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Abstract

| describe a scheme for selectively isolating high density low longitudinal emittance beam particles in a storage ring from
the rest of the beam without emittance dilution. | discuss thegémprinciple of he method, called longitudinal momentum
mining, beam dynamics simulatis and results of beam experiments. Multitigde beam dynamics simulations applied to
the Fermilab 8 GeV Recycler (a storageg) convincingly validat the concepts ahfeasibility of the nethod, which | have
demonstrated with beam experiments in the Recycler. The method presented here is the first of its kind.
0 2004 Elsevier B.V. All rights reserved.
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1. Introduction have adopted what | call transverse momentum mining
for extracting the dense beam from a stack of cooled

One of the most important problems encountered Peam particles. For example, in the antiproton Accu-
in high-energy hadron beam storage rings is to se- mulator ng at F.ermlla_lb, a part of _the stpred be_am is
lect only the high intensity, low emittance, region of captured adiabatically ibuckets of sinusoidal radio-

the phase space of beam particles with minimal emit- ~ frequency (rf) waves witharmonic number /2 = 4 and
tance dilution. Considerable progress has been madePUcket area smaller than the total beam phase space

over the years on techniques for doing this, broadly area. Subsequently, the beam particles i 4 buck-

referred to as momentum minitig,2]. Typically, the ets are pulled out radially from the main stack through
region of interest in the beam particle distribution lies 2cceleration. Once completely outside the main stack,
in the vicinity of thesynchronousparticle[3]. Antipro- the particles are extracted. The shortcoming of this

ton storage rings both at CER] and at Fermilatis] method is tht_a inevitable beam_ disruption causeq by
the acceleration of the low emittance beam particles

through the main stack. This leads to longitudinal
E-mail address: cbhat@fnal.go\C.M. Bhat). emittance growth of the beam left in the main stack.
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Furthermore, if the beam &action is carried out mul-
tiple times, the bunches in the later extractions suf-
fer from lower particle densities and higher longi-
tudinal emittance. The ovdrdongitudinal emittance
growth in the Accumulator Ring is found to be nearly
300% during the entire extraction process. This leads
to degraded proton—antiproton luminosity in the Teva-
tron[5].

Another method for proton mining using dual fre-
quency amplitude modulation has been propdéed
7], which is very similar to the transverse mining
method.

In this Letter, | propose a new techniq{#] for
mining beam particles from the high density region of
the longitudinal phase space with minimal emittance
dilution. This novel technique depends crucially on the
existence obarrier rf technology (which was intro-
duced in 1983]9] and the mining illustrated here is
done using rectangular barrier rf buckets.

2. Theprinciple of longitudinal momentum
mining

A particle beam in a storage ring is characterized
by its energy spreadE about its synchronous energy
Eo and a characteristic transverse emittance. In the
absence ofynchro-betatron coupling these two quan-
tities can be varied independently of each other. Gen-
erally, the energy distribution of the particles in the
storage ring is approximately parabolic or Gaussian in
shape with the synchronous particles at the peak. The
Hamiltonian of any particle with energX E relative
to the synchronous particle insgnchrotron is given
by [10,11]

T

7 V(t)dt,

2B2Eo

H(t,AE)=— 2_

= ®
0

wheren, Tp and B are the phase slip factor, the rev-
olution period and the ratio of the particle velocity to
that of light, respectively, and-z is the time differ-
ence between the arrival of this particle and that of
a synchronous particle at the center of the rf bucket.
V (1) is the amplitude of the rf voltage wave-form. We
identify the second term of the above equation as the
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potential energy/ (r) of the particles, given by

T
U(r):—i/va)dz. @)
To
0
For a rectangular barrier buckét(r) is given by
—Vo for—-Th1—T2/2<t < —12/2,
V)= {O for—Ty/2<t <Tp/2, 3)
Vo forTz/2<t<Ti+T2/2,

whereT; and 7> denote barrier pulse width and gap
between rf pulses as shownkig. 1. A schematic view
of the rf wave form with the beam phase space bound-
ary (dashed line in left figure) and the corresponding
potential well, containing beam particles for a stor-
age ring operating belowansition energy is shown
in Fig. 1(a).

