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Abstract:

A gamma spectrum of a Pu-C source is measured using a p-type HPGe detector, whose three

peaks (full energy, single-escape and double-escape peak) can be used as a calibration source for the beam

energy measurement system of BEPCII. The effect of fast neutron damage on the energy resolution of the

HPGe detector is studied, which indicates that the energy resolution begins to deteriorate when the detector

is subject to 2x107 n/cm2 fast neutrons. The neutron damage mechanism and detector repair methods are

reviewed. The Monte Carlo simulation technique is utilized to study the shielding of the HPGe detector from

the fast neutron radiation damage, which is of great significance for the future commissioning of the beam

energy measurement system.
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1 Introduction

A large data sample to be collected at BESIII is
typically a few fb=! [1, 2], unprecedented statisti-
cal precision will be achieved in data analysis, hence
many systematic factors and effects have to be se-
riously considered in order to obtain precise results.
The detailed Monte Carlo simulation indicates [3-5]
that the uncertainty of the beam energy plays an im-
portant role for BESIII physics analysis in many as-
pects. First of all, uncertainty due to the beam energy
will be a bottleneck issue for further improvement
of 7 mass measurement. Secondly, such uncertainty
is a crucial part of further high accuracy measure-
ment of resonance parameters at BESIII. Lastly, the
small systematic uncertainty of the beam energy is
also an indispensable factor for the improvement of
the branching ratio measurement aiming at an accu-
racy of 1%—2%.

Therefore, the high accuracy beam energy mea-
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surement system has been designed [6] and is being
constructed at the north crossing point (NCP) of the
BEPCII [7].
can be recapitulated as follows [8]: firstly, the source
provides the laser beam and the optics system focuses
the laser beam and guides it to make head-on colli-
sions with the electron (or positron) beam in the vac-
uum pipe, after that the backscattering high energy
photon or y-ray will be detected by a High Purity
Germanium (HPGe) detector.

The great merit of such a process consists in two
aspects: firstly, there is a sharp Compton edge, which
can be measured with fairly high accuracy by the
HPGe detector. Secondly, as indicated by the for-
mula [9, 10]

The working principle of this system

1414 e

E=2
2 e E,

: (1)

there is an analytical relation between the energies of
the laser beam (e, ), the electron beam (E,), and the
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backscattering y-ray (E,). Since the energy of the
laser beam (e,) and the electron mass (m,) are deter-
mined with the accuracy at the level of 107, utilizing
Eq. (1), E. can be determined to be as accurate as
E,, the accuracy of which is at the level of 107°. To
this end, scrupulous calibration of the HP Ge detector
with the radiative sources is indispensable.

The designed beam energy of the BEPCII [7]
ranges from 1 GeV to 2.3 GeV and the corresponding
energy range for the backscattering photon is from 2
MeV to 7 MeV [11]. The calibration sources should
cover this energy range. Many well-known radiative
sources, such as 37Cs, %9Co and ?*Na can be used
for calibration of the low and medium energy region
(<3 MeV), as far as the high energy region (espe-
cially when the energy is greater than 5 MeV) is con-
cerned, the Plutonium Carbon (Pu-C) [12, 13] source
is almost the only choice.

In this paper, gamma spectroscopy of a Pu-C
source is undertaken, the results of which will indicate
if such a source is indeed suitable for energy calibra-
tion. The neutron damage due to the Pu-C source
on a HPGe detector is studied in details. Since radi-
ation shielding is necessary for the safety of HPGe, a
Monte Carlo simulation is employed to test the effects
of some protective materials. Last, the implication of
the neutron damage on future energy measurement
systems is discussed.

2 Introduction on experiments

The Pu-C source and the HPGe detector are the
main components for the experiments described in
this paper. In addition, a spectrometer system is also
needed to measure the gamma spectrum.

