
Nuclear Instruments and Methods in Physics Research A 824 (2016) 476–479
Contents lists available at ScienceDirect
Nuclear Instruments and Methods in
Physics Research A
http://d
0168-90

n Corr
E-m
journal homepage: www.elsevier.com/locate/nima
CERN-RD39 collaboration activities aimed at cryogenic silicon detector
application in high-luminosity Large Hadron Collider

Zheng Li a, Vladimir Eremin b, Elena Verbitskaya b,n, Bernd Dehning c, Mariusz Sapinski c,
Marcin R. Bartosik c, Andreas Alexopoulos c, Christoph Kurfürst d, Jaakko Härkönen e

a National-Provincial Laboratory of Special Function Thin Film Materials, School of Material Sciences and Engineering, Xiangtan University, Xiangtan, Hunan
411105, China
b Ioffe Institute, 26 Politekhnicheskaya str., St. Petersburg 194021, Russian Federation
c CERN, CH-1211, Geneva 23, Switzerland
d Technische Universität, Universitätsring 1, 1010 Wien, Austria
e Helsinki Institute of Physics, Gustaf Hällströminkatu, 200014 Helsingin yliopisto, Finland
a r t i c l e i n f o

Available online 4 October 2015

Keywords:
Large Hadron Collider
Beam loss monitoring
Superfluid helium
Silicon detector
Radiation hardness
Charge collection
x.doi.org/10.1016/j.nima.2015.09.070
02/& 2015 Elsevier B.V. All rights reserved.

esponding author. Tel.: þ7 812 292 7953; fax
ail address: elena.verbitskaya@cern.ch (E. Ver
a b s t r a c t

Beam Loss Monitors (BLM) made of silicon are new devices for monitoring of radiation environment in
the vicinity of superconductive magnets of the Large Hadron Collider. The challenge of BLMs is extreme
radiation hardness, up to 1016 protons/cm2 while placed in superfluid helium (temperature of 1.9 K).
CERN BE-BI-BL group, together with CERN-RD39 collaboration, has developed prototypes of BLMs and
investigated their device physics. An overview of this development—results of the in situ radiation tests
of planar silicon detectors at 1.9 K, performed in 2012 and 2014—is presented. Our main finding is that
silicon detectors survive under irradiation to 1�1016 p/cm2 at 1.9 K. In order to improve charge col-
lection, current injection into the detector sensitive region (Current Injection Detector (CID)) was tested.
The results indicate that the detector signal increases while operated in CID mode.

& 2015 Elsevier B.V. All rights reserved.
1. Introduction

Beginning of Run II of the High-Luminosity Large Hadron Col-
lider (HL-LHC) in June 2015, opens a new stage in the fulfillment of
its global research goals. The success of Run II depends strongly on
the smooth and technically appropriate accelerator operation. The
proposed way to ensure future safe operation of HL-LHC and
prevent quench-provoking events is placing the beam loss moni-
tors (BLMs) based on semiconductor detectors in the intimate
vicinity to the magnet coils, i.e. inside superfluid helium [1,2]. This
approach increases the sensitivity of the BLM system and poten-
tially would trigger signals before critical radiation load towards
the superconductive coils. The benefits of proposed silicon detec-
tors are small size, well adopted manufacturing technology, widely
studied radiation-hardness properties and relatively low opera-
tional voltage.

Our on-going activity related to the silicon detectors for BLM
application (CryoBLM project) was started in 2011 as joint effort of
the CERN-BE-BI-BL group and CERN-RD39 collaboration “Radia-
tion-hard cryogenic silicon detectors” [3]. Participation of the
: þ7 812 297 1017.
bitskaya).
RD39 collaboration stems from its research lines and previous
results on silicon detector operation at cryogenic temperatures:
finding and explanation of the so-called “Lazarus effect” at
T�180 K [4] and development of Current Injection Detectors (CID)
which require cooling below 230 K [5,6].

Formation of vacancy-related radiation-induced acceptor-type
defect complexes is the main mechanism of the silicon detector
degradation at room temperature (RT). Among primary radiation-
induced defects, vacancies are immobile at T below 70 K; therefore
formation of vacancy-related complexes will be suppressed at
liquid helium (LHe) temperature. On the other hand, primary
interstitials are known to be mobile at TZ4 K and can contribute
to the formation of donor-type defect complexes [7]. Thus, when
starting BLM development project, silicon detectors operated at
LHe temperature appeared to be a promising approach. This
behavior of primary defects, however, was evinced in irradiation of
the raw silicon material by electrons, which is different from the
conditions in BLM where silicon detectors will be biased over the
operational period of a few years and in situ irradiated by multiple
particles including relativistic protons.

In this report, results of the two in situ irradiation tests of
silicon detectors operated in superfluid helium (at the tempera-
ture T of 1.9 K) are summarized. These tests, T1 [8,9] and T2, were
carried out at CERN PS in 2012 and 2014. The modules with
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detectors installed in the cryostat with superfluid helium were
irradiated by the 23 GeV proton beam.

