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DESIGN PHILOSOPHY FOR HIGH-RESOLUTION RATE AND THROUGHPUT SPECTROSCOPY SYSTEMS

LBL-14464

F.S. Goulding, D.A. Landis and N.W. Madden

Lawrence Berkeley Laboratory
University of California, Berkeley
Berkeley, California 94720 U.S.A.

ABSTRACT

The paper describes the philosophy behind the
design of a pulse processing system used in a semi-
conductor detector x-ray spectrometer to be used for
plasma diagnostics at the Princeton TFTR facility.
This application presents the unusual problems of
very high counting rates and a high-energy neutron
background while still requiring excellent resolution.
To meet these requirements three specific new advances
are included in the design:

(i) A symmetrical triangular pulse shape is
employed in the main pulse-processing
channel. A new simple method of generat-
ing a close approximation to the symmet-
rical triangle has been developed.

(ii) To cope with the very wide dynamic range
of signals while maintaining a constant
fast resolving time, approximately symmet-
rical triangular pulse shaping is also
used in the fast pulse pile-up inspection
channel.

(iii) The demand for high throughput has resulted
in a re-examination of the operation of
pile-up rejectors and pulse stretchers. As
a result a technique has been developed
that, for a given total pulse shaping time,
permits approximately a 40% increase in
throughput in the system.

Performance results obtained using the new tech-
niques are presented.

1. INTRODUCTION

High temperature plasmas such as that to be pro-
duced in the Princeton Tokamak Fusion Test Reactor
(TFTR) emit considerable black body radiation in the
Xx-ray energy range up to several tens of kilovolts.
In experiments with the reactor, measurement of the
x-ray flux will be an important tool in measuring the
plasma temperature and in detecting the presence of
impurities by observation of their characteristic
x-ray lines. Furthermore, such experiments must
measure the spatial and temporal variations of these
parameters.

To observe the spatial distribution of x-rays,
long collimators are provided to permit a total of 35
x-ray detectors to be exposed to different regions in
the plasma. Six of the detectors are germanium to
provide good absorption characteristics for x-rays of
energies up to 50 keV; the remainder are silicon to
adequately cover the lower x-ray energy range. Since
temporal variations during the plasma pulse must be
observed on a millisecond time scale, the solid angle
of the detectors observing the plasma must be Targe
enough to give counting rates adequate for statisti-
cally meaningful spectra to be accumulated on a time
scale of a few milliseconds. The combination of very
high counting rates and the excellent energy resolu-
tion required to observe and separate impurity spec-
tral lines presents very difficult design problems in
semiconductor detector spectrometers. Moreover, we

note at the outset that the final usefulness of the
technique demands that a high rate of analyzable
pulses bhe passed by the signal processing system--
rejection of events must be minimized and a high
throughput is essential.

Since the whole purpose of TFTR is to produce
thermonuclear reactions, significant production of 14
MeV neutrons must be anticipated. The estimated max-
imum flux of such neutrons through the detectors is
~ 5000/sec; they interact by colliding with silicon
(or germanium) nuclei resulting in signals ranging up
to a few MeV. The signal processing system must cope
with these large signals and recover very quickly to
process the x-ray signals in the energy range from
1 keV to 50 keV.

Another significant aspect of work at TFTR is the
pulsing of very intense magnetic and electric fields
in near proximity to the sensitive detection systems.
This demands extreme care in the grounding and in the
design of the pulse processing system. The spectro-
meter system designed for this application consists
of modules of six detectors (one germanium and five
silicon) mounted in a close-packed circular cluster.
Associated with each group of 6 detectors is the
cryostat, preamplifier and electronic distribution
box. Figure 1 shows a photograph of a six-detector
system. Electrical connections from this unit are
taken via a copper conduit to the instrument racks
located about 20 feet away from the detector system.
Great care is taken to maintain a single-point ground
for each detector set. The instrument racks contain
power supplies, pulse processing electronics and ADCs.

