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ABSTRACT

If protons of very high energy impinge on a target, a large part of X
the resulting antiprotons are sufficiently collimated to be in-
jectible into a stacking and accelerating ring. They can chea be
stacked and injected into the main proton accelerator so as to pro=
duce p-p collisions without low energy antiproton cooling. A scheme
is preseantad for the VBA, whare 20 TaV protons produce 9 x 10-4
antiprotons per proton at 100 GeV, which are then stacked, acceler-
ated to 1 TaV, and injected into the main ring. With 16 protcn
pulses of 1015 protons, one obtains a luminosity of the order of 1032
cm~2 sec~l with a beam-beam tune shift of 10°3 per interaction
region. The beams are bunched into 1000 bunches; the orbits are
separated by means of relatively modest electoscatic electrodes.

INTRODUCTION
To stack antiprotons at low energy one generally depends on some cooling scheme to

reduce the phase space or increase the phase épacc density. However, both elactrom cooling
and stochastic cooling become ineffective for p energies above some 10 GeV if cooling times

nf a few seconds or shorter are desired. On the vther hand, at incident energies in the

TeV region the S are produced in such a narrow forward cone that the phase space density is
naturally quite high and useful luminosity can be obtained for 5-9 collisions even without
cooling. We examina here the limitations on luminosity obtainable with direct production x
and stacking of the p beam at high energies.

A. Production of Antiprotons

We assume the antiprotons are produced by a proton beam at TeV energy focused on a
small spot on a heavy traget. The invariant cross section
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for inclusive 5 production has an asymptotic value of about 3 mb/GcVZ for incidemt proton
energies above 1 TeV and for p produced at rest in the center-of-mass frame of the incident

p~nucleon system. The 5 energy E is, therefore, given by

E = /METZ
where E and M are :hn\annrgy and rest energy of the lncident protoa. For E = 20 TaV this
gives E 100 GeV. The incegrated production cross section is
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where
a = radius of p spot on target
¢, * normalized Cransverse emittance of p baam
and where the replacement of integration by 3 product is valid fqr a production semi-cone

angle
¢, /m < 0.4 GaV/E = 4 mrad
and momentum spread 4p/p < 20%. _
The longitudinal emittancas normalized in the same manner as the transverse emittanca
is given by

-

where 4p is the full momencum spread and £ i3 the length of the E-bm (equal to the langcﬁ

)

of the proton beam). Thus ve have
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where we have put in tha values ¢’ = 3 mb, Tabs ™ 40 mob, p = 100 GeV corresponding to 5
production by 20 TeV protons.

Awg ses that the six-dimensional phase space density of antiprotons is proportional to
the physical deasity of the proton beam on the targat. To increase it we have to reduce
the volums nazz of the protoa beam. Hence we must compress or bunch the p beam longitudi-
' nally to reduce 7 and focus the beam to a small spot on the target to reduce naz,

B. Numerical Examole
We assuma the following parameters for a 20 TeV main synchrotron (VBA):

Injection energy 1 TaVv

Final energy 20 Tev

Circumfarence 2 57 ‘=

Procons per pulse l.()]'5 : i
Pulae rate (100 sec) "t '

To get the maximum density of protons on the target we assume that the ].0]'5 protons

caﬁ be compressed by RF manipulation to a tenth of the circumference (£ = 5700 m) bafore
extraction and that the extracted p beam can be focused to a spot of radius a = 0.15 mm.
We also assume a target efficiency of 50%. This givas for each main gsyachrotron pulse
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The phase space volume is limited firse by what is available coming from the target, .
and second by the aperture of the main synchrotron at injection, as well as by the aperture
of the ring the anitprotons are first injected iq:o. As stated in section A above, the
semi-cone aangle of cthe 100 GeV 5 beam i3 G = 4 mrad and the momentum spread is 20%; '

however, wa assume the scacking ring can 6qu adccommodate Ap/p = 5%. Thus

¢, = maay = 2 x 10-‘m




€, * viop/p = 3 x 10 a
To get an estimate of the emittance limitation arising from the main synchrocroa
aperturs at injection wa assume

Jm 400 m

Taax Sa
Max, betatron width ¢ = 5 om
Max. momsntum width § = 5 am (Ap/p = .001)

