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Quantitative criterion for cooperative or continuum response from an atomic assembly
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The purpose of this paper is to de6ne the lowest pressure at which an atomic gaseous medium

gives a cooperative or continuum response to an electromagnetic stimulus. This is done by exam-

ining the conditions for suScient third-harmonic generation by the resonant atomic assembly. It
is found that at such low pressures one would have 25 particles per A, /10-thick slice of the charac-
teristic volume of the focused fundamental beam. The question of getting a cooperative response
from an assembly of H atoms at such low pressures that strong interactions between two H atoms

may be minimized is discussed. The criterion is also applied to get a cooperative response from
the various nuclei in interaction with y rays.

Recently a number of experimental and theoretical
studies on multiphoton ionization of atomic gases have
demonstrated the critical role played by the third-
harmonic field generated inside the dense gas. These
studies employ a pair of three-photon resonant states of
the atomic gas which also have a one-photon allowed di-
pole moment. Careful experiments by Miller et al. '

have established that the competition between multipho-
ton ionization and third-harmonic generation (THG) has
a threshold nature. Below a critical pressure only the
multiphoton ionization signal is observed and above the
critical pressure, as the pressure is increased, the ioniza-
tion signal at resonance starts to decrease, its excitation
spectrum shifts towards the blue side of the resonance,
and it broadens significantly. On the other hand, the
third-harmonic signal starts to show up, its excitation
spectrum also shifts towards the blue side of the reso-
nance, and is broad. Payne, Garrett, and Baker have
shown that the critical pressure depends on the magni-
tude of the ac Stark shift, the laser band width, the di-
ameter of the unfocused beam, and the focal length of
the lens. It has been suggested that the critical-pressure
behavior of the competition between third-harmonic
generation and multiphoton ionization separates the two
regions called the single-atom-response and the
continuum- or cooperative-response region. In the sin-
gle atom response region, the number of atoms is so
small that each atom interacts independently with the
laser light, E&, and the third-harmonic light, E3, which
is generated by the process of hyperresonance fiuores-
cence. The TH light escapes from the sample without a
significant efFect on the atoms of the rest of the sample.
On the other hand, in the continuum-response region the
number of atoms in the sample is large. Each atom in-
teracts with the third-harmonic field generated at its po-
sition by the rest of the atoms of the sample. The propa-
gation of the third-harmonic field in the sample is then
obtained by smoothing the fields over small volume ele-
ments. It is assumed in such a theoretical program that
the number of atoms in the volume element is large
enough to justify such a smoothing procedure. The

number required is a question dif6cult to answer
a priori. One could perhaps begin by allowing only two
atoms within one wavelength, or 6x another arbitrary
number, say 10.

The experiment of Miller et aI. gives us a basis to
support such an argument. Note that the reduction in

the resonant multiphoton ionization signal and its com-
plete absence at high pressures in the experiments have
been explained, due to destructive interference between
two paths of excitation of two-level atoms. One path of
excitation is due to absorption of three photons of the
fundamental beam and the second path is due to the ab-
sorption of one photon of the generated third harmonic.
At the pressure where these two paths exactly cancel,
the two-level atoms are found to stay electively in their
ground state. This leads to no multiphoton ionization
signal. This also implies no Auorescence in the perpen-
dicular direction —as was observed by Faisal et al. '

Our numerical computations have shown that soon
after the approach of the pressure of exact cancellation,
some phase-matched third-harmonic generation can take
place in the forward direction at the blue side of the res-
onance. This has also been the observation of Miller
et a/. We made use of this fact and the prevailing re-
duced fiuorescence to build an argument to develop a
threshold pressure at which cooperative or continuum
response can build up. %e note that the efficiency of
third-harmonic generation depends on the phase
mismatch between the forced and the free waves. %e
then argue that, since the phase mismatch is determined
in terms of the refractive index of the atomic gas, and
since the refractive index is a bulk or continuum proper-
ty of the gaseous sample, the threshold pressure at
which the continuum response is manifested is the
lowest pressure at which the phase-matching condition
for a su%cient third-harmonic generation can be
achieved.

