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ABSTRACT

Mutual compensation of transverse and chromatic effects for intense electron
bunches in a high-energy linac is a recent Novosibirsk idea which provides a new
control af emittance enlargement. o this paper we elaborate on the principles and
constraints for this new technique which requires careful matching of internal bunch
parameters with external forces. With specific values of the bunch length, bunch
intensity, and klystron phasing, the transverse-wakefield-induced forces within the
bunch can be cancelled by energy-dependent forces from the quadrupole lattice at
all positions along the linac. Under these conditions the tolerances for quadrupole
alignment, dipole stability, and injection launch errors are significantly relaxed.
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1. INTRODUCTION

The primary goal of lincar colliders is to maximize the integrated luminosity for
the experimental programn. Small transverse emittances are a necessary condition for
maximum Juminosity, However, a number of single-particle and current-dependent
effects canse emittance enlargement.! In particular, the spretrum of particle ener-
gies within the bunch allow chromalic phase-space mixing., Furthermore, current-
dependent wakelield effects can result in crnittanee dilution. A technique®® emanat-
ing framn the lustitute of Nuclear Physics in Novosibirsk called *aute-phasing” can be
used to mutually cancel these chromatic and wakefidld effects. A description of the
physics principles of this technique, the method of applicatiun, and an example for
the SLC will be discussed in this note.

In Section 2 the difference between auto-phasing and present practice is dis-
cussed. In Section 3 we start from the equation of motion of a particle in the pres-
ence of transverse wakeficlds and derive the condition for auto-phasing. Further, we
attempt an intuitive discussion of aulo-phasing and point out its differences from a
method called BNS damping? as it has been applicd to the Stanford Linear Collider
(SLC) linac su far. In Section 4 we describe the procedure used Lo arrange the linear
focusing of a lattice in order for auto-phasing conditions Lo hold. Finally, in Section §
we apply the resnlts of this analysis to the SLC linac. Scveral sconarios are presented.

2. PRESENT SITUATION

Off-axis particles Lraversing an accelerating siructure generate transverse wake-
ficlds which deflect all trailing particles. There are many causes for a bunch to be
off-axis—betatron oscillations, local bumps, head-tail transverse offsets, or ~ollima-
tor deflections. These wakefield deflections aceumulate along the linac and cause
criittance enlargement of the beam, This beam blownp by wakeficlds can be reduced
by BNS damping. The .. of BNS damping is to reduce the eflective defocusing
nature of tls . .wlield furce by providing extra focusing for the core and tail par-
ticles. This is accotnplished by lowering the energy of the trailing particles relative
to the head so that the quadrupole lattice focuses them more strongly. The tralung
particles are differontially lowered in energy by back-phasing klystrons early in the
accelerator and forward-phasing downstream klystrons to keep the energy spectrum
small at the maximum energy. The overall goal is to minimize the emittance at the
end of the linac using as little extra acceleration as nossible. The best configuration
depends on many machine parameters and must be caleulated for cach case. How-
ever, with this adaptation of BNS damping the effective emittance is not controlled
in the middle of the linac, and sensitivity to local errors is a result.

In this paper we preseut a new method of contrelling transverse wakefields origi-
nally suggested by Balakin et al. at the Institute of Nuclear Physics in Novosibirsk =+
This method is based on the plienomenon of auto-phasing: all particles within '
bunch—taking into account all forces acting ou then - should oscillate with the sa
amplitude, phase and frequeney. The significance of auto-phariug is that the b
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will remain coherent in its motion 1adependently of any dipole-like pecturbations 1o
its trajectory at all locations, and hence the emittance will remain unchanged.

3. AUTO-PHASING

Let us assume a relativistic bunch whose transverse dimensions are zero. Let
z(z, s} denote the displacement of a particle in the bunch as a function of 2, Lhe
longitudinal position relative to the center of the bunch (z is positive towards the
head of the bunch), and s, the distance along the accelerator. The approximation of
zero transverse dimensions for Lhe bunch is a guod one since the teansverse dimenston
of the bunch is very much less than the size of the vacuun chamber.

The equation of motion for 2(z, s) can be writtent

Z (e £ (2,6)) + ( A(ifs))ﬁvtz,s) o{zrs) =

Ty fd:’p(z') W' —2) z(2, s}

(1)

where (=, s) is the beam energy at position s in units of mc®; p is the line density of
the particles in the bunch normalized to the total number of particles in the bunch
N; elV) z is the transverse field produced by a point charge displaced from the axis
by = at a distance 2’ — < behind that point charge; A(2,8) is the betatron wavelength;
and rg = ¢*/me? is the classical radius of the electron. In writing this equation of
motion we have assumed that the betatron focusing is provided by a smooth function
rather than from a series of discrete guadrupole magnets.

