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The design and performance of a Cerenkov telescope intended for the spectral analysis of protons and alphas from the
GOES and TIROS spacecraft are described. Four proton data channcls £,>30 MeV and two alpha channels
£, > 640 MeV/nucleon are provided. The response to cyclotron protons in the 350-570 McV rtange is described relative
to: angular response, energy respanse, energy resolution, and couniing efficiency. The response (o sea-level muons is also

presented.

1. Introduction

With the advent of routine commercial jetliner
flights at higher altitudes — appropriate for the SST
and the next gencration of subsonic jets — atten-
tion has been drawn to the high altitude radiation
environment which poses a potential health ha-
zard for passengers and crew. To provide an im-
proved data base on the enhancement of the high
altitude radiation dose due to large solar flares, the
NOAA plans to include monitoring instruments
on four TIROS spacecraft (low altitude, near polar
orbiters) and on three synchronous orhit GOES
spacecraft. Since the high energy protons and alpha
particles generated by solar flares produce the
principal hazard to passengers at aircraft altitudes,
a Cerenkov counter telescope has been chosen as
the monitoring instrument.

The HEPAD (high energy proton and alpha de-
tector) instrument provides four proton data chan-
nels, nominally 370-480, 480-640, 640-970,
»>970 MeV, and two alpha data channels, nomi-
nally 640-970 and >970 MeV /nucleon, all with a
4 s sample period. With a =~1c¢m?s view of the
local zenith from TIROS, it provides a measure of
the time dependent solar flare spectrum over the
energy range allowed by the latitude-dependent ri-
gidity cutoff. Except for near-polar latitudes, this
cutoff lies above the instrument proton threshold
at 370 MeV, so that the spectral data can provide
the input to a calculation of the atmospheric dose
transport under solar flare conditions. The data
will also be of value in the study of solar flares
and fast particle propagation through the inter-
planetary medium, allowing the development of
better techniques for the prediction of near-term
hazardous conditions for manned spacecraft and
aircraft operations. The NOAA will make the data

available to any interested party through its Space
Environment Services Center at its Boulder, Co-
lorado facility.

Section 2 describes the HEPAD design, while
section 3 describes the HEPAD response to sea--
fevel muons and various energy proton beams pro-
vided by the synchrocyclotron at the Space Radi-
ation Effects Laboratory, Newport News, Virginia.

2. HEPAD design
2.1, FUNCTIONAL BLOCK DIAGRAM

Fig. 1 shows the division of the HEPAD func-
tional elements between two mechanical subas-
semblies — the telescope which generates signals in
respense to ambient radiation, and the signal an-
alyzer which
(1) identifies the particle type/energy category of
telescope events,

(2) collects housekeeping information, and

(3) distributes power and commands from the
DPU (Data Processing Unit),

In the telescope, each of two solid state detec-
tors (SSD) supplies one analog signal to a charge-
sensitive preamplifier in the signal analyzer, while
the PMT supplies one analog signal derived from
the anode and three analog signals derived from
the last three dynodes. The high-voltage power
supply generates PMT bias within the
1500-2700 V range linearly in response to a 0-5V
analog control voltage V. generated in the com-
mand decoder in the signal analyzer, which pro-
vides 27 =128 equally spaced levels of the control
voltage ¥.. 0-5 V monitor signals derived from the
Hi-V power supply and SSD bias are supplied to
the signal analyzer. In addition, temperature is
monitored on the PMT envelope by two redun-
dant thermistors. + 350 V SSD bias is provided by
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Fig. 1. HEPAD functional block diagram.

the DPU on a separate line, while IFC pulses are  produce eleven data channel readouts to the DPU:
supplicd 1o each preamplifier from the Signal An-  six prime data channels, P1-P4 identifying protons

alyzer.

in four energy intervals and @ 1-¢2 identifying

In the Signal Analyzer, the signals derived from alphas in two energy intervals; and five secondary
solid state detectors and PMT are combined to data channels S1-85 employed to derive count-

