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1, Introduction

Current develone~snt of linear acce-
lerators has made it sossible to accele-
rate a beam current of more than hundred
milliampares at high energies, In such
a high current linac, the power absorbed
in the beam is comparable to the power
dissipated in walls, Accordingly bean
effects on the accelerating field become
apprecliable,

Beam loading in electron linacs of
the traveling-wave type has been studied
by Saxon, Neal, Leiss et al, During the
last few years, ion sources have been im=-
proved to provide the same order of magni-
tudes of proton currents as electron's,
low, & number of laboratories are consid-
ering to construct high current proton
‘linacs, In contrast to electron linacs,
particle velocities in proton linacs will
still be changing in the energy range of
interest, so that the proper control of
accelerating field under the presense of
beam loading is of great importance,

From this reason, the standing-wave type
is usually adopted for the acceleration of
protons, In the traveling-wave case the
correct distribution of the axial accele-
rating field can be set up only for a
particular value of beam current, while,
in the standing-wave type, it may be re-
produced for any beam currents by chan-
ging the input power. In order to find
proper design of standing-wave linacs,
however, some features of beam effects
different from those in traveling wave li-
nacs must carefully be examined,

Beam effects in standing-wave linacs
can be treated in the same line as in the
traveling-wave type by superposing two

waves in opposite directions. Lapostolle
has developed a theory in thig line with
a dilelectric wavegulde model, We have

developed another method based on the mi-
crowave cavity theory, i, e, the normal
mode analysis of standing-wave linacs,

In this paper a brief review of beam ef-
fects in standing-wave linacs will be des-
cribed in terms of the latter method, An
equivalent circuit analogy, such as pre-
sented by MNagle, Knapp, and others,5 will
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also give most of tThe aspects discussed
below,

2. Principle of Normal .ode rnelyveils

From microwave cavity tneory, 1
always possible to expand the zctual
field in terms of the nornesl —cies whicr
form an orthogonal set of functions ob-
tained from the field in an idesl cavity,
If such a normal mode of the linac cavity
is well defined and =ufficisntly sepa-
rated from its nearby modes, then normal
mode analysis will te a useful method to
examine the various effects caused by
any perturbations or interactions inside
the cav;;y. Tekiaz the normal electric
field, By (z, v, 8 ), one can express the
actual field as

Rlz,r,0,t) = }; V) Bz, @), (1)

From liaxwell's eguatlons and orthogonal
relations, the expansion coefficient of
Vn(t) satisfies the equation of forced
oscillation,®

The first term on the risght hand side is
integrated over the non-ideal conducting
surfaces, S, such s lossy metallic walls
of the cavity., Ey means of the standard
evaluation of Qp from wall losses, this
can be rewritten as a dauping tera,
o av
N n

-(l+j)?— T - ()
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O

The surface integral in the second tern
is performed over the non-ideal open sur-
face, S', and gives the effect of coup=-
ling the cavity to an outside systeu,

One part of this tera gives forced osci-
llation by an external souce and the
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other additional dawmping due to circuit
losses (o€ 1/Qext). LEffects of the beam
within the cavity are obtained from %re
last term where the current density at
a point is multiplied by the normal elec-
tric field at that point and intergrsted
over the cavity volume, Assumning simple
expressions for normal mode fields, a
well-padded generstor coupled to the cav-
ity through S', and a constant uniform
tuniched beam along the cavity axis, one
can solve the equation (2) for examples
of the existing or the proposed standing-
wave linacs, The detailed analysis has
already been reported in reference L,
Somre results and thelr comparisons with
experimnents will be given ir the follow-
ings,

3. Excitation of Drift-tube Cavity

First consider excitation of a drift
-tube cavity without beam, Because of
wall losses, excitation of the field in =&
linac cavity along its long length is not
simple, If one consider a Tigyp normal
rode field of & cylindrical cavity, one
faces the Tect that there is no Poynting
vector along the length, On tre other
hand, for an actual cavity, the power
flow through & cross section which com-
pernsates at least wall losses is always
needed, In termsg of normal mode analy-
sis, this can be achieved due to the hy-
tridization of nearby wodes with the dom-
inant mode, Together with the tangential
~agnetic field of the dominant mode, tan-
gential components of the electric field
in Tipip wodes (n 4 0) are responsible
for tre corposition of the energy [llow.

