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We report a measurement of the lifetime of the 1s2s 1S, state in two-electron Br¥**. This state decays
to the 1s21S, ground state only by the simultaneous emission of two photons. Ions in the 1s2s 'S, level
are produced by excitation of energetic bromine ions in a thin carbon foil. The lifetime is determined by
measuring the change in the rate of two-photon coincidences as a function of the foil-detector separa-
tion. The lifetime measurement yields 39.32(32) ps in agreement with a theoretical value of 39.63(16) ps.

PACS number(s): 32.70.Fw, 31.30.Jv, 31.10.+z

I. INTRODUCTION

The history of two-photon decay began with the work
of Goeppert-Mayer [1,2] who suggested that the dom-
inant decay mode for the 225, state in hydrogen was
the simultaneous emission of two photons. This con-
clusion was confirmed by Breit and Teller [3] who studied
the decay of the 2s states of hydrogen and helium. For
hydrogen, they estimated that the two-photon decay rate
for the 225, state is about 7 s~!, while the magnetic di-
pole (M1) decay rate is about 5X107¢ s~. For helium,
the single-photon decay of the 2 S, state is strictly for-
bidden by angular-momentum considerations because the
initial and final states have zero angular momentum while
the emitted photon has spin one. Breit and Teller es-
timated that the decay rate for the 2 1S, state of helium
would be of the same order of magnitude as that of the
218, , state of hydrogen.

Two-photon decay [4] proceeds via electric-dipole cou-
plings to virtual excited states, which requires that the
photons be emitted simultaneously. For the He-like 21S,
state and the H-like 22/, state, the energies of the indi-
vidual photons have a continuous distribution with a
peak at half the transition energy dropping to zero at ei-
ther end point. For each decay, the sum of the energies
(E,, E,) of the two photons is equal to the transition en-
ergy Ey :

Ey=E,+E,, v ey

and they are emitted with an angular correlation
(1+cos?8). '

Accurate nonrelativistic calculations for hydrogen and
one-electron ions have been made by Spitzer and Green-
stein [5], Shapiro and Breit [6], Zon and Rapoport [7],
Klarsfeld [8,9] and Drake [10]. Drake’s result is

0,228, 2E1)=8.22938Z8 s, (2)
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showing the characteristic Z® dependence on the nuclear
charge Z. Fully relativistic calculations of the H-like de-
cay rate have been done by Parpia and Johnson [11,12]
and by Goldman and Drake [13,14].

Dalgarno [15,16] made the first calculation of the two-
photon decay of the 2 'S, state of helium; performing an
explicit summation over intermediate discrete and con-
tindum states. Other calculations for helium and light
He-like ions have been made by Victor [17,18], Jacobs
[19], and Drake, Victor, and Dalgarno [20]. More re-
cently, Drake [10] calculated the nonrelativistic decay
rates for all two-electron ions up to Z=92. In his calcu-
lation, the infinite summation over discrete and continu-
um states was replaced by a finite summation over
discrete states. His nonrelativistic result is expressed by
the formula

| By 16.458 762(Z —0.806 389)°

1.539

X —_—
(Z +2.5)

1+ s, (3)

For bromine (Z =35) this gives a lifetime
Toe=37.97152 ps . (4)

Detailed calculations of relativistic corrections to the de-
cay rate of the 2 'S, state have not been done, but Drake
[10] has estimated these effects by applying screening
corrections to the relativistic decay rate for one-electron
ions. His result for bromine is

T, =39.63(16) ps . (5)

Comparing Eqs. (4) and (5), the relativistic corrections
are about 4%.

A pioneering observation of two-photon decay was
made by Lipeles, Novick, and Tolk [21,22] in He'. They
observed two-photon coincidences and verified the
(1+cos?8) dependence for the opening angle between the

1929 ©1993 The American Physical Society



1930 -

two photons. Measurements of the lifetime of the 22§ ,,
level have been made in Het [22-24], O'F [25], F**
[25], S¥* [26], Ar'"t [26], and Ni¥’* [27]. The two-
photon decay mode in He-like ions was established by
Marrus and Schmieder [26] by observing coincidences in
Ar'®*. The lifetime of the 2 S level has been measured
to about 1% in Kr*** [28] and Ni*** [27] and to lower
precision in helium [29,30], Li* [31], and Ar'¢* [26].

