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Abstract 

The Fermilab antiproton Accumulator has been modified for use in a 
mrdium energy experiment. The experiment ia conducted with cir- 
cu,ating ant~iproton hem of momentum between 6.7 GrV/c and 3.7 
&V/c colliding with protons from an intern&l gas jet. Antiprotons 
are accumulated at the normal momentum org.9 &V/c and then de- 
rdersted to the nppropriat~ energy. It is necessary to cool the beam 
cor~tinualty during the time it is colliding with the gas jet. The erperi- 
ment requires new provisions for the control of magnet power supplies 

and low level rl ayrtem and modifications al the cooling system and 
high level rT systems to permit variable energy operation. Transition 
,,,USL br crossed to decelerate the beam below 5 GeV/c; because the 
deceleration is very slow, tranaition can not he crossed in e conven- 
tiona, manner. This paper wiU describe the required changes to the 
Accumulator and operating experience with protons. 

I Introduction 

Thr availability or intense antiproton beam at precisely defied en- 
ergv in the Fermi,& ,i Accumulator opens the pmsibility of study- 
ing the spccrrum of chsrmonium state in a threshold production 
experimentl’l~~2i without the Limitation that applies in et,- roll- 
rims to photon quantum numbers (JFc = I--, in the final state. 
A atochast,ica”y co&d beam ol about IO” p coUiding with a hy- 
drogen jet with area density of - 1.5 x IU” mea provides a bun- 
nosily of lP ~rn~~sC’~~i permitting precise measurements ol states 
for which few data exist and a sensitive search for states as yet 
unobserved.@i,15i The states of interest and corresponding Accumu- 
lator perameters am shown in Table 1. Resolution Tar the reronmce 
me.ayI is AMn = AE,., nlJM* ie 300 ke” 7nll.i~ 

The Accumulator is B 474 m circumference storage ring@, designed 
to stack and atochsstire”y coo, a beam of w 5 x 10” ,7’s at 8.9 GeV 
for thv ‘I-watron colliding beam program. To use this facility for the 
erperimcnt during fired target running it has been necessary to gmer- 
ate smooth ramps for about ninety devices including main bend bus, 
thrw quadrupole busses, three quad shunts, four sextupole busses, 
skw quads, and more ‘ban sixty trim rlements. The variety ofnatu- 
ra, time constanta in them circuita and the fact that the no-ca.“ed large 
quads and bending magnets arc we,, into naturatian at design energy 
req,iires tigh setting rates to maintain pr~ciae control of Accumula- 
to, lattice parameters even though the deceleration proceeds at only 
ahout 2” MeV,s. It war ,msib,e to meet these control needs primarily 
through software by the addition of an auxiliary frontend computer aa 
descrihrd in a companion paper[‘,. 

The stochastic cooling system is essential to munteract the growth 
01 beam emittanee and loss of energy arising from repeated traver- 
sal of the ges jet. A new set of momentum cooling electrodes has 
been installed on the central orbit of the Accmulator and computer 
setabie delaya have been installed to permit cooling at my desired en- 
ergy. Variable energy operation alao required the addition ofmechan- 
id tunera to the 53 MHz rT cavities and a programah,e frequency 
synthesizer to the low level rf system. 

‘P.rma”en‘ ddr”., INFN, Unircr,i,y ol Torho 
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II Accumulator Operating Mode 

During fixed target running the Main Ring injects beam into the 
Tevatron approximately once per minute. The Main Ring cyck i6 
only a few seconds long, and the rest of the Tevatron cycle is wed to 
run Main Ring cycles for p production aithout impact on the fired 
target operation. First the Accumulator is m in its design mode,‘, to 
accumulate the - 10” ~7 wanted for the experiment. Then the stacking 
rf, beam transport liner, snd Debunchn ring are turned OR. 

The beam which hsl been accumulated at the core orbit has already 
been cooled. Cooling cm be continued as long as necesrary to facilitate 
adiabatic capture by the 53 MHz ,T system for transler to the central 
orbit. The control of the rf system is then taken over by the auril- 
iary frontend computer which executes a deceleration sequence to the 
desired energy or to just above transition, whichever is greater. The 
deceleration cm be stopped at any point if it is necessary to debunch 
and recoo,. For good eSiciency the deceleration rate is -20 MeV/s. 

