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Absfract 

Synchrotron motion war induced by phase sbiftiig the 
rf of the Indiana University Cyclotron Facility (IUCF) 
cooler-synchrotron. The resulting coherent-bunch motion 
war tracked in longitudinal phase space for as many as 
700000 turns, or for over 350 synchrotron oscillations. Rc 
suits of recent experimental studies of longitudinal motion 
in which the rf phase and amplitude were harmonically 
modulated are also presented. Comparisons of expmimcn- 
tal data with numerical simulations, assuming independent 
particle motion, are made. Observed multiparticle effects 
arc also discussed. 

I. Introduction 

The IUCF cooler storage ring and synchrotron accelera- 
tor WCS the first of many similar accelerator storage rings 
designed specilically to employ electron cooling to produce 
and use high quality medium energy ion beams for nuclear 
research [l]. Tbia machine has also been a near ideal labo- 
ratory for conducting accelerator physics experiments. For 
a beam of 45 MeV protons the equilibrium 95% emittancc 
01 phare space alea is about 0.3~ mm mrad with a relative 
momentum spread full width at half maximum, FWHM, 
of about 0.0001. The motion of a beam bunch with this 

~midl an emittance can closely simulate single particle mc- 
tion. Several experiments studying transverse motion near 
betatron resonances[~] have demonstrated this advantage. 
In the last year, we have applied many of the same tech- 
niques for studying transverse motion on a turn-by-turn 
basis to a study of longitudinal motion, some of which has 
been reported previou.ly [3]~. 

Since its discovery in 1945 by McMillan and Vekder[4] 
synchrotron motion has come to be relatively well under- 
stood. For a system with time-independent system param- 
eters, the difference equations describing the longitudinal 
motion are 

L+1 = 6, + -&(sinqbm - sinbo) - Zn6, (1) 

&X+1 = VL -I 2ah&+t, (2) 

where 6 is the fractional momentum deviation of a particle 
from that of a synchronous particle, and 4 is the phase of 
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the particle relative to the rf, with the subscripts on these 
variables indicating the turn number. In addition, q is the 
phase slip factor, &J ia the phase of a syncbronolu particle, 
which for a stored beam is 0 deg, his the harmonic number, 
a is the damping coefficient, I’ is the rf voltage, e i, the 
particle’s charge, E is the particle’s total energy, and p is 
the usual relativistic factor. 

Assuming that the system is not dissipative, these dif- 
ference equations can be approximated by the diiTerential 
equations of motion which can be found from the Hamil- 
tonian H given by 

where ~0 is the particle revolution frequency. While the 
dXerence equations provide a more exact description of 
the motion, Hamiltonian mechanics can be useful for gain- 
ing insight on the motion. Even when the beam is electron 
cooled, the damping is small enough that the appro&a- 
tions in using Hamiltouim mechanics still result in L rea- 
sonablc description of the motion. 

We have experimentally tracked the beam in ten-tom 
intervals, and made comparisons of the observed motion 
with the theory. The rnponse of the beam due to modu- 
lating the phaK and the voltage of the rf, was also easily 
measured using the same techniques. 

II. Procedure and Results 

The experiment began with a beam bunch rtord in the 
IUCF cooler tig having about 3 x lOa protonr with ki- 
netic energy of about 45 MeV. The IUCF cooler ring bar 
a circumference of 86.82 m, q was about -0.86, and we 
were using an rfsystem with a frequency of 1.03148 MHs 
with a harmonic number h of one. The beam bunch - 
about 60 ns (or 5.4 m) FW’HM. The beam was iqjected into 
the cooler ring in 8 10 s cycle, with injection and electron 
cooling being completed within the first 5 I. 

Since measurements of longitudinal motion were being 
made, the phare lock feedback loop for the rf, which ia nor- 
mally on, WM switched off. Phase shining and phaK mod- 
ulation of the beam relative to the rf was achieved by phase 
shifting or modulating the rf control signal. The rf cavity 
had a Q value of about 40 at a frequency of 1 MHs, with a 
resulting half-power bandwidth of 25 kHs so the response 
to a step phaK shift occurs in about 40 turns, which is rel- 
atively short compared to the shortest synchrotron period 
used of about 1920 turns. 