LNy DEWAR

RAY FLUX FROM PLASMA
% (COLLIMATED ABOVE)

FINAL COLLIMATOR
'AND DETECTOR ENCLOSURE

Fig. 1. Photograph of plasma diagnostics x-ray
system containing five silicon and one

germanium detector.



Digital outputs from the ADC's are fed via light
couplers to the computer room, thereby providing good
ground isolation for the sensitive detector and analog
circuits. Magnetic shielding is provided surrounding
the whole front end system. This regquirement and the
need for close packing of units resulted in the very
compact design of the system.

The main purpose of this paper is to discuss the
philosophy of the design of the pulse processing
electronics used in this system. However, a key part
of the overall system is the front-end including the
detector, FET and preamplifier, and a few words will
be devoted here to these items. The detectors used
here have active regions 4.3 mm in diameter and are
3.3 mm thick. A cross-sectional view of one detector
is shown in Figure 2. As indicated earlier, one
detector in each system is germanium; the remaining
five are silicon, The x-rays are collimated to a re-
gion 3.3 mm in diameter in the center of the detector;
this is done to avoid the detector background that
would occur if substantial charge collection occurred
in surface 1ayersl. The FETs used in these systems
are selected units of the 2N4416 general class and
they are decanned and mounted in a special low-loss
package. Transistor reset? is employed to restore
charge on the feedback capacitor; this is preferred
over pulsed-light reset in this application because
the inter-channel feedthrough produced by resets is
very much improved using this method. Pulsed-light
feedback suffers from serious interchannel feedthrough
in multi-detector systems such as this. Figure 3a
shows a photograph of the small package that provides
an integrated mount for detector, FET and reset tran-
sistor. Blown up views of the component parts are
inciuded. Fig. 3b shows the complete assembly of
six front ends included in the detector enclosure of
Figs L.

The preamplifier is shown in block form in Fig. 4.
The particular features of the preamplifier include:

(i)  In addition to the signal output, a ground
point obtained from the vicinity of the
signal output driver is brought out as an
output signal. These two lines are used as
balanced inputs to the pulse processor;
this feature is provided to make the system
less sensitive to electrical noise.

RiLiDIFFUSED LAYER
|

7mm |
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XBL 8210-2870

Fig. 2. Cross-sectional view of one of the silicon

detectors.

(i1)  The input charge-sensitive loop is designed
to provide a fast risetime (~ 20 ns) so
that signal integration in the fast pro-
cessing channel can be determined by a
deliberate integrator included in the fast
signal processor.

(iii) Test signals are injected through the
detector capacitance. These signals are
produced by an FET chopper included in the
preamplifier unit. A single line input to
this chopper provides both the dc reference
level to the chopper and a biphase signal
to initiate the chopping. This technique
completely eliminates the possibililty of
injection of electrical noise into the
front end via test pulser lines and pro-
vides a refarence pulse of high accuracy
(= 1 in 1000) unaffected by cable length.

LOW NOISE FET AND RESET
TRANSISTOR PACKAGE

FET AND RESET _
TRANSISTOR MOUNTED
ON DETECTOR MOUNT

£

Fig. 3a. Photograph showing the detector/FET module

and its parts.

Fig. 3b.

Photograph showing six modules mounted in
detector enclosure.
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Fig. 4. Block diagram of the preamplifier.

2. OPTIMIZING PULSE .SHAPE

Much of the Titerature dealing with optimizing
pulse shape to obtain the best energy resolution in
spectroscopy systems focuses on cases where parallel
(step) and series (delta) noise are present and where
choice of the time scale (or measurement time) can be
made to equaliZe these two terms. It is well known
that the cusp-shaped waveform is ideal when these
constraints are applicable. With presently available
FETs, and using small silicon x-ray detectors, the
optimum shaping time in these circumstances may well
be in the 100us range. In applications where high
counting rates are essential, such as the one dealt
with in this paper, pulse shaping times in the 100us
range are unacceptable, and we are forced to use
relatively short times. Under these circumstances
the dominant noise source is series (delta) noise
caused primarily by the fluctuations in the channel
current in the FET,

