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ciently optical excitation of a maser working in
the visible region. The use of electron impact
excitation of the working medium would reduce
the practical difficulty of obtaining a sufficient
density of excited atoms, and the use of a dis-
charge in the medium itself is suggested. Ina
medium containing a single gas or vapor, the
possibility of obtaining the required excess pop-
ulation in the upper of two levels exists in cases
where there is a favorable lifetime ratio, i.e., a
long-lived upper state and a short-lived lower
state. As an example of this, the 6678A line in
helium I is due to a transition between the 3D,
state, mean life 1.5x% 10-® sec, and the 2'P,
state, mean life 4.3 x 10 sec. Many processes
exist in a discharge which may disturb the relative
population of such levels from the value implied
by these lifetime values, and it may be possible
to choose conditions which maintain a high pop-
ulation in the upper state.

Detection of the onset of continuous oscillation
in the optical maser working in the visible region
would be particularly simple. The Fabry-Perot
étalon, used as the “cavity” of the maser, gives
a concentric fringe system at infinity when the
light source is placed between the plates, similar

to the conventional case when the étalon is used by
transmission. Using highly reflecting plates, of
which only one need transmit a small percentage
of the light, and a spacing of several centimeters,
the width of the observed rings would normally be
larger than the instrumental width. If maser os-
cillation were taking place, due to the presence
of an adequate excess population in an upper level
in the medium between the plates, the light due

to this process would have an extremely small
frequency width, and lines of the instrumental
width would appear superimposed on the broader
lines due to spontaneous emission. To confine
oscillation to only one order, or mode, the ap-
erture of the étalon could be restricted to reduce
the number of effective beams in those orders in
which the light is not normal to the plates. The
order in which maser oscillation would be most
likely to occur would then be the central, or
normal, order.

*On leave from the Clarendon Laboratory, Oxford,
England.
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In a recent paper! Schawlow and Townes have
discussed a possibility for obtaining maser action
in the optical region. In their proposed scheme,
negative temperature is obtained by optical pump-
ing. One may expect also that under favorable
conditions the excitation of atomic levels by elec-
trons in a discharge can lead, in principle, to a
state of negative temperature. However, severe
restrictions exist if densities of the excited atoms
as large as those needed for maser action are
required. The present Letter considers briefly
these limitations and certain types of systems
which appear to be most favorable for practical
application of this proposal. Pure gases behave
quite differently than certain kinds of gas mix-
tures. First let us consider the former case.

For the purposes of rough estimates of various
discharge conditions as described below, let us
make a simplifying assumption that the main

source of population of an excited state is due to
collisions of the first kind between the electrons
and atoms in the ground state leading directly
to the excited level under consideration. It can
be shown that, at least in cases discussed below,
other details such as cascade processes and
collision of electrons with other excited atoms
do not appreciably effect our order -of -magnitude
estimates.

In the following, the indices 0, 1, and 2 refer
to the ground, the lower, and the upper states
of the maser levels, respectively. If 1/6,; is
the rate of excitation of the ith excited state by
electron impact with the atoms in the ground
state and 1 /9i0 is the rate for the reverse process,
for a Maxwellian distribution of electrons at a
temperature Te, the relationship

90;'/9:'0 =exp(Ez./kTe)
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will hold;? where E; is the energy of the ith ex-
cited state. For 91‘0 much shorter than the
radiative lifetimes of the ith excited state, T,
it can be shown that N;/Ng =exp(-E;/kT,), which
means a Boltzmann equilibrium for population
distribution of the excited state at the electron
temperature T o For 6,0>T;, however, one
obtains

N/No=(T /6, )exp(-E,/RT,). (1)

The ratio Ti/e 0 is a measure of departure from
the Boltzmann equilibrium. Such a departure is
necessary for the problem under consideration.
The factor 1/6 0 is proportional to the electron
density in the discharge. It is therefore clear
that excessively large electron densities should
be avoided in order to satisfy 6,,>T;, so that

N,/N, = (Tz/T1)(9m/ezo) exp[-(E, -El)/kTe]

may be larger than unity, giving a negative tem-
perature.

If the nature of the excited levels to be used for
the maser action permits, it is very desirable to
operate at a large gas pressure consistent with
practical considerations. This is evident since
for a given number of atoms in an excited state
an effective temperature as determined from the
ratio of this number to that of the atoms in the
ground state is lower at larger pressure.

At a large pressure, however, the trapping of
resonant radiation becomes an important factor.
Consider a level which is optically connected to
the ground state.. At a pressure where the reso-
nant photons arising from this transition are
trapped, the effective radiative lifetime of this
level will be increased and determined by its
decay into the other available low-lying levels.
This effect can best be taken to the advantage if
the upper maser level is optically allowed to the
ground state. In such a situation, in addition to
an increased lifetime of the upper maser level
at a large pressure, one expects also a more
favorable ratio of 6,,/6,,. This is evident since
a level which is optically connected to the ground
level, as a rule, has a large excitation cross
section by electron impact with the atoms in the
ground state. Furthermore, due to the nature of
the electrical dipole matrix elements, only one
of the maser levels may be optically connected
to the ground level.

