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ABSTRACT

The appliﬁability of high-purity germanium detectors for charged
particle detection of intermediate energy particles was evaluated with a
two detector system. »The eﬁergy reSolution for 100 MéV:protons'and 50 MeV
positive pions was measured. The sensitivity of the détectors to radia-

tion damage was estimated and the repair of the detectors was demonstrated.

* This work performed under the auspices of the U. S. Atomic Energy Commission.

t Presently at the Lawrence Berkeley Laboratory
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1. Introduction

| With the forthcoming operation of new high-intensity intermediate
energy aécelerators (LAMPF, SIN and TRIUMF), it is:important to develop
particle spectrometers to utilize the capabilities of these machines.
Most high-resolution particle épectrometers use large magnets and tompiex
arrays of proportional or spark chambers. These sysfems have the dis-
advantages that they are generally very expensive.and only cover a limited
energy range at one time. The recent development of lérge high-purity
germanium detectqrs may make it possible to construct particle spectrom-
eters which will be less expensive and cover a larger energy range at one
time than present spectrometers. This type of spectrometer may be useful
up to several hundred MeV and have an energy resolutionvbetter than 0.1%.
These detectors may also be suitable for many experiments (i.e., two arm
coincidence measurements) which are difficult to coﬁsider with othef types
of spectrometers.

Until récently, germanium detectors were made By drifting lithium
through a germanium crystal to compensate fbr.impurities. These-detectors'
generally were unsuitable for particle detector teleécopes because it was
very difficﬁlt to make large detectors without having'igrge inactive

‘regions in the detector. With the advent of improved réfining techhiques,
crystals can now be produced with less than 10'° impurities per cm®. These
crystals do not need tb be lithium dfifted and may be fabricated difectly
into detectors. Elimination of the lithium drifting procedure makes detec-

tors easier to fabricate, store and repair since there is no longer any
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concern about the lithium moving if the detector is not kept cold. High-
purity germanium'detectors aléo‘have a great advantage for charged par-
ticle work in that large planar detectors (33 mm diameter by 15 mm thick)
can be fabricated with very thin windows so that alﬁosf the complete volume
is sensitive.

Very few charged particle experiments have been done using germanium
detectors. Some work has been done with side entry of Ge(Li) detectors
by Bertrand et all) at the Oak Ridge cyclotron, by Gruhn et alz) with
40 MeV protons at the Miéhigan State cyclotron, by Horowitz and Sherman )
at the McGill cyclofrcn and by Sundqvist et alk) at the Uppsala synchro-
cyclotron. There has also been some work with both thin window Ge(Li) and
high-purity germanium detecéors at the 88 inch cyclotron of the Lawrence

Berkeley Laboratory to measure 42 MeV profonss'e).’
| In order to evaluate the capabilities of high-purity germanium detec-
tors for intermediate enérgy physiés experiments, we have fabricated a two
crystal spectrometer and tested it with beams of protons and positive pions
at the Los Alamos Meson Physics Facility (LAMPF).

In the following sections the fabrication and construction of the
spectrometer, its.general properties, use of it'with_protons and positive
pions and the effect and repair of radiation damage on the Ge detectors |

will be discussed.

2. - Detector Fabrication and Construction

The high-purity germanium crystals used in this system were grown at
7
the Lawrence Berkeley Laboratory ). Two slices, each 33 mm in diameter and

15 mm thick, were obtained from good sections of two ingots. A palladium
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(Pd) contact 0.1 micron thick was evaporated'on oﬁe_end'and an n* contact
was formed on the other by lithium evaporation folloﬁed by a low tempera-
ture diffusion (180°C). The lithium window thickness‘was éstimated to be
about 10 microns for one detector and about 40 micrbns for the other.

The crystals were mounted as shown in Fig. 1 with.the Pd windows fac-
ing the cold finger (to minimize the dead 1ayer between the detectors) and
held by springiloadgd contacts at the periphefy of the crystals; The top
of the cold finger was made of boron nitride and had a 29 mm center hole.
The entrance'and'exit windows of the cryostat were SO‘mm diémeter and.were
made of 25 micron Havar. | |

