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type, Ohta'4 includes diagrams containing a
b(1236) resonance and obtains a rather large re
normalization of g~, which does improve the pho-
ton spectrum and presumedly changes u (cf.,

however, Beder"). Clearly other mesonic ex-
change contributions could be included, to the ex-
tent that they are not already included via an ef-
fective nuclear potential.

Another very interesting possibility results
from the additional fundamental terms in the
weak-interaction vertex which appear when the
nucleons are off the mass shell. Such contribu-
tions should be small since they are proportional
to the amount by which a nucleon is off shell.
However for P decay some such terms, "when
chosen in a natural way, reduce to nonrelativis-
tic operators having one fewer powers of 1/m
than some of the main terms. Thus some terms
of this kind may be more important than one
would a priori expect Ad. etailed study of such
terms would clearly be a useful contribution.

The result of our theorem, namely that in the
standard theory the entire interesting contribu-
tion to n is given by terms O(1/m ) which one
a priori might have expected to be small, means
that one should look rather carefully at a consis-
tent calculation in the standard theory, which is
being done, and at possible more exotic correc-
tions, a few of which I have mentioned. I hope
that the existence of this general result will stim-
ulate further work on this problem.
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Saturated Two-Photon Resonance Ionization of He(2 'S)*
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We have developed a photoionization method for complete conversion of a quantum-
selected population to ionization, making possible sensitive and absolute measurement
of the selected populations in a gas. Each photoionization involves the absorption of two
photons (from a pulsed dye laser), one of which is resonant with an intermediate state.
In this demonstration we measured the absolute number of He(2 'S) states per ion pair
following interaction of pulses of 2-MeV protons with He.

In noble-gas energy pathways research, ' at-
tempts are made to deduce the number of various
excited species as a function of time after proton
excitation. Photon-emission processes, when
viewed over a range of gas pressure, are often
so complex that unique kinetic models cannot be
constructed even from time-resolved emission

experiments. ' In a search for more direct in-
formation, we conceived of a method in which
each atom in a selected quantum state would be
converted to an ion pair by the absorption of two
photons, one of which is resonant with an inter-
mediate state. Two-photon ionization processes
are well known and have been used more recently
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by a number of groups for isotope separation.
Two-photon processes have been ingeniously em-
ployed in connection with photoionization cross-
section measurement of He(n' ~ 'P) atoms. '

Imagine the passage of charged particles
through a gas in a short pulse at t=0. We wish
to find the number of excited species in each
quantum state as a function of t. To do this, we
tune a pulsed dye laser so that resonance photons
excite the selected quantum state to an interme-
diate state lying more than half the distance to
the ionization continuum. With modest energy
per pulse and with a laser linewidth of several
angstroms, the intermediate state comes into
quasiequilibrium with the excited state. Other
photons from the same laser pulse photoionize
the intermediate state.

To illustrate the above ideas let us consider
He(2 'S). For this state we can use He(3 'P} as
the resonance intermediate state; thus the laser
is centered at 5015 A. If the laser delivers a
pulse of O.V J in a 1-cm' beam, a photon fluence
of 1.8&&10"photons cm ' is delivered at 5015 A.
The product of photon fluence and photoionization
cross section I approximately 4.4 &&10 "cm' for
He(3 'P) at 5015 A] is considerably greater than
unity; therefore, one may hope to saturate the
ionization. If so, each excited state is converted
to an ion pair.

Thus, resonance ionization spectroscopy (RIS),
as we choose to call it, is an absolute and a very
sensitive method for the measurement of excited-
state populations. RIS can be extended to the
analysis of certain ground-state species even
with existing laser technology.

Figure 1 is a schematic of the RIS experiment
used for the He(2'S) demonstration. Narrow
pulses (15 nsec) of 2-MeV protons arrived at a
beam deflector every 64 p, sec. When the manual

control was operated, one pulse of approximately
10' protons entered the ionization chamber and
triggered a dye laser after a variable delay time.
Each encounter between the proton pulse and the
delayed laser pulse was recorded on a transient
recorder. The proton pulse created about 5 x10'
ion pairs at 0.6 Torr, and this caused a current
to flow through a signal resistor of a few kilo-
ohms. These pulses were amplified && 100 with
a wide-band pulse amplifier and then recorded.

Several laser specifications are of first-order
importance. After some modifications of a com-
mercial (Phase-R Company) laser, we obtained
(1) a beam of reasonable quality over a 10-mm
diam, (2) an energy per pulse of about 0.7 J at
5015 A, (3) a photon spectra of about 30 A full
width at half-maximum, (4) a pulse width of
about 300 nsec, and (5) noise transients which
we did not want.

Figure 2 shows a typical recording to 0.6 Torr
He. With —50 V applied to the field plates spaced
2 cm apart, the positive-ion signals were collect-
ed in about 8 p, sec, in agreement with ion mobil-
ity and diffusion data. The electron pulses were
collected very quickly and are not resolved in the
figure. It was shown that below 10' ion pairs the
pulse heights are linearly related to the number
of ion pairs. A simple ratio of pulse heights
gives the number of quantum-selected atoms per
ion pair.

The He(2'S) state at 0.6 Torr has a lifetime of
the order of 10 ' sec in our apparatus. Because
of this slow decay, we did not measure in detail
the decay curve, but we measured its population
at 20 and at 88 p. sec after proton excitation.
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FIG. 1. Schematic of resonance ionization spectros-
copy appled to excited states created by pulses of
charged particle s.
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FIG. 2. An oscilloscope trace of the positive ioniza-
tion as a function of time. The large pulse is direct
ionization created by protons; the smaller pulse is cre-
ated by the laser tuned to 5015 A and delayed 22 psec.
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FIG. 3. The number of He(2 'S) states per ion pair as
a function of the laser energy per pulse (700 mJ =1 on
energy scale) .
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There was little observable change between the
two delay times.

