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By ' ABSTRACT
 .‘ - A. Fano factor of 0,3040,03 has been meaeured for germa.nium with a
uthiumwdrifted aemiconductor detector used for measuring ga.mma.-ray energiea
ranging from 400 to 2800 keV, A value of 2.98:!:0.01 eV for the average energy per -
hole-electron pair at 77°K was measured for gamma-ray peaks in the energy region
 from 100 to 1400 keV, . | {
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.4, THE FANO FACTOR FOR GERMANIUM .

% 4,4 INTRODUCTION

The ability of semiconductor detector ayatéms to measure a wide enexgy r‘ange

- while simultaneously providing very good energy resolution has led to their wide-
“ g | spread use in modern nuclear spectroscopy. In this paper the ultimate resolﬁtlon,
- as related to the Fano factor, for lithium-drifted germanium semiconductor de«
tectors is discussed, The resolution of the system is determined (apart from ex-
- perimental sources that adversely affect resolution, such as high counting rate and
bad experixxiéxitil geometry) by'two fundamentally different clharacteristics:
(a) Noise from the associated electronic equipment, mainly; from the input
| stage of the preampllfiergw ' o | o
‘v (b) Statistica.i ﬂuctuatlon in the numb.er 6£ electron<hole pa.irs; created in
| | the crystal by the incident particle, _
" .The nolse is minimized by wellematched preamplifier«linear-amplifier a'ystémsﬂ' z).
| _ lz'ut!mu.gh\ the noise performance of such systems has been investigated by ';r{é.ny author:
the atatistical fluctuation in the number of charges created in the crystal ﬂas hitﬁerto '
| received little atientio#. This stétistical fluctuation, being a fundamental property
. of the detector material, sets an ultimate resolution limit, _ |
| For a rough estimate of the atatistical fluctuation &n in the number of hole-
.cléctrbn pairs created in the detector by an incident particle with energy E, the

following equation can be used:

anw (g/0?, | W

where ¢ is the average energy per hole-olectron palr. Experimentally, however,
| . the statistical ﬂuétuation is less than that calculated from egq, (1), The magnﬁ!‘xde' .
of this discrepancy is given by the Fano factor F, defined by N

(a2 = F (a0, | @

ere | 1 8t uation,
- where (An)exp is the experimental statistical fluct

gz
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In 4947 Fanos) treated the statistical fluctuation in the number of ions

pi'oduc;d by radiation in gases and predicted a factor of approximately 1/3 to 1/2.

- Van Roosbroeck"') did a detailed theoretical investigation, using analytical and

Monte Carlo methods for the calculation of yleld and Fano factor for hole-eclectron
palrs generated in semiconductors; we use some of his results in this report.

From eq, (2} it can be seen that a Fano factor of 1 would correspond to

.the Polsson distribution that applies when the events in the ionization process are

_independent, But the ener'gfy.-loas mechanisms {n the semiconductor are not ine

dependeizt. ‘and therefore a Fano factor between 0 and { would be expected, Very
little experimental information i{s available, and the values reported, ranging

5,6

{rom 0.3 to 0,5 for germanium™’ "), have usually been obtained as incidental in-

formation,

1,2 THEORY

Energetic particléa incident on a semiconductor produce phonons and

~.electron-hole paire through a branching process, the mechanism of which is shown in

fig, 1. An electron or & hole created by the energetic particle can lose energy in

two fundamentally different wayss
(a) Creation of a hole-electroh palr, The availdble energy (primary electron |
energy minus band-gap energy ].OSS)J.S randomly sha.red by the degraded pr1ma.r;r
.electron and the pa.ir. The electron and the hole are a.asumed te aha,re
; Q_equanv the energy given to the palr.

(b)f "Phonon losses to the cfystal lattice. These phbnona arise from electrons .

having energiea both sbove and below the band-gap energy. ‘

t
-,

For a mthematical description of the creation of hole-electron pairs id -
aemiconductora. tho following parameters are introduced, Theoretically, the |
relative yield Y {s dgfined by the {onization threshold energy E divided by o |
the average energy per hole-electron pair ¢ |

g‘_"_._.
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fi 'fhé at;t‘u}t!c-a'l. behaﬂor of the;v eﬁ&fgy-lose process ia .detevrmined mé.inly at the
j ‘end of the branching process, where most of the secondaries having an energy of
‘ Just a few lonization~threshold units are generated, The yield and Fano factor,
and there!ofé the average energy per hole~electron pair, are essentially inde-
- pendent of the type of incident particle, ' _ |
| The dependence of yield and Fano factor on the number N of generated .
phonons per ionizing collision has b:;é;z".éiélculated by Van Rooabroecké). Afr'dme .

