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Résumé

On présente dans le rapport 1la proposition d'installation MARS
(Systéme Multidétecteur pour Ktudes de Réaction). MARS comprend un
grand reéservoir sous vide poussé renfermant un ensemble de 128
détecteurs a scintillation devant servir 3 des études de collision
d'ions lourds dans 1l'installation combinée TASCC (Accélérateur Tandem
Cyclotron Supraconducteur). L'installation sera financée par 1'EACL
et le CRSNG (Conseil de Recherches en Sciences Naturelles et en
Eénie) et appartiendra 3 ces deux organismes.
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PART ONE: EXECUTIVE SUMMARY

1. INTRODUCTTON

The Multidetector Array for Reaction Studies (MARS) will be a
device, with performance unmatched elsewhere in the world, for the
study of heavy—-ion reaction mechanisms. It will exploit beams from
the new superconducting cyclotron at Chalk River Nuclear Laboratories
in studies of heavy-ion reaction dynamics and the properties of
excited nuclear matter. Existing collaborations betwecen University
and ARCL physicists have led to the initiation of this proposal. The
construction, commissioning and initial operation of the device will
be by research groups from the Université Laval, the University of
Toronto, and Chalk River. A McGill University group will participate
in detector development and testing as well as in experiments. MARS
will be a world-class facility in nuclear physics, and will be
available for use by all qualified investigators.

The costs of the facility would be shared equally by the Natural
Sciences and Engineering Research Council (NSERC) and AECL, in an
arrangement which furthers the mandates of both organizations and
strengthens the relationship between the Universities and the
National Laboratory functions of the federal crown corporation.

Part T of this proposal gives brief summaries of the scientific
justification and the technical specifications, which are discussed
in detail in Parts II and I11, respectively. Part 1 also treats

various administrative, logistical, and financial matters.



2. HIGHLIGHTS OF THE SCIENTIFIC JUSTIFICATION

Most of the observed mass of our universe, from the very dense
material of neutron stars to the dilute gases of space, is comprised
of nuclear matter. Despite the wide range of temperature and
densities in which it can exist, nuclear matter has traditionally

heen studied in its terrestrially most abundant form, the atomic

nicleus. The nucleus is a specific and limited manifestation of
nuclear matter: a cold, equilibrated system of a few hundred
nucleons or less, approximately constant in density and

proton-to-neutron ratio. FEven when prepared by a heavy—-ion collision
from the previous peneration of accelerators (beam energies typically
less than 10 MeV per nucleon), a nuclear system generally has
"anrmal” density and only a few MeV of excitation energy per nucleon
(low temperature). Thermal equilihration of the system is fast
compared with the collision time, and 1its bhehavior can be well
characterized by a mean field. High energy collisions, on the other
hand, are dominated by the nucleon-nucleon interaction: a projectile
ion behaves 1like a collection of protons and neutrons, each
interacting independently with the protons and neutrons of the
target.

The range of energies available from TASCC (10-50 MeV/u) allows
nus to hridge the gap between mean field and nucleon-nucleon
phenomena. Recent results from a number of new accelerators in the
nited States and France indicate that this transitional energy range
does 1indeed contain fundamental thresholds in nuclear behavior. For
example, the velocity of "sound” im nuclear matter corresponds to

15-20 MeV/u, and the Fermi energy of unucleons in a nucleus lies at



30-40 Mev. Exceeding the former value permits the creation of
density and temperature variations; exceeding the latter triggers a
substantial change in the number of available states, with profound
implications for the suhsequent opacity of the nucleus to incident
nucleons.

Topics currently of interest world-wide include nuclear
transparency, projectile fragmentation, onset of multifraementation,
localized high temperature sources, jets, limits to momentum
transfer, limits to excitation energy, entropy production, explosive
events, “subthreshold” pioa production, and many other phenomena
which the array proposed herein will allow us to address. In our
discussion we concentrate on two general reaction categories: (i)
peripheral processes, 1in which nuclei collide at 1large impact
parameters, and (ii) central processes, in which the nuclei collide
head-on.

Peripheral collisions are of particular interest when the
projectile’'s speed is in the region of the nuclear sound velocity.
The interaction time of the conllision is then on the order of the
time a disturbance takes to propagate across a nucleus. This limits
thermal equilibration and the reactions evolve, with increasing beam
anergy, to fit the participant/spectator picture with three
independent velocity components: one target-like, one
projectile~like, and one corresponding to the interaction region.
What are the stages of this evolutlon from equilibrated systems to
separated sources, and by what influences 1is it driven? When a

projectile-like component 1is clearly defined it often appears to



come from a simple or multiple breakup of the beam idon into
fragments. Tnstances of excitation followed by equilibrium decay of
the projectile remote from the target have been identified; are there
also dynamical processes during the projectile-target interaction
time that lead t» a "prompt" fragmentation?

Central collisions deposit the largest amount of enerpgy into the

nuclear system and produce the highest temperatures in this energy

TANPE . They are therefore the most interesting for studying the
properties of nuclear matter. There are many approaches to the
question of how a system holds this excitation. They include

searches for the onset of multifragmentation, exploration of the
thermodynamic picture (gas/liquid phases, Tc), and tests of the
limits to momentum transfer and excitation energy. The region of
temperatures and pressures at which a piece of nuclear matter begins
to disintegrate has not yet been mapped experimentally, and
experiments to determine the cause of the breakup have so far been
inconclusive. The reason for this situation to date has essentially
been the lack of instrumentation to determine simultaneously the
multiplicity, mass distributions, excitation energy and source
velocities on an event-by-event basis. The instrument proposed here
addresses such issues explicitly. It has been designed expressly to
answer ruestions concerning transitional energy reaction dynamics and
properties of excited nuclear matter, but it will also be valuable in
a variety of other studies, from investigations of equilibrium
phenomena to measurements of production mechanisms for high-energy
quanta. At present, TASCC has no major facility to perform such

experiments.



In broader terms, the physics probed by intermediate-energy
heavy-ion collisions is fundamental to our understanding of the
cosmos. Tt is well within the resources of Canadian science to play
a leading role in this area of research. The largest step,
construction of a suitahle heavv-ion accelerator, has already been
taken; all that remains 1is to assure 1its prompt and effective
exploitation with the appropriate experimental facility.

3. PROPOSED FACILITY

Decause most of the enerpy and most of the kinematic information
concerning the reaction are carried by the charged reaction products,
light and heavy 1ions, a system of charged particle detectors was
des gned. In order to identify the reaction products as well as
measure their energy, these detectors are operated as A4E-F
telescopes. A heavy projectile hrings a great deal of linear
momeitam into the collision, causing most reaction products to travel
forwvard. Therefore, the detection system is located at forward
angles, and is centered on the direction of the beam. Furthermore,
in ordar to miss as few components as possible in any collision, the
Jdetectors are clonsely packed, with a minimum of 1inactive space
hetween them. This, together with a desire for high counting rate
capability, 1low cost, reliability, ease of operation, and a
resistance to radiation damage, leads to the choice of scintillation
counters as the main detector elements.

A fow principles outlined ahbove already determine the essential
form of MARS. Refinement of the design in the face of additional

requirements and considerations involved a complex set of tradeoffs



based on physics priorities; this is discussed in Part TII of the
proposal. Here we vill simply list the pronerties of the arrav and
its vacuum vessel.

The vacuouwn chamber is a horizontal-axis steel cvlinder, 3 m in
diameter by 3.7 m in length. Tt has a steel tahle inside, for
mounting detectors and targets, which is supported independently of
the chamber walls, since these suffer some deformation under vacuum.
The operating pressure is 1 x 10-" torr. The array consists of 128
plastic scintillator detectors, mounted in a "bull's eye” geometry of
eight rings having 16 detectors each. The two innermost rings are
simple transmission detectors, while the remaining 96 detectors are
AE~F tolescopes, each viewed from behind by a single photomultiplier
tube in a phoswich arrangement. The array is positioned 2 m from the
target and covers a cone of 38° half-angle, with a central 2° opening
to Accommodate the exiting beam. It can also be operated at smaller
distances, e.g. 1 m from the target, for an increase in efficiency at
a corresnonding loss in granularity. An artist’'s view of MARS is
shown in Figure 1.

A comparison with detector arrays addressing similar physics at
othar laboratories with access to "Fermi-energy"” beams is in order.
Of these, the Plastic Wall at GANIL is the oldest. 1t has 96 plastic
scintillators of the AE type, which means that clement identification
must be done by nE-time—of-flight techniques. That facility has
recently been retrofitted with the "Barrel™ (plastic scintillator
strips for light ion detection) and "DELF" (gas-filled detectors for
heavier ions) which cover much of the remaining sphere. AMPHORA, at
the accelerator SARA, is a more integrated array. It covers 847 of

41 steradians with 140 plastic/CsI phoswich detectors. Finally, the
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Figure 1. Artist's conception of the Multidetector Array for Reaction
Studies (MARS), showing a cutaway of the vacuum chamber to expose the
detector array and support hardware. Two auxiliary detectors are shown,
though they do not form part of this proposal; ceither their supoorts
nor those for the target ladder are shown in this illustration.



Michigan State 41 Array covers a similar fraction of a sphere with 30
gas-filled detectors backed by 170 plastic phoswich telescopes, but
has no forward wall. The M™MSYU and SARA arravs are both in the
commissioning stages.

None  of these arrays 1s  better suited to projectile
fragmentation work than that proposed here. The GANIL array has
similar granularity, but inferior identification; AMPHORA has g2ood
identification, but only 43 detecteors in the forward wall; and MS!
has no forward array. TFor central collisions, MARS offers about 75%
efficiency for 1light ions when positioned at 1 m target distance,
wyhich 1is somewhat lower than the French and Amevican facilities.
awevar, our design provides 1isotone resnlution for 1light ions,
unlike the PRarrel/Wall; it provides room in the area around the
target for installation of anxiliarv counters such as gas-filled
detectors for heavy fragments, unlike the very compact geometry of
AMPHORA, and it provides an efficient anticoincidence filter for
projectile~like fragments, unlike the MSU array. Thus, the proposed
array would he unmatched for studies of peripheral collisions and a
ni jor contender in the field of central collision physics.

The proponents of MARS view a large vacuum vessel with a forward
arrav as a minimum basis for successful entry into this field at the
international level. Therefore, the design provides both the space
and the mechanical foundation to enhance the capability should future
developments  demand. Nne possihle development could be in the
tirscrhion of full 4n coverage for a bhroad dynamic range of charged
partinales. Other options 1include large-area avalanche counters or
deep  ion ehamhers. In any event, the immediate aim is to exploit

fully the rxtremely competitive device described in these pages.



4. PROPOSED RESEARCH ACTIVITIES

The research programs planned by the users of MARS have largely
determined the following array characteristics, 1listed as design
goals in section 3.1:

- High efficiency for detecting products from bhoth peripheral

and central collisions.

- ligh granularity to avoid double hits in high-multiplicity

events and to maximize event rate by reducing pileup.

- Good detector response (low thresholds, high element and

energy resolution, identification of neutrons).

- Long (2 m) flight path for time—of-flight resolution.

- Fast decision capability to permit use of the array as an

event tag.

- Compatibility with auxiliary detector systems.

A number of research activities are 1listed below in outline
form. These represent the 1interests to date of the presently
identified major users. They are, of course, subject to change as
new developments arise or new collaborators appear. Ttems 1 and 2
are expected to form the scientific core nf the collaboration's work
over the next few years. These require the full capability of the
array. Items 3-5 require MARS as an event selector and a coincidence
detector in order to define the reaction channel and improve on

earlier, inclusive measurements.

1. Activity: Study dynamics of projectile fragmentation

[the impact of the array oan this field is

given in Section 3 of Part 11].



3.

Measurements:

Ob jectiv

¢

]

Activity:

Measurements:

0Objectives:

Activity:

Measurements:

Fragment magses, energies, multiplicities,

angular correlations, crystal blocking
patterns.
Soirce properties (sizes, velocities,

excitation, decay modes, lifetimes).
Competition between nucleon-nuclteon and mean
field effects.

Reaction trajectories (dependence on beam
energy and mass asymmetry).

Study fragments from central collisions

fthe impact of the array on this field is given
in Section 4 of Part IT].

Fragment masses, energies, multiplicities, and
correlations in mass and energy; neutron yields
and spectra.

Source properties (velocities, excitation,
decay modes).

Response of nuclear matter to high excitation,
thermodynamic properties.

Limits to excitation before multifragmentation.

Use "nuclear interferometry” techniques.

[the impact of the array on this field is given
in Section 4 of Part I1].

Small-angle, light-ion correlations in
auxiliary detector lattice.

Event tag by multiplicity, ion types, hit

pattern in large array.



4.

5.

Objectives:

Activity:

Measurements:

Objectives:

Activity:

Measnrements:

Oh ject!

.
It

v

b

.

Size, temperature, lifetime of emitting

region. Evolution of localization phenomena,

duration.

NDetect subthreshold pions in coincidence with

remainder of nuclear system

[the impact of the array on this field is given
in Section 5.1 of Part 11].

NDetect pioa production cross sections and
energy spectra in specialized counter, detect
coincident particles in array (energies,
masses, angles).

Tdentify mechanism for coherent pion

production.

Study total cross sections and reaction cross

sections for heavy-ion collisions

[the impact »f the array on this field is given
in Section 5.2 of Part 1T].

Flastic and inelastic scattering angular
distributions, beam attenuation measurements
(long flight path in  chamber for TOF
discrimination and more complete anticoin-
cidence in array).

sections, transparency.

Reaction cross
Competition of quasifree scattering with mean

field effects.



Clearly, the five research programs listed here represent only a
fraction of the potential scientific impact of this device. A more
detailed exposition of the arrav's potential for new and exciting
research mav he found in Part 11 of this proposal.

5. LOCATION

The detector array will be iInstalled at TASCC, the Tandem
Accelerator and Superconducting Cyclotron complex recently built at
Chalk River. The designers of the beam transport and experimental
areas have vreserved a target room for a vreaction facility, as
indicated by the location of the large scattering chamber in Figure
2. This particular location was chosen because it has the best
spatial and temporal beam qualities.

Many University groups, hoth Canadian and foreign, have had
research programs at Chalk River. A very recent and very successful
example is the 81 Spectrometer collaboration, which has demonstrated
the accessiblity of AFCL facilities to outside users. As a national
facility, the array will be open to all qualified investigators.

6. USERS

An assocation of TASCC wusers, currently chaired by J.C.
Waddington, has been instrumental in keeping the Canadian physics
community informed of general progress at TASCC. [t has also funded
a workshop on reactlon studies with large arrays at the University of
Toronto (1987 March 26-27), attended by 32 physicists from 8 Canadian
institutions, in addition to the invited speakers; proceedings of
that workshop are attached to this proposal. Prospective users of
the facility have also been informed by newsletters, seminars and

talks at CAP conferences.
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Figure 2. Location of the Multidetector Array for Reaction Studies
indicated on this overview of the TASCC facility by the large vacuum
chamber in the center of the illustration.
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The physies program at MARS will be the major research effort of
two University groups (Rinux et al. at Taval and Drake et al. at
Toronto) and of a core of 3~4 physicists at CRNL (Horn et al.).
J. Barrette et al. of MeGill Maiversity have also expréssed an
intentinn to use the facility and have offered to help with detector
development and testing. Within the MARS enllaboration, a hroad base
of research accomplishments in heavy ion reaction studies can be
found in areas such as scattaring, projectile fragmentation, total
vreaction eross sections, compound nuclear lifetime mneasurements,
heavy lon stooping powers, mass neasurements, and intermediate mass
fragment productinn. A list of users, defined as those spending more
than 10% of their research effort on this device, is shown in Table
. While AFCL does nant have the student resources that the
'niversities  do, it dees wusnally have a postdoctoral fellow
{currently C. Prunean) associated with the group.

7. BUDGET, CASH FLOW, AND SCHENULE

The primary considerations in the design have been related to
the array's performance in physics experiments. However, thought has
11sn heen given to practical matters such as reliability, ease of
construction, and cost effectiveness.

