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Measurement of the lifetime of the 1s2p 3P° state in Bell

T. J. Scholl, S. D. Rosner, and R. A. Holt
Physics Department, University of Western Ontario, London, Ontario, Canada N6A 3K7
(Received 13 November 1995

Using the collinear beam-laser method, we have measured the spontaneous emission lifetime of the
1s2p 3PS level in Ben to be 29.10.2 ns, in good agreement with many mutually consistent theoretical
values. This resolves the discrepancy between theory and the previous experimental value. We also obtain a
value of 0.214-0.002 for the multiplet oscillator strength of the2ls 3S—1s2p 3P° transition.

PACS numbsds): 32.70.Cs

I. INTRODUCTION were produced in a modified Danfysik 911A ion source using
Be metal as the source feed. A discharge current 60 mA
Recent studies of beryllium as a surface material incould be maintained with a potential difference of 400 V.
plasma confinement devicg$, 2], including a major experi- These conditions favored the production of metastable
ment at the Joint European Tor(3£T), have led to the de- Be?*. The ions were extracted by a 7200-V potential, elec-
velopment of plasma diagnostics employing emission speqrostatically focused and then mass selected by a Wien filter.
troscopy of the beryllium atom in all its ionization staf@.  After being focused by a second einzel lens, IBe2* ions
Bel and Beil provide information about the peripheral re- \qre electrostatically deflected through a 5° angle to be col-

gions of the plasma, near the diverters, limiters, and Otheﬁnear and overlapped with the laser beam. A pair of 2-mm-

contact surfaces. Spectral lines in the visible and near uv argam apertures, internal to the vacuum and separated by 0.85
most often of interest; unfortunately, however, many promi- ' '

: o m, were used to align the axes of the laser and ion beams.
nent lines are unusable because of attenuation in the Iong

) SO ; -Phese apertures were rotated out of the beam path during
quartz fiber coupling lines. These ions are also astrophy3|a i isition t d ttered light in the detect
cally important, playing a role in the determination of chemi- ata acquisttion to reduce scattered fight in the detectors.
cal abundances in stellar atmosphefék Bell and Belv Typical ion currents recorded through the apparatus were 10
yield data from nearly all regions of a confined plasma; the)pA' . ) i
are mostly observed in the extreme (&uv). The near uv The laser light at 372 nm was generated by intracavity
1s2p 3P° 1s2s 3S transition is used together with the xuv frequency_ dou_bllng of a single frequency cw Ti-sapphire ring
intercombination line $2p 3P°—1s? IS to determine the Iase.r..Typlc-aI input power to the apparatus was ZQ mW. The
ratio of metastable to ground-state populations in the modefstabilized ring laser has & 1-MHz linewidth and its fre-
ing, to study diffusive imbalance, and as a means of puttingluency drifts less than 20 MHz per hour. To maintain uni-
the xuv and uv detector calibrations on a common scale. Th&orm excitation of the ion beam over the entire range of
latter is an important application because of troubling driftstravel, the laser beam was loosely collimated by a 1.5-m
in xuv detector sensitivity. focal length lens before it entered the vacuum. Depending
Vital to all of these plasma diagnostics and astrophysicatipon source conditions, the observed linewidths were mea-
measurements is a set of precise atomic oscillator strengtisired to have a kinematically compressed full width at half
for the transitions of interest. Martinscet al. [5] recently ~maximum of between 500 and 800 MHz, corresponding to
assembled a comprehensive collection of measured and thear energy spread of 5-8 eV per charge. The use of well-
retical lifetimes and oscillator strengths. They pointed out aregulated power supplies for the anode and acceleration volt-
serious discrepancy, amounting to 7 standard deviations, béges maintained exact resonance of the laser and ion beams
tween the sole experimental val[@] for the lifetime of the for long periods of signal integration.
1s2p 3P° level of Benl and several theoretical values that A significant advantage of the collinear laser and ion
are in good mutual agreement. In the present experiment weeam geometry is the calibration of the ion velocity. The
have made a measurement of the lifetime of tis@@ 3P  wave numbers of thesPs 3S;—1s2p 3P$ hyperfine com-
level to an accuracy of 0.7% using the collinear beam-laseponents are known from previous work to 1 part irf 19].
method. Because the allowétll transition to the §2s 3S;, By measuring the Doppler-shifted wave numbers of these
level is the only one to make a significant contribution to thehyperfine components, the ion velocity can be calibrated to
lifetime, we also obtain an accurate value for the oscillatorapproximately 1 part in 10 yielding a completely negligible
strength of this transition. Our value is in excellent agree-<contribution to the experimental uncertainty of the lifetime
ment with all theoretical predictions. measurement. A Doppler tuning region, comprised of a series
of three post-acceleration electrod@escribed in detail in
Ref. [8]) surrounding the overlapped laser beam and ion
beam, was translated on a precision ball slide. A negative
In the present work we have used a refined version of th&ias on these electrodes Doppler shifted the laser frequency
lifetime measurement technique of Ceyzegatl. [7]; this  into resonance with a single hyperfine component of the
has been previously described in detail in H&. The ions  1s2s 3S,—1s2p 3P$ transition. The relative potentials on

