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25℃

Fig. 1. Structure of an APD.

Table 1
Parameters of APDs

Active area 5!5 mm!
Operating voltage &330 V
Capacitance 75 pF
Series resistance 3 !
Dark current (10 nA
Quantum e$ciency 70%@420 nm

Fig. 2. Response of an APD with gain 50 and of a PIN diode to
electrons from a "#Sr source.

2. Nuclear counter e4ect

Minimum-ionising particles like electrons and
positrons from the rear leakage of an electromag-
netic shower create some 100 electron}hole pairs
per micrometer in silicon. Only those electrons,
which are created in front of the P}N junction start
an avalanche. In contrast to this light produces
electrons close to the surface and all electrons will
be ampli"ed in an avalanche. Therefore an e!ective
thickness l

!""
is de"ned, which relates the fake sig-

nal from an ionising particle to the response to the
scintillation light from an electromagnetic shower.
This e!ective thickness would be the thickness of
a PIN diode with the same ratio of fake to scintilla-
tion signals.

The e!ective thickness is determined by mea-
surements of the response of an APD with known
gain M and of a PIN diode with 200 !m thick-
ness to electrons from a "#Sr source. It is
calculated by

l
!""

"(peak position)
$%&

(peak position)
%'(

!
200 !m

M
.

For the APDs described here an e!ective thickness
l
!""

"5.6 !m has been measured (Fig. 2).

3. Gain and its stability

The gain is determined in DC mode by measure-
ments of the di!erences of the currents obtained
when the APD is illuminated by a light-emitting
diode with a peak wavelength of 420 nm, the peak
emission wavelength of lead tungstate, and the dark
currents. It has been shown that APDs made by
Hamamatsu have gain `onea at a bias voltage of
20 V [1].

In the region of interest the gain M is a steep
function of the bias voltage (Fig. 3). The variation is
shown in Fig. 4. At gain M"50 it is

dM
d<

!
1
M

"3.3%/V.

The gain depends on the mean free path of the
electrons and therefore on the temperature (Fig. 5).
At a gain M"50 the temperature coe$cient of the
gain is

dM
d¹ !

1
M

"!2.2%/3C.

4. Excess noise factor

Avalanche multiplication is a random process
leading to #uctuations in addition to those due to
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Effective thickness, leff 5.6um  measured
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Fig. 3. Gain versus bias voltage.

Fig. 4. Voltage coe$cient of the gain versus gain.

Fig. 5. Temperature coe$cient of the gain versus gain.

Fig. 6. Excess noise factor versus gain.

photon statistics. These #uctuations are character-
ised by the excess noise factor F. At high gain F can
be approximated by the expression [2]

F"k!M#!2! 1
M"!(1!k).

Where k is the ratio of the ionisation coe$cients for
holes and for electrons. At a gain of M"50 the
APDs have an excess noise factor of 2 (Fig. 6).

5. E4ect of irradiation

Eight APDs were irradiated with 9!10!" pro-
tons/cm". Taking the proper nonionising energy
loss (NIEL) this corresponds to an irradiation with
2!10!# neutrons of 1 MeV per cm" [3], the #uence
expected in the barrel part of CMS in ten years of
LHC operation. Irradiation creates acceptor-like
states in the silicon and therefore changes the volt-
age distribution in the APDs.

After an annealing period of 6 weeks all para-
meters were measured again. It was found that the
gain had decreased by 3% (Fig. 7) and the dark
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SECTION VI.

F=<G2>/<G>2, G is a statistical 
variable that describes the 
multiplication gain, i.e. M=<G> 

Gain measured 
with a LED of 
420nm at 25℃ 
(DC mode)

 5  

amplitude of the LAAPD signal was constant and therefore the gain could be assumed unitary. 

The value of N0 was obtained comparing the amplitude of the signal due to α-particles under this 

condition with that of a calibration signal produced by injection of a known charge into the input 

of the preamplifier. A value of N0 equal to 2400±100 was found. The gain was obtained by 

dividing the output charge of the LAAPD by eN0 (e is the elementary charge). 

