing. Also note that the normal pressure
range where these effects can be seen is in the re-
gion 10-100 Torr.*° However, since Ak is con-
siderably reduced by the two-photon effect (~15
cm™), this effect can be observed at much lower
pressures. Hence it is reasonable that we see
some narrowing effect. Since our linewidth is not
a purely Doppler-broadened line, we can extract
no information as to the value of the particle dif-
fusion coefficient for NH;-Ne collisions (see, for
example, Ref. 30).

IV. MEASUREMENTS OF VIBRATIONAL TRANSITION
DIPOLE MATRIX ELEMENTS IN NH;

A. Introduction

In addition to the collisional effects observed and
discussed in Sec. III, the DFTPA experiment also
provided the necessary experimental data to deter-
mine two different vibrational transition dipole ma-
trix elements in the v, mode of NH; not previously

TABLE V. Vibrational transition dipole matrix ele-
ments measured for the v, mode in NH;.

Transition oup (D) Reference
0" =1" 0.23 *0.02 6
1t =2~ 0.27 +£0.05 This work
0t =0~ 1.475+0.006 5
1t =1" 1.25 +£0.01 5
2t =27 0.83 +0.08 This work

200 T T T T T

Power shift = 320 Hz/(N/cmZ)
150+ -1

1C0+ -

140 KHz |

0 1 | | | 1
0 100 200 300 400 500 600

P18 Laser intensity (w/cmz)

50

Relative shift (kHz)

—e—i

FIG. 7. Shift of the two-photon transition frequency in
NH; as a function of the P18 laser power. The shift de-
termined by these data is that of the upper state (v,,J,
K ,M)=(2",5,4,5). This enables the calculation of the
1* —2~ transition dipole moment. For these calcula-
tions, the laser was focused to a beam waist of 0.81
mm, giving a peak intensity of 390. W/cm?,

measured. Two different effects were used to
make these measurements. The 1*=2" transition
moment was estimated using the optical Stark ef-
fect, while the 2*=2" transition moment was mea-
sured using the second-order Stark effect arising
from the applied dc electric field. The results of
this section are summarized in Table V along with
a comparison with the known transition moments.

B. 1'22 transition

The optical Stark effect was used to determine
the transition dipole matrix element of the 1*—-2~
transition. This effect is commonly known as an
“optical power shift” and can be experimentally
observed as a shift in the center frequency of a
two-photon transition as a function of the intensity
of the pump laser. Data demonstrating this effect
in NH, is given in Fig. 7 for the two-photon transi-
tion (v,,J,K,M)~(v},J’,K' ,M’)=(0",5,4,5)
-(2-,5,4,5). Here, the center frequency of the
two-photon transition is plotted versus the inten-
sity of the P18 laser line (see Fig. 2). These data
were taken to provide a correction factor for the
exact value of the two-photon transition frequency.
The experimental procedure entailed placing an
aperture in the probe beam such that the only in-
tensity reaching the detector was the uniform
center portion of the mode. This prevented the
Gaussian intensity distribution from affecting the
overall observed shift. Using the measured beam
diameters, we determine a power shift for the
(v,,J,K,M)=(2,5,4,5) level of 320 Hz/(W cm ™).
The errors in this measurement result mainly
from the inaccuracy in the actual beam intensities
in the cell. These errors are estimated tobe £20%.
This is the first observation of these types of shifts
in the infrared, although a similar experiment was
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performed in the visible and reported by Liao and
Bjorkholm 22

A theoretical expression for this shift can be
written, using second-order perturbation theory
and assuming one dominant intermediate state, as®

AW 1 |<n|ﬁlm>°ﬁolzLl<"lﬁ‘m>'-ﬁo|2
n4\ W—Wo—hy  WO-_WS+hv )’

(12)

where the state n corresponds to (v,,J,K,M)
=(2-,5,4,5), the state m to (1*,5,4,5) and the
laser radiation field E, to the P18 CO, laser line.
Since |W%,-,— W+, | <hv(P18), we need take only
the first term of Eq. (12). Therefore Eq. (12) re-
duces to

