INSTRUMENTATION FOR

HIGH-ENERGY
RESEARCH

by George W. Tautfest

N THE HIGH-ENERGY physics labora-
I tory the most remarkable develop-
ment that has occurred in the last
five years has been the introduction
of the digital computer as an active
part of the experimental apparatus.
This development has been due chiefly
to the increased number and complex-
ity of detection elements in a typical
high-energy experiment and the dra-
matic decrease in cost of computing
equipment. The point here is not the
increased use of a computer per se to
do numerical calculations in analysis
of raw experimental data but its use
“on line” as an intrinsic element in a
dosed control loop to modify the ex-
periment while it is in progress.

As recently as five years ago, it was
a standard comment at the conclusion
of analysis of experimental data, often
long after equipment had been dis-
mantled, that “now we know how we
should have done the experiment.”
Today the experimenter can be sup-
plied with such information in a con-
tinuous manner throughout an ex-
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periment. He can remain an active
element in the control loop making
decisions on the basis of information
received, or he can allow the system
to operate with the computer exer-
cising the control function to the pro-
gramed end of the experiment.

For the purposes of this article, it
is convenient to divide high-energy
physics experiments into two cate-
gories: those in which an event is
more or less permanently stored on
a medium such as photographic fAlm
and those in which storage time is
measured in milliseconds. Experiments
of the latter type occur, for obvious
reasons, only in the experimental areas
of a large accelerator; those of the
former type are the life blood of the
high-energy physics laboratory at a
university.

Many other developments are also
occurring in high-energy instrumen-
tation. Detectors such as bubble cham-
bers, multiplate spark chambers and
the new wide-gap spark chambers fre-
quently employ photographic film to
store information. Attempts are Dbe-
ing made to replace human film scan-
ners and measurers with automatic
equipment. The most completely
automated film scanners digitize the
photograph, decide which events are
significant, and then measure them.

Except for bubble chambers. how-
ever, film storage is not always the best
choice. For spark chambers one can
digitize the sparks with vidicon tubes
or sonic chambers. Another detector,
the wire chamber, can feed its output

Automated measuring of
particle events is growing in
popularity. Film from visual
detectors, such as bubble
chambers, can be scanned for
events a"d Hu?n }”?ﬂ.&‘”?'é’d—
all automatically. Detectors
that do not require film
storage can feed data directly
to computers for processing.
But the most exciting
development in high-energy
experiments has been the
employment of the computer
as an active part of the
experimental apparatus.
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L0 magnetic memory cores or a mag-
netostrictive wire. For fast time reso-
lution, scintillation counters in large
hodoscope arrays are being used. At
Brookhaven these detectors are being
used on line, and the experimenter is
able to alter his experimental arrange-
ment as he proceeds.

Film storage

The classical detection devices using
film storage are the hydrogen bubble
chamber (figure 1), with the advan-
tages of high spatial resolution and
target purity, and the multiplate spark
chamber (figure 2), with the advan-
tages of short recovery time, good
time resolution and suflicient memory
for external triggering. For certain ex-
periments, in which it is important
to detect the presence of electromag-
netic processes, the heavy-liquid bub-
ble chamber with a working liquid of
propane, freon or xenon has been
used. Alfred Prodell of Brookhaven!
has recently demonstrated the use of
various hydrogen-neon mixtures as
the working liquid in a bubble cham-
ber; the mixtures allow the experi-
menter to choose the radiation length
of the liquid for his experiment while
he continues to use hydrogen as the
target material.

A new addition to the family of
visual detectors is the wide-gap spark
chamber, which uses only two elec-
trodes with separations up to 50 cm.?
When the chamber is filled with a gas
such as neon at atmospheric pressure
and pulsed with electric fields of the
order of 10 kV /cm, particle trajectories
are observed as tracks in the gas. The
track reproduces the particle trajectory
accurately, and precise momentum
measurements are possible when the
chamber is operated in a magnetic
field. The wide-gap or “track” cham-
ber thus appears to combine the de-
sirable properties of the conventional
multiélectrode spark chamber with
the high spatial resolution of the bub-
ble chamber and is under intensive
development in the USSR and at Har-
vard, Argonne and the Stanford Linear
Accelerator.® Figure 3 shows the qual-
ity of tracks obtainable in such a
chamber.*

