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1.  INTRODUCTION

The history of visual track detectors is as old as the history of
nuclear physics itself. Possessing a combination of assets and liabilities
peculiar to each technique, visual detectors invariably figured among the
first investigations in each new chapter of nuclear and particie physics and
frequently made the most significant discoveries. The.expansidn cloud
chamber enabled the discovery of the neutron in 1932; the muon five years
later, and the first observations of strange particles in 1947. Such
chambers were productive even'in the era of modern high energy accelerators
such as the Brookhaven Cosmotron in the early 1950s. Emulsion stacks
identical to those used in the pioneering studies of cosmic rays in the
upper atmosphere are used today in charmed particle decay studies and in
investigations of projectile fragmentation systematics, where a potentially
very significant mean-free-path anomaly has recently been reported (Fr 80,
FrA82). And without question, no advance in nuclear instrumentation has had
such singular impact as the devé]opment of the hydrogen bubble chamber,
whose accomplishments are too_numerous to cite here. Small wonder then that
visua]vtechniques have so tenaciohs]y resisted extinction in the face of the
onslaught of the electronic revolution. They haveiyieided ground
reluctantly, only to reappear in hybrid experiments and rejuvenated by
technical innovation.

‘Having appeared a decade afterwards, the streamer chamber has
necessarily stood in the shadow of the bubble chamber, aithough it supplants
the chief drawback of.the bubble chamber, namely, its nonselectivity or lack

of triggerability. A brief explanation is in order.
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The application of an intense electric field of appropriate durafion to
a volume of gas through which a charged particle ha§ passed can ihitiafe the
growth of luminous filament discharges from the sites of primary iohizatidﬁ'
~along the particle trajectory. Thesé 1uminous:discharges, or streamers, can
be sufficiently bright to be photographed directly without 1mage"> &
intensification; furthermore, limiting the duration of the applied e]ectric‘ v v.
field permits restriction of the streamers to several millimeters or a few
centimeters in 1éngth, measured along the direction of the field. |

Visual track detectors that operate on this prihcip]e are termed
streamer chambers. Such chambers afford 4w sensitivity, and the spatial
localization of the streamers permits three-dimensional track reconstruction
by parallax. ‘As the distance between anode and cathode of a large -volume:
chamber may ‘be 30 cm or more, many times the length of an individual
stréamer, no direct spark channel between anode and cathode is formed.
thséqueht]y,'un1ike the spark chamber, no single track will cause the
applied voltage to sag, and, therefore, the étreamer chamber is tapab]e of
&efettihg events of arbitrarﬁ]y high multiplicity With no diminution”dfi
Tight output. Events of up to 150 charged secénda%ies from the collision of
relativistic heavy ions have been kecorded at the Bevalac streamer chamber.
Most important]y, an electric fié]d may be applied within a few hundred
‘nanoseconds of an event, which is short compared with the recombination time
of electron-ion pairs and even with respect to the time that diffusion of
primary e]ectrons‘would seriously impaik track localization. Thus, the
streamer chamber has the excellent feature that it may be triggered by .

external detectors and events of interest presé1ected before recording.
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These chambers are normally operated in a magnetic field parallel to
the electric field and recording axis, and the magnetic rigidity of tracks
thereby determined. Limited particle identification capability has been
demonstrated by streamer density measurement, at least .among lighter species
(Z <3). The utility of such a visual technique with rigidity measurement
for identifying particles with a characteristic‘decay such as A - b+ +
is evident.

Streamer chambers nevertheless have their shortcomings. - Apart from the
disadvantages of film recording :and scanning, there is a practica1 *
data-taking ‘limitation of a few events per second beyond which the pulsed
high voltage supply, normally a Marx generator, invites difficulty. If the
beam traverses the active volume of the chamber, the beam flux is limited by
the memory time of the chamber; this flux in the best of cases is <5 x 105 s']
In excess of that limit, every event will invariably be accompaniedebyf'
unwanted beam tracks. Solid targets within the active volume must:be:
nonconducting or encapsulated in a nonsensitive atmosphere. Last, the - -
passage of the beam and secondaries through the chamber windows, gas, and
target imposes a lower limit on incident energy fbr heavy ion work. Roughly
one may estimate this to be 10 MeV/nucleon without taking exceptional _
measures to.reduce energy loss. It should be noted that operation at these‘f
low energies requires targets comparable in thickness with the remainder pf
material along the beam path; otherwise, the fraction of events occurring in
the target may become unacceptably small compared with that of interactions
in the gas or windows.

1.1. Development of the Streamer Chamber

Not surprisingly, the streamer chamber was the child of high‘energy

physics, specifically an outgrowth of wide-gap spark chamber wprk. In the
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casé of the wide-gap spark chamber, the electric field is chosen to be "
parallel to thé anticipated trajectory, as itvis observed that for a -
~particle whose angle of inclination to the field is not too great:(within
45° or so), thelspafkichannel follows the trajectory and not the shortest
path between anode and cathode. 'By;the mid-1960s it had been rea1ized'thaf
isotropic 1oca]ization of tracks was possible even for trajectories
perpendicular to the applied field, not because of the coalescence of
initial avalanches as in the case of the wide-éap spark chamber but rather
by stringent control of streamer growth to veryvshort distances. This
inifia] demonstration; as well as much subseqdent theoretical and
experimental work on stfeamer formation, was Russian (Ch 63, Ch 64, Do 64).
"By the early 1970s, large volume chambers on the order of

0.5 x 1.0 x 2.0 m3 were engaged in large-scale data product1on experiments
at most high energy physics facilities around the world, both in fixed
_taﬁget mode (w& 72, He .75) as well as in colliding-beam experiments, where
the streamer chamber.must surround the evacuated inteksection region (Eg
75). More recent]y in the field of elementary particle physics, a miniature
chamber of novel deswgn has been emp]oyed by the Ya]e group at FNAL to study
the decay of charmed particles (Sa 78). Operatjng with ultrashort
high-voltage pulses and extremely hfgh'gas pressures permits few hicron
spatial resolution, which, coupled with a faVorable Lorentz factor, makes

-14 seconds accessible in this experiment.

lifetimes on the order of 10

The applications of streamer chamber technology in nuclear science have
been morev1imited. Extremely low count rate experiments .frequently motivate
the use of a visual technique, particularly if the events possess a.

characteristic "signature" and electronic coincidence experiments: would not

be feasible because of background processes. A streamer chamber was
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employed for this reason in-establishing;strict upper limits on:the rate of

double B~ decay of 48

Ca-(Ba 67, Ul 68),: whereas many previous' .
coincidence experiments proved inconclusive. 'Perhaps the first in-béam}_,:»--f
application in nuc]ear;physics was the study of the p-4He analyzing power -
at 800 MeV where helium gas serVed both as the target and chamber gas;-
620,000. pictures were. taken .in this experiment (St 69).

Nevertheless, a large-scale program in nuclear science did not begin. .-

until both an existing streamer chamber and a high energy physics

accelerator--the Bevatron--were re1inquished by the high energy community. -

Since the conversion of the accelerator in 1972 -to the:production of

relativistic heavy ion beams--now termed the Bevalac in conjunction with-the
SuperHILAC.injector--more than 900,000 photographs have been, taken of

nucleus-nuc]eusvcolTisiQnggwith beams of p, 4He, ]ZC, ]5N, 20Ne-, 40Ar,5andﬂl;“;

4OCa».f_rom 30-2100 MeV/nucleon. A preliminary review:of that work.appeared
in 1979 (Sc 79).. A similar program_has‘been carried out at the.SKM-200 2 m
streamer chamber at Oubna. |

Within the past four years, the feasibility of streamer chambers for
heavy ion reaction studies at lbwer energies (€35 MeV/nucleon) has béen
demonstrated. at the Berkeley 88" cyclotron. This work has- been directed
towards the development of a hybrid chamber that combines the best features
of solid state detectors, event-mode data col]ectjon, and visual track
recording,land.the first producfion experiments have been completed only
within the past year.

1.2. Relevant Aspects of Streamer Formation

The study of avalanche growth, transition to streamer propagation, and
eventual formation of a spark discharge is a rich one in its own right,

containing -a whole complement of atomic and electromagnetic phenomena in a
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vp]asma. The interest in these chambers as tools of particle and nuclear
science, particularly for differing needs and'constrainfé,?hascihipa?t
'brompted a vigorousztheoretical and experimental sthdy‘of;StréamerS”ih
various -gases, although some details of their formation?still elude us.

Fairly recént,comprehensive summaries of these topics do exist, ‘and the
wofk of Rice-Evans we mention in particular-as an excellent reference source
for the atomic physics involved in.electron multiplication in gases and
streqmer chambers in general (Ri 74).. We will not attempt such a broad

treatment. here but onlyunderline those features of streamer growth that are

relevant tO'undensténding the advantages and shortcomings of operating in. =

thestreamer regime. .

When ‘a charged particle traverses a volume of gas, it loses energy - ~ =

principally by jodizatibn and leaves a trail of electron-ion pairs, which in.

noble gases represent roughly 30 eV of energy loss each.. The electrons and

jons will diffuse away from the trajectory but without acceleration 'in an

externa].electric'field will eventdally recombine. In gases of sufficients *-

purity;ﬁhowevér,‘fhe recombination time may be hundreds bf microseconds;,
much longer than necessary -for ekteﬁna] detectors and conventional : |
electronics to determine that such a charged partic]e may represent a
potentially interesting event. Clearly the diffusion process imposes a much
stricter limitation on the delay time permitted before application of an
electric field to initiate an electron avalanche in order that the electrons
still retain a tolerable proximity to the initial track. As-‘a rule of
thumb, the overall delay time between event and high voltage pulse should be
no more than a few microseconds. A practical considerafion is the reduction
ofvthe memory time of the chamber gas tofmatch-this'value approximate]y and

thus to maximize the acceptable beam rate. Normally, this is accomplished

P
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by the admixture of a few‘parts per million of an electronegative gas-such,
as SF6. |

- The requisite field strength for neon-helium chambers at atmospheric
pressure is 10-20 kV/cm. While studies have been made of streamers formed
by microwaves or laser pulses of suitable intensity (Wa~72), it is fair to
say that for all chambefs involyed in daté production in particle and
nuclear work, the high voltage source is invariably a Marx generator and
Blumlein transmission line terminated in the cathode and anode sandwiching
the gas volume.  In such. an electric field, each free electron gives rise to

an avalanche well described by an exponential growth in distance,

and traveling with the electron drift velocity. Here a is the Townsend
first ionization coefficient. While simple considerations predict its.

behavior to be given in closed form,
a/p ='Ae'B/(E/p)' , ' . - (2)

where E is the electric field strength and p the gas pressure, it is
sufficient for our purposes to note only that o/p is a steeply rising v
function of E/p over the range ré]evant for practical chamber operation.
The positive ions left behind may -be considered to be stationary, at least
in the short time scale. |

Assuming. that the cathode and anode are sufficiently far apart, the
exponential growth of equation (1) dictates that at some point the internal

space charge field of the avalanche will cancel the applied field and the
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multiplication will cease, the distance in which this will occur is fﬁagﬁly
in inverse proportion to a. At this stage, the total separated charge may
be only ~10 frée electrons, too few to produce a photographic image |
without an image intensifier. | | o

It is useful to consider that the sbace charge field of the avalanche
will be essentially dipole in character. Such a field will cause nearly
perfect cancellation of the applied field inside the avalanche and lateral
to it but--and this is the importént feature of streamer growth--a
considerable enhancement of the applied field at the head and tail of the
avalanche. Partial recombination of electrons and ions at this timeiwill
cause the emission of ultraviolet photons, some few of which wi]]rescape
reabsorption inside the plasma. Because of the strong dependence of o on E,
the resuftihg photoelectrons in the neighboring gas lateral to the original
avalanche will have virtually no probability of initiating secohdary
avalanches, whereas those liberated at the extremities of the original
avalanche will give rise to secondaky avalanches that will grow with even
greater velocity. These in turn after épace charge arrest will generate
tertiary ava1anches, always along the direction of fhe applied field, and
the simultaneous grbwth of the discharge in both di%ections by the
photoionization process is termed streamer propagation. By the terminatipn
of this process the Ve]ocity of the streamer may reach a tentH of the speed
of light.