Pulse height spectra of liquid xenon scintillation due to 5.5 MeV α-particles were acquired for 

different values of the LAAPD gain. A typical amplitude spectrum obtained with a gain of 120 is 

shown in Fig.4. In a different geometry (the source at a distance of about 5 mm from the LAAPD 

window), the 60 keV γ-rays emitted by the 241Am source could also be detected as shown in 

Fig.5. The energy resolution is poor due to the large variation of solid angle.  

The dependence of the energy resolution obtained with α-particles on the LAAPD gain is 

presented in Fig.6. 

The energy resolution of an APD-scintillator system can be written as [11]: 
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where Ne is the number of noise electrons referred to the preamplifier input, M is the APD mean 

gain and F is the excess noise factor which takes into account the fluctuations inherent to the 

multiplication process. The excess noise factor can be estimated [12] with 

)1)(/12( kMkMF −−+≈ , (2) 

where k is a weighted average ratio of the hole ionization rate to that for electrons, which for a 

beveled-edge LAAPD at normal conditions is approximately equal to 0.0017 [4]. In eq. (1), the 

first term is the electronic noise contribution, the second term takes into account the statistical 

k=β(hole)/α(e-)

CMS operation, 50
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Fig. 3. Gain versus bias voltage.

Fig. 4. Voltage coe$cient of the gain versus gain.

Fig. 5. Temperature coe$cient of the gain versus gain.

Fig. 6. Excess noise factor versus gain.

photon statistics. These #uctuations are character-
ised by the excess noise factor F. At high gain F can
be approximated by the expression [2]
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M"!(1!k).

Where k is the ratio of the ionisation coe$cients for
holes and for electrons. At a gain of M"50 the
APDs have an excess noise factor of 2 (Fig. 6).
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F=<G2>/<G>2, G is a statistical 
variable that describes the 
multiplication gain, i.e. M=<G> 

Gain measured 
with a LED of 
420nm at 25℃ 
(DC mode)

 5  

amplitude of the LAAPD signal was constant and therefore the gain could be assumed unitary. 

The value of N0 was obtained comparing the amplitude of the signal due to α-particles under this 

condition with that of a calibration signal produced by injection of a known charge into the input 

of the preamplifier. A value of N0 equal to 2400±100 was found. The gain was obtained by 

dividing the output charge of the LAAPD by eN0 (e is the elementary charge). 

Pulse height spectra of liquid xenon scintillation due to 5.5 MeV α-particles were acquired for 

different values of the LAAPD gain. A typical amplitude spectrum obtained with a gain of 120 is 

shown in Fig.4. In a different geometry (the source at a distance of about 5 mm from the LAAPD 

window), the 60 keV γ-rays emitted by the 241Am source could also be detected as shown in 

Fig.5. The energy resolution is poor due to the large variation of solid angle.  
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where Ne is the number of noise electrons referred to the preamplifier input, M is the APD mean 

gain and F is the excess noise factor which takes into account the fluctuations inherent to the 

multiplication process. The excess noise factor can be estimated [12] with 

)1)(/12( kMkMF −−+≈ , (2) 

where k is a weighted average ratio of the hole ionization rate to that for electrons, which for a 

beveled-edge LAAPD at normal conditions is approximately equal to 0.0017 [4]. In eq. (1), the 

first term is the electronic noise contribution, the second term takes into account the statistical 

k=β(hole)/α(e-)

CMS operation, 50
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Fig. 6. Excess noise factor versus gain.

photon statistics. These #uctuations are character-
ised by the excess noise factor F. At high gain F can
be approximated by the expression [2]

F"k!M#!2! 1
M"!(1!k).

Where k is the ratio of the ionisation coe$cients for
holes and for electrons. At a gain of M"50 the
APDs have an excess noise factor of 2 (Fig. 6).

