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1. Introduction 

The acceleration and transport of electron beams with high currents and low emittances are subjects 
studied very carefully for many operating accelerators and most future accelerators. For example, several 
Free Electron Lasers (FEL) [l] and the Stanford Linear Collider (SLC) [2] presently operate with high 
energy intense beams. The next generation of synchrotron light sources [3] and future linear colliders 
[4,5,6,7] require a much higher degree of component precision and beam control. In this note the basic 
concepts governing the effects of high currents in accelerators are explored, including observations of high 
currents in present accelerators. 

The effects of longitudinal wakefields on acceleration and energy spreads are studied first. Then, 
the transverse equations of motion are developed including the technique of BNS damping to control 
wakefield growth. These wakefield effects are investigated to characterize their influence on the control and 
observation of beam oscillations. Finally, the reduction of transverse wakefield effects is important for 
-maintaining the emittances of intense beams. 

2.1 Acceleration 

2. Longitudinal Effects 

The energy E of particles accelerated in a linac after n klystrons is given by [8] 
.-- -2 

E(Z) = Einj + i [ AEi COS(&+$(Z)) + Asi 
I 

Wl(z’-z) p(z’) dz’] 
i=l z 

(1) 



where Ehj is the injection energy, $i are the klystron phases-which are free parameters-, o(z) = 27tz/hRF, 
wher%“h~~ is the RF wavelength, z is the longitudinal position along the bunch, AEi is the maximum 
energy gain in the distance Asi (one klystron), p(z) is the longitudinal density distribution, and the last term 

on the right-hand side is the longitudinal wakefield contribution to the particle energy. The longitudinal 
wakefield contribution Wl arises from all particles in the bunch preceding the one of interest. The 
longitudinal wakefield depends on the construction of the RF cavities and surrounding vacuum hardware. 
The longitudinal wakefield for the SLAC structure is shown in Figure 1 [9]. Typical accelerator parameters 
are AEi = 20 MeV/m, Xm = 10 cm, and As1 = 12 m. p(z) is often a gaussian with sigma oz. 

2.2 Energy spread 
L, -__ 

The mean energy of the bunch <E> is an integral over the energy distribution. 

<E> = J-W p(z) dz 

The root-mean-square (rms) energy spread can also be calculated. 

I 
l/2 .- GE/E= [E(z) - &>I2 p(z) dz 

(2) 

(3) 

The energy spread for a low current beam is minimized when the bunch is centered on the crest of 
the RF wave form. An example of the resulting spectrum is shown in Figure 2 for the LIL linac at CERN 
[lo]. The core of the beam has the highest energy and both the longitudinal head and tail particles have 
lower energies making a long low energy tail. 

At high currents the longitudinal wakefield decelerates the longitudinal tail of the bunch (generally). 
Thus, in order to minimize the energy spread the mean phase of the bunch is moved forward of the RF 
crest. This process can be seen schematically in Figure 3. The energy distribution in the bunch develops a 
complicated shape due to the nonlinear wakefield, particle density distribution, and the RF sine wave. 
These distributions have been calculated for the SLC linac for low and high currents and are shown in 
Figure 4. The fact that the minimum spectrum is obtained at a phase forward of the RF crest is easy to 
verify in a linac. An example for the SLC is shown in Figure 5 [ 111. The “double homed” energy 
distributions.i$icated in Figure 3 for high currents have also been seen in the SLC (Figure 6) at about 3 x- 
lO*O e- with- 0, = I mm. The changes in the optimum linac phase for the minimum energy spread as a 

function of current are shown in Figure 7. The required phase shift can be on the order of 10 to 15 degrees. 
This shift allows phase jitter in the klystrons to produce energy jitter in a linac. 
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Longitudinal wake potential of the SLAC RF structure for a single cell as experienced by 
a test particle following a single electron. 
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Measured energy spectrum for a low charge bunch in the LIL linac at CERN. 
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Schematic view of the effect of the overall linac RF phase on the energy spectrum of 
bunches with high charges including longitudinal wakefields (a). The energy versus 
longitudinal position displays on the left (b,c,d) lead to the energy density distributions on 
the right. The optimum phase places as many particles as possible near the mean energy. 
The optimum produces a double peaked distribution (c). With longitudinal wakefields the 
optimum phase of the bunch is noticeably ahead of the RF crest. 

Occasionally, the longitudinal bunch distributions are not true gaussians and careful integrals are 
required to extracted the energy spreads [12]. In practice near gaussians and gaussians are difficult to 
distinguish experimentally. 

2.3 Multibunch longitudinal effects 

When-a linac accelerates multiple bunches, the longitudinal loading affects the energy differences 
between the bunches. Trailing bunches see a lower accelerating field. The energy extracted from the RF 
cavities by the beam must be replenished by an RF power source but there is a finite filling time. The 
methods to equalize the bunch energies are to stagger time the RF pulses to add extra energy between 
bunches or to change the klystron pulse amplitude with time. The former is being considered for the next 
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Figure 4 Simulated energy spectra for the SLC linac showing optimized cases for low charge (upper) 
and high charge (lower). The high charge spectrum has a complicated shape affecting the 
transport of low emittance beams. 

linear collider [ 131 and the latter is used for making the two colliding bunches in the SLC have equal 
energies [ 111. An example of multibunch longitudinal loading without compensation is shown in Figure 8 
where each trailing bunch has lower and lower energy. The center bunches in the beam have higher charge 
than either end and the corresponding energy spacings are larger. The method to compensate the two 
colliding bunches in the SLC is shown in Figure 9, where the pulsed SLED system [ 141 provides a time 
varying field. 

3. Transverse Oscillations 

3.1 Equation of motion with transverse wakefields 

._- 

The transverse equation of motion for particles under the influence of transverse wakefields is 

00 
d2 
ds2 

x(z,s) + k2 (z,s) x(z,s) = dz’ p(z’)W,(z’-z) x(z’,s), (4) 
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Figure 5 Measured energy and energy spectrum of a bunch in the SLC linac with medium charge as a 
function of RF phase. The peak energy and smallest rms energy spread are separated by 
several degrees as expected from longitudinal wakes. 
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Figure 6 At high charge the measured energy spectrum in the SLC has the characteristic double 
peaked structure as schematically illustrated in Figure 3. 
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Figure 7 
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Measured RF phases for the maximum energy of the core of the beam as well as the 
minimum energy spread of the whole bunch as a function of charge. The phase of the peak 
energy remains nearly the same but the phase for the minimum energy spread shifts 
considerably forward at high intensity. 

