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ABSTRACT

The ‘average energy € expended for electron-hble pair generation
" in silicon and germanium lithium-drifted detectors by gamma rays,
- electrons, and alpha particles has been measured ds a function of

1 'temperature.

These data indicate that the difference between €y and €a- in

silicon is considerably less than previously reported, and in ger--

manium € ~ €ga-
Detector - Radiation .  Tempersture . €
S : " °K ' eV /pair

Si Q 300 - . 3.62 0,02
Si e~ 300 0 3.67 £0.02
Si o 300 3.67.£0.02
Si a 90 | %,76 +0.02
Si e- 90 3.81 %£0.02
Si Ty 90 '3.81 *0.02
Ge Q: 90 2.96 0,04
Ge e”. 90 2.96 £0,02

Y 90 2.96 £0,02

E + Ce
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I. INTRODUCTION

1)

-_ in the value of €, the average energy required to produce an electron-

Several years ago ah Italianvgroup reported a rather large'differenée

hole pair, for alpha particles relative to electrons in silicon. Using
5. 486-MeV alpha particles from 241 and 36%.8-%keV electrons from 115g,
 they found values of €y = 3.61 *0.0L eV and €e- = 3.79 %0.01 eV at a
tempprature of 300°K. Their data were obtained using surface-barrier
detectors. Later Emery and Rabsong) reported the same ¢ values at 3C0°K
using a Li-drifted Si detector. The latter group extended the measure-

ments over a wide temperature range, and also determined ¢ for germanium

. with gamma rays.

Since ﬁg felt it was rather difficult to account for such a large

difference of the ionization evergy (about 5% at 300°K and nearly 10%

cooab 75 K) between alpha particlcs and. electrons we have undertaken an

extensive program of determining ¢; either to convince ourselves that
such a large difference really exists, or to obtain counter information.
' This included using higher energy particles - cyclotron produced - in
addition to a number of sources, and with a much larger survey of detectors.
. In addition we felt our results would not require the long extrapolation
" to infinite field that the previous values have been based on since we

- could apply far higher bias ‘than was done in the_previous measurenents,

More recentiy Klein3) proposed Lo account for thié difference by

" making & correction for backscattéring effects on the data obtained using
‘external electron sources. However, such a correction is not pertinent
because , although mény of the incident electrons are backscattered from
the detector, these electrons produce a voltage signal that is in general
much smaller than the signal of interest. Consequently the position of

. the full-energy electron peak is not appreciably displaced. If the dif-
ference in measured ionization yield were caused by backscattering one

- would expect to find a difference between gamma rays and electrons also.
But, as will be shown, no such diffefence invthe.measured ionization

yield is discernible.
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TT, EXPERIMENTAL SETUP

Our results are based on three separate experimentdl setups al-
.- though all three setups use the same electronic scheme. Fipure 1 is
a hlock diagram of the entire electronic ghain used, and fig. 2 shows

a schematic diagram of the pulser-test capacitor system. The average
e

Q
the energy of the incident radiation, e is the electron charge, and

Q 1s the charge created in the detector. Thus the goal is tovcompare
the charge created in the detector with a known charge. The determin-

ation of this charge requires the measurement of the voltage step

energy per electron-hole pair can be expressed a8s € = , where B ic

from the pulser and the calibration of the series test capacitor. .

This assumes that all the voitage from the‘pulser appeérs acrose the
test capacitor - an assumption that will be justified below.

. Calibration and evaluation of the pulser “involved the followinc:
a) Calibration of the full scale voltage:r The outpgﬁ voltage from
' . the voltage sourcé, powered by .a 1.35V Hg batter&, wasvadjusted by
the calibration potenticmeter Rl to 1.000V, as measured by a- digital
'  voltmeter that reads to 10“u V, and was calibrated and repeatedly

checked ageinst a zener diode reference source accurate to 0.001”.

b) Linearity and zero error: A dlscrepancy of about 1 part in 500
was ohserved between the € value measured when the voltage step was
about 23 mV compared with the value measured when the voltage step
was gbout 220 mV. Such a dlscrepancy could arise because of either

a zero error of about 50 uV or a nonlinearity of the 10K Dekapot. .
AThe iinearity4of this potentiometer was claimed to be #0,01% with a
resolution of 0.003%; our careful calibrations did not indicate any
nonlinearity that could account for the observed discrepancy in the
measured € values. . The Hg relay itself was apparently introducing -

a zero error since vhen the relay-charging capacitor systen was

. changed to a configuration similer to the one used by Emery and Rabsona)_}f

~the discrepancy roughlj doubled, and vhen the voltage source was in-

creased by an order of magnitude to decrease the pcrcentage Zero error

]
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[a reference zener diode (1N945) was used as the voltage.source} the
discrepancy was nbt greater than about i part in 2000 - not discern-
ible within'ﬁhe précision of the measurement., For this measurement
a capacitive attenuator placed immediately in front of the test cepac- :
itor reduced the voltage across the capacitor so that the 10K Dekazot
could be operated at approximately the same position as When the Hg

' battery was the voltage source.