In all wvisual devices using film
storage, data-processing problems are
similar enough to be considered to-
gether. The sensitive volume of the
chamber is photographed stereoscop-
ically (with two or more photographs).
These photographs, stored on film,
contain information on particle tra-
jectories in the form of sparks, bubbles
or streamers (together with chamber
fiducial marks to define the geometry
of the photography). In addition one
can store coded or uncoded data on
the status of devices outside the sen-
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sitive volume, such as triggering hodo-
scope arrays, magnetic fields, sepa-
rator voltages and chamber operating
pressure. The steps of the analysis pro-
gram are the following (in order);

1. to decide whether the photo-
graph contains an event of the type
prejudged to be “interesting” with-
in the aims of the experiment; if
not, the next photograph is con-
sidered; if yes,

2. to reject all information about
track images unrelated to the event
and reconstruct in the “real space” of
the detection device the particle tra-
jectories defining the event, by

3. application of the known con-
servation laws to determine the phys-
ics of the event.

Human decision making

The old system of film analysis, only
now beginning to be replaced, was
developed first at Berkeley and later
at CERN and Brookhaven. It is a se-
quential one, with human judgment
exercising control directly at each
step. Each frame is scanned at a pro-
jection table by a human operator,
using two Or more SIEreoscopic views
to locate interesting events. The lo-
cation of the event and information
about the tracks comprising the event
(such as bubble or spark density, de-
cay or interaction along a track) are
noted on a sketch card or scan sheet.
Next, with the scan information, the
stereoscopic views are positioned on
a mechanical stage and chamber fi
ducials and codordinates of points
along the tracks are measured to a pre-
cision of several microns on the film
(20-50 microns in real space).

The output from the measuring
machine is then processed with a com-
puter program designed to make all
the necessary corrections for the vary-

AIR RECEIVER e
LIGHT SOURCE Crpen BUBBLE CHAMBER has a superconduct-
ing magnet to provide a 44 000-KG field.
B OASTiC LERE WD LT This 25-cm helium chamber is being used

for high-energy experiments at Argonne
—FIG. 1

SUPERCONDUCTING MAGNET :
N, SHIELD National Laboratory.
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ing optical media that light rays have
paversed from the bubble or spark to
the image plane of the optical system
and reconstruct particle trajectories
in real space with estimates of errors.
The program assigns masses to par-
ticles, corrects for magnetic-field in-
homogeneities and energy loss in the
chamber medium or electrodes, and
gives an estimate of the self-consistency
of the measurements. Any
error in the scanning or measuring

(’]}){'Tii Lor

process may result in a reconstruction
failure: then the event is resubmitted.
A second program tests the geomet-
rically reconstructed event against var-
jous hypotheses concerning the ob-
served reaction.

At this point it is customary for a
physicist 1o examine the computer
output, satisfy himself that the event
has been adequately measured and
that uncertainiies of reconstruction
are within reasonable limits and finally
to accept a hypothesis for the reaction.
When a large enough sample of a
given reaction has been accumulated,
data are processed by other programs
that calculate Dalitz plots and histo-
grams of physical properties of inter-
est in the reaction.

Computer-assisted decisions

The “new system” of film analysis
attempts to replace the human oper-
ator with automatic equipment and,
where the operator must be retained,
to supply immediate feedback of the
tesults of an operation for control.
The effect is not only to increase the
system’s speed but also to eliminate
errors that might have drastic effects
on the throughput rate.

Many laboratories have taken a first
step toward automatic film analysis,
that of placing scanning and measur-
ing machines on line with a computer.
In the system at Purdue University,5
information from the scanning tables,
including ionization measurements, is
fed directly into a computer file by
teletype communications. When the
Op€rator at a measuring machine in-
dicates he is ready to begin measuring,
the computer indicates the roll num-
ber to be placed on the machine and
advances the roll to the correct frame.
The computer program leads the op-
frator through the measurement step

by step, changing views for him and
checking results at each step.

