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Abstract

A versatile spectrometer useful for measuring the mass, charge, en-
ergy, f]uencé and angular distribution of primaries and fragments associ-
ated with relativistic heavy ion beams is described. The apparatus is de-
"signed to provide accurate physical data for bioldgy experiments and medical
therapy planning as a functidn of depth in tissue. }The'spectrometer can
‘also be used to measure W, the average energy to produce an ion pair, range
energy, dE/dx, and removal cross section data of interest in nuclear phys-

ics.



1. Introduction

When beams of heavy.ions_aré used in radiation therapy and biology (1),

 the character of the beam i$ altered as the particles travel through

tissue. The velocity of the particles is affected by electromagnetic in-

teractions which slow and spread the beam. Fragments are produced through
nuclear interactions and these are also affected by passage through subse-
quent material. The biological éffects produced by the beam are sensitive
to the kind of fragments present as well as their fluence, charge and ve-

locity. For example, the RBE (relative biological éffectiveness) and OER
(oxygen enhancement ratio) depend on all of these qUanfities (2).

The apparatus described here has been developed to provide comp]eté
characterization of the relativistic heavy fon beams used for medical ther-
apy and'biblogy'experiments at the Lawrence Berkeley Laboratory BEVALAC (1).

It cohsists of a variable thickness absorber, a time-of-flight (TOF)
té]escope, and a mQ]ti-e]ement Aetector array. |

The absorber which has been used is a remotely controllable double Lu-

cite wedge with fixed thickness inserts (3). Thickness was continuously

~ variable from 1.06 gm/cm? to 13.7 gm/cm? with the configuration used in the

present work. As better data on fragmentation afe obtafned, it is antici-
pated that other absorbers such as controlled-thickness water columns will
also be used.

Scintillation countersjvpulse ionization chambers and multiwire pro-
portional chambers are used for beam identificatioh, definition and track-
ing. The whole spectrometer is mounted on a movable frame to permit mea-

surements on the beam axis and out to approximately 5°, where all but the

lightest and slowest fragments have negTigib]y small cross sections. The



apparatus has beén installed at the exit of a spectrometer magnet which is
used td provide momentum analysis of the incident beam particles.

Some of the elements of the spectrometer represent state-of-the-art
applications of nuclear instrumentation; other elements are of standard de-
sign. The combination of all elements'results in a unique spectrometer
capable of measuring the charge (and, in a restricted range, the mass), the
fluence and the angular distributions of the primary beam and fragment par-

ticles over the entire range of material covered by the Bragg curve.

2. Spectrometer Requirements

In order to characterize a beam of heavy ions, it is sufficient to
-know the distribution invmass, A; charge, Z; velocity, v or momentum, p;
position,-(x,y) and angle, 6 for each ion species in the beam. A and Z
can be determined by méasuring dE/dx, range and Ve]ocity. In the present
apparatus dE/dx information is obtaihed over a wide dynamic range by using'
gas ionization chambers for the slowest particles, a silicon solid state
detector telescope, SST, for faster particles (4), and a Nal scintillation
detector plus the SST for the fastest ions. In that part of the dynamic
range for which the particles stop in the detectors, the residual range cdn
bé used in the A,Z determinatiOn. For the fastest particles the SST and
~ Nal detectors perform the function of range sampling. In thié case Z can
be determined but the resolution for determining A is very poor. Table 1
gives the operating regions for these determinations for each type of de-
tector used in the spectrometer.

Velocity measurement is possible with'good precision using a channel

plate TOF system (5). The. time resolution of this system was found to be



120'p§»fu11 width at half-maximum, FWHM (52 ps standard deviation) in the
present work. When combined with dE/dx and range information, A,Z could be
determined-over the dynamic range listed in Table 1.

Positioh and angle distributions need to be known to define the tra-
jeétories for the various ign species-in the beam td a moderate accuracy.
In most cases the small area of the TOF and SST detector system was suffi-
cient to specify the particle trajectory. Additional information was ob-
tained using multiwire proportional chambers, WC, with delay line readout
(6) when necessary. The angular précision obtained in this way was 0.1°
when the WC information was not used, and 0.05° when it was. |

For clear identification of individual particles, it is necessary to

distinguish events in which associated multiple fragments are detected fo-.

gether. This was accomplished with the aid of the SST by making use of the

difference in dE/dx and range signals observed for such events. The wire
chambers also are able to detect spatially separated mu]tip]e'partic]e
events, but this possibility has not yet been implemented.

