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A B S T R A C T   

The charge collection efficiency (CCE) in electronic grade, single crystal chemical vapor deposition (scCVD) 
diamond detector was studied using different ions of the MeV energy range from room temperature down to 47 
K. The measurements were performed by using the ion beam induced charge (IBIC) technique, with 0.8 MeV H+, 
3 MeV He2+, 5.6 MeV Li2+, and 12.8 MeV C4+ ion beams. The total accumulated charge as a function of tem-
perature was extracted from the measured pulse height spectra. A similar decreasing trend of the detector CCE 
with temperature was observed for all ion species. A plateau was observed from room temperature to 145 K 
followed by a sharp, step like, decrease in the temperature range of 65 K < T < 145 K. Below 65 K, the CCE 
reaches another plateau with small variations down to 47 K. The decrease in collected charge was observed in the 
same temperature window for each ion. However, the level of the CCE decrease varied. For He, Li and C, the CCE 
decreased to 24.7 ± 0.4 %, 23.6 ± 1.3 %, 25.9 ± 0.8 % respectively while 39.3 ± 0.8 % for H. The reduction of 
the CCE is in agreement with earlier reported results obtained by alpha particles which was associated with the 
changes in lifetime of excitons in diamond.   

1. Introduction 

Recent advancements in accelerator technology, in particular, sys-
tems operating at low temperatures and under high radiation fluences, 
require radiation sensors capable of operating reliably under such 
extreme conditions. Detectors based on single crystal diamond are one of 
the possible solutions that could meet these requirements. As a wide 
bandgap semiconductor (5.47 eV), with high mobility of charge carriers, 
diamond allows for a large bias potential to be applied with a very low 
leakage current, thus making it suitable for a high dynamic range 
operation from very low to very high rate measurements. Furthermore, 
due to its large atomic displacement energy (43 eV), it is intrinsically 
radiation hard [1,2] and therefore it can be placed close to the high 
intensity radiation sources found in accelerators. Due to these charac-
teristics and their compact size, scCVD diamond detectors are prime 
candidates for beam loss monitors (BLM) in large accelerator facilities 
such as the Large Hadron Collider (LHC) [3] and International Fusion 
Material Irradiation Facility (IFMIF) [4]. There, superconductive mag-
nets are located close to the beam axis introducing the additional 
requirement of BLMs to operate at cryogenic temperatures. 

Diamond detectors act as solid state ionization chambers where 

incident ionizing radiation creates e-h pairs which drift to the detector 
electrodes under the influence of an applied external electric field. The 
mobilities of the charge carriers depend on temperature and increases 
with decreasing temperature as acoustic phonon scattering decreases 
[5]. Additionally, the charge cloud created in the diamond varies in size 
and density depending on the energy and type of ionizing radiation 
being detected. These differences are in particular large for different 
ions, which are used in this work. The performance of the diamond 
detector at low temperatures has not been studied widely and in the case 
of ions it is limited to only a few published papers, most notability [6,7]. 
This information is crucial in order to use diamond detectors as BLMs, 
since in that case, the majority of secondary particles (e.g., alpha par-
ticles that are a primary product of neutrons) are light nuclei. Therefore, 
further study of the performance of diamond detectors at low temper-
atures is mandatory in order to fully understand its capabilities as a 
radiation detector in these conditions. 

The performance of a diamond as a detector can be quantified by 
determining its CCE, which is defined as the ratio of the amount of 
charge measured over the charge generated in the detector. Under ideal 
conditions, all charges generated by an impinging ion are measured as it 
drifts towards the electrodes. However, charge carriers can be trapped 
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and/or recombined before reaching the electrode resulting in a decrease 
in the CCE [8]. Any distortion to the periodicity of the diamond lattice or 
different impurities, influence the electronic and phononic transport 
properties of the material and possibly creates traps for the generated 
charge carriers. The charge carrier lifetime is inversely proportional to 
the trap density, carrier velocity and trapping cross-sections. The energy 
levels of these traps can be below the conduction band, stopping the 
charge carriers from drifting towards the detector electrodes. Further-
more, the charge carriers in the traps can recombine leading to a lower 
detector CCE [9]. Charge carriers can be promoted to the conduction 
band by phonons, however this detrapping time is exponentially pro-
portional to the lattice temperature. It ranges from ps at room temper-
ature and increases to μs at cryogenic temperatures [6]. 

