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~Typical frequencies introduced by argon collisions

(e. g. , the line shift) correspond to times of about 2x 10
sec and cannot be properly calculated by either an impact

or quasistatic theory. The main features of the helium

experiment fall in the impact regime. The slope of the

imaginary parts of the correlation function exponent be-
tween 7&&10" and 10& 10 sec corresponds to a shift of
4. 55 cm" /relative density which is 6% greater than the
value reported by Tan and Ch'en [D. K. L. Tan and S. Y.
Ch'en, Phys. Rev. A 2, 1124 (1970)] for shifts produced
by helium below relative density= 2.
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A time-of-flight technique has been used to investigate the lifetime v of the long-lived Po
and P& states of neon, argon, and krypton. The results are, for neon, T( P) &0.8 sec; for
argon, 7.( P) &1.3 sec; and for krypton, r( P) &1.0 sec. The present measurements are
limited by residual-gas or beam-beam scattering and by the length of the time-of-flight re-
gion being short compared to a decay length.

The very long-lived Po and 'P2 metastable states
of neon, argon, and krypton have been studied using
the same time-of-flight technique' and apparatus
previously described in a paper reporting the mean
life of the 2'So metastable state of helium. Unlike
that experiment, no quenching lamp is required,
since it is probable that both 'P states for the noble

gases studied have lifetimes that are long when

compared to the observation time, and thus act as
a single state.

The properties of these long-lived states should
be of particular interest to astrophysicists when

orbiting telescopes become available. Only then
can these uv transitions (-1000 A) be studied in

emission from nonplanetary sources. The lifetimes
of long-lived metastable states should also be of
interest to theoreticians because the decay pro-
cesses of such states are sensitive to exact elec-
tronic wave functions and also to very small per-
turbing interactions. Indeed, a rare magnetic
quadrupole transition to the ground So state may be
the most probable mode of decay for the metastable
'Pz level.

The lowest-lying levels of krypton are shown in

Fig. 1 as a typical noble gas energy-level diagram.
The Pj and P, states are absent from our meta-
stable beam because they decay to the 'Sz ground
state by allowed electric dipole (El) radiation be-
fore the atoms leave the electron gun. Lifetimes'
for these states vary from 2 to 30 nsec.

Because of the large spin-orbit coupling for Ne,
Ar, and Kr, only rigorous selection rules apply

when considering possible decay modes; total an-
gular momentum J and total parity are conserved.
The only transition possible for the 'P2 state is to
the 'S, ground state; since parity changes and bJ
= 2, the decay must occur through emission of
magnetic quadrupole (M2) radiation. However,
the 'Po state may make a transition to either the

P& or the 'P, state, but not to the 'So ground state
since a J=0-J= 0 transition is not allowed for
single-photon decay. The emission of two E1 pho-
tons is also disallowed because parity cannot
change for this particular two-photon decay. Other
multiple-photon decay modes are subsequently
much less probable than single-photon emission to
the 'P, or the 'P& states. Transitions to the 'P& or
the '&z states must proceed by magnetic dipole (Ml)
or electric quadrupole (E2) radiation, respectively.
An estimate indicates that the rate for E2 radiation
is 10 —10' times less probable than the rate for M1
radiation. Thus, cascading to the 'P2 should be
small; the population of the P2 state will be deter-
mined primarily by the initial distribution and by
the M2 decay rate.

A complete description of our apparatus, data
collection scheme, data analysis, and time-of-
flight theory has been described previously. ' The
experiment is based primarily on the time-of-flight
technique where an atom is assumed to leave the
metastable state only by radiatiye decay as it drifts
over a 5-m path between two fixed detectors; this
assumption demands a very low pressure in the
drift region to minimize scattering losses.
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The following two expressions represent the
number of metastable atoms counted by detectors
1 and 2

ng(v) = f egno(v)dsy,

n, (v)= f e, no(v)e "ds, , (lb)

F?G. 1. Krypton energy-level diagram showing the
lowest-lying levels. Both J=1 states decay to the 'So

ground state by electric dipole (El) radiation. The Po
state can decay to either the Pt state by magnetic dipole
(M1) radiation or to the P2 state by electric quadrupole
(E2) radiation. The P& state can. decay only by magnetic
quadrupole (M2) radiation to the So ground state.

gives the equation of a straight line; a straight
line is least squares fitted to the data and the life-
time v determined from the slope = —1/v.

The initial step in the data analysis involves
partitioning the detector 2 data to correspond to
the channel width at detector 1 for metastable atoms
with the same velocity. However, our previous
discussion of the data analysis must be extended to
include the effect of gravity on the heavier noble
gases, which have much slower thermal velocities
than helium. Since the drift region is oriented in
a vertical configuration, atoms drifting to the sec-
ond (upper) detector are retarded by gravity by
different amounts depending on their initial velocity.
This retardation can be accounted for by comparing
atoms with arrival times t, and t2, where time t~

must correspond to an atom arriving at detector
2 whose original velocity would have allowed the
atom to arrive at detector 1 in time t, . The cor-
rect partitioning of the data, followed by calcula-
tion of the ratio B for metastable atoms of the same
velocity, then leads to a plot of lnR vs time of
flight, as shown in Fig. 2. The least-squares
straight line is fit only to data points corresponding
to a number of counts greater than 10/0 of the peak
value.