If the streamer has grown to a length of more than a few millimeters,
the light output should be sufficient to produce a photographic image
- without image intensification. A schematic view of a track is shown in Fig.
1, both along the direction of the field where the trajectory is delineated

by‘a series of bright points, and perpendicular to the applied field, which
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has the appearancé of a luminous ribbon. (Streamers in neon are easily
visible to the naked eye and are.orange—red in CO]OF:) For diséharges on
the order of one centimeter in length, two or more views along the directioﬁ
of the electric field and separated by 15° or so provide adequate parallax
to reconstruct the three-dimensional tréjectofy.. - ‘

But there is a severe price to be paid for brightness. Three factors
conspire to make streamer growth among neighboring sites a highly
competitive process: the statistical nature of ultraviolet photon emission,
the enormous acceleration of secondary and tertiary avélanches, and the
large space charge fields of developing streamers. The result is a
suppressed dependence of streamer density with initial ionization,
exemplified by the observatibn that of the 40 1hitia1 electron-ion pairs
created per centimeter in neon gas at one atmosphere preésure by a minimum
jonizing particle, on the'average only 2.5 will develop into streamers. As
a cbnsequence, streamer density is not proportionalbto 22 and particle
jdentification thus becomes problematic.

While particle discrimination is routinely performed between protons:
and pions in relativistic heavy ion studies, c]ear]y'some different scheme
will be necessary for the more general case. The most realistic option is
to operate such a chamber in the avalanche regime where space charge effecté
will be far less important, and in fact the absolute correspondence of

ava]aﬁche sites and primary electrons has already been demonstrated for

minimum fonizing particles (Da 69). This mode of operation should result in

- the additional benef it of a considerable reduction of "flaring”, a

phenomenon that will be discussed in section 2.1.
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2. STREAMER CHAMBERS IN RELATIVISTIC HEAVY . IONS

2.1. The Bevalac 1.2 m Streamer Chamber - - - - - -~ . .. .o o0 -

2.1.1. Physical Description and Operation

The §treamer chamber facility at the Bevalac was built in 1970 as a
joint project between UCLA and LBL to study m and K~ induced reactions
on hydrogen (Gr,72).v In 1974 it was used for the first time to explore the
~interactions of relativistic heavy ions. Since then, more than 900,000

pictures. have been taken with beams from protons to 40Ca, energies between

30 MeV/pucleon and 2.1 GeV/nucleon and targets with masses between Li and Pb.

The streamer chamber facility consists of the beam transport.line, the -

chamber body, a-dipole magnet in which the chamber is placed, a high voltage

Marx generator, a main spark gap, and a Blumlein for shaping the high
vo]tagé pulse applied to the chamber, a recirculating and purifying gas
system, a set of three 35 mm cameras which record the event, and a series of

beam defining and trigger counters and their electronics.

The beam transport system consists of the usual dipole on quadrupole = .

magnets with the peculiarity of having two pitching dipole magnets with
opposite polarities rjght.in front of the streamer chamber magnet. This
_a]]ows one to bring the beam into the chamber at any desired angle, which is
necessary in order to focus the beam through trigger scintillators and the
target, placed inside the streamer chamber magnet, which is kept at a
constant field of 1.32 T irfespective of the beam rigidity.

The chamber itself is a double streamer chamber wfth.a central high
voltage electrode and -a sensitive volume of 120 cm long x 60 cm high x (2 x

20 cm) deep (Figure 2).

-

#1
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.The chamber body is made of epoxy seéled polyuréthahe.foam; which
provides sufficient mechanical rigidity and yet has very low ‘mass in order
to minimize the secondary interactions in it. The back plane is made of
anodized aluminum, and the high voltage e]ecfrode in the center of the
chamber and the front electrode are made of a 0.22 mm stainless steel wire
mesh. The front window, through which the events are photographed,-is made
of 9 um mylar. .

The whole chamber fits into the gap of a dipole magnet that has both
pole pieces removed, one fdr photography, the other for access to the back
plane through which the targets and trigger scintillators are inserted. The
dipo]e.broduces a 1.32 T field normal to the center electrode, with maximum
inhomogeneities of 10% in the chambér volume. The three field components
have been mapped and fitted to a 29th order polynomial, which giveé typical
r.m.s. errors of the order of 10 gauss.

The hféh-voltage pdlsing system consists of a 2 stage Premarx and a 12
stage Marx gene%ator, which providé pulses up to 720 kV (Figure 3). The
Premarx and Marx spark gaps are: placed in a_single'co1umn with N2
insulation at pressures between 12 and 20 psi. éThe column and capacitors
are immersed in transformer 0il for insulation. Thé Premarx is triggered by.
an 8 kV hydrogen tyratron pulser and the capacitors are:charged by #30 kV
regulated power supplies. The mainlspark gap, which is fed by the Marx
generator, controls the actual Voltage of -the pQ]se applied to the chamber
by variations of the spark- gap distance and the pressure of the SF6 in
which it is contained. . The output pulse of the main Spark'gap is shaped
with a Blumlein transmission line, which a]]ows the.pulse length to be

varied between 5 and 15 ns (Figure 4).
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-The streamer chambér gas used“ié 90% Ne, 10% He and of ‘the order of:30
ppm SF6 used as poisoning gas to reduce the memory time to 2 us: The gas
is being recirculated and purified with a liquid nitrogen trap and molechar
sieves.

The events are photographed with three 35 mm Flight Research cameras,
which are provided with 40-mm 1eﬁses and have no shutter. The cameras are
positioned with a 15° stereo angle between lenses. A Kodak S0-143 emulsion -
on an.antihalating base is used on all three cameras and is spray developed
to have:a high contrast.

ar'The nonconducting targets are mounted on lucite frames and inserted 1n
the back half of the chamber; Compounds like LiH, NaF, KC1, Bal,,
Pb304 have been used. Metallic targets havé»been used inside a plastic "
bag i air, which prevents sparking. Targets of Ca and Pb have beer used.

In the trigger system (Figure 5) the beam signal is defined by the. -
coinéﬁdehce between two 150 um Si surface barrier so]id’state detectors
outside of the chamber (S1, S2) and a 75 um plastic scintillator (S3) inside -
the chamber 5 cm upstfeam from the target. These are in anticoincidence -
with a plastic scintillator (C) colfﬁmator with a 1.2 ém diameter hole in
front of the Si detectors. The trigger scintil]atof (T) is placed 27.8 cm”
downstream of the targef and is used to trigger on events by performing an
anticoincidence with a valid beam signal for all pulse heights above a
certain threshold. Thus reactions are recorded only for energy deposition
in the downstream scintillator falling below a predetermined level. By
varying the threshold of the T pulse height at which events are rejected,
one can vary the trigger bias from unbiased (threshold above the beam pulse
height), to minimum bias (threshold just below the beam pulse height), to
central trigger (threshold at ~10% of beam pulse height) (Figure 6). A

summary of the chamber characteristics are given in Table 1.
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Under normal running conditions, 600 ns after the event occurs the
trigger logic decides if the event is to be taken-and, in this case, a pulse
is applied to trigger the Marx generator. Approximately 700 ns later a 700

kV, 10 ns long negative pulse. is applied to the central electrode. This
pulse travels through the chamber and ‘is absorbed at the end by the -
terminator resistors that are matched to the chamber impedance. Ouring the
traversal time of the high voltage pulse, the primary- ionization is
amplified by a factor of 10g as it develops from a Townsend avalanche in
streamer formation through the.photoionization mechanism. The streamgrs‘can
only grow along the direction of the electric fie]d (perpend{cular to the
central electrode) producing along tﬁe track of an ionizing particle a
ribbon of light, 1 mm in profile and ~1 cm in width. As the magnetic field
is parallel £o the electric fﬁe]d, even high energy delta rays are cﬁr]ed
into tiny helices along the magnetic field lines. The streamer light decays
in V3 pys and is recorded by the cameras that view the streamers in profile
to obtain the best spatial resolution. The roll and frame number and other
fiducial lights are flashed 3 ms later, and the cameras advance the film
after 50 ms. The Marx generatdr is recharged and thus 250 ms after an event
the system is ready to re;ord the next. |

There are two types of tracks that can appear in an event: the normal
ones that are formed by isolafed streamers that extend along the field
direction and the bridging ones that correspond to particles emitted from
the target along the electric field lines towards the cameras crossing the

central and the front electrode. For these, the streamers are fused into

- each other forming an jonization channel through which a spark develops.

This makes them a factor of thousand brighter than the normal tracks and

correspond to the short bright stubs around the target (Figure 6¢c). The
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region in which these bridging tracks form corresponds to a cone from'the
target to the cameras with an opening angle of 20°.

Another effect that is often seen in the picture is flaring. These are
the very bright 1ighf’patches that éometimes appear along a track, maihly
downstream of the target, saturating the film. These appear wﬁen the charged
particle hits a wire of the central electrode producing a shower of
electrons. Figure 7 shoWs such a flare as it is seen with no confining

magnetic field.
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2.1.2. Film Scanning, Measuring and Track Reconstruction

-Once the events have been recorded and the film developed, the film is
first scanned tb determine the event‘tOpoldgy, counting the number of tracks
produced and classifying them into different Categories.' Such a
classifiéation fs made according to chargeésign, curvétufe; projected
emission angle and occurrence qf secondary processes like Y cdnversion,'
neutral strange particle decayé and secondary interactions. This work is
done by scanners who project each view of the event.onto a scanning table
(Figure 8).

After scanning, évents are selected to be measured in order to do a

three dimensional track reconstruction to extract momenta and emission

angles.

| A charged particle describes a helical trajectory in the chamber volume
apart from inhomogeneities of the magneticfield and enerdy loss in theigas.
The pitch angle of the helix, also called the dip angle, is given by the
angle of the track to the plane normal to the magnetic field (Figure 9).
The principle of space reconstfuction is based on the fact that each camera
records the track in a different projection reTative to space fixed fiducial
marks. If one measures the projection of one point on two different views,
the intersection of the rays from the projected point to the camera gives
the point's coordinates in space as seen in Figure 9.

In order to obtain the coérdinates on film bf any point, one can use an
image plane digitizer, which has been developed to digitize bubble chamber
film (Figure 10). In this digftizer the operator manually positions the
film on the point that she wishes to digitize with an accuracy of 1 um on
the film plane. The toordinates of the digitized point are stored on

magnetic tape for further ana1ysis.
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In order to reconstruct an event, the following procedureis used:" | .

~ A) A complete set of fiducials, positioned in the front and the back
of the chamber, is carefully measured five times for each view. ‘From
this, the mean and standard déviation of the fi&ucial»coo}dihates on
film are extracted, which-are used to determine the optical constants
‘of each camera.

B) For each event to-be measured the scanner firét matches the tracks
in the three Qiews so as to measure them in the same order. For each
view she then measures a set of four fiducial marks in order to
establish a reference frame and then measures the selected tracks in

the order established by the match procedure. For each track, the

measurement starts from the point nearest to the vertex and digitizing -

. on the-average 12 to 20 points along the track. A computer drawing of

.s=such' a measured event is shown in Figure 11.

