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Fermi (1950)
 Fermi 

4“High Energy Nuclear Events”, 
Prog. Theor. Phys. 5, 570 (1950) 

4Lays groundwork for statistical 
approach to particle production in 
strong interactions:
 “Since the interactions of the pion field are  strong, 

we may expect that rapidly this energy will be 
distributed among the various degrees of freedom 
present in this volume according to statistical laws.”
(emphasis added)

 “It is realized that this description of the phenomenon is probably as 
extreme, although in the opposite direction, as is the perturbation 
theory approach. On the other hand, it might be helpful to explore a 
theory that deviates from the unknown truth in the opposite direction 
from that of the conventional theory. It may then be possible to 
bracket the correct state of fact in between the two theories.”
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Fermi (1952) Notes on Thermodynamics and Statistics 
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Fermi (1952) Notes on Thermodynamics and Statistics 
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Landau (1955) Was Inspired by Fermi . . .
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Landau (1955) Was Inspired by Fermi . . .
.. . . to make some rather harsh statements: 

“The defects of Fermi’s theory arise mainly because 
the expansion of the compound system is not 
correctly taken into account…(The) expansion of the 
system can be considered on the basis of 
relativistic hydrodynamics.” (emphasis added)
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 Seminal Event: 
The Bear Mountain Workshop,

 Nov. 29 to Dec. 1, 1974

 “This Workshop addressed itself to 
the intriguing question of the 
possible existence of a nuclear 
world quite different from the one 
we have learned to accept as 
familiar and stable.”

 Prime Mover: T.D. Lee
(together with Leon Lederman)

(One of) the Origins of the Study of Relativistic Nuclear Collisions  
8
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 Seminal Event: 
The Bear Mountain Workshop,

 Nov. 29 to Dec. 1, 1974

 “This Workshop addressed itself to 
the intriguing question of the 
possible existence of a nuclear 
world quite different from the one 
we have learned to accept as 
familiar and stable.”

 Prime Mover: T.D. Lee
(together with Leon Lederman)

T.D. and the Origin of Relativistic Heavy Ion Collisions 
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A Possible New Form of Matter at High Density*

T.D. Lnn
Columbia Uniaersitl, Neza Tork, Neut Tork 1M27

I. INTRODUCTION

In this talk, I would like to discuss some of my recent theoretical speculations,
nade in collaboration with Gian-Carlo Wick. Over the past year, we have tried to
-nvestigate the structure of the vacuum. It is through this investigation that the pos-
:ibilities of vacuum excitation states and abnormal nuclear states have been sug-
sested. Before coming to the main topic, whether or not there may be the possibility
rf a new form of matter at high density, perhaps I should first digress on questions
:elated to the vacuum.

In physics, one defines the vacuum as the lowest energy state of the system. By
definition, it has zero 4-momentum. In most quantum field-theoretic treatments,
quite often the vacuum state is used only to enable us to perform the mathematical
:onstruct of a Hilbert space. From the vacuum state, we build the one-particle state,
ihen the two-particle state, . . . ; hopefully, the resulting Hilbert space will even-
:ually resemble our universe. From this approach, different vacuum state means
fifferent Hilbert space, and therefore different universe.

Nevertheless, one may ask: What is this vacuum state? Does it have compli-
:ated structure? If so, can a part of this structure be changed? Ever since the formu-
-ation of relativity, after the downfall of the classical aether concept, one learns that
-]re vacuum is Lorentz invariant. At least, one knows that just running around and
:hanging the reference system won't alter the vacuum. However, Lorentz invariance
alone does not insure that the vacuum is necessarily simple. For example, the vac-
-lum can be as complicated as the product or sum of any scalar field or other scalar
rbject at the zero 4-momentum limit:

vacuum-@, or (rlrrlr)* at ku:O . (1)

From Dirac's hole theory, one knows that the vacuum, though Lorentz-invarianl,
:an be rather complicated. That this complicated structure of the vacuum may in
:art be changeable is suggested by the large variety of broken symmetries, found es-
:ecially over the past two decades.

If we consider symmetry quantum numbers such as the isospin I, the strange-
:ess S, the parity P,. . . , we find
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-This research was supported in part by the U.S. Atomic Energy Commission.
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r2 A POSSIBLE NEW FORM OF MAITER AT HIGH DENSITY

small because of Lorentz contraction, and the barrier .B becomes -ilpl-'*o',
which may also be too low to hold the nucleons together. The best value may per-
haps be =100 to several hundred MeV/nucleon in the center-of-mass system.

VI. REMARKS

The question whether we live in a "medium" or in a "vacuum" dates back to
the beginning of physics. From relativity, we know that the "vacuum" must be
Lorentz-invariant. As remarked before, Lorentz invariance by itself does not mean
that the "vacuum" is simple. From Dirac's hole theory, one has learned that the vac-
uum, though Lorentz-invariant, can be rather complicated. However, so long as all
ofits properties cannot be changed, so long &s, e.g., the value ofvacuum polariza-
tion cannot be modified, then it is purely a question of semantics whether the vac-
uum should be called a medium or not.

What we try to suggest is that if we do indeed live in a medium, then there
should be ways through which we may change the properties of that medium.