5. E4ect of irradiation

Eight APDs were irradiated with 9!10!" pro-
tons/cm". Taking the proper nonionising energy
loss (NIEL) this corresponds to an irradiation with
2!10!# neutrons of 1 MeV per cm" [3], the #uence
expected in the barrel part of CMS in ten years of
LHC operation. Irradiation creates acceptor-like
states in the silicon and therefore changes the volt-
age distribution in the APDs.

After an annealing period of 6 weeks all para-
meters were measured again. It was found that the
gain had decreased by 3% (Fig. 7) and the dark
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F=<G2>/<G>2, G is a statistical 
variable that describes the 
multiplication gain, i.e. M=<G> 
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with a LED of 
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(DC mode)
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amplitude of the LAAPD signal was constant and therefore the gain could be assumed unitary. 

The value of N0 was obtained comparing the amplitude of the signal due to α-particles under this 

condition with that of a calibration signal produced by injection of a known charge into the input 

of the preamplifier. A value of N0 equal to 2400±100 was found. The gain was obtained by 

dividing the output charge of the LAAPD by eN0 (e is the elementary charge). 

Pulse height spectra of liquid xenon scintillation due to 5.5 MeV α-particles were acquired for 

different values of the LAAPD gain. A typical amplitude spectrum obtained with a gain of 120 is 

shown in Fig.4. In a different geometry (the source at a distance of about 5 mm from the LAAPD 

window), the 60 keV γ-rays emitted by the 241Am source could also be detected as shown in 

Fig.5. The energy resolution is poor due to the large variation of solid angle.  

The dependence of the energy resolution obtained with α-particles on the LAAPD gain is 

presented in Fig.6. 

The energy resolution of an APD-scintillator system can be written as [11]: 
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where Ne is the number of noise electrons referred to the preamplifier input, M is the APD mean 

gain and F is the excess noise factor which takes into account the fluctuations inherent to the 

multiplication process. The excess noise factor can be estimated [12] with 

)1)(/12( kMkMF −−+≈ , (2) 

where k is a weighted average ratio of the hole ionization rate to that for electrons, which for a 

beveled-edge LAAPD at normal conditions is approximately equal to 0.0017 [4]. In eq. (1), the 

first term is the electronic noise contribution, the second term takes into account the statistical 

k=β(hole)/α(e-)
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Fig. 3. Gain versus bias voltage.

Fig. 4. Voltage coe$cient of the gain versus gain.

Fig. 5. Temperature coe$cient of the gain versus gain.

Fig. 6. Excess noise factor versus gain.

photon statistics. These #uctuations are character-
ised by the excess noise factor F. At high gain F can
be approximated by the expression [2]

F"k!M#!2! 1
M"!(1!k).

Where k is the ratio of the ionisation coe$cients for
holes and for electrons. At a gain of M"50 the
APDs have an excess noise factor of 2 (Fig. 6).

5. E4ect of irradiation

Eight APDs were irradiated with 9!10!" pro-
tons/cm". Taking the proper nonionising energy
loss (NIEL) this corresponds to an irradiation with
2!10!# neutrons of 1 MeV per cm" [3], the #uence
expected in the barrel part of CMS in ten years of
LHC operation. Irradiation creates acceptor-like
states in the silicon and therefore changes the volt-
age distribution in the APDs.

After an annealing period of 6 weeks all para-
meters were measured again. It was found that the
gain had decreased by 3% (Fig. 7) and the dark
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SECTION VI.

F=<G2>/<G>2, G is a statistical variable that describes the 
multiplication gain, i.e. M=<G>

Gain measured 
with a LED of 
430nm at 25℃ 
(DC mode)

 5  

amplitude of the LAAPD signal was constant and therefore the gain could be assumed unitary. 

The value of N0 was obtained comparing the amplitude of the signal due to α-particles under this 

condition with that of a calibration signal produced by injection of a known charge into the input 

of the preamplifier. A value of N0 equal to 2400±100 was found. The gain was obtained by 

dividing the output charge of the LAAPD by eN0 (e is the elementary charge). 

