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ABSTRACT

The investigations of radiation demages to Si - PIN - photodiodes are done
in view of their applicability as beam loss monitors for the HERA p - ring.
The results indicate that photodiodes can withstand deses of 5 x 10° Gy
without any problems. Therefore, these diodes could be used as loss moni-
tors in HERA for several years.

INTRODUCTION

The Hadron Electron Ring Accelerator HERA, presently under construction
at DESY, consists of an electron ring of 30 GeV and a proton ring of
820 GeV nominal energies. Because of its high energy, the proton ring
requires superconducting bending, focussing and correction magnets. In
order to protect the magnets against beam induced quenches resulting
from beam losses, a loss monitor system will be installed in the HERA tun-
nel. Experience from TEVATRON (Ref. 1) shows that a loss of about 107
protons per millisecond inside one superconducting magnet could lead to
a quench at 400 GeV. Calculations made by U. Otterpohl (Ref. 2) predicted
that on the order of 10® lost protons per millisecond will quench a HERA
magnet at 820 GeV. If such a rate is reached, the beam loss monitor sys-
tem has to initiate a beam dump before a quench occurs.

The main part of a planned loss monitor system, as proposed by J. Bailey
(Ref. 3), consists of photodiodes (PDs) which are located on top of the
superconducting magnets, one PD on each magnet. The PD, used as semi-
conductor counter, cen detect the shower particles leaving the ragnet
which are generated by lost protons inside the magnet. The rate of shower
particles crossing the PD is proportional to the loss ratel,

The dose? rate due to synchrotron radiation (SR) from the electron ring in
the HERA tunnel is expected to be 2 x 102 Gy per year behind a few centi-
meter thick lead shield. The calculated spectrum of the SR ranges from
10~® MeV up to about 1 MeV. The average is 0.1 MeV (Ref. 5). Thus, two prob-
lems arise:

t A detailed discription of the planned beam loss monitor system will
aviable in the near future (Ref, 4).
2 In this report 'dose’ meeans a dose measured by a RPL glass dosimeter

(see also Ref. 8). .



. Background signals: Their contribution is only 0.1 % of the real signai
rate and be use for system tests (Ref. 4).

. Radiation damages: This effect will be discussed in the following.

ARRANGEMENT

The tested PDs are Si - PIN - photodiodes BPW 34 (Siemens) with a sensitive
area of 0.075 cm® (Fig 1). The PDs were irradiated by a '¥(Cs source
(660 keV 7 - rays) available from the DESY radiation safety group. The
PDs were exposed to total doses raging from 1 up to 5 x 10® Gy, The dose
rates correspond to the total dose between 0.48 Gy/h at 1 Gy and about
102 Gy/h at 5 x 10* Gy. Three PDs were always irradiated. simultanousiy
with the same dose to account for differences between the PDs. A RPL
glass dosimeter was mounted near the irradiated PDs to measure the dose.
During irradiation, a bias voltage of 9 V was applied to the PDs in order to
represent the conditions in HERA.

The following measurements were made before and immediately after
irradiation:

1. Dark current as a function of the bias voltage applied,
2. noise determination with a sensitive preamplifier,
3. 60 keV ¥ spectrum with the sensitive amplifier,

4. noise determination with an amplifier which will be used for the beam
loss gystem, and

5. annealing effects.

Ad 1)

The dark currents were measured with a nano - amperemeter from E.I.L.
Vibron Electrometer model 33C. The uncertainty of this measurement is
less than 10 % as a result of reading errors.

Ad 2) and 3.)

To detect small changes of the PDs, a readout with a sensitive preamplifier
- amplifier combination is necessary. A preamplifier from CANBERRA mod-
el 2003. BT and a shaping amplifier from ORTEC model 451 (shaping
time = 2 wus) were choosen. The pulseheight spectrum was analysed by a
multichannel analyser from Tracor NOTHERN model TN - 1705. To deter-
mine the noise, a well-defined test pulse was applied to the preamplifier.
The width of the pulseheight spectrum gives the noise of the whole readout
systemn including the PD. The setup is shown in PFig. 2 Furthermeore, the
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spectrum of a ®*'Am source, mainly the 60 keV y-line, was measured with
the PDs acting as semiconductor detect_ors.

Ad 4)
To look at influences under real circumstances, the noise of the combinae-

tion of a PD and an amplifier built for the use in HERA was monitored. For
this purpose, the same meesuring method as described in Ref. 7 was used

(see also Fig. 3).

Ad 5)

To monitor the annealing effect of irradiated semiconductor devices, the
dark currents of the highly irradiated sample of PDs (5 x 10° Gy) were
monitored for up to 16 days after the end of irradiation.