It may be worth while to emphasize once again how limited have been our ex-
periences in either nuclear physics or particle physics. So far almost all our nuclear
physics experiments have been restricted to nuclei at a constant density. We have
never really ventured out to study nuclear physics at any densities other than the
normal one. Likewise, in particle physics, we have a similar tradition in specializing
along a fairly narrow direction. Take, for example, high energy physics. Hitherto,
we have concentrated only on experiments in which we distribute a higher and
higher amount of energy into a region with smaller and smaller dimensions. In order
to study the question of "vacuum," or the possibility of the abnormal states, we must
turn to a different direction; we should investigate some 'cbulk" phenomena by dis-
tributing high energy or high nucleon density over a relatively large volume. Thefact
that such directions haae neuer been explored should,by itself, serue as anincentiuefor doing such
experiments. As we have discussed, there are possibilities that abnormal states may be
created, in which the nucleon mass may be very different from its normal value. It is
conceivable that inside the volume of the abnormal state some of the symmetry
properties may become changed, or even that the usual roles of strong and weak in-
teractions may become altered. If indeed the properties of the "vacuum" can be
transformed, we may eventually be led to some even more striking consequences
than those that have been discussed in this lecture.

\u
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\uPrime Motivation: 

“Hitherto, we have concentrated on experiments which distribute a 
higher and higher amount of energy into a region with smaller and 
smaller dimensions. In order to study the question of the ‘vacuum’ 
. . . we must turn to a different direction: we should investigate 
some ‘bulk’ phenomena by distributing high energy or high nucleon 
density over a relatively large volume. The fact that such directions 
have never been explored should, by itself, serve as an incentive 
for doing such experiments.”
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 Seminal Event: 
The Bear Mountain Workshop,

 Nov. 29 to Dec. 1, 1974

 “This Workshop addressed itself to 
the intriguing question of the 
possible existence of a nuclear 
world quite different from the one 
we have learned to accept as 
familiar and stable.”

 But note: No mention of 
4 Quarks
4 Gluons
4 QGP
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Parallel, Independent Developments 1973-1974
 1973 = Birth of QCD

 Politzer, Gross and Wilczek
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Parallel Paths that Nonetheless Converged
 Focus of this review article:
 1973 to 1983, convergence of

4Bear Mountain
“exciting the vacuum” program

4Understanding bulk QCD effort
 1983 as Fundamentum Anni

 “a remarkable year, marked by confluence, 
convergence and consequence. More 
specifically, that year saw confluence in a 
particular theoretical approach to applying 
hydrodynamics, convergence of 
experimental and theoretical efforts in 
understanding the expected reaction 
dynamics, and far-reaching consequences 
of funding decisions made by the U.S. 
government.”

13 
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Shuryak 1980
 Shuryak publishes first 

“review” of 
thermal QCD-
and coins a phrase:
   “Because of the apparent

analogy with similar
phenomena in atomic
physics, we may call this
phase of matter the QCD 
(or quark-gluon) plasma.”

(QGP)
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An Important Prophet
15

 CERN Courier,
January 1982,
pp. 17-20
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 The world’s first light  ion collider
The CERN ISR
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 The world’s first light  ion collider
         (and first hadron collider detectors)

The CERN ISR
17
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Circa 1979: VENUS ??
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Circa 1979: VENUS ??
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In the World of High Energy Physics . . . 
 1971: Fitch panel (AUI) endorses ISABELLE 200 GeV+200 GeV
 1974: HEPAP approves ISABELLE at BNL
 1978: Construction start
  . . . Issues with superconducting magnet

          design(s)
 1982: “Desertron” rumblings appear, 

           ISABELLE à CBA (Colliding Beams Accelerator)
 1983: HEPAP considers path forward . . . 

20 

References:
1. Quenched! The ISABELLE Saga, I, 

R. Crease, Physics in Perspective 7, 330-376 (2005)
2. Quenched! The ISABELLE Saga, II, 

R. Crease, Physics in Perspective 7, 404-452 (2005) 
 

https://link.springer.com/article/10.1007/s00016-004-0246-7
https://link.springer.com/article/10.1007/s00016-005-0247-1
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July 14, 1983
 The effective termination of CBA

21 
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 Required reading: Recombinant Science: The Birth of the Relativistic Heavy Ion Collider (RHIC), 
Robert P. Crease, Historical Studies in the Natural Sciences, Vol. 38, No. 4 (Fall 2008), pp. 535-568 

The Origin of RHIC (1983) 
22

• Lee invited Sandweiss and Samios over to his visitor apartment. “I said, ‘Come to my place and we’ll pool our sorrows 
together.’ Lee pulled out a pot of curried chicken Jeannette had made for him: the three consumed it all, and put a large dent in a 
case of Beaujolais Nouveau as well. They did all the mourning that they were able, and then Lee promoted the idea of 
a heavy- ion collider, which he found Samios was greeting with increasing enthusiasm. 
“With Beaujolais,” Lee remarked later, “you can look into the future more easily.”

https://www.jstor.org/stable/10.1525/hsns.2008.38.issue-4
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 Required reading: Recombinant Science: The Birth of the Relativistic Heavy Ion Collider (RHIC), 
Robert P. Crease, Historical Studies in the Natural Sciences, Vol. 38, No. 4 (Fall 2008), pp. 535-568 

 Literally contemporaneous with these events at BNL:
The Long Range Plan for Nuclear Physics meeting
at Wells College (upstate NY). 

