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ABSTRACT

While it has generally been stated that lithium-drifted germanium
detectors mst be operated at liquid-nitrogen temperature for optimunm
performance, no systematic investigation to prove or disprove this state-
ment has been reported. The closest experiment is that of Tavendale who,
however, only investigated the resolution as a function of temperature for
one low-energy gamma ray.

The resolution and efficiency of two lithium-drifted germanium
detectors, approximately 20-mm diameter and 3-mm thickness, were studied
in ‘the temperature range from 85° to 160°K., using gamma-ray sources
whose energies varied from 279 to 1332 kev.

It was found that, contrary to the results of Tavendale, the
resolution of the detectors had a pronounced peak at about lCSOK. The
origin of this peak is not known, but is not due to changes in diode
capacitance or leakage current. The efficiency of the diodes is approx-

imately constant for each energy over the temperature range.
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CHAPTER I

INTRODUCTION

In 1960, Pelll’® produced the first lithium-drifted (p-i-n) diodes
with deep intrinsic sensitive iayers, and suggested their use as detectors
for high-energy electrons and gaguma. rays. In 1962, Freck and Wakefield®
reported on a small lithium-drifted germanium detector that was 1.5 cem.® X
1.5 mm. deep and had a 3.2 pe;n:ent resolution for the 662-keV. gamma
rays from *37Cs. The first higngesolution lithium-drifted germanium
gamma.-ray spectrometer was used by Webb and Williams* in 1963. Their

detector was 0.5 cm.?

X 5 mm., deep and had a resolution of 1 per cent for
the *®7Cs gamma rays. Shortly after this, Tavendale® produced germanium
detectors up to 2.5 cm.® in area by 8-mm. deep with resolutions of 0.62
per cent at 662 keV.

The potentialities of the lithium-drifted germanium gamma-ray
detectors have been demonstrated and discussed by Ewan and TavendaleS™ *?
Since the detector efficiency increases with sensitive voluine, and higher
efficiencies are desirable for many applications, scientists are working
actively on increasing the sensitive volume without degrading the resolu=-
tion of the detector. As a good step toward this goal, Tavendale'® has
produced a lithium-drifted germanium detector with 16-cm.® sensitive
volume using the "coaxial drift technique" instead of the planar drift
technique.

The production of a (p-i-n) lithium-drifted diode begins with a

glab of p-type material (silicon or germanium). A layer of metallic

i



lithium is deposited on one side of this slab, forming an n+-type layer

and thus a diode. A reverse bias is applied for a period of time at an
elevated temperature. Lithium diffuses into the slab under the influence
of the applied field, producing a region of intrinsic-type material. The
drift process is stopped before the compensated region extends throughout
the slab, leaving a p-type layer at the back of the detector.

A diode of this type may be used as a gamma-ray detector. The
gamma rays interact with the detector material by one of three types cf
processes: thr: photoelectric effect, Compton scattering, and pair pro-
duction. The electrons produced in these processes cause electron hole
pairs which are collected by applying an electric field across the detector.
Photoelectric absorption produces a peak in the pulse-height spectrum
corresponding to the full energy of the gamma ray. Compton scattering
produces a continuous distribution in the pulse-height spectrum but, if
the scattered gamms ray is absorbed before it can escape, the Comp.on
event can alsc contribute to the full energy peak. At gamma-ray energies
above 1.022 MeV., gamma-ray absorption by the pair production process .
becomes increasingly important. In pair production, the photon is
completely absorbed and in its place appears a positron-negatron pair.

In pair production, the energy spent by the pair in the crystal is equal
to E'7 - meca (where mOC2 = 0.511 MeV. is the electronic rest energy).

A pesk will be observed at a pulse amplitude corresponding to this energy
if both annihilation quanta escape from the crystal. Those pairs for
which one quantum is absorbed give rise to & peak at E7 - mbCQ. If both
quanta are captured, a contribution to the photopeak at the full energy

E7 is obtained.



The cross section of gamma-ray absorption by the photoelectric

effect, Compton scattering, and pair production is proportional to Z°,
Z, and Z°, respectively, so a material of high Z is desirable. Hence,
germanium (2 = 32) is better than silicon (Z = 14) as a gamma-ray detector.
Also, the energy required to produce an electron hole pair in germanium
is considerably lower than that for silicon; thus, statistical broadening
will have less effect in germanium than in silicon. Further, germanium
detectors have a faster rise time than silicon detectors because of their
higher charge-carrier mobility. Silicon detectors have the advantage that
they can be operated at room temperature in many applications, whereas
germanium detectors must be operated at low temperatures. However, for
high resolution applications silicon detectors must also be cooled, so
this advantage is more apparent than real.

The temperature characteristics of lithium-drifted germanium
gamma-ray detectors have received, as yet, little detailed experimental

study. McKenzie and Bromely,'®: 1%

who used gold-germanium p-n Jjunctions
for the detection of charged particles in 1959, reported that germanium
diodes must be operated near liquid-nitrogen temperature because, at
higher temperatures, thermal generation of carriers produces excessive
noise. However, they were not primarily interested in studying the
temperature effect on the detector.

In 1964, Ewan and Tavendale’® used a lithium-drifted germanium
detector of 18-mm. diameter and 3.5-mm. depletion Jdepth to study the

resolution of the 122-keV. gamma-ray peak from ®7Co, as well as the

detector leakage current, as a function of temperature at constant bias



voltage. They reported that at low temperatures the preamplifier noise

is the limiting factor on resolution, and above 170°K. the detector,

leakage current limits the resolution. They added that the detector can

be used at temperatures up to lSOOK. without degradation of resolution.
Bince lithium-drifted germanium detectors are coming into wider

use in gamma-ray spectroscopy because of their high-energy resolution,

since it is known that they must be cooled, and since comprehensive data

on the temperature dependence of their response were not available, it

was decided to study in detail the effect of temperature on the resolution

for these detectors.
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CHAPTER II
EXPERIMENTAL EQUIPMENT

A cryostat for lithium-drifted germanium gamma-ray detectors was
designed and constructed such that the temperature of the diode can be
varied. This is accomplished by changing the gas pressure in a vacuum
Jjacket surrounding the diodes.