The ion beam induced charge (IBIC) technique is a widespread tool 
for the characterization of charge transport in semiconductor materials 
[10]. It utilizes an ion beam of very low current (<fA) from an accel-
erator to induce charge carriers along the ion path in a detector volume. 
The performance of a detector can be evaluated by measuring the 
amount of induced charge acquired by the detector. Additionally, the 
ion beam can be scanned over the detector providing 2D information 
about the efficiency of the device under test. The IBIC technique is used 
in this work to evaluate the CCE of a diamond detector from room 
temperature down to cryogenic temperatures. 

2. Experimental 

2.1. Setup 

The scCVD diamond plate, used to produce a detector characterized 
in experiments presented here, was produced by Element Six Ltd. (E6) 
with an area of 4.7 × 4.7 mm2 and 300 μm thickness. The top and 
bottom of the crystal were metalized in the Diamond Sensors Laboratory 
of CEA-LIST, with 200 nm thick tungsten in a coplanar geometry and 
with an area of 3 × 3 mm2. I-V characterization of the final detector 
structure was performed using a Keithley 6487 Picometer/Voltage 
Source up to ±1.5 V/μm (±450 V). At 450 V, the leakage current was 
100 pA. The I-V measurement presented on the right of Fig. 1, confirms 
an almost ohmic contact on the detector. The small deviations to the 
ohmic behavior could be attributed to surface currents due to the 
absence of a guard ring. 

In order to study the behavior of the diamond detector at low tem-
peratures, it was mounted on an aluminum nitride ceramic printed 
circuit board and bonded to 70 μm copper electroless nickel immersion 
gold (ENIG) coated leads with silver paste. A Cernox CX-1070 temper-
ature sensor was mounted close to the diamond and the setup was 
enclosed in a copper casing containing a 5 mm diameter hole above the 
diamond to allow detector exposure to the ion beam (see Fig. 1). The 

detector assembly was mounted on the cold-head of a Leybold-Heraeus 
RPK400 cryopump along with a 25 ohm resistor for temperature regu-
lation. Both the cryogenic temperature sensor and the resistive heater 
were connected to the chamber feedthrough using a phosphor bronze 
(CuSnP alloy) single lead wire which is optimized for cryogenic appli-
cations. The detector was connected with a shielded cable which limited 
the lowest achievable temperature by the system due to thermal leaks. 
The whole setup was positioned in a small chamber mounted down-
stream of the ion microprobe chamber, with the detector being aligned 
with the axis of the microbeam. Prior and during all measurements, the 
temperature was monitored using a Lake Shore Cryogenics Model 211 
Temperature Monitor and the data was automatically stored every 10 s 
using a clock synchronized to the data acquisition (DAQ) system. 

The detector was connected to a diamond charge amplifier CSA1 
from CIVIDEC and the signal from the amplifier was further processed 
and logged by the in-house developed DAQ system [11]. With the 
aforementioned setup, and at room temperature, initial IBIC scans by 2 
MeV protons confirmed a homogeneous response along most of the 
detector surface and with an energy resolution of 31 keV. 

2.2. Measurements 

The main aim of the experiment was to measure detector response at 
low temperatures and to compare it between different ions. In order to 
minimize possible influence of different penetration depths, the energy 
of all four different ions planned to be used was adjusted in a way to 
probe the detector at exactly the same depth of 5.6 μm. Calculations 
were done using the Stopping and Range of Ions in Matter (SRIM) 
software [12]. The resulting ion energies used in the experiment are 
summarized in Table 1. 

As it can be seen from Table 1, although the range of all ions is the 
same, the number of created electron hole pairs is significantly different 
between them. An average energy for charge pair creation of 13.6 eV 
[13] was used to approximate the generated number of charge carriers 
for each ion. In this way we could explore if the ionization density will 
have some influence on the diamond CCE dependence on temperature, 
since it can be seen that the carbon beam produces 16 times more charge 

Fig. 1. Detector setup and detector IV measurement.  

Table 1 
Ions used in the experiment.  