Finally, in order to use a spectrometer to determine the way in which
an absorber modﬁfies_a heavy ion beam, it is essential to have a well de-
fined primary beam incident on the absorber. For this purpose scintilla-
tion counters were used to define the trajectqry andvthe“ihtensity of the
incident beam. Pile-up rejection cfrcuitry was employed to select sing]e.
incident ions (Appendix) and an integrating wire chamber (7) was used to
monitor the beam profile for each spill of the BEVALAC accelerator. The
primary beam was also momentum-analyzed using a magnetic dipole just up-

stream of the absorber (8).

-



3. Description of the Spectrometer

~The physical apparatus is shown in the diagram, Figure 1, and the pho-
tograph (Figure 2). Table 2 lists the materials in the beam and gives
the dimensions of the detectors. The incident beam particles are defined
by scinfi]]ators So and S; in coincidence. The S,:S; signal is referred to
as "BEAM". S, is a 6.35 mm thick Pilot B scintillator viewed with two pho-
tomultiplier tubes. The summed pulse height from the two tubes is inde-
pendent of position and can be used for pile up rejection (cf. Appendix) as
well as a start signal for beam time-of-flight monitoring. The latter mea-
surement was used as a check on the beam time. S; is a 3.175 mm thick
scintillator viewed by a singTe’photomultiplier and provides a stop signal
for the beam time-of-flight.

The small scintillator S,, 1 cm diameter by 3.175 mm thick, was embed-
ded ina 10 cm x 10 c¢cm x 3.175 mm thick light guide to preserve uniform
thickness to particles passing thkough or by the scintillator. It is used
to select a small centra] spot for samp]fng the beam composition on the
downstfeam side of the absorber. The thick 1ight guide of S, produced some
Cerenkdv,light.v Therefore a second scintillator Ay, 3.2 mm thick with a 1
cm central hole filled with a 2.9 mm thick black Micarta disk (to provide
uniform energy loss across the'detector); was helpful in rejecting the Cer-
enkov signals. |

The TOF telescope (5) consists of two 2 mg/cm? thick foils- (8 um Kap-
ton with a 0.1 um thick Au layer) at an angle of 45° to the beam. Each
foil is viewed by a set of chevron channel plate electron multipliers that
amplify the secondary electron signal from the foil. These TOF detectors

labeled CPy; and CP, in Figure 1 are maintained in a vacuum enclosure at a



vacuum of 1076 Torr. Details of this type of detector are discussed in
Ref. 5. Figure 3 is a typita] TOF histogram, obtained wifh an incident
argon beam of 509 MeV/A after traversing 4.25 g/cm? of Lucite. A contribu-
tion of beam fragments may be seen at higher velocity. Part of the mea-
sured FWHM is dﬁe to the intrinsic velocity spread of the degraded beam and
the actual time resolution is probably slightly better.

A solid state detector array (4) follows the TOF telescope to provide
multiple sampling of dE/dx for traversing particles and residual range for
stopping particles. The array consists of 4 silicon position sensitive de-
vicésls cm diameter by 500 um thick (9) labeled P;- P, followed by ten 3 mm
thick by 2.5 cm diameter silicon detectors labeled D; to D;y. A 7.62 cm
thick by 7.62 cm diameter sodium iodide scintillator (“Nal") has been added
to provide additional range jnformation for the particles which are not
stopped in the silicon detectors.

Spatial information for particle trajéctory definition is provided by
several devices. The integrating wire chamber MWC (7) provides a horizon-
tal (x) and vertical (y) projection of the beam cross sectional area for
every beam pulse. The multiwire proportional chambers WC1 and WCZ are of -
the delay-line readout type (6). They provide = and y position informa-
tion for each particle in contrast to the integrated profile provided by
MWC. The wire spacing in WC1 and WC2 is 3 mm, and a better resolution can
be obtained by interpolation. The position of the wire chambers was accu-
rately determined using 5°Fe and %9Sr sources collimated to 1 msterad and
the resolution was verified to be 2-3 mm. The two pairs of position sen-
sitive solid state detectors P;- P, have been used mainly to measure dE/dx,

but can also provide precise trajectory locations at the entrancevto the



silicon detector array.

