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We report on the scintillation properties of lead ! i:I, !i_!:,

high energy photon detector. Its physical properties are ii !i ,!

well suited for gamma detection, asit has a density of i_i. i_ii ii'__ _
6.4 gm/cm3, a 1/e attenuation length for 511 keV photons i

of 1.2 eta, is not affected by air or moisture, and is cut and "_ _!i_,_i_'_i_!
polished easily. In 99.998% pure PbSO4 crystals at room ii|
temperature excited by 511 keV annihilation photons, _:

the fluorescence decay lifetime contains significant fast _,i_,,._ ' _ _ll,llb __3_components having 1.8 ns (5%) and 19 ns (36%) decay , !!i!_,
times, but with longer components having 95 ns (36%) ,,
and 425 ns (23%) decay times. The peak emission wave-
length is 335 nm, which is transmitted by borosilicate CBB910-8137

glass windowed photomultiplier tubes. The total scintil- Figure 1: Crystal of anglcsitc, a mineral form of I"bSO4.The
lation light output increases with decreasing temperature units of the scale are inches.
from 3,200 photons/MeV at +45°C to 4,900 photons/MeV
at room temperature (+25° C ) and 68,500 photons/MeV The material properties of PbSO4 are attractive for

use as a gamma radiation detector. Its density is 6.4 g/cm3,
at -145° C. In an imperfect, 3 mm cube of a naturally resulting in, for 511 keV photons, an attenuation length
occurring mineral form of PbSO4 (anglesite) at room
temperature, a 511 keV pholopeak is seen with a total of 1.2 cm and a photoelectric effect cross section fraction
light output of 60% that of BGO. There are significant of 42%. lt is not hygroscopic, is colorless, transmitting

light down to 250 am, and is slightly birefringent with
sample to sample variations of the light output among
anglesite samples, so the light output of lead sulfate may indices of refraction of 1.88, 1.82 and 1.89 [2]. While large
improve when large synthetic crystals become available, synthetic crystals are not yet available, natural crystals

such as in Figure 1 can be both large and transparent.

l. INTRODUCTION 1.1 Previous Measurements of PbS04
There has .been increasing interest in developing a

new scintillator for high energy photon deteclion. Such a Scintillation in anglesite, a naturally occurring min-
scintillator would combine the stopping power of BGO, eral form of lead sulfate, was first reported by Firk in
the luminosity of Nai(T1), and the speed of BaF2, Lead 1990 [1]. Based on observation of oscilloscope traces, two
sulfate (PbSO4) has been reported to possess a fast decay decay time components were reported: a fast (<10 ns)
time, a stopping power similar to that of BGO, and a low component that contained between one-fourth and one-
light output [1], but these measurements were mostly third of the total light output and a longer (150 ns)
qualitative and were made either in synthetic powders or component that contained the remainder of the light.

, naturally occurring crystals of PbSO4. This paper The total light output was reported to be three times that
provides quantitative measurements of the emission of cerussite (a naturally occurring mineral form of lead
spectrum, scintillation decay time, and temperature carbonate). Using the value of 9% of BGO for the light

, dependence of the light output in synthetic crystals, as output of cerussite [3], this implies a light output of 27%
well as the absolute light output of PbSO4 in a naturally of BGO (or 2200 photons/MeV) for anglesite.
occurring crystal. The emission spectrum and scintilla- An independent experiment [4] measured the scintil-
rien decay time measurements are performed as a func- lation decay lifetime from the surface of 99.999% pure
tion temperature between +50° C and -150° C. PbSO4 powder excited by 20 keV x-rays, and found

components having 7.4 ns (7% of the total light output),
34 ns (21%), and 168 ns (46%) decay times, with the

* This work was supported in part by the U.S. Department of remainder of the light in a >10 its component. The emis-
Energy under Contract No. DE-AC03-76SF00098,in part by
Public Health Service Grant No. P01 25840and R01 CA48002, sion spectrum was meaured to peak at 350 nm, and the
and in part by a grant from the Whitaker Foundation. total light output crudely measured to be 52% of BGO.
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Finally, lead sulfate powder was reported by Blasse 120 .... , .... ,., .. , .... , .... , ....

