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Doppler-free two-photon transitions between the 3s, J = 2 metastable state and the subconfiguration 7d’
of neon are studied with a pulsed-dye-laser oscillator-amplifier system which was synchronized with a
chopped rf discharge in neon vapor. The isotopic shifts for these transitions are measured, and based on these
measurements we have made a systematic study of Ne-Ne and Ne-He collisional broadening and shift of |

these very narrow Doppler-free two-photon resonances.

I. INTRODUCTION

With the introduction of powerful, narrow-band
tunable lasers as sources of intense monochro-
matic light, it has recently become possible to
perform high-resolution spectroscopy of atomic
and molecular states which are not directly coupled
to the ground state via an electric dipole matrix -
element. These modern methods of precision
spectroscopy have thus far combined stepwise ex-
citation of atoms and molecules by tunable dye
lasers with level-crossing techniques,! quantum
beat spectroscopy,? optical double resonance,' or
Doppler-free two-photon absorption spectroscopy.?
In particular, using the Doppler-free-two-photon
technique, it has recently been possible to mea-
sure fine and hyperfine structures, and to study
Zeeman and Stark splittings and collision effects.
While most of these investigations were performed
in-alkali vapors (in particular, sodium), there has
been considerable interest in extending these mea-
surements to rare-gas atoms,* whose levels are
spread over a wide range in energy so that one
can often find a level among them as an interme-
diate state to enhance the two-photon transition
probability. Neon in particular has a very inte-
resting energy-level structure which makes it at-
tractive for two-photon spectroscopy. This may
easily be shown by comparing the energy-level
diagrams of sodium and neon. If neon atoms are
somehow excited into either of the metastable
2p%3s, J=2 or 2p53s, J=0-states, then either of
these states could serve as a starting point for
performing many experiments in neon vapor iden-
tical to those previously performed in sodium,
without any major change in experimental configu-
ration. Another interesting feature of neon is that
it has three stable isotopes, 2°Ne, ?'Ne, and **Ne;
thus one may explore interesting effects resulting
from the presence of different isotopes in a vapor
cell. i
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II. FORMALISM

For the excited states of neon in a 2p°ul(n> 4)
configuration, the various terms of the Hamiltonian
can be ordered in the following way®:

¥go(core) >3CL  (core-external elec.)

>> [3(3@

¢ eclcore-external elec.)

and 3G, (external elec.)]. (1)

The spin-orbit (SO) coupling Hamiltonian of the
2p°core, Iy, (core), is larger than the direct
electrostatic interaction between the core and the
external electron, 3¢, ; the latter is itself larger
than the exchange part of the electrostatic interac-
tion, 3C;,.., and the spin-orbit interaction of the
external electron, 3Cg,(external electron). ‘To find
the eigenstates of the Hamiltonian, one can apply
stationary-state perturbation theory. 3G (core) is
invariant under any rotation of core variables;
hence the eigenstates of this term of the Hamil-
tonian are eigenstates of j,, where ]?1 is the angu-
lar momentum of the core,

i = il +S 1 (2)
where i:l and §1 are the orbital angular momentum
and spin, respectively, of the core.

The angular momenta of the 2p°core are L,
=1,5,=3. Thus j, can take the two values 5 and
$. Levels for which j, =% will be indicated with
primes. The levels of the 2p%:1’(j, =3%) subcon-
figuration have a larger energy than the levels of
the 2 p%sl(j, =3) subconfiguration because the fine
structure of the core is inverted (as a’consequence
of the Racah theorem®). One can interpret this
intuitively by saying that the core behaves as a
positively charged hole.