II. EXPERIMENT
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the three electrodes were chosen to provide a steep fall of the

potential seen by the ions as they left the excitation region. 400
The decaying ions subsequently passed through a

grounded cylinder, which was slotted to permit the observa-

tion of spontaneous emission. Decay curves were acquired 300

by translating the Doppler tuning region while 0.7 lens

system focused the spontaneous emission from a fixed loca-

tion through a field stop and onto a photomultiplier. A spheri-

cal mirror was used to double the light collection efficiency

of the lens system. Since thes2p 3P level decays almost 100 -

entirely to the metastables2s 3S, level, the wavelength of

the laser-induced fluorescence viewed at right angles to the 0

beam differed from that of the laser by onty7.0 A due to

the Doppler shift. Rejection of scattered laser light with a 0 20 40 60 80 100 120 140

monochromator was not compatible with reasonable collec-

tion efficiency. Instead, a series of carefully positioned light

baffles and apertures reduced the detected scattered laser ) )

light to less than 1000 counts/s and a colored glass filter G- 1. Least-squares fit to summed and normalized fluores-

blocked any observed light from collisions between ions and€nce decay curves for thedp “P; state of Bail. The abscissa is

residual gas. measured relative to the first channel of data. The lifetime was

"
To subtract the remaining background signal due to scathterm'ned t? be 2%(2) ns and the baCkgrognd Was253= 335

. e counts. They” per degree of freedom for the fit was 0.73. The inset
tered laser light and photomultiplier dark current, the nega- : L . :
. . . . s a semilogarithmic plot of the same data with the fitted back-
tive potentials on the Doppler-tuning region were modulate

- round subtracted.

at a frequency of 1 kHz between ground and their chose

values. Two counting channels, each gated to one phase of . .
were accumulated over several days, each spanning 4.6 life-

the modulation voltage, were used to monitor the fluores-. 4 beainni i v 1.5 lifeti f .
cence count rates from the fixed photomultiplier. The deca)}'mes and beginning approximately 1.5 lifetimes after excl-
tion. In addition to these data, daily measurements of the

curves were acquired as the difference of the two count rate@ i 3o _
when the ions were resonant and nonresonant with the lasiooratory frequency of the 5, —2°P; hyperfine compo-

frequency. nents were acquired for calibration of the ion velocity.

Most of the data were acquired with the laser resonant
with the 1s2s 3S,, F=5/2—1s2p 3|_3°, F=7/2 hyperfine Il RESULTS
component for maximum signal. This component is 8.3 GHz
higher than the lowest component of tlde=2 hyperfine The 36 individual measurements were then summed and
structure[9]. Excitation of ions in the region viewed by the analyzed using a weighted nonlinear least-squares fitting rou-
photomultiplier can cause systematic errors in the lifetimetine to determine the lifetime, an amplitude, and any residual
measurement. To avoid such errors, the amplitude and theackground not eliminated by the digital gating. The weights
sign of the modulation were chosen so that the laser frewere determined from uncertainty estimates from counting
guency in the ion rest frame was at least 3.3 Gitdow  statistics and the effect of the normalization procedure. Since
resonance with any of the remaining hyperfine componentthe decay curves are the difference of two count révee
of that fine-structure component during the ground phase dhe sum of signal and background, the other only back-
the modulation. The sign is determined by the fact that theground the uncertainty for each data point was estimated as
velocity distribution has a long tail on the low-energy sidethe square root of the sum of total counts in both counting
but a sharp cutoff on the high-energy side. channels. The relative uncertainty introduced by normaliza-

