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where we have taken o "1=137.036 08.
Combining this result with previous calcula-
tions!'® we obtain

Veneor = 2.034 04 X105 MHz (8)

for the ground-state positronium hyperfine inter-
val, which is to be compared with the experimen-
tal value®

Ve = 2.033 96(5) X 10° MHz.

One observes the theoretical result is now
slightly more than 1 standard deviation above the
experimental value. Considering the estimate for
uncalculated diagrams in Ref. 5, the agreement
between theory and experiment seems quite rea-
sonable.”

I wish to thank Professor A. Peterman for
checking this calculation.
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"This is, of course, assuming that none of the other
three~photon diagrams contribute to order ¢SIne”!, Al-
though arguments exist which suggest that this is the
case, no definitive statement concerning their contribu-
tion can be made until there is further investigation,
Furthermore, it would be useful to calculate all rele-
vant diagrams to order of as this could bring the agree-~
ment between theory and experiment even closer. Es-
timates to this order have recently been discussed by
T. Fulton (to be published) showing that this is quite
possible,
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A crystal spectrometer is used to study foil-excited fluorine beam x rays. The transi-
tions from 2'P and 2°P to 1150 He-like fluorine states and the transitions from 2P°(1) and
P°(1) to 12S,/, Li-like fluorine states are observed. Lifetimes of 0.537+0.02 and 2,000
+0,025 nsec are measured and identified with the 23P1 and either the 24P3/2°(1) or

2%P,/,°(1) decays, respectively.

In this paper we report measurements of F
beam x rays with sufficient resolution to observe
separately singlet and triplet He-like states as
well as doublet and quartet Li-like states. The
F x rays are measured after passing through a
thin C foil and the intensities recorded as a func-
tion of time of flight. Lifetimes of two metasta-
ble states are determined from these measure-
ments. Allowed transitions are also seen far
downstream from the C foil which implies the ex-
istence of long-lived cascades.

The first lifetime determination of x-ray—emit-
ting metastable states was performed by Sellin,
Donnally, and Fan' who, with the use of a propor-
tional counter, measured the lifetimes of the 1'S,-
2°P, intercombination transitions in N*°® and O*¢
obtained from a tandem Van de Graaff accelera-
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tor. Sellin et al.? later repeated the oxygen mea-
surement with a crystal spectrometer and within
the statistics of the experiment observed only the
triplet intercombination line downstream from
the foil. In the first experiment the exponential
decay curves contained a long-lived component
whereas in the later experiment no such compo-
nent was observed. Schmieder and Marrus,3™°
with the use of a Si(Li) detector, have measured
the 1'S,-2%S, M1, 1'S,-2°P, M2, and the 1'§,-2'S,
double E1 lifetimes of He-like Ar*'¢ as well as
the 1%5, ,-22S, ,, double E1 lifetime of He-like
Ar*!7 obtained from the heavy-ion linear acceler-
ator at the University of California, Berkeley.
Cocke, Curnutte, and Macdonald® have also re-
cently measured x-ray metastable states of Cl
with the use of a Si(Li) detector.
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The present experiment was performed with the
Kansas State University tandem Van de Graaff ac-
celerator. A beam-foil apparatus equipped with
a curved crystal vacuum spectrometer has been
set up to make these measurements. The spec-
trometer views the beam at 90° to the beam di-
rection. A rubidium acid phthlate crystal and a
flow proportional counter with a 2.0-pm Makrofol
foil” were used. The detector was operated at
2000 V and with 10% methane~90% argon gas at
a flow rate of 5 1/hr. A 20-pg/cm? C foil was
used to excite the fluorine beam which was run
at three energies of 12, 15, and 22 MeV. Be-
cause of a small observed Doppler shift, the
spectra were calibrated at each bombarding en-
ergy. The number of x rays from the residual
gas in the beam line was found to be negligible.
This was accomplished by removing the C foil
and looking for x rays from a F*°, F*® F*7 and
a F*% beam. -