If we zssume trat Jp(t) in Eg. (1)

varies as exp(jujt), we obtain from Egs.
(2) and (2) that

B > ) u;é W -1
\."n(t)g.([mi - w'o - (1=3) QQE] ()

Thvs, if the mode separation is large
compared to trhe width of resonances
nearby mode flelds will be ebout 90 out
of phase with the dominant mode for which
the rezsonance condition, wlmwo(l-1/29¢)
igs satisfied, Including the axial varia-
fiorn of the normal mode field, the ampli-
tude of a nearby mode in a gtesdy state
can be written thus,

z
. “0 cos nnz/L
2Ny B0 g 5 (5)
0w - !
n 0

where Ej 1s the amplitude of the dominant
mode which is constant over the cavity
length, 0£ z4£L. The coefficient W , is
determined by boundary conditions at the
coupling hole; My = 1 if the nth normal
mode field at the hole has a configura-
tion similar to that of the dominant.

Then, the hybridization of nearby
modes gives a phase shift which variles
along the length, A comparison between
the calculated and the measured steady-
state phase shifts for the AGS linac cav-
ity is shown in Fig, 1.7 Since the AGS
linac is driven at about the center of
the cavity (z a2 L/2), the phase shift is
refered to this particular point, 1In the
calculation, only n = 1 and n = 2 modes
were taken into account; errors due to
the neglected higher modes will be less
than 10 %, &5 parameters we took:

"Zl =01, 7,=1,

Wy = g T 2n ¥ 23 ke,

Wy = Gy = 2n X125 ke, end a5 = 5X 1ou.

For 2 transient build-up, extra pouer
flow i1s necesssry in order to increase
the stored energy within the cavity.
Correspondingly, extra phase shift due
to nearby mode excitatlons is reguired,
In addition, free oscilations of nearby
modes are also excited, leadinz to beats
between the nearby normal mode and the
driving frequencies., Thues wiggles due
to the beats appear both in the transient
vhase shift and the amplitude.

In general, the analysis of & tran-
sient is a complicated problem which de-
cends upon boundary conditions at coun=-
ling holes and build-up charscterigtics
of the generator, Fig. 2 and 3{a) show
typilcal results of the calculation for
the AGS linac by using the assumption of
e well-padded generator with a step-fun-
ction bulld-up, The calculated curves
are directly compared uith the measured
points (maxinun and mininun phase shifts)
in Pie. 27 and the photograph of tre ob-
served build-up curve in Fi~, =(b),

L, ILffects of Beamn Losding
in Drift Tube Cavity

L, 2, Fleld Induced by Bean

Yeglecting interactlions Detween the
team and the penerator, e can calcuvlate
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the field induced by the bean separately.
The sum of components of the fields fron
the generator and those from the bean
zives the total cavity field with bean
loading.

After some simplification, the fleld
induced by the btezm on the axis can be
written as,

-y

0

fpit)=-r Iy 5

r,n\c')
el¥s [l-e’fi (t"tO)],
¢}

(&)

Ql O

0

. . . josht
except the time variation of eJlb .

In this forwule,
1 effective shunt impedance

e

IO : beaw current averaged over bun-
cnes

?2 ¢ stable phase angle of beam bun-

) ches

fO i form factor due to phase svread
of particles in a bunch,

T+ ¢+ transit time factor

qo . -1 A=l ~ =1

Q2 ¢ total T 3 2 = 7t Rk

ty t time when a beam comes in (tean

continues to t=»o0,)

The form factor, fg, can be calculated
for some simple shapes of bunches; Fig. &
shous two examples for which a square and
& half cosine like distributions are as-
swaed, If the phase spread is less than
60°, one may assune ss fo = 1,

It can be shown from the normal mode
anelysis that, if many bunches are dis-
tributed over the cavity length, then
these bunches give very small excitations
to nonsynchronous modes even to the near-
est one, This corresponds to the physi-
cal arguments that, for a nonsynchronous
mode, particles will travel throughout
the cavity almost without being affected
by the field, and that, at any moment,
the fields of all of the bunches are su-
nverimposed with the proper phase relations
only for a synchronous mode, Thus the
field induced by the beam builds up ex-
ponentially with the rise time of the
dominant mode and any wiggles do not ap-
pear (see also Fig, 5(a)).