The main motivation for further measurements of the
lifetimes of two-photon emitting states is to provide more
information on the relativistic corrections to the decay
rate. Such measurements can best be done using high-Z
ions since the relativistic effects are larger. The He-like
ions are more interesting theoretically since both relativ-
istic corrections and two-electron correlations are impor-
tant. The problem of understanding the structure of
these ions has motivated recent theoretical and experi-
mental studies of transition energies [32,33]. Lifetime
measurements also provide important information be-
cause they test our understanding of the relativistic
corrections to wave functions and matrix elements.

The first experiment to be sensitive to the relativistic
corrections to a two-photon decay rate was a measure-
ment by Marrus et al. of the lifetime of the 2 'So state in

Kr3** [28]. The only other experiments sensitive to these

corrections are measurements of the lifetimes of two-
photon emitting states in one- and two-electron nickel
[27]. Relativistic corrections have also been tested by
studying the M1 decay of the 23S, level in He-like ions

[34,35], and single-photon electric dipole (E1) decay

rates [36-42]. i}

Measurements of the lifetimes of two- photon decays
have generally been based on the singles spectrum of pho-
tons because of the low count rate for coincidence detec-
tion. A limitation in such experiments is the ability to
characterize the background under the continuum which
could have a complicated dependence on photon energy
and decay time. Fluorescence of intense single-photon
lines and continuum x-rays from semi-Auger decays
[43-45] are examples of processes contributing to this
background. Another problem, particularly for the
beam-foil excitation used for highly charged ions, is that
the one-electron 225, ,, state and the two-electron 2 1S,
state may both be formed in the experiment. Since they
both decay by two-photon emission and have similar life-
times and end-point energies, it is hard to distinguish be-
tween them. These experimental problems were over-
come in our earlier measurements in one- and two-
electron nickel [27] by using coincidence detection to
monitor the decay rate. The requirement of a coin-
cidence with the proper sum energy provides a signature
to distinguish background counts and allows separation
of one- and two-electron decays. The motivation for the
present experiment is to apply the coincidence detection
technique to a measurement of the 2'S, lifetime in the

higher-Z ion, Br®*™, which is more sensitive to relativis-

26+

tic corrections than the Ni measurement.

II. EXPERIMENT

This experiment was performed at the ATLAS ac-

celerator at Argonne National Laboratory. The machine
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provided a 680-MeV beam of ”’Br?!* ions which was fur-
ther stripped in a 200-ug/cm? carbon foil. The He-like
ions made up 20% of the one-particle-nA beam emerging
from the foil and the Li-like (432), Be-like (431), and
B-like (+30) species made up 40%, 25%, and 10%, re-
spectively, of the emerging beam. Ions in the He-like
+33 charge state were magnetically selected and directed
to the target chamber. The velocity of the beam was
measured by a time-of-flight velocity analyzer located be-
tween the exit of the linac and the 200-ug/cm? foil. The
energy loss in the 200-ug/cm? stripper was determined by
a second time-of-flight measurement which compared the
arrival times of ions at a fast Faraday cup [46] with and
without the 200-ug/cm? stripper foil. The velocity of the
beam emerging from the linac was monitored continuous-
ly throughout the run, and the energy loss in the stripper
foil was measured before, during, and after the experi-
ment. The small energy losses in the target foils (10 and
20 pg/cm?) were determined using published energy-loss
tables [47,48].

A diagram of the apparatus is given in Fig. 1. A thin
foil was moved relative to three fixed Si(Li) detectors
which surrounded the beam. The lifetime of the 21§,
level was measured by observing the rate of two-photon
“coincidences as a function of the foil-detector distance.
A shield placed between the foil and the detectors al-
lowed the foil to be brought close to the detectors while
preventing them from viewing the beam spot on the foil.
The configuration allowed data to be taken with the foil
starting 2 mm upbeam of the shield which is a little more

" than the 1.6 mm decay length of the 2 'S, state at our

beam velocity. The beam alignment was monitored dur-
ing the experiment by scanners located before and after
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- FIG. 1. Experimental arrangement showing the relationship
between detectors 1 and 2 and the molybdenum shield. The tar-
get is a thin carbon foil which moves (double-ended arrow) rela-
tive to the fixed Si(Li) detectors. The inset shows the arrange-
ment of all three Si(Li) detectors. Data on the detectors are
given in Table I.
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the experimental chamber. The chamber and the
scanners were optically aligned with the beam axis before
the measurement. The target was translated along the
beam axis by a stepping motor controlled by the data-
acquisition computer. A linear encoder determined the
target position with a resolution of 10 um. The encoder
position was digitized and recorded as part of the data
stored for each event.

