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is not clear, but it suggests that the cascade may
be composed of sequences of two- or three-step
related transitions based on occasional intrinsic
states which scatter around a straight line rem-
iniscent of the Fermi-gas model. No AJ =3
transition (yrast trap) was observed.

In summary, we have found in **Er a series
of yrast levels from spin (35,36) which, on an
E vs I(I+1) plot, fall on straight segments of a
broken line with side feeding occurring mainly
at the break points of the line (Fig. 3), resulting
in transitions of equal intensities between states
on straight segments of the yrast line. Transi-
tions within the segments are either all quadru-
pole or all dipole. Angular-distribution data in-
dicate an abrupt reduction of alignment at one of
these break points so that it is expected that iso-
mers might exist at these points. This cascade
differs from a quasi-ground-state band up to
spin 18* which shows side feeding at all levels,
as is the usual case in the deformed region of
nuclei.
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New Infrared Absorption Bands of Alkali Vapors
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We have identified two new infrared absorption bands in potassium vapor. The band be-
tween 1.1 and 1.6 um is attributed to the K, ¢z u*->32 *) transition, the absorption ana-
log of the intense emission continuum of H,. The absorption at wavelengths longer than

1.6 pm is probably due to trimers.

In this paper we report on a new region of ab-
sorption of infrared radiation by alkali-metal
vapors. Recently, Chertoprud® has reported
that absorption exists in saturated potassium va-
por at wavelengths well beyond the edge of the A
band (1.1 um), and the absorption extends at least
as far as 2.5 ym. Chertoprud! assigns this ab-
sorption to the intercombination transition (X 12g+
—~35.%). Our recent experiments confirm that ab-

sorption does exist in the alkali vapors potassi-
um, rubidium, and cesium at wavelengths at
least as long as 2.5 um. However, our observa-
tions differ considerably from those of Cherto-
prud! since we find at least two distinct absorp-
tion bands, a much smaller attenuation coeffi-
cient at low temperatures, a complex dependence
on wavelength, and a temperature dependence
which unambiguously rules out the assignment of

640 © 1979 The American Physical Society



VoLUME 42, NUMBER 10

PHYSICAL REVIEW LETTERS

5 MARcH 1979

this absorption to the transition (X 12g+—~32u+). As
we shall show below, the most likely assignment
of the shorter-wavelength absorption (1.1-1,6 um)
is the previously unobserved transition (3Zu+»§g“)
in the alkali dimer molecule. This is the analog
of the powerful ultraviolet emission continuum of
H, molecules, a transition whose apparent ab-
sence in the emission spectrum? of alkali dimers
has long been a puzzle. The longer-wavelength
absorption (1.6~2.0 um) cannot be assigned to
dimers, and it seems consistent with electronic
absorption bands in clusters of three potassium
atoms or trimers. These new absorption bands
lie in a broad spectral region which was previous-
ly considered to be transparent and they add a
new and important element to considerations of
alkali-metal vapors for laser media or heat-
transfer media.

The experimental apparatus used in our work
is shown in Fig. 1. The effective length z (about
20 cm) of a vapor column in a heat-pipe oven3 is
determined from the measured outside tempera-
ture profile along the length of the heat pipe. The
uncertainty in z is about 5%. The saturated vapor
pressure of the alkali metal is controlled with an
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FIG. 1. (a) Apparatus. (b) Typical data for attenua-
tion of infrared radiation by saturated potassium vapor.
The straight line fits and the standard deviation of the
slope were obtained by least-squares error analysis.

inert buffer gas of argon, neon, or helium. At
gas pressures above 300-Torr neon and argon
are found to produce dense clouds of alkali-metal
fog. We found helium to be free of this problem,
presumably because of the high kinematic vis-
cosity and heat conductivity of the helium., Our
measurements of vapor pressure P and tempera-
ture T for potassium were consistent to within
about 1% with the accepted empirical formula?

