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Transition crossing in proton synchrotrons using a flattened rf wave
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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 flattanadinusoidal 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 Wé&lL063-651X97)10001-0

PACS numbgs): 29.27.Bd, 29.27.Fh, 41.75.Ak

[. INTRODUCTION and therefore sees a different rf phase angle ¢+ A .
A Overview The slip inA ¢ is governed by
Half a century ago, Veksldid] and McMillan[2] demon- dAd hrw
strated how ensembles of charged parti¢tsches with a T —#AE, (1.3
small momentum spread around sosyachronous momen- t sEs

tum p; may be accelerated at nearly constant orbit radius, in

an increasing magnetic guide field. The accelerating fieldsvheregs is the ratio of the velocity of the synchronous par-

are generated by radio frequenf) resonant cavities oper- ticle to the velocity of light. Hence an off-energy particle

ating at a frequency,;/(27) equal to an integeh (har-  receives additional energy from the rf cavities at the rate of
monic numbeértimes the revolution frequencys/(27) of

the synchronous particle. An off-momentum particle with a dAE eViws . )

fractional momentum deviatiod=Ap/p, follows a differ- gt~ 2, LSiéstAd)—sing]. (1.9

ent closed orbit from that of the synchronous particles. The

deviation of the revolution period from the synchronous pe-
riod T is characterized by thphase slip factory,, defined

by 3]

Equations(1.3) and (1.4) form the equations of motion of a
particle in the longitudinal phase spackl,A ¢). For small
A¢ and AE, particles performsynchrotron phase oscilla-
tions with frequency

1
ap— _2} 6= 109, (1.1

S

e h770V fCO&]S 12 w
syn— ( —— > (1.5

2 1
. . 2
where the lattice parameter, (momentum compaction fac- 2mpBsEs T

tor) measures the fractional change in orbit lengt€/Cq

for each unit fractional deviation in particle momentuin  Provideds,cosh,<0. To maintain phase stability during ac-
ie., celeration across the transition energy, the synchronous

phase must switch from 9@ ¢< 3w to I7< <. When
AC V>2mw(dps/dt) Bsc/ews and 0<sings<1 then there is a
—— = ayd. (1.2 range of¢ andé for which the particles have stable synchro-
Cs tron oscillations. The stable region which determines the
maximum possible extent of a bunch is referred to as an rf
In Eq. (1.1) y. is the ratio of the energy of the synchronous PUCket The phase-space area occupied by a bunch of par-
particle E, to its rest energyE,. During the acceleration of tcles is referred to angitudinal emittance
the beam particles, whep=y._ = g ', the phase-slip fac-

tor changes sign. This instant of acceleration is caltad- B. Problems encountered in transition crossing
sition crossingand the corresponding energy E, is the During acceleration the off-momentum particles can be
transition energy. accorded the same average acceleration as synchronous par-

The synchronous particles are accelerated as they travertieles because of the synchrotron phase oscillation. But stable
the rf cavity gaps at aynchronous phase anglg; by an  oscillatory motion of the particles inside the bucket exists
effective accelerating voltagé,..= V,;Sings. Here theV,; only when the parameters in the equations of motion change
is the peak voltage of the sinusoidal rf wave. A particle withadiabatically. The height of the bucket, however, has the
energy offsetAE arrives at the rf cavity at a different time property,
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12 This time is called thenonlinear time There is a period
(1.6 during which some particles are above transition while oth-
ers are below. If the rf transition phase jump is set at the time
when the synchronous particle crosses transition, the par-
ticles with higher momentum spend a substantial period
above transition prior to the rf phase jump. Such particles are
effectively outside of the bucket. They are subject to a defo-
2ot cusing force and move along hyperbolic divergent paths,
No= 7; _ (1.7 thus producing a tail in the longitudinal phase space distri-
Vs bution. In contrast to this, particles with momentum lower
than the synchronous momentum experience a defocusing
The timet is measured from the moment when the synchroforce as soon as the rf phase is switched, and they also move
nous particle crosses the transition. Thus, as transition is agdong divergent paths producing a second tail in the phase-
proached, synchrotron frequency is reduced to zero while thepace distribution. The consequence of the growth of two
bucket height is increased to infinity according to EGsS  tails in (AE,A¢) phase space is the shape mismatch be-
and(1.6). Therefore the particles unable to catch up with thetween the distribution and the bucket following the transition
rapid changes in the bucket shape. This time interv@h,to  which in turn leads to longitudinal emittance dilution. If the
+ Thais thenonadiabatic periodandT,, is thenonadiabatic  tails extend beyond the bucket or the momentum aperture of
time Quantitatively, this period is defined by the accelerator, there is beam loss.

