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A B S T R A C T

One of the factors that can contribute to the resolution of long, doped inorganic scintillators used for nuclear
spectroscopy is the variation of the dopant concentration over the length the detector crystal. In this work an
investigation of such potential variations in one of the CsI(Tl) scintillators used in the calorimeter, CALIFA,
of the R3B experiment at FAIR, has been performed using particle induced X-ray emission. No statistically
significant gradient in doping level was found along the long axis of the investigated sample crystal and the
mean value of the Tl concentration was measured to be 0.0839(38)% by weight. This corresponds to a light
output of 97.3+1.3−1.7% relative to the maximum attainable light output according to previously published work.
By taking the ±1𝜎 bounds, the 3% statistical spread in the relative light output provides a good reference value
of the minimum light-output non-uniformity observed for the CALIFA crystals. If the relative light output is
estimated pointwise from a set of Tl concentration measurements a light-output non-uniformity of 4.6(2.4)%
results. For a 𝛾-ray energy of 662 keV the deduced variation in Tl concentration contributes with 0.48(6)% to
the typical resolution of 7.74(6)% measured with a collimated source along the crystal main axis. The result
is of interest for the characterization of the detector system performance and for realistic simulations of the
light collection process in detector systems that are used for nuclear spectroscopy and calorimetry.

1. Introduction

1.1. Purpose of the study

In order to properly characterize the performance of a multidetector
system that uses scintillation as detection mechanism for spectroscopic
measurements, several different effects need to be considered. Specif-
ically, for a case where long frustum-shaped detector elements are
used, light collection from different parts of the detector volume will
be influenced both by absorption of the scintillation light, and by its
reflection at the boundaries of the detector volume [1,2]. This problem
becomes particularly interesting for a case where high-energy 𝛾-rays
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and charged particles from a nuclear reaction are to be detected using
the same detector system since measurement of the energy carried by
one photon or charged particle often requires summing of signals from
several detector elements. If significant non-uniformity in light output
exists between the different parts of the detector volume it will translate
into a loss of overall resolution.

We, as well as other authors, have addressed light absorption and
reflective properties for detectors built on scintillator elements in previ-
ous work [1–4] and also discussed how one can minimize its influence
on the detector response. However, one effect where more detailed
information would be beneficial, e.g. for detector simulations, is the
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influence of doping concentration variations on light output and its
variation, and on resolution.

In this work we address this issue by performing a PIXE mea-
surement on a CsI(Tl) crystal of the CALIFA calorimeter of the R3B
experiment at FAIR. In the following we give a short physics motivation
for the construction of the R3B experiment and the design chosen for
the elements of the CALIFA calorimeter. We then discuss the effects
this design has on scintillation light collection. This is followed by a
description of the procedure used for the PIXE measurement, and a
discussion of the analysis of the data and the conclusions that can be
drawn from the measurement.

1.2. General detector considerations for experiments with high-energy ra-
dioactive beams

The investigation of exotic nuclear systems far from stability using
radioactive ion beams is a key topic in current experimental nuclear
physics. Several new facilities exist or are under construction world-
wide for experiments in this field [5–11]. The drive towards the most
exotic nuclear systems typically takes place at fragmentation facilities,
where a heavy-ion beam at relativistic velocity is fragmented by a light
target and the in-flight separated products are let to impinge on a
secondary target where the nuclear reaction of interest takes place. This
technique does not only facilitate the production of very short-lived
atomic nuclei but also makes it possible to transport the exotic beam
in very short time to the experimental stations and therefore minimizes
decay loss before the exotic isotope under study reaches the detector
system.

Radioactive beams produced in this manner can be of quite low
intensity. However, the high energy of the beams produced with this
technique provides advantages, e.g. better utilization of the beam, as
a thick secondary reaction target can be used. The high energy also
leads to a set of specific requirements for calorimeter-like detectors
that surround the secondary target position. One requirement for such
a setup is the ability to detect the reaction products and to perform 𝛾-
ray spectroscopy simultaneously. A solution to this challenge is to use
a detector with high granularity and elongated detector modules that
possess a high stopping power. The high granularity allows reconstruc-
tion of the energy of Lorentz-boosted 𝛾-rays emitted in-flight, while the
high-𝑍 dense material is effective for stopping the reaction products
and to increase the cross section for 𝛾-ray detection.