2.1 Pu-C source

A Pu-C source is widely used as a calibration
source for gamma and neutron detectors in the high
energy region. Its 6130 keV gamma ray is produced
by *C(a,n)*®0 reaction. The #**Pu is used as an
« emitter, two main « rays of 5.499 MeV and 5.455
MeV are emitted from the reaction:

28py 2 Ut (5.499 MeV, 5.455 MeV),  (2)

which are greater than the 150 6.13 MeV excited state

and lower than the 6.92 MeV and 7.12 MeV excited

states. An « particle is captured by 3C:
a+"?C—n+'%0" (3)

followed by a neutron and an !O* state, where
60" indicates the 0 ground state, the 07 first ex-

cited state and the 3~ excited state. The gamma
of 6130 keV is produced only when the 3~ excited
state decays. The ratio of gamma to neutron is about
4.5% [14],
source is 2.0 x10* n/s in a 47 geometry. The struc-
ture of the Pu-C source used in this experiment is
depicted in Ref. [15], also the energy spectrum of the

and the neutron flux rate of the Pu-C

neutron has been measured using a liquid scintilla-
tor. According to Ref. [15], there are three peaks at
3.8 MeV, 5.3 MeV and 7.1 MeV, respectively, in the
neutron spectrum, most of the neutrons are fast neu-
trons.

Besides the Pu-C source, a %°Co source is also
adopted for energy calibration in this study.

2.2 HPGe detector

Germanium detectors are semiconductor diodes
with a P-I-N structure in which the intrinsic region
is sensitive to ionizing radiation, particularly X-rays
and y-rays. There are three types of reaction that
the photo-
electric effect, Compton scattering and pair produc-
tion [16]. The latter two processes dominate when
the energy of the injection photon is greater than
1 MeV. The germanium has a net impurity level of
around 10'° atoms/cm?® (an extremely small relative

happen in germanium semiconductor:

net impurity concentration compared to 4 x 1022 Ge
atoms/cm? [16]) so that with a moderate reverse bias
voltage, the intrinsic region that is the entire volume
between the electrodes is depleted, and an electric
field extends across this active region. When photons
interact with the material within the depleted volume
of a detector, charge carriers (holes and electrons) are
produced and are swept by the electric field to the P
and N electrodes. This charge, which is in propor-
tion to the energy deposited in the detector by the
incoming photon, is converted into a voltage pulse by
an integral charge sensitive preamplifier. Subsequent
amplification and pulse height analysis adds the pulse
to an accumulated histogram, which eventually be-
comes the characteristic spectrum of the source.

At BEPCII the coaxial germanium detector (re-
ferred to as HPGe hereafter) will be adopted, which
is basically a cylinder of germanium with an n-type
contact on the outer surface, and a p-type contact
on the surface of an axial well. The effective energy
range of HPGe is from 50 keV to more than 10 MeV,
which is satisfactory for beam energy measurement
at BEPCII [8].

2.3 Geometry of setup

The source-detector geometry, used for obtaining
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the gamma spectrum of the Pu-C source is shown in
Fig. 1. The Ge crystal (¢ 54.0 mmx50.2 mm, OR-
TEC) is enclosed within a lead cylinder with inner-
diameter 28 cm, height 60 cm and thickness 15 cm.
The Pu-C source was placed directly at the top of de-
tector along the cylindrical center axis of the Ge crys-
tal. The distance between the source and the detector
varies for different situations. For the source study,
the distance is 1 ¢m and only a filter of 2 mm lead

plate is inserted between the source and the detector
to suppress the detection of the low energy gamma
rays. As far as the neutron damage experiments are
concerned, 3 cm and 7 cm borated wax are inserted
between the source and the lead plate, respectively.
The dewar outside the lead cylinder can hold 25 litres
of liquid nitrogen, which is utilized for cooling the Ge

crystal during the experiments.

VI TIIETEO 4 7
source o borated | /]
% lead s /
HPGe é
detector HY
ORTEC
L2 Wl A 18
signal
processing
APM ORTEC
ORTEC 918A PC
572 MCB

liquid nitrogen

Fig. 1.

data analysis

The schematic of the setup geometry. The HPGe detector is depicted on the left of the plot, which is

enclosed by a lead cylinder. The Pu-C source is denoted by a circle; the lead plate and borated wax plate

are denoted by the black and the blank rectangles, respectively. The components of the spectrometer system

are also indicated schematically at the right of the plot (refer to text for more details).

The p-type? HPGe detector is used for the exper-
iments that follow. To obtain the gamma spectrum,
a spectrometer system is needed and consists of an
ORTEC 138 high voltage power supply, an ORTEC
237 P preamplifier, an ORTEC 572 amplifier and an
ORTEC 918 multi-channel buffer (MCB). The high
voltage used to bias the detector element is 1500 V.
The energy resolution of the spectrometer (full width
at half maxium, referred to as FWHM hereafter) is
1.80 keV for 1332 keV peak of °Co, the relative de-
tection efficiency is 20%.

