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Summary 

The beam-induced deflecting fields of an accele- 
rating structure scale with the third power of the 
frequency of the structure. Their effect on an in- 

tense electron bunch is analysed in a 1 TeV linear 
accelerator with a 50 GHz disc-loaded structure. The 
bunch is cut into slices longitudinally and the equa- 
tions of transverse motion are solved numerically. 
Continuous focussing of constant strength is assumed 
and the energy distribution along t.he bunch follows 
from the RF field plus the longitudinal beam-induced 
field. It is found that with quadrupole fields of 
120 T/m and a 2% energy spread, an emittance growth of 
not more than 25% is possible. The permitted injec- 
tion jitter is then 15 pm and the transverse misalign- 
ment jitter of cavities 13 p and of quadrupoles 
0.12 pm. Allowing for a 3.5% energy spread would 
relieve the quadrupole alignment tolerances to ahout 
0.3 pm. 

Introduction 

For very high energy linacs, where extreme acce- 
leratinq gradients are needed, it may be advantageous 
to go to the highest frequency possible. 

with feliL 
The peak RF 

power scales 
with fw2. 

and the average RF power 
At the same time a higher electrical break- 

down limit is expected and the beam efficiency shnuld 
increase with f’. Therefore, 30 Gtiz structures have 
been proposed1 y2 as a trade-off between RF and 
manufacturing requirements. On the other side the 
longidutinal and transverse beaq-induced fields, the 
wakefields, scale with f2 and f’ respectively. They 

cause energy loss, energy spread and transverse 
deflection of a bunch. 

This paper presents a numerical code LINBUNCH 
which solves the transverse equation of motion for a 
particle in the bunch. Input functions are the longi- 
tudinal and transverse g-function wake fields for a 
30 GHz disc-loaded structure. The code calculates the 
bunch shape, emittance blow-up, energy spread and 
average acceleration gradient. The injection jitter 
as well as the misalignment jitters of the RF struc- 
ture and the quadrupoles are investigated. 

Wake Field Calculations 

For axis-symmetric structures, such as a disc- 
loaded waveguide, Fig. la, several computer codes 
exist in order to calculate the loss-factors k, and 
the frequencies I+, for a given mode n. They, in 
turn, determine the longitudinal and transverse 
h-function wake fields 
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with En being the amplitude of the nth space harmo- 
nit, W,’ the stored energy per unit length and 2a 
the iris diameter. Below the cut-off frequency cor- 
responding to the iris diameter standing wave cavity 
codes are used. In an intermediate frequency range, 
up to about 200 GHz, travelling wave codes are appro- 
priate and for very high frequencies a correction is 
added derived from an optical resonator mode13. 
Fig. 1 shows the resulting wake fields for two diffe- 
rent iris diameters (2a = 2.29 mm is the SLAC iris 
scaled to 30 GHz), 

Numerical Treatment of Transverse Motion -- 

In the following we assume a relativistic Gaus- 
sian bunch with r.m.s. length o. Longitudinally, the 
bunch is divided into a number I of slices of charge 
P(Zi)AZ. The transverse displacement X!Zi>s! of 
the centroid of a slice is calculated as a fllnction of 
Zi, the longitudinal position relative to the centre 
of the bunch (z positive in the front part!, and s, 
the distance from the beginning of the accelerator. 
Then, the equations of motion for an electron in slice 
i are 

& X(ZlyS) = X’(ZijS) (2) 

d 
x X'(ZigS) = - 

Y’(Zi,S) 

y(Zi,S) 
X’(Zi,s)-k~(Zi,s![X(zits)- 

-dg(s)] + ,s)-d,(s) ] 

where 

l+d l’i+d2Z~+ (CR~-OS(~~~R!~+~R~ )-W,l 

- 
hi) )$, 1 

input energy normalized w.r.t. rest energy y. = --2 
mOcO 

ERf,fRf,6Rf RF gradient, frequency, phase 

dl ,dz coefficients determining input energy spread 

kz(zi,s) = (&)‘a , hgo input fl-tron wavelength 
, 

p(Zi) = exp(-zf/Zo’)/& c bunch charge distribution 

N number of electrons per bunch 
dQ(s) random offset with rms value 0~ of a quadru- 

dc:s) 
pole (all length LQ) at position s 
random offset with rms value oc of a cavity 
(all length L,) at position s. 