Ion Energy [MeV] Longitudinal range [μm] e-h pairsa 

H+ 0.8 5.6 ± 0.2  60,377 
He2+ 3 5.6 ± 0.1  226,415 
Li2+ 5.6 5.6 ± 0.1  422,642 
C4+ 12.8 5.6 ± 0.1  966,038  

a Eeh = 13.6 eV [13]. 
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carriers in the approximately the same volume as the proton beam. 
Before the experiment, the linearity of the CIVIDEC amplifier and the 

DAQ system were confirmed with a test pulser. Also, before cooling 
down the detector, for each of the ion being used, the beam was focused 
and scanned over the detectors' surface at room temperature in order to 
select an appropriate region with homogeneous CCE. The typical size of 
the region of interest (ROI) selected for scans was of ~700 × 700 μm2, 
located between the detector edge and the top electrode wire bond, as 
can be seen from the IBIC map in Fig. 2. 

The same figure illustrates a problem we have also identified, and 
which is associated with creation of space charge within the scanned 
detector area. In the region that was previously irradiated, the CCE of 
the detector gradually decreases. A shift in the spectrum is observed 
when comparing the signal from the ROI after irradiation (top blue 
spectrum) and a pristine region (bottom purple spectrum) of the de-
tector. This phenomenon, known as polarization, is caused by trapped 

charge carriers creating an internal electric field which acts in the 
opposite direction to the external electric field created by the applied 
bias, effectively decreasing the electric field seen by charge carriers 
[14]. This phenomenon is not permanent and can be reversed however, 
it had to be considered in order to obtain reproducible results. 

Therefore, when the temperature stabilized within 0.1 K of each set 
point, the bias on the detector was turned off and the detector was 
irradiated for 2 min. The detector was irradiated without bias to mitigate 
polarization effects, as during irradiation induced charges recombine 
with the trapped charges accumulated during each measurement [14]. 
This depolarization procedure was repeated before every acquired 
measurement. With the detector depolarized, the bias was raised to the 
required voltage and the IBIC signal from the detector was acquired for 
about 1 min. The temperature was additionally recorded every 10 s 
during the measurement and synchronized with the signal from the 
detector. 

Fig. 2. ROI location and polarization effects. The 700 × 700 μm ROI used in the experiment is outlined by the top black square on the left of the figure. Polarization 
effect on the acquired spectrum can be observed on the right of the figure when comparing the spectra of the ROI after a measurement (blue) to a virgin area (purple) 
of the detector. 

Fig. 3. Pulse height spectra obtained with a 12.8 MeV C4+ beam at 50 K, 60 K, 70 K, 90 K, 110 K, 130 K, and 150 K.  
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When the cryopump reached the lowest achievable temperature of 
47 K, the diamond detector was biased at the top electrode to +300 V 
resulting in a negligible leakage current under 100 pA for all tempera-
tures. The measurements were performed at six temperatures, 47 K, 60 
K, 70 K, 90 K, 110 K, 130 K and 150 K. Additionally at each temperature, 
measurements were carried out at three bias voltages: +300 V, +350 V 
and +400 V. The same procedure has been repeated for all 4 ions 
(Table 1). 

2.3. Data analysis 

Since this diamond detector has been tested earlier in different 
experimental conditions and at room temperature, showing excellent 
spectroscopic performance, for the purposes of this experiment, it is 
assumed that at room temperature and for all 4 different ions, all the 
generated charge is collected resulting in 100 % CCE. From the com-
bined pulse height and temperature data, histograms (spectra) for each 
stable temperature have been extracted as illustrated in Fig. 3 for a 
carbon beam. As it can be seen from these results, at 152 K the 12.8 MeV 
carbon full energy peak is at approximately channel 850 while at 48 K, it 
is shifted to channel 220. Although the number of e-h pairs generated is 
constant in all histograms, the number of e-h pairs detected has 
decreased at low temperatures. Spectra acquired above 150 K are not 
shown since the position of the carbon peak is constant between 150 K <
T < RT. 

For each temperature point, the centroid and the FWHM of the pulse 
height spectra peaks were determined by a Gaussian fit. These values are 
plotted on the left of Fig. 4. Prior to the experiment, the experimental 
setup was tested using a 241Am source. The source was placed close to 
the detector and collimated in order to limit the alpha flux so polari-
zation was not observed. Using the same procedure outlined above, 
pulse height spectra were collected at 3 K intervals from 47 K to RT and 
the centroid of the alpha peak was plotted vs temperature on the right of 
Fig. 4. 