The phase of the beam war determined from the relative 
phase between the signal from a pickup coil in the rf cavity, 
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and the sum signal Gem II beam position monitor (BPM) 
after it had been passed through a 1.4 MHz low pass filter. 
The work being reported here was conducted cwel a period 
of time in which three different types of phase detectors 
[5] were used. The first two phase detectors had either an 
inadequate range of operation, or an uneven response over 
its full range. Our final phase detector had a range of 720 
deg and replaced the first two. 
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Figure 2: A plot of the msullrrd be- rcspo- to phur 
mod&km for two di$Tc~t phue mod&tion amplitmdn. 
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The momentum deviation of the beam was found from 
the deviation of the beam from the closed orbit As,. mea- 
sured by a BPM in a region of high dispersion D.. The 
fractional momentum deviation 6, could then be found 
from 6 = At,./D. where D, was measured to be 3.9 m. 
The position signal was passed through a 3 kHz low plus 
filter to remove the effects of any coherent betatron oscil- 
lations. 

Both the 6 and phase signals were digitized using 
our data aquisition system which has been described 
elsewhere[Z]. As many as 16384 ‘points were d&tired in 
time intervals which were integer multiples of the beam 
revolution period. A typical measurement of the longitu- 
dinal phase space variables after inducing a synchrotron 
oscillation is shown in Fig. 1 as a P&K& plot, where 
every tenth turn is plotted. Similar data vaa taken for 
induced synchrotron oscillations having initial phase am- 
plitudes in the range from 10 to 150 dcg measured in fiRy- 
turn intervals. The synchrotron tune v,, which is the ratio 
of the synchrotron frequency to the revolution frequency, 
was determined for each case from (L f&-Fourier transform 
(FFT), or from ZI meaSwement of the synchrotmn period 
and was found to shit with amplitude as expected from 
theory[3]. This data was also used to estimate the damp 
ing time for the synchrotron oscillation due to the electron 
cooling. The I/e damping time was found to be about 
400 ms, which corresponds to a value of a in Eq.(l) of 
about 2.5 x lo-‘. 

Figure 3: A plot show the 4 ti+ on l di+l OS& 
scope. The mpper ,r.ce i, .i,h the rlectron-coo,iq %.“, .nd 
,hc loret 1r.e is 6th the co&q ‘b,T”. 

cavity, which are approximately multiples of the revolution 
period for a synchronous particle. Experimentally this WM 
accomplished by modulating the phase of the rf with xxi- 
ous D and W-. The transient response wao then measured. 

The amplitude response A, was found by measuring the 
peak phase amplitude and normalizing it by dividing by a. 
The frequency response was characterized by mewwing 
the beat period T,,, of the phase signal. In Fig. 2, the 
measured responses as a function of phase modulation fry 
quency are plotted for two different phase modulation am- 
plitudes. The synchrotron frequency was about 536 Es in 
thk case. The sudden transition from the lower stable solu- 
tion to the upper stable solution near a frequency called the 
bifurcation Lequency is evident in this figure(3, 61. This is 
a characteristic shared by many other parametric resonant 
systems[7]. 

The longitudinal response of the beam to forced phase 
oscillations was also studied. In this case an additional 
term A& must be included in Eq. (2) where A& = 
a(sin w,t,+l -sin w,t,) with a the phase modulation am- 
plitude, w,,, the angular frequency of the rf phssc modu- 

An interesting aspect of these measurements was the rel- 
ative insignificance of decoherence when the electron cool- 
ing was optimized. In Fig. 3, the phase amplitude es a 
function of time is shown for two cases where the applied 
phase shift was about 150 deg. In the first case the elec- 

la&n, and 1, and I,,+, the beam arrival tunes at the rt tron energy was optimized to maximix e cooling. In the 
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Figure 4: Eqdibri- ban& shape for 5% volta@ mod&- 
tion where v, L 4.75 x lo-‘. m 

second case, the electron energy wes shifted 20 ms prior 
to the start of the measurement so that electron cooling 
would be negligible (the electron velocity was shifted by 
about 0.5%). Note that the damping of the coherent sig- 
nal due to decohcrcnce in the absence of electron cooling 
is relatively rapid. 

Figure 5: Be- -PO-C br 59: roltqc mod&ktiaa 

solid lines in Fig. 5 correspond to the marimnm phasca of 
the observed SFP’s and of a nearby UFP[B]. 

