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ABSTRACT 
 

The limitation of energy resolution of scintillation detectors are discussed with a special 
emphasis on non-proportionality response of scintillators to gamma rays and electrons, which is 
of crucial importance to an intrinsic energy resolution of the crystals. Examples of the study 
carried out with different crystals and particularly those of tests of undoped NaI and CsI at liquid 
nitrogen temperature with the light readout by avalanche photodiodes are presented suggesting 
strongly that the non-proportionality of the halide crystals are not their intrinsic property. 
Moreover, the influence of slow components of the light pulses on energy resolution and non-
proportionality are discussed.  
 
INTRODUCTION 
 

A γ-ray spectrometry with scintillation detectors belongs to the most important methods in 
the research and different applications of nuclear science. It covers, for example, a basic study of 
nuclear physics, environmental study, nuclear medicine and recently homeland security 
equipment. A great importance of scintillation detectors is associated with their high detection 
efficiency for nuclear radiation, capability to measure energy spectra, the possibility to work 
with a very high counting rate up to 107 counts/s and achievable best time resolution in 
coincidence or time-of-flight experiments. Capability to detect a wide assortment of radiations 
including γ and X-rays, charged particles and neutrons, the great variety in size and constitution 
of scintillators make them as the best choice in different applications [1].  

For the γ-ray spectrometry the following properties of scintillation materials are essential [2]: 

• A high density of the material and a high atomic number of the major element assuring high 
detection efficiency of γ-rays and a high photofraction,  

• A high light output responsible for the high statistical accuracy of delivered signal, 

• A fast decay time of the light pulse reflecting decay time of fluorescence components of the 
crystal, and allowing for a high counting rate measurements, 

• A low contribution of the scintillator to the measured energy resolution associated mainly 
with its non-proportionality characteristics. 

Three first properties are straightforward, as they are described by the basic properties of a 
scintillator. Energy resolution achievable with different crystals is the most mysterious. It is a 
function of the light output but it is also affected by internal properties of scintillator.  

A good energy resolution is of the great importance for most of applications of scintillation 
detectors. Thus, its limitations are discussed below with a special emphasis on non-proportional 
response of scintillators to gamma rays and electrons, as it is of crucial importance to an intrinsic 
energy resolution of the crystals. An important influence of the scattering of secondary electrons 
(δ-rays) on intrinsic resolution is pointed out. Examples of the study carried out with different 
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crystals, particularly those most important for γ-spectrometry are presented. The study of 
undoped NaI and CsI at liquid nitrogen temperature with the light readout by avalanche 
photodiodes suggests strongly that the non-proportionality of many crystals are not their intrinsic 
property and may be improved by a selective co-doping. Moreover, the influence of slow 
components of the light pulses on energy resolution and non-proportionality are discussed. 

 
OUTLINE OF THE PROBLEM 
 

The detection process of γ-rays in a scintillation detector can be described by a chain of 
subsequent processes, which introduce uncertainty in the measured energy, as a result of γ-rays 
absorbed in the detector. These processes can be identified as: 1) γ-ray absorption and light 
generation in the crystal, 2) light collection at the photocathode, 3) photoelectron production at 
the photocathode, 4) photoelectron collection at the first dynode and 5) multiplication by the 
PMT dynodes [2-4].  

The energy resolution, ∆E/E, of the full energy peak measured with a scintillator coupled to a 
photomultiplier can be written as: 

 
(∆E/E)2 = (δsc)

2 + (δp)
2 + (δst)

2         (1) 
 

where δsc is the intrinsic resolution of the crystal, δp is the transfer resolution and δst is the PMT 
contribution to the resolution.  

The statistical uncertainty of the signal from the PMT, corresponding to processes 3 � 5, can 
be described, as: 

 
δst = 2.35 × 1/N1/2 × (1 + ε)1/2        (2) 
 

where N is the number of photoelectrons and ε is the variance of the electron multiplier gain, 
typically 0.1-0.2 for modern PMTs [5].  

The PMT contribution can be determined experimentally based on the measured number of 
photoelectrons and it depends on the light output of the crystal being studied, quantum efficiency 
of the photocathode and efficiency of photoelectron collection at the first dynode. 

The transfer component (processes 2 � 3) is described by the variance associated with the 
probability that a photon from the scintillator results in the arrival of photoelectron at the first 
dynode and then is fully multiplied by the PMT. The transfer component depends on the quality 
of the optical coupling of the crystal and PMT, homogeneity of the quantum efficiency of the 
photocathode and efficiency of photoelectron collection at the first dynode. In the modern 
scintillation detectors the transfer component is negligible compared to the other components of 
the energy resolution [6].   