The x-ray energy calibration was established
by identifying several lines in the He-like and H-
like F spectrum. The two points used in the cal-
ibration are the He-like transitions (1s)2'S-(1s)-
(3p)'P and (15)?'S-(1s)(2p)'P at 857.5 and 737.7
eV, respectively, as measured by Tyrén.® This
calibration leads to very good agreement between
our measured energies for the 1s-2p, 1s-3p, 1s-
4p, and 1s-5p H-like transitions and the calculat-
ed energies for these transitions by Garcia and
Mack.®

Figure 1 contains the F foil-excited beam x-
ray spectra in the 40-eV interval between 710 and
750 eV with the C foil at 0.0, 1.0, 4.0, and 10.0
cm upstream from the spectrometer. The lower
spectrum, taken with the spectrometer viewing
the C foil directly, contains the four peaks of in-
terest with energies of 715.1, 724.8, 731.1, and
737.7 eV,

The two peaks at 737.7 and 731.1 eV are the x-
ray transitions from the singlet P and the triplet
P states, respectively, of the two-electron con-
figuration (1s)(2p) to the 1'S, (1s)? ground state of
the He-like fluorine. Both of these transitions
are seen downstream from the foil. The intensity
as a function of foil position for these two states
is given in Fig. 2. The lifetimes 7 are obtained
from the decay curves by a best least-squares
fit with

N =N, exp(- X /vT,) + N, exp(- X /vT,),

where v is the beam velocity, X is the foil posi-
tion, and N is the number of counts at position X.
From the fit to the 2°P decay we obtain 7, =0.537
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FIG. 1. F x-ray spectra for various upstream foil
positions. Bottom spectrum is for a direct look at the
carbon foil, Other positions are indicated in upper left-
hand corner of each spectrum. The spectra shown here
are not all for the same amount of integrated beam.

+0.020 nsec and 7,=4.9+1.7 nsec.

The fine structure of the 1'S,-23P, transition
cannot be resolved into the J=0, 1, and 2 compo-
nents in the present experiment; however only
the 2°P, and 2°P, states have ground-state decay
branches. The 2°P, state has two radiative branch-
es. One branch is to the 1'S, ground state with a
calculated transition rate'® of 1.85x10° sec™* and
the other branch is to the 235, state with a calcu-
lated transition rate'* of 0.09x10° sec™. The
dominant decay is thus the 1'S,-2%P, intercombina-
tion transition and the calculated 2°P, lifetime is
0.52 nsec. This is in excellent agreement with
our experimentally determined lifetime of 0.537
+0.020 nsec which is the fast component of the
2°P decay curve. The 2°P, state also has two ra-
diative branches. One branch is to the 1'S, which
goes by an M2 transition with a calculated transi-
tion rate'® of 9.02x10° sec ! and the other branch
is to the 23S, which goes by an E1 transition with
a calculated transition rate of 0.09x10° sec™?,
The lifetime of the 2°P, state is 11 nsec; howev-
er, the E1 branch is a factor of 100 greater than
the M2 branch. The experimentally observed
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FIG. 2. Decay curves for the three peaks observed downstream from the C foil, The 23P1' o curve contains two
components with lifetimes of 7y= 0.537+0.02 nsec and 7,= 4.9+1.7 nsec. The 2"P1/2_3/2 curve contains one com~

ponent with a lifetime of 2.000+0.025 nsec.

long component of 23P decay may thus, in part,
be due to the 2°P, M2 decay but does not give
good agreement with the expected lifetime. This
may be due to the fact that the decay curve spans
less than one expected lifetime of the 23P, state.
The long-lived component could also be due in
part to cascading through the 23P, state.

The 1'S,-2'P, fully allowed E1 transition has a
lifetime of 1,79 X107 nsec so that only cascading
through the 2'P, state can be leading to the ob-
served decay curve. The curve was fit with a
two-component decay and yielded values of 7,
=0.41+0.02 nsec and 7,=3.61+2.1 nsec. The ori-
gin of the cascades is not known from the present
results. The decay curve can also be fit with a
three-component decay.