We assume that the beam energy increases linearly with s as a result of accel-
cration, such that ¥(s) = va(l + G's), where 70 is the injection energy and G is the
accelerating gradient. H we assume that the distance to double the energy is long

compared to the helatron wavelength (equivalently, & 3 G}, then Eq. (1) can be
written:

‘{;—2 x(z,8) + k(z,s) z(=,8) = ;E-Z%):/darp(:r) Wiz —2)2(2,8) . (D)

where we have defined k(z,s) = 2rfA(z,s).

To find the conditions for auto-phasing we attempt to find an identical solution
for all particles independent of longitudinal position within the bunch. Let ug consider
an expression of the form

zfz,8) = rycos(kos + ¢a) (1

where ég is an arbitrary initial phase, and derive the condition that aceds 1o be
satisfied in order far this expression to be a solution Lo Eq. (2). Inserting 15g. {3} into
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Eq. (2) and noting that Eq. (3) is independent of z, and hence that it can come ont
of the integral, we find

ac

o : j d='p(=) Wil = 2) . (4)

Mles)=ki + -

I, 8

In vrder to gain some insight inte the purpose of the previous mathematical
manipulations, we lirst diseuss the meaning of Fg. (1) and then we conie to the
soulution of the equation of motion. Fo. (3). A particle al position 2 within the
buueh, subjjected to wakelield forces from all the other particles abiead in Lhe buadl,
will experience a frequency shify given by the second term on the right-hand side of
Eq. (4). The first term on the right-hand side is the square of the {requency with
wluch all pacticles are required (by the form of the solution) to oscillate. For this
coudition Lo be possible, the external focusing forces must be such that when they act
elone on the particle, its betatron oscillation frequency is given by k(. s). Hence, by
carcfully balancing the two [requencies—one coming from the chromatic effects, the
olher lrom the transverse wakefield effects --all particles in the bunch will osciliate
with the same amplitade, phase, and frequency, as Eq. (3) suggests. IL is important
to note that the auto-phasing condition, Eq. {4), is independent of the transverse
oflset rg of the bunch, This condition is to be satisfied at all linac positions s.

‘To further realize the significance of this result, suppose that a dipole-like error
pertnrbs the trajectory of & bunch along the linac, giving rise to a betatron oscillation,
Since the anto-phasing condition is indopendent of the transverse displacement, it still
holds true in the presence of betatron oscillations of arbitrary amplitude, and hence in
the presence of any Lype of errors causing betatron oscillations in the machine! Dipole-
like errors may come from injeetion errors in position and angle, from quadrupole
displacements, RF kicks, ar dipole strength changes. In the presence of any of these
errurs, the bunch will remain “compact,” maintaining the heam emittance constant.
Fusther, this 1echnique is expected to work successfully for any charge density, as
long as Eq. (1) is satisfied for cach point in the linac, thus ensaring the emittance
preservation throughout the whole machine! [t should be pointed out that chromatic
eflfeets can stll oceur when beam steering is done on a scale that is short when
compined 10 Ms).

We conelude this section by pointing out the differences between BNS damp-
g, as rontinely used i the SLC linac for transverse wakeficld control,> and auto-
phasing. As explaines] earlier, the technique of anto-phasing provides compensation
of the forces acting vn Vhe bunch independently of any dipole-Jike kicks along the tra-
jectory of the bunch. Qun the other hand, BNS, ax presently used in the SLC, best
haudles injection launch errors and (much less so) ervors ariginating midway along
the machine. Another important difference is that present BNS damping minimizes
the beain emittance onaly at the end of the linac; at all other points along the linac,
the projected phasespace valane occupied by the beam can assume larger values.



With the use of auto-phasing, however, the beam emittance stays near a minimum
value everywhere along the linac. This is hecause the forees are compensated for lo-
cally, thus not allowing the emittance to grow. The nel offset of the beam at the
linac end is removed by position feedback. Schematic examples of the effects of these
different techuiques an the beam emittance along the linac are shown in Fig, 1. The
curve corresponding to auto-phasing represcnts the theorclically expected goal of the
method: namely, the fractional emittance enlargement stays close to one thronghout
the whole linac.

Next we demonstrate how the lattice parameters can be adjusted so that the
external energy-dependent forces compensate the internal wakefield forces, and the
condition for auto-phasing is satisfied.