Corresponding to the minus sign of
Eq. {€), the induced field is 150° out of
phase with respect to the beam bunches,
The phase stable angle Y5 1s usually
chosen to be a few tens of degrees behind
the resultant field within the cavity,
Then, the real and the 1imaglinary part of
Ep give the resistive and the reactive
loadings, respectively., Taking parame-
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ters,
s - o]
r, = 10 16/, Sps = =30, fy = 1,
- o 4
TO = 0,9, end Ry = Qext = 6x 107,

one obtains a maximun field decrease of
about 0,12 #V/m for a 20 mh, 40usec

bez1 in the AGS linac, The observed
value is 0.16 iIV/n and is almost constant
over the cavity length(Table 1),

L, b, Peam Loading Compensation

Then, we consider beam loading com-
vensation, Unless we use widely distri-
buted souwer feeds along the cavity lensth,
it ig invossible to nake a perfect com-
pensation of beam loading, The conpen-
sation can be achieved for the dominant
mode, 45 discusced sbove, however, the
main end corpensation pulses excite near-
by mnodes, whereas the beamn gives very
smell excitetions to those modes., This
leads to the imperfection of the bhean
loading compensation as shown in Fig., 5(b)
and Fix, 6, In Fig, 6, tine variations
of wiggples after compensation are nagni-
fied by taking top 10 % of the signals
from the pilck-up electrodes located at
typical points alony the length,?

At the existing AGS linasc, the com-
pensation nulse is added to the main pu-
lse by increasing output of the power am-
plifier for the duration of the beamn pu-
lse, Since the compensation pulse has a
slower build-up than the beam pulse, the
analysls of the obsgerved imperfection is
2 little complicated, Using the Laplace
transformation method for the pulse of a
finite rise time, we obtain the calcula-
ted z and tize dependences of the residu-
zl effects after compensation --- in re-
narkably pgood agreements with the obser-
vations, Filg, 7 shows & comparison betwe-
en the calculated and the measured ampli-
tude of the residual uneven field along
the axis, TFig., O gives extra phase shift
along the length which is predominantly
due to nearby mode excitations in the
compensation field and almost indepen-
dent of the presence of the bean. If,
however, one takes the sawe value of the
cavity fields for the cases with and
without beams, then the extra rhasc shift
corresponds to the extra power flow ab-
sorbed in the beau,

Por an optimun compensation, both
the amplitude and the extra phase shift
are proportional to the bean current,
Therefore, if a beam of about 100 a4 is
accelerated by the existins AGS linac,
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then the imperfectness will amount to 5
percent in the amplitude and 10 degrees
in the phase shift, unless a different
compensation technique is used, The
field error of 5 percent also will be
equivalent to a change of about 15 deg-
rees 1in the synchronous phase angle, and
these values will exceed tolerable errors,
The time variation of wiggles during the
beam pulse will cause a dynamic change of
the phase bucket, which leads to appreci-
able losses of icons during the accelera-
tion and a large energy spread of the
output beam, In addition, the dynamic
change in the lengitudinal phase motion
will affect the transverse motion of par-
ticles and result a dynamic variation in
the emittance diagram, An example of such
effects has been reported by Taylor and
Dupis for the CERN=-PS linac.? A similar
result is also shown in Table I, where
bean loading effects in the AGS linac are
shown for typical values of currents,
Even for the case without beam loading
compensation, for which about 10 % field
change with 20 mA loading exsists, almost
the maximum capture efficiency of the 1li-
nac to input currents can be achieved by
means of an increase in the accelerating
field. However, on account of the time
variation of the field during the pulse,
output beam has a2 large energy spread and
2 smaller percentage of the particles
accepted 1in the AGS,

L, C, Posgible Improvements

A1l of the effects discussed in the
vpreceding paragreph are nearly proportio-
nal to the square of the distance between
the driving point and the farthest point
from the driving, Therefore, a shorter
cavity or a system of multiple feeds has
an advantage of relative immunity from
bean loading, In particular, the double
feeds will have the advantage of being
convenient to control the phase and the
anplitude independently, and, if the cav-
ity is fed at two points each at a guarter
of the total length from each end, then
the nearest higher mode excited czn be
raised to n = 4 or the Tiigyy mode,