¢) ‘Pulse shape: No correction for decay of the pulse was necessary

" because a step function was generated. The Hg relay was mounted very
close to the test capacitor (about 5 cm) thus ‘eliminating any termina-
tion;problems.

d) The pulser was operated at different frequencies, not synchronous
with the power line frequency, thus eliminating the possibility of

ripple adding,synchronouslyvwithlthe signals.

e) Different pulse driver rates and widths were used to check for

 proper operation of the pulser systen.

f) Both polystyrene and ceramic charging capacitors were used in the
- pulser to evaluate the chance of having any significant charge storage.
effects. ' |

For the more extensive measurements ﬁpon which.the bulk of this
paper is based, a Vitramon VY12C porcelain capacitor with a nominal
value of 0.5pF was mounted in a brass tube as shown in fig. 2; this
construction provides a well shielded and stablé qhit. The test
capacitor was difectlyvconnected‘to the gate lead of the FET (see
" fig. 1) through a BNC and about Ut cm of wire. Calibration of the
© capacitor was done on a 1620A General Radio'bridge used in the three :
’vterminal mode. The :calibration of the bridge was checked with a
1403K GénéfaifRadio'sfandard capacitor that hed a known accuracy of
0.05%. . This calibration was done & number of times during the course
of the experiment, and no differences from the value of 0.2900

i0.0005pF vere measured.

i
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To answer the qpestioniof_whether essentially the entire voltage
step was occurring,aérQSS the test capaéitor, the'effective input
vcapacity of the preamp was measured. Since a 35pF load caused ahout
a 0.7% change in the gain, the effective iﬁputvcapacity was about
5000pF. The error introduced by assuming that the entire voltage step
occurred across thé test capégitér is about 0.29 parts in 5000; thus
this introduces a negligible error in the determination of test capac-

itor charge.

Tor the preliminary measurements made:at thé cyclotron a fest
capacitor.of 4 .338pF was used, and a test éapacitor of 0.76TpF wace
used for the ﬁreliminary measurements with an alpha particle source.

A new high-resolution, high-raté preamp, amplifier system was
usedh). This system provides a Gaussian-shaped pulse that peaks at
2.25 usec, which should be sufficient to make the ballistic deficit
negligible. Although no switching of the shaping time constant is
provided in this amplifier, when brief tests were made on other‘ampli-
fiers the apparent value of the charge collected did not increase when -

-the time constant was lengthened to 5 usec. The signal then Wen£- '
through a bias amplifier, and was recorded in a 1024 channel pulse
height analyzer. ' |

The test chamber was maintained at high vacuun (~ 10—8 mHg) by

a diffusion pump equipped with a 1iquid-nitrogen trap. Cooling of

the detector was obtained from a cold finger into which liquid nitrogen |
was usually placed; for the warmer measurements on the Si detectors
solid CO, + acetone was used. A power transistor served as the adjust-
able heal source that maintained the detector at whatever temperature u
-desired: The different temperatures were measdred with a calibrated
thermocouple. Since the thermocouple could not be placed. in direct
contact with the detecfor during the actual experiment the tempera-
tures recorded may be somewhat in error. However, when the thermocouple

was placed in direct contact with a Si detector for temperature cali-
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bration, consisfent réadings vere obtained within a few degrees, aad
the additional thermal load of ithe thermbcduple'itself could account
for the small difference. The repeatability of the detector tempara-
ture relative to the thermocouple reading 6ver a pério& of several

months appeared toAbe perfect because the variation of detector lea-

age current as a function of thermocouple reading was very reproducible.

ITI. MEASUREMENTS

Our first experiment was done at the Berkeley 88-inch variable
energy cyclotron several years ago, and must bé'conSidered a rrelim-
inary measurement. At the time the detector temperature could not be
varied - all measurements were consequently made at room temperature,

about 290 °’K . Beams of 2k and 50-~MeV alpha particles were measured-

.with Li-drifted Si detectors of both 1 and 2 mn thicknessesj in adddi-

tion a diffused-junction Si detector was used for the 2k-MeV alpha par-

ticles.

