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Infrared Laser ction in rS Vapor Resulting from Optical Pumping
and Inelastic Collisions
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'
m-buRered Sr vapor, resulting from the combined ef'fects of optical pumping

nd 2602 Ad l dfand inelastic co iscons, asll' h s been observed at 2.923, 2.692, an . p, . y

~~

~

~

E have irradiated a column of helium-buffered
s ron iumt t um vapor with the beam from a pulsed

d e laser tuned approximately to the Sr p~
4607 A) resonance line and have obtaine, es'
ye aser

l weak but expected, laser emission at 6.45 p, ,

three comparatively strong infrared aser earns a
2.692 and 2.602 p. These latter emissions corre-

spond to allowed transitions: 'D3 —+ P~, D2 —+

sDt-+ sP& (see Fig. 1).An interesting feature is the fact

populated by inelastic collisions, the most important
ones probably being the following:

He (1'S)+Sr ('E) —+ He(1'5)+ Sr('D)+DEt, (1)

He(1'5)+Sr('D) —+ He(1'5)+Sr('D)+DEs. (2)

The va or cell used has been described elsewhere. '
Sriefl.y stated, its distinguishing feature was tha

T e vapor ce use
that helium
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I IG. 1. Energy levels of Sr.

'P. P. Sorokin and J. R. Lankard, J. Chem. Phys. (to
published).

gas at roug y one ahl atmosphere was maintained in t e
cell in order to prevent metal vapor from reaching t e
end windows. '' A tunable organic dye laser, 4 pumped

switched ruby laser, irradiated the metal vapor through
one of the end windows. With an ethanolic solution o
7-diethylamino-4-Me-coumarin, tunability could be
easily achieved over a range of several hundred ang-
stroms in the vicinity of the strontium resonance ine.
For a given setting of the diffraction grating emp oye
as a rejective element in the laser cavity, the average
spectral width of the laser beam was about 30 cm '. The
peak power of the dye laser was roughly 300 kW. (In an
auxiliary experiment, described below, a medium-size
(0.2 J), untuned, flashlamp-pumped dye laser con-
taining t e same cth coumarin dye was made to irradia e
the cell. This laser, a somewhat simpler version of one
previously described, ' produces pulses of coherent light

use
The infrared laser beams produced in the Sr vapor

were observed with a room-temperature operated InSb
detector whose response time was 50 nsec. T e exit
window of the vapor cell was a polished Si wafer. This
was to allow the expected 6.45-p radiation to pass.
pulsed beam at this wavelength was indeed detected, as
already noted, but its peak intensity was quite small,

peak intensities of the three simultaneously occurring
'D; —+ 'P, ~ laser beams was at least 4 kW. The relative
intensities of the three lasing components 'D, —+'P; ~

were roughly in the ratio 5:2:1 for i =3, 2, and 1, re-
spective y. o asel . N l r.beams were observed to occur at
3.067, 2.736, or 3.011p. These wavelengths correspon

and 'D2 —+ 'P2t the transitions 'DI.~ P'2, i~ i, a
which, although allowed, have considerably sma

taneous emission probabilities t an the transitions
'D; —+'P, ~, at least in calcium. To determine
various wavelengths around 3 p, a 0.5-m arrell-Ash
monochromator was used.
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As summarized, for example, in Bennett's paper, ~ the
cross sections for reactions such as (1) and (2) have the
following properties: They are very large (—10 '~
10 " cm') when the energy discrepancy is small and
total spin is conserved; they are still quite appreciable
(=10 "—10 "cm') between states having energy differ-
ences of several kT, even when Wigner's spin-conserva-
tion rule is apparently violated; they are negligible

( 10 s' cm') when the energy difference exceeds, say,
0.5 eV (4000 cm ') in the case that the atoms have
thermal velocities corresponding to T=300 K. In our
experiment the temperature of the vapor is more like
1100'K., so that, for example, the energy difference be-
tween states 'P and 'D is only =2 kT and that between
the 'D and 'D states is only slightly greater, about
2.5 kT. It would thus appear reasonable to assume a
value of 10 "cm' for the cross sections of reactions (1)
and (2).

Assuming a value 2.4&&10' cmjsec for the mean
thermal velocity of the helium atoms and a He density
of 8&&10"/cm', one easily calcula, tes that excited Sr
atoms should undergo reactions (1) and (2) at a rate

2)&10 sec '. Thus in ~5-nsec state, 'D should start
to be appreciably filled as a result of collisions of He
atoms with Sr atoms in the 'P state. This is enough
nonradiative leakage to cause serious diminution of the
6.45-p laser pulse, as the emitting stat- the same 'P
stat- is pumped in our experiment by a pulse that
rises in 10 nsec. A reasonable explanation for the ob-
served low intensity of the 6.45-p laser pulse is thus
afforded. The spontaneous lifetime, incidentally, of the
transition in Ca analogous to the 6.45-p, Sr line is about
30 @sec.'

7 W. R. Bennett, Jr., Ann. Phys. (N. Y.) 18, 367 (1962).

State 'D is completely stable, as regards radiative
decay, so that collisional transfer of energy from the 'D
to the 'D states should be quite scient in the sense of
conserving numbers of excited particles. It is assumed
that no significant loss of particles occurs through col-
lisions which deactivate 'D directly to 'I' (B,F.=7.5kT).
Evidently this is so, since even collisional deactivation
of the 'D-to-'P states (AE=5kT) is very slow, as we
now show.

The strongest evidence for the last statement is the
fact that relatively intense lasing was also observed in
the 'D;~'P; ~ transitions when a flashlamp-pumped
dye laser, the auxiliary source mentioned earlier, was
used for excitation. Since the rise time of the output
pulse is here =0.5 psec, the 'D-to-'P collisional relax-
ation time must be at least of this order. It thus appears
that increasing the energy diGerence from hE—2kT to
5E—5kT in what should be basically the same kind of
transition ('E to 'D versus 'I' to 'D) increases the
collisional deactivation time by at least two orders of
magnitude. The spontaneous emission decay time for
the 'D; —+ 'P; & transitions should be about 400 nsec, by
analogy with calcium. ~

As a sort of corollary, it follows that it should be
possible to achieve laser action in the partially forbidden
(7—20 psec s) 'Pr ~ 'Ss resonance line at 6892.6 A. To
invert this transition one would have to pump the
4607.3-A line with a somewhat larger version of the
auxiliary dye laser used in this experiment. If the
6892-A laser can be realized, it would be possible to
Q-switch it.

We would like to thank a colleague, Dr. R. Hodgson,
for helpful discussions regarding collisional transfer.
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