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Abstract—The electron and photon response of an aluminum based scintillating materials in general show an increasing
canned LaCk:10% Ce®* crystal were measured using the scintillation response with increasing photon energy, which
Compton Coincidence Technique (CCT). The LaCGJ:10% Ce3* levels at higher energies [11]-[15].

electron response increases from 7 keV to 30 keV by about 10%. . L . . .
Above 30 keV, the electron response levels, i.e., it is flat within 5%. In principle, scintillation light yield nonproportionality can be

Monte Carlo IV Particle code (MCNP4C) was used in the photon Characterized as a function of either photon or electron energy.
response calculation. The calculated theoretical photon response isWhile the scintillation response as a function of photon energy
in good agreement with the measured photon response. An energy (photon response) is in general easier to measure and is more
resolution (full width at half maximum over the peak position) of ;s a5 an indication of scintillator quality to the customer, the

4.2 + 0.5% was observed for the 662 keV full absorption peak. R .
The energy resolution as function of photon energy exhibits a scintillation response as function of electron energy (electron

linear relationship with the inverse square root of the energy. The response) is more fundamental. Meaning that, in principle, the
step like curves of Nal(Tl) with a semi plateau in the energy range photon response can be calculated from the measured electron

betvieen 100 and 500 keV have not been observed for LaC10%  response using dedicated Monte Carlo codes. Obviously, it is
ce’r. preferable to measure both the photon response and the electron

Index Terms—Energy resolution, LaCl;:Ce*T, non-proportion-  response of the scintillator in question.
ality, scintillation. A technique for measuring the electron response of scintil-
lators is the so-called Compton Coincidence Technique (CCT)
I. INTRODUCTION [16], [17]. In short, this method measures the light yield gen-

) o ) ... . erated in a scintillator when a Compton scattered electron is
WHEN evaluating a scintillator for its applicability in 5ngorhed. The Compton scattered gamma ray is detected in a
gamma-ray spectroscopy and dedicated detector Sygtondary detector, such that the energy of the scattered gamma

tems, light yield, scintillation decay time, and energy resolutign, and thus the energy of the Compton electron is known. When

are considered to be critical properties. Also the density of thes scatter angle is varied, the energy of the Compton electron

material and production costs play an important role. Withhanges as well. Accordingly, the electron response for that par-
respect to scintillation light yield, it is desirable that it is prosjc 1ar scintillator is obtained.

portional to the energy of the gamma to be detected. Deviations, ihis paper, we present the scintillation response and energy

which are known as nonproportionality (or nonlinearity) in theagojution of aluminum canned Laf10% Cé+ crystal. Both
§c|nt|||at|on response (or efficiency), may result in d|f_f|cult|e§he electron and photon response are reported. The calculated
in the determination of the energy and energy resolution of th&retical photon response and the energy resolution as a func-

detected radiation. o tion of photon energy are presented as well.
The phenomenon of nonproportionality response and its

relation with energy resolution has been studied in detail for

many classical scintillators, especially for Nal(Tl) [1]-[10]. Il. EXPERIMENTAL TECHNIQUE

For Nal(Tl) and most other alkali halides, the scintillation

response peaks between 10 and 15 keV and decreases as tAe aluminum canned Lagi10% Cé* scintillator, man-

photon energy is increased. Finally, the scintillation responsgéactured by Saint-Gobain, of 16 mm diameter and 19 mm

levels at higher energy [11]. Contrary to alkali halides, oxideeight was mounted on a Philips XP2020Q photomultiplier
tube (PMT). It was used in conjunction with a high purity
germanium (HPGe) detector in CCT. Details on CCT are given
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Fig. 1. Electron response of LaC10% Cé&+. The smooth functions are the Fig. 2. Photon response of LaCl0% Cé*. The dotted curves are the

extrapolated curve fits of the electron response with relative light yield (a) 0.@2lculated photon responses according to the electron response with relative