At the end of the measurement, the
event 1s

immediately reconstructed

and errors are examined. If uncer-
taintities are beyond limits, the pro-
gram requests a remeasurement; if not,
the film is advanced to the next [rame
on the scan fle, and the library event
file is updated. The Purdue experi-
ence, confirmed by other laboratories,
is an immediate gain by a factor of
two to three in throughput rate com-
pared with the same machines work-
ing oft line.

To date the most successful systems
for automatic measurement of bubble-

chamber hlm still retain some human

NEUTRINO

tor at Argonne. Six 30-cm units are

stacked together to form a detector with
containing about 14

a 600-liter volume,

SPARK CHAMBER detec-

The

become operational is the Scanning

elements. first such system to
Measuring Projector (smp), an inven-

tion of Luis Alvarez at Berkeley. In
this system the operator is required
only to position a measuring head
so that the track lies within an ap-
erture about 0.5 cm= in area. As rapidly
as the operator moves the head along
the track, points are automatically
digitized and fed directly into the core
of the computer. A filter program re-
jects digitizations not belonging to the
track and generates smoothed points
corresponding to the precision coor-
dinates obtained from a conventional

measuring machine. If the array of

smoothed points satisfies certain con-

metric tons of material., Neutrinos enter
and occasonally produce interactions in
the detector material. Cameras can be
seen at left end of device. —FIG. 2

ELECTRON-POSITRON PAIR produced

in top plate of a 40-cm wide-gap spark

chamber placed in a magnetic field. Cham-
ber operated in the spark mode.—FIG. 3
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When Better Modules Are Made...

EG&G’s high-speed nuclear counting system for particle physics research continues
to keep pace with the new demands. Eight new modules were added to the M100 series

since the first of the year . . . many more are on the way.

For complete facts on this singular source of sophisticated instrumentation and se
vice, contact: EG&G, Inc., Salem Laboratory, 3¢ Congress St., Salem, Mass. 01970.

Jo by o} = Pa

Phone: (617) 745-3200. Field offices: Chicago, Ill., Phone (312) 237-8565;
Cal., Phone (415) 327-8328.
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View;

tinuity criteria, the operator is
to measure the track in another
il not, the type ol dithculty encoun-
tered s transmitted with a request lor
a4 remeasurement,

Quality ol measurements IS COm-
parable with that ol the conventional
machine, with about twice the w]]tr_':l
for the same cost. A computer ol the

IBNL 701

multancous output ob 520 sae tables,

Ll:!'\ﬁ il J'I.Irll”l' ]]l(_' \J
depending on the amount of auxiliary

computing desired. sMposystems  exist

at Lawrence Radiation Laboratory, the
University ol Illinois, Purdue Univer-
sity, Carnecie Tech, the UUniversity ol
California at Los Angeles and the Uni
versity ol Heidelberg. The University
ol Hawaii has an sare system for analy-
sis of spark-chamber photographs.
Another system, the Spiral Reader,
Berkeley,
the operator’s [unction to positioning

the photograph so that the vertex ol

ilso l[t_'\t'lll]]t'll at recduces

the event 1s centered in the l|lt'.:x1l|'ir|_'_11
head. The entire photograph is then
digitized automatically by a mechan-
ically driven spiral sweep. The output
i5 fed into a flter program that rejects
data lrom tracks not originating [rom
and smoothed

the wvertex produces

bubble-
PEPR

DIGITIZATION (at

richt) of
lefe), made by

chamber event (at

points along the tracks that define the

cyent.

Automatic film analysis

Systems that provide [or completely

automatic analysis ol spark-chamber
and bubble-chamber photographs digi-
tize the entire photograph by sweeping
a fine spot of light over the Alm in a
television

raster pattern similar to a

scan. A photomultiplier behind the
film detects the presence ol a h[!.'llk or
bubble, and the codrdinates ol the
spot position are recorded at the time
ol the “hit."”

The various svstems that have been
developed dilfer chielly in the manner
in which the flving spot is generated.
Seass (MIT). rvciore (CERN), cHLOE

(Areonne), sass (LRL) and ARIANE
(Orsay) generate the [ying spotl with a
precision cathode-ray tube. The

Hough-Powell device (nep),® used in
Brookhaven and CERN systems and in
the rsp system at Berkeley, employs a
system ol fixed and rotating slits com-
bhined with the movement ol the flm
to achieve the systematic scan.