Properties of the Si(Li) detectors are given in Table I.
Detectors 1 and 2 are nearly identical while detector 3
has a thinner, smaller-diameter crystal and a larger-
diameter beryllium window. The geometrical arrange-
ment of the detectors was designed to optimize the two-
photon coincidence rate while minimizing the sensitivity
to changes in the beam size and position. Each detector
was calibrated before the experiment using a number of
radioactive sources including 55Fe, 57Co, and %Zn.

A typical spectrum for the Si(Li) detectors is given in
Fig. 2. The prominent peak above 10 keV is from single-
photon decays of the n =2 states of He-like bromine. At
short foil detector distances, the triplet and singlet p lev-
els dominate this line but at larger foil-detector distances,
it is dominated by the decay of the 238, level which has a
lifetime of 230 ps [35]. The continuum on the low-energy
side of the M1 peak comes from individual photons from
the two-photon decays. The other prominent features in
the spectrum include decays into n =2 which contribute
x-rays in the region below 4.5 keV and characteristic x

rays from fluorescence of the molybdenum shield and col-

limators.

Three different foils were used, two were 10 ,ug/cmz
thick and the other was 20 ug/cm? thick. The thinner
foils were superior for the measurement because they
gave a higher yield for the 2 'S, level and a lower yield
for most other processes. Data at each target position
were taken for a fixed integrated beam current as mea-
sured on a Faraday cup located 2 m downbeam of the ap-
paratus. To average over changes in foil or beam proper-
ties, 54 individual scans of the decay curve were taken
over the course of the measurement. The data were tak-
en in three groups (designated A4, B, and C), each of

which constituted about } of the data reported here.
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FIG. 2. Typical singles spectrum for detector 3. The energies
of the lines are broadened and shifted by the Doppler effect.

TABLE I. Detector geometry and characteristics.

Quantity Detectors 1 and 2 Detector 3
Detector dimensions (mm)

Active diameter 9.7 6.2
Sensitive depth 5.33, 5.15 3

Si crystal to Be window 7 3.5
Beam to Be window 15.7 15.5
Be window diam. 4.3 6.5
Molybdenum collim. diam. 8.7 5.0

Absorbing layers (um)

Be window 8 8.5
Au layer 0.02 0.02
Inactive Si layer 0.1 0.1
Si filter NA 6

Mylar 100 NA

Each group used a different foil. For group 4 which
used a 10-ug/cm? foil, 3225 two-photon coincidences
were recorded at the closest foil position {about § coin-
cidences per second) for a collected charge of 11 uC of
Br**™" ions.

Standard coincidence electronics were used for data
collection. The preamplifier outputs for the detectors
were sent to both fast and slow amplifiers to give timing
and energy signals for each detector. Rise times of 50 ns
and 10 us were used for the fast and slow amplifiers, re-
spectively. Rate-dependent effects such as pileup, dead
time, or random coincidences were particular concerns in
this experiment. The rates in the detectors were about
1.5 kHz at the smallest foil-detector distance but dropped
to a few hundred Hz at the largest distance. Dead time
was handled by forcing all detectors and the Faraday cup
integrator to have identical dead time. After receiving a
fast timing signal from any of the detectors, there was a
wait of 1 us to accept coincidences, and then the fast tim-
ing signals, the time-to-amplitude converters, and the
Faraday-cup integrator were gated out until the comput-
er and the electronics were ready to process the next
event. If two timing signals were received for the same
detector within 60 us, the energy measurement for that
detector was considered to be suspect, and that event was
tagged as a pileup event. In the data analysis, we rejected

- pileup events but corrected for the fraction of events re-

jected at each target position.