High voltage leads were fed separately fo the Pd sides of each crystél.
The Li contacts were connected through low capacity feedthroughs to separate
room temperature FET preamps. With this arrangemént the first stage gain
of the preamp could easily be changed to optimizevthe output range énd elec-
tronic noise by changihg'the externaily mounted RC feedsack components. In
our tests two RC networks were used--one for high-resolution gamma ray
measurements up to 8 MeV and the other for particles depositing up to
300 MeV in each detector. The outputs of the preémps were fed to Tennelec
TC205 linear amplifiers to produce slow lineér signals and to Ortec 454_»
timing filter'amplifiers followed by Ortec 463 constant fragtioﬁ discrimina-
tors for fast timing signals. The fast timing signals were used in coh—
junction with scintiilator signals to tag the event via a coincidence buffer
and to strobe the ADCs. The slow linear signals-went td separate Northern
Scientific NS623‘8192 channel ADCs which were interfaced to a PDP 11/45

computer.J“Tﬁé computer read out the ADCs and the event tagging register,'g



4 | 'LBL-3359"

taped this data for later detailed anaiysis and alsqlprovided histogram :
displays of each individual spectrum and of the sum spectrum. A dot plot
on a storage.scope (Tektronix 4010) with the first detector signal as the
absicca and the second detector signal as the drdinate to show particlé.

identification was also available. Figure 2 shows an example df this dot
ﬁlot where pfotons and deuterons which stopped in the second detector are

clearly separated into two distinct bands.

~ 3. Properties of the System

What are the‘general properties éuch as stopping ability, time’jitter,
energy resolution and solid angle of this spectrometer?

This system hag an effective thickness of 30 mm of germanium which will
stop 115 MeV protons, 155 MeV deuterons, 185 MeV tritons and 55 MeV pions.

The time jitter is an important property if this type of spectrometer
is to be used in a two arm experiment or for measuring time of flight. The
time resolution was measured using 300 MeV pions which do not stop in the
spectrometer but leave about 11 MeV in each detector. A scintillator was
placed just aheéd of the cryostat and its signal output was used to start
a.time-to-amplitude converter which was stopped by the fast timing signal
from one of the detectors. The time resolution betwéen the scintillator
and either of the detectors was about 600 ps (FWHM). This excellent timing
resolution is much better than that measured for Ge detectors with gamma
rays because the signal to noise is better. Furthermore, particles of the

same energy and type have very similar pulse shapes since they all interact
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in almost the same fashion Within the detectors. This is in contrast to
gamma rays for which the pulse shape varies considerably since the event
occurs randdmly throughout the éctive volume. |

An important contribution to the total spectrometer energy resolution
is the energy unCertaiﬁty introduced by straggling'ih the various wiﬁdows
of the system. For 100 MeV protons the present windows (25 microns Havar,
10 microns Ge and'O.Z micron Pd) give a straggling“Width of 39 keV (FWHM).
For special cases where very high resolution is critiﬁal, the cryostat
window Could be reduced to 5 microns Havar. Generally, however, the energy
spread in the incident beam and the target thickness will make this unneces -
sary.

What is fhe ultimafe energy resolution of this spectrometer? Using a
Fano factor of 0;12 the detector resolution for 100 MeV protons would be 14 keV
(FWHM). 1If the electronic noise is better than 5 keV, the possible resolu-
tion of the detector is 15 keV at 100 MeV. Straggling in the windows, as
discusSed'above,.of 39 keV broadens the possible_eneréy resolution of our
present_spectfometef to about 42 keV (or 0.04%). It wés not possible to
measure this resolution because present beams at LAMPF do not_héve suf-
ficient energy resolution. The resolution of the twb detectors for ®%Co
| gamma rays was measured tovbe 2.1 and 2.5 keV at a bias of 2500 volts.
Thé solid angle of this system is determined by the diametér of the
| cold finger hole (29 mm). Particles which pass through the cold finger
material have a lower energy loss in the second gefmanium detector than
expected and therefore must be carefully removed to avoid spurious peaks

in the energy spectrum. There are several ways in which this can be
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achieved. A fhick metal coilimator can be placed in front of the detector
with a hole smaller than the cold finger hqlé. This method has the dis-
advantage that particles may scatter from the edges‘of the collimator into
the detector. - A second technique'is to use a écintillator with a hole in
it to replace the collimator and to»eleﬁtronically reject or tag those
events which are associated with é scintillator pulse. Another method is
to use multiwirebproportiohal chambers to measure the particle position
. and trajectory. This téchﬁique allows the solid angle to bé optimized
- since events can be sorted by the computer later to separate those
events near the cold finger. We have successfully tested all three methods.
Not all particles observed actually stop in the detector. Therefore
we have placed a 7.5 cam diameter scintillator just behind the exit window
of the cryostat to veto or tag those events which traverse the detector buf
do not stop.v A crude energy analysis and particle identification is pos-
sible on these events so normally these evénts are stored on magnetic tape
along with the stopping events and studied later to esfimate the high energy -

part of the particle spectra.