Figure 8 Photographed position of a train of six electron bunches in the SLAC linac at 8 GeV on a 
profile monitor in a dispersive region (q = lm) after 800 m of RF accelerator. The bunches 
fill six adjacent RF buckets. The position offsets indicate the long range longitudinal 
loading of each bunch on all trailing bunches. Each bunch charge is about 0.5 - 1.0 x 109 e-. 
The horizontal full scale. is 2.5 cm. The dark mark is an artifact of the measurement. 
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Figure 9 Measured SLED RF wave form indicating the timing of the three SLC bunches. The global 
timing of the three bunches is adjusted to alleviate any energy changes from charge 
differences and longitudinal loading between the bunches. 
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-where x is the transverse particle displacement which depends on where in the bunch the particle is located .-. .-. * _r 
and where along the accelerator the bunch is located, k is the lattice strength, p is the longitudinal particle 
density, y = E/me*, re is the classical electron radius, s is the distance long the accelerator, and W r is the 

transverse wakefield which depends on the separation of the leading and trailing particles. W r grows nearly 
linearly for most bunches with millimeter bunch lengths as can be seen in Figure 10 calculated for the 
SLAC structure [9]. The acceleration is generally linear, y(s)=y(O)+Gs, where G is the accelerating 

gradient. In Equation (4) the distance to double the energy is assumed to be long compared to the betatron 
wavelength, or k >> G. 

The driving force on the right hand side is proportional to the transverse offset of all the leading 
particles in the RF structure of the accelerator. Thus, there is the potential for resonant excitation of the 
back of the-bunch by the head. The wakefield excitation of the bunch through an oscillation can be seen 
schematically in Figure 11. There are many mechanisms to start an oscillation and the resulting resonant 
excitation. The energy spread in the bunch affects the equation of motion. Also, the motion will develop 
differently if the initial deflection is made at different locations in the accelerator. 

If the transverse wakefields are set to zero, then the solution to Equation (4) is the standard betatmn 
oscillation. The expected beam oscillation given a dipole deflection A0 at location ‘0’ with acceleration is 

where p is the beta function, and v(s) is the betatron phase to position s. Note that the betatron oscillation - 
damps with the square root of the energy. 

The equation of motion involves only one geometrical plane and assumes no horizontal-vertical 
coupling. This is often a reasonable assumption for round beam accelerators (see Figure 12) and is a strong 
requirement for a future collider [7]. 

An instructive exercise is to solve Equation (4) for a beam with three longitudinal slices without 
acceleration, i.e. a three particle model. If the bunch has a total charge of N, then the center ‘c’ slice is 
-assigned N/2 charges and the head ‘h’ and tail ‘t’ slices have N/4 charges each. They are all spaced apart by 
oz. The three equations of motion assuming a linear wakefield become 

&, + k’B xh = 0 

Xc + k’8 xc = B xh 

._- Xt + k’B xt = 2 B xh + 2 B xc 
-1 . 

where B is proportional to the bunch charge and the transverse wakefield. 

B,-~N wr % 
4Eo 

9 

(6) 

(7) 



I 
: 

2.0 

- 

6-90 

- - - 495 Modes 
-a- Analytic ext 

0 

I I I I 

20 40 60 80 100 

Time (ps) 3814A58 

Figure 10 Transverse wake potential produced by a single electron in one RF cell of the SLAC linac. 
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Figure 11 Schematic illustration showing the growth in oscillation amplitude of the longitudinal tail of 
a beam driven by transverse wakefields from the leading portions of the bunch. Trajectory 
correction downstream has difficulty converging as some part of the beam is always off axis 
driving trailing particles to larger amplitudes. 
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- The solutions to the above equations assuming an initial deflection at s = 0 of 00 = kp xg are r-. .I s _. 

xh= 
x0 sin( kp s ) 

2 = (8) 

3 i 1 la sin ( kp s ) - D s cos( kp s ) - -@- s2 sin( ka s ) k’s kP 4 k’s 

There arethree important conclusions: 1) The variable x0 factors from all the solutions, which means that 
the solutions are linear in the amplitude. 2) Each additional slice adds one higher power of B ( or Wr N) and 
s, indicating the nonlinearity in bunch charge and distance along the accelerator. 3) The core lags 90 
degrees behind the head. The tail, ultimately, lags 180 degrees behind the head. Conclusion 2 suggests an 
exponential growth of the tail of the beam in the limit of many slices. 

This resonant blowup at high currents was observed in the SLC as is shown in Figure 13. 
Simulations and observations show good agreement indicating an approximate exponential trajectory 
increase with distance [ 151. In this condition the SLC was very susceptible to injection jitter. 

3.2 Transverse wakefield (BNS) damping 

A technique to control this resonant growth is called BNS damping (named after the inventors: V. 
Balakin, A. Novokhatsky, and V. Smirnov)[l6]. BNS damping lowers the energy of the back of the 
bunch by accelerating the bunch behind the crest of the RF early in the linac and then ahead of the RF crest 
downstream to restore the energy spread at the end. With the back of the bunch low in energy, the 
wakefields forces in Equation (4), which act to defocus particles, are counterbalanced by the increased 
-quadrupole focusing of the back of the bunch because of its low energy. The resonant excitation is then 
reduced. It is not possible to perfectly cancel the forces over the whole bunch so some enlargement is 
expected. 

_ Again, it is instructive to find the solutions to the three particle model but with BNS damping 
added. BNS damping enters the equations in the lattice constants kp. The energies of the three particles are 
different and so too are their lattice constants. kp for the head is set to kp + a, for the core kp, and for the 
tail kp - 6. The solutions to the three equations with xg = 801 (kp+a) are 

-:-- ,-z = sin (( kp + a ) s ) 

$=sin(kps)+D[(kp+a)sin(kps)-kpsin((kp+a)s)] 

where 
D= B 

kp t( kp + a I2 - ki > 
11 
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A measured horizontal betatron oscillation in the linac induced by a dipole magnet early in 
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plane showing the independence of the transport equations (6 x lo9 electrons at 42 GeV). 