When the direct part of the electrostatic interac-
tion between the core and the external electron is
taken into account, the Hamiltonian is only in-
variant under a rotation of the core and of the or-
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bital variables of the external electron. ‘Under
these conditions, the eigenstates of the Hamiltonian
are eigenstates of

k=j,+1, (3)

where Tisthe orbital angular momentum of the exter-
nalelectron. Under these conditions, the eigenstates
of the Hamiltonian are no longer exact eigenstates
of j,, since the electrostatic interaction can couple
levels of different j,. Nevertheless, as long as
condition (1) is fulfilled, j, remains a good quan-
tum number to a very good approximation. When
the electrostatic interaction and the core spin-
orbit coupling are of the same order of magnitude,
which is the case in the 2p°3p configuration, j, is
no longer a good quantum number, while % is a
good quantum number.

When the exchange term of the electrostatic in-
teraction and the spin-orbit coupling of the exter-
nal electron are taken into account, the Hamil-
tonian is invariant only under an overall rotation
of the orbital and spin variables, and only the total
angular momentum J of the electrons is a good
quantum number:

>

J=k+§, ‘ (4)

where § is the spin of the external electron.

Taking condition (1) into account, however, j,
and % are good quantum numbers to within a rea-
sonable approximation (however, Liberman has
shown® that for J= 2, % is no longer a reasonably
good quantum number), and we will find later that
the eigenstates of the Hamiltonian differ only
slightly from I(L,, S,), (j,,1), (k,s),J,M ;). For
convenience, we write these states as |nl[k],J, M ;)
or |nl’[k],J,M;), depending on whether j, is equal
to 3 or 5. This is called Racah or j-I coupling.

In our experiment we studied the subconfigura-
tion 7d’ of neon. This subconfiguration consists of
four levels, which, according to the Paschen no-
tation, are written in the following forms: Ts],
Ts, s, and Ts? (in order of decreasing energy).
They are also designated by their Racah coupling
scheme:

Ts{=Td[3), J=1; TsP ~Td[3), T=3;
Tspr T[], J=2 Tsf T3], J=2.

We used the metastable 2 p°3s (J=2) state as the
-initial state, although the metastable 2 p°3s (J=0)
state could equally well have been used. It hap-
pens that for transitions leading to the configura-
tion 2 p57d’, a slightly longer wavelength laser
photon is needed if the 2p%3s (J=0) is used as the
initial state. o
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III. EXPERIMENTAL

In order to excite the neon atoms to either of the
metastable states, one must make an electrical
discharge in the neon cell. For this we used a
model C201 Epsco rf generator with a model 1403H
plug-in head. After many unsuccessful attempts
to find two-photon transition signals, it was real-
ized that the noise level due to spontaneous emis-
sion of atoms excited in the rf discharge was high
enough to completely obscure the fluorescence
emitted by atoms excited by laser photons. Thus
it became necessary to chop the rf discharge and
monitor the fluorescence in the afterglow. The
problem becomes a bit more complicated when a
pulsed laser is employed, because it is then nece-
ssary to synchronize the chopped rf discharge with
the pulsed dye laser.

The synchronization scheme used in our experi-
ment is illustrated in Fig. 1. A 1-kHz crystal
oscillator, generating square waves, was ampli-
fied to 55 V to externally trigger the rf discharge
generator. Meanwhile, because it was not possible
to trigger the nitrogen laser at a repetition rate
of 1 kHz, two model 7490 integrated circuit chips
were used to set the repetition rate of the N, laser
at 10 pulses/sec (each chip divided the repetition
rate by ten). Thus atoms in the neon cell were
excited by the 0.5-msec-long rf discharge pulses.
The lifetimes of the two metastable states are on
the order of a few msec, while the lifetimes of the
higher excited states are in the 10™° to 107 sec
range. In order to eliminate spontaneous radiation
from the higher excited states, an adjustable delay
was introduced so that once atoms were excited
into the metastable state, a delay of a few micro-
seconds would occur before the laser was trig-
gered. During this few microsecond delay, prac-
tically all atoms in the higher excited states would
decay; when the laser was suddently triggered
after this delay, it would pump atoms from the
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FIG. 1. Schematic for synchronization of chopped
rf discharge with pulsed N, laser.
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FIG. 2. Experimental arrangement for the measurement of isotopic shifts.

populated metastable state to the desired excited

state.