C) Once all the tracks are measured in all three views and the
coordinates written on tape, this data tape is analyzed by the Three
View Reconstruction Program (TVGP) (So 65). Using the optical
constants it corrects disfortibns and transforms the measurements to an
ideal plane. From this it generates space points which approximate the
true space points of the trajectory. Then, assuming a particular mass
~ of the particle, a space curve is fitted to these points, incorporating
the magnetic fie]d variations and the energy loss in the gas. From
~this, physically interesting quantities, momentum, azimuth and dip
angles are calculated for points at the beginning, middle and end of
the measured track. For each of these stebs a full error ané1ysis is

performed, including the effects of multiple scattering.

T
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D) Due to the high track density aound the vertex, most iracks are
measured beginning several centimeters from the vertex. It is
therefore necessary to extrapolate the tracks back and ‘to.determine the
point of intersection énd recalculate the momentum and emissﬁon_angﬂes
of all the traéks at the vertex, taking into account thérenérgy loss -in.
the target. This procedure and the kinematical fitting to the event
topology are performed by the programs SQUAW and Apache (Da 68).
Typical values of the resoiution obtainable for differént paraheters

are given in Table Il... The final results of the reconstruction are thé

four-momenta of the measured tracks and their errors. As an example, Figure

12 shows the projections of thelparticles' momenta in the laboratory:

corresponding to the event measured:in Figure 11. It is a central

interaction of 40Ar on KC1 at 1.8 GeV/nucleon. The measured momenta can
then be transformed to the center of mass frame. In Figure 13 the. same
event is transformed to-the center of mass rapidity and transverse momentum
space. The rapidity, ..

AL

B e = T -

corresponds to the Lorentz invariant velocity. Ore may then analyze the
charged particle exclusive final state of such a réaCtion, such as the event
shape, two particle correlations, degree of thermalization, amount of énergy
converted into pions, etc. One'must remember,ihdhever, that about half of
the emitted particles, the neutrals, are not detected by the streamer

chamber.
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2.1.3. Physics

2.1.3a. Study of m_ Production

There is considerable interest in studying pion production and its -
energy dependeﬁce in heavy-ion central coT1isions. The pions, consisting of
a quark antiquark pair; are produced in proton-proton collisions from
threshold up to 2 GeV mainly from thé decay of the A(3,3) isobar and in a .
lesser extent from N* production and decay. In the collision of two heavy
jons a region of high density, high temperatdre and 1argé baryon number is
formed in which a fraction of thevavailable energy will be converted into
matter as A's, N*'s and pions. Is the mechanism that transforms the energy
into mass in proton-proton collisions the same as in a nucleus-nucleus
collision? Are there other effects of a collective nature coming into
- play? Does the distortion of the vacuum in the high density stage affect -
the feactioh'mechanism? What are the properties of a nuclear system with a =
large' percentage of isobaré? Can the A-A interaction be studied- in suth'a BRI
system? Are the pions produced on]y'through resonances or can they be \
created out of the thermal bath as T'n or T pairs? What is the
maxiﬁdh density and4temperaturé attainable in such a collision? From.thé
study of the pion hu]tiplicity distributions at various energies thermal- and - -
cascade models. can be tested (Gy 78, Va 78, Ya 79, Mo 79). Also if there is . .-

a transition from nofma] nuclear matter to a pion condensate it might be

reflected.on the pion yield (St 79).

]

A first step to try to answer some of these questions has been done by
doing a systematic study of T production and accompanying nuclear .
disintegration in the interaction of 40Ar + KC1 for bombarding energies
from 0.4-1.8 GeV/nucleon. The experiment was performed at the Bevalac using

the streamer chamber facility. A near-equal mass projectile and target
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System was chosen in order to provide a well-defined center of mass and to
minimize absorption effects due to cold spectator matter. A nonconducting 3
mm thick KC1 target was placed inside the sensitive volume of the chamber

permitting 4n exc]usive'charged particle detection and charge-sign. and

rigidity determination in a 1.32 T magnetic field.

| The streamer chamber trigger technique, developed by Fung et al. (Fu
78) consisting of a beam defining counter-target-downstream scintillator |
configuration was used. The downstream counter, placed 27.8 cm from the
target with a solid ahg]e of 74 msr,'waé used to detect the projectile
spectator fragménts} Data were taken at each energy in two trigger modes:.:
an inelastic mode that rejected the noninteracting beam particles and a
central mode that selected events with small total charge in leading
fragments compared to that of the beam. For each trigger mode 2000 to 5000
events were accumulated at bombarding energies at the target center of 360,
566, 772, 977, 1180, 1385, 1609, and 1808 MeV/nucleon. Each event was
c1assifiéd according to its negative pion multiplicity, total charged
particle multiplicity, and‘number of Tleading tracks.

Total charged particle (ntbt) and negative pion (nw-) multiplicity . .
distributions are shown in Figure 14 for both trigger configurations at 1.8
GeV/nucleon,' For the inelastic trigger, the partial cfoss section of events
with a given multiplicity O(nfot) decreases exponentially for low '
mu]tjpTicities and reaches a plateau for 25 < Niot < 40, which is followed
by a sharp cut off at.higher multiplicities.' The observed shoulder at high
multiplicities, which appears at all bombarding energies, is not reproduced
by the fireball (Go 78) or cascade (Ya 79, Cu‘80) models. Iﬁ the fireball
model this may be ascribed to the clean cut geometry, wﬁith neglécts
dissibation of momentum and energy along the }ransverse direction,

underestimating the number of participants.



-20-
The total cross section observed for the inelastic trigger is o.= 1.78 *

0.03 b. The effect of the trigger bias, which'suppresses events with charge

ot
= 1.9 + 0.1 b. This value agrees well with a geometrical reaction cross

multiplicities ny <5, is estimated to be a 6% correction yielding g
section that fits the systematics of the available experimental data. The
central trigger mode was used to enrich the sample of high multiplicity
events. fhe resulting Nt ot distributions are Gaussian as shown in Figure
14. The tbta] cross section observed for the'centra1 tfigger is 0. = 180
* 5 mb, which corresponds to b < 2.4 fm in the geometrical model. In order
to maintain the same range of impact parameters for the study of the energy
dependence of central collisions, the trigger bias was adjusted to maintain
a constant cross.section at all bombarding energies.

A detailed examination of the correlation between n_- and it
provides .a more exclusive picture of the interaction. Figure 15 shows a

ot

in the inelastic trigger mode. The reaction products are confined to a

contour plot of the reaction cross section as a function of n_- and Ny

smooth distribution about a narrow ridge with no discernible signature of
anomalous pion production. The dash-dot curve, representing <n_->as a
function of.ntot shows a monotonic increase with no discontinuities, a
feature common -to the other bombarding energies. For high multiplicities,

the interaction approaches the total disintegration limit, which correponds

to the maximum number of observable charges; in this case,

max

Niot = Z(Ar) + Z(K or C1) + Znﬂ- . (4)

which is given by the straight lines in Figure 15.

~a !
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In addition to the mean, considerable informatjon is contgjnpd‘jn the
dispersions of-these distributions. However, the corre]ation»Béfyeé6 nt6t.
and n.- is not directly- suitable for theoretical anajysis.' Instead,ig .
correlation in terms of thevnumber of participant nucleons is more
appropriate. From the streamer chamber data, a good estimate of the nﬁmber
of projectile and target participant.protons (Q) can be'obtainéd. The |
participants may be definéd as all nucleons outside the projectile and
target fragmentation Fermi spheres (Hi 77). To estimate the numbef of
participant charged nuclei in each collision; the charges created (2 n%-)

. v

and the number of observed projectile ("proj) and targef (n

spectator fragments were subtracted from n, .:

tgt

o . s | S
Q= Nt - Znﬂ- = (Moros * Nigt)

, "'(5)

where n is the number of leading fragments traveling with the

S
proj
S
v tgt
positive tracks observed with Plab < 200 MeV/c. The resultant Q is

projectile velocity in a 4° forward cone and n is the number of '
identified as the number of participant protons, assuming that all these
participant nuclei are singly charged. In Figure 16 the data of Figure 15
are transformed into the n_- Vs Q space. As shown by the dots in Figure 16,
the mean - multiplicity <nﬂ-(Q)> increases linearly with Q. Such a linear

dependence of <nn-(Q)> on Q is also found at all bombarding energies (Figure

17). The resulting n distributions are such that, for a given Q, the

square of the dispersion is equal to the mean,
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as shown in Figure 16b. This extends the results of Bartkeset-éi.‘(8a179)
_for central collisions to all impact parameters, if the distributions.are
classified according to the number of participants. There are two main
contributions to fhese dispersions: (a) the dispersion in the number of
negative pions produced in a N-N col]isfon at the relevant energy and (b)
the fluctuations of the number of pion-prodhcing and absorbing
interactions. It is observed that the elementary procéSs (a) has a broader

distribution, O _ = <n >, broader than that from Poisson statistics

m i :
alone (Ak 80). However, for heavy ion reactions at these energies the

second contribution. is the dominant factor. The observed Poisson
distributions suggest that the fluétdations are statistiéa].

o The excitation functioh for the central trigger was measured
maintaining a constant o = 180 mb. The results for the mean
mu]tibTicfties and their dispersions aré‘summarized in Table IIi. Thebmean,
number of participants <Q> is ré]ative]y’constant above 800 Mev/nucleon;
below which a decrease in <Q> is observed, most likely due to an 1ncreasevin
cluster formation. The mean pion multiplicities <n _> are shown in Figure
18 as a function of the c.m. energy/nucleon. A 1ingar dependence of <n >
with theﬁc,m. energy is observed above 150 MeV/nucleon, but there is noTT

evidence of a discontinuity in the excitation function that could be

ascribed toia.phase'transition.

2.1.3b. Two Pion Correlation Measurement

A group from the University of California Riverside has made unique
contributions in triggered.streamer chamber studies of relativistic heavy
jon collisions at the Bevalac for several years. The preliminary work of
this group focused on topological studies of charged particle multiplicities

‘and negative pion yield and transverse momenta as a function of trigger
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mode, projectile and target mass, ano beam energy. More recently, they
reported the first observation of the Hanbury-Brown;TWjés effect (intensity
' interferometry) in the production of identical pions and thus made
inferences concernino the space-timevstructure of the pion-emitting source.
The tracks of negative pions (easfiy dfétinguished from e]ectrons)iwere_-
measured on Micrometric scanner-digitiier tabtes, and the geométric
reconstruction performed with a One View Fitting Program (OVFP), a modified
version of TVGP. In the OVFP, depth information on any particle is obteined
by observation of the track endpoint on the.wa11s of the fiducial volume.
The resolution achieved with this procedure is better than 1°'in_po1ar
angle, 3°-5° in azimuthal angle, and under 10% in momentum, averagediover .
all angles. o
As suggested by Kopylov, the signature of pion interferometry wou1d be ,
evident 1n the normalized ratio of the number of pa1rs of 1dent1ca1 pions .
from the same event to the number of pa1rs of 1dent1ca] p1ons from d1fferent:
events, as a function of their relat1ve momentum q = |pi - pklwand |
energy difference 9y |E - Ekl (Ko 73, Ko 74) | Figure 19 disp]aye |
the first data that conclusively showed th1s effect, for 1nc1dent 4OAr at
1.8 GeV/nucleon, with targets of BaI2 (1ne1qst1c triggering mode) and
Pb30, (inelastic, central triggering modes) (Fu 78a). In a]t three v
cases, a clear peak is seen at low relative -pion momenta, manifesting the
statistics of identical bosons | |

A]though the. existence of the effect 1s clearly established, the

extraction of physical parameters of the pion-emitting source depends on the . -

shape and magnitude of the correlation function at low g, through the
specific assumptions made about the source. For example, Yano and Koorin

derive the following form for the case of a Gaussian space-time distribution:



where ro'and T are its characteristic space-time parameters and K an
arbitrary normalization'constant (Ya 78). Coulomb final state interaetions
between the two p1ons and the pions and the spectator nucleons undoubted]y‘
mod1fy any such analys1s, neverthe]ess, stra1ghtforward fitting of the data
with two such models suggested a source radius on the order of 3-4 fm.