Unfortunately, the cyclotron beam energy cannot be measured accur-

ately enough to be used as a primary standard. However, by looking

"at the difference betwéeﬁ two well known energy levels one can obtain

an energy difference that is relatively independent of the beam energy.
For example,.We observed the scattered alpha beam at 20 deg. from a
thin 120 tafget, and used the energy difference between the ground
state and the Tirst excited level at L,433 MeV., Assuming our beanm
energy is 30.0-MeV when in reality it is-30.5-MeV, (and from a com-
bination of magnet calculations and range-energy measurements we
cértainly should know the beam energy to within 1%) we may ask what
error is introduced into the'supposed energy difference. . Wifh 50-MeV -
incident alpha particles the energy difference is 4,429 MeV, whereas
this difference is U4.427 MeV if the incident alpha particles are

30.5 MeV. Thus our enefgy accuracy is better than 1 part in 2000 -
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‘probably much better.

One can'go through a similar argument to show that we undoubtedly
kan'the scaﬁtering angle Withgsufficient éccuracy to essentially |
eliminate any kiheﬁatic factor. Furthermore, the target ﬁas suffic-
iently'thin that for the incident energies used, scattered particleé
corresponding to the ground state and the h.&35~MeV level were de-

graded in energy almost the same smzll extent. The result of this

experiment was €5 = 3.64 £0.02 eV.
The second experiment was also done several years ago using the
same series of detectors used at the cyclotron, but with a EQ&Eh

source that provides élpha particles of eight different energics
ranging from 5.3kl to 8.785 MeV. These measurements, which were al-

- so made at room temperature, were consistent with the cyclotron data.

- The rest of this discussion will be éoncerned with the ﬁhird, and'
.by far the most extensive experiment, which is still being actively
pursued. The first ?art of these data are based on two Li-drifted

Si detectors that have been studied over a temperature range from
90° . to 250°K; and with electrons from 114%.86 keVv (5700) up to 1048.1
keV (2O7Bi), 121.97 keV gamma rays (5700), and alpha particles from
5.3k to 8.785 MeV (2?8Th and QulAm), We were able to apply 1000V
bias, and found that € did not differ when we used 700 or 1000V,

therefore no eXtrapolation to infinite field has been necessary,'

To make an.accurate comparison of ¢y to ee_'the "window thickness"
between the incident radiation ‘and the active volume of the detector
-must be accurately determined. As described in the following, three
differént methods of measuring the "window" have been used: Since
we obsepved 12-keV resolution from the alpha particle source; as
illustrated in fig. 3, the total "window" could not be more than
0.2y of 5i equivalent, when other factors influencing resolution are
accounted for. The "window" thickness measured by observing the vari-

~ation of pulse height with the angle of Iincidence.of alpha particles.
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was also about O;Qu; A window of this order was also measured by

=

- observing the position of the ey electron conversion peaks from 2ico.

TFigure U shows a 5700 spectrum that demonstrates this measurement.

Since the biﬁdiﬁg energy of the K electron in Fe is 7.11k keV one

would observe this energy difference between the gamma ray peals and

their respective e, conversion peaks if the detector and source wcre

K

absolutely "windowless". (This assumes €e- = Eys B most logical

assumption, and as will be shown, our data strongly support this
hypothesis. A correction must also be made for the applied bias.

In the case shovn a negative bias of 1000V shifts the electron pcaks

by 19 channels to the left because of the repulsion.) If 0.2u of

Si equivalent were between the 5700 source and the active volume of

" the detector the ex electrons would be degraded in energy by about

0.2 keV. . This corresponds to displacing the center of their peaks
by four channels. Since the resolution of the ex electrons was
about 21 channels (1.1 keV), and the resolution of the 121.97-keV

gamma ray was about 19 channels (1.0 kev) a relative shift of four

~channels is easily discernible. Unfortunately the intensity of the

156.53-keV'gamma ray is insufficient to allow an equally precise

determination from it and its corresponding ex electron peak, how-

- ever, it does provide a useful cross check.

A "window" of 0.2u of Si equivalent would increase the value of
¢y by at most 0.02 eV, Since we obtained the same ¢y at OO0V bias

as at 1000V the window contribution from the Si itself was completely

: negligible; as shown by the foilowing'calculation. We will assume

the detector is operating with sufficient bias to be almost totally
depleted but a thin layer of the original p-type Si is present near
the entrahce face. The effect of increasing the bias from 700 to
1000V will be to deplete part of this thin layer of p-type Si, and
we wish to know how much the boundary of the depleted region will
advance toward the entrance face. The calculated capacity of a 3 mm

thick plane parallel silicon detector when operated in a totaliy
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depleted mode is 3.5pF/cm2 and, therefore, a change of 300V causes
a charge Q to flow through this capacity‘where:

Q =0V = (3.5 x 10712 ) (300v)' = 10.5 x 107 Gour.