In practice, the number of atoms excited to the
metastable state by the discharge did not depend
upon the neon pressure.  The only noticeable effect
of raising the neon pressure was the broadening
- and shift of the absorption lines, a phenomenon

which is discussed later in this paper.

Figure 2 shows our experimental arrangement.
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FIG. 3. Simplified energy-level diagram.

A narrow-band pressure-tuned dye laser oscillator
with a confocal filter interferometer, followed by
two stages of dye amplifiers pumped by the same
nitrogen laser,” was employed. The nitrogen laser
was externally triggered and synchronized with the
chopped rf discharge. Part of the output of the
second-stage dye amplifier was focused into a 15-
cm-long confocal interferometer for frequency
calibration, but the larger part was focused into
the neon cell. The radiation transmitted through
the cell was reflected back and refocused into the
neon cell to provide the second beam required for
the Doppler-free two-photon technique. The fluo-
rescence produced by the decay of excited neon
atoms was collected and analyzed. The desired
wavelength of the fluorescence was selected by a
monochromator and the intensity was measured
with a model EMI 9658 R photomultiplier. The
average heights of the pulses produced by the
photomultiplier monitoring the fluorescence, and
by the other photomultiplier monitoring the fre-
quency calibration with the confocal interferome-
ter, were independently analyzed by a dual channel
boxcar integrator. The result was recorded by a
double-pen chart recorder.

IV. PHYSICAL DISCUSSION AND EXPERIMENTAL
RESULTS

Figure 3 shows the simplified energy-level dia-
gram in our experiment. Note that the metastable
state 2p°3s (J=2) is a pure Racah state of j1=%,
while the states of configuration 7d’ differ slightly
from pure Racah states with j,=3. The transitions
between these different j, levels are possible,
first, because the fine structure of the interme-



diate 2p°3p states is larger than the energy deficit
7Aw,=#(w; - w,), and second, because these levels
are not pure Racah states, since the electrostatic
interaction is comparable to the spin-orbit coupling
of the core. In our experiments, the predominant
intermediate levels, corresponding to the smallest
values of the energy deficit Z7Aw,, are 2p, (J=1),
2p, (J=2), and 2p, (J=1). Note that the level 2p,
(J=0) also corresponds to a small 7Aw,, but an
electric dipole transition cannot be induced be-
tween the metastable state 2°3s (J=2) and this
level 2p, (J=0). In the case of the 7s”(J=3) state,
the level 2p, (J=2) alone among the three levels
mentioned above can play a role as an intermediate
level. i

In our experiments we made a considerable ef-
fort to observe the two-photon transitions leading
to the 7s{ (J=1) level. Unfortunately, because this
level is coupled to the ground state 2p®1s, by the
electric dipole Hamiltonian, the fluorescence was
practically self-trappedby the emissionofafar uv
photon, which was impossible to detect through the
windows of the cell. One way to avoid this diffi-
culty would be to increase the signal of the 33[2]2-
7d’[3]1 two-photon transitions by placing the neon
cell inside a Fabry-Perot interferometer which is
locked to the laser frequency; and then observing
the s/ —2p, fluorescence at 4666.6 A. This tech-
nique was first suggested and applied to the
4d’'[3]1 level of neon by Biraben and co-workers.®
In our experiments, instead, we concentrated on
the study of collisional shifting and broadening of
the other three levels, a phenomenon which was of
more interest to us, and will be discussed later in
this paper. .