[5,6] to luminesee when excited with ultraviolet light. The "_ 100 [ - +25' c

emission spectrum peaks at 360 nm, and the total light rr" PbSO4 L_= I zx o'coutput at room temperature is greater than 50% of its "E 80 511 keV , _ O -50'C
intensity at liquid helium temperatures (4.2° K). =

0 Excitation _ _ .60
1.2 PbS04 Samples Measured xd ° _oZX

• Large, clear crystalline samples of synthetic PbSO4
are not currently available. Therefore, most of the o
measurements presented herein were made with small Z 0 -_- - .. , .... , .... , __

" (0.5 - 1 mm typical dimension) synthetic crystals made 200 250 300 350 400 450 i00
with the method described by Blount [7]. These crystals Wavelength (nra)
were analyzed with x-ray fluorescence spectroscopy and Figure 2:PbSO4 en'fissionspectra at several temperatures.
found to contain less than 0.002% impurities. For ease of

handling, a lead sulfate "target" was made by filling a monochromator wavelength in Figure 2. This spectrum
3 mm diameter, 3 cm long fused silica cuvette with these is not corrected for the spectral response of the photo-small crystals. This "target" has the stopping power and
fluorescent properties of a larger synthetic crystal, but multiplier tube or monochromator. The emission spec-

trum peak peaks at 335 rim, and drops to 10% of its
with reduced light collection efficiency and uniformity, maximum intensity at 290 nm and 450 nra. The paucity of
A thermocouple was placed among these small crystals
to monitor the temperature of the sample. For the light below the 300 nm cutoff of borosilicate glass implies
measurement where uniformly high light collection is that fused silica or UV glass windowed photomultiplier
necessary (i.e. the total light output measurement), an tubes are not necessary in order to collect the majority of
anglesite crystal from Chihuahua, Mexico was used. the PbSO4 scintillation light. This data agrees with the

emission spectrum obtained with optical (<225 nra)

2. EMISSION SPECTRUM excitation [6]. The emission spectrum measurement was
repeated with the "target" at temperatures of 0° C and

The emission spectrum of synthetic PbSO4 was -50° C. As the data in Figure 2 shows, the shape of the
obtained using a 0.125 meter Jarrell-Ash MonoSpec 18 emission spectrum is independent of temperature.
monochromator with a 1200 line/mm grating blazed for
300 nm. The entrance and exit slits of this monochroma- 3. FLUORESCENT DECAY TIME

tor were 500 _tm wide, resulting in a spectral resolution of
The fluorescent decay lifetime of synthetic PbSO412 nm. The 511 kev photons from a 0.7 mCi 68Ge source

were used to excite the lead sulfate "target" described in was measured using the delayed-coincidence method of
Section 1.2. The "target" was placed at one focus of Bollinger and Thomas [8], as modified by Moszynski and
quartz optics that directed the emissions onto the Bengtson [9]. A barium fluoride scintillator coupled to a

Hamamatsu R-2059 photomultiplier tube provided a
entrance slit of the monochromator, and a quartz
windowed Hamamatsu R-2059 photomultiplier tube start signal, and another R-2059 photomultiplier tube
(spectral range 200 to 600 nm) was placed at the exit slit placed 50 cm away from the sample provided the stop

signal. As with the emission spectrum measurement, the
in a thermally insulated enclosure cooled to -25° C to PbSO4 "target" was in a thermally insulated, temperature
reduce dark current to less than 1% of the PbSO4 signal controlled housing and the single photon photomulti-
at +25*C. The PbSO4 "target" and a portion of the optics plier tube was cooled. A 0.7 mCi 68Ge source provided
were in a separate, thermally insulated, temperature the 511 keV photon pairs that excited both the BaF2 scin-
controlled enclosure. Two inches of lead shielding was tillator and the PbSO4 scintillator sample. Timing signals

• placed between the radioactive source and the photo- from both photomultiplier tubes were generated using a
multiplier tube to prevent direct 511 keV photon interac- Tennelec TC-454 constant fraction discriminator, and
tions in the photomultiplier tube. The output of the the time difference between the start and stop signals wasQ photomultiplier tube was converted to a logic pulse with
a Tennelec TC-454 constant fraction discriminator and digitized a Tennelec 862 time to amplitude converter and

a LeCroy 3512 analog to digital converter (ADC).
counted with a Jorway 84 CAMAC scaler.

2.1 Emission Spectrum 3.1 Decay Time Spectrum at Room Temperature

In order to span a large dynamic range, two decay
The temperature of the "target" was set at +25° C and timing distributions were accumulated. One covered a

the resulting photomultiplier tube count rate is plotted, 360 ns range in 420 ps bins, while the other spanned a 8 lasafter background subtraction, as a function of
range in 8.4 ns bins. This pair of data sets (shown in

2
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Figure 3 with the data binned mete coarsely for clarity) o
is simultaneously fit with a sum of four exponential _ o.o1% , , , ' , , ,
decay lifetimes plus a constant background. The result- -- "150° "1oo° "5o° 00 _0°
ing fit implies that lead sulfate has significant fast Temperature (°C)
components with 1.8+0.3 ns (5%)and 19-J:l.0ns (36%) Figure 5: PbSO4 decay component fractions vs.
exponential decay times, but also has longer components temperature.
having 95+10 ns (36%) and 425+_31ns (23%) decay times.