108, 0P m ="7.18 — (4435/ 7). 1)

The Clausius-Clapeyron equation (1) implies that
I, the latent heat of vaporization of potassium, is
20.3 kcal/mole.

The experimental procedure is as follows.
I(x,T), the intensity of light of wavelength A trans-
mitted through the vapor at temperature 7 and
I(\,T,) the transmitted intensity at room tempera-
ture T, are measured, the latter measured at
the beginning and end of each run. For a vapor
column of length z, the attenuation coefficient
a(x,T) is given by

a(x,T)=z"In[I(x, T,)/1(x, T)]. (2)

Representative data for Ina(), T) are plotted as a
function of 1/T in Fig. 1. Note that the data can
be fitted very well with a straight line in the tem-
perature interval covered by our experiments.
Thus, we may represent « by the empirical for-
mula

a(x,T)=expl[A(N) =E(\)/RT]. ®3)

A summary of our experimental data is shown
in Fig. 2 where the measured attenuation coeffi-
cient a(),T) and the activation energy E()) are
plotted as a function of wavelength A for 7 =943K.

In the temperature range involved in our exper-
iments the potassium vapor consists predominant-
ly of free potassium atoms. Bound dimers K, al-
so exist at about 6% of the monomer concentra-
tion at 943°K. In addition to the bound dimers,
unbound pairs of potassium atoms are present at
concentrations large enough to cause substantial
optical absorption. Trimers and higher polymers
of potassium are also important at the relatively
high vapor pressures of our experiments. The
attenuation coefficient of the potassium vapor
will therefore consist of contributions from vari-
ous clusters of n potassium atoms, each of which
will contribute a term

a,(, T)=b (0N "expl— V(\)/RT] (4)

to the total attenuation coefficient of the vapor.
Here V() is the potential energy of association
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FIG. 2. Activation energies (points) and attenuation
coefficient (solid line) for saturated potassium vapor as
a function of wavelength. Error estimates are obtained
from least-squares fits to experimental data like that
in Fig. 1(b). The error estimates for the absorption
coefficient are also shown. Monochromator resolution
is 50 A (full width at half-maximum). Bands I, II, and
IIT are indicated at the bottom of the figure.

of n potassium atoms into a configuration for
which an electronic transition of wavelength A is
possible, and R is the gas constant. The factor
b(r) includes oscillator strengths and phase-space
factors, and Ny is the number density of potassi-
um atoms. In the case of potassium dimers (4)
can be written in the well known form®

@, (X, T) =27%r,cf(g/4®|dv/dv N 2

Xexp[- V(N/RTI, (5)

where 7, is the classical electron radius, c is
the speed of light, f is the oscillator strength of
the electronic transition, g is the statistical
weight of the lower electronic potential curve,
and v=c/X is the frequency of a photon which can
resonantly excite the molecule between two elec-
tronic states at an internuclear separation 7.
Saturated potassium vapor consists predomi-
nantly of free potassium atoms, and we may
therefore approximate the vapor pressure with
the partial pressure of the free atoms. Using
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FIG. 3. Qualitative sketch of the electronic potential
curves of K, based on the recent calculations (Ref. 6)
for Li,. The assignment of the new infrared band II is
indicated.

(1) and the ideal-gas law we write
In(Ng /Ny =InP-1In(RT)
=[P,/ RT,)] - (€/RT) -1, (6)

where the latent internal energy of vaporization

€ is related to the latent heat ! by € =l ~RT
=18.4 kcal-mole. P, is a constant, N, is Avaga-
dro’s number, and T,=943°K is a representative
temperature which characterizes the conditions
of our experiments. Thus, Eq. (4) can be written
as

a,(x,T)=c(\) exp[ - (we + V)/RTI. (7)

Comparing (7) with (3) we conclude that the activa-
tion energy E(\) is equal to the sum of the associ-
ation energy V and n factors of the vaporization
energy e,

EQN)=ne+V. (8)

For reference we have indicated the energies 2¢
=36.8 and 3¢ =55.2 kcal/mole in Fig. 2.