AW ey =5 [(27[ 12 |19 Eg| 2/ (W) = Wiay = h).
(13)

We do not consider the power shift of the lower
state (v, =0"), because the power of only the P18
line was varied. From Fig. 7 the power shift of
the 2~ level (AW ,-,) was measured to be 124 kHz at
4 W of P18 laser power. The intensity of the laser
field for a fundamental transverse mode is given by

I=2P/1u?, (14)

where P is the laser power and w is the average
beam radius within the Stark cell, which was cal-
culated to be 0.81 mm for the P18 line. At a power
of 4 W this corresponds to an intensity of 390 W/
cm? with an electric field amplitude E,of 540 V/cm.
The resonance denominator (W3,-, — Wo,+, - hv) is
calculated to be ~4950 MHz when the dc Stark field
is present.

The transition dipole matrix element (2-|p |1*) of
Eq. (13) is composed of two parts, the vibrational
transition dipole matrix element 5y to be deter-
mined, and the direction-cosine matrix element
@ ; k,u,» Which arises from the known angular parts
of the wave functions.'’ We can then write

(2°|p|1%=0pd, &,y (15)

For the transition (J,K,M)~(J’,K’',M’)=(5,4,5)
—-(5,4,5), @, x,4=0.666. Therefore we may solve
Eq. (13) for 6u, yielding

du(1*=27)
={4AW(2') (W(()z') - W(()1+) - hy)/az(cb J.K.M)zE?)]l/z’

(16)

where a=0.503 48 is the conversion constant pre-
viously mentioned in Eq. (3). Substitution of the
above described values in Eq. (16) gives

5u(1*~27)=0.27+0.05 D. an)

(2,5,4,5) _~ f T
v, (P18) +
VO 2 .
v
(1%,5.,4,5) Av = 4950 MHz
L5881 ]
T vy (P34)
I it
= —_ 1
_ Ve AW f
(07,5,4,5) | 7 9
(v253,K:M) ’ Static field | Optical field
| Stark shift Stark shift

FIG. 8. Schematic of two-photon absorption transition
in NH;, indicating the static Stark- and power-shift cor-
rections used to calculate the vibrational transition di-
pole matrix element of the v,=2%+ 2~ transition.

As seen in Table V, this transition dipole moment
is larger than that of the lower state [61(0~—1%)
=0.23 D], but less than the value calculated by a
harmonic-oscillator model which is proportional
to the square root of the vibrational quantum num-
ber v 3*i.e.,

8 (=2)=6u(0 ~1) /2
~(0.23)21/2
~0.33 D.

Nevertheless, a value of 0.27 D for the 1* =2
transition seems quite reasonable in view of the
fact that the v, mode is strongly anharmonic.

C. 2"22 transition

The vibrational transition dipole moment of the
2*=2° transition was measured using a method
similar to that used to calculate the resonant fre-
quency of the (v,,J,K)=(0",5,4)~(2",5,4) transi-
tion, as discussed in Sec. IIC. Refering to Fig. 8,
the center frequency of the two-photon transition is
given by

Vo=V + U + AV, + AW, + AWy, — D (U = AWg,,
(18)
where AW, is the sum of the first- (AW{"’) and
second-order (AW) dc Stark shifts of the lower

level, D,(u,)? is the dc Stark shift of the upper lev-
el containing the unknown dipole moment, AW, is
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the power shift correction (here we have assumed
AW positive in the vertical direction), and Ay, is
the resonance frequency offset of one of the lasers
(P18 line) from itsline center (see TableIII). Since
all of the M, ~M, transitions yield the same two-
photon absorption frequency v,, Eq. (18) can be
equated for different M,—~M, transitions. Solving
for p, we have

1839

TABLE VI. Optical power shifts for the 0~ and 2~ lev-
els of the ¥y mode in NHj.