%e now proceed to define quantitative1y what we
mean by suScient THG. Using standard procedure one
finds that the envelope of the generated third harmonic
at a point z in the gaseous sample is given by
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where F is the phase-matching integral given by
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Under tight and symmetric focusing, the conditions for
eacient THG can be determined analytically from Eq.
(1) and are given by

Imhkb =0,
Rehkb = —4 .

These are well known from the theory of third-harmonic
generation. In the situation of three-photon resonant
levels with allowed dipole transition (hl =+1) one notes
that these conditions are satisfied at large pressures on
the far blue side 5= —I5I of the resonance, i.e., at
I5I » —

I
I

I
« lower pressures the abs«ption «

the generated third harmonic becomes significant at the
detuning at which Rebkb = —4 is satisfied. One must
then examine the conditions of efBcient THG in the
presence of absorption. %'e have analyzed the function

G(b,kb)=
I
hkbF(6kb)

I

numerically for s range of values of the absorption pa-
rameter Imhkb It has been. found that the peak height
which is = 12 at Imhkb=0 reduces sharply to =1 when
Imhkb =0.3. At values of Imhkb ~ 0.3 the nature of the
curves shows marked changes because the absorption
length becomes of the order of the confocal parameter
and Maker fringes start to determine the coherence
length of the medium.

One notes that at some very low pressure,
Rehkb = —4 can be satis6ed st 5= —I . This detuning
corresponds to the minimum of the dispersion curve and
the lowest pressure st which this happens is given by

The incident light of frequency co has been assumed to
be in the fundamental Gaussian mode with confocal pa-
rameter b =kBO where k is the one-dimensional wave
vector of the incident beam in the direction of propaga-
tion z and coo is the diameter of the beam at its focus in
the middle of the cylindrical sample. P=[2(z f)/b—]
with g=P at z=0. E„ze is the slowly varying part of
the three-photon effective Hamiltonian in the rotating
wave approximation between the ground state g and the
excited state R. diaz is the one-photon allowed dipole
moment between the same states. The phase matching
parameter Red, kb and the absorptive parameter Imhkb
are dependent on the atomic density n, and the two-level
line shape, I, through the equation

6n neo
I diaz I

5 Ea Ez-
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'
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The ~alue of Imhkb is —4 at the conditions of Eq. (6).
Thus

I
6

I
remains much less than unity. Hence, condi-

tions of Eqs. (6) are not used to define the region of
suncient third-harmonic generation. Nevertheless, it is
worth noting that the number density (n) in (6) is scaled
by the characteristic volume element (Amoo2/4) which
may be viewed as the volume of s cylinder of length k
along the direction of propagation and an area deter-
mined by the beam waist a)o. Concerning the ratio I"/y
one notes that if it is unity Eq. (6) determines a unique
number of 12m particles in the characteristic volume ele-
ment of the tightly focused beam. This number may
sound satisfactorily large to ensure small fluctuations, of
the order of I/N-I/12m, determined by the system
size. It msy be of interest at this stage to recall that
while attempting a smoothing procedure in a medium
with pencil-shaped geometry, one divides the sample
into thin vertical slices of width, in the direction of
propagation, less than the wavelength A, , and assumes
suaciently large number of particles in each slice. '

This is done to ensure dipole approximation for each
atom interacting with the 6eld, and to avoid any Auctus-
tion effects that may arise due to a small number of par-
ticles in the slice. For the situation of Eq. (6) one ob-
serves that each A,/10 slice of the characteristic volume
has approximately four particles. In such a situation
only the forced component of the polarization wave
survives —the free wave component is virtually absent.
This is the pressure range at which the destructive in-
terference in forward direction starts to exist.