I 
I I I I 

(b) 

i I I I I 

.-- -z 200 400 600 800 . 
8-87 DISTANCE (ml 6704A4 

L (0) 
I. , 

- -1.0 1 
E 
F 1.0 
z 
i? 
x 0.5 

0 

-0.5 

-1.0 

0 200 400 600 800 
3-67 DISTANCE (ml 6704*5 

Figure 13 Left: Measured trajectories of an accelerated electron beam due to a 3 gauss-m dipole 
deflection. Right: Simulated trajectories of the electron beams on the left. The bunch 
lengths are 1 mm. The upper curves are for 8 x 109 e- ; the lower curves are for 2.2 x 1010 
e-. No BNS damping phases are used. Note that the simulation and measurements agree 
and that at 2.2 x 1010 e- the trajectory is starting to grow exponentially with distance. 

2 



- .I II-- 

where 

g = sin( ( kP - 6 ) s ) + G [ (kp+ a ) sin( ( kp - 6 ) s) - (kp - 6 ) sin( (kp+ a ) s )] 

+ F [ kp sin( (kp - 6 ) s ) - (ks - 6 ) sin (ks s )] 

G= 
2 B[l- B / [ (kp + a)2 - ki ] 

( kp - 6 > 1 (kp + N2 - (kp - 6? 1 
(9b) - 

and 

F= 2B(l+H) 

( kB - 6 > D$ - ( k/j - 6 I21 

.L --. H= 
B(kp+a) 

ks[(kp+a)2- k’p]. 

After this tedious work, the conditions for BNS damping can be determined. To make the head and core 
particles oscillate together, a is adjusted to make identical trajectories. 

a=eNWr ozz/(4Egkp) (BNS condition) (10) 

This is the standard BNS condition for a two particle model. The core wants to have an energy that makes 
the lattice appear stronger, i.e. a lower energy. To make the third particle oscillate like the first two then 

6=4a. (optimum) (11) 

This solution indicates that the energy differences over the bunch need careful tailoring. This is the essence 
of the notion of autophasing described in Section 3.4. Finally, RF focusing can be used to provide 
different lattice strengths to the various parts of the bunch instead of a head-tail energy difference. RF 
focusing may be used in a future collider [ 171. 

The strong effect of this transverse damping is shown in Figure 14 where beams with and without 
BNS damping are made to oscillate in the SLC [ 181. BNS damping works very well and is used 
continuously. With full BNS damping conditions, oscillations of a bunch have been studied in detail. Four 
measured oscillations, with identical initial conditions, are shown in Figure 15 for four different bunch 
currents. The BNS settings are for 2.5 X lOlO particles, where the first 48 klystrons have a phase of -20 
degrees and the remaining klystrons have a phase of + 15 degrees. In all cases the overall linac phase was 
adjusted to make the energy spectrum correct at the end of the accelerator. At low current the oscillation 
decoheres because of the large energy spread. At 2.5 X 1010 particles BNS damping is nearly correct 
because the oscillation damps approximately was the square root of the energy, as expected. At this setting 
the bunch resists wakefield emittance enlargement. At the highest current the BNS conditions are no longer 
effective and the oscillation starts to grow strongly at the end of the linac, similar to the examples in Figure 
14. Thus, the BNS conditions must be matched to the beam current and lattice to make the technique most 
successful. However, if the klystron phases are significantly misphased from the desired values, bizarre 

_ oscillations can result. An example is shown in Figure 16 where strong beating is observed. 
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Figure 14 Measured oscillations in the SLC linac with and without transverse wakefield damping 
(BNS). The bunch charges are 2 x lOlo e-. The upper plot shows the exponential growth of 
the oscillation without BNS damping and the lower plot shows that with BNS damping. In 
this example, the improvement in the ratio from front to end of the linac is a factor of ten. 
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changes. Standard BNS conditions for 3 x 1010 e- are used in all cases with the overall linac 
phase adjusted to make a small energy spectrum at 47 GeV. Note that at high charge, 
damping from acceleration is not as strong as wakefield growth in the latter half of the linac. 
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-3.3 Analysis of oscillations r-. .-. * _ * 

A beam oscillation can be used to determine lattice and beam parameters. An example of an 
oscillation with is fit using a global energy factor as a parameter is shown in Figure 17 [ 191. This type of 
analysis can aid in determining if klystrons need phasing, if quadrupoles are misadjusted, or if transverse 
wakefield effects are proper. 

By recording a beam trajectory and fitting the oscillation using Equation (4), an effective lattice 
strength can be determined. A plot of the change in the effective lattice strength with current for the SLC is 
displayed in Figure 18. In an accelerator with 30 betatron wavelengths, a strength change of a few percent 
is quite noticeable. Conversely, Equation (4) can be used to determine an effective beam current, assuming 
a longitudinal density profile. This study was done and the currents from the fits versus the actual beam 
currents for a particular SLC accelerator condition are plotted in Figure 19. Although the data and the 
predictions do not fully agree, there is no doubt about the strong effect on the apparent betatron frequency 

v91. 

3.4 Autophasing 

The cancellation of wakefield forces by BNS damping may be exploited further, if a concept called 
autophasing can be made practical [20]. By careful arrangement of the bunch charge density based on 
knowledge of-the local beam energy, lattice, bunch length, and RF structure, nearly all particles in the . 
bunch can be made to follow exactly the same trajectory. The conditions for this behavior can be derived 
by substituting an identical oscillation (x=xgsin(ks)) into Equation (4) for all particles, and cancelling 
position terms on both sides [8]. The resulting autophasing condition is 

dz’ p(z’) W,(z’-z) (12) 

where ko is the nominal lattice strength and k(z,s) would be the lattice strength for all particles if transverse 
wakefield forces were removed. With wakefields and the above condition, all particles have the same 
effective betatron frequency. The difficulty is that this condition must hold for all particles in the bunch, 
even the ones far forward off the RF crest, and at all locations along the accelerator. The adjustable 
parameters available are the bunch current, the lattice strength, the klystron energy profile, the klystron 
phases, and the longitudinal density profile. However, of all these variables, the longitudinal density profile 
is the most useful. .-- 

Using the two particle model in Equation 10, one can calculate the reduction in energy needed by 
the second particle to achieve autophasing. This calculation was done for the SLC and is shown in Figure 
20 [19]. The early part of the SLC has several lattice discontinuities which require beam energy spread 
changes which are more rapid than can be practically made. 

