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Lifetime measurements using the cascade-photon-coincidence technique
with a sputtered-atom source
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We have developed an interesting and widely applicable technique for measuring lifetimes of low-lying
levels of neutral atoms and their first few ionization states. The cascade-photon-coincidence method has been
extended by using a light source consisting of excited atoms sputtered from a solid by 10-keV argon ions. We
have measured the lifetimes of the #P$,, state of Cal, the &p 2P3,, state of Bal, and the 4 2P3,, state of
Al . These measurements are in good agreement with earlier }{&¥R50-2947P7)04805-]

PACS numbdps): 32.70.Cs

[. INTRODUCTION time of such a high-temperature ion source is seriously lim-
ited by the coating of insulators inside the source.

The measurement of radiative lifetimes and oscillator Nonselective excitation is a serious problem for beam-foil
strengths is important in several fields of phydits7]. In  experiments, causing systematic errors in lifetime measure-
astrophysics in particular, the extraction of interstellar col-ments due to radiative cascading from higher levels. How-
umn densities from experimental absorption line profiles re@ver, by its very design, the CPC technique is free from
quires accurate resonance oscillator strengths. Until fairly reSystematic errors caused by cascades from higher states and
cently, ground-based optical-absorption studies of thdhus does not require selective exmtatlon_ t_o thel state of in-
interstellar medium were limited to a small number of el- €rest: an extremely high degree of selectlv_lty is instead pro-
emental ions of low cosmic abundance due to atmospheri ided by th_e start and stop photon detect|_0n. Furthermore,
absorption. The Goddard High Resolution Spectrograpﬁ e sputtering light SOource 1s e>$"eme'>.’ bright an_d can_be
aboard the Hubble Space Telescope has made possible tW@de quite S!“a.”’ which is crumal for light collection effi-
detection of many abundant ions through observation of yrency ina coincidence experiment. The cascades that can be

traviolet ab i f thei lifigs Th investigated with this technique are limited in wavelength
raviolet absorptions ot their resonance fiiies These spec- range only by transmission through the optical system and
tra are of such excellent quality that the derived abundanc

. T e spectral response of the detectors. The prototypical ex-
are now in many cases limited by the knowledge of the OSperiments described below have shown that% accuracy
cillator strengths. . _ can be obtained for lifetimes under20 ns, given a correctly
The cascade-photon-coincident@PQ technique, used gesigned optical collection system. The present work also
extensively in nuclear physics, was originally applied t0represents the first CPC experiment employing two mono-
atomic lifetime measurement by Branneal.[9]. This pre-  chromators for wavelength discrimination instead of interfer-
cision technique involves the direct measurement of the timence filterg 10].
interval between the spontaneous emission of two sequential

photons in an atomic cascade. The emission of the first Il EXPERIMENT
(“start” ) photon signals an atomic transition to a state whose '
lifetime is to be measured; a secofidtop” ) photon signals The excited neutral atoms and ions were produced by

the decay of that state. The histogram of these time intervalsputtering material from a solid target with a 10-keV argon-
is a convolution of the instrumental time response of theion beam. The beam of Arions was produced in a Colutron
apparatus with an exponentially decaying curve whose decagn source in a conventional accelerafdrl]. The mass-
constant is the desired lifetime. fitered beam was electrostatically deflected and focused
In this paper, we will show that the combination of the through two circular apertures to be normally incident on the
CPC method with a sputtered-ion light source provides arsputtering target. The diameter of the ion beam on the target
excellent means of measuring atomic lifetimes of low-lyingwas determined by the final 0.5-mm-diameter aperture lo-
states of astrophysically important ions. Virtually any ele-cated approximately 3 cm upstream from the target. The tar-
ment that can be incorporated into a solid material can bget and both beam-defining apertures were fixed to a trans-
sputtered, producing abundant yields of ions and neutralgtion stage which permits movement along the ion beam
that are non-selectively excited to low-lying states. This is aaxis. The precise location of the target relative to the primary
significant advantage over beam-laser methods, where it f®cus of the light-collection system was determined by opti-
often quite difficult to form a beam of ions or fast neutrals mizing the product of the start and stop counting rates. Typi-
from refractory materials using a readily available ioncal argon-ion sputtering currents were100 nA. The
source. In the case of refractory metals, the useful operatingacuum in the sputtering chamber was 50~/ Torr.
The sputtering targets of calcium and barium were ma-
chined from metal pieces that were99% pure, while the
*Electronic address: rosner@uwo.ca aluminum target was made from ordinary machine-grade
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FIG. 1. Schematic diagram of the experimental apparatus in-

