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Abstract 

The Fermilab antiproton Accumulator has been modified for use in a 
mwiirrm rnergv expwirnent. The experiment is conducted with cir- 
culating antiproton beam of momentum between 6.7 GeV/r and 3.7 
&V/c colliding wilh prot,ons from an internal gas jet. hntiprotons 
arc accumulated al the normal momentum of 8.9 GeV/c and then de- 
reteratd to the appropriate ewrgy. It is necessary to cool the beam 
rontinuall,y during the time it is colliding with the gas jet. The experi- 
1ner11 requires new provisions for the conlrol of magnet power suppli’s 
and low level rf system and rnodiiiratinns of the cooling system and 
high level rf systems to permit variable energy operation. Transition 
must be rrosspd to decelerate the beam below 5 GeVjr; because the 
derrlrration is very slow, transition can not he crossed in a conven- 
tional manner. This paper will describe thr required changes to the 
Arrurnulatnr and operating experience wit,h protons. 

I Introduction -.____---- -.... 

The availability of intense antiproton beam al precisely defused en- 
ergy in the Fermilab p Accumulator opens the possibility of study- 
ing the spectrum of charmonium states in a threshold production 
experiment~‘l,121 without the limilation that applies in P+P- rolli- 
sions to photun quantum nurnbrrs (Jrc = I- ) in the final state. 
A stochastically cooled beam of about 10” p colliding with a hy- 
drogen jet. with area density of - 1.5 x lOI crnm2 provides a Inmi- 
nosity of 1031 cm-‘s ‘,I31 permitting precise measurements of states 
for which frw data exist and a sensitive search for states as yet 
unobserved.141~[51 The states of interest and corresponding Accumn- 

later parameters are shown in Table 1. Resolution for the resonance 
rmm ia AMR 7 AE,,, mp/M~ s 300 kcV rms.13 

The Accumulator is a 474 m circumference storage ringl’l designed 
to stack and stochastically cool a beam of - 5 x 10” p’s at 8.9 GeV 
for thr ‘l’evatron colliding beam program. To use this facility for the 
experiment during fixed target running it has bepn necessary to gmrr- 
ate smooth ramps for about ninety devices including main bend bus, 
three quadrupole ~IISSFS, Lhree quad shunts, four sextupolr busses, 
skew quads. and more than sixty trim elements. The variety of natI>- 
ral time constants in these circuits and the fact that the so-called large 
quads and bending magnets are well into saturation at design energy 
requires high setting rates IO maintain precise control of Arrumula- 
tor lal.tice parameters even though the dccpleration proceeds at (mly 
ahout 20 MeV/s. It was possible to mrrl these control needs primarily 
through softwar? hy the addit ion of an auxiliary frontend computer as 
described in a rompanion paperl’l. 

The strxhxstir cooling svslrm is essential IO counteract the growth 
of beam crnittnnce and loss of energy arising from repeated t,raver- 
sal of Lhe gas jrl.. A new set. of momentum cooling electrodes has 
been installed on thr central orbit of the hrrumulatoy and computer 
setable delays have been installed to permit cooling at any desired en- 
ergy. Variable enrrgy operal.ion also required lhe addit ion “r mechan- 
ical tuners to thr 53 MHz rF cavities and a programmable frequency 
synthesizer 10 the low level rf syslern. 

‘Permanent odrlr~~s, INE’N, Univcrsitg of Tormo 
‘Oprralrd t>y 11x Ilrriversltira Rrwarrh hswciatic,n u~drr c n~trwl with 11~~ II 

s. L)cparlr,,ent of E’;nergy 

II Accumulator Operating Mode 

During ruted target running ttle Main King injects beam int.o the 
Tevatron approximately once per minute. The Main Ring cycle is 
only a few seconds long, and Lhe rest of the Tevatron cycle is used 10 
run Main Hing cycles for p prodllcbion without impact on the fixer1 
target operation. First the Accumulator is run in iLs design rnode@l to 
arc11rnu1ate the - 10” p wanted for the experirnelrl.. Then the stacking 
rf, beam transport lines, and Debunrher ring are turned off. 