TaBLE 1

Count
Data channel accumulation Nominal max.
Observable interval random rates
type label {nominal) (pps)
Primary P1 protans 370—480 MeV 4s 620
P2 protons 480-640 MeV 4s 420
Ps protons 640-970 MeV 45 260
P4 protons >970 MeV 4s 260
al alphas 640-970 MeV /nucleon 4s 80
o2 alphas > 970 MeV/nucleon 4s 85
Secondary S1 SSD #1 singles, LS9 94 ms 1.8 10%
S2 SSD #2 singles, LS7 24 ms 1.6x10°
S3 PMT singles, LS 1 94 ms 5.6x 104
S4 PMT gain monitor, LS 4 singles 2.5s 2.0x103
S5 LS 7, 9 double coincidences 1.2s 2.0x10*
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rate corrections to the prime (coincidence) channel
data, to identify malfunctions of telescope and sig-
nal analyzer components, and to measure the ef-
fective gain of the Cerenkov radiator/PMT. Two
redundant thermistors are employed for tempera-
ture monitoring, as in the telesCope.

The DPU supplies a 192 s, 1024 step, 0—8 V an-
alog waveform, together with a 8§.32 kHz S/C clock
and a gain control logic level, to allow inflight cal-
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ibration of electronic thresholds and coincidence
counting efficiency. In the command decoder, se-
ven level discrete command lines from the DPU
are strobed by the pulse discrete line into a regis-
ter which generates the 128 V levels,

The digital pulses on the eleven data channel
outputs are accumulated for various time periods
in counters located in the DPU. The counter con-
tent (19 bit binary) is sampled once every four sec-
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onds. The readout format is in 8-bit floating point
representation: 4 bits identifying the MSB, the re-
maining 4 bits reproducing the next most signifi-
cant bits in the 19-bit counter (table 1). S1-3
identify events exceeding the most sensitive pulse
height discriminator (level sensor, LS} thresholds
associated with the two SSDs and the PMT, while
55 identifies time coincident events in the two
SSDs which exceed these thresholds. S4 identifies
those PMT events produced by the IFC alpha
lamp (**'Am on NEI02A) which exceed the fourth
PMT LS threshold.

All housekeeping readouts are sampled once
every 32 s, after encoding at 8 bits/sample.

2.2. TELESCOPE DESIGN

Fig. 2 shows a plan view of the telescope as-
sembly. Two surface barrier silicon detectors DI
and D2 (area 3 cm?, thickness 500 gm, totally de-
pleted) define an effective acceptance aperture of
~24° half-angle or geometric factor =0.9 cm?Zsr.
All linear trajectories passing through these detec-
tors also pass through the conical fused silica ra-
diator {special PMT faceplate) which has an average
thickness of =17 mm, For an isotropic environ-
ment, the probability distribution of pathlengths in
the conical radiator has a mean value of
1.05 times the average thickness, so that the av-
erage Cerenkov radiation amplitude should corre-
spond to traversal of =~ 18 mm of silica. Silica is
employed as the radiator to provide a convenient
proton energy threshold (=320 MeV) and to allow
efficient transmission of the shorter wavelengths
of the Cerenkov light (cutoff ~ 1900 A). Essential-
ly all of the radiator’s conical surface area is bare
to allow total internal reflection of incident Ceren-
kov light from all trajectories with the acceptance
cone. Assuming an average quantum efficiency of
18% and full light collection efficiency within the
2000-5500 A interval, 220 photoelectrons should
be produced.by axial protons of =1,

Mallory metal (high-Z) is employed to shigld the
detectors against bremsstrahlung generated by am-
bient electrons (thickness is one absorption length
for E, <350 keV). Similarly, aluminum moderator
{low-Z) is employed to shield these detectors
against ambient electrons and protons and to
suppress the bremsstrahlung radiated by the stop-
ping electrons. Within the out-of-aperture solid
angle, the moderator will stop protons of
<80 MeV and electrons of <7 MeV. For in-aper-
ture directions, the shielding is effective against
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protons of <65MeV and electrons of <4 MeV
and will absorb =10 MeV [rom a 370 MeV proton.
Shielding of the detectors from *upward”-entering
protons of E<90 MeV is supplied by the silica
radiator and the magnetic shield, lead shield and
aluminum shell surrounding the PMT.