Sinoe the original.report, the'experimentalusituation has been refined
by the aecumu]ation of greater statistics, thus é1lowing a subdivision of
the date.aeconding.to pion multip]icity. It was hypothesized that the
number of pions emitted in any event may provide a more direct measure of
the centra11ty of the collision or the volume of over]ap between the
prOJect11e and target nuc]eons, ‘even after se]ect1on of events accord1ng to
energy depos1t1on in the downstream detector. This hypothes1s was tested by”
repeating the correlation analysis for each set of data'conkespondingjto a |
particular nenge of pion mu]tip]icity, and the results are summarized in
Table IV. The qualitative trend is és predicted, the radius parametem
varying from 3.1 fm to.5.6 fm as the pion mu]tip]icity varies from 2 to 15
per event (Lu 81) Keep1ng in mind the prev1ous comments concern1ng the
modifications imposed by f1na1 state interactions, the comparison w1th a
strict Thermodynamic Fireball Model (TFM) is not at all satisfactory, unless
the “freeze-out density", Pe (the density at which the\particles in
thermodynamic equilibrium are permitted to be observed“asymptotica11y
without further interaction) is increased from one-third to one times normal

nuc lear density.
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2.1.3c. Strange Particle Production

In the study of high energy nucleus-nucleus collisions it 15 di%fitdf;f
to extract information about the initial stage of the reactiop wheré high
baryon densities may occur. Studies of nucleon and clustef'émiééion (sa
80é) are consistent with‘a development towards chemfﬁa] equi]fbr&um;in the -
final stages of the reaction preempting information about the primary
- stages. A prodﬁction near;thresho]d is expected to occur either in‘the
‘first generations of binary nucleon nucleon co}lisions 6r from a localized
collective high temperature, high density‘system and, in any case, to
reflect the first stages of the ihteraction. Although rescattering of .
particles in the‘nuclear.mediuﬁ is expected to be important, the-a?sorbtion\
of A's is minimal. Therefore, the study of A-production would provide a new
‘way to examine the interpenetration phase of hucleus—nucleus collisions.

| Strange baryoh productidn near threshold in nucleus-nucleus collisions
is interesting since it provides an opportunity to test the.effect of. an
extended nuclear field on the production mechanism (Bj 69). In the- .
elementary NN > AKN process, a;strange—antistrange quark pair must be
produced -from the sea (Ho 77). 'Thevexistence of strange-antistrange quark
admixtures in the nucleus (Gr 79, Va 79a) may enhance the strange baryoﬁ  
production near threshold. - ~ R

404, + KC1 collisions at 1.8

A productfon was studied in central
GeV/nucleon incident energy using the streamer chamber at the Beya]ac.. The
streamer;chamber‘was,operated in both inelastic and central.triggef modes.
The central trigger sé]ects events with small total charge in projectile

fragments. This trigger, which corresponds to 10% of the reaction cross

section (g

e = 1.8 b), is associated with impact‘parameters b <2.4 fm in a

geometric model. The open channels for production of strange particles in
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this energy regime are NN - AKN (1:58 GeV), - IKN (1.79 GeV), and -€>§-'-.'1'\KNTr'I’;‘“~
(1.96 GeV). Neutral strange particles were detected by'their | -
charged-parficle decay in the activé vq]ume of the Chémber'(K°'+_ﬂ+w‘; A >
pm ) since their lifetimes are large enohgh to decay outside the bfihary.
vertex. The Z°bdecays immediately into Ay with 100% braﬁching ratio and
therefo}e cannot be differentiated from the directly produced A's. In
Figure 20 an event is presented corresponding to a central interaction Qf an
4OAr on KC1 in which a A particle was produced that décayed 59.7 cm from
the target into a proton and a 7 . |
In this experiment the film was scanned fof secohdary vertices thét

could correspond to either |
a) a gamma converting in the chamber

v ->-é+e- :
b) a{ﬁ9 deCay

K® “—>‘v'.rr‘+7r-
c) a A decay

A > pr
d) a‘nthrbnvinteraction rgsu]tingiin two observable tracks, é positivevand

a.negagiye.v
The events were measured aﬁd reconstructed and a 3-constraint kinematical
fit was performed to the different possibi]ities. The gamma convéréions can
easily be isolated due to the 0° opening angTe bétween e+ éna e and -
their invariant mass. The rest of the events are shown in'Figure.Zl in the
invariant mass plane M(pmn~) vs M(n+n'), in which each event is represented
by a dot corresponding to the calculated invariant mass if one assumes the

- + -
pair.is a pn or anm . One clearly sees the two distinct bands

corresponding to the A and K° masses.
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The detection efficiency is intrinsically a function of the branching”
ratio for charged particle decay, the momentum of the decaying neutral
particle, its lifetime, and the fiducial volume of the detection apparatus. ..
To eliminate. efficiency problems due to the high track density near thefl_ue;
primary Eeaction vertex, only neutrals decaying. farther than.1OWcm fromzthe
target center were accepted... The“Joquumber of K°:décays observed is-due to
the mismatch between the effective fiducial volume of the chamber -and the
lifetimes of the K°.(cT = 2.68 cm) and K° (cT = 1554 cm).

The identified A's are displayed in ngure 22 as a function of P and
p, in the nucleus-nucleus c.m. system. The 50115 curve in Figure 22
represents the kinematic;1imit.for A momenta produced in the elementary NN

+ AKN reaction at 1.8 GeV. Most of the A's are observed beyond the

kinematical limit indicating the necessity to include Fermi motion and/or

collective multiparticle interactions.

A calculation in which the Fermi distribution of the ngcleons inside
the projeeeile and target is considered fails to aecount for the large
momenta ef the A's, indicating that in their production there is more than
independent nucleon-nucleon cof]isions. |
| A much more detailed information of the reaction mechanism can be
obtained by measuriﬁg the A polarization.

Since the A decay is self-analyzing for polarization in the parity
violating weak decay A 5-pw—, the distribution of decay protons in the
frame relative to the A spin direction (Cu 73) is dW/de = (1 + oPcos6)/4n
where P is the A polarization, o = -0.642 (Br 78), and 6 is the angle

between the decay proton and the unit vector normal to the reaction plane.
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Using the relation aP = <cqse>/<cosze> (Ba 79), the polarization ‘extracted
from the present experiment was found to be P=-0,10 +0.05. A
polarization has been observed at higher energies in p-p reactions. This
polarization has been -ascribed to the spin features of the SU(6) quark
wavefunctions whereby the spin of fhe.A is-detérmined by that of the
prpduced strange quark.(Fé 79; He 78). The polarization is observed_to
increase with P and has the same values fdr incident energies between
24-400 GeV. The small sample of As from this éxpefiment does not allow for

such an analysis.
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2.1.4. Prospectus: Particle Identification and Direct Image Digitization

. The;streamer chamber providés a measufement of the magnetic rigidity
for a]].chargeq particles emitted from'thevihteraction; 1n,order_to obtain
theirsfourfmomenta, their:charge and mass have to be known. Ihere is a
large variety . of partic]esvthat can be produced.in relativistic hggvy ion
interactions. For.negﬁ;ivebpartic1es these are_e;, w, o, K, andfﬁ,
For positive particles the possibi15tiesvare much greater: e+,_uf,,ﬂf,

K+, p, d,. t, gHe,.q, etc., up to the chargevaqd mass of the begm:or.ilﬂu_
heavy target recojimppoducts. Fortunately, theré is a very large difference_:
in their yields jn different regions of phase space. The majority of a]],
the charggdﬁpar;jQJES are protons.' At 2.1 GeV/nucleon up tovIS% will pe -
T with:a.mean laboratory momentum of 350 MeV/c. Most of the negative
trgckgrgrpﬁg:;§mwjth a small contamination of e gt Tow mohenta. _The .
large mqurity}gfjnuc1ear fragmenté,_d, t, 3He, Oy etc.,_have,beami 7 '
velocity and correspond to projectile specfator fragments. With this great
variety Qf‘partic]es_in the momentum range»from 50 MeV/c up to 4 GeV/c per
- charge,- there is a very large dynamic range o?er which one wquld‘like to. do
particle identification (PI).

.As mentioned previously (éection 1.2) the'mechanism of streamer
formation seriqus]y comprqmises‘partic1e_identification capability, as
streamer density. is not simply proportional to primary ionization,
Nevertheless, it is clear that there is information on particle charge and
mass reflected in thé intrinsic track characteristics. An extreme
illustration of this is shown in Figure 23 in which a 50 MeV/nucleon 40Ar
enters the chamber and fragments into a p and a C1. The C1 ion loses enough
énergy in the target and trigger scintillators to come to rest in the

chamber gas, showing a very distinctive Bragg peak.
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The particle identification information is contained in. the -. - A
distribution of streamers per unit‘]ength, in frack brightness, and for high
energy heavy ions in the number of enefgetic S rays per unit 1eng£h;v A
sketch of streamer profiles for different particles is shown in Figure 24,
There are several complications in trying}to‘use‘thése features for particle
identification. One has to consider the dip'angle of the track sincgfin a
photographvone.éees only a projection. For bridging tracks, those with a
very large dip angle, one completely loses the particle’identification
information, since a spark channel is produced. Furthermbre, one must
consider the characteristics of the film on which the event is recorded: a
lower cutoff in intensity, a 1ogarfthmic response, and a limited dynamic

-range with "blooming" at regions 6f saturétibn. Also the track properties
are very sensitive to the time delay betwéen the particle's traversal and

| the firing of the chahber, as weilbas to variations in the applied high'

voltage pulse. 'Nevértheless a trained scanner.can differentiate e” and 7

with p <100 MeV/c and 7 and p up io 800 MeV/c using streamer density.