Tabkle 2 gives the cost estimates for construction. A more
detailed discussion of the figures, 1including a breakdown of the
contingeney assignments, may be found in Part III, Section 8. Some
approximabe costs have been marked by asterisks. These represent

infrasteucture funding provided directly by the Universities, by

MGERC through an infrastructure grant (see accompanying request) or
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TABLE 1: LIST OF USERS

UNIVERSITE LAVAL AECL
C. Rioux G.C. Ball
R. Roy W.G. Davies
C. St-Pierre J.S. Forster
E. Hagberg
UNIVERSITY OF TORONTO D. Horn
M.A., Lome
T. Drake

McGILL UNIVERSITY

J. Barrette
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TABLE 2: COST FSTIMATES FOR THE FACILITY IN K$ (CDN) 1987

Ttems marked with an asterisk constitute infrastructure funding and are
not inclnded in the fotal for this request.

NSERC AECT,
CHAMBER ARD SHPPORTS
Nesign Work, tnsineering, Drafting 57.8
Chamber 233.3
Mech. Sapports 64.0
Hounting & Aligament Structure 116.0
3ite Preparation and Tastallation 37.0
High=Vacuum Punmps 166.5
Roughing System 37.0
Plunhing, Feedthrus Misc. 40.0
Commissioning 40.0%
DETRCTORS
Scintillator 106.4
Photomuitipliers 120.3
Other Detector Components 16.4
Machining of Scintillator 52.0%
Assembly of Petector Modunles 48.3%
RLECTRONICS
CAMAC 201.7 40.0%
NI 167.2
Custom Built Components 83.7 67.9
48.3% 80.0*
v 53.0
Honitoring, Control 21.5
Cabling & Racks 53.7
Subtotals 824.0 819.5
Contingencies 122.5 130.7

Totals 946.5 + 950.2 = 1896.7



1933 1989 1990
Jan. Apr. July Oct, Jan. Apr. July Oct. Jan. Apr.
| |— | |
T T T T Y T A
Funding Chamber Chamber Chamber Array Commissioning
Delivered Under Avallable Assembly Complete
Vacuaum For Exper, Complete,
First Tests
Desiga, Engineering, Draftingl 40 K I 18 K
Chamber, Site Prep.,
Plumbing, Feedthrus, etc. ' 233 K | 70 K | 7 K *L
High~vacuum and
Roughing Pumps | 114 K | 90K |
|
Supports, Detector
Mounting & Aligament Structure l 50 K I 130 K
]
Detectors l 130 K | 113 K |
1
Electronics ' 180 K l 469 K |
Contingency I 126 K | 127 K |
|
943 K | 954 K I

FY 88/89 731 K

FY 89/30 746 K

Figure 3. Schedule and Cash Flow

-LI -
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by AECL. Thev are nor a part of rhis request and nave not been added
inro tne raral. In general, detectoars and electronics will be bought
with NSERS rfunds and the chamber and support structures will be
bougit by ARCL, This pavcvricular division is logical for several
CRASONS , Since rhe faciliry 1is 1located at Chalk River, it makes
sanse for the non-portahle items to be owned by AECL. Also detector
miaterials and electronins are purchased irems, some from abroad., It
is therefore more economical for rhe Universities, which pay no
import duty or federal tax, to buy those items while AECL, which must
pay all daties and taxes, covers consfruction costs and the largely
domastic contentr of the chamber and mechanical supports.

Two years will be required between the date of funding and the
final commissioning. A major factor in the timing is that site
prepararion and instrallation of the scattering chamber take place
during 1988 so that no temporary relocation of the existing small
vacuum vessel would be necessary., This would 1insure the least
disruntion and the earliest possible availabiliry of the large
vacuum vessel for interim experiments, Such experiments are
tmportant in maintaining and develoning the research interests of
tha contributing research groups. Construction of the support
srrucrure machining of the detectors and development of the
electronics hardware/software are fairly time-consuming and could
take ovar a year., It is rherefore possible to spread the cash flow
over fwo years, FY R8/89 and FY 89/90 as shown in Figure 3.

8. CANADIAN CONTENT

The benefits to Canadian business and industry from

implementation of the MARS proposal are considerable. The chamber



would be bought from one of three Canadian manufacturers; the
mechanical supports, roughing system with plumbing, and a substantial
amount of electronics would be built locally, at the Uriversities and
at CRNL. The cost of Canadian-built components is thas 884 KS§
including the appropriate contingencies. A number of components,
such ns snecialized electronic moadules, are not made in Canada. For
these  anavoldable  foreign  purchases, the onlyv direct {anadian
component is in the duties and taxes (120 K$§), applicable to the
varinus transactions. The total direct Canadian content 1is then
1004 X3, or greater than one—half the total amount. Additional,
indirzet benefits come from purchases through existing Canadian
representatives. Furthermore, the developmental nature of much of
the worck to be done in this country will enhance Canadian capability
in thease areas.

9. MANPOWER

An estimate of the manpower required to complete the design and
Fo construct and commission MARS is given in Table 3. Tt should be
noted that a substantial part of the engineering, design work, and
prototyping, have already heen done and that still more will be done
by the funding date. The heading of professionals 1in the table
incindes the cosigners of this request. Nf the 6.5 technical man
vears listed, one man year for machining the scintillator will be
provided by Université Laval, two man years will be funded by a
separate NSERC infrastructure grant to support the facility, and 3.5

an vears will be provided by ARCL.
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TABLE 3: MANPOWER REQUIRED FOR CONSTRUCTION AND COMMISSIONING

OF THE ARRAY FROM DATE OF FUNDING (man years)

Research Associare/

Professional Technical —w_.Student
Chambaor tad Rappartg B J.0 o
Deroctars Lafi 2.0 1.0
Flectronics and Datra
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Toral 4ob Hed 2.0



After the facility 1is commissioned, the technical effort
required to maintain and operate aand develop MARS is one full-time
mechanical technician and one full-time electronics/firmware
technician (see the following section). A large number of
physicists, at senior, postdoctoral, and student levels, could
prnoductively exploit the chamber and array.

10. OPERATION AND MAINTENANCE FUNDING

As has been discussed, the full operation of the facility will
start at the beginning of the third year after funding. The previous
two-year period will have allowed the installation of the chamber,
construction and testing of the detectors, their mounting in the
array, and the process of setting up the electronics. From the third
year aad on, the rtwo technical man years required per annum (see
previous section) and the repair and maintenance expenses will be
provided equally by the Universities (NSERC) and AECL. Starting
during the construction period, a competent person will be hired and
entrusted the task of developing the mcdus operandi of the coupled
detection-acquisition systems by connecting and programming the
devices, His salary should be covered by the NSERC infrastructure
vrant . The mechanical technician required to maintain and upgrade
the vacuum chamber and support structures will be provided by AECL.
Tt is also the intention of the University groups to support from
their individual operating grants one postdoctoral fellow who would
in part assist 1in development and operation of the facility.
Equivalent professional help will be provided by AECL.

The maintenance of the detection system (scintillation material

and photomultipliers for replacement and spare parts) and of the



electroniecs setun (renlacement or repair of defective parts, such as
cables, conn2ctors or the modules themselves) will also he provided
for by the NSERC infrastriacture bhudget. These expenses are estimated
as a small fraction of the initial capital costs. HJowever, all
complencatary  detection devices and the supplementary electronics
aventually required are not maintenance costs and will be bhought at
the cuxpense of the users needing the added detectors or ancillary
apparatus.

il. OWNERSHIP AND FACILITY MANAGEMENT

Since each of AECI and NSERC would provide half the fuunding for
the facility, ownership wonld also be shared equally. A fair and
sensible way to divide the ownership would bhe for the lniversities to
own the detectors and the associated electronics and for AZCL to own
the permanently installed large scattering chamber with its pumps and
mechanical supports. The chamber, once installed, would be difficult
ro remove without cutting it up or demolishing parts of the building;
furthcmore, it would by itself form a useful component of the
overall TASCC facility. The detectors and electronics are far more
portable and could, if needed, be used in other applications or at
other laboratories. As discussed in the hudget section, the proposed
division (NSERC 824.0 K$ + 122.5 K$ contingency, AECL 819.5 K$ +
130.7 ¥ contingency) would also be optimum in terms of the economics
of purchasing and the skills required for construction.

It is proposed that the facility be managed by a committee of
two University and two ARECL representatives, with a rotating

chairmanship. Initial membership of the committee will be selected
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from among the authors of this propbsal. While no conflicts are
anticipated, such a management structure would provide a mechanism to
defuse potential controversies.

As a national facility, the array may attract users not
associated wirh the group initiating this proposal; these users would
be completely unfamiliar with the rather complex ianstrument., In such
cases, at least during the initial period of operation, it is
suggested that one or more members of the preseat collaboration
participate in the experiment, either in a “support”™ or a
collaborative tole.

12. TIMELINESS

Recent accelerator developments have led to the opening of the
transirtional eanergy range, and in the past few years a number of
first—genaration detector systems have been used to produce a
rantalizing, but incomplete, picture of the region, A Canadian
heavy—-ion accelerator, TASCC at Chalk River, is now entering the
field, MARS, a second-generation detector array, operational within
"wo vears, would eunsure that Canada reaps the full scientific
henaefits of its tremendous accelerator effort. The development of
compering arrays  elsewhere  imparts urgency to the request,
Farthermore, there may he an opportunity to begin installation of the
bulky chambar during the 1988 accelerator shutdown, which could save
some  unnecessary duplication of effort and 1loss of potential

cuperimental time.
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PART TWO: SCIENTIFIC JUSTIFICATION

1. INTRODUCTION

For several decades, nuclear physics studies with heavy 1ions
have bheen pertormed with an ever-increasing variety of beams, both
ar a few MeV per nucleon and at relativistic energies. The
intermediare energy rezion, however, between 20 and 200 MeV per
micleon has remained largely unexplored until recently, Only in the
last five years hava significant amounts of information been obtained
with new and upgraded accelerators. Our understanding of this region
has therefore evolved through extension of models and theories from
the low- and high—-energy extremes, namely that dominated by the mean
niclear field and that characterized by the nucleon-nucleon (NN)
interaction, Consequently, this 1is a region of contrasting
assumptions. For instance, the mean free path is assumed larger than
the nmuclear radius for the direct interaction hypothesis within the
tramework of the mean field, while the hydrodynamics models are based
an a mean free path much smaller than the nucleus itself. As recent
results are showing, these contrasts can be understood with the
tealization that the intermediate energy range contains a number of
significant changes in nuclear behavior,

A current topic of interest which addresses the "transitional”
aspects of this energy range is the equation of state (EOS)
describing a large ensemble of nucleons. The thermodynamical
properries of nnclear matter such as temperature and entropy can be

used as reference variables to study verv fundamental issues. Not
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only are they useful in the comparison of different theoretical
approaches, but they also serve (o guide the experimental
investigation of the various states of the nuclear matter produced in
the laboratory. 1In terms of these variables, the time evolution of a
central collision between two nuclei can be described by an EOS
representing the interacting nucleons which are considered to behave
as a gas. A calculated equation of state for such a collision is
shown in Figure 1 in terms of pressure, P, as a function of densitv,
p/po, and temperature, 1), The corresponding phase diagram can
be deduced from it, and the possible 1instability regions and
different phase limits identified. Crucial questions concerning the
establishment of a correct EOS for nuclear matter remain and
constitute a major class of problems to he addressed in studies of
central collision phenomena with the instrument provosed here; a more
detailed discussion can be found in Section 4.

Peripheral processes, dominated by the quasi-elastic
inferaction, constiture annthér class of experiments planned with the
facility., Here projectile-like fragments are produced with
relatively small amounts of mass and energy traansferred between the
two colliding nuclei (which consequently preserve their respective
identities far better than in a more central collision). This
situation contrasts strongly with tle formation of a composite system
in a central collision, where the target and the projectile can
participate equally in the formation of a new final state. In
peripheral processes, many mechanisms can contribute, as illustrated

in Figure 2, Though several of these mechanisms are already well
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Figure 1. Equation of state predicted for meutral nuclear matter,
The temperatures of each isotherm are given in MeV; the critical
point is represented by a solid dot. (From ref, 1),
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Figure 2. Schematic representation of several mechanisms coatributing
to the production of observed projectile-like fragments, F, and other
unobserved fragwents, R. P is the projectile, and T the target. Fig. 2
confuses mechanisms with limitations in the detection systenm. (From
ref. 2).



established, their relative probability and their respective behavior
as a function of energy and mass asymmerrvy are open questions,
Moreover, fast frauments with masses far from the projectile mass are
also produced. ‘low do these intermediate-mass fragments, originating
from a very localized hoft source produced by NN collisions, compete
with processes based on the mean field? On the other hand, is
projecrile multifragmentation in the fleld of the farget nucleus an
important mechanism in the production of more than one
intermediate-mass fragment? A more complete experimental
invesrigatrion will resolve these problems.

These two general classes of reactions will be reviewed in
subsequent sections, with relevant aspects addressed as future
experiments for MARS. Tnpics not well characterized by the limits of
small and large impact parameirers will be discussed separately.

2. IMPLICATIONS FOR EXPERIMENTS

Two thresholds at about 15-20 and 30-40 MeV per nucleonn,
corresponding respectively ro the sound velocity in the nucleus and
the nucleon Fermi kinetic energy, are known to occur 1in the
transirional energy region, Besides reaction channels resulting
directly from these thresholds, a number of specific phenomena belong
to the region, as is illustrated in Figure 3. 1In fact, theoretical
calculations and model analyses of experimental data have shown that
a proper description of the phenomena must often include explicitly
the NN collisions, as well as the blocking effect from the Pauli

principle and the mean nuclear field4-5). Such disparate
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Figure 3. Illustration of different reaction processes that have
been observed as a function of bombarding energy and impact

parameter. (From ref. 3).



underlying physics concepts lead to an extreme variety of final state
observables. I 1is therefore evident that more sophisticated
instrumentation is needed at intermediate energies than at low energy
where two-body or quasi-two-bhody processes dominate. In this energy
range, elastic, quasi-elastic, fusion-fission, and other reactions,
generally studied at lower euergies with a limited number of small
detecror96,7), evolve gradually, with increasing energy, to
multibody processes best detected with a high level of coincidence
efficiency. Between the simplest inclusive setups and the ideal 47
detector system lie many possible detection configurations that are
adequate for specific exveriments. For example, a large array of
detectors such as MARS may be designed fto study certain detailed or
alobal phenomena, either standing alone or in conjunction with
complementary detectors. It 1is indeed imperative that such a system
excel at rhe primary task for which it was designed. However, since
fhere can be but a few such facilities, it should be versatile enough
to Aaccommodate other interests and research programse. If it is to
have value after current problems are addressed, it must also have
the flexibility to accept potential modifications, should future
developments require that., 1In any event, it is clear from what is
already known of heavy ion reaction mechanisms at more than 10 MeV
per nuclenn, that the ability to detect ternary and higher
multinlicity events with large dynamic range capability in both mass

and energy will remain a common requirement.



3. PERIPHERAL PROCESSES

Peripheral processes are those in which two nuclei collide at
large impact parameters. The amount of overlap between the two
naclear volumes is minimal and the collision is a glancing one, with
the result that the identities and trajectories of the projectile and
target are reasonably well preserved. At low energies these
quasielastic collisions are dominated by inelastic scattering and
few-nucleon transfer reactions. In the transitional energy range,
both of those mechanisms persist, but a number of new processes arise
which can lead to the breakup of one or both of the reaction
partners. Since the most kinematically focussed and easily
ohservable reaction products are those originating from the beam, the
pProcess is, somewhat misleadingly, known as projectile
fragmentation. In a very simple picture one might expect that the
fragments closest to the original projectile in wmass and velocity,
<nown as projectile-~like fragments (PLFs), originated from the most
neripheral of tne collisions, while those far from the projectile's
mass and velocity originated from somewhat smaller 1impact
parameters. The latter type, including multifragmentation events,
may have their origin in the increasing importance at higher energy
of nucleon-nucleon collisions, which permits a much greater energy
to be deposited 1in grazing collisions than does the mean~field
interaction.

