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Abstract

Experimental and numerical studies of the longitudinal
beam dynamics in the Small Isochronous Ring (SIR) at
Mic higan State University revealed a fast, space-charge
driven instability that did not fit the model of the neg ative
mass instability. This paper proposes a simpl e ana lytical
model explaining these results. Als o, the paper compares
the model to result s of experimental and numerical studies
of the longitudina l beam dyn amics in SIR.

INTRODUCTION

Experimental and numerical studi es of space charge ef­
fects in SIR conducted at Michigan State University in
2003 -2004 revealed a fast , space-charge driven longitudi­
nal instability [1],[2]. The instability was observed in the
isochronous regime and also below transition (with a neg­
ative slip factor). In the isochronous regime, the insta­
bility growth rate scaled linearly with the beam current.
This beam behavior contra dicted predictions by the con­
ventional model of the neg ative mass instability and origi ­
nally was not wen understood.

The instability observed in SIR can be explained if
the transverse horizontal component of the coherent space
charge field and its effect on the coherent longitudinal
motion are included in the model. This transverse field,
caused by a deformation of the beam shape, effectively in­
creases the dispersion function and enhances the negative
mass instability. In this paper, us ing a simplified model,
we demonstrate that the transverse space charge field can
noticeably affect the long itudinal beam dynamics in the
isochronous reg ime. Also, we describe results of experi ­
mental and numerical studi es of the beam dynamics in SIR
and compare them to the model prediction s.

where Zo is the characteristic vacuum impedance, Ro is the
average machine radius , r and (3 are the relativistic fact ors,
Q. is the beam radius, K 1 is the modified Bessel function
of the second kind. The impedance reaches its maximum
value at the wavelength approxim ately equal to 2 .5 beam
diameters.

An energy perturbation with a sho rt wav elength causes
a horizontal offset of the beam centroid. Accompanying
these hori zontal wigg les is a transverse horizontal electric
field (see Fig. 1). This field is generat ed by two sources : a)
intera ction between radially shi fted parts of the beam and
b) image charges induced on the vertical (side) walls of
the vacuum chamber. In calc ulating the coherent field, we
assume that: (i) both the perturbation of the linear charge
density and the distortion of the horizontal beam shape are
small; (ii) the coherent transverse force is caused only by
the interaction between shifted parts of the beam; (iii) the
beam cross-section is axially symmetric (round), which is a
good first approximation for SIR [1]; (iv) the beam is non­
relativisitic (I = 1), wh ich is a valid assumption for SIR .

Figure 1: Schematic drawing of a horizontal beam shape
distortion caused by energy modulation.

Assuming that the hor izontal offset of the beam cen­
troid is given by X c (z) = ac cos(k z), we can write the
z -component of the field at an arbitrary point (x , z) as

ENHANCEMENT OF NEGATIVE l\'lASS
INSTABILITY

The space charge impedance has a maximum at a wave­
length comparable to the beam diameter. In the short wave­
length limit, when the effect of image charges can be ne­
glected, the field on the beam axis can be obtained by sim­
ple integration. For a round beam wi th a uniform transverse
distribution , thi s yields :

Z fk ) _ .2ZoRo ('. ka. tc (ka. \ \i i - '/,- - - 1 - _. 1 - I .
i , \ ka 2 j3 i \ » l l ' (1)

? r (.2; - Q.c cos(kz"!\ )dz
tt oa:

I j -00 (0,2 + (z _ z)2)3/2

27ip(x - xc (z )ka . K 1(ka )). (2)

Th e instabi lity in SIR develops on a time scale of ten
turns, which is an order of magnitude slower than the pe­
riod of betatron osc illations. Therefore, the particle mo­
tion can be represen ted as a sum of a betatron term and a
term representing the slow motion of the beam centroid:
X = X c + x {3. Substituting thi s and (2) into the equation of
particle motion yields the equation of motion for the beam
centroid:
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SIMULATION OF REAM DYNAMI CS IN
SIR

where I t h is the threshold corresponding to the condi tio n
(10).

The Hamiltonian term EX/ R, where E is the energy de­
viation and R is the curvature of the reference beam tra­
jectory, couples the betatron and the longitudinal motions.
Thus, particles executing betatron oscillations also oscil­
late longitu dinally within the beam. Therefore, the field
of harmonics with a wavelength shorter than the transverse
size of the beam is averaged out. Using this argument and
Eq. (9), we can expect that harmonics with a wavelength
approximately equal to the beam diameter win exhibit the
strong est growth.

We used the code CYC O [1] to simulate the beam dy­
namics in SIR. First, the beam dynamics in SIR was simu­
lated in the isochronous regime. Fig. 2 shows the growth
rate of five harmonics with the wavelength >'=0 .6, 0.75,
l , 1.5, and 3 em for four different beaill intensities: 5,
10, 15 and 20 ,uA . The growth rates are normalized to
the beam current. The normalized curves practically over­
lap in the region "\=1.5 em and are close to each other in
other regions. Thus, Fig . 2 demonstrates that (i) harmon­
ics with .,\= 1-1.5 em exhibits the strongest growth and (ii)
the growth rate of the instability in the isochronous regime
scales linearly with the beam current. This behavior can be
expl ained if the z -component of the coherent space charge
field is included.

where we used L1.e axially-symmetric "smooth" approxi­
mation . The expression 2e7fPXc (1 - ka . K 1(ka)) in the
second term on the right hand side of (3) is the electric field
on the beam centroid, induced by the coherent disto rtion of
the beam shape.