The bfarn which has been accumulated at Lhr core orbit has alread, 
been cooled. Cooling can be continued as long as necessary to facilitate 
adiabatic capture by the 53 MIIz rf system for transfer to the central 
orbit. The control of the rf system is then t,akPn over by thp arrxil- 
iary frontend computer which executes a deceleration sequencr to the 
desired energy or to just above transition, whichever is pzatrr. ‘I‘hp 
deceleration can be stopped al any point if it is necessary to drbunrh 
and retool. For good efficiency the deceleration rate is -20 MeV/s. 

Transition crossing is effected by changing the transition energy of 
the ring. The beam is debuncbed, and then a special set of ramps 

acting only on the quad busses increases 7, by one unit.. Beam is 
cooled both immediately before and after this sg)-called 7,.jump. Below 
transition the beam is again captured with the 53 MHz rf system now 
at harmonic number $6 instead of h - 84. A new set of ramps is 
rxecuted to complete t.hc drrrlrration to the desired energy. 
11.1 Deceleration 

Originally it was supposed Lhat one could ralrulate ramps from mag- 
net measurement dat.a which could be optimized by small corrections. 
However, this effort was frustrated not only by the inadequacy of thP 
excitation curves but also by the complication of the differing timr 
constants on the different busses. Therefor?, an iterative empirical a),- 
preach was adopted in which corrections were made by taking beam 
measurements in steps of about 40 %fpV of deceleration and correcting 
the ramps at each step. 

Both of the Accumulator rf syst.ems, one operating at 53 hlIIz and 
one at 1.2 MHz, provide suficient bucket area (> 20 eVs) above tran- 

sition but marginal bucket area at the lowest energies of interest (- 10 
PVS). The 53 Mllz system is used at present berausr the beam posi- 
tion monitor electronics is designed for this frequency. This permits thr 
measurements nredrd to mnkr the slepwisr rorrrct ion of the ramps. A 
recent improvement 1.0 thr 1.2 MHz system has increased the voltage a 
factor of four from 0.7 to 3 kV. ljecause both systems are driven by the 
same lowlrvrl systrm, there is the opt.ion to use either; the 1.2 MI11 
system may he used in the future to provide grwter bucket area. 

The 53 MHz system provides a maximum of40 kV over a bandwidth 
of about one rotation harmonir, aiz., 600 kllz. This is entirely adequate 
for rlerelrralion t.0 lransition at. 11 R4 without cavity tuning. Ilrcause 
there has been beam loss from bunch growth in results so far, a constant 
V?f 7 19 kV has been used to transition. To avoid retuning the cavities, 
the beam is bunched and decelerated below transition at b R6. The 
voltage program corresponds roughly to a starling bucket area of IO 
eVs smoot.ti1.y increasing to 12 rVs t)y 3.6 GrV/r. 

II.2 Transition crossing 

‘1’11c drsign valu(~ of tilt, l.ransition enrrgy for the Arruniulator is 6.1 
Gel’ corresponding to transition gamma 7, -- 5.43. Co~ivrritionall~ 
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beam is accelerated across transition rapidly before the bunches break 
up. 1n the Arcumulntor the deceleration rate is limited by lhc rate 
at which bus currrnts can be changed. To date rates in excess of 
20 MeVjs have been less efficient. This rate is not fast enough for 
crossing transition without major disruption of I he bunches. The 7r- 

jump alternative has been adopted. (‘1 The beam is dehunched 0.3 GeV 
above transition; 7t is then raised at consbant bend field until the beam 
is 0.6 Get’ below the new transition energy. 

beam dyn;lmirs and st.ahility, e.g., measurements of tunes, rhromatir- 
ity, closed orbit position, ytr 5 s mchrotron frequency, emittancrs. Be- 
cause the Accumulator had never before been operated below 8.9 Gev, 
all of these measurements are new. 

These studies hnw hen done wit11 protons nlrtl reversed magnrt. 
polarities because protons cost far less in time and resources than an- 
tiprotons; 8.9 Gel’ protons can Ire injected directly from either Main 

Simulation of beam behavior in longitudinal phasesparr shows no 
palhology for s,vnrhroricrlls deceleration al, 100 MrV/s for (71 > 111 4. 
Fig. I shows that 7, is changed gradually from its dt-sign value of 5.43 
to 5.05 during the deceleration from 8.9 to 5.02 GeV where the beam 
is debunrhrd and cooled. At this energy v :-: 0.004, chosen to give ade- 
quate cooling rates before transition is crossed. Next 7, is raised in 30 
s to 6.05 giving 7 = -0.008. During this transition jump the betatron 
tunrs arr kept. constant to avoid beam loss. The 7, is increased by 
changing the lattice for lower dispersion in the high dispersion sections 
and nrgativr dispersion in the “zero dispersion” sections as illustrated 
irl fig. 2. A change of one unit in r( requires a change of 9% in the 
current in the large quadrupoles. The beam is then retooled and re- 
captured for further deceleration. The choice to cool both immediately 
before and after transition is based on operational experience. Because 
t.he beam pipe is small in the “zero dispersion” straight sections, beam 
loss there limit,s the useful size for the rt-jump. 

