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of hydrogen because its hyperfine splitting is smaller,
making it easier to maintain a high electronic polari-
zation with a modest magnetic field, and because it is
easier to get a substantial beam of deuterons at a
given low velocity.
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~Sour measurements show that the electron current
was of the order of 10 of a 1-keV deuteron beam cur-
rent which passed through the apparatus before cesium
vapor or H& gas were admitted to the cells. Thus, if
a 10 5-A deuteron current were available, we could
expect a current of polarized electrons of about 10- A.
Actually, a current of 10 5 A of deuterons is a con-
servative value for this estimate since J. L. McKibben
and co-workers [Bull. Am. Phys. Soc. 12, 463 (1967)]
measure beams of several hundred microamperes of
500-eV protons in a geometry similar to that needed
for a source of polarized electrons.
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In an earlier Letter, ' a laser-induced line-
narrowing effect was utilized in a precise de-
termination of isotope shifts in two Ne transi-
tions. A recent paper2 also reports observa-
tion of this effect and its application in study-
ing some linewidth parameters in Ne. These
experiments study fluorescence arising from
the lower level of a Doppler-broadened laser
transition to a third level. [See Fig. 1(a).]
Viewed along the laser axis, the broad fluores-
cence line shape is dramatically influenced
by the laser field. For a standing-wave fieM
detuned from its atomic center frequency, the
laser-induced change signals appear as reso-
nant increases in, intensity over two narrow
intervals symmetrically located on opposite
sides of the fluorescence center frequency.
The fluorescence from the upper laser level
[Fig. 1(c)], similarly viewed, would exhibit
narrow resonant decreases in its over-all emis-
sion profile.

The over-all features of this effect may be
described by noting that the standing-wave la-
ser field selectively interacts with atoms whose
velocities cause a Doppler shift of one of its
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FIG. 1. Energy-level diagram.

traveling-wave components into resonance;
this produces changes in the laser level pop-
ulations —an increase in the lower level pop-
ulation and a decrease in the upper level pop-
ulation —over two narrow intervals symmetri-
cally located about the center of the velocity
distribution. A recent Letter~ has analyzed
the line-shape details for the cascade case [Fig.
1(a)] in terms of two-quantum transitions from
level 2 to level 1, and predicts differing midths
for the two laser-induced change signals. A
similar line-shape asymmetry, described be-
low, mould appear in the change signals from
the upper laser level [Fig. 1(c)]. Note that in
the latter case, however, the 0-1 emission
act is an inherently single-quantum event, re-
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quiring another description. The summary
of a different treatment, 4 based on the densi-
ty-matrix formalism, has described the spon-
taneous-emission profile in both cases. Line-
shape behavior of similar origins has been en-
countered in the microwave region in experi-
ments involving the interaction of two monochro-
matic, classical fields with a three-level sys-
tem. '~~ These considerations may be readily
extended to the present case by including the
Doppler effect, and noting that the spontaneous-
emission spectrum from either laser level [lev-
el 0 of Figs. 1(a) and 1(c)] follows the emission
line shape stimulated by a weak monochromat-
ic field tuned through that resonance when the
population of level 1 is ignored. In fact, recent
experiments have studied the response of a
Doppler -broadened three-level system coupled
to two classical fields. The line-shape:theo-
ry describing these experiments is directly
applicable to important special cases of the
effect observed in spontaneous emission. This
Letter has three intimately related objectives:
The first is to point out the direct relevance
of the detailed analyses of Schlossberg and Ja-
van' and Feld to this problem; these also pre-
dict that one of the laser-induced resonances

will be narrower than the other. Secondly, we
emphasize that experiments based on stimulat-
ed versions of this effect demonstrate the dif-
ferent characteristics of the two laser-induced
resonances. Thirdly, this Letter generalizes
the theory in several ways, including important
power -broadening effects.