As it is shown in Fig. 4, the behavior of the CCE temperature 
dependence (shown here for carbon and alpha ions) has two plateaus, 
where the CCE does not change, one between RT and 150 K, and one 
below 70 K. Since such behavior was also observed by Jansen [6], the 
CCE data with respect to temperature was fitted using the model pre-
sented by Jansen: 

fQ(T) = Qout +
Qtot − Qout

1 + ϵ • e

(
Ex

kBT

) (1)  

where Qtot is the total generated charge, Qout the charge present in the 
outer volume of the generated charge cloud, Ex is the exciton binding 

energy 80 meV, ϵ represents the ratio of the exciton formation time to 
the exciton recombination time, kB is the Boltzmann constant and T is 
the temperature. The parameter Qout represents the charge collected 
when the CCE is at the lowest value which is at the lowest temperature, 
while Qtot represents the charge collected when the CCE is at the highest 
value and at the highest temperature [6]. In Fig. 4A we also present the 
fit but with the associated error as a function of temperature. The blue 
line represents the fit function while the grey region illustrates the error 
in the fit. Only the data analysis process for a 12.8 MeV C4+ at 300 V bias 
is shown, however the same procedure was applied to the other data 
sets. The resulting fit functions are used to aid in the comparison be-
tween the various ion/bias measurements and will be presented in the 
following section. 

3. Results and discussion 

Motivation of the present work comes from the indication that ra-
diation creating high ionization density in diamond detector exhibit 
reduction of CCE at cryogenic temperatures. Since this drop was 
observed previously only for alpha particles, but not for low ionization 
radiation such as photons or minimum ionizing particles (MIP) [15], to 
clarify this behavior we have performed experimental measurements of 
CCE at low temperatures for different ions spanning in masses from light 

Fig. 4. Spectrum centroid position plotted with temperature. Left spectrum - 12.8 MeV C4+ beam from this work. Right spectrum - 5.5 MeV 241Am alpha source from 
a previous experiment to confirm the behavior in the full temperature range. 

Fig. 5. CCE vs Temperature for all ions at +300 V bias.  
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protons to heavier carbon ions. Results of these measurements, obtained 
by above explained procedure, are summarized in the graph shown in 
Fig. 5 and in Table 2. Experimental data clearly show that the decrease 
of the CCE with temperature followed a similar trend for each ion, 
confirming a trend as earlier published by Jansen [6] for 5.47 MeV alpha 
particles from a 241Am source. A plateau at 100 % CCE was observed 
from RT down to approximately 145 K. This was followed by a rapid 
decrease in the CCE between 65 K < T < 145 K. Below 65 K, the CCE 
stabilized again to the minimum temperature achieved during this 
experiment. 

Results presented at Fig. 5 show also that the magnitude of CCE 
decrease is different for different ions. For He, Li and C, the relative CCE 
decreases by a similar magnitude to 24.7 ± 0.4 %, 23.6 ± 1.3 %, 25.9 ±
0.8 % respectively. In the case of protons, the relative CCE decrease is 
smaller and is measured to be 39.3 ± 0.8 %. Such differences are in 
agreement with the previous study by Jansen et al. [5], in which they are 

attributed to the screening of the applied electric field by the other re-
gion of the created charge cloud from the inner charge carriers. The 
latter, leads to slower charge separation and therefore increasing the 
probability of exciton formation. At lower temperatures, according to 
the law of mass action (Saha equation), the density of excitons increases 
in comparison to the density of free carriers [16,17]. This increased 
density of excitons along with longer lifetimes in the presence of less 
lattice energy, to evaporate the formed excitons, leads to more excitons 
recombing and not contributing to the measured induced current. The 
presented results suggest that the ionization density is clearly an 
important factor that determines the reduction of CCE at low tempera-
tures. Since the penetration depth of all ions was set to 5.6 μm, the 
density of the generated charge cloud varied between the different ions. 
The proton beam produced 16 times less e-h pairs for the same pene-
tration depth when compared to a carbon beam. The present data shows 
that further increase of the ionization density, resulting from ions up to 
12.8 MeV carbon, has insignificant effect. However, further investiga-
tion for lower ionization particles and very heavy ions would be there-
fore needed. It has to be stressed also that the results presented here 
concerns predominantly one type of charge carrier. Since positive bias is 
applied to the top electrode and the penetrating depth of the ions is set at 
5.6 μm in a 300 μm thick CVD diamond, most of the induced charge is 
contributed by holes. 