In order to achieve the best statistics possible,
individual runs (2 h each) were added together,
channel by channel for each noble gas, before being
analyzed. The results, to be interpreted as lower
limits for the composite lifetime of the metastable
P states, are

7'('P) &0. 8 sec for neon

11(t) -=n, (v)/n, (v) = C e "', (2)

where t is the time of flight between detectors and
C is a constant independent of the initial velocity
distribution. The natural logarithm of Eq. (2)

where no(v) is the initial velocity distribution and
e is a detector efficiency factor. The exponential
factor in the expression for the number of counts
at detector 2 allows for radiative decay of the meta-
stable beam between the two detectors. Though a
single lifetime 7 appears in the exponential, atoms
in both the 'Po and P2 metastable states actually
exist in the beam. However, since the lifetimes
of both states are very long compared to the time
of flight between detectors, the beam appears to
decay as a single component which can be repre-
sented as a single average lifetime ~.

After assuring that no is uniform across the
beam, the time and velocity dependence can be ex-
tracted from the integrals in Eqs, (1). Then,
taking a ratio of detector 2 counts to detector 1
counts for atoms of the same velocity, we obtain
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FIG. 2. Decay plot for krypton. The ratio of de-
tector 2 to detector 1 metastable atom distributions
vs. time of flight between detectors is a straight line
on a logarithmic plot. The measured lifetime is
obtained from the slope = —1/v of the least-squares-
fitted straight line, using data points corresponding to a
number of counts greater than 10% of the peak value.
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&1.3 sec for argon

&1.0 sec for krypton.

Interpreting these lifetimes as lower limits is nat-
ural, since they are probably limited by scattering
from residual gas in the drift region. All runs
were taken at a pressure of 2&&10 Torr, which is
the usual pressure in the apparatus when the drift
region is liquid nitrogen trapped. Untrapped, the
drift pressure is approximately 2 && 10 Torr and
the measured lifetimes are reduced by about 50%.
Another important consideration in this interpreta-

tion is the use of such a small initial interval of
decay from which to extract a long lifetime.

Unlike the helium result previously reported,
these heavier noble gases show no significant sys-
tematic error due to the initial velocity distribu-
tion no(v) being nonuniform across the metastable
beam (referred to earlier as "source dependency" ).
Sensitivity to background subtraction is minimized
by excluding from the data analysis the small num-
ber of counts in the tail of the time-of-flight dis-
tribution. All other experimental parameters such
as gun voltage, beam temperature, and channel
width have no effect on the measured lifetime.

~Work supported in part by U. S. Atomic Energy Com-
mission.
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ERRATA

Foreign-Gas-Induced Cesium Hyperfine Relaxation,
N. Beverini, P. Minguzzi, and F. Strumia [Phys.
Rev. A 4, 550 (1971)]. Unfortunately, the results
reported for the pair Cs-N2 have been mistaken
with those obtained in a preliminary fit. The
correct values to appear in Table I are the follow-
ing: Gas N2, o&s. » = (60. 0+ 4. 4) && 10 ' cm,
Do=0. 087+0. 015 cm /sec.

Production of Carbon K X Rays by Heavy-Ion Bom-
bardment, R. C. Der, R. J. Fortner, T. M.
Kavanagh, and J. M. Kan [Phys, Rev. A. 4, 556
(1971)j. Because of a publisher's error the fol-
lowing corrections are required: On p. 557, col-
umn 2, line 18 "mm" should read "mil" (0. 001 in).
In the neon data, Table I, for entry 1, column 3,
read "0.031"; for entries 5 and 6, column 2, read
"Q. Q57" and "Q. 087. " The three references,
shown as unpublished, were as follows: Ref. 9,
Phys. Bev. Letters 25, 1473 (1970); Ref. 18, Rev.
Sci. Instr. 41, 1797 (1970); Ref. 19, Nucl. Instr.
Methods 91, 555 (1971).

In addition to the above, the x-ray yield values
given in the paper for Xe'-C are a factor of 10 too
large in both Table I and Fig. 1. The other num-
bers shown for Xe'-C are correct.

Nonthermal Saha Equation and the Physics of a
Cool Dense Helium Plasma, M. S. Manalis [Phys.
Bev. A. 4, 864 (1971)]. The correction of the two
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Second, the radiative cascading term which ap-
peared in the differential equation on p. 371 and in
Eq. (17) was included by mistake and should be
omitted. As these equations are now written, the
electron loss rate is identically zero. This is of
course incorrect. The omission of the cascading
term will not change the quantitative discussion
following Eq. (17) since it was assumed to be small
and was neglected in the calculation of I'. The cor-
rected equations now read as follows:

following errors does not change the quantitative
comparison between theory and experiment reported
in the paper. First, small errors exist in the
values for the electron binding energy X„of the
nd3D series given in Table II, p. 369. Thefirsttwo
columns of Table II should read as follows:


