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The Fano factor in germanium at liquid-nitrogen temperature has been found to be F=0.1294-0.003
using v rays at energies from 0.122 to 4.8 MeV. F appears to be independent of the primary energy in the
investigated energy range. Care has been exercised to eliminate the influence of ballistic deficit, recombina-
tion, and trapping in planar lithium-drifted structures as well as noise, drift, and pile-up in the apparatus.
Measurements with crystals having volumes from 0.8 to 13 cm gave consistent results. We examined the
line shift and the linewidth dependence up to and into electric field strengths where saturation of electron

and hole velocities occurs.

INTRODUCTION

N an event where an ionizing particle is completely
stopped in matter, the Fano factor F is defined as

((N=N)*)=FN, (1)

where N, (V) is the (average) number of produced

pairs; _
N=E/e, (2)

where E is the initial energy of the ionizing particle
(eV) and e is the average energy expended per pair
(eV/pair). The resulting spectroscopic root-mean-square
(rms) linewidth o is then given as

o (eV) =e[{(N—N)*)]2=(cFE)*?,  (3a)
or, if the distribution is Gaussian,
AEFWHM= [8(1112) €FE]1/2, (3b)

where AEpway is the full width at half-maximum (eV).
From values given in the literature’* we have adopted!
e=2.984-0.01 eV /pair for vy rays throughout this paper.
F has only recently received attention.>” Experimental
estimates of F in germanium range from 0.155% to
0.30 ! to 0.4 ? to higher values.” In this paper, investiga-
tions are described with the exclusive goal of determin-
ing the best value of the intrinsic Fano factor® by
eliminating, reducing, or evaluating the sources of

* Work produced under the auspices of the U.S. Atomic Energy
Commission.

tOn leave of absence from Oklahoma State University,
Stillwater, Oklahoma.
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systematic errors, which in general tend to increase
the observed F.

After a brief discussion of the theoretical situation
on F, the sources of systematic errors are described
and the method of measurement is given. Then the
measurements at specific vy energies are presented.
Finally, an appraisal of the significance of the results
is given.

THEORETICAL SITUATION

The ionization processes have been described in the
literature.®”!! F is defined as the variance of the num-
ber of pairs in the process of creation only. Therefore,
it is necessary to separate out losses (or secondary
creation) and fluctuations of these losses during the
collection process. This is facilitated by the fact that
the losses in good detectors are typically of the order
of 102 (see Table III).

Since the creation of the pairs is a multistage process,
it is not unreasonable to assume a Poisson distribution
of IV, which results in F'=1. However, applying Fano’s
ideas!? to semiconductors® one can anticipate F=0.1
to 0.2.%% In an entirely different approach, W. van Roos-
broeck® uses a statistical model (‘“‘crazy carpentry”)
to calculate F and e as a function of phonon losses.
In the semiconductor case F=1 and F~0.12 are the
limiting values for large and for no-phonon losses, re-
spectively.

Numerical estimates of F and e can easily be obtained
through Fano’s calculations under simplified conditions
(see Fig. 1). Under the assumption that phonon pro-
duction makes a negligible contribution to F, and all
transition cross-sections o,; are equal, we have'?

F=[m+) DT 30 3 (1= B/, (4)

and )
e=L(m+1) (i) 3 2 Ess (5)

=0 j=0

11 H. R. Bilger and H. M. Mann, in Symposium on Fluctuation
Phenomena, Minneapolis, 1966 (unpublished).

2 U, Fano, Phys. Rev. 72, 26 (1947).
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(See Fig. 1 for an explanation of the symbols.) These
sums are evaluated using equidistant levels in the bands.
In the limit m-—>c , n—c0, one obtains

P=}(a+8) /(akB42)%, (©)
and
e=AE+3aAE+LBAE, (7

where AE is the band gap, aAE is the width of the con-
duction band, and BAE is the width of the valence
band. Equation (7) provides the obvious result that
the average transition takes place from band center to
band center. From Eq. (6), we find that F is symmetric
in the bands and not dependent on AE. Furthermore,
0<F<%. The lower limit is obtained if both bands
have vanishing widths (transition between two levels,
a=B=0); the upper limit, if one of the bands is very
large.
WHY USE ¢ RAYS?

In this investigation vy rays are used exclusively, for
the following reasons:

1. There are no window problems, either in the source
or in the detector. Since vy rays produce ionizing parti-
cles after entering the solid, there are no penetration
losses through the boundary of the crystal (detector),
as there are with electrons. Heavier particles like p, a,
Het, etc., have the added disadvantage of producing
additional fluctuations through nuclear collisions.!*15
We do not include these fluctuations in the definition
of F.

2. Since practically the only reaction products of v
rays are electrons and positrons (plus additional pho-
tons) with relatively small energy loss per length
(dE/dx), the ionization density is small and the col-
lection of the final electron-hole pairs is facilitated.

3. A monoenergetic photon with E>2m? (myc?=

i
m —
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2 ——
| ———
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i

VALENCE N —— 4
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o

F16. 1. Model of a transition scheme with a bandgap AE, a
valence band of width BAE, and a conduction band «AE. The
bands are composed of m and » equidistant energy levels, re-
spectively, (m— e, n— ), with an energy-independent transi-
tion cross section. No phonon losses are assumed. The model
results in 0<F<3.
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rest energy of an electron) produces 3 lines with a
separation corresponding to the well-known energy
moc?. This may serve to establish an energy scale with-
out the need of using E=0 as a reference.