I Ul off-momentum closed orbit solution of Eq.(3) easily
can be found:

This dispersion function variation changes the slip factor:

pdT 8D
-- = 110 + -
T dp Ro

rio + 2 (-8V) (1 - ka · K 1 (ka)),
v sc

Ho /1" (-0//\ .. , k K· (k \)\ bp
~~Dss ~ 2 1 + 2 I -- ; ~ 1 ~ ~a · 1 a ) } J~ ,

1/ \ \ 11 i SC / P
(4)

where we formally expressed the uniform charge density p
via the incoherent space charge tune shift to simplify for­
mulas:

8D ~ 2D (-.~1/) (1 - ka - K 1(ka)) (6)
\ l SC

nep _ 1/
2 ! - bv ')

m 2 - D2 \ - )
m p c .£"0 \ v sc

Thus, the coherent space charge field changes the disper­
sion func tion D by

where 7Jo is the bare slip factor (without space charge).
The growth rate of the microwave instability is given by

the formula [3]

T - 1 ( . ) _ 1_. 7JeIa~
. k / - Wo V '/, 271{32E '

where Wo is the revo lution angular frequency, 10 is the av­
erage peak current, and E is the beam fun energy. Sub­
stituting (7) into (8) yields the growth. rate of the negative
mass instability enhanced by the trans verse coheren t field.
If the mac hine bare optics is exactly isochronous (".10 = 0),
the growth rate is given by

(9) 8.2 0.4 0.6 0.8 1 1.2
1/1. (cm- 1

)

1.4 i.e 1.8

Thus, the growth rate of this instability at the transition is
proportional to the beam peak current.

If the bare machine optics is set below the transition
('110 < 0), the instability has a threshold current correspond­
ing to the con dition:

Figure 2: Amplitude growth rate for harmonics with the
wavelength "\=0.6, 0.75, 1, 1.5, and 3 em normalized to the
peak beam curr ent. The normalized growth rate shown for
four different peak intensities : 5, 10, 15 and 20 J.tA.

Below transition, the maximum growth rate depen ds on the
beam current I as

J t
- 1 T l « - t h

'/ rv 1 \ /1 - - .m ax V I

(10)

(1 1)

Below tran sition (ryo = -0.04), bunches with a peak
current of 5 JLA exh ibited no instabili ty. The other thee
simulated cases with a peak current of 10, 15 and 20 /-LA
exh ibited the unstable behavior. Fig . 3 shows the growth
rate of the harmonic with "\=1.5 em for the isochronous op­
tic s and the opt ics with the negative slip factor -0.04. The
simulated data (solid lines with points) is fitted with cor-



EXPERIMENTAL RESULTS

Figure 3: Growth rate of the harmonic with A=1.5 em for
the isochronous optics and the optics with the negative slip
factor -0 .04.
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Figure 5: Longitudinal profiles measured by a fast Faraday
cup after 50 turns. The bunch exhibits the instability in
the isochronous regime (red curve) but shows no instability
with the slip factor of -0.04 (blue curve). The beam peak
current was 5 IJA .

these conditions, bunche s with a pe ak beam current of 5
J-lA did not exhibit unstabl e behavior up to 100 turns (see
Fig.5. Also, compare to Fig. 3) . After the beam current
was increased to 15 f-lA, the beam has be come unstable
aga in. (No other current values have been tried so far.)
In the isochronous regime, the instab ili ty could be eas ily
observed in the 5tLA beam after 10-1 5 turns .
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responding fits: y = 0 .028x and y = 0.028::r y il - 7Ix.
Additionally, growth rates calcula ted directly from Eq . (9)
and (11) for a = 0.5 em and A = 1.5 are shown. The
growth rates predicted by the model exceed the simulated
growth rates by approximately 20% .

To demonstrate a finite threshold of the instability below
the transition, the slip factor 7j was lowered to -0.04 . In

Figure 4: Spectra of the bunch linear charge density for
three different turns. The initial bunch peak curr ent is 5

fJ-A.

Results of experimental studies of the instability in SIR
presented in [2] show a very good agreement with simula­
tion results [1], [2]. These experimental results show that
the growth rate of the instability scales linearly with the
beam current in the isochronous regime.

Fig . 4 depicts the spectrum of the linear charge density
for a bunch with a peak beam current of 5 J-lA. Similarly to
the simulations presented in the previous section, harmon­
ics with ...\ ~ 0.7 - 2 em exhibit the strongest growth.
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SUMMARY

The model presented in the paper proposes an enhance­
ment mechanism of the negative mass instability. Accord­
ing to the model, (i) the transverse coherent electric field
effectively increases the dispersion func tion and the slip
factor, enhancing the negative mass instability; (ii) the in­
stability growth rate in the isochronous regime scales lin­
early with the beam peak curr ent; (iii) the instability has
a threshold given by (10) if the slip factor is negative . In
this case, the dependence of the growth rate on the beam
peak current is given by (11); (iv) harmonics with a wave­
length approximately equal to or somewhat lager than the
beam diameter exhibit the strongest growth . The model
describes the simulated and expe rimentally observed beam
behavior in SIR with a reas onable accuracy. To be appli­
cable to large scale, high energy machines the described
model has to be extended to include relativistic effects and
Landau damping.
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