(b) 0.5; and (c) 0.0 at electron energy 0.0 keV. light yield (a) 0.9; (b) 0.5; and (c) 0.0 at electron energy 0.0 keV. The inset
shows part of the calculated photon responses, between 30 and 50 keV, on a

linear energy scale.
I1l. THEORETICAL PHOTON RESPONSECALCULATION

as well as a smooth fit of the data are required. These extrapo-

The theoretical photon respon#s, was calculated by dis- lations are shown in Fig. 1 as well,

crete ponvolunon of the measured electron respd%@gwﬂh The LaCl:10% Cé+ photon response calculated by (1)
the primary electron energy spectriim,, obtained as a result . : .
’ sing the measured electron response is shown in Fig. 2.

of N full-energy gamma-ray absorption events in the scintik—/I i :
) . easured photon response data is shown as well. There is
lator. A total of & primary electron energies are produced for

. good agreement between the calculated and measured photon
each full gamma energy absorption event, whier@ay vary . ;
response; the observed deviation between calculation and mea-
from event to event

surement is less than 5%. The general shape of the;t HI%b

N Ok Ce*t photon response, as seen in Fig. 2, is very similar to
R, = 1 Z U Rei. (1) that of K;LaCl;:10% Cé* [11]. For K;LaCl;:10% Cé*, the
N~ im1 photon response gradually increases by 15%—20% between

6 and 20 keV. For energies larger than 30 keV the photon
The MCNPA4C code [18] was used to sample to the primargsponse of KLaCl;:10% Cé+ levels, i.e., is flat within 5%.
electron spectrum, withV of the order of10° events. All Also for YAIO;:Ce a constant light yield response from 14 keV
interactions (Compton scatter and photoelectric absorption tor1.3 MeV was observed [19].
l1keV < E, < 1000 keV) for each simulated photon were The intensity of the calculated photon response at the K edge
recorded. Since each event is terminated by a photoelectsfc_a (38 keV) seems to depend critically on the behavior of
absorption, a cascade of X-rays and Auger electrons is athe electron response between electron energies 0.0 and 10 keV.
produced. The cascade sequence associated with the K, L, Hnie electron response levels at a relative light yield of 0.9 at
M shells of the lanthanum, and to a lesser degree chlorine, ws = 0 keV: (a) the calculated photon response decreases by
also simulated with MCNP4C. about 3% from 30 to 40 keV. However, if the electron response
levels at a relative light yield of 0.5 a&f. = 0 keV, (b) the
calculated photon response decreases by about 7% from 30 to
IV. RESULTS AND DISCUSSION 40 keV and, if the electron response monotonically decreases to
zero at electron energy. = 0 keV, (c) the calculated photon re-
The electron response of LaCl0% Cé+ is shown in Fig. 1. sponse decreases by about 12% from 30 to 40 keV. Apparently,
The relative light yield as function of electron energy increaséise contribution of (low energy) Auger electrons to the calcu-
from 7 to 30 keV by about 10%. Above 30 keV, the electron réated photon response is significant, especially near the K edge.
sponse levels, i.e., it is flat within 5%. Here, relative light yieldhis becomes clear if we compare the primary electron spectra
is defined as the light yield relative to that at 662 keV. Accuor y-ray energiest., of 30, 40, and 50 keV, shown in Fig. 3.
rate CCT measurements below 7 keV electron energy could Agiparently, at 40 keV (just above the K edge of La) electrons
be achieved due to interfering PMT thermal noise. The calcare produced with a relatively low energy, i.&, < 10 keV,
lated photon response based on (1) requires a knowledge ofwhesreas fory-ray energies of 30 and 50 keV, electrons are pro-
electron response at discrete energies ranging from the lowdisted with a relatively high energy, i.é7, > 10 keV.
energy Auger electron from the cascade sequence to the largestig. 4 shows the energy resolution as function of photon en-
photon energy (typically 1 MeV). Consequently, both low andrgy between 17.4 keV and 1.274 MeV. Also shown is the PMT
high-energy extrapolations of the measured electron respormesplution calculated from the number of photoelectrons, and
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IAA | | AIA/\
© I resolution is mainly due to the intrinsic resolution.
] What is the origin of this intrinsic resolution? Above
IA/\

/\ /\4/\ ] 200 keV, the curve of Nal(Tl) is characterized by a bell-shaped
, YA V. . /\ ] contour due to the contribution of multiple Compton scat-