B whose report fig, 2 has been reproduced, For the appncation cf this theory to the '
garmanium detector discussed in our paper, an estimate of the relative yield is *
necessary, This estimate requires knowledge of the,threahold energy and the .

| average enei;gy p&r hcle-electrén pair, The average energy per hole-clectron -
~palr has béen determined to Se 2,9840,04 eV, (See Sectioa II}, Althov;:gh the threse
' hold encrgy for germanjum at 77'1\ is not accurately known. Van Roosbroeck )

_ hap dgmonstrated that I:th © E (E {s the energy ga.p) is a good approximation,

- Since Eg = 0,74 eVY, the rela,tive yie!.d can then be calculated by means of eq. (3) -

Y %-g-‘é- 6.25.

e ' From fig, 2a correaponding theorct!cal Fano factor of 0,32 18 detcrznined

4.3 EXPERIMENTAL METHOD

A lith.tumodriftad 3erman1mn ;let;ctor with a 0,5«cm depletion regioﬁ and va
| _rectangular 1-by 4,5«cm area was used in these cxperimenta. This detector was .- 
. operated a.t 77’K and 600 volts biu. with a leaka.ge current of less than 10 915;.

The clmrge-sansitibe preamplifier, with an EC-1000 input atagc. and the lineai'

'. ampnﬁer system’ liave been reported previouslyi 2

‘ta. 400«channel pulse-height analyzer.

W L LN T e o " UCRL-16317

“). The epectra were recor&ed in
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Slmultauem obeervationa of ga.mma-ray and pulaer pea.ks were made for
gé.uun;nray energiea ranging from 400 to 2800 keV, Sources having one or two ,
strongly dominant gamma tranaitlons of well-known energies were used. The pulser .
was a transistorized type with a short-term stability better than 0.04% ' o
(La.@rence Radiation Laboratory Drawing 41X3281 P=4), The full widths at half ,
- maximum (FWHM) of the gamma~ray and pulser peaks were determined by means of
the energy calibration provided by the pulser, which wasv calibrated against known
o gamma-ray energies. Inthose cases where sources were avallable, a better |
- energy calibration was obtained by calibrating the system directly from two known
gammaeray lines in the energy region being atuc}ied. In addition to the energyv_
calibration. the pulser peaks provided a means of resolution control throughout
the experiment, Typical spectra are shown in figs, 3 and 4, g
The nnearity of the amplifier system, carefully investigated, was determined i
" to be better than 3 parts in 4000, and the linearity of the pulse<height a.nalyxfer was I‘
\bettex' than 4 part in 200, Investigations of the time stability of the system indicated
no drifts in peak posgitions over a period of two hours, which was the longest
. counting time used, To avold a loss of reaolution due to baseline shift, the total
counting rate in the syetaén was kept below 2000 counta/aec. Since the pulser peak .
 widths did not vary, these factors can be neglected. The accuracy of the resolution
- determination is gifven by three error contributions: ' o
' ‘ (a) Inaccuracy in the pulser dial reading causing an energy determination ,
error, ' in all recordings less than 1%; ‘ | |
(b) Error in the energy-scale determination arising from an error in the _
estim&tion of the peak positions, in all recordings less than 0,5%; |- L B
(¢) The rﬁain error. ariaging from our inability to detarmine very accu;fately
_the nuﬁmber of channels for FWHM, The accuracy of this determination

is essentially dependent on the total number of counts in the peak a.nd

this error is typically about 5%,
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i 4 RI‘SULTS AND DISCUSSION :

In the meaaurementa. an addition in quadrature of the electronic noise and

‘the statistical {luctuation in the detector will correspond to the observed FWHM of

the peak, , N

(FWEHM, = (PWHM)> 2

obsexved electromc + 2,35" FEe, (4)

where the last term represents the statistical fluctuation cbta.ined from eq.. {2} ,
converted to energy unlts by multipucation by ¢, and to FWHM of a Gaussi,a.xz.
diatribution by the factor 2,35, - D

_ The observed resolutions are listed in table 1, and. theae data are plotted in
fig. 5 where lnes calcula.ted from eq., (4) are drawn, The Iinearity of the plot ine
dicates that very uttle charge trapping occurs in this detoctor. . The observed :

broadening on the low-energy side of the 2754‘kev Na“ peak can be accounted for

by low-energy secondaries escaping from the detector, although some trapping may

&

have been pz&eaent. On the basis of the lines drawn in ‘ﬂ'g. 5, we'gétima.te a Fano
- factor of o | | | |
| | F = 0,3020,03, | | .
. which is in exxcellent agreemer;i with the va!;m; predicted :by,the theory of
Van R.ooabréecké). it ic note\k}orth}* that this factor remained constant throughout'
‘the energy region ihveatiga.ted. Ua!ng fig. 2 and the experimental va.iue of the Fano
factor, one can detehmino that the number of phononé per ionizing collision is
N = 52, and that the value of the threshold energy is
| Ey ® 0 80 eV, |
a value only 6 percent higher than the energy gap and thus consistent with the -

assumption E w&

,"" . o . ' B R



"+ . our measured Fano factor leads to consistent results.

62 | | ~ UCRL-16317
Using the relation E =E, +N ER.' where E. = Raman energy for phonons

in germamum. ‘we obtam a value of

-3

B =420 eV,

R

inhich coi'responds to a wave number of 339 cmhi, as compared with 370 "cm"i

' méasured by infrared spectroscopy methods7); These comparisons indicate that

.