This gives Cransverse and longitudinal acceptance. for the main synchrotroam

e, = bmav/g = 8.6 x 10 n
€, = Cy8/my ™ YCOR/P=6 x 10* o

The lpngi:udtnnl_ acceptance is half filled in one pulse, but to f£ill the transverse ac-
ceptance 1a both planes one naeds about 16 pulses. In principle, then, the six-dimensional
accaptance volume of the VBA can be filled ia about 16 pulses or 25 minutes. But, of

' course, ons has to take a close look at the pracciul'filling procadure to detarmine the
actual aumber of pulses needed. Here we assums that we can fill the main synchrotron with
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§a42x(7.7210"%2H2x10% 223 x10%a) = 1.5 x 10

antiprocons in a phase space voluma given by
€ *2x64x2x10 " a=16210"n

(assuming dilution by a factor of 2 and four-fold multiturn injection in each plana);

¢ =3x10%

(assume the VBA can actually accept twice the emittance given aBove).

c. Iune Shift and Luminogity
For two identical bm_mhed'bem colliding head-on the tune shift AQ and the luminosity

L are givaan by

T N BN
aQ = ;%- and L = ;*g; aQ
t p

whare N = number of particles {n each beam = 1.5 x 1013

n = oumber of buachas par besm (assume a = 1000)
f = revolution frequency = 5260 Hz
3% = 3 at collision point = 1.5 m
5, = classical proton radius = 1.56 x 10 2a.
‘fhenq values givi

Q= 1.5x10"

L=1.0=x 1030 cm-zsec-l.
Siance che tune shift is so small we can safely consider a much Ascronge.: proton beam. If we

take the Euli beam of 1015 protons with the same emittance as the antiproton beam, the




l.um!.noslcy and tuns shift are each incraased by a factor 1013/ l 5:1013 = 67 giving
AQ = 0001 and L = 0.7x 10°2,

D. Antiproton Stacking Scenario

We present a sceaario which may be the cheapest but not necessarily the simplest or
easiest. We need ons relatively small antiproton stacking and acceleracing ring with ap-
pgoxmately the following parametars:

Circumference (1/10 of tha VBA) 5.7 lm
Stacking energy 100 GaeV
Stacking dipole field 0.5°7T
Maximum anergy (= VBA injection) . 1 Tev
Max. dipols field 5T _
Bnax 4 50m
Toax ) ‘ ) 0.5 @

The circumference just accommodates the length of the p beam produced by ths protoa baam
which has been coapressed in the main ring. The valuas of s and Toax indicate chat
this i{s' a rather s:rong focusing ring The. p beams from 16 uin synchrotroa cycleu, each
with & 2 x 10 @ and e » 3 x 10 @ (corresponding to 4p/p = + 2.5% at production) are
sctacked in transverse phase space (4 times per plane) at 100 GeV, The stack contains

1.5 x 1013 antiprotons and has emittance & * A16 x 10_“ @ (assuming. a factor of 2 dilucion)
and ¢ =3 x 10‘“ a, with widths of + 7.7 om (betatron oscillations) and + 12.5 om (momen~-
tum spread). The ring needs a good fiald aperture (total) of abouc 70 mm.

At the top anargy of 1 TaV cthe p beam is "unstacked" in momentum, i.e. extracted by
momentum peeling in 10 furns. The memancum spread of + 2.5% at 100 GeV will have been re-
duced to £ 0.23% by acceleration and is further reduced to + 0.025% (full spread 5 x 10.‘)
by the ten-turn momentum peeling (we may allow a dilution factor of 2 to get a full spread
of. 10‘3). This beam now has the same length as the main synchrotron, and is injected into
it. Then a aormal pﬁln of 1.01'5 protons i3 injected, and both counter-rotacing beams are
acceieratad, with 1000 bunchas per beam, to 20 TeV and used for colliding beam experiments.
The orbits are kept separated by an elaectrostatic scheme outlins below. -

In this scenario there are several unconventional procedures:

i. Transverse phase space stacking ia both planes has never been done with any reas 4
sonable efficiency. One possible msthod is che taversa of rasonmant ‘excgacciou: the Seam
entars along an incoming separatrix, and thae central stable region is expanded in one turn
by just che amoun: to accommodate the incoming beam. Because this process is untried we
have allowed a dilution factor of 2 pér plane.

