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ativistic 2P-state lifetime in O”" to an accuracy
of +1%, and of the Bethe-Lamb quenching theory”
which was employed in deriving a Lamb-shift re-
sult from the data, While it would appear that
the method is applicable to even more highly io-
nized systems, the practical requirements of
greater beam energy and quenching magnetic
field and particularly the gross beam deflections
in these larger quenching fields will probably
limit our present system to the study of F®",
Other high-energy heavy-ion accelerators and
new experimental designs should allow extension
of this type of experiment to even higher Z,
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The energy difference between the 2S;/, and 2P/, levels in the 0™ ion has been de-
termined by means of a Stark-quenching technique to be 2215.6 £ 7,5 GHz.

Small discrepancies® between calculated and
measured values of the Lamb shift, 8§, make it
important to measure 8 in atomic species of high
Z. Experiments on He,? Li,® and C * have given
results in agreement with the calculations,”™ but
the uncertainties have been larger than desired.
Herein we report 8 for 0’"; our value, obtained
from a Stark-quenching experiment, is 2215.6
+ 7.5 GHz, where the uncertainty is based on mea-
sured quantities only. A similar measurement
has been made simultaneously by others.®

Some 10-20 nA (charge current) of momentum-
analyzed ions of °0®", generated by the Los Ala-
mos tandem Van de Graaff, entered the Lamb-
shift apparatus shown in Fig. 1. The uncertainty
in beam energy was +0.1%. Some of the %0%*
ions were converted to *0"" ions in the 2S,,,
state on passage through 10 cm of oxygen gas at
a pressure of 1.5 to 15 mTorr. The target thick-
ness was small enough to preclude appreciable
formation of metastable ions of *°0°*,

Before entering the quenching chamber, the ion
beam traveled 2 m to permit decay of short-lived
excited states. The top and bottom surfaces of
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the quenching chamber were the pole pieces of a
magnet which generated a field homogeneous to
within 1 part in 3000 over the path traversed by
the %0"* beam. The effective motional electric
field mixed (principally) the 2S,,, and 2P, ,, levels.
The 20-A photons emitted from the decay of the
perturbed level to the ground state were recorded
by counters whose locations are indicated in Fig.
1. Counters F'| and F, were stationary and moni-
tored the beam intensity and direction. Counters
M, and M, were moved parallel to the zero-field
beam direction, and measured the photon flux at
variable displacement (x) from the F, position.

A shielded Faraday cup was used as a monitor of
the ion current. The quenching volume was main-
tained at a pressure of <4xX10™7 Torr.

The photon counts must be corrected for curva-
ture of the particle path and for background. The
trajectory was calculated; for x <7 c¢m, the actu-
al path differed from x by less than 1.5 parts per
1000, and this difference has been neglected. The
beam-independent room background was easily
measured, but determining the beam-dependent
background of y rays and x rays was complicated.
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FIG. 1. Arrangement of Lamb-shift apparatus.

Because the geometrical and background correc-
tions increased rapidly for x >7 cm, we restrict
our analysis to data taken for x <7 cm.

Since the physical significance of our result de-
pends critically on proper treatment of the back-
ground, considerable effort was expended to de-
termine its origin and magnitude. A detailed
treatment of the background will be given else-
where; here we simply state that the beam-de-
pendent background is properly determined by
evacuating the gas from the charge-transfer cell,
but leaving the quenching magnetic field on. The
background was not sensitively dependent on the
charge composition of the beam. Normalized to
the same integrated ion current, the background
counts in M, amounted to about 1.5% of the total
counts at x =0 and about 4% at x =6 cm.

The correction for curvature of the O’* ion path
in the magnetic field was made by adding the
counts registered in each detector at a given mag-
netic field B to the counts registered when the
field was precisely reversed. To justify this, let
y be the displacement of the beam from its unde-
flected position, positive or negative according
to the polarity of B. The counting rate C of a de-
tector at position x can then be written as

c-kn[1+3a,(2Y L
= +n=1 D) |exP\=7s )
where y is the decay constant to be determined,

[ the distance traveled along the beam trajectory,
N the number of 2S,,, ions at /=0, v the speed of

(1)
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The NMR and Hall probes were used to map B.

the ions, and D the distance of the counter window
from the undeflected beam position; K and a, are
constants. Therefore, if C, and C. are the count-
ing rates for +B and — B, respectively, C=3(C,
+C_) needs a curvature correction of

o y)zn

ool =)

B3

The latter sum can be estimated from the total

counts (corrected for background) recorded with
F, and F,, for

c(F,) :E(Fl)l:l 4 ”Zj;lam'(%)znjl

(2)

where we have used the fact that y/D at F, is van-
ishingly small. For B=3.56 kG, E =36 MeV, y/D
=0.11 at F,, A (the separation of F, from F,)
=10.16 cm, C(F,)=5.25x10°, and C(F,)=1.74
x10°, we find

o p\2r
Z}a2n<5> =-4,32x1073,
n=1

which we take as negligible. In fact, y/D varied
from 5.4X1073 to 5.2x 1072 (for B=3.56 kG) as x
varied from 0 to 6 cm, so the actual error was
even smaller than indicated above.