" 2.. MEASUREMENT OF THE AVERAGE ENERGY PER HOLE-ELECTRON PAIR .
FOR GAMMA RAYS IN GERMANIUM AT 77°K

The average energy per hole-electron pair e has been measured by many
authors whose values range from 2.8to 3,0 eV, At present, the, most accurate measures
ment known to the authors is ) ¢ =2.94=l:0.15 eV.To determiine ¢ more accurately,’
we measured gamma-réy peaks with the same experimental equipment described in
Section I, except that an accurately calibrated mercury-relay pulse genérator was
‘used iﬁétead of the transistorized pulser. Fach gamma-ray peak was recorded

,'durmg the same time interval as a set of mercury pulser peaks whose voltages

o were determined by a precision digital voltmeter. This method will be described in

’

. Measurement of the pulse.voltage Vm corresponding to

detail in a later report 9)
the' peak position of the gamma ray and the valu‘e' of the pulser test capacitor G of
the charge-sensitive preamplifier enables one tb c:alcula.te ¢ from e= e Ey/VC ’
where e is the electron chaige and EY is the gamma-ray energy. To'obtain the’
'VA used in the ¢ calculation, we lowered the measured value of the voltage Vi by 1
-about 0.25% because the charge~sensitive preamplifier does not have infinite gain,

From these measurements, which are summarized in table 2 a.nd are also shown in

fig, 6, an averagé' value of

vv’T’

= 2, 98#0 01. eV
is obta.ined for gamma rays in germaniuvm. (The test capacitor had a value of -
- C =0.767£0.001 pF.) Note that the accuracy of this measurement is strongly.

supported by the good linearity of fig, 6,
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-:.« s ey

E Knowledge o! the Fano factor and ¢ enablea one to determine the

- '_ theoretical limitation of the energy resolution, Figures 7 and 8 show theze limiting

- values as a function of the energy loaa in the detactor for different electronic {pulser)

"’ resolutions,
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. "{Ta.ble 1. Meaaured FW'-!M valu.es and the corresponding Fano factor :

UCRL-16317

Y o > 1836.2 # 1,0

4,24 £ 0,24

:,--‘.;s; R . ‘o R | of the gamma-ray peaks gt
. Source o : Ey(ke\') - FWHMobBerved(keV) : F
S Co’l 1 422,0540,05 . 3,02 + 0.12 0.35 % 0.35
ce®?T 7 661,60 £0,08 3.41 20,44 0.30 % 0,08
Mn”* 8349 %1.1 3524044 0.29 * 0.07
co®? 1173,22 £ 0,04 3,79 20,17 0.34 % 0,06
Na?? . 42748208 ) 3.7840.49 0,29 £0.,06
cob0 | 433248 £0.05. . 3.82£0,45 0.29 * 0,06
88 | ~

0.32 * 0.06

~Na®% o amsagzasoq2 . 4622031 0.28 0,06
! .
i ZThe electron.ic noise contribution was assigned a value of 2,90 + 0,05 keV
averaged from about 20 pulser peak recordings,
_ b’I‘his value has been calculated from the high<energy edge of the recorded
gammaeray peak, | |

ey
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Table 2 Summary of the results for the average energy
per hole-electron pair ‘

|

e t

‘. Source T E, (ke V) . V@mv) ¢ (eV)

©co®T T 122,05%0.05. 8,56 £0.03 2,978 #0.015

sa'3 0 s9m0s0s’ . 2rass004 - 2.987%0.01
e - ieer.602008 - 46;36,;:'0.‘@53;;5';’ - 2,981 £0.007
Come®™ 0 Tesgeana T se91%0.05 | . 2976 20.010
o0

60

S 4473.23'%0,04 8246 £0.07 2,968 20,015 _
co®® ' 433248%0.05 | 93,320,08 . ' - 2.982 £0.007
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" FIGURE CAPTIONS

i. Diagrammatic representation of the energy-loss brocess in a solid-state

detector: E, ® Raman phonon energy for the latticw E g = band~gap of the

R .

' ma.terlal; p = assumes a ra.ndom value from 0O to 4.

2, Dependence of yield and Fano factor on number of phonons per ionizing
comeion. {Reproduced from the paper of Van Roosbroeek4). The'

theoretical and experimental Fano factors are shown,

3. Example of apecti'a recorded, showing the 834,%-keV gammae=ray peak of

Mn5~4.

4, Example of apectra rocorded. showing the 2753 9ZakeV gamma-ray pealr
24

of Na" ", The quoted FWHM value ha.s been calculated from the h1gh-energy

s1de of the peak because low-energy ta.11mg was observed

5. Plot of the reaolution ot the germanlum detector versus gamma-ra;y energy.
Lines representing Fano factors calculated on the basis of the value of ¢
reported in Section I of this papsr are shown, |

6. Gamma=~ray energies and corresponding pulser voltages, listed in table I,
illustrating the excellent linearity.

7. Total energy resolution as a function of the energy loss in the detector
{up to 3 MeV) for different electronic (pulser) resolutions,

8, Total energy resolution as & function of the energy loss in the detector

(up to 30 MeV) for different electronic (pulser) resoluticns. .
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