- Therefore, in our application, the problem of
optimizing pulse shape is simplified to that of
choosing a pulse shape that, for a given total dura-
tion gives the best signal/noise ratio when only
series (delta) noise is present. We note that the
1/f noise component should contribute little in
these circumstances and is rather insensitive to the
particular choice of pulse shape. The problem is best
dealt with analytically using the time-domain method3,
and it has been shownd that the symmetrical tri-
angular pulse shape is the best in this situation.
This result follows directly from the fact that the
weighting function of a time invariant pulse shape
for delta noise is given by :

MZ - fm{f'(t)}z i )

here f{t) 1is the step response of the system and
f:%t) is its differential, It is easy to see that

Na¢ assumes a minimum value when the absolute value

of f'(t) remains constant during the entire pulse
width; the symmetrical triangular pulse shape achieves

this. If f'(t) is smaller at any time during the
pulse, it must inevitably be. larger at another time
if the same amplitude and total pulse width is to
result; since Na¢ involves integration of {f:ét)}z
over the entire pulse width, an increase in Na¢ must
result. Derivation of a symmetrical triangular pulse
shape has presented a generation of designers with an
insurmountable problem. It has long been recognized
that proper integration of a symmetrical biphase delay
line pulse achieves the desired result, but delay
1ines are bulky, are not easily varied in their time
scale, and cause severe sensitivity of gain to tem-
perature variations. Therefore, they are not consid-
ered ideal circuit elements for the main channel of
pulse processors. To provide a close approximation to
the required symmetrical triangle, the scheme illus-
trated in Fig. 5 was devised. It involves weighted
mixing of the outputs of stages that are already pre-
sent in most shaping amplifiers producing Gaussian
pulse shapes; therefore, it uses convenient active
integrators whose behavior is suitable for stable
amplifiers (unlike delay lines). In this amplifier,
the early differentiator is followed by the first

‘active integrator stage, which inverts, while the

last two active integrators are of the non inverting
type first used in nuclear pulse amplifiers by Fair-
stein. Analytically the stages are analogs of each

L sti0.2m9

Fig. 5. Block diagram of the symmetrical triangle
pulse shaper.

other, all having their poles about 27.3° off the
real axis. Waveforms from the outputs of the first,
second and third stages are mixed in the ratio of
0.324: 0.168: 1 respectively to produce the approx-
imately symmetrical triangular output waveform.
Figure 6 shows the three component waveforms (a, b,
c) with amplitudes corresponding to the weighting
used in the amplifier together with the resulting
almost triangular wave, (d) produced by adding these
three components and normalizing to unity amplitude.
A true symmetrical triangle (e) closely matching the
sides of the waveform (d) is also shown. The wave-
forms shown in Fig. 6 are calculated; experimentally
observed waveforms are essentially identical to these.

We observe that the output waveform departs from
the true symmetrical triangle in two significant re-
spects: )

(i) The peak is rounded; this feature increases
the parallel (step) noise slightly but is
also a necessary feature for good operation
of the pulse stretcher used at the output
of the system. Since the parallel noise
is negligible in this application virtually
no loss of performance results.
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Waveform used to construct the symmetrical

triangle: : ‘

a) First stage output

b) Second stage output

c) Third stage output

d) Sum of three components {normalized to
unity amplitude)

e) True symmetrical triangle for
comparison with d).

Fig. 6.

(ii) A slightly rounded tail occurs on the out-
put pulse. This is unfortunate since it
increases pulse pile-up effects a Tittle
but it is unavoidable using passive (i.e.,
time-invariant) networks. Choice of the
active integrator and differentiator stages
is based on minimizing this effect.