cluding the timing electronics. The source of excited atoms is

formed by sputtering neutrals and ions from a solid target with a

fast beam of argon ions. FIG. 2. Optical spectrum of spontaneous emission from excited

calcium neutrals and ions sputtered from a solid target by 10-keV

aluminum. To reduce vignetting of the spontaneous emissioargon ions. The Caemission at 422.7 nm is approximately four

by the target itself, the beam-facing side of a sputtering tartimes more intense than the second most intense line in this spec-

get was machined to &50° full-angle cone which was sub- trum whose wavelength is 445.5 nm.

sequently truncated to produce a 2-mm-diameter surface per-

pendicular to the ion beam. For aluminum, this surface wasponding monochromatprTypically, coincidence data were

further enhanced by ruling parallel corrugations 0.1 mm deegathered with the slit widths set to the maximum of 3 mm,

every 0.1 mm to increase the yield of sputtered ions by usingvhich corresponded to 3-nm resolution.

a 45° angle of incidence. The targets were grounded through |t is interesting to note that little or no light is observed

an electrometer to permit monitoring of the incident argonfrom the incident argon ions. Since they have a range of

ion current. approximately 100 nm in these materials, it is likely that ions

The sputtering process produces several sputtered pafhich may be excited as they encounter the surface are
ticles for each incident ion. Typically about 10% of the sput-quenched before they can radiate. The speciisae Fig. 2
tered particles are ionized and some fraction of those are is dominated by narrow line emissions from target atoms,
excited states, depending upon the angle of incidence, emdicating that very little light comes from excited bulk ma-
ergy, and mass of the incident ion and the oxidation of theerial. The spectra also show that, for these target materials
target surfac¢12]. We observe spontaneous emission fromand experimental parameters, only the first few levels above
excited sputtered particles at distances up~tb mm from  the ground state for each charge state were populated by the
the target surface. Neglecting repopulation of the intermedisputtering process. Although this precludes the measurement
ate state by cascades from long-lived higher states, and asf lifetimes of higher atomic states, these states are not typi-
suming that the light curve is emitted over three lifetimes,cally populated in the interstellar medium. In fact, most in-
one calculates an upper limit for the ion energy of theterstellar atoms and ions are observed by absorptions from
4p?pPY, state of Cal to be ~500 eV. To avoid systematic the ground state to their first excited state. The modest level
errors from atoms escaping the viewing region before decaysf excitation also means that the spectra are relatively sparse,
ing, the light collection system must be capable of collectingand a chosen radiative cascade can be easily isolated with
light from the entire spatial distribution of light-emitting monochromator slits fully opened to maximize optical effi-
atoms. ciency over the entire source volume.

The spontaneous emission was gathered byftiial lens The photons transmitted by the monochromators were de-
systems facing each other and viewing at right angles to thtected by Philips XP2020Q photomultiplier tubes. Their out-
ion beam. The lenses imaged the source onto the entranpait pulses were preamplifig@®rtec model 930} discrimi-
slits of separate monochromatdiee Fig. 1L The viewing nated in constant fraction mod®rtec model 4734 and
regions of both optical systems were carefully aligned tothen used to start and stop the time-to-pulse-height converter
within 0.1 mm by substituting a small light bulb for the (TPHC) (Ortec model 46y To ensure that the TPHC was
sputtering target. The theoretical lateral magnification for theoperated in its most linear region and to provide a region of
lens system in the paraxial approximation was 2.3. The twagandom background for curve fitting, “time zero”was
/3.8 monochromators each had three selectable gratings antbved to the center of the TPHC range by inserting a fixed
adjustable slits. For spectral survefgee Fig. 2, the mono- time delay (Ortec 425A in the stop channel. Finally, the
chromator slits were narrowed to provide 0.375-nm resoluTPHC pulses were digitized and stored by a pulse-height
tion. Further higher-resolution spectra were acquired in the@nalyzer(PHA)(Tracor-Northern model 1750producing a
vicinity of the start and stop photon wavelengths to check fohistogram of time delays. The temporal response of the de-
interfering cascade@indesired cascades whose start and stopectors and timing electronics was measured by placing a
wavelengths were both within the passbands of the correCerenkov light source, consisting of 100 Ci of %°Sr/*%Y in