The particles emitted into the detector can be separated into three
categories. The lightest and most energetic particles will traverse the
detector without stopping. Some particles 6f intermediate energy, and mass
close to that of the beam will stop in the detector. Finally, in the Bragg
peak region of the unmodified beam ahd beyond, as well as in a spread-out
Bragg péak, some particles will have a residual range too_short to be sam-
pled by the solid state detectors.

For penetrating particles, adequate charge resolution is provided by
the TOF-SST combination. In order to identify particles in the immediate
vicinity of their Bragg peak, it is necessary to have a detector fhat is
sufficiently thin to allow adequate depth resolution. The ionization cham-
bers ICi and IC, serve this purpose. They are ~20 mg/cm? thick, with a
10-cm diameter sensitive,area. These chambers are operated in the pulse
mode to provide a charge measurement for each event. Ionization chamber
IC, measures the total charge emerging from the absorber, while IC, identi-
fies only the charge of the fragments traversing the TOF telescope. The
ionization chambers wére operated with propane gas (C3Hg), A/CH, mixtures
(93% A, 7% CH,), and N,. Propane is desirabie‘for pulse counting since
electron mobility is highest in this gas, but the A/CH, mixture-is compar-
able (10) and presents less of .a safety hazard. Use of different gases al-
lows for a study of the‘gas characteristits‘as a function of particle type
and energy (11).

The alignment of the spectrometer is accomplished by mounting all com-
ponenfs downstream of the absorber on a movable optical bench and then

aligning the bench with respect to the beam axis by use of motor drive



mechanisms. Scinti]]ators A; and A, afe used in anticoincidence with S,
and S,, respectively, for this‘purpose; 'Scinti11ator_A1 has been described
above; scintillator A, has a 1.9 cm central hole. During fragmentation
measurements the A; and A, counter signals were recorded but not in a veto
mode,v since that wdu]d discriminate against multiple particle events. ‘Angular
distribution measurements are faci]itated by use of a remotely controlled
motor drive which can vary'thé ang]e of the spectrometer from 0° to + 5°

with the angular setting reproducible to + 0.04°.
4) Electronics
A simplified block diagram of. the electronics is shown in Figure 4.
A valid event is signalled by a TRIGGER signal at the interrubt register
(IR) of the CAMAC crate. TRIGGER is formed from -
~ TRIGGER = BEAM ON - (FRONT OR PARTICLE) - GOOD S, - INHIBIT
where:

BEAM ON indicates the BEVALAC is at the flat top and extracting beam;

FRONT = BEAM - S, = Sy - S; + S, indicates a particle incident on the

absorber has traversed S;;
PARTICLE = FRONT - S3 indicates a partic1e is incident on the SST;

GOOD S, indicates that the Sy signal does not have pile-up;
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INHIBIT means the computer is not busy and S; has not seen a particle

in the preceding 10 ps.

The circuitry used to detect Sy pile-up is described in detail in the
Appendix. FRONT is used in forming the trigger during alignment while PAR-
TICLE is used in data taking.

The CAMAC.coincidence register (CR) records the status of all deteé- .
tors and logic signals for each event. This allows, for example, the A,,
A,, A3 detectors to be used as veto cuts in data analysis if desired, but
they do not form part of the event trigger.

CAMAC analog-to-digital converters (ADC) and time-to-digital conver-
ters (TDC) were used to record the amp]itude and time for signals from the
detectors as indicated. Most detector and Togic signals were fed to CAMAC
scalers (SC) as well. The scalers were read once for each beam spill.

A time-to-amplitude converter (TAC), in combimation with a 13-bit
spectroscopy ADC, was used to obtain the precise TOF for each event. The
range of velocities varies over a factor of 4; with a resolution of 0.1%,
this requires that the ADC have at least 12 bits (4096 channels), as well
as the appropriate linearity. Available TDC's had only 11 bits of resolu-
tion'and were not adequate for this application.