“In the'analysis of 1ntermediate energy interactions of 12C'ahd 40Ar
at energies between 30 MeV/nuc]eqn.énd 100 MeV/huc]eon, K. Wolf and

R. Wehman have been using the ALICE facility at Argonne National Laboratory

to do a computer-assisted densitometric study of the tracks. Using the -

integrated intensity ﬁer'unit 1eng£h as a criterion for events like Figure

25, they are able to obtain a very clean separatioh of b; d, t, aas is

shown in the histogram in Figuré 26. It is not proportional to‘Z2 but the

‘peaks are well separated.. Work is in pfogress to determine over what range

of fragments and momenta particle identification can be achieved.
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A different approach to streamer chamber event recording is being

tested and evaluated. This entails using directly digitized pictures
instead of 35 mm film. The recent-advéncesvin the charged coupled device
(CCD) techno]ogy has" produced arrays of light-sensitive pixels (16,000 or
mofe per array) with very good linearity and dynamic range, which can easily
be digitized at video rates. An RCA-SID 52501 array consisting of 525 x 320
elements, each 30 um x 30 um in size (Figure 27) was used to evaluate this
technique. An example of a directly. digitized event fs given in Figure 28,
which shows a picture of an event displayed on a TV monitor. The event was
imagedeith a 25 mm lens with the diaphragm stop at f-2.8. The camera was
triggered simu]téneous]y with -the evént, and the charge on each pixel, -
probortional_to the incident light at thaf loéation, was digitized into an 8
bit word and stored . in a 160 K memory. The power of this approach can best

be appreciated. in Figure 29, which shows the same event as a three

- dimensional surface with the height proportjona] to the detected light

intensity. Besides having the event in a form suitable for computer .
analysis, one sees the large difference in brightness and width of the
tracks, which is.hoped will bé usable in. the bartic]e identification. A cut
along:a row is shown in Figure 30, illustrating the different brightness of
the tracks. The techniques of imaging and digitizing CCD arrays is well
deve]qped to make this approach promising. The largest obstac]e is the
handling of this large amount of information. In the example shown each
picture requires 1680078 bit words. For three views of an event with the
necessary.Spatial.resolution'easily a million words per event will have to -
be analyzed. Large memories and multiprocessors are at hand to tackle this -

huge information flow, but a dedicated system will need to be designed.
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2.2. The Dubna SKM-200 2 m Streamer Chamber

The 2 m streamer chamber (SKM-200) has been operational atvthe.Dubha
Synchrophasotron since 1973. The‘main purpose of the experiments carried
out with the use of the SKM-200 chamber was the investigation of | |
nucleus-nucleus interactions at relativistic energies. The possibility of
registering all charged secondaries in a 47 geometry and triggering the‘ |
streamer chamber for rare events makes the setup (Figure 31) an ektreme]y

useful tool for quasi-exclusive experiments, performed with high infensity

- beams of relativistic nuclei.

The fiducial Volume (about 200 x 100 x 60 cm3) of the streamer
chamber is divided into two gaps of 30 cm each by a transparent high voltage
electrode. The drive unit of the chamber consiéts of a Marx generator and“e
puiseJShaping transmission line that provides a high voltage output pulse of
an amplitude up to 700 kV with a variable time duration of :7-13 ns.

The streamer chamber is fi]ied with pure neon gas at atmospheric |
pressure; tracks of a suffitient quality are also obtained with helium gas
fi]]ing‘the”chamber. In the latter case, an increase of the high voltage
amplitude up to 560-600 kV and of duration up to 12 ns is required. This is
to ‘be compared with 500 kV and 10.5 ns, respectively, used with the neon
gas.

The chamber is placed in a magnetic field of 0.8 T and is viewed by
thfee cameras, which allow sfereoscopic recording of the registered events.

The solid targets, made in the form of thin disks (typically 0.2-0.4
g/cmz) are mounted inside the fiducial volume of the chamber at a distance
of 70 cm from the entrance wall. The fol]owing targets (AT) have been

7

used in the SKM-200 experiments performed so far: 6Li, Li, C, Al, Si,

Cu, Zr, and Pb. The neon gas filling the chamber also served as a target.

.
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Other gaseous targets (at pressures up to 6 atm) placed in a cylindrical
mylar container, were also successfully tested inside the fiducial volume.

The SKM-200 setup was exposed to beams of relativistic nuclei (Ap)s
namely 4He, ]2C, ]60, and 20Ne, accelerated in the Dubna
Synchrophasotron to 4.5 GeV/c momentum per incident nucleon.

Two types of triggering systems have been used sb far in the
experiments in which nucleus-nucleus (AP-AT) interactions have been
studied. |
1. A trigger for inelastic AP-AT collisions provided registration of

“inelastic events occurring in the streamer chamber (in a solid target

or in the neon gas). The triggering system consisted of two sets of

scintillator dE/dx counters: an upstream counter telescope; selécting

‘incident nuclei of a given charge Zp and a downstream veto-counter

"féleSCOpe, covering'a small-solid angle ( 3.5msr) and selecting events
without projectile charged fragments of the same charge ZP; Thus, -
the chamber was triggered whenever a‘ZP primary entered the chamber
~but did not leave it._ |

2. A trigger for central AP - AT collisions consisted of the upstream
dE/dx counters [the same as in the case (1)] and downstream
veto-counters registering the absence of

either (1)l charged relativistic fragments of the projectile nucleus

within a narrow forward cone

or (i1) 1in addition to (i), neutron spectators of the projectile

nucleus within a narrow forward cone.
Thus the system selectéd events with no charged fragments [version (i)] or -~

b

no>¢harged and no neutral fragments [version (ii)] of the incident nuclei.
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The cut-off angle for the registration of fragments was (35-52) mrin most

experiments performed up to now.
Such a selection of central collisions provided reasonable statistics
of relatively rare events (down to less than 1% of the total reaction cross

12 ]ZC coilisions) and, moreover, the absence of

“section in the case of C-
projectile fragments seems to be a much more justifiable signature of
central events than, for example, high multip]itity selection.

The pictures (Figure 32) obtained from the SKM-ZOO'wére scannéd, and
charged secondary tracks were measured with the use of semiautomatic
measuring devices. The geometrical. reconstruction of the measured data and
analysis yielded momenta (p) and emission angTes (8) of the charged'
secondéries. A rough estimate of the ionization was also available from the
visual inspection of the tracks. Typical values of the measufemenf errors
fosgrelativistic secondaries are Ap/p <!2%-4%; depending on the momentum and
the track .length.

The technical data concerning the Dubna streamer chamber and.first.:
results of testing its operation were presented at the Frascati Conference
in 1973 (va 73). |

The experiments that have beenlcarried out witﬁ the SKM-200 chamber
concerned mainly the three following lines of investigation of .
nucleus-nucleus interactions at 4.5 GeV/c momentum per incident nucleon.

A) Determination of the total cross sections for all inelastic
interactions (He-AT, C-AT) and of the cross sections for various
channels of 4He fragmentation. Table V jilustrates the possibility of
separation of various fragmentation channels and consequently selection of

nucleus-nucleus collisions with-different values of impact parameter.

Peripheral events are operationally defined as fragmentation in which at

P
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least two nucleons of the projectile have been obgeryed. Central events
cbrrespond to interactions in which no charged fragﬁeﬁts of the projecti]éh
have been observed. | » | |

B) . The analysis of various_characteristics of;secondary T mesons,
e.g., multip]icities (n), transverse momenta (pT) and rapiditfes (y5; and
o% their AT dependence for central and peripheral 4He-AT:c01iisidn§.

.Some of these results are shown in Figure 33, while a more détai]éd
presentation and discussion of the results can be foﬁnd ﬁn reference‘(Ak 80).
C) -The analysis of the m multiplicity distrfbutions in céntra1A'

collisions and comparison with those observed in p-p and AP-AT iné]aStin'
coliisions. An illustration of these results is presented in Figure 34,
where the disperéion of the mu]tip]icity distribution is plotted against.the

average value of the m. multiplicity (Ak 80).



3. STREAMER CHAMBERS FOR INTERMEOIATE ENERGY HEAVY IONS - i on i

3.1. The 88" Cyclotron Hybrid Streamer Chamber

The past five years have marked a period of activé study of “the -
continuum spectra of light and heavy particles emitted in the collision of
heavy ions. Investigations of the energy dependence of isotopic yields,
angular distributions, and energy spectra of complex ejectiles were
vigorously pursued at several cyclotron laboratories capable of accelerating
nuclei in. the range of 10-20 MeV/nut]eon, notably Berkeley, Texas A & M, Oak
Ridge, and Maryland in the United States, and Groningen, Jiilich, and Berlin
in Europe. ‘In parallel with this effort were the first experiments'
performed at the Bevalac and later at the CERN proton synchrotron extending
thehu§efu1_range of these machines‘downward in-energy to the region of 100
MeV/nucleon. These two benchmark energies roughly encompass é number of
characteristic energies or ve]ocitiés of possible relevance fo the nature of
the nucleus-nucleus interaction: the speed of sound in nuclear matter, the
Fermi energy, the pion production thresho]d, and the energy whére projectile
and target disengage ih momentum space and thus where effects of Pauli
exc lusion should diminish in importance.

Although to date there is yet to be developed a consistent picture of
what the‘existing data imply, it wa§ evident rather early that reactions at
20 MeV/nucleon bore more than superficial resemblance to peripheral
interactions at relativistic energies and were very likely characterized by
mu]tipaftic]e final states. Without prejudice to the discussion of the
roles of "fast" and "slow"vprocesses governing nucleon and complex particle
emission, it is probable that the reaction mechanism at these energies is
complicated. The frequently contrary indications that sjngle particle
inclusive and even coincidence measurements gave only served to underscore

the need for the development of 47 detection capability.
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This project began as a pilot study of the feaSibi]jty;ofathh_a visual

technique for cyclotron work in 1977, - An inspection of: a sample of J,0
interactions, in emulsion between 20 and 50 MeV/nucleon revea]ed:a rich .
topology at -these energies but also .demonstrated the unsuitability of
emulsions for any large program; for two principal feasoﬁs. The first
difficulty is the precipitous decreasein residual range that heavy ions

undergo in passing through emulsion .below-100 MeV/nucleon. Fbr']60-at

100, 60, 30, and .20-MeV/nucleon, the ranges are 0.78, 0.32, 0.09, and 0.05
cm. . Thus, the-thickness of emulsion that defines even a gross sé1ectioﬁ of -
energy, for example, between 20 andb30 MeV/nucleon, represents only a
miniscule fraction of a mean ffee:path for an interaction of any kind, and
it is easily estimated that the number of incidenf ions necessary to achieve
a statistically meaningful body.of data is excessiVe. Second, the total
ionization -and resulting track damage is too great.bé]ow 100 MeV/hucTeon,
and element discrimination is considered unreliable even with range
information. It would be unfair not to mention, however, that early survey
experiments, albeit with poor statistics, were carried out at the Berkeley
HILAC almost 20 years ago with emulsion detectors (Pf 63).-

A prototype streamer chambér~was designed and;fabricated\for use in
tests with B~ particles and beam-gas interactions. This single gap
chamber is shown in Figure 35; axial entry and exit ports of thin mylar’
permitted a scintillator-phototube detector to trigger on B ,. and an -
additional forward angle port a]]owed selection of elastiC-écattering and
fragmentation events in tests wjth 140 MeV a particles. On completion of
these tests in 1978, a more versatile chamber was designed speci?ica]]y‘for

heavy ion studies at the 88" cyclotron.
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3.1.1. Physical Description -

Thé pfesent chamber is a single gap design of active volume (17.71 x
11.3 x 5.1 cm3). Lucife construction and standard O-ring seals a110w“the B
sytem to be operated between O and 1 atmosphere.pressure. The top electrode
is electro-formed nicke1 mesh of 97% optical traﬁsmissivity; both the anode
and cathode are isolated from the gas by lucite to prevent the formation of
a spark channel. Thin (0.0025 cm) mylar windows occupy nearly the full area
of the chamber's four éides as is seen in Figure 36, in order that triggér
detectors may be positioned at any angle. More recently, the lateral right
window has been replaced with a lucite plate and target ladder, and
" solid-state telescopes have been used as trigger devices exclusively,
outside of the downstream window. A plan view of the experimental |
arrangemenf fpr these latter éxperiments is shown in Figure 37(a).

The chambér.lieé horizontally on the lower pole tip of the JUPITER
C-magnet, the gap of which hés been widened to 17.8 cm. The maximum field - ~
aftgnhmodification'is 1.1 T. A view of the chamber parallel to the £ and B
fie]d;is_prbvided by two diagonal mirrors, as is evident in Figure 37(b).
UpStream of‘the-chamber a sliding séa1 radial offset and bellows connection
has been installed to accommodate the passage of the beam, which is normally
steered several centimeters to beam right to compensate for the beam
trajectory within the magnet. The last section of beam line is lucite as
conductors are forbidden within the proximity of the chamber, and the beam
must traverse .an air gap of 5 c¢m before entering the chamber. Downstream of

- the chamber, the beam is counted in a standard scintillator-phototube
detector.