wavelength (nm)
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FIG. 3. The time-delay spectrum for the measurement of the F!CG- 5. The tlzm?)-delay spectrum for the measurement of the
lifetime of the 4p 2PY, state of Cai. The least-squares fit of the Ilfetlme_ of the 4p “P3, state of Alur. _The Ie_ast—squares fit of the
theoretical decay curve convolved with the instrumental response dfeoretical decay curve convolved with the instrumental response of
the timing apparatus is shown as the solid line. Representative errdfi€ iming apparatus is shown as the solid line. Representative error
bars are shown only at each end of the histogram and scattered oVa"s are shown only at each end of the histogram and scattered over
the decay curve for clarity. The lifetime was determined to beth€ decay curve fo; clarity. The lifetime was determined to be
6.9418) ns and they? per degree of freedom for the fit was 1.09. 3-2416) ns and thex” per degree of freedom for the fit was 0.83.

described in detail previoushi4].

In addition to the exponential decay curve of true coinci-
dences, there is a background of random coincidences which
occurs when the start and stop pulses arise from either dif-
ferent atoms or from dark counts in the photomultipliers and

of this response curve and are a result of elastic scattering gence atre ten&porally. ungorrelated. Tbhe ratio 0'; ttrug t():omu-
the photoelectrons at the first dynode of the photomultiplier ences 1o random coinciaences can be manipulated by vary-

[13]. Calibration of the TPHC-PHA timing system has been'Nd the intensity of the source of excited atoms. Since the
random coincidence rate varies quadradically with the source

intensity, while the true coincidence rate varies linearly, de-
T T T r —— creasing the source intensity increases the signal-to-
background §/B) ratio at the expense of longer data collec-
. tion times. A reasonable compromise in source intensity was
chosen to provide &/B ratio of ~1.

a Lucite block, at the focus of the optical system. Fhg-ns
full width at half maximum timing resolution was due
mainly to the photomultiplier response function. The
unusual-looking bumps in the least-squares fit to the time
delay histogramssee Figs. 3, 4, and)@re due to the shape

800

600 IIl. RESULTS AND DISCUSSION

Experimental parameters for the lifetime measurements of
the 4p 2P3, state of Cal, the 6p 2P3,, state of Bal, and the
4p 2Py, state of Al are summarized in Table . The cor-
§ responding time-delay coincidence histograms and the least-
squares fit to them are shown in Figs. 3, 4, and 5 respec-
tively. The time-delay histograms were analyzed using a
convolution of the measured instrumental response function
200 ————~1—— L L with the expected time-delay spectrum. Since only the first
=30 20 -10 0 10 20 30 40 stop signal following any start signal is recorded, there is a
time delay (ns) bias against detecting long-time delays when the stop rate is
high enough such that the probability of more than one stop
FIG. 4. The time-delay spectrum for the measurement of the€VENt OVer the time span of the histogram is non-negligible.
lifetime of the 6 2P, state of Bai. The least-squares fit of the 10 correct for this systematic effect known as “droop,” the
theoretical decay curve convolved with the instrumental response d#xperimental  decay curves were first divided by
the timing apparatus is shown as the solid line. Representative err@XP(—Rsiof), Where R is the observed collection rate of
bars are shown only at each end of the histogram and scattered ov@i0p photons. This correction factor represents the Poisson-
the decay curve for clarity. The lifetime was determined to bedistribution probability that no stop event will occur between
6.5724) ns and they? per degree of freedom for the fit was 1.09. times 0 andt. It had the largest effect for the Ca measure-

counts

400
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TABLE I. Summary of experimental parameters for measurements of lifetimes in Bau, and Al
using the cascade-photon-coincidence technique.