2. Light collection in CALIFA detector modules

2.1. The CALIFA design in brief

The current work concerns the performance of detector elements
of the CALorimeter for In-Flight detection of 𝛾-rays and light charged
pArticles (CALIFA) [12], of the Reactions with Relativistic Radioactive
Beams (R3B) [13] experiment at the Facility for Antiproton and Ion
Research (FAIR) [5]. CsI(Tl) was chosen as the dominant sensitive
material for the calorimeter as it is only weakly hygroscopic [14] and
has good stopping power and scintillation properties. Applying the
requirements mentioned above to R3B [15] results in a calorimeter
design with thin elongated frustum shapes of the detector elements and
crystal lengths from 17 up to 22 cm. The good hygroscopic properties
of CsI(Tl) also reduce the amount of casing material otherwise needed
in the setup, and thus lead to higher detector efficiency as well as better
efficacy for the energy add-back procedures [2] employed in high-
granularity 𝛾-ray spectrometers. In CALIFA each CsI(Tl) detector crystal
is coupled to an APD for scintillation light readout. Amplification and
data collection is performed via a custom-designed readout chain. For
more information about the detector design see e.g. Refs. [15–18].

2.2. Contributions to the resolution

One of the most important characteristics of a spectrometer is its en-
ergy resolution. The resolution is often separated into three terms [19,
20]:

(𝛥𝐸∕𝐸)2 = 𝛿2sc + 𝛿2st + 𝛿2tr, (1)

where 𝛿sc is the intrinsic resolution of a crystal material, 𝛿st is the
contribution from the statistical variation in the number of electrons
produced in the light sensor, and 𝛿tr is the variation in light collection
that arises from the light transport in the scintillator. We have inves-
tigated contributions to 𝛿2tr and 𝛿2st for the CALIFA detector elements
in a previous work [2], with a focus on variations in light collection
from different parts of the detector volume caused by the detector
geometry, and variations in gain of the APD as a function of temper-
ature. As discussed in that work the interplay of light absorption and
focussing, caused by the tapered shape of the crystals, gives rise to a
position dependent light-output curve for a polished crystal where more
scintillation photons are detected from scintillation events that occur
further away from the APD. This effect, known as the focussing effect,
can to some extent be reduced in order to improve the overall energy
resolution of the crystal. A common solution is either to lap the crystal
surface or to modify the reflector. Similar studies, as presented for
the current project in Ref. [2], where an Enhanced Specular Reflector
(ESR) is used, are also discussed in Refs. [1,3,4,21], including the use
of Teflon tape as reflector [1].

The 𝛿sc term relates to the level of doping for an inorganic scintilla-
tor. Doping introduces additional de-excitation centers in the crystal
lattice which modifies the light emission spectrum and the decay
constant of the scintillation flash. A detailed discussion of the effects
of Tl doping of CsI can e.g. be found in Ref. [22]. Previous studies
have established a relationship between Tl-doping concentration in CsI
and the intensity of the scintillation flash [23,24]. Variations in doping
concentration, and thus light output, over the crystal volume do not
only influence the statistical spread, but also affect the number of
photons collected from different parts of the detector volume, which
in turn is reflected in the signal amplitude. Such variations would
influence the resolution of the detector system in the same way as a
position-dependent light collection caused by the focussing and absorp-
tion effects, with the difference that it cannot easily be improved by
surface treatment.

3. Measurement procedure

3.1. Preparation of the sample crystal

The starting point for the Tl-concentration measurements was to
prepare a 17 cm CALIFA sample crystal with minimized light-output
non-uniformity, 𝛥LO, defined as:

𝛥LO =
𝐶max − 𝐶min

1
𝑁

∑𝑁
𝑖=1 𝐶𝑖

× 100%, (2)

where 𝐶max and 𝐶min are the maximum and minimum centroid values
of Gaussian fits of the photopeaks measured using a collimated 𝛾-source
in 𝑁 = 10 equidistant points over the length of the crystal. In order
to achieve this a polished crystal was lapped on the four lateral sides
to reduce the effect of focussing and absorption. The sample crystal
that was used for the Tl concentration measurements improved the
light output non-uniformity from 13.45(6)% to 1.59(5)% after this
procedure. The difference in performance before and after the surface
treatment is presented in the left panel of Fig. 1.