4. LATTICE ADJUSTMENT: kg

Let. us define kw{z) as the right-hand side of the auto-phasing condition, Eq. (4),
o0
2 "o 1 e '
kw(z) = k{) -+ :;(—_-)-jd: p{z ) "V_L(Z - .‘:') . (5)
z

‘The subscript W serves as a reminder that this expression depends on the wakefields
and on the internal parameters of the bunch. The goal now is to adjust the quadrupole
latiice and klystron phasing so that the energy-dependent forces cancel the transverse
wakefield forces at all points in the linac. Equivalently, we need to determine an
encrgy-dependent function of z, kg(2), such that

kw(z) = k() . (6)

In Fig. 2 we give a pictorial representation of Eq. {6). Figure 2(a) is a plot of the
bunch density along the bunch. The Gaussian bunch length 1 this example is 1.75 mm
and we assumed 3.5 x 10 pacticles per bunch. Figure 2{b) displays the intcgrated
transverse wakefield as a function of the longitudinal position z. By adding the
frequency of the bunch head ko to the integral according te Eq. (5), we obtain Fig. 2(c)
which is a plot of kyw as a function of 2. Figure 2{d), on the other hand, shows the
beam energy along the bunch, Longitudinal wakefields have been taken into account
and the klysiron phase has been chosen to be 8° in this particular example. Finally,
¥ig. 2(e) is a plot of the betatron frequency aloug the bunch as determined from lattice
considerations and the bunch energy. The goal is to match the shape of Fig. 2(r) to
the shape of Fig. 2(e) by varying the bunch length and the klystron phases.

From the definition of the chromaticity of a lattice ¢:

év ok

o 'j;:-' ' (7)
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kg is given by

(8)

I+ B - En
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where Ey is the energy of the head of the bunch. As expected, a less energetic particle
will oscillate with higher betateon frequency, The energy £{z) correspouding to the
buetatron wave number kp(2) is given by

Ble) = Fai+ Y | A con(do+ #(:) + Ass [ Wyt = ) (e[ L )

where Ej,; is the injeclion energy; ¢; are the klystron phases (which are free parame-
ters); @(z) = 2x2/Apr, where Agr is the RF wavelength; AE, is the maximum energy
grin in the distance As;; and the last term on the right-hand side of Eq. (9) is the
longitudinal wakefield contribution to the pariicle energy.

Thus the goal of lattice parameter adjustment is to determine the values of the
bunch length and the Kklystron phases so that Ax = kw at every point along the
bunch and the linac. In the following section we use the SLC linac as an example to
demonstrate how this careful matching can be done in a realistic situation.

5. AUTO-PHASING APPLIED TO THE SLC

The applicability of aute-phasing to the SLC linac was studied with the goal of
potentially improving the luminosity. A camputer program was writlen to match the
lattice and wakefield-determined spatial frequencies k(=) and kw(z) over the length
of a bunch at every longitudinal position along the linac, In parallel, a proposal to
experimentally study this effect on the SLC has been made 8

Computation inputs were made as realistic as possible. The injection energy was
1.15 GeV. The acceleration was 1.8 GeV per 100 m. The linac was broken into eight
sections of length 100 m, 200 m, 400 m, 400 m, 400 m, 400 n, 500 m, and 500 m,
respectively, for a total Jength of 2000 m. The phases of all klystrons within a section
were set Lo the same value, but allowed to vary as a group. The nominal hetatron
wavelengihs were set to 25 m in the first section, 50 m in the second, and 100 m
thereafter. The lattice had a phase advance of 90° per cell with a chromaticiiy value
of ~1.27. The betatron focusing was assumed Lo be provided by a smootk: function.
A study of the cffects of discrete quadrupoles on auto-phasing is underway. The
transverse and longitudinal wakefields were thase ealculated for the SLAC linac.”

The match conditions were caleulated by nwimerical integration over the bunch
divided into 61 longitudinal slices of length 0,23 mm. The number of particles in each
slice was deterinined using the bunch (Gaussian) width and the total beam charge.
The transverse and longitudinal wakeficlds and the cuergy profile along the bunch
wore caleuluted from this density profile. the accolerating structuee, and the klystron



phases. The nominal head of the bunch was taken 1o be the slice 2¢, in front of
the core.

The match of kp(2) and kw(z) at the end of a given linac seclion was accom-
plished by determining the best phase for that seclion, given the input bunch length
and charge. Ouce the optinum was obtained, the program advanced to the next sec-
tion. The upstrcam optima were used in downstroatu calculations, Since kg(z) and
kw(=) in principle cannot match over a long distance, a weight function D was used
for minimization,

61 )
D =Y plz) (kel=) - bw(=)" - (10)

il
This function proved to be satisfactory and efficient.

The auto-phasing match was studied for 6 SLC linac couditions, assuming
3.5 x 101% particles per bunch. Non-BNS and presently used BNS solutions are in-
cluded for comparison, ‘The functions shown in the following plots resulting from the
calculations are for kg(z), kw(2), and p(z) at four locations in the linac. However,
all eight sections were calculated or oplimized. The locations plotied were chosen to
be separated by roughly factors of three in beam energy. Only in Cases 1, 2, and 6
was the energy spectrum minimized at full encrgy.