3.1 Projectile~like Fragments

The earliest observation of projectile fragmentation was with
the simplest possible composite projectile, the deuteron. At 95 MeV

per unucleon, 1its breakup was very well described in terms of a
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geomefrical model.8) More recently, the approach formulated by
Goldhaber?) for complex projectiles at higher energy has also been
quite successful in explaining the observed phenomena. However, the
extension of the same descriprion to data at lower bombarding
energies, in the intermediate range of 10 to 100 MeV per nucleon, met
with limited success. Specifically, the experimental widths of the
momentum distributions of the PLFs narrow more rapidly with
decreasing heam energy than calculations would predict. This effect
is displaved in Figure 4, which plots a comparison of calculated and
exparimental momentum widths (cU) as a function of beam energy.
Several explanations have been proposed (see, for example,
ref., 2 and recent reviews given in refs, 10 and l1)., In particular,
direct nucleon transfer, a dominant process at low energy, continues
o compete strongly with other processes at higher energy. 12-14)
However, interactions at large or grazing impact parameters are quite
complex, Although the reactions are fast and the projectile spends
anly a short time 1in the vicinity of the target nucleus, many
mechanisms coatribute to the PLF yields. Collisions at 20 MeV per
aucleonl3)  srill  have many characteristics of deep—inelastic
phenomena; an excited PLF can disintegrate by sequential decav in the
exit channelll, 16-18) or in the entrance channellg), as
illustrated by recent work of our group (see Figure 5). Prompt
breakup evidently also contributes to the PLF specrra.zo) The
recent analysis by Rami et al.l4) in terms of nucleon transfer and
projectile fragmentation mechanisms sums these two components in the
energy spectrum and yields the reduced widths shown in Figure 6. In

fact, even the PLFs with masses very close to the projectile mass are
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Figure 4. Reduced widths, o5, of the PLF linear wmomentum
distributions as a function of projectile energy. The dashed line is
a calculation in the peripheral model24), Figure from ref.2.
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Figure 5. Galilean invariant yields plotted in wvelocity space for in-plane
coincidences between light ions (-30° < 68 < 30°) and heavy fragments at
0 = 12.5°, in the %4 on gold reaction at 40 MeV per nucleon (refs. 18 and 19).
The vertical vector in each panel represents the beam velocity and the wector at
6 = 12,5° is the average heavy-fragment velocity for that channel and angle.
Yields for three final states are shown in panels a, b, and c. The beamlike
velocity vector for the a i)articles in the B-a channel suggests an
entrance—channel breakup of the “N projectile, and the fragment-like wector for
the protons suggests a sequential decay of the projectile in the exit channel.
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Figure 6. Reduced widths, o3, of the PLF momentum distributions as a
function of bombarding energy. The solid dots and open circles
represent the projectile fragmentation and nucleon transfer reactions,
respectively, in the Ar + °%Zn reaction by, Rami et al.21), The
solid curve is a complex transfer calculation, the straight (solid and
dotted) horizontal line shows the trend of the experimental data and the
dashed 1line displays the o0, tendency from the experimental data found
in the literature in the 10 to 50 MeV/nucleon range. The figure
illustrates the superposition of several reaction mechanisms to give the
vy observed in inclusive measurements.



part of a very complex picture.l0,21) A common remark from recent
papers 1is that several aspects show a strong resemblance to low
energy processes, while others are reminiscent of the projectile
fragmentation at relativistic energy. The Coulomb final state
interaction has an important effect at intermediate energie521),
but its inclusion does not provide the successful explanation that
Conlomb corrections achieved between 100 and 200 MeV per nucleon.
Some anomalies (see ref. 11 for a review and a discussion) can be
explained by the inclusion in the analysis of more constraints, such
as the Pauli blocking effectzz), the Fermi gas nature of the
nucleus,?23) or Coulomb effects.24)

Nevertheless, rather basic questions remain unanswered. Some,
such as the dependence of the reaction dynamics upon beam energy and
nrojectile-target mass asymmetry, can be explored by the systematic
study of a large number of reactions. In this class lies the
evolution from the phenomena of the transitional energy range to the
participant~spectator model, which is so successful at high
energy.25’26) Others, questions like the validity of new models
joining the nucleon-nucleon and mean field effects (see refs. 27 and
28 , for example), require “"new experiments as exclusive as
possible".ll) Specifically, this issue is best addressed through
the reaction trajectory, as determined from source velocities,
geometric and shadowing effects, and correlated fragment emission.

A new generation of multicoincidence detection systems has been
developed with such experiments in mind.29) MARS is particularly

well suited to the task. 1Its angular range when positioned 2 m from



the rarget covers most of the phase space of the PLF; ar half that
distance, it permits one to follow the trends of processes trhat
extend still further in angle or that start to take place when the
forward peaked mechanisms vanish. Furthermore, the challenyging study
of decay properties of nighly excired fragments produced at the lower
cadl%) of the transirional eneryy region can also be accommodated
with a setup composed of gas detectors at large angle in coincidence
with the mulridetector array. Consequently, tne array will allow
investigation of several  —competing processes for projectile
fragmentatrion, each in its respecrive dynamical range.

3.2 Fragments With Masses Far From The Projectile Mass

Fragments with masses very different from that of the projectile
or target have sometimes been called intermediate-mass fragments.
Clearly, at least one of the reaction partners must have broken up to
produce such a fragment., Beyond that simple criterion, however, the
name  becomes ambiguous. Some can originate largely from a heavy
prujecrile39) while others may be produced 1in reactions with
lirhter projectiles.31»32) The latter type appear to emanate from
sonrces with velocities much less than that of the beam: they have
been the basis for a variety of experiments, e.g. as triggers for
a2xtrensive  light-particle studies33) and linear momentum transfer
measurements3!) and in a study of the coexistence of equilibrated
and unequilibrated sources.32) Central collisions also appear to
emir "intermediate-mass” fragments,

In this section, however, we are more concerned with the type

nrizinating from the projecrile30) containing a fast component,



This can be seen from Figure 7 as a function of the beam velocity, or
from Figure 8, as a separate component nof the different velocity-Z
distribuations. The two figures come from a study30) of the
reaction ¥r on Ao at 35 and 4% MeV per nucleon. In this recent
exnperiment, correlated fragments with Z=8 to 36 were detected in the
angnlar range 3°-30°. The study concluded that the coexistence of
two different mechanisms was needed to explain the two types of
correlated fragments.  In one mechanism, both fragments came from a
very slow, excited projectile produced in a pick-up reaction. The
other shows a near-heam velocity fragment 1in coincidence with a
slower fragment emitted either by the target after a stripping
reaction or by a hot zone common to the projectile and the target.
The latter Thypothesis supports a potential explanation already
discussed?l) which could be tested hy experiment.

Such experimental tests can be achieved with the proposed
mltidetector array which has a rather complete coverage of forward
s0iid angle. Tor a wider dynamic range in mass, gas detectors added
at about 90° to the heam region would allow the simultaneous study of
lisht-particles and Intermediate-mass-fragment correlaticns. This
would praovide a much higher level of exclusivity for the type of
multiple-source analvsis performed 1in the past.33v34) Such an
analysis is complementary to alternative approaches probing the early
stage of the collision. The early stages and the subsequent
evolution towards equilibrium are usually considered either in terms

of exciton, Fermi-jet or hot-spot models.33)
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Figure 7. Coincident fragment yield for two different ranges of E*..; as a
function of the ratio between the fragment velocity and the projectile
velocity. The reaction 1is 8"K.r + 197An at 44 MeV per nucleon (ref. 30).
E* o1 1s the difference between the total kinetic energy of two coincident
fragments (in their cm system) and their Coulomb repulsion energy. In part a,
the black and open dots are the fragments 1n colncidence with a fast
(vlv, > 0.67) and slow (vlvp < 0.67) particle, respectively. The bottom
specgrun is the sum of both types of coincident fragments.
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Exclusive data are quite sparse for heavy fragments. Tnclusive
measurements were performed at 22 and 35 MeV per nucleon.37)  While
the low—energy results were interpreted in terms of a process
combining features of the oparticipant-snectator wmodel and the
deep-inelastic interaction, fragments observed to bhe strongly
energy-relaxed have remained withont explanation. This apparent
averlap of various mechanisms rooted in both low and intermediate
eneraies certainly calls for a study of their enerpgy dependence and a
hetter understanding of their respective contribution to the reaction
vields. Tn the case of ¥Xr on Au (ref. 30), the identification of the
two distinct mechanisms has revealed a new process, strongly energy

01+

dependent from 35 to 44 MeV/nucleon, but not obhserved in the
Ta study at 20 MeV/nucleon.3%)

The necd for new high—-quality exclusive measurements is well
established by the complex picture emerging of the intermediate
anerpgy ranpge, which is clearly a region of transition for the various

production processes of intermediate-mass fragments.

3.3 Multifragmentation of the Projectile

The previous topic is apparently quite similar to that of the
nresent  heading. As it may be recalled from Section 3.1, the
evcitation of the projectile, either via nuclenn transfer processes
or via inelastic scattering 1is a dominant mechanism leading to
peo jectile fragmentation 1in peripheral collisions. The critical
quantity is the degree of excitation of the primary fragment which
mqy then decay through various paths, giving the PLF. The discussion

is here purely restricted to the potential emergence of three or more



nuclei after a peripheral interaction in the field of the target.
The target plavs a  rather instrumental role, largely as an
interaction center. A crucial question 1is whether oprojectile
multifyragnaentation can orcur, directly by a prompt multibodv breakup
of  the projectiln, or by subsequent sequential decays. Recent
theoretical mﬂdelﬁ,qq) formulated with a transport equation which
ineludes XM collicion terms, have given clues regarding the role of
the Incoming narleons (they are practically all inherent participants
in all bnt the wost neripheral collisions). A comprehensive study of
collisicns at the oxtreme nuclear periphery may therefore be an
essential starting point for understanding the onset of projectile
mulrifragmentatinn. Furtharmore, as it has been pointed out in a
roeceakt investiqatiOHAO) of the :+0Ar on Au reaction at b0 MeV per
miclenn, the participant—-gpectator picture describing the colliding
ansenble may be an oversimplification at that energy.

The primary excitation energies are expected to be sufficient to
allow the accurrence of projectile multifragmentation in intermediate
energy  collisions, with an appreciable probability relative to
two—-body channels. In fact, discrete states are excited in the
nrimary fragmentg.al) Since direct nucleon-nucleus and nucleon-
nuclenn interactions might become an important excitation mechanism,
divorete states can he formed after a first interaction has taken
nlace. Some evidence of direct multifragmentation of a projectile
has been seen at 30 MeV per nucleon.42) A multiplicity
analysisl?) of the reaction of a 40 MeV/u 1% beam with a gold
target has revealed a significant number of events involving three or

more particles.
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A recent experiment43) performed in part by Laval University
members of the MARS collaboration was done at 32.5 MeV per nucleon
with a variety of beams and targets to investigate the role of the
entrance channel reaction partners, in particular how the threshold Q
value of a given projectile can differentiate one case from another.
This class of experiments, when investigated with a large number of
detectors, will create a bridpe between a purely peripheral
collision, with all 1its two— and multi-body processes, and the
mechanisms dominating at decreasing iwmpact parameters. MARS,
which provides 128 detectors within a cone of 38° offers enough
srannlarity to measure the characteristics of these multi-fragment
2vents.

To understand the onset of several mechanisms evolving, like
those discussed so Ffar, in angle, mass and energy, and ¢to
nnamhiguously identify and follow their trends, a flexible setup 1is
~ssential; the proposed array would allow accurate stodies of these
mechanisms. Fxperiments with PLF, detected in coincidence with other
fast fragments or light particles, would allow a complete event
reconstruction. This should be adequate to describe precisely that

class of peripheral collisions and its trends with impact parameter.

3.4 Lifetime of Excited Fragments

The measurement of compound nuclear lifetimes by crystal
blocking techniques has provided wvaluable insight into the time
avoluntlon of nuclei decaying by particle emission. For such decay

modes the lifetime, t is < 10-1°s.
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Considerable effort has been made to study the fission decay of
compound nuclei produced in heavy-ion reactions44-47), In these
measurements, many of which have been performed at Chalk River, beams
of C to Ne were used to bombard crystal targets of Ta, W, Au and U.

1o .
’0 ions

Figure 9 shows a two-dimensional blocking pattern for 40 MeV
elastically scattered from a Ta crystal along a <l11> direction,
The axial and planar minima stand out clearly in the two-dimensional
pattern. A plot of intensity in the y-direction through the center
of the axial dip, for the position indicated by the dot on the
x—-axis, 1is shown in the lower half of the figure. The lifetime
results, when combined with total fission cross section measurements
and fission fragment angular distributions, have permitted severe
restriction of parameters in the statistical model describing the
decay.

With very heavy, high energy beams it 1is possible to extend
these measurements to shorter lifetimes by using low Z crystals e.g.
1271 bombardment of a Ge crystal., The resulting compound nucleus
recoil velocity is then increased by about an order of magnitude over
that achieved in the earlier measurements with a corresponding
increase in the lifetime sensitivity.

The crystal blocking lifetime technique has also been used to
measure nuclear deexcitation times down to 10~‘’s by bombarding a
diamond crystal with an 160 beam and measuring blocking patterns for
evaporation residues48), In this work the time delay associated
with the production of evaporation residues with Z values from 6 to

12 were measured and found to be in the range 5 x 10-'%s to

5 x 1071 7s.
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Figure 9. Disglay of a blocking pattern recorded in the elastiec
scattering of 150 "on % (orientation < 111 >) at 40 MeV (ref. 45).
The black dots in the upper 2-D spectrum cortespond to (x, Yy)
channels coutaining more counts than a pre-selected winimum value. A
y-scan through the center of the axial blocking dip is shown in the
lower half of the figure. The black dot on the x—-axis indicates the
x value for the scan.



In all of the measurements described above, the beam particles
are assumed to fuse with a rarget nucleus resulting in a compound
nucleus with a well~defined recoil velocity ; also, the distribution
of decaying particles covers a wide angular range. A straightforward
determination of the lifetime value can then be made by a comparison
of blocking dips measured at different angles, since the displacement
of the compound nucleus from the lattice site perpendicular to the
axis along which the blocking pattern is measured is just V?sin J
where W 1is the compound nucleus velocity,ir the mean lifetime of
the compound nucleus and J is the angle between the velocity vector
and the crystal axis,

More recently, the technique has been used in an attempt to
measure time delays of projectile-like fragments in heavy-ion
reactions, 1in particular “UAr + Ge at 44 MeV/nucleon®9), In this
reaction, primary fragments, which are highly excited, are produced
at the lattice site on a very short time scale, They subsequently
decay by 1light particle emission to produce the secondary fragment
measured in the detector and it is the time delay between primary and
secondary fragments which 1is determined by the crystal blocking
technique.

The data analysis is now considerably more complicated because,
in a single measurement, the primary fragment is unknown: e.g. a
detected Si nucleus could have resulted from u-decay of a S primary
fragment, from n-decay of Si, p-decay of P, etc. Also, the recoil
direction of the primary fragment is no longer unique and assumptions
about it must be made. The comparison of blocking dips for different

angles of measurement is also no longer straightforward. However, a
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large forward array, which could detect the decay particles of the
primary fragment, would help resolve many of the difficulties
associated with such measurements. The results could provide
detailed informarion on the time evolution of heavy ion reactions at
intermediate energies which 1is unobtainable by any other known
technique., Members of the collaboration have been active in blocking
liferime weasurements (e.g. refs 45-47) for over fifteen years and
are capable of making significant contributions with the blocking
technique to heavy-ion reaction studies.

4. CENTRAL PROCESSES

The highest temperatures and densities are achieved in central
collisions. Such collisions are therefore selected in experimental
investigations of the behavior of nuclear matter, its equation of
state and thermodynamical properties. The studies may take the form
of a search for the onset of multifragmentation, of finding the
limiting momentum or excitation energy which can be imparted to a
miclear system, or of probing localized sources for their extent,
velocity, and temperature.