['he scan output is stored in a
scan for the frame

I'he
initiates  the

memory until the
in question is completed.

puter

com-
program then

scan ol the next [rame and Processes

the stored mformation [rom the pre-
vious [rame. Fiducials are recognized,
sparks are organized into tracks and

background sparks are rejected.

computer, becomes input for event recon-
struction and fitting programs. —FIG. 4

Since the confusable background js
considerably higher in bubble-chim-
ber photographs, the analysis is aided
by a predigitizing process known as
“road making.” The roads, made op
the scanning table, are rough predigi-
tizations of the tracks comprising the
event. I'hey are used by the computer
to select, from the totality of coordi-
nates supplied by the flying-spot digi-
tizer, those to be used in reconstruce
ing the event. The coordinates thus
selected are passed through a hlter
program that rejects digitizations aris-
ing [rom crossing tracks, delta rays,

scratches, dust, etc.. and

produces
simoothed points along the tracks,

A more tightly controlled digitizer,
which consequently requires a smaller
memory, is provided in the pepR sys-
tem under development at MIT and
Yale.™ In this system a fixed-program
special-purpose computer controls po-
sition and azimuth of a line segment
senerated by a cathode-ray tube and
quadrupole system. A photomultiplier
behind the fhlm senses the match be-
tween the generated line seement and
the line segment of a track. Informa-
tion [rom the film is used to guide the
scan, and track segments that do not
link to form an event are quickly re-
jected. At present some predigitizing is
required for bubble analysis, as in the
raster-scan systems. Figure 4 shows a
PEPR scan ol a bubble-chamber photo.

Once the sparks have been organized

into tracks or the smoothed output
from a filter program has bheen ab-
tained. the data proceeds through

the reconstruction and kinematic fit:

ting programs as before. Since the
entire program can be under computer
control with continuous feedback, dif-
ficulties can be handled as they are en-
countered. As a last resort the system

can request human intervention!

Filmless storage

Although flm storage allows the uni-
versity data-analysis laboratory direct
access to the accelerator t'XI)t"J‘iH!CI\[ﬂI
floor despite separations of thousands
of miles, ilm may offer no advantage
and be at best an expensive conven:
ience for experimental groups phys-
ically located a few hundred feet from
the accelerator. It is not surprising
therefore, that considerable effort has



been expended during the past three
years on filmless visual IfIElEC[Dl'S.S For
the bubble chamber, with its special
advantage of high spatial resolution,
there appears to be no immediate sub-
stitute for film. The best vidicon tubes
that manufacturers are willing to dis-
cuss offer resolutions still a factor of
5-10 lower than acceptable.

For spark chambers, on the other
hand, the vidicon technique is capable
of direct digitization of spark codrdi-
pates with the precision and short
dead time required.? Chamber scan-
ning is usually parallel to the gaps
with both stereo views of the cham-
ber arranged in a mirror system so
that they can be viewed with one cam-
era. Physics results are already avail-
able from this technique.1?

A second method of direct digitiza-
tion of sparks uses the shock wave
propagated in the gas when the spark
is formed. The acoustic or sonic cham-
ber uses microphone circuitry in each
gap to determine the spark coordi-
nates. The presence of more than the
minimum number of microphones in
each gap, coupled with sophisticated
electronics, allows resolution and loca-
tion of multiple sparks.

Direct readout of the data from the
vidicon or into a
computer provides constant monitor-
ing of the detection system, and the

acoustic network

events accumulated during the beam
pulse can be completely analyzed be-
tween pulses.