Ring or Booster in a single 30 rnA pulse (1 mA 2 10” p), To obtain 
a 30 ma stack of p’s recplires about 30 h of 120 GeV operation of the 
Main Ring. Studies were conducted with 1 30 mh of beam. IL was 
generally possible to make effective measurements with as little as 0.5 
mA of bram. 

The initial beam injection, cooling, and rf capture is a substantially 
different process for protons and antiprotons; however, the amount of 
longitudinal cooling required for efficient capture is relevant. In fig. 1 
the beam was cooled to Ap/p - 0.06% (FW at 10% maximum), i.e., to 
- 8 rVs, then captured into 15 eVs of rf hurket area. There is a beam 
loss of several percent after about 100 MeV of deceleration resrllting 
from uncaptured beam hitting the beam pipe. In antiproton stacking 
a core width of Ap/p = 0.04% is typical, so this loss is not a worry. 

II.3 Energy calibration 

The resonance masses are measured by the beam energy at which 
production is maximum. The most accurate way to measure the beam 
energy is to use the mass of the Q and S”, which are known to 0.1 
MeV,/cZ. Because the width of the I is only 0.063 MeV/c’, it is ad- 
vantageous to calibrate the beam energy as well as possible to minimize 
the search time. The known energy and the beam circulation frequency 
establishes the Acrumulator circumference. The energy for other res- 
onances ran then be drtrrmincd by controlling the closed orbit and 
comparing the NMR. reading from a bending magnet at the new point 
to that at the q or 9,’ resonance. 

Deceleration efficiency to 5.02 GeV/c, just above transition, has been 
typically 85%. The major loss appears to be associated with sidebands 
of 60 Hz harmonics on the rf’. Although these sidebands are currently 
45 dB below the rf carrier, the bunches are significantly disturbed as 
the synchrotron frequency passes through 60 Hz harmonics. In the 
200 s taken for deceleration there is time for a fraction of the beam 
to diffuse to the bucket boundaries; a slow but steady beam loss is 
observed. 

One method used to calibrate the beam energy is to exploit the 
relation A f/ f = q Apip, where f is the beam circulation frequency 

-2 

The beam was decelerated in a series of small steps - 40 McV each. 
At each step first the dipole bus was adjusted according to the radial 
offset, then the quad busses were adjusted to keep the tunes fmcd, 
then the trim magnets and dipole shunts were adjusted to straighten 
the closed orbits, and finally chromaticity and coupling were adjusted 
by the sextupoles and skew rplads. When a ramp value was changed all 
points following the previously corrected point were adjusted to make 
a smooth ramp including the new correction. This WRS a tedious and 
iterative process repeated many times. 

and 71 7t 7 2. If hf 7 0, then 7 = 7t. Experimentally, the q = 0 
point is taken as the point for which Af is minimum. The beam is 
decelerated to just above transition and then debunched. The 7, of 
the lattice is raised. As rl approaches the beam 7 the frequency spread 
shown on the longitudinal Schottky scan gets narrower. The beam 7 
is measured as the 7, for which Af is minimum. The error on 7 is 
determined by careful measurement of 7, at the points where increase 
in Af is just detectable. The orbit length ralculated from the beam 
energy and the circulation frequency is 474.26 & 0.03 m. This is in 
somr disagreement with the design value of 474.07 m. 

At 4934 MeV/c the beam is debunched and the quadrupole currents 
ramped to give the 7L-jump described in sec. 11.2. In fig. 1 the horizon- 
tal excursion in the beam current curve below 4934 MeV/c shows the 
efficiency of the jump process. Note that for this process the momen- 
tum is simply an arbitrary independent parameter for the quadrupole 
current ramps unrelated to the fixed beam momentum. The momen- 
tum spread grows from about 0.2% to 1% during a 7,-jump with 8 mA 
of beam current and the effciency is about 98%. The efficiency drops 
to about 85% with 12 mA of beam. 