4.1 Equation of State and Thermodynamical Properties

Nuclear matter formed in central nucleus-nucleus collisions may
display temperatures ranging from a few MeV up to several tens of
MeV. One can attempt to describe the system by an EOS such as the
one shown 1in Figure 1. The corresponding phase diagraml) is
displaved 1in Figure 10, with limits and characteristic curves
indicated on the graph. An essential reference value deduced from
those calculations is the critical temperature for breakup, T.. In
the calculation of reference 1, based on a =zero~-range Skyrme

interaction, a critical temperature of 15,3 MeV is obtained. A much
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Phase diagram for neutral nuclear matter corresponding to
Isentropes for different values of S,

The boundary of liquid-gas

Figure 10,
the EOS of Figure 1 (ref. 1).
entropy, are indicated by dashed curves.
coexisteace (LGC) and the curves of constant pressure (isothermal,

ITS, and isentropic, IES) are shown with solid lines.
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lower value is calculated when a Coulomb interaction is incorporated
into the calculations,so) thus describing a system which should
disintegrate at a much lower temperature than that feor neutral
nuclear matter.l,51) A mechanical instability region,lsSZ) which
defines the points for onset of multifragmentation influences the
reaction time evolution; althouph experimental identification of this
point has remained elusive, a clear energy dependence should
appear51) in two-fragment correlations such as those displayed in
Figures 11 and 12. Several different formulations exist for the EO0S,
but similar properties for nuclear matter in phase transition are
found®3) in each of them. This type of computer simulation5l)
provides a basis for testing the EOS and its instability region.

A supplementary measurement concerning the E0OS 1is the
determination of the entropy, which increases through the predicted
mechancial 1instability region.l) The 1isotope~yield ratios for
intermediate mass fragments, as reported recent1y55) and shown in
Fisure 13, reflect the temperature and density at breakup, thus
providing a measure of the entropy. Since the entire target 1is
involved in the central collisions observed here, event detection
must be as complete as possible, This has been pointed out in
ref, 56, 1in an entropy determination from complex-fragment yields
without isotope resolution. The apparent power-law behavior of the
mass yields (Figure 14) has been inrerpreted57) in terms of the
nuclear liquid-vapor phase transition.

MARS is well suited to central collision experiments; when it is
operated in "close geometry"” mode, 1 m from the target, it intercepts

up to 757% of the light ions emitted from an intermediate-velocity
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Figure 1l1. Isotopic yields obtained in different simulated reactions
(ref. 51). The yields are represented as the number of fragments of a
given Z, N pair.
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Figure 13. Comparison between calculations from a quantum statistical
model and experimental data for the 120 4 1974y system at 84 MeV per
nucleon (ref. 55). The isentropes are shown with solid lines and the
regions of agreement between the calculated and measured isotopic-yield
ratios are indicated by shaded areas.
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phases (ref. 57). The experimental results are from the reaction Ar on
gold at 42 MeV per nucleon (ref. 56).
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18 give nuclear temperature as a function of source excitation per
nucleon. A striking similarity between the two figures, namely a
plateau in temperature for excitations per nucleon between 3 and
10 MeV, has been noted.b0)However, as pointed out by Borderie,6l)
the apparent velocities extracted from intermediate-velocity source
data do not permit the corresponding excitation energies to be
attributed to the whole system, and without a knowledge of the
excitation energies, the results are inconclusive,

Additional experimental verifications of theoretical predictions
are proposed in an extension made recenrlyﬁz) to the
Boltzmann-Uehling-Uhlenbeck model.63) Mass distributions have
been calculated for the ZONe on 20Ne and L'OCa on L'OCa systems in the
energy range 50 to 100 MeV per nucleon. Figure 19 shows such
distributions for the case Ca on Ca at 72 MeV per nucleon.

Previous attempts to determine the excitation energy
corresponding to the onset of multifragmentation or to the saturation
of apparent temperature parameters have to date shared a common
ambiguity. Without assurance that a central collision has occurred,
without an estimate of the source velocity, and with no
event-by—event measurement of the multiplicity, all observed
quantities are averaged over impact parameter, reaction channel, and
kinematic origin. The proposed array can both reject events with
projectile-like components and perform a multiplicity cut quickly
enough to serve as an on-line trigger; for high multiplicity events,
an off-line estimate can be made of the source velocity. The
consequence is profound: a determination can be made of the limiting

point beyond which multifragmentation sets in.
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4.3 Linear Momentum Transfer and Maximum Excitation Energy

What 1is the maximum excitation energy that a composite system
can hold before it disintegrates? How can the deviations from
complate Fusion be interpreted correctlv? Several recent works have
provided new insight into the early stases of collisions at different
enargies and 4 reviewb?) of the subject raises crucial questions.
Incomnlete  fusinn  processes represent a broad ranpe of pre—-equi-
tibrium wechinisms having different properties depending upoa the
bomharding energy or the projectile~target system under study.
Cluster emission 1s  proposed as a possibility at 16 MeV per
ancleon®S) while a study®™) at 20 and 35 MeV per nucleon suggests
thar the latter value repnresents the limit to the energy that a
conposite system can sustain before it disintegrates into light
Tragments. Another exploration67) of the 24-4C MeV per nucleon
range establishes a limit for composite nucleus formation just above
27 MeV. Figure 20 gives a global picture of the deposited excitation
aneray as function of the mass of the composite systems studied. A
wore systematic view 1s presented in Figure 21 in terms of the most
nprobiable values of linear momentum transferred from the projectile to
the composite svstem.

The ideas outlined above reflect quite a complex situation of
ovarlappineg effects  as  the  limits to fusion are  reached.
Pro—equilibrium cffects are not completely ruled out, but a temper-
atare  liait is tentatively assigned to the composite System67)
alrbhough geveral questions remain open64). The threshold
teaperature predicted for disintegration50) could therefore

reprasent the same limit of excitation energy as that deduced from
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Figure 21, Most prybable value of the linear momentum transferred p as a
function of (E/A)1 2 for the composite system A, The solid line has
been drawn by assuming a limiting value of 175 MeV/c for Pe/A and is a

rather good fit to the data (see ref. 64 for a list of references to
data).



the momentum transfer data.f’) As sugpested from missing momentum
studies,31) the enerpv deposition in central collisions depends
nrimarily on the valncitv and mass of the projectile and less on the
total eneray. This result sunports the suggestion®7) that the
liamiting temperature could best be measured in symmetric collisions.
Tha beam enerailes required to reach the critical breakup temperature
nf a composite system of mass A formed with C and Ar projectiles is
shown in Figure 22, The lower limit for the production of nuclei at
the predicted critical temperature in symmeiric collisions is also
shown. From this figure it is evident that symmetric collision e.g.
Ta on Ca are 1ideally suited to test the hypothesized breakup
temperature.

This perspective on central collisions differs only slightly
from that of the multifragmentation view. Here we seek to ohserve
the disappearance of few-hody final states rather than the appearance
of  many-body states. Consequently large-area heavy-fragment
detectors, such as avalanche counters or gas AE detectors are
required. flowever, experiments at this level have already been
tone. The contribution of MARS will be to allow one to ascertain the
Amount of pro jectile-like component present as the limits to fusion
are approached, 1{.e. how much of the "missing” momentum can be
attributed to causes other than incomplete fusion.

4.4 Nuclear Interferometry and Localized Sources of Excitation

Two-particle correlation techniques68) have provided
information on the time and space localization of reactions and on

the temperature of the emitting source. A localized region of high
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excitation has been identified with p-p correlations in reactions at
25 MeV per nucleon;69) information has been extracted as to the
space~time extent of the cmitting region as has been done at
relativistic energies in studies of the nuclear fireball, At
intermediate energies source radii can be extracted from correlations
between protons and other 1light fragments, and a time scale
associated with the source. An assessment of the number of
participant nucleons can also be made.”0) However, a recent
paper’l) on 1“N—induced reactions at 35 MeV per nucleon, analysed
with the two-particle correlation technique, addresses several new
questions; their answers will require a considerable amount of
experimental and theoretical work.

The “interferometry" field is evidently still expanding, and
more sophisticated experiments could be designed to use the technique
at its full potential. Already, multiplicity-tagged correlation
functions have been reported.71) Used with a small close packed
array of high resolution telescopes for the correlation measurements,
the large array will offer a considerable improvement over present
measurements by performing high~level event selection (e.g. by
particle type or velocity distribution). The University of Toronto
group 1is developing such a vprototype lattice of CsI/plastic
telescopes. Use of this lattice in coincidence with the large array
will remove from the correlation functions undesired contributions
coming from sequential mechanisms or other sources (e.g.
projectile-like or target-like) unrelated to the central events of

interest.
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5 OTHER TOPICS

5.1 Subthreshold Pion Production

In recent years, the collective nature of pion production
mechanisms at subthreshold energies has been clearly established by
many experiments.72'74) Those results have fostered various
theories to describe possible subthreshold production mechanisms,
including nucleon—-nucleon single collisions,75) statistical and
thermal models, ’6-81) bremsstrahlung mode1s82-84)and a
time~dependent Hartree-Fock (TDHF) model.83) However, the details
of the processes are still uncertain because the experiments, so far,
were aimed wmostly at establishing the total production cross section
and because the different theoretical models already mentioned
generally manage to reproduce the gross features of the total
production cross section. The typical results presented in Figure 23
were obtained by members of our collaboration.’®) Although these
different models all reproduce more or less the pion production cross
section, they are nevertheless very different from one another; these
differences should manifest themselves in the reaction products that
are coincident with the pion,

The experiments needed at this stage in order to 1lift this
anbiguity must be designed to detect not only the pions but also the
particles and fragments produced with them. 0One way to achieve that
will be to have one or more pion detectors in conjunction with a
finely segmented array of detectors. The latter should provide the
broadest detectlon range possible in mass and energy whille covering

as mch as possible of the reaction phase space. The pion detector
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could be of the type used at GANIL in an experiment with a 94 MeV per
nucleon %0 beam.86) This detector is a particle telescope made of
thirteen layers of plastic scintillator for a total thickness of
27 cm. The role of the detector array can be filled by the proposed
array, complemented if necessary by other modules to increase the
detectrion solid angle for fragments and particles other than the
pions.

5.2 Total and Reaction Cross Sections

One of the most fundamental questions in intermediate and high
enerygy heavy-ion physics 1is to what degree a nucleus—-nucleus
collision proceeds through a series of incoherent nucleon—-nucleon
interactions. That 1is, to what degree do incoherent quasi-free
interactions dominate the nucleus—-nucleus collision process? 1f
indeed the reaction cross sections are dominated by such incoherent
interactions, then it 1is important to choose carefully experiments
which enhance the probability of observing regions of highly
compressed and excited nuclear matter relative to the quasi-free
scattering (0OFS) background.

Recently work at TRIUMF by a University of Toronto group has
shown the remarkable ability of microscopic theoretical calculations
to predict nucleon-nucleus scattering cross sections and polarization
parameters, as well as reaction cross sections.87) Indeed,
Faessler's group has extended these parameter-free microscopic
calculations to heavy-ion collisions, where they have demonstrated
that, at higher energies (>50 MeV/u), the heavy-ion reaction cross

sections are dominated by QFS. On the other hand at low energies the
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reaction cross sections are dominated by the excitation of the
nuclear surface and fusion. The calculations have for example,
predicted the energy dependence of the begleg reaction cross
section, as well as the elastic scattering cross seciion and the
scattering cross sections to low-lying excited states of 14¢,88)

Very few data exisr in the literature, and a group from the
University of Toronto, which participates in the MARS collaboration,
has built apparatus for total and reaction cross secfion measurements
in heavy-ion collisions, to be used with the Chalk River TASCC
facility. They are also constructing a detector to measure the
elasfic and 1inelastic differential cross sections for the same
reactions. These detectors are being tested at Chalk River (in the
autumn of 1987), and the first experiment is planned with the TASCC
““Ca beams. Such measurements will be greatly improved with the
const ruction of the equipment proposed here. The availability of
hetter time-of-flight information will permit rejection of recoil
avenls and the large solid angle of the array will provide enhanced
anticoincidence capabilities. Further, the scale of the vacuum

vessel allows greater angular precision in setting up detectors.
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PART THREE: DESIGN AND PERFORMANCE

1. DESIGN GOALS

The Multidetector Array for Reaction Studies consists of a large
vacuum vessel, a [orward array of AE-E telesconpes, and the attendant
electronics and controls. The forward array is a complete,
stand-alone spectrometer; however it may also bhe used in conjunction
Wwith other detectotr assemblies in the vacuum chambecr. The array is
readily removable [or stand-alone operation of the chamber. The main
performance criteria considered in the design of the array are:

- Efficiency (for detecting products from both peripheral and
central collisions).

- Granularity (to avoid double hits in high-multiplicity events
and to maximize event rate by reducing pileup).

- Detector response {(thresholds, ion identification, energy
resolution, and neuntron response).

- Flight path (for time—of-flight vesolution).

~ Fast decision capability (when the array is used as an event

rg).
Tt is also considered important that the facility be simple in
construetion, operation, and maintenance, and that it be compatible
with coincidaence experiments with large gas-filled detectors and

vrovide scope for additional counter arrays.
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Detailed discngsions of these criteria can be found in
subsequent sections of the preposal. Their optimization depends on
the Importance Aattached te the various types of experiments. Our
highest prinsrities are the exclusive measurement of projectile
muttifragmentarion and the characterization of central collisions bv
Aeasdaring the majority of the fragments emitted in each event. For
this purpose, the efficiency and granularity of the array are the
nrime concerns, leading as to propose a total of 128 detectors,
topether covering a cone of about 38° half-angle. The types and
sizes of the individual latectors, their distance from the target,
and consequently the size of the vacuum vessel can then be determined
from the performance criteria as discussed 1in the following
sections. The most important design and performance specifications
far the array and chamber are summarized in Table 1.

2. FEFFICIENCY OF THE ARRAY

Since a major design criterion for the array is its efficiency
for charged particle detection, this topic will be addressed in some
detail. Plastic scintillator 1is essentially 100% efficient for
detectine charged partiecles. In a practical calculation of array
afficiency, however, this figure is reduced by many effects. The
extent or solid angle of the array, the inactive area between
modules, 1its low—-energy threshold (punch-through energy for AE

detectors), and its high energy cut off (punch-through energy for E

detectors) all contribute to the array's efficiency factor in ways



TABLE 1: DESIGN AND PERFORMANCE SPECIFICATIONS FOR MARS

ARRAY
Geonmetry “bull's eye" 8 rings, 16 sepments each
Nistance fo target variable, maximum 2 m

Inner (2°-4,5° @ 2 m) detectors 32 AE (only) fast plastic 0.5 mm thick
outer (4.5°-38° @ 2 m) detectors 96 AE-E tapered phoswich,
Fast/slow plastic 0.23 and 75 mm

Tvpical effective solid angles for light ions from collisions induced by
a beam nof 40 MeV/u heavy ions.

Laboratory frame 11% of sphere
Projectile-velocity source 92% of sphere
[ntermed. velocity source 75% of sphere
CHAMBER
Geometry Horizontal axis cylinder
Sizea 3 m (diameter) x 3.7 m
Marerial Stainless steel
Oparating pressure 1 x 10‘b Torr
Detector supports Steel table set on 6 "hard points"”

supported independently of chamber

walls.



that depend heavily on the reaction mechanisms producing the
particles. These are considered in the first of the following
suhsections, wvhich describes the gecmetrical aspects of the array's
efficiency. The subsequent loss or mismeasurement of ions which do
have the rieht trajectory and energy for detection is discussed in
“he second subsection.

2.1 Geometrical Efficiency

The array can operate at its normal distance of 2 meters from
the target, or at a reduced distance, chosen 1in the following
sstimates to he 1 meter. In the former configuration the tapered
detactors’ sides point directly at the target; this configuration is
idsal for the energetic, long-range light Ffragments emitted in
projectile fragmentation events; the "dead” sections hetween
deractors in this mode comprise less than 1% of the array solid
angle. In the second configuration, the solid angle is greatly
increased, making the array suitable for detection of ions from
intzrmaediate velocity sources. These ions generally have a shorter
ranpe, and thus a modest amount of masking (<2%Z) on the outer
perimeter of each ring of detectors will serve to eliminate events
which could be misidentified due to the incorrect detector taper at
this distance. These minor losses for the two operating modes are
neglected in the following discussion of the effective array
efficiency for specific reaction types.

When light 1ions are emitted from a moving frame of reference,
the fraction that is focussed into a forward cone of half-angle 0 can

he obhtained by integrating the moving-source formulael) over the
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cone angle and the lower and upper energy thresholds of the detector
array to obtain the probability of particle emission.