07 level 27 level
M, M; Wg, (kHz) M; M, Wg s (kHz)
5 5 -50 5 5 -121
4 4 -32 4 4 =77
3 3 -18 3 3 —44

b= ((AWA, — AW +(Av, — Av)) + (AW, - AWL) + (AW, - AWgy) >1/2
f'_ b

DS_D;

where the unprimed and primed variables denote
different M, —~M, transitions. All of the expres-
sions in Eq. (19) have been previously calculated
(see Table II) except the power shift terms (AW,
and AW ).

To calculate the power shifts of the 0° and 2~ lev-
els we will use Eq. (12) with only one dominant in-
termediate state corresponding to the vibrational
level v,=1*. The 0~ level is affected primarily by
its interaction with the P34 line, which has a pow-
er of 2 W with an average beam radius of 0.76 mm
in the Stark cell. Employing Eq. (14), we find the
P34 laser line intensity to be 220 W/cm?, corre-

sponding to an electric field amplitude of 410 V/cm.

The vibrational transition dipole matrix element
between the 0~ and 1* intermediate is 6 =0.23 D.
The resonance denominator remains 4950 MHz.
The direction-cosine matrix elements may be found
in Ref. 11. The resulting values for the 0~ power
shift are listed in Table VI. In order to calculate
the power shift of the 2~ level associated with the
interaction of the P18 line, we will use the experi-
mental parameters previously mentioned in Sec.
IV B, including our calculated value of 01 =0.27 D
for the 1* -2~ vibrational transition dipole moment.

(19)

The results of these calculations also may be found
in Table VI. Having determined the appropriate
optical power shifts of the v,=0" and v,=2" levels,
we are now in a position to evaluate Eq. (19). This
calculation is tabulated in Table VII for various
permutations of the M, ~M,=5-~5, 4~4, and 33
transitions. The average value of u as taken from
Table VII is 0.83 +0.08 D, where we have statisti-
cally weighted the permutations (M,M’)
=(5,3):(5,4):(4,3) as 3:1:2, commensurate with
the experimental accuracy. This measured dipole
moment of the v, =2 level represents the vibration-
al transition dipole matrix element between the v,
=2"=2* levels. This matrix element therefore is
assigned the value

5 (2°=2%)=0.83+0.08 D.

Since this transition dipole matrix element has
not been previously measured, a comparison with
other m2asurements is not possible. However,
Gille and Lee® used an estimate of 5u(2-=2%)~1.0
D in calculating line intensities for this transition.
Shown in Table V are the vibrational transition
dipole matrix elements measured for the v, mode
in NH,;, with a comparison to other work. It is in-

TABLE VIL Evaluation of (27 ==2%) vibrational transition dipole matrix element of the v, mode in NHj.

Transition AW, —-AW,*? Auz—Augb AWge—AWg, © AWgs—AWg,© D5-D’5d "
M, My M} M; (kHz) (kHz) (kHz) (kHz) (kHz D? (D)
5 5 3 3 862 496 -32 77 -466  0.830
5 5 4 4 -1134 972 -18 44 -149 0.955
4 4 3 3 272 -476 -14 33 -317  0.764

Average©=0.83+0.08

 See Table IL
b See Table IIL
¢ See Table VI,
4 p;=D,E?, where D, and E are given in Table IL

¢ This average is weighted according to experimental error by the following formula: (M, M’)=(5,3) :(5,4) :(4, 3)

=3:1:2,
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teresting to note the dependence of these transition
moments with the v, quantum number. As the quan-
tum number becomes larger, the dipole moment is
reduced, approaching values similar to typical in-
frared-moment transitions.

D. Discussion of the optical power shift

Although the optical power shift was used to de-
termine the vibrational transition dipole matrix
element for the 1*=2" transition, it contains some
interesting features that require further discus-
sion. It may be noted that the optical power shift
terms (AWp) listed in Table VI are negative for
both the v,=0" and 2~ levels. The negative value of
the sift is associated with the fact that the inter-
mediate state, v,=1* lies at a higher energy than
that corresponding to the v, quantum (P34 line in
Fig. 8). If the energies of the intermediate state
and the first laser photon were reversed, the
optical power shifts would then be positive. Also
apparent from Table VI is the fact that of the opti-
cal power shift of the upper level v, =2" is greater
than that of the lower level, v,=0". The reason for
this is twofold. We are operating the P18 laser
line at a higher intensity (4 W) than the P34 laser
line (2 W), and thus the amplitude E, in Eq. (13) is
larger, and the vibrational transition dipole matrix
element 6y =0.27 D for the transition 1*—-2" is
larger than the corresponding matrix element,
5u =0.23 D, for the 0-—1* transition.