Finding the sparks

A different type of direct-readout
chamber is obtained by replacing the
plane electrodes in a multiplate spark
chamber with a grid of parallel wires
(figure 5). When the high-voltage elec-
trodes are pulsed, the spark resulting
from passage of an ionizing-particle
through the gas produces a current in
the struck wires. Since a given plane
yields position information in only
one dimension, a second plane with
wires running at right angles to the
first supplies the other codordinate.
To resolve ambiguities resulting from
multiple sparks a third plane oriented
at 45 deg is added. Typical wire spac-
g is about 1 mm, yielding spatial
resolution of the order of 0.3 mm.
Since the sparks need not produce
nough light for visual recording, the

energy of the spark can be kept low;
this low energy results in a fast re-
covery (200 microsec) and a short re-
solving time (0.5 microsec). A useful
property of the wire chamber is the
low mass introduced beam
compared with the conventional mul-
tiplate spark chamber or scintillation-

into the

counter hodoscope. Joachim Fischer!!
has described a technique of making
etched circuit-board planes up to a
square foot in area with a mass equiv-
alent of 1.5 meters of air for particles
striking the plane normally.

The most widely used technique at
the moment employs magnetic mem-
ory cores to record which wires were
struck by sparks. After the high-volt
age pulse the cores are scanned, and
addresses of the sparks are generated
and stored in a buffer. The read time
i1s comparable with the recovery time
of the planes themselves, and several
accumulated
in the buffer during the beam pulsc.

hundred events can be
Between accelerator pulses data are
transferred to a computer, and events
are analyzed.

In another system the spark loca-
tion is determined by magnetostriction.
The field with
the spark produces an elastic defor-

magnetic associated

mation of the wire, which propogates
as a longitudinal wave at the velocity

e ——

R —

—

——

SCINTILLATION COUNTER hodoscope

surrounds a liquid helium target at Ar-
gonne. A hodoscope array uses long, thin,

H.V. ELECTRODE

SIGNAL
LEADS

WIRE SPARK CHAMBERS. Two kinds
are shown schematically. Single-coérdinate
chamber (top) is made of a wire-grid elec-
trode and a high-voltage sheet. Two-co-
ordinate chamber (bottom) uses vertical
wires as one electrode and horizontal
wires as another electrode. —FIG. 5

adjoining slab detector elements to find
one space coordinate of a par{icle travers-
ing its plane surface. —FIG. 6
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ol sound in the wire. The wires ol the

chamber can be made ol lerromagnetic
materials; then the signal is detected
by a pickup coil in close contact with
wire.l2 The ar-

the magnetostrictive

rival time ol the magnetostrictive

pulse yields one cobrdinate: the sec-
ond is that of the wire itsell.

An alternative method™ employs a
wire coupled

Magnerostrictive mag-

netically to the ends ol the nonmmag-
netic wire erid. Both ends of the grid
wires feed mto an acoustic delay line,

vielding one coordinate in terms ol
delay and the second as a [unction ol
pulse height.

For applications requiring extremely
Last
counter Is still the first choice, and its
L.uke

Yuan't in large hodoscope arravs was

time resolution, the scinullation

use by S. [. Lindenbaum and
one of the frst applications ol large-

scale on-line data analysis. They are
now using a hodoscope (figure 6) with
elements that yield a spatial resolution
ol 3 mm; that is,
5-10 of the

advantage of

within a factor ol

wire chamber, with the
a much higher counter

rate.
On-line experimental control

Organization of these highly devel-
oped detection techniques into a sys-
tem capable of reliably processing the
enormous amount of data potentially
available is a major undertaking. It
[requently involves a long and pains-

taking setup using the skills and ex-
perience of many physicists and re-
quiring much advanced programing
for computer use.

As an L‘XLI]II]JIL’ we consider a current

inelastic proton-proton scattering over
a wide range of angles and incident
energies. Using the experience ac-
quired over the past five years by the
Lindenbaum-Yuan group, Brookhaven
has developed a physics t]cpurlmcnf
on-line data lacility for its user groups.
This [acility, which is built around a
PDP-6 computer, includes a time-shar-
ing monitor system, several high-speed
tape transports, a 300-line/min printer,
and a display oscilloscope. The PDP-6
that

is mounted on two vans can be

moved around the Hoor ol the Alter-

nating Gradient Synchrotron in close
proximity to the experiment (figure

7). Similar [facilities are under de-

velopment at the Cambridge Electron
Acceleratort and the Umiversity ol
Chicago.!7

The

ploys spark-discharge planes!! arranged

Brookhaven experiment em-

as shown in Agure 8. Figure 9 is a block

diagram of the data-handling system.

