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which predict that for the transition Hy(X 1Z)g‘”)
~H,*(X*Z ;") +e, the maximum population of H,"
ions is in the v’ =2 state,

The influence of the nature of the target atom
or molecule. is also of interest. Figure 2(a)
shows a spectrum taken with an H, target. The
phenomena are identical to those observed in the
H,"+Kr case with two exceptions, First, the rel-
ative cross section for superelastic scattering is
approximately + that for Kr, and so the energy-
change spectrum is somewhat weaker in this case,
Second, the inelastic spectrum shows the expect-
ed strong inelastic peak corresponding to the v’
=0-v’=1 transition in the H, target. Figure 2(b)
shows a spectrum taken with H* projectile ions
of nearly the same velocity, As expected, this
spectrum shows only the inelastic process cor-
responding to the v/ =0-2v’=1 transition of H,.

As we have previously shown,? the apparent
cross sections for the Av/==x1, +2, +3 transitions
can be obtained directly from the spectrum, For
the H," +Kr superelastic system at 500 eV H, "
kinetic energy, we obtain the following: o(Av’
=-1)=1.08 A%, o(Av’=-2)=0.22 A%, o(Av’'=-3)
=0,047 A2, Similarly, for the H,* +H, superelas-
tic system at 600 eV kinetic energy, we have the
following: o(Av’=-1)=0,23 A%, o(Av’=-2)=0.081
A% and o(Av’=-3)=0.025 A%, Similar studies
with He, Ne, and Ar target atoms clearly show a

strong increase of the cross sections with in-
creasing atomic number of the target atom. The
relative cross sections for superelastic scatter-
ing decrease slowly with increasing kinetic ener-
gy, being largest in the 100-500-eV region. It
is interesting to note that superelastic collision
cross sections for the conversion of vibrational
to translational energy are comparable in magni-
tude and energy dependence to the cross sections
for the inverse inelastic process of direct vibra-
tional excitation,

Further measurement in the H,"* projectile en-
ergy range 100-1500 eV with He, Ne, Ar, Kr,
Xe, and H, targets are in progress and complete
results will be reported later.

*Work supported by a grant from the National Science
Foundation.
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The lifetime of the 2S state of He* has been measured by counting decay photons ver-
sus time from an ensemble of excited He* ions stored in an electromagnetic trap of the
Penning type. The result is 7,5=1.922(82) msec. This is in agreement with the theoret-
ical value of 1.899 msec. The agreement between theory and experiment implies a new

upper limit on the amount of parity impurity in the 2S wave function.

Pioneering experiments' have established con-
clusively that the radiative decay 2S to 1S in He"
proceeds via spontaneous two-photon emission.
This is in strict accord with theory® which for-
bids single-photon electric dipole (E1) radiation
by parity conservation, and predicts a single-
photon magnetic dipole (M1) rate ®5X107° times
smaller than that for emission of two E1 photons.
Recently, Marrus and Schmieder have reported®
measurements of the 2S lifetime, 7,5, in hydro-
genlike Ar*!" and S*!° by a beam-foil time-of-

flight technique. However, except for the estab-
lishment of lower limits in H* and He*,® an ex-
perimental value for 7,5 in a low-Z ion has not
been reported.

This Letter describes work carried out to de-
termine 7,5 in He*. The results are in agree-
ment with the theoretical value® of 1.899 msec
and lead to a new upper limit on the amount of
parity impurity in the 2S-state wave function in
He". :
The 2S state lies 40.8 above the He* 1S ground
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state, hence the two photons emitted must have
energies such that hv, +kv,=40.8 eV. The single-
photon distribution with wavelength is then a con-
tinuous one with a short-wavelength cutoff at A,
=304 A and extending to infinite wavelength. The
distribution rises rapidly from A, to a peak at
~350 A after which the intensity falls off roughly
as exp[- (A — 350)/430].

The method used to measure 7, is basically
the same as that used’ to measure the lifetime of
the n=2 S, state in Li*. A quantity (~10%) of He"
2S ions are created by pulsed electron impact on
He gas (p ~10°7 Torr) at time £ =0. The ions are
confined inside an ion trap for a period of sever-
al lifetimes (typically 8 msec). During this stor-
age time, single decay photons are detected by
windowless electron multipliers and the resulting
pulses are stored versus time in 100 channels of
a multichannel scalar (80 psec/channel). At the
end of the storage period, all ions are dumped
from the trap and a new cycle is begun. Many
fill-store-dump cycles are repeated until a de-
cay curve is built up which has a sufficiently
small statistical error to allow determination of
a value for 7,5. (This may take from 15 min to
2 h depending on the experimental condition.)