Figure 1 shows a detailed cross section of the cryostat. The
canned diode is mounted on the end of a cold finger, which is a 2l-in.-
long hollow copper cylinder whose outer diameter is 1 in. and whose
inner diameter is 0.5 in. The end opposite the diode is Jjoined at right
angles to a solid copper rod, 16.5 in. long and 1 in. in diameter. This
rod is immersed in iiquid nitrogen, thus cooling the detector by conduc-
tion through the hollow cylinder.

A vacuum jacket surrounds the cold finger in order to isolate it
from external heat sources. This jacket is made of a 19-7/16-in.-
long stainless steel cylinder which has a 2-in. outer diameter and
1.875-in. inner diameter. This shell also carries ports for mounting
vacuum gauges, and connects to a gas cylinder through a palladium leak
valve. The pressure within the Jjacket is controlled by the speed of
the pumping system and the setting of this valve. The front end of
the shell is closed tightly with a removable aluminum can that is
3,656 in. long and has a 1.5-in. outer diameter. The wall thickness

of the can head, which faces the diode, is 0.031 in. This removable

can is required to reach the diode for removal or replacement. The hollow

p
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Fig. 1. A detailed cross section cf the cryostat for lithium-
drifted germanium gamma-ray detectors.



cylinder of the cold finger is supported in the shell by stainless steel
spiders which prevent the cylinder from bending, yet minimize heat con-
duction from the shell to the cold finger.

The vacuum system is shown in Figure 2. It consists of a diffusion
pump (CVC Consolidated Vacuum Corporation, Type VMF-11), a fore pump
(W. M. Welch Manufacturing Company, Type 1402B), a cold trap, and a
bleeder valve. In order to reduce pressure fluctuations inside the
cryostat, the latter is evacuated through a ballast tank. The volume of
this tank is approximately equal to that of the space inside the cryostat
(166 in.® ).

An ionization vacuum gauge (Central Electronic, Type VglA/2) and
a thermocouple gauge (Hasting-Raydist, Inc., Type DV-6M) are mounted on
the ballast tank. The ionization gauge current is read with a Consolidated
Electrodynamic Corporation, Type DPA-28 ionization vacuum gauge meter.
The thermocouple gauge current is read with a Hasting Gauge, Type VT-6B.

Chromel-alumel thermocouples are used for the temperature measure-
ments. The cold junction of such a thermocouple is soldered to a lead
ring of 0.25-in. width and 0.025-in. thickness which fits tightly on the
diode can. The contacting ring is made of lead since lead is a good
thermal conductor and its expansion coefficient is greater than that of
aluminum; hence, when the can is coocled, the lead ring shrinks faster and
holds the aluminum can tightly. The thermocouple runs parallel to the
hollow copper cylinder and emerges from the vacuum jacket at the end

opposite the diode. The emf. induced in the thermocouple is recorded with

a Minneepolis-Honeywell Multipoint Recorder.
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Fig. 2. The vacuwn system.




Two lithium-drifted germanium diodes were used in this experiment.
The two diodes are designated SG-3 and SG-~1. FEach diode is 19.5 mm. in
diameter. The diode SG-3 has a depletion depth of 3.5 mm. and SCG-1 has
one of 5.0 mn. The two diodes were cut from a p-type germanium crystal
which was doped with gallium and has a resistivity in the range 31-39 ohm-
cm. This crystal was grown in the (1.1.1) orientation. It has a disloca-
tion density in the range 1900-2000/cm.? and a carrier life-time of
iTelo) p,sec.*

Each diode is mounted inside an aluminum can having a length of
0.78 in., an outer diameter of 0.88 in., and a wall thickness of 0.025 in.
The detector is pushed against the can head by a spring which alco serves
as the electrical contact between the diode and an electric connector
which is mounted at the center of a copper disk. This copper disk seals
the diode can. It is cold welded to a lip on the can and to a similar
lip on an aluminum skirt. This skirt fits tightly on the cold finger
such that very good thermal contact between the diode can and the cold
finger is obtained. The diode can is vacuum tight in order to avoid
problems of diode surface contamination.

Detector signals are brought out of the cryostat by the use of a
0.415-in.-0.d. thin-walled stainless steel tubing coaxial line. The
center conducting wire is 0.002-in.-diameter stainless steel. It is

held in position by an epoxy seal at one end of the stainless steel tube

*
Specification supplied by the manufacturer, Sylvania Electric
Products, Inc.
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and a glass disk at the other end facing the diode. The coaxial line is
24.5 in. long and is filled with plastic foam beads. These minimize
noise that may arise from mechanical vibrations of the center wire, and
prevent the line from acting as a proportional counter. At the same time
the plastic has a reasonable dielectric constant so that the coaxial line
still has a low capacitance (9 pf.). The coaxial line is shown in
Figure 3, and a block diagram of the electronic system is shown in
Figure 4.

A low-noise charge-sensitive preamplifier (Q2069C-3) designed by
J. L. Blankenship'®''® to accept and amplify the output of solid state
detectors was used in the experiment. It is mounted on a flange at the
end of the coaxial line. Figure 5 shows a circuit diagram of the pre-
amplifier.