Scintillation counters Sp, Si, S, S3, Ay, Ay, A3 have high rate bases
(12) which include- transistor stabilized divider supplies. |

The solid state detector electronics system is described in Ref. 13.
It consists of a set of low noise amplifiers and a precision pulser system
to facilitate calibration.

The rest of the electronics was of standard design.
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5. Data Acquisition and Analysis

A schematic diagram of the data flow is shown in Fig. 5. Every beam
particle traversing the spectrometer, that satisfied the requirements of
the electronic logic, constituted an event. Each event consisted of forty
16-bit words read from the CAMAC units by a PDP/11-34 computer via a micro-
programﬁed branch driver (MBD). - Data froﬁ those events were acquired dur-
ing the ~1 sec duration of the heavy ion beam pulse. In the ~4 sec inter-
val between pulses, data accumulated during the pulse but not read were
transferred to the computer. These data were the integrating multiwire
proportional chambers recording the beam profile and scaler counts. At ap-
propriate intervals “housekeeping" information (e.g. absorber thickness)
was also recorded.

The software used for data acquisition and on-line analysis, QDA and
MULTI, was developed at Fermilab and modified at LBL. These programs re-
corded the data on maénetic tape and also provided current information on
selected histograms, scaler'counts; etc. The recofded data could be played
back for off-line analysis subsequent to data taking.

A carefully timed series of pulser signals was used to simulate the
beam for calibrations and testing of the detectors. These data were also
recorded.

Data were transferred from magnetic tape to disk for off-line analy-
sis, using a program that we developed for this purpose, SIFT. A fairly
e]aborate‘record-keéping system is reqdired by the data, which are taken
under é broad variety of experimental conditions, and maintaining this sys-
tem is a further purpose of SIFT. With it, events satisfying a variety of

software cuts are selected from the tape records and packed into disk rec-
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ords. A detailed label record, consisting of information on'thé beam par-
. ticle and energies, the exact configuration of elements in the beam line,
the calibration disk files to use for the particular run, the:software cuts
made, and the assignment of event words to experimental quantities, is cre-
ated and added to the record, with a minimum of operator interventiqn. In
addition, all the scaler data are accumulated and preserved in thellabe]
record. SIFT also records which runs are used to creéte a combined file,
and creates a prescribed disk file specification for the output data. Data
can be transferred back to tape or to another disk.

The data processed by SIFT tan be used for event-by-event analysis.
The analysis program converts the recorded pulse heights and times to en-
ergy deposition in the detectors and to velocity in the TOF telescope, us-
ing the appropriate calibration factors. It then‘propagates each particle
through the apparatus and identifies the particle by a least squares fit
- between the calculated and the observed quantities. Biophysical quanti-
ties, such as the linear enérgy transfer (LET), dose,'and dose-averaged
LET, and their distribution, are calculated for each identified component
of the beam.

The identification algorithm is based on the principles described by
Greiner (4), and seeks é least squares minimum of the difference between
calculated and measured signals for a set of trial A and Z. Fig. 6 shows
an average distribution of the resultant chi-squared values forka primary
1SNe beam and secondary oxygen fragments. A very shdrp minimum may be seen
for neon, whereas a shé]]ow minimum is seen arbund A = 14 for oxygen in
thﬁs event, reflecting the fact that the oxygen ions do not stop in the

SST, and that an inadequately small fraction of the oxygen range has been
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.sampled for mass identification.

The results of a Monte Carlo calculation of the expected distribution
of signals due to nitrogen in the first silicon detector ("D,") as a func-
_ tion of the total energy deposited in the SST ("SUM") is shown as a scat-

- ter plot in Fig. 7, to illustrate some of the data analysis problems. The
incidenf beam (assumed to be nitrogen) appears as an island (I). Nuclear
interactions in the detector appear as a tail depositing less total energy
(II). The fragments accompanying the beam, each with its own nuclear in-
teraction tail, appear in region III. Fig. 8 shows similar data for a mea-
sured beam stopping in the SST. Fig;‘9 shows the total energy loss projec-
tion onto the SUM axis, where elements and some isotopes can be clearly
distinguished;

The problem of distinguishing fragments present in the beam from .
fragments produted in the detector and the problem of resoTving coincident
multiple fragments is alleviated by the additional availability of TOF in--
-formation and the multiple samp]ing'nature of the SST, where these effects
appear as statistically significant deviations in energy loss along the de-
tector stack.