 Shuttle diplomacy ensued . . . (via Tom Ludlam)
 Out of that meeting:

 Why? 
“…a spectacular transition to a new phase of matter, 
a quark-gluon plasma, may occur… ”

The Origin of RHIC (1983) 
23

• It is the opinion of this Committee that the United 
States should proceed with the planning for the 
construction of this relativistic heavy ion collider 
facility expeditiously, and we see it as the highest 
priority new scientific opportunity within the 
purview of our science.

https://www.jstor.org/stable/10.1525/hsns.2008.38.issue-4
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1983 As the Fundamentun Anni 
24 

 The extraordinarily adept transition
CBA à RHIC

 The endorsement of a high-energy collider 
in the NP Long-Range Plan

 Publication of Bjorken’s enormously 
influential “hydro” paper

 Highly Relativistic Nucleus-Nucleus Collisions: The Central 
Rapidity Region, Phys. Rev. D27, 140 (1983)

 Quark Matter 1983 held at Brookhaven
 Explicitly noted in the Preface by Tom Ludlam and Harvey Wegner:

“newly analyzed data from Fermilab on the crucial question 
of nuclear stopping power provided the basis for improved 
estimates of the required collision energies. ”

Nuclear Stopping Power, 
W. Busza and A.S. Goldhaber, 
Phys. Lett. B139, 235 (1983). 

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.27.140
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influential “hydro” paper
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Rapidity Region, Phys. Rev. D27, 140 (1983)

 Quark Matter 1983 held at Brookhaven
 Explicitly noted in the Preface by Tom Ludlam and Harvey Wegner:

“newly analyzed data from Fermilab on the crucial question 
of nuclear stopping power provided the basis for improved 
estimates of the required collision energies. ”

• The physics interest in an Ultra-Relativistic Heavy Ion Collider has recently been recognized 
by the Nuclear Science Advisory Committee which recommended such a facility as its highest 
priority new program. . . The availability of the CBA tunnel for the ion collider represents an 
unprecedented opportunity to construct the  new machine at minimal cost. 

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.27.140
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 The world’s first purpose-built heavy ion collider
RHIC

26
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RHIC 
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 The world’s first purpose-built heavy ion collider
4Has demonstrated its enormous flexibility
4Has enabled 25 years of fundamental discoveries

à RHIC is the most versatile collider ever built !
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An Unfortunate Affair - 2000 CERN Press Release

 ”Good” news 
(from the RHIC perspective):
It did not directly claim discovery 
of the quark-gluon plasma.

 Bad news:
4Was not linked to publication of

 peer-reviewed findings. 
4Nonetheless stated

 “the experiments on CERN's Heavy Ion programme 
presented compelling evidence for the existence of a new 
state of matter in which quarks, instead of being bound up 
into more complex particles such as protons and neutrons, 
are liberated to roam freely.”
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RHIC’s First Phase Transition
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RHIC’s First Phase Transition
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Not Described Here . . . 
 The long arduous process 

by which 
7 proposals 
became 
4 approved experiments.

 Mel’s vision
42 large ($30M) experiments

 “Facilities”
 Permanent installations

42 small (~$5M) experiments
 Flexible
 Replaceable

31 
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Quark Matter 2001
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Prediction January, 2001
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Wrong !!
39
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RHIC’s First Two Major Discoveries
 Discovery of 

strong “elliptic” flow:
4Elliptic flow in Au+Au collisions

 at √sNN= 130 GeV, 
STAR Collaboration, 
Phys.Rev.Lett.86:402-407,2001  

4882 citations

 Discovery of 
“jet quenching”
4Suppression of hadrons with large 

transverse momentum in central Au+Au 
collisions at √sNN = 130 GeV, 
PHENIX Collaboration, 
Phys.Rev.Lett.88:022301,2002 

41265 citations

40

http://arxiv.org/abs/nucl-ex/0009011
http://arxiv.org/abs/nucl-ex/0109003
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 Suppression effect not present at lower Ös ’s

How Fortunate !
41
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Pedestal&flow 
subtracted

 “Fine structure” 
 in elliptic flow:
4Elliptic flow of identified hadrons

in Au+Au collisions at √sNN= 200 GeV, 
PHENIX Collaboration, 
Phys.Rev.Lett.91:182301,2003  

4908 citations

 Disappearance of 
away-side “jet”
4Disappearance of back-to-back

high pT correlations in central
Au+Au collisions at √sNN = 200 GeV, 
STAR Collaboration, 
Phys.Rev.Lett.90:082302,2003 

4946 citations

Extending Those Major Discoveries
42

Hydro from P. Huovinen et al., Phys. Lett. B503, 58 (2001)

https://arxiv.org/abs/nucl-ex/0305013
https://arxiv.org/abs/nucl-ex/0210033
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 2000 – first collisions 
 2001 – major results

from all 4 collaborations
 2002 – first full-energy

Au+Au run
 2003 – d+Au 

control run 

Critical in situ Control Measurement 
43
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 2000 – first collisions 
 2001 – major results

from all 4 collaborations
 2002 – first full-energy

Au+Au run
 2003 – d+Au 

control run 

Critical in situ Control Measurement 
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 Jan-24: 97 RHIC publications
 but . . . 
 New York Times article by 

Jim Glanz emphasized 
“reluctance” to announce 
QGP discovery.

 This was enormously 
polarizing . . . 

45
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 …the CERN announcement 
''added more confusion than light to the story’’ (RHIC scientist)

 Those words were like daggers . . . 
 “They (BNL) were just starting a half-billion-dollar operation and we 

(CERN) are saying: ‘Bye-bye. We have stolen your child’ ”
(Senior CERN scientist)

 To announce a discovery now, Dr. Xyyyyyy said, ‘'the very same 
people who were very critical have to eat their words.’’