Silicon detectors used in the tests were planar pþ�n�nþ pad
detectors designed and processed jointly by the Ioffe Institute, St.
Petersburg, and Research Institute of Material Science and Tech-
nology, Zelenograd, both Russia. The detectors processed on the
wafers with resistivity of 10 kΩ cm, 500 and 4.5Ω cm and a
thickness d of 300 μm were investigated in T1. The goal of the test
T2 was the comparative study of thin detectors, with a thickness of
100 μm. The cassette with detector modules studied in T2 is
shown in Fig. 1 before its installation in LHe.
1012 1013 1014 1015 1016

Fluence (p/cm2)

Fig. 2. Calculated dependences of normalized collected charge on fluence for sili-
con detectors with standard and reduced thicknesses. T¼1.9 K.
2. Results of the in situ test T1

Test T1 included the measurements of the collected charge (Qc)
via integration of the detector current generated by spills and of
the current pulse response shapes using Transient Current Tech-
nique (TCT) with a 630 nm pulse laser [8,9]. The detectors were
irradiated to a maximal fluence F of 1�1016 p/cm2. The study of
the current pulse response showed an unexpected space charge
sign inversion in the depleted region of irradiated detector. The
observation was explained by assuming that, along with the pre-
dicted formation of the donor-type defects, acceptor-type defects
as well were induced into the silicon bulk. This was confirmed via
the simulation/fitting of the Qc(F) curves using the Hecht equation,
which allowed deriving the trapping time constants τ for electrons
and holes [9]. It was concluded that the degradation of the silicon
detector sensitivity was dominated in the first place by hole
trapping.

Cryogenic environment allowed utilizing current injection detec-
tors as BLMs. Such detectors require the material to be damaged by
defects with deep energy levels, as well as operation at T below 230 K
for filling the energy levels. The CID mode is realized via carrier
injection from the forward biased contact, and the injected current is
suppressed via Space Charge Limited Current effect [5]. Our earlier
results showed that CID operation gave a twofold increase of Qc for
detectors irradiated at FZ1�1015 p/cm2, while the dark current and
noise remained negligible [6,8]. The T1 test confirmed the advantages
of CID operational mode at 1.9 K as well.

Summing up the findings in the physics obtained in the test T1,
it was possible to conclude that [8,9]:

� all detectors survived with appropriate charge collection effi-
ciency (CCE) irradiation up to 1�1016 p/cm2, and at this fluence
the CCE was not influenced by the silicon resistivity;
Fig. 1. Cassette with detector modules studied in test T2. Arrow shows silicon
beam telescope.
� the rate of the signal degradation was about seven times higher
than that at room temperature irradiation due to significant
reduction of the trapping time constants;

� silicon detector operation in the CID mode was feasible.
3. Results of the in situ test T2

Application of detectors with a reduced thickness as BLMs is
determined by two factors. The first one is extension of the
operational fluence range illustrated in Fig. 2, which shows the
fluence dependences of the normalized charge collected in
100 μm and 300 μm thick detectors. The curves are calculated for
detectors processed from 10 kΩ cm silicon using the values of τ
defined from the data of T1 [9]. The second favorable factor is that
a mean electric field in the detector bulk, Ē¼V/d, is higher at the
same bias voltage V, which is helpful in suppressing the possible
effect of the polarization.

In the experiment only the detectors made of high resistivity
(410 kΩ cm) silicon were investigated. The depletion voltage
at RT was �30 V and only few volts for the 300 μm and
100 μm detectors, respectively. Since this study was focused on
operation of 100 μm thick detectors, TCT measurements were
not applied because of the insufficient timing resolution of
about 1 ns, comparable to the carrier collection time. The detectors
were irradiated by 23 GeV protons during 10 days, and the data
from almost 27�103 spills with duration of 400 ms were recor-
ded. The beam position and profile were controlled by three Beam
Position Monitors whose data were used for evaluating the flu-
ence. As in T1, two silicon beam telescopes (one is shown by arrow
in Fig. 1), each with four pad detectors with the area of 1.5 cm2,
were used for the on-line monitoring of the beam position with
respect to the cassette. Similar to T1, the collected charge was
evaluated via integration of the detector current generated by
spills, which gave a statistical error of about 715% of the obtained
charge [8].

The full set of data taken in T2 is the subject of further com-
prehensive analysis, and in this report we present only two illus-
trative examples. The shapes of the voltage scan curves, Qc(V), at
different fluences (Fig. 3) were similar to those observed in T1. In
detectors operated as CIDs, i.e. at forward (positive) bias Vforw, the
signal increase was more apparent and the collected charge was
larger than that at reverse bias Vrev. This is an advantage of CIDs,
whose sensitive volume is depleted at any bias, and therefore they
can operate effectively even at low voltages.