3 Measurement of the Pu-C source

Figure 2 shows the gamma spectrum of the Pu-C
source measured by the HPGe detector. The three
peaks indicate the detection of, from right to left, the
full-energy, the single-escape and the double-escape
modes marked as (a), (b) and (c), respectively. These

1) Based on the energy band theory, a certain amount of trivalent impurity integrates itself into the Ge crystal lattice and there
will not be enough electrons to fill the valence band. Thus extra holes are left in the crystal. The trivalent impurities perturb the
band structure by creating an additional state, which is close to the valence band. Electrons in the valence band are easily excited
into this extra level, leaving extra holes. The holes then become the major charge carriers and is called a p-type Ge detector.
However when the impurity is pentavalent, an electron is left in the crystal. The electron acts as the major charge carrier and this

kind of crystal is called an n-type detector.

counts

Fig. 2.

source.
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5 10 15 20 25 30 35 40
channel (x10%)

The gamma spectrum of the Pu-C
The three peaks indicate the detec-
tion of, from right to left, the full-energy, the

single-escape, and the double-escape modes as
marked (a), (b) and (c) respectively.

Vol. 35
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peaks can be fitted with the Gaussian function as pre-
sented in Fig. 3 (a), (b) and (c), respectively. Based
on the ®Co calibration result, the energy for the full-
energy peak is determined as 6133.78 keV, the energy
resolution is 8.13 keV, which is consistent with the
results in Refs. [12, 17] within one . The energy
positions for the single-escape peak and the double-
escape peak fitted using the same function above are
5624.38 keV and 5113.41 keV, the corresponding en-
ergy resolutions are 9.38 keV and 9.09 keV, respec-
tively. The three peaks cover the high energy region
from 5.1 MeV to 6.1 MeV, which is crucial for high
energy calibration as far as 7-charm physics is con-
cerned.

As a calibration source, the Pu-C source should |

be investigated carefully. The precision of the three
peaks position of the Pu-C source may affect the accu-
racy of the energy measurement system. As pointed
out in Ref. [18], the precision of the measured peak
position is dependent on the counts of the peak and
its width (FWHM),

o ~FWHM/VN. (4)

The more statistics, the more accurate of the peak
position. However, exposure to the Pu-C source for
long time will cause a neutron induced reaction and
degradation in the germanium detector. In a future
experiment, about 10000 events are needed for the
calibration work.

g - (@ | L

counts (=10%)
=3
——

T

(c) 1

| | | | | |

6118 6135 6152 5602
energy/keV

Fig. 3.

5619 5637 5093 5110 5127
energy/keV

energy/keV

(a) The full-energy peak; (b) The single-escape peak; (c) The double-escape peak. The three peaks

of the Pu-C source can be fitted with the standard Gaussian. Based on the ®°Co calibration result, the
energy positions for the full energy-peak, the single-escape peak and the double-escape peak are 6133.78
keV, 5624.38 keV and 5113.41 keV, the corresponding energy resolutions are 8.13 keV, 9.38 keV and 9.09

keV, respectively.

4 Neutron irradiation damage

4.1 Experiment results

Table 1 summarizes the experimental results, in-
cluding radiation time, FWHM, the full width at the
one-fifth of the maxium (referred to as FWFM here-
after) and the count rate of the HPGe detector. In
order to keep the same precision of the peak position,
the counts of every file in the interest region is re-
quired to be greater than 40000. Clearly, the FWHM
of the detector is almost 8.13 keV when an accumu-
lated fluence of neutron is as low as 2x107 n/cm?.
For the estimation of the dose, the Pu-C source is
simplified as a point source. The shape of the full
energy peak is a pure Gaussian distribution at both
the low and the high energy side as shown in Fig. 4
(a) solid line. However, the values of FWFM further

| increases, which means that the FWFM can describe

the change of shape more precisely than the FWHM
value.

As shown in Table 1, a prominent energy reso-
lution degradation occurs after the detector receives
radiation fluence of 2x107 n/cm?. The exponential
tail can be seen at the low energy side of the peak
and a Gaussian shape is maintained at the high en-
ergy side, as seen in Fig. 4 (a) dotted line. As the
neutron flux exposures increase successively, the de-
terioration becomes progressively more serious. The
influence of the detector working temperature is elim-
inated by filling the dewar with liquid nitrogen and
keeping the detector sufficiently cooled. The FWHM
of the full energy peak is 9.11 keV, which is clearly
increased when the detector is subject to a dose of
6.5x10” n/cm?. When the accumulated neutron flu-
ence reaches 1.66x10% n/cm?, the FWHM of the full
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energy peak is 14.18 keV, nearly twice the original
value.

