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F.S. Goulding and D.A. Landis 

Lawrence Berkeley Laboratory 
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ABSTRACT 

At high energies, the energy resolution of y-ray 
spectrometers using large-diameter coaxial germanium 
detectors can be dominated by "ballistic deficit" ef
fects, particularly when short processing times are 
used to permit high rate operation. This results from 
the fact that rise-time variations in the detector 
signal are reflected in amplitude fluctuations after 
the signals pass through pulse shapers. The paper de
scribes a method of compensating for these effects on 
a pulse by pulse basis using the fact that the loss of 
amplitude for slowly-rising signals is accompanied by 
a delay in the peak time of the shaped output signal. 
The simple analog corrector circuit uses a relationship 
whereby the amplitude deficit is rough1y.proportiona1 
to the square of the time delay in the peak. Results 
show considerable improvements in the energy resolution 
of germanium y-ray spectrometers at high energies. 

INTRODUCTION 

The measurement of a signal produced by a semicon
ductor detector should ideally be a ballistic measure
ment resulting in an output reading proportional to 
the charge produced by a radiation event in the detec
tor. This reading should be independent of the charge 
collection time in the detector. Such a result can be 
accomplished if the measurement is made in a very long 
time compared with the detector charge collection time, 
but the measurement time in a spectrometer is normally 
limited by the need to process signal pulses occurring 
at random times and at relatively high rates. Further
more, parallel noise increases if long processing times 
are used. Consequently, the pulse shaping circuits 
used in spectrometers are designed to produce output 
pulses whose total duration is usually limited to a 
few microseconds and the peak amplitude of the output 
pulse, which occurs at a time less than half the pulse 
width, is used as a measure of the input charge signal 
from the detector. For large coaxial germanium y-ray 
detectors and thick silicon charged particle detectors, 
charge collection times fluctuate between events (de
pending on the location of interactions) and may ap
proach 1 ~s. Consequently, the conditions for a bal
listic measurement are not satisfied and "ballistic 
deficit" effects occur. 

As a result of these "ballistic deficit" effects, 
the fluctuations in the detector charge signal rise 
time are reflected in fluctuations in the peak ampli
tude of the output signal from the pulse shapero Un
der some circumstances these ballistic deficit fluctua
tions can be a major or dominant contributor limiting 
resolution. In a y-ray spectrometer the contributions 
to resolution are primarily due to: 

a) Electronic noise produced by noise in the channel 
of the input field effect transistor (FET) and by 
noise in any input circuit current or parallel re
sistive elements. This type of noise is independ
ent of the energy of photons interacting in the de
tector. We will assume a FWHM resolution En due to 
this source. 
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b) Statistics associated with the charge production 
process in the detector. The originai photon in
teraction produces high energy electrons that re
sult in electron-hole showers in the semiconduc
tor. During the creation of the showers, energy 
losses occur both to ionizing processes (which re
sult in signal charge) and to vibrational (thermal) 
processes (with no resulting signal). The statis
tical sharing of energy between these processes 
results in an FWHM resolution given by: 

Ec= 2.35 ~ 

where: F is the Fano Factor (- 0.12) 
E is the photon energy, and 

(1) 

€ is the average energy required to 
produce a hole-electron pair (2.96 eV in 
Ge at 77°K) 

To first order, fluctuations in trapping during 
charge collection result in an apparent increase in 
the value of F. Trapping fluctuations are approxi
mately proportional to y1:due to the average number 
of trapped carriers being almost proportional to E. 

c) The absolute value of the ballistic deficit con
tribution is proportional to signal amplitude. 
Therefore, these effects can be expressed as a res
olution contribution Eb = AE where A is a con
stant independent of E. 

Combining these three terms in quadrature, the total 
resolution ET is given by: 

ET2 En2 + 2.352 FE€ + A2E2 (2) 

This result indicates that the system resolution is 
dominated by electronic noise at low energies while 
charge production statistics become important at some
what higher energies and ballistic deficit effects may 
become dominant at very high energies. Modern germa
nium y-ray detector spectrometers exhibit this behavior 
and the importance of ballistic deficit effects has 
grown as large diameter high-efficiency detectors have 
become available. 