In the course of carrying out the measurements
several checks were made to insure that we were
actually observing ionization of the He(2'S} popu-
lation. Firstly, the same procedure which yield-
ed Fig. 2 was carried out except that a quartz
beam viewer was used to block the proton beam
from the ionization chamber. In the absence of
the direct ionization and of the He(2 'S) population,
only the rf transient (see the sharp time depen-
dence near the beginning of the second ion peak
in Fig. 2) was observed when a 0.7-J pulse tuned
to 5015 A was fired into the 99.9998/p-pure He.
Secondly, the laser was detuned to 5060 A (and
to 4970 A) and both the protons and a laser pulse
of 0.7 J were fired into the cell. In these cases
the peaks due to laser-induced ionization were
absent. These observations, together with the
pulse shapes (which indicate that the ions pro-
ducing the signal are created nearly simulta-
neously near the cell center), lead us to believe
that the second peak of Fig. 2 is due entirely to
resonant two-photon ionization of He(2'S). Fig-
ure 3 shows the ratio of peak heights plotted
against energy per pulse at 5015 A. The fact that
a decrease of a factor of 3 in energy per pulse
decreases the ratio only by -20/p suggests that
the ionization is close to saturation.

The above experiment was carried out with a
laser which produces long and slowly changing
pulses (duration=0. 3 p, sec). Also, the linewidth
is very broad (i.e., full width at half maximum

=30 A) compared with the 3 'P-2 'S emission
]inc of He. Further, collisional broadening ef-
fects destroy quantum coherence in times -10 '
sec at 0.6 Torr. For these reasons, rate equa-
tions can be used for purposes of estimating the
percentage of the He(2'S) population converted to
ion pairs by the laser pulse. Thus, one calcu-
lates that a 0.7-J pulse (duration 0.3 p, sec and
30-A spectral width centered at 5015 A) causes
about 8F/g conversion of He(2'S) to ion pairs at a
pressure of 0.6 Torr. However, the yield of ion
pairs may be higher than 80%%up since some photons
are reflected back into the interaction region by
a mirror at the end of the cell. About 92%%up of
these ion pairs are created by two-photon reso-
nance ionization, while 8%%up are due to associative
ionization out of the 3 'P and 3'D- states. The
3 'D state comes into the picture because two-
body collisions with ground-state atoms convert
3 'P to both 3 'D and 3 'S.'

Since the calculation (and Fig. 3) suggests that
the ionization is nearly saturated, we compared
our ratio at 0.7 J/pulse with theory. From the
work of Alkhazov' on electron excitation, Bartell,
Hurst, and Wagner' estimated that about 1 p, sec
after proton excitation the He(2 'S) population per
direct ion pair is 0.27 at 0.6 Torr. This is in
reasonable agreement with Fig. 3. We should
point out that at times greater than 1 p, sec the
He(2 'S) population includes not only its directly
excited population but also much of the original
populations of He(2'P), He(3'S), and He(3'P)
which, because of radiation trapping, cascade
preferentially to He(2'S}. Cascade effects were
included, of course, in estimating the 27%%up.

The RIS technique reported here shows that
quantum-selected excited states (at a given time
after excitation) ean be converted to ionization
with nearly unit efficiency. With present dye-
laser technology, some of the elemental metal
vapors (and some molecules as well) can be con-
verted from their ground states to the ionization
continuum with high efficiency. Furthermore,
these resonance processes can be highly selec-
tive so that a few of one species can be measured
without interference from much higher popula-
tions of other species. Since single ions can be
detected with reasonable efficiency (even after
mass analysis), the technique offers the possi-
bility of unprecendented sensitivity for making
absolute determinations of either ground-state
or transient species.
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Strong new visible emission bands are observed when mixtures of Cs of Rb with noble
gases are excited with blue lines of an argon-ion laser. The bands in Cs are believed to
be due to transitions between 7so bound excited states and dissociating 6so. ground states
of alkali-noble-gas molecules, and they may have potential for excimer laser systems.

The emission and absorption spectra of alkali-
noble-gas systems have been the subject of de-
tailed investigation over a period of many years.
Therefore, we were very surprised recently to
discover that when we illuminated Cs vapor in a
few atmospheres of Xe with any one of several
blue lines from an argon-ion laser we observed
a striking yellow fluorescence which has appar-
ently never before been observed. We at first
mistook this to be resonance fluorescence from
a sodium impurity. A check with a grating mono-
chromator, however, revealed that a large frac-
tion of the emission from the vapor in the entire
spectral region from the violet to the near in-
frared (9000 A), which includes the first two res-
onance doublets, was concentrated in a single
band about 50 A wide, peaked at 5723 A, which
did not correspond to any known feature of the
Cs-Xe spectrum. Similar bands were observed
at slightly different wavelengths with other noble
gases. These bands are not present in the emis-
sion from pure Cs vapor with similar excitation
and no corresponding feature has been observed
in optical-absorption studies of similar Cs-no-
ble-gas mixtures. ' The existence and surprising
intensity of the emission bands we observe may
have significance for laser applications, ' and a
detailed analysis of their structure should pro-
vide extensive information about molecular po-
tential curves and transition moments of previ-
ously unknown bound excited states.

Typical emission spectra, recorded with a
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FIG. 1. Yellow emission bands of cesium in noble
gases.

scanning monochromator with a resolution of 1 A
and an extended S-20 photomultiplier tube, are
shown in Fig. 1. To obtain these spectra, cells
of alkali-resistant glass (Corning 1720) were