15 



. 

1.0 

= 

> 

Figure 16 Observed dipole driven oscillations along the SLC linac of a beam with an abnormally 
large energy spectrum. The beating of the observed positions arises from the head and 

_ tail positions being on the same or opposite side of the axis. Large chromatic emittance 
.- enlargement also results. 
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Figure 17 An observed oscillation (dots) is fit to a betatron oscillation (solid line) using the equation 
of motion with a single adjustable energy parameter over the whole linac. Transverse 
wakefields in the SLC produce apparent beam energy errors of a few percent. 
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Figure 18 Change of the measured betatron spatial f requency due to transverse wakefields as a  
function of beam current in the SLC. These wakefields retard apparent betatron oscillations. 
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Figure 19 -5: ‘-- The fit value for the beam current from measured (circles) and simulated (solid lines) BPM 
difference trajectories as a  function of the actual beam current in the SLC. The measured 

and simulated trajectories were fit with the same algorithm. The curves show that even at 
relatively low bunch intensities the transverse wakefield effects influence the trajectories. 
The differences between the measurements and simulations arise from the uncertainty of the 
longitudinal bunch profile, the incoming beam transverse profile, and an uncertainty in the 
transverse wake potential. 
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- A forty-one slice simulation of autophasing for the SLC has been done [S]. Some of the results are -... S.’ 
shown in Figures 21 and 22. The difficulties in achieving the conditions of Equation 12 are apparent as 
Plots 21c and 21e must be matched over their full width. The irregularities of the lattice, the strong 
curvature of the RF voltage, and the need for a small energy spread at the end of the linac have made 
practical autophasing not fruitful to date, although studies continue. Autophasing without acceleration has 
also been studied [21]. Nevertheless, if this condition can be satisfied in a future collider, the beam 
intensity threshold for wakefield emittance growth will increase significantly . 

3.5 Injection Tolerance 

The-tolerance on injection parameters can be calculated with several goals in mind. One goal is to 
have the emittance of the beam not increase unacceptably during acceleration. 

A&/&<O.l (13) 

Another goal might be to keep the transverse position of the beam at the end of the accelerator within some 
fraction of the beam size from the accelerator axis to maintain luminosity. 

Ax< ox/3 (14) 

Conversely, the goal may be to limit the number of particles a certain distance from the axis, as if to protect 
a device from destruction (i.e. collimator). 

p(x) dx I n (15) 

where p is the particle density and d is the off axis distance of interest. 

A tolerance on injection position (and angle) jitter can be calculated for the SLC from the data in 
Figure 15, with proper BNS conditions at each current. To maintain luminosity using Equation 14, the 
oscill‘ation must be kept below about ox,y / 3 at the end of the linac. The resu1t.s of these calculations are 

shown in Figure 23 [22]. At 7.5 x lOlO particles, the displacement at the beginning of the linac must be 
less that 40 pm, within a factor of two of present operational values. Similar tolerances for a future collider 

will be significantly smaller, as the emittances are much lower. 

3.6 
..- 

Transverse jitter 

Feedback systems that work pulse-by-pulse are essential for keeping the beam parameters within 
acceptable limits given the many possible sources of transverse jitter. Several sources are varying power 
supplies of dipoles and off axis quadrupoles, vibrating quadrupoles, klystron phase and amplitude jitter, 
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Figure 20 An equivalent energy change at the back of the bunch which cancels the phase advance per 
cell from transverse wakefields at 3 X lOlO electrons plotted versus quadrupole unit 
number resulting from a two particle model. The variations result from the uneven 
spacing of the quadrupoles. Adjustments in the energy spectrum using klystron phases 
can not be induced in the beam as rapidly as the discontinuities require. However, the 
general trends can be followed. 
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Figure 21 Schematic representation of the mutual compensation of wakefield and chromatic effects 
over the entire bunch in the SLC linac. The bunch density is shown in (a). The integrated 
transverse wakefield over the bunch is shown in (b). The required betatron frequency 
determined by transverse wakefields over the bunch is shown in (c). The energy is shown 
in (d). Finally, the betatron frequency along the bunch as determined from lattice and 
bunch energy considerations is shown in (e). The task for autophasing is to match (c) with 
(e) by adjusting the energy spectrum, bunch length, and lattice parameters. 
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Figure 22 An optimized autophasing condition is shown at four locations along the SLC where the 
wakefield required and lattice generated betatron frequencies are superimposed over the 
len 

*-20 ,-10,andOOf %  
th of the bunch. In this solution the klystron phases are specially set to -70, -100, 

or ive f li nac sections of length lOOm, 2OOm, 4OOm, 8OOm, and 
- 14OOm, respectively. The resulting matches are reasonably good over the length of the 

bunch. The bunch charge is 3.5 x 10 l0 electrons with a length of 1.75 m m  in a 90 
degrees per cell lattice. The final energy spread is 1.4 %, which is too large for the SLC 
final focus to chromatically correct. By adjusting the phase of the last section of the linac, 
the energy spread can be reduced but the auto phasing condition is then violated leading to 
emittance growth. 
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Figure 23 Injection tolerances versus bunch population as determined for the SLC using the data in 
Figure 14 and the requirement that the oscillation be smaller than the final bunch size. 
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dark current in the RF structure, unstable kicker magnets, temperature changes in the tunnel [23], and --. .-. * _r 
changes in the beam intensity. In the SLC, over 80 beam parameters (beam positions, angles, and 
energies) are controlled by feedback routinely with many corrections each second. Not all parameters need 
rapid feedback. For example, the energy spectrum feedback has proven not to need pulse-by-pulse control. 
Modem control theory is used to provide cascaded control of position and angle loops from the beginning 
to the end of the accelerator that minimally interfere with each other and provide maximum control [24]. 
Reduction of oscillations with frequencies up to one sixth of the accelerator pulse rate can be expected. 