 ''It's no mystery to me why they haven't announced it,’’ 
Dr. Mueller said. ''I think the lab has been appropriately cautious.''

From That Article
46
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Causality in the White Paper Process
 12-Feb-04: Discussion Sam Aronson, Tim Hallman, WZ “RHIC Science Retreat”
 20-Feb-04: Tim Hallman, WZ discuss possible “white papers”
 25-Feb-04: Spokesperson’s meeting, WZ charged to draft a process
 27-Feb-04: Experiments invited to contribute ~15-page paper to  RBRC Series
 29-Feb-04: Draft process for White Papers’s distributed to other spokespersons + Sam Aronson
 02-Mar-04: Spokespersons discuss politely declining publication in RBRC Series

4 Unrealistic time scale (April 5)
4 Interference with existing White Paper process
4 Would replicate rather than address CERN announcement

 04-Mar-04: Draft response circulated (7 AM); revised draft (3 PM)
  
  (Extraordinary period of work, writing, negotiations)
  
  04-Oct-04: PHENIX WP posted to archive, other experiments to follow
  
 ( Another extraordinary period consolidating understanding strong coupling ßà h / s…)
  18-Apr-05: Perfect liquid announcement

47
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RHIC Success !!
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RHIC Scientists Serve Up ‘Perfect’ Liquid 
49
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An Unfortunate Affair - 2000 CERN Press Release

 ”Good” news 
(from the RHIC perspective):
It did not directly claim discovery 
of the quark-gluon plasma.

 Bad news:
4Was not linked to publication of

 peer-reviewed findings. 
4Nonetheless stated

 “the experiments on CERN's Heavy Ion programme 
presented compelling evidence for the existence of a new 
state of matter in which quarks, instead of being bound up 
into more complex particles such as protons and neutrons, 
are liberated to roam freely.”
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Current Perspective - 2000 CERN Press Release

 ”Good” news 
(from the RHIC perspective):
It did not directly claim discovery 
of the quark-gluon plasma.

 Bad news:
4Was not linked to publication of

 peer-reviewed findings. 
4Nonetheless stated

 “the experiments on CERN's Heavy Ion programme 
presented compelling evidence for the existence of a new 
state of matter in which quarks, instead of being bound up 
into more complex particles such as protons and neutrons, 
are liberated to roam freely.”

51

An assessment of the insights gained from the heavy-ion program at the CERN 
SPS during the 1980s and 1990s [48] concluded that compelling evidence for the 
creation of “a new form of matter” had been found but stopped short of claiming 
unambiguous discovery of the quark-gluon plasma, nor did it comment on its 
perfectly liquid collective dynamical properties. The latter became only obvious 
after theory had progressed to a quantitative understanding of the bulk of the 
very comprehensive and precise experimental data collected at RHIC.
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Since That Time . . . 

 The RHIC “perfect liquid” paradigm has prevailed.

 The discoveries have continued to ``flow” from RHIC.

 Quantitative precision has increased enormously.

 Can now confidently attest to uniqueness of QGP. 

52 
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It Is Only Appropriate . . . 

 To take a moment to offer our profound thanks to
4The visionary leadership that made RHIC possible

4The incredible operation of RHIC by the Collider-Accelerator Dept. 

4The superb skills of the BNL technical staff

4The humbling efforts of our graduate students and postdocs

4The theory community that has risen to the challenge from RHIC data

4The organizers of this meeting.

53 
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VENUS ??
55

The Plastic Ball/Plastic Wall detector at 
the Berkeley Bevalac — an example of the 
growing interest in nuclear reactions using 
beams of heavy ions. 

BERKELEY 
VENUS rising 
F r o m 1 5 — 1 8 S e p t e m b e r a W o r k -
s h o p w a s held at the L a w r e n c e Ber-
ke ley Labo ra to r y t o d i scuss t he p r o -
posa l w h i c h it is i n tended t o p resen t 
by the end o f th is year c o n c e r n i n g the 
acce le ra to r c o m p l e x , k n o w n as V E -
N U S , f o r phys ics w i t h heavy ion 
b e a m s . T h e p ro jec t , as t h e n c o n -
c e i v e d , w a s desc r i bed in t he D e c e m -
ber 1 9 7 9 issue, page 4 0 6 . T h e u l t i -
m a t e a im is t o have mu l t i -GeV per 
nuc leon co l l id ing b e a m s bu t t he f i -
nancial resources t o reach th i s a im 
are no t w i t h i n reach at t he m o m e n t . 
M u c h cou ld be d o n e , h o w e v e r , t o 
e x t e n d the research p r o g r a m m e by 
bu i ld ing jus t the in jec t ion s t a g es o f 
the ful l VENUS pro jec t . 

The in teres t in nuclear phys i cs 
w i t h heavy ion b e a m s has g r o w n in 
t he pas t decade w i t h t he use o f t he 

Bevalac (the ex -Beva t ron c o n s t a n t 
g rad ien t s y n c h r o t r o n f e d by the Su -
pe rH ILAC heavy ion l inear acce le ra -
t o r ) . It n o w s u p p o r t s a c o m m u n i t y o f 
s o m e 2 0 0 phys i cs users and in add i -
t i on has a th r i v ing b iomed ica l re-
search p r o g r a m m e (wh ich w e re turn 
t o as a separa te i t em at the end o f 
th is ar t ic le) . Th is year the abi l i t ies o f 
the acce le ra tor have been inc reased 
v ia a n e w ion source (ABLE) o n the 
l inac, t o m a k e g o o d b e a m s o f ions up 
t o u ran ium avai lab le, and v ia t he in -
s ta l la t ion o f a n e w v a c u u m liner in the 
s y n c h r o t r o n t o ach ieve a l o w e n o u g h 
p ressure f o r the heavier ion b e a m s t o 
be t r a n s m i t t e d dur ing the i r acce l -
e ra t ion . T h e s e i m p r o v e m e n t s have 
w o r k e d ve r y we l l and usable b e a m s 
o f u ran ium ions at 1 GeV per nuc leon 
can n o w be p r o v i d ed t o the expe r i -
m e n t e r s . 