The output of the preamplifier is fed to the input of a Q2069C-1
linear amplifier, also designed by J. L. Blankenship. The amplifier
chassis contains the main amplifier, a post amplifier with adjustable
bias, a test pulser, and power supplies. The main amplifier is a broad-
band feedback-stabilized amplifier with a gain of 200 and a six-position
attenuator on the input. The post amplifier has a gain of 2, 4, or 8 and
includes an adjustable bias of O to 100 volts. The post amplifier may
be switched into or out of the system. A circuit diagram of the amplifier
system is shown in Figure 6.

The amplifier has two output terminals. One is connected to a
single-channel analyzer and the other to a 400-channel analyzer (RIDL, Inc.

Model 34-12). The single-channel analyzer is adjusted to discriminate

A RS A A NI o A 5 e ol U AP b e
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Fig. 3. The coaxial line.
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Fig. 4. A block diagram of the electronic system.

ST el et




BLANK PAGE

S ST R e e I D - -

- I i el TN . .

DL DI et i

B

P —



15

=
= L
#£r3 k4 Cw &
pr ——py  MS-31024-20-1F
r-— - —AM— I
cie 2
K iour-$50V v2
76 T
<L 10uf-450v ——————3>¥
"’ e +270 L26 . — G
e 220 . s £33 e 4
o o £, r— 100 Yoo §
w3 £, & opfls 5w = Ve b
s0v | r-’}‘;;: i iy ez/ - ——— [ 1007 234 - 1
551 wl b S 20K, SW. 2366 M Fabov = 6800 ¥ | b4
£y | cn Cen A c/e 9 IW c/8, .'*F
> 7500 0o/ 3 o/ | __J‘
. £/0 4 3w 05 . ~ x
grox  [7° A o o ; - - ]
&9 p 2 L yve 1t 9
o | § a2 whs L Lsen
U 4 2 ! v Sil.Mica  £/6 i
/5oy J & ) 6922 | 2e00F 220 ﬁ?\; c12s S
= t] I —Y 7 G 1 Wy 40ufly - e 5'),,'
TEST IN L N, #oL T haad 5oV,
SM. COAX AMPH. 2/-598 |i" /5 MA 100K tLewrs 306
:’”“/d e b e - ,-f ————— 2
‘ 1 L Lo +75
= 273 20K
L
SM. 13,56 PF (or two CIPF us porotte!) ,’;’,’}f . L
%:' L 3 NPO Cerom)z i i
NOTES:
L Adjust SN/SET on @-2069C -1 until pin 3
£7 on 21 s 45- 100 volts. g
SRS
_5 L4 2. VAM - YAMIS TORS
=
. — 3. All resistors § watt except as noted
-200°
o
N b
N QO
g Gapy Fumshed TIS
) P 4 Ve nﬂ'- _; -té-/—
ver vas ves ves ] _sa e
" — + ! .
£39 5 3 4 5 Ve edv T -
C‘cr ;_
wcer Pin & Vie g o V=Y : el
¢ P ¢ = nl_vee "’ v ; e
< » Vr50v oy 3 — Lorls List C-/E
4/ prns of V22 S b s Chassis -
2 5 § REFERENCE DRAWINGS DWG. NO.
20 Ares ¥ e o ewonery  \J L, Blankenshio
o (OIS Amp) #)-598 Wesp arownd Forger coble) _ it T 555 o |22 ver LINEAR AMPLIFIER FOR ALPHA ANALYSIS
»t rEsss==—_= ST Semn e B P, 22 ¥ y e
CEANG. MS-3/068-20-/S £in 7 _ved ZJ ves PREAMP FOR SILICON DI
HS—JIO‘MI: &7 0 11 Leoof *22 AWG & IMS-3057-128 =S s RADIATION DETECTORS
Chgl T35 Fom 07 Fo Od 734 | LAS-3057-128 | o [ D Awo‘w = = § CIRCUIT
; | e/ Wh w oA Zo faco Ty (e s
A o iy i e i s I\ e INSTRUMENTATION AND CONTROLS DIVIION
DATE IIHD APPD . A L L A I S b * OAX RDGE NA---
= == = roa "= :————-————-————-;‘-—'U e TEEM. BOALD. UNION CARBIDE NUCLEAR COMPANY
#- Sofder shre/d g K O6-992- O64¢ /S S\ “Thick =i5" wide apoxy Fibergless MIL-P-/8/77 grade GEE
A | e | e s Brrvfe A Sname- G0 s fo ferrule / ® :1//9. i‘w Cre-£5-995 (%27 On'//)} All holes
TN Wm—— CABLE D/AGRAM © Soi¥ Lug CTC-ES-1/06 (*33 britt) I o7 & centers @-20698-3 xz
SSp

Fig. 5.

The circuit diagram of the (Q2069C-3) preamplifier.

P Al

SRR AR Afivnaiace 55



_.___TJ
7
-
»C
T_——M
————— e (5
| s e 1 'z
= 100 = g
lcn/ Ve & :
+| 10pf £3¢ ik .
cre  Te0K = 6800 T |4
X 5uf T " of”[‘—‘— F
Tmsov. = ] e > K
1 0 15 w;::.ztfg.g. Cer. .
s 2 [ !
| 2287 . ok | o0 | A4
ot 2758 Cer g 238
n poreie!” £29 Ph e L 14
2ok vaes e Y26l £77
77, == coze 153 302 i
o~ = £35 Cer.
IMeg.
"
/) PO | -
Ceremrc =

i )+ 44y

—_— Y rS5ov

A

& Thick =" wide apony fibergless MIL-P-/8177 grode GEE

® M. Shnd CTre-£5-995 (%27 0r///)] All holes

o 5
i Pn 1V
TELEM., QQ_ ALLD
© Sou¥ Lug CTC-ES-1/08 (33 Lrill)
f the (Q2069C-3) preamplifier.

on £ centors

Cw &
MSE-3/02A-20 -1 F

NOTES:

L Adjust SN/SET on @-2069¢C -1 until pin
onJVZI /'545-/00 volts. -

2. VAM - VAMIS TORS

3. All resistors § watt except as noted

Copy Furnished TIS
baki _2-2-e/

v

Rorts List
Cliasss

/&)

v ewonnniry S L, Blandenshjo

LINEAR AMPLIFIER FOR ALPHA ANAL

ysis

RADIATION DETECTORS
CIRCUIT

PREAMP FOR SILICON DIODE

INSTRUMENTATION AND CONTROLS DIVISION
OAK RIDGE NATIONAL LABORATORY

T S—— s

!