Three distinct regions of absorption, designat-
ed as regions I, II, and III, are indicated in Fig.
2. mband I (A <1.1 um) the absorption coeffi-
cient has values in excess of 1 cm™? and activa-
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tion energies of ~ 25 kcal/mole. Band I is the
red edge of the well known A band, the strongest
absorption band of K, dimers. The association
energy of ~ - 12 kcal/mole(corresponds approxi-
mately to the known dissociation energy of the
K,('Z ") ground-state molecule. The potential
energy curves for K, are shown in Fig. 3.

Band II (1.1 um<x<1.6 ym) is a new absorp-
tion band which is considerably weaker than the
A band and which has a considerably higher acti-
vation energy. The activation energy of band II
is of the order of 40 kcal/mole while the vapori-
zation energy 2¢ of two potassium atoms is 36.8
kcal/mole. The difference, 3.2 kcal/mole, can
be interpreted as a repulsive interaction poten-
tial between a pair of ground-state K atoms on the
%," potential curve. Theoretical calculations®
for Li, suggest that the transition (°Z,"~%Z,")
gives rise to a band to the red of the correspond-
ing A band, The band should have a satellite,
corresponding to the distance of closest approach
of the potential curves (see Fig. 3) at a wave-
length which is somewhat greater than twice the
wavelength of the first resonance line of the free
alkali atom (7665-7699 A for K). It is reason-
able to identify the observed knee at 1.58 ym in
Fig. 2 with the predicted satellite,

The observed magnitude of the attenuation co-
efficient of band II is also consistent with the val-
ue expected for the transition (°2,"~%2;"). Using
Eq. (5), and substituting therein the following rea-
sonable values f=1, g=3, »=8 &, dv/dr=5X10%!
sec™*em™!, Ny=3X10", and V=E(1.2 pm) - 2¢
=37.5 - 36.8 =0.7 kcal/mole, we find &,(1.2 ym,
943°K) =0.6 cm ™! a number in satisfactory agree-
ment with the measured attenuation coefficient of
0.3 cm™! from Fig. 2.

In summary, the observed wavelength, activa-
tion energy, absorption-coefficient magnitude,
and satellite of band II all support the assignment
of this band to the transition (3Zu*-32g+).

Band III (A >1.6 um) is about a factor of 70
weaker than band II and it has a substantially
higher activation energy (E=56 kcal/mole). If
we attempt to assign band III to a dimer transi-
tion we must interpret the high activation energy,
E(1.8 ym) =56 kcal/mole, as a repulsive poten-
tial energy V=19.2 kcal/mole. For example,
one might try to assign band III to the transition
of electronic excited °Il, state to °Z,". However,
the measured magnitude of the absorption coeffi-
cient in band III is about 300 times too big to be
consistent with dimer absorption and any reason-
able values of the parameters in (5).

It is interesting to note that the activation ener-
gy of band III, 56 kcal/mole, is very close to the
energy of vaporization of three potassium atoms
3€ =55.2 kcal/mole. Thus, loosely bound alkali
trimers are a possible source of the absorption
in band III. The “number density” e of oscillator
electrons involved in the absorption band is re-
lated to the strength, S =[adv, of that band by
the well known formula e =S/77.c. For band III
(integrating from 1.6-2.0 um) we estimate e to
be about 5.6X10" cm™%, The total number den-
sity of valence electrons in the vapor is very
nearly equal to the potassium-atom number den-
sity Ny =3X10'8, The fraction of valence elec-
trons involved in band III is therefore 1.9x107°,
This is a crude estimate of the ratio of trimers
(associated with band III to monomers. Since
the trimer association energy is comparable to
RT (see Fig. 2), the trimer number density is
related to the monomer number density by N,
~e=~g®N .3 where a is a characteristic internucle-
ar separation for the cluster of three potassium
atoms, Using the estimates ¢=1,9%107% and N
=3%10" we find a to be 7.8 A. In view of the
known range of interatomic potentials between
alkali atoms this is an entirely reasonable value
for the characteristic separation of potassium
atoms in a loosely bound trimer. We should also
point out that the closely analogous trimer H, is
known from theoretical calculations” to have low-
lying electronic potential surfaces between which
fully allowed electronic transitions are possible;
for example, the ?Z," and *Z," states of D., sym-
metry. Note that the shorter-wavelength trimer
absorption spectrum is completely masked by
the powerful dimer absorption bands below 1.6
um, We are therefore unable to draw any conclu-
sions about the population of trimers (perhaps the
great majority)® with absorption bands below 1.6
um.