Injection jitter too rapid for feedback control must be isolated and fixed. The sources of jiiter are 
generally not stable, as can be seen in Figure 24. Thus, sophisticated analysis techniques must be 
developed. 

.” -- 

- 

9-91 TIME (seconds) 7014A16 

Figure 24 Measured bunch position in the early SLC as a function of time (straight lines) for two 
,--periods separated by 3 minutes. The sine curve is a fit to the data at 1.2 Hz. Note that the 

-’ frequency spectrum of the beam jitter can change rapidly, even though the root-mean-square 
jitter is about the same. 

The magnitude of the jitter can depend strongly on current. An observation in the SLC is shown in 
Figure 25 where the horizontal jitter becomes rapidly stronger above 3.5 x 10’0 e- per pulse. The nature of 

_ this jitter can be seen in Figure 26 and 27. The probable cause for this rapid change is the large dispersion 
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Figure 25 Measured transverse position jitter in the SLC beam as a function of current and position 
along the linac. At low currents, all positions have similar root-mean-square jitter values. 
However, at high currents the downstream locations indicate much stronger oscillations. 
Studies suggest that the injected beam develops a quadratic offset profile at high currents 
which causes an increased jitter in the linac. 

in the transport line between the damping ring and the linac combined with the lengthened bunch in the 
damping ring at high currents. At the resulting large amplitudes the particles at the front and back are 
focused incorrectly. These particles then enter the linac far off axis and far ahead or behind the main core of 
the beam. The head particles excite wakefields downstream 125,261. Correction of the second-order optics 
in the transport line is warranted. 

If a bunch has a skew profile as it enters the accelerator, it is not possible to correct the bunch with 
steering to remove all transverse wakefield effects. Some of the possible injection conditions (errors) of a 
bunch into an accelerator are shown in Figure 28, indicating the importance of a well corrected and -2 
controlled iaunch.. Plot (a) is for a perfect bunch, (b) shows a transverse offset, (c) shows a head-tail 
energy spread and dispersion q, (d) indicates upstream wakefields, (e) characterizes second order terms 
(Tl66 for example), and (f’) is similar to (c) but with q’ added. 

Dispersion effects will be discussed in more detail. Dispersion at the entrance to the accelerator can 
cause the beam to have a transverse-longitudinal tilt, similar in shape to Figure 28~. Ax = q ABE. The 
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Figure 26 The rms trajectory averaged over 10 pulses is shown along the SLC linac for 4 x lOlo e-. 
The jitter causes the x amplitude to grow rapidly. The y enlargement is acceptably small. 
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.Figure 27 A horizontal oscillation resulting from the unknown jitter shown in Figure 25 and 26 at 4 x 
1010 e- in the SLC. A vertical oscillation was also produced but with a change in a dipole 
magnet early in the linac. The vertical growth is not the same as the horizontal, indicating 
that the transverse offsets over the length of the bunch are not like those from a dipole 
deflection but more likely a higher moment. A possible configuration has the core on axis 
but the head and tail off axis quadratically. 

Figure 28 

9-91 7014AlO 

Possible injection orientations of a bunch entering the linac. All orientations have wakefield 
and dispersion implications except for plot (a), the ideal condition. 
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-head of the bunch is not on axis even though the average position of the bunch is. The oscillation of the ,I -.- 
head downstream will most likely drive the trailing portions of the bunch to large amplitudes, increasing the 
emittance. Calculations of this effect for the SLC linac give a tolerance on the allowed dispersion as a 
function of current [27]. The results are shown in Figure 29. Besides the removal of the dispersion errors, 
careful placement of the bunch and the use of BNS damping are quite helpful. However, jitter in the energy 
of the beam entering the linac can make this problem especially troublesome. 

The RF structures in the linac have several small asymmetries that generate transverse fields [28]. 
These transverse fields can be in- or out-of-phase with the accelerating fields and deflect (slightly) all or 
portions of each bunch, as can be seen in Figure 30. The accumulation of these kicks along the linac can 
enlarge the emittance. There are three effects. (a) The average deflection component can be removed by 
trajectory correction. However, changes in the RF phase or amplitude of a klystron cause changes in the 
deflecting fields and thus generate position jitter downstream [29]. (b) The steady state portion of the 
transverse RF kick causes local trajectory changes, even with steering, and produces off center beams 
leading to dispersion and wakefield growth [30]. (c) Finally, the magnitude of an RF deflection can vary 
over the length of the bunch, which causes direct emittance growth and further filamentation downstream 
[3 11. Care must be taken during construction of the RF structure to minimize these asymmetries. They 
cannot be fixed after construction except possibly by cancellation using appropriate pairing. 

4. Transverse Emittance Effects At High Currents 

4.1 General emittance reduction techniques 

In a linear accelerator many emittance enlargement effects may occur: some result from injection 
errors, some arise from accumulation of errors along the linac, and some occur at the end. The injection 
-errors include betatron mismatches, dispersion mismatches, x-y coupling, static injection offsets, and 
launch jitter. Accumulating errors include transverse wakefields, misaligned quadrupoles and position 
monitors, RF deflections, and component vibration. Effects at the end of the linac include collimator 
wakefields and x-y coupling. 

Betatron mismatches occur when the injection beam has a phase-space orientation @ ,a) that does 

not match the linac lattice. Because of geometry the linac lattice cannot be chromatically corrected. 
Therefore, particles with different energies have different oscillation frequencies. Since the injected beam 
has an internal energy spread that changes during acceleration, the trajectories of the different energy 
portions o&he beam rotate in phase space at different speeds and soon undergo filamentation. Given a 
beam Ph and ah that are mismatched from the lattice design values pl and al, the emittance enlargement 

after filamentation is given by a parameter Bmag [32]. 