An important consideration in any experiment
to measure the lifetime of He" 2S is the nearness
of the 2P,,, state, the separation being the Lamb
shift S~14.045 GHz. The radiative lifetime of
the 2P, ,, state is 7=107'" sec. Hence, any per-
turbation which mixes 2S and 2P,,, can drastical-
ly affect (quench) the 2S state. In particular, an
electric field E will cause mixing via the Stark ef-
fect, and yield an effective lifetime 7’ given by

T = TosTp/ (Tp+D2Ty) ,

where

2 2
b2 = i%% and M =V3 eEa,/Z .
For He' b=17.87x10"°E(V/cm) and, hence, elec-
tric fields less than 1.0 V/cm are required if 7’
is to be within 10% of the field-free value T,g.
Magnetic fields will also cause quenching via the
motional electric field E, = (¥/c)xB; e.g., for v
=2.5%10° cm/sec, E, <1.0 V/cm for B<400 G.
For these reasons the ion trap operates with rath-
er low magnetic (=50 G) and electric fields (~0.1
V/em). Weak fields will not confine ions to small
volumes, which explains the large size of this ion
trap (~2x10* cm®) compared to a similar trap
(=10 c¢m?®) used in the work” on Li".

Figure 1 shows the ion trap and photon detec-
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FIG. 1. Sketch of the ion trap and photon detectors.
The magnetic field is along the trap axis. The half cyl-
inders 2a and 2b are maintained negative with respect
to electrodes 1 and 3 during the storage period. The
hot filament F is pulsed negative to accelerate elec~
trons into the trap for creation of the He ions, The zig-
zag pattern is a web of thin copper wires to give high
transparency for the decay photons, while maintaining
the cylindrical electrode geometry. The rectangular
shape in the center of the figure represents the end of
the microwave horn located outside the cylinder. Pow-
er radiated from this horn drives the 25-2P;,, transi-
tion,

tors. The ion trap is a closed cylinder (radius
~15 cm, length ~30 cm) whose ends are main-
tained at a positive potential with respect to the
body; potentials used range from 0.5to 3 V. A
magnetic field from 40 to 65 G is applied coaxial
with the cylinder by means of coils external to

the vacuum enclosure. The electrostatic field
confines ion motion along the magnetic field,
while the magnetic field limits motion perpendicu-
lar to the trap axis.

The trap is constructed primarily from oxygen-
free high-conductivity copper, stainless steel,
and alumina insulators, and the vacuum enclo-
sure is entirely of stainless steel. After bake-
out, pressures of <2x107° Torr were achieved,
and during data collection the background gas
pressure is always less than 5X1078 Torr. He-
lium gas is admitted to the chamber containing
the trap via a micrometer needle valve which al-
lows varying the He pressure to study the effects
of collisional quenching on the 2S decay rate.
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Helium ions are created in the trap by impact
from an electron pulse accelerated along the axis
of the magnetic field. Typically the electron
pulse is 100 pA, lasts 0.75 msec, and has an en-
ergy of 225 eV. At a helium pressure of 1.7x1077
Torr this yields about 2X10° ions, of which ap-
proximately 200 can be expected to be in the 25
metastable state. At the end of a storage period
the trap potentials are altered so that ions are
dumped onto a collecting plate (electrode 4 in
Fig. 1); this allows monitoring of the number of
stored ions via the size of the resulting positive-
current pulse. The electron pulse also appears
on this electrode during the trap fill time.

As is indicated in Fig. 1, the cylindrical por-
tion of the trap is made up of two half cylinders
2a and 2b; this allows application of an alternat-
ing potential between them (while maintaining
a common dc potential) which can excite resonant
motion of the stored ions at their cyclotron fre-
quency. At resonance the ions gain energy from
the ac field until they strike the electrodes or
chamber walls; thus one observes a drop in the
ion-dump pulse amplitude when the applied fre-
quency is in resonance. In addition to the cyclo-
tron resonance, one observes resonance at the
frequency of motion along the trap axis (z motion)
and at the magnetron frequency (frequency of
drift of the cyclotron orbit center about the trap
axis).

The photon detectors are two EMI 9642/2 eigh-
teen-stage CuBe venetian-blind electron multipli-
ers. To prevent metastable helium atoms (23S,
and 2'S,) from reaching the multipliers, their
view of the storage volume is covered by alumi-
num foils 18 mm in diameter and 800 A thick.
The foils have a transmission varying between
10% and 70% over the region 200 to 700 A. The
Al-foil-CuBe-multiplier combination responds to
~2% of the radiation over the range 300 to 500 A
which strikes the Al foil. The two light pipes are
Pyrex tubes coated internally with a 1000 A thick-
ness of gold; they enhance the count rate by
about a factor of 4 over the case with no light
pipes.