As illustrated in Fig. 3, the two-photon reso-
.nances were detected by using a monochromator
to monitor the fluorescence from the excited 7d’
state to the intermediate p states. For the Ts/”,
Tsi  andTs! levels, we detected the following
fluorescence lines, respectively:

Ts/-2p, at 4628.2 A,

Ts”-2p, at 4609.8 A,
Ts/-2p, at 4667.3 A.

b 500MHz - ' y '

20Ne
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One can calculate the number of excited atoms in
any of the 7d’ subconfiguration levels produced by
two-photon excitation, and compare it with the
equivalent 32S — 72D two-photon excitation in sod-
ium. Such comparison reveals® that with equal
laser intensity, the probability of two-photon ab-
sorption is slightly smaller for neon than for sod-
ium. ‘
For the levels 7s! (J=2), Ts{” (J=3), and Ts
(J=2), isotopic shifts between two-photon absorp-
tion lines corresponding to isotope 20 and to isotope
22 were measured. Figure 4 shows a typical ex- -
perimental trace of a two-photon transition in neon
vapor. The two peaks correspond to the same
transition in the even isotopes **Ne and **Ne. The
intensity of these two peaks is proportional to the
natural abundance of each isotope (neglecting the
pulse-to-pulse jitter of the dye laser; these sig-
nals were not normalized to the square of the laser
intensity). In order to measure this isotopic shift
with high precision, these observations must be
repeated many times to reduce the statistical er-
ror. If the entire laser frequency range is scanned
slowly, these measurements will be very time-
consuming. We later discovered that it is suffi-
cient to scan slowly in the beginning over at least
one free spectral range (two peaks) of the confocal
resonator, around one of the peaks of the two
photon resonances, then to sweep more rapidly
in the region which separates the two resonances,
while counting the number of peaks of the confocal
resonator. This technique can save a good deal
of time in data taking, especially when a longer
confocal resonator (with a smaller free spectral
range) is used, in which case the peaks of the fre-
quency marker are closer together. From these
recordings we have measured the isotopic shift
between *°Ne and ?*Ne in the three subconfiguration
levels of 7d’. The results are presented in Table
I. Note that these values are more or less the
same; the statistical uncertainty and the linewidth
of the laser did not allow us to differentiate among
them. Also note that these values correspond to
twice the laser frequency illustrated in Fig. 4.

The experimental results presented here could
be extended to almost all levels of neon that can

FIG. 4. Typical experi-
mental trace: lsy(J=2)-
7s'{’ (J = 3) two-photon tran-
sitions.

22Ne
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TABLE I. Isotopic shifts, Ne-Ne collisional broadenings and shifts, and He-Ne collisional broadenings and shifts, in three levels of subconfiguration 7d’ of

neon,

He-Ne
pressure shift

Ne-Ne He-Ne
collision broadening

pressure shift

Ne-Ne
collision broadening

(MHz/Torr) (MHz /Torr) (MHz/Torr) (MHz/Torr)

v (2Ne)—v (¥Ne)

Av=

Two-photon transition

6+3
5+2

4248 1044 59410
58412
6012

2796 +10 MHz
2797+ 8 MHz

Av[185~ 78] (J=2)]

_8%£3
-84

43£7

Av[1S;—~ 18T (J=3)]

T4

41+7

2799+ 9 MHz

Av[18,~787 (I=2)]
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be excited from any of the metastable states with
our pulsed dye laser oscillator-amplifier system.
Our purpose in this paper is to demonstrate that
very narrow Doppler-free two-photon resonances
can be used for the study of isotopic shifts in
atomic vapors without great difficulty. It is in-
teresting to note that since Bohr’s shift varies as

1/M, -1/M,~A/M?,

(where A=M, - M, is on the order of a few units),
while the Doppler width only decreases as 1/VM,
the isotopic shift (which in the case of neon turns
out to be of the same order of magnitude as the
Doppler width) will be smaller than the Doppler
width for heavier elements. This reasoning is not
entirely correct, since the isotopic shift does not
vary monotonically with increasing Z because of
the specific shift. Moreover, for heavier elements
one must take into account the volume shift. How-
ever, it is highly probable that the method of Dop-
pler-free two-photon spectroscopy can provide a
good deal of important information about isotopic
shifts in elements heavier than neon.

V. STUDY OF COLLISIONS

While most of the initial interest in Doppler-free
two-photon spectroscopy has centered on the
achievement of higher resolution spectra, there
have been some attempts to use this technique as
a probe of collisonal processes occurring within
atomic and molecular systems.!® The effects of
internal collisions on absorption and emission
lines associated with atomic and molecular sys-
tems have traditionally been referred to as “pres-
sure broadening.” Pressure-broadening theories
allow the experimenter to fit an observed line
shape to some predicted formula, and, by so do-
ing, (i) obtain characteristic collision parameters
associated with the experimental system, and (ii)
determine the zero-pressure limit of the data,
which, among other things, might yield atomic-
or molecular-state lifetimes. In principle, stand-
ard spectroscopy should provide the proving ground
for pressure-broadening theories. In practice,
however, despite the fact that pressure-broadening
theories have existed since the early 1900’s, sub-
stantial progress has not been made in testing the
validity of various theories. This is due in part to
the fact that simple rate constants which depend
linearly on the pressure have been fairly success-

~ful in accounting for pressure effects. More im-

portantly, the large Doppler width associated with
atomic or molecular systems has masked subtle
collision effects.

Thus very narrow Doppler-free resonances can
provide the means to obtain both qualitative and
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FIG. 5. Experimental arrangement for the study of collision effects.

quantitative data for collisions involving either ex-
cited- or ground-state atoms. Doppler-free tech-
niques permit the measurement of the broadening
and shift of a spectral line due to collisions as well
as the determination of other relaxation parame-
ters, such as collisional quenching rates, rates of
collisional relaxation of magnetic substates, velo-
city thermalization rates, and collision kernels,
which manifest themselves in the line shapes as-
sociated with atomic and molecular systems. The
determination of these parameters is important
not only for the correct interpretation of experi-
ments where collisions play a role, but also be-
cause the parameters provide clues about the na-
ture of the interatomic potential giving rise to the
relaxation; furthermore, they allow a more sensi-
tive measure of the manner in which collisions
perturb the energy levels and alter the velocity

of the active (emitting or absorbing) atoms.

Figure 5 illustrates the experimental arrange-
ment used to study the collisional shift and broad-
'ening of the levels of neon in subconfiguration 7d’,
whose isotopic shifts were measured previously.

The 60 kW output of the pressure-tuned pulsed
dye laser oscillator-amplifier system was split
into two parts. The first part was focused into a
reference neon cell, normally at 0.4 Torr of neon
pressure, and the remainder was focused into a
sample neon cell which was filled with either neon

or a one-to-one mixture of helium and neon at
higher pressures.

Both cells were placed in a laser standing-wave
field; they were simultaneously exposed to a dis-
charge from an rf discharge system, which was
chopped and synehronized with the pulsed dye laser
system as described earlier. The fluorescence
signals produced after the two-photon excitations
in each cell were collected and analyzed. The rele-
vant wavelength of the fluorescence in each cell
was selected by a monochromator, and its intensity
was measured by a model EMI 9658 R photomulti-
plier. The average heights of the pulses produced
by the two photomultipliers monitoring the fluores-
cence signals from the two cells were simulta-
neously and independently analyzed by a dual-chan-
nel box-car integrator, and the results were simul-
taneously recorded by a double-pen chart recorder.

Figure 6 illustrates typical traces obtained for
the case of neon-neon collisions; they clearly indi-
cate broadening of the resonance lines. A careful
examination of these traces also indicates that the
resonances are shifted towards the red side of the
spectrum.

Table I also gives the neon-neon collisional
broadenings and shifts of the three levels of sub-
configuration 7d’ of neon. These results corre-
spond to the **Ne line. The #Ne line was much
weaker, and an accurate measurement of its
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broadening and shift parameters was difficult. Ne-
glecting the experimental uncertainties, the broad-
enings and shifts are almost identical for the three
transitions considered. Had our laser linewidth
been narrower, it would have been possible to re-
duce the experimental uncertainty somewhat, per-
haps making it possible to distinguish among the
broadenings and shifts. of the three levels.