The improvement in light output non-uniformity also enhanced the
resolution from 13.26(4)% to 7.96(2)% at 662 keV for the same crystal.
This resolution, which is discussed further in Section 4, is extracted for
the sum peak measured at 662 keV using the collimated 137Cs source
in the 10 equidistant points along the main crystal axis. It should also
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Fig. 1. Left panel: the light output of a 17 cm long frustum shaped CsI(Tl) crystal of the CALIFA project, measured with a 10 msr collimated 137Cs 𝛾-source, as given by the
centroid of the photopeak. The red curve shows the result for a polished crystal, and the blue curve for the same crystal with lapping applied on the four lateral sides. The
non-uniformity of the light output changes from 13.45(6)% to 1.59(5)% (see text for definition). The left and right insets show summed photopeaks from 10 equidistant points
along the main axis of the crystal, measured with the collimated 137Cs 𝛾-source, together with fits of individual photopeaks for the lapped and polished surfaces, respectively.
The distance is measured from the photosensor. See also Fig. 2 for the crystal geometry and Ref. [2] for further details on the measurement procedure and different effects that
can influence the light-output non-uniformity. Right panel: Distribution of the light output non-uniformity measured, with a collimated 𝛾-source at 662 keV, for a sample of 478
CALIFA CsI(Tl) detectors. The average light output non-uniformity of the set was found to be 4.47(9)%, which corresponded to an average resolution of 5.23(3)% at 1275 keV.
One can notice a sharp drop in the distribution around ∼2−3%. For the definition of 𝛥LO see the text. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

Fig. 2. A sketch of the sample crystal (top) and setup (bottom) used to measure the Tl concentration over the crystal length at CMAM. A high-energy X-ray detector was used
to measure the Tl L- and Cs and I K-transitions and a low-energy X-ray detector was used to measure possible contaminants in the crystal. Ten equidistant points were measured
on both sides of the sample crystal with additional measurements in three 5 × 5 mm2 test areas at both ends and at the center of the crystal, respectively. This was done to
investigate possible fluctuations of the Tl concentration over short distances. The positioning of the crystal was performed by an XYZ-table equipped with stepping motors.
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Fig. 3. An example of an X-ray energy spectrum measured at CMAM. The red lines show fits of the identified transitions, used for determination of the Tl concentration. The
measured intensities were calibrated by using a reference crystal whose absolute concentration was measured at LIBAF. The low-energy part of the spectrum exhibits a combination
of I L3-M5, L1-M2 lines, and Cs L2-N4, L1-N3 lines that were not used in the analysis. (For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

be mentioned that the resolution at 1275 keV improved from 12.0(5)%
to 4.7(1)% when the crystal was irradiated with an uncollimated 22Na
source from the side. Further details of the measurements and the setup
are given in Ref. [2].

The distribution of light output non-uniformity measured for a set
of 478 crystals of the CALIFA geometry is shown in the right panel of
Fig. 1. The prepared sample crystal falls into the group of crystals with
comparatively small 𝛥LO ≲ 2−3%, where the residual non-uniformity
of the light collection could be influenced by variations in dopant
concentration over the crystal volume.

3.2. PIXE and Tl concentration

In order to quantify dopant-dependent variations in the intrinsic
resolution, given by the 𝛿2sc term in Eq. (1), over the crystal length, it
is necessary to find an independent way to determine the light output
that does not rely on the same technique used to measure any effects
caused by light focussing and absorption. For this reason we performed
a measurement of the Tl concentration and its variation in the sample
crystal using the Particle Induced X-ray Emission (PIXE) technique and
related the Tl concentration to light output using previously published
data [24].

