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Abstract
- The p source and pp,scenario at Fermilab are described. The
p source can_accumulate N:- = 10+1Y/hr. Proton-antiproton col-
lisions et Vs = 2 Tev in Ehe Energy Doubler have a luminosity
0f £ = 2 x 1029 cm™2 sec-l. A novel use for the p source is to

study p-~heavy nucleus collisions using ah internal target with

a 1 TeV p beam in the Energy Doubler. It is possible in this way
to produce new particles in the mass range 30-60 GeV/c?, and to
study direct photon and lepton production for large pj.



b that the present high energy

It was suggested in 1976
synchrotrons at CERN and Fermilab could be operated as pp
storage rings with a center-of-mass energy of some 800 GeV.
The Fermilab Energy Doubler/Saver, in addition, could be quite
suitable as a high performance storage ring, producing colli-
sions at 2 TeV in the center-of-mass. Both laboratories have
subsequently decided to develop an antiproton source and pp

2,3) Design and construction of exper-

colliding beams program.
iments is underway at both laboratories for large pp colliding
beam experiments.4) In this paper, I will describe the p
source and the scenario for achieving a Ep colliding beams pro-
gram at Fermilab. I will also describe & possible experiment
to observe high energy p interactions with a heavy nucleus

internal target.

I. THE PP PROGRAM AT FERMILAB

The E Source

In order to achieve useful luminosity in pp collisions, it
is necessary to: 1) collect antiprotons from ~80 GeV protons
colliding on a stationary target, 2) cool the phase space of
the initially diffuse p's, and 3) accumulate the cooled p's
over many cycles. Several methods have been devised to carry
out this repetitive accumulation and cooling.5’6) The method
used at Fermilab is that of electron cooling. The "hot" anti-
protons are injected into a storage ring and brought into con-
junction with an intense "cold" electron beam in one straight
section. If the electrons and antiprotons have the same mean
vector velocity, the two beams will interact via Coulomb col-
lisions in the rest frame, and the p's will transfer their heat
content to the electrons. If the initial relative velocities
in the rest frame are modest, this heat transfer can be quite
rapid.

Electron cooling was first demonstrated by G. I. Budker
et al.7)
and momentum spread of a beam of 65 MeV protons in approximately

They have efficiently damped both the betatron motion

80 milliseconds.
In order to adapt this technigue to antiproton cooling,
one faces the problem that phase space compression with
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electrons works efficiently only at non-relativistic energies,
while the greatest majority of p's are produced fast in the
laboratory system, i.e., <y-> ~ /55775 = 7. The region between
the optimum production and cooling energies for antiprotons may
be covered by the introduction of a deceleration stage between
the production of p's and the subsequent electron cooling.z)

A design has been developed to use the rapid-cycling Fermilab
booster to decelerate p's to 200 MeV where electron cooling and

stacking could be performed in a modest cooling ring.

The 5 accumulation is described in Ref. 2, and is shown
schematically in Fig. l. Antiprotons at 6 GeV (x=0) are pro-
duced on a small tungsten target by 80 GeV protons. They are
injected into the booster accelerator and decelerated to 200
MeV. They are transferred to the electron cooling ring. An
electron cooling time of 50 msec allows this beam to be cooled
and stacked while the (15 Hz) booster ramps back to 6 GeV and
takes a fresh production cycle from the main ring. In this
way the entire contents of the main ring are targeted in 13
booster-length segments to make and accumulate antiprotons.

The phase space acceptance of this p source is limited by
1) the low-energy acceptance of the booster: pj ~70 MeV/c
dp, ~15 MeV/c; 2) the strong dependence (apl3) of the cooling
time on initial p temperature. The initial p production is
accommodated to the acceptance of the booster by 1) making a
very strong focus (B* = 2 cm) at the production target, and
2) moving the transition energy of the booster to optimally
capture the tight bunch structure of the antiprotons.

The above scenario results in accumulation of ~1 x 107 p's
in each main ring cycle of 3 seconds, corresponding to
fig -1 x 10%%nr.

A major improvement to this scenario is presently being
designed. The hot antiprotons would first be stored in a large-
aperture storage ring at production energy (6 GeV), and there
be pre-cooled in momentum spread by a factor ~7 using stochastic
cooling.a) The p's would then be extracted by RF peeling, de-
celerated in the booster and accumulated in the electron cool-
ing ring. By peeling and accumulating ~25 booster-acceptance



beams from the pre-cooled stock, the average accumulation rate

is enhanced by a factor ~7-10.