The pulsed high voltage is provided by a three stage Marx generator

(Figure 38) insulated with pressurized dry air. A1l three stages have
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triggered spark gaps. The instrinsically good rise time of the high voltage
pulse (=12 ns) is matched on tﬁe falling edge by pulse shaping with a
pressurized coaxial spark gap immediately before the chamber, and the :
waveform is monitored at this point with a calibrated high voltage probe.

The Flight Research camera outfitted with a 90 mm macro lens
accommodates 500' rolls of 35_mm‘film_(K0 2498,ASA 300), and the 4000'frames
per roll are spray developed. The target éave must be totally darkened and
the experimental area completely shrouded as there is‘no shutter for the
camera-and thus the film must remain exposed on the plafens before each
event. A perspective view of the configuration is shown in Figure 39 with
shroud and camera magnetic shielding remo?ed. This configuration is
relevant for the initial beam-gas studies; in the present hybrid
configuration the lateral scintillators (c) and (j) would be absent, and the
target ladder, digital display, and telescope housing would be visible.
3.1.2. Qperation

The first application of the chamber was a survey of interactions of
heavy ions with a gas target, to gain experience with the operating
characteristics of‘the chamber,; and to examine particu]af predictiohs
concerning the multiplicity of low-energy heavy fragment recoils. to wfde
angles. Events induced by 26 MeV/nuc]eonv7Li andA]6O andv35 MeV/nucleon
]ZC with neon comprised the approximately 10% valid beam-gas events in
50,000 photogfaphs. Figure 40 shows an interaction of ]ZC + Ne of
multiplicity nine; note the total charge of the projectile-target system is
only 16. Single and coincident threshold scintillator detectors were used
for the_eveﬁt trigger. However, even with the largest solid angles
realizable, the variability of the vertex position along the beam path

introduced significant trigger biases into the data. The operation with gas
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targets has been summérized in previous reports (Va 79b, Va 80) and wiTl-nqpr
be dealt with in greater extent here.

The chamber is found to work satisfactorily with standar&_mixtﬁneé‘of
héon-he]ium (90%;10%); >No §p€cia1 precautions are needed in tefms of gas
puritj‘andvits performance is uncritical over a range of gas_pressures.
Even -without the admixture of e]ectronegative poisoning, the'memory time of

1ot

the gas is sufficiently short to allow beam fluences of 5 x'104 s
is conjectured thét the chamber may already be partially poisoned by the

" outgassing of the chamber cdnstruction because of its large
surface-to-volume ratio.

The stability of the pulsed high voltage waveform was sufficiently good
to require only periodiclmbnitoring. Thé rep}oducibility of the pulse can
be judged from Figure 41, which is a record of abproximately 250 consecutive
firings of the Marx generator. Normally, the peak field js 10-12 kV/cm,
with- a -basewidth of 40 ns; undef these conditions the streamers are observed
to grow in length to a major‘fractibn of the chamber gap. Properly
speakfng, the chamber should be termed a "track pfojectioh chamber” rather .
than a streaher chamber, as the streémérs then do not inherently contain-. -
depth information. (This does not imply that such chambers cannot provide
three-dimensional track reconstruction, as the dip angle can be inferred
from track endpoint information on the chamber walls.)

The high voltage system is sUsceptib]e to sporadic failures, namely,
misfiring and spontaneous firing. Normally, this ié remedied with
adjustment of the insulating gas pressure and input voltage; nevertheless;v
it is occasionally necessary to clean the spark gaps and replace component

parts of the Marx generator.
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3.1.3. Triggering

Clearly, the capability of a visual detector where the tracks
themselves offer only limited information concerning the particle species B
can be greatly enhanced in a hybrid configuration where the identity of at
least one of the particles can be determined. For the remainder of this
séction, this mode of operation and the first exBeriment performed with this
system are described.

.At present, the Chambervhas a downstream array of silicon AE-E
teiescopes, the thicknesses of the front ﬁnd back detectors being optimized
for the detection of beam velocity fragments ranging from lithium to
oxygen. Timing and linear signals are derived in the ugua1 way with .
conventional preémp]ifiers énd.electronics. To date, two options -have been
jexercised for correlating thé visual and electronic data.

In the first [Figure 42(a)], the two linear signals are given directly -
to an.on-]ine‘particle identifier circuit and its output routed to an array--
of single channel'ana1yzers in parallel, each defining a window in amplitude
corresponding to a particular jsotope or element. The outputs of all single
channel analyzers are then fannéd into an éncodér that. produces a digital
display image on the photographﬁc frame directly along with the event.

Thus, the particle identificatibn is incorporated immediately on the film
plane, at the expense of loss of energy_informatiqn from the telescope.

In the second scheme [Figure 42(b)], the 1inearvsignals are given to an
analog-to-digital converter and recorded in event modé'by computer. The
correlation between each picture.and the corresponding event on tape is
preserved by an event number, which accompanies the event to computer and
which simultaneoﬁs]y indexes the photographic frame. In either case, a fast

timing signal initiates the high voltage pulse.
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Although the befformance of soiid state detectors is unaffectequy Iheji?
strong magnetic field, it is impossible to shield them adequately from*a}’
largeinoise pickup from thevstreamer chamber;because of the pulsed high -
volfage. However, the lineaf signals from the event are presented to the
electronics after one transit time from target cave to control room, T,
whereas the noise pulse arrives at 31, and thus the problem is easily
overcome with a'moderately short shaping time (0.4 us) and appropriate
linear gate. Figure 43 summafizes the timing sequence of a single event.
Once a'valid coincidence is registeréd and event cycle initiated, a veto of
approximately 750 ms is applied to block new signals appearing to the
‘electronics until the camera has advanced the film to the next frame.

3.1.4. Physics: Transition from Transfer to Fragmentation Processes

The first experiments with the hybrid chamber were directed towards the
detefmination of associated charged particle multiplicities. In addition to
the simplicity of analysis, which then requfred only scanning rather than
track measurement, the small linear dimensions of the chamber relative to
typical radii of curvatures and'noticeab1e track distortions caused by
e]ectrostatib effects precluded rig{dity information from being ext?acted;
Nevertheless, no other-techniqhe yef exists for multiplicity measurements in -
this energy regime.

One of the features first reborted concerning the reactions of ]60
with various targets at 20 MeV/nucleon was that the longitudinal momentum
spectra of complex fragments emitted in‘these collisions were in approximate
agreement with measurements two orders of magnitude higher in energy (Ge 77,
Gr 75). Subsequent experiments on this system and others at several
intermediate energies qualitatively upheld this observation and pointed to

the conclusion that a transition from low energy to high energy behavior, at
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least in phenomenology, may not be at all graqual but rather may occur at a
reasonably well-defined threshold dependentAonrfhe system.‘ A Qo?d of
caution is due, for the state of agreement among Qaribus ginglés experiments
is not entirely satisfactory, and reliable systematics for abbroad range of
projectile-target combinations are yet wanting.

Peripheral interactions at low energies (excluding elastic and
inelastic scattering) have been successfully understood in terms of transfer
reactions leading to two-body final states, using the term in its broadest
sense encompassing single nucleon transfer and mu1tisteﬁ multinucleon
transfer processes: At relativistic energies, it'is:generally accepted that
projécti]e'fragmentation, characterized‘by a prompt breakup of the
projéctile in the broximity of the target and leading to At least a
three-body final state, dominates the total reaction cross section. McVoy
and Némes, therefore, attempted to understand the.rapid broadening of:‘the =
1ongitudina1.momentum spectra at bombarding energies 'in the vicihity of 20
MeV/nucleon in a dire¢t5reaction-framework with a local momentum plane wave
Born approximation calculation where both extremes could be treated on an-
equal footing (Mc 80). They féund that for projectile fragmentation the

momentum spectra are governed by the matrix elements

where ¢xN is the momentum wave function of the fragment in the projectile,

EN is the momentum of the fragment before removal from the projectile, and"

Ky

reduce to the projectile fragmentation'ca1cuiations of Goldhaber in a Fermi

is the fragment momentum in:the continuum. Their results then directly

gas model (Go 74).
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 The matrix element for transfer, on the other hand, is -additionally.--:
constrained in momentum by the condition that the nucleons removed from-the

projectile are localized at the target in a quasibound state, -

Tr ' = ' l. )

The second term in the product ié the momentum wave function of the removed
nuc]eoné in the target final state, and.kO is the projectile momentum. It
is responsible for additionally narrowing the momentum sbectra at lower
energies and does not appear in the matrix e]ement for inclusive projectile
fragmentation, due to the integration over.momehtum of all final states of
the unobserved part of the projectile. What is mbst appealing about the
calculation is that the tranﬁition from transfer to fragmentation arises in
a natUra] way; Spécifica]ly, this transition occurs when the-poténtia1
responsible for binding the removed nucleons to the target, VXT(EX),
loses its minimum because of the increasing centrifugal contribution as a
funCtionfof bombarding energy. For the production of ]SN, the model gives
fair quantitative agreement both for.the energy where the transfer

(]6 ,]SN) disappears in favor of the fragmentation ]60 - ]SN + p and

12

0
thgir spectral widths, though it does less well in the case of C.

A generalization of the concept of critical angular momentum has been
"proposéd by Siwek-Wilczynska for final states populated in cluster-transfer
reactions (Si 79) and a semiclassical prescriptibn‘has been derived for the
maximum angular momentum ]crit that can be transferred in a peripherél

collision as a function of target mass, transferred mass, and bombarding

energy (Wi 73). For the case of ]60 + Csl at an energy of 16.5
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MeV/nucleon, the predicted 1 are displayed in Figure 44, along with

crit
the optimum angular momenta for transfer ]opt’ of Brink (Br 72) based on
wave mechanical matching considerations. The two calculations address the
probability of transfer from fwo independent physical conditions. The
former depends on the details of the nuclear, Cou1omb, and centrifugal
potentials and the latter essentially on_kinematics, One may hypothesize,
then, that a reaction leading to a particular final mass Qi]l occur by
transfer if ]opt < ]Crit and by fragmenfatfon if ]0
These expectations have been examined for the system ]60 + Csl in the

>1 L.
pt crit

streamer chamber, with a target of 50 mg/cm2 and an energy range in the
target of 17.8-14.9 MeV/nucleon. A total of 16,000 pictures were taken at:
three trigger detector angles with the Csl target and mylar (C10H804)

and, of the 7000 pictures faken with CsI, approximately 55% represent valid
~events. The analog particle identification [schemé of Figure 42(a)] is seen
in Figure 45, along with the gating definition for this experiment.

"Two typical events with the mylar target are shown in Figure 46; the
arrows indicate the trigger particle and identity in each case. The data
were scanned for total multiplicity, the number of tracks within 45° of the
beam in projected angle, and the number of tracks emitted in the backward
direction. Although such a heavy target should overwhelmingly deexcite by
ﬁeutron emissijon, occasional events were observed with tracks in the
backward hemisphere, and theése were assumed to be statistically evaporated
. charged particles. A]though they represented a very small fraction of the
total events, a correction was appliéd to the multiplicity distributions,
assuming that such particles were jsotropically evaporated and would be B
mistaken for projectile associated fragments a certain fraction of the

time. The multiplicities so corrected are shown in Figure 47. The mean
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multiplicities as a function of fragment mass (Figure. 48) show a pronounced::
dependence on scattering angle, pérhaps not surprisingly as the selected
-trigger positions comfortably bracket the grazing angle for this energy.