14

MAIN _AMP. LOST AMP.
> LaE S
4 20 2 Ome
A S ser F3
3 Ain & : g o 5% 3 ' ¥4
E @ [~ 4 > : o > >
> £3/ .1:: 2w \
e o AR /97
e ']
= JIZ’UI‘V, w’m % o/ T
cre cra c.y':‘, 276 . TLESs
BNE. sy itice J?Zldw'a. ’J‘: < ‘;fv‘ TGl
' VS pa
<7
ase | 528 3earioney £y Thces
o L 335 Ve . Jnier)
R esed s . 3 L <. o 2 v’ 5 evz 2sé ‘E
2 w2y Lad Ta 3% |27 o 3z 3%
{ - ok B¢
— “ZERO LEVEL" §, emseni) | :
1% L4447 L) s :
S5K A “g
T w.W. Veom.
PULSE GEN, | o :
S P ot ' ’ 1
3¢,
2 ‘fr O—AN—— : 1 s2b 4
M‘ ba 22w I
£ ‘-J’o—lv‘.v:,——a R e i e — S — o o—" o - . ot — (o o o o T — —— — -
Cnd ~ S$3 104, EW
6& a8 J POWER
POWER REQUIREMENTS : 71 i P PULSER
CRNL Jpec. D-880-5¢ o e ),
WSV, 6Ons, I¥, 2A, 180W A0S Snge. S-Rpo- 6146 FOWER SUPPLY P 4y s
. >Pnl Cnl
R AR T AN A3 e Y
. > X3 < y
o S m",’%" vom. 3 ok [ 50 81, e20 s & v
55 27,
) U -
()
&! vig s v CALIBRATE
) 120V 1575/ 300K :P e’?
’ Cer.
Syl
o700 109, 3W | .49 287 S €38
" ﬁ’,%",‘,".-,,;m o 2206 % ‘./“ 3 & ::a:
@ = 8% X X
(“:?Mf 8 > £90
Chass, = <
frge S sse 358 -200v
£85, sox
vem.
VWA 34,7
Vi3
8542
+*2 70V
E‘r. :’ s Yo Input Ls/62v
228 A “er 2 THIS DESIGN BASED ON Q-2069 DESISN
esox 28279 % Alser 8Y. E.FAIRSTEIN
€09  eno e 2 A c
/0 /000
g o Al S 3% Oeias 7o S Set b ’ 0 okt 8
er T > /0% ' 270V POT. CONNECTIONS .3.
sivesnea e TEVT % f . C._HEATER SUPPLY ) REAR VIEW —tl
£r07 INI334 < =3
(B1k) (Led)
wosv 2% Qz ve J1 -200
: 2 SNE78 +aqV v Cr 1
" o6 #in O w MS-3102A-20- /S P v ey
r2sv Gk W 9 cnl 7o Preemp
wam mwemury  J L, BLANKENSHIP
Notes: LINEAR AMPLIFIER
2700 & 6.3v.o.C /. 4038 - L. M. Erickson, plete 90V, screen S0V, FOR
i, 3w S cen i High side 4038 ~ Western Electric, plate 120V, screen 85V. ALPHA  ANALYSIS
g T OER 0w olevoted 2 Should be of FP type electrolytic. CIRCIT /
oo By B o o "Z’ - i 3. Switch S2 hes sections SE» & SCb shiekled /

L ] Soove grow From sechon Séc. INSTRUMENTATION AND CONTROLS GIVISION
NO. REVISIONS DATE | APPD | APFD &. A/ resistors carbon W, I% except @3 nofed OAK_RIDGE MTIQM'I'. LABORATORY
& P v Vom ~Vomistory; ST ~SYemeog; Cer.~Ceremic. p— M.-Nlm pon—

3 ——— Pin M
246l cn 1
]
S sstss

Fig. 6. The circuit diagram of the (Q2069C-1) amplifier.

- -



14

LPOST AMP.

L
»20

<

£99 <
.rm"

"

ST AR
ourPyy

2e7ov
J e Yo Input es/sey
Soow To Pulser
F A [«
‘ To SN Set "'g = 8
4270V o POT. CONNECTIONS
e REAR VIEW
o) (Ped) Y g =
(
v  J1 =200
Cr 1
MS-3102A-20- IS
7o Preomp
Notes:
n3vo.c /. Q038 - (.M. Erickson, plate 90V, screen SOV.
ol srcle 4038 ~ Western Electric, plete 120V, screen 85V.
leveled 2. Should be of FP fype electrolytic.
2" ac. 3. Switch S& hes sections Sto & SSb shickded
we grownd

from secton Séc.

& A/ resistors corbon W, T% except a5 noted
Vo, ~Vemrstory ST ~SYemeog; Cer.~Ceramic.

2069C-1) amplifier.

