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Longitudinal instabilities of a single bunch and

the observation of reduced Landau damping in DORIS
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Abstract:

A single electron bunch current in DORIS was limited to 1.5 mA/bunch by longitcu-

dinal instabilities.

The shift of the incoherent synchrotron frequency was measured by excitation of

the quadrupcle modeT)For [ mA/bunch at the natural beam dimensions Lthe incoherent
shift was found to be sufficient to reduce Landau damping. The observed "strong"
longitudinal instability of a single bunch turned out to be a "weak" instability,

restrained only by radiation damping.

This weak instability could be removed by "Robinson damping"”, and 15 mA/bunch

were reached.
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Introduction

The maximum bunch current for electrons in DORIS were reached(]) when nearly

40 bunches were filled.

. . . . 2
When attempting to fill an intense single bunch( ), we observed a strong

longitudinal instability which limited the current to about 1.5 mA/bunch.

In coincidence with the instability we picked up signals from our fast loops
at the synchrotron frequency. These observations were in contradiction to the

measurements of threshold currents of longitudinal instabilities for the

-

The measurements were performed by the DORIS staff as part of the machine

development program.)




nomogenous filling with 480 bunches, which indicated that no coupling impedarnce

vas present in the machine cousing such a strong instability. A "srrong" instabi-

lity, however, can be simulated by a "weak" instability if the Landau damping is

reduced by a shift of the incoherent syanchrotron frequency due to an inductive

wall . This effect was observed 1in the ISR(3).

When the longitudinal Landau damping is lost in DORIS the longitudinal instabi-
1iries are only compensated by radiation damping, which is much smaller than

the Landau damping at the natural beam dimensions.

From the measurement of the incoherent frequency shift follows that the Landau

damping is also reduced in DORIS.

In section 1 of this report the thecoretical background for the reduction of
Landau dambing is discussed, while in sections 2,3 the data are presented
and interpreted,

1. Theory

a) Reduction of Landau damping

For the derivation of the essential equations of Landau damping we follow the

(4)

analysis of D. Mohl and A.M. Sessler . The equations for motion for the

longitudinal coordinate b, of the i-th particle in the bunch are:

"-51*92;%“*(%“5) = U+ iV)Y (1)
where 5 notes the center of mass coordinate of the bunch; Qi/Zr is the
unperturbed synchrotron frequency of the i-th particle. The term (U + iV)$
describes an interaction leading to a coherent instability if the interaction

parameters U, V exceed critical values.

The term A(¢; - ©) with real A characterizes a focussing term leading to an
incoherent frequency shift, since averaging equ. (1) with respect to all
particles this term vanishes. Such a term appears if there are short range
longitudinal forces in the machine which decay in the range of a bunch length

and which are "attached™ to the bunch. Therfore, they influence the motion of a
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single particle only,

We dropped the radiation effects in equ,(i) but will later come back to this

point.

Equ.{l) leads to the following dispersion relation(a’S)
2 #o
g a — .
; 3
I =(U+ A+ 1V) | da 2 with lda a c(a) = | (2)

a% (a) + & = w7
‘

which 1s the determining equation for wu, the frequency of the (stable or ua-

stable) motion of the dipole oscillation % elwt.

Equ. (2) exhibits the effect Landau damping. The function s{a) describes the
density of particles with the incoherent oscillation amplitude a. Due to

nonlinearities, Qiis a function of a, In an electron ring, p(a) is Gaussian

2
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where g is the longitudinal standard deviatiocn.
The critical values cf U, V leading to an instability are defined by those

values for which equ.(2) can be solved with real ..

Above these critical values, the U, V parameters lead to a complex solution 4,

which in turn may cause instability, depending an the sign of V.

If A is large as compored to the frequency domain given by ZJ{(a) and c(a), i.e.
to the maximum average frequency spread the integral in (2) beahves like the

integral for an electric field of a far distant charge

1 = (U + A+ 1V) !

07 = w? o+ A (3)

and there is no real solution w for a finite V, which means that Landau

damping is lost.




At this point we come back to the radiation effects. Since we are interested in
the stability of the dipole oscillations only we can disregard the diffusion

(6)

effects . The damping can simply be included by substituting
22 > 02 v 2406 )

in (2) and (3) where Gr is the radiation damping rate.

