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Transition crossing in proton synchrotrons using a flattened rf wave

C. M. Bhat, J. Griffin, J. MacLachlan, M. Martens, K. Meisner, and K. Y. Ng
Fermi National Accelerator Laboratory, P.O. Box 500, Batavia, Illinois 60510
~Received 12 December 1995; revised manuscript received 4 October 1996!

The problems of beam loss and emittance growth during transition crossing in a proton synchrotron have
been major issues for many years. Recently we have developed a scheme that resolves some of these problems
by eliminating rf focusing during transition crossing. The technique uses a flattened~nonsinusoidal! rf wave
form which delivers the correct acceleration to all particles in the beam. This scheme has been tested in the
Fermilab Main Ring accelerator by the addition of 13% of a third harmonic rf voltage to the fundamental
accelerating rf voltage during the nonadiabatic period near the transition energy. Beam loss was completely
eliminated, and longitudinal emittance dilution after transition remained below 15%. Simulations of longitu-
dinal beam dynamics reproduce the data well.@S1063-651X~97!10001-0#

PACS number~s!: 29.27.Bd, 29.27.Fh, 41.75.Ak
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I. INTRODUCTION

A. Overview

Half a century ago, Veksler@1# and McMillan @2# demon-
strated how ensembles of charged particles~bunches! with a
small momentum spread around somesynchronous momen
tum ps may be accelerated at nearly constant orbit radius
an increasing magnetic guide field. The accelerating fie
are generated by radio frequency~rf! resonant cavities oper
ating at a frequencyv r f /(2p) equal to an integerh ~har-
monic number! times the revolution frequencyvs /(2p) of
the synchronous particle. An off-momentum particle with
fractional momentum deviationd5Dp/ps follows a differ-
ent closed orbit from that of the synchronous particles. T
deviation of the revolution period from the synchronous p
riod Ts is characterized by thephase slip factorh0, defined
by @3#

DT

Ts
5Fa02

1

gs
2Gd5h0d, ~1.1!

where the lattice parametera0 ~momentum compaction fac
tor! measures the fractional change in orbit lengthDC/Cs
for each unit fractional deviation in particle momentumd,
i.e.,

DC

Cs
5a0d. ~1.2!

In Eq. ~1.1! gs is the ratio of the energy of the synchrono
particleEs to its rest energyE0. During the acceleration o
the beam particles, whengs5g

T
5a0

21/2, the phase-slip fac-
tor changes sign. This instant of acceleration is calledtran-
sition crossingand the corresponding energyg

T
E0 is the

transition energy.
The synchronous particles are accelerated as they trav

the rf cavity gaps at asynchronous phase anglefs by an
effective accelerating voltageVacc5Vr fsinfs. Here theVr f
is the peak voltage of the sinusoidal rf wave. A particle w
energy offsetDE arrives at the rf cavity at a different tim
551063-651X/97/55~1!/1028~7!/$10.00
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and therefore sees a different rf phase anglef5fs1Df.
The slip inDf is governed by

dDf

dt
5
hh0vs

bs
2Es

DE, ~1.3!

wherebs is the ratio of the velocity of the synchronous pa
ticle to the velocity of light. Hence an off-energy partic
receives additional energy from the rf cavities at the rate

dDE

dt
5
eVrfvs

2p
@sin~fs1Df!2sinfs#. ~1.4!

Equations~1.3! and ~1.4! form the equations of motion of a
particle in the longitudinal phase space (DE,Df). For small
Df and DE, particles performsynchrotron phase oscilla
tionswith frequency

f syn5S 2
ehh0Vrfcosfs

2pbs
2Es

D 1/2 vs

2p
, ~1.5!

providedh0cosfs,0. To maintain phase stability during ac
celeration across the transition energy, the synchron
phase must switch from 0,fs,

1
2p to 1

2p,fs,p. When
Vrf.2p(dps /dt)bsc/evs and 0,sinfs,1 then there is a
range off andd for which the particles have stable synchr
tron oscillations. The stable region which determines
maximum possible extent of a bunch is referred to as a
bucket. The phase-space area occupied by a bunch of
ticles is referred to aslongitudinal emittance.