The analysis programs are still being optimized but the capability of
the MULTI software is already sufficient fo obtain significant results.

For this reason, the description of apparatus performance is based on

MULTI.

6. - Alignment, Calibration and Acceptance

A spectrometer alignment procedure is necessary to ensure that the de-

vice is accurately positioned with respect to the center line of the beam.
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First, with the absorber removed,'the.beam is positioned on S, using the
bending magnet while the ratio (FRONT - A;)/BEAM is maximized. A typical
result obtained with this procedure is shoWn_in Fig. 10a. The peak of the
curve, af 17.5%, represents the ratio of the area of S, to the effective

- beam area. The small size of the source-defining scintillator also re-
sults in a momentum bite, aAp/p, of 0.8% comparable to the intrinsic momen-
tum dispersion of the beam. The magnet was calibrated using wire orbiting
(8) and its results agreed with those obtaineo using the TOF telescope.
The vertical alignment is adjusted with the aid of a motor-driven screw
which sets the height of the spectrometer at the upstream end to further
optimize (FRONT - A;)/BEAM.

The downstream alignment of the spectrometer involved a calibration of
the angular setting to establish 6 = 0°. This was done by observing (PAR-
TICLE - A,)/(FRONT - A;) while the spectrometer angle was adjusted using
its remotely oontro11ed drive. A typical result is shown in Fig. 10b. The
area under this beam profile is only 70% of BEAM, reflecting the presence
of the 2.5-cm diameter collimator.

The observed angular spread results from divergence of the beam (0.5°)
and the finite angular acceptance of the spectrometer (0.1°). The beam di-
vergence, and consequently the acceptance, will vary as a function of ab-
sorber thickness. Fig. 11 illustrates this effect as manifested in the ra-
tio PARTICLE/FRONT (without anticoincidences) obtained from scaler ratios
for different values of the Lucite absorber thickness (data points) and a
slightly different beam spot than the one shoWn in Fig. 10b. The problem
of evaluating the fraction of counts detected by S; in the presence of mul-

tiple scattering was analyzed by Sternheimer (14), who gives formulae. ade-
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quate for numerical integration. The effect of energy loss in a thick ab-
sorber was already considered by Moliere (15) who proved that, with reason-
able assumptions, the shape of the multiple scattering distribution remains
the same %f the square of the mean spatial ang]e'ié scaled by 1/(1 - x/R),
‘where x is the absorber thickness and R is the range of the incident beam:
A calculation based on these prescriptions is shown as the broken line in
Fig. 11, no?ma]izéd to the minimum absorber thickness point. Thé normali-
zation factor, 62%, is in good agreement with the fraction of beam trans-
mitted by the collimator. |

The ratio of Fig. ]]_ref]ects.mainly the effect of mu]fip]e scattering
by the primary neon ions. To obtafn a similar acceptance.curve for indi-
vidual fragments, the width of the angular disfribution as given for pro-
jectile fragmentation e.g. by Goldhaber (16) must be added in quadrature.
Since this width is comparable to that df multiple scattering, the accept-
ance will be reduced by a further factor of ~2 for projecti]é fragments. .
This is further illustrated in Fig. 12, showiné charge spectra obtained at
0°, 0.4° and 0.8°, for a 3.4 g/cm? Al absorber. The spectra show the shift
in relative abundance as the angle is increased, due to the combination of
nuclear and mu]tip]evCoulohb scattering. The Al absorber is not thick
enough to introduce bbservab]e fragment depletion, but this effect becomes
important for thicker absorbers. | .

The angular resolution of the detector is small enough to be used for
angular distribution measurements such as are shown in Fig. 12. When bet-
ter angular definition is needed the wire chambers, WC, are used; their in-
strdmentél angular definition is much smaller than the beamvdivergence.