When the detector is subject to an integrated neu-
tron fluence of 1.5x10% n/cm?, a 3 cm borated wax
shielding is placed in front of the Pu-C source. The
wax is used to slow the fast neutron to a thermal neu-
tron, a 5% boron? and 1 mm cadmium (Cd) plate in-
serted between the lead and the wax is used to absorb
the thermal neutron. The small amount of shielding

makes no discernable reduction in the neutron dam-
age effects to the detector (see the simulation part).
However, the net count rate of 0.50 count per second
(cps) decreases to 1/4 of the former one (2.00 cps).
Also a thicker borated wax of 7 cm [19] is arranged in
our experiment. The net count rate is very small, the
typical value is about 0.15 cps. Clearly the distance
between the detector and the source is too large and
the efficiency is too low to be tolerable.

Table 1. Summary of the experimental results, including the radiation time, integrate neutron dose, FWHM,
FWFM and count rate.

Rad. time/h n/cm? FWHM /keV FWFM/keV gross/net count rate/cps
1.50 1.53x10° 8.13 12.83 2.11/1.93
7.35 7.51x106 8.11 13.04 2.16/1.96

13.18! 1.35x107 8.29 13.20 2.10/1.93
19.54 2.00x107 8.23 13.51 2.10/1.91
30.45 3.11x107 8.61 14.18 2.21/2.00
43.02 4.40%x107 8.80 15.09 2.26/2.03
50.00 5.11x107 9.01 15.47 2.28/2.01
63.992 6.54x107 9.11 16.24 2.27/2.01
77.20 7.89%107 9.58 17.62 2.27/2.01
83.82 8.57x107 9.75 17.83 2.31/2.00
97.08 9.92x107 10.26 19.00 2.23/1.98
110.33 1.13x108 10.58 20.41 2.23/1.96
123.70 1.26x108 10.58 20.84 2.37/2.01
137.26 1.40x108 11.94 23.88 2.30/2.01
150.96 1.54x108 11.89 23.22 2.31/2.00
160.81 1.61x108 13.27 24.20 0.76/0.50
166.81 1.63x108 12.90 24.67 0.74/0.49
172.813 1.66x 108 14.18 27.42 0.75/0.49
183.03 1.67x108 17.51 30.92 0.37/0.15

1 the FWHM for Co-60 1332 keV peak is 4.94 keV. 2 the FWHM for Co-60 1332 keV peak is 6.22 keV. 2 the FWHM for Co-60

1332 keV peak is 8.34 keV.

0.18 (a) Pu-C full energy peak
0.16
0.14 i
0.12 !-
0.10
0.08 r
0.06 :
0.04
0.02
0
3480 3500 3520 3540

channel

Fig. 4.

030 | (0) *“'Co 1332 keV peak
025 |
0.20
0.15
0.10

0.05

Lol

0 .
750 760 770 780 790
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(a) Pu-C full energy peak; (b) °°Co 1332 keV peak. Variation of the FWHM before and after the

neutron radiation. The number of events is normalized. The solid line denotes the FWHM measured by the
detector before radiation. The dotted line denotes the FWHM when the HPGe detector is subjected to a
dose of 6.5 x10” n/cm?®. The dashed line presents the FWHM when the accumulated radiation dose is 1.66

x10®% n/cm?.

1) Zhang Qing-Jiang, Private Communication.
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When the measurement of the Pu-C source is not
carried out, the detector is monitored frequently us-
ing a %°Co source at the same position as the Pu-C
source. The gamma ray spectra of the °Co 1332 keV
peak are taken to evaluate the performance of the
detector as a function of accumulated neutron flu-
ence. The FWHM is listed in Table 1 as a footnote
and comparison between the ideal and the damaged
distribution is presented in Fig. 4 (b). Before the ex-
periment, the cobalt 1332 keV peak is stable and its
FWHM is 4.94 keVY. After the detector is subject to
a dose of 6.5 x10” n/cm?, the FWHM of the peak in-
creased to 6.22 keV. When the accumulated neutron
fluence reaches 1.66 x10% n/cm?, the FWHM of the
50Co 1332 keV increased to 8.34 keV.