We have observed analogous absorption bands
in rubidium and cesium vapors, and similar ex-
periments for sodium and lithium vapors are al-
so underway. A more extensive paper describ-
ing our experimental results for all of the alkali
vapors is in preparation.
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Raman Side-Scatter Instability in Nonuniform Plasma
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For the Raman instability in nonuniform plasma, the linear space-time asymptotic re-
sponse consists of two parts, convectively growing wave packets and temporailly growing
localized side-scattered eigenmodes. Eigenmodes dominate the response only affer the
growth of the side-scattered wave packets is terminated by refraction from their reso-
nance zones. A finite pump-beam diameter typically ends all growth before eigenmodes
appear, except near quarter-critical density. These considerations may reconcile simu-

lations, previous theories, and experiments.

The theory of Raman side-scatter instability!~®
has developed in a confusing way (examples to be
given later). This has not seemed to generate
much worry, possibly because the instability has
not been observed in experiments® exceeding
the threshold predicted by theory* and computer
simulation.® This should have created even more
worry because a potentially violent reflective in-
stability is hiding behind some saturation mecha-
nism that may not operate or may be detrimental
under laser-fusion conditions.

In this Letter, our first goal is to present a
more complete theory of this instability, in order
to resolve the confusion and paradoxes associated
with the incomplete nature of the several previ-
ous theories, We view this as more than of aca-
demic interest or tying up loose ends, because
of the necessity to have a clear understanding of
the basic features of this potentially important
instability, Moreover, the theory presented here
provides a possible simple explanation for the
lack of experimental evidence for this instability.
This linear (i.e., convective) saturation mechan-
ism is not effective for a single incident laser
beam of power greater than about 3 TW, and thus
could possibly be tested by the new laser systems
that are now becoming available. Most important,
this mechanism is not very effective for spheri-
cally illuminated pellets under typical proposed
reactor parameters, and this would necessitate
the instability saturating under a nonlinear me-

chanism that may have detrimental results (e.g.,
fast-electron generation). This disturbing pre-
diction motivates our second goal, which is to
encourage experiments designed specifically to
observe and determine the saturation properties
of this instability.

Above a threshold intensity, an electromagnetic
pump wave (frequency «,, wave vector k,=%,2)
undergoes stimulated decay into lower-frequency
scattered electromagnetic waves (w, <wy, El) and
Langmuir waves (Q=w, - w;, K=K, - K,). For
given w,, this process is localized to a narrow
resonance zone! where © is near the local plas-
ma frequency w,(z). Thus side-scattered elec-
tromagnetic waves (i.e,, waves with coincident
turning point and resonance position) might grow
to a level sufficient to prevent the pump wave
from reaching and heating higher-density plasma
regions,?3

Indeed, temporally growing eigenmodes have
been predicted,? and computer simulation® (with
periodicity assumed perpendicular to the density
gradient) has clearly shown strong growth until
termination by electron trapping and heating and
consequent severe damping of the Langmuir
waves. But, as mentioned earlier, this instabil-
ity has not yet been seen at all in the many laser-
fusion experiments® apparently exceeding the
theoretical threshold intensity. One possible ex-
planation,” a linear (i.e., convective) saturation
due to wave propagation out of the finite-diameter
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