The Lucite spacer is used to position the detec-
tors in the assembly, while insulating spacers pre-
vent motion of the detector hoiders in a vibration
environment and isolate signal ground (detector
shell) from chassis ground. Similarly, the Lucite
radiator clamp positions the PMT with respect to
the SSD, contacting a very small fraction of the
radiator area. The aluminum electrostatic shields
protect the inner, biased surfaces of the SSDs from
EMI capacitively coupled from the structure. To
allow monitoring of the PMT quantum efficiency
and gain during operation, a **'Am alpha source
(=5 nci) coupled to a NEIO2A plastic scintillator
{thickness 0.075 mm, diameter 5 mm)* is posi-
tioned near the silica radiator conical wall to illu-
minate the entire photocathode with fast light
pulses of poorly defined amplitude (~30% fwhm).
The upbeam surface of the silica radiator is
blackened to reduce the light collection efficiency
for particle trajectories which intersect D1 and D2
but enter the telescope from the copposite direc-
tion.

Fig. 3 shows the nominal response of the silicon
detectors and PMT to protons and alphas. The ab-
scissa shows the energy lost in each silicon detec-
tor, while the ordinate shows the number of pho-
to-electrons produced in the PMT. The trajectory
for protons above 370 MeV is confined within the
125-500 keV abscissa range and the 21-500 pho-
toelectron ordinate range, while the trajectory for
alphas above 640 MeV/nucleon lies above the
500 keV and 500 photoelectron levels. The data
handling circuitry associated with the telescope
contains ten pulse height discriminators with
thresholds at the abscissa and ordinate levels
shown in fig. 3, protons are distinguished from
alphas on the basis of LS8, 10 (silicon detectors)
and LS5 (PMT). Energy analysis of each particle
type is provided by the PMT LS1-6, while out-of-
aperture events are suppressed by the requirement
of a fast triple coincidence between LS1, 7, 9 be-
fore any event is counted. The table on fig. 3
shows the energy ranges of the data channels
provided by the HEPAD and the discriminator

* Special NE130, Nuclear Enterprises, San Carlos, California.
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coincidence logic employed to obtain these chan-
nels.

The silica radiator thickness is chosen sufficient-
ly large so as to produce a PMT pulse height of
=140 photoelectrons for 850 MeV protons, re-
stricting the statistical fluctuation "in this pulse
height to about =10% corresponding to an energy
resolution of 850 *158 MeV. At the correct
PMTHYV bias, the center of the »'Am pulse
height peak occurs at LS4, so that during quies-
cent periods the LS4 counting rate (84 data chan-
nel) indicates a change in the overall PMT transfer
function: silica transmission, PMT quantum effi-
ciency, PMT gain. Observed changes in PMT gain
are corrected by ground command of the HV bias,
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to return the 5S4 rate to a nominal =50 cts/s.
Nominal PMT gain is ~8 x 10°.

The power supply is of the Cockroft—Walton
type, providing 16 nominally equal (5%} voliage
increments; three are used between cathode and
dynode #1, two are used between Dy #11 and #12,
and one between the remaining adjacent pairs of
electrodes. The anode voltage is set by exercise of
8 input command lines: seven level discrete lines
(voltages set) and one pulse discrete line (strobe).
The seven level discreie lines represent a standard
7 bit binary number, i.e. an integer N between 0
and 127, represented by the 0-5 V control voltage
¥ wvarying lincarly with &. The anode bias varies
linearly with ¥ within the 1500-2700 V range.

Curves labeled with energy/nuclecn in Mev
external to telescope (Cerenkov angle).

1000

Assumingiaxial entry, light collection
Eff efficiency independent of energy.
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Fig. 3. Nominal telescope pulse height response,
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The change in electrode voltages from no-load to
maximum load (20 #A anode current} is less than
0.25% for dynodes 1-7 and 0.5% for the remain-
ing electrodes. The change in electrode voltages at
maximum lead due to variations in the +6,
+12V input power lines, temperature (nominal
5°C+10°C operating), and 8 h drift is less than
0.3% worst case. The combined noise and ripple
voltage is <10 mV p—p, 0-50 MHz on the anode
and <20 mV p—p, 0—50 MHz on any dynode, for
bias voltage anywhere within its range and for no
load or maximum load.