( Y E kinal = Bmag ( Y E hitid (16) 
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Figure 29 Upper limits of the allowed residual dispersion Q entering the SLC linac as a function of 
bunch intensity. The limits are calculated for a partially compressed bunch (1.5 mm) where 
dispersion tilts the bunch transversely and excites transverse wakefields in the linac. 
Steering the head of the beam near the axis increases the tolerances. Also, BNS damping 

_ (Landau damping) increases the tolerances significantly. Higher order dispersion will have 
equivalent effects. 
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Figure 30 Measured RF deflections of a beam in the SLAC linac are seen as position changes 
downstream with phase changes. The beam energy was 1 GeV and the accelerating section 
with the changing phase was 12 m long with an accelerating gradient of 12 MeV/m. There 
are several consequences. Jitter in the phase and amplitude of the klystrons produces dipole 
deflections in the beam. The finite longitudinal length of the beam results in the beam 
shearing transversely from the RF deflection and having an increased emittance. 
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(17) 

To avoid emittance increases of order lo%, p must be matched to 30% or so. The a match has a similar 

constraint. 
Dispersion mismatches are similar [33,34]. A dispersion q is a transverse position-energy 

correlation which adds to the apparent size and emittance of the beam: o2 = E p + q2 ( AE / E )2. Given 

the chromatic lattice, the beam particles displaced by dispersion undergo filamentation if allowed and the 
real emittance grows. The measured effective emittance kff in the presence of dispersion [32] is given by 

&=$+pl2+ (Porl’+wl )21b2) 
0 

(18) 

and with filamentation the emittance increases further leading to a final value of 

Eeff=q3+-$v2+ (Porl’+wl ,‘l(s’). 
(19) 

The errors in the dispersion on injection must usually be controlled to a few millimeters. Minimization of .- 
the measured emittance early in the linac is made by adjusting quadrupoles in a dispersive region upstream 
to remove the dispersion errors [35]. Future colliders require an order of magnitude smaller adjustments. 

Emittance growth from x-y coupling occurs when particle trajectories in one plane, say x, are 
rotated into the other plane (y) by skew transport elements such as rotated quadrupoles or off-axis 
sextupoles. This problem is of more concern for a future collider, where flat beams are needed. Coupling 
can increase both effective emittances (x and y) or move emittance from one plane to the other [36]. 
Filamentation of the mixed beam can cause further growth. 

4.2 Transverse profile changes with transverse wakefields 

- A betatron oscillation in the linac combined with transverse wakefields leads to the potential for 
strong wakefield enlargement. Studies of beam transverse enlargement at the end of the SLC linac from 
betatron oscillations generated by a dipole magnet are shown in Figure 3 1. These measurements were 
made with profile monitors using fluorescent screens and TV cameras producing images as shown in 
Figure 32. The observations in Figure 31 clearly show that leading particles which are off-axis in the 
accelerator excite trailing particles to larger amplitudes. It is evident that the transverse beam tails oscillate 
along the linac at the betatron frequency. 

The effects discussed in Section 4.1 which affect the transverse beam profile are symmetrical, 
leaving the beam with left-right equality. Transverse wakefields, however, are asymmetrical and often 
produce skewed distributions. The particle distributions resulting from wakefields are not gaussian and 

26 



Increasing Energy - 
Bunch Tail Bunch Head 

Vertical 
Pasi t ion 

-z 1.5 

.c 0 

* -1.3 

Beam Direction - 

bipole Dipole Positive 3km 

Dipole Off 

Dipole Negative 
S-87 566365 

Figure 31 Experimental results demonstrating that the bunch head drives the tail to larger amplitudes 
during a betatron oscillation due to transverse wakefields. On the right side three trajectories 
(transverse positions along the linac) are shown. The upper plot has a ‘positive’ oscillation 
produced by a small change in a dipole magnet early in the linac, the center shows ‘no’ 
oscillation, and the bottom a ‘negative’ oscillation. On the left side the three resulting beam 

,-_ shapes are shown measured on a profile monitor. The accelerator conditions are such that 
=’ the longitudinal head of the bunch is located on the right side of the measured profile and the 

longitudinal tail is on the left side. Note that the position of the bunch head is independent of 
the oscillation but that the tail of the bunch moves vertically with the sign of the oscillation. 
This example shows that leading particles in a bunch drive trailing particles to large 
amplitudes via transverse wakefields. It also shows that the phase space dimensions of each 
longitudinal slice of the beam remains the same even though the effective emittance of the 
beam as a whole has increased from transverse wakefield effects. 
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Figure 32 Images of an electron bunch on a profile monitor at 47 GeV showing wakefield growth with 
increasing oscillation amplitudes. The images from left to right are for a well-steered beam, 
a 0.2 mm oscillation, a 0.5 mm oscillation, and a 1 .O mm oscillation, respectively. Both 
horizontal and vertical oscillations are present. The beam intensity is 2 x lOlO electrons. 
The core sizes ox and cry are about 120 mm. 

must be described in a new way. Special methods are available to model and control these changes [38]. 
Multiple gaussian fits, skewness, kurtosis, and fitting left and right halves separately have been tried with 
various degrees of success. An intuitive accelerator physics model for tail propagation is described here. 

A bunch executing a betatron oscillation in the quadrupole lattice of the linac experiences transverse 
wakefields in the accelerating structure. The head of the bunch drives the core and back of the bunch to 
ever increasing amplitudes producing a non-gaussian tail. Simulations of this growth have been made 
where a bunch is divided into longitudinal slices and traced through the linac. A nearly exponential growth 
from head to back is apparent. The transverse particle distribution p(x) of each slice is equal to that of the 
initial phase space distribution. The initial particle distribution is a gaussian with width cr. 

p(x) = exp( - [ x - XOP / 2 02) / <T (2x)1/2 ) (20) 

where-x0 is the mean of the distribution. The overall distribution must be integrated over the slices with 
different transverse positions x0. The position x0 of each slice is represented by an exponential which 
initiates at position z~ along the length of the bunch and has a growth distance of 2. This tail rotates in 
phase space with the betatron phase Qi but has an initial phase QO. The emittance of each slice of the beam 
is E and the betatron function at each profile measurement ‘i’ is pi. oi2 = E pi. The tail extension is scaled 
locally by c!$.‘-- * 

XO($i,Z)= oiU(z0-z)[exp((z0-z)z/oz)- 11 cos(@+&)> (21) 
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-where U is the unit step function and the bunch length is o z. The transverse distribution of each slice is 
.-. .-. * _r 

given by : 

p (x, 4% z) = exp(- ( X - X0(&, Z))2 /20i2) / (2 It)1/20i (22) 

Finally, the overall transverse distribution called f(x,$i) is given by 

f (X3 Qi) = p (Xv @ i, Z) h ( Z ) dz (23) 

L -- 

where h(z) is the longitudinal profile, usually assumed to be a gaussian with length oz. By choosing $0, 
7, and z~, the beam shape can be calculated at any location over a reasonably short region of the linac (less 
than several betatron wavelengths so that wakefields do not change the distributions). Measured beam 
shapes can be analyzed to determine the tail structure of the beam and measure the effective $0, z~, and 2. 