The objective of longitudinal momentum mining is
to isolate particles closer t&y from the rest. This
is accomplished by adiaba#illy inserting a mining
bucket inside the existing well (betweefil»/2 and
T»/2), as indicated by arrows Fig. 1(b) (left), so that
all particles with energy near the synchronous energy,
including synchronous patrticles, drift to the lowest po-
tential. It is important to note that the trapping of par-
ticles takes place during the adiabatic opening of the
mining bucket. Since the synchrotron oscillation peri-
ods of the particles with energy closestHg are very
large, the drift times are very long. Therefore, to ex-
pedite the mining process, and to ensure the trapping
of particles with energyEo, one can grow a negative
pulse immediately to the right of the left-most rf pulse
(at —T»/2) and shovel particles adiabatically to a lo-
cation to the right indicated by,. The final voltage
wave form for this configuration is given by

—Vo for—T1 —T2/2<t < —T2/2,
0 for—-T/2<t < T,,
)= forT, <t <Tp,
Vi = 0 forT, <t <T,, )
Vi forT, <t < T»/2,
Vo forTp/2<t <T1+ T2/2.

The longitudinal emittance of the trapped particles in
the mining bucket betweeff, < r < T2/2 is given
by ey = 2(T, — Tp) AE, + 4To|n| AES /(32 Ege V1)
whereAE,, = /282¢V1(T, — T,) Eo/(To|n|) ande is
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Fig. 1. Schematic view of longitudal momentum mining using barrier buckets. Barrferoltage (solid lines) and beam particle boundary in
(AE, t)-phase space (dashed line) are shown on the left. The cartodhe oight show potential well and the beam particles in it. (a) The
initial distribution, (b) after confining particles with low energy spréae deeper well and (c) after isolating particles with high and low energy
spreads.

the electron charge. Finally, to isolate the remaining azimuthally in the Recycler using barrier buckets gen-
particles from those that are trapped, another rf bucket erated by a broad—band rf syst¢h3] capable of pro-
is opened in the regiorT2/2 <t < T, as shown in viding rf pulses of 2 kV. The beam is cooled initially
Fig. 1(c). Thus are the particles with low longitudinal using stochastic coolinfl4] and is expected to be
emittance mined while leaving the rest in the region cooled further with electron coolinNg5] to < 54 eV's
—T2/2<t < Ty. longitudinally and< 77 mm mr transversely. We plan
One can think of numerous variations of the method to accumulate- 6 x 102 antiprotong16] in the Recy-
described above. For example, one can start with a cler before they are transferred to the Tevatron. Either
cooled beam in a barrier bucket of pulse gafi'9f2 — a part of the cooled beam or the entire stack will be ex-
T, instead ofT», change the order of the rf manipula- tracted in nine transfers of equal emittance and equal
tion sequences so that the particles near synchronousntensities, each with four 2.5 MHz bunches. Thus,
energy are never disturbed and still reach the stage il- there will be thirty six antiproton bunches in the Teva-
lustrated inFig. 1(c). tron from the Recycler. The longitudinal emittance of
each bunch at the time of extraction is expected to
be < 1.5 eVs. Stacking and unstacking of antipro-
3. Application to the Fermilab Recycler tons from the Recycler entails complicated sets of rf
manipulationg17]. In order to achieve high proton—
We have applied the scheme described above toantiprotonluminosity in the Tevatron, it is essential
the beam in the Fermilab Recyclg2]. The Recy- to maintain the emittarecof the beam throughout the
cler is an 8 GeV synchrotron storage ring that op- chain of rf manipulations in the Recycler and to send
erates below the transition energyr(= 21.6) and only a high density low longitudinal emittance beam
hasTp = 11.12 ps. This will be the main antiproton to the Tevatron.
source for the proton—antiproton collider program at Our testing of the method of longitudinal mo-
Fermilab. The antiproton beam is stacked and stored mentum mining in the Recycler was carried out in
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two steps. First, computer simulations using a multi-

particle beam dynamics code, ESMEB], were car- 10
ried out to establish the mining steps. Then, experi-
ments were done with beam in the Recycler to demon- 0

strate the technique.

3.1. Beam dynamics simulations

The simulation results presented here assume aboutg 10
100 eVs of beam in the Recycler captured in a rec- 2
tangular barrier bucket. The primary goal was to mine <
54 eV s of the low longitudinal emittance high density W,
part of the phase space distribution of the beam and w
capture the rest of the beam in a separate bucket.