B. Problems encountered in transition crossing

During acceleration the off-momentum particles can
accorded the same average acceleration as synchronous
ticles because of the synchrotron phase oscillation. But st
oscillatory motion of the particles inside the bucket exi
only when the parameters in the equations of motion cha
adiabatically. The height of the bucket, however, has
property,
1028 © 1997 The American Physical Society
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55 1029TRANSITION CROSSING IN PROTON SYNCHROTRONS . . .
~DE!bucket}S Es

uh0u
D 1/2 ~1.6!

with rapidly changingh0
21 around transition. Then, from Eq

~1.2! and assuming that the rate of change ofgs is constant
near transition, we obtain,

h05
2ġst

gs
3 . ~1.7!

The timet is measured from the moment when the synch
nous particle crosses the transition. Thus, as transition is
proached, synchrotron frequency is reduced to zero while
bucket height is increased to infinity according to Eqs.~1.5!
and~1.6!. Therefore the particles unable to catch up with t
rapid changes in the bucket shape. This time interval2Tna to
1Tna is thenonadiabatic period, andTna is thenonadiabatic
time. Quantitatively, this period is defined by

f syn<
2

~DE!bucket

d~DE!bucket
dt

, ~1.8!

from which one gets@3#

Tna5F S bT
2gT

4

2vsh
D S utanfsu

ġT
2 D G 1/3, ~1.9!

where the subscriptT implies evaluation of correspondin
quantities at transition.

During the nonadiabatic time, the phase of the particle
an rf bucket is almost frozen, as per Eq.~1.3!, i.e., the lead-
ing and the lagging particles in a bunch remain in their re
tive positions; thus they continue to gain or lose energy fr
the rf cavities@see Eq.~1.4!#. As a result, the momentum
spread increases rapidly, and may exceed the momentum
erture of the accelerator leading to beam loss.

Another characteristic feature of transition crossing ari
from the fact that different beam particles in a bunch cr
transition at different times. Because of the energy dep
dence of the momentum-compaction factor, each particle
a differentg

T
depending on the deviation of its energy fro

the synchronous energy. When this energy dependenc
taken into account, Eq.~1.2! is replaced by@4#,

DC

Cs
5a0d@11a1d1O~d2!#. ~1.10!

For a particle with momentum offsetd , g
T
(d) becomes

g
T

22~d!5
dC/C

dp/p
5a0@11~2a1112a0!d1O~d2!#.

~1.11!

A particle with peak momentum spreadd̂ crosses transition
earlier than the synchronous particle, by a time@4,5#

Tnl5
g
T
d̂

ġs
S a11

112bs
2

2
2

a0

2 D . ~1.12!
-
p-
e

e

in

-

ap-

s
s
n-
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This time is called thenonlinear time. There is a period
during which some particles are above transition while o
ers are below. If the rf transition phase jump is set at the ti
when the synchronous particle crosses transition, the
ticles with higher momentum spend a substantial per
above transition prior to the rf phase jump. Such particles
effectively outside of the bucket. They are subject to a de
cusing force and move along hyperbolic divergent pat
thus producing a tail in the longitudinal phase space dis
bution. In contrast to this, particles with momentum low
than the synchronous momentum experience a defocu
force as soon as the rf phase is switched, and they also m
along divergent paths producing a second tail in the pha
space distribution. The consequence of the growth of t
tails in (DE,Df) phase space is the shape mismatch
tween the distribution and the bucket following the transiti
which in turn leads to longitudinal emittance dilution. If th
tails extend beyond the bucket or the momentum apertur
the accelerator, there is beam loss.

The other problems during transition crossing include,
interaction of the beam with the coupling impedance of
vacuum chamber, and, a vanishingh that implies the loss of
Landau damping, leading to the microwave and the nega
mass instabilities@6,7#.