Pp_Colliding Beams

With this 5 source (sans pre-cooler), NE ~3 x 1010 can be

accumulated. in 3 hours time. The antiprotons are then bunched
into ~7 RF buckets in the electron cooling ring, and transferred
one at a time through the booster and main ring to the Energy
Doubler/Saver. High intensity (np ~1011/bunch) proton bunches
are prepared in the main ring by RF rebunching, and then trans-
ferred to the Energy Doubler counter-rotating to the p's. At
the interaction points where experiments will be located, a low
B insertion has been designedg) with B* =1l.5mand n = n' = 0.
This corresponds to a luminosity ofatf: 2 x 1029 cm—2 sec—l.
When the pre-cooler ring is added to the ‘p source, this lumin-

osity would increase by one order of magnitude.

II. COLLIDING 1 TEV "ANTIQUARKS" ON HEAVY NUCLEI

The physics merits of pp experiments are well-known. The
valence antiquark structure of the antiproton permits a com-
pletely new exploration of high energy phenomena: 1) enhanced
production near threshold of high-mass states; 2) a distinct
channel for the study of deep hadronic processes, e.g., contin-
uum di-leptons and photons. These definite advantages are,
however, usually lost due to the drastic reductions in energy
as well as intensity of secondary antiproton beams. Francis
Halzen and I have investigated the possibility of eliminating
the experimental handicaps by using the antiproton source in

conjunction with heavy nuclear internal targets.lO)

1) antiprotons were

In the experiments of Dorfan et al.,
produced by colliding a 3 GeV proton beam with a Cu-target,
although 5.6 GeV is required for the reaction pp + pppp. The
extra energy is supplied by.the Fermi momentum g of the
nucleons inside the target nucleus, contributing approximately
an amount (2 P, q) to the center of mass energy squared s
available in the collision:

s = 2m? + 2Eo(q2+m2)1/2 - 254 (1)



The E—experiments at Berkeley actually demonstrated that Fermi.
momenta up to 0.65 GeV/c are available in heavy nuclei (see
Fig. 2). With an incident momentum Py = 1000 GeV/c this Fermi
momentum corresponds to s = 3600 GeVZ——highest energy available
with the CERN ISR. On purely kinematic grounds one would there-
fore conclude that with the Fermilab Energy Doubler it is pos-
sible to produce masses as large as 60 GeV/cZ.

The mass range (30-60) GeV/c2 is very tantalizing for
physics. The charged weak intermediate boson w' could be as

12)

light as 55 GeV/c2 in conventional (and lighter in uncon-

ventionall3)) models which unify the weak and electromagnetic

interactions. The t-quark is expectedl4)

to have a mass ~15-30
GeV/cz, possibly putting it out of reach of the new generation

e+e_ machines, but within the reach of Fermilab's Energy Doubler.

New Particle Production Cross-Sections

Despite recent studies of ¥ and T production, little is
known about the dynamics of new particle production very near
threshold. According to quantum chromodynamics, the production
of heavy flavor bound states and pairs of new quarks near

threshold proceeds via fusion of a quark and antiquark,ls)

and
gluon-induced production mechanisms are negligible. The cross-
section can be calculated using the measured structure functions
of the hadrons. Because of the moderate range of extrapolation
in v¥s and M, scaling violations can be neglected. However, as
in the present discussion we consider particle production near
the kinematic limit, phase space considerations must play an
important role. .f

We have calculated the production cross-section according
to two models;: .

1) the Drell-Yan mechanism: q + & - Y* > X;

2) a phase space calculation which is normalized to the

Drell-Yan cross-section far above threshold.
1) Drell-Yan mechanism

The production cross section at Feynman Xp = 0 is given
by
_ do _ 21 .2 -
CHE E§; =g” 3x g(x) glx) (2)

Summation over allowed types of quarks is understood, and q(x)
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and q(x) describe the fractional momentum (x) distributions of
quarks and antiquarks inside the initial hadrons.

The crucial observation is that ¢ ~ u(x) s(x) in the case
of pp collisions while o ~ uz(x) for pp or mp collisions; u(x)
and s(x) are the x distributions for valence and sea quarks,

respectively. Typicallyls)
w0 = 179 (14 2.3%) (- X3/
u (x) = 0.75 (1 - x)/vx (3)
s{x) = 0.44 (1 - x)lo/x

. . . = + .
The production cross-sections in pp, pp, and p collisions are
then
13

« (1 -
Opp = X =X

6
-« (1 - x)
%5p (

4
cnp (1 - x)
where (1 - x) is the Q-value of the production process. Because
we are considering particle production near threshold, there is

a strong enhancement (ZQ7

) by using valence rather than sea
quarks. Note that this enormous advantage is not enjoyed in
comparing pp vs pp colliding beams, where processes of interest
generally require only modest x.