\ 
The magnitude of the ballistic deficit effect de

pends both on the type of pulse shaper employed and on 
the ratio of the characteristic shaper time to the var
iations in the detector signal rise time. A shaper 
with a step function response exhibiting a flat top for 
a time greater than the maximum detector signal rise 
time will result in zero deficit - that is, the peak 
amplitude of the output signal is independent Of input 
signal rise time. The gated integrator shaper1 comes 
close to achieving this result and was developed spec
ifically to reduce ballistic deficit effects. Unfor
tunately, the gated integrator is complex and is sen
sitive to low frequency noise (parallel input circuit 
components and detector leakage) and to baseline fluc
tuations in the signal feeding the gated integrator. 
These factors make the gated integrator a difficult 
circuit to design and to use in an optimum manner. 



The common passive shapers used in y-ray spectro
meters generally produce quasi-Gaussian shaped output 
pulses. Because the shapes produced by these circuits 
do not exhibit flat tops, ballistic deficit effects oc
cur. The purpose of the technique described here is 
to correct (on a pulse by pulse basis) for the deficit 
present in such spectrometers and thereby to reduce the 
output signal fluctuations caused by fluctuations in 
the input signal rise time. 
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Fig. 1: Output signal pulse shapes for two types of 
shaper fed by linearly rising signals with different 
rise times. The upper figure is for a simple 6th or
der Gaussian while the lower figure is for a quasi
triangular shape. Curves a-f correspond to ratios of 
rise time/peaking time of 0, .1, .2, .3, .5 and .S. 

MAGNITUDE OF THE BALLISTIC DEFICIT 

For the purpose of initial discussion consider a 
simple pulse shaper consisting of a single RC differen
tiator (time constant 'D) and a sequence of 6 RC in
tegrators (also time constant 'D). The step function 
response for such a shaper, shown in Fig. la, peaks at 
a time Tp = 6'0. The shapers commonly used in spec
trometers employ active integrator circuits with com
plex poles in order to produce faster recovery on the 
back edg~ of the output shape. However, the simple 
Gaussian shaper used in our analysis behaves, in gener
al, in a similar way to the more complex spectrometer 
shapers in regard to ballistic deficit. 

A further simplification will be made by assuming 
that the input signal exhibits a linear rise with·a to
tal rise time 'R (i.e., the detector signal current 
is constant during the charge collection process and 
is integrated in the charge sensitive preamplifier to 
produce a linear rise). The convolution integral meth
od can be used to analyze the output shape from the 
6th-order Gaussian for different linear signal rise 
~imes. The results are shown in Fig. 1a. As expected, 
the peak signal deficit increases as the rise time in
creases from zero (curve a) to SO% of the step function 
peaking time (curve f). Figure 1b shows the behavior 
of the quasi-triangular pulse shaper2• This behavior 
is similar to that of Fig. 1a but with a smaller abso
lute value of the deficit due to the somewhat flatter 
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topped pulse shape .. In both cases, we note that the 
time of the output signal peak is delayed as the signal 
rise time increases. The dotted line of Fig. 2 shows 
a plot of the deficit (expressed as a percentage) as a 
function of the peak delay time with the triangles be
ing points for the triangular shaper while the circles 
are for the simple Gaussian. As can be s~en from this 
graph and the full line, the ballistic deficit is ap
proximately given by: 

where: 6S 

So 

6 

P 

~~ = ( ~: ) ( (3) 

peak signal ampl i tude deficit 
peak amplitude for zero signal 
rise time 
peak delay 
peaking time for output with zero 
signal rise time. 

Although not expressed exactly in this form, a classi
cal paper3 by Baldinger and Franzen derives this ap
proximate result using a ourely analytical approach. 
This method has also been used in a recent Pdper4. 
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Fig. 2: The dotted line shows the relationship between 
the output signal ballistic deficit and the peak delay; 
these results are derived from Fig. 1. The circles are 
points for the 6th order Gaussian while the triangles 
are points for the quasi-triangle. The full line shows 
a square law relationship. 

The simplicity of the result given in Eq. 3 is de
ceptive; it can be shown that it is only valid with the 
following constraints: 

a) The peak region of the shaper step function re
sponse can be approximately represented by a para
bol a. 

b) The input detector signals all have the same basic 
shape but fluctuate in their time scale. 

