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We report measurements of the lifetime of the metastable 2°P, state in heliumlike silicon and sulphur using
the time-of-flight technique. An apparatus was developed suitable for direct beam-foil measurement of mean
lives of x-ray emitting states whose lifetimes are in the neighborhood of 10~'? sec. Silicon beams at 48 and 54
MeV and sulphur beams at 50, 60, and 66 MeV underwent foil excitation in passage through a nickel foil. A
high-resolution Doppler-tuned spectrometer was used to study the decay profile of the emitted x rays. The
measured lifetimes of the 2°P; state, (6.35 +0.33) X 10~!2 sec and (1.57 £ 0.18) X 107! sec for silicon and

sulphur, respectively, are in agreement with theory.

I. INTRODUCTION

The 2°P, state in heliumlike systems decays by
a fully allowed electric dipole transition to the
23S, and by a spin-forbidden electric dipole tran-
sition to the 1S, ground state. The latter inter-
combination transition is forbidden in the LS-
coupling limit and proceeds via (relativistic) spin-
orbit mixing of the 23P, state with n'P, states.
Because this mixing increases rapidly with nu-
clear charge (Z), the rate for the intercombina-
tion transition increases very fast with Z, ap-
proximately as (Z — £)!° where ¢ is an appropriate
screening constant taken to be 0.3. Above Z=7
this branch dominates the allowed decay, the lat-
ter scaling approximately as Z.

The 2°P, ~ 11§, transition in light elements is a
common feature in the spectrum of the solar co-
rona' and of high-temperature laboratory plas-
mas,? and its intensity relative to that of transi-
tions from the 23S, and 2'P, states has been used®
to deduce the electron densities in such plasmas.
Stimulated partially by this astrophysical inter-
est, calculations of the rate for the transitions
were made on a semiempirical basis by Elton*
and later by Drake and Dalgarno® for the helium-
like ions up to Z=10. The latter calculation
showed that the 2°P, - n'P, mixing, for » greater
than 2, made an appreciable contribution to the
rate. More recently Johnson and Lin® have made
a relativistic random-phase-approximation cal-
culation of the rate for heliumlike ions through
Z =100.

The first experimental measurements of the
lifetime of the 2 3P, state in heliumlike ions were
made by Sellin ef al.,” in oxygen and nitrogen,
using the beam-foil method. By substracting the
well-known 2 °P, - 23S, transition probability®
from the observed transition rates, they found the
transition probability for the 23P, - 1S, process
to be consistent with both available calculations.
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Subsequent experiments by Sellin ef al.,® Mowat

et al.,'° Moore et al.,'* and Richard ef al.'® '3 im-
proved the mean lifetime value in oxygen and ex-
tended the measurements to fluorine. Good agree-
ment with the calculations of Drake and Dalgarno
was obtained. A summary of these results is
given in Table I and Fig. 1.

Extension of the beam-foil measurements to
higher Z is rendered difficult by the rapid de-
crease of the 23P, lifetime with Z. For silicon
and sulphur the expected lifetimes are 6.3 and
1.7 psec respectively, corresponding to flight
paths of 87 and 24 pm for a 1 MeV/amu beam.
Since the energies for the 2°P, —~ 115, transitions
in heliumlike silicon and sulphur are 1.85 and

TABLE I. Summary of results showing measured
23p,— 1S, transition rates for heliumlike ions.

Heliumlike Measured ? rate Theoretical rate
system (units of 10! sec™!)
N (1.7+0.30)x 1073 1.40x 10731
1.41x10733
(0] (5.80+0.50)x10™3¢ 5.53%x 1031
(6.01+0.33)x 10734 5.56x 10733
(6.01+0.42) x1073¢
F (1.77+0.10) x107%f 1.85x10721
(1.77 £0.07) X10-28 1.85%x 10723
Si 1.57+0.08" 1.583
S 6.37+0.73h 5.8713

20btained by subtracting 2 3P1—'2 35, rate (Ref. 8) from
directly measured total 2 3P, decay rate.

bReference 7.

¢Reference 9.

dReference 12. [The error bar includes systematic
effects due to background and cascade; private commu-
nication (P. Richard)].

¢Reference 11.

f Reference 10.