For a typical example of levels which allow
operation at a large pressure, let us consider
the case of Ne. The 2s, and 2p,, (in Paschen nota-
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tion)® considered as the upper and the lower maser
levels, respectively, meet the required condi-
tions. At a pressure where the ultraviolet photons
arising from the transition 2s, to the ground state
are completely trapped, the lifetime of this state
is estimated to be at least a factor of 60 larger
than that of the 2p,, level. The latter level is
known to have a mean life of 10~8 sec due to its
radiative decay into some of the lower excited
states. Let us consider 10 mm of Hg as a typical.
gas pressure. For production of N, =10%/cm3,
one obtains from Eq. (1), 7,/6,,=3x1075, assum-
ing an electron temperature at k7, =2.9 ev. The
cross section for electron excitation of the above
Ne level is not known. Let us assume a reason-
able value of 0=10""" cm? for an average of this
cross section over the electron energy distribu-
tion. From the above value of 7,/6,, and
T,=6x10"" sec, one obtains an electron density
of n, =5x10% /cm?®.

The numbers obtained above are intended to
represent only rough estimates and indicate that,
in practice, the necessary discharge conditions
are obtainable. Considerations such as departure
from Maxwellian energy distribution of the elec-
trons at the high- and low-energy limits may show
appreciable effects. However, with view to the
possibility of operating at somewhat of a higher
electron temperature, no serious consequences
are expected.

In the above scheme, the presence of a large
density of the metastable Ne should be avoided
to prevent the trapping of the red Ne line which
may lead to an extended lifetime for the 2p,,
level. Furthermore, the collision of the first
kind of the electrons with the Ne metastables
may give rise to an unfavorable population of the
excited levels. This can be prevented by intro-
ducing a very small amount of a quenching gas
such as argon to decrease the lifetimes of the
longer lived excited atoms such as the metasta-
bles.

It may be of interest to compare the above sys-
tem with a case which does not permit operation
at large pressure. In He the 3'D and 2P levels
have a lifetime ratio of T,/T, =35. The lower
level, 21P, has a short lifetime due to its radi-
ative decay into the ground level. An estimate
of 6,,/6,, indicates that this ratio may be as large
as 1/15. Thus, a negative temperature may still
be expected if appreciable excitation of these
levels by electron impact with the metastable He
can be prevented. On the basis of the known
cross section for electron excitation of the 3D
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level and manipulations similar to those pre-
sented above, the following rough estimate of the
discharge condition may be obtained: At a pres-
sure of 5x10™° mm and for kT, =5 ev, the elec-
tron density for production of N, =10°/cm? is
roughly n, =10'2 or about 1% ionization of the
total number of atoms. Althopgh such a condi-
tion is not outside of the range of practical possi-
bility, however, it indicates the difficulties
encountered in this case. It is likely that a more
favorable situation of this type may be found in

a different atom with a larger electron excitation
cross section, thus resulting in a reduced num-
ber for the required electron density.

An alternative scheme is the use of transfer of
excitation between excited states of two different
atoms in a gas mixture. Consider a long-lived
state of an atom (such as a metastable state).
This state can be populated appreciably at mod-
erate electron densities. If an excited state of
a second atom happens to lie very close in energy
to that of the level of the first atom, a large cross
section is expected to exist for an inelastic col-
lision resulting in a transfer of excitation from
the metastable state to the excited state of the
other atom and vice versa. Due to the nonadia-
batic nature of the process of collision, the levels
of the second atom which differ in energy con-
siderably from that of the metastable level of the
first atom do not show appreciable cross sections
for transfer of excitation.

If the rate at which such transfer of excitation
takes place is larger than the rate of the radia-
tive decay of the excited states, the metastable
level serves to increase the contact between the
temperature of the excited ievel of the other
atoms and that of the electrons. In this case, it
can be shown that (G*N*/GN) = (¢*n* /gn) f, where
the capital letters refer to one atomic species
and the small letters to the other. The letters
with asterisks denote the excited states, and
those without asterisks, the ground states; G and
g are the statistical weights of the levels involved
and N and »n are the populations of the levels. The
factor f in this equation is given by f =eAE /kT,
where T is the temperature of the gas as deter-
mined by thermal kinetic energies of the atoms
and AE is the resonance defect and is the differ-
ence between the excitation energy of the level
cc,)krresponding to »* minus that corresponding to
N".
This relationship does not hold if AE is appre-
ciably large, resulting in reduced rate of trans-
fer of excitation.

In order to take full advantage of the above
effect, large differences in the partial pressures
of the two atoms are desirable. Otherwise, due
to reduction in electron temperature and various
quenching mechanisms, the population of the
metastable level will be decreased.

As an example, a mixture of Kr and Hg with
Kr at about 10 to 50 mm of Hg pressure and Hg
at about 103 mm of Hg pressure can be used for
obtaining an abnormally large population of the
9'P and 6'F of Hg. These two levels lie very
close to 5s; metastable Kr. A negative temper-
ature at the transition originating from these
levels to 61D may then be expected. It is expected
that the levels 6'D and 6'P may also show a nega-
tive temperature because of the cascade transi-
tion from the 9'P and 6'F into 6'D level.

The 3S, metastable of He also lies in energy
fairly close to the excitation energy of the upper
maser level of Ne discussed above. The presence
of a partial pressure of He is expected to enhance
considerably the negative temperature in the levels
of Ne.

The transfer of excitation of the type described
above may play an appreciable role within the
levels of the same atom. An important example
of this is expected to occur in the levels of Ne.
Let us consider the group of four levels 2sg, 2s,,
2s5, and 2s,. The level 2s, is the one emphasized
in the above for the upper of the two maser levels.
These four levels all fall fairly close in energy.
The level 2s, is also allowed for an optical transi-
tion to the ground state. The transfer of excita-
tion within these levels is expected to result in
particular built up of large population in the
level 2sg, this level having the lowest energy
within this group. Thus, an even more favorable
transition in Ne appears to be the 2s;,~2p,,. This
transition lies at 10343 wave number.

Details of the above proposals will be published
upon their experimental verifications.
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