The other problems during transition crossing include, the
interaction of the beam with the coupling impedance of the
vacuum chamber, and, a vanishipghat implies the loss of
Landau damping, leading to the microwave and the negative
from which one get$3] mass instabilitie$6,7].

Several techniques have been suggef8do cure the
Bv3\ [ |tang problems of beam loss and longitudinal emittance dilution
cohl| T2 , (1.9 during transition crossing. One method that has been suc-

s YT cessfully employed in slow-ramping synchrotrons is i;hTe

-jump scheme[6,9-11. Implementation of ay_—jump

Es
(A E) buckef* m

with rapidly changingr;g1 around transition. Then, from Eg.
(1.2) and assuming that the rate of changeygfis constant
near transition, we obtain,

2 d(A E) bucket

(AE)bucket dt (1.8)

f syn~

1/3
Tha=

where the subscript implies evaluation of corresponding

quantities at transition. scheme in a fast-ramping synchrotron is quite challenging
During the nonadiabatic time, the phase of the particles irand expensive. _
an rf bucket is almost frozen, as per Eg.3), i.e., the lead- Recently we have developed a schefi@-14 which

ing and the lagging particles in a bunch remain in their relaemploys rf manipulation using a flattenegbnsinusoidal rf
tive positions; thus they continue to gain or lose energy fromvave in the vicinity of transition. With this technique, all
the rf cavities[see Eq.(1.4)]. As a result, the momentum particles are accelerated equally during the nonadiabatic and
spread increases rapidly, and may exceed the momentum apenlinear periods so that excessive growth in momentum
erture of the accelerator leading to beam loss. offset does not occur. Thereby the beam emittance growth
Another characteristic feature of transition crossing arise§an be minimized and beam loss arising from nonlinear and
from the fact that different beam particles in a bunch crosgionadiabatic effects can be eliminated. The principle of the
transition at different times. Because of the energy deperf.EChnique is described in detail in Sec. Il. The results from an
dence of the momentum-compaction factor, each particle ha@xperimental test of the technique in the Fermilab Main Ring
a differenty_depending on the deviation of its energy from are presented in Sec. IIl.
the synchronous energy. When this energy dependence is

taken into account, Edq1.2) is replaced by4], Il. CONCEPTS OF TRANSITION CROSSING
USING A FLATTENED RF WAVE

A_C:a05[1+a15+ 0(8?)]. (1.10 The growth of momentum spreaq near transition is the

Cs consequence of the loss of adiabaticity in the presence of

) , normal rf focusing. The basic idea of the transition crossing

For a particle with momentum offsét, y,(5) becomes using a flattened rf wave is the creation of an rf accelerating

wave which is constant in amplitude over the fundamental rf
phase range occupied by particles in each bunch. This rf
wave is to provide for all particles exactly the same acceler-
(1.11 ating voltage required to hold synchronous particles near
R the center of the vacuum chamber aperture, i.e.,

A particle with peak momentum spreacrosses transition V.= 2w7(dps/dt) Bsc/lews. The flattened rf condition is

dcic
v, 4(6)= m=a0[1+(2a1+ 1—ag) 6+0(8%)].