Pulse height spectra of liquid xenon scintillation due to 5.5 MeV α-particles were acquired for 

different values of the LAAPD gain. A typical amplitude spectrum obtained with a gain of 120 is 

shown in Fig.4. In a different geometry (the source at a distance of about 5 mm from the LAAPD 

window), the 60 keV γ-rays emitted by the 241Am source could also be detected as shown in 

Fig.5. The energy resolution is poor due to the large variation of solid angle.  

The dependence of the energy resolution obtained with α-particles on the LAAPD gain is 

presented in Fig.6. 

The energy resolution of an APD-scintillator system can be written as [11]: 
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where Ne is the number of noise electrons referred to the preamplifier input, M is the APD mean 

gain and F is the excess noise factor which takes into account the fluctuations inherent to the 

multiplication process. The excess noise factor can be estimated [12] with 

)1)(/12( kMkMF −−+≈ , (2) 

where k is a weighted average ratio of the hole ionization rate to that for electrons, which for a 

beveled-edge LAAPD at normal conditions is approximately equal to 0.0017 [4]. In eq. (1), the 

first term is the electronic noise contribution, the second term takes into account the statistical 
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blue LED ð470 nmÞ continuous light. Fig. 2 shows
the gain curves for a 5# 5 mm2 Hamamatsu
S8148 APD (designed for the CMS electromag-
netic calorimeter [2]) measured at different tem-
peratures. Significant reduction of the breakdown
voltage with reduction of temperature is seen for
this APD. One also can see that at T ¼ 100 K the
Hamamatsu S8148 APD can operate at a max-
imum gain of more than 10 000.

4. Dependence of the dark current on the
temperature

The main contribution to the noise of the APD
operated at high gain is due to the leakage (dark)
current thermally generated in the APD bulk. The
value of the primary dark current that initiated the
avalanche was found by dividing the dark current
measured at a certain voltage by the gain
corresponding to this voltage [3]. For the S8148

APD this ratio is plotted as a function of gain in
Fig. 3. One can see that at high gains ð> 300Þ this
ratio is practically constant and amounts to
B12 pA at room temperature. This current
corresponds to B75# 106 primary electrons gen-
erated every second. This value can be significantly
decreased by reducing the temperature of the APD
[4]. Fig. 4 shows the bulk leakage current of the
S8148 APD measured at different temperatures. It
is seen that the value of the primary bulk dark
current decreased by a factor of B5000; when
temperature was lowered from 295 to 222 K:
Fig. 4 also shows the fit of the data with the
function proposed in Ref. [5], where parameter Et

was found to be equal to 0:60 eV: No measure-
ments were done below 220 K as the values of the
dark current measured even at high gains became
very small and we reached the sensitivity limit of
our setup. However, one can expect very low bulk
dark current (and noise dark count rate) with
S8148 APD at TB100 K:

0
10
20
30
40
50
60
70
80
90
100

300 400 500 600 700 800 900 1000
Wavelength [nm]

Q
E 

[%
]

Fig. 1. Quantum efficiency as a function of wavelength.

0.1

1

10

100

1000

10000

100000

0 100 200 300 400

Bias [V]

G
ai

n

T=100K
T=170K
T=225K
T=295K

Fig. 2. Gain vs. bias measured at different temperatures.

0

0.01

0.02

0 1000 2000 3000 4000

Gain

Id
ar

k/
G

ai
n 

[n
A]

Fig. 3. Dark current divided by gain vs. gain measured at room
temperature.

0.001

0.01

0.1

1

10

100

210 230 250 270 290 310

T [K]

Bu
lk

 d
ar

k 
cu

rr
en

t [
pA

]

Ibulk
A*T*T*exp(-Et/kT)

Fig. 4. Bulk dark current in dependence on temperature.

