© 1979 |EEE. Personal use of this material is permitted. However, permission to reprint/republish this material
for advertising or promotional purposes or for creating new collective works for resale or redistribution to servers
or lists, or to reuse any copyrighted oomi)onent of thiswork in other works must be obtained from the |IEEE.

IEEE Transactions on Nuc!

ear Science, Vol. NS-26, No. 3, June 1979
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Summar:

The variation of the transition energy yg moc2 ac-
ross the momentum aperture inthe ISR has been deter-
mined by measuring the non-linear change of the revolu-
tion frequency as a function of the radial displacement
and the momentum deviation and by measuring the phase
oscillation frequency variation across the aperture
while operating close to transition energy. The ratio
of the relative slopes of Y and vy was found to be

dYt/th

dY/Yc

ly zero by strongly exciting the sextupole magnets.
All measurements are in good agreement with each other
and with computations carried out with a modified ver-
sion of the program AGS. The change of y{ across the
aperture causes an area change of the empty buckets

~ -0.75. This value could be changed to near-

while traversing the beam during phase displacement ac-

celeration. This leads to a momentum blow-up.

Introduction

The transition energy vy m°c2 as well as the par-
ticle energy itself depends on the radial position in-
side the magnet aperture. Particles with different
momentum deviations will therefore pass through transi-
tion energy at different times during an acceleration
cycle. This "Johnsen effect"! has been studied mainly
in connection with transition crossing. However,
since some consequences of this effect are also impor-
tant for storage rings, several measurements of the
relevant parameters have been carried out at the ISR.
Many authors have investigated transition energy ef-
fects. Here the theory given in references 1,2 ang 3
is followed and adapted to apply to the measurement re-
sults.

Consideration is given to a storage ring with a
fixed magnetic field. The variations of several lon-
gitudinal phase plane parameters are investigated as a
function of the deviation of the beam momentum from the
central momentum (a subscript 'c' refers to the central
value of the parameter concerned).

A momentum deviation § given by
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produces a change in the particle velocity B¢
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The length L of the orbit is also chanqed1

L = LO [l + 0168 + (11&252 ...] (1)

where the coefficients a; and a, are completely deter~
mined by the beam optic. The change in length is re-
lated to the change in the average radial position.
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Hence <AR>

R
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where the 'wiggling factor' w,

1 Lc da 1 2
Wy = 201LC J _65.4 ds

gives the contribution to the orbit length due to the
angle of the off-momentum orbit. This factor can be
computed since it contains only the derivative of the
first order dispersion Gpii for the ISR w, =& 0.44.

The transition energy thﬂc2 is defined as the
energy at which the derivative of the revolution time
T = L/Rc with respect to momentum p vanishes, i.e.
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This gives yy as a function of ¢
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where Btc 1 ;“TT- We consider here only the

tc
linear change of yy across the momentum aperture and
neglect higher order terms in §. The ratio of the re-
lative slopes of y¢ and y is
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The relative change of the revolution frequency w is
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vative of w with p is
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The small amplitude phase oscillation frequency Qg
around the equilibrium momentum p.(1+8) changes with

this momentum. We have
2 A
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with h = harmonic number, QRF = RF voltage and ¢ =
synchronous phase angle (defined so that n * coség > 0)
We obtain for the dependence of Qsz on §
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The dependence of the phase oscillation frequency on
momentum is sometimes called "longitudinal chromati-
city"¥,  For large amplitudes the dependence of n on §
has to be taken into account in deriving the phase os-
cillation equation. This leads to a non-linear phase
motion?st,

Some of the effects already discussed can be very
important if a machine is operated close to its transi-
tion energy. This is illustrated in Fig. 1, where
the ISR is assumed to operate in such a way that the
central orbit is at transition energy, i.e. Y, = Yyc-

Fig. la) shows the change of y and Y¢ with Ap/ps while
Fig. lb) shows the change of revolution frequency u,
n, and QS The revolution frequency has a maximum w

in the centre. For a frequency of the acceleration
system being slightly less than hmc, there are two
buckets, one on the outside being above transition
energy (cos ¢5 < 0) and one on the inside being below
transition energy (cos ¢, > 0). These buckets are
considerably distorted by the non-linear effects and
have a limited momentum acceptance3. Very short bun-
ches couldbe obtained by operating a storage ring close
to transition energy5 where n is very small. For a
given energy spread cE/E the bunch length og is
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However this only applies when the higher order terms
and the energy spread are smalll,

The variation of the longitudinal phase plane
parameters can be of practical importance for storage
rings:

a) The area of the empty RF bucket changes while tra-
versing a stack during phase displacement acceleration.
This can lead to a momentum blow-up which is clearly
observed in the ISR® and could be important for larger
machines.

b) The non-linearity of the phase motion could change
the radiation damping partition numbers for large am-
plitudes7.

c) By operation of a storage ring close to transition
energy short bunches can be obtained if the non-linear
terms. can be controlled. Hence short pulses of syn-
chrotron radiation could be produced as well as cohe-
rent synchrotron radiation if the bunches are made very
short.

d) It has been suggested that the dependence of {ig on
p could lead to a longitudinal head-tail instability“.