4. Many v sources can be obtained with closely
spaced well-known energies from the x-ray region up
to several MeV, with reasonable intensities and half-
lives.

5. The obvious need for large-volume detectors'® has
the advantage of resulting in a device with a uniform
electric field, which can be adjusted over a certain
range, if planar detectors are used."

In the following, some processes are discussed which
affect the linewidth but are unrelated to F (line-
broadening effects).

SOME DETAILS ON THE COLLECTION OF
CREATED PAIRS

The collection process takes a time of the order of
107 sec in thick detectors (more than 1-cm thickness) .18
During this process, carriers can be lost, which may
add to the observed fluctuation of NV and increase the
apparent Fano factor.® Therefore, we varied the elec-
tric field strength in all measurements.

Recombination and Trapping
A simple approach? yields
(AN o) =Nod/ure=a/e, (8)

where (AN..) is the average number of recombining
(trapped) pairs, or

(AEreo)= (AN oo ) Xe= EXd/ure, (9)

where N, is the initial number of created pairs, d is the
thickness of detector (m), e is the electric field strength
(V/m), u is the mobility (m?/Vsec), 7 is the lifetime of
carriers (sec), (AE:.) is the energy equivalent of the
number of recombining pairs®* (eV), and

((ANree— (ANreo))?)=0%= (ANree)=a/e,  (10a)

16 According to tables obtained by interpolation of y-ray atten-
uation coefficients from neighboring elements [W. Snow, Argonne
National Laboratory report, 1967 (unpublished) ], the minimum
mean length before interaction of v rays in germanium (at about
8 MeV) is 6.1 cm.
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8 M. G. Strauss, R. N. Larsen, and L. L. Sifter, IEEE Trans.
Nucl. Sci. NS-13, 265. (1966)

19 0On the other hand, there is the possibility that in some
cases small apparent Fano factors are obtained due to multipli-
cation of carriers in zones with high electric fields. Such an effect
can be excluded in our measurements (see section on measure-
ments and results), because the observed pulse heights typically
vary by less than 19, over a wide range of applied voltage. Be-
sides, multiplication processes are statistical and therefore
themselves introduce additional fluctuations [R. H. Haitz and
F. M. Smits, IEEE Trans. Nucl. Sci. NS-13, 198 (1966)].

20 H. M. Mann, H. R. Bilger, and I. S. Sherman, IEEE Trans.
Nucl. Sci. NS-13, 252 (1966).

2 Since e is considered to represent strictly the ratio
(v energy) / (number of created pairs) in the first stage of events
(see introduction), € is necessarily independent of the details of
the collection process.
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or
o2(eV2) =& (AN ) =a/e. (10b)

More sophisticated information can be found else-
where.”? Equations 10 are obtained by assuming the
recombination to be a purely random process with
Poisson statistics.

A plot of (AF:) as welllas of o2 versus 1/¢ can be
used to extrapolate N and ¢? to infinite field strength
in order to obtain the intrinsic Fano factor.

In cases of low field strength and/or nonuniform
residual impurity content in a detector, the loss process
of carriers may be quite different from Poissonian, as
is demonstrated by ‘“tails” on the distribution of N
(the lines).

Ballistic Deficit

It has been found® that in lithium-drifted detectors
of thickness larger than a few millimeters, the current
pulses due to incident y rays have large fluctuations
in time. The fluctuations are due to the different
spatial distribution of the created carriers for different
photons. The rise-time fluctuations are of the same
order of magnitude as the pulse duration itself, which
is 107 sec. Since the measurement of the total charge
output is done ballistically,® there appears a slight
pulse-height defect for any current pulse of finite dura-
tion. If we have a rectangular current pulse of duration
T and a simple RC-RC-shaped output pulse with
RC=r, then the deficit, expressed as the fraction of
lost pairs AN /Ny, is

AN/No=B(T/7)?, (11)
with =4
As an example, if T=2X10"7 sec and 7=2X10"%
sec, then AN/N,=4.2X10~% which is equal to the
relative linewidth o/E of detectors at 2.2 MeV. For
different current pulse shapes, the coefficient 8 in Eq.
(11) will vary, but in a first-order approximation the
quadratic dependence of T'/r will be preserved? (see
Appendix). So the use of several time constants for
the filter will be important in the diagnosis of the
influence of any fluctuation of the current pulse dura-
tions on the line shape.

PROBLEMS ASSOCIATED WITH THE
MEASUREMENT OF THE CHARGE
DISTRIBUTION

Noise

Since &V is obtained by measuring the resulting charge
at the electrodes of the detector, the electronic noise
charge detector circuit (a charge-sensitive preampli-

2 R. B. Day, G. Dearnaley, and T. M. Palms, IEEE Trans.
Nucl. Sci., NS-14, 487 (1967).

2 E, Baldinger and W. Franzen, Advances Electron. and
Electron Phys. VIII, 255 (1956).

2% The help of R. G. Roddick, Argonne National Laboratory,
in these matters is gratefully acknowledged.
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fier®) will produce additional fluctuations; so will the
leakage current of the detector.”28 This type of fluctu-
ation can be reduced by careful preparation of the
detector,”” by proper choice of the amplifying elements
at the input and in the circuitry, and by careful input
layout.#” In practice, noise will be the most important
source of fluctuation besides F.

Pileup

Usually the time constants of the amplifiers are given
by considerations regarding noise and ballistic deficit.
Pole-zero cancellation is applied in the high-energy
measurements to ensure fast base-line recovery (see
section on apparatus). Thus, the only remaining thing
to do is to reduce the count rate in a given experiment
until the linewidths are no longer sensitive to the
count rate.

