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Abstract

A study of the resolution of large, coaxial, reverse
electrode, HPGe detectors was performed over the energy
range from 100 keV to 10 MeV and triangular amplifier
shaping times from 0.5 ls to 6 ls. Resolutions were
calculated using an approach based on the Trammell-Walter
equation [3]. The effect of ballistic deficit was included in
the calculations by the introduction of a term, defined here
as the "ballistic efficiency,” to the Trammell-Walter equation.
Experimental data were collected over an energy range from
122 keV to 2.6 MeV on three detectors with relative
efficiencies of 76%, 56%, and 29%. These data were
obtained using three instruments: A triangular shaping
amplifier; a triangular shaping amplifier with charge trapping
and ballistic deficit correction; and a gated integrator. Also,
data were collected using a gated integrator with charge
trapping correction on the detector with 76% relative
efficiency. For these three detectors, the data indicate that
the triangular shaping amplifier with charge trapping and
ballistic deficit correction offered better resolution than a
gated integrator for shaping times >2 [is, while the gated
integrator produced better resolution for shaping times <1
lis. The data also show the added importance of charge
trapping correction at high energies. For example, the
detector with a relative efficiency of 29% had an uncorrected
resolution of 1.98 keV with a 6 [lis shaping time and at an
energy of 1.33 MeV. However, at 10 MeV, the uncorrected
resolution was predicted to be 7.3 keV, while an
extrapolation of the data predicts a corrected resolution of
5.6 keV.

I. INTRODUCTION

Large, reverse electrode, coaxial, HPGe detectors are
the detectors of choice in many experiments because of their
high efficiency and high resistance to radiation damage. Due
to their size, however, these detectors are more susceptible
to peak broadening induced by charge trapping and ballistic
deficit. Since ballistic deficit is inversely proportional to the
square of the peaking time of the shaping amplifier [1], and
charge trapping and ballistic deficit are proportional to
energy [1], [2], the resolution degradation due to these
phenomenon could dominate the line shapes in high-rate and

high-energy spectroscopy. To compensate for the peak
broadening mentioned above, a gated integrator or a ballistic
deficit [1], or charge trapping correction circuit [2] can be
employed. Ballistic deficit and charge trapping correction
circuits are very similar, and in this work will be referred to
collectively as resolution enhancement circuits.

Two charge trapping mechanisms may cause peak
broadening, which will be defined here as deep-level and
shallow-level trapping. A charge carrier that is captured by
a deep-level trap will not be released quickly compared to
the pulse processing time, while a carrier captured by a
shallow-level trap will be released in a time shorter than the
pulse processing time. Peak broadening induced by shallow-
level charge trapping can be reduced by the use of a gated
integrator, while only resolution enhancement circuits have
been shown to be effective in correcting for deep-level
trapping. In many cases, a detector that exhibits charge
trapping will contain both shallow-level and deep-level traps.

Both the gated integrator and resolution enhancement
circuits correct for ballistic deficit, but use distinctly different
methods. The gated integrator integrates the voltage
waveform from a pre-filter (usually semi-Gaussian). The
output signal from the gated integrator is a function of the
amount of charge produced by the detector, but does not
depend upon the charge collection time if the charge
collection time is shorter than the flat-top region of the gated
integrator weighting function. A resolution enhancement
circuit, however, adds a correction to the output of a
spectroscopy amplifier that is a function of the charge
collection time. Each method has advantages and
disadvantages, and the best instrument to use for a particular
application depends upon throughput requirements, energy
range of interest, and both the densities and ratio of densities
of shallow-level and deep-level traps.

Line shape calculations were performed over the energy
range from 100 keV to 10 MeV for shaping times from 0.5
to 6 ps. Electronic noise, charge production statistics,
majority carrier charge trapping, and ballistic deficit were
accounted for in these calculations using an approach based
on the Trammell-Walter equation [3]. Experimental results
were obtained over the energy range from 122 keV to 2.6
MeV, with reverse electrode detectors having relative



efficiencies of 76%, 56%, and 29% using a gated integrator
and a triangular shaping amplifier with and without a
resolution enhancement circuit. In addition, the detector
having 76% relative efficiency was measured using a gated
integrator to correct for ballistic deficit and shallow-level
charge trapping, while a resolution enhancement circuit was
used to correct the gated integrator output for deep-level
charge trapping,

II. LINE SHAPE CALCULATIONS

The theory developed in this section describes the line
shapes of spectral peaks produced by large reverse electrode
(n-type) coaxial detectors. Ballistic deficit effects and
majority carrier (electron) trapping are taken into account
in addition to the broadening due to charge production
statistics and electronic noise. True coaxial geometry (rather
than the closed-end configuration favored by most
manufacturers) and uniform gamma-ray irradiation are
assumed. Also, the broadening due to trapping is considered
to arise entirely from majority carrier (electron) traps with
no minority (hole) carrier trapping occurring. Reverse
electrode coaxial detectors generally exhibit a larger
concentration of trapping centers at the detector periphery
than at the inner region. This type of profile is modeled
here by a trap distribution exponentially decreasing from the
outer radius toward the center. The above considerations
approximate the experimental case fairly well and facilitate
the line shape computation.