J u s t as i m p o r t a n t , in t e r m s o f pu l l -
ing ou t s ign i f ican t resu l ts , is t he c o m -
ing in to ac t i on o f m o r e soph i s t i ca ted 

d e t e c t o r s . The re has been d i f f i cu l ty 
in ex t rac t i ng the phys i cs f r o m the 
c o m p l e x heavy ion co l l i s ions (as w a s 
c o m m e n t e d u p o n by the DOE nuclear 
sc ience r e v i e w c o m m i t t e e , cha i red 
by Erich V o g t , w h i c h r epo r t e d o n 
ex is t ing research faci l i t ies in June o f 
th is year ) . T h e n e w d e t e c t o r s are a 
heavy ion s u p e r c o n d u c t i n g spec -
t r o m e t e r , HISS, and the 'Plast ic Bal l ' 
desc r i bed in our N o v e m b e r 1 9 8 1 is-
sue , page 3 9 3 . The re are p ro jec t s t o 
a d d the l a m p s h a de m a g n e t a n d , l on -
ger t e r m , a heavy ion T i m e Pro jec t ion 
Chamber . T h e i m p r o v e d d e t e c t i o n 
abi l i t ies shou ld help t o c lar i fy the in -
f o r m a t i o n w h i c h has c o m e f r o m the 
f i r s t su r vey o f co l l is ions b e t w e e n 
h igh ene rgy nucle i . 

T h e V E N U S pro jec t in i ts p resen t 
f o r m requ i res rebui ld ing the p res t r i p -
per o n the SuperH ILAC t o increase 
in jec ted ion b e a m in tens i t ies by a 
f a c t o r o f t e n . T w o r ings w o u l d t hen 
rece ive the b e a m s . A s u p e r c o n d u c t -
ing b o o s t e r r ing o f 3 0 m radius w o u l d 
acce lera te u ran ium ions t o 7 GeV 
per nuc leon . T h e s e c o n d d.c . super -
c o n d u c t i n g s t re t cher r ing , p robab l y 
s t a c k e d o n t o p o f the f i rs t r ing (bo th 
o f t h e m be ing insta l led in t he Beva -
t r o n hal l) , w i l l s t o re ions and a l l o w 
1 0 0 % d u t y f a c t o r w i t h the b e a m s 
e jec ted t o ex terna l t a rge t s . A va r ie ty 
o f m o d e s o f ope ra t i on w i t h in terp lay 
b e t w e e n the t w o r ings w o u l d be 
poss ib le . In par t icu lar b e a m s f r o m 
th is s e c o n d r ing cou ld be re in jec ted 
in to t he f i r s t r ing af ter s t r ipp ing s o as 
t o be acce le ra ted t o h igher energ ies 
( 1 0 GeV per nuc leon w h i c h is t en 
t i m e s the ene rgy avai lable f r o m the 
p resen t Bevalac) . S tochas t i c coo l i ng 
in t he s t o r a g e r ing m a y a lso be used 
t o p r o d u c e b e a m s w i t h m u c h l o w e r 
ene rgy s p r e a d , 1 0 ~ 5 , t han is p o s -
s ib le n o w . A t a later da te , t w o large 
s u p e r c o n d u c t i n g r ings each t o g ive 
co l l id ing b e a m energ ies o f 2 0 GeV 
per nuc leon cou ld be bui l t t o t a k e 
V E N U S pa rame te r s t o the ve r y h igh 
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Graph of the energies and ion species which 
could be covered by the VENUS project at 
Berkeley. Other existing and planned 
machines are also indicated. On the right 
is a list of the fields of physics which could 
be studied by the machine in its various 
operating modes. 

cen t re o f m a s s energ ies init ial ly p r o -
j e c t e d . 

High f ie lds f r o m the s u p e r c o n d u c t -
ing m a g n e t s are an t i c ipa ted f o r all 
t he s to rage r ings — f o r e x a m p l e 6 T 
in the d ipo les o f the b o o s t e r r ing . 
Th i s is in line w i t h a p r o g r a m m e o f 
w o r k on high f ie ld s u p e r c o n d u c t i n g 
m a g n e t s at Berke ley in i t ia ted severa l 
yea rs ago w i t h the ma jo r a im o f d e -
ve lop ing m a g n e t s su i tab le f o r the 
nex t genera t ion o f h igh ene rgy p r o -
t o n s y n c h r o t r o n s ( 2 0 T e V and 
above ) . T h e goal o f t he d e v e l o p m e n t 
p r o g r a m m e is t o p r o d u c e m a g n e t s 
capab le o f 10 T in a 4 c m b o r e . En 
r o u t e , the t e a m d id bui ld an ' a l te rna-
t i ve ISABELLE m a g n e t ' a n d , w i t h a 
fou r - layer coi l s t r uc tu re , ach ieved 
7 .6 T in he l ium-2 at 1.8 K w i t h l i t t le 
t ra in ing . 