PULSER

PinJ Cnl
*Pinl Cnl

Laed
o Sr

THIS DESIGN BASED ON Q2069 DESIEN

8y, £ FAIRSTEIN

Copy Farataded T3
baty _3-3-6/

cnd
) SAE,
I c 2700

o ey J L, BLANKENSHIP

LINEAR AMPLIFIER

FOR
ALPHA ANALYSIS
CIRCUIT

UMION CARBIDE NUCLEAR COMPANY
F

INSTRUMENTATION AND CONTROLS DIVISION
OAK_ RIDGE NATIONAL LABORATORY
CIEAGTED WY

sl



15

against electrical noise. The 40O-channel analyzer is triggered by the

output pulses of the single-channel analyzer. The 400-channel analyzer
input, address overflow, and stored pulses are counted with scalers
(Computer Measurements Company, Model 121FA-6462 scalers ).

The diode bias voltage is furnished by a stabilized power supply

(John Fluke Manufacturing Company, Inc., Model L4OF).
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CHAPTER III
TEMPERATURE CONTROL AND MEASUREMENTS

Two chromel-alumel thermocouples designated A and B were cali-
brated against a standard platinum resistance thermometer. Calibration
points between 275°K. and liquid-nitrogen temperature (77.5°K.) were
vtaken. These calibration points are given in Table 1. The accuracy of
calibration is within +0.05°K.

After the thermocouple had been calibrated at a number of points,
the next requirement was a convenient means of obtaining corresponding
values of emf. and temperature at other points. The wide separation of
the last two calibration points (170.58°K. and 77.30K.) makes interpola-
tion in this range subject to large error. Interpolation between the
calibration points is achieved more accurately by relating these points
to an arbitrary reference table which closely approximates the temperature-
emf relation of the couple. This method of interpolation is explained as
follows:

A table prepared by the National Bureau of Standards for a standard
chromel-alumel thermocouple’” is chosen as the reference table. This table
gives the thermocouple-induced emf, at different temperatures in the range
from 1°K. to 280°K. in steps of one degree. For each calibration point
the value of the induced emf. is translated into temperature by using the
reference table. The difference between the temperature value obtained
from the reference table and the one indicated by the platinum resistance

thermometer is evaluated for each calibration point. This difference is
16
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TABLE I

THE RELATION BETWEEN THE TEMPERATURE INDICATED WITH THE PLATINUM
RESISTANCE THERMOMETER AND THE CORRESPONDING emf.
INDUCED IN THE THERMOCOUPLES A AND B

Thermoc ouple A

Temperature indicated by platinum
resistance thermometer

%K Induced emf. in mV.
272.99 -0.0100
263.24 -0.3954
241.87 -1.216M4
218.46 -2.0760
192.26 =2.9T775
170.58 -3.6669

173 -5.8938

Thermocouple B

272.99 -0.0098
263.22 -0.3960
241.89 ~1.2157
218.47 -2.0747
192.25 -2.9762
170.58 -3.6652

TT+3 -5.8945

LR
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plotted against the value of the thermocouple-induced emf. The maximum
difference to be plotted is only a few degrees. Thus a smooth curve of
the temperature difference versus emf, values can easily be plotted, and
interpolated values can be obtained accurately in the following manner:
For a certain value of emf. induced in the thermocouple one finds the
corresponding temperature by using the reference table. From the dif-
ference curve one finds the difference between the temperature obtained
from the reference table at that emf. value and the temperature which
would be given by the standard platinum resistance thermometer. Now
having the value of temperature from the reference table and its corre=-
sponding correction factor, one can find the value that would be indicated
with the platinum resistance thermometer. The difference curves for
thermocouples A and B are shown in Figures 7 and 8, respectively.

A subsidiary experiment was performed to determine the relation of
the pressure in the cryostat jacket to the temperature of the detector.
For this purpose the cold junction of thermocouple A is pushed tc the
center of a p-type germanium crystal (not a diode ) which has the same
dimensions as an actual detector and is canned in a similar manner. This
thermocouple is held tightly at the copper disk, then passes through the
disk, through the hollow copper cylinder of the cold finger, and out of
the vacuum Jjacket. The cold junction of thermocouple B is soldered to

a lead ring as described previously.
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The average length of the thermocouple wires Used is 35 in. Each
thermocouple is provided with chromel-alumel extension wires. Each wire
of a reference junction together with a copper wire is placed in a pool of
mercury at the bottom of a glass tube. The mercury forms the connection
between the two wires. The glass tubes are placed in an ice bath to a
depth of about % in. The spaces between ice particles are filled with
water, thus eliminating air pockets. The ice extends all the way to the
bottom of the containef. The copper leads are connected to the measuring
instrmunents.

After evacuating the system to a reasonable extent (of the order
of 10”5 mm. mercury ), the solid rod of the cold finger is immersed in a
dewar filled with liquid nitrogen. When the steady state of lowest
pressure and temperature is obtained, the temperature and the pressure
are measured The palladium filter is then electrically heated, thus
permitting deuterium gas to flow into the system. The system pressure
results from the balance between the pumping speed and the leak rate.
When a steady state is again obtained, the pressure and corresponding
temperature are recorded. Attainment of the steadv “ate was assumed
when the pressure and the emf. recorded by the Honeywell recorder showed
no further change over a period of 20 minutes. The emf.'s of both
thermocouples were dispiayed~éimultaneously oé‘ghe reégrd;r; The experi-
ment was repeated three times. Figures 9a and 9b show the relation
between the pressure inside the system and the cirystal temperature ob-
tained in the three different runs. The tempera:ure of the crystal at

a given pressure is reproducible to within k.
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After establishing the relation between the crystal temperature
and the pressure inside the system, the dummy diode and thermocouple A

are removed and an actual diode is mounted.



CHAPTER IV
EXPERIMENTAL RESULTS WITH THE DIODES
I. RESOLUTION AS FUNCTION OF BIAS VOLTAGE

Before using a semiconductor detector, it is important to determine %
the operating voltage at which the detector gives its best resolution.
The applied bias voltage affects the resolution of the detector in two
different ways:

1. The diode leakage current (which is the current that flows through
the detector even in the absence of ionizing radiation) depends
upon the applied bias voltage. If the applied bias voltage
increases the diode leakage current will increase, thus the
noise level increases and the resolution of the detector is
degraded.