Figure 3 is a time-difference spectrum for coincidences
between detectors 1 and 2. The prominent peak in the
center of the spectrum is mostly true coincidences from
two-photon decays of the 2 lSo state. Random coin-
cidences that appear to either side exhibit the beam-pulse

- structure of the linac. The random coincidence rate can
_ be reliably determined by analyzing the events in win-

dows A and B of Fig. 3. These windows are symmetric
with respect to the beam-pulse structure. Accidental
coincidences between two M1 photons are the dominant
source of counts in these windows. Such events are not
of concern for our experiment because they can be elim-
inated by placing conditions on the energies of the coin-
cident photons. This point is illustrated by the inset in
Fig. 3 which is a portion of the time-difference spectrum
with a condition that the individual energies in detectors
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““raridom coincidences are dominated by the events in the

peak near 12 keV which are accidental coincidences in
which an M1 photon is detected by each of the two
detectors. Two ridges adjacent to these peaks are ac-
cidental coincidences between an M1 and a continuum
photon. This figure illustrates the good separation be-
tween the two-photon decays and the random coin-
cidences.
III, RESULTS

The spectra in Fig. 5 were formed by summing the en-
ergies in detectors 1 and 2 for coincidence events. Any
event in which a pileup was detected in either detector
was rejected. Figure 5(a) includes all events in the
prompt peak of the time-difference spectrum (Fig. 3).
The peak near 12 keV comes mostly from two-photon de-
cays. The smaller peaks at higher energy are from ac-
cidental coincidences. If we require that the individual
energies of detectors 1 and 2 lie in the two-photon con-
tinua, then most of the accidental coincidences are miss-
ing as shown in Fig. 5(b). Figure 5(c) shows the same
data but after subtraction of random coincidences as

FIG. 3. Time-difference spectrum for coincidences between
detector 1 and detector 2. Regions A and B were used for sub-
traction of randoms. The inset shows the time-difference spec-
trum with a condition that the individual energies lie within the
two-photon continuum (labeled 2E1 in Fig. 2).

1 and 2 lie within the two-photon region (region 2E1 in
Fig. 2). With this condition, the rate of random coin-
cidences is greatly reduced compared to the rate of true
coincidences. Figure 4 provides a further clarification of
the role of random coincidences in the experiment. This
shows the correlation between the energies for detectors 1
and 2 for coincident events. The two-photon decays form
a  diagonal island that satisfies the condition
E,+E,=E,, where E, is the transition energy and E,
and E, are the energies of the individual photons. The

200

FIG. 4. Correlation of photon energies for ‘coincidences be-
tween detector 1 and detector 2. Energies are shifted due to the
Doppler effect.

determined by cuts on regions 4 and B of the time-
difference spectrum. This plot illustrates the clean isola-
tion of the two-photon decays. There is a small number
of counts on the low-energy side of the two-photon sum-
energy peak due to incomplete charge collection in the
Si(Li) detectors and escape of silicon K x rays. The sil-
icon escape peak occurs at about 1.8 keV below the full-
energy peak. This feature is also observed in our calibra-
tion spectra although for the same transition energy it is
more prominent in the sum-energy spectra since escape
can occur for either photon of the coincidence. Also, the
average energy of individual photons contributing to the
sum peak is significantly smaller and the probability for
escape increases as the energy decreases [49].