Since the acceptor concentration of the original p-type S1 was about

1012 acceptors/cm3

the acceptor concentration in the assured thin
layer of p-material cannot be more than this. If a thickness t of

this Si is depleted the charge removed must be:

18

(10+2 acceptors/em’) (1.6 x 10™° Coul/acceptor) t.

Equating this to vae find the thickness of Si that would be’deplefed '
by the additional 300V is 6.5u. But the measured "window" was the
same at 700 and 1000V bias so even at TOOV there apparently was no

window contribution from the Si itself.

Our best resolution on the 975.57—keV eleétrons from 207Bi was
2.3 keV at 200°K. The electronic resolution was 1.l keV under those

conditions. At 90°K the electronic resolution was 600 eV.

 Figures 5 and 6 summarize our results on Si. Neglecting possible
uhknown systematic errors the accuracy of each individual measurement
is encompassed within the circles-around.each point. The data shown v
were'obtainedrover a period of about three months; points obtained
from a series of measurements made without any intervening system
. change show even less spread. Over the témperature range studied €
appears to be é linear function of the temperature. Since the}variQ
ation of the forbidden energy gap, Eg’ with tempefature (obtained from
absorption measurements) is not a linear function)), if our ¢ data
are plotted vs. Eg (seé fig. 7) one does not obtain a linegr rela-
tionshilp as would be expected from a simple model. Making a short
- linear extrapolation to 300°K, we obtain ¢; = 3.625 %0.02 eV,
in excellent agreement with the published valuesl’2’6’7), and our

cyclotron data. This value does not include any "window" correction,
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but as stated earlier such a correction is lezs than 0.02 cV.

‘However, the sameﬂextrapola.t;ion to 300°K results in ¢ = %.67

e~
1 d) The

+0,02 eV, conéiderably léwer than the published values
errors placed on buf values are based on an estimate of syctematic
. errors; since the same systém was used for determining e, and  €,-
the difference between these values should be determined very accur-
| atecly. Thus it now appears that, although there may be a siight

~ difference between €y and €_., this difference appears to be of the
order of 1% instead of 5k.

2)

as.a function of temperature. Note that not only are the €o- Values

TFigure 8 compares our € data against the published values

we have measured lower, but the rate of change of €,- 1s less. This
difference is more marked at colder temperatures, indicating that

an appreciable amount of charge may have been trapped in the previous
work. As can be sé;n from figs. 5, 6 and 7.we find that the rate of
change of € as a function of temperature is the same for electrons
and alpha particles, whereas the previous workg) gave a considerably
greater rate of change for electrons than for alpha particles. In
fact, for e, we not only agree in absolute value but also in rate

of change with the previous work. =

In the cecond part of thlu experiment, one of our "thin window"

:8)

Ge detectoro was used in the same system. This detector was
studied over a temperature range from 90° to 180°K, and with the

. same soﬁrcesvuéed for the 5i detectors; in addition, gamma rays of
1175.23 and 1332.48 keV from a 6000 source were used. Once again
the ability to apply a high bias, greatef than 2000V, elﬁniﬁated
the need of extrapolating'to infinite field. Figure 9 shows a
spectrum of the 1063, 58-keV gamma ray and its corresponalnCr K, L
and M internal conversion electrons from a 20 7B1 soarce. The
window was suff¢01ently thin that these relatively high energy

e¢cctron vere not apprec1ably degraded - as shown by the excellent
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resolution and the proper'energy displacement from the gamma razy

peak. However, obtaining a window that was thin enough to provide

'cdnsistentiy high calibre data from an alpha particle source proved

to be a difficult problem. It has not been possible to maintain as
thin a window as .one ﬁould like, but good alpha particle data ras
nevertheless been obtained9>. Fig&re 10 presents an alpha particle
spectrun observed when the window was a minimum. The 1L4-keV resol-
ution indicates that the “window" was only slightly greater than the
"window" present on the Si detectors. Thus we should be able %o

make a fairly accurate comparison of €y to ;. in Ge.

‘Figures 11 and 12 summarize our results on Ge. Although the
accuracy of each individual measurement for electrons and gamma
rays is equai to that obtained from the Si detectors, the Ge data
showed additional fluctuation when the system was opened, and the
Ge detector was given a new surface treatment. Such an operation
éaused the measurement to vary by as much as 0,01 eV, although the -
total spread introduced by a series of surface treatments was not
more than 0.01 eV. The Si detectors did not undergo any surface

treatrents during the course of the experiment. A window correction

- of about 0.02 eV is included for the alpha parﬁicle.data; such a

correction is needed to maeke the treatment of the alpha particle

data in Si and Ge equivalent. No window correction has been made

to the electron data pldtted since only points from 207Bi are
shown, and the energy of these electrons is sufficiently high to
make a window correction negligible. TFor any given run there was
no difference (less than 0.002 eV) between the value of ¢ measured

for eleqtrons and gama rays.