2. The diode bias voltage is related to the charge collectiorn time

through the approximate relation given by18
T
wv

where

T = charge collection time (sec.),

carrier mobility (em?® . V.”! sec.”?),
W = sensitive depth of detector (em.),

V = applied voltage (volt).

24 5
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Low bias voltage corresponds to a long collection time which
may cause charge loss by recombination and thus degrade the
resolution.

The optimum operating voltage was determined by cooling the detector
to minimize the diode leakage current, maintaining it at a constant tem-
perature, and then recording the spectrum from a simple gamma-ray source
for different bias voltages. The detector energy resolution is defined

as

photopeak width at half maximun height (FWHM)
pulse height at photopeak maximum

Energy resolution = 100 .

For a given gamme ray, the detector resolution is proportional to the full
width at half maximum, therefore the term "resolution" will be used for
the full width at half maximum height (FWHM). When the resolution was
plotted as a function of the diode appli=d bias voltage, it was possible to
determine the optimum operating voltage.

The diode SG-3 was cooled to 85OK., which is the lowest obtainable
temperature with the present cryostat. Then the 662-keV. gamma rays from
18705 were recorded with the detector at different bias voltages. The
dependence of the resolution upon the applied bias voltage for diode SG-3
at 850K. is shown in Figure 10. It is seen that the resolution was poor
when the detector was operated at low bias voltage (<50 volts). This is
believed to be due to the incomplete charge collection. Also, the resolu-
tion was poor if the applied bias voltage was 2200 volts, which was due

to the increase of the diode leakage current at high bias voltage. A
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plateau region was found in the range between 50 and 160 volts. It was
therefore decided to operate this detector at 125 volts.

A similar experiment was carried out for detector SG-1 using the
same gamma-ray source (*37Cs), but with the detector operated at two
different temperatures, BSOK. and lOSOK. As will be shown later, the
detector showed a peaking in its resolution as a function of temperature
at a temperature of about lOEOK. For this reason it was decided to study
the relation between the detector resolution and its applied bias voltage
at this temperature in order to see if the optimum operating bias voltage
for the detector varied with temperature. The relation between the
detector resolution and bias voltage at the two different temperatures
is shown in Figure 1l. It was found that the two curves, the one with
the detector at 85°K. and the other with the detector at 105°K., are very
similar and the plateau region does not change with temperature for this
diode. It was decided to operate this detector with a bias voltage of

45 volts.
II. DIODE LEAKAGE CURRENTS

The diode leakage current is the steady current passing by the
detector in the absence of radiation. It is an important factor in the
operation of a detector because it can increase the electrical noise and
thus limit the resolution of the detector. §

The leakage current has three components:

1. The drift current due to diffusion of minority carriers into the
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depletion zone under the influence of the electric field across
the detector.

2. The carrier generation current due to carriers produced by thermal
generation in the depletion layer. This depends upon the
thickness of the depletion layer and the temperature of the
diode. It increases with increasing temperature, and it is
higher for larger depletion regions.

3. The surface leakage current, which is the current that flows
through the surface layer. It depends strongly upon the nature
of the surface contamination.

The drift current is very small compared with the surface and
generation currents. Hence the dicde leakage current can be reduced by
cleaning the detector surface, thus reducing the surface current.

Cooling the detector minimizes the thermal generation currents.

Since the detector leakage current changes with temperature, it
was necessary to study the variation of the detector leakage current with
temperature.

The diode leakage currents for both diodes SG-3 and SG-1 were
measured as a function of temperature with the detectors biased at the
previously chosen operating bias voltages. The leakage current was
obtained by measuring the potential drop across a 12.084 + 0.006 megohm
resistor in series with the diode. A d.c. microvoltmeter, Dynamics
Instrumentation Company, Model 1362, was used for these measurements.

The diode leakage current was first measured while the detector was at

85°K. Then the gas pressure was adjusted at a value which corresponds
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to a temperature of 95°K. After the temperature of the diode reached the
steady state (which is assumed by the constant emf, recorded by the
Honeywell recorder), the leakage current was measured again. Similarly,
measurements were taken at 1050, 1150, 1&50, and 160°K. The diode leakage
current as a function of temperature for diodes SG-3 and SG~1 is shown in
Figure 12. From this figure it is seen that the diode leakage current

increases as the diode temperature increases.
III. DIODE CAPACITANCE

The noise of the preamplifier is strongly dependent upon the
capacitance of the detector and its leads to the preamplifier. This
electrical noise is superimposed on the current pulses obtained from the
absorption of ionizing radiations, and causes a broadening of the pulse-
height spectrum. The effect of electrical noise in a detector-amplifier

system is explained by the following equation:18

= a_gi, 2 1 éz]
+ T 0.75[2 X 02 v 2 x 10 G+ 1.6 x W0R(L, + 1) + 7]
where EFWHM is the noise in terms of the full width at half maximum of a

monoenergetic line in a spectrum obtained with a germenium detector
(expressed in keV.), C is the total input capacity for detector and
electronics (in picofarads), T is the amplifier integrator and differ-

entiator time constant (in psec.), ig + i_ is the sum of detector leakage

L

and tube grid current (in nanoamperes ), R is the shunt resistance in the

input circuit (in megohms ), and g 1s the mutual conductance of the input
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tube (in mA./volt). The first term of this equation is called the tube
shot noise, the second the tube flicker noise, the third the current
noise, and the fourth the input resistance noise.