To monitor the constancy of the excitation, the modulatedion was estimated as the ratio of the standard deviation of
fluorescence in the Doppler-tuning region was detected by the first ten channels to the mean of all channels of the nor-
small photomultiplier, which translated in vacuum with the malization signal and was added in quadrature to the relative
postacceleration electrodes. The photocurrent was phase dgfatistical uncertainty for each channel. The aggregate decay
tected by a lock-in amplifier, providing a signal proportional curve and exponential fit are shown in Fig. 1. The back-
to the rate of ion excitation. This signal was subsequentlyground for the aggregate data was determined to be
used to normalize the fluorescence decay curve for smal-252+335 counts, consistent with zero. The fit to the
variations in excitation efficiency due to drifts in ion energy summed decay curves produced a lifetime of 28.hs and
or current, laser wavelength or power, and varying overlap of x? per degree of freedom(,,zeduced of 0.73, which suggests

200

10° counts

0 20 40 60 80 100 120 140

time delay (ns)

the two beams. that the experimental errors have been conservatively esti-
For a typical decay curve, the Doppler-tuning region wasmated.
translated in steps of 1.27 mm, dwellingrf8 s ateach As an internal check of data consistency, the normalized

position. Simultaneously with the recording of the two countdecay curves were analyzed individually, producing a
rates, the normalization signal from the internal photomulti-weighted average lifetime of 291) ns , which is in excel-

plier, the laser power, and the ion beam current were alstent agreement with the aggregate figure. A histogram of the
recorded. At the beginning of the decay curve, the signadlistribution of these individual measurements is shown in
count rates were-4000 counts/s. A total of 36 decay curves Fig. 2. The aggregate data were also refit without any nor-
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channel of the tail fitting procedure is increased. No signifi-
cant systematic trends in the lifetime were observed as the
first 2.5 lifetimes of data were ignored.

Several other random and systematic errors may affect the
6f E experiment. As was previously mentioned, the uncertainty in
conversion from distance to time is negligible due to the
collinear geometry. Collisions with background gas can re-
duce the observed lifetime. The cross section for collisional
quenching of the excited state of Be with the residual gas
- in the vacuum is not known; however, usingc10 4 cm?
as a very conservative upper limit on this cross section, the
oL . , . ‘ mean free path at our background pressure ofl® ’ Torr

27 28 29 30 31 is 76 m. For an ion velocity of 5.2410° m/s, the collisional
quenching rate is 710> s~1, which represents a negli-
gible correction of +0.006 ns to the observed lifetime.

FIG. 2. Histogram of individual measurements of the lifetime of L€ngthening of the observed lifetime due to radiation trap-
the 1s2p 3PS state of Bail. Each of the normalized decay curves Ping is negligible at an ion density of 5.2x10* cm~2.
was individually analyzed to determine a decay constant. ThéOther systematic errors due to quantum beats or the Stark
weighted average of all 36 measurements was(29ris, in excel- ~ effect are also completely negligible in the field-free region
lent agreement with the lifetime from the fit to the aggregate decaynaintained by the grounded flight tube and the external
curve. Helmholtz coils.

Our lifetime value of 29.%0.2 ns is in strong disagree-
malization, producing a 5% increase in the lifetime com-ment with the only previous measurement, in which Ander-
pared to that with normalization, but also yielding a nonzerosen, Jessen, and//®osen [6] obtained a lifetime of
background and a large,,..value of 5.5. Normalizing the 22.3+1.0 ns using the beam-foil method. Although a cas-
decay curve only to fluctuations in the recorded laser powecade analysis was carried out in that work for some transi-
and ion current signals increased the lifetime by 1.9% andions, none was performed for that particular lifetime. Mar-
yielded ax24,ceq0f 0.83. The actual normalization signal tinson et al. [5] have speculated that the observed value
should in principle yield a better estimate of systematicmight have been shortened by beam divergence due to Ru-
variations during the data acquisition since records of lasetherford scattering in the foil.
power and ion current fluctuations cannot reveal subtle We can directly obtain the oscillator strength of the
changes in excitation probability during scans of thels2s 3S,—1s2p 3P$ transition observed because the other
Doppler-tuning region due to varying overlap of the two decay branches froms2p 3Pg are completely insignificant.
beams. This is evident in the better statistical fit to the norThe next in importance to this alloweBl branch is an
malized aggregate decay curve using the actual normaliza2 decay to the 4 'S, ground state, with a transition
tion signal. The decay curve was also systematically anaprobability of 6.33<10° s~* [16]. There has been a long
lyzed by “tail fitting” only data beyond a given channel. history of theoretical work on oscillator strengths in Be
Figure 3 shows the variation of the lifetime as the initial The earliest precision calculation was Wei$40] 1967
variational calculation with 50-term Hylleraas-type func-

number of measurements

lifetime (ns)