A PIXE measurement of the Tl concentration in CsI(Tl) has been
performed earlier and is reported in Ref. [25]. The objective in that
work was to measure the dopant concentration in several different
CsI(Tl) samples with the aim to compare the result to nominal val-
ues from the respective manufacturers, and to investigate the relative

scintillation yield for 𝛼-particles and 𝛾-rays as a function of Tl con-
centration. The aim in this work is on the other hand to measure the
dopant concentration in different locations of the same crystal in order
to determine to what extent variations in dopant concentration could
influence the attainable resolution for a long frustum-shaped crystal.
This provides an independent method to measure dopant-induced light-
yield variations that otherwise are masked by the interplay of the
focussing and absorption effects in tapered crystals.

The measurements were performed in two stages. Firstly, absolute
values of the Tl concentration were determined for a reference crystal
at the Lund Ion Beam Analysis Facility (LIBAF) in Lund, Sweden.
Secondly, this reference crystal was also measured at the Centre for
Micro Analysis of Materials (CMAM) of the Autonomous University of
Madrid (UAM), Spain, and used to calibrate the measurement setup
there. The CMAM setup was then used to measure the relative change in
Tl concentration for the 17 cm long sample crystal whose light output
non-linearity, before and after lapping, is given in Fig. 1. The details of
these two measurements are given in the following.

3.3. Measurements at LIBAF

At LIBAF, a 2.57 MeV proton beam, with a diameter of 1 mm,
was used. The characteristic X-rays from the reference crystal were
detected with a 0.45 mm thick Si-drift detector with an area of 50 mm2,
covering a solid angle 40.8 msr. A 12.5 μm Be detector window, and a
combined Be, Mylar and Al filter with a pinhole opening, were used to
selectively suppress parts of the X-ray spectrum. The positioning of the
sample, whose long axis was oriented in the direction perpendicular
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to the beam, was provided by a set of stepping motors with precision
of 10 μm. Since the measurement was performed in vacuum, it was
necessary to coat the reference crystal with a thin carbon film to avoid
discharges that otherwise can be caused by the charge transferred to
the sample from the beam. The carbon coating does not influence the
possibility to measure the Tl, Cs and iodine X-rays. The Tl concentration
was measured, at 16.4 mm, and 163.6 mm from the end surface of
the reference crystal, to be 0.0668(23) and 0.0667(18)% by weight,
respectively. These data were used for absolute calibration of the data
gathered at CMAM.

3.4. Measurements at CMAM

The CMAM measurements were performed using a three-axis (𝑋−
𝑌 −𝑍) stepper motor stage in air using an extracted proton beam. The
CMAM proton beam, with an energy of 3 MeV, was directed onto the
sample at a distance of 4 mm from the beam port, providing a beam
spot of 200 μm in diameter. Two Si(Li) X-ray detectors were used to
measure the characteristic X-rays in two energy ranges: the low energy
X-ray detector for 1–10 keV, and the high energy X-ray detector from
4–40 keV. The high energy X-ray detector was used for identification
Tl L-lines and K-lines of Cs and I. The acceptance of the detector was
0.66 msr, and its thickness was 4.4 mm with a 12 μm thick Be window to
suppress the low energy part of the spectrum. The low energy detector
was used to identify possible contaminants in the scintillator material
(no optically significant contaminants were found). A precision of 10 μm
for positioning of the sample was provided by the stepping motor for
each degree of freedom. A sketch of the setup is presented in Fig. 2.

The relative Tl concentration was measured at 10 equidistant points
on both sides of the sample crystal, and at the two points of the
reference crystal that were measured at LIBAF. Also, for the test sample,
scans of three 5 × 5 mm2 areas were performed at both ends and the
center of the crystal to investigate possible local fluctuations in the Tl
concentration. A typical result from the measurement is given in Fig. 3.

4. Result and discussion

4.1. Tl concentration

The characteristic K- and L-lines in the measured X-ray spectra were
identified by their tabulated experimental values and the ratios of the
intensities of the Tl L-peaks to the sum of Tl L-peaks and Cs and I K-
peaks were used to obtain raw values for the Tl concentration. These
values were calibrated using the data from the reference crystal, that
was measured with the same setup, to extract absolute values. The
resulting concentrations and the distribution of Tl in the sample crystal
are given in Fig. 4. Calibration of these data was carried out using the
point furthest from the light sensor. However, due to the negliable dif-
ference, within statistical error, between the concentrations measured
in the two calibration points of the reference crystal, the choice of
calibration point is of no significance for the result discussed here. The
average values for the measurements on both lateral sides of the crystal
were also calculated and are displayed in the same figure (black line).