A. Dorokhov et al. / Nuclear Instruments and Methods in Physics Research A 504 (2003) 58–61 59

5. Light and dark counting rate at T=108K using
S8148 APD

From Fig. 2 one sees that at near liquid nitrogen
temperatures S8148 APD can operate at very high
gain ð> 10 000Þ: Thus, the combination of a low
noise amplifier and the APD operated at high gain
makes single photon detection possible. Single
photon detection measurements were performed
with the S8148 APD operated at T ¼ 108 K: The
APD, operated at a gain of 8000 was illuminated
at constant intensity with a 470 nm LED via a
neutral density filter. A light induced photocurrent
(Itotal$Idark) of 34 pA was measured at this gain.
This corresponds to 4:25 fA primary photocurrent
or B26 500 photoelectrons generated in the APD
every second. The signals from preamplifier
(Canberra-2003BT) were sent to a TENELEC
TC-205A shaper operated with 3 ms shaping time.
Equivalent noise charge of 430 electrons (r.m.s.)
was measured when the APD operated at T ¼
108 K: The discriminator (LeCroy 623B) con-
verted all pulses above a (variable) threshold to
standard logic pulses, which were counted with a
250 MHz counter. Fig. 5 shows light and dark
counting rates (LED off) vs. discriminator thresh-
old. A counting rate of 6:6 kHz was measured
when light was present at a threshold of 1150
electrons. This correspond to a detection efficiency
of 25% for a single photoelectron or 20%
detection efficiency for a single photon, taking
into account 80% quantum efficiency of this APD
for 470 nm light. The dark count was 0:77 kHz at
this threshold. A very small dark count ð0:1 HzÞ
was measured at the 2550 electron’s threshold,

while the light counting rate was still high (5 kHz
or 19% single photoelectron detection efficiency).
From Fig. 5 it is seen that the dark counts abruptly
drop with the increase of the discriminator thresh-
old. We assume that this count rate is mainly due
to electronics noise. The intrinsic dark count rate
of the S8148 APD operated at T ¼ 108 K is
probably much lower than 0:1 Hz:

6. Single electron spectrum

Amplitude spectra of signals from the APD
were measured using a LeCroy LT342L DSO
while the APD was illuminated with a low
intensity light source. The DSO trigger threshold
was set to 2500 electrons to avoid influence of the
electronics noise on the measurement. Fig. 6 shows
the amplitude spectrum measured at a gain of 8000
as well as the result of a calculation of the APD
single electron spectrum using the McIntyre
approach [6]. The calculations were performed
for an APD with a k-factor of 0.0064 operated at a
gain of 8000. The value of the k-factor was
deduced from the fit of the measurements of the
excess noise factor of an S8148 APD performed in
Ref. [1] with the formula:

F ¼ 2þ kM ð1Þ

where F is the APD excess noise factor and M is
the APD gain (see Ref. [7]). One can see rather
good agreement between measurements and cal-
culations. Using the theoretical single electron
spectrum we calculated the dependence of the
expected single photoelectron detection efficiency
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Number  of  photon  is  very  low…  ? 
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• Y-axis is set to log scale. 
• It has almost same shape as 137Cs case. 
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• Y-axis is set to log scale. 
• It has almost same shape as 137Cs case. 

Result 

290 V 
330 V 
370 V 
410 V 

Compare to the PMT measurements (EDIT2013)
PMT 2” square R7600

Measured results with a windowless APD : S10937-9390(X) (5x5mm2) 



3. Result 
The gamma spectrum of 137Cs is obtained over 50 minutes and the gamma spectrum of 

22Na is obtained over 60 minutes and the gamma spectrum of 60Co is obtained over 60 
minutes. These results are shown in Fig5. 

 And, I calculated energy resolution from these results. Results of calculation are shown 
in the Table1. 
 
 
 
 
 
 
 
 
As shown in the Table1, I guess the errors of energy resolution is so large that results 

have no less reliable. In the future, I should consider how to fit the peak. 