T w o des igns are be ing pu rsue d at 
Berke ley t o ach ieve h igh cu r ren t d e n -
s i t y in the s u p e r c o n d u c t o r w i t h m in i -
m u m c o p p e r stabi l izer . One i nvo l ves 
a four - laye r coi l s t ruc tu re l ike the a l -
t e rna t i ve ISABELLE m a g n e t ; t he o t h -
er i nvo lves the use o f n iob ium- t i n 
c o n d u c t o r in rec tangu lar cab le — the 
so-ca l led ' b l o c k ' des ign — ope ra t i ng 
at 4 . 2 K. N iob ium- t i t an ium and n io -
b i um t in are poss ib i l i t ies f o r t he s u -
p e r c o n d u c t o r . ( A n o t h e r a p p r o a c h , 
i nvo lv ing Fermi lab and KEK, is t o use 
a n i ob ium- t i t an ium- tan ta lu m a l loy in 
a f o u r layer m a g n e t . KEK are a lso t r y -
ing n iob ium- t in and n i o b i u m - t i t a n -
ium.) It is h o p e d t o have a f i r s t n io -
b ium- t i t an ium p r o t o t y p e t e s t e d be -
f o r e the end o f the year . 

Plans for a 'medical accelerator' 

T h e success o f t he b i omed i ca l p r o -
g r a m m e o n the Bevalac has led t o t he 
Nat iona l Ins t i tu te o f Heal th f u n d i n g a 
s t u d y at Berke ley t o des ign a heavy 
ion acce lera to r app rop r i a te f o r use in 
a hosp i ta l e n v i r o n m e n t . For t h e t rea t -
m e n t o f cancer b y b o m b a r d m e n t 
w i t h par t ic le b e a m s , heavy ions 

s e e m t o be emerg ing as the s t r o n g 
cand ida te . The use o f neu t rons is 
a lso con t inu ing bu t p ion b e a m s are 
n o w no t in f avou r . The p ion fac i l i ty at 
L A M P F has been c losed d o w n and 
the PIGMI p ro jec t at Los A l a m o s t o 
d e v e l o p a p ion acce lera tor f o r h o s p i -
ta ls is no longer ac t ive ( though it d id 
y ie ld s o m e superb acce le ra tor t e c h -
no logy ) . T h e p r o d u c t i on o f s e c o n d a -
ry b e a m s o f p ions is harder t han 
us ing p r imary b e a m s and b io log ica l ly 
the i r e f fec t is no t as useful as heavy 
ions . 

T h e p resen t des ign f o r a 'med ica l 
acce le ra to r ' a ims t o ach ieve b e a m s 
o f s i l icon ions (wh ich are p re fe r red in 
o rde r t o l imi t spa l la t ion f r o m the i r ra-
d ia ted vo lume) at an ene rgy o f 8 0 0 
M e V per nuc leon us ing a s y n c h r o -
t r o n . L o w e r m a s s ions cou ld a lso be 
acce le ra ted and pe rhaps a rgon 
ions . 

Great emphas i s is pu t on o p e r a -
t iona l s imp l i c i t y and rel iabi l i ty s ince 

the acce le ra to r w i l l have t o run in an 
e n v i r o n m e n t w h e r e l i tt le acce le ra to r 
exper t i se w i l l be avai lable; The d e -
s ign wi l l i nco rpo ra te a rad io - f requen-
cy quad rupo l e t o avo id a h igh v o l t a ge 
C o c k c r o f t - W a l t o n . The Berke ley 
t e a m f e d in t he idea o f r ings in t he 
RFQ s t ruc tu re t o help in ba lanc ing the 
s t ruc tu re . In add i t i on t o the s y n c h r o -
t r o n des ign the re is a lso w o r k on the 
s y s t e m t o de l iver b e a m t o the pa t ien t 
so as t o i r radiate the requ i red v o l u m e 
in t he m o s t e f fec t i ve w a y . 

W i t h th is med ica l acce le ra to r it is 
h o p e d t h a t an ex tens ive p r o g r a m m e 
o f heavy ion t h e r a p y can be car r ied 
ou t t o ensure a ve ry t h o r o u g h eva lu -
a t ion o f e f f ec t i veness and a p p r o -
p r ia teness f o r d i f fe ren t t y p e s o f c a n -
cer . 
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The Plastic Ball/Plastic Wall detector at 
the Berkeley Bevalac — an example of the 
growing interest in nuclear reactions using 
beams of heavy ions. 

BERKELEY 
VENUS rising 
F r o m 1 5 — 1 8 S e p t e m b e r a W o r k -
s h o p w a s held at the L a w r e n c e Ber-
ke ley Labo ra to r y t o d i scuss t he p r o -
posa l w h i c h it is i n tended t o p resen t 
by the end o f th is year c o n c e r n i n g the 
acce le ra to r c o m p l e x , k n o w n as V E -
N U S , f o r phys ics w i t h heavy ion 
b e a m s . T h e p ro jec t , as t h e n c o n -
c e i v e d , w a s desc r i bed in t he D e c e m -
ber 1 9 7 9 issue, page 4 0 6 . T h e u l t i -
m a t e a im is t o have mu l t i -GeV per 
nuc leon co l l id ing b e a m s bu t t he f i -
nancial resources t o reach th i s a im 
are no t w i t h i n reach at t he m o m e n t . 
M u c h cou ld be d o n e , h o w e v e r , t o 
e x t e n d the research p r o g r a m m e by 
bu i ld ing jus t the in jec t ion s t a g es o f 
the ful l VENUS pro jec t . 