Fortunately, the oractical situation in a large germa
nium detector spectrometer comes close to satisfying 
these conditions; the relationship of Eq. 3 can be used 
as a basis for a ballistic deficit correction circuit. 
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CIRCUIT DESIGN 

Figure 3 shows an example of the modification re
quired to a typical spectrometer pulse processor in or
der to achieve the ballistic deficit correction and 
Fig. 4 shows the important waveforms. The elements 
added in the block diagram are shown shaded; the re
maining blocks (or their equivalent) exist in many 
standard spectrometers. The particular spectrometer 
used in this example includes a second differentiator 
and cross-over discriminator fed from the input to the 
final active integrator stage to produce a timing pulse 
[2] at the peak time of the main output signal [1]. It 
also includes a signal stretcher producing a stretched 
output [3] which feeds a linear gate that is opened for 
a short time to produce a square output pulse [4] whose 
output is equal to the peak amplitude of [3]. A fast 
amplifier and discriminator is used to pick off a 
"start" signal [5] for use in the pile-up rejector and 
width one-shot circuits. 

The pile-up rejector inspects for a second start 
pulse occurring before the time of the peak of the main 
signal pulse [2] while the width one-shot, set to the 
full width of the signal pulse [1], is used to gate off 
the action of the baseline restorer during signal puls
es, so that it effectively clamps the signal base-line 
even at very high event rates. 

Additional elements required for the ballistic def
icit correction include: 

a) A delay circuit triggered by the "start" signal [5] 
and adjusted for a delay equal to the peak time of 
a signal produced by a perfect step function (i.e., 
zero rise-time) input signal. In practice, a fast 
rising pulser step function is fed through the de
tector or into a test capacitor at the preamplifier 
input and the delay is adjusted to produce a back
edge [6] at precisely the peak time of the output 
signal [2] as shown dotted in Fig. 4. 

For normal detector signals (shown as full line in 
Fig. 4) the peak time [2] occurs later so output 
[6] occurs earlier than [2]. 

b) A flip-flop set by waveform [6] is normally reset 
by the peak signal [2]. The output of this flip
flop [7] is therefore a square pulse of width equal 

® 

to the value of ~T (Eq. 3). A comparison discrim
inator prevents the setting of this flip-flop un
less the signal exceeds a certain level (- 50 keV) 
so that no compensation is applied to low-energy 
signals. 

c) A second flip-flop is set at the same time as the 
first one and reset at the end of the width one
shot. It provides the waveform [8]. 

d) The outputs of the two flip-flops are used to open 
MOS FET switches that normally short out the inte
grating capacitors of two sequential integrators. 
The input current for the first integrator is ob
tained via R1 from the signal; therefore, the 

e) 

first integrator produces an output at [9] propor
tional to SO.~T where So is the signal ampli-
tude. The second integrator produces an output 
[10] amplitude proportional to So.~T2. As can be 
seen from Eq. 3 (for a fixed value of Tp) this is 
proportional to the required ballistic deficit cor
rection signal. 

While the first integrator is reset when the first 
flip-flop resets, the charge on the integrating 
capacitor of the second integrator is retained from 
the peak to the end of the main signal. 

A mixing amplifier is provided before the final 
output linear gate to add the correction signal 
[10] to the main output signal [3] thereby result
ing in a corrected signal [11]. The amount of the 
correction signai is determined by adjustment of 
R2. Because the correction signal is zero at low 
energies, the effect of the parallel compensating 
channel on electronic noise is negligible. 
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Fig. 3: Schematic diagram of the modifications made to a pulse 
processor to achieve the ballistic deficit correction. The 
shaded blocks represent added elements. 

Fig. 4: Waveforms applicable to Fig. 3. 
The ID numbers of the waveforms corre
spond to those in Fig. 3. 
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The particular circuit described here is an example 3 
of a mod if i cat i on to a spec if i c spect ro s co p y amp 1 i fie r . 1 0 n~Tn'"T""'rT""'"""'T"I'TT"lM"""'''''''''''''''''''''1'''''I 
Similar designs can be generated to perform the correc
tion in the case of other amplifiers but the detailed 
designs may differ somewhat from that given here. The 
experimental results presented in the next section were 
obtained with this design. 