A good basis for comparison of the noise performance
of a system producing the waveform (d) for a step
function input, is provided by comparing it with the
performance of a system producing the quasi-Gaussian
waveform (c) which is typical of many modern spectros-
copy systems. Calculation shows that an improvement
of about 8% in series {(delta) noise resolution would
be expected and experimental work confirms this. It
is interesting to study the waveforms of Fig. 6 and

to observe the reason for the improvement, remembering
that the integral of the (slope)¢ is the important
factor in series (delta) noise. Obviously very little
difference exists between waveforms (c) and (d) on

the falling part of the waveforms, but the rising
slope of waveform (d) is constant and much smaller
than the steepest part of the rising slope of wave-
form (c). This avoidance of excess slope is the
fundamental reason for the improved delta noise
achieved by using waveform {d). It is also clear

that the increased "area" of (d) compared with (c)
will slightly worsen parallel (step) noise which
depends on the integral of the square of the step
function response. The effect on parallel noise is
only about 5%; since parallel noise is neglible in

all nigh rate systems, this has virtually no practical
effect on performance.

3. SHAPING IN FAST CHANNEL

A1l modern spectrometer pulse processors use a
method for preventing the analysis of pulses whose
amplitude is subject to interference of other signals
in close time proximity. Generally speaking this
function is achieved by a "pile-up rejector" contain-
ing three elements:

(a) A gate at the output of the slow pulse
processing channel.

(b) A parallel fast inspection channel where
signals are differentiated to form narrow
pulses, A fast discriminator is used to
detect such signals and produce logic sig-
nals.

(c) A pile-up detector which examines the out-
put signals from the fast discriminator,
and, by measuring the time intervals be-

tween these signals, senses where pile-up : >
effects in the slow channel may distort 5,
the signal amplitude in that channel.’

When such a pile-up condition is not pre- ;

sent, the pile-up detector produces an
output that opens the signal gate in the
slow channel. If a pile-up is sensed, the
slow signal is inhibited by the gate.

As we will see in the next section, a detailed
examination of this process shows that substantial
improvements can be made in the common methods of
implementing these functions and that these methods
reject more pulses than is absolutely required. How-
ever, in this section we focus attention on another
aspect of this pile-up rejection technique which is
particularly important in the plasma diagnostics
application.

As indicated earlier, narrow pulses are formed in
the "inspection" channel, and the output width of the
fast discriminator corresponds to the time that a
narrow signal pulse amplitude exceeds -the discrimi-
nator threshold level. 1If two signal pulses occur
within this "resolving time", the inspection channel
cannot recognize them as separate signals, and the
slow signal channel is not closed. In the slow pro-
cessing channel this results in a small number of
output pulses whose amplitude is the sum of two (or
more) separate signals and the output spectrum con-
tains "sum" peaks. These will be illustrated in the
final section of the paper. It is easy to see that
this process will distort the thermal black body
spectrum seen from hot plasma discharges because some
counts that should appear in the intense low energy
part of the spectrum are shifted into the weak high
energy part of the spectrum. Such distortion of the
black body radiation spectrum will affect the measure-
ment of the plasma temperature. If the resolving
time of the fast channel is reasonably well known, an
approximate correction can be applied to the continuum
spectrum for this type of pulse pile-up.

Unfortunately, existing spectrometers fall far
short of meeting the criteria of providing a well-
determined resolving time in the fast inspection
channel, Typically these instruments use (accidental)
integration (mostly in the preamplifier) .and single e
delay 1ine or simple RC pulse shaping. With such an
arrangement the long exponential tail on the back
edge of the signal waveform, as shown in Fig. 7a, l/
causes the resolving time to be very dependent on '
pulse amplitude and makes the resolving time difficult
to determine in cases where a wide and unknown dynamic
range of pulse amplitudes is to be measured. Further-
more, most existing systems do not permit choice of
the integrator and (delay-line) differentiator to
optimize the signal/noise of the fast channel, so the
fast discriminator level must be set high to reduce
noise triggering.