2.3, SIGNAL ANALYZER DESIGN

Fig. 4 shows the pulse handling circuitry that
processes the PMT and SSD analog pulses to pro-
duce the digital LS logic outputs which are com-
hined as listed in fig. 3 to obtain the desired par-
ticle type/energy discrimination. Each 8§D is fol-
lowed by a charge sensitive preamp providing an
output pulse of =25 ns risetime and =300 us fall-
time, available at a test connector pin for pulse
height analysis. A passive *pole-zero cancel™ cir-
cuit reduces the falltime to =100 ns; this monop-
olar pulse is converted into a bipolar pulse in the
summing amplifier, to provide a zero-crossing con-
taining the information on event time. Two PHDs
provide the LS9, 10 outputs at thresholds shown
on fig. 3, responding to the =50 ns risctime pos-
itive portion of the bipolar signa! pulse. The out-
put of the LS9 PHD is read out as the SI data
channel, and is also used to gate “on™ a *“zero-
crossing sensor” which generates a 65 ns digital
pulse D1, 2 in response to the zero crossing of the
bipolar signal pulse.

The PMT pulse height on dynodes 11, 12 is
sensed by PHDs directly through resistive voltage
dividers to obtain the LS2-6 thresholds shown on
fig. 3. The anode pulse is first inverted before
generating the 65 ns digital pulse LS1 (read out as
data channel 83); this output is delayed to equalize
the time of occurrence of D1, D2 and LS1 in re-
sponse (o a true friple coincidence event in the
telescope. A fast coincidence circuit recognizes an
overlap of >20ns in DI, D2, LS1; its output
strobes the slower type/energy analysis gates
which implement the data channel logic shown on
fig. 3. The D1, D2, LS1 signals are also available
at a test connector to allow
(1) external generation of fast coincidences useful

in gating MCA analysis of SSD and PMT pulse
height distributions, and

(2) TAC/MCA measurecments of the time-differ-
ence spectra of pairs of these signals.

To allow correction of the data channel counting
efficiencies and energy boundaries for drifts in the
electronics, a 192 s, 8.32 kHz train of IFC pulses is
generated upon ground command and applied to
all analog pulse lines to simulate true telescope
events. Fig. 4 shows this pulse train for the SSD
preamps derived through individual attenuators
from a common chopper, which provides 8.32 kHz
output pulses of =50 ns risetime and =9 us decay
time having an amplitude equal to its dc input.
This input is derived from a swept 0-8 V wave-
form of 1024 equal steps spanning the 192 s peri-
od, with the amplifier gain sclectable by a digital
control signal. The pulse train to the PMT lines is
obtained in an identical fashion, except that the
clock pulses are delayed by 40 ns to compensate
for the PMT transit time. The amplifier gains are
chosen so that the pulse train amplitudes present-
ed simultaneouslyto the SSD and PMT lines simu-
late telescope events in all data channels and pro-
vide visibility to all LS thresholds. These thresh-
olds are identified by the times (within the 192 s
stairstep interval) at which the data channels start
or stop counting at the clock rate. Counting rates
less than the clock rate can indicate a reduction in
counting efficiency due to excessive walk or jitter
in the digital inputs D1, D2, LS1 to the fast triple
coincidence gate.

The particle type/energy 1D logic section of the
signal analyzer diagram of fig. 1 is implemented
with overlap AND gates having the inputs shown
in the fig. 3 table, where C represents the strobe
of width between 20 ns and 65 ns and the remain-
ing inputs are the 350 ns wide LS outputs shown
on fig. 4. The output of these gates is stretched to
a 400 ns width before transmission to the DPU for
counting.