Table1. Energy Resolution 

source Energy Energy Resolution error 

Na 511 14.3% 0.683% 

 
1274 19.7% 3.70% 

Cs 662 20.3% 19.5% 
Co 1173 28.9% 14.7% 

 
1332 14.6% 8.91% 

FWHM

γ spectrum by the PMT and the same chamber during the EDIT2013



• 241Am & LXe (time : 1800 s) 
– One peak? 

 
 
 
 
 
 
 

Result 

290 V 
300 V 
310 V 
320 V 
325 V 
332 V 

Linear graph 
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• 241Am & GXe (time : 1800 s) 
 
 
 
 
 
 

 
• Y-axis is set to log scale. 
• Count rate is very low. (about ~10 cnt/s) 

Result 

290 V 
330 V 
370 V 
410 V 

peaks 
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bias voltage  (V)

Re
la
tiv
e 
Ga
in

APD with 241Am in Xe at Liquid and Gas (Pabs=4atm) phases 
with the feedback capacitor of 1pF

Measured by K102

y"="1E&06e0.0471x 
R²"="0.9886 
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gain@&105℃"
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gain@60℃"
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gain@XeGas"

gain@LXe"

指数 (gain@LXe)"



γenergy   
photons  in 
NaI/Xe

total 
photons

acceptance 
APD(s8664)

photons
quantum 
effiecincy

electrons charge
att. by 
80+10pF

charge / 
1pF

charge / 
0.1pF

APD gain APD PH
observed PH 
at preamp

MeV /MeV
distance : 
mm

η  in APD by Catalog in APD 1.6E-19/e by Ltspice mV  mV  mV mV

5.5 40000 220000 6 0.055 12164 0.7 8515 1.362E-15 0.6 0.82 8.2 1 8.2 5

5.5 68027 374149 20 0.005 1862 0.7 1303 2.085E-16 0.6 0.13 1.3 90 11.3 14.0

0.66 68027 44898 10 0.020 894 0.7 626 1.001E-16 0.6 0.06 0.6 90 5.4 13.0

(1) APD gain is estimated by  M=M(V=290V)・exp(bV) , b=4.7%  and  the gain corresponding in Fig.4, 
NIM A442(2000)193-197, K.Deiters et al. , assuming the same property of the APD expect for the  

    quantum efficiency. 
(2) Distance (d) is from the APD to the gamma ray source 
(3) Acceptance η is a simple one defined by 5 x 5 mm2 / 4πd2 .

Rough Expectations

No

d
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Figure 1: Set-up for energy resolution measurements: PA ‒ charge 
sensitive preamplifier, Amp ‒spectroscopy amplifier, MCA ‒ 
multichannel analyser.

Figure 2: Set-up for time resolution measurements: PA ‒ preamplifier, FO ‒ 
linear fan-out, SA ‒shaping amplifier, FA ‒ fast amplifier, CFD ‒ constant 
fraction discriminator, C ‒coincidence unit, DL ‒ delay line, TAC ‒ time-to-
amplitude converter, GG ‒ gate generator.
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Figure 3: LAAPD gain as a function of bias voltage (T = -100ºC).
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Figure 4: Typical pulse height spectrum of the scintillation due to 
5.5 MeV α-particles. LAAPD gain is 120.

Detection of Scintillation Light of Liquid Xenon with a LAAPD, V.N.Solovov et al., Nuclear Science Symposium 
Conference Record, 2000 IEEE  (Volume:1 ) 7/58-7/62 vol.1, 15-20 Oct. 2000.
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Figure 5: The pulse height spectrum obtained with the 241Am source 
placed at 5mm from the photodiode. A peak due to 60 keV γ-rays can 
be distinguished. The LAAPD gain is 150. The amplifier gain is 3 times 
higher than for the spectrum shown in Fig. 4.