Within the precision of the measurements, no clear trend in doping
concentration was found neither along the main crystal axis nor be-
tween the two lateral sides. Small variations in dopant concentration
were observed however. The general spread of the concentration val-
ues, that largely are within one standard deviation of each other, was
reproduced by the area scans with higher statistics, which shows that a
small random variation in Tl distribution over the volume of the sample
cannot be excluded. It should be noted here that PIXE is a surface-
oriented method and that ∼90% of the Tl X-rays originate from a depth
of less than 10 mg/cm2 (∼22 μm) in the current case. An average
concentration was therefore extracted from the 20 measurements on
the two wide lateral sides of the crystal. It was determined in this way
that the concentration of Tl in the sample crystal is 0.0839(38)% by

weight, where the uncertainty is calculated as the standard deviation of
the Tl concentration from all the 20 measurement points. The deduced
concentration is well within the range requested from the manufacturer
of 0.06 – 0.12% by weight between crystals.

One should note that the measurement time was typically ca 600 s
for the point measurements and ca 1200 s for the scanned areas. An
improvement of the statistical error e.g. by one order of magnitude
would thus require significantly longer measurement times. It can
nonetheless provide further insights into detector performance if a
statistical analysis based on the acquired data is conducted to determine
the light output variations that can be expected from the concentration
measurements. We discuss this point below.

4.2. Relating Tl concentration to light output

We point to Ref. [23] for a general discussion of Tl dopant con-
centration in CsI(Tl) and scintillation light output, and to the data
published in Ref. [24] for the relation between relative light output
and Tl concentration that we use in the following analysis. The data
from Ref. [24] are given by the blue markers in Fig. 5, where a
histogram showing the distribution of Tl concentration values from our
measurements is given as an inset. The blue hatched region in the inset
indicates the ±1𝜎 band for the Tl concentration. We have fitted the
data given by the blue squares in Fig. 5, to extract an empirical relation
between the relative light output, LO, and the Tl concentration using
the following function:

LO = 𝑝0 +
𝑝1 exp

[

−(𝑝4 + 𝑝5𝐶Tl)
]

1 + exp
[

−(𝑝2 + 𝑝3𝐶Tl)
] , (3)

where 𝐶Tl is the Tl concentration in % by weight and 𝑝𝑖 are fit
parameters. The result of the fit is given by the red curve in Fig. 5.
The average measured Tl concentration from this work, 0.0839(38)%
by weight, is given by the vertical blue line in the same figure, where
the blue hatched area that surrounds it gives the statistical spread
in the same way as in the inset. By applying the light-output curve
to the extracted Tl concentration we conclude that the relative light
output is 97.3+1.3−1.7%, compared to the maximum attainable in the given
range of Tl concentration according to Ref. [24]. A straightforward
statistical measure of the light output non-uniformity that arises from
this distribution comes from using the ±1𝜎 endpoints to calculate 𝛥LO.
This estimate gives 𝛥LO = (97.3+1.3−(97.3−1.7))∕97.3 = 3.08% ∼ 3% in
the current case. The ±2𝜎 estimate for two independent measurement
points give a light-output non-uniformity of 6% in the same manner. An
alternative approach is to calculate 𝛥LO from the pointwise light output
variation presented by the upper two curves in Fig. 4. Approximating
the light output inside the crystal to be the average of the values
deduced for two left and right laterally opposing points using Eq. (2)
gives 𝛥LO = 4.6(2.4)%. This value reproduces the upper bound of the
source measurement discussed in Section 3 within 1.2𝜎. One can also
use this estimate to conclude that 𝛥LO ≤ 4.6% with 50% probability
and 𝛥LO ≤ 4.6 − 2.4 = 2.2% with only 16% probability if a normal
distribution is assumed. If we suppose that the same stochastic Tl-
concentration distribution can be generalized to all crystals in the right
panel of Fig. 1 then the same conclusion can be drawn for the full set.