3. HEPAD performance
3.1. EXPERIMENTAL PLAN

To obtain the energy resolution and counting
efficiency of the P1 data channel, the HEPAD was
exposed to 360-570 MeV protons from the Space

Radiation Effects Laboratory, Newport News, Vir- -

ginia. The telescope was positioned ==25 feet from
the beam exit pipe, nominally on the beam line.
The angle ¢ between the telescope axis and the
beam line was varied to obtain the HEPAD re-
sponse at five angles: ¢=20°, 12°, 21°, 27°, 32°
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The SSD and PMT pulse height spectra and coun-
ting efficiencies obtained at these angles were

weighted and summed to represent the response '™

to an isotropic environment. A pair of thin 2" di-
ameter plastic scintillators separated by 20" were
positioned on the beam line between the HEPAD
and beam exit pipe; time-of-flight spectra were ob-
tained at each beam energy to define the beam en-
ergy and energy width.

Typical TOF spectra allowed beam energy deter-
mination to better than 4-9 MeV (one channel at
0.1 ns/ch), with a fwhm of six times this value. A
counter associated with the downbeam TOF scin-
tillator was used as a beam monitor, controlling
the accumulation period for the other counters.
Beam intensities were typically a few hundred pro-
tons/cm? s, providing 10° monitor counts in
10-20s. Accuracy of the counting efficiencies
within the nominal data channel energy bounda-
ries is limited to =~ 1% due to counting statistics
and (o =~3% due to ¢ setling accuracy. The accu-
racy of determination of pulse height spectral
peaks is limited by drifts in PMT gain, external
amplifier gain, and MCA analog circuitry; the data
indicate an upper limit of =6% for these effects.

During the runs, scalers recorded the counts
from the eleven primary and secondary data chan-
nels (as listed in section 2.1); other counters re-
corded the rates of the D1, D2, LS1 signals
(shown in fig. 4) as well as the D1-D2 coincidence
rate which was generated external to the HEPAD
from D1 and D2 signals stretched to 100 ns width,
This external doubles rate at ¢ = 0 telescope orien-
tation defined the beam intensity at the HEPAD,
allowing calculation of absolute counting efficiency
from the observed data channel rates.

3.2. DETECTOR SPECTRA

Figs. 5-8 show the PMT dynode 10 pulse
height specira for four beam energics, obtained by
gating the MCA on an externally-formed D1-D2
fast double coincidence which lacks any pulse
height requirement on the PMT pulse. At cach
energy, the spectra for five discrete ¢ values are
shown together with the “weighted-sum spec-
trum™ representing the response to an isotropic
environment. The reduction in spectrum area with
increasing ¢ corresponds to the reduction in pro-
jected overlap area 4, of the two SSDs which is
presented to particles entering the telescope at ¢:

AyjA =2cos pleos—! x—x v(l—x3))/ 7, (1)

: H
socoo welghted sum
spechrum
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<
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Fig. 5. Dynode 10 spectra at 561 MeV vs. 4.
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Fig. 6. Dynode 10 spectra at 474 MeV vs. ¢.
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Fig. 7. Dynode 10 spectra at 412 MeV vs. ¢,
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where x=tan ¢/tan , # — angle to telescope axis
of extreme ray of acceptance aperture — 34° (nom-
inal), A =S858D arca=3.0cm? (nominal). For all
energies, the spectrum area closcly follows this
expected ¢ dependence. The largest mean pulse
height occurs for the ¢ =12° or 21° spectrum; the
peak of the weighted sum spectrum corresponds
to that of a discrete angle spectrum in the ¢ —12°
to 21° range. The relative width (fwhm- peak)
minimizes for the ¢—=21° spectrum.

Spectra taken at intermediate energies and at
@ — 0 showed peak channels and relative widths
interpolated between values in table 2 at these
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Fig. 8. Dynode 10 spectra at 368 MeV vs. ¢,

four energies. The relative widths for the ¢ =0°
spectra are consistent with statistical broadening
and beam ecnergy width broadening if the mean
pulse height at 561 MeV corresponds to a mean of
== |00 photoelectrons, suggesting that the light col-
tection efficiency is essentialiy independent of Ce-
renkov angle for axial entry. On the other hand,
the relative widths of the weighted-sum spectra
reflect the indicated strong dependence of light
collection efficiency on ¢.