EXPERIMENTAL RESULTS 

The purpose of this section is to illustrate the 
performance improvement resulting from the use of the 
corrector circuit in spectrometers employing some typ
ical large coaxial detectors. Three detectors were 
used in this initial study: 

a) 

b) 

c) 

A p-type coaxial detector 5.2 cm diam with a total 
volume of 120 cm3 (detector A), 

An n-type coaxial detector - 5.5 cm diam with a to
tal volume of 150 cm3 (detector B). In common 
with many n-type detectors, a significant amount 
of electron trapping is present in this detector. 

A p-type coaxial detector 5.6 cm diam with a total 
volume of 160 cm3 (detector C). 

All measurements were performed with an amplifier 
producing a 6th-order Gaussian shaped output ~ulse mod
ified to result in the quasi-triangular shape. As 
shown earlier, this shape exhibits a slightly flatter 
top than the simpler 6th-order Gaussian and, therefore, 
somewhat smaller ballistic deficit. The important 
tests to be performed are those that indicate the ener
gy resolution when using shorter pulse shaping times 
than those commonly employed for such large detectors. 
For applications in the y-ray energy range> 1 MeV, the 
detectors used in this study would commonly be used 
with shaping networks producing output pulses peaking 
at 12 ~s or more and therefore with total pulse widths 
of about 30-40 ~s. As a point of reference, a stand
ard commercial system (peaking time 13 ~s) used with 
detector A yielded a full width at half maximum (FWHM) 
resolution of 2.23 keV at 1.33 MeV (60Co) and a full 
width at 1/10 maximum (FWTM) of 4.25 keV. 

. Two parameters must be adjusted to achieve the de
sired compensation behavior over the full energy range: 

a) The delay produced by the delay circuit ([a] in the 
circuit description) must be adjusted so that the 
back edge of its output waveform occurs at the out
put pulse peak time for an infinitely fast step 
function input. This is accomplished using a fast 
rising pulse generator pulse fed either through the 
detector capacitance or a test capacitor to the 
preamplifier input. The delay adjustment is set to 
match the back edges of waveforms [6] and [2] in 
Figs. 3 and 4. Readjustment is required if the 
pulse shaping times are changed. 

b) The gain through the compensating circuit must be 
adjusted to result in the right amount of correct
ing signal. This can be done by observing the 
shape of high energy peaks in a spectrum and ad
justing R2 (Fig. 3) to minimize the peak width, but 
a faster way is to use a pulser whose rise time al
ternates between a very small value and a value ap
proximating that of a typical detector (- 400 ns). 
The value of R2 is then adjusted so that the pulser 
peak in a spectrum is of minimum width (note that 
the two rise times cause a split peak in the ab
sence of the ballistic deficit correction). 
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Fig. 5: Showing the 60Co 1.33 MeV peak shapes for p
type coaxial detector A. The full line is for the case 
where the corrector circuit is used while the dotted 
line is for no correction. The detector was operated 
at 2.4 kV and a peaking time of 4 ~s was employed. 

Figure 5 shows the shape of the 1.33 MeV 60Co 
peak in a-spectrum accumulated using detector A with a 
peaking time of 4 ~s. The detector was operated at its 
normal voltage of 2400 V. This figure shows the line 
shape for operation with the quasi-triangular shaper 
(dotted) with no compensation and with the compensation 
adjusted to its ideal value (full line). The uncompen
sated peak has been shifted slightly to allow simple 
comparison of peak shapes. A striking improvement in 
both the FWHM (1.88 keV vs. 2.57 keV) and the FWTM res
olution (3.25 keV vs. 4.79 keV) is observed and the 
peak is almost perfectly symmetrical in the compensated 
case. We also note the SUbstantial improvement com
pared with the commercial 13 ~s peaking time system 
(FWHM 1.88 keV vs. 2.23 keV and FWTM 3.25 keV vs. 
4.25 keV). The shorter peaking time also means that 
operation at - 3 times the rate is possible. A further 
advantage of operating at shorter shaping times is 
greater tolerance to leakage current; this can make a 
detector usable at higher temperatures and after radi
ation damage - both of significant value in space ap
plications. Another example of the performance with 
detector A, as well as a demonstration of the need for 
accurate setting of the corrector gain, is given in 
Fig. 6. Here a peaking time of 2 ~s is used and a 
large improvement in performance is again observed. 
However, the slight asymmetry of the peak in the case 
where the corrector is used and the fact that tailing 
exists on the high-energy side indicates that the gain 
of the corrector circuit is set too high for this par
ticular case. 
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Fig. 6: As Fig. 5 but a peaking time of 2 ~s was used. 
Note the slight tailing on the high energy side of the 
peak due to a slight excess of correction being used in 
this case. 
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Fig. 7: Line shapes for both 60Co peaks with and 
without the correction for n-type coaxial detector B. 
A peaking time of 1.5 ~s and a bias of 4 kV were em
ployed. 