For all these measurements, non irradiated PDs were used to control the
stability of the readout electronic. During the measurement period, tem-
peratures varied up to + 2 °C. No influence by this variation was-detected.

RESULTS

In all cases, the PDz of the same irradiated sample show the same
behaviour, se Lhe diagrams show Lhe results for one of them only.

Dark currents: .

Increases in dark current are observed at doses of more than 107 Gy (Fig.
4-8). At 5 x 10° Gy all three irradiated PDs show an increase by a factor of
5 - 10 at bias voltages below 10 V and by a factor 2 - 3 at bias voltages
above 10 V. The annealing of the PDs is shown in Fig. 7. After 16 days the
dark current deceases to one half the value measured immediately after

irradiation.

Noise:

The increases in dark current cause increases in (shot-} noise. This is
detectable with the sensitive amplifier configuration (Fig. 8). But no signif-
icant change in noise was detected with the amplifier for HERA (Fig. 9).
This result indicetes that this amplifier produces most of the noise (tran-
gistor noise) and the PD contributes only a little.

60 keV spectrum:
The following table shows the calculated values of the 80 keV peak in units
of electron hole pairs produced. The values can be calculated with the the

test pulse calibration method (Ref. 8).



PD Nr. before irrad. 1 Gy 7.4 x 102 Gy | 5.0 x 107 Gy
] 16884 16834 16910 16767
2 18900 168834 16834 18750
3 18850 18800 16733 16741
check 16876 18876 16902 16741

Table 1. Mean number of electron hole pairs created by a 80 keV photen

The relative uncertainty of the values is less than £ 1 % as a result of read-
ing errors. The absolute uncertainty is + 200 electron hole pairs because of
an inexactly adjustable test pulse amplitude and an inaccurate input
capacitance. Within these errors there is no change observable. The small
decrease at 5 x 10° Gy, which also occurs at the control PD (check), is likely
due to a small shift of the test pulse amplitude. In conclusion, no
remarkable change of the PD properties of charge creation and charge
conduction has occured.

Check
No changes are found in any of the control values during the measure-
ment period indicating that the readout electronics were stable.

Comment

The results indicate that the PDs have sufficient resistance against
synchretron radiation, Without any problems they tolerate more than the
- ray dose of 2 x 10® Gys per year expected in HERA. They can be use as
beam loss menitors in the HERA tunnel for several years.

CALCULATIONS and DISCUSSION

The main radiation effects in a silicon lattice are displacements of
Si atoms from their lattice site (knock - on atoms){Ref 9,10). Photons can
displace atoms directly by photonuclear absorption, but the cross section
for this effect is small compared to the cross section for Compton scatter-
ing in the energy range of the synchrotron radiation in HERA. An electron
produced by the Compton effect undergoes a collision with a lattice atom
and transfers sufficient kinetic energy to knock it out of its lattice site. In
most materials, the atom has to receive an energy of more than = 26 eV
for dislocation to occur (Ref. 10, 11, 12). The energy transfer T from an
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incident electron with an energy of E {(mc? = 511 keV) to a Si atom
(Mc? = 28 GeV) can be obtained as:

2 E (E + 2 mc?)

Mc?

The energy E of an electron after Compton scattering of photons of an
energy hv is:

&% (1 - cos8)
E = me? x . e = hr/mc®
1+ g{l - cos®) ® = scattering angle.

With hy = 680 keV it follows that photons with a scattering angle of 8 2 n/3
vield electrons of sufficient energy to produce displacements. The caleu-
lated cross section g, for Compton scattering of 660 keV photons within
this angular range is:

g, = 0.68 barn

The probability P, for a Compton effect with € = 7/3 to take place inside a
100 pmm Si layer 1 (= intrinsic layer of the tested PDs) is:

P.=oxlxn ;n=25x10?® atoms/em® ,

resulting in: P, = 3.3 x 1074 ..

The cross section for displacements due to electron bombardement is cal-
culated by Ref. 13 {(see also Ref. 10). Fig. 10 shows the result, From this
diagram it is possible to estimate the cross section Gunoex on for low energy
electrons:

Tynock on = 20 barn  => Prpoek on ® 1072,

Then, the probability of a defect inside a PD (100 pm Si - layer) is:

Paatect () = Pe % Pinock on = 3.3 X 1078,

This result complies well other authors (Ref. 14).

in the following table, N is the number of 860 keV photons which have
crossed a PD at a certain dose. This number can be calculated on the basis

of the mass energy absorption ccefficient of the RPL glass dosimeter at
660 keV (u/p = 3 x 107% Ref. 18). Together with the probability for a defect
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calculated above one can estimate the number of defects M inside the PD
as a function of the measured dose D.