Transition crossing is effected by changing the trmaition energy of 
the ring. The hem is debunched, and then a special set of ramps 
acting only on the quad hums increases 7, by one unit. Beam is 
coaled both immediately before and after this so-called T,.jmp. Below 
transition the beam ig again captured with the 53 MHz rfsystem now 
at harmonic number 86 instead ol h = 84. A new set of ramps is 
executed to complete the deceleration to the desired energy. 
11.1 Deceleration 

Originally it was supposed that one could calculate ramps from mag- 
net measurement data which could be optimized by small corrections. 
However, this elht was frustrated not only by the inadequacy or the 
excitation CUTY~S but also by the complication of the diRering time 
conrtanta on the diRerent busses. Therefore, M iterative empirical sp- 
preach was adopted in which corrections were made by taking beam 
measurementa in atepa olahout 40 MeV oldece,eration and correcting 
the ramps at each step. 

Both of the Accumulator rf system, one operating at 53 MHz end 
one at 1.2 MHE, provide rficient bucket area (> 20 e”s) above trsn- 
ritian but marginal bucket area at the lowest energies ofinterest (- 10 
cVS). The 53 MHz system is used at present because the hem posit 
lion monitor electronics is designed for this Frequency. This permits the 
meamzcments needed to make the ltepwisc correction ol the ramps. A 
recent improvement to the 1.2 MHz system has increased the voltage a 
factor offour hm 0.7 to 3 kV. Because bath ,yatems are driven by the 
same lowlevel system, there is the option to use either; the 1.2 MHz 
system may be used in the future to provide greater bucket area. 

The 53 MHe system provides e maximum 0140 IrV over B bandwidth 
afabout one rotation harmonic, air., 600 kHz. This is entirely adequatr 
for deceleration to transition at h = 84 without cavity tuning. Becaure 
there has been beam loss from hunch growth in results so far, a constant 
V-1 = 19 kV has been used to transition. To avoid retuning the cavities, 
the beam in bunched and decelerated below transition at h = 86. The 
voltage program corresponds roughly to e starting bucket ma of 10 
eVa smoothly increasing to 12 eVs by 3.6 &V/c. 

II.2 Transition crossing 

The design va,w of the transition energy for the Accumulator is 5.1 
GeV corresponding to transition gamma f, = 5.43. Conventionally 



beam is arrP,Pra,Pd acmss transilion rapidly hd”,? the hunches break 
up. In th. Accumulator the deceleration rate is limited by rhe rate 
at which bus currents cm be changed. To date rates in exe68 ol 
20 b&V/S have been less eflirient. This rate i6 not l?.S,~ enough lo* 
crossing transition without, major disruption ol lhe bunches. The T*- 
jump alkrnatiw ha been adoplpd. 1’1 The hesm b d~hunrhed 0.3 GcV 
ahove transition; 7, is then raised a~ constant bend field until the beam 
is 0.6 GeV below the new transition energy. 

Simulation of beam behavior in longitudinal phasesparr shows no 
pathology for syncluonous deceleration at 100 hleV/s for lb, > IO-‘. 
Fig. 1 shows that 7, is changed graduaUy from its design value or 5.43 
to 5.05 dwing Ihe dereleralion from 8.9 to 5.U GeV where the beam 
i. debunched and cooled. At this energy 7 = 0.004, chosen to give ade- 
quate coohg rates before tranrilion in crossed. Next 7, is raised in 30 
I to 6.05 $ing q = -0.008. During this transition jump the betatron 
tunes are kept constant to avoid beam loss. The -,, is increased by 
changing the lattice ‘x lower dispersion in the high dispersion sections 
and nvgalive dispersion in the “ee,o dispcrrion” sections ar illustrated 
in fig. 2. A change ol one tit in 7, requires a change of 9% in the 
current in the large quadrupales. The beam is then retooled and ,e- 
caplured lo, further deceleration. The choice lo cool both immediately 
belore and &v-r transilion is based on operational experience. Because 
the beam pipe is small in the “ze,o dispersion” arraighl sections, beam 
loss there Lmirr the useful size for the t,-jump. 