The wire planes are pulsed by 4
suitable coincidence between scintil.
lation counters S1, 82, S3 and the
threshold gas Cerenkov counter, which
rejects pions. The scattering angle js
determined by the four X (Imrizonml)
wire planes and the four Y (vertical)
planes. The second set of four X
planes, following the bending magnet,
determines the momentum of the par-
ticle. The distance [rom X1 to X8 i
about 30 meters.

The same triggering logic that pulses
the chambers initiates the readout sys.
tem, which reads the cores and ;|sst£11-
bles and stores the spark addresses in
the 1096-word buffer. The event rate
is limited by recovery time of the dis-
charge planes and, in conservative op-
cration, to ensure long life and trou-
ble-[ree operation of the chambers,
the rate has been limited to abour 150
events per AGS pulse (300 millisec),

(3]

In the 2 sec between beam pulses, data

ON-LINE DATA facility
at Brookhaven is built
around a PDP-6 computer
housed in two trailers
that can he moved around
AGS floor. S. J. Linden-
baum stands by one of

= A five teletypes used in
Brookhaven experiment!s to measure time sharing. —FIG. 7
HYDROGEN
TARGET
S, —S; [BENDING MAGNET ),
PARTICLE spectrometer
shown schematically uses

spark-discharge planes and
an analyzing magnet for ac-
curate space and momentum
—FIG. 8

measurements.
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s transferred to the computer, where

it is pro_cessed event by event in the
[ollowing steps:

| 1. The spark addresses belonging
to a particular event are decoded in
terms of the coordinates of each plane.

9 The events in which at least
three out of four planes in a segment
have a good cluster of sparks are fitted
with a straight line. If the deviation
of any one point from the fit is more
than the allowed number of wire
spacings, the event is rejected.

3. The particle trajectory before
and after the bending magnet is de-
termined in the laboratory coordinate
system, and the polar and azimuthal
angles of scattering are calculated.

4, Particle momentum is determined
and corrected for inhomogeneities in
the analyzing magnet.

5. Histograms of accepted events
are calculated and updated, and cor-
relations of experimental parameters
in preselected ranges are calculated.

6. The file tape of events is up-
dated for a more sophisticated anal-
ysis to be performed off line.

7. On demand, a current summary
of event parameters is printed out or
displayed on an oscillograph.

Thus the experimenter can at all
times be assured that his equipment
is functioning properly and can alter
the direction of the experiment on
the basis of results obtained to any
moment. It would be but a small step
further to use the computer in a com-
pletely closed loop to control the op-
erating conditions of the accelerator
and beam-transport system so that
optimal beam conditions would be
maintained during data acquisition.
Beam-energy changes and choice of
secondary particles could be made on
demand or as a programed result of
wollecting sufficient statistics.

An important conclusion to be
drawn from this example is that de-
sign and construction of such a facility
alls for organization of diverse skills
on a magnitude we have formerly as-
sociated only with the design and con-
Struction of the accelerator itsell.

It would be a mistake to conclude
from this discussion that all experi-
ments are necessarily appropriate for
online-computer operation. The type
'?f programed research now coming
Into existence can be welcomed Dby

BEAM TIMING
AN TRIGGER DETECTORS DIGITIZED SPARK PLANES
: : T
l: _,—~ H'v‘ L‘I :
: PULSER |
TRIGGER 1
GOERING SPARK INFORMATION
—|__READOUT ASSEMBLER
SYSTEM
DIGI-SWITCHES
FOR IDENTIFICATION
A
SCALERS AND PROG. CONTROL
INHIBIT _SIGNAL -
4096 WORDS

MAG. TAPE FOR

QUTPUT STORAGE ‘

BUFFER MEMORY

BUSY
LINE PRINTER PDPGWI(_JI_O:IHPUTER MAG. TAPE
FOR OUTPUT FOR INPUT
32K MEMORYJ STORAGE
SCOPE FOR

VISUAL DISPLAY

TELETYPE FOR
PROGRAM CONTROL

TYPICAL on-line data-handling system.
Signals from spark-discharge planes and

all physicists for the freedom it pro-
vides to concentrate on analysis and
interpretation of the experiment. With
automatic handling of most data the
experimenter is liberated from rou-
tine housekeeping that soon loses its
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