& Reference 12,

h Present measurements.

i Reference 5.

i Reference 6.
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FIG. 1. Plot of the inverse of the transition rate
2%P, =115, as a function of atomic number. The solid
line is drawn using results from Johnson and Lin (Ref.
6). The filled circles are results from the present work.
Open triangle is from the work of Richard et al. (Ref. 12)
and Mowat et al. (Ref. 10) and the diamonds from Sellin
el al. Refs. 7and 9). [For Z =8, Richard et al. (Ref.
13) and Moore et al. (Ref. 11) also have consistent num-
bers.] In all cases the contribution from 23P, —~235,
has been subtracted from the measured total 2 °P; decay
rate.
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2.45 keV respectively, a direct time-of-flight
measurement requires an x-ray detector with
spatial resolution of a few tens of um. We note
that resolution of this order has now been obtained
with vacuum ultraviolet spectrometers and life-
time measurements in the picosecond region have
been reported.'*!%1¢ To our knowledge, a com-
parable time resolution has not heretofore been
reported in the soft x-ray region. In this paper
we present direct experimental measurements of
the lifetime of the 2°P, states in heliumlike sili-
con and sulphur.

II. EXPERIMENT

A. Apparatus

The 2 %P, states were produced by foil exciting
beams of silicon at 48 and 54 MeV and sulphur at
50, 60, and 66 MeV. The x rays from the
23p, - 115, transition were tracked downstream
from the exciting foil and the resulting decay pro-
file was used to obtain the mean life of the emit-
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FIG. 2. Experimental arrangement in the target cham-
ber shown schematically.

ting state. A schematic diagram of the apparatus
is shown in Fig. 2. A high-resolution Doppler-
tuned spectrometer (DTS) was used to isolate the
23pP, - 115, line. High spatial resolution was ob-
tained through the use of narrow object and col-
limating slits.

The DTS has been discussed earlier by Cocke
et al.,'” and is similar to that described by
Schmieder and Marrus.'® It utilizes a proportion-
al counter and an absorber of a certain material
and thickness with an absorption discontinuity
E,,s- The absorber is such that near the absorp-
tion edge it will be nearly opaque to radiation
with higher energy than E,,; and transmit very
well radiation below E,,,. The absorber will be
opaque to any radiation from the beam which is
Doppler shifted so that its energy in the rest
frame of the absorber is greater than E, . If E,
is the energy of the radiation in the rest frame
of the ion, the critical absorption occurs at an
angle 6, where 6 is the angle between the line of
sight of the detector and the velocity vector of the
beam, such that E, is related to E s by

1- (v/c) cosb
abs [1 _ (D/C)z]Uz .

Here v is the ion velocity and ¢ the speed of light.
Hence, a scan of the angle 6 would produce an in-
tegral spectrum with discontinuities correspond-
ing to various spectral lines. A differential of
the integral spectrum would reveal the line spec-
trum showing relative intensities. The advantage
of the DTS is that while giving high resolution it
provides higher efficiency than a crystal spectro-
meter of similar resolution.

A linear track moved the exciting foil in steps
as small as 0.5 um. An interferometer arrange-
ment along with a helium-neon laser was used to

E,=E
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check the uniformity of the track and to confirm
the step size. The beams were foil excited in
passage through a 5590- A nickel foil. In addition
to exciting the beams, the nickel foil was also
useful in locating the downstream edge of the foil.
Since the nickel Ko line has an energy of 8.3 keV,
it could be distinguished from silicon and sulphur
K x rays in the proportional counter. Use of dif-
ferential energy discriminators allowed simul-
taneous observation of nickel K x rays from the
foil and K x rays from silicon or sulphur ions.
The beam was collimated to be approximately
1 mm? using the four jaw slits just outside the
target chamber. The nickel foil was mounted on
an aluminum holder to have the foil flat and uni-
form. The foil holder was attached to the linear
track and a micrometer assembly through a vac-
uum seal. The foil could be rotated and reposi-
tioned reliably. An object slit was mounted at the
center of the target chamber. It was located 5
mm from the foil and had a width of 10 um. A
proportional counter (PC), an absorber and a PC
slit (the DTS assembly) is shown. The PC slits
were 100 um wide. The absorbers used were a
15- um film of SiO, and a 75- um film of poly-
styrene with 50% sulphur for silicon and sulphur
experiments, respectively. Each data point was
normalized to constant charge using the Faraday
cup shown in the figure.

B. Silicon and sulphur spectra

Prior to performing the lifetime experiments
we systematically studied the sulphur and silicon
spectra at the foil using a DTS, similar to that
shown in Fig. 2. This was done to ascertain the
position of the 2°P, discontinuity in the DTS spec-
trum. A typical DTS spectrum, smoothed as dis-
cussed in Ref. 19, from a 48-MeV silicon beam is
shown in Fig. 3. In (a) of Fig. 3 the integral spec-
trum is shown as a function of 6. The energy
scale is shown in the middle. A differential spec-
trum showing the heliumlike and lithiumlike lines
is shown in (b). Line identification is made at the
bottom of Fig. 3. The 23P, line occurs at 1854 eV
corresponding to the discontinuity in the integral
spectrum at 95.7°. In order to study the decay
profile of the 23P, line it was necessary to take
data at the top and bottom of the 2 3P, discontin-
uity. For a 48-MeV silicon beam the top and bot-
tom of the 2°P, state corresponded to 97° and 93°,
respectively.