The intrinsic resolution of the crystal (process 1) is connected mainly with the non-
proportional response of the scintillator [4-25]. However, the experimentally determined intrinsic 
resolution is affected also by many effects such as inhomogeneities in the scintillator causing 
local variations in the light output and non-uniform reflectivity of the reflecting cover of the 
crystal. To discuss influence of the non-proportionality, one has to consider process of γ-ray 
absorption in the crystal.  

A full-energy peak after gamma energy absorption results from electrons produced in the 
photoelectric absorption followed by emission and subsequent absorption of a cascade of X-rays 



and Auger electrons, and electrons generated by Compton scattering and terminated by 
photoelectric absorption. In the end the amount of light produced corresponding to the full 
energy deposition in the crystal of γ-quanta consists of contributions due to numerous secondary 
electrons that have a variety of energies. In the low energy region and in small volume crystals, 
photoelectric absorption dominates and the spread in the amount of light is due to different 
contributions from the X-ray and Auger electron cascade. At high energies, mainly in large 
volume crystals, Compton scattering is largely responsible for secondary electrons of different 
energies.  

Another source of spread in the total light produced occurs when a given electron does not 
lose its energy in a unique manner in the crystal but produces further energetic electrons, known 
as δ-rays. In the low energy region, numerous low energy electrons, typically with energy below 
10 keV [8] will affect energy resolution. In the high energy region scattered electrons have a 
higher energy and may more significantly influence the spread in the total light produced.  

Several observations collected in the last 10 years on the influence of slow components of the 
light pulses on energy resolution suggest even more complex processes in the scintillators. This 
was done with CsI(Tl) [23,26], ZnSe(Te) [27], undoped NaI at liquid nitrogen temperature [28] 
and finally for NaI(Tl) at temperatures reduced below 0 °C [29]. A common conclusion of these 
observations is the fact that, in the case of scintillators showing two components of the light 
pulse decay, the highest energy resolution, and particularly the lowest contribution of the 
intrinsic resolution is obtainable when the spectrometry equipment integrates the whole 
scintillation light. 

Although the intrinsic resolution of the scintillators appears to be mainly correlated with the 
non-proportional light response, some of the crystals, like LSO for example, seem to show a 
particularly poor energy resolution exceeding that expected from the non-proportionality [30]. In 
the study [30], a correlation of the non-proportionality and the intrinsic resolution of LSO 
crystals with their thermoluminescence integrated intensity and then with their afterglow were 
explored for the first time. In the recent study, the observed correlation of the intrinsic energy 
resolution of the LGSO crystals and the intensity of their afterglow suggests that the energy 
resolution of scintillation detectors may be affected also by a strong afterglow of the crystals 
[31,32]. 
 
STUDY OF ENERGY RESOLUTION AND NON-PROPORTIONALITY 
 

One primary motivation and goal for a development of new scintillators is identifying a 
scintillator with the superior energy resolution. Consequently, it is important to understand the 
origins and relative contributions of the different energy resolution components. The studies 
were started already in fifties and a large number of papers were published to the end of sixties 
years discussing various aspects of the measured energy resolution, particularly for NaI(Tl) 
crystals [7-11,33-35]. The statistical contribution related to the light output and the photocathode 
sensitivity, influence of inhomogeneities of the light collected from various parts of the crystal 
and that of the variation of the photocathode quantum efficiency were discussed. But the major 
attention was paid to the influence of the non-proportional response of NaI(Tl). Prescott and 
Narayan [10-11] verified these mechanisms as the source of the intrinsic resolution. 

Growing interest in the development of new scintillating detectors in the last decade has 
prompted efforts focused on developing a better understanding of the limitation of achievable 
energy resolution. Numerous studies have characterized the non-proportional response of new 



Ce-doped scintillators [5,12-23]. It shows in general, a reduced light output at low energies. 
Dorenbos et al. [5,11] have discussed the effect of scintillator non-proportionality on the 
measured energy resolution in the light of new experimental data. Moszyński�s group [2-4,6,19-
25] have studied the non-proportionality and intrinsic resolution of numerous crystals using 
photomultipliers and avalanche photodiodes (APD). 

Development of the Compton Coincidence Technique by Valentine and Rooney allowed a 
more accurate characterization of the electron response for a number of scintillators [13,18-24]. 
For the first time the true response for electrons was measured using a method not affected by 
the surface effects in scintillators. It confirms finally the non-proportional response of 
scintillators questioned by different experimenters [36].  
 