Figure 6: Energy resolution measured with α-particles as a function of 
gain. The squares are experimental points and the line is the best fit of eq. 
(1) to the experimental data.
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Figure 7: Time interval distributions, obtained with the LAAPD gain 
M=605 for N0 above the threshold of 1,500 (a) and for N0 in the 
range from 6,000 to 8,000 (b).
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Figure 8: Time resolution as a function of the number of primary 
electron-hole pairs (N0) for three values of the LAAPD gain.
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amplitude of the LAAPD signal was constant and therefore the gain could be assumed unitary. 

The value of N0 was obtained comparing the amplitude of the signal due to α-particles under this 

condition with that of a calibration signal produced by injection of a known charge into the input 

of the preamplifier. A value of N0 equal to 2400±100 was found. The gain was obtained by 

dividing the output charge of the LAAPD by eN0 (e is the elementary charge). 

Pulse height spectra of liquid xenon scintillation due to 5.5 MeV α-particles were acquired for 

different values of the LAAPD gain. A typical amplitude spectrum obtained with a gain of 120 is 

shown in Fig.4. In a different geometry (the source at a distance of about 5 mm from the LAAPD 

window), the 60 keV γ-rays emitted by the 241Am source could also be detected as shown in 

Fig.5. The energy resolution is poor due to the large variation of solid angle.  

The dependence of the energy resolution obtained with α-particles on the LAAPD gain is 

presented in Fig.6. 

The energy resolution of an APD-scintillator system can be written as [11]: 
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where Ne is the number of noise electrons referred to the preamplifier input, M is the APD mean 

gain and F is the excess noise factor which takes into account the fluctuations inherent to the 

multiplication process. The excess noise factor can be estimated [12] with 

)1)(/12( kMkMF −−+≈ , (2) 

where k is a weighted average ratio of the hole ionization rate to that for electrons, which for a 

beveled-edge LAAPD at normal conditions is approximately equal to 0.0017 [4]. In eq. (1), the 

first term is the electronic noise contribution, the second term takes into account the statistical 
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Figure 9: Time interval distribution including events 
involving direct interaction of γ-rays with the LAAPD 
(left peak) and those due to the scintillation produced in 
liquid xenon.
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first term is the electronic noise contribution, the second term takes into account the statistical 

Excess noise factor

Ne is the number of noise electrons referred to the 
preamplifier input

k is a weighted average ratio of the hole ionization rate to 
that for electrons

Eq. (1) was fit to the experimental data with Ne, k and δ as free parameters. 
The best fit was obtained with Ne=255±16, k=0.0029±0.0003 and 
δ=0.0370±0.0006. The value for Ne is in good agreement with the 
measured one. The value found for k is significantly higher then that usually 
referred in the literature (k=0.0017) for this type of devices at room 
temperature. As for the δ value, according to our estimate, the solid angle 
variation contributes to δ with approximately 0.01. The photoelectron 
statistics, calculated under the assumption that a photon produces no more 
than one photoelectron, contributes an additional 0.02 (1 /√N0 ) . The 
missing fluctuations of about 0.029 (in order to obtain 0.037) may arise due 
to the fact that it is energetically possible for a VUV photon with the energy 
of 7.1 eV to produce two or more electron-hole pairs. In this case, the above 
estimate of the fluctuations in the number of photoelectrons is not valid. 
Eventual non-uniformity of VUV light reflection from the α-source surface 
may also contribute.

(1)

(2)

Conclusions 
A LAAPD was used for the detection of 
scintillation photons in liquid xenon. Immersed 
into the liquid, it has proven to be operational at 
T = -100 °C.   
An energy resolution of 10% (FWHM) was 
obtained with 5.5 MeV α-particles.   
The coincidence time resolution, measured with 
511 keV γ-rays, is similar to that reported for 
LSO and YAP scintillation crystals. The best 
value, obtained for the LAAPD gain of 605, is 
0.9 ns (fwhm). 
The estimated quantum efficiency for liquid 
xenon scintillation photons is about 100 %
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Fig. 1. 16mm diameter LAAPD from 
Advanced Photonix

 Fig. 2. Right- Teflon housing with LAAPD. Left- Charge 
Collection and Anode Grid in Teflon housing.