The starting expression for the calculation is the
Trammell-Walter equation [3] modified to account for
ballistic deficit,
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where
E, = the actual gamma-ray energy,
E = the energy at which the expression is
evaluated,
T, = the detector inner radius,
I, = the detector outer radius,
dN(E)/dE = the rate of change with energy, at encrgy E, of
the fraction of total events occurring and
hence gives a value for one point on a
complete line shape curve (Experimentally,
dN(E)/dE is proportional to the number of
counts in an MCA channel),
F(r) = the geometrical weighting factor for coaxial
geometry,
o(r) = the standard deviation in pulse height,
n() = the charge collection efficiency,

Y(r,t;) = the ballistic efficiency and accounts for the effect
of ballistic deficit by allowing E, apparently to
depend on radius, r, and peaking time t, .

Each of these quantities will now be discussed in turn.
F(r) is the geometrical weighting factor for coaxial detectors
and is given by [4].

F@) = 2r/(r) - 1)) . @
The standard deviation, 0(r), may be expressed [5] as
o(r) = [0 + 0 + o7, ©)

where Oy is the broadening due to charge production
statistics, Oy, is the contribution of electronic noise, and 0(r)
is the broadening due to trapping.
0r(r) = {€KE[1 - N(N)]}" Q)
where € is the average energy required to create an electron

hole pair. K is an empirical constant determined by Raudorf
and Pehl [5] to be =340,

The charge collection efficiency, 7(r), for the case
where there is no hole trapping and for constant A where A
is the mean free drift length for electrons is given by [5].

n(r) = [1/(In ry/1,)]

{In (ro/r) = e{ln (6/0)~{(1/N)(-1)}-(1/4X0)( -rf)]}(s)

However, in general, A is not constant with radius since
it is a function of electric field, E. Following Raudorf and
Pehl [5], A is given by

A omeem ©)
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where v, is the electron drift velocity. V., may be
represented empirically by

Vo = hE / {[1 + E/EYT?} ©)

where [i, is the low field electron mobility and E, and 8 are
constants. For electrons in germanium at 80K, 8 = 1.32 and
E, = 275 V/cm. These values result in a reasonable
approximation to the field dependent drift velocity according
to Raudorf and Pehl. There is no. simple analytical
expression for <v>, the thermal velocity, either. Raudorf
and Pehl used the following empirical expression for both
electrons and holes

<v> = {[(3.2 X 10"?)/m*][(a + bE) — c exp(-Ed)]}*, (8)



where m* is the effective mass (g) and a = 1.5 X 102 eV,
b=647X10%eV,c=50%x10% andd = 60X 10 cm/V.
The electric field in the case of true coaxial geometry is
given by

E = v(p/€gr = {[V+¥(p/€)(r; = )] /[r In (r,/r))]}, (9)

where p is the space charge density in the depleted region of
the detector, €, is the dielectric constant of germanium, and
V is the applied bias (V > the depletion voltage). The
electron trap cross section, O,, is represented by an
expression of the form

o, = 0,/E , (10)
where 0, is the zero field cross section and x is a power
factor of E. Both 0, and x are considered fitting parameters
of the calculation. In practice, for the case of neutron
damage created hole traps x = 1.0. For the case of electron
traps in n-type coaxials 1.0 < x < 2.0 with x = 1.5 being
satisfactory in most cases. ny(r) is the trap density and, as
discussed at the beginning of this section, is considered to be
an exponential function of radius of the form

n, = neexp(-r/L) , (11)
where n,, is the trap density at r, and L is a characteristic
length. Both n, and L may be considered as fitting
parameters of the calculation unless the actual trap
distribution is known.