It is also clear from Fig. 5 that an increased width of the Tl
distribution is mapped onto a wider range of relative light output
values. Consequently, a wider Tl distribution increases, on average, the
probability to find the two extreme light-output values that are used to
extract 𝛥LO in Eq. (2) further apart. In this way a larger width of the
Tl distribution results in a larger 𝛥LO value as e.g. plotted on the 𝑥-
axis in the right panel in Fig. 1. This means that a finite width of the Tl
distribution results in a minimum 𝛥LO value using the stochastic model
discussed here.
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Fig. 4. The Tl concentration in per cent by weight over the length of the CsI(Tl) sample crystal. The red and blue lines show the concentration measured at the respective sides
of the crystal, and the black line shows the average value (lower set of curves). The green squares indicate results of scans of 5 × 5 mm2 areas. The error in concentration for
the latter measurements is 0.0057% by weight. The two upper curves show the deduced variations in light output corresponding to the Tl concentrations measured for the two
sides based on the data given in Fig. 5. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 5. The dependence of relative light output of a CsI(Tl) crystal on Tl concentration (blue markers) adapted from Ref. [24] with fitted curve (red). The vertical blue line shows
the average value of the Tl concentration of 0.0839% by weight for all 20 measurement points in this study and the hatched area gives the 1𝜎 variation of 0.0038% by weight.
Taking this statistical variation in the Tl concentration into account gives a relative light output of 97.3+1.3−1.7% where the statistical variation is represented by the red hatched area.
The relative resolution (green dashed curve) results from applying the relation 1∕

√

LO on the light-output curve (in red). Similarly, the green hatched area provides the variation
in relative resolution that corresponds to the statistical spread in the Tl concentration given above. The inset shows the distribution of the Tl concentration of the 20 measurement
points and the corresponding ±1𝜎 band. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 6. The simulated sum photopeak from the Tl concentration distribution constructed from Gaussians of individual peaks. The relative light output was extracted with the
formula given by Eq. (3) and scaled to the average value of the photopeak centroid calculated from the set of photopeaks obtained at 10 equidistant points measured with a
collimated 137Cs 𝛾-source as shown in Fig. 1. The widths of the peaks were related to the light output assuming Poisson statistics. The resolution of the sum peak is 8.22(2)%
compared to 7.74(6)% for the average of the individual peaks. For further details see the text.

4.3. Influence on the resolution

The statistical variation in the Tl concentration can also be used
to estimate how the corresponding variation in light output influences
the measured resolution of the sum peak mentioned in Section 3. In
order to do so one should first observe that it is well established
that the detection process in a scintillation detector follows Poisson
statistics [21,26,27]. This means that for an event where 𝑁 scintillation
photons are created, and a fraction 𝑓 of those is detected, then the
signal amplitude will be proportional to 𝑓𝑁 , and thus to the light
output LO. Consequently, the position of the centroid of the corre-
sponding photopeak in the spectrum will be proportional to LO so that
any variation in the light output, 𝛥LO, would move the centroid to a
new position proportional to LO + 𝛿LO. Secondly, since the detection
process is governed by Poisson statistics the width of the photopeak
scales as

√

LO and the resolution as
√

LO∕LO = 1∕
√

LO. The green
curve in Fig. 5 is calculated from the fitted red curve for light output,
LO, versus Tl concentration, using this relation. One can note that a
Tl concentration of ∼0.1% by weight should give the best resolution
for a single photopeak, and that the ±1𝜎 band in Tl concentration
projects on a relative resolution between 0.993 and 1.01, where we
have normalized the relative resolution to one at a Tl concentration of
0.0839% per weight. A lower value of the relative resolution, given by
the green curve in Fig. 5, means improved resolution and vice versa.

Based on the two observations above one can use the measured Tl
concentration distribution to simulate the resolution of the sum peak
discussed in Section 3. To this end a set of 10 Tl concentration values
were drawn using the probability distribution given by the histogram in
the inset in Fig. 5. These Tl concentrations were then propagated using
the LO and 1∕

√

LO curves in the same figure to give centroids and
widths for 10 Gaussian peaks where the average width of 7.74% from
the measurement in Section 3, was set to correspond to the average Tl
concentration of 0.0839% per weight, i.e. to have a relative resolution

of one. This means e.g. that a photopeak with a resolution of 7.74%
would by scaling with

√

98.6∕95.6 be broadened to 7.86%, for a change
in the light output of 3%.