The two peaks at 715.1 and 724.8 eV in Fig. 1
can be tentatively identified as the transition from
the Li-like quartet and doublet states, respective-
ly, of the three-electron configuration (1s)(2s)(2p)
to the 125, ,, (1s)?(2s) ground state of the Li-like
fluorine. This identification is based on the fav-
orable comparison with calculated energies of
the three-electron system'® and on the experi-
mental observation that the intensities of these
two transitions relative to the two He-like transi-
tions vary with bombarding energy as predicted
by charge equilibrium data.'* The *P° decay
curve is fit with a single component with lifetime
7=2.000+0.025 nsec. The *P,° state has three
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fine-structure components for J =13, %, and 32
which cannot be resolved in the present experi-
ment. Unlike the ®P He-like state, the P Li-like
states have radiative branches only to the ground
state and can decay by autoionization. Sellin et
al.'® have recently studied these autoionizing
states in a beam-foil arrangement, The present-
ly observed radiative decay with a 2-nsec life-
time could be assigned to the 1°§, ,-2*P,,,°(1) or
128, ,,-2*P, ,°(1) transition. No calculations of the
lifetime are available at this time.

In summary it is shown that it is quite fruitful
to study metastable x-ray emission with a high-
resolution crystal spectrometer. In the case of
a fluorine beam many lines can be seen down-
stream from a C foil. The 1'S,-~2%P, transition
has a measured lifetime of 0.537+0.020 nsec
which agrees quite well with the theoretical cal-
culations of Drake and Dalgarno!® and confirms
the recent lifetime measurement (0.536 + 0,03
nsec) of this state by Mowat et al.,'® who use a
Si(Li) detector and assume that all the intensity
in the spectrum is from the 1'S,-23P, transition.
The data of Mowat et al. show a slow systematic
increase in lifetime as the beam energy is low-
ered. This can possibly be explained by the vari-
ation in the relative population of the *P, and
“P°(1) states as a function of beam energy. The
“P°(1) state is observed to have a radiative decay
to the 1S, ,, Li-like ground state with a lifetime
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of 2.00+0.025 nsec. This state is similar to the
2°p, state with the additional coupling of a 2s
electron, Finally it is observed that the allowed
E1 1'S,-2'P, transition is seen downstream from
the C foil which implies the existence of long-
lived cascades.

The authors wish to thank Professor I. A. Sel-

lin, Professor J. R. Macdonald, Professor M. D.

Brown, and Professor C. L. Cocke for stimulat-
ing discussions regarding this study. The auth-
ors also wish to thank Professor Sellin for com-
municating fluorine measurements prior to pub-
lication.
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A theoretical model is proposed which gives a qualitative explanation of the dominant
features of the recent experiments of Monod, Hurdequint, Janossy, Obert, and Chau-
mount. In particular, the origin of the large enhancement factors is explained, and the
spectrum observed in the implanted alloys is related to the spectra observed in the pure
metal, and in a homogeneous magnetic alloy similar to the implanted layer.

Monod, Hurdequint, Janossy, Obert, and Chau-

mont! have recently shown that manganese im-
plantation of copper films leads to a large en-
hancement (e.g., by a factor of approximately
2500) of the copper transmission electron spin
resonance (TESR). They point out that the im-
plantation technique thus has potentially impor-

tant application in exploring TESR in a large num-
ber of metals in which TESR has not yet been ob-

served. This paper presents a theoretical model
suitable for interpreting results of experiments

on implanted films. It is hoped that the existence
of such a theoretical model will encourage exper-

imenters to make use of the implantation tech-
nique in future experiments.
Monod et al.! advanced no theory to explain

their results, but clearly outlined the features

of the experiment which would have to be ex-
plained by a theoretical model. These features
are the following: (1) The TESR for samples im-
planted on one side is independent of which side
is excited by the microwaves. (2) The TESR in-
tensity is enhanced by a large factor which is
squared for double-sided implantation. (3) The
g factor is characteristic of pure copper metal.
(4) The intensity, as well as the linewidth, de-
creases with increasing temperature at low tem-
peratures. (5) The diffusion coefficient seems

to remain close to that of copper, as evidenced
by the high temperature falloff of the signal.

(6) The TESR is independent of the magnetic field
orientation of the sample. (7) The background
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