Let us consider an array centered on the beam axis that detects
particles emitted from a source moving in the direction of the beam.
Then, in the 1laboratory frame, the unon-relativistic energy spectra
for varticles emitted by this process may be obtained from the

expression:

(NYEE exp (- [E~E +E -~ 2/E (E-E ) cos 8]/T) EDE
Cc Cc S ] c Cc

L. dE .0 E<E,

where E, represents the Coulomb repulsion from the target, Eg is the
laboratory kinetic energy of the particle at rest in the moviag frame, T
is the source temperature, 3 is the detection angle defined from the beam
axis, E is the energy of the detected particle and N is a normalization
constaunt.

The fraction that is focussed into a forward cone of half-angle Uy

can therefore be obtained from:

EM By 2 .

i / d“e sin 3 dE d0 d¢
PO, Oy) = En ’m du dE

° w  2n

J ] ] d%  sino dE @& dp
o o o di¢ dE



where En  and Ty represent  regpectively the low and high-energy

t

cut=off of the detector for the particle considered, u; is related to

the empty central cone of the arrayv, and , is the azimuthal angle. The

parameters Fg and T are denendent on the reaction tvpe:

1)

Emission from an intermediate-velocity source

The pavametars pertaining to evaporation from a mid-rapidity

. 16 197
source are fairly well known. For example, the svstem o+ '

Au
hnq heen extensively studied® and the results indicate that the
soirce temperature can be calculated by

2 .

T =12 my vg Rf/ﬂZ]L/z
where Tp ig the Fermi ¥nergy, my is the nucleon mass, and vg
i3 the wvelocity of the source, assumed to be half the bhean
velocity. For calenlations of the typical efficiencies we chose
Y. = 10 Zg MeV to be the Coulomb repulsion from the target for
the detected fragment having atomic number Zg.

The results of the calcnlation are presented in Fig. 1 for
protons, deuterons, tritons, and alpha particles emitted hy the
source. This calculation is for the system Loy + 197Au but the
results are fairly independent of which system is chosen. The
numerical integration was carried out for the angular cone of 4° to
65° that will be covered by the array when it is placed one meter
away from the target. The calculated efficiencies range from 75%

for protons to 90% for alphas.
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Figure 1. Calculated probability of detection as a function of beam
energy for protons (p), deuterons (d), tritons (t), and alpha particles
(x) emitted by a mid-rapidity source when the array is positioned 1 m
from the target.

i
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b)) Iﬁyjecrile—like fragments

For 1this process the fragment velocity 1is =90%Z of the

projecrile velocitv. Thus E,

'3

2 0.8EMe/Aprojecrile When E is
the total heam energy and Mg is fragment mass. Also the
temperature can to first approximatrion be scaled as T = (E*/A)l/2
for excitrarinn enersy E*,

For calculations of typical efficiencies shown in Fig. 2, we
assumed E.=0, and T = 0.59E/u, which gives 4.1 MeV for E=48 MeV/u
beam encrgy. The forward—angle cone from 2° to 38° will be covered
wien the array is placed 2 meters from the target. The low and high
enerzy thresholds applicable to a 0.23 mm AE and 7.6 c¢m E plastic
were determined from range—energy calculations and are given in
Tahle 2, For beam energy beiween 15 and 50 MeV/u, the geometrical
offiziency for deftection of 1light d{ons from a projecrile
feaumentarion process event is 85-95%.

2.2 Losses

The geometric efficiency discussed ahove gives only the probability
that a partricle will enter a defector. In order to give the full energy
plse height, the ion must spend all its kinetic energy stopping in the
detector medium. Inelastic nuclear reactions of the particle with the
nuclei of the detector and Coulomb scattering to trajectories that exit
rite detector are two processes that give a reduced energy signal. This
is not only detrimental to the overall energy resolution, but may also
cause misidentification of the particle or loss of the event. One must
rherefore know the magnitude of these two effects and minimize them

wherever ponssible,
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PROJECTILE-LIKE SOURCE
0.6 DETECTOR ARRAY AT 2 m  _
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10 20 30 40 50

EBEAM/U (MeV)

Figure 2. Calculated probability of detection as a function of beam
energy for protons (p), deuterons (d), tritoas (t), and alpha particles
(o) emitted by a projectile-like source when the array is positioned 2 m

from the target.




- 8% -

TABLE 2: ENERGY THRESHOLDS FOR 0.23 mm AE DETECTOR THICKNESS

AND 76 mm E DETECTOR THICKNESS

Particle Lower Upper
Threshold Cut off
(MeV) (MeV)
p 4 105
d 5 140
t 6 170
*He 16 420




"Reaction losses” result from the collision of the ion to be
detected with a nucleus of the detector medium. Tn such a collision

the inn's lacident energy goes into 0O-value, y-ravs, neutrons, or

charaed particles, Lthnrehy producing 1 redaced amount of
sointitlation. Ua hava performed a calenlation?) for the ratlo of

roduced  coercy (gaily to full enerasy (perak) scintillation pulases.
e calanlation fallows the method of Measday and Qichnrd—%errea),
Afviding the particle range ilato cells of 0.1 :z./cm‘i in length and
staiaie the fraction of inelastic events by samming the reaction
restabhilivries, np 0 in each cell.  The fraction of reduced enerpy or
Trail" events is then

T [0 = exn (=ing)].

~ v =
articn eross sectiong were  taken  from the model of éarolJ),

ntt ssh-correctad far lower energiles. The tail-to-peak ratio,

oo

S0y na o fanction of energy, is plotted in Tigure 3 for protons,

4
'witterang,  tritons, “lle, and ainha particles in plastice. Tor
ceamenie, i 50 MeV par nucleon, 8% of alpha particles and 4% of

woatang o ones ghow full enerpy; for the two heavy hydrogen isotopes,

it fracsion is "isher, though most "tail”™ ~vents will not result in

v
bl

P

si'antificatinn of the ian,

i murltiple Coulomb  seattaring of  ifons by nuclei in  the
'ntnctar can cause lons to escape through the side of the detector.
5 ealenlation for a much smaller detector module has already been

warfaremed in reference 3. The projected angle, 97/, in radilans was

“ivon by the equation

= 17,5 MeV/c 2z [T [l + 0.125 log T 1,
Il p V2 o ¥T, 10 \0.1 T

n R
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Figure 3. Particles lost (i.e. detected incompletely) due to inelastic
reactions in the plastic scintillator, plotted as a function of the
particle'’s energy. The loss of particles 1is expressed as a tall-to-peak
ratio defined as £/(1-f), where f is the fraction of particles that undergo
inelastic reactions.



where p, £, and Zp are the momentum, velocity (v/c) and charge
number of the incident vparticle, and T/Tgz 1is the thickness 1in
radiation lengths of the medium. A Monte Carlo simulation was fthen
made of the scattering in a conically tapered detector with an active
area of 5.4 cm”. To first order, the number of particles that
scalter outr of the detector scales as the ratio of perimefer fto
active area for the detectnr. We have therefore chosen as a “worst
zase”™ 1o secale the calculations of reference 3 for our smallest
nhoswich detectors. They have a perimeter-to—-area ratio more
favorahle by a factor of three. The result, again plotted as a ratio
of tail avenis to full energy events, is shown in Figure 4., Even in
this worst case, a triton of 50 MeV/u has a tail-to—peak ratio of
Inss than 2%, We can therefore neglect this efficiency correction in
most applicarions of the array. It is interesting o nofe fthat if
e granularity of this detector ring had instead been obtained by
aiacing smaller phoswiches of the same 1.5 millisteradian solid angle
at a distance of 40 cm from the target, the corresponding number
2ould have been 10%,

3. ARRAY RESPONSE TO HIGH-MULTIPLICITY EVENTS

3.1 Granularity

In both central and peripheral collisions one needs to
charactarize, as completely as possible, each collision on an
event -by-event basis., The array efficiency discussed in the previous
section is a prerequisite for such a characterization. Equally
important 1s the granularity of the array; a very coarse—grained
array would clearly be susceptible to a large number of double hits,
i.e., cases in which two fragments from the same event strike one

detector, Furthermore a coarse-—-grained array would have a very high
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cfigure 4. Loss of particles by multiple Coulomb scattering plotted as a
function of the particles' energy. The amount of scattering out of the
detector is expressed as a tail-to-peak ratio defined as in Figure 3.

The fraction f of particles scattered out is calculated in a Monte Carlo
simulation,



count rare in ecach detector element, thereby limiting the overall
eveat rate bv pileup considerations. On the other hand, a very
fine-prained array would be impractical and uneconomical, hoth
becsuse of  the large noumber of  readout channels, and because the
scatteriac=ont losses discussed earlier would be severe. Solving the
Porrer proablem would require the detectors to have a large area but
£y Be placed aanvy meters {rom the tarpet, necessitating an overly
Taree scatkacing chamber.  The questions of immunity to double hits
and  of  mulnzinlicity resolution must therefore be addressed in a
anantitative aad  consistent  fashion, and the array granularity
antimized For the most impartant types of experiments.

Ouantitative  ecaleulations of  respoase to high-mmltiplicity
avitts Aare best nerformed by Monte farlo simulatinns. A computer
prosram sriaeinally written to calculate pamma ray detector response
Yen o heen modified for  this pnrnoseﬁ). fiven values of source
temoaerature,  sonrce velocitv, fragment multiplicitv, and detector
~raaviarity, the program provides distributions of fragment energies
n b ooving frame, fragment anpular distributions in the movine and
Tabhoratory frames, and distributions of the cvents in terms of "fold”
or nemher of separate detectors triggered. nit efficiency, 4=
stevadian solid  angle, and  coustant laboratory frame detector
sranalarity  are assumed. Since realistic source parameters are
neoded, we have used the results of Brummond et. 31.7), who
resured the velocities and “temperatures™ (or energy spectrum slope
parametars) for the three moving sources in the reaction of 48 MeV/u

AU

‘e on a pold target.



3.2 Performance in Peripheral Collision Experiments

Tn a projectile multifragmentacion expeciment, it is imnortant

zo aollest all onrajectile-like components, o permit reconstraction
o rthe arisare Troaoment. This  constinutes a2 move  stringent

reaqairemenlt o fhae o aranularity than does cvent—by=evenl extraction of

o npoasiate (£ 1) muldtiplicity. Therafare the multiplicity
resvongs <hoald o pet ke paken as oan end ia itself, bat cather as a
Denchaa s dndicaring how well we avoid donhle hits. Ve use the
mavineg soucen parametars v o= 0.29 ¢ and T =4.1 MeV., We also assume
et ane s ldom enconntersg orojectile frapment multinlicities gpreater

L4y on

than 9. {In the data of figare 5 “rom the reaction of 40 MeV/u
2 anld targer 4) one sees that the fourfold events are a factor of
I00 tess intense than the twofold events. This is partly because the
wmnid irray nsed did  not  cover the full solid angle for
Friogmentation;  aevertheloss the rapid falloff for higher X is
ovident.)

Fimure b shows the results of the Monte Carlo simulation for 500
seejectile fragmentation events an a namber of values of detector
ranularity, which is expressed in terms of detector half-angle,
172 (i.e. one-half the angle subtended by a circular detector).
Gne sces from panel a) of the figure, that for detectors with an
averape half angle, 0779 = 3°, about 90% of the events are free of
donhle hits. From the angular distribution in panel b) of the figure
it is apparent that most of this double hit probability comes from
the ragion 97, £ 20° where the number of particles per solid angle
is the greatest, These results have been coupled with a desire to

saropt the hiogh conating ratza from clasties scattering over maay
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Figure 5. Multiplicity spectrum for the reaction of 40 MeV/u '“N with a gold
target. The fragments (1 < Z < 7) were detected in an array of 32 phoswich
detectors covering a solid angle of 0.214 sr. and centered at 12.5° with respect
to the beam direction.
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Ficure 6. Simulatinn of projectile-like source events:

a) Monte Carlo simulation of the number of detectors hit by a typical projectile
fragmentation event of multiplicity 5. The response of the array is shown as a
function of the individual detector half-angle.

b) Differential cross section for the particles emitted from a projectile-like source
at a temperature of 4.1 MeV and a velocity of 0.29 C.



detectors inside the grazing angle (tvpically 5-10°) and,
consequently, derector solid angles increase with Jjpgp. Other
considerations inclunde azimuthal symmetry and the efficiency of light
collestion from the scintillators, The latter requirement favors
datactors with widths coaparable ta their lengths, An array yeometry
consist ing of 8 concentric rings, each divided into 16 sepgments of
7 e sat isfies the above needs,  The dimensions are listed in
Tabla 7, As mav bz seen from the table, iy/9 for MARS derectors
increases with  p,hs ranging from less than one degree at  very

Sorward anrlas o about 4 degrees for the outermost ring,

3.3 Performance in Central Collision Experiments

The  gtady  of central conllisions requires selection of
alsn—mnlt inficity events having no projectile-like component, Tha
patrar condition ean be assuraed with a forward array by requiring an
At rteoincidence with heam-velocitv particles near the grazing angle;
rie fovmer s more difficuls, The array has bheen optimized for
o jee! Lle  fragmentarion exveriments. Nevertheless, Monte Carlo
stwilarions demonstrate that it is also possible to characterize
sontral ecollisions on an event-bv—-event basis by traking advantage of
Yae Telnge geometry” option of the array. With a 1-m distance to the
carvget,  the detector granularity and the time-of-flight mass
resnlnt ion degrade by a factor of four. On the other hand, compared
with a projectile fragmentatinn experiment, a source moving with
one-half the beam velocity has less stringent requirements in these

quant iries, We 1look now Aat an intermediate-velocity source

{v = 0.19 ¢ and T = 11.9 MeV, taken from ref, 7). The efficiency
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factors for the array located one meter from the target were
discussed In section 2; the multiplicity response to 500 simulated
events, each with M = 10, 1is shown in figure 7a). Again, unit
effictency anl 4 v «teradian solid angle is assumed in the
cajealation., Ta fack, we =ec from the anoular distribution that
about 757 af tha enitted fragments are within the 65° covered by the
arrav. The differantial cross sections (nanel b), multiplied by the
dertecior solid anale, alve a relatively uniform counting rate for
20 <5 < 65%. The simulated rate for 3 < 20° drops rapidly with
deoronasing values of 3. The limiting case for multiplicity response
ar 1 o is thercfore taken at 3 =~ 40°, where the detector half-angle
is 7.%°, It is possible to estimate analvtically the effoect of a 75%
cfficioney facknr on a miriplicity response curve such as that for

7.9 1a paael a) of the figuve. The result is the dashed curve,

anated  ar "feld” K= 7.5, with a full width at half aaximum

yreasponding to + 25% in maltiplicitv. Thus, ane can ohtain, on an

it ehyegvent hasis, an approximate  wvalue of  the narticle
it ielicity to 30 as a trieper in a central rollision exnariment.
Slearly oa measarement of the average multinlicity summed over many
ovents, aaaely D) eould be obtained with much greater nrecision by
simply deconvoluting a  hipgh—-statistics multiplicity spectrum).
Coahining  the forward-ancle anticoincidence with a multinlicity
triovar  aad  adequate  space  to mount gas-filled detectors for
fntarsediate—-mass fragments provides a powerful central collision
Taeciliny, matahed only at MST and GANIL; of those laboratories, GANIL

veling exclusively on AF measurements, and MSU lacks a forward array.



FRACTION OF EVENTS (%)

- 100 -

100 I i | I I I l l

a)
-~ 5°  ARRAY RESPONSE FOR M=10, SIMULATED T
- FOR INTERMEDIATE-VELOCITY SOURCE -
L 750 T=11.9 MeV, £=0.19 :
50 N
B N i
~
3 - ]
0 Lo~
10 9 8 7 6 5 A 3 2
NUMBER OF DETECTORS HIT (FOLD)
T | LI | LR I I T 1 I T 177 ] 71T ] | R L ] | L l T 7T
20 b) DIFFERENTIAL CROSS SECTION, —
I SIMULATED FOR INTERMEDIATE- -
— | VELOCITY SOURCE, T=11.9 MeV, B
= i £=0.19 1
o |
= _ il
5 W _
o f ]
v = -
~N
b b -
= B -
(T I S I A W NS N

0 10 20 30 40 50 60 70 80 90
6. p (DEGREES)

Figure 7. Simulation of intermediate-—velocity source eveats:

a)

b)

Monte Carlo simulations showing the number of detectors hit by a typical
intermediate-velocity source event of wmultiplicity 10. The response of
the array is shown as a function of the individual detector half-angle.
The dashed curve indicates the multiplicity respouse when the geometrical
efficiency of the array, evaluated at 75%, for this reaction is takean into
account.