To establish that the observed decay is that
from He* 2S, microwave power (~150 mW) at the
Lamb-shift frequency (14.045 GHz) is broadcast
into the trap volume via a wave-guide horn. This
converts a large fraction (more than 80%) of the
2S ions to the 2P,,, state from which they imme-
diately decay, destroying the 2S decay curve. Mea-
surement of the quenching versus microwave fre-
quency yielded a Lamb-shift resonance curve.
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FIG. 2. Representative He* 2S decay curve. The
line is a computer fit which gave 7=1,866 msec. The
final result is a corrected mean value derived from 19
such runs,

The microwave power is generated by a Varian
X-12 klystron and may be on-off modulated via
a p-i-n-diode switch under control of the data-
collection logic system.

One typical data cycle consists of the following
sequence: a 0.75-msec fill period during which
time the electron pulse is on, a delay period of
0.8 msec during which the microwave power may
or may not be applied, a storage period of 8 msec
during which counts from the multipliers are ac-
cumulated versus time in 100 channels of the mem-
ory unit, and a 75-usec ion dump period. Data
are stored in two separate 100-channel blocks of
the memory unit corresponding to whether or not
microwave power is on or off during the delay
period. Usually the microwave power is switched
on or off every 5000 data cycles. The time base
for the system is derived from a 100-kHz crystal
oscillator.

Figure 2 shows a decay curve representative
of those used to determine 7,5. The data are the
difference between counts accumulated with mi-
crowave power on and off. Each point is the sum
of three 80-usec channels. The ratio of total
counts with power off to power on was about 6:1,
About 90 min were required to collect these data.
The straight line through the points is the least-
squares~fitted exponential decay curve which yield-
ed 7=1,866 msec.

The final result is based on a total of 19 runs
similar to that shown in Fig. 2. During these
runs the trapping potential was 0.9 V, the mag-
netic field was 42.5 G, and the He pressure was
~1.7X107" Torr. The mean value of the 19-run
set is 1.864 msec with a standard deviation for a
single run from the mean of 0.079 msec. The
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mean value must be corrected slightly to allow
for collisional and field quenching.

The effect of collisional quenching was studied
by varying the He pressure up to a maximum of
~5.5X107° Torr. The resulting plot of 7' versus
pressure yielded a positive correction of 0.035
msec to be added to the mean of the 19 runs.

The effect of quenching by the trap fields is tak-
en into account by considering a hypothetical worst
case. The maximiam kinetic energy of a trapped
ion was = 1.0 eV (the trapping potential plus the
maximum recoil energy). This corresponds to a
velocity of 7xX10° cm/sec. In a 42.5-G magnetic
field this yields as a maximum motional electric
tield £,=0.28 V/cm. A good estimate of the max-
imum static electric field in the trap is given by

E.=(M/q)A,Q2nf,)?,

where M is the ion mass, ¢ is the ion charge,

and A, and f, are the amplitude and frequency of
the z motion. For He' ions with A,=15 cm, and
the observed f,=12.2 kHz, one obtains E =0.37
V/cm. Combining E, and E,, vectorially yields

E =0.46 V/cm as a worst-case estimate of the
maximum electric field seen by an ion in the trap.
This would produce a quenching effect of 2.5% on
the 2S lifetime. To account for field quenching
then, we assume a positive correction of 1.25%
(0.023 msec) and include the same amount in com-
puting the uncertainty in the result.

Thefinal resultisthen 7,5=1.922(82) msec. The
uncertainty is the quadrature sum of the 0.079-
msec standard deviation of the 19-run distribu-
tion and the 0.023-msec uncertainty in the field-
quench correction.

The agreement between experiment and theory
implies a limit on the amount of 2P,,, state that
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may be mixed with 2S by a hypothetical parity-
nonconserving neutral weak current and/or elec-
tromagnetic interaction.®”'° Thus, if the wave
function is written $(2S) = ¢(2S) +€@(2P,,,) with
the ¢’s Schrodinger wave functions, the uncer-
tainty in the result quoted here for 7,5 implies
le!<4.7X107%. This is an improvement by a fac-
tor of 10 over a previous limit based on 7,5 in
Ar*'7 (Ref. 3).

TWork supported in part by the U. S, Atomic Energy
Commission.
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