Figure 7 shows the two 60Co peaks (1.17 MeV and 
1.33 MeV) as measured by the large n-type coaxial de
tector B using a peaking time of only 1.5 ~s. Despite 
the fact that this detector, like most n-type coaxial 
detectors shows significant electron trapping, the 
spectrum achieved using compensation exhibits excellent 
resolution for use at such a short shaping time. 

The remaining figures show the spectral performance 
over a broad energy range using the very large p-type 
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coaxial detector C. This data is presented to show 
that the compensation is correct at all energies - a 
necessary condition for practical use of the method. 
All these spectra were accumulated with a peaking time 
of 3 ~s. Figure 8 shows the comparative line shapes 
(compensated and uncompensated) at 1.33 MeV while Fig. 
9 shows the performance at 2.61 MeV. Figures 10-12 
show the spectra obtained using a mixed source to dem
onstrate the comparative performance over the energy 
range from approximately 600 keV to 3 MeV. As indica
ted by the line shapes over this whole energy range, 
the compensation provides a substantial resolution im
provement throughout this range. At lower energies, 
the effect of ballistic deficit becomes negligible and 
compensation is not needed. 
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Fig. 8: 60Co 1.33 MeV line shapes (compensated and 
uncompensated) for the p-type detector C used at only 
1200 V with a peaking time of 3 ~s. 
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Fig. 9: As Fig. 8 but showing the line shape for the 
20STl line at 2.61 MeV. 

CONCLUSION 

As indicated in the previous section, this simple 
ballistic deficit corrector circuit produces dramatic 
improvements in the energy resolution of Ge y-ray spec
trometers, particularly when used at high energies and 
the short peaking times necessary to permit counting 
at high rates. Further work is required to determine 
the value of the method in reducing the effects of 
charge trapping in detectors caused either by crystal 
defects or by radiation damage. One would expect that 
the method might be successful in reducing the effects 
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Fig. 10 Conditions as in Fig. 8. This shows a com
parison using a mixed source in the energy range 
- 650 keV to 1.4 MeV of a·spectrometer with and 
without compensation. 
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Fig. 11 As Fig. 10, but the energy range is approx
imately from 1.4 MeV to 2.0 MeV. 

of shallow traps whose capture/emission times are sub
stantially shorter than the signal processing time 
(i.e., the time at which the signal peak occurs). 
There is some evidence for this in the results for de
tector B which is made from n-type material that exhib
its some electron trapping. If this result is con
firmed, it may be very important in making it easier 
to produce n-type material suitable for high-grade 
large detectors. It is equally important to extend the 
radiation life of p-type and n-type detectors. 

Use of the method in other detector applications 
also requires investigation. The technique is clearly 
applicable to improving linearity in charged particle 
spectrometers using thick silicon or germanium detec
tors where the long collection time and variations in 
particle range cause the ballistic deficit to result 
in a non-linear energy response that is dependent on 
particle type. Applications to ionization chambers and 
scintillation detectors also are possible. 
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Fig. 12 As Fig. 10, but the energy range is 
approximately from 2.1 MeV to 2.7 MeV. 

Finally, attention should be drawn to the possible 
usefulness of the method in correcting for non-linear
ity in certain types of germanium y-ray spectrometers. 
In some cases, it is possible for non-1inearities to 
arise due to the fact that low energy y-rays interact 
in a small region near the surface while higher energy 
y-rays interact by multiple Compton scattering followed 
by a photo-electric interaction; in this case, energy 
absorption occurs through the whole volume of the de
tector. This results in a statistically different dis
tribution of rise times for signals of different ener
gies and, consequently, different ballistic deficits. 
The effect is difficult to observe because the deficit 
is small for low energy events compared to the elec
tronic noise effect on resolution. However, precise 
measurements of linearity would certainly reveal the 
non-linearity and use of the corrector circuit will 
eliminate it. 
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