earlier than the synchronous particle, by a tife5] maintained during a time interval of AT to + AT, where
one may choos@&T=(T,,+T,). The normal sinusoidal rf
7T3 1422 . wave is replaced by the flattened rf wave at timAT. This
Tau=—1/| a;+ 3 S_ > (1.12 removes the rf phase focusing during the transition crossing
Vs period. The choice cAT=(T,+ T,) is appropriate because
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end of timeAT. Because particles with lower momentum

E T 20
50~ ~ 4 15 remain below transition for a longer period the final distri-
_58 : ) \: ég bution is slightly distorted and its centroid displaced slightly
NS T B B e toward later time[12]. However, except for instability
ETOT T T T T T g 20 growth, space-charge effects and higher-order lattice effects,
80E-(b) -~ "o T~ 4 15 the final momentum spread of the distribution should remain
b ' N SR unchanged.
— /N BT EPUPITI IV B = If the coupling impedance seen by the the bunch is pre-
& ETT T 1 = 20 \m/ dominantly inductive(capacitive—if, only the space-charge
= 50F(e) -~ """ S~ 415 2w i i
= of 7 ‘m 3 io S force is ta_ken into accou)qtthen the bunch_ has a ten_dency to
B _goE” ; “d .5 O decreasgincreasg in length below transition and increase
o SN IR VRPN IRPE B > (decreasgin length above transitiofB,16]. In the transition
Er T ™3 20 = crossing process described here, as each part of the distribu-
0 (d)- S N 3 15 tion passes through transition, the additional decréasin-
_50 ;_// ' \‘é é:g creasg in bunch length below transition is approximately
A I BN S compensated by the opposite change that takes place above
50;_' AT 20 the trar!sition..Therefore, this effect of Fhe_impeda_mce on the
0E (e) @ 3 12 bunch is minimized. However, complications arise due to
50 - 4 o5 nonlinear effects, microwave and negative mass instabilities
R R I - which alter the situation.
-0 50 As is evident from Fig. 1, the constant voltage portion of
¢~ (deg) the rf wave must extend over sufficient time or phase to

encompass the maximum extent of distribution shearing

FIG. 1. Evolution of particle distribution in a bunch from begin- which occurs duringAT. FrOAm Eq. (1.3, particles at the
ning to the end, simulated using ESMIES] for transition crossing ~€xtreme momentum spreadss in the distribution shear to a
with flattened rf wave. No buckets sepatracies are showh)jr(c), maximum phase extent of
and (d) because longitudinal focusing has been eliminated during
nonadiabatic and nonlinear period near transition. The rf wave

0 AT R
forms with appropriate amplitudes are shown by dashed curves. A ¢l max= fﬁATor 0 hosnédt. (2.7)

the particles with .the maximung minimurmy ”?O”‘e.“t“.m To compute this integral we need higher orders of the phase-
spread cross transition atT,, and, the nonadiabatic time slip factor, i.e., Eq(1.1) should be written as

period =T, ,is measured from their respective times of tran-

sition crossing. In essence, the nonsinusoidal rf transition AT

crossing described here, eliminates the rf focusing during the T =[ o+ n,6+0(56%)]6. (2.2

transition crossing interval from-AT to +AT, which in s

turn prevents the unwanted increase in the momentu

spread, while providing the correct accelerating voltage to a

particles in a bunch. .
We show in Fig. 1 the evolution of phase-space distribu- 2yt .

tion of particles in a bunch as they are accelerated through K g

transition energy with flattened rf wave. This illustration

comes from the results of a multiparticle longitudinal beamths the particles at the extreme momenta in the distri-

dynamics simulation using a computer code call8ME  pytion can have maximum phase extent,

[15]. (These simulations are discussed later in this sektion

Figure Xa) shows the distribution of particles below transi yTAT ( 3,6’§> )

+| o+ S|.
. 2

| sing Egs.(1.7) and(1.10 we get,

a0a1+ - 2 (23)