Several techniques have been suggested@8# to cure the
problems of beam loss and longitudinal emittance dilut
during transition crossing. One method that has been s
cessfully employed in slow-ramping synchrotrons is theg

T

-jump scheme@6,9–11#. Implementation of ag
T
2 jump

scheme in a fast-ramping synchrotron is quite challeng
and expensive.

Recently we have developed a scheme@12–14# which
employs rf manipulation using a flattened~nonsinusoidal! rf
wave in the vicinity of transition. With this technique, a
particles are accelerated equally during the nonadiabatic
nonlinear periods so that excessive growth in moment
offset does not occur. Thereby the beam emittance gro
can be minimized and beam loss arising from nonlinear
nonadiabatic effects can be eliminated. The principle of
technique is described in detail in Sec. II. The results from
experimental test of the technique in the Fermilab Main R
are presented in Sec. III.

II. CONCEPTS OF TRANSITION CROSSING
USING A FLATTENED RF WAVE

The growth of momentum spread near transition is
consequence of the loss of adiabaticity in the presence
normal rf focusing. The basic idea of the transition cross
using a flattened rf wave is the creation of an rf accelerat
wave which is constant in amplitude over the fundamenta
phase range occupied by particles in each bunch. Thi
wave is to provide for all particles exactly the same acce
ating voltage required to hold synchronous particles n
the center of the vacuum chamber aperture, i
Vacc52p(dps /dt)bsc/evs . The flattened rf condition is
maintained during a time interval of2DT to 1DT, where
one may chooseDT5(Tna1Tnl). The normal sinusoidal rf
wave is replaced by the flattened rf wave at time2DT. This
removes the rf phase focusing during the transition cross
period. The choice ofDT5(Tna1Tnl) is appropriate becaus



e
n
tio
th

tu
a

u
ug
n
m

on
i-

f
bu
-
he
n
in

-
n
th

m
ri-
tly

cts,
ain

re-
e
to
e

ribu-

ly
bove
the
to
ties

of
to
ing

se-

ite
um
an
the

ase

ed
nch
ion
ic

n-

rin
av
s.

1030 55C. M. BHAT et al.
the particles with the maximum~ minimum! momentum
spread cross transition at7Tnl , and, the nonadiabatic tim
period6Tna is measured from their respective times of tra
sition crossing. In essence, the nonsinusoidal rf transi
crossing described here, eliminates the rf focusing during
transition crossing interval from2DT to 1DT, which in
turn prevents the unwanted increase in the momen
spread, while providing the correct accelerating voltage to
particles in a bunch.

We show in Fig. 1 the evolution of phase-space distrib
tion of particles in a bunch as they are accelerated thro
transition energy with flattened rf wave. This illustratio
comes from the results of a multiparticle longitudinal bea
dynamics simulation using a computer code calledESME

@15#. ~These simulations are discussed later in this secti!.
Figure 1~a! shows the distribution of particles below trans
tion inside a moving bucket. At time2DT, the nonsinusoi-
dal rf is applied@see Fig. 1~b!#. Particles with positive mo-
mentum deviationd shear slowly to earlier time with the
converse being true for those with negatived, as depicted in
Fig. 1~c!. As particles crossg

T
, they reverse their direction o

relative motion and shear toward the center of the distri
tion as shown in Fig. 1~d!. At the end of the transition cross
ing, i.e., at1DT, when all particles are above transition, t
original sinusoidal rf condition is resurrected with the sy
chronous phase switched to the negative slope of the s
soidal rf wave@see Fig. 1~e!#. The net effect of the entire
process on the line charge current~the projection of the
charge distribution on the phase axis! is that the bunch be
comes longer with decreased peak current as transitio
approached, then narrows toward its original length by

FIG. 1. Evolution of particle distribution in a bunch from begi
ning to the end, simulated using ESME@15# for transition crossing
with flattened rf wave. No buckets sepatracies are shown in~b!, ~c!,
and ~d! because longitudinal focusing has been eliminated du
nonadiabatic and nonlinear period near transition. The rf w
forms with appropriate amplitudes are shown by dashed curve
-
n
e

m
ll

-
h

-

-
u-

is
e

end of timeDT. Because particles with lower momentu
remain below transition for a longer period the final dist
bution is slightly distorted and its centroid displaced sligh
toward later time @12#. However, except for instability
growth, space-charge effects and higher-order lattice effe
the final momentum spread of the distribution should rem
unchanged.