To overcome these problems the pulse shaper shown
in the block schematic Fig. 9 was devised. Here a
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The final outputs (1) and (2) are produced
by RC integration of the asymmetric bi-
polar delay line waveform.

known RC integrator is combined with an asymmetrical
bipolar delay line pulse shaper to produce an output
waveform (see Fig. 7b) that returns precisely to the
baseline at a time equal to the total bipolar pulse
width, This condition can be satisfied in many ways -
but a convenient one is to choose an RC integrator
time constant equal to the delay line length (i.e.,
1/2 the total pulse width) and to make the amplitude
of the second half of the bipolar pulse 1/e times
that of the first half. It is simple to show that
this produces the desired output pulse; it also
results in a waveform that is a reasonably close
approximation to a symmetrical triangle which is
known to give the best signal/noise ratio where series
(de1ta) noise is dominant (as it always is in the
fast channel) and where a maximum pulse width con-
straint applies. .

The behavior of the resolving time of the two
types of systems is shown in Fig. 7. It is clear
that the resolving time (Tpy and Tpp) is much less
sensitive to amplitude variations in the case of
Fig. 7b than in that of Fig. 7a. For the special
case of Fig. 7a where the RC integration time Tg
is equal to the delay-line shaped pulse width we have:

TR =TgLn (e/x - etl) (2)

On the other hand, the case of Fig. 7b where the
amplitude of the second half of the biphase delay
line pulse is 1/e of that of the first half gives:

To =7 tnfele - x(e-1)I/[1 + x(e-1)]} (3)

In these equations, x 1is the ratio of the value of
the discriminator threshold to the peak output signal
amplitude. These relationships are illustrated
graphically in Fig. 8 which clearly shows the improved
behavior of the resoiving time in the second case as
the amplitude varies.
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Fig. 8. Behavior of the resolving time of a fast
channel as a function of pulse amplitude.
Case'1 is for a conventional system while
Case 2 is for the new system,

The operation 6f the fast pulse shaper shown in
Fig. 9 is as follows:

(1) The first amplifier stage performs a sub-
traction operation between the input step
function (a) and a delayed version of the
input. The resulting output (b) is a sin-
gle phase rectangular pulse.

(ii) The second stage performs a subtraction
between the waveform (b) and a delayed
(adjustable amplitude) version of (b) which
is delayed by its width. The result is
waveform (c).

(111} The third stage provides an RC integrator
whose time constant is equal to the width
of pulse {b). The result is waveform (d)
which closely approximates a symmetrical
triangle.

The first two stages and a third one that pro-
vides bias for the first two are standard ECL line
receivers all contained in a single package. Discrete
transistors are used in the integrator stage.

4. THROUGHPUT CONSIDERATIONS/PILE-UP REJECTION

The requirement to achieve the maximum possible
throughput in this system led to a reconsideration of
the operation of existing pile-up rejection systems
and the development of a new scheme that gives a ¢on-
siderable improvement in throughput.
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We will illustrate some of the considerations by
using Fig. 10a which shows an initial signal (0) fol-
lTowed by signals at four selected times later. To
simplify the diagram, an asymmetrical triangular wave-
form is shown with a rise time of Tl and a slower
fall time of T2. The four cases of second pulses can
be described as follows:

Case 1. The start of this pulse occurs during
the rise of signal 0. It is clear that the peak
.amplitudes of pulse 0 and 1 are both affected by
the pulse interference so both signals must be’
rejected.

Case 2. The start of this pulse is Tlater than
" the peak of pulse 0 but the peak of pulse 2 pre-
ceeds the end of pulse 0 and its peak amplitude
will be subject to interference. Therefore, in
this case it is mandatory that the second pulse
(2) be rejected while the first pulse (0) is
~accepted.

Case 3. This case is similar to case 2 but the
peak of pulse 3 occurs after pulse 0 is completely
finished. An ideal pile-up rejector would allow
processing of both pulse 0 and pulse 3 but exist-
ing systems do not permit this. This situation
generally results from the fact that the pulse
stretcher circuit waits until the tail of the
first pulse reaches a low threshold level before
permitting the stretching of a normal pulse.