The set of peaks created in this manner (see Fig. 6) was used to
generate a sum spectrum on the same background as the measurement
shown in the inset of Fig. 1. Fitting a Gaussian to the sum peak
gives a resolution of 8.22(2)% compared to the average resolution
of the individual peaks of 7.74(6)%, thus resulting in a reduction in
resolution of 0.48(6)%. This can be compared to the corresponding
peak broadening observed in the measurements using side illumination
with the collimated 137Cs source, mentioned in Section 3 and discussed
in Ref. [2], where the resolution varies from 7.74(6)% to 7.96(2)% for
the summed peak, i.e. by 0.22(6)%. This value is somewhat smaller
than the value extracted from the variations in Tl concentration using
the method above, which can be understood from the statistics acquired
in the PIXE measurements, and from the fact the PIXE measurement
probes the surface of the crystal while the 𝛾-rays also probe the in-
ternal volume. Based on this result we conclude that variations in Tl
concentration in the CALIFA crystals can potentially be the cause of
the lower limit in light output non-uniformity for the detector modules
that can be seen in the right panel of Fig. 1, but that the effect has
limited influence on the resolution.

5. Summary and conclusion

The purpose of the current study has been to quantify variations
in doping concentration for a frustum-shaped sample detector, which
is at the lower end of the light-output non-uniformity distribution, at
a 𝛥LO ∼ 2−3%, that we have established in earlier in measurements
on a larger set of crystals (see the right panel of Fig. 1). The aim has
also been to see how such variations can influence the light-output non-
uniformity and resolution. The investigated sample exhibits relatively
small light output variations after lapping and has a measured 𝛥LO =

7
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1.59(5)%, as defined by Eq. (2), from source measurements. The result
of the 𝛥LO measurement is presented in the left panel of Fig. 1 and the
measurement procedure, using a collimated 137Cs source, is described
in Ref. [2].

The Tl concentration was measured along the main axis of the
detector crystal using the PIXE technique, with a typical penetration
depth here of ∼22 μm, in order to quantify variations in Tl concentration
with position. No clear trends or gradients of the dopant concentration
were observed, neither in the longitudinal nor the lateral directions. An
average concentration of 0.0839(38)% by weight was measured. This
value is well within the limits of the Tl concentration requested for the
detector system as a whole of 0.06 – 0.12%.

The influence of the observed statistical spread in the Tl concen-
tration on light output was deduced using an empirical relation fitted
to previously published data in Ref. [24]. Based on this relation it is
concluded that the observed Tl concentration corresponds to a light
output of 97.3+1.3−1.7%, with respect to the maximum attainable given in
that study. We have taken the ±1𝜎 statistical spread in light output,
≤3%, to estimate a typical light-output non-uniformity. For the specific
crystal the extracted light-output non-uniformity based on the point-
wise Tl-concentration measurements is 4.6(2.4)% which reproduces the
upper bound of the source measurement within 1.2𝜎. In addition, using
a simulation approach an upper limit of the broadening of the energy
resolution of 0.48(6)% was extracted for a set of 10 photopeaks whose
centroids and widths were extracted from the variations in light output.
This should be compared to 0.22(6)% from the corresponding measure-
ment discussed in Section 3 and the overall resolution of 7.74%. Taken
together the result suggests that variations in Tl concentration along
the crystal length can potentially be the cause of the lower limit on the
light output non-uniformity observed in measurements, but that this
contribution to the overall resolution is comparatively small.

Finally, there is at this stage no reason to believe that this effect
would be larger in other crystal samples made for CALIFA as the
manufacturing procedure is the same for all the crystals. Still further
work is planned concerning crystals with relatively large persistent
light-output non-uniformity after lapping. The conclusions and full
understanding of the performance will ultimately depend on systematic
simulations of the light scintillation, transport and collection processes,
for which a number of different parameters will have to be determined
empirically. A variation in dopant concentration is one such parameter
that has been quantified here. Others include surface properties and
absorption lengths for the crystals which we addressed in Ref. [2].
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