Differential Ccross section of the particles emitted from an
intermediate-velocity Source at a temperature of 11.9 MeV and a velocity
of 0.19 c.
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4. THE DETECTORS

This section discusses the design of an individual detector
module, its resolutrion in E, Z, and A, its neulron response, and its
stabilizat ion svstem.

4.1 Design

Each derector module located between the angles of 4.5 and 38
degrens {s a E~E telescope consisiing of twn plastic scintillators.
The ..F component is a "fast™ plastiz such as NE-102A or BC-400, and
the F detector is a "slow” plastic such as NE~115 or BC-444, which
have decay times on the order of 2.4 ns and 200 ns, respecrively,
The twoe scintillators are viewed through a lucite light guide by a
simrle pholomuiltiplier tube in a phoswich arrangement similar to that
pioannerad hy  the Berkeley Plastic Ball group.g) A  schematic
iliustration of a typical detector module is shown in Figure 8, along
witn A4n indication of how a single photomultiplier pulse can be
inteuraied over two different time windows to obtain values propor-
vional to both E and sE.  The detector nictured is from fhe annulus
which rovers 10 to 15 degrees; note that its sides taper slightly to
foons @ a 2-m rfarget distance. Phoswiches for the rings forward of
197 are being manufactured independently of this proposal.

The detrectors of the two innermost rings, from 2 to 4.5 degrees
are ot phoswich detectors. These are "F detectors only, made of
fast npiastic scintillator, 0,5 mm in thickness, Because of totral
vari Lcle donse and count rate considerations, this detector fvpe has
hian rhosen for the most forward angles. Specific reasons include

the reduction in pileup for fast plastic relative to slow plastic
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Figure 8. Schematic illustration of a typical phoswich detector module of the

array.

The lower portion of the figure shows the extraction of E and AE from
the phoswich signal with independent time windows.

Alternatively, the “"E" gate
may be long (700 ns) and encompass the total EHE analog signal.
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and the reduction in radiation damage when particles are allowed to
exit the back of the detector without stopping.
4.2 Resolution

The response of phoswich detectors to radiation has been
detailed in a number of nublicarions.lo) Our prime concerns
inclnde the detection threshold, determined by the thickness of the
¥ element, the 7 resolution, which is also largely determined by the
SF othickness (but couflicts with the desire for a low threshold), the
energy resolution which is strongly influenced by light collection,
and fhe mass rasolution, which depends on a combination of timing and
pnersy resolation,

Tie ddetection threshold for light ions should fall below $ MeV
sar nieleon,  This 1s necessary if we wish to observe a significanf
munher of ligzht ions emitted by a mid-vapidity source from a 20 MeV/u
anliision, Figure 9 shows the energy losses calculated for a variety
of ions and enerygies in a 0,23-mm AR secintillator followed by a 75-mn
i seintillator. The black dots indicate the poinfs at which the par-
iicle's range exceeds the thickness of the detector telescope; for
srotnis and alpha parrficles rhis occurs at about 100 MeV per nucle-
onn. The defection thresholds for protons and alpha particles are at
3 and 4 MeV per nucleon, respectively, Equally important 1is the
array's ability to detect projectile fragments. For 9Be, lbO, “Yca
and /:Br, the thresholds are 5, 8, 11, and 12 MeV per nucleon,
respectively, It should be noted that unit resolution in element
number for a heavy ion like ’98r will not be obtained due both to
saturation effects and dynamic range problems. Phoswich spectra

showing the uniformity possible with four matched detectors are
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displayed in Figure 10, The data are taken from tirials of a
zero—degree fast/slow phoswich test module built by members of the
MARS cnllaboration as a four-segmen! annulus (1.5 mm SE, 76 mm E),
analogous to fhe lA-sesment rings proposed here. A 5 MeV/u 2"gi beam
on an aluminnm target produced rhe light ion spectra shown in the
fiunra, The clear isotopes resolution for hydrogen seen in the figure
JLLL Aot be Eoand in the production array modules becanse of their
thianer E. However, even Eor a .E detector thinnerll) than those
for MARS, unit 7Z resolution is obtained for elements heavier than
2 luminum, In fact, a AE detector of only 0.1 mm12) gives
sat isfactory Z resolution in most cases (see Figure 11). We then
have the option, when complete light-ion identification is needed, to
ase the enerygy Iafocrmation in conjunction with the flight time to
obtain 'he mass,

The energy resolufion of the defectors is a weighted combination
of - E/AE and ¢E/E. The former term, which is the worse of the
two  at  !typical values9,10) of 10-15% for low—amplitude signals,
nnly contributes significantly to the overall resolution gear the
detectonr threshold. The major component of the energy resolution
comes from the thick plastic scintillator and depends chiefly on the
light collection efficiency. Typical resolution values range from 2
to 5% for light ions of 10-100 MeV/u. Figure 12 shows our measure-—
ments3) of the deuteron energy spectrum from the reaction ZH(IHN,
“H)L”N at 6.6 MeV/u. The detector was a phoswich with a 2-inch RCA
4854 phototube, The elastic peak, labeled (A), corresponds to 39-MeV
deuterons and has a full width at half maximum of SE/E = 3.6%. Peaks
(83, (C), and (D) represent excitations of 2.3, 4.0, and 5.0 MeV
in N, An enerpgy resolution of 5% is specified for protons and

alpha particles at 50 MeV/u in this proposal.
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Figure 12, Deuteron energy spectrum from the reaction 2 (“N,
24)!YN at 6.6 MeV/u obtained with a slow/fast phoswich. Peaks (a),
(b), (c), and (d) correspond respectively to deuterons of 39 MeV
(elastic peak), 36.7 MeV, 35 MeV, and 34 MeV.
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If the energy and time resolution are adequate, a time—of-flight
determination mav be made of the narticle's mass. The mass of an ion
is proportional to its energy multiplied by the square of its flight
time for a fixed distance. Neglecting minor differences in flight
distance, this leads to an expression for mass resolution,

SA/A = [(SE/EYS + (2 oT/T)jL/2 ;
aur Slight Jdigtance is two meters under normal operation and one
mater in "close geometry” mode, used mostly in reactions for which
ore would expect somewhat slower fragments. The specified energy
resolution is 5% and the duration of cyclotron beam bursts at our
tarset location, specifically chosen for its good timing and focus
wroperties, should fall between 0.25 and 0.5 ns, depending on the
anecific beam type and enerpgy. The phoswich detector timing should
ordinarily be better than 1 ns. Table 4 lists the various values of
24%/A attainable in the larpge chamber with the phoswich array for
three values of overall time resnlution. Clearly there is no problem
conarating the isotopes of light ions under any circumstances. The
sy resolution for medium-mass fragments at projectile velocity (2-m
riizht path) and intermediate velocity (l-m path) depends mainly on
the detector timing. Isotopic identification for ions in the oxygen
revion is attainable with sub—nanosecond timing. T1f mass resolution
of heavier {lons is needed, specialized detectors can be inserted to
take advantage of the loug flipght path permitted by the chamber.
Tiwh=-resonlntion counters, e.g., individual start and stop detectors
far timing avd S{(Li) detectors or ion chambers for energy could bhe
iarroduced, For example, a system with 0.25 ns overall time
coanintion ani 0.5% energy resolution will give isotopic

ot itication for a 5-MeV/u A=100 fragment.
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: MASS RESOLUTION BY TIME-OF-FLIGHT ASSUMING SE/E =
FOR 1- AND 2-METER FLIGHT PATHS

SULTGHT PATH:

144

64

52

MASH RESOLUTION, A/A, in percen:
for varinus assumed values of

t = N.H ns

time resolution:

W
.
~J

B.0
13.5

18.9

8.0

10,8

14.8

31.5

45,7
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4.3 Neutron Response

Though the wmain purpose of the array 1is to detect charged
particles, not neutrnns, there mav be occasions when defection of
coincident neutrons is nnt only useful, but also feasible with the
Arrav proposed here. Spectroscopy of neutronns provides information
on the propverties of an emitting source, unperturbed by final-state
Coulonb inraractions,

The Hruanic scintillator used for the E detector in the phoswich
modules is thick enough to have a reasonable probability for
intercepn!ina neutrons. Information about the neutron signals would
perwii  evaluation of neutron emission itself or 1in some cases
Assessment of  the neulron contamination in the proton spectra.
Particnlarly  at higher anerzies, because of the verv thin oE
scintillator the neutron and proton lines are closely spaced in .E-E
spectra,  Consequently it is desirable o understand the respnnse of
the ehoswich to neatrons and investigale the available techniques for
tdentificarion of neutron signals. Since A neutron has no charge,
its datection resulis from the ionization produced by the charged
araodiucts of its nuclear interactions. In organic scintillators these
interacrions nearly always occur with hvdrogen and carbon nuclei,
producing protons, alpha particles, heavier 1ions, and possibly
secondarv neutrons, which may interact again if the scintillator size
is larger than or comparable to the neutron mean free path. Figure
17 shows typical values of the neutron detection efficiency
salenlated from the total light generated in the scintillator. The
atficiens is defined as the probability that the total 1light
praoduced in a 10 cm thick BC 444 scintillator is greater than the
triger threshold. The neutron interaction probability in the thin

Fast .F seintillator is negligible.



The physical dimensions of the phoswich modules (0.23 mm fast AE
and 75 mm slow E scintillators) and the planned mode of operation
with multiparameter time-of-flight (TOF)and pulse-heigh! recording
would o¢nable us to explore three complemeniary techniques for
part icle identification of neutrons:

- The FE~E siznal correlatrion will distinquish between the
ctiarged narticles and neutrons or gamma-rays. In the case of
ncuf rons {here will be no signal from 4E due fo the negligible
probability of 1interaction in the thin plastic. The proton
recnils  for the E  detector will not ¢(ravel backwards,
However, some alpha narticles from the C(n, 3~) reaction mav
nroduce detectable AF signal at higher neutron energies.
Also, pracrical requirements of a finite signal rhreshold to
offsetr electraonic noise will limit the range of apnplicability
of this technique.

- The TOF rechaique will oprovide identificarion between
narticles of different masses and energies. The only
dereneracy would be between protons and neutrons. The 1 and 2
meter flight paths will give adequate TOF separation between
gammas and neutrons. The TOF resolution has been discussed
earlier in this section. The pracrical limitation of this
technique will be the time resolution of neutron pulses that
come npredominantly from the slower E scintillator,
Furthermore the TOF information above will uot identify a

neutron from a proton of the same energy.
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- The pulse height - TOF correlation will provide excellent
separa*ion between the signals from protons and neutrons. The
profons will 1lose almost all their enersy in the E
scintillator wgiving a total energv pulse height amplitude of
finite resolution that will be correlated with the TOF
amplitude. However for neutrons, the probability of complete
enargy transfer to the recoiling charged particle vesponsible
for tne scinrillation is low. Consequentlv the observed pulse
heishis will be much smaller than those for a proton of an
equivalent TOF,

Aav combinat ion of the aboave complementary techniaques could be
vsed,  either on-line »r during otf-line analyses, to provide
idantification of the neutron signals,

For axperiments !hat  rcequire information on neutron energy
spectra 10 may be feasible o replace some of the fast/slow phoswich
sodules with slow/fast modules of equivalent dimensions. This would
imrove the TOF resolution of neutron cvents.

The overall neatron detection efficienczy rthen depeads on the
<»~iatillator dimensions and on  the threshold setting of the
elect ronies that is necessdary to avoid random triggering om noise.
The  practieal  threshold setting will depend on the background
vavironment | the beam intensity aud, to some extent, the range of the
piart inle ensragies, This fhreshold will also determine the attainable
TOY resolation. From experience one expeci{s to he able to establish

conditions permitting thresholds as low as (.25 MeV electron energy

equivalent,



The Monte Carlo simlatinone of the efficiencies were made with
ihe Kent State Universitv Code!3) modified ar CRNL for a point
source with isoatropic anvniar dJdistributions. This code is widely
ased and rives excellen! resnlis for nen!ron energies up to 400 MeV,
Comvarisoa of  the calealated efficiencies with our previously
measared  {(Lone ot al. %)) efficiencies of a 13.2 cm’ stilbene
foreclar showed  avraement ‘o within  57. Figure 13 shows the
calolated efticiencies for a 100 mm thick scintrillator as a function
nf aeatton eaergv for various threshold settings, For high energy
Heul roas, the efficiency of a 75 mm rhick plastic will be about fhree
quarters of  those shown in Figure 13. Thus, with a reasonable
Lhresiald setring of about 0.3 MeV electron energy equivalent, the
P9mim thick Il scintillator would give a 25% efficiency for neutrons
35 enargy hetwean 2 and 40 MeV.

Por neuatron detection, special considerations will have to be
iven fo the possibility of an increase in the cross talk between the
nlyacent detactors due to the production of secondary neutrons from
inclasiie srattering, The probability of these neutrons generating a
4=t oetahble signal in a neighbouring detector will depend on the
assembly and can be studied in detail with Monte Carlo simulations.
Ta the praesent setup, because of the relatively small thickness, 75
mm, of the detectors, large flight paths and high neutron energies,
the cross talk is not expected to be severe. In any case, the data
analysis will provide a mechanism to veto any signal having an
adjacent detector triggering for elimination of the potential cross

talk events.
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4.4 Stabilization and Calibration

Setun and reliable onperation of the large array of phoswich
detectors will reqmire a mechanism for calibration and stabilizarion
af the rime  and edersy signals. The light output of organis
seintillataors {5 nat linear in rhe enerzy loss when the ionizatrion
ver anit o path  Is arde. In addition the enerzy calibration can
~hance hecanse of  gain drifrs  in the  photomultiplier due to
Pemperarare changes aecl larage count rate fluctuations, Because of
the large sparial dimensions of the array and low intrinsic
effinciencies of the plastic scintillators for y-ravs, use of
cadioact ive sources is impractical for the purpose of calibration or
stabilizatrion,

Wa nlaa o use an ontical svstem shown in Figure 14 for
canthrat ion and wain stabilizarion of the array. The svsiem is
similar to that of rRanustinsky et al.l%)  For long~term stahility,
ne bith voltage Yo each ohotomuliiplier is controlled via CAMAC with
~olorance fo a  light signal from a bhlue LED (e.~. Siemens
LR-S4IN-TH0Y, Because of the large dynamic range of light output
required several LED's may be required. The outputs of these LED's
amd the typical fibre optic coupling are monitored via the stable
PIN's for comparison and onormalization. Each LED output can be
calibrated in terms of the sciatillation from a radioactive source.

The LED's can be pulsed for setup and calibration of the timing

signals and the delays between the array modules,
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5. SCATTERING CHAMBER

5.1 Design

The scatiering chamber for #ARS is a horizontal-—-axis cvlinder,
3 meters in diameter and 3.7 meters in length, The specification
draving i3 shown in Fizure 15. Tts basic dimensions were dictated by
the size of the phoswich array, by the need for a 2-m flight path,
and hy the snace requirements of gas-filled detectors for use in
coincideance with the array., The chamber can also accen! experiments
unr=lated to the array. For example, large area avalanche counters
¢an bha placed more rhan a meter from rhe target, even at J > 90°,
The chambhazr, configurad in much the same way as the Nautilus at
LANTYL,, has the flexibility to accommodate future developments 1in
dar aator technology and new experimental directions.

Fntrv into trhe chamber is through a manhole near the beam port.
The eatira front end of the chamber is flanged and may be removed to
aceess the array and mount equipment. The chamber specifications are
detailed in Appendix 1. These contain a rather comprehensive set of
requirements in terms of materials, construction methods, internal
finish, cleanliness, documentation, quality assurance, and high
vacuum performance. Of some technical interest is the field weld of
'wo chamber sections to be performed on site by the manufacturer.
This delivery in sections is necessary in order to bring the very
large wvacuum vessel through the permanent concrete passageways
leading to the target area.