There is no indication of the slow (>10 ItS) component the majority of the light is equally distributed among the
measured in [4], even when the dynamic range was three slowest components for temperatures above 0"C,
expanded to 200 ps. The error bars on the lifetimes of the and the two slower components dominate below 0"C.
individual components are large because there are signif-
icant correlations in the fit, but the fit spectrum is indis- 4. TOTAL LIGHT OUTPUT
tinguishable from the data plotted Figure 3.

3.2 Decay Time Spectrum vs. Temperature 4.1 Light Output at Room Temperature

A pair of decay time data sets were collected at The total light output of natural crystal of anglesite
temperatures ranging from-130* C to +40 °C, and each from Chihuahua, Mexico was measured at +25°C b

" set simultaneously fit with the 4 component fit described comparing its response to 511 keV photons to the
above. The variation of the 4 decay lifetimes with response of a bismuth germanate (BGO)crystal under
temperature is plotted in Figure 4. While correlations the same conditions. A 3 mm cube of anglesite was

" again make it difficult to accurately measure individual coated on five sides with a reflective coating of white
lifetimes, the overall tendency is for the lifetimes to Teflon tape, then optically coupled to a quartz-
increase with decreasing temperature. The exception is windowed Hamamatsu R-1306 photomultiplier tube
tau 1 (the fastest component), which is roughly constant, with General Electric Viscasil 600M silicone fluid. The

The relative intensities of each component also vary crystal was irradiated with 511 keV and 1.275 MeV
greatly as a function of temperature, and are plotted in photons from a 22Na source, and the output of the
Figure 5. Again, significant correlations between the photomultiplier tube amplified with a Tennelec TC-222
components are present, but are smaller than the correla- amplifier with 0.6 psec shaping time and digitized with a
tions between decay lifetimes. The overall trend is that LeCroy 3512 ADC. The resulting pulse height spectrum
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is plotted (after pedestal subtraction) in Figure 6. The .-. =
anglesite crystal was removed and the same experiment o >_ 3oo _• Io_ "

-- a\ = • _, • 10 4
was performed on a 3 mm cube of BGO, and the result- ._&"_ 250 \k • • • a • • = • o°'"
ing spectrum is also shown in Figure 6. _

is seen in each plot in Figure 6. The 511 keV photopeak -- _ 15o ©___ r-. • o

in anglesite is centered ata pulse height that is 60°/0of the _ _ 1oo __ "tS° 10'
511 keV photopeak pulse height in BGO. Using the " ," " _ _.
BGO light output of 8200 photons/MeV reported by -- _ 50 PbSO4QualltyFactors
Hell, et al. [10], this implies that the light output of angle- o .... z , , , , , .... , .... lO
site is approximately 4900 photons/MeV. The full width -le0 ° .lO0° -50° o° so°
at half maximum (FWHM) of the 511 keV photopeak in Temperature (oC)
PbSO4 is 40%, which is greater than a light output of 4900 Figure 8:Lead sulfate initial intensity I0and times ts0,and
photons/MeV implies, probably because of light tg0vs. temperature. See text for definitions.
collection non-uniformity due to imperfections in the

crystal. This experiment was repeated with anglesite crys- to absolute light output using the previously measured
tals from a number of additional locations (Tsumeb, light output of 4900 photons per MeV at 25"C. The light
South Africa; Mendip Hills, England; Phoenixville, PA; output increases exponentially with decreasing tempera-
West Tasmania; and Morocco), and while wide varia-

ture until roughly -100" C, below which point the light
tions in the total light output were observed, ali had output is essentially constant.
lower total light output than the Chihuahua crystal.

5. OPTIMAL OPERATING TEMPERATURE
4.2 Light Output vs. Temperature

lt is difficult to determine the optimal operating tem-

Since the decay time of PbSO4 is temperature depen- perature from the light output and decay lifetime values
dent, it is necessary to measure the total light output in a described above. Therefore we have computed, based on
way that is insensitive to changes in the scintillation the fit parameters, several measures of the decay time
decay time. This was done by exciting the synthetic distribution that describe the spectrum in terms that are
PbSO4 "target" with a 0.7 mCi 68Ge source and measur- useful when using scintillators as radiation detectors.