From this equation it is obvious that the amplifier input capac-
itance and diode leakage current affect the resolution. For this reason
the diode leakage current must be reduced by cooling the detector, and
the preamplifier input capacitance must be as low as possible in order
to reduce the electrical noise.

Since the capacitance of the detector and its connecting leads
affects the preamplifier noise and thus the energy resolution, it is
important to know its value and to see if it changes with temperature.

The diode capacitance was measured with a capacitance meter
(Rohdle and Schwarz, Model Karn 510 FNRM519/81) while the diode was
mounted on the cold finger and connected to the signal cable. First the
zero of the capacitance meter was determined, and then the capacitance of
the connecting leads and the detector attached tc the coaxial cable was
measured. Knowing the capacitance of the connecting leads and the
coaxial cable, the detector capacitance was evaluated.

The diode SG-3 had a capacitance of (14.h4 + 1.2) pf. at 85°K. and
the diode SG-1 had a capacitance of (22.0 + 1.1) pf. at the same tempera-
ture. The diode capacitances were measured with the diodes biased with
the previously determined optimum bias voltage, which is 125 volts for

diode SG-3 and 45 volts for diode SG-1. The relation between the diode

R e+
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capacity and its temperature is shown in Figure 13 for both diodes SG-3
and SG-1. It was found that the diode capacity does not change with

temperature.
IV. GAMMA-RAY SPECIRA AT DIFFERENT TEMPERATURES

In order to study the effect of temperature on the response of '/
lithium-drifted germanium gamma-ray detectors it is important to measure
accurately both the resolution for some gamma-ray sources and the detector l/
efficiency (which is taken as the area under the gamma-ray photopeak l
stored in a certain time) as a function of the detector Lemperature. l

The gamma-ray sources used in this experiment are listed in l
Table II. All these sources are canned in stainless steel cylinders l
except 2""’Na,, which is canned in a brass cylinder. All source cans fave
0.25-in. outer diameters except ®°Co which has a slightly larger 4. ameter.

The canned source was pushed with a little pressure to the ‘nd of
a hole drilled all the way through the center of a plexiglas cube ™
2-in. side length. The source was kept at a fixed position insideVthe
block which was put on a table whose height was adjusted such that Lthe
source center and the detector center were on the same horizontal lune.

The source position was marked on that table. The distance betweeni‘a
source and the detector was chosen such that the counting rate is a.xout
500 counts per second in order to avoid problems of high counting rates
(>1000 counts per second ). These problems are mainly (1) the limited

ability of the electronic system to count accuracely because of its

limited resolving power, and (2) the pile-up of pulses which takes place
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TABLE II

THE GAMMA-RAY SOURCES USED IN THE EXPERIMENT AND THEIR ENERGIES

Gamma-ray energies

—

Source (keV. )
o 1332.48 + 0.05
9o 1173.23 + 0.0k
2% Na 1274.6 + 0.3
2% Na 511.003 + 0.005
187 ¢s 661.65 + 0.1
didgn 392.6 + 0.8
" 279.12 + 0.05
iy 1836.2 + 0.3

i 898 + 0.3




36

when more than one pulse occurs during a time interval of the order of
the pulse duration, resulting in unwanted counts whose amplitudes do not
represent the height of the actual pulse. Since the outer diameter of
the can containing ®°Co was slightly greater than the diameter of the
hole through the plexiglas block, the latter could not be used and thi:
source was put directly on the table. The geometry of the cobalt source
position was not as precisely reproducible throughout the experiment.

As mentioned above, it was desired to measure the spectrum from
sources having gamma rays with energies as high as 1333 keV. and as low
as 279 keV. In order to display all of these spectra simultaneously in
a 400-channel analyzer it would be necessary to have a gain of about
3.5 keV./channel, so that the highest energy gamma ray would fall within
the analyzer range (i.e., this line would be stored in channel 381).
With an expected full width at half maximum of about 8-10 keV. for these ‘ ;
gamma-ray lines, this gain implies that a peak extends over approximately
five channels. Such a narrow peak does not lend itself well to accurate

measurements of the peak width. It was therefore desirable to decrease

PR PN I ppe— -

the gain by at least a factor of two in order to spread the peak over
more channels. It was found possible to cover the whole energy range in
two segments, one coveri:r ; energies below about 750 keV. and the other
those above 750 keV. The gains corresponding to these ranges are
1.68 keV./channel for the lower one and 1.72 keV./channel for the upper
one.

The first series of measurements was made using diode SG-5. The

spectra from the sources listed in Table II were taken at 85°K., which
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was the lowest temperature easily attainable with this equipment. Rep-
resentative spectra are shown in Figures 14 and 15. The detector was
then permitted to warm up by increasing the gas pressure in the Jjacket
surrounding the cold finger until the temperature reached 95°K. After
steady state was reached as indicated by the thermocouple attached to
the detector can, the spectra from all the sources were again taken,
This procedure was repeated so that all spectra were measured at the
temperatures listed in Table III.

It is possible, of course, that the sequence of measurement, i.e.,
the monotone increase in temperature of the diode, can give rise to a
systematic error. Therefore, the experiment was repeated starting at

l60°K., but decreasing the diode temperature to the same values as had

already been used. For this phase of the experiment only 2°Na and *'3gn
sources were used, the former being representative of the high-energy
gamma, rays, and the latter of the low-energy ones. The results are shown
in Figure 16. It is evident that there is no systematic change in the
result, whether the detector is warmed or cooled.

In removing the diode from the cold finger in preparation for the
next series of measurements, the skirt on the can became detached. This
made it impossible to use the diode again in this experiment because time
did not permit it to be recanned. It is for this reason that certain
measurements were cerried out with diode SG-1 but not with diode SG-3.