3B§) N
2y

S

tion inside a moving bucket. At time- AT, the nonsinusoi- Ag| :h“’s5AT
dal rf is applied[see Fig. 1)]. Particles with positive mo- max 4
mentum deviations shear slowly to earlier time with the

converse being true for those with negatiieas depicted in  Since the initial longitudinal emittance must have a finite
Fig. 1(c). As particles crosy_, they reverse their direction of phase extent as well as momentum spread, the maximum
relative motion and shear toward the center of the distribuextent of the sheared distribution will be slightly larger than
tion as shown in Fig. @). At the end of the transition cross- the extent given above. The actual extent depends on the
ing, i.e., at+ AT, when all particles are above transition, the initial longitudinal emittance, on the aspect ratidT versus
original sinusoidal rf condition is resurrected with the syn-AE), and on the sign and magnitude @f. Equation(2.4)
chronous phase switched to the negative slope of the sin@lso represents the minimum required extent of the rf phase
soidal rf wave[see Fig. 1e)]. The net effect of the entire where the amplitude of the rf wave is held constant.

process on the line charge currefthe projection of the The transition crossing with flattened rf wave described
charge distribution on the phase gxis that the bunch be- above has been studied under different conditions of bunch
comes longer with decreased peak current as transition istensities and longitudinal emittances using the simulation
approached, then narrows toward its original length by theode ESME15]. The code allows one to vary the chromatic

(2.9
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TABLE I. Dynamic parameters of the Fermilab Main Ring. 1.0 o EARRRRRARRARR
Radius of ring 1.0 km 0.5 (a) —
Rf harmonich 1113 - / ]
Transition gammay_ 18.85 0.0 B \ ]
Transition momentunp;, 17.665GeVe —0.5F— —
Ramp rate at transitiory_ 89.17 st = e
First-order momentum compactian 0.83 (0.81-30% ?) 2 —1.0 F
Fundamental rf voltage 2.2 M{max at 53 MHz 5 1.0 SRR RN R R
3rd harmonic rf voltage 280 k¥max) at 159 MHz L ] =N SN {b) —
Initial emittance 0.05to 0.2 eV-s © E Q\ 4
Bunch intensity up to 2.810'° ppb 5 0.0 ¢ . =
Momentum aperture at transition 0.003° : ~05 f— N —f
Impedancez; /n 3.00 (140<Z<8.60 ° j= N R
Average beam pipe radius 0.025 m 3 _18
Cutoff frequency 3.42 GHz SETTTTTTTTTTS
*Referencd17]. 0-5 5— ; \". (e) _5
PReferencd 18], equivalent to 0.01 m. 0.0F -
‘Reference$19] and[20]. c \ & E

-0.5— N —
factor «;, space charge, and vacuum chamber impedance —1-91_’0' ’_'(I) '5' '(') (;' '(') E’)' : '1_0
effects (including those of lumped resonatprand particle : ’ ' : :
distribution. All tracking calculations were made with®10 A¢ in Arbitrary Units

macroparticles and 13.5 GHz cutoff of the beam current

spectrum. Figure 1 used as an illustration before is an ex- FIG. 2. Phase-space distribution of particles in a bunch with a

ample of such a calculation performed using the dynamigonstant amplitude rf wave calculated using E25): (@) the en-

parameters of the Fermilab Main Ring listed in Table I. Inergy of particles in the bunch are below transition endgy (b)

this calculation the beam intensity was 2.501 protons per  the energy of the synchronous particles ar&at and(c) the en-

bunch with longitudinal emittance of 0.09 eV s. The increase®"Y Of particles in the bunch are abake. The solid and dashed

in momentum spread over the period® appears to be curves are calculategl with and _W|thout higher-ordered terms in-
. . . T . cluded in the expansion of the slip factgr