Drift of Gain or Threshold

Special high-feedback electronics is used to reduce
the drift during a run. The requirements are illustrated
by the fact that relative linewidths of less than 10-%
have to be measured with an accuracy of better than
109, which requires drifts of less than 100 ppm of the
total apparatus during a run.

APPARATUS
A block diagram is given in Fig. 2.

Detector and Preamplifier

The detector and a first stage including a field-effect
transistor are mounted close together on a liquid-
nitrogen-cooled cold finger inside a vacuum system.
The input capacitance of the first stage excluding the
detector is about 8 pF. The preamplifier® provides a
charge-sensitive loop with an open-loop gain >10°.
The noise of these systems (excluding the detector)
ranges from 58 rms pairs charge equivalent (410-eV
FWHM equivalent energy spread) on up, depending
on the quality of the first transistor and the input
circuitry. Li-drifted planar detectors with volumes be-
tween 0.8 and 13 cm?® were used in the measurements.

A
Al
DETE:TOR PREAMPLIFIER - A:PLIFIER THRESHOLD
o AMPLIFIER
15T sTAGE FLTER 1

MONITOR OF
PULSE DEPOSITED CHARGE
GENERATOR AND LEAKAGE

F1c. 2. Block diagram of the apparatus to measure F. The
pulse from the pulse generator is injected into the input through a
capacitor of 0.5 pF, approximately. Some description of the units
is given in the text.

% E. Fairstein and J. Hahn, Nucleonics 23, 56 (1965); bid.
24, 68 (1966).

26 T,. Scott and M. J. O. Strutt, Solid-State Electron. 9, 1067
(1966).

27 Hans R. Bilger, Nucl. Instr. Methods 40, 54 (1966).

28 The preamplifier after the input stage was designed by I. S.
Sherman, Argonne National Laboratory.

MULTICHANNEL
ANALYZER
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Investigated energies E,
(

Energy difference
between lines AEy

Sources Half-life MeV) (KeV)
57Co 268 day 0.12197-0.13633 14.36#
133Ba 7.2yr 0.35625-0.38409 27.83p
60Co 5.26 yr 1.173226-1.332483 159.257=
28T (ThC')-24Na, (1.4X10°yr)-15.0h  2.61447-2.75392 139.45=
208T1(ThC") (1.4X 10 yr) 2.61447-(2.61447- 511.006=
moc?)
66Ga 9.5h (4.2950-2m4c?) 166.6-344 .34
(4.4616-2mc?)
(4.8059-2m4c2)
66Ga 9.5h (4.8059-2m,c?)-4.2950 511.1¢
86Ga 9.5h 4.2950-4.8059 510.9¢

8 J. B. Marion, California Institute of Technology (private communi-
cation).

b J. E. Thun, S Térnkvist, K. Bonde Nielsen, H. Snellman, F. Falk,
and A. Mocoroa, Nucl. Phys. 88, 289 (1966).

Main Amplifier

A Tennelec TC 200 was used at the lower energies,
and a pole-zero-cancelled design® at high energies. An
added feature of the latter amplifier was a built-in
bias restorer which insures quick baseline recovery
through the use of nonlinear circuitry (diodes).

Threshold Amplifier

This device® was used to cut off pulse heights at a
predetermined level. The introduction of a threshold
was necessary in order to reduce the channel require-
ments of the following multichannel analyzer and to
reduce pileup problems at the following stages. This
design also has the advantage of delivering a normal-
ized output pulse shape especially suited for analyzer
inputs.

Pulse-Height Analyzer

In the following measurements, three different ana-
lyzers were employed with success: a 400 channel RIDL,
an 800 channel Victoreen, and a 1600 channel Victoreen
Scipp analyzer. No servo-stabilized systems were used
for the measurements reported in this paper.

Pulse Generator

A Berkeley Nucleonics Corporation stable pulser
with a specified drift of 0.003%,/°C (30 ppm/°C) was
used.

SOME TESTS OF THE APPARATUS

Any fluctuation of the pulser amplitude (or a fluc-
tuation of the capacitor which injects the charge into

» This design was made by M. G. Strauss et al., Argonne Na-
tional Laboratory.
% Designed by R. G. Roddick, Argonne National Laboratory.

¢ Reference 38.

4 The help of M. C. Oselka, who was responsible for the deuteron irradi-
ation of M. S. Freedman in preparing and handling the source is gratefully
acknowledged.

the first stage) would simulate excessive noise of the
system and consequently result in a low apparent F
(through quadratic subtraction of the noise; see evalu-
ation of the data). On the other hand, a line-synchro-
nized pulser rate tends to increase F if there is residual
hum at the output.

The repetition rate was usually between 0.1 and 10
pulses/sec (not synchronized with the line frequency).
The results of short runs indicated that the stability
was sufficient. To check on short-term fluctuations of
the pulser, the pulse was introduced at point A (see
Fig. 2) with the preamplifier switched off. The main
amplifier was then adjusted to produce a line at the
same channels on the analyzer. The width of the line
was in all cases about an order of magnitude smaller
than after insertion of the pulse at the front end.