The calculation of the nuclear cross sections is straight-
forward; the procedure is described in detail in Refs. 16,17. We
start by unfolding the p-data to deduce an effective momentum
distribution of nucleons inside heavy nuclei. Since the
nuclear wave functions do not reliably determine the large g
tail of the momentum distribution, we use this effective momen-

11) As is

tum distribution deduced with on-shell kinematics.
well-known,ll) this leads to a power-law q2 distribution of

the Hulthén type whose parameters are determined by the p-data.
This phenomenological distribution is subsequently used to
calculate the cross-section for producing a new particle of
mass M on a U target. We assume an explicit nuclear dependence
o a A1.0_18)

Table I shows the resulting cross sections for the pro-

duction of the topsilon T(tt)--the bound state of the charge



2/3 partner of the b-quark--assuming representative mass values
M = 30, 56 GeV. Production by 5 and ™ beams is enhanced a
factor 2 105 relative to production by protons.

2) Phase space calculation

For each particle in the final state, the available phase

3/2

d3p . . .
space —¢ contributes a factor Q to the differential cross-

19) one obtains

[3n-5]/2

section; after integration

o = Q (4)

where n is the number of particles in the final state. Charge
and baryon number conservation require that at least 2 parti-
cles accompany a heavy vector meson produced in a proton or
pion induced interaction (e.g., pp = ppT ), yielding n i 3.
These constraints are less stringent in 5 interactions, where
n > 2. We have calculated production cross sections assuming
the behavior of Eq. 4 at all x, with normalization to the
Drell-Yan cross-section (Eg. 1) when x - 0. The results are
shown in Table I.

In order to illustrate the relevance of the phase space
calculation, we applied it to the 5 production data (Q3'5) of
Dorfan et al.,ll) after normalizing the input pp cross-section
at energies far above threshold. The agreement is impressive
(see Fig. 1).

Figure 3 exhibits the mass dependence of the cross-section
per nucleus for p uranium interactions using alternatively the
Drell-Yan and phase space calculations. The phase space calcu-
lation represents the maximum cross section one can expect
using Fermi motion, whereas the Drell-Yan model almost certainly
underestimates the nuclear effects and threshold behavior. The
leptonic branching fraction is not sensitive to the mass and

has been assumedzo) to be 10%.

QCD Predictions for Continuum Dileptons and Photons

High energy antiproton collisions provide an attractive
channel for studying direct production of leptons and photons.
The event rates and backgrounds permit detection of electrons,
muons, and photons in the final state, with large acceptance for

modest x This capability is valuable for observing several

e
procezses of current interest in QCD, as described below.
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In an interaction where a pair of new quarks (e.g., t,t)
wre produced, an eu final state constitutes the most distinct
signature for identifying acsociated production of a naked
new flavor:

PN > t £ X

bu v

The leptons should have sufficient p, (-M/3) to distinguish
them from low-mass and continuum sources. Indeed, naked flavor
production and decay may be more easily identified than the
di-lepton decays from hidden flavor vector mesons (T = tt),
where continuum background could obscure resonance structure
for large mass states.zo)

For single lepton and photon production, there are now

15) 1) p/p ratios as a function of

specific QCD predictions:
pLi 2) v/m ratio should increase dramatically for p;, > 6 GeV/c,
with an associated increase in 2/m through internal conversion.

0)

Cross~sections for continuum dilepton production2 are at
least as large as those for the Topsilon. It should thus be
possible to observe continuum production in the range 30-60
GeV/c2. This permits an extended test of scaling in pp inter-
actions, and measurement of A dependence in deep inelastic

processes.

P-heavy Nucleus Collisions

The p source is expected to be operating when the Energy
Doubler first circulates beam. It will then be possible to
inject antiprotons into the Energy Doubler, circulating in the
reverse direction to normal proton operation. Since they are
traveling opposite to the usual proton orbits, extraction to
the existing beam lines is precluded?l) A fixed target exper-
iment can thus only be done by injecting a heavy nuclear target
into the beam inside the Energy Doubler. This technique has
been used successfully on the Main Ring at the Internal Target
Facility. Two possibilities suggest themselves: 1) a rotating
wire target, in which ~ 2um wires of w184 or U238 are spinning

rapidly through the beam; and 2) a Hg,43q Vvapor jet, in which



an ~0.1 - 1 Torr jet of mercury vapor passes through the beam
and is then condensed on baffle plates.