If the coupling impedance seen by the the bunch is p
dominantly inductive~capacitive—if, only the space-charg
force is taken into account!, then the bunch has a tendency
decrease~increase! in length below transition and increas
~decrease! in length above transition@8,16#. In the transition
crossing process described here, as each part of the dist
tion passes through transition, the additional decrease~or in-
crease! in bunch length below transition is approximate
compensated by the opposite change that takes place a
the transition. Therefore, this effect of the impedance on
bunch is minimized. However, complications arise due
nonlinear effects, microwave and negative mass instabili
which alter the situation.

As is evident from Fig. 1, the constant voltage portion
the rf wave must extend over sufficient time or phase
encompass the maximum extent of distribution shear
which occurs duringDT. From Eq. ~1.3!, particles at the
extreme momentum spreads6 d̂ in the distribution shear to a
maximum phase extent of

Dfumax5E
2DT

0

orE
0

DT

hvshd̂dt. ~2.1!

To compute this integral we need higher orders of the pha
slip factor, i.e., Eq.~1.1! should be written as ,

DT

Ts
5@h01h1d1O~d2!#d. ~2.2!

Using Eqs.~1.7! and ~1.10! we get,

h'
2ġst

gs
3 1S a0a11

3bs
2

2gs
2D d. ~2.3!

Thus the particles at the extreme momenta6 d̂ in the distri-
bution can have maximum phase extent,

Dfumax5
hvsd̂DT

g
T

2 F ġ
T
DT

g
T

1S a11
3bs

2

2 D d̂G . ~2.4!

Since the initial longitudinal emittance must have a fin
phase extent as well as momentum spread, the maxim
extent of the sheared distribution will be slightly larger th
the extent given above. The actual extent depends on
initial longitudinal emittance, on the aspect ratio (DT versus
DE), and on the sign and magnitude ofa1. Equation~2.4!
also represents the minimum required extent of the rf ph
where the amplitude of the rf wave is held constant.

The transition crossing with flattened rf wave describ
above has been studied under different conditions of bu
intensities and longitudinal emittances using the simulat
code ESME@15#. The code allows one to vary the chromat

g
e
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55 1031TRANSITION CROSSING IN PROTON SYNCHROTRONS . . .
factor a1, space charge, and vacuum chamber impeda
effects ~including those of lumped resonators!, and particle
distribution. All tracking calculations were made with 106

macroparticles and 13.5 GHz cutoff of the beam curr
spectrum. Figure 1 used as an illustration before is an
ample of such a calculation performed using the dyna
parameters of the Fermilab Main Ring listed in Table I.
this calculation the beam intensity was 2.531010 protons per
bunch with longitudinal emittance of 0.09 eV s. The increa
in momentum spread over the period 2DT appears to be
negligible although an increase in the longitudinal emittan
of approximately 15% is evident. The final distribution
reasonably well matched to the reapplied contour of the
cusing bucket. The initial line charge projection was pa
bolic with full bunch length of the order of 1.7 ns. Spac
charge and ring impedance effects were also included in
calculation. The duration of the flattened rf wave conditi
was66.5 ms. With a momentum spread of6231023 from
Fig. 1~a!, Eq. ~2.4! gives a maximum phase spread
Dfumax'50° for the highest momentum particles. The fu
shear as can be seen in Fig. 1~c! is about 53°. This gives an
indication of the extent of the constant voltage phase ra
required for the procedure.