There will be a number of other poss-
tilities of reducing the nearby mode
excitations, Giordano has proposed to
use a multistem drift tube cavity in which
trhe mode spacing near the zero mode is a
few times as great as that for the usual
one or two stem cases,l0 Also, aznother
approach will be made from considerations
on the transient phenomena, The use of
the transient build-up of the main pulse

for beam loading compensation, such as.
being proposed by Carne and Eatchelor,ll
will be favorable in this respect, too.
Otherwise, if the beam pulse is raised
slowly similar to the compensation pulse
used in the AGS linac, then the amplitude
of uneven field will be reduced to at
least a half, The calculation shows that
the AGS compensation pulse with a finilte
rise time of about 15 sec will give
smaller excitations oﬂuhearby modes than
the case of a step-function build-up by

a factor of 2/n for n = 1 and 1/10 for

n = 2, In the above experiments, such

a suppression was not effective due to
the fast rise of the beam pulse which
results a builld-up of the dominant mode
different from that of the compensation,

Table I - A Measurement of Beam Loading
Effects in the AGS linac

I II I1I v
Compensation No Yes o Yes
Current output 21 21 10 10
(mh)
Current input 60 60 _— —
(md)
Maximum fileld
change at center
Obs. (MV/m) 0.16 o.,04 0,08 0,02
Cale, (MV/m) 0.18 0,02 0,09 0.01

Energy spread

of output beam 0,35 0,16 0,28 0,18
(half width,MeV)
Number of parti-
cles accl'd by 0.62 1,08 0,42 0,57

AGS (x 1012 ppp)

Table II - Induced field and phase
difference between the resultant
field and the driving field
calculated for a steady state
operation of the AGS Conversion
Program Linac with a2 100 mA bean

AP

Cavity Et (aver) Eb‘(aver)

Mumber 1Y /m BV/2 degree
1 1.7 2.5 15
2 2.3 2.9 14
3 2.5 2.5 13
4 2,45 2.1 12
5 2,40 1.9 11
6 2.35 1.7 11
7 2,730 1.5 10
2 2,25 1.4 10
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4, d, Effect of Reactive Loading

Finally the reactive beam loading
leads to the phase shift between the re-
svltant cavity field and the driving
field from the generator, This phase
difference is given by

’Eb, sin;os
el * lEbI cos P s (7)

where By 1s the amplitude of the resul-
tant field, Therefore, to obtaln an op-
Tinun compensation, it is not only neces-
sary to edd an extra power flow but also
to adjust the phase, If one uses a sepa-
rezte generator for compensation, this can
be done by a phase shifter between the
main and the auxiliary generators, On
the other hand, if one uses one generator
for two purnoses, he may have to change
the phase of the driving wave correspon-
ding to beam currents. In particular, in
an accelerator composed of a nunber of
separated tanlis, phases between the tanks
should be adjusted for higher currents,
Ag a nunerical example, we take the new
injector for the AGS Conversion Programi?
The calculated values of Ep's and A¢'s
for various tanks with a 100 mA beam are
listed in Table II, This predicts that,
in order Lo keep the phase stable angle
at the designed value (-25°), 1t will be
necesgary to adjust the relative phase
angles between tanks over 5 degrees,

tan d}D =

3]

5. Effects in lulticell Cavity

The preceeding analysis has a stra-
ightforward application to a loosely cou-
pled multi-cell cavity., In particular,
the n-mode operation in a multi-cell cav-
ity 1s essentially the same as the zero-
node operation used in a drift-tube cav-
ity., VWe may illustrate this by using the
dispersion relation with losses. With
the aid of Floguet's theorem, the normal
mode analysis can also derive the disper-
s5ion relation.lB’

As the result, the dispersion rela-
tion for a uniform cell structure, in
which we can no longer neglect wall
losses, can be written

[SV'9N)
2.1 -3 =2 =38(1 - cos kL ).
% 0
(8)

In this expression, B depends on the cell
to cell coupling and, neglecting the

(A)C -
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losses at the coupling, we may assune that
B is a real number proportional to the so-
called band width, (wy; - wg). The fre-
quency w is also real for a steady state.
The cell length is given by Lg and
¥ (= k7 + Jjkp) is the complex propagation
constant, The dispersion curves deter-
nined by E,. (8) are similar to those giv-
en in Fig, 9, where kj and kp are sepa-
rately shown as functions of w., From this
figure, we see that, in the neighborhood
of the zero- and the n-modes, the actual
dispersion curves differ remarkably fron
those obtained for an ideal structure
without losses, This 1s because there
is no Poynting vector along the length
either for the zero- and the n-normal mode
field, UDIo stop band does appear and ra-
pidly varying curves exsist between w = 0
and the zero normal mode freguency, and
between w = o0 and the n normnal node fre-
quency, The pure zero or n-modes can not
exsist in an actual cavity; instead, ap-
parent zero- or n-modes which have a
phase shift per cell,