Every quantity in equation (6) is either directly r
dependent or r dependent via the dependence of E onr. As
pointed out by Raudorf and Pehl, it is technically incorrect
to calculate 7(r) as in equation (5) by assuming an r
independent A. However, the parameters in equation (6)
tend to vary in a manner that the total dependence of A on
r is not extreme. Raudorf and Pehl as an approximation
substituted equation (6) directly into equation (5) and found
it to be acceptable. A better approximation, however, is to
calculate an average value of A for each r in equation (5) or,
more appropriately since it is A7 that is used in the
computation,

(12)

Hence for each value of 7)(r) the value of A} calculated
numerically from equation (12) was used.
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The ballistic efficiency, Y(r,t;), was determined as
follows: The preamplifier pulse shapes calculated by
Raudorf, et al. [4] were expressed as piece-wise linear
functions and used as inputs to a PSpice [6] model of a
triangular shaping spectroscopy amplifier. PSpice was used

to calculate the amplitude (V,) of the resulting amplifier
output pulses. The ballistic deficit was

BD = V0|tr-0 - Vo ’ (13)
where V,|,., was the amplitude of the spectroscopy
amplifier output for an input signal with zero rise time
(t,=0). Equation (13) was plotted versus the interaction
radius and was expressed as a piece-wise linear function, f(r).
The t,”? dependence of ballistic deficit was included [1], and
equation (13) then becomes

BD(rvtp) = {Ki[Voli-o = Vo(D1} / tpz > (14
where K; is a normalizing constant. The function of
equation (14) is similar to the result of Goulding and Landis
[1], but allows for more accurate calculations, especially at
short shaping times since actual preamplifier pulse shapes
were used in the calculation. Finally, the ballistic efficiency
is calculated as

V(b)) = 1- {[BD(r;tp)] / Vol -0} 15)

The actual expression used in the calculation was
Y(rt,) = 1= (12{232%107 - 4.97X10(r—1) /(r;71,)]}) /t}

forr, £r < 033(r,—1) +1, ;

Y(rt) = 1-[12(69%x10%] /t}? , (16)

for 033(r,— 1) + 1, <r < 048(r,—r) + 1, ;

and

Y(rt) = 1- (12{4.53X107%(r—r,)/(r,;~1,)] — 1.47x107%}) / t,?
for 048(r,~ 1) + 1, <r <1,

Equation (1) was numerically integrated for different
values of E to determine the complete line shape. In
practice, after the given quantities of the detector-amplifier
system were entered into the calculation, the adjustable
parameters n,, , L, and 0., were chosen to give the best fit to
the measured line shape at 1.33 MeV. Instead of varying
values of L, however, it was found more convenient to
specify the trap concentrations at 1, (i.c., n,) and r;. L is
then automatically determined. Once the best fit was
achieved at 1.33 MeV, E, was varied to calculate the
expected energy resolution for values in the range from 100
keV to 10 MeV.



M. INSTRUMENTAL CONSIDERATIONS

The main disadvantage of the gated integrator, poor
low-frequency noise performance, is not a problem with
resolution enhancement circuits. However, these circuits rely
upon accurate time and amplitude measurements to compute
their correction, and may introduce a new noise source.
Consider the case of ballistic deficit correction, where a
resolution enhancement circuit would compute [1]

V. = Kst? aa”n
where V_ is the correction voltage, K, is the correction gain,
S is the peak amplitude signal from the spectroscopy
amplifier, and t, is the unipolar peak delay time as defined
in reference [1]. The problem is to determine the standard
deviation of V_, 0, , for a given nominal value of S and t,.

The mean and mean-squared value of V, are given by

V. =KSt,? (18a)
VI =K87t," , (18b)

where S and t, are assumed to be statistically independent.
Since S7 = S* + 0 equation (18b) can be written

V.7 = KAS' + (07t (19)
In a high-resolution system such as a germanium
spectrometer, S » O, and 0, can be dropped from equation
(19). 0, can then be calculated as follows:

OVC = (VC - V_Cz)]/z

= KS(T.7 - (T (@0)

= Kgg[a(tdz)]

By a straightforward, although tedious, calculation, 0, can
be expressed as

o(tsd) = 2?dotd s 2y

and

0. ~2KFT,0, @
Practical values of K, range from 5 X 10 for moderate
charge trapping correction, to 4 X 10" or more for ballistic
deficit correction at short shaping times A large detector
would have unipolar peak delay times in the range of 200 ns,
and a 0, of about 1 to 2 ns. 0O, then would range from
0.002% of S for charge trapping correction, to 0.03% of S
for ballistic deficit correction at short shaping times. Thus,

this noise source is negligible for the case of moderate
charge trapping, but can be significant for ballistic deficit.