The in teres t in nuclear phys i cs 
w i t h heavy ion b e a m s has g r o w n in 
t he pas t decade w i t h t he use o f t he 

Bevalac (the ex -Beva t ron c o n s t a n t 
g rad ien t s y n c h r o t r o n f e d by the Su -
pe rH ILAC heavy ion l inear acce le ra -
t o r ) . It n o w s u p p o r t s a c o m m u n i t y o f 
s o m e 2 0 0 phys i cs users and in add i -
t i on has a th r i v ing b iomed ica l re-
search p r o g r a m m e (wh ich w e re turn 
t o as a separa te i t em at the end o f 
th is ar t ic le) . Th is year the abi l i t ies o f 
the acce le ra tor have been inc reased 
v ia a n e w ion source (ABLE) o n the 
l inac, t o m a k e g o o d b e a m s o f ions up 
t o u ran ium avai lab le, and v ia t he in -
s ta l la t ion o f a n e w v a c u u m liner in the 
s y n c h r o t r o n t o ach ieve a l o w e n o u g h 
p ressure f o r the heavier ion b e a m s t o 
be t r a n s m i t t e d dur ing the i r acce l -
e ra t ion . T h e s e i m p r o v e m e n t s have 
w o r k e d ve r y we l l and usable b e a m s 
o f u ran ium ions at 1 GeV per nuc leon 
can n o w be p r o v i d ed t o the expe r i -
m e n t e r s . 

J u s t as i m p o r t a n t , in t e r m s o f pu l l -
ing ou t s ign i f ican t resu l ts , is t he c o m -
ing in to ac t i on o f m o r e soph i s t i ca ted 

d e t e c t o r s . The re has been d i f f i cu l ty 
in ex t rac t i ng the phys i cs f r o m the 
c o m p l e x heavy ion co l l i s ions (as w a s 
c o m m e n t e d u p o n by the DOE nuclear 
sc ience r e v i e w c o m m i t t e e , cha i red 
by Erich V o g t , w h i c h r epo r t e d o n 
ex is t ing research faci l i t ies in June o f 
th is year ) . T h e n e w d e t e c t o r s are a 
heavy ion s u p e r c o n d u c t i n g spec -
t r o m e t e r , HISS, and the 'Plast ic Bal l ' 
desc r i bed in our N o v e m b e r 1 9 8 1 is-
sue , page 3 9 3 . The re are p ro jec t s t o 
a d d the l a m p s h a de m a g n e t a n d , l on -
ger t e r m , a heavy ion T i m e Pro jec t ion 
Chamber . T h e i m p r o v e d d e t e c t i o n 
abi l i t ies shou ld help t o c lar i fy the in -
f o r m a t i o n w h i c h has c o m e f r o m the 
f i r s t su r vey o f co l l is ions b e t w e e n 
h igh ene rgy nucle i . 

T h e V E N U S pro jec t in i ts p resen t 
f o r m requ i res rebui ld ing the p res t r i p -
per o n the SuperH ILAC t o increase 
in jec ted ion b e a m in tens i t ies by a 
f a c t o r o f t e n . T w o r ings w o u l d t hen 
rece ive the b e a m s . A s u p e r c o n d u c t -
ing b o o s t e r r ing o f 3 0 m radius w o u l d 
acce lera te u ran ium ions t o 7 GeV 
per nuc leon . T h e s e c o n d d.c . super -
c o n d u c t i n g s t re t cher r ing , p robab l y 
s t a c k e d o n t o p o f the f i rs t r ing (bo th 
o f t h e m be ing insta l led in t he Beva -
t r o n hal l) , w i l l s t o re ions and a l l o w 
1 0 0 % d u t y f a c t o r w i t h the b e a m s 
e jec ted t o ex terna l t a rge t s . A va r ie ty 
o f m o d e s o f ope ra t i on w i t h in terp lay 
b e t w e e n the t w o r ings w o u l d be 
poss ib le . In par t icu lar b e a m s f r o m 
th is s e c o n d r ing cou ld be re in jec ted 
in to t he f i r s t r ing af ter s t r ipp ing s o as 
t o be acce le ra ted t o h igher energ ies 
( 1 0 GeV per nuc leon w h i c h is t en 
t i m e s the ene rgy avai lable f r o m the 
p resen t Bevalac) . S tochas t i c coo l i ng 
in t he s t o r a g e r ing m a y a lso be used 
t o p r o d u c e b e a m s w i t h m u c h l o w e r 
ene rgy s p r e a d , 1 0 ~ 5 , t han is p o s -
s ib le n o w . A t a later da te , t w o large 
s u p e r c o n d u c t i n g r ings each t o g ive 
co l l id ing b e a m energ ies o f 2 0 GeV 
per nuc leon cou ld be bui l t t o t a k e 
V E N U S pa rame te r s t o the ve r y h igh 
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Graph of the energies and ion species which 
could be covered by the VENUS project at 
Berkeley. Other existing and planned 
machines are also indicated. On the right 
is a list of the fields of physics which could 
be studied by the machine in its various 
operating modes. 

cen t re o f m a s s energ ies init ial ly p r o -
j e c t e d . 