State Atom  Starh  StopA  Startrate  Stop rate  Acquisition time  Coincidence rate
(nm) (nm) (kHz) (kHz) (h) (Hz)

4p 2Py, Call 373.7 393.4 17 21.0 22.6 0.31

6p2PY, Ban 4131  454.4 1.8 7.5 22.1 0.12

4p2P3, Al 452.9 360.2 2.6 45 29.4 0.053

ment; even there it led to a negligible shift of the lifetime by scale. If this process were present, we would expect to see a
+0.006 ns. coincidence peak in the time-delay spectrum when both
The observed time-delay histograms for a coincidence exehannels were tuned to the same photon wavelength, but
periment can be distorted in different ways by an improperlynone was seen in a separate experiment undertaken to study
designed optical collection system. This is particularly truethis possibility.
when the atoms being measured have an appreciable veloc- During the course of these measurements we observed
ity, creating a more extended light source. If the optical systhat the apparent measured lifetime increased noticeably at
tems monitoring start and stop photons are not well alignedextremely high incident ion currents; an example is shown in
it is possible that the apparatus will preferentially detect stogrig. 6. One of the mechanisms considered as an explanation
photons for either short- or long-time delays. Even if thewas radiation trapping, in which the stop photon is subse-
alignment is perfect, another possibility is that the ion veloc-quently reabsorbed by another atom, which then emits an-
ity is so large that many ions escape the viewing regiorother photon at a later time. If the probability for such reab-
before emitting a stop photon, leading to an observed lifesorption is p, then the apparent lifetime, is given by
time which is systematically too short. The first potential 7,= 7,/(1—p) [16]. Since p depends on the density of
systematic error was prevented by careful alignment of thatoms in the final state of the cascade, radiation trapping will
two optical systems using a point light source as describetle significant typically when the final state is a ground or
above. The spatial distribution of spontaneous emission ahetastable state, as is true for the iICand Bai cascades
the stop wavelength was recorded by translating the sputtestudied here. A calculation gf based on the resonance-line
ing target along the ion beam direction in front of the light oscillator strength and an estimated ground-state density of
collection systems. In calcium, for example, the emissionsputtered ions shows<1x 10~ °. Also, the expected linear-
rapidly decreased to a negligible amount over a 1-mm extenity of 7;1 with p was not observed in measurements on
The 3-mm-wide monochromator slits viewed a 1.30-mm re-Caii. Our experience to date suggests that reducing the sput-
gion, taking into account the magnification of the opticaltering current produces a rapid convergence to the true life-
system. Thus the monochromators were able to collect thgme. Since the source is extremely bright, the resulting co-
spontaneous emission from the entire source volume. incidence rate is still sufficient to permit data collection over
To explore any other systematic effect which could ariseg reasonable time period. Furthermore, the reduced start and
from the size, shape, and positioning of the sputtering targedtop rates increase the obser®8 ratio and virtually elimi-

we modeled the experiment using a highly realistic Montenate the droop correction. Nevertheless, further study of the
Carlo simulation. This simulation traced rays for the sponta-

neous emission at both the start and stop wavelengths from
moving sputtered ions to the entrance slits of the monochro- 9.0 T -
mators. We assumed that the sputtered ions had velocities :
given by a Thompson energy distributifitb]|, with a surface 85k -
binding energy of 12 eV and a maximum ion energy of 3
keV. This last parameter is obviously an overestimate in
light of the previous discussion. The sputtered ions were
given a co$ distribution cylindrically symmetric with re-
spect to the surface normal. Least-square fits to the synthetic
time-delay histograms showed that any effect of the ion ve-
locity on the observed lifetime is below the 0.5% level.
There are a number of collisional effects which could in
principle create systematic errors in the lifetime. Collisions
between sputtered atoms and the incident fast Beam are
highly improbable over the time intervals of a few lifetimes.
Typical Ar™ beam parameters and a cross section of 20 6.00
cm? yield a collision probability of~10~7 in the time of
transit over the viewing region. We also examined the effect sputtering current (nA)
of simultaneous production of more than one excited sput-
tered ion by an incident fast argon ion. Since the sputtering FIG. 6. Dependence of measured lifetime of te?®3, state of
event lasts only- 100 fs, photons from different ions would Caun on the incident AF -ion beam sputtering current. The horizon-
be correlated in time when viewed on a nanosecond timeal line at 6.924 ns indicates the value obtained in RET].
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TABLE Il. Comparison of experimental measurements of lifetimes iniCBau, and Alui. BL, beam-
laser method; BF, beam-foil method; CPC, cascade-photon-coincidence method.