500J
400
3001 .
I (pA) 1
200 1
100 )
B
—
o+ r—T—T—T T T T T T
0 500 1000 1500 2000 2500
V (VOLTS)

F16. 3. Example of a"I-V characteristic achieved with a 3.5-cm3
dg(t)%ct{’)r (Geli 52). Spectra were taken with voltages up to
1 .
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PULSER

AEpwnn=970120eV

.
2 epetaned

AEFwnu=840120eV

136keV

. MF,"M=94otsoev

200

250

300 350 400
CHANNEL NUMBER

F1c. 4. Spectrum obtained from a Co source with Geli 52. The energy spread is 99.1 €V/channel. The solid lines are least-squares-
fitted Gaussians. The errors of the full widths at half-maximum (FWHM) are calculated from the standard deviations as supplied by
the computer program.
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4004
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2004

100+

356 keV

AEFwhn=1.24£0.02keV
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AEFwnn=0.901 0.02keV

384 keV
s AEfrwyu =1.22£0,07

0
200

250
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Fic. 5. Spectrum obtained from a #Ba source with Geli 52. The 0.384-keV line merely serves to define the energy scale.
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1862003 keV
______ S g R i e e mas s il s mt S St ks et
320 350 400 720 750 800
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F16. 6. Spectrum obtained from a %Co source with Geli 52. Channels 170 to 320 and 400 to 720 have been eliminated in order to spread
the lines. RMS errors are given,
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PULSER

| FWHM
168£0.02keV
Ey=27539 MeV

FWHM
2.75¢0.05keV

Ty
350 480 500

LI LIRS S P T 1T e
550 580 670

T ™ 90
700 750 800

CHANNEL

F16. 7. Spectrum obtained from a2T1(ThC"”) and a?*Na source with Geli 52. Channels 350 to 480 and 580 to 670 have been eliminated.
The pulser line shows broadening in this experiment. RMS deviations are given.

PERFORMANCE OF THE EXPERIMENTS
Sources

The investigations centered around the sources which
are given in Table I. (The immediate parents are given,
as is customary.) The errors in the energy differences
are small enough to be neglected in the error analyses.

An attempt to measure F with neutron-capture v
rays from #Cu (Q=7.91 MeV ) was unsuccessful.
The failure is attributed to pileup. (At the time of the

: AN R At gt o s 4

measurement, pole-zero cancellation had not yet been
introduced.)

At least two vy lines were recorded in each measure-
ment with a pulse line generated between the lines.
The sources were chosen according to the criteria given
above. The rate was monitored by measuring the change
of the dc current through the detector, which could be
done by simply watching the feedback voltage at the
bottom of the detector load resistor.?®® The pulser
line is used to measure the noise of the system, includ-

PULSER

¢ 2.614Mev
.

AEpwhm=1.6keV —=— *
.

—= +—AEFwHM=30keV

L]

250

200
o 150
=
=
<
x
o
S
2
=
=
3 100+

2,103 MeV
504 * .
. o * 350
. *, e
= o A, SRAGSY,.
AR S T
oF r——— -
250 750 800

100 200 900

1000

1100 1200 1300 1400 1450

CHANNEL NUMBER

F1c. 8. Spectrum containing the full-energy line, the pulser line, and the single-escape line from 28T1(ThC"). Channels 250 to 750
are omitted. The full-energy peak-to-Compton ratio is about 6:1. Geli 123 with 16.5 mm thickness and 13 cm3 volume is used.

31 We thank H. H. Bolotin, Argonne National Laboratory, for assistance in preparing this experiment at the reactor.

3 Actually, the change of the feedback voltage is proportional to the average charge per second deposited in the detector. We

consider this as a proper quantity to use to monitor the pileup.
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PULSER

3.78Mev
—= =—AErwnm=2.810.1keV .

3

-AEpyym=4.210.1keV

S —
1370 1410

CHANNEL NUMBER
F1c. 9. Lower-energy section of the %Ga spectrum obtained through Geli 123. The measurements are done after the count rate has
been reduced till the pulser linewidth was no longer count-rate-sensitive. The line at 3.78 MeV contains a doublet, which gives rise to a
slight broadening in the runs. 30 min were used per run. Note that channels 400-690, 730-960, and 1000-1370 are eliminated.

ing detector noise. If the system is linear, the linewidth
should be independent of the pulse height and it should
indicate the basic noise in the system, predominantly
that due to the detector leakage current and that in
the first stage. In practice, the pulser linewidth tends
to grow larger with larger pulse heights (larger energies)
unless serious precautions are taken. So the pulser line,

300

250

200

150

COUNTS/CHANNEL

4.29.M!V

50 1 DE pynm = 4.4 £0.3keV

which was always run simultaneously with a given set
of y-ray energies, served as an indicator of unwanted
effects in the setup. It may be noted here that the
apparent F grew larger as soon as the pulser linewidths
grew larger. This is so because line-broadening effects
which affect both pulser and v line usually give a posi-
tive contribution to the net linewidth or F (see Appen-

PULSER

ﬂ

—= — AErwhM=2.810.lkeV

4.80MeV

< AE Fwhm =4.2£0.3keV

1280 1310 1350 1380

CHANNEL NUMBER

Fic. 10. Higher-energy section of the #Ga spectrumjobtained through Geli 123. (See Fig. 9.) The 4.29-MeV line contains a doublet.
Channels 550 to 1280 and 1310 to 1350 have been eliminated.
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F16. 11. Line shift of the 0.122-MeV line versus the reciprocal
detector voltage. Each of the seven points is an average of four
1-min runs. The pulser location is the reference. In order to
represent the field-dependent losses, the origin of the vertical
scale is chosen at the intercept of the straight line representing
the losses. This point corresponds to V— .

dix). A series of final measurements was taken only
after the pulser did not deviate excessively from the
linewidth at small pulse heights in a given detector
system.

