
VOLUME 15, NUMBER 17 PHYSICAL REVIEW LETTERS 25 OcroBER 1965

velocity su~ is non-negative definite; (b) the
null cones form two separate systems, past
and future (this means that one can globally
assign a, time direction); (c) there is a noncom-
pact Cauchy surface; that is, there exists a
noncompact spacelike surface that intersects
every timelike and null line once and once only.
These conditions are satisfied by a universe
of form (1) with K=0 or -1 and filled with nor-
mal matter. However, at S, p is positive by
a finite amount. Therefore any perturbation
of (1) which is not too large will leave p posi-
tive, and so there will still be a closed trapped
surface and hence a physical singularity. Thus
a universe that is similar on a large scale to
the form (1) but has no exact local symmetries
will have a singularity. Local irregularities
cannot prevent it.

The presence of matter gives a unique time-
like congruence (the flow lines) which may be
defined as the timelike eigenvector of the Ricci
tensor. Using this it is possible to replace con-
dition (c) by the weaker conditions (d) and (e):
(d) The covering space has no closed timelike
lines; (e) there exists a complete connected
noncornpaet spacelike three-surface on which
the density has a positive lower bound and the
scalar product of its unit normal and the veloc-

ity vector of the flow lines has an upper bound.

This removes the possibility that a singularity
might be avoided by there being regions of space-
time for which H is not a Cauchy surface.

The author and Dr. G. F. R. Ellis are working
on a proof of the occurrence of singularities
in closed universes. This and an extension of
the above results will be published shortly.

The author wishes to thank Dr. R. Penrose
for his help and advice.
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In this Letter we report on the direct detec-
tion by coincidence counting techniques of the
two-photon decay of the metastable 2'S», state
of singly ionized helium. The metastability
of the 2S state of hydrogenic atoms has been
the subject of many theoretical studies. ' The
2S states of H and He+ are known to be meta-
stable, and the lifetimes have been shown to
be greater than 2.4x10 sec and 1 x10 ' sec,
respectively. ~ The present theoretical view
is that an unperturbed metastable hydrogenic
atom will decay by two-photon emission at a
rate given by y =8.226 Z sec '. The decay
rate for all other decay modes considered so
far is orders of magnitude slower than the two-
photon rate. 4 Several attempts have been made
to detect similar two-photon decays in excited

nuclei. In no case has conclusive evidence been
obtained for the existence of such transitions. '
Extensive observations have been made of mul-
tiple-photon processes with intense laser fields. '
Multiple-photon-induced absorption and emis-
sion processes in the rf region of the spectrum
have been studied in considerable detail by mo-
lecular beams and optical pumping techniques. '

The present experiment was designed to de-
tect the decay in flight of a slow (12-eV) beam
of metasteble helium ions. Ionized helium was
chosen in preference to hydrogen because the
two-photon lifetime and the Stark quenching
rate are each smaller by a factor of 64 in the
helium. In addition, standard ion-beam tech-
niques could be employed to focus and control
the beam. In the case of the present beam,
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it is estimated that 40000 ions/cm sec decay
by two-photon emission. These photons are
expected to have a continuous distribution of
energy which is broadly peaked about 20 eV
(600 A). Detailed predictions of the shape of
the spectrum have been made by Spitzer and
Qreenstein. ' The energy sum for the pair of
photons, of course, must equal the 2$-1$ en-
ergy difference (40.1 eV). The coincidence
counting rate is expected to vary as (1+cos'Il)
if the photodetectors are not sensitive to the
polarization of the photons. Here 6 is the space
angle between the directions of emission of
the two photons.

The apparatus consists of an electron-bom-
bardment ion source, differential pumping cham-
bers for pressure reduction, and a detection
chamber with two phototubes, one of which is
movable about the beam axis. Individual pho-
ton events are processed by means of fast, -co-
incidence circuits. Typically, the ion source
is operated at a helium pressure of about 1x10
Torr, and the electron bombarding energy is
350 V. An ion beam of 5 x 10 9 A is produced,
of which roughly —,'% is in the 2'S state. The
first differential vacuum separation chamber
contains a microwave cavity through which the
beam passes. This cavity may be excited at
14 kMc/sec (the Lamb-shift frequency for He+)
to quench the metastable ions. The beam is
electrostatically focused into the detection cham-
ber where the background pressure is 2 x 10
Torr or less. For each two-photon decay, one
photon lies between 300 and 600 A, and the
complementary photon has a wavelength longer
than 600 A. In order to detect these photons,
EMI 9603 windowless multipliers are used with-
in the vacuum system. The photons are inci-
dent on the beryllium-copper photocathode.
These tubes will detect all the photons from
300 to about 1200 A with an efficiency of about
10')0. Since these tubes are also sensitive to
charged particles, considerable effort was
made to prevent such particles from reaching
the tubes. The photons enter the phototubes
through a parallel-plate structure in which
alternate plates are maintained at positive and
negative potentials. This device effectively
reduces the charged-particle background count
to a small fraction of the photon count. One
tube is moved with respect to the other about
the beam axis within the angular range from
about 67 to 292'.