The analysis of Ref. 7 describes the third-
order interaction of two monochromatic fields
with the folded Doppler-broadened system of
Fig. 1(b) in which levels 1 and 2 are assumed
to be closely spaced. Note that the analysis
of a cascade system [Fig. 1(a)] in which the
middle level lies about halfway between the
other two levels follows identically. For pur-
poses of illustration, let us assume that both
transitions exhibit gain. Consider a strong
standing-wave laser field E,(Q2) detuned by an
amount I b., I & y»+ & yo from &um, the peak of the
2-0 Doppler response [Fig. 1(b)]; here y,&

=-,'(y;
+yj), with yj the natural decay rate of level
j. As a weak monochromatic field E,(Q~) is
tuned through the 1-0 transition, it is shown
that the broad Doppler-gain profile is consid-
erably modified by the presence of E,. The
resulting line shape is obtained from Eqs. (33d)
and (33e)' of Ref. 7:

P(Q, ) = G(Q,)[1+)E20 Im([(6, +b,)+ f(y»+ yo)] ~+ [(b 2-6,)+ gym, jj], cu, = &um,

in which 6j =Qj-ej, ~j =atomic center frequen-
cy of j-0 transition, and Aj and E&' are frequen-
cy and amplitude of Ej(Qj), respectively; G(Q, )
is the linear Doppler response, a slowly vary-
ing function of Q„and $ is a constant factor.
For Q, above ru„(l)predicts narrow Lorentz-
ian responses of widths lg = y1+ y2+2y0 below

~, and l~= y1+y2 above cu„ the latter being
narrower by 2yo and independent of y, In sub-
sequent discussion we shall refer to the "broad"
(IE) and "narrow" (I'~) resonances, respec-
tively.

The narrow resonance, I"~, predicted by

(1) has been observed and fully verified'0 for
I"~« I'g. In these experiments levels 1 and
2 are tunable Zeeman components of an upper
laser level connected to a common lower lev-
el, 0. The monochromatic fields are two os-
cillating laser modes of fixed frequencies de-
termined by the cavity length. The effect is
observed as sharp decreases in the laser out-
put as the 2, 1 level splitting is magnetically
tuned. These methods, however, have not been

applied to the observation of Fg, which requires
absolute frequency control as in Lamb-dip ex-
periments (see Ref. 7).

We report here an extraordinary manifesta-
tion of the broad resonance, observed in high-
resolution studies of the Sp 'Po»-Ss'S, atom-
ic-oxygen fine-structure laser oscillations at

0
8446 A. The relevant fine-structure components
of this system consist of two resolved and close-
ly spaced Doppler-broadened transitions form-
ing folded three-level systems of the type shown
in Fig. 1(b). For reasons unrelated to the pres-
ent discussion, " (i) the central portion of each
of the fine-structure gain profiles is entirely
depleted and appreciable gain exists only on
the wings, and (ii) laser action most readily
occurs on the high-frequency side of the strong-
est (2-0) fine-structure component. For each
laser mode oscillating on the 2-0 transition,
two Lorentzian holes of enormously different
widths selectively deplete the 1-0 Doppler gain
profile; the low-frequency hole, of width 2yo
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+ y, + y, = 130 MHz, is about 15 times broader than
the high-frequency hole, of width yy+y2 =9 MHz. "
Because of multimoding on the 2-0 transition,
multiple hole pairs are burnt into the 1-0 tran-
sition. The broad low-frequency holes over-
lap, completely suppressing laser action below
the 1-0 line center, and oscillation can occur
between the narrow, nonoverlapping holes above
the center frequency. The 8446-A spontaneous
emission and laser output have been studied
photographically with a high-resolution Fabry-
Perot interferometer with free spectral range
of 0.8 cm ' under a wide range of conditions.
The laser oscillations were obtained in argon-
oxygen and neon-oxygen mixtures, using a
3-m cavity with 50-MHz mode spacing. The
operating pressure was kept below 1 Torr to
minimize pressure-broadening effects. To
establish the frequency shifts, Fabry-Perot
images of the laser oscillations and the spon-
taneous emission were superimposed upon the
same glass plate emulsion. In absence of la-
ser oscillation, the spontaneous-emission anal-
ysis shows the following in order of increas-
ing frequency: a well-resolved fine-structure
component (1-0) with a completely symmetri-
cal profile, and the strongest fine-structure
component (2-0), overlapped on the high-fre-
quency wing by the third (weak) fine-structure
component. Close to threshold, laser oscilla-
tion first occurs on the high-frequency wing
of the 2-0 component, where maximum gain
occurs, as explained in Ref. 11 (ii). Further
above threshold the 1-0 transition also breaks
into oscillation. Despite the observed symme-
try of the 1-0 profile, this concurrent oscilla-
tion occurs above the 1-0 center frequency,
an effect which must follow from the depletion
of gain over the entire low-frequency wing,
as described above. (It must also be pointed
out that in the observations reported here the
1-0 oscillation was at all times close to thresh-
old and considerably weaker than the 2-0 os-
cillation. ")