Linearity

Since closely spaced « lines were used with a pulser
line in between, the linearity requirements are not
very stringent. However, at least one of the following
three checks were made in a given experiment:

1. The pulser amplitude was adjusted to equidistant
steps (of arbitrary amount) in the range of interest.
The channel differences between the locations were
evaluated (see next section), and if they were not
constant, then corrections to the linewidths were ap-
plied (a few percent at most). The widths of the pulser
lines served as an additional test of local fluctuations

6-11.0

AlL,Lpl /

5Tos e

(CHANNELS) | (kev)
4 '-0.; /

IO \356MeV

ot ——
e ——
ot ——
ot ——
54 ——4

| -
v(kV g}

Fic. 12. Line shift of the 0.356-MeV line versus the reciprocal
detector voltage. Each of the seven points is an average of four
5-min runs. The pulser location is the reference. As in Fig 11, the
field-dependent losses are given on the vertical axis. The energy
spread is 166.8 eV/channel.
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Fic. 13. Line shift of the two %Co lines versus the reciprocal
detector voltage. Each point represents a 20-min run. The points
with a superimposed cross were taken at the end of a regular
sequence of runs and are disregarded in calculating the position
of the straight line. The energy spread is 255.8 eV/channel.

of the channel widths. In all cases, we found that the
pulser widths were uniform over the range of interest.

2. The threshold of the threshold amplifier was
slightly changed above and below the original level.
Each line appears then as a triplet and the location
differences provide direct information on the differen-
tial linearity at the channels we are interested in,
namely, at the vy and pulser locations.
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F16. 14. Line shift of the full energy line of 28Tl versus the
reciprocal detector voltage. The detector thickness is 16.5 mm.
Four different filter time constants have been used from 1.2 to
3.6 usec. The dots are obtained with double integration (0.8—0.8
psec) and the triangles with triple integration (1.2-1.2-1.2 usec).
The voltage was varied between 1.5 and 4.5 kV. The energy
spread is between 427.2 and 418.0 eV /channel.
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3. In the ¥Ga measurements, a few weak lines with
known energies appeared besides the investigated lines,
which served as a check on the linearity.

EVALUATION OF THE DATA

Lines with Gaussian Shape

Basic noise phenomena like shot noise or thermal
noise are known to be Gaussian processes.?® Therefore,
it is to be expected and in general confirmed that
pulse-height fluctuations due to noise have a Gaussian

distribution. The fact that the ionization processes in-
volve a variety of mechanisms leads us to believe that
the line shapes due to F are Gaussian, too. Rather
than prove this belief in general, we used its validity
as a criterion to accept or reject measurements.

A convolution of # Gaussian distributions results
again in a Gaussian with the same center location, but
with a total linewidth op:

n
or= 2 02,
=1

where o; is the rms width of an individual Gaussian.

(12)
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F1G. 16. Line shift of the
4.80-MeV line versus the
reciprocal detector voltage.
The three time constants
0.6, 1.2, and 2.4 usec have
been used; the latter was
achieved by double integra-
tion. The energy spread
here is 616 eV/channel.

8 Fluctuation Phenomena in Solids, edited by R. E. Burgess (Academic Press Inc., New York, 1965).
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TasiLE II. Some results from the spectra.

rms deviation of data

from straight-line relation Schubweg
Energy (oy—0p) foy  A(Ly—Ly) versus 1/V AN at Vygax Vinax at Vipax
(MeV) typical (eV) (pairs) (pairs) (kV) m
0.122 0.1 7.5 2.5 53 1.8 10
0.356 0.4 44 15 145 1.8 12
1.17 0.5 27 9 174 1.46 32
1.33 0.5 50 17 184 1.46 34
2.61 0.4 62 21 510 4.0 28
3.78 0.3 ~100 33 580 4.5 36
4.8 0.3 ~150 50 940 4.5 28

This statement is also approximately true for distri-
butions not much different from Gaussians.

On the basis of Eq. (12), the net width of a v line
due to F is then obtained by quadratic subtraction of
the pulser width o, from the total width ¢, of the v
line, after fluctuations due to collection inefficiencies
are eliminated. F is then obtained through Eq. (3a).

Computer Program

A Gaussian with a constant background was fitted
to each observed line:

y(x) = H exp[— (x— L)*/20* ]+ B, (13)

where y(x) is the number of counts in channel x of the
analyzer, H is the number of counts in the center of
the Gaussian, L is the location of the center (may be
a fractional channel), ¢ is the rms width (channels),
and B is the number of background counts. The 3600
computer program®* employed requires an estimate H,

74 007

977%% 6006
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F16. 17. Net squared rms linewidth (e,2—a,?) versus the re-
ciprocal detector voltage. The detector thickness is 14 mm. Each
point is an average of four 1-min runs. The error of F is the rms
deviation of the average of the six runs above 1 kV.

3 Thanks are due to J. D. Simpson, Argonne National Labora-
tory for making the program available and to J. P. Marion for
modifications.

Ly, a9, and By, and evaluates the best-fitted parameters
H, L, s, and B in an iteration process which minimizes
X'= Zl (0i—¢;)*/0;. (14)
=
Here o; is the observed counts in channel 7, ¢; is the
calculated counts in channel 7, and # channels total
(if 0;=0—x*=1). As a result, the computer gives the
best-fitted parameters together with their standard
errors (the square roots of the diagonal elements of the
given error matrix).

The problem has #n—S5 degrees of freedom so that
if #—5>31, the minimum x? should be of this magni-
tude on the average.