The most difficult aspect of transition crossing with fla
tened rf wave is the proper selection of the phase and am
tude at the end of the process so as to best match the bu
shape to the final distribution. An improper match results
quadrupole oscillations of the mismatched bunch within
bucket~tumbling! and filamentation due to the spread in sy
chrotron tune. The apparent longitudinal emittance of
bunch eventually fills the contour within which the tumblin
occurs. The first and foremost source of the problem is
difference in shape between the accelerating focusing b
ets beforet52DT and aftert5DT @see Figs. 1~a! and 1~e!#.
The second cause is the nonlinearity of the shearing as
Eq. ~1.3!, due to theh1 term in Eq.~2.2!. In the presence o
an accelerating but nonfocusing rf field the particles in
bunch withd.0 andd,0 shear according to

TABLE I. Dynamic parameters of the Fermilab Main Ring.

Radius of ring 1.0 km
Rf harmonich 1113
Transition gammag

T
18.85

Transition momentumpt 17.665GeV/c

Ramp rate at transitionġ
T

89.17 s21

First-order momentum compactiona1 0.83 (0.81630% a!

Fundamental rf voltage 2.2 MV~max! at 53 MHz
3rd harmonic rf voltage 280 kV~max! at 159 MHz
Initial emittance 0.05 to 0.2 eV-s
Bunch intensity up to 2.531010 ppb

Momentum aperture at transitiond̂ 0.003b

ImpedanceZi /n 3.0V (1.4V<Zi<8.6V c

Average beam pipe radius 0.025 m
Cutoff frequency 3.42 GHz

aReference@17#.
bReference@18#, equivalent to 0.01 m.
cReferences@19# and @20#.
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2DT,t,0→H 2uh0ud1h1d
2 d.0

uh0uudu1h1d
2 d,0

0,t,DT→H h0d1h1d
2 d.0

2h0udu1h1d
2 d,0

. ~2.5!

The shearing of the particle distribution calculated from E
~2.5! with h1Þ0 andh150 are shown in Fig. 2 by solid and
dashed curves, respectively. Whenh1Þ0, particles with
d.0 shear less to the left but shear back more to the rig
while particles withd,0 shear more to the right but she
back less to the left. The bunch shape att5DT is therefore
differ from that att52DT. Thus, instead of being an ap
proximate parabolic bunch, the distribution has the appe
ance of an Australian boomerang@see Fig. 2~c!# with the
vertex facing left, indicating the sensitivity of the shape
the final distribution toh1. In this context, particle tracking
simulations have shown that better matches can be achi
by adjusting the start and stop times of the perturbed rf w
in an asymmetrical manner about the transition time.

The required flattop rf wave can be generated by sup
posing a second or third harmonic of proper phase and
plitude on the fundamental rf wave. For example, an addit
of 28% second harmonic or 13% third harmonic to the fu
damental sine wave produces a combined wave form wh
is constant in voltage to within60.3% over 76° or 54°,
respectively. In actual implementation, several feedb

FIG. 2. Phase-space distribution of particles in a bunch wit
constant amplitude rf wave calculated using Eq.~2.5!: ~a! the en-
ergy of particles in the bunch are below transition energyET , ~b!
the energy of the synchronous particles are atET , and ~c! the en-
ergy of particles in the bunch are aboveET . The solid and dashed
curves are calculated with and without higher-ordered terms
cluded in the expansion of the slip factorh.
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1032 55C. M. BHAT et al.
loops must be operational. The amplitude and relative ph
of the fundamental and the chosen harmonic must be m
sured independently and their ratio carefully controlled. T
phase of the combined wave must be controlled by comp
son with the phase of the centroid of the beam bunches in
machine. Finally, the amplitude of the combined wave m
be dynamically controlled by feedback from measuremen
the mean beam radial position. Each of these feedback
tems is slightly different from those normally used in acc
eration, so a carefully designed switching system must
implemented to make the system operational during the
terval2DT to DT.

It is worth mentioning that use of second or third ha
monic wave additions to the rf voltages of isochronous
clotrons have been reported@21,22# previously. The rf ma-
nipulation described here for the crossing transition in a h
energy synchrotron is, however, first of its kind.