The 25, ,,-state ions can decay to the 1S, ,
ground state either by emitting two photons simul-
taneously or one Stark-quenched photon. Since
the Zeeman splitting of the energy levels in the

Xexp(-vs A/V),
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magnetic field results in a different decay proba-
bility for ions in the magnetic substates m, =3
and m ;=— %, the decay constant v determined by
a least-squares fitting of InC ~ersus ! with a
straight line is related to the orobabilities of the
two decay processes in a complicated way. How-
ever, if the Zeeman splitting is much less than
the Lamb shift, it can be shown, to an accuracy

|v|? 2M?

3| V|82

sufficient for the present experiment, that y,=v,,
+¥, where v7,, is the decay constant for the two-
photon process, and ¥ is the mean of the decay
constants for the two magnetic substates. In
our work, the Zeeman splitting was less than
5x107%8 (for B=3.56 kG), so the approximation
is satisfactory.

It can also be shown’ that ¥ is related to 8 and
the P,,,-P,,, splitting w by

7:y<7i2(82+7/2/4) "7 (w -8 +72/4] ~ ﬁ“(82+72/4)2> ’

®3)

where y =2.568 X 10'2 sec is the decay constant of the 2P-t0-2S transition in the dipole approximation;

from Shapiro and Breit?

Y3u=2%,,(25,,,-state hydrogen atom) =8.2267%/sec; V =(2P,,leE-7|2S,,,) =V3 a,E/Z;

M =(2P,,,|eE-F|2S, ,,) =V6 a,E/Z;

a,=5.29177x107° c¢m is the Bohr radius; e
=4,80325x107'° esu is the electronic charge;
Z=8 is the atomic number of oxygen; and E
=BB(1 - %) Y2 is the Lorentz motional field.
Therefore, 8 can be calculated from the mea-
sured y,.

The Lamb shift was determined at two different
180 jon energies [36.000(1+0.001) and 42.000(1
+0.001) MeV] in slightly different magnetic fields
(3.5625+ 0.0006 and 3.5238 + 0.006 kG). Figure 2
shows the decay curve of 36.000-MeV O"" ions in
a 3.5625-kG field as an example. At these two
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FIG. 2. Counting rate of M, normalized to that of F,
as a function of M, position for the experimental param-
eters listed. The point size exceeds the calculated un-
certainty. The constants ¥4 and 7 have not been cor-
rected for time dilation.
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energies, the values of v, were found to be 2.2488
X (1+0.7%)%10%/sec and 2.4885(1 +0,7%)x 10%/sec,
respectively. When time dilation is included,
they become 2.2543 and 2.5395, respectively, and
yield an average value 8§ =2215.6+ 7.5 GHz. The
uncertainty in the experimental value includes the
statistical uncertainty of the data and the back-
ground, and the uncertainty in the ion velocity.

A comprehensive discussion of the Lamb shift
by Erickson and Yennie® gives $§=2210.8+9.5 GHz.
The uncertainty comes mostly from higher-order
contributions of the one-photon diagram. Recent-
ly, Erickson'® has derived a formula for 8 in
which the Z dependence is factored out in a closed
form. This expression gives §=2205.17+1.51
GHz. Both of the values are in agreement with
the present experiment.

We thank Dr. I. A. Sellin for his contribution
in the early phase of this experiment, and Dr.
Jan B. LePoole for his design of the magnet.
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We have observed metastable autoionizing states associated with partially stripped,
highly excited chlorine ions. Charge-state—fraction, electron-energetic, and series-
limit arguments indicate that these states are primarily associated with sodiumlike
chlovine (C1%%), but few energy-level calculations exist for firm identification. Promi-
nent peaks occur in the electron spectrum at 90+ 3, 101+3, 138+ 3, and 182+3 eV, A
long-lived component of the 182-eV peak has a lifetime =43 nsec.

We report here experimentai evidence for the
existence of significant numbers of highly meta~- L B s IS s e sy
stable autoionizing states associated with partial- B ]
ly stripped, highly excited chlorine ions. Figure
1 shows the spectra of energy-analyzed electrons
that were emitted in autoionizing decays of these
states in the energy range ~70-220 eV (in the
rest frame of the emitting ion), We have recently
reported’ on the study of a metastable autoioniz-
ing state (1s2s2p °P,,,) associated with lithium-
like chlorine (C1'*") and argon (Ar'®*) ions. The
autoionizing electrons emitted by those highly
stripped ions were of considerably higher energy
(~2000 eV) than in the present experiment in
which ions in much lower charge states are of
importance. We believe that the observed spec-
tral features are primarily due to the decay of
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metastable autoionizing states associated with 2223?;26
sodiumlike chlorine (C1°*). While some evidence LIMIT

for the existence of such states in the neutral al- b
kali atoms has been shown by Feldman and No-

vick,? to our knowledge the present work is the TENS SRS N S S—

70 90 110 130 150 170 190 210
first study of a sodiumlike system in which en-
ergy analysis of the emitted electrons has been
exploited. Firm identification of the electron
spectral lines is at present precluded by an al-
most complete lack of theoretical calculations of
the energies and lifetimes of such states. There
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FIG. 1. Segment of electron spectra from 5-MeV
chlorine ions undergoing decay in flight, plotted in the
ionic rest frame, Data are shown for two different tar-
get positions, 3 and 8 cm from the spectrometer view-
ing region.
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