Author(s) Reference Method Lifetiméns)
4p 2PY, state of Cal

Gosselin, Pinnington, and Ansbacher [18] BL 6.87(6)

Jin and Church [17] BL 6.92419)

This work CPC 6.9418)
6p 2P, state of Bai

Andra [19] BL 6.31216)

Winter and Gaillard [20] BL 6.31(5)

This work CPC 6.5R24)
4p 2Py, state of Al

Anderson, Jessen, andrgnson [21] BF 3.43)

Coetzer, Mostert, and Van der Westhuizen [22] BF 3.0

This work CPC 3.2416)

sputtering-current effect is clearly warranted, and will be un-ty of this technique down to the vacuum cutoff. A lofv

dertaken with an apparatus whose data-collection rate will baumber monochromator for the stop channel will be used to

substantially improved. accept the larger solid angle of the light collected by the
The results of least-squares fitting to the decay histogramellipsoid. Monte Carlo simulations of this achromatic optical

are compared to the most precise previous measurements sgstem and faster monochromator confirm that accurate life-

Table 1l. Measurements using the CPC technique are in gootime measurements will be possible at thd% level with

agreement with previous high precision work using thean increase in the coincidence rate of over two orders of

beam-laser method for both thep4P3,, state of Cai and  magnitude without the use of interference filters.

the 6p 2P, state of Bal, but are not nearly as precise. Pre-

vious to this work, the lifetime of the @>P$,, state of Al

had been measured only by beam-foil methods that had been IV. CONCLUSIONS

corrected for radiative cascading. The present measurement \y/o have measured the lifetimes of the 2P

is more precise than the beam-foil measurements and is i&au the 6p2P2,, state of Bal, and the 4 2PS, state of
' 3/2 ’ 3/2

good agreement. ; ; . i 5
This experiment is a demonstration that the cascadeAI I using the CPC technique with a source of excited at

Y . . ms sputtered from a solid. The results are in good agree-
photon-comudgnce technique works well with a sputtere ent with previous higher precision work using the beam-
source of excited atoms. It also demonstrates the use }

monochromators for wavelength discrimination, which ser method for both Qa and Bai. The lifetime
9 ' measurement for Al is also in agreement with earlier

eliminates the need for custom interference filters for eac@vork and is the most precise measurement of the lifetime of

f‘g‘:’foa\‘;/jﬁ):r?g ?n);teer?grségcl:i tﬁﬁzps'q;fe'r:;%rtge d#f?élzﬁgtlgr:‘;\tl)?f Rat state. A second-generation apparatus with better optical
efficiency based on this work has been described that will be

ments to increase the optical efficiency of the a aratueljsed for lifetime measurement of low-lying states of astro-
P y bp hysically interesting atoms and ions.

greatly, and are planning construction of a dedicated appara-
tus for lifetime measurement with this technique. The first
important change will be to build a catoptric light collection
system consisting of two opposed coaxial ellipsoidal reflec-
tors with common first foci. The sputtering target will be  We are pleased to thank the Natural Sciences and Engi-
introduced through a hole in the ellipsoid pair at right anglesneering Research Council of Canada and the Academic De-
to the optical axis. Spontaneous emission from excited sputrelopment Fund of the University of Western Ontario for
tered atoms will then be collected by the ellipsoids, and refinancial support. We would also like to thank H. Chen for
flected directly into the entrance slit of either the start or stopassistance with the electronics, and D. Karpuzov for numeri-
monochromator. This should extend the wavelength capabikal simulations of the sputtering process.
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