negligible although an increase in the longitudinal emittance

of approximately 15% is evident. The final distribution is

reasonably well matched to the reapplied contour of the fo- —AT<t<O—>{

cusing bucket. The initial line charge projection was para-

bolic with full bunch length of the order of 1.7 ns. Space-

charge and ring impedance effects were also included in the 0<t<AT—>[

calculation. The duration of the flattened rf wave condition

was + 6.5 ms. With a momentum spread ©2x 10~ 2 from

Fig. 1@, Eq. (2.4 gives a maximum phase spread o

A | max=50° for the highest momentum particles. The full

shear as can be seen in Figc)lis about 53°. This gives an

indication of the extent of the constant voltage phase rang

required for th_e _procedure. . . : back less to the left. The bunch shapegatAT is therefore
The most difficult aspect of transition crossing with flat- differ from that att=—AT. Thus, instead of being an ap-

tened rf wave is the proper selection of the phase and ampl yroximate parabolic bunch, the distribution has the appear-
tude at the enq of the process so as to best match the bug ce of an Australian boomerarigee Fig. 2c)] with the
shape to the final distribution. An improper match results inertey facing left, indicating the sensitivity of the shape of
quadrupole oscillations of the mismatched bunch within thpe fina| distribution tos,. In this context, particle tracking
bucket(tumbling and filamentation due to the spread in syn-gimylations have shown that better matches can be achieved
chrotron tune. The apparent longitudinal emittance of theyy adjusting the start and stop times of the perturbed rf wave
bunch eventually fills the contour within which the tumbling in an asymmetrical manner about the transition time.
occurs. The first and foremost source of the problem is the The required flattop rf wave can be generated by super-
difference in shape between the accelerating focusing buclgosing a second or third harmonic of proper phase and am-
ets beford= — AT and aftet=AT [see Figs. (a) and Xe)]. plitude on the fundamental rf wave. For example, an addition
The second cause is the nonlinearity of the shearing as pef 28% second harmonic or 13% third harmonic to the fun-
Eq. (1.3), due to then; term in Eq.(2.2). In the presence of damental sine wave produces a combined wave form which
an accelerating but nonfocusing rf field the particles in ais constant in voltage to withint0.3% over 76° or 54°,
bunch with§>0 and <0 shear according to respectively. In actual implementation, several feedback

—| 7ol 6+ 716> >0
|70l | 8]+ 716%  5<0

2
7]05+ 7]15 >0 . (25)
— ol 8]+ 716%  6<0

¢ The shearing of the particle distribution calculated from Eq.
(2.5 with ;#0 andn,=0 are shown in Fig. 2 by solid and
dashed curves, respectively. When #0, particles with
é>0 shear less to the left but shear back more to the right,
while particles with6<0 shear more to the right but shear
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loops must be operational. The amplitude and relative phase
of the fundamental and the chosen harmonic must be mea
sured independently and their ratio carefully controlled. The
phase of the combined wave must be controlled by compari-
son with the phase of the centroid of the beam bunches in the
machine. Finally, the amplitude of the combined wave must
be dynamically controlled by feedback from measurement of g
the mean beam radial position. Each of these feedback sys
tems is slightly different from those normally used in accel-

eration, so a carefully designed switching system must be
implemented to make the system operational during the in-
terval — AT to AT.

It is worth mentioning that use of second or third har-
monic wave additions to the rf voltages of isochronous cy-
clotrons have been report¢d1,22 previously. The rf ma-
nipulation described here for the crossing transition in a high _
energy synchrotron is, however, first of its kind. 1 nsec/div -3.49 0 3.49

Bunch Length (ns)

Ill. EXPERIMENTAL STUDIES AND RESULTS . . . L
FIG. 3. Mountain-rangéevolution of particle distribution in a

The experiment was conducted in the Fermilab Main Ringounch as a function of timeplots for normal[(a) and (b)] and
by implementing a flattened rf wave during transition cross-ransition crossing with flattened rf wayée) and(d)] in the Main
ing. The Main Ring is a 150 GeV proton synchrotron with Ring. The total time span alongaxis in these figures is about 19
Y, = 18.85. Bunches with intensity up to %300 protons MS. Approximate position of the transition is also shown in each

per bunch and longitudinal emittance in the range 0.07 tii'gure. The mountain range data shown(@ and (c) are obtained