2. Longitudinal phase-space unstacking {3 also an untried p:ocess; This could again
be the inverse of momenzum stacking. The RF i3 turned on abruptly to form longitudinmal
phase-space buckets in the middle of the stack. Whea the buckets are moved out of the ]
stack by frequency modulation the particles im the buckets are ""peeled" away from the beam
s;ack. One should also allow for soma dilution here, but if we assume zero dispersiom at
the collision .points, this does aot affect the luminosity. '

3. It is necessary to have differen: ‘ordbtits for the two beams in order to avoid beam-
bem iucerac:ions other than at the deésired in:eraction points. This .may be done 'Jith the

help of electnc fields (s:atic or RF). A possible electrostatic separation. scheme is as




follows: If there is a fiald Eyp = E, sin nd in the main synchrotron, where u is the
integer nearest to Q, the orbit aquation is approximately )

& 2 o2 82
—% + Q°y =2 sin n8
d8 YMe
and the orbit is
eE Rz
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Take Q = 60.25 for the VBA, and n » 560. To get an orbit amplitude of 1 cm (separation be- '
tween p and p of 2 ¢m at the peaks) we caed

Eo = 0.73 kV/ca

If we use 60 short dipoles, oma par orbit wavelength, we £ind that each one aust be of
strength 73 kV/cm x 4.75 m, which appears feasible.

In this schema the orbits intersect in 120 places, rathar than just the six or eight
envigioned for experimencs. To avoid unwanted beam-beam intaeractions, we may use timiag:
If che beams are bunched {in a number m of short bunches, there are just 2 m places where
the two beams pass synchronously. If m 13 chosen so that the greatest common factor of m
and n (the number of orbit wavelengths) i3 4, then there will be just 8 of the 2a orbit
iatersection places where p and 5 bunches pass simultaneously. Thus, with a = 60, wae
choose @ » 1004 bunches (or m = 999 for 3ix crossings). However, there will still be a
number of places whera aear misses occur: at two locations per octant the bunches miss by
only 0.07 bunch. spacings, i.e., 4 meters. The bunch length i3 likaly to ba larger than
this, especlally at injection. These spurious orossings will concribute to the baam-beam
tuna shift, but probably not too much to the anonlinear long-term instability (siance they
repaat paeriodically). :

E. Alternats Scanario

The longitudinal emergy unstacking can be avoided by adding a full-circumference
stacking ring in the same tunnel as the main ring. Ome now transfars from the 100-1000 GeV
5 accelerator into one teath of the main ring circumference, 'and repeats tea times, at the,
expense of a corrsspondingly long filling time. Here we may be somewhat mora modest in
€illing the "small" stacking ring, say with aA comantun spread of only 17Z (tocal) and with
an emittance smaller by a factor 2. This reduced the number of main ring pulses per
stacking cyele im the 5 accelarator to 8. The filling time i3 increased by a factor of 5;
the aumbar of S i3 che sames as before, but the luminosity i3 larger because of tha smaller
emittance. There is no debunching reaquired in the transfers from p accalerator to stacking
ring to main tving; therefore the longitudinal phase spacae afficiency is likaly to be bdecter,
and the bunch length shorter (this reduces the bean-béam effects in the unwanted crossiaog
points, as discussed above). This schems i3 probably more expensive than che ocher one,
but requiras somevhat lass axtrems optimism in tha capacity of the accelerator ring and the
longitudinal stacking schema; it also promises somewhat better luminosity.

A further variacion is to use 5 TeV protons racher than 20 TeV to make antiprotons,
thus reducing the basic cyle time. The antiprotons are now made at 50 GeV. The anci-
protons may now be accelerated to 1 TeV after every production pulse using the same




accelarator that is used in the aain proton acéol.era:ing complex (thus aeliminating the
extra antiproton accelerator). Now all the stacking, transverse as well as longitudinal,
would have to take place at 1 TaV.

F. Summarv i
We have shown that there are several schemes for producing a proton-antiproton colli-’
sion capability by direct high-energy production of antiprotons without cooling. The

attainable luminosity appears o be around 10°2 ca"25ec”t,