4. Detection of Protons

With the present LAMPF beam lines it is impossible to measure the
intrinsic resolution of this spectrometer for charged particles.‘ In order
to study the géneral properties of this system, we used thé P?\channél at
LAMPF and tuned it for 450 MeV/c positive pafticles (i.e., 102 MeV protonsj
from the pion production target. This channel has a design momentum resolu-

tion of 0.25% (Ap/p) which corresponds to an energy.resolution of 486 keV

.
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for 102 MeV protons. Our.spectrometer was placed‘directly in the highly
collimated beam (about 5 k/sec instantaneous rate)./ A thick brass col-
limator with a'3/4 inch hole was placed in front of the detector to elimin-
ate particles which might strike the cold finger. The resulting total
energy spectrum &ith an energy resolution of 510 keV (FWHWD at 100 MeV is
shown in Fig. 3. This resblution was limited primarily by the P3.channe1
(in fact it served as confirmation of the channel resolution) and not by
the gefmanium detectors. | ‘

The iﬁtegréted number of events in the low energy téil from 40 MEV to
101 MeV was measured to be 9.2% +0.3% of the number in the peak. This fesult_
agrees well with calculations by Measday and Richard-Serree) and by Makino
et alg) who estimate the low energy tail from nuclear interactions to be
about 9% for 100 MeV protons. As well as being a rather small percentége,
thevdistribution of events in the tail is smooth (since natural germanium
has many isotopes with many excited states), which will make studies of
inelastic scattering much easier than if the distribution contained peaks

~ 10
as have been seen with silicon detectors at lower energy ),

5. Detection of Positive Pions

The use of this detector for positive pions presents special‘problems
since_the pion decays to a muon and neutrino with a lifetime of 26 ns and
the muon then decays.to a positron and two neutrinoé‘with a lifetime of
2.2 us. We have tested our detector with 50 MeV nf from the IEP channel

at the LAMPF accelerator. The raw summed energy spectrum is shown in
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Fig. 4. Since the détector collection time, about 100 ns, isbmuch greatér
than the pion lifetime, the output pulse when a pion slowé down and stops
will almost always contain 4.12 MeV additional energy'from the.kinetic
energy of the stopping muon as well as thé original energy of the pion.
When the muon decays, there will be a further pulse of varying energy (up
to SOINbVOIfrom the energy loss of the positron in fhe detector. Some of
the positrons will stop in the detector while some will escape.

The additional pulse from the pion to muon decay does not degrade the
resolution since it almost always is there and is of fixed energy. The pulse
from the mﬁdn to positron decay, on the other hand,.produces a variable
energy pulse which produces a high energy tail on the pion spectrum. This
tail pulse can be reduced in several ways. One method is to reduce the ampli-
fier integration time constant. By changing the time constant from 1 us to
0.25 us the rafio of counts in the pion peak to those in the high energy tail.
was improved from 1.7 to 3.6 without noticably degfading the energy resolu—
tion. As highér quality beams become available degradation of the peak
resolution may become noticable at the short time constants due to incomplete
charge collection. A second method to reduce the tail is to surround the
sides and rear of the germanium detector with a scintillator to detect those
positrons which escape. Events which have a scintillator pulse within 2 ps
after the pion pulse are then vetoed elettronically or tagged and separafed
later by computer. A third technique is to look for the second pulse (from
the positroh) in the germanium detector by connecting the output of the con-
stant fraction discriminator to a pileup gate and Vetoing those events which
have a second pulse within 2 us of the first. Changing the amplifier time

constant moves-events from the tail into the pion peak (increases the pion
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1

peak efficiency) but using a scintillator and/or a pileup gate only elim-
inates events in the spectrum tail from the‘finél spectrum (no change in
the pion peak efficiency). We have combined all thfég'techniques and have
obtained the improved spectrum shown in Fig. S. The energy resolution of
the pion peak is about 500 keV and is due primarily to the pion chamnel

rather than the detector resolution.