The series of measurements described for diode SG-3 was repeated
for diode SG-1, and representative spectre obtained at 85°K. for this

diode are shown in Figures 17 and 18. Since there had been no evidence
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TABLE III

TEMPERATURES (°K.) AT WHICH THE DETECTORS
SG-3 AND SC-1 WERE OPERATED

Detector SG-3 Detector SG-1
85 85
95 95
105 100
3319 105
150 115
145 130

160 145
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of a dependence of the results on the order in which the temperature of
the detector was varied, the cooling sequence was eliminated from the
experiment for this diode. The results from this series of measurements,
together with the results from the SG-3 series, are presented in

Figures 19-26.

For Loth diodes SG-3 and SG-1, the storing time was taken to be
long enough to have a peak height of about 10,000 counts in order to
reduce the statistical error.

The single escape peak corresponding to the ®®Y 1836.2-keV. gamma
ray was not analyzed because of its low intensity, and the double escape
peak was not analyzed because it differs only from the ®8Y 898-keV. gamma
ray by 84 keV.

It was observed that for all the different gamma-ray sources used
in the experiment the resolution of the two diodes showed a peak in the
resolution temperature curve at a temperature of about lO5°K. In order
to examine the nature of this peaking, an auxiliary experiment was carried
out with detector SG-1. 1In this experiment the resolution of the diode
was studied as function of temperature using the 18705 gamma ray and a
mercury pulser, which was adjusted to give pulses with height equal to
that from Cfs., The result is shown in Figure 27. It was found that the
pulser line width which represents the amplifier noise increases contin-
uwously and slowly as the temperature increases, probably because of the
increase in the diode leakage current. The line width of the gamma rays

exceeds that of the pulser due to statistical variations in formation and
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collection of the electron-hole pairs. The peaking in the resolution-
temperature curve occurs only on using the gamma source, which emphasizes
that this peak is a source effect.

The position of the meximum point of the gamma-ray photopeak in
the pulse-height spectrum was taken as a measure of the detector pulse
height. The detector pvlse height for different gamma-ray energies was
studied as a function of temperature and the results for both diodes
SG-3 and SG-1 are shown in Figures 28, 29, 30, and 31, respectively.

It is observed that as the temperature of the detector was increased,
there is a very small increase in the pulse height. The amount of in-
crease in the pulse height due to a change in temperature of SOOK. for
both diodes and for different gamma-ray sources is given in Table IV.

From Table IV it is noticed that for both diodes SG-3 and SG-1
the pulse height from ®°Y (898-keV. gamma ray) showed the largest increase
in pulse height with temperature increase.

The increase in the pulse height with temperature may be due
to (1) the increase in thermal generation currents, which may add to the
pulse height; (2) the reduction in the width of the band gap in germanium

® which may reduce the energy necessary for

with increasing temperature,?!
electron hole pair formation and thus, for a given gamma ray incident on
the detector at a certain temperature, will increase the detector output
pulse if the detector is used at higher temperature; or (3) the trapping
of the carriers before they are collected.*r2°

The relative efficiency for the detection of the full-energy

gamma, peak at different temperatures is evaluated by dividing the area

\

\
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TABLE IV

THE PERCENTAGE INCREASE IN THE PULSE HEIGHT FOR SOOK.

INCREASE IN THE DETECTOR TEMPERATURE

- o

Source

Detector SG-1

208Hg( 279 keV. gamma
1135n( 393 keV. gamma
22Na( 511 keV. gamma,
137 05( 662 keV. gamma
88y ( 898 keV. gamma
89 0o(1173 keV. gamma
22Na (1275 keV. gamma

- 8900(1332 keV. gamma

ray )

ray )

ray )

ray )
ray )
ray )
ray )

ray )

Detector SG-3

per cent per cent
(1.3é~;”é.5u) — (2.7 +£ 0.4 )
(1.32 + 0.22) (2.23 + 0.33)
(0.88 £ 0.27) (.60 + 0.21)
(0.88 £ 0.28) (1.75 + 0.12)
(4.C6 £ 0.91) (7.5 + 0.32)
(2.34 + 0.16) (3.79 £ 0.35)
(1.79 £ 0.29) (3.26 + 0.16)
(1.78 £ 0.13) (3.3 + 0.39)




under the peak by the analyzer storing time. For both diodes SG-3 and
SG-1 the relative efficiencies of detecting the full-energy gamma peak
with the detector at different temperatures are shown in Figures 352-37.
It is found that for all gamma-ray energies the relative efficiency of
the detector as function of temperature changes randomly by about

+8 per cent of the average value.
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CHAPTER V
CONCLUSICN

The two lithium-drifted germanium detectors SG-3 and SG-l showed a
peak in the resolution versus temperature curve at about lOSOK. This is
contrary to the results of Tavendale'® who did not observe such a peaking
when he studied the resolution for a germanium detector (diameter = 19 mm.,
width = 3.5 mm.) on the ®7Co 122-keV. gamma-ray peak as a function of
temperature.

Measurements of the leakage current, the capacitance, and the
resolution using the mercury pulser for both diodes, together with the
resolution as function of bias voltages for diode SG-1 at 850 and lOSOK.,
emphasize the fact that this peaking in the resolution is an effect that
appears on using a gamma-ray source. Since the two diodes were cut from
the same germanium ingot, it is possible that these results are peculiar
to these two detectors. Repeating the experiment on different diodes
(cut from different germanium ingots), with particular care in the
temperature range where this peak appeared, will prove whether this
peaking in the resolution is or is not a characteristic of lithium-
drifted germanium gamma-ray detectors.

If the repeated measurements with different diodes show that such
a peaking in the resolution is peculiar to the two diodes SG-~3 and SG-1,
one would suspect possible diffusion of "unwanted' impurities inside the
germanium crystal during the lithium-drifting process which may change

the detector properties.
67
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