Case 1. The results from SLC linac conditions without eptimization or BNS damping,
but with phases set (o minimize the final energy spectrum are shown in Fig. 3.
The auto-phasing match is not good, as shown by the separation of kg and
kw in the region of the bunch care,

Case 2. The second result represents the presently used BNS damping conditions and
is shown in Fig. 4. Again, the match is not very dificrent {tom the non-BNS
case. The final energy spectrum is about 0.3%.

Case 3. Here the bunch length is set to 1 mm and the program is allowed (0 minimize
the separation of kg and kw (sce Fig. 5). The match is now much better,
although the internal frequencies of the two curves do nat quite match. The
final energy spectrum has risen to 0.76%,

Case 4. The bunch tength was increased to 1.75 mm and the phases then were opti-
mized. The results are shown in Fig. 6. A very good match is obtained over
the entire bunch; the internal frequencies of the curves match very well, The
final energy spectrum is 1.4%.

Case 5. This case uses a bunch length of 2.5 mm (see Fig. 7) but cannot be optimized
as well as the 1.75 mm case. The internal frequencies of the Wwo curves do
not match again. The energy spectrum is 2.3%.

Case 6. The energy spectrum at the end of the linac needed for the final focus is below
0.5%. In this last case, a 1.75 mm optimized solution (shown in Fig. §) has
the phase of the last 50D m of the linac set 1o make a small energy spectrum.
A phase of +47° is required in that region, which way be opcrationally



cumbersome. The aute-phasing conuition is matched in all but the Jast
region.  Extending this phase adjustiment over more sections may help the
energy speetrum and phase offset, but will affect Lhe auto-phasing match.
The tradeofls will be studied; however, there appears suflicient energy in the
S1.C RF system to permit auto-phasing at 3.5 x 10" particles per bunch.
This scenario is worth experituental investigation.

8. CONCLUSIONS

ln this paper we have studied the requiremients of auto-phasing. By carefully
matching the internal buneh paraineters with exterual forees, niutual compensation of
transverse and chromatic effects for intense cleetron bunches can bie achieved. With
this compensation it is expected that the alignment and lanoel tolerances can be
significantly relaxel.

We started from the equation of molion of a particle in Lhe presence of transverse
wakeficlds and derived the condition for auto-phasing. We then diseussed the physical
meaning of the result and concluded that its significance lies in the fact that the bunch
will remain coherent in its motion independently of any dipole-like perturbations to
its trajectory, and hence the emittance ideally will remain unchanged.

These results were then applied to the SLC linac. fn one nmnerical computations
we used the transverse and lopgitudinal wakelivlds calenlated for the SLAC linac,
but assumed smooth focusing. We determined the appropriate klystron phases and
bunch lengths for ante-phasing to hold in several positions in Lhe oac. These initial
studies indicate that auto-phasing is possible for the SLC and that move studies and
possibly beamn expariments should be pursued. Additional studies of tolerances and
applicability using FODQ latlices are being made. The effects of non-Gaussian bunch
shapes (e.g., thase pruducad by the SLC bunch bength eampression system) will also
he studied, and reported clsewhere.
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FIGURE CAPTIONS

. Emittauce enlargement {cffective) for the cases of no damiping, present BNS

damping, and auto-phasing. In the case of auto-phasing, the curve represents
the theoretically expected goal of the method,

. Schematic representation of the mutual compensation of wakefield and chro-

matic eflects of a bunch. This example is taken at the 100 m position in the linac.

Case 1. Klystron phases ¢; = 8° for all eight sections; bunch leagth o2 = 1 mm;
and final energy spread eg/E = 0.29%.

. Case 2, Klystron phases ¢; = —25°, =25°, —25°, 187, 18°, 18°, 18°, and 18°%;

bunch length o; = I mm; and final energy spread o/ E = 0.30%.

. Case 3. Klystron phases ¢; = —3°, -7%, —207, 5°, 5°, 6°, 6°, and 6° bunch

length &, = 1 mm; and final energy spread ag/E = 0.76%.

. Case 4. Klystron phases ¢; = -7, ~10°, =20°, —1°, —1°, 0°, 0°, and 0°%

bunch length o, = 1.75 mm; and final energy spread ogfE = 1.40%.

. Case 5. Klystron phases ¢; = =§8°, —11°, --19°, —3°, —3°, =2°, ~2°, and -2°%;

buach length o, = 2.50 mm; and final energy spread o/ E = 2.30%.

. Case 6. Klystron phases ¢; = —7°, —10°, —20°, —1°, ~1°, 0°, @°, and 47%;

bunch feagth ¢, = 1.75 mm; and final energy spread agf £ = 0.53%.
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