32 : . : : tions, which explicitly depend on the interelectronic coordi-
nate,rq,, and thus include correlation. Dalgarfbl] also
31k + carried out a variational calculation. In 1971, Schiff, Pekeris,
T and Accad[12] used 364-term Hylleraas expansions to
30l i achieve an accuracy of “one, or occasionally two, in the last
£ Eﬁﬁﬂﬂ ] T digit quoted,” amounting to better than 1 part in*lid the
2 29 -IEEEEI} HH 1 case of the §2s 3S—1s2p 3P° transition. The rather con-
b servative criteria for choosing the number of digits were that
= gl i (1) results using the length and velocity formulations of the
E1 matrix element had to agree to one or two in the last
o7l =L place retained, an@) the results of the largest expansion
, , ‘ , had to agree similarly with the extrapolated value. This cal-
0.0 0.5 1.0 1.5 20 25 culation is generally regarded as the “benchmark” against
t,/t which others are measured.

The aims of the other theoretical work in this area were

FIG. 3. Tail fitting analysis of the lifetime- of the 1s2p P$ largely to apply simpler methods that could produce exten-
state of Bail. The quantityty/r is the number of lifetimes of data SiVe data over the whole isoelectronic sequence and espe-
at the beginning of the decay curve that were not included in the taifially for states of high principal quantum number The
fitting analysis. The fitting procedure included parameters for thd1=2 levels(usually in helium were mainly used to check
background, amplitude, and decay constant. The error bars at eathe accuracy of a new calculation with reference to the full
point represent the statistical uncertainty in the fit to the lifetime ofvariational method. Sanders and ScHés8] in fact achieved
the remaining exponential tail. accuracy similar to that of Schiff, Pekeris, and Accad with
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TABLE I. Summary of calculated and measured multiplet absorption oscillator strerigtifsthe
1s2s 3S—1s2p 3P° transition in Beil. The methods are explained in the text. The length form is listed for
the theoretical values, as it is generally the most accurate. Values with an asterisk have been calculated by us
from lifetimes published in the corresponding reference.

Author(s) Reference Method f
Theory
Weiss [10] Variational 0.2131
Cohen and Kelly [14] Frozen core 0.222
Sanders and Scherr [13] Variation-perturbation 0.213 137
Schiff et al. [12] Variational 0.21314
Dalgarno [11] Variational 0.213
Cohen and McEachran [15] Frozen core 0.221
Lin et al. [16] RRPA 0.223
Laughlin [17] Model potential 0.2137
Fernleyet al. [18] Close coupling 0.2136
Theodosiou [19] Coulomb 0.213
Johnsoret al. [20] RMBPT 0.2134
Experiment
Andersenet al. [6] Beam-foll 0.281)*
This work Beam-laser 0.212)

the variation-perturbation method of Hylleraas, in which thequantities for comparison, we have consistently listed the
(Zryp) " term in the Hamiltonian is handled by a perturba- multiplet absorption oscillator strength used by most authors
tion expansion in powers & !, with the equation for each (even when giving thef value for a single fine-structure
order being solved variationally. Cohen and co-workerscomponent, viz. Ref[16]). We can calculate the multiplet
[14,15 applied analytical orbital wave functions in the f value to sufficient accuracy simply by using the 9/3 degen-
frozen-core approximation, achieving onty5% accuracy. eracy ratio appropriate to the entire multiplesing the mean
Lin, Johnson, and Dalgarng16] used the relativistic wavelength, 3722.65 A, calculated with the weighted aver-
random-phase approximatigRRPA), with the main interest age of the energy level$21].

focused ort1-forbidden decays at high. It is interesting to

note that their inaccurate Be oscillator strength was the V. CONCLUSIONS

one chosen by Summeet al. [3] to model JET results.

Laughlin [17] employed a model potential approach to It is clear that our new result resolves the discrepancy
approximate the effect of theslelectron on the active elec- between the existing experimental lifetime and the many mu-
tron, adjusting the parameters of the potential to fit the extually consistent theoretical values. The accuracy of 0.7% we
perimental energy levels. Fernley, Taylor, and Seat@, in have achieved is typical of modern beam-laser measure-
a long series of papers to provide extensive theoretical dataents. With considerable effort, this could be improved to
for astrophysical opacity calculations, used the closeperhaps 0.2%, but it would be extremely difficult to approach
coupling method with dipole and quadrupole polarization ofthe accuracy of the best variational calculations.
the 1s “target” functions allowed. Theodosio{i19] used a
numerlcal _Coulomb approximation with a Hartree-Slater po- ACKNOWLEDGMENTS
tential, adjusted to fit experimental energy levels. Very re-
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