The absorber parameters are listed in Table 2. The fixed inserts were
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uniform'fo the 1eV¢1 of a few parts in 10° and the wedge thickness was re-
producible to 0.013 gm/cm?.

Time dispersions for fhe TAC and TDC's were obtained using an ORTEC
precision time calibrator. The TAC-ADC combination used for the time-of-
flight measurement was typically operated with a time dispersion of 7 ps/ch
and a range of 50 ns. The observed spread in time for the primary beam
without absorberhwas 52 ps. Non]inearify was on the order of + 5 channels
or + 35 ps over the time range used.

The SST system was calibrated by adjdsting each detector's amplifier
to give the same gain as measured with the precision pulsing system (13).
The calibration was then verified using a 670 MeV/A 20Ne beam. The re-
sults afevgiven'in Table 3.

Calibration of the ionization chambers is described elsewhere (11).
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Table 1

Spectrometer Specifications

Range

Parameter Ion Species
Velocity ATl
(v)
Angle ATl
A > 6
Z 23
21

v > 0.0642 m/ns

0° to 5°

stopping particles

Precision
A8 _ st _ 52
8=t~ "t PS
B = .25 to 1
0.04°
Am .
_ﬁ'é 10%
Z<0.2 SSTonly
Nal 1in-



-21-

Table 2

Material in Beam 2

Name Dimensions (cm) pbx (g/cm?) Material
So 20 x 20 x 0.6 0.703 Pilot B
MWC 5 (diam) x 2 0.050 [Water Equivalent]
Sy 7.5 x 7.5 x 0.3 0.359 Pilot F
10 x 10 x(1.270r 2.54) 1.454 -8.912 Polymethyimethacrylate

Fixed Absorber Inserts
Wedge |

Extra Absorbers
Ay

Sz

WC,

IC,

TOF Telescope
TOF Windows

IC,

WC,4

5x7.5ax(variable x)
Various

10 x 10 x 0.3

1 c¢m diam x 0.3

28 x 53 x 2

10 cm dfam x 5.7

2 cm diam x 339

20 cm diam x 0.03
10 cm diam x 5.7

53 x 28 x 2

1.9 cm diam x 0.3
5.08 cm diam x. 0.23
2.54 cm diam x 3.2
7.5 cm diam x 7.5

1.307 x 1034 + 1.0618
Various

.359

.359

.050

.014

.003

.070

o O O O o o o

.014
.050
.359
.535

~N O o o

.685
- 27.97

Polymethylmethacrylate
Various

Pilot F

Pilot F
[Water Equivaleﬁt]
[Water Equivalent]
[Water Equivalent]
Mylar

[Water Equivalent]
[Water Equivalent]
Pilot B |
Silicon

Silicon

" Nal

& pir paths not included
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10

MeV

3.46

3.43
3.30
3.42
3.82

3.58"
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Table 3

Solid State Detector Resolution

MeV

146
153
150
150
147
152
153
155
154
155

a/E

N
N W NN w A

[ JENN A T A R A B AS AN

"
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Figure Captions

Horizontal cross section of spectrometer. "SCALE" indicates a

calibrated rail showing displacement along an arc of the upstream

‘bending magnet used for momentum analysis of the incident beam.

The apparatus pivots about an axis perpendicular to the beam 1line

-at the wedge exit; the rotation radius to wheels placed under CP,
"is shown as r = 3.75 m (note that the vertical and horizontal

scales are different in the figure). A third available location
for a TOF detector is shown as (CP3), but was not used. The other
elements are described in the text.

Top: photograph of the installed apparatus. Bottom, left: close-
up view of downstream end of spectrometer. Bottom, right: close-
up view of upstream end.

Time-of-flight spectrum of argon ions, degraded to 509 MeV/A.
Secondary fragments produced in the degrader appear at higher ve-
locity §the time scale to the ADC channels increases from right
to Teft).

Schematic diagramlof electronic logic.
Schematic diagram of data flow.

Example of chi-squared for particle identification for primary
neon-19 and a penetrating,, secondary oxygen fragment.