Case 4. Here the whole signal 4 follows the end
of pulse 0 and both signals can be processed.

From this analysis it is clear that any improve-
ment in throughput compared with existing systems
depends on devising a pile-up rejector system that
accepts pulses in category 3. The effect of such
acceptance is substantial. The normal pile-up system
rejects both pulses corresponding to case 1 and re-
jects the second one corresponding to cases 2 and 3.
This results in an effective dead time for loss cal-
culations equal to Tp) where:

Tpr = 2TL + T2 (4)
On the other hand, a pile-up rejector that permits

processing of pulses in category 3 imposes an effec-
tive dead time given by:

Tpg =TL+ T2 =Ty (5)

where Ty = total pulse width.
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11lustration of the various pile-up con-
ditions. The text provides description of
these cases.

Fig. 10.

For the special case of a symmetrical triangular
shape where Tl = T2, we have Tpp = 1.5 Ty while
Tpe = Ty. Therefore a 50% improvement in the y
maximum throughput results. The actual design dis- :
cussed in this paper is best characterized by assuming

Tl = 4us and T2 = 5us so Tpp = 9us while the value i/
of Tpp (i.e. rejection of pulses in class 3) will &
be 13us. A graphic illustration of the performance

in the two cases is given in Fig. 11 where throughput
curves are presented as a function of input counting
rate for the two cases. Experimental points are also
given in this graph. We see that the peak output
rate is increased by about 35% by using the improved
pile-up rejector system.
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Fig. 11. A plot of output versus input counting
rate for a system using conventional pile-
up rejection and for the new system., A
35% improvement in peak throughput is ob-
served,

The overall block diagram given in Fig. 12 will
be used in this discussion of the operation of the
pile-up rejection logic. The condition for acceptance
of a pulse peak for processing can simply be stated
(see Fig. 10) as requiring that no earlier pulse peak
occurs in the time T2 (i.e. the decay time) preceeding
the peak in question. For example, pulse 3 in Fig.
10 just meets this condition. ‘

In Fig. 12, normal processing (i.e. no pile up)

signal waveform until the "Stretch One-Shot" discon-
nects the "hold" capacitor Cy from the signal. The

2 us "Stretch One-Shot" is triggered by a peak sensing
circuit consisting of the differentiator (C; Ry)

and the Zero Crossing Discriminator; these circuits
are designed to sense precisely the peak of the final
symmetrical triangle so that the hold capacitor Cy
holds the peak voltage for 2.us. A linear gate on
the output of the “"Track ‘and Hold" circuit produces a
0.75 us wide output pulse whose start is delayed by
0.5 us after the peak of the symmetrical triangle.

Rejection of pulses subject to pile up is accom-
plished by using the pile-up waveform generated by
the "Pile-up FF" to close the ‘input gate on the
“Stretch One-Shot". The "Pile-up FF" is held in its
reset condition by the output line of the “T2 One-
Shot" until this is triggered by the back edge of a
pulse from the fast discriminator. The "T2 One-Shot"
is an extending type of one-shot that generates a
positive output level for a time T2 (equal to the
trailing part of the signal pulses in Fig. 10) after
each fast discriminator pulse. This enables the
"Pile-up FF" to be set by its clock input if a further
fast discriminator arrives while the reset input of
the "Pile-up FF" is high.