Figure 4. Gain versus bias voltage on LAAPD.
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0.85cm

0.3cm

1cm

LAAPD    :  pre-amplifier to an amplifier with 
a gain of 200, shaping pulse of 0.25 us, rise 
time of 0.2 us and a fall time of 0.2 ms. 

1kV/cm
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and used in the equation below to 
calculate QE. The QE can be expressed 
by measurable parameters in the 
following expressions 
 
           

 
 
where Ne is the number of 
photoelectrons detected by the MCA, g 
is the reported gain which is equal to 
158 electrons, and Nγ is the total 
number of incident photons on the 
LAAPD. The LAAPD’s bias voltage was 
slowly increased to 1400V at which 
point it was kept stable to obtain 
charge spectra. 
 
Calculating the QE for the Am-241 
source was found in a similar manner 
but with a different Nγ. The average 
value was QE=27%.  
 
    
3.23.23.23.2    Charge Collection EfficiencyCharge Collection EfficiencyCharge Collection EfficiencyCharge Collection Efficiency    
 
CCE was found by applying a 1 kV/cm 
drift field between the cathode and 
anode in the same experimental setup 
described above. The applied field 
causes the electrons released from 
gamma, electron and alpha interactions 
to drift vertically to the charge 
collection grid. Due to the applied 
field, amplifier settings had to be 
adjusted. 
    

 
3.2.1 CCE measurement with Bi-207 
and Am-241 
 
Calculating charge collection efficiency 
depends on the number of electrons 
that are counted by the MCA divided 
by the number of electrons created in a 
gamma, electron or alpha event 
process. The CCE can be calculated by 
the following expression 
 

QE = (Ne/g)(1/Nγ)                       (5) 
 
QE =23%  (average)          (6) 

Figure 7. Typical charge spectrum from Bi-207.  

Figure 8. Typical charge spectrum from Am-241. 

QE=27%
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4 4 4 4 ConclusionConclusionConclusionConclusion 
 
Quantum Efficiency was found to be 
an average 27% from the Bi-207 source 
and 23% from the Am-241 source. 
Charge collection efficiency was found 
to be 70% for the Bi-207 source and 
1.8% for the Am-241 source, both with 
an applied 1kV/cm drift field.  
 
Reasons for not achieving the reported 
100% QE include the LAAPD’s 
exposure to air, unprotected, for about 
a year. Water molecules from the air 
are absorbed in the surface of the 
LAAPD and prohibit electron-hole 
pair production from incident VUV 
photons, thereby decreasing QE. 
 
This particular LAAPD would not 
enhance the Xenon Project’s light 
detection capabilities due to its 
relatively poor QE and very low gain 
compared to current PMTs. If the QE 
were measured at 100%, the gain is still 
too low to be competitive with current 
PMT’s.  
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CCE = ND/Nγ          (7) 
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1. APD gain measurements as a function of the bias voltage from 20V to 320V 
     in liquid Xe, where  the feedback capacitance is 0.1pF replacing with 1pF  and  241Am source 
     distance from APD to the α source = 1.5cm as precise as possible for acceptance calculation 
     measurements by K102 (MCA)  
     the gain estimated by the 5.5MeV peak 
    
2. The same measurement by PMT,  may be done in rehearsal of summer challenge 
     comparison with the APD 
     estimation of the APD quantum efficiency relative to the PMT  
     assuming the PMT one in the data sheet and correction of acceptance

1. Measurement of scintillation lights as a function of drift time in the TPC, 5cm drift 
     as a function of drift electric field and the anode-grid electric field 
     by using FADC (500MHz, 8k memory),  current data in 5800 -6000 to be optimized 
     purpose : detection of second scintillation lights in the anode-grid region 
                    as alternative method of the two phase Xe detector

Study in the test chamber

Study in the TPC chamber

Proposal of study on the scintillation light in Xenon