The second method used is to ralrulatc the orbit length from the 
survey data for the Accumulator. The result is the design value; the 
error in the turning angle is 0.6 mrad which translates into a 0.04 m 
error in arc. Thus, the two results are not in agreement. One can 
interpret the error in turning angle to mean that the quadrupoles are 
not rrntered; it is hard to estimate the addition to the closed orbit 
corresponding to bending by thr offset quadrupoles. The disagreement 
between the two results corresponds to an uncertainty of less than 0.01 
GrV in absolute energy scale. 

After the 7,.jump it is critical to rool the beam longitudinally for 
recapture. We have correctly phased the stochastic cooling at this mo- 
mentum and can cool effectively in all three planes. Currently Ap/p = 
0.07% is obtained and beam is recaptured into about 56 eVs of bucket 
area at h 7 86. In fig. 1 this recapture is seen to be about 97% efficient. 

III Operational Experience 

There have been about two months of proton beam test time avail- 
able over the last eight months in which to develop techniques for 
deceleration. The major concern has been lo obtain high decelera- 
tion eff&nry. Therefore, beam time has been devoted to empirical 
improvement of current, voltage, and frequency ramps for Accumuln- 

tor devices and to making measurements necessary for understanding 

The deceleration from 4934 MeV/c to 3680 McV/c has one diffi- 
culty in addition to the problems of deceleration above transition. To 
maintain constant bucket area the rf voltage must increase as /r/l/E. 
The voltage limit of the rf cavity is reached above 3680 MeV/c. Hence 
there is some beam loss as seen in the sharper drop in beam current 
below 3900 MeV/c shown in fig. 1. The problem is partially alleviated 
by smoothly lowering 7, back to 5.4 during the deceleration to 4400 
MeV/c so that 1~1 does not increase so fast. To date the best overall 
deceleration efficiency has been about 60% when starting with 8 mA 
of beam; the efficiency decreases with greater beam current, mainly 
because of loss during the yr-jump. 

The beam lifetime has been measured to be approximately 100 h al 
4.9 GeV/c and 400 h at 8.8 GeV/r. Th ese numbers are consistent with 
the p-’ scaling expected from beam-gas multiple scattering. With the 
gas jet on at lull intensity the lifetime drops by a factor of two. 
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IV Conclusion 

‘I’he progress to date on the program to adapt the Accumulator to 
variable energy operation for direct use in medium energy physics cx- 
periments has been sufficient to establish acceptable performance for 
carrying out the first experiment. Beam has been decelerated to all 
energies rrquirrd with sufficient intensity to give luminosity y IO”’ 
with good beam lifetime. ISy refining the techniques described above 
it should be possible 1.o reach deceleration efficiency of about 80% with 
good reliabi1it.y. F~~rl.her progress in effirienry will require bet trr under- 
st.anding of bealn stability. Currently no beam dampers or rf feedback 
loops arp used. Such hardware is available; it, is anticipated that further 
beam studies will indicate how it can be best employed. 
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State JPC massa Pbearn P 71 rl 
[GeV] [GeV/c] ____- 

9c o- + 2.981 3.679 0.9690 5.40 -.0268 
rL 1 3.097 4.066 0.9744 5.40 -.0163 
X0 a++ 3.415 5.192 0.9844 5.14 .0063 
Xl 1++ 3.51 I 5.552 0.9860 5.18 .0096 
‘PI I+ unobs 5.593 0.9862 5.18 .0098 
X2 2++ 3.556 5.724 0.9868 5.20 .0108 

, 

$1 0.. I-- + 3.595 3.68fi 6.232 5.874 0.9889 0.9875 5.22 5.26 .0118 .0140 
‘02 2.‘ unobs 6.742 0.9905 5.33 .0157 
“I>, 2 unobs 6.742 0.9905 5.33 .0157 

(c, 0. m.) 

a Particlr Data Group, C‘Rrview of Particle Properties”, 
Phys. I&t. li’OB(Apri1 1986) 

____.-. _ 

Table I: Charmonium states and Accumulator beam parameters 
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Figure 1: 53 hlHz beam component (a), beam current (b), rf voltage 
(c), and 7r (d) vs. momentum 
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Figure 2: Lattire functions before (top) and after (bottom) rr-jump 