Fig. 2 shows the beam particle distribution in
(AE, 7)-phase space for different stages of mining. 10
The beam distributions before and during mining are
shown inFig. 2(a) (energy spread af5.7 MeV) and 0
(b), respectively. The width and amplitude of the bar-
rier pulses used were, respectively, 0.9 pus and 2 kV for
the initial distribution Fig. 2(a)). Fig. 2(b) shows the
distribution after populating all of the low emittance 0.0 5.56 11.12
particles to the right-hand side in a mining bucket (in- i
dicated between two arrows). The size of the mining Time (usec)
bucket was Chosen to be 54 eV's with rf pulse ampli- Fig. 2. Simulated barrier rf wave form (solid curve) and thef, )
tude of 0.27 kV, width of 0.34 ps and a pulse gap of phase-space distribution of 100 eV s antiprotons in the Recycler
6.13 ps. All particles with energy spread less than the for (a) initial beam distribution of length 8.7 ps, (b) after populat-
bucket-height of the mining bucket are confined to the ing the low longitudinal emittance particles to the right-hand side
right-hand side while the rest move freely throughout using —0.27 kV rf pulse. The a_rrowsr_fdicate th_e fina_l Ioca_tic_)ns
theoriginal buckel. (These two cases correspondl o the?! 1 ( PUSE s, e srukter, ve f st g
schematic picture shown Fig. 1(a) and (b).) rf pulse was cogged iso-adiabatigarom left to right during shov-

The isolation of 54 eV s low emittance high density eling in about 15 s. (c) After longitudinal momentum mining; the
beam was accomplished by opening a bucket (indi- left bunch (indicated by an arrow) comprises of particles with high
cated by an arrow ilh_-ig. Z(C)) of an area> 46 eVs; energy sprgad (bunch areeb1 ng)_and the low longitudinal emit-
the area and height of this bucket was chosen to betance particles are captured in thght-side bucket (bunch area
74 eV's andt21.7 MeV, respectivelFig. Ac) shows > ¢"
the final phase space distribution after completion of
m|n|ng The total phase_space area was found to be The simulation Clearly showed that the amount of
preserved to better than 10% at the end of all rf ma- beam mined was a strong function of the energy dis-
nipulations. All of the emittance growth was seen in tribution of particles. For a parabolic distribution, 74%
the 74 eV s bucket and occurred during the opening of Of the beam was mined whereas for Gaussian distrib-
this bucket. ution 64% was mined.

Finally, the 54 eVs beam was divided into nine
bunches of equal intensity and equal longitudinal emit- 3.2. Beam studies
tance simply by adiabatic capture (e.g., 5&g 3(b))
and, each of the nine bunches were further divided into ~ The beam tests were carried out using protons in
four 2.5 MHz bunches each with 1.5 eVs and were the Recycler. About 17 100 protons of longitudinal
prepared for collider operation. emittance 11615 eV's (95% emittance) and energy

RF Voltage (kV)

-10
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Fig. 3. (a) The measured and (b) predicted line-charge distribution
for 170x 1010 proton after longitudinal momentum mining and cap-
turing high density low longitudinal emittance particles in the nine
buckets and the rest in the left most bucket.

spread ott(14.3 4+ 0.6) MeV were stored in a 3.7 us
wide rectangular barrier bucket &2 kV pulse height.
The beam was stretched slowly to 8.7 us and the mo-
mentum mining was performed essentially following
the sequence studied in the simulation. Experimen-
tally, the entire mining process took about 135 s while
the simulation suggested about 110 s.

The wall current monitor data taken after the for-
mation of nine bunches are shownhig. 3a). The
average longitudinal emittance of the beam in these
nine buckets is B + 0.6 eVs (95% emittance) and
the bunch on far left with particles of high energy
spread has longitudinal emittance of55% 12.5 eV's
(95% emittance)Fig. 3(b) is the corresponding sim-
ulated distribution. Experimentally, we find that about
65% of the beam particles are mined in the nine
smaller buckets to be compared with 74% predicted
by our simulation. The difference is due primarily
to the difference between the energy distribution of
the assumed ideal parabolic distribution for the ini-
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tial energy spectrum, and the energy distribution of
the un-cooled beam used for the experiments. We also
see some qualitative difference between the shapes of
the measured wall current monitor dakag. 3(a)) and

the predictionsKig. 3(b)). This difference is mainly
attributed to (a) the initial energy distribution and (b)
the details of rf pulse shapes used in the experiment
and the one in the simulation (which was rectangular
in shape).