III. Conclusions 

The response of the beam to rf voltage modulation wm 
also investigated. At thii time, we chose to study the 
equilibrium or steady-state response of the beam after the 
transient had time to damp out. Experimentally, this was 
accomplished by modulating the reference voltage in the 
automatic level control (ALC) circuit for the rf voltage 
by some fractional amount c. The motion in this case 
is described by the difference equations after multiplying 
V in Eq.(l) by 1 - csinw,t. The revolution frequency 
in this case WIU 1.03168 ME, and the small amplitude 
synchrotron tune Y,~ (without voltage modulation) was 
2.55 x lo-‘. 

We found that when the beam was allowed to reach equi- 
librium, it frequently split into multiple buncha in a prc- 
cess that could take several seconds to occur. It wu also 
observed that the degree to which this occurred depended 
on the beam current. In Fig. 4, the BPM sum signal trace 
from a fast digital osciUoscope is shown for a modulation 
tune of 4.75 x lo-’ with the rf voltage modulated by 6%. 
By making an appropriate canonical transformation to a 
rotating reference frame, Hamiltonian methods reveal that 
the particles accumulated at the locations of stable fixed 
points (SFP) in this rotating reference framc[g]. 

We have found that the experimental techniques used for 
turn-by-turn tracking in studying transverse motion arc 
equally effective for studying single-particle longitudinal 
motion, at least in the case of transient motion. The 
steady-state motion WM somewhat more dZicult to study. 
In this case, the beam bunch may separate into two or 
more buncha within an rf bucket. Phase space tracking 
ofindividual bunches then becomu diflicult. Multiparticle 
aspects of the motion we have observed arc interesting in 
theh own right. The rate at which the bunch splitting oc- 
curs, the dependence of the amount of beam accumulating 
at each SFP cm the beam current, and the relationship be- 
tween decoherence and electron cooling may be of practical 
interest in schema in which these effects are to be used for 
slow particle extraction, or in trying to understand bunch 
dilTw4ion. 

References 

Since the various phase detectors we employed were not 
intended for use with multiple bunches, we used an os- 
c&scope to measure the peak phase amplitude for the 
response. The measured responses, as maximum phase, 
are plotted in Fig. 5. The large responses were obtained 
by starting the voltage modulation at injection where the 
beam occupies a larger amount of phase space. The gap 
in the measured response for v, from 4.91 x lo-’ to 
5.02 x lo-’ occurred due to the small separation of the 
SFP’s compared to the full width of the particle distdbu- 
tion of about 40 deg. For v, above about 5.02 x lo-’ , the 
response could again be determined since the SFP at the 
origin becomes an unstable iixed point (UFP), producing 
a greater separation between the remaining SFP’s. The 

[l] R.E. Poll.+ Pmt. 1989 IEEE P.A.C., Ace. Eng. and 
Tech., Chicago, IL, p. 17; D.L. Friesel, T.J. ElIison, and 
P. Schwandt, Nucl. Inal. &fe!h. B40/41 927 (1969); 
Timothy JP Ellison,Dennis L. Friesel, and Robert J. 
Brown, ibid, pp. 633-635; T. Ellison, “Electron Cool- 
ing”, Indiana University, Bloomington, Indiana, Ph.D. 
Dissertation, 1990 (unpublished). 

[2] S.Y. Lee, et al., Phys. Rev. Lett. 67, 3768 (1991); D.D. 
Caussyn, et al., Phys. Rev. A 46, 7942 (1992). 

[3] M. Ellison, et al., Phys. Rev. Lett., Phys. Rev. Lett. 
70 591, (1993). 

[4] E.M. McMin, Phya. Rev., 66, 143 (1945); V.I. Vek- 
sler, Compt. Rend. Acad. Sci. U.S.S.R., 43, 329 (1944); 
ibid. 44, 365 (1944). 

[5] Roland E. Best, Phase Locked Loops, Theory, Design, 
and Applicutiolu (McGraw-Hii, 1934) pp. 7-9. 

[S] II. Hung, et al., to be published. 
[7] D.D’Bumiera, M.R. Beasley, B.A. Huberman, and 

Libcbaber, Phys. Rev. A 26, 3483 (1932). 
[s] D. Li, et al., to be published. 