Fig. 9 shows the ¢ dependence of the SSD #2
pulse height spectra (preamp output) at 570 MeV

TABLE 2
p=0 p=12 p=121° w=27 Weighted sum
E peak relative peak relative peak relative peak relative peak relative
(MeV) chan. width chan. width chan. width chan. width chan. width
368 16.9 0.81 20 0.87 26 0.75 24 0.87 22 .92
412 44 (.49 51 0.54 62 0.38 56 0.45 54 .59
474 71 0.35 87 0.40 95 0.30 80 0.38 88 0.43
561 108 0.32 [28 0.28 121 0.27 110 0.34 122 0.32
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Fig. 9. 88D#2 response at 570 MeV.

beam energy, together with the weighted-sum
spectrum. These spectra werg jobtained by gating
the MCA on an externally fcjrmed D1-1S]1 fast
double coincidence, which lacks any pulse height
requirement from the SSD #2 pulse. Essentially
identical specira were obtained from SSD #1, ob-
tained with D2-LS1 gating of the MCA. The spec-
trum area shows the expected strong ¢ depen-
dence as for the figs. 5-8 spectra, and the
weighted-sum spectrum is well represented by the
@ ~20° spectrum. The area under the weighted
sum spectrum above the LS8 threshold at channel
174 constituies =3% of the total area. The 5§D
#1 spectrum shows the same relative area above
its higher discriminator LS10, so that =6% coun-
ting efficiency loss is expected at 570 MeV due to
the 8-10 logic requirement for proton counting.
Similar spectra obtained at lower energies show
an increase in peak pulse height with decreasing
energy; all ¢=0° spectra show relative widths
(~35%) somewhat larger than the asymptotic
Landau relative fwhm of ~30% , reflecting detec-
tor noise levels of =30keV (0.5 us integration,
0.5 us differentiation). The weighted sum spec-
trum at all energies has a relative fwhm of
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=40% , reflecting the nominal sec ¢ dependence
of the mean pulse height.

3.3 ENERGY RESPONSE

Spectra similar to figs. 5-8 were obtained at
many energies in the 351-572 MeV range. Fig. 10
shows the experimental values for the peak chan-
nel of the dynode 10 spectrum (for ¢ = 0°) plotted
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against the quantity C=1—1/#?$?, with refractive
index n=1.49 and f=V/C at the center of the sil-
ica radiator. Since C is proportional to the theor-
etical number of Cerenkov photons emitted per
unit pathlength, the points should nominally fall
on a straight line passing through the origin for
the proper choice of numerical value for the re-
fractive index. Fig. 10 shows that the choice of
1 = 1.49 provides a good fit of the data points {0
the dotted line; tivis effective refractive index is
consistent with a comparison of #(1) with the
combined wavelength dependence of the Ceren-
kov light production, silica transmission, and
quantum efficiency. The fig. 10 fit also suggests
the absence of significant effects due to energy
dependence of the light collection efficiency, silica
fluorescence, or Cerenkov light production by sec-
ondary particles generated by the incident protons.
A similar plot of the peak channels of the weight-
ed-sum spectra {from table 2) vs C(B) also shows
an excellent linear fit using the same choice
n=149
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Fig. 12. Data channel counting efficiencies; Counts/sec for
1 p/em? sec isotropic.
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3.4. ENERGY RESOLUTION

Fig. 11 shows the experimental counting effi-
ciency vs energy at the P1-3 data channeis for ax-
ial protons. The lower energy boundary of P1 at
= 380 MeV is cstablished by the LSI threshold,
while the common boundary of Pl and P2 at
=480 MeV is set by the L52 threshold. The siope
of the Pl, 2 responses near 480 MeV reflects the
relative width of the fig. 6 ¢ = 0 spectrum, as well
as the energy dependence of C(B)=1-—1/n?p°
The steeper slope of the Pl response near
380 MeV reflects the stronger energy dependence
of C(#) near the silica Cerenkov threshold. The
sum of the three responses P1+ P2+ P3 is shown
relative to the geometric sensitivity (SSD nominal
area of 3 cm?). At the higher energies, this sum
differs by =9% from the geometric value, of
which 6% is due to the 8-10 logic requirement as
cited in section 3.2 above. Maoreover, SSD spectra
at 397 MeV show that an 8% reduction is expect-
ed from this 8-10 requirement at this energy. As
shown in the fig. 7 ¢ =0 spectrum for 412 MeV,
a portion of the spectrum is excluded by the LSI
requirement for the lower energies, so that the
P1-3 sum does not reach the 919% asymptote be-
low =450 MeV. The remaining 3% discrepancy in
the P1-3 sum is within the 5%uncertainty in the
SSD area.