. The coincidences in Fig. 5(c) are reliably identified as
coming from two-photon decays but we also need to dis-
tinguish between the H-like and He-like two-photon de-
cays. This distinction can be made based on the fact that
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FIG. 5. (a) Sum-energy spectrum for coincidences between
detector 1 and detector 2. (b) Sum-energy spectrum with the re-
quirement that the individual energies lie in the two-photon
continuum region 2E1 (see Fig. 2). (c) Sum-energy spectrum
after subtraction of random coincidences.
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the H-like 2%, /, transition energy is 390 eV greater than
the transition energy for the He-like 2 'S, level. In prac-
tice, considerable care is needed in distinguishing these
decay modes. Although the intrinsic linewidths in the
Si(Li) detectors are about 200 eV at 13 keV, the sum-
energy line is considerably broader because each of the
photons contributes its intrinsic width and there is
significant broadening from the Doppler effect. The line
shape and centroid depend in a complicated way on the
details of the geometrical arrangement of the detectors
and collimators, the beam velocity, beam size, and the an-
gular correlation of the photons. The lifetime of the level
is also important because this affects the density of excit-
ed ions along the beam axis. We have developed a Monte
Carlo simulation program that takes all of these factors
into account and predicts the position and shape for each
transition line. As a test, the program was first applied to
the M1 decay of the 23S, level. Ill-determined parame-
ters (e.g., location of crystals internal to the detectors)
were fine tuned to reproduce the shape of the M1 line.
Using these parameters, we then applied the simulation
to the problem of the two-photon decay. Line shapes and
positions were calculated for both the H-like and the He-
like lines. These calculated shapes were then used to fit
our data for the sum-energy spectra for each pair of
detectors. The only free parameters in the fits were the
intensities of the H-like and He-like components. The
most sensitive detector combination was detector 2 and
detector 3 since this produced the narrowest sum-energy
line. The fit for this coincidence combination is present-
ed in Fig. 6. From this fit we find that (0.07£0.07)% of
the total line is due to the H-like component.

There is also a possible contribution from two-photon
decay of the 23S, level in He-like bromine. This level de-
cays to the ground state predominantly by single-photon
M1 emission but it can also decay by two-photon emis-
sion. Calculations for this mode have been done by
Drake, Victor, and Dalgarno [20] and by Bely and
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FIG. 6. Sum-energy line for coincidences between detectors 2
and 3 (data points) and a fit (solid line) to the data using line
shapes for H-like and He-like two-photon sum-energy lines as
determined by the Monte Carlo simulations. The dashed line is
10 times the contribution from H-like decays as determined by

the fit.

TABLE II. Results and uncertainties.

Quantity Lifetime (ps)
Fit result 39.37+0.25
Pileup® (—0.31£0.06)
H-like component? (—0.0410.04)
Random coincidences? (+0.05+£0.01)
Cascades to 2 1S, —0.05+0.07
Velocity and position measurement error +0.11
Beam-movement uncertainty +0.15
Total 39.32+0.32

2The corrections and errors in parentheses are already included
in the fit result given in the first line. The fit result includes a
correction for time dilation.

Faucher [50]. The branching ratio for two-photon decay
relative to M 1 decay in He-like bromine is 5X 1074, and
so this process is not expected to affect our experiment.
The energy spectrum of individual photons from 238,
two-photon decays is calculated to be quite different from
that of the 2 'S, decays in that there is zero transition
probability at half the transition energy and broad maxi-
ma near either end point. This spectral shape provides
an additional suppression for the 23S, two-photon coin-
cidences in our experiment since our detection efficiency
is low in the region of the low-energy maximum.

We combined the data for each of the three coin-
cidence combinations for each group and corrected for
random coincidences, pileup, and H-like component.
The resulting decay curves were then fit to a single ex-
ponential which determined two parameters: the lifetime
and the intensity. The time of flight for each foil position
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FIG. 7. (a) Decay curve corresponding to all coincidence
data, and (b) residuals from a two-parameter fit to the data.
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FIG. 8. Ratio between detector 1-detector 2 coincidences 0 10 20 30 40

Cy; and detector 1-detector 3 coincidences C,; plotted as a
function of decay time.

was determined from the measured beam velocity and the
average position measured by the position encoder. The
results for the three groups agree to within errors so we
averaged them to obtain the uncorrected result given in
the first row of Table II.

In Fig. 7(a) we show a decay curve together with a
two-parameter fit to the data. The residuals for the fit are
shown in Fig. 7(b). There is a possible nonrandom
“shape” in these residuals that could indicate a systemat-
ic error in our experiment. We studied this possibility us-
ing the singles data, which provided better counting
statistics, but no structures were seen in fits to decay
curves formed from the M1 line or the two-photon con-
tinuum. The only quantities that appear to show a shape
as a function of foil position are the ratios of coincidences
for different detector combinations. These ratios should
be constant as a function of foil position unless there are
changes in the beam or the foil that cause a different spa-
tial distribution of ions in the 2 1S, level. As illustrated
in Fig. 8, there is clearly a nonrandom shape in the ratio
of detector 1-detector 2 coincidences to detector-
1-detector 3 coincidences. We attribute this shape to in-
complete averaging out of changes in the beam or foil
during the runs, and we add an additional error to our
final result which is designated ‘“beam movement uncer-
tainty” in Table II. We list in Table II the sizes of all er-
rors and corrections that contribute to our final result.
Other processes that could contribute systematic errors
were considered including collisions with the background
gas and Compton scattering, but these processes were
found to be negligible.