II.3 Energy calibration 

The resonance masses am measured by the beam energy et which 
p,oducCon is matimum The most actuate way to measwe the beam 
energy is to use the mass of ,hr ‘Z and 9’, which are known to 0.1 
MeV/r’. Because the width of Lhc Y is only 0.053 !&V/r=, it is ad- 
vantageou~ lo calibrate the be.,,, mergy es well as possible to minimize 
the march ,ime. Th. known energy and the beam circulation frequency 
establishes lbc Accumulator circumference. The energy for other res- 
onanres can then be detvmincd by controlling the &red orbit end 
mmparing the NMR reading from a bending magnet a, the new point 
to that al the V o, Q’ ,esonanre. 

One method used to ralibrale the beam energy is to exploit the 
relation A,/, = -qAp/p, where f is Lhe beam cireulalion frequency 
and 7 = 7;‘~ 7-l. If A, = 0, then 7 = -,r Experimentally, the q = 0 
pain, is tnkm a~ thr point for which A, is minimum. The beam is 
dcrclcraled lo jual above transition and then debunrhed. The 7, ol 
Ihe I.ltice is raised. Aa ^I+ approaches the beam -, the frequency spread 
shorn on the longitudinal Srbotthy scan gets na,,awe,. The beam -, 
is mrasured aa the -,, for which A, ia minimum. The e,,o, on 7 is 
determined by careful measu,ement of-,, al the points where increzoe 
in Af is just detertablp. The orbit length calculaled from the beam 
energy and the circulation frequency is 474.26 -t 0.03 m. This is in 
mm disagr~~mcnt with the design value of47407 m. 

The sv-rend melhod used is to calculate Lhe orbit length from the 
hrvey data lo, the Accumulala,. The result is the design value; the 
error in the turning angle is 0.5 mrad which tramlater into a 0.04 m 
error in arc. Thus, the two ,e.ult. a,e not in agreement. One can 
interpret thr error in turning angle lo mean that the quadruples llre 
not cenlercd; it is hard to estimate the addition to the cloed orbit 
correrponding to bending by the o&t quadrupoles. The disagreement 
between the two results correspondr lo an uncertainty oilers than 0.01 
GPV in absolute ene,gy ~calc. 

III Operational Experience 

There have been about IWO months of proton beam test time avail- 
able over the last eight months in which to develop techniques lo, 
deceleration. The major concern has been lo obtain high decelera- 
tion &ciency. Therelore, beam time has been devoted to empirical 
improvment of current, voltage, and frequency ramps for Accumula~ 
IO, devices and to making nwasuemenls necessary for understanding 

beam dynamics and stabit,,‘, e.g.. measurements of tunes. chromatie- 
ity, closed orbit position, T,, synchmtron frequency, emittames. Be- 
c,,use the Accumulator had “eve, before been operared below 8.9 Gev, 
a” ol these measurements a,e new. 

These studies have been done w&h protons and reversed magnet 
po,uitiea berause p,otons cost far less in time and ,PJOU,C~S than a”~ 
tiprotons; 8.9 GcV protons can he injected direclly !iam either Main 
Ring or Booater in a single 30 mA pulse (1 mA = IP p). To obtain 
a 30 ,,,a stack alp’s requires about 30 h of 120 GeV operation of Lbe 
Main Ring. Studies were conducled with 1 - 30 mA ol beam. It was 
generaLly possible lo make effective mearluements with as Little as 0.5 
mA of beam. 

The initial beam injection, cooling, and rlcapture is L) substantially 
diRerent process far protons and antiprotons; however, the amount ol 
hgitudinai cooling required lo, e?-iicient capture is relevant. In fig. 1 
the beam was cooled LO Ap/p = 0.06% (FW al 10% maximum), i.e., lo 
- 8 eVs, then caplured inlo 15 eVs of rl bucket area. There is a beam 
loss of aevcral percent after about 100 MeV of deceleration resulting 
hm uncaptured beam bitting the beam pipe. Ln antiproton stacking 
a core width of Ap/p = 0.04% is typical, $10 Lhia 106s is not e worry. 