This system can be integrated with high precision and 
fast with, for instance, a 5th order Runge-Kutta 
method. For this purpose a code LINBUNCH has been 
written. It reads a data file with kn,wn values, 
calculates transverse and longitudinal g-function 
wakefields (see equ. 7) and integrates the system. 
Similar calculations have been done elsewhere4 where 
the transverse wake is scaled from the SLAC wake, the 
energy is linearly changing within the bunch and a 
relative restricted number of slices is taken into 
account. As will be shown in the following, a linear 
energy spread is by far too optimistic and a suffi- 
cient number of slices is necessary for effective 
Landau damping. 

A very versatile tool is tracking5. It allows 
an easy incorporation of different components but is 
unsuitable if one wants to increase the order of app- 
roximation. For the present method this can be done 
by simply calling different integration codes from 
libraries. Stable and rapid procedures were required 
since the integration was performed typically over 800 
betatron oscillations and for a 100 x 100 system. 

~H23X7-~~/K7:(HHK)-1~46 (FI.W %. IEEE 1346 

© 1987 IEEE. 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 component of this work in other works must be obtained from the IEEE.

PAC 1987



As can be seen from kp in equ. (2) the code 
“SC?S cant inuous focussing where the betatron wave- 
length equals that of a 903 FODO lattice with a 50% 
fill factor and a given field gradient. Further, 
there is the possibility to offset randomly pieces of 
the cavity and focussing structure. Inject ion errors 
can be studied by choosing the initial conditions. 

The Perfectly Aligned Machine 

All results given in the fo$lowillg refer to a set 
of parameters proposed elsewhere- 

fRF q 29 Gtiz, ERF = 80 MV,‘m, Ltot = 12.5 km, N = 5.10 9 

Further, we have chosen the input parameters 

Co = 5 GeV, (YE)~ = 3*1O-6 m, h 
PO 

= 5 m. 

Note that the initial emittance of a slice does not 
change. The growth is due to the misalignment of the 
slice centroids. The 5 m betatron wavelength at in- 
put. enerqy results from quadrupoles with 1.2 T pole 
tip field and 1 cm aperture. Such fields have been 
obtained with SrnC0~ and the aperture would just fit 
the structure. 

If there were no energy spread in the bunch, 
1.r:. a constant accelerating gradient, the transverse 
wakef ield causes a dramatic blow-up nf the bunch tail , 
see Table I. 4 typical shape of such a blown-up bunch 
is shown in Fig. 2a. 

Table I Normalized emittancn growth in X for a .-- 
mono-enerqet ic b(lnch of r.m.s. length e and two 
different str?lcture apertures 

Rut introducing an energy spread within the bunch 
that, means givi.ng the ‘tail’ a lower enerqy than the 
‘head’, will make the ‘t.ail’ lead in betatron phase. 
On the other hand, the sign of the wake-induced kicks 
is such as t,o make the ‘tail’ lagqing behind the 
‘head’. 50 one effect can compensate the other and 

any blow-up can. in principle, be suppressed by 
fgs$$.thf: T;,‘~htwo,‘,“,“‘s;uip~ ni;;yvyf ;;E z=-;; 

spread is linear. For o = 0.3 mm, for instance, one 
gets full adiahatlc dampinq for a 10% spread in case 
of tne 2.29 mm aperture and for a 2% spread in case of 
the 4.0 mm aperture. Then, a typical hunch shape is 
shown in Fig. Zb. The ‘head’ particles, oscillatinq 
freely and with an amplitude corresponding to adiaba- 
t ic damping , are out of phase such that their wakes 
more or less cancel out. The core of the bunch is 
even damped more by constructive complicity of the 
wakes which happens at the beginnig of the accelerator 
and remains up t-o the end. 

In case of a realistic energy spread, result.ing 
from the superposition of HF field and longitudinal 
wakefield, the situation is less favourable. The 
necessary spread has to be obtained by letting the 
bunch slip behind the crest of the RF field by a cer- 
tain angle oRF . This means loss in accelerating 
gradient and increased energy spread compared to the 
ideal linear spread. To reduce the induced spread one 
can drive the first part of the linac with a negative 
phase required for dampinq, and the second part with a 
positive phase. Position and value of the phase jump 
are found by a trade-off between damping and energy 
spread. Table II gives a typical set, of parameters. 