For a test, an oscillation was induced in the SLC electron beam with a charge of about 2.5 x 1010 e- by a 
dipole magnet and the resulting trajectory is shown in Figure 33. The associated beam profiles on four 
wire scanners are shown in Figure 34. The observed beam shapes have a definite tail with a particular 
phase, readily fit with the above algorithm. 

This model assumes that the transverse tails are not large. As an experiment, an SLC beam was 
lengthened to-about 2.5 mm and accelerated. The expected transverse wakefield effects were large. The 
internal energy spread was also exaggerated. The resulting beam profile is shown in Figure 35. Clearly, a 
full model of all parameters must be used to diagnose beams with distributions like the one in Figure 35. 

4.3 Emittance observations 

The emittance of the beam at injection into the linac is important as it gives the scale of the tolerances 
to be studied. For example, the measured emittances at the entrance to the SLC linac are shown in Figure 36. 
The horizontal emittance increases with intensity because of bunch lengthening with current in the damping 
ring [12,39]. 

- The beam launch parameters into the linac must be correct in order to.avoid filamentation and 
wakefield effects downstream. To repeat, the dispersion functions must be properly adjusted, the betatron 
mismatches removed, and the second-order optics checked. Operation and studies of the SLC have shown 
that these emittance enlargement effects including chromatic and wakefields effects can be controlled 
during colliding beam operations to provide significant luminosity [40]. The best measured single bunch 
emittance conditions of the SLC to date are shown in Figure 37. These results were also obtained during 
collisions with three bunch operation (e+,e-, e- scavenger) up to 3 x 1010 particles per bunch. The 
extension of these techniques to higher currents is now under active study as intensities near 4.5 x 1010 are 
needed and the excessive horizontal beam jitter at high currents mentioned in Section 3.6 must be reduced. 
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Figure 33 A particular beam oscillation used to generate the transverse beam tails displayed in 
Figure 34. 
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Figure 34 Measured beam profiles (47 GeV) in the SLC for the betatron oscillation in Figure 33. The 
projections were taken with four wire scanners at (a) 0, (b) 22.5, (c) 90., and (d) 112.5 
degrees in betatron phase. Note that the induced transverse tail has a particular phase such 
that the tail does not appear at position (a). The produced profiles have different shapes 
depending on the betatron phase. Consequently, the transverse tail rotates in phase space at 
the betatron frequency and makes the beam appear to have a betatron mismatch. 
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Figure 35 -- An SLC electron bunch was generated with an unusually long length (of order 2.5 mm) 
and was made to oscillate both horizontally and vertically. The resulting beam was 
photographed on a profile monitor at the end of the linac. The image displays a “wormlike” 
correlation of particle positions along the bunch with the bunch head at the lower right. 
This particle distribution is characteristic of very strong wakefields. The beam length in this 
picture is 4 mm. 

4.4 Emittance minimization 

After the input parameters are optimized and the trajectory nominally corrected, the beam 
experiences emittance growth during acceleration because of alignment errors of the accelerator 

,components. This results from the trajectory being steered through misaligned quadrupoles and accelerator 
structures onto beam position monitors with finite residual offset errors. Consequently, transverse 
wakefields excite the beam. 

Methods to reduce these effects have been theoretically studied [41,42]. It was shown that the 
addition of appropriate injection errors (Ax, Ax’, Ay, and Ay’) could cancel most of the emittance 

enlargement. Since the advent of BNS damping, a more global scheme of distributing short range 
oscillations along the accelerator has been shown to be satisfactory [43]. Oscillations have been added to 
the SLC linac to test this procedure. Examples of these oscillations are shown in Figure 38. The emittance 
at full energy was measured as a function of the oscillation amplitude. The results are shown in Figures 39 
and 40. A good choice of the amplitude of the short range oscillation in the appropriate linac location 
significantly reduced the emittance enlargement. Furthermore, the betatron match of the beam was left 
properly maintained. Combinations of short range (200 m) oscillations in the SLC were used with two 
beams during particle physics collisions, the emittances were reduced to the design values at 3 x lOlo e-. 
The required electron trajectories for reducing the emittances are shown in Figure 41. Note that significant 
trajectory offsets were needed for this optimized case. -2 

At high currents the alignment of the RF structure relative to the quadrupoles and position monitors 
dominates all other alignment issues. The effects of structure misalignments are schematically shown in 
Figures 42 and 43. It is a daunting task to align the RF structure at the one meter scale to 100 pm or less 

over many kilometers of linac. Great efforts have been made to develop techniques which will align the 
structures to these tolerances and to keep them aligned over a long period with minimal effort. 
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Figure 36 Measured invariant emittances at the entrance to the SLC linac (1.15 GeV) as a function of 
the beam intensity with the bunch length compressor excited in the standard configuration. 
The vertical emittance remains constant but the horizontal emittance grows. This growth is 
associated with first- and second-order chromatic errors in the transport line ( oFJE= 1%) 
and the onset of bunch lengthening in the damping ring at about 1 x lOlO e-. 
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Figure 37 -=; ,--Best-measured invariant emittances at the exit of the SLC linac (47 GeV) as a function of 
beam current. (The symbol P refers to positrons.) Emittances (x and y) at 1 X 1010 electrons 
have been measured at 2 x 10-S r-m, which is 67% of the desired value of 3 x 10-S r-m. At 
3 x lOlO electrons the allowed emittance values were obtained. Above about 4.0 x 1010 a 
strong launch jitter is produced from the damping ring system and amplified in the linac 
which causes larger emittances. Bunch lengthening and wakefields effects in the linac may 
also contribute. Comparing with Figure 36, most of the emittance growth to 3 x 1010 e- is 
caused by increases in the injected emittance. 
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Figure 38 Two induced oscillations in the SLC accelerator used to cancel accumulated wakefield and 
dispersion errors in the linac, thus reducing the final emittance. See Figures 39 and 40. 