2. Measurements

Due to the long beam lifetime, the accurate mea-
surement and control of the magnet parameters, and the
good beam diagnostics, the ISR is a very suitable ma-
chine for measuring the change of Yy across the momen-
tum aperture. Many measurements were made close to
transition energy. The beam had to be either accele-
rated from 3.5 GeV/c or decelerated from 11.8 or 15.4
GeV/c (injection momentum) using the technique des-
cribed in reference ® for bunched beam acceleration.

2.1 variation of the bunch frequency with position

Using (2) and (3) the revolution frequency of the
bunches can be directly related to the average radial
displacement <AR>
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Fig. 1. Variation of Y gnd Y, phase oscillation

frequency QS (Vgp = 12 kV), difference in
revolution frequency w-w_. and n across the
momentum aperture for the ISR operating at

transition energy.

A bunched beam was displaced across the aperture
and its revolution frequency measured as a function of
average radial position. The bunch frequency was mea-
sured using a high precision frequency synthesiser
(0.1 Hz accuracy) and the mean radial position was ob-
tained from the normal closed orbit measuring system
(Fig. 2).
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Fig. 2. Measurement of revolution frequency as a

function of radial position.

2.2

Variation of the beam revolution frequency with
momentum setting

In this case the field level of the ISR was changed
to different central momentum settings (p.) while a de-
bunched beam of constant momentum pp was circulating.
The revolution frequency wy of the beam only changes due
to the variation in orbit length (1)
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where woo is the revolution frequency for pp = Pce
The revolution frequency of the debunched beam was mea-
sured by the longitudinal Schottky scan device. The

working line was kept constant throughout the experi-
ment.

The measured results plotted as (pc-pb)/(fb-fc) against
(fn-fo) are shown in Fig. 3.
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Fig. 3. Measurement of the relation between the revo-

lution frequency of the debunched beam and
the momentum setting.

2.3 Variation of Q 2 with radial position

The beam was decelerated to Yy % 9.1 and the small
amplitude phase oscillation frequency QS measured as a
function of radial position <AR> (see Fig. 4). The

change of Yt across the aperture is obtained with (4)
and Fig. 4.
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Fig. 4. Measurement of Yt from Qs'

The slope of Y¢ can be changed with sextupole mag-
netslr2, The measurements were repeated for different
sextupole settings, expressed here by their transverse

49
8p/p; *
slope of y¢ 1s shown in Fig. 4b) together with computed
values. The slight discrepancy may be explained by a
slight error in Qﬂ; this had not been measured at the
energy at which the measurements were made.

effect in Q' =

The resulting effect on the

2.4 Results and comparison with computations

The results of the different measurement methods
are listed inthe table. They agree quite well with each
other. The change of v across the momentum aperture
has also been computed using a modified version of AGS.

Measured Computed
Measurement .
method Y h dvg /e A/ Ve
T dy/ve Tt ay/vg
w vs. <AR> 12.6/9.2| ~2 | 8.82 - 0.73 [8.82
w vS. Py P 12.6 | 2 | 8.87 -0.79 |[" - 0.90
0% vs. <tR>| 9.1 |2 [8.82 -0.72 |
" " "6 " - 0,47 |t - 0.70
" " n12 " -0.5 " -0.42

For an 8C-type working line (Q ~ 8.6, Q' % 2) we have

dye/y
1n the ISR v, = 8.82, _.ag/_gg= -0.75, ay = 0.25, wig-
aling factor w, = 0.44. YYe

2.5 Observations of stored bunches close to transition

energz

Bunched beams were accelerated or decelerated close
to transition energy. The bunches, being kept stored
very close to transition, were very short as expected
from equation (5). A bunched beam with a fixed posi-
tion (AR > 0) was decelerated until transition energy
was reached in the centre of the aperture (th = YC);
Fig. 1. By keeping the magnetic field constant and
jumping the RF phase the bunch was quickly decelerated
across the aperture (and across transition energy) into
the other bucket which is below transition. This ope-
ration, which is rather tricky and lossy, was performed
for academic interest only.
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