D (Gy) N Defects M
1 2.4 x 1010 8 x 104
10 2.4 x 1011 8 x 10%
1.2 x 102 2.9 x 1012 9.7 x 108
7.4 % 10% 1.8 x 1013 8 x 107
6x100 | 1.2 x 104 4 % 10°

Table 2. Number of defects created by radiation

Note that M means the number of defects created by the 880 keV radiation
without annealing. Ref. 9 desals with an annealing factor of 50 %, also
measured in this report. This annesling allows the PD to.tolerate higher
accumulated doses of radiation as defects are self healing at a rate near
that at which they are being created.

The PDs used as beam loss monitors in HERA will not be exposed to
synchrotron radiation only. The aim of such a monitor is to measure par-
ticles from hadronic showers. Table 3 gives an estimate of the probability
of detects created by incident shower particles.

rF’art:i_cle Energy (MeV) P/100 pm Si Reference
Electron 0.2 le 10-? 15
2 5 x 10-7 12
40 1.9 x 1071 15
Proton : 2 20 ~ 40 9, 12
10 10 9, 15, 16 ,17
100 1 -3 9, 15, 16, 17
500 0.3 15, 16 ,17
Neutron 1 5 15
2 2.3 12
14 35 15
Photon 0.66 3 x 10°¢ this report,
Ref. 14

Teble 3. Probability P of defects as a result of incident particles

The comparision of different particles has to be done carefully because the
values given are often mean values, and the types of defects are different.
The defects resulting from electron and photon bombardement are
homogenously distributed over the whole crystal. Protons stop at the end
of their range so that defects are clustered at this point. Hence, protons
with an energy ahove 10 MeV will hardly lead to defects inside a 100 um Si
layer.

The radiation leve] caused by shower particles will depend on the frequen-
cy of beam losses in the same magnet in HERA. Monte Carlo calculations
show that on the order of 10* shower particles would cross the PD if 107
protons hit the magnet (Ref. 4). Most of these particles are electrons and
positrons. The probability for a defect from an electron is about 0.1, This
leads to 10® defects per quench in a 100 um Si layer. To produce more than
4 x 10° defects, more than 4 x 10° beam induced quenches inside the cor-
responding magnet would be necessary. This number is unlikely ever to
reached in the whole life of HERA. The fraction of hadronic particles is



about 1072 lower than the electromagnetic part. So there will be no danger
from the hadrons, either.

The situation is a little bit different for small continuous beam losses:
Assuming, HERA operates 4000 h/year. For 10% defects inside a PD one
needs 10° protons per millisecond lost inside the corresponding magnet,
continucusly, 4000 h/year. If this happens in all superconducting magnets
it will lead to a beam lifetimé of about one order of magnitude lower than
the design value. Such a loss rate is not tolerable for HERA. If only a few
magnets are affected then the total loss rate is smaller, the loss rate
inside a magnet may be larger and more than 10° defects per year are
possible for the corresponding PD. But note three points:

1) The FDs will work very well with 10® defects.

2) With data from the literature one can expect much more tolerable doses
for the PDs. Ref. 19 had listed the following 'allowable’' fluences of particles
through a 2 mm thick depletion layer of a Lithium drifted Si ~ crystal:

Particle Energy (MeV) Fluence/cm*
Eleclron 0.8 1pis

1.6 1012
Proton 1.9. 101t
Neutron fast 1010

Table 4. Allowable fluences through a 2 mm Lithium
drifted Si - layer

It is remarkable that the 'allowabie’ fluence multiplied with the probability
for a defect listed in tab. 3 give resulis which are in the same order of
magnitude for all particles (= 10'* defects/cm?®). This indicates that the
number of defects in a Si layer are nearly independent of the incident par-
ticles and their energies. In case of the tested PDs this number is about
101! defects. Surely, this value is a rough estimation, but shows that one is
on the safe side in case of the beam loss monitor.

3) PDs are inexpensive and will be easy to exchange when working as beam
less monitors in the HERA tunnel.

SUMMARY and CONCLUSIONS

v - doses of up to § x 10% Gy lead to a small increase in dark current in PIN
photodlodes. This does not affect their opreation as beam loss monitors

for the HERA p - ring. They are not affected by beam loss radiation beyond
well tolerable levels.

In view of an other application in high energy physics these results indi-
cate a favourable use of PDs alse in the readout of scintilation counters. In
radiation environment there will be no problemns with radiation damage of
the PDs. The main problems are the damage of the scintilation material
{see e.g. Ref 20).

For the readout of the PDs one needs an amplifier mounted closely to the
PD. This amplifier is exposed to the same radiation level as the PD. There-
tore it is necessary and planned to test the behaviour of the HERA amplifi-

er at certain radiation doses.
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