If the y(x) are Gaussian-distributed, the standard

errors of the most interesting parameters L and o are
given by

AL=g/N'*,  As=0/(2N)®, (15)

where IV is the total number of counts in the distribu-

+ 0.5 I i
54— F.356Mev=0.17£0.007 §

. i
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F1e. 18. Net squared rms linewidth (¢,2—0o,?) versus the re-
ciprocal detector voltage (14 mm thickness). Each point is an
average of four 5-min runs. The error of F is the rms deviation of
the six runs presented.

% J. Orear, University of California Radiation

Laboratory
Report No. UCRL-8417, 1958 (unpublished).
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TasiE III. Evaluation of the line shifts.

Energy A(Ly,—Ly) /A(1/v) (AN:eo/No) WToft Detector
(MeV) (channels XkV) e=1kV/cm (cm?/V)  thickness (mm)
0.122 0.270 1.58X1072 0.9 14

0.356 0.648 1.30X10-2 1.1 14

1.17 0.758 0.46X1073 3.0 14

1.33 0.798 0.43X103 3.3 14

2.61 6.1 1.42X1073 1.2 16.5
3.78 7.6 1.22X10°3 1.4 16.5
4.80 13.1 1.65X1073 1.0 16.5

tion. The observed N will be closely approximated by
+ao
Neww= [ B exp[— (= L)/ 26%d= (2) "Ho.

(16)

Thus, if N=10% then AL/6~x:3% and Ac/o=x29, are
to be expected. In some cases, runs were made with
N as low as 100.

It should be pointed out that x’min was usually
somewhat higher than n—S5. This can be attributed
to the fact that o; becomes quite small in the tails of
the distribution, and the contribution to x* from the
tails may reach a sizable fraction. No measures were
taken to alleviate this problem, apart from experimen-
tal precautions of avoiding drift, pileup, etc.

MEASUREMENTS AND RESULTS

The accessible energy range is limited at the lower
end by the noise of the system (in our case the smallest
noise with germanium detector was about 0.8 keV

FWHM %), whereas at the upper end the availability
of sources as well as the low detection efficiency is the
limiting factor.

The measurements with two detectors only are re-
ported here, namely, Geli 52 (3.5 cm?® volume) and
Geli 123 (13 cm?® volume), because they were the most
extensively used. Measurements were made with the
smaller detector up to 2.7 MeV and with the larger
detector from 2.6 to 4.8 MeV. The V-I characteristic
of Geli 52 is given in Fig. 3. The leakage current of
Geli 123 was typically a few hundred pA, but exhibited
unexplained long-term variations. However, all meas-
urements were done with leakage currents below 4 nA.
Other detectors, which in a few instances produced
even smaller linewidths, gave consistent results. The
time per run was a few minutes at low energies and up
to 1 h at high energies.’ For_the fit of Gaussians, data
on the lines well into the background were taken.
Usually the fit was not good in the tails of the lines.
To test whether the discrepancy in these tails produces
erroneous parameters, a fit was made down to only
10% of the peak height. The parameters were the
same within the uncertainties. The results of some runs

]
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v v Fic. 20. Net squared linewidths (o2 —ap?) versus the reciprocal

F1c. 19. Net squared rms linewidth (o,2—ap?) versus the re-
ciprocal detector voltage. The detector thickness is 14 mm. To
calculate F and the error, all runs at and above 1 kV were av-
eraged.

detector voltage. The detector thickness is 14 mm. F and its error
are taken from the average of the 7 runs (each about 1 h) above
1.3 kV. The energy spread is 331.2 eV/channel.

3 H. R. Bilger and 1. S. Sherman, Phys. Letters 20, 513 (1966).
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. F1c. 21, Net squared rms
linewidth (¢y*—o52) versus

the reciprocal detector volt-
age. F is calculated from
the measurements above

3000 V, whereby the two
points at 8 channels? and
at 10 channels? have been

eliminated.
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and the fits at various energies are plotted in Figs. 4-
10. The parameters were then corrected, if necessary,
for the existing nonlinearity and for systematic errors
due to the staircase pattern (see Appendix). The pa-
rameters thus obtained (with their errors) were then
used as the raw data for the subsequent evaluation.
A plot of the location differences’between v line
and pulser line versus the reciprocal detector voltage
for the various energies is given in Figs. 11-16. A
straight line fits the data reasonably well, as is sug-
gested by Eq. 8. (The average electric field strength
is given by the quotient of voltage and the active
thickness of the detector.) According to Eq. 8, we
interpret the intersection of the straight line with the
vertical axis as the channel difference for no loss of
pairs (AN=0) and refer to it as to the zero of the
vertical “loss” axis. The rms deviation of the data
from the straight line is given in Table II. It is 7.5 eV,
or about 2.5 pairs, at 122 keV, and goes up to about
150 eV, or 50 pairs, at 4.8 MeV. These numbers reflect
the accuracy and reproducibility of the line locations.
In Table II, the Schubweg ure=d(No/AN) at the high-
est detector voltage used (Vmax) is given, together
with the number of lost pairs, AN, at Vyax. Equations
(10) provide an estimate of the expected line broaden-
ing due to the loss of pairs during the collection process.
It turns out that in all measurements reported here,
there should be a negligible contribution® to (s,2—0,2)

% In the measurements, the quadratic difference o,2—ao,? is
taken in each individual run to avoid systematic errors due to
pulser linewidth fluctuations. Failure to take this into considera-
tion, besides tailing, might be partly responsible for the erroneous
determination of F in Ref. 1.