These particular features point to an interesting
technique for tuning a molecular transition into or
out of resonance using these multiphoton processes.
From Fig. 8 and Eq. (13), one can easily visualize
that if the laser intensities of one or both of the v,
and v, radiation fields are of sufficient intensity,
it could be feasible to tune the two-photon transi-
tion into resonance using only the optical power
shift. This technique would be particularly ad-
vantageous in NH, and other molecular gases which
have a low dc electric field breakdown threshold.
Elimination of the dc Stark tuning would facilitate
working at higher gas pressures, a situation very
favorable for two-photon excitation schemes. A
calculation of the power necessary to tune the two-
photon transition into resonance indicates that only
~10° W/cm? would be necessary. These powers
are relatively easy to attain by combining stable
laser systems with multipass TEA CO, laser ampli-
fiers.®® There has also been a recent proposal to
combine this optical Stark effect with an adiabatic
rapid passage to completely invert a two-photon
transition.?® Use of these types of techniques could
have direct application to laser photochemistry and
laser-induced isotope separation.

V. SUMMARY AND CONCLUSIONS

To summarize, we have reported the observation
of Doppler-free two-photon absorption in the mo-
lecular system of NH,. Using the two-photon tech-
niques described in Ref. 1, we have determined
both spectroscopic and collisional properties of
this molecular system. This information falls into
five basic categories.

1. Accurate measurement of two-photon transi -
tion frequencies. The NH, transition of (v,,J,K)
=(0",5,4)-(2",5,4) has been measured to be
1876.991493+3 X10™® ¢m™. This transition is now
known to about three parts in 10° (the accuracy of
the speed of light) and could now be used as a sec-
ondary frequency standard.

2. Determination of pressure-broadening coeffi-
cients. We can do this for the two-photon transi-
tion described above for the cases of NH; broaden-
ed by NH,, H,, D,, He, Ne, and Xe. These values
can be found in Table IV.

3. Observation of a pressure shift. A pressure
shift is observed in the center frequency of the
two-photon transition for NH, broadened by Ne.

4. Measurement of two vibrational transition
dipole moments in NH,. 1*—2" was measured to be
0.27 D and was obtained from the power- shift data
in Fig. 7. 2*-2" was measured to be 6.83 D and
was obtained from second-order Stark tuning of the
various AM =0 two-photon transitions.

5. Observation of the collisional narvowing. This
is observed in the residual Doppler profile for
NH;-Ne collisions.

It is important to observe that all of these mea-
surements required the complete specification of
all of the degrees of freedom of the radiation field.
These included stable CO, frequencies for spectro-
scopic measurements, utilization of the wave vec-
tor (direction of propagation) for the Doppler-free
effect, utilization of the polarization to observe the
different AM two-photon transitions, and utilization
of the intensity and mode quality for the power
shift measurements. The CO, oscillator is one of
the few laser systems which has all of these prop-
erties sufficiently well characterized to be able to
make measurements of this type.

As a final note, we feel that the techniques of
Doppler-free two-photon absorption with fixed fre-
quency sources canbe applied generally toalarge
number of molecular systems. Not only has it been
demonstrated that a new and powerful tool has been
added to the repertoire of experimental spectro-
scopic techniques, but that major contributions to
experimental collision physics canalsobe achieved.
Furthermore, it is apparent that Doppler-free
many-photon excitation schemes will have a major
impact on laser isotope separation in situations
where the isotopic transitions of interest are
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masked by the Doppler width and several quanta
are required for excitation. Applications of this
nature will presumably be demonstrated within the
near future.
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