5.2 Vacuum System

The quality of the chamber vacuum system is of great
importance. A slow pumpdown cycle can cause loss of valuable beam

time when a modification is required during a run. A poor chamber
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vacuum can lead tc high-voltage breakdowns in compact detector
geometries and in cases when up to 50 kV must be applied to the
target assembly for suppression of secondary electrons. It can also
lead to pollution of the high quality vacuum of the TASCC beam
transport system. A good vacuum is necessary if time-zero triggers
that ar~ based on electron multipliers are to be used. Cleanliness
of the system is also a prime concern since contaminant buildup,
chiefly of hydrocarbons, can be a significant problem in nuclear
reaction studies. While high-energy, relatively light projectiles
permit use of targets that are thick relative to the potential
impurity buildup, the effect can never be completely neglected, and
can be severe for thin target work. An oil-free system is therefore
needed. A schematic illustration of the system proposed is shown in
Figure 16. 1In order to evacuate the 26 000 L vessel from atmospheric
pressure to 13 pascals (100 millitorr) in one hour or less, an
average effective pumping speed of more than 65 L/s over that
pressure range is needed. A number of roughing systems with average
pumping speeds near 100 L/s for air have been considered, including a
custom—built carbon vane/sorption system (see Figure 17) and various
two—-stage mechanical pumps coupled to roots blowers and equipped with
traps to prevent backstreaming of oil vapor. Though a final decision
has not yet been made, the major options are rather close in price.
Our criteria for the high-vacuum system are: i) no oil
contamination, ii) attainment of specified 1.3 x 10-° Pascal (1 x
10-7 Torr) base pressure in a clean, empty chamber, iii) pumpdown to

6.6 x 10~ Pascal (5 x 10-° Torr) in 1less than 4 hours for a
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fully "loaded” chamber, inclnding one hour for roughing, and iv)
contine attainment of 1.3 x 10-* Pascal (1 x 10-% Torr) after a day
or more of pumping under normal experimental conditions. These
criteria reflect the characteristics of the vacuum system for our
existing 1.75 m chambar. Tt is therefore possible to estimate the
pumping vegquirements for the MARS chamber by scaling up the gas load
of the existing facility by an appropriate factor. For the large
cihambher, the increase in interior surface area is a factor of five,
and in number of detectors, cables, phototubes, and bases it is a
factor of four. Various other quantities were considered, and a
roquiread pumping speed of 12000 L/s for air deduced. This can be
provided by cryogenic capture pumps, which require some safety
srecautions  (see Appendix IT) or by turbomolecular pumps, which
require some precautions to avoid nil contamination. While Figure 16
ihows these requirements being filled by four large cryopumps, a
camhination of the two types of pumps is also beinag considered.

5.3 Mechanical Supports

A crucilal part of anv design involving a large vacuum chamber
concerns the structure on which the experiment 1itself is to be
supponrted. Because order-of-magnitude variations in cross section
can occur within a fraction of a degree in scattering angle, an
acenracy of 0.05° is specified in the positioning of detection
apparatus. Accordingly it is required i) that the initial position
of any detector be known to a tolerance of 1 mm, ii) that subsequent
deflection of the detector support and alignment structure be less
than 1 mm, independent of loading, and iii) that neither the target

nor the detectors must shift relative to the incident beam from
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daeformation of the steel wvacunm chamber upon evacuation. A set of
"hard points™ has therefore baen designed for the chamber. These are
six supports, fixed to the huilding floor and penetrating the steel
vacumm  shell, which form the less of a massive steel table (sec

Tigure 145

. The vicunm ar the pencetratiorn pnints is maintained with
ballows, which Teave the chamber Tree to deform under pressure, with
ao e foet on rarset or Jdetector alignment. The chambher itself rests
indensdeatly on tha floor of the building. The target assembly and
any  usaerc-nravided detector systems are attached to the table.
Mavenent of the array cceeurs on two linear bearings, ziving a choice
J2F rarget-arrav distances as well as a means of removing the array.

. ELECTRONICS

shown in Figure

o
[ s
1]

A modalar dilagram of the array electreunic:

[N

4. far o aim has  heen ko decide very early n the electronic

pracessing of  an event whether that event is to be accepted or
redectad. Processing of events that do not fulfill our criteria can
e he terminated  bhefore auny digital conversion has started.
Chaves af the conditions impased on each event shonld also be easily
sanleaepnted and verified.

Tha elacrronic civenit shown in Tigure 19 can be broken down

2]

inte five major areas: i) the 1initial treatment of each phototube
sigraly ii) the trigger logie, 1i1) the time determination, iv) the
determinatian of AT and &, and v) inclusion of other detectors. FEach

of these major areas are discussed in more detail in the following

rive naragraphs.
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L

F
r

Figure 18. One of the six “hard points” which support the massive steel
table and the detectors. These “hard points™ allow the detectors and target to

be aligned 1independently of the chamber walls, which will deform under
atmospheric pressure.
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6.1 1Initial Signal Treatment

The output from the phototube 1is amplified without any
pulse-shaping by a fast amplifier with two outputs. One of these
analop signals is analysed by a constant fraction discriminator (CFD)
and the resulting logic outputs are used for trigger and time
information. The other is fanned out and fed to the AE and E
digiticers.

6.2 Trigger

The trigger logic 1s separated into two parts, that for the
32 thin plastic detectors of the two inner rings and that for the 96
fast—-slow plastic sandwiches of the outer six rings. In both cases
ail C¥) outputs are connected to an analog summing module. This
module sgenerates an analog output that is increased by 50 mV for each
present NIM logic level input. The analog output is analysed by a
discriminator. Multiplicity criteria can therefore be set
independently for the two inner rings of detectors and the six outer
rings. Alternatively, the CFD outputs from both types of rings may
b connected to the same analog summing wmodule and a single
multiplicity criterion imposed. An eveont that passes the array
miltiplicity criteria will be presented to a logic unit (LU) where
other selected criteria, such as the presence of other detector
signals and the availability of the digitizers, are imposed. One
input channel to the LU is derived from the cyclotron RF. The width
of this input 1is set to be very narrow, whereas all others are
stretched. The RF timing pick-off will be adjusted so that this

warrow input arrives after the other stretched detector inputs. The
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coincidence condition for this LU will thus be fulfilled with the
arrival of the RF pulse. The output will then be timed with respect
to cyclotron RF irrespective of any time jitter in the detector
inputs. The outpat from the LU is fanned out and used to derive the
gates for all digitizers as well as to provide a signal to the time
determination circuit.
6.3 Time

A LeCroy FERA system will be used to digitize the signals from
the detector. While the charge integration of those fast digitizers
is 1ideal for phototube eunergy signals, no compatible time-to-digital
converter can run at the same rate. Therefore, a time-to-charge-
converter (TQC), started by the master trigger and stopped by the
individual detector, delivers to the FERA an amount of charge
proportional to the elapsed time. Note that the various electronic
propagation delays allow the FERA gate to come on before the TQC
pulse arrives. The common FERA gate width is set by a logic unit;
positioning of this gafe relative ftfo the signal is with a single
cable delav. A 128-chanunel delay of 300 ns in the “"stop” of the TQC
puts the time peak in the middle of a 500 ns window. If shorter time
windows are required, the custom built 128-channel delay should be
adjusted accordingly.
6.4 AE and E

The analog signal from the fast amplifier is delayed and fanned
out two ways. Since the arrival times of particles within a single
event can vary by as much as 50 ns, the AE part of the signal, which
‘comes from the fast plastic part of the phoswich, is isolated with a

linear gate positioned as a 30 ns window on the leading edge of the
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analog signal. The resulting gated analog signal is then fed to the
AE digitizer (FERA), while the ungated analog signal is fed to the E
digitizer. The common AE and E FERA gate positions and widths are
set by a GG 8000 gate and delay unit. The analog signals must be
delayed in order that the FERA gates arrive before the signals. The
width of the E gate will be set at about 700 ns to integrate the
total AE + E analog signal. The AE gate width will be about 100 ns
to accommodate the jitfer in signal arrival times, though the fast
analog AE signal has already been "pregated” and will only be about
30 ns wide.

6.5 Other Detectors

These detectors are labeled OD on the diagram. They do not form
a part of the proposal, but the ability of the array to handle
coincidences with additiounal instruments does. Fast detectors pose
no particular problems; their logic can be merged with the array
logic in the 1logic unit and the master trigger can be wused to
generate their ADC gates. Slow detectors, on the other hand, cannot
be integrated with the forward array trigger logic. For these, a
scheme like that illustrated at the bottom of the diagram must be
implemented. A fast multiplicity requirement has to be met for the
array and when it is fulfilled, that event goes ahead, though the
status of the slow detectors is not yet known. If after a specified
time, no slow detector signal has been received, then the array event
in progress must be cleared by the ADC/QDC fast clear. This is
accomplished by splitting the array master trigger in two. One
signal is stretched to about 5 us; the other is delayed by 4 us and

both are fed into a logic unit which is set to a twofold coincidence
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requirement. If nothing else happens, then the requirement will be
fulfilled after 4 us and a fast clear issued. However, if a slow
detector signal is detected during these 4 us, the logic unit is
vetoed and the event is allowed to continue.

7. DATA ACQUISITION

7.1 Design

Speed and versatility are the most important properties of an
acquisition system for a large, multidetector array. It must be fast
enough to handle the anticipated data rate and it must have the
flexibility to operate in a variety of modes, ranging from serving as
a simple pipeline to tape, to performing sophisticated preprocessing
of the data. The data acquisition parameters and logic circuits
should therefore be under computer control. Commercial availability,
particularly of the more complex components, is highly desirable.

The front-end electronics have been discussed in the previous
section. Here we consider the on-line computer system (a Perkin
Elmer 3230), a microcomputer for monitoring and control, the data
acquisition microprocessor, and the CAMAC logic and data stream.

7.2 The TASCC Data Acquisition Computer

The TASCC on/off 1line data acquisition system is based on a
Perkin Elmer 3230, 32-bit minicomputer. The “present hardware
configuration is summarized in Table 5. The software is a modified
version of the system developed at ORNL16) for the Holifield Heavy
Ion Research Facility. It is capable of high speed data rates,
writing =500 KB/s to magnetic tape (6250 bpi). A second computer

system for expanded on-line and off-line capabilities is planned for

installation in 1988-89 if funding is approved. Both computer
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TABLE 5: TASCC DATA ACQUISITION COMPUTER SYSTEM
HARDWARE CONFIGURATION

Perkin Elmer 3230 CPU 16MB, WCS, FPP
4 disk drives =] GB total
4 Mag tapes: two —-- 800/1600

two —-- 800/1600/6250
7 Vision 2000 Terminals (RS 232 interface)

1 Printronix Line Printer (parallel interface)

ro

Chromatics Color Graphics terminals (CAMAC interface)

1 TRILOG hardcopy plotter/printer (CAMAC interface)

(g%

Modgraphs (Tektronix 4014 emulators) (RS 232 interface)

ro

JORWAY 432 CAMAC Interfaces:
2 parallel branches (datra rates 500KB/sec to tape)

1 serial highway

Several custom built CAMAC modules
General purpose Data Scanner 16 ADCs (singles/coin)

General purpose CAMAC acquisition system (CAB Microprocessor)
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systems will have the necessary speed and data analysis capabilities
to handle the type of data that would be generated by MARS. Links
from the data acquisition hardware to the Perkin Elmer 3230 would be
provided via a parallel CAMAC highway for high-speed transmission of
data and via a serial highway for control, downloading of programs to
the data acquisition microprocessor and other low-speed transmission
requirements (see Figure 20).

7.3 Local Computer

Functions such as calibration, phototube voltage setting and
stabilization, monitoring, and control of CAMAC would best be
performed with a local computer. These functions could also be
performed through the main acquisition computer; however, that would
severely restrict facility sofiware development and testing during
times when the 3230 was in use for other experiments. With the
availability of inexpensive, reliable microcomputers with
standardized interfaces (RS-232, CAMAC, etc.), adaptation of a "PC"
t{n these tasks becomes a viable and cost-effective option.

7.4 Data Acquisition Microprocessor (CAMAC Branch Driver)

The microprocessor coordinates the data taking-cycle for each
event. It performs standard CAMAC functions as well as numerical and
logical functions and finallv outputs formatted data to the host
computer. A variety of such devices exists, ranging from glorified
CAMAC crate controllers to rather sophisticated bit-slice
microprocessorsSe.

The LeCroy 4805 CAB (CAMAC Booster) was chosen three years ago
as the standard microprocessor for CAMAC-based data acquisition

systems at TASCC. Its most complex application so far has been as
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the microprocessor for the 8n Spectrometer17). Other front—end
microprocessors are available commercially; however, the CAB meets
the requirements for the array, fits with the existing TASCC on-1line
computer architecture, and offers the benefits of proven hardware and
software developed for the very successful 8n acquisition system.
Nevertheless, alternatives, such as devices based on the very fast
Motorola MChB8020, will be carefully considered.

7.5 The CAMAC Data Stream

As indicated in section 6, the array signals are digitized in a
LeCroy Fast Encoding and Readout ADC (FERA) system, selected because
its charge integrating function 1s well suited for a fast-slow
plastic comhination and because of its performance in applications
involving multiparameter data acquisition. It is already used in the
A1 spectrometer and has been chosen for the MSU 4w Arrayl8) and
DELF,19) the new 1letector system for heavy fragments which is being
developed at GANTL.

The FERA is a high speed charge integrating analog to digital
converter with a gate width variable from 50 to 2000 ns. The
important features are: 1) high density: 16 channels per CAMAC
module, 2) fast conversion: 10 bits in 5 ps, 3) fast readout:
10 MHz via a front panel ECL port in zero suppressed mode, 4) fast
external clear, and 5) fast preprocessing via commercially available
logic and arithmetic firmware (e.g. LeCroy 4418 16-Channel
Programmable Logic delay/fan-out, LeCroy 2372 memory Lookup unit
64K-bit, LeCroy 2375 Data Stack Module 256 by 16-bit memory, LeCroy

2365 Octal Logic Matrix 16 by 8).
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Figure 7’ shows schematically the flow of data from the FERAs to
triple-port memories (TPM) connected directly to the micro-processor
and to ECL logic and arithmetric firmware for a first stage of
preprocessing, This permits fast clear decisions and storage on tape
of higher—order, computed parameters, such as hit patterns,
multiplicity, charge, mass, and energy, which could be generated by
looskup tables in the MLUs,

The bhlock diasram of a preliminary design of the preprocessing
ECL, firmware is shown in Figure 21. Pairs of AE and time data words
flow simultanenusly in »narallel streams into two triple port memories
{lahelled | and 2) connected to the data—-acquisition microprocessor
throughy an infernal private bus. A memory look up unit (LRS MLU
1372, labelled numher 1) is used to compare 7-bit ADC identifier
words, synchronizing the flow nf /E energy-time pairs and rejecting
those where the time or AE energy dara words are missing. The
Jdaraflow timing synchronization and logic will be done with a
neagrammahle logic unit (LRS Octal Logic Matrix OLM 2365) to allow
tihw dataflow logic to be adapted to various experimental situations
Jitheut rewiring, The memory lookup unit labelled 2 in Figure 21
applies a digital window to all time data words which can be
individually specified for each detector. The main purpose of these
pates is to reject pile—uop events from the computed hit pattern and
multiplicitv. If the time channel window 1is satisfied (T-OK in
Figure 21) then the Bit Pattern and Multinlicity module uses the 7
bit ADC identifier to update a hit pattern and multiplicity register.

The readout method used for the ALE and time data modifies the

data words received from the FERAs so that the module number (7 bits)
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and data (9 bits) can be packed into one 16-bit word. Since 10 bits
(1024 channels) are required for the energy signals, the unmodified
FERA data words will be transferred directly to the TPM labelled 3
via a dual port ECL multiplexer module which is also used to transfer
the hit pattern and multiplicity data words after all FERA data words
have heen sent.

7.6 Data Rates .

The TASCC PE 3230 computer is capable of acquiring and writing
data on magnetic tape at a rate of about 250K 16-bit words per
second. For a typical central collision array event, involving a
heavy fragment and 5-10 1light charged particles, each with one AE,
one energy, and one time parameter, about 30 16-bit words would be
required. This corresponds to a maximum data rate of 8000 events per
second at the limit of the computer. The FERA system deadtime would
be less than 100 us per event, i.e. comparable to the on-line
computer dead time.

8. BUDGET AND SCHEDULE

The budget for MARS can be separated into three components: (i)
chamber and supports, (ii) detectors, and (iii) electronics and
acquisition. In making the cost estimates shown here, we have
ad justed any earlier quotes or prices to correspond to dollars of the
year 1987. The costs were summarized in Part T of this proposal
(Table 2).