Typically, the single-photon counting rate

is about 10000/min. This result is obtained

by subtracting the count obtained with the rf
quenching field on from that obtained with it
off and is consistent with the earlier intensity
estimate. The background single- event count-
ing rate obtained with the rf on is about 2000
counts per minute. This background arises
from charged particles that are not eliminated
by the parallel-plate grid system and from
the excitation of the background gas. ' The de-
pendence of the single-photon counting rate
on the electron bombarding energy is shown
in Fig. 1(a). This curve shows the expected
threshold at 65 eV for the formation of the 2$
state of He+. The dependence of the single-
photon counting rate on the power used to ex-
cite the microwave quenching cavity is shown
in Fig. 1(b). This curve shows the exponential
dependence on rf power that is expected for
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FIG. 1. (a) Dependence of the coincidence counting
rate and the rf-induced singles counting rate on elec-
tron bombarding energy. I'b) Dependence of the coin-
cidence and singles counting rate on rf quenching po~-
er.
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the quenching of metastable ions. The residual
count at power levels between 1 and 0.1 arises
from charged particles and gas excitation (see
above).

Counts from the two phototubes that are in
time coincidence are observed when the elec-
tron bombarding energy is greater than 65 eV
and in the absence of rf quenching power. The
distribution of the delay times between the pulses
from the two phototubes is measured with a
time-to-pulse-height converter and multichan-
nel analyzer. A typical delay curve is shown
in Fig. 2(a). The peak in this curve has a width

of 18 nsec which is consistent with the known

electron transit time spread in the Venetian-
blind multiplier. Unfortunately, the unavail-
ability of a fast vacuum-ultraviolet light source
prevented the determination of the zero-delay
position, The residual counts at long delay
are consistent with the estimated random-coin-
cidence counting rate. The total number of
counts in the peak of the delay curve is taken
as the "coincidence count. " Typical coincidence
counting rates of five per minute are observed.

Since the coincidence counting rate is propor-
tional to the product of the detector efficiencies,
and since these are estimated to be 10 ', this
counting rate agrees with the observed singles
rate and the estimated two-photon decay rate.
The dependence of the coincidence rate on the
electron bombarding energy is shown in Fig. 1(a);
this curve has the same threshold and shape
as the singles excitation curve. The dependence
of the coincidence rate on rf quenching power
is shown in Fig. 1(b). This curve is similar
to the singles quenching curve except that there
is no residual signal at full rf power. This
indicates that all of the coincidence counts arise
from metastable ions.

The coincidence count obse rved at various
angular positions of the movable phototube is
shown in Fig. 2(b). The widths and positions
of the peaks in the delay curves obtained at
different angles were constant to within about
one nanosecond. This variation is no greater
that the expected statistical fluctuations in these
quantities. The solid curve shown in Fig. 2(b),
which was obtained by integrating the theoreti-
cal angular factor (1+cos'6) over the area of
the phototube cathodes and over the length of
the beam exposed to the detector, is in agree-
ment with the observations. 'o

The dependence of the coincidence counting
rate on the angular separation of the phototubes
as well as on the electron bombarding energy
and rf quenching power provides very strong
evidence that we have detected the two-photon
decay of the metastable helium ion. Our knowl-
edge of the detector efficiency is too poor to
allow a precise determination of the two-pho-
ton decay rate. Work is in progress to mea-
sure the spectral distribution of the photons.

The authors wish to thank Dr. S. Devons for
suggesting this experiment, Dr. C. S. Wu for
many helpful discussions, and the staff of the
Columbia Radiation Laboratory for invaluable
assistance in the course of this work.
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FIG. 2. (a) Typical coincidence delay curve. (b) De-
pendence of the coincidence counting rate on the angu-
lar separation of the photodetectors.
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~ In order to insure against the effects of possible
polarization sensitivity in the phototubes which would
modify the form of the angular factor, the tubes were
orientated with the Venetian-blind slats at a relative
angle of about 45'.
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It was first pointed out by Kohn, ' and later
experimentally verified by Brockhouse et al. ,

'
that the presence of a logarithmic singularity
in the derivative of the static random-phase-
approximation dielectric function e(~) at x
= 2k F, k F being the Fermi momentum, should
produce a corresponding discontinuity in the
gradient of the phonon dispersion curve + = &u(q).
The same fact also leads to the important re-
sult that the asymptotic form of the screened
Coulomb potential is an oscillatory function
of the form cos(2kFr+y)/r'. There is again
experimental evidence~ to support this result.

The purpose of this Letter is to show that
there exists a Kohn anomaly in 1.iquid metals
which exhibits itself as a logarithmic singular-
ity at K = 2kF in the gradient of the fourth mo-
ment (~cob (v)) of the usual scattering function
Scoh(~, &u). Since the width ~(x) of the quasi-
elastic scattering is related to (vcoh (K)), the
former also exhibits a similar anomalous be-
havior. The very existence of a dispersion
curve in liquid metals is of somewhat doubtful
validity, ' and even if it exists, it is more like
a broad band. The latter fact precludes the
possibility of detecting Kohn anomaly except
in an indirect way as Johnson et al.' have done
by computing the interionic potential, using
the Born-Green or the Percus- Yevick equations

and experimentally determined values of the
pair-distribution function, and establishing
the oscillatory nature of the potential. In view
of some of the approximations and possible
errors in the Johnson et al. analysis leading
to a long-range oscillatory V(r), it would be
desirable to observe the complementary aspect
of the singularity in a parameter that is direct-
ly observable in wave vector space. In the fol-
lowing we shall establish the presence of this
anomaly.

The ratio of the fourth moment to the square
of the second moment of Scoh(x, ~) for a coher-
ent classical liquid as derived by de Gennes'
is given by

( h'( ))

where I'(~) is defined by
~ W

I'(K) = f[g(r) g, ]e d—r,
and (cucoh'(z)) by

((u '(~)& = ~'k T/M[1+ r(~)].

(2)

= 3[1+f (x)]+, g(r), (1-cosxx)dr, (1)
1+ r(~) " s'V
Kk T Bx
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