0.10 eV s are injected from a Booster synchrotron at 8.93 om a resistive wall p'CkU'p detector in the Main R"@ and(d) .
are predicted mountain range from ESME simulations. The duration

GeV. (7'”1““0”.: 9'52.6' The fun_d_amental I system, a.t of transition crossing with flattened rf wave was about 12 ms.
h=1113, consists of sixteen rf cavities capable of generating

rf accelerating voltage between 1 and 4.2 MV in the fre- - . _ _
quency range 52.813 to 53.104 MHz. The transition crossing studies with flattened rf wave were

From injection until just above transition energy the mo-conducted under beam conditions similar to the normal op-
mentum of the particle in the Main Ring increases approxi-eration of the accelerator. On each accelerating cycle, a train

mately parabolically, of 13 bunches with intensity ranging from 0.3 to .80
yp y
protons per bunch was accelerated through transition. The
p.(t)=(8.889+ 200t2) GeV/c 3.1) initial longitudinal emittance of the bunches was varied over
S . . .

the range 0.07 to 0.10 eV s. Longitudinal emittances were

inferred by the measurements of bunch leng®@], V,
Heret is the time measured from the beginning of the accel-4_ andp, at times 20 ms before and after the transition. The
eration cycle. In the Main Ring, the transition crossing iserror in the longitudinal emittance is estimated to be about
routinely accomplished by lowering the rf voltage toward {504
that required for acceleration at, switching the sinusoidal Typical mountain-range plots showing the time evolution
rf phase from positive slope to negative slope and by rapidlyof bunch shape during transition crossing for normal and
raising the voltage to establish the post-transition bucketflattened rf wave conditions are displayed in Fig&) 3and
This procedure results in 5-6% beam loss and an emittancgc). The predicted bunch lengthening near transition is
dilution up to about a factor of 2.5 at transition. A previous clearly observed. Figures(l and 3d) are the results of
study of transition crossing in the Main Rifg3] has dem- simulations carried out using ESME under the same beam
onstrated that the beam loss is correlated to the initial longieonditions.
tudinal emittance and increases with it. The observed beam Figure 4a) is a portion of a typical “snap shot” of data
loss is apparently related to the growth in momentum spreadbtained at the accelerator console during the normal accel-
beyond the ring momentum aperture~e0.3%[18]. Hence  eration scheme. The beam intensity was X718 protons
the Main Ring is a suitable synchrotron to test the newper bunch with initial longitudinal emittance of 0.07 eV s.
scheme. The top trace is the beam current, which shows% drop

The total nonadiabatic and nonlinear timeAT, for the  just following transition. The lower trace is the bunch length.

Main Ring is about 5 ms. During the transition crossing in-As expected the bunch length reached a minimum value near
terval from —5 ms to 5 ms the fundamental rf frequency transition. Following transition the trace shows large oscilla-
changes by about 7.2 kHz. A suitable third harmonic rf systions in bunch length at twice the synchrotron frequency,
tem would be required to deliver in excess of 270 kV at 159ndicative of tumbling within the bucket resulting from the
MHz, tunable over a range of 22 kHz. An rf system capabldarge momentum “tails” extending to the bucket boundaries.
of meeting these requirements was develo@d-27 using  Figure 4b) shows a similar plot for the transition crossing
a prototype CERN cavity28,29 and was installed in the with flattened rf wave. The initial beam conditions are simi-
Main Ring. lar to one shown on Fig.(#). No beam loss occurred. The
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T I T I T I T [ T T T T T T T T | T T T T T T T T ] 35
0 @ A - 1 30
201 Beam Intensity 20 20— 177
x 1010 — -1~ x10°l  Beam Intensity ] o
ﬁ F~~~"~""~"""~"~7==- N — 25 g
g I 3 £
2 15— - 5
10 —10 ~ F RO o
1721 B~
. 7 2 B 8
S’ =]
5 Bunch Length = § ob 2 I
5 L = T “--~._/Bunch Length 3
_ L ~_, Bunc eng ]
e 10.0 0.0 10.0 3 C 3 10 s}
2 S 05— ]
8 = L1 | [ | L1 l [ | 0.5
S ot 2 -0.02  -0.01  0.00 0.01 0.02
- (b) - 3.0 Time(msec)
2.0
x 10%° Beam Intensity
2.0 FIG. 5. Multiparticle ESME simulations corresponding to the
) data shown in Figs. (@ and 4b). The solid and dashed curves
10 show simulations for the transition crossing with flattened rf wave
) and normal transition crossing schemes, respectively. In the case of
Bunch Length 110 transition crossing with flattened rf wave, the duration of the tran-
I I T IS T sition crossing time was 12 ms and the simulation was carried out