Experiments have taken place to study wakefields in misaligned structures [44]. Experimentally, it 
has been shown that moving structure irises with no other changes can deflect the beam as is shown in 
Figure 44. These observations have naturally directed efforts towards a possible cure. The component of 
the structure alignment errors at the betatron spatial frequency is primarily that which drives the beam. 
‘Therefore, if a control mechanism can be made to move the structure at that spatial frequency (see Figure 
45), then sine and cosine adjustments can be used to cancel the accumulation of alignment errors over 
reasonably short regions of the accelerator [45]. The alignment tolerances can then be markedly relaxed. 
This control can also be used to correct for any long term position drift of the accelerator or quadrupole 
supports due to temperature changes or floor creep in the tunnel. 

4.5 Emittance collimation 

Intense, low emittance beams at the end of a linac are often passed through small collimators to 
remove unwanted halos or to reduce the effective emittance. If the core of an intense bunch is slightly off- 
axis in these collimators, the bunch experiences deflecting forces that vary over the bunch depending on the 
local charge density [46]. A schematic illustration of this effect is shown in Figure 46. 

The configuration of the collimation system is important. The desire is to have the sum of the 
deflections small compared to the beam size. The offset of the beam in the collimator is proportional to the 
square rootofihe local beta function p. The collimator aperture is proportional to the beam size which is 
proportional to the square root of p. Thus the kick which is proportional to the ratio of the beam offset in 
the collimator to the collimator bore is independent of p. The kick is, however, inversely proportional to the 

beam energy E. The beam angular divergence is inversely proportional to the square root of the product of 
the energy and p. 
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Figure 39 Invariant emittance changes at the end of the linac (47 GeV) as a  function of the amplitude of 
an oscillation starting early in the linac (upper plot in Figure 38). The emittance 
measurements and the emittance times  Bmag measurements track each other very well. 
Since Bmag is a  measure of the expected filamentation from betatron m ismatches, the beam 
at the end of the linac has already fi lamented. A decrease in the transverse emittance (25%) 
is observed with a  finite oscillation added to the beam. The error which caused the original 
emittance enlargement is thus near the beginning of the linac. 
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Figure 40 Invariant emittance changes at the end of the linac (47 GeV) as a  function of the amplitude of 
an oscillation starting in the center of the linac (lower plot in Figure 38). There is no 
reduction of the emittance from this oscillation and, furthermore, a  large betatron m ismatch 
has developed signaled by the separation of the curves for ye and 1”~ x Bmag. 
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Figure 41 Empirically determined linac trajectory along the 3 km SLC linac which cancels the errors 
from the accumulation of dispersion and transverse wakefield errors for a bunch with 
3 x lOlO electrons. These oscillations lowered the invariant horizontal emittance from 

-4.5 to 3.0 (x 10-5 r-m). This trajectory is not unique as other trajectories with similar 
dscillations can produce the same effect. This non-zero trajectory remained the optimum 
trajectory during several weeks of collisions. 

Therefore, 

ekick a 

ebeam 
(24) 

where a low p and a high E minimize the emittance growth. Unfortunately, a low p value leads to small 

beam sizes and the potential for component radiation damage. For the next linear collider special collimation 
sections must be designed [47]. 

4.6 - Multibunch transverse effects 

The acceleration of multiple bunches requires the RF structures to have sufficiently small long range 
transverse wakefields so that trailing bunches do not experience significant transverse forces. The forces 
could generate-or increase oscillation amplitudes of trailing bunches and ultimately increase their emittances. . 
The solutio& to this problem are to space the bunches far enough apart to allow the higher order transverse 
modes to decohere or to damp the modes with absorbers. The new structures for a future linear collider will 
likely include a combination of transverse waveguides to damp higher order modes and cell-to-cell detuning 
to dephase the higher order fields. Furthermore, the captured modes in the structure, cell-to-cell fields, that 
are driven by long trains of bunches must be detuned to avoid unwanted multiple beam breakup. 
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Figure 42 A displaced accelerating structure will induce a transverse offset in the beam from transverse 
wakefields. The head of the bunch remains on axis but the core continues to drive the tail to 
ever increasing amplitudes. I -- 
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Figure 43 *Due to alignment errors, the RF structure displacements in an accelerator, even though 
- small, collectively contribute to the transverse wakefield effects of the beam shape. 
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Figure 45 

Distance (km) 7051Al 

The center of an RF accelerating girder (12 m) of the SLAC linac was displaced by 1 mm 
while leaving all other parameters fixed. The observed transverse oscillation of a beam 
downstream resulted from the displacement of copper irises only. 

10-90 6747A3 

Deliberate distortions of the accelerating structure at the betatron spatial frequency can be 
used to control random natural misalignments. Quadrupoles are located at the nodes. 
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Figure 46 Schematic illustration of the increase in transverse emittance from a close but 
asymmetric encounter of an intense electron bunch with a beam halo collimator. 

Oscillations at high currents have been used to study long range wakefields. Two bunches were 
made to oscillate along the SLC linac with variable spacings. The results are shown in Figure 47. The 
trajectory of the second bunch was measured with and without the leading bunch. No noticeable change can 
be seen for the.nominaJ 60 ns spacing. Effects were seen, however, with a 10 ns spacing, as expected 

,[48]. 
Studies of very closely spaced bunches were also made at the KEK linac as is shown in Figure 48. 

Their findings were that the deflections are linear in the initial offset, they depend on the charge per bunch, 
and they depend strongly on the length of the accelerator [49]. 
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