Over the temperature range studied ¢ in Ge does. not appear to

3

be a linear function of temperature as was the case for Si. In
fact, the degree of nonlinearity results in a lihear relationship

between ¢ and the published variation of Egs)‘for Ge' within thé
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'and gamma, rays, in excellent agrecment with the published valueg 5L .

the order of 1% instead of 5% as prevmously reported™
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accuracy of our~data-as illﬁstrated*in fig; 13. Makiﬁg a short
extrapolation to 77°K we obtain € = 2.97 *0.02 eV for both elec-;r ns
10)
For alpha pérticles we find the same € value as for electrons al-
though the additional "window" problem makes these data less precise.
To reduce the window problem, and to further the general investigation,
€ 1in Ge will soonibe measured using longFrange particles at the

cyclotron.

IV.  SUMMARY

These results indicate that in Si there may be a slight dif-
ference between €q and €e~, but this dlfference appears to be of
1)Why

our data exhlblt much less difference has not been resolved. How-

ever, preferential hole trapping could account for the observed
difference. When an alpha particle soufce is used the holes do
not have to travel as far as they do when an electron source is
used, consequently there is more chance of the holes being trapped
in the latter case. This would decrease the amount of charge col-
lected for the incident electrons, and the apparent value of e
that is measured would increase. Since our initial measurements
on Ge indicate that €y ~ €g- One is lead to susp@bt that e, ~ e.-
in 51 also, and that the differences that have been observed are
not fundamental. However, the data for Ge are not prec1se enough

at present Lo use as a conclusive point against the Si results.

The fact that the relationship between € and E apparently is

g
linear for Ge whereas it is not linear for Si is rather surprising,

and certainly worthy of more study.
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FIGURE CAPTTONS

-Block'diagram of the electronic equipment.

Schematic diagram of the pulsef-tést capacitor system.

Example of an alpha particle energy spectra from a’ Th

source. Thé broadening of the higher energy peaks is

‘caused by the additional effective source thickness seen

by alpha particles emitted later in the decay chain due

to the recoil of the daughter nuclei: Hovever, this

~additional source thiclness is not sufficient to intro-

duce any measurable nonlinearity into an encrgy ve.

" channel number plot over the energy range observed., The

pulser peaks were recorded simultaneously with the alpha

 particles.

:Example of an energy spectra from a b7Co source. Since

the'bindihg energy of the K electron in Fe is 7.11k keV
one would observe this energy difference between the‘gamma

ray peaks and their respective eK_electron conversion

peaks if the detector and source were absolutely "window-

less"., The resolution of the ey electron conversion peaks

- was 1.1-keV, and the resolution of the 121.97-keV gamma

. ray peak was 1.0 keV,

Fig. 5.

Fig. 6.7

Fig. 7.

- Tonization energy for electrons and gamma rays in Si as

a function of temperature.

Ionization energy for alpha particles in Si.as a function

of temperaturé}

Ionization energy in 81 as a function of the'forbidden

energy gep.



Fig. 8.

e _ Fig. 9.

Fig. 10.
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Comparison of our ionization energy data for electronc in

51 against the published values.

Partial energy spectrum from a 207Bi source showing the
1063.58-keV gamma ray and its corresponding K, L and M
internal conversion electrons. It is interesting to note
that the 1.8 keV resolmtion for the 975.57—kev electrons
is slightly better than we have ever observed with a €1

detector.

228

Partial alpha particle energy épéctrum from a Th’source.

During the course of the experiment the "window" on the

v’ Fig L] llo

Tig. 12.

Pig. 13.

Ce detector was uSually_greater than when this spectrun
was obtained, consequently the typical resolution varied
from 16 to 20 keV. However, the data presented in fig. 12

are based on spectra obtained under conditions egual to

'what is shown here. The broadening of the highervenergy '

peaks‘is éaused by the additional effective source thick-

ness seen by alpha particles emitted later in the decay

chain due to the recoil of the daughter nuclei.

Ionization energy for electrons and gamma rays in Ge as a

function of temperature.

Ionization energy for alpha particles in Ge as a function

of temperature. A window correction of 0.02 eV has been

- included.

Ionization energy in Ge as a function of the forbidden

ENergy £ap.
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained 1in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

As used in the above, "person acting on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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