4.2 Damage repairing

Neutron damage to HPGe was noticed and stud-
ied two decades ago. Some studies focus on the p-
type detector while others on the n-type detector. It
is well-known that the p-type detector is more sus-
ceptible to fast neutron damage than the n-type one.
However, generally speaking, the principle and meth-
ods suitable for one type of detector are applicable to
the other one too. Therefore, in the following study
no special emphasis is placed on the type of detector.

4.2.1 Damage mechanism

The Ge crystal is subject to damage when exposed
to fast neutrons with a dose greater than 107 n/cm?.
Neutrons knock Ge-atoms out of their lattice sites
and lead to the creation of lattice defects like amor-
phous clusters and isolated defects (Frenkel defects)
[20], all of them become trapping centers for carriers,
electrons (for n-type detector) or holes (for p-type
detector). During a charge collection process, some
fraction of the charge carriers, which were created by
the absorption of a gamma-quantum, is lost at those
trapping sites. The measured pulse height is there-
fore smaller and this event is recorded in the energy
spectrum at lower energies. The line shape of the
gamma peaks exhibits the characteristic low-energy
tail, which deteriorates the energy resolution.

It is worth stressing that the p-type germanium
coaxial detector should not be used in any situation
subject to significant radiation damage. This point
was anticipated because the defects produced by neu-
tron irradiation of germanium act predominantly as

hole traps [21, 22].
4.2.2 Software correction

One method was developed to correct gamma-
spectroscopy data for effects of charge carrier trap-
ping in neutron-damaged coaxial HPGe-detector [23].
In addition to the pulse height, the risetime of
each signal is measured with standard nuclear spec-
troscopy electronics and both data are recorded on
tape.

According to the analysis of Ref. [23], the pulse
height of the output signal from the detector is,
in principle, proportional to the absorbed gamma-
energy E,. If the creation of the electron-hole pairs
by the absorption of a gamma-quantum takes place
at a certain radius r, inside the active region, the
pulse height of a neutron-damaged HPGe detector
will strongly depends on r,. The reason is that some
charge carriers are lost at the neutron induced trap-
ping sites and the amount of the charge lost thus de-
pends on the drift length of the charge carriers. More-
over, it is noticed that the risetime 7, increases with
increasing radius ry. This relation between the radius
ro and the risetime 7, offers the possibility of deter-
mining ry from a measurement of 7,je.

With this basic idea the correction method is as
follows:

1) Measure the pulse height E and the risetime
Trise Of €ach event.

2) Make a suitable calibration and find a correc-
tion function (i) so that:

Ey=(1+06(Tue)) - E . ()

3) Correct each event with Eq. (5).

After the correction, the resolution of gamma-
spectroscopy data from a neutron-damage coaxial
HPGe-detector can be enhanced considerably. As
pointed out in Ref. [23], the FWHM at 1333 keV was
improved from 2.71 keV to 2.24 keV. The low energy
tails of the gamma-peaks could be corrected, so that
a nearly symmetric line shape was obtained.

4.2.3 Anneal repairing

The annealing technique is primarily used to elim-
inate the residual defects in the growth of Ge Crys-
tals [24]. Even for dislocation-free (DF) Ge?, resid-
ual defects such as lattice vacancy complexes may
exist. There are many kinds of vacancy complexes,

1) This value is different from that given in the document. Two reasons cause this difference: the first is the interested energy
region, up to 7-8 MeV, which is much wider than the usual measurement, therefore, the values of amplifier and shaping time are
different from those recommended to obtain the best resolution. The second is that the detector has served for 13 years, so the

long time usage makes its properties much worse.

2) During the growth of materials, if the thermal distributions in crystal is not homogeneous enough, the number of dislocations

will be increased thereby relaxing thermal stress.
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for example, monovacancy (V;), divacancy (V) and
divacancy hydrogen (V,H). For DF crystal, the V,
is much higher because there are no dislocations to
serve as sinks for the annihilation of V;s. Also, there
are fewer or no larger clusters present, since these
presumably form at the dislocation jogs or forks in
crystals with dislocation. Thus, the principal defect
present is the V,, which is equivalent to the carrier
trapping centers. These frozen lattice defects in the
crystal are expected to respond to an annealing treat-
ment. However, such a heat treatment must be car-
ried out with precautions and subtle details should
be taken into account. The most important factors
are the temperature and the cooling process.