In addition to the above mentioned noise source,
resolution enhancement circuits suffer from two non-ideal
effects. Ballistic deficit is given by [1]

BD = Ey(t/t,)* , 3
where E, is the energy of the gamma ray and t, is the
peaking time of the spectroscopy amplifier. However, the
correction for the ballistic deficit is calculated using the

energy measured by the spectroscopy amplifier, which
includes the ballistic deficit. Thus,

C = [E, = Eq(te/t,))(te/1,)*
= Ey(t/t,)’ - Eqto/t,)"

where C is the correction. The first term on the right of
equation (24) is the desired correction, while the second
term on the right is an error term. This error is negligible
at long shaping times, where ty«t,, but can be significant at
shorter shaping times. For example, for t, = 1.6 is, t, =
300 ns, and E, = 1332.5 keV, the error would be 1.64 keV.
It may be possible to eliminate this error using the circuit
shown in Fig. 1. This circuit sums the correction with the
input signal and then recalculates the correction
continuously. The same argument can be applied in the case
of charge trapping correction, but would only be important
for the case of severely radiation-damaged detectors.
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Fig. 1. Circuit to Compensate for Incompicte Correction of Ballistic
Deficit. This circuit involves positive feedback, but the magnitude of the
loop transmission is «1.

Equation (23) was derived assuming that the signals
from the preamplifier were a linear function of time [1].
However, as shown by Raudorf, et al. [4], preamplifier
signals generated by gamma rays which interact at a single
point in the detector are not a linear function of time. The
preamplifier signals generated by gamma rays which interact



Actuat BD — BD from Eqn (23) Normalized

at multiple points in the detector can be treated as a linear
superposition of single interaction point gamma rays. Figure
2 shows the ballistic deficit calculated by PSpice [6] using the
preamplifier signals of Raudorf, et al. {4] minus the ballistic
deficit calculated by equation (23) as a function of the
normalized interaction radius. This figure illustrates that
equation (23) is a very reasonable approximation at long
shaping times. However, at short shaping times, the error in
equation (23) is significant. Simpson, et al. [2] showed that
the charge trapping correction circuit has a non-ideal feature
similar to the one mentioned above for ballistic deficit
correction. It is interesting to note that Fig, 2 predicts that
interactions occurring at small radii will be under-corrected
for the case of ballistic deficit, while Simpson, et al. showed
that an over-correction will be calculated for interactions at
small radii for the case of charge trapping correction.
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Fig. 2. Normalized Error in the Ballistic Deficit Correction as a
Function of Interaction Radius for 1-us Peaking Time and 3-us Peaking
Time.

The above discussion indicates that resolution-
enhancement circuits will be superior to gated integrators
when correcting for deep-level charge trapping at all shaping
times, and when correcting for ballistic deficit and shallow-
level charge trapping at moderate and long shaping times.
The shaping times that form the boundary of superiority for
the resolution enhancement circuits, however, must be
determined experimentally.

IV. EXPERIMENTAL RESULTS

Figure 3 depicts the resolution of three reverse
electrode, coaxial, HPGe detectors having relative efficiencies
of 76%, 56% and 29% as a function of the dead-time-per-
pulse. The dead-time-per-pulse is the amount of dead time
calculated using the Gedcke-Hale live time correction
scheme [7] for one nonpiled-up event. The conversion time
of the subsequent ADC is neglected here. For these
detectors, Fig. 3 clearly shows that a resolution enhancement
circuit is superior to the gated integrator for pulse dead
times greater than 15 fis (this corresponds to triangular
shaping with an ~1.5 s shaping time), while the gated
integrator is superior for pulse dead times less than 10 Us
(which corresponds to ~1 [s shaping time triangular
amplifier) at the 1.33-MeV line. Figure 3A also presents
data taken with a gated integrator that employed a
resolution-enhancement circuit to correct for charge
trapping. This circuit offered the best resolution for pulse
dead times less than 43 [is (~4.4 lis shaping time triangular
amplifier) for this detector.

Figure 4 is the same as Fig. 3A, except these data were
collected at the 2.6-MeV energy line. A comparison between
Figs. 3A and 4 shows that at 2.6 MeV the crossover point
between the uncorrected gated integrator and the corrected
triangular shaping amplifier occurred at a shorter pulse dead
time, but the corrected gated integrator offered the best
resolution for all pulse dead times considered.