 

Figure 1. The relative scintillation response per unit energy deposited for fast electrons plotted as 
a function of energy for alkali halides (left figure) and non-alkali halides (right figure) crystals. 
The curves are normalized to unity at 445 keV. Note an excellent proportionality of YAP crystal. 
(Courtesy of W. Mengesha et al. [17]) 

 
 

Figure 2. Energy spectrum of 661.6 keV γ-rays from a 137Cs source measured with the YAP 
crystal, following [19]. 
 



Fig. 1 presents electron response of alkali halide crystals compared to that measured with 
non-alkali halides [17]. Instead of the light yield excess at low energies observed with alkali 
halide crystals a large reduction of the light yield was found in the second group of crystals. Only 
YAP is exceptional in that respect exhibiting nearly proportional response of the light yield.  

Kapusta et al. [19] have shown that the proportional response of YAP results in a very good 
energy resolution of 4.38±0.11% for 662 keV γ-rays and also in the lowest observed intrinsic 
resolution of 1.3±0.5%, see Fig. 2. This was an important experimental fact showing clearly that 
the intrinsic resolution of scintillators is strongly correlated with the non-proportional response. 
It confirmed also a very small contribution of the transfer resolution component, included, in 
fact, to the determined intrinsic resolution of YAP crystal. 

However, a Monte Carlo simulation of a contribution of the non-proportionality component 
to the intrinsic resolution, originating from the stopping process of γ-rays in NaI(Tl) and LSO 
crystals, done by Valentine et al. [18],  could not explain the experimentally determined intrinsic 
resolution. It suggested that a contribution of a secondary electrons (δ-rays) to the intrinsic 
resolution is more important than estimated previously. Indeed, in the most recent papers [6,24-
25], the importance of secondary electron scattering in γ-ray detection process on intrinsic 
resolution was pointed out. 

In Ref. [6], the light output and energy resolution for the 10 mm in diameter and 10 mm high, 
and 75 mm in diameter and 75 mm high NaI(Tl) crystals were measured for γ-ray energies 
ranging from 16 keV to 1333 keV. These measurements enabled the observation of the light 
yield non-proportionality behavior and allowed the determination of the intrinsic resolution after 
correcting for the measured resolution for photomultiplier tube (PMT) statistics. The intrinsic 
resolution was then compared with the non-proportionality component calculated according to 
model of Ref. [18]. This comparison allowed the identification of the intrinsic resolution 
component associated with δ-rays, see Fig. 3. Consequently, it was shown that the δ-ray 
component is the most dominant component of the NaI(Tl) intrinsic resolution. 
 

 

Figure 3. A δ-rays component determined for two NaI(Tl) crystals of different dimensions, 
following [6]. 



In Ref. [25], measurements carried out with small BGO crystals (∅9 mm × 5 mm) at LN2 
temperatures showed escape peaks distinct from photopeaks due to a good energy resolution of 
BGO and the energy of bismuth KX-rays of about 76 keV. Thus, a new idea, which appeared, 
was to analyze the escape peaks jointly with the full-energy peaks and compare their light 
outputs and energy resolutions. 

Fig. 4 presents the example of the escape peak analysis of 320.1 keV γ-rays from a 51Cr 
source [25]. The light yield and energy resolution of the main component of the escape peaks fit 
very well to those of the full energy peaks. Finally, the analysis of the energy resolution of the 
escape peaks in the energy range of 122 keV to 835 keV showed the good agreement between 
the intrinsic resolutions evaluated from the escape peaks in relation to the full energy peaks. This 
infers that the X-ray cascade, generated in the absorption process of γ-rays in scintillator, weakly 
affects the measured intrinsic resolution. This study seems to confirm finally that the scattering 
of electrons (δ-rays) is the most dominant component of the intrinsic resolution, as was 
concluded in a previous study [6].  

 
 
Figure 4. The energy spectrum of 320 keV γ-rays from a 51Cr source. In the inset the fitting result 
of the escape peak is shown, following [25]. 
 

All the studies presented above seem to confirm that the intrinsic resolution of scintillators 
originating from the non-proportional response of the crystals is the fundamental limitation of 
obtainable energy resolution. It acts due to the absorption process of γ-rays and due to the 
scattering of electrons (δ-rays). But what is origin of the non-proportionality? 