Table II Typical set of parameters. The indices ____- 
1 ,Z,f refer to the first and secon-d part of the linac 
and the final data respectively. xi is the maximum 
injection offset leading to 25% increase of the norma- 
lized emittance. r.m.s. bunch length o = 0.3 mm. 

lRF1 I;: /^I;.:‘i’: 

2a = 
2.29 mm -363 6.5 -23 15.2 

2a = 
4.0 mm -I@ I/ 6.5 - 6.6 I 5.9 

The large aperture structure requires about 6% 
spread in the first part of the linac which can subse- 
quently be reduced to slightly above 2%. That is the 
best one can do if one wants to operate with small 
phase angles. Having chosen phases and energy spread 
One finds an initial offset of Xi = 15 vim (or slope 
Xi’ = Znxi/hgi) which causes less than 25% increa;e 
in normalized emittance (emittance scales with Xi ). 

For the small aperture structure the situation is 
more critical. It needs an initial spread of about 
15% which, although it can be reduced to 2%, means a 
26% drop in accelerating field. But, the real limit 
is the stability. 1.9 pm allowable injection off-set 
and less than 0.1 Gm alignment tolerances (see below) 
have ruled out this structure for the moment. An 
additional reason is the low group velocity of 
vg/co q 1.2%, as compared to 7.4% for the large 
aperture structure, which will cause heavy pulse 
deformations. 

Misalignment of the RF structure and Quadrupoles 

Equation (2) also allows the calculation of the 
bunch motion in case of lateral displacements of com- 
ponent s. If a cavity is displaced the ‘head’ of 
the bunch, always on the centre line, will excite a 
wake which the ‘tail’ feels over the length of the 
cavity. Now, considering random displacements, one 
would expect an rms width of the bunch decreasing with 
the square root of the number Mc of cavities 

AZ = cT,/hqy (3) 

Much more critical is a displacement of a quadru- 
pole. The whole bunch is no longer on the centre line 
and will perform a dipole oscillation up to the end of 
the accelerator. This means the ‘tail’ feels a wake 
over the rest of the machine and subsequent displace- 
ments will cause effects which add up in a random way 

LXX = vii- 3 
0 G! 

(4) 

i.e. the bunch width increases with the square root of 
the number Mq of quadrupoles. 

The relations :3), :4) can be derived from t.he 
two-particle model. The rms alignment jitter leading 
to a certain emittancc increase is gken in2 Table 
III. The emittance growth scales with oc and oq res- 
pect ively . 

Table III Alignment jitter for cavities oc and 
quadrupoles aq leadinq to a 25% increase of nor- 
malized emittance. Parameters as in Table II, 
I. = 0.35 m, L - ), /8. 
*Cdata for hvfq=-3 !?” . ,O and $RT~l = @RI-2 q -6’. 

2a = 2.29 mm 
2a q 4.0 mm 
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Fig. 3 shows the bunch shape at the end of the 
linac in case of random structure displacements. 
Clearly the ‘head’ does not experience any wake-field 
effects. The case of random quadrupole displacements 
is shown in Fig. 4. ‘Head’ and ‘tail’ of the bunch 
are blown up equally. The core is slightly damped by 
the transverse wake fields. If the transverse wake 
fields are switched off the emittance qrowth is five 
times stronger. 

Obviously, the small aperture structure with 
aliqnment tolerances of 0.01 pm seems out of reach. 
Even the large aperture structure with tolerances of a 
few 0.1 pm will need some modifications. Shorter bun- 
ches, less current and higher accelerating gradients 
may be the way out. 
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Fig. 1 a) longitudinal and b) transverse g-function 
wake fields of a disc-loaded waveguide. 
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Fig. 2 Shape of a Fig. 2 Shape of a mono-energetic bunch (a) and a 
bunch with a 2% linear energy spread (b) at 
the end of the linac. 2a = 4.0 mm, 
0 = 0.3 mm. 
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Fig. 3 Final bunch shape in case of random structure 
displacements. Parameters of Table III, 
2a = 4.0 mm. Initial offset and slope 
X(Zi,O) = X’(ZjyO) = 0. 
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Fig. 4 Final bunch shape in case of random quadrupole 
displacements. Parameters for data case + of 
Table III. Initial offset and 
X(Zi,O) = X’(Zi,O) q 0 
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