In the bottom part of Fig. 10, the behavior of
the T2 one-shot and pile-up flip-flop outputs is
shown for each of the four cases illustrated in
Fig. 10a. Figure 10b shows the fast discriminator
outputs for the four cases and Fig. 10c shows the
output pulses from the peak detector circuit. The
behavior shown in Fig. 10 is largely self-explanatory;
we note that case 3 represents the marginal case where
the second event is just accepted; if signal pulse 3
were slightly delayed, its acceptance would clearly

of a signal pulse involves the "Track and Hold" cir- occur, t
cuit output following the final symmetrical triangular )
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5. OVERALL SYSTEM

The principal new features of the system have
already been discussed but a few remarks should be
directed to certain parts of the overall system shown
in Fig. 12 because these also contribute significantly
to the overall performance. We note that feedback
limiters are used on two of the amplifying stages of
the main processor, on one of the active integrator
stages and on the final output stage. These Timiters
play an important role in minimizing the system re-
covery time following the large overload pulses pro-
duced by fast neutrons in the detectors. We also note
the use of a gated base line restorer that uses the
"Width 0/S" output waveform as the gating waveform.
This reduces the slight offset normally produced in
restorers at high rates to a negligible amount.

6. EXPERIMENTAL RESULTS

A. Energy Resolution

A total of 12 individual spectrometers (i.e., two
6-channel units) using these principles has been pro-
duced at the present time. As indicated in sections
2 and 4, the pulse width chosen for this application
corresponds to. a peaking time of 4 us for the symmet-
rical triangle. The average value of the FWHM reso-
Tution measured on the 5.9 keV Mn K-x-ray is 225 eV
with a spread between units of about 10 eV. This is
consistent with a measured electronic FWHM resolution
of 189 eV. We note that this would correspond to
95 eV FWHM if the peaking time was changed to 16 us
giving a total pulse width of about 36 us and a peak
throughput of just over 10,000 counts per second.

A useful keiatioﬁship for calculating the energy
resolution (delta noise only) of a silicon detector
spectrometer using a simple RC integrator/ differen-
tiator is:

EFwHM = 215 C/ g g eV (6)

_where C is the total input capacity in pF

g is the FET transconductance in mA/V

Tg s the time constant (peaking time) of
an RC/RC integrator differentiator pulse
shaper.

For our waveform (almost symmetrical triangle) peaking
at the same time as the RC/RC shaper we have

EFWHM = 223 C/ g tg eV (7)

If we assume that C = 5 pF, g = 9 mA/V and

T9 = 4 us, we obtain an energy resolution of

186 eV in good agreement with the experimentally
measured resolution of 189 eV. The values of C, g,
and Tg are consistent with those expected in the
system. Therefore, it is apparent that no additional
significant noise sources exist.

B. Resolving Time of Fast Channel

(i) Sum peaks

For the plasma diagnostics system, 3 fast
shaping boards using delay lines 60 ns,
200 ns and 450 ns long are provided; de-
pending on the specific channel and its
anticipated counting rate, the appropriate
board may be used. Use of a short shaping
time reduces sum peaks in a spectrum but,
since the noise amplitude varies as 1/ 1y

where Ty is the shaping time, the fast
channel -is more noisy when short shaping
times are used. To avoid excessive noise
triggering, the fast discriminator thres-
hold must be raised, so pile-up of low-
amplitude pulses is not sensed by the
inspection channel. Furthermore, since
the T2 One-Shot (Fig. 12} is not triggered,
the zero-cross discriminator that performs
peak sensing is not enabled. Therefore,
the fast discriminator threshold also im-
poses a lower level threshold on all pro-
cessed signals.

Measurement of the rates of sum peaks when
counting at high rates can be used to
determine an effective fast channel re-
solving time. We have carried out such
measurements both with purely random pulses
and by measuring pile-up effects when a
regular (relatively low-rate) pulser is
mixed with a random source. Figure 13
shows an example of these results using
the 200 ns shaping board (this gives a
maximum resolving time of 400 ns). The
results shown in Fig. 13 were all acquired
using an 55Fe source at an input count-
ing rate of 442 kHz, and successive pic-
tures in the sequence show expansion of
the vertical display scale. The following
features should be noted:

... Despite the high counting rate, the
general background is very low, illus-

trating the total lack of general pile-

up events. The upper picture (c) ver-
tical full scale is 80 counts while
the lower one (a) is 25,000 counts.