Figure 5 shows the resolution as a function of encrgy
for the detectors of Fig. 3 at a 6 fis shaping time. The
resolutions as a function of energy are also shown being
calculated as described in Section II for the two limiting
cases of total and zero correction for both ballistic deficit
and charge trapping. The calculation for the case of zero
correction in Fig. 5B was broken into two regions (break
point at 1.17 MeV) to reflect an axial dependence of the
detector trap distribution. The detector with 76% relative
efficiency in Fig. 5A shows a significant amount of trapping
even at 661.66 keV. Thus, as would be expected, a very large
improvement in resolution could be realized at higher
energies. For example, theoretically it is predicted that the
resolution of the 76% efficient detector should be 9.3 keV at
an energy of 10 MeV. However, extrapolation of the
measured data suggests that the resolution of this detector
would be 7 keV and 5.6 keV, respectively, for a corrected
triangular shaping amplifier and a corrected gated integrator
at 10 MeV. However, even though the detectors of Figs. SB
and 5C exhibited only moderate charge trapping, significant
resolution improvements are possible. For example, in Fig.
5B the uncorrected resolution predicted by equation (1) at
10 MeV is 8 keV, while the extrapolation of the corrected
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Parameters of Calculation for Figures

A) r; = 05 cm
r, = 3.6 cm
electronic noise = 0.85 keV
depletion voltage = —2200 V
operating bias = -3500 V
n,0,, = 40 cm™’
n, '10“’ = 1.6 cm™
® r, = 05cm
r, = 330 cm
electronic noise = 0.63 keV
depletion voltage = -2200 V
operating bias = -3000 V
N0 = M, O = 36 em™ 0.1 to 1.3 MeV
Nl = M, 00 = 52 em™ 13 to 10 MeV
© r; = 05cm
r, =29 cm
electronic noise = 0.60 keV
depletion voltage = -1500 V
operating bias = -3000 V
n,0,, = 56 em™ for E calculation
n, r10"’ = 14cm™
n,0,, = 32 em™ for L calculation
n, "ow = 08cm™

triangular shaping amplifier predicts a resolution of 6.7 keV.
In Fig. 5C the predicted uncorrected resolution is 7.3 keV,
while the predicted corrected resolution is 5.6 keV.

It should also be noted in Fig. SA that the corrected
triangular shaping amplifier provided better resolution than
the corrected gated integrator at energies below 1.5 MeV,
while the corrected gated integrator was superior at energies
above 2.5 MeV. This can be explained as follows. At this
long shaping time and at energies below 1.5 MeV, ballistic
deficit is negligible, and electronic noise, charge generation
fluctuations, and charge trapping are the dominant peak-
broadening mechanisms. For the measurements made in this
work, below 1.5 MeV the lower electronic noise of the
corrected triangutar shaping amplifier provided better
resolution than the corrected gated integrator. However, at
energies above 1.5 MeV, the electronic noise became a
diminishing component of the energy resolution, and
between 1.5 MeV and 2.5 MeV the corrected triangular
shaping amplifier and corrected gated integrator offered
essentially the same resolution. Above 2.5 MeV, ballistic
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deficit began to be an important component of the energy
resolution. As discussed in the previous section, resolution
enhancement circuits do not make a complete correction for
ballistic deficit. Therefore, above 2.5 MeV, the corrected
gated integrator was superior to the corrected triangular
shaping amplifier. At shorter shaping times, ballistic deficit
becomes important at lower energies and the corrected gated
integrator would offer the better resolution at these lower
energies when shorter shaping times are employed.

V. CONCLUSIONS

As Figs. 3, 4 and 5 illustrate, both the gated integrator
and resolution enhancement circuits have energy/shaping
time regimes where they are the better instrument. Since
the gated integrator cannot correct for deep-level charge
trapping, the resolution enhancement circuit will outperform
the gated integrator at long shaping times. Conversely, since
the resolution enhancement circuits do not completely
correct for ballistic deficit, the gated integrator will be the
better instrument at short shaping times. In between these
two shaping time extremes, the instrument of choice is
determined by the amount of deep-level charge trapping and
the energy range of interest. However, the data from the
preceding section suggest the following. At pulse dead times
of 15 s (~1.5 ps shaping time triangular amplifier) and
above, a resolution enhancement circuit would usually be the
instrument of choice, while the gated integrator should be
used at pulse dead times below 10 fis (~1 [is shaping time
triangular amplifier). At pulse dead times between 10 and
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Fig. 5. FWHM vs Energy at 6 us Shaping Time. Parameters of
calculation are the same as for Fig. 3.

15 s, the resolution offered by the two instruments would
be nearly the same, with resolution enhancement circuits
having the advantage if a great deal of deep-level charge
trapping were present. However, the gated integrator would
have an advantage with large detectors since the magnitude
of the ballistic deficit would be larger.

Figures 3A, 4, and 5A suggest that a gated integrator
with a resolution enhancement circuit could also be a useful
circuit. However, more research is needed to map out the
energy/shaping time regimes in which this instrument would
be most appropriate.
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