If Landau damping vansihes as in (3) the instability is compensated only by

radiation damping and the stability condition is (IVI, 6r << )

vl

20

It is convenlent to use (2) in the form

30

£
- - - r
P = (0 +3+i0) s(x), S(x) = | dg e (%)
.
0
' A
w =8 (0) — _
. - AT T QU 5 Y
240 20 (0) A Q

where 4 Q is the frequency spredad over a standard deviation. For the nonlinearity

of the rf focussing A  is given by

S
to bucket length
\

oé g, in radian, with respect

A Q=0 (0) - (5}
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Dropping radiation damping again, S(x) can be evualted in terms of tabulated
functions. For Landau damping, S(x) is only of interest for x > 0, since for
x < 0 8(x) 1is real, so that no compensation of iV 1s possible for real x. From
(4) we find

_ Txe

V=1L(x = (6)

S(x)2

S(x) and L(x) are plotted in fig. 1




If no damping is present, the V-parameter leads to a growth rate

vl
§_ % —— (7)
& 20 (0)
If 6L denotes the maximum ég that can be compensated by Landau damping
(Landau damping rate), from ?6) follows the relation:
6, = Max {L(x): - 20 (8)

For DORIS parameters:

GS = 1,5 em

/27 = 40 kHz
we obtain iﬂﬂl = 387 Hz
Since Max (L(x)} =1 (see fig.l), the™Landau damping time" is

I
. =+ =3 2,6 m sec
L GL

. The radiation damping time T for phase oscillation at 2 GeV is only

7. = 13 m sec
r

The function L(x) plotted in fig. ] is asymmetric with respect to the maximum

point:

. for a positive shift AX with respect to that point L decreases slowly

for a negative shift L decreases rapidly and is zero for Ax < ~ 2.5
Because of the definition (4) and {5), an incoherent shift A > O leads to a

slow reduction of Landau damping while an incoherent shift A < O leads to a

rapid reduction and to a total loss of Landau damping for a critical Ae < 0.

b) Origin of the incoherent frequency shift

Since A < O causes a rapid reduction and a total loss even, phase defocussing
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terms are most dangerous,

Above transition energy, the fields induced by the beam due to an inductive

chamber wall reduce the gradient of the accelerating rf voltage, which means

(3

phase defocussing
We can find essentially two 6bjects contributing to the inductivity of the wall:

(i) the inductive part of a resistive wall
(ii) accelerating cavities and cavity-like objects

From (1) we have

_ A
b finc T 4T Q (9a)

(i) Following F. Sacherer(7) the shift of the incoherent fregency in the case

of a resistive wall is

I_R 5/2
s £  =0.01 x = L Lo (9b)
inc U,q 27b %g

fS = Qf2n

IB 2 gverage current/bunch

R £ impedance per square at revolution frequency
L &

b £ chamber radius

U, 2 mean peak voltage

q £ harmonie number

For DORLS (fg = 40 kHz, I, =1m, R=2" 1030, L =288 m, b = 7 cm, U, T2,

q = 480)
we obtailn

A f inc ® 43 Hz at | mA/bunch
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(1i) When the higher modes of an accelerating cavity or of a cavity-like object
are excited by a passing bunch the head of the bunch loses energy while the
tail of the bunch gains a non-negligible part(g). Thus apart from an average
energy loss of the bunch, the excitation of the higher cavity modes has the

effect of phase defocussing. The incoherent frequency shift is given by the

relation
1 U
A f, == f (10)
inc 278 quUC

@, = 271 x revolution frequency
U = time gradient of the induced voltage at the bunch center
For DORIS we have 12 cavities per ring and from ref.(9) we find for ag = 1.5 cm,
I, = 1 mA/bunch

AE, = 1 kHz at 1 mA/bunch,

inc

which is large enough to be detected.

2. Measurements and results

a2) measurements

Altgough the frequency of the coherent dipole uvscillation is not affected by a
shift of the incoherent synchrotron frequency, the frequencies of the higher
bunch shape modes are changed(lo). For the lowest shape mode, the quadrupole

mode, we obtain(lo’ll) )

where

fS Q being the resonance frequency of the quadrupole mode. Therefore, the
3
measurement of A fQ 4s a function of the bunch current is a direct measurement

of the incoherent frequency shift.