if plotted versus 1/e or 1/V. There is, however, some
broadening of the net squared width apparent toward
low voltages. This effect becomes more pronounced
towards high energies. The broadening stems from
tailing on the low-energy side of the v lines at low
voltages, which is' due to inefficient collection of a
fraction of the events in the line (excessive losses or
ballistic deficit). From these considerations, the Fano
factor is obtained by inserting into Eq. (3a) the weighted
average of the net squared line widths in the limit of
high detector voltages. These averages are indicated
in Figs. 17-21. As can be seen in Figs. 14-16, 21, runs
at different time constants give rise to slightly differ-
ent losses of pairs. However, only the measurements
at 0.6 wsec resulted in an appreciable increase in
(0y2—0,*). These measurements were excluded from
the averaging. At the gallium energies (3.27-4.80 MeV),
measurements at 3.5 and 4.5 kV and at time constants
above 0.6 usec were used to determine F. It may be
noted here that the observed unusual broadening of
the 3.78- and 4.29-MeV lines indicated an energy sepa-
ration of the two v rays which constitute each line
that is of the order of 1 keV rather than the 0.1 keV
given by Freedman et al®3 Therefore, we excluded
these two lines from the determinations of F. Tables
IIT and IV collect information pertinent to the evalua-

¥ M. S. Freedman, F. T. Porter, and F. Wagner, Phys. Rev.
151, 899 (1966).

® Reference 38 states an energy difference of 0.1=1.5 keV,
whereas D.C. Camp [University of California Radiation Labora-
tory Report No. UCRL 50156] gives 2.0+£1.0 keV. It may be
noted here that careful measurements and curve fitting will
reduce the errors of doublet energies to the order of 0.2 keV or
less in the MeV range.
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F1G. 22. Results of the Fano-factor meas-
urements given in this paper versus energy.

The errors at each point are rms deviations
as obtained from averaging the limiting net
squared linewidths at a given energy. F is the
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tion of line shifts and linewidths, and they give F as
obtained at the various v energies.

DISCUSSION

The measurements of the width and the location of
the lines as a function of the applied detector-field
strength proved to be a valuable tool in eliminating
systematic errors in F.

Line Shift

At all energies used between 0.122 and 4.80 MeV
the line shifts could be represented by straight lines,
if plotted versus 1/e. Under the assumption that the
losses are due to recombination, the product uress in
the 4th column in Table III is calculated according to
Eq. (9). Using p=4X10* cm?/V sec,”® we obtain 7.
of the order of 25 usec. This value seems to be some-
what on the low side, since the preparation of the
detectors usually starts with material having a lifetime
of several hundred usec. However, it should be remem-
bered that et includes all field-dependent losses. The
line shift plots do not reveal, of course, any losses
which are not field-dependent. Consequently, any fluc-
tuations due to such losses would add to the fluctua-
tions already considered, and the apparent F would
be too large. Plasma losses” may serve as a mechanism
of field-independent losses, but the ionization densities
of fast electrons and holes are smaller than those of
heavier and/or slower particles.

In the detector Geli 123, average field strengths
are applied which saturate the velocities of both carrier

“E. G, S. Paige, Progr. Semicond. 8,1 (1964).

types. In such a case one would expect a saturation
of the losses (slope zero at high fields). This could not
be detected. The paucity of runs may be responsible
for this failure, as well as the fact that the field strengths
¢ given are averages over the whole detector volume,
the actual distribution of ¢ depending on the distribu-
tion of the residual impurities according to the Poisson
equation. Now if recombination occurs, it is likely to
occur in the regions of low field strengths, and this
may have a considerable smoothing effect on the ob-
served line shift.

Linewidth and Fano Factor

At all energies the net linewidths o,?—¢,2 are field-
independent above a certain field strength, the value
of which depends on the individual detector. At these
field strengths the pulser linewidth may already ex-
hibit some broadening due to increased leakage current.
Thus the minimum pulser width or even the minimum

TaBLE IV. Determinations of F

Energy (MeV) F
0.122 0.1324-0.007
0.356 0.11740.007
1.17 0.13540.007
1.33 0.1244-0.006
2.61 0.11740.007

0.13240.004
2.75 0.1294-0.004
3.27 0.1504-0.016
3.4 0.1314-0.014
4.80 0.154+0.015
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¥F16. 23. Graph showing the detector contribution to the FWHM as a function of energy.

v width versus e are not sufficient data to determine
the true Fano factor F.

The line-shift graphs provide quantitative informa-
tion on possible line broadening due to recombination
or ballistic deficit. The number of lost pairs has been
found to be too small, at all high field intensities and
energies considered, to give rise to an appreciable
broadening if the loss process is assumed to be a
Poissonian (Gaussian) process. However, it is an ex-
perimental fact that ¢,?—o,? increases toward low
voltages. In those cases, tails on the y lines towards
smaller pulse heights (energies) are observed (with no
tailing on the pulser lines). Therefore we conclude
that losses occur predominantly in certain regions of
the crystal, where the field is less than average owing
to uncompensated impurities.

Because of these considerations, we calculate the
Fano factor from the average net squared widths
o2—a,? above a certain field strength, the choice of
which depends on v energy and detector. Table IV
summarizes the results from this paper. The Fano
factors of Table IV are plotted in Fig. 22. There is no
energy dependence apparent. Therefore, we take the
weighted average as the best estimate of the Fano
factor:

F=0.129+0.003.

This result is in agreement with values reported ear-
lier.10:11.20.4 No difference in linewidth between double-
escape and full-energy lines has been observed.