We suggest that the conditions of noticeable and
suacient third-harmonic generation may be taken to be

Imdkb =0.3,
Red, kb = —4 .

These equations determine a value of detuning
5= —13.31 and a pressure

80m I
y

Az) 0

For the condition of the experiments of Miller et al. ,
'

one hss 3,=440.8 nm, 8o——20 pm, 5=68 GHz, snd
y=0.22 GHz. From (8) one finds n =5.6+10' /cm3
which is in fair agreement with their observed pressure
lying between 10 snd 0.05 Torr at which they observe
the starting of the shift to the blue side of the third har-
monic as well ss the ionization signal. At these condi-
tions there are as many as 750 particles per (A,/10) slice
of the characteristic volume of the tightly focused beam.
This number is fairly large to ensure that the assumption
of smoothing is valid. It may be noted, however, that
this large number is s result of the large I"/y ratio in
the experiments. It is due to multimode nature of laser
light, Stark broadening under conditions of tight focus-
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ing of intense beams, and collisional broadenings. Some
of these limitations could be lifted, for example, by
choosing single mode laser and reducing the intensity of
focussed light to reduce Stark broadening. A reduction
in the other limitation may then follow, as then the
study can be done at still lower pressures.

A suggestion of the present study therefore is to do
experiments to achieve the limit of observing sufFicient
THG at a particle number of 25 in one Al10 slice of the
characteristic volume of a focused beam.

We may attempt to make use of the same criterion to
determine the existence of cooperative or continuum
conditions for other regions of wavelength. Consider,
for example, the problem of generating an intense beam

of Lya (1216 A) radiation. The neighborhood of this
wavelength has potential applications in plasma diagnos-
tics9 and Hz-molecule spectroscopy. Various methods of
generating this range of wavelength by four-wave mixing
have been demonstrated and interested readers may con-
sult a recent review by Vidal. ' Here we are interested
in the possibihty of generating this range of wavelength

by making use of three-photon resonant atomic H. One
major problem" in using H-atomic gas as a nonlinear
medium is that at fairly low atomic densities two H
atoms interact to form an H2 molecule. The half-life of
a H atom decreases with increasing pressure of the
atomic gas. At about 0.2 Torr pressure the lifetime of
the H atom is about 1 s. ' This time is long enough to
allow experiments to be performed with a laser pulse of
a few nanoseconds duration. A relevant question for the
success of these experiments is whether the system will

give a cooperative response at the range of pressure at
which H atoms have long lifetimes. On the basis of Eq.
(8) and assuming condition of tight focusing similar to

that of experiments on Xe, we get n =7.54 X 10'" parti-
cles per cm . In a pressure range of 0.02-0.2 Torr one
could expect a continuum-response region for suScient
and eScient THG at a required wavelength. It may be
recalled that requirement of negative phase matching for
single component H-atom gas can be met by controlling
phase matching by an additional resonant beam as sug-
gested recently. The second color also gives a tunability
control over the wavelength for eScient third-harmonic
generation.

Another example where Eq. (8) can be used to test for
a cooperative response is in the attempt to investigate
the cooperative response in the range of y rays. Taking
0.01 nm to be the typical y ray wavelength and assum-

ing focusing geometry such that the confocal parameter
b=1 cm which would in turn imply Bo-I pm, one
would then require a concentration of 103 nuclei per
cm to take part in a cooperative response. Achieving
such a density of atomic nuclei appears to be a formid-
able task but this density might occur in some neutron
stars. It may then be of interest to attempt to look for
coherent y rays from such objects in the universe. Prob-
lems concerning y ray lasers have recently been noted by
I.ipkin. "

In conclusion, we have given a quantitative criterion
to determine if a particular low-pressure assembly of
atoms will give a cooperative or continuum response to
an electromagnetic stimulus. The criterion is based on
THG in media which are in resonance with generated
third harmonic. It is shown that this criterion can be
used to furnish relevant informations in two typical situ-
ation of interest.
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