According to Murray and Meyer [28], the non-proportional response of the crystal to 
electrons was attributed to the fact that the probability of formation of an electron-hole pair 
depends on the specific energy loss, dE/dX, of the incident particle in the scintillator. The study 
carried out by Balcerzyk et al. [20-21] showed that the non-proportionality and the intrinsic 
resolution seem to depend on a structure of the crystals. The study of electron response of 
NaI(Tl), CsI(Tl) and CsI(Na) done by Mengesha et al. [17] leads to the same conclusion; the 
curves are similar in shape but different in magnitude (see Fig. 2). P.A. Rodnyi in his recent 
book �Physical processes in inorganic scintillators� has concluded that: �The non-proportionality 
of scintillator response is an intrinsic property of the (host) crystal and therefore cannot be 
improved substantially� [37]. This conclusion was supported by a good reproducibility of the 



measured non-proportionality characteristics for the crystals from different batches or 
manufacturers.  

The study of the non-proportionality and intrinsic resolution of undoped oxide crystals as 
BGO, CWO and CaWO4, carried out at both room and LN2 temperatures, seems to confirm that 
in all cases the non-proportionality is a fundamental characteristic of undoped scintillator 
materials [25,38-39]. Fig. 5 presents the non-proportionality characteristic and the intrinsic 
resolution of a small BGO crystal measured at both room and LN2 temperatures and. Note 
common curves independent of temperature. The points corresponding to the escape peaks fit 
very well to the curves. 
 

 
 

Figure 5. The non-proportionality characteristic and the intrinsic resolution of BGO crystal 
determined at both room and LN2 temperatures. The points corresponding to the escape peaks, 
represented by the triangles, fit well within the curves, following [25]. 
 

In contrast, the recent studies of undoped NaI and CsI crystals at LN2 temperature, using light 
readout by avalanche photodiodes, showed different non-proportionality curves for various 
tested samples, correlated with their purity [40-43].  

 

 
 

Figure 6. The non-proportionality curves of studied NaI crystals at LN2 temperature in 
comparison to the curve measured for NaI(Tl) coupled to the XP2020Q photomultiplier, 
following [42]. 



Fig. 6 presents the non-proportionality curves of different samples of undoped NaI crystals, 
as measured at LN2 temperature, in comparison to those of NaI(Tl) crystal at room temperature 
[41-42]. It is worth to note various curves for the different samples of the crystals correlated with 
the purity of the crystals, which was also reflected in the different emission spectra, see [42]. 

It suggests the question, is it possible to modify halide crystals, such as NaI(Tl) or CsI(Tl), to 
obtain a better non-proportionality and consequently, a better energy resolution? 

 

 
 
Figure 7. The measured energy resolution, statistical contribution, and calculated intrinsic energy 
resolution of NaI for 662 keV γ-peak versus amplifier peaking time at liquid nitrogen 
temperature. Also shown the yield of primary e-h pairs (upper panel). Following [41]. 
 

Several observations collected in the last 10 years on the influence of slow components of the 
light pulses on energy resolution suggest even more complex processes in the scintillators [32]. 
This was the most pronounced in case of one undoped NaI crystal. Fig. 7 presents dependence of 
the measured energy resolution, the statistical contribution and the calculated intrinsic resolution 
of NaI on the amplifier peaking time. The corrections for the statistical contribution of the 
number of e-h pairs on the peaking time were introduced using data presented in upper part of 
Fig. 7. 

These results suggest that the observed performance is strongly related to the intrinsic 
resolution created in the tested NaI. A presence of the slow component, with the total intensity of 
about 20% up to 50 µs peaking time, is clearly seen in the upper panel of Fig. 7. However, its 
contribution weakly affects the statistical error of the energy resolution, see lower panel of Fig. 
7. Note that the main component of the light pulse has the decay time constant below 100 ns 
[41]. Thus, the measured energy resolution is affected mainly by the intrinsic resolution. A 



similar effects were observed for CsI(Tl), ZnSe(Te) and NaI(Tl) at reduced temperatures below 
0 °C.  

Summarizing, all above discussed results suggest strongly that there is a correlation between 
energy resolution and non-proportionality measured at short and long shaping time constants. It 
is the most pronounced in the case of undoped NaI, which showed a dramatic improvement of 
both quantities due to the integration of the whole light. In the case of CsI(Tl), as well as NaI(Tl) 
at reduced temperatures, a weak amelioration of the non-proportionality observed at long 
shaping is reflected in a quite significant improvement of the intrinsic resolution for high energy 
gamma rays. It reflects importance of the non-proportionality of scintillator response on the 
contribution of the scintillator to its energy resolution.  

The origin of the effect is not clear yet. It can be associated with a larger density of ionization 
for low energy secondary electrons, which may change the ratio of intensities of the fast to slow 
components of the light pulses. It follows well known faster decay time of light pulses for alpha 
particles in CsI(Tl), confirmed recently also for low-energy X-rays. A larger intensity of the fast 
component of the light pulses for 5.9 keV and 16.6 keV KX-rays than that measured for 662 keV 
γ-rays is reported in [44].  