Reference 7 treats the field interactions up
to third order. Vfe now outline a different ap-

proach, 8 formulated in terms of single- and
double-quantum transitions, which includes
power-broadening effects due to a strong laser
field. The latter are of considerable interest:
On the theoretical side, it is important to in-
spect whether or not the strikingly simple line-
shape behavior is merely characteristic of a
third-order calculation; on the experimental
side, it is important to know the influence of
power broadening on the observed line shape.
Consider the cascade system of Fig. 1(a). [The
final result will be written in a form also val-
id for emission from the upper laser level,
Fig. 1(c).] It is desired to calculate the 0-1
emission spectrum stimulated by the weak trav-
eling-wave field E,(Q, ) in the presence of the
strong standing-wave field E,(Q,) coupled to
the 2-0 transition. Specifically, standing-wave
effects are avoided by taking Q, detuned (Ih, I

)r»); then oppositely propagating traveling-
wave components of E, do not couple, and the
interaction consists of these components inde-
pendently coupled with E,.

Consider an ensemble of atoms moving with
given axial velocity v, the +z axis being defined
by the propagation direction of the traveling-
wave field E,. In the atoms' rest frame the
incident fields appear Doppler-shifted to fre-
quencies Q, ' = Q,(l-v/c) and Q2' = Q,(l-ev/c)
in which e =+1 indicates the traveling-wave
component of E2 propagating along the +z direc-
tion, respectively. We now require a solution
in the atoms' rest frame in which the three-
level system is coupled to one of the traveling-
wave components of the strong field E, at fre-
quency 0,'- v, and to the weak traveling-wave
field E, at frequency 0,'- ~,. The resonant
interaction of two monochromatic fields with
a three-level system was treated in Ref. 5 for
the case of yj all equal. The perturbation meth-
od consisted of first obtaining a closed-form
solution to the Schrodinger equation for E, = 0
and E2 arbitrary, and then using this result
to generate a solution valid to first order in

E, . When the method is extended to the case
of arbitrary yj,"the emitted power induced
byE, atQ'is

8@Q 'Ip I'Im ~ Ip I' L' 2(r../r. )R-] R R
i

i, [L,-2(r,„/r„)R]
1 1 2 2 gB 1B 0 B P2

Here, 2 =
I LI I

'+ (4r»'/r, r2) I p2 I and B = —RL,*+
I p2 i ', with L&

= (Qj' —&uj) + ir&0, R = [(Q,'+ Q2') —(v,
+&a,)]—ir„, ip i

=
i p. 0E /4h I, and pj0 is the electric-dipole matrix element connecting levels j and

0; n& is the number of background atoms with velocity v in level j, i.e., the population in absence
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of the strong laser field. In Eq. (2) the n, coefficient is obtained from the 2- 1 transition rate due
to double-quantum emission at 0, ' and 0,'; the n, coefficient, in contrast, is obtained from the sin-
gle-quantum emission rate arising from 0-1 transitions as modified by the presence of E„the n,
coefficient results from the reverse processes, namely, double-quantum 1-2 transitions and sin-
gle-quantum 1-0 transitions" (see Ref. 5). As a check of the detailed algebra, Eq. (2) has also been
obtained in an independent calculation using the ensemble-averaged density matrix to estimate the
induced polarization at 0,', an approach equivalent to the one presented here.

It is important to note that (2) is entirely valid for the case in which the yj's are interpreted as
decay rates arising from hard collisions. The detailed features of the line shape predicted' by (2)
for equal y&

have been fully verified in the microwave region where Doppler effect is negligible and
the linewidths are entirely due to collision effects. e

The complete emission spectrum is obtained by averaging (2) over the atomic velocity distribution
for e =+1 and for e= —l. In the fully Doppler-broadened limit y/D «1 (y-yij and D =Doppler width),
and for e, ) co„

I (g,) =G(g,) 1+ $'E,021m ~h, +0 -6, 1+i + lh, -o b, , I+i (3)

in which —,I~ = ylO+ (~1/A@2)y20Q+ —,'yO(Q —1) and
-'I'N= &10+ (~1/~2)nOQ--'~0(Q+ 1); N i«he
total background population of level j, $' is
a proportionality factor )0, Q'= 1+4 I P, I'/y, y„
and G(Q, ) ~ (N, —N, )(E,Q)' is the power emitted
at 0, by the Doppler-broadened 0-1 transition
induced by E, in the absence of the laser field.
Equation (3) shows the power broadening influ-
ence of the laser field, which enters in a re-
markably simple way. Equation (3) has been
written in a form valid for both cascade (o =-I)
and folded (0 =+1) cases, Figs. 1(a) and 1(c)."