The defects due to neutron damage are similar to
those of vacancy complexes, both of which degrade
the resolution of Ge detector. Therefore, an annealing
technique is also adopted for the resolution recovery
of a Ge detector suffering from neutron irradiation
damage. Here, it should be noted that the annealing
temperature for irradiation damage is usually much
lower than that for crystal growth [24, 25].

4.2.4 HPGe repairing

Ref. [20] pointed out that after annealing at the
normal or higher temperature, the HPGe detector’s
properties can be recovered. The HPGe detector is
taken out from the dewar and remains at the nor-
mal temperature (18 °C) for 4 days, allowing the
atoms diffuse freely. The detector shows significant
resolution degradation after annealing, as reported in
Ref. [26, 27]. Then, we sent the detector to a germa-
nium detector expert for repair. After annealing at
about 100 °C to 120 °C for three days, the resolution
is fully recovered.

5 Shielding simulation

In order to obtain a count rate that is as high
as possible, we minimize the distance between the
source and the detector. However, if the distance is
too small, severe radiation damage may be inflicted
on the detector. A Monte Carlo simulation is helpful
for designing the protection due to the difficulty of
experiment.

The simulation calculations on the interaction of
neutrons with germanium are carried out using the
GEANT 4.9.0 framework. The precision of many
low energy process models in this package has im-
proved, so it has been applied in many nuclear exper-
iments. As far as neutron shielding in this paper is

concerned, the correlative dominant processes are low
energy nuclear processes. The binary cascade modelV)
is added in order to simulate the inelastic interaction
of hadrons. Furthermore, the default models of low
energy inelastic processes for certain particles, and
the default models of low energy electromagnetic pro-
cesses and elastic processes are used so that the inter-
actions between neutrons and atoms in nucleus such
as capture and fission are also included.

Implications from the calculation and space envi-
ronment conditions lead to special requirements for
the neutron and detector setup. During the simula-
tion, the set of protection conditions is simplified as a
spherical shell type: the center is the Pu-C source, the
outermost is the HPGe detector, the shielding layers
lie between the source and the detector.

According to the design, three materials (cad-
mium, lead and 5% borated wax) are considered for
protective shielding. Firstly, we consider the borated
wax only, the variation of the penetrated rate of neu-
tron with the thickness of wax is shown in Fig. 5.
Then, a 1 mm cadmium plate and a 2 mm lead
plate are inserted between the wax and the detector.
Clearly, the cadmium or lead is almost useless for
neutron shielding. According to Fig. 5, even though
the thickness of the borated wax is 15 cm, about 27%
of the neutrons penetrate through the shielding layer,
with which the acceptance of the gamma detection is
only about 1.2%.

1.0

0.9 —@
08 — @

0.7 —

¢ single borax paraffin
O with 1 mm Cd
] with 2 mm Pb

@
. 0.6 — @
04 — @
0.3 @ '(“
0.2 ‘) @
0.1

0 2 4 6 8§ 10 12 14 16 18 20
thickness/cm

Fig. 5.

rate of neutron and the thickness of borated

The relation between the penetrated

wax.

When the thickness of the Cd is increased, the
protective effect is enhanced. A 10 cm Cd plate with
1 cm borated wax will decrease the penetration rate
to 32%, while the rate will be 16% when the thick-
ness of borated wax is increased to 9 cm. In fact, the

1) Geant4 manual. http://geant4.web.cern.ch/geant4/support/index.shtml.
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shielding effect of 19 cm borated wax is better than
that of 10 cm Cd plate plus 9 cm borated wax.

6 Conclusion and discussion

Three results are reported in this paper: firstly,
using a Pu-C source as the calibration source for a
HPGe detector is studied and measured spectroscopy
clearly displays the three peaks, full energy peak,
single-escape peak and double-escape peak. All of
them can be fitted with fairly high accuracy, which
indicates the excellent calibration feature of Pu-C
source.

Secondly, the neutron damage effect due to a Pu-
C source on a HPGe detector is studied in detail. The
relation between the radiation dose and detector res-
olution is obtained. The annealing methods for Ge
crystal are reviewed and the annealing results for the
utilized detector are also given.

Thirdly, the neutron shielding for Ge detector pro-
tection is studied with help of a Monte Carlo simu-
lation based on the Geant4 package. The relation
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