The excitation of the quadrupole mode ig possible if the phase focussing force

is modulated in amplitude near 2 fs(lz)_




For DORIS the klystron output can be phase modulated up to a modulation

frequency of 300 kHz.

The phase modulation at 2 fS: 80 kHz can be transformed in an amplitude
modulation of the accelerating voltage if the accelerating cavities are
detuned from resonance, so that the phase modulated r f input becomes modu-
lated in amplitude at the slope of the frequency responce of the cavities.

Operating the machine in this special state of the cavity tune, fs and Af

Q

were measured as a function of bunch current.

The beam response was picked up by a fast loop, demodulated and given on a

spectrum analyser.

b) results _
The results are shown in fig. 2, where AfQ is plotted as a function of bunch

current.

The result is rather surprising, At 1 mA/bunch the incoherent shift Af. =2AfQ
inc ‘

has reached almost 3 kHz.

As far as the origin of this shift is concerned, the measurement favours the
explanation that the accelerating cavities and the cavity~like objects in the

ring produce the effect.

As far as the Landau damping is concerned, this damping should be lost, since

) g @,

at 1 mA/bunch we obtain and

According to the arguments of section 1 a this means the loss of Landau damping.

The loss of Landau damping seems to be in excellent agreement with the obser-—
vations. When the longitudinal instabilities in DORIS were studied for a
homogenous filling with 480 bunches, mean—current longitudinal instabilities
appeared at an average current of 30 mA. This corresponds to a small bunch
current of 0.06 mA/bunch where Landau damping is not affected. When the instabi-

lity appeared, the beam performed "stable™ synchrotron oscillations with an




amplitude depending on the current, The mechanism for this is simple: the
coherent depole motion leads - due to nonlinearrities- to an increase of the

bunch size. So the Landau damping increases until it balances the instability.

This increase of Landau damping is possible only within the Landau-region

(see fig. 1). OQutside the Landau-region an increase of the bunch shape cannot
help to increase the damping (this is not stirctly true, since the increased
shape is not Gaussian), Therefore, if the bunch current exceeds the threshold
value defined by radiation damping only, the instability must lead to a sudden

loss of current above the treshold,

This effect was observed in DORIS for. the single electron bunch above [.5 ma/

bunch,

The reduction of Landau damping was established also by measuring the total
half width of the dipole mode. At very loé bunch currents (0.02 wA/bunch) with
a homogeneous filling of the 480 buckets this width was found to be between
ZOO.Hz and 300 Hz, depending on the rf parameters. This is in good agreement

with the theoretical value of Landau damping.

For the single bunch, the width was measured as a function of bunch current. The

result is plotted in fig, 4,

Above 0.5 mA/bunch the width approaches a constant value which is compatible
with radiation damping, It should be emphasized,hiowever, that the width is not
only determined by damping, but also by the growth rate of the instability,
Therefore, zbove 1.5 mA/bunch the width decreases rapidly,

C cure for longitudinal instability

Since the strong longitudinal instability turned out to be a "weak" one we tried

Lo compensate this instability by "Robinson Damping",

If the cavities are detuned to lower frequencies with Tespect to the rf, this

damping provides a maximum damping rate

- B '
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robinson damping time

-

shunt impedance of the cavities

™~
I3

For DORIS the damping time at lmA/bunch is nearly 1 msec per cavity group (4

cavities per transmitter) which is sufficent to compensate the “reak' instability.

when that special state of Robinson damping was achived for DORIS, the instabi-

lity in fact was removed and 1.5 mA/bunch were reached.

d) Bumch length

When the Robinson damping was working and we reached currents of 10 ... 15 mA/
bunch, the incoherent shift Af inc was measured again (fig. 3). At 10 mA/bunch
we found Af inc = 11 kHz at a synchrotrom frequency fS = 22 kHz. From the poten-—
tial model(7) then follows a bunch lengthening of a factor of two due to the in-—

ductive chambex,
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figure captions

fig. 1I:

fig, 2:

fig. 3:

fig. &4:

Plot of the Dispersion funchions L(X), S(X) and Landau region

Plot of the measured AfQ versus bunch current without Robinson damping
dt fS = 37 kHz

Plot of the measured AfQ versus bunch current with Robinson damping

at fs = 22 kHz

Plot of the measured total half width of the dipole mode-frequency -

versus bunch current
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