-10.0 0.0 10.0 with a beam intensity of 1.7810 particles per bunch which re-
Time (msec) mained unchanged; for clarity the beam intensity is not shown.
FIG. 4. Typical “snap-shot” plots of the beam intensity and the time by up to about 30% did not alter the results.
bunch length during a 40 ms period centered on the transition time

for (a) normal transition crossing an@) with flattened rf wave. IV. CONCLUSIONS
Other traces normally showing beam radial position and rf phase
have been removed for clarity. Initial longitudinal emittances in
both these cases were 0:00.01 eV s.

The beam loss and longitudinal emittance growth during
acceleration across the transition energy in a synchrotron
have been a major problem for many years. Recently we
have developed a scheme which involves the introduction of
bunch length passed through a maximun2.4 ns (46° of g3 flattened rf wave form, where rf focusing is removed for a
the fundamental rf perigdnear transition as expected, and period of time and all particles in each bunch are accorded
length oscillations were small following transition. Figure 5 jyst the required accelerating voltage per turn during the
shows ESME simulations of the data shown in Fig. 4. Thenonadiabatic and nonlinear periods near transition. A method
agreement between experimental data and their predictions i§ determine the amount of bunch shearing and the required
good. The beam loss at transition for the normal transitionextent of the rf phase where the rf amplitude is held constant
crossing is coming from the limited momentum aperture. Inguring transition crossing is presented.

the case of transition crossing with flattened rf wave, the A third harmonic rf system in combination with the fun-
beam intensitynot shown in Fig. Sremained unchanged at damental rf system, which produce constant rf voltage in the
1.73<10' particles per bunch throughout the transition phase range of 54° was developed to test the scheme in the
crossing. Fermilab Main Ring accelerator. It has been demonstrated

Transition crossing data with flattened rf wave were takenhat beam loss at transition can be completely eliminated up
up to the maximum available beam intensity of 2B to the maximum available beam intensity of 2.80'° pro-
protons per bunch with longitudinal emittance up to 0.1ltons per bunch. With incident longitudinal emittance up to
eV s. Under these conditions no beam loss was observed agdi0 eV s per bunch, the emittance growth was limited at
the longitudinal emittance growth was limited 4015%. transition to less than 15%.

All these data with the new scheme were taken setting the
AT=6 ms, symmetrically on the both side of transition time.
Because the particles in the bunch do not shear linearly with
momentum the time symmetry does not amount to momen- The authors would like to thank D. Wildman for his help
tum symmetry about the transition. & is large, then one during the experiment, and S. D. Holmes, S. Y. Lee, and P.
expects the maximum bunch length to exceed the extent d. Martin for useful discussions and comments. Thanks are
flattened rf voltage range. In order to compensate for thisso due to C. Crawford, J. Dey, I. Kourbanis, and S. Peggs
possibility, data were taken over a range of “on” and “off” for help during the work. The authors would also like to
times. Studies with the maximum available beam intensityacknowledge the help and co-operation from Fermilab Ac-
and with different longitudinal emittance did not indicate celerator Operation, Control, and Instrumentation groups.
that there was any advantage to be gained by introducingihe Fermi National Accelerator Laboratory is operated by
asymmetry in crossing the transition with flattened rf wave.The Universities Research Association under contract with
Also it was found that reduction of the symmetric crossingthe U. S. Department of Energy.
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