. We comfortably observe sum peaks as
far out as quadruple events within the
resolving time of the fast channel.
We also note that the sum peaks consist
of combinations of coincident X,
and Kg x-ray events so more than
the K, + Kg peaks seen in the
singles spectrum are observed.

... The fast channel resolving time cal-
culated from these spectra is 320 ns.
This is substantially shorter than the
expected maximum value of 400 ns but
_is close to the value expected based

on Fig. 8 for a ratio of signal ampli- A

tude/disc threshold of 5:1.
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Fig. 13. Illustration of sum peaks produced by
pile-up within the resolving time of the
fast channel. The spectra are identical,
but the vertical full-scale is 25,000
%o§nts (a), 465 counts (b), 80 counts

c).
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(ii) Fast Discriminator Threshold

We can use the relationship of Eqn. 7 to
predict the noise in the fast channel since
the pulse shaping in this channel also ap-
proximates a symmetrical triangle. Using
the 200 ns delay line, the predicted FWHM
noise is approximately 850 eV, A good

rule of thumb is that noise counts become
negligible when the fast discrimination
level is set to 4.5 times the RMS noise
value. This means that the threshold can
be set to about 1.6 keV when using the

200 ns delay line shaper. The equivalent
value for the 60 ns line is 3 keV and it

is approximately 1 keV for the 450 ns line,

The effect of the fast discriminator
threshold is not to cause an abrupt cut-
off in signals processed by the slow chan-
nel, but because noise modulates the sig-
nals feeding the fast discriminator, a
slow roll-off of accepted counts occurs as
the signal amplitude is reduced. This is
illustrated in Fig. 14. For this figure
the fast discriminator was set to a level
at which noise triggers it at a rate of
100 c/s. A calibrated pulser was injected
into the system and fixed-time counts were
taken with the pulser set to different
amplitudes. An 55Fe source was counted

at the same time. The roll-off in effi-
ciency at low energies is clearly observed
and it is consistent with the noise behav-
ior calculated in the previous paragraph
for the 200 ns delay line shaper. A slight
discrepancy in the roll-off may be ascribed
to the pulser rise-time being longer than
that of detector signals.

C. Throughput

The experimentally measured throughput results
shown in Fig. 11 agree very well with the theoretical
curves for the 9us total pulse width. The slight
discrepancy indicates that the effective pulse width
is slightly over 9us.

D. Overload Behavior

As indicated in the first part of the paper, this
system must provide excelent resolution for low-energy
x-rays at the same time as being subjected to large
signals (up to a few MeV) produced by fast neutrons
in the detectors. A relatively high rate (~ 5 kHz)
of such signals is anticipated under some operating
conditions of TFTR.

A completely valid test of the performance under
these conditions is difficult to devise and several
have been used in evaluating the performance. Fig-
ure 15 presents an example of one test. In this
figure, the left-hand spectrum shows the Mn Ka and
K8 lines produced by an 55Fe source. The input
rate {i.e., fast discriminator triggering) was 100 kHz
The right-hand figure shows performance under the
same conditions except that a 90Sr g source was
counted at the same time, producing a counting rate
of an additional 20 kHz in the detector. As can be
seen, virtually no deterioration in the x-ray resolu-
tion is observed. While the 8 spectrum of 90sr
(+90Y) does not duplicate the fast neutron knock-on
spectrum in the detector, it does contain events in

. the correct energy range and the high rate used in

this test is thought to give a reasonable approxima-
tion to the 5 kHz of neutron events to be encountered
in the x-ray diagnostics application.
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Fig. 14. I1lustration of loss of efficiency at
low-energies due to the setting of the
fast ‘discriminator threshold level.
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Fig. 15. Illustration of the effect of overloads on

resolution. The left-hand curve shows an
5Fe spectrum accumulated with an input
rate of 100 kHz, while the right-hand one

represents the same conditions except for
the simultaneous presence of 20 kHz of

90sr + 90y g_particles (end point

energy = 2.28 MeV).
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