Figure 23 gives the FWHM of v lines due to F alone
as a function of energy.

COMPARISON WITH THEORY

Independence of Energy

F appears to be energy-independent. This aspect can
be understood if one realizes that the largest number
of pairs is produced in the last generations of the
ionization process. These ideas are implicit in Ref. 6
and explicitly worked out in Ref. 5. One significant
step further in Fano-factor measurements would be to
show whether or not F differs above and below the K
absorption edge, which is at 11 keV. The result will
give information whether F is influenced by the fact
that transitions from and into the K shell are involved.
At the moment one would expect that no change in
F occurs. F measurements at 10 keV are now possible.
The net linewidth will be of the order of 150 eV (see
Fig. 25).

( 4 See E. Baldinger and G. Matile, Helv. Phys. Acta 39, 573
1966).
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AMPLITUDE (o=1)

F1c. 24. Convoluted curves consisting of a Gaussian with o=1
and constant drift (rectanglular curve) of variable width 7". The
shape of the curve with T'=2g is still close to Gaussian.

About the Value

The most striking feature of F besides its energy
independence is its small value. As the investigations
in Ref. 1 show, F=0.32 would have been compatible
with Shockley’s model for ¢ and Roosbroeck’s inter-
pretation of F. Since the actual F is 2.3 times smaller,
we are forced to modify or reinterpret either Roos-
broeck’s interpretation or Shockley’s model itself.11-22
It is interesting to note, however, that Roosbroeck’s
approach provides F~20.12 for the limiting case of no
production of phonons. This would eliminate the awk-
ward problem of explaining the creation of 47 phonons
per lonization event,! but it leaves the problem of
understanding the then large value of e. A closer ex-
amination of the energy-level approach (see section

H. R. BILGER
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on theory) provides a way out. As can be seen in
that section, the level approach can explain 0<F<%
(without phonon losses) by adjusting the distribution
of levels or the respective transition probabilities.

If we use Eqgs. (6) and (7) with F=0.129, e=2.98 eV,
and an optical energy gap of germanium of about 0.9
eV, we get a “conduction band” of width 3.7 eV and
a “valence band” of 0.5 eV. The validity of this picture
depends, of course, on results on the band configuration
from independent experiments.

Translating this model into Roosbroeck’s approach,
one has to increase the size of the energy unit, or in
other words, introduce a threshold energy E; which
is much larger than E,. Let us assume that no phonons
are produced in Roosbroeck’s sense. The limiting rela-
tive yield Y is then

Y (no phonons) =%=FE;/¢e or E;=2e~2 eV>E,.

This estimate tells us that the dominating transitions
involve gaps of the order of 2 eV.
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APPENDIX
Drift
The simple case of rectangular drift (a constant drift
speed of the apparatus during the time of measure-
ment) is treated here. A normalized rectangular pattern
of variable width T is folded into a Gaussian (Fig. 24).
Then a Gaussian plus background is fitted into the
resulting convoluted curve. To study the effect of such

a drift on the apparent F, we simulated a run with a
pulser line of ¢,=0.5 keV and v lines with widths

ol=0+eEF,

where e=2.98 eV/pair and F=0.13. Various energies
are chosen. As an example, we chose T'=1 keV and
T=3 keV in comparison with T=0 keV (no drift).
The resulting least-squares-fitted effective widths are
o, and o,’. Then we obtain the apparent Fano factor

F’ as
F'/F=[(0y)*~ (0,)%)/[os*—0,"],

which is given in Fig. 25 as a function of energy. As
can be seen, for T/20=1 the error is less than 5% in
the given energy range. For I'/2¢=3, the deviations
are pronounced at low energies and tend to increase
the apparent Fano factor.

The above considerations hold for rectangular drift.
Assume on the other hand, that the drift (or related
line-broadening effects which affect both pulser and
v lines) itself can be approximated by a Gaussian. In
such a case the widths due to noise, to F, and to drift
all add quadratically, and no error is made in F, if the
given procedure is applied.

Staircase~Pattern Correction

With decreasing width of a line systematic errors
are introduced, because the multichannel pattern is

v (CHANNELS)

discrete. Rather than to apply Sheppard’s correction,?
we calculated staircase patterns from a true Gaussian
for various ratios of o/(channel width). Two symmetry
cases were calculated, one with one peak channel in
the center and another with two equally high peak
channels on either side of the center. The computer
then calculates ¢, which is larger than the true o.
The deviations were the same for both symmetries. The
results are plotted in Fig. 26, which relates the true o
to o4 by

o= ot (1— 4,/100).

The curve shows that this type of error becomes smaller
than 19, for FWHM> (5 channels). One should there-
fore tend to spread the FWHM of a line over 5 channels
or more, if no opposing conditions exist.

Ballistic Deficit

The calculation is extended to a filter consisting of
one differentiating RC and # integrating RC(C’s, all
having the same time constant 7. The input pulse is a
constant current pulse of duration 7. A second-order
approximation for the deficit is®

S /) [Ty L
Ce() ] }/ #T=rf g dn

where g(#) is the response of the filter to a current §
pulse and /, is the time of maximum pulse height. The
result is AN/No= (1/24)(T/7)?(1/n). For a given T
the deficit can be minimized by maximizing #72. Thus,
it proves to be a better procedure to filter with one
integrating time constant with a large value than with
several time constants of proportionally smaller indi-
vidual 7’s.

AN/Ny= ~{

42 Handbook of Chemistry and Physics, 44th edition (Chemical
Rubber Publishing Co., Cleveland, Ohio, 1963), p. 338.