Using the capability of the streamer chamber as an ideal 47w veto
dete;tor, the fraction of transfer events to total events is derived,
assuming all single track events (M = 1) répresent cémplete transfer of the
projectile remnant to the tafget. The measured transfer probébi]ity is
displayed in Fiqure 49, along with fhe calculation described above. The
sharp cutoff that wouid normally reéq]t at the divergence of the optimum and
critiéa] angular momenta has been smoothed by introducing a Gaussian
distribution in 1 around the Brink predictions to match thé data best. - The
trend is quaTitatively reproduced, although there is an excess of transfer
events especially for the lighter ejectiles. To some dégree the discrepancy
should be due to evehtsrin which a fast neutron is emitted (and to which the
‘experiment js not sensitive) resulting in a reduction of the transferred
angular momentum. Héwever, recent experiments on a similar system indicated
that the preequilibrium neutrons are few in comparison with those evaporated
from the target or projecti]e (Ga 80). A more 1mportadt question to address
is how a description so nearly devoid of physical 1hput, especially in
nuclear excitation degrees of freeddm, has had such substantial success in
reproducing the energy dependence of the incomplete fusion process (Si 79).

3.1.5. Prospectus: Investigation of Streamer Formation with Other Gases

Within the next few years, several major'facilities will actively
pursue programs of investigation between 20 'and 100 MeV/nucleon, and
undoubtedly among these interests will be very subthreshold (and thus very
collective) pion productibn and searches for hydrodynamical effects in

collisions of massive nuclei. There is hardly a need to comment that this
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trend puts an increasing premium on a versatile and reliable 4rn detector of
wide dynamic range in energy and sensitive to'both light and heavy
fragments. The hybrid streamer chamber would seem a viable Candidate;
though significant deve]opmént‘work needs still to be done.

What has been clearly established so:far is that the techniqué is
feasible for energies as Tow as 10 MeV/nucleon and perhéps less. With care
in design, such chambers could be constructed and operated with considerably-
less energy loss in the gas and chamber windows and with a concomitant -
'1mprovement in the target-to4gas event ratio. Of greater consequence is the

.surprising ease with which conventional soTid state detectors and
electronics have worked along with this detector and to augment the
advantages of both.

Chambers designed specifically for-this energy range ideally would be 'a:+
factor of four to five larger in linear dimensions than the present design,:
as it is essential to be able to extract accurate magneti; rigidity for all -
secondaries. To facilitate track reconstruction and streamline data

. analysis vastly, film as an intermediary shou]d be e]iminated as soon as
possible in favor of charge coupled devices.

Equally important will be the development of particle identification
capability intrinsic to track parameters alone. This calls for a major
effort in the study of chamber‘response to a variety of charged particles
and energies in the avalanche regime, streamer formation being completely
ruled . out 1f-qne seeks charge and mass -information for high Z. Successful
operation of optical avalanche chambers will require much greater concern
for gas purity, reproducibility of the electric field profile, and

implementation of image intensifiers.
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There afe circumstances under which the énergy loss of secondary
fragments in the target is simply unacceptable and a gas target is desired.
Nature has favorably provided us with neon as a gas that works uncriticé]]y
in streamer chambers. Are there others?

Hydrogen and helijum have been made to perform passably but at much
higher electric field strengths. A survey of the heavier noble gases argon
and xenon has been carried out as a function of £ and p with the chamber for
both minimum ionizing B~ and heavy ions. |

In tests with B~, streamer formation is observed to b;cur for both Ar
~and Xe but at significantly higher values of E/p than necessary for Ne-He
mixtures. Tracks with pure Ar were diffuse and ill-defined [Figure 50(b)]
and disappéared rapidly with increasing pressure. Small admixtures of
methane above the 0.1% level, however, radically changed the performance of
the chamber. Tracks were now defined by bright, narrow and well-localized
streamers, having a density of Rﬂ.S'cm'] [Figure 50(c), 7% methane], about
a factor of two less than that observed in Ne-He. Figures 50(d) and 50(e)
(3.5% and 1.75% methane) show streamers simultaneously photographed parallel:
and perpendicu]ar to the electric fﬁeld; the fiiameﬁtary appearance-of the
streamers viewed from the side is qualitatiﬁe]y similar td that with neon.
The reqularity of the streamer spacing and pronounced.spreading of the
discharge transverse to the particle trajectory (and hence to the direction
of neighboring streamers) suggest a space charge effect.. The onset of |
" streamers in pure xenon occurs at still higher values of E and ]ower p and
with a correspondingly lower linear density. Perpendicular t6 the applied
field [Figure 50(f)], streamers in pure xenon are defined by bright
 spherical discharges With filaments emanating from it in both directions

along the field.



. -49-
In-beam sfudies_with argon-methane mixtures at various fields and
pressures yielded pictures of relatively poor quanty. 'The'fwo-body ‘

fragmentation of 12

C at 420 MeV shown in Figure 51 is rebrésentative of
the -behavior with heavy ions, whereas more'lightly ionizing secondaries wére
frequently difficu]t to recognize because of the scarcity of streamers along

the tracks. Similar tests with pure xenon at such Tow fjelds Qefe negative,
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LiST OF FIGURES

Schematic representation of a track in a streamer chamber, (a)
viewed normal to the E field; (b) viewed parallel to the E field.
The streamer chamber as seen‘from one of the camera ports. The
coils prdducing the magnetic field frame the chamber, which is
seen through the transparént mylar window. The beam enters from
thev1eft and‘interabts on the target placed 30 cm downstream
from the entrance window.
View of the 12 stage Mafx generator. Across each capacitor bank
60-kV are applied charging the capacitors banks in parallel.
When the chamber is triggered, the capacitors are discharged Gn
series through the spark Qaps, their voltages adding toa
maximum of 720 kV.
Profile of the high voltage pulse applied to the chamber, with a°
width of 13 ns. The peak voltage is maintained constant totéi
to minimize f]uctuatidns in ‘brightness from one event to the
next.
System used in ‘the minimum bias and cenfra] trigger mode runs on
the streamer chamber with relativistic heavy ions. The beam {s_
prepared by the cofncidence of three counters S1-83 vetoed by a
plastic scintillator co]1imator'C, with a 1.2 cm diameter hole

B = S1+52+S3°C. The counters S1 and S2 are 150 um silicon

~surface barrier detectors, S3 is a thin plastic scintillator

with a long light pipe to allow the phototube to be outside of
the magnetic field of the chamber. A trigger scintillator T is
placed downstream of the target, which intercepts the projectile

fragments that did not suffer a collision. The trigger is
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defined as the beam 1n'anticoincidence with the trigger -
scintillator signal above a certain threshold (B.T).

40

Three typical events of ~Ca + Ca at 2.1 GeV/nucleon,

corresponding to different pulse heights-(P) in the trigger

scintillator relative to that of the beam (pB):' a) p= Pgs

noninteracting beam; b) p = 0.8'pB, peripheral interaction in
which_tﬁe beam'fragments with Tittle momentum transfer to the
target; c) p'¥ 0.1 Pgs central co]]jsion in which projectile

and target completely fragment into nucleons and pioﬁs. Two
kinds of tracks are clearly seen, the 1ong thin ones in which.
individual streamers are observed, and the short ones of large
diameter that, due to their large dip ang1e, connect the central

electrode and the front electrode in such a way that the:

‘streamers fuseinto each other and form a spark. The bright: .-

patches on the right side of the picture are flares.
Photograph of a flare with no magnetic field.

Table used for scanning the film. The three views of an event
can be projected on the table with magnifications of x14 ‘and

x49. The scanner defines the event topology and counts and

- classifies the different types of tracks.

The trajectory of a charged particle in a homogeneous magnetic

field is a helix with the pitch angle X equal to the angle

between the tangent to the trajectory and the plane normal to
the magnetic field. When viewed with different cameras, the
track gives different projectibns on a reference plane defined
by fiducial marks of known coordinates, which are flashed

simultaneously with the event.
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Image pléne digifizer used to measure the tracks to be |
reconstructed.' The operator measures the fiducial marks first
to obtain an absolute reference frame and then measures between
seven and twenty points along the track in each vieh. The
digitizer can be positioned to 1 um on the 35 mm film.
Computer recon;truction of the measured trajectories in one view
for -a central interaction of.4OAr + KC1 at 1.8 GéV/nucleon.
The beam enters from the left, and the position of the vertex is
reconstructed from the intersection of all the tracks.
Laboratory momenta'ofvthe charged pértic]es produced in the
interaction of 40Ar + KC1 at 1.8 GeV/nucleon corresponding to

Figure 11.

The same event as in Figure 12 transformed to the center of mass

rapidity (x axis), transverse momentum (y,z) space.

Total charged partfc]e (ntot)‘and negative pion (nﬂ-)
multiplicity distributions for the interaction of Ar + KC1 at
1.8 GeV/nucleon for the inelastic (o) and central (o) trigger
modes. For the inelastic trigger, representative error bars are
shown and the curve is drawn to guide'the eye. At this energy
the total cross section for 7 production is or = 4.4 b.
Topology of reaction prdducts for Ar + KC1 in the inelastic
trigger mode at 1.8 GeV/nucleon, drawn as contours of constant

cross section (mb) in the N VS Nt multiplicity plane. The

to

dash-dot curve corresponds to n- asa function of the total
multiplicity. The straight lines correspond to the total

disintegration limit.
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Figure'ZO.
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a) Contour plot of the correlation between the 7~ multiplicity
(nﬂ-) and the number of participant protons (Q) from the

pr + KC1. The dots

interaction.of 1.8 Gev/nucleon
correspond to the mean'm multiplicity as fuhction of Q.

b) For a fixed number of participant protons, the m
multiplicity distribution is essenfﬁa]iy'Poiéson as fs‘évident
here by the mean and dispersion ofieéch‘distribution as a
function of Q.

Mean m- mu1tip]icity.as function of the number of participants
(Q) for bombardingbenergies between 1 and 1.8 GeV/nucleon. A
linear dependence is observed in all the cases.

Center of mass energy dependence of the mean negative pion

40

multiplicity n.- for céntral,col1isions of "“Ar-+ KC1

corresponding to a constant o = 180 mb.

Kopylov ratio.Rg:: versus relative pion momentum-q. Beam of = :°
1.8 GeV/nucleon 40Ar incident on (a) BaI2 and'(b).Pb304

in an "inelastic" triggering mode and'on"((:')'Pb3-04 S

triggerihg on the most central collisions. “The curves are fit.: -

by Eq. (7) (Fu 78).

4OAr + KC1 dinteraction with strange particlé production at 1.8
GeV/nucleon. - In the uppér right quarter one sees the typical
Vee-shaped decay of a A intora proton and a m . The proton is
the stiffer track curving towards the right. Due to -
conservation of strangeness, the A is produced along with a
kaon, either a K* or a K°, which is not identified. In this

case, the A has a momentum of 3.45 GeV/c in the laboratory and

decays 59.7 cm from the production vertex.



Figure 21.

Figure 22.

Figure 23.