High f ie lds f r o m the s u p e r c o n d u c t -
ing m a g n e t s are an t i c ipa ted f o r all 
t he s to rage r ings — f o r e x a m p l e 6 T 
in the d ipo les o f the b o o s t e r r ing . 
Th i s is in line w i t h a p r o g r a m m e o f 
w o r k on high f ie ld s u p e r c o n d u c t i n g 
m a g n e t s at Berke ley in i t ia ted severa l 
yea rs ago w i t h the ma jo r a im o f d e -
ve lop ing m a g n e t s su i tab le f o r the 
nex t genera t ion o f h igh ene rgy p r o -
t o n s y n c h r o t r o n s ( 2 0 T e V and 
above ) . T h e goal o f t he d e v e l o p m e n t 
p r o g r a m m e is t o p r o d u c e m a g n e t s 
capab le o f 10 T in a 4 c m b o r e . En 
r o u t e , the t e a m d id bui ld an ' a l te rna-
t i ve ISABELLE m a g n e t ' a n d , w i t h a 
fou r - layer coi l s t r uc tu re , ach ieved 
7 .6 T in he l ium-2 at 1.8 K w i t h l i t t le 
t ra in ing . 

T w o des igns are be ing pu rsue d at 
Berke ley t o ach ieve h igh cu r ren t d e n -
s i t y in the s u p e r c o n d u c t o r w i t h m in i -
m u m c o p p e r stabi l izer . One i nvo l ves 
a four - laye r coi l s t ruc tu re l ike the a l -
t e rna t i ve ISABELLE m a g n e t ; t he o t h -
er i nvo lves the use o f n iob ium- t i n 
c o n d u c t o r in rec tangu lar cab le — the 
so-ca l led ' b l o c k ' des ign — ope ra t i ng 
at 4 . 2 K. N iob ium- t i t an ium and n io -
b i um t in are poss ib i l i t ies f o r t he s u -
p e r c o n d u c t o r . ( A n o t h e r a p p r o a c h , 
i nvo lv ing Fermi lab and KEK, is t o use 
a n i ob ium- t i t an ium- tan ta lu m a l loy in 
a f o u r layer m a g n e t . KEK are a lso t r y -
ing n iob ium- t in and n i o b i u m - t i t a n -
ium.) It is h o p e d t o have a f i r s t n io -
b ium- t i t an ium p r o t o t y p e t e s t e d be -
f o r e the end o f the year . 

Plans for a 'medical accelerator' 

T h e success o f t he b i omed i ca l p r o -
g r a m m e o n the Bevalac has led t o t he 
Nat iona l Ins t i tu te o f Heal th f u n d i n g a 
s t u d y at Berke ley t o des ign a heavy 
ion acce lera to r app rop r i a te f o r use in 
a hosp i ta l e n v i r o n m e n t . For t h e t rea t -
m e n t o f cancer b y b o m b a r d m e n t 
w i t h par t ic le b e a m s , heavy ions 

s e e m t o be emerg ing as the s t r o n g 
cand ida te . The use o f neu t rons is 
a lso con t inu ing bu t p ion b e a m s are 
n o w no t in f avou r . The p ion fac i l i ty at 
L A M P F has been c losed d o w n and 
the PIGMI p ro jec t at Los A l a m o s t o 
d e v e l o p a p ion acce lera tor f o r h o s p i -
ta ls is no longer ac t ive ( though it d id 
y ie ld s o m e superb acce le ra tor t e c h -
no logy ) . T h e p r o d u c t i on o f s e c o n d a -
ry b e a m s o f p ions is harder t han 
us ing p r imary b e a m s and b io log ica l ly 
the i r e f fec t is no t as useful as heavy 
ions . 

T h e p resen t des ign f o r a 'med ica l 
acce le ra to r ' a ims t o ach ieve b e a m s 
o f s i l icon ions (wh ich are p re fe r red in 
o rde r t o l imi t spa l la t ion f r o m the i r ra-
d ia ted vo lume) at an ene rgy o f 8 0 0 
M e V per nuc leon us ing a s y n c h r o -
t r o n . L o w e r m a s s ions cou ld a lso be 
acce le ra ted and pe rhaps a rgon 
ions . 

Great emphas i s is pu t on o p e r a -
t iona l s imp l i c i t y and rel iabi l i ty s ince 

the acce le ra to r w i l l have t o run in an 
e n v i r o n m e n t w h e r e l i tt le acce le ra to r 
exper t i se w i l l be avai lable; The d e -
s ign wi l l i nco rpo ra te a rad io - f requen-
cy quad rupo l e t o avo id a h igh v o l t a ge 
C o c k c r o f t - W a l t o n . The Berke ley 
t e a m f e d in t he idea o f r ings in t he 
RFQ s t ruc tu re t o help in ba lanc ing the 
s t ruc tu re . In add i t i on t o the s y n c h r o -
t r o n des ign the re is a lso w o r k on the 
s y s t e m t o de l iver b e a m t o the pa t ien t 
so as t o i r radiate the requ i red v o l u m e 
in t he m o s t e f fec t i ve w a y . 

W i t h th is med ica l acce le ra to r it is 
h o p e d t h a t an ex tens ive p r o g r a m m e 
o f heavy ion t h e r a p y can be car r ied 
ou t t o ensure a ve ry t h o r o u g h eva lu -
a t ion o f e f f ec t i veness and a p p r o -
p r ia teness f o r d i f fe ren t t y p e s o f c a n -
cer . 
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 From the 
PHENIX 
“White Paper”

 nucl-ex/0410003

 (1958 citations)

Q: What is the most 
     relevant 
    “experimentally 
  observed property”?
A. Viscosity
     (suitably normalized)

http://arxiv.org/abs/nucl-ex/0410003