III. EXPERIMENTAL STUDIES AND RESULTS

The experiment was conducted in the Fermilab Main R
by implementing a flattened rf wave during transition cro
ing. The Main Ring is a 150 GeV proton synchrotron wi
g
T

5 18.85. Bunches with intensity up to 2.331010 protons
per bunch and longitudinal emittance in the range 0.07
0.10 eV s are injected from a Booster synchrotron at 8.
GeV. (g Injection 5 9.526!. The fundamental rf system, a
h51113, consists of sixteen rf cavities capable of genera
rf accelerating voltage between 1 and 4.2 MV in the f
quency range 52.813 to 53.104 MHz.

From injection until just above transition energy the m
mentum of the particle in the Main Ring increases appro
mately parabolically,

ps~ t !5~8.8891200t2!GeV/c. ~3.1!

Heret is the time measured from the beginning of the acc
eration cycle. In the Main Ring, the transition crossing
routinely accomplished by lowering the rf voltage towa
that required for acceleration atg

T
, switching the sinusoida

rf phase from positive slope to negative slope and by rap
raising the voltage to establish the post-transition buc
This procedure results in 5-6% beam loss and an emitta
dilution up to about a factor of 2.5 at transition. A previo
study of transition crossing in the Main Ring@23# has dem-
onstrated that the beam loss is correlated to the initial lon
tudinal emittance and increases with it. The observed be
loss is apparently related to the growth in momentum spr
beyond the ring momentum aperture of'0.3% @18#. Hence
the Main Ring is a suitable synchrotron to test the n
scheme.

The total nonadiabatic and nonlinear time,2DT, for the
Main Ring is about 5 ms. During the transition crossing
terval from25 ms to 5 ms the fundamental rf frequen
changes by about 7.2 kHz. A suitable third harmonic rf s
tem would be required to deliver in excess of 270 kV at 1
MHz, tunable over a range of 22 kHz. An rf system capa
of meeting these requirements was developed@24–27# using
a prototype CERN cavity@28,29# and was installed in the
Main Ring.
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The transition crossing studies with flattened rf wave w
conducted under beam conditions similar to the normal
eration of the accelerator. On each accelerating cycle, a t
of 13 bunches with intensity ranging from 0.3 to 2.331010

protons per bunch was accelerated through transition.
initial longitudinal emittance of the bunches was varied ov
the range 0.07 to 0.10 eV s. Longitudinal emittances w
inferred by the measurements of bunch length@30#, Vrf ,
fs, andps at times 20 ms before and after the transition. T
error in the longitudinal emittance is estimated to be ab
15%.

Typical mountain-range plots showing the time evoluti
of bunch shape during transition crossing for normal a
flattened rf wave conditions are displayed in Figs. 3~a! and
3~c!. The predicted bunch lengthening near transition
clearly observed. Figures 3~b! and 3~d! are the results of
simulations carried out using ESME under the same be
conditions.

Figure 4~a! is a portion of a typical ‘‘snap shot’’ of data
obtained at the accelerator console during the normal ac
eration scheme. The beam intensity was 1.7431010 protons
per bunch with initial longitudinal emittance of 0.07 eV
The top trace is the beam current, which shows;5% drop
just following transition. The lower trace is the bunch leng
As expected the bunch length reached a minimum value n
transition. Following transition the trace shows large oscil
tions in bunch length at twice the synchrotron frequen
indicative of tumbling within the bucket resulting from th
large momentum ‘‘tails’’ extending to the bucket boundarie
Figure 4~b! shows a similar plot for the transition crossin
with flattened rf wave. The initial beam conditions are sim
lar to one shown on Fig. 4~b!. No beam loss occurred. Th