Figure 24.
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The observed Veés that are not gamma conversions into eté'”
are shown here in a scatter plot of the pair's invariant mass
under the assumptions they are a'bn; or a n+n' pair; One sees
clearly two bands corresponding to a A (Mpﬂ- = 1.15 GeV) and a
Ko (M + - = 0.493 GeV). | |
The Vees that satisfied the A decay kinematics are shown here in
the center of mass on a scatter plot of parallel momentum vs
transverse momentum. The shaded region corresponds roughly to
the cutoff introduced by accepting‘only A's that decay further
than 10 cm from the target. The cifc1e around the Py =0
corresponds to the maximum kinematital]y allowed A momentum in
the reaction NN > ANK at 1.8 GeV. Most of the A's have much
larger c.m. momenta, partly due to the Fermi motion in the |
nuclei and in part to some collective effect.
Fragmentatfon df a 50 MeV/nucleon 40Ar into p + Cl with the C1
ion stopping in the chamber gas. The magnetic field, normal to
the photograph, is in this case 0.3 T. |
Sketch of the.streamer fprmations along the track for different
particles. a) A 600 MeV/c m , minimum ionizing, has
well-separated streamers aﬁd Tow ovefa]] brightness. b) A low
energy proton, p = 6007MeV/c,'shows streamers that begin to fuse
with each other and a much higher brightness thah a 7 of the

same momentum. c) A relativistic heavy ion shows a very large

ionization forming a bright, thick luminous tube, which, when

viewed from the side, shows energetic § rays escaping the

streamer core and spiraling along the magnetic field.



Figure 25.

Figure 26.

Figure 27.

Figure 28.
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40

Interaction of a 30 MeV/nucleon " Ar with’BéIzupFOducing a

14 charged particle final state. Three of the fragments stop in .

the downstream targets and trigger “scintillator. Another

particle stops in the gas producing a Bragg peak. A large

variation in track width is seen. In this experimeht thé
streamer chamber magnetic field wasfreduced'to 0.3 T-and,image'
intensifiers were used to increase the dynamic range for A
particle identification. |

Particle identification spectrum for the-reaction‘prbducts'of.r

]ZC induced reactions at 150 MeV/nucleon. The average peak

- streamer dénsity is obtained by digitizing across:the track with

a 1 um raster. Goodbseparation.of p, d, t, o is observed.
Imaging charged coupled device array (RCA-SID 52507) consisting

of 525 x 320 sensitive squares 30 um on a side. The incident -

light produces photoelectrons, which are collected in potential

wells that can be shifted row by row and read out at 7 MHz.

This signal can beédigitized.after amplification and stored in a
computer memory créating a digitized image.

A directly digitized CCD frame of a 2.1 GeV/nucleon 4OCa
interaction on Pb is shown heré-converted back to a video signal
and shown.on a TV monitor.. The tracks are deformed due to the

different scales for the horizontal and vertical axis. One sees

. both minimum ionizing particles (spiralihg track at the left

side of the picture) and bridging tracks (short bright tracks
near the vertex), which span a dynamic range of ~000 in 1light f
output. The bridging tracks and the flare at the top right are
saturated, and one sees the "blooming" effect of the CCD at the

flare.



Figure 29.

Figure 30.

Figure 31.
Figure 32.

Figure 33.

Figure 34.

Figure 35.

Figure 36.

Figure 37.
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The same event as Figure 28 shown as a threé dimensional surface
with the height proportional to. the streamer brightness.

Streamer brightness profile across a row as seen by the CCD

4camera, showing the different track widths and brightnesses

encountered.

The SKM-200 streamer chamber

Central collision of ]60 + Pb at an incidenf momentum of 4.5

'GeV/c/nut1eon.

The dependence of the average transverse momentum on the target
mass number, AT, for inelastic events and for subgamples of
events characterized by‘different intervals of a) impact
parameter, b) wm multiplicity, c) n; rapidity.

fhe dispersion, D_, of the multiplicity distribution versus the

average value of the multiplicity, <n_> for negative n:.

+ 120 p inelastic interactions

o ]ZC - A central interactions (with no charge fragments
* registered in a forward cone with é half angle
aech =12°)_

.. ]ZC - A central interactions, ech = 4°

= 165 -4 central interactions, g , = 2°

o ]60 - A' central interactions, eéh = 4°

Prototype streamer chamber used in early tests with 8~ and
beam-gas interactions with a particles. |

The 88" cyclotron streamer chamber.

(a) Top view of the hybrid streamer chamber.. (b) Upstream view;

pulse shaping spark gap and high voltage probe not shown.



Figure 38.

Figure 39.

Figure

Figure

Figure

Figure

Figure

Figure

40.

41,

42.

43.
44,

45.
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(a) Three-stage Marx generator. (b) Pulse shaping spark gap.

‘The low inductance resistor dissipates the. energy and prevents

it from reflecting into the Marx generator.

Perspective view of the streamer chamber for -initial beam-gas
studies.‘ (a) Streamer chamber and diagonal mirror. (b) JUPITERM
C-magnet . '(c) scinti]]ator;phofOtube trigger- detector. (d)

beam pipe} (e) puléé shaping coaxial spark gap. (f) Marx

generator. (g) high voltage probe. (h) camera. (i) diagonal

| mirror. (j) scintillator-phototube -trigger detector. In .the

present hybrid configuration, scintillators (c) and (j) would be
absent; target ladder, digital display, and telescope housing
would be visible. )

Interaction of ]ZC + Ne at 35 MeV/nucleon. Beam enters;from'
the left.

High voﬁtage*pu15é profile monitored at the chamber. Record
cbnsiéts of approximately 250 consecutive Marx fifings.g
Schematic of trfggehing'schemeS'for hybrid operatfon,.y(a)
Particle identification direct]y"incorporatedfonto‘the.film '

plane. (b) Event mode recording of telescope data along with

- event number., Fast and slow electronics denoted by "F" and "S",

respectively.
Timing sequence for a single event cycle.

Calculated optimum (1__.) and critical (1 ) angular

opt crit

momenta as a function of ejectile mass for the system ]60 +

Csl1.

16

Particle identification spectrum and gating definition for 0

+ mylar experiment.



- Figure 46.

Figure 47.

Figure 48.

Figure 49,

Figure 50.

Figure 51.
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Typi;a] events for ]60 induced reactions with mylar. Beam‘
enters from the right; mid-target enebgy fs approximately 16.5
MeV/nucleon. Arrow to the left of each photograph indicates the
trigger particle and its identity according to the gate number.
Associated multiplicity distributions as a function of ejectile

and angle mr]6

0 + CsI at 16.5 MeV/nucleon. Preliminary data.
Mean multiplicities as a function of ejectile and angle for

]60 + CsI at 16.5 MeV/nucleon. Preliminary data.

. Transfer probability:(fraction of M = 1 events to total events)

as a function of ejectile and angle. Pre1ihinary data. Also
shown is the calculated transfer probability described in the
text.

905r B™ in the 88" cyclotron streamer chamber with

Tracks of
various gases. (a) Ne-He, 700 torr, E = 11.2 kV/cm. (b) Ar,
310 torr, E = 13.4 kV/cm. (c) Ar + methane (7%), 310 torr, E =
13.4 kV/cm. '(d) Ar + methane (3.5%), 310 torr, E = 11.4 kV/cm,
parallel (top) and perpendicular (bottom)?to E. (e) same as (d) -
except 1.75% methane. (f) Xe, 210 torr, E=11.4 kV/cm,
parallel (top) and perpendicular (bottom) to E. Length of the
photographic image is 15 cm.

The fragmentation of ]ZC at 420 MeV into two heavy ions, with

Ar-methane volume gas.
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Ljst of Tables:

Table I.
Table II.

Table III.

Table IV.

Table V.

Principal Streamer Chamber Characteristics.

Momentum, angle and position resolution obtained from the three
view reconstruction of - 1mage plane digitized Beva1ac ‘Streamer
Chamber events. o _

Energy dependence of the mean muitipTicities and dispersions for
participant protons (Q) and n”s in central collisions of Ar +
KC1 ~

Pion-interferometry analyses,. based on .the -framework of Yano. and
Koonin of Ar-Pb central -collision events in different pion
multiplicity subgroups Comparison with. the predictions of the
Thermodynamic Fireball Model with freeze-out density p. set at
one-third of normal nuclear density and normal nuclear density
(Lu 81).

Cross sections (in millibarns) for 4He fragmentation processést" “”



Magnet

Configuration
Dimensions
Field

Power

Chamber

Sensitive volumen
Center electrode

Front electrode
Gas

Photography

Cameras
Modification
Rewind Cycle
Lenses
Demagnification
Stereo

~ Film

Marx Generator

Configuration
Capacity
Supply Voltage
Output
Charging Time
Premarx

Trigger amplifier
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TABLE 1

M5 picture frame, both poles removed

166 cm inner coil diameter, 69.3 cm coil gap
1.32 T, 9% maximum variations within chamber
2.6 megawatts

120 cm long x 60 cm high x (2 x 20 cm) deep"
Stainless steel 0.22 mm wire mesh

76% light transmission.

90% Ne, 10% He, ~30 ppm SFg

Flight Research ‘

loop generators, cycled vacuum platens
50-300 msec

40 mm Leitz Sumicron

49x at center of the chamber

3 views, 15° ‘stereo angle

Kodak S0-143

12 stages

9 nf per stage

30 kV regulated

720 kV

250 msec

2 stages

8 kV hydrogen thyratron

Blumlein Transmission Line

Configuration
Pulse Length
Spark Gap

0il insulated with trombone
adjustable 7 to 15 ns

distance adjustable 18-27 mm in SFg atmosphere 25- 32 ps1



Momentum resolution

p < 20 MeV/c
200 MeV/c < p < 100 MeV/c

100 MeV/c < p

Angle resolution

Dip angle A

MAximuth X
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TABLE II

<Ap/p>

0.8%
1.5%
5%

A0
0.8°
0.9°

Position Resolution in the Vertex Reconstruction

In the electrode plane

In depth”

2.8 mm

6.4 mm
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TABLE III-

Ey,pL6ev/n] <Q> q <n_-> 0 -
0.360 23.16 + 0.12  4.17 £ 0.07  0.20 + 0.01  0.42 + 0.09
0.556 25.97 £ 0.19 3.8 +0.12 0.79 £0.03  0.87 +0.09
0.772 26.94 +0.20 4.2 +0.10  1.58 £0.05  1.28 0.07
0.977 29.30 + 0.23 3.3 +0.10  2.35 +0.07  1.43 + 0.06
1.180 29.13 + 0.22 3.4 +0.14  3.38 +0/08  1.81 + 0.06
1.385 28.2 +£0.23 3.9 £0.13  4.10 £0.09  1.85 & 0.05
1.609 28.2 +0.20 3.4 +0.08  5.09 +0.08  2.17 +0.05
1.808 28.0 +0.10 4.4 £0.05  5.79 £0.04  2.45 +0.03
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TABLE 1V
N per _ro(fm) XZ/DFr rO(fm) ro(fm)
Event Expt. - " TFM theory . TFM theory
o '

e =:3% Pe = %
2.4 3.1241.10 8.56/7 5.65 4.21
5-8 4.00%0.72 15.15/7 7.72 5.36
19-12 4.82%0.65 7.23/7 8.36 5.81
13415 5.5741.17 3.59/7 8.42 5.85 '
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TABLE V
Fragmentation Targets
process
(6]
Li C Al Cu (G~ AY)
]
Inclusive H 166813 227+34  319:34  417+45 | 0.40 * 0.05
emiss ion 2 84+15 9127 113+38  159#45 | 0.27 + 0.14
of the
projectile 3Hv 4745 58+9 7320 95+14 | 0.30 *+ 0.08
fragments 3 '
- He 485 49:+8 70+15  -95+20 - | 0.30 = 0.10
peripheral 208+20  244:26  313:48 412270 | 0.29 * 0.08
central 515 106:10 24828

525+50

1.01 + 0.06
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