4. Remarkson issuesat high beam intensities

The simulations presented here are carried out us-
ing single-particle beam dynamics in which we have
not included beam space-charge or wake fields effects.
Ordinarily, these effects must be taken in to account.
However, for the case described above these effects
are negligible. It is well known that at sufficiently high
beam intensities the wake fields play an importantrole
in the longitudinal beam dynamics and tend to disrupt
detailed manipulations of phase space. In the case of
the Fermilab Recycler, the average line-charge density
during mining for the Tevatron transfers is expected
to be about 2« 1010 antiprotongus/eV s [16] at its
design intensity. This is about a factor of four larger
than the starting beam line-charge density used for the
experimental demonstration of longitudinal momen-
tum mining, in which no instability was seen. Further-
more, calculations for Recycl¢t2] including space-
charge impedance and Landau damping indicate that
the beam is stable even at110' antiprotons in the
ring. Threshold impedance for microwave instability
[19] for the Recycler is estimated to be about 25
which is smaller than the cavity impedances. If prob-
lem arises it can be suppressed with the standard cavity
feedback techniques.

Recently, we have observed head-tail asymmetry in
the longitudinal beam profiles for the stored beam in
the Recycler in barrier rf buckef80]. This asymmetry
is understood in terms of the potential well distortion
in the presence of the resistive impedance. We estimate
that the baseline voltage inside the barrier bucket con-
fining 6 x 102 antiprotons will be reduced by about
100 V, which is just about 5% of the available peak rf
voltage. Applying corrections to the barrier waves to
counter this distortion is a trivial task.



486 C.M. Bhat / Physics Letters A 330 (2004) 481-486

5. Summary [3] D.A. Edwards, M.J. Syphers, An Introduction to the Physics
of High Energy Acelerators, first ed., John Wiley & Sons, New
| have proposed and validated a novel method for York, 1993.
selectively isolating low longitudinal emittance par- [4] Design Study of a Proton—Antiproton Colliding Beam Facility,
ticles and extracting them from a storage ring using . C\ Geneva, CERN/PS/AA 78-327.1.1978.

- . [5] Design Report Tevatron 1 Project, Fermi National Accel-
rf barrier buckets. The scheme has been studied US- * * grator Laboratory, Batavia, IL, Operated by Universities
ing multi-particle beam dynamics simulations and the Research Association logoration, Under Contract
technique has been demonstrated with beam exper-  with the US Department of Energy, September 1984.
iments in the Recycler using protons. This method http://library.fnal.gov/archive/design/fermilab-design-1984-01.

.S . shtml
of momentum mining has been successfully imple- [6] S. Peggs, FERMILAB AP-Note-91-001, May 1991, unpub-

mented and is used routiyebr beam extraction from lished, http:/library.fnal.gov/archive/apnote/fermilab-ap-note-
the Fermilab Recycler. We have demonstrated the abil- 91-001.shtml

ity of this technique to extract antiproton bunches of [7] W.E. Gabella, etal., in: Proceedings of the 1993 Particle Accel-
constant longitudinal emittance and of constant inten- ~ erator Conference, Washimgt DC, 1993 |EEE, Piscataway,
sity for multiple beam extraction from the Recycler NJ, 1993, p. 233.

. L. o . . [8] C.M. Bhat, FERMILAB-FN-746, 2004, unpublishethttp://
with a variation< 10% both for intensity and the lon- library.fnal.gov/archive/test-fn/0000/fermilab-fn-0746.shtm|

gitudinal emittance from transfer to transfer. This fea- [9] G.E. Griffin, et al., IEEE Trans. Nucl. Sci. 30 (1983) 3502.
ture of the longitudinal momentum mining is one of [10] S.Y. Lee, K.Y. Ng, Phys. Rev. E 55 (1997) 5992.

main advantages over the transverse momentum min-[11] S.Y. Lee, Accelerator Physics, first ed., World Scientific, Sin-
. . gapore, 1999, Chapter V, p. 305.
ing technique. [12] G. Jackson, Fermilab-TM-1991, November 1996, unpublished,

As afinal note, | expect that the applications of the http://library.fnal.gov/archive/test-tm/1000/fermilab-tm-1991.
technique described here telsctively isolate the high shtml
density region of the phase space may not be unique to[13] J.E. Dey, D. Wildman, in: Proceedings of the 1999 Particle Ac-
high-energy storage rings. This technique will be very iggatorscég”ference' New %ar1999, EEE, Piscataway, NJ,
. p. 869.

useful for pa.rtlde heam manlpulat|on '.” fu_turg accel- [14] D. Mohl, G. Petrucci, L. Thardahl, S. van der Meer, Phys.
erators and it should have broad application in other Rep. 58 (1980) 75;
low energy circular storage rings that use barrier rf D. Mohl, Advanced accelerator physics course, in: S. Turner
systems. (Ed.), Proceedings of the 1985 CERN Accelerator School,
CERN 87-3 (1986) 453.
[15] G.I. Budker, A.N. Skrinskii, Sov. Phys. Usp. 21 (1978) 277.
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