Fig. 12 shows the expected response for an is-
otropic environment, calculated as a weighted sum
of the response at five discrete angles. Compared
to fig. 11, the data channel energy boundaries oc-
cur at lower energics — reflecting the larger mean
pulse heights at @>0 relative to ¢ =0 puise
heights as shown in figs. 5-8. The asymptote of
the PI-3 sum is ~=89% of the geometric value of
.0765; this value is obtained as a weighted sum of
the experimental values of 4, in the same manner
as the data points are obtained from the experi-
mental values of the data channel counts. The
11% discrepancy between the geometric value
and the asymptotic value of the P1-3 sum can be
understood as: 6% due to the &-10 logic require-
ment, 3% due to the SSD area as obtained from
the axial data of fig. 11, and 2% due to inaccu-
racies in the weighting/summing algorithm.

The differences between the fig. 12 energy-band
boundaries (377, 453, and 570 MeV) and the nom-
inal values {370, 480 and 640 MeV) reflect inaccu-
racies in the settings of the LS 13 thresholds for
the chosen PMT high-voltage bias. A linear it to
the weighted-sum peaks of table 2 can be used to
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gstimate the changes in energy band boundaries
for any given change in PMT gain or LS thresh-
olds.

3.5. COINCIDENCE TIMING

The Di, D2, LS1 signals used within the HE-
PAD to form the fast triple-coincidence strobe
were also available externally for timing analysis.
Since excessive walk/jitter in these signals can re-
duce the fast coincidence efficiency, the walk/jit-
ter in the three signal pairs D1/D2, D2/LSI1,
D1/1LSt were obtained with a TAC/MCA at pro-
ton beam c¢nergies of 397, 477, 525, 570 MeV for
comparison with the timing characteristics under
IFC pulse stimulation. The signal timing within
the HEPAD is adjusted so that these three 65 ns
wide signals are within a few ns of coincidence for
IFC pulses having amplitudes simulating f=~1
proton events (channel P4) in the telescope.

Fig. 13a shows the results for the shift in the
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Fig. 13a. TAC spectrum peak from protons.
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Fig. 13b. TAC spectrum widths from protons.

TAC spectrum peak (walk) at the four proton en-
ergies relative to the peak position using IFC stim-
ulation. The curves are labelled with the appro-
priate TAC start/stop signals. The “zero-crossing
timing™ technique used for generating the D1, T2
signals provides essentially no energy dependence
to the D1, D2 mean separation. The “leading edge
timing™” technique used for generating the LS1
signal produces a walk of =10 ns at 397 MeV, re-
presenting a delay in LS1 formation which is com-
parable with the 5-10 ns rise time of the anode-
current pulse.

Fig. 13b shows the resulis for the fwhm and
full-width-at-tenth-maximum (fwim) of the same
TAC spectra. The higher noise of the S$Ds com-
pared with the PMT appears as a broader peak for
the D1/D2 spectra. The ratio of the fwtm = (whm
is generally =2.4, considerably greater than the
= 1.8 value characteristic of a Gaussian. The larger
values at 397 MeV for the spectra including LS1
probably reflect the greater sensitivity to noise in
the leading-edge timing technique for pulses gen-
erally near the LS1 threshold. The “ X attached
to each curve indicates the width of the TAC
spectrum obtained under IFC stimulation, and is
generally similar to the experimental values at the
higher energies.

At 397 MeV, the half-width-at-tenth-maximum
values of =15ns and =9 ns for the three pulse
pairs are considerably less than the =45 ns timing
offset allowed before rejection of the event in the
HEPAD fast coincidence gate. Consequently, the
observed timing jitter should produce an insignif-
icant coincidence inefficiency at all energies, even
when the fig. 13a walk of ~10ns at 397 MeV is
included. This conclusion is consistent with the
close correspondence between the P1-3 sum and
the geometric counting efficiencies (after accoun-
ting for the effect of the 8-10 logic requirement)
shown on figs. 11 and 12.