Figure 4 shows one of the DTS spectra we ob-
tained in the sulphur experiments. As in Fig. 3,
the yield vs angle or energy giving the integral
spectrum is shown in Fig. 4(a). The differential
spectrum is shown in Fig. 4(b). Line identifica-
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FIG. 3. (a) Integral spectrum observed using the
Doppler-tuned spectrometer from a 48-MeV silicon
beam. (b) Differential spectrum showing various lines.
Line identification is made at the bottom part of the
figure.
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FIG. 4. (a) Integral DTS spectrum from a 60-MeV
sulphur beam. (b) Line spectrum obtained by differen-
tiating (a); heliumlike and lithiumlike contributions are
also indicated.
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tion is made at the bottom of the figure. The line
from the 23P, state occurs at 2448 eV. The cor-
responding discontinuity in the integral spectrum
occurred such that the top and bottom of the steps
were at 82° and 78° for a 60-MeV sulphur beam.
The spectral resolution obtained was about 3 eV
in both the cases. It is to be pointed out that the
contribution from the 22S and 2 2P states of the
lithiumlike systems, for the case of silicon and
sulphur, would not hamper the lifetime studies
since both are expected® to be shorter lived by
about two orders of magnitude.

C. Decay profiles

X rays from the 23P, -~ 1S, transition of sulphur
and silicon as well as the nickel Ka transition
were observed using the DTS spectrometer. Si-
multaneous observation of nickel K x rays was
important in that such an observation gave reli-
able alignment of the data taken on top and bottom
of the 2°%P, discontinuity, so that subtraction
would yield the correct 2°%P, decay profile. The
Ni exciter foil was tilted such that the line of
sight of the DTS remained parallel to the foil sur-
face in all data-taking procedures.

The normalized yield of x rays, as a function of
target-foil position, was taken first at the top of
the 23P, step and then at the bottom. A set of
curves taken using a 48-MeV Si beam is shown in
Fig. 5. Separate curves for the top and bottom of
the 23P, step are shown. The difference, the
decay profile of the 23P, state magnified ten
times, is also shown. The line drawn through the
difference profile is a computer fit of the data.

A discussion of the fit will be given in the next

104
S~ 48 MeV Si Beam

Lo}
g
= ‘.‘\ <P~
Q AN
B LY e, .. .
olozE: L e s v COTy

E T e s ey
& o EN st S e yy ‘Wﬁi«wﬂ

“Ni Peck
ml L 1 L 1 1 L

o
100 200 300 400 500 600 700
Distance in Micrometers

FIG. 5. Typical set of decay curves taken above and
below the 2°P, step in DTS spectrum of a 48-MeV sili-
con beam. The relative yield of x rays is plotted vs
distance along the beam. The solid line through the
difference, (1—2)x10, is the fit obtained to a double-
exponential function. A plot of the nickel K x rays is
shown to indicate the downstream edge of the foil as well
as the experimental resolution.

section. The nickel K x-ray yield from the foil
as a function of the foil position is also shown.
The full width at half maximum of the nickel
curve gives the resolution obtained. For the case
of silicon experiments the measured resolution
was 30 um (FWHM). It may also be noted that the
fit was begun only after the yield of Ni x rays
from the foil had dropped to zero, and thus in-
cluded only data well beyond the foil.

A sample set of curves obtained from a 60-MeV
sulphur experiment is presented in Fig. 6. As in
Fig. 5, the x-ray yields as a function of foil posi-
tion for the top and bottom of the 2°P, discontin-
uity are plotted. Also shown is the decay curve
of the 23P, state of heliumlike sulphur. As before
a plot of the nickel K x rays is also shown. The
measured resolution from the sulphur experi-
ments was 20 um (FWHM). This number reflects
the ultimate resolution achieved in the present
experiment.