Simulated scatter plot of energy loss in first silicon detector
vs. total energy loss in detector stack, for incident nitrogen.
Region I corresponds to primary nitrogen; region II corresponds
to primary nitrogen suffering nuclear interactions in the stack;
region III corresponds to secondary fragments, produced in an up-
stream energy degrader. The nuclear interactions suffered in the
stack by these fragments are also shown.

Scatter'plot obtained with a neon beam stooping in the silicon de-
tector stack. Note the similarities to the simulated data in
Fig. 7.

Histogram of the data in Fig. 8, projected onto the SUM axis.
a) Ratio of electronic logic signals defining the upstream appa-

ratus center as a function of momentum calculated from bending
magnet used for alignment. The momentum bite (FWHM) defined by

‘the detegtor is 0.8%.
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b) Ratio of electronic signals defining the apparatus alignment
as a function of displacement perpendicular to the beam axis. The
full width at half-maximum is 3 cm for a beam spot diameter of 2
cm. , ‘

Ratio of PARTICLE/FRONT as a function of absorber thickness, re-
lated to detector acceptance. The open squares are data points
obtained for neon ions incident on the absorber at 660 MeV/A
(range ~ 35 g/cm?). The dashed curve is the effect of multiple
scattering, normalized to the minimum thickness point. . The nor-
malization is in good agreement with collimator transmission.

Charge spectra obtained at 0°, 0.4°, and 0.8° for 670 MeV/A neon
beam, incident on a 1-cm thick aluminum target.

-
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Appendix

Pileup Rejection Scheme

A block diagram of the pileup rejection unit is shown in the top of
Fig. A-1. This pileup rejector has true zero dead time, i.e. infinite time
resolution. - Zero dead time is achieved by using a dual coincidence measur-
ing circuit. The first is an analog system whiéh takes advantage of the
moderate energy'resolution that the plastic scintillator has with heavy
jons and a mono-energetic beam. Integrating the charge deposited during an
inspection time and comparing it against a threshold equivalent to one and
a half times thelcharge produced by a single particle in effect give infi-
nite coincident time resb]ution. The second circuit is a standard digital
cbincidencé comparator which fires if a second particle passes through the
scintillator during the balance of the inspection fimé; |

The detailed circuit works in the following fashion (cf. timing diagram at
bottom of Fig. A-1): the analog and digital inputs must be set to arrive
at the same time. The delay D1 insures that the samp]ing_br%dge is gated
open when the analog signal arrives at the integrator. The integrator is
open for approximately 30 ns. The charge comparator following the integra-
tor is set to reject pulses greater than 200 mV into 502 x 10 ns. It is
reset when the sampling bridge>closés.’ The sampling of the analog signal
by the pileup rejection module is necessary because even so-called dead-
timeless cikcuits have dead times of 4 ns upward. |

The ngital input triggers an inspec;ion one-shot that prdducesaapﬁ]se
width equal to the digital pileup inspection time (30 -400 ns), starting

about 10 ns after the digital input (the width of the digital pulse). This
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delay insures that the digital input and the one-shot pulse are never in
coincidence. If no further Higita] inputs arrive while the one-shot is on,
there is no signal output at the coincidence output (6). If there is a
second (or more) digita1.input during the inspection time, the one-shot is
updated, the next digital signal is in coincidence with the one-shot out-
.put, and é signal is fed into the OR, setting the pi]eupirejection veto.
If the second input arrived too early to update the one-shot, its analog
input will overlap with that of the first signal, producing a signal at the
output of the charge comparator, satisfying the OR logic, and setting the
pileup reject veto.

The digital input is tesfed»for coincidence with the pileup reject sig-
nal after a de]qy_equa1 to the inspection time, provided by a cable .of
suitable Tength. A delay cable is used to permit gbodvtiming resolution on
the validated pulse. The duration of the inspection time one=shot is ad-
justed to match the cable delay.

After the inspection time, the pileup reject veto is reset following a
delay of approximately 10 ns. Thqs, an output is produced only if a time
interval greater than the (updated) inspection time has elapsed between two
signals. If the interval is smaller, neither signal will result in a valid
out. This is equivalent to inspecting the time prior to, as well as the

time following the signal for occurrence of pileup.
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