3.6. RESPONSE TO MUONS

On two occasions during the ~1 week calibra-
tion at SREL, the HEPAD was oriented to view
the zenith through =-1000 gm/cm? of cement and
allowed to accumulate counts over a 10-12h pe-
tiod. Fig. 14 shows the Dy 10 spectra obtained rel-
ative to the LS1-3 thresholds; the signal gain is
reduced to =0.4 of the value used for figs. 5-8.
The 2/25 spectrum shows a relative width consis-
tent with that of the weighted-sum spectrum at
561 MeV, while the 2/23 spectrum indicates a
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drift of PMT gain occurred during the ~10h ac-
cumulation resulting in a broader peak centered at
a higher channel. If the mean peak channel = 85.5
is identified with =1 muons, this pulse height is
=~ 16% less than expected from an extrapolation of
a linear fit of the table 2 weighted-sum peaks plot-
ted vs C(fl}, suggesting a reduction of =16% in
the light collection efficiency for f ~1 events (48°
Cerenkov angle) relative to that for the f=0.78
events (31° Cerenkov angle) at 560 MeV. The
TAC spectrum for the D1/D2 pair taken for the
2/23 run shows the same walk but a somewhat
smaller width than the spectra for higher energy
protons summarized on fig. 13.

The triple-coincidence D1-D2-1.51 event rate
for these overnight muon runs was =20 cts/h,
Pulse Height
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with the D1:D2 doubles rate ~22cts/h. A triple-
coincidence rate of =~4{cts/h is normally ob-
served in the FACC laboratory environment,
which has a much thinner overhead moderator
(building roof). Such muon runs provide a conve-
nient means of verifying overall instrument per-
formance, including coincidence counting efficien-
cy and PMT gain drift. If the PMT bias is reduced
to place the muon peak beiween, for example, LS2
and 1S3 thresholds, the number of P1, P2 and P3
data channel output counts occurring during the
muon run can be compared with the number of
counts in the MCA memory stored in the chan-
nels corresponding to the LS1-2, LS2-3, LS3-4
intervals respectively. If the number of data chan-
nel counts is less than the number in these MCA
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intervals, anomalous performance of the data
channel logic or excessive walk/jitter in the strobe
gate inputs is indicated.

4. Summary
The principal performance features of the HE-

PAD can be summarized as follows:

- angular response: Consistent with the theoreti-
cal SSD projected overlap area vs ¢ as given by
eq. (1);

— energy response: For £ in 370-570 MeV range,
(1), the Cerenkov peaks closely follow the
theoretical 8 dependence with elfective #=1.49,
consislent with no energy-dependence to light
collection efficiency for both axial and isotropic
protons, and (2} the nominal Cerenkov pulse
height for isotropic protons is =20% greater
than that for axial protons. For 570 MeV pro-
tons, the nominal Cerenkov pulse height for ax-
ial entry corresponds to =100 photoelectrons,
consistent with an average quantum efficiency
of 18% and full light collection efficiency. For
cosmtic-ray muons, the Cerenkov peak is
10-20% lower than expected for isotropic f—1
particles, implying a similar reduction in light
collection efficiency for 48° Cerenkov emission
angles;

— energy resolution: Limited by the relative
widths of the Cerenkov spectra. For axial pro-
tons, the relative widths are consistent with sta-
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tistical fluctuations about the nominal mean va-
lues, where the variance is taken as 1.6 x mean
number of photoelectrons - to include fluctua-
tions in the PMT gain and in the number of
photons generated. For isotropic protons, the
refative widths are larger than for axial protons,
reflecting a strong ¢ dependence for the Ceren-
kov peaks;

— counting efficiency: For the differential energy
channels Pl, 2 the peak counting efficiency is
= 80% of geometric, limited by the pulse-height
discriminator window width relative to the
width of the Cerenkov pulse height peak. For
the sum of P1-3, the counting efficiency is
=90% ; of the 10% discrepancy, 6% is attribut-
able to the Landau tail of the SSD puise-height
distribution.
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