0 10 20 30 40 50 tering to the full energy peak. For LagCe* we did not
Energy (keV) observe such a contribution, which is in agreement with the

o _ _ proportional photon response of Lagi0% Cé* between
(t;?;lg-keargr‘%ri’c)egeﬂg& spectra foy-ray energiesk, of (a) 30 keV: 4q keV and 1.274 MeV. Consequently, the contribution of
multiple Compton scattering and the contribution of the

nonproportional response of LaCl0% Cé*, R,,, to the
#Am “Cs intrinsic resolution are probably negligible. Nevertheless, the

507 | | ] scattering of electrons produced fyrays, commonly referred

Total ] to asé-rays, may result in an additional spreading of the energy
_' gch’;lr-lrlillator resolution. According to Iredale [22];rays of energy>1 keV
) add approximately 3.2% to the energy resolution of Nal(Tl)
10- 4 S A for 0.66 MeV electrons. For Lagl10% Ceé*, we found that

] "n ] on average, 10% of the total energy deposited by electrons
5] " ] is dissipated bys-rays with mean energy 1 keV. Since the
m = ; 1 contribution ofé-rays to the total energy resolution may vary
—_— with electron energy [22], we expect thd@ls significantly
contributes to the intrinsic resolution.

A larger Rs for £, < 662 keV may also be due to an in-
crease inR;,;,. For a 662-keV photon, the absorption length in
LaCl;:10% Cét is 3.4 cm. For this energy, therays are uni-
formly absorbed in the crystal. For lower energies, the absorp-
tion length is considerably shorter: at 60 keV, 0.49 mm, and at
17.4 keV, 0.084 mm. These low energy photons are only ab-
sorbed in the surface layer of the crystal. If the scintillation or
the scintillator resolution of the crystal. In principle, the energye light collection properties at the surface are somewhat dif-
resolution AE/E, of a scintillator detector can be written as ferent from the bulk, it will result in a larger dispersion of the
energy resolution ang;,,;, increases.

Finally, variations inR, are expected to make only a small

whereR; is the contribution ob-rays to the energy resolution,ContrIbUtlon to the obser_vgd energy resolution. In this paper it
Péas been assumed that it is not dependent on energy.

R, the contribution of the nonproportional response of th
scintillator, Ry, is connected with inhomogeneities in the
crystal, which can cause local fluctuations in the scintillation V. CONCLUSION

light output, R, the transfer resolution anit,; the contribu- ) ]
tion of the PMT to the resolution. The combined effects of A Proportional response to electron andays is observed

R, Rup, Rinn, and R, are usually referred to as scintillator’®' @ canned LaGt10% Cé™ crystal in the energy region be-
reéolutiénRS and is defined by tween 7 and 440 keV and 40 keV and 1.274 MeV, respectively.

The electron response determines to a large extent the shape of
+ RZ_ (3) the photon response. Of crucial importance is the shape of the
electron response &, < 10 keV: the number of Auger elec-
For an ideal scintillator, the fouRs, R,p, Rinn, and R, reso- trons produced in that region determines the magnitude of the
lutions vanish andAE/E = R,;. With the R1791 PMT, an relative photon light yield just above the K edge (of lanthanum).
energy resolutior of 4.2+ 0.5% (FWHM over peak position) The energy resolution of this crystal is worse than expected,
for the 662 keV full absorption peak has been observed. due to surface effects andray energy fluctuations. A better
In an earlier paper [20], we reported an energy resolution ehcasement of the crystal might improve the energy resolution
3.3 + 0.3% for a LaCk:10% Ceé™ crystal of sizep8 mm x  at E, < 100 keV.

5 mm. This energy resolution is significantly better than the en-
(@ - ergy resolution reported in this paper. Interestingly, both crystals

] exhibit a linear relationship between resolution and the inverse
] square root of the energy. The step like curves of Nal(TI) with a
P semi plateau in the energy range between 100 and 500 keV [21]
b have not been observed for La@le*t. Since the photoelec-

] tron yields are relatively large for the La@QCe*+ crystals, the

] contribution of R, to the total resolution is small, especially
. at energies above 200 keV. Consequently, the observed energy
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Fig. 4. Energy resolution as function of photon energy of Lat% Cé+.
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