8.1 Chamber and Supports

The vacuum chamber, with associated mechanical support
structure, vacuum pumps, etc. will be owned by AECL. Costs are
indicated in Table 6. Three Canadian manufacturers have bid on the

fabrication of the large vacuum vessel. Based on the information
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contained in those quotations, the Plant Nesign NDivision of AFCL,
Chalk River recommends that we budget $233 339 plus 10% contingency,
for the chamber purchase. Fabrication and materials costs for the
support stracture, tincluding "hard points”, table, linear bearings,
and carriage have been quoted by the AECL Workshops, Estimating and
Planning 3ranch at 3564 000 with 20% contingency specified by them.
The mounting bracker to hold and align the 128 detectors with an
individual adjustable rtile for eacin has been designed and costed at
$115 000 with a 20% contingency. That amount includes $10 000 for
surveyors and other specialists to do the labor-intensive procedure
of mounting and aligning each detector. Preparation of the site for
the chamber (plumbing and electrical work) movement of the chamber
into the target room, surveying, installation of support hardware,
and the cost of the beam exit line from the chamber total $37 000.
Quotations for four high-capacity cryopumps with stainless steel
valves were received from a prospective supplier in 1986. Including
taxes and correction for dollars of the year, this gives $41 608 per
pumnp plus 10%Z for contingency. A roughing system with the
cleanliness and power demanded of this application costs $37 000. A
variety of components yet to be designed, including vacuum plumbing,
gauges, signal feedthrus, interlocks, target assembly, etc. add up to
about $40 000. Plant Design Division of AECL has already completed
work costing $21 200 which is not included in this proposal and has
already been paid by Nuclear Physics Branch. Detailed drawings,
mechanical design, and engineering required for fabrication is
estimated by them at $57 750. The total cost of the chamber,
supports, pumps, and associated components 1is §751 580 plus a

contingency amount of $110 330 which represents 14.6%.
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TABLE 6: COST ESTIMATES FOR CHAMBER AND SUPPORTS

COMPONENT

DESIGN CHARCES

P inesriae and drafnine

CHAMBER ST
Poetivered prics

oA Pe osalos tax

Sovvdlaanion anats

WEPO T (PARDY PATNTS, CARRTACR, RATLS, TABLE)

Mashiaino ] Fabriacation

Vrteriads

COST

43

21

SOEOTAR T IIG & ALTONMENT STRUCTURE

Aol N T
roarintg
3" linctor moptine

Shienoent

TUT DmRnAnAT IO o TNSTATLATION
oo exhoast, electrical work
tave L onosition chamber

et all hard nts., rails, etc.

Wt axit line, pedestal, dump

HL VG PINES w/GATE VALVES

Doliverod price

VR P oanles tax

KOECH PUMPING SYSTEN

Walding & fabrication

Materials & componnents

VAG. PLUMBING, FREEDTHRU PANELS, MISC.

lL.ahor

Materials

TOTAT, CHAMBER & SUPPORTS

11
26

20
20

noon
770

364

000
000

nnn

000
0onn
Nnon
000

900
600

000
000

000
000

SUBTOTAL

57

64

116

37

166

37

40

751

750

330

000

00N

000

500

000

000

580

11

12

16

110

CONTINGENCY

330

800

200

400

650

400

000

330

(20%)

(102)

(20%)

(20%)

(20%)

(10%)

(20%)

(20%)
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8.2 Detectors

The detectors will be owned by the Universities (NSERC). Their
costs are detailed in Table 7. 1t is proposed to buy the phototubes
and scintillator materials from commercial suppliers, but to cut and
polish the detectors at the Universities. The workspace and labor to
do this will be a contribution of the individual universities, rather
than by NSERC. The &technical manpower to assemble and test the
detectors will be supported by an NSERC infrastructure grant (see
Accompanying request), and does not constitute a portion of this
Major Installation Grant request. Scintillator costs are taken from
budget estimates by a supplier and will be confirmed by quotations.
Phototube prices are taken from quotation competitions and costs for
sther components from recent catalogues. ( Note that only about 100
derectors need to be manufactured, since the phoswich detectors for
rings 3 and 4 of the avray will be constructed independently of this
aropesal in a shared U. Laval—-AECL endeavor and will be used with
existing electronics as a miniature forward array.) Total costs for
detector materials is $243 100; a contingency factor of 15% has been
applied to all ditems.
8.3 Electronics

Electronics costs are listed in Table 8. In general the
@lectronics will be owned by the universities. An exception 1is a
portion of the items under the category “custom-built”. These will
be built in the university and AECL laboratories; the AECL component
is marked by asterisks in the table. Commercially available items
carry a contingency of 10%; custom built items require 30%. The
total electronics cost is $648 756, with a contingency of $106 396

(which constitntes an average of 16.4%).
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TABLE 7: COST ESTIMATES FOR DETECTOR MATERIALSA)

(All items include 9% Quebec Sales Tax)

COMPONENT QUANTITY COST CONTINGENCY
(all 152)
SCINTULATOR
3low seintillator A.0 m” 71 800 10 770
Fast seiatillator 5.5 m” 34 600 5 190

PHOTUMULTIPLIER TURES

1 1/2" tubes 35 6 300 945
3" tubes 13 18 000b) 2 700
3" tuhas 50 89 000 13 350
3hields, sockets, materials 7 000 1 050

OTHER DETECTOR COMPONENTS

Lucite 0.8 o 12 400 1 860
Gptical cement, jigs, etc. 4 000 600
TOTAL DETECTOR MATERTALS 243 100 36 465

a) 32 phoswich detectors compatible with the array are being built
independently of this proposal. Their costs are not included in

this table.

]
i

“gtimate.

b)

o 1.
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TABLE 8: ARRAY ELECTRONICS COSTS

costs include quantity discounts where applicable, and Quebec
tax for all commercial {tems. Ttems marked by an asterisk will
AFCL. TFor both the FERA and the CFD components, which
are reauired in large nunbers, two andules more than required by the
sebinp will he norchased.

Units
siales
ha owned by

mintmum

COMPONENT MODEL  QUANTITY UNIT COST TOTAL COST
CAMAC

FIRA SRS 43N0 24 4263 102312
FERAODR LS 47301 3 1958 8874
T LRS 4302 3 4891 14673
TR LRS 4305 1 19302 19302
Clruto Ri%a 5000 b 3201 16005
22 Dantrollor REALEN 3 1692 5076
P Controller Jo 74 1 20138 20138
faleh s 2371 2 2443 4886
3 128 44183 2 4940 9880
iy 1,73 21372 2 3144 6288
113 A 1.28 2265 2 3204 6408
o1, MEY Clwtﬂm 1 2000 2000
Y At Fo Cirstom 1 2000 2000

hORIYN Custom 1 2000 2000
a pPs 776 9 1902 17118
) PSS 714 34 3459 117606
RN RS 821 1 224/7 2247
11 LRS 1365 1 2050 2030
F LRS 429 2 2875 5750
LG ESN 8000 1 4060 4060
an LRS 222 1 2628 2628
Crate OR 402D H 2289 13734
b LRS 622 1 2010 2010
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TABLE 8: ARRAY ELECTRONICS COSTS continued

CUSTOM BUILT (128 CHANNELS EACH OF:)

e 27 000%*
“Mixer S 000*
Linear sate 30 000
Splitter 13 700
Nelay (209 ns) 16 400%*
NDelay (300 ns) 19 500%
Fiburoptics stabil, & calih. system 40 000
HY
ainframe LRS 4V 14498 1 15432 15 432
Pods LRS l443/12 11 3199 35 189
CAMAC interface LRS 2132 1 2350 2 350

SN {TORING & CONTROL

Hlerocomputev Compaq 386 1 17000 17 000
CAMAC interface 1 3000 3 000
Srate controllar 3 1500 1 500

MAULKS & CABLING

Tahles with Custom 2000 25 50 000
conneclbors

Packs with fans & 930 3 720

TYPAL BLEOTRONICS 648 756

OONTVIENCY (LA for commercial, 30% for custom built) 106 396
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APPENDIX I CRNL SPECIFICATION 13547-SP-01 ,

Equipment: High Vacuum Chamber

1. SCOPE

This specification covers the requirements for procurement of a high
vacuum chamber for a multi-particle detector system to be Installed at
the Chalk River Nuclear Laboratories. The scope of supply includes
the design, fabrication, inspection, testing and delivery of the
chamber. '

2. APPLICABLE DOCUMENTS

ASME Boiler and Pressure Vessel Code, Section VIII, Division 1.
CRNL Drawing E-13547-SK~2, Rev. 0.

3. REQUIREMENTS

3.1 Design Pressure: Full Vacuum

3.2 Design Temperature: 300°F

3.3 Operating Pressure: 1 x 1076 torr

3.4 Bake-out Temperature: 300°F ‘
3.5 Corrosion Allowance: None

3.6 Registration: Not Required

3.7 Materials of Construction:

Materials used in construction shall have outgassing rates suitable
for high vacuum service. Carbon steel shall not be used inside the
vessel. The shell, heads, flanges and nozzles shall be fabricated
from stainless steel type 304. Elastomer O-rings, if used, shall have
gas permeability rates equal to or lesser than Viton-A. Copper, if
used, shall only be OFHC grade.

3.8 Welding:

. .

Particular care shall be exercised in the design of weldments to avoild
virtual leaks. Welding practices shall be suitable for high vacuum
service. Wherever possible, components shall be welded on the vacuum
side of a joint to eliminate the possibility of trapping gas in cracks
or collecting dirt in crevices. Double butt joints shall be avoided.

TITLE  EQUIPMENT: HIGH VACUUM CHAMBER REV. | DATE SUBMITTED | APPROVED
CHALK RIVER REF. NO. 0 86.07.29 | M.M.Ali il @
NUCLEAR LABORATORIES 13,547-SP-01
ATOMIC ENERGY OF CANADA =
LIMITED SHEET _1_ OF _3
CHALK RIVER ONTARIO, CANADA




3.9

3.10

- 148 -

1f welds are required on both sides of a joint for strength, the
strength weld shall be on the outslde and made intermittently. The
{nner weld shall be continuous and, where feaslble, be of single

pass design.
Finish:

All interior surfaces of the vessel shall be polished to an
equivalent of No. 4 (150-180 grit) finish. All inner welds shall be
ground smooth and polished to match adjacent finish. As an option,
the supplier shall quote for a No. 2B finish on all interior
surfaces.

Cleaning:

All interior surfaces, internal components and flange faces shall be
scrupulously cleaned employing a multi-stage procedure. The
following steps shall be included as a minimum:

a) Remove visible contaminants mechanically

b) Clean with synthetic detergent

c¢) Rinse with hot distilled water

d) Rinse with acetone

e) Wipe with alcohol-soaked cloth

f) Dry in warm air.

Exterior surfaces shall be reasonably clean.

Leak Testing:

3.11.1 Helium Leak Test: The high vacuum chamber assembly or all of
its sub—assemblies shall be helium leak tested using a
purchaser—-approved procedure. The acceptance criterion shall
be a maximum leak rate of 1 x 1079 std.cc/s.

3.11.2 Pressure Rise Test: The assembled chamber shall be pumped
down to a pressure of 1 x 1077 torr, using a purchaser-
approved procedure. The pump shall be valved off and .the
rate of increase in pressure shall be recorded from a base of
1 x 1076 torr. The time interval for the pressure to rise by

an order of magnitude, i.e. to 1 x 1072 torr, shall not be
less than 75 minutes.

TITLE EQUIPMENT:

HIGH VACUUM CHAMBER REV. DATE SUBMITTED APPROVED

CHALK RIVER
NUCLEAR LABORATORIES 13,547-5P-01

REF. NO. 0 | 86.07.29 | M.M. Al | L Hont

ATOMIC ENERGY OF CANADA =

CHALK RIVER

LIMITED

ONTARIO, CANADA

SHEET _2_ oOF _3




- 149 -

3.12 Documents:

General arrangement drawings of the vessel shall be submitted
to the purchaser for acceptance and such acceptance obtained

prior to scheduled start of construction. Four (4) copies of
certified dimensional drawings shall be seut to the purchaser
prior to shipment of the vessel.

Leak testing and cleaning procedures shall also be submitted
to the purchaser for acceptance prior to use.

3.13 Special Requirements:

The CRNL drawing noted in paragraph 2 shows a field weld
between shell sections in order to facilitate the
installation of the vessel. The supplier shall take this
requirement into account and propose the most practical and
cost-effective method of accomplishing cthe leak testing
requirements at either the supplier's plant or the
purchaser's site.

As an option, the supplier shall quote on the following
basis:

a) Design, fabricate, inspect and test the chamber using a
temporary weld in place of the field weld shown.

b) Remove the temporary weld and refurbish the weld preps
following successful completion of leak tests.

c) Deliver the vessel in two sections, to be rewelded on site
by purchaser.

4. QUALITY ASSURANCE

The supplier shall apply a Quality Inspection Program as specified
in CSA Standard Z299.4 that will assure the purchaser that
materials, inspection and documentation fully meet the requirements.
The purchaser shall have the right of access to the supplier’'s
premises for verification of technical and quality assurance
requirements.

5. PREPARATION FOR DELIVERY
The supplier shall preserve and package the product according to the

best commercial practice. The vessel shall be shipped in a sealded
condition to prevent recontamination of interior surfaces.

TITLE  EQUIPMENT: HIGH VACUUM CHAMBER REV. |  DATE SUBMITTED | APPROVED
CHALK RIVER REF. NO. o | 86.07.20 | wm.M, ali AL Beens
NUCLEAR LABORATORIES 13,547-5P-01
ATOMIC ;NFRGY OF CANADA
LIMITED SHEET .3 OF 3.
CHALK RIVER ONTARIO, CANADA
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APPENDIX II SAFETY CONSIDERATIONS FOR CRYOGENIC CAPTURE PUMPS

A. HAZARDS:

Cryopunps are capture pumps. Therefore, if toxic or explosive
vases are pumnad these could accumulate in significant quantities in
ihe pump and, wiihout proper nracautions, a dangerous situation could
resul!. In the MARS vacuum system, the only substantial sources of
sases olter Than air are the defectors and their associated gas
lLines. Toxiz sases are not usad; however, hydrocarbons (e.Z. meth-
ane, isobutane) are common components of counfer gases. When these
1ses enfer the vacuum system, there is no immediate danger of explo-
sion since air is not present. The gases are then captured by the
cold head. Thus, a hazard could arise upon warming up of the cold
hoad as hvdrocacbon gases are released in a mixture with air. (Since
N. is released before 0, during the warming of a pump and since 0, is
maver a counter was, oxvgen—enriched mixtures will not occur.) The
timits of inflammability, in percent by volume at atmospheric pres-
sure, are 5—-15% tor methane in air and 1.8-8.4% for isobutane in
nhr, If these mixtures were present and Were ignited, an explosion

could occur. Events rhat might release such mixtures include:

- narmal pump warmup and purge
~ power failure

~ nump failure
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B. MANUFACTURER'S RECOMMENDATIONS
It is recommended that in order to pump explosive gases safely,
one should:

- eliminate any source of 1ignition (e.g. 1ion gauges, high
voltage) between the pump head and the high vacuum valve.

- vent rvelief valve through a sealed "path into a controlled
environment."”

- clearly mark pumps to indicate potential hazard.

C. PRECAUTIONS FOR MARS VACUUM SYSTEM

Two members of the CRNL Radiation and Industry Safety Branch
waere consulted upon installation of the existing 1.75 m scat-
tering chamber, which also is used with potentially explosive counter
2ases  and cryopumps. They inspected the explosive gas—-vent line
aning to the roof of the TASCC complex and recommended its use. The
HARS vacuum system will also couple into this line. The following
precautions will be incorporated:

- no spark sources between pump head and gate valve.

- cryopump vent valves couple directly to explosive gas vent
line.

- explosive gas-vent line is metal conduit going directly to
roof; no blowers or other possible spark sources in line.

~ high-vacuum gate valves close upon power failure; when power
is restored, they do not automatically reopen, since released
gases could then enter chamber and be ignited by ion gauge or
high volt1ge breakdown.

- to protect against pump failure and against human error on
warmup, high-vacuum valves automatically seal off cryopumps
when chamber pressure goes over 150 um.

- warning notices posted on pump controls and gas handling
system.