Dercleration eBi&ncy to 5.02 GeV/c, just above transition, has been 
typically 85%. The major 10s appeara to be awxisted with sidebands 
0160 Ha harmonics on Ihe rl. Although tbeac sidebands are currenlly 
45 dB below the rf camie,, the hunches are significantly dieturbcd 86 
the nynchrotron frequency passes through 60 Hz hemmmics. In the 
200 I taken for deceleration there b time for a fraction of the beam 
to diffuse to the bucket boundaries; a slow but steady beam loss i. 
observed. 

The beam was decelerated in a mies of small steps . 40 MeV each. 
At each step fist the dipole bus was adjusted according to the radial 
offset, then the quad busses were adjusted to keep the tunes tied. 
then the t,im magnets and dipole shunts we,e adjusted to straighten 
the closed orbits, and tin& chmmaticity and coupling VF,~ sdjuated 
by the sextuplea and skew quads. When a ramp value war rhmged all 
points idowing the previously corrected point we,e adjusted to make 
a smoolh ramp including the new correclion. This was a tedious and 
iterative process repeated many times. 

At 4934 MeV/c the hem is dehuncbed and the quadrupole currents 
ramped togive the 7,.jump described in sec. 11.2. In fig. 1 the horizon- 
tal excursion in the beam current curve below 4934 ?&V/c shows the 
eficiency of the jump procc~s. Note that To, thb process the momcn- 
turn ia simply an arbitrary independent parameter lo, the quadruple 
current ramps w&ted to the fixed beam momentum. The momcn~ 
turn spread grows Dam about 0.2% lo 1% during a T-jump with 8 mA 
of beam current and the eficiency is about 98%. The &i&my drop. 
to about 85% with 12 n,A ofbeam. 

After the 7,.jump it is critical to tool the beam longitudinally far 
recapture. We have correctly phased the stochastic cooling at this mo- 
menturn and cm cool effectively in aLI three planes. Currently &/p = 
0.07% is obtained and beam ie recaptwrd into about 56 eVa ofbucket 
arta at h = 86. In fig. 1 this recaptwe is seen to be about 97% eficicnl. 

The deceleration from 4934 McV,c to 3680 F&V/c has one difT- 
cdty in addition to the pmblems al deceleration above transition. To 
maintain constant bucket area the rl voltage must increase as ME. 
The voltage limit orthe rlcavity is reached above 3680 MeV/c. Hence 
there is some beam loss as seen in the sharper drop in beam cul,ent 
below 3900 MeV/c shown in fig. 1. The problem is partially alleviated 
by smoothly lowering 7, back to 5.4 during the deceleration lo 4400 
MeV/c 60 that 1~1 does not increase so fast. To date the beat overall 
deceleration efficiency has been about 60% when starting with 8 mA 
of beam; the efficiency decreasea with gmate, beam current, mainly 
because of loss during the 7,.jump. 

The beam lifetime has been measured lo be approxima,ely 100 hat 
4.9 GeV/c and 400 h at 8.8 GeV/c. These numbers are consi.tent with 
the pm’ scaling expected from beam-gas multiple scattering. With the 
gas jet on at full intensity the lifetime drops by a hctor of two. 
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IV ~~~~,.!i&m 

The progress to date on the program to adapt the Accumulator to 
variable energy operation for direct use in medium energy physics ex- 
periments bar been ~uffirient to establish acceptable performance for 
carrying out the first experiment. Beam has been decelerated to all 
energies required with s,,Ricient intensity LO give lmdnosity - 10” 
with good beam l&time. By reIiing the techniques described above 
it should be possible to reach dereleralion eficienry of about 80% with 
good reliability. Further progrenr in eficienry will require better under- 
standing ol beam stabilily. Currently no beam dampers o, rf feedback 
loops are used. Such hardware is available; it is anticipated that further 
beam sludirs wiU indicate how it can be best employed. 
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Table 1: Charmonium ntetes and Accumulator beam parameters 
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Figure 1: 53 MHz beam componenl (a), beam cunent (b), rf voltage 
(c), and ~c (d) DB. momentum 
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Figure 2: Lattice functiona belore (top) and after (bottom) -r-jump 
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