Electric field related effects were studied at the maximal flu-
ence of 1.7�1015 p/cm2. In Fig. 4, the data of the voltage scans are
plotted in the coordinates charge vs. a mean electric field Ē. This
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Fig. 3. Experimental dependences of the charge collected in 100 μm (a) and
300 μm (b) detectors on bias voltage.
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Fig. 4. Dependences of the collected charge on the mean electric field at reverse
(a) and forward (b) bias.
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allowed comparing the effectiveness of carrier transport and
charge collection irrespective of the diode thickness. The Qc(Ē)
dependences showed a monotonic rise without any specific fea-
tures, such as an abrupt change in the slope at Vrev eventually due
to a transition of the detector from nondepleted to fully depleted
state. This behavior allowed to verify the carrier freezing at the
energy levels of impurities and radiation-induced defects and
stable depletion of the detector bulk (i.e. absence of polarization).
In Fig. 4 it is also possible to observe that the Qc(Ē) dependence
does not show any saturation effect, as it should follow from the
drift velocity saturation at electric fields higher than 104 V/cm at
RT and 103 V/cm at 4 K. Moreover, the experimental data for the
100 μm detector operated at Vrev did not show even a slight evi-
dence of saturation at the electric field up to 1.5�104 V/cm. We
conclude that the drift velocity saturation effect is compensated by
the reduction of the carrier trapping cross-sections of the energy
levels in the detector bulk.

Using the values of τ determined for a 300 μm detector oper-
ated at reverse bias in [9], the carrier drift length estimated for
detectors irradiated to 2�1015 p/cm2 is 50–80 μm, which is
comparable to the thin detector thickness of 100 μm. Thus, an
essential part of the carriers generated by spills is involved in drift
and charge collection.
4. Conclusions

The common efforts of the BE-BI-BL group, responsible for the
beam monitoring at LHC, and the group of CERN-RD39 collaboration,
expert in the physics of cryogenic detectors, focused on the upgrade
of BLMs, gave positive results. The in situ radiation test in 2014 with
thin silicon detectors confirmed previous results and showed their
possibility to operate in harsh radiation environment at 1.9 K.

It has been shown that current injection developed as a tool for
increasing the tolerance of silicon detectors to irradiation at
moderate cooling, is still effective at 1.9 K.

The data give clear indication that at 1.9 K the carrier transport
parameters are strongly influenced by the electric field. The effect
is important for the detector operation and can give significant
increase in the collected charge.

Thanks to the CryoBLM project, during the LHC stop period,
silicon detector modules were installed on the end of the cold
mass containing superconductive coils of the magnets, for their
operation as BLMs [10].
Acknowledgments

This work was performed in the scope of the CERN-RD39
collaboration program and of the Agreement on Scientific Colla-
boration between the CERN BE-BI-BL group and the Ioffe Institute,
and supported in part by the Fundamental Program of the Russian
Academy of Sciences on High Energy Physics and Neutrino
Astrophysics.
References

[1] C. Kurfürst, et al., Investigation of the use of silicon, diamond and liquid
helium detectors for beam loss measurements at 2 K, In: Proceedings of the
IPAC2012, May 2012, 1080 pp.

[2] O.R. Jones, The beam instrumentation and diagnostic challenges for LHC
operation at high energy, In: Proceedings of the IBIC14, No. TUIXB1, September
14–18, 2014, Monterey, CA, USA.

[3] 〈www.cern.ch/rd39〉.
[4] L. Casagrande, et al., Nuclear Instruments and Methods in Physics Research

Section A 461 (2001) 150.

http://www.cern.ch/rd39
http://refhub.elsevier.com/S0168-9002(15)01125-0/sbref1
http://refhub.elsevier.com/S0168-9002(15)01125-0/sbref1


Z. Li et al. / Nuclear Instruments and Methods in Physics Research A 824 (2016) 476–479 479
[5] V. Eremin, et al., Nuclear Instruments and Methods in Physics Research Sec-
tion A 581 (2007) 356.

[6] J. Härkönen, et al., Nuclear Instruments and Methods in Physics Research
Section A 658 (2011) 54.

[7] G.D. Watkins, Physics of Solid State 41 (1999) 746.
[8] C. Kurfürst, et al., Nuclear Instruments and Methods in Physics Research

Section A 782 (2015) 149.
[9] E. Verbitskaya, et al., Nuclear Instruments and Methods in Physics Research
Section A 796 (2015) 118.

[10] M.R. Bartosik, et al., Cryogenic Beam Loss Monitors for the superconducting
magnets of the LHC, in: Proceedings of the IBIC14, No. TUPD25, September
14–18, 2014, Monterey, CA, USA.

http://refhub.elsevier.com/S0168-9002(15)01125-0/sbref2
http://refhub.elsevier.com/S0168-9002(15)01125-0/sbref2
http://refhub.elsevier.com/S0168-9002(15)01125-0/sbref3
http://refhub.elsevier.com/S0168-9002(15)01125-0/sbref3
http://refhub.elsevier.com/S0168-9002(15)01125-0/sbref4
http://refhub.elsevier.com/S0168-9002(15)01125-0/sbref5
http://refhub.elsevier.com/S0168-9002(15)01125-0/sbref5
http://refhub.elsevier.com/S0168-9002(15)01125-0/sbref6
http://refhub.elsevier.com/S0168-9002(15)01125-0/sbref6

	CERN-RD39 collaboration activities aimed at cryogenic silicon detector application in high-luminosity Large Hadron Collider
	Introduction
	Results of the in situ test T1
	Results of the in situ test T2
	Conclusions
	Acknowledgments
	References