6. Radiation Damage

An important consideration for the use of Ge detectors around inter-
mediate energy accelerators is the sensitivity of these detectors to radia-
tion damage (primarily from neutrons).ll) | |

Dufing‘the testing of this system the detectors weré exposed to.a total
neutron dose of about 1 x 10° n/cm?. The gamma ray resolution of both
detectors wés'degraded from about 2.2 keV to 16 keV (FWHM) at 1.3 MeV. Due
to the limited resolution of present beams at the LAMPF, we were unable to
measure any‘effects of this radiation damage on the charged particle resolu-
tion. Since radiation damage produces trapping centers in the germanium
crystals, the.energy resdlution is probably still proportional to the square
root of the deposited energy. Therefore, in many experiments considerable
.degradation of the energy resolution will be acceptable because the experi-
mehtal resolution will be limited by beam and térget‘properties.

Once serious radiation damage has occurred, is it possible to easily
repair the detectors? We have developed a proceaure'for repairing the
germanium detectors withoﬁt removing theﬁ from the cryostat. The system is
first connected to a high vacuum pumping station; the cold finger is then

removed from the liquid nitrogen dewar and placed in a flask of water that
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is gradually_heated to boiling (91°C at Los Alamos Scientific'Lab); Affer a
number of hours the procedure is reversed and the detector resolution and
capacitance as a.function of voltage are measured. During the first cyéle
the detectors were warmed to only room temperature for 60 hours.and then
tested. The detectors were then recycled to 91°C for 66 hours, tested,
and then cycled again until they had been at 91°C for a total of 300 hours.
As can be seen in Fig. 6, the resolution wasbdramatically degraded after
the first treétment but successive treatments grédually.festored_the detec-
tor resolution to 4 keV after 300 hours at 91°C. | |

However, fbllowing this treatment the thickness of the Li contact was
measured with a 2°7Bi source and found to have increased from about 40 |
microns to ovef 250 microns. With such long times aﬁ 91°C the Li ions were
mobile -enough to migrate considerably. This is a very serious problem for
our spectrometer since the charged particles traverse.the various Li and Pd
windows and a thick window produces a large energy sﬁraggling. If a window
contatf other thaﬁ Li can be developed, the prospect of using these detec-
tors until they show serious radiation damage and then repairing them within

the cryostat appears very promising.

7. Summary

From our experience with a two detector system, we are very optimistic
about the use of high-purity germanium detectors for charged particle spec-
trometers. They will provide high energy resolution (better than 0.1%) and

'good particle identification for stable charged particles up to several -
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hundred MeV. The high energy limit of these_Speétrometers will be_detef-
mined by thé large amount of germanium necessary to stop energetic par-
ticles and the rapid increase of the low-energy nuclear interaction tail
with incident energy. They éan also be used for_ﬁositive pion detection
where special electronic techniques are necessary.to reduée the high
'veﬁergy‘tail-from muon decay. The excellent timing resolution available
with thésevdetectors may make them very useful for time-of-f1ight or two-
arm coincidence experiments.

) Radiation damage may limit the application of these detectors. Total
fluxes of about 10° n/cm? seriously degradé the gama ray resolutioﬁ but
levels somewhat above this may be tolerable with charged particle spec-
trometers where the resolution may not be as crucial. If a different n*

contact for germanium can be developed, repair of the'damage can be done

fairly easily without removing the detectors from the cryostat.
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Figure Captions

Fig. 1. Arrangement of germanium detectors in the cryostat.

Fig. 2. Example of particle identification dot plot generated with detec-

. tors at 90° to an 800 MeV proton beam on é_Mg target. The events
indicated by 1, 2 and 3 are protons, deuterons and tritons respec-
tively whiéh stopped in the second detectof. Events labeled by 4 are
particles which traversed the detettor but did not stop. Those
events near 5 are probably from pions which stopped in the second
detector. The part of the figure below the diagonal line was col-
lected for about 1/5 of the time of the rest of the figurevto pre-

vent dot saturation.

Fig. 3. Energy spectrum observed with the detector in a 102 MeV proton
beam. The peak around 25 MeV is from minimum idhizing particles

(pions, muons, etc.) also in the beam.

Fig. 4. Raw energy speétrum measured with the detector in a 50 MeV (4p/p =
2%) pibh beam at LAMPF. The amplifier time constant was 1 LS.
The broad peak around 35 MeV is from the background of muons of

positrons which do not stop in the detector.

Fig. 5. Imprbved pion energy spectrum with a peak resolution of 500 keV
| " (FWHM). The pion channel resolution was. improved to Ap/p‘=
1”0.16%. The muon decay tail and backgroﬁnd events were reduced
by using an amplifier time constant of 0.25 us, veto scintillators

and a pile-up gate.
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Figure Captiohs (Continued)

Fig. 6. Shape of the 1332 keV ®°Co peak from one of the germanium
detectors before, during and after treatment for radiation

damage.
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