III. RESULTS AND DISCUSSION

Close examination of the decay profile of the
23P, state in both the silicon (Fig. 5) and sulphur
(Fig. 6) cases shows a small contribution to the
profile from a longer-lived state. We presume
that the reason for this effect is perhaps a cas-
cading process outside the foil from higher states
into the 23P, state. A similar effect has been ob-
served by Mowat ef al.'° and Richard ef al.'®> The
apparent lifetime of this contribution was found to
decrease with increasing beam energy. Because
of the presence of the longer-lived component,
the decay profiles were fitted to a double-expon-
ential function of the form

N=N, exp(-x/vT,) + N, exp(-x/vT,) + B,

10°
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FIG. 6. Decay curves, from the 60-MeV sulphur ex-
periment, taken on top and bottom of the 2°P, step in
DTS spectrum. The axes are labeled as in Fig. 5. A
double-exponential fit to the difference of the two curves
is the solid line. Also shown is the plot of K x rays
from the foil.
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TABLE II. Results of measurements made on silicon beams.

Silicon beam energy
(at the foil) (MeV)

Lifetime of the
23p, state (1)

Lifetime of the
cascade (7;)

Before After (10712 sec) (10712 sec) N/N,
48 43.3 6.2+0.4 16.8 16.1
54 49.6 6.7+0.5 10.6 18.1

Mean-measured lifetime of the 2 3P, state=6.35+0.33 psec
Theoretically expected lifetime =6.33 psec?

2Reference 6.

where N is the total contribution from states 1 and
2, N, and N, are the contributions from the states
at x=0, v is the velocity of the beam, 7, and 7,
the lifetimes of the 2 %P, state and the cascade
respectively, and B, a possible background. The
point x =0 represents the location beyond the foil
at which the fit to the data began, and does not
correspond to the foil position. The best fits
were obtained with B equal to zero, as expected,
since the decay profile is already a difference of
two sets of data.

Table II gives results from the experiments on
silicon beams. The first and second columns give
the energy of the beam before and after the foil,
respectively. The lifetime of the 23P, state of the
heliumlike silicon deduced from the fitting proce-
dure, 7,, is given in column 3. The fourth column
gives the lifetime of the cascade, 7,. The last
column gives the ratio N,/N,. The error bar
quoted with the lifetime of the 2°P, state contains
contributions from both statistical and systematic
sources, the major part being systematic. The
source of systematic error is the presence of the
longer-lived weak decay. Based on the study
made by Brand ef al.?! on profiles containing two
decays, we conservatively estimate a 5% system-
atic error based on the observed N,/N, ratio.

The weighted mean of the experimental numbers,
6.35+0.33 X 1072 sec, is given in the bottom of

Table II. This is in agreement with the results,
6.33x 1072 sec, calculated by Johnson and Lin,
as shown.

Results from the sulphur experiment are shown
in Table III. The quantities in Table III are cate-
gorized similarly to those in Table II. Following
a similar analysis, a conservative estimate of
12% systematic error was assigned on the basis
of the NI/NQ ratio. The weighted mean of the
numbers, 1.57+0.18 X 107!2 sec, is the measured
mean lifetime of the 2P, state. As before, there
is good agreement with the result of Johnson and
Lin.

IV. SUMMARY

In summary we have made a moderately high-
precision measurement of the lifetime of the 23P,
state in heliumlike silicon and sulphur. Our re-
sults are 6.35+0.33 x 1072 sec for silicon and
1.57+0.18 x 1072 sec for sulphur. These are, to
our knowledge, the first time-of-flight measure-
ment of the lifetimes of x-ray emitting states in
the picosecond region. Although these measure-
ments reflect the present lower limit of the time-
of-flight technique, we wish to point out that other
measurements®» 2324 ysing the nonproportional
yield®® of x rays have extended the lower limit to
include the 1071*-10"'5 sec region.

TABLE III. Lifetimes obtained from the sulphur experiments.

Sulphur beam energy
(at the foil) (MeV)

Lifetime of the
23p, state (1))

Lifetime of the
cascade (T,)

Before After (10712 sec) (10712 sec) N/N,
50 44.3 1.56+=0.32 7.5 2.8
60 54.3 1.57+0.26 6.2 4.3
66 60.4 1.61+0.43 4.0 3.9

Mean measured lifetime of the 2 3P, state=1.57 +0.18 psec
Theoretically expected lifetime=1.70 psec ?

2Reference 6.
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The lifetimes we have measured using the spin-
forbidden transition 2°P, ~11S; are in agreement
with the recent results of Johnson and Lin, and
are consistent with the results extrapolated from
Drake and Dalgarno, using a (Z - 0.3)!° scaling.
Furthermore, using resuits extrapolated from
Drake and Dalgarno for spin-orbit mixing from
2'p, - 23P, only, we conclude that by Z =14 the

contribution from states higher than n=2 is
smaller than the precision of our experiment.
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