FIG. 3. Mountain-range~evolution of particle distribution in a
bunch as a function of time! plots for normal@~a! and ~b!# and
transition crossing with flattened rf wave@~c! and ~d!# in the Main
Ring. The total time span alongy axis in these figures is about 1
ms. Approximate position of the transition is also shown in ea
figure. The mountain range data shown in~a! and ~c! are obtained
from a resistive wall pickup detector in the Main Ring.~b! and~d!
are predicted mountain range from ESME simulations. The dura
of transition crossing with flattened rf wave was about 12 ms.
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55 1033TRANSITION CROSSING IN PROTON SYNCHROTRONS . . .
bunch length passed through a maximum;2.4 ns (46° of
the fundamental rf period! near transition as expected, an
length oscillations were small following transition. Figure
shows ESME simulations of the data shown in Fig. 4. T
agreement between experimental data and their predictio
good. The beam loss at transition for the normal transit
crossing is coming from the limited momentum aperture.
the case of transition crossing with flattened rf wave,
beam intensity~not shown in Fig. 5! remained unchanged a
1.7331010 particles per bunch throughout the transiti
crossing.

Transition crossing data with flattened rf wave were tak
up to the maximum available beam intensity of 2.331010

protons per bunch with longitudinal emittance up to 0.
eV s. Under these conditions no beam loss was observed
the longitudinal emittance growth was limited to'15%.

All these data with the new scheme were taken setting
DT56 ms, symmetrically on the both side of transition tim
Because the particles in the bunch do not shear linearly w
momentum the time symmetry does not amount to mom
tum symmetry about the transition. Ifd̂ is large, then one
expects the maximum bunch length to exceed the exten
flattened rf voltage range. In order to compensate for
possibility, data were taken over a range of ‘‘on’’ and ‘‘off
times. Studies with the maximum available beam intens
and with different longitudinal emittance did not indica
that there was any advantage to be gained by introdu
asymmetry in crossing the transition with flattened rf wa
Also it was found that reduction of the symmetric crossi

FIG. 4. Typical ‘‘snap-shot’’ plots of the beam intensity and t
bunch length during a 40 ms period centered on the transition
for ~a! normal transition crossing and~b! with flattened rf wave.
Other traces normally showing beam radial position and rf ph
have been removed for clarity. Initial longitudinal emittances
both these cases were 0.0760.01 eV s.
e
is
n
n
e

n

nd

e
.
th
n-

of
is

y

g
.

time by up to about 30% did not alter the results.

IV. CONCLUSIONS

The beam loss and longitudinal emittance growth dur
acceleration across the transition energy in a synchro
have been a major problem for many years. Recently
have developed a scheme which involves the introduction
a flattened rf wave form, where rf focusing is removed fo
period of time and all particles in each bunch are accor
just the required accelerating voltage per turn during
nonadiabatic and nonlinear periods near transition. A met
to determine the amount of bunch shearing and the requ
extent of the rf phase where the rf amplitude is held cons
during transition crossing is presented.

A third harmonic rf system in combination with the fun
damental rf system, which produce constant rf voltage in
phase range of'54° was developed to test the scheme in
Fermilab Main Ring accelerator. It has been demonstra
that beam loss at transition can be completely eliminated
to the maximum available beam intensity of 2.331010 pro-
tons per bunch. With incident longitudinal emittance up
0.10 eV s per bunch, the emittance growth was limited
transition to less than 15%.

ACKNOWLEDGMENTS

The authors would like to thank D. Wildman for his he
during the experiment, and S. D. Holmes, S. Y. Lee, and
S. Martin for useful discussions and comments. Thanks
also due to C. Crawford, J. Dey, I. Kourbanis, and S. Pe
for help during the work. The authors would also like
acknowledge the help and co-operation from Fermilab A
celerator Operation, Control, and Instrumentation grou
The Fermi National Accelerator Laboratory is operated
The Universities Research Association under contract w
the U. S. Department of Energy.

e

e

FIG. 5. Multiparticle ESME simulations corresponding to th
data shown in Figs. 4~a! and 4~b!. The solid and dashed curve
show simulations for the transition crossing with flattened rf wa
and normal transition crossing schemes, respectively. In the cas
transition crossing with flattened rf wave, the duration of the tra
sition crossing time was 12 ms and the simulation was carried
with a beam intensity of 1.7331010 particles per bunch which re
mained unchanged; for clarity the beam intensity is not shown.
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