* ing the output current of the cooled photomultiplier First, we compute the initial intensity I0, which has units
tube with a Keithley 617 electrometer. The "target" was of number of photons per ns per MeV of incident energy.
placed in the same thermally insulated, temperature This number aids in estimating the attainable timing res-
controlled housing as was used in the emission spectrum elution of the scintillator. We also compute t50 and t90,
measurement in Section 2, but the monochromator which are the times that it takes to emit 50% and 90% of
between the sample and the photomultiplier tube was the total number of photons. The tso value helps estimate
removed and the quartz optics readjusted. Again, two the amplifier shaping time, while t90 is useful in estimat-
inches of lead was placed between the source and the ing the dead time of the scintillator. These values are
photomultiplier tube to minimize direct interactions in plotted as a function of temperature for lead sulfate in
the photomultiplier tube. Figure 8. For comparison, the values for I0, t50, and t90

The resulting photomultiplier tube current is shown, for BGO at 25*C are 39 photons per ns per MeV, 160 ns
as a function of temperature, in Figure 7 after converting and 590 ns respectively.

1 4 .
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Figure 8 shows that the initial intensity I0 is approxi- made in the last year, and the economics of this crystal
mately 250photons/ns/MeV, independent of tempera- growth process will probably decide whether PbSO4
ture, while ts0 (tgo) increases from 23 ns (250 ns) to 8 _ts replaces BGO or remains a tantalizing possibility.
(30 ItS) with decreasing temperature. Thus, while the
overall increase in the decay time with decreasing ACKNOWLEDGEMENTS

temperature increases the amplifier shaping time and We would like to thank Mr. John Cahoon, Mr. Tony
dead time of a system using PbSO4, the increasing light Vuletich, and Mr. Wilfred Lam of Lawrence Berkeley
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at high temperature and pressure and crystallized in a REFERENCES
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crystals, but the growth rate may be quite slow. A flux [1] F, W. K, Firk, "A comparative study of the scintillation
5rowth method, where PbSO4 is dissolved in another response of natural crystals of anglesite (PbSO4) and
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temperature of the mixture, has produced centimeter 532.533,1990.
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poor because of numerous inclusions of the flux mate- Chapter B," The CRC Press, Inc., Boca Raton, FL,
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7. CONCLUSIONS [4] S. E. Derenzo, W, W, Moses, et al., "X-ray fluores-

The scintillator PbSO4 is an excellent detector for cence measurements of 412 inorganic compounds,"submitted to IEEE TransNucl Sci, vol. NS-38, 1992,
high energy gamma radiation, and could conceivably
replace BGO for gamma detectors that require high [5] G. Blasse, "Luminescence from off-centre Pbz+ ions,"
stopping power, good timing resolution, and low dead Phys StarSol, vol. b143,pp. K131-K133,1987.

time, such as those found in high energy physics experi- [6] G. Blasse, "Energy transfer phenomena in lead
ments or PET cameras, lt has approximately the same sulphate" Chem Phys Lett, vol. 35, pp, 299-302,1975.
attenuation length and photoelectric fraction as BGO
(1.2 cm and 42% for PbSO4, 1.1 cm and 43% for BGO), [7] c.w. Blount, "Synthesis of barite, celestite, anglesite,

witherite, and strontianite from aqueous solutions,"
Y and the initial photon flux and the dead time are three American Mineralogist,vol. 59, pp, 1209-1219,1974.

times faster than BGO, while the light output at room
temperature is 60% that of BGO. Both the decay time [8] L. M, Bollinger and G. E. Thomas, "Measurement of

_' and the light output increase significantly as the tempera- the time dependence of scintillation intensity by a
delayed.coincidence method," Rev Sci Instr, vol. 32,ture is reduced,
pp. 1044.1050,1961.

Further development is necessary before lead sulfate
can be used as a practical radiation detector. Radiation [9] M, Moszynski and B. Bengtson, "Light pulse shapes

from plastic scintillators," Nucl lnstr Meth, vol. 142,pp.
damage studies must be made on PbSO 4 at a facility 417-434,1977.
capable of simultaneously measuring the luminescence
and absorption properties, but the greatest challenge is to [10] I. Holl, E. Lorenz, and G. Mageras. "A measurement
produce large volume, optical quality crystals. While this of the light yield of common inorganic scintillators."
promises to be difficult, encouraging progress has been IEEE TransNucl Sci vol. NS-35,pp. 105.109(1988).
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