Figure 7 illustrates typical traces obtained for
helium-neon collisions. In contrast to the Ne-Ne
collision process, He-Ne collisions caused a blue
shift in the broadened resonance lines. The He-Ne
collisional broadenings and shifts of these three
subconfiguration levels are also given in Table I.

These measurements of the relative shift and
broadening of the two-photon resonances may be
used to determine the atomic interaction potential.
In particular, when studying the broadening and
shift of these lines resulting from collisions with
foreign gases, it would be particularly interesting

Total Pressure =4 Torr  2ONe
1:1 He:Ne Mixture '

1 Torr Neon ——

(- |

%

1500

to explore the case in which the mass of the emit-
ting atoms is much less than the mass of atoms of
the foreign gas. In this case, one can use the
simplest theory of collisional broadening of two-
photon lines to fit the experimental data. On this
basis we made a strong effort to study the collision
of excited neon atoms with heavier atoms such as
argon and krypton. Unfortunately, the rf discharge
could last for only a very short time in these ex-
periments, making it impossible to collect reliable
data. However, this series of experiments can be
performed with other atomic vapors such as so-
dium, for which the rf discharge is not necessary.
In any case, our experimental results for He-Ne
and Ne-Ne collisional broadenings and shifts of
neon two-photon resonances may be used to cal-
culate the repulsive and attractive parts of the in-
teraction potential. For comparison, we have
plotted the broadening and shift of Ne-Ne and He-
Ne two-photon resonances in Figs. 8 and 9.
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FIG. 7. Typical experimental trace for He-Ne collisions.

trace corresponds to the reference neon cell.
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The upper trace corresponds to the sample cell; the lower
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VI. PHYSICAL DISCUSSION

These results demonstrate that the gathering of
data characterizing the broadening and shift of the
resonances to a high degree of accuracy presents
no particular experimental difficulty. But the
physical interpretation of collision processes and
the selection of a theoretical model have proved to
be difficult. Resonance shapes are affected by
elastic angular scattering of atoms in collisons,
by phase randomizing and quenching collisions,
by the dependence of the line broadening and shift
on atomic velocities, by resonant radiation trap-
ping, by field polarization, and so on. The influ-
ence of so many factors makes it difficult to an-
alyze experimental results, and presents problems
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for choosing a collision model and determining the
constants characterizing elementary processes.

It is evident that in order to choose a collision
model and obtain information about the constants
of interaction, it is necessary to carry out a series
of complex investigations, which may include the
following experiments: (i) simultaneous measure-
ments of the collisional broadening of a Doppler
profile and of narrow resonances; (ii) the analysis
of the narrow resonance shape and the Doppler
profile of a line; (iii) investigation of “strong”
collisions connected with resonance excitation
exchange; (iv) research into line shift and colli-
sional broadening; -(v) investigation of the temper-
ature dependence of broadening and shift; (vi) in-
vestigation of the dependence of line broadenings
on a principal quantum number of one of the levels.
Carrying out all of these investigations on one ob-
ject presents a formidable task.

Finally, nonresonant forces are characterized
by the dependence of the broadening on the relative
velocity of colliding atoms. This dependence may
be used to determine the type of interaction. Since
the mean Welocity of colliding atoms depends on
temperature, the collisional broadenings and shifts
are also functions of temperature.

This qualitative survey of collisional phenomena
in two-photon spectroscopy is only an introduction
to the complexity associated with the theoretical
analysis. -Certainly, a more accurate analysis of
the observed spectra from our experiments is not
possible without a great deal of knowledge about
real collision models in two-photon spectroscopy.
However, experimental results of the type discus-
sed here could significantly contribute to the esta-
blishment of a solid basis for a more realistic

* FIG. 9. He-Ne and
Ne-Ne collisional shifts

(] ) as a function of total pres-
sure for the three two-pho-
ton transitions to subcon-

SHIFT IN MHz

-60—

1
é figuration 7d’ of neon.

TOTAL PRESSURE IN Torr
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model applicable to various experimental situa-
tions.
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