The discussions of Ref. 3 are consistent with
the weak-field limit of our treatment for the
case of %0=0. Note, for instance, that for
IP212 «1 and in the limit of y,i-o, the frequen-
cy dependence of the 2-1 transition rate, ob-
tained from the n, coefficient of our Eq. (2),
would involve a 5 function, becoming 5(Q, '+ Q, '

-(u, -(u, ) IL, I '; the y»=0 discussion of Ref.
3 is equivalent to averaging this distribution
over velocities.

To emphasize the significance of the role
played by No, the background atoms in level
0, consider a cascade system in which only
level 0 is populated (i.e., N, =N, =O). Then
in the rest frame of an atom an applied laser
field at 0, will diminish the transition rate
at Qy leading to two holes of width I"~ and
T'~ superimposed upon the emission profile
[see Eq. (3)]. As discussed earlier, a 0- 1
transition is an inherently single-quantum event'
and may not be described in terms of a double-
quantum process as in a 2- 1 transition.

As pointed out above, in the oxygen" "and
xenon' experiments, I'~ and I"~ differ enor-

mously. In the Ne spontaneous-emission ex-
periments reported in Refs. 1 and 2, howev-
er, they are expected to differ by only about
30 /o. The observation of this difference would
require high-finesse Fabry-Perot analysis
and good laser stability, and has not yet been
achieved.

In averaging Eq. (2) for the case of finite y»,
a number of cancellations occur in the fully
Doppler-broadened limit (y/D «1), leading
to a particularly simple expression. It is im-
portant to point out that such cancellations do
not occur in higher orders of y/D. For instance,
the complete calcellation of yo in I"~, which
occurs in the case of &u, /&u, =1, will not occur
in the next order of y/D.

A paper including complete algebraic details
and additional discussions will be published
elsewhere (Feld and Javan').
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4 = g c.exp(-iW. t)zz. ,
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with uj the eigenfunction of level j of energy hS&, the
coupled equations are dz+g~ (az~-27~6'g~)c~, in which
az&=-[)zzyE(f)/z7z]exp[z(Wz W-~)t], and E(f) is the sum
of the two traveling-wave fields as seen in the atoms'
rest frame.

As an example, for an atom in level 0 at initial tj.me
tp ~ I c&(t =tp, tp) [ =

6&p and the 0 1 transition rate at
a later time t is yi I ci(t to)12 (see preceding footnote)
Thus, the total stimulated power

emitted by back-
ground atoms in level 0 is KQ&'n&yoyif I c&(t, to) I dto.

~VIn extending Eq. (2) to the spontaneous-emission
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We present evidence showing that neutral excitations which are not photons are pro-
duced in superfluid liquid helium in the presence of a Po2~0 alpha-particle source. At
low temperatures these excitations travel through the liquid with negligible scattering.
They have sufficient energy to generate positive ions and electrons at the surface of the
liquid or at a suitable metal plate immersed in the liquid.

Charged particles introduced into superfluid
liquid helium form ion complexes which have
been used to study scattering effects due to
rotons, phonons, and He' atoms. '~2 Such charged
particles have also been used to produce quan-
tized vortex rings3 and to investigate the prop-
erties of such rings as well as of vortex lines. ~

In this Letter we report evidence for the exis-
tence of energetic neutral excitations in He II
and a study of the emergence of charged par-
ticles through the surface of the liquid at tem-
peratures below 1 K

Our experimental arrangement, illustrated
in Fig. 1, is similar to that of Hayfield and Reif.
The ion source S, plated with Po'", is immersed

in liquid helium; it emits alpha particles which
generate ions within a 0.2-mm thick layer of
liquid adjacent to S. Electric potentials in the
apparatus are adjusted by means of metal grids.
The current arriving at the collector C is mea-
sured with a vibrating-reed electrometer. All
the electrodes are gold plated to avoid forma-
tion of insulating oxide layers. At the temper-
atures below 0.6'K used in most of our exper-
iments, the helium vapor pressure is so low
that atomic mean free paths in the vapor above
the surface of the liquid are long compared to
the dimensions of the apparatus; hence the va-
por region is effectively a vacuum.

Consider the experimental situation of Fig.
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