2
[S8] 0

(81, 81,15 = 75 (9)

This type of phase shift, first derived

by Nagle and Knapg by using an equivalent
circult analysis,” 1s accumulated from

a cell to the next leading to a sqguare
dependence on cell numbers, Since the
multicell cavity has & loose cell to cell
coupling compared to the drift-tube cav-
ity, typical values of the accunulated
phase shift reach some ten degrecs., These
values are also remarkably affected by
beam loading as discussed in the prece-~
eding paragraph, so that the n-mode uni=-
form cell structure is extremely sensitive
to beam currents,

On the other hand, Fig, 9 also shous
that the least sensitive point to these
perturbationg is at around the middle of
pass passband, or the n/2 mode, The nor-
mal mode configuration can be realized
without phase shifts except a small atte-
nuation of the field due to the losses
along the length, This i1s the reason that
the n/2 mode multicell structure has the
advantaze of relative immunity from ef-
fects of beam loading, tank detuning, and
any other perturbations, Brookhaven ex-
plored an_alternating periodic n/2 mode
structurel¥, and Los Alam0f6the same
type coupled by side cavities™®, Corres-
ponding to the double periodicity, the
dispersion curve of these structuressplits
into two passbands and the splitted n/2
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modes are essentially cut-off modes simi-
lar to the n mode, IHowever, by wmeans of
a slight change in the zero normal-mode
frequency of one of the two cell types,
we can join two passbhands at the n/2 mode
elininating the stopbhand, Even when a
anall splitting A(ﬂn/z remains, we can
show that the band-width parameter B in
2gs5, (5) and (2) is effectively amplified
by 2 factor of (mn-uxo)/A wr /2 for the APS
/2 mode oneration,

5. Conclusion

In conclusion, if the beam current
is less than 100 mA, then the effects of
tean loadin~ in proton linacs will be mo-
derate, and the practical desigsn will be
a coapronise with some other factors,
rowever, for a higher current, the design
study will be nrimarily restrained by
m effects., 1t should also be noted
y the hicher current, the wmore stabi-
of the ion source and other paramne-
ters assocliated with the beam is requ-
ired, If the bean current fluctuates
about 10 ;» 2t 100 m&, then almost the
same perceat of the resultant cavity
field will change accordins to the chan-
sce 1n the induced field, Thus an auto-
matic control system for the cavity field
will be necessary for the stable bean
onerations,

Althouszh Che analysis discussed abo=-
ve 1s Dbasad on several siiple assump-
tions for cavity structures, beam chare-
cteristics, 2nd renerator verformances,
the method will be applied to the design
study of any standing-wave linacs with
conaglderable tean loading effects,
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Fig. 1. Steady state phase shift along AGS linac cavity referred
to the driving point (near the center of cavity).

(a)
—~ 0.8r
3
F: 0.6
<
= o04rf
o
~ 02}
X MEASURED w
l

— CALCULATED

¢

1 | 1

1
20 40 60 80 100

TIME (uSEC)
Transient phase shift between the Fig. 3. Transient build-up of the field near the
center and the low energy end of AGS center of AGS linac cavity. (a) Calculated
linac cavity. from the normel mode analysis; (b) Ob-

served by a pick-up electrode (20 psec/div)e



Proceedings of the 1966 Linear Accelerator Conference, Los Alamos, New Mexico, USA

FACTOR

FORM

o 1 1 1 L
LA 2 A - 4-:r/3 5 /A 2w

PHASE SPREAD, 8¢

Fig. 4. Form factors for typical shapes of beam
bunches. (1) Square wave type with the
width of 6¢. (2) Half cosine wave type
with the total width of 3/2 (69).
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With compensation (Compensation is almost per- beam loading compensation in AGS linac

fect near the low energy end of the cavity.) cavity showing wiggles due to nearby
Fig. 5. Effect of beam loading in the RF-field pat- mode excitations by compensation pulse
tern near the center of AGS linac cavity (50 psec/div; beam current of 32 mA
(50 psec/div; beam current of 20 mA,40 usec). with pulse length of 4O psec).
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