IV. CONCLUSION

Our final result, 7(21S,)=39.32(32) ps, agrees with
Drake’s theoretical value of 39.63(16) ps. In Fig. 9 we
show a comparison of theory and experiment for all exist-
ing data on the lifetime of this level. The present mea-
surement and the measurements in He-like nickel and
krypton are the most precise and are also the only results
that are sensitive to the relativistic corrections. These re-
sults show general agreement between theory and experi-

NUCLEAR CHARGE

FIG. 9. Comparison of theory and experiment for the life-
time of the 2 'S, level in heliumlike ions. The theoretical values
Ty, are from Drake’s calculation, which includes an estimate of
relativistic corrections [10]. The differences between experi-
ment and theory are given as a percent of the theoretical values.
The error bars refer to the experimental errors, see Ref. [30]
(He), Ref [31] (Li™), Refs. [26,52] (Ar'6™), Ref. [27] (Ni*¢*), this
work (Br®T), and Ref. [28] (Kr***). The theoretical uncertain-
ty is given by the shaded region. The dashed line shows the de-
viation corresponding to the nonrelativistic theory.

ment at the level of about 1%.

We can also compare our result to a measurement
by Schweppe et al. [40] of the decay rate for the
22P, ;228 ,; transition in Li-like uranium which has
a statistical error of 1.9% and a systematic error of 2.1%.
This measurement provides a sensitive test of the relativ-
istic correction to the single-photon E1 matrix element
for this transition which decreases the decay rate by
37.3%. This measurement is not directly comparable to
ours since the calculation of the two-photon decay rate
involves a sum over intermediate states and does not fac-
tor into a simple matrix element and a phase-space fac-
tor. For a crude comparison, we note that the two-
photon transition rate depends on the fifth power of the
transition energy A=w;~w; [10]. The relativistic
corrections increase A by 1.4% in Br [51] so the relativis-
tic correction to the factor A’ increases the transition
rate by 7.2%. Since the net result of the relativistic
corrections is to decrease the rate by 4%, the relativistic
correction to the factor containing the dependence on the
matrix elements decreases the rate by 11.2%. This is
smaller than the relativistic correction for the Li-like
uranium matrix element by a factor of 3.3, but the error
in our decay rate measurement (0.8%) is smaller by about
the same factor, so the two measurements have compara-
ble sensitivity to relativistic corrections.

For the future, it is desirable to improve both the
theoretical and experimental results for the decay rate of
the 2 'S, level to further our understanding of atomic
structure in the case where both relativity and electron
correlations are important. The study of this decay rate
provides information on the atomic wave functions and



matrix elements which complements current efforts to
study transition energies in high-Z He-like ions. The rel-
ativistic calculations of the lifetime of the 21§, state are
currently only estimates based on one-electron results
and are not of high precision. In the case of bromine, for
example, the theoretical uncertainty is 0.4%. On the ex-
perimental side, the coincidence method appears to have
a big advantage in the ability to isolate the two-photon
decay mode. The disadvantage of this method is that the
count rate is low. However, new injectors and ion
sources provide hope for considerably larger beam
currents in future experiments. Also, larger arrays of
detectors could allow higher coincidence rates while still
keeping accidental coincidences and pileup under con-
trol. Improved detector resolution would also be desir-
able since this would allow better isolation of the H-like
two-photon decays. The problems of beam movement
and changes in the foil composition must also be under-
stood and brought under control. The foil degradation
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problem might be improved by using a rotating target
which would provide better averaging over an uneven foil
surface. With these improvements, it is likely that the
lifetime of the 21S; level in Br*** could be measured
with an uncertainty of less than 0.2%. This is smaller
than the uncertainty in the existing screened hydrogenic
theory and so would provide a test for a fully relativistic
calculation of the decay rate.
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