Furthermore, the influence of the bias voltage on the CCE decrease at 
cryogenic temperatures was also investigated as the charge carrier drift 
velocity, as well as the density of the generated charge carrier cloud is 
influenced by the electric field in the detector. Fig. 6 presents the CCE 

Table 2 
Total CCE decease per ion.  

Ion Energy [MeV] CCE decrease [%] 

Detector bias 

300 V Error 350 V Error 400 V Error 

H  0.8  60.7  0.8  59.2  0.8  57.6  0.8 
He  3  75.3  0.4  73.5  0.5  71.5  0.7 
Li  5.6  76.4  1.3  75.3  1.2  73.9  1.1 
C  12.8  74.1  0.8  72.5  0.9  71.0  0.7  

Fig. 6. Influence of the detector bias on the CCE.  
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decrease with temperature for the same ion at two difference bias 
voltages, 1 V/μm and 1.33 V/μm, respectively. With a relatively small 
increase in the bias voltage of 0.33 V/μm, a change in the CCE at 
cryogenic temperatures was observed. As expected, at higher bias volt-
ages, the decrease in CCE was lower. This trend was further confirmed 
by a measurement at 1.16 V/μm. Unfortunately, further measurements 
at higher bias voltages could not be accomplished in this experimental 
setup, which will be needed in order to investigate the maximum 
amount of CCE recovery at low temperatures. A summary of the 
decrease in CCE at the cryogenic temperatures for all ions and bias 
voltages can be found in Table 2. 

The most prominent source of error in the experiment arises in the 
fitting of the data points to Jansen's model. As can be observed in Fig. 4, 
after the CCE drop between 65 K < T < 145 K, the CCE recovers slightly 
around 50 K. This recovery could not be investigated further in the 
experiment due to the minimum achievable temperature being 47 K. 
However, a similar behavior was observed by Jansen [6] where the CCE 
recovers slightly and dropped again. This behavior cannot be properly 
fitted with the proposed model and therefore it introduced error in the 
analysis. The error in temperature was minimized by a waiting period 
we have introduced until the relative temperature change was of the 
order of 0.1 K/min before starting the depolarization procedure as 
described above. As observed in Fig. 2, the CCE of the ROI decreases 
after the measurement due to polarization effects. To further minimize 
the error introduced in the pulse height spectrum due to polarization, 
only the first few seconds of the measurement were used to generate the 
histograms. 

4. Conclusion 

To evaluate the performance of a scCVD diamond from room tem-
perature down to 47 K, a single crystal diamond with excellent spec-
troscopic performance was tested using the IBIC technique with 4 
difference ions. The same trend in the reduction of the CCE was observed 
towards cryogenic temperatures for all ions. However, it was found that 
the decrease in CCE was less for hydrogen ions in comparison to helium, 
lithium, and carbon ions. As the hydrogen beam produced the least 
number of e-h pairs in the diamond, it confirmed that the lower density 
of the charge carrier cloud resulted in less e-h recombination, for which 
we assume that comes through the formation of excitons or other trap-
ping mechanisms. Furthermore, the effect of bias voltage on the CCE at 
cryogenic temperatures (below 65 K) was also investigated. A similar 
recovery of the CCE was observed for all ions with increasing bias 
voltage. However, due to the relatively small bias voltage increase of 
0.33 V/μm, the observed recovery of the CCE was within the limits of 
experimental uncertainty and further investigation is required using 
higher bias voltages. 

It would be beneficial to extend this experiment to even lower tem-
peratures to further investigate the response of a diamond detector 
closer to the foreseen operating conditions in the International Fusion 
Material Irradiation Facility – DEMO Oriented Neutron Source (IFMIF- 
DONES) [4] and other accelerator facilities where diamond detectors 
will operate at cryogenic temperatures. 
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