The utility of these techniques depends upon the balance
between nuclear collisions and beam growth due to multiple
scattering from the electrons of the target. The nuclear col-
lision rate is ' = L ¢_, where L is the luminosity for nuclear

n
interactions, and o = Gtot A2/3 is the total cross-section
per nucleus.
L = fN}—)nnl, (5)
where £ = 4.7 x lO4 sec-l is the revolution frequency,
nn[cm—3] = number density of heavy nuclei,
% [cm] = target length.
For A = 200, Gtot ~40 mb, this corresponds to
- -20 \_
' =6 x 10 annl. (6)

Guignardzz) has calculated the rate of beam growth due to
multiple small-angle Coulomb scattering:

* 2
1_las_, ° ™7 g
T o dt ~ P £, 2TR
*
where B [m] = local betatron function of the storage ring
lattice,

p = 1000 GeV is the p beam momentum,
and €, = 20T 10_6 m is the (invariant) initial beam emit-

tance,

R = 105 cm is the ring radius,

k =1.8 x 107%° cn? cev sec”?.
For Z = 80, this corresponds to

1 -20 ,*

T = 3 x 10

B n_%. (7)

The "efficiency" of targeting antiprotons is thus the fraction
e =T/(l + Né/T) =1/(1 + B*/eo), where BO = 2 m. A local
B* -~ 1.5 m is already envisioned in at least one long straight
section in the Energy Doubler, to accommodate ﬁp colliding

9)

beams. This corresponds to € ~ 1/2: roughly half of all



p's actually produce nuclear collisions in the target.

The useful luminosity is thus

L =¢ N-/o_ =8 x 1022 em 2 sec™!
p’°n

One event per hour would correspond to a cross-section x

branching fraction ¢ * B = 3 x 10_34 cmz/nucleus.

Consequences for Experiments

We have similarly calculated new particle production by
protons and pions, assuming the highest intensity p, 7" beams
contemplated for the Energy Doubler}O) These calculations span
the range of expectations (neglecting coherent effects) for new
particle production near threshold. To illustrate the conse-
quences for prospective experiments we consider two cases from
Table I.

1) Drell-Yan mechanism: production of a new vector meson

with mass MT = 30 GeV/cz, branching fraction B = 0.1l:
1000 GeV p + U - 30

900 GeV 7T+ U - 480 events/hour (8)
1000 GeV p + U - 1280

2) Phase space calculation: production of a new vector

meson with mass MT = 56 Gev/cz, branching fraction
B = 0.1:
1000 GeV p + U - 2
900 GeV 7+ U - 4 x 10
1000 GeV p + U - 0.7

-4 events/hour (9)

It is thus possible to produce new particles in the mass
range (30-60) GeV/cz, depending on which production mechanism
prevails near threshold. To compare possible experiments using
P, w+, and p beams, it is essential to examine the backgrounds
present for di-lepton decay signatures. In this respect p and
7t beams exhibit an enormous advantage over p beams: the pro-
duction cross-section is greater by a factor ~ 103 - 105,
while one expects background cross-sections to be comparable.
This advantage can be useful in two ways. First, the signal/
background improvement further extends the useful mass range.
Second, the much smaller total interaction rate (ﬁ;, ﬁﬂ+ <<ﬁp)

should be compatible with experiments to detect ete” decays,



as well as the u+u' decays sought in high-rate proton experi-
ments. By detecting efe" final states, a pN experiment could
achieve a mass resolutf%n ~0.3% for new vector mesons}O)
Furthermore, p interaﬁtions occur continuously during an inter-
nal target experiment, while 7t and p beams for the Energy Doub-
ler will have a time duty factor ~2%.
If a vector meson is produced at Xp
into two leptons, the leptons emerge in the lab frame in an

= 0, p = 0, and decays

angular distribution peaked at 90 = l/S*Y* = /§/po % 43 mrad
for the Energy Doubler.23) Leptons from weak decays of naked
flavor states also peak at 60, although the distribution is
broader. Direct photons produced at Xp = 0, pr = 0 also emerge
at 90. The geometry of an internal target experiment permits
large acceptance in the angular region 10 < 6 < 100 mrad, so
that all the above-mentioned physics could be studied in the
same detector.
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Figure Captions

Source at Fermilab.

=
‘ot 'ot

production below threshold. Data are from Ref. 11l. The
curve represents the phase space calculation for pp -+ pppp.

3. Cross-section for producing a new vector meson using
= 1 TeV. Estimates are shown for a) pp (Drell-Yan);
b? pp (Drell-Yan); c) pU (Drell-Yan); and d) pU (phase space).
Cross-sections for a) and b) have been multiplied by A = 238
for comparison with c) and 4).
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Table I .

T(tt) Production

M = 30 cev/c? M = 56 Gev/c?
- + - +
Pa P P Tr P P U
(GeV/c) (x=0.9) (x=0.9)
1000 7.8%x10°% 9.5 x107° 3.7 x107° 7.8 x10023 2.7 x10? 11 x 107
31x10%  s.2x107? 3 x10 65x10® 3.5 %107
400 3.8 x1017 8.5 x 1070 1.4 x 1078
2. x108 65 x107"  zsx107®
{units Gev]

In each case, upper value is Drell-Yan

mechanism, lower value is phase space calculation.
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