 
 
Figure 8. The intensity of the afterglow (a), the photoelectron number (b), and the intrinsic 
energy resolution (c), versus Ce doping of the LGSO crystals. Following [31]. 



Although the intrinsic resolution of the scintillators appears to be mainly correlated with the 
non-proportional light response, some of the crystals, like LSO for example, seem to show a poor 
energy resolution exceeding that expected from the non-proportionality [30]. Particularly, 
recently tested several samples of LGSO crystal showed different contribution of the intrinsic 
resolution in spite of common non-proportionality characteristics [31]. The observed correlation 
of the intrinsic energy resolution of the LGSO crystals and the intensity of their afterglow 
suggests that the energy resolution of scintillation detectors may be affected also by a strong 
afterglow of the crystals [31]. 

 Fig. 8a shows the intensity of the afterglow versus doping of Ce in the studied LGSO 
crystals, while Figs 8b and 8c present corresponding photoelectron numbers and the intrinsic 
resolution.  

A particularly interesting is correlation of the intrinsic energy resolution of the crystals with 
their afterglow. It could be related to the discussed above improvement of the energy resolution 
in the crystals, exhibiting two components of the light pulse decay. The difference would 
correspond only to the time scale of the effects, the afterglow of LGSO is in the second or hour�s 
range, while the slow components discussed above are in the microsecond range. However, the 
observed effect seems to be different, as it does not affect the non-proportionality response of the 
crystals. 

Recently invented LaCl3 [45] and LaBr3 [46] scintillators, characterizing by a high energy 
resolution, are of the great importance for gamma spectrometry. A very high energy resolution of 
about 2.7% for 662 keV gamma rays from a 137Cs source, as measured with commercially 
available LaBr3 crystals, is superior over all scintillation detectors. 

 

 
 
Figure 9. Non-proportionality of the light yield and intrinsic resolution of LaBr3 and NaI(Tl).  
 

An excellent energy resolution of LaBr3 is due to its high light output and a good non-
proportionality response of the crystal, shown in Fig. 9a, in comparison to NaI(Tl). It assures a 
low contribution of the intrinsic resolution to the measured energy resolution, dramatically lower 
than that of NaI(Tl), as shown in Fig. 9b.  



DISCUSSION AND CONCLUSIONS 

In spite of large efforts done by many groups, the non-proportionality of the light yield and 
the intrinsic resolution of the scintillation crystals remain far from being completely understood. 
The collected numerous observations concerning non-proportionality and intrinsic resolution of 
scintillators can be summarized, as follow: 
• The non-proportionality is the fundamental limitation of energy resolution. It acts by 

numerous secondary γ and X-ray quanta, as well as, by a scattering of secondary electrons (δ-
rays) in the absorption process of γ-rays in the crystal. The last process seems to be 
dominating in creation of the intrinsic resolution. It is confirmed by a high energy resolution 
of YAP, LaCl3 and LaBr3, which show a low non-proportionality of the light output in a large 
range of γ-ray energy. 

• The non-proportionality of the undoped oxide crystals as BGO, CWO and CaWO4 seems to 
be a fundamental characteristic of scintillator material. 

• Study of pure undoped halide crystals, as NaI and CsI, suggests that their non-proportionality 
and intrinsic resolution characteristics are altered by accidental doping by impurities. This 
observation suggests that a selective co-doping of crystals may improve the non-
proportionality and the intrinsic resolution. 

• The observed correlation between the energy resolution and non-proportionality measured at 
short and long shaping time constants and finally expected influence of afterglow on energy 
resolution suggest even more complex processes in the scintillators [32]. 
Recently, Dorenbos [48] proposed to analyze non-proportionality in terms of two processes. 

The first one is related to the non-proportionality of the host material, while the second process is 
associated with the transport of the energy to the activator. Both processes are in fact correlated 
with the ionization density, as it was postulated by Murray and Meyer [35].  

This approach seems to be confirmed by the recent experimental studies. The non-
proportionality of the undoped oxide crystals, as BGO [25] and CWO [38], represents the 
fundamental properties of the scintillator materials. In case of doped crystals, one observes 
variation of the non-proportionality characteristic depending on doping agents, particularly for 
halide crystals [42-43]. Moreover, the pure, undoped halide crystals, as NaI [42] and CsI [43], 
are very sensitive to the impurities, which affect the non-proportionality curves [42-43]. It 
suggests that a selective co-doping of scintillators may improve the non-proportionality and their 
energy resolution [43]. No doubt that further studies are necessary. 
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