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Abstract

‘The Injector for the Stanford Linear Collider is being stud-
jed using the fully electromagpetic particle-incell program
MASK. The program takes account of cylindricaily symmet-
rical RF fields from the external source, a3 well 2a fields pro-
Juced by the bears and DC maguetie fields. It calculates the
radial and bagitudinal motion of electrons and plots their po-
sitions in various plaves In phase space. Bunching parameters
can be optimived and insights into the broching process and
emittance growth have been pained. The yesalls of the simu-
latiots are compared to the experimental rexults.

Description and Specification of Collider Injector

The collider injector must provide two intense simgle RF
bunches 50 as spart with low emittance avd reasonable spec-
trum. The deslgn specificntions for the collider injector are
listed below:

Charge per bunch 12 8¢ = 7.5 % 10"% Jbunch
Bunch leagth 15° = 15 psec FWHM
Emittance 03 emge-m

Energy 35 to 50 MeV

The collider injector (Fig. 1) consists of an electron gun,
two 16tb eub-barmonic bunchers, a 10 ¢m lowg S-band traveling
wave buncher and 3 3 m long B-band traveling wave accelera-
tor. The sub-barmenic buzchers (fBB's) bunch the 2.5 nsec
gus pulse by about & factor of 12, 8o that the bunch enter-
ing the 8-band buacher is abont 200 psec long. The S-band
buncher ¢otapresses the bunch about a factor of 10, and raises
its energy olightly to about 250 kV. There is no space between
the buncher and the accelerator sinve apace charge forces wonld
cause the bunch to debunch rapldly in the absence of a com-
pressipg longitudionl electric field. A cut-off iris between the
buncher and accelerator section permits independent adjust-
ment of phase and RF power lovel for each.

Discossion of One-D:mensional Modeling Program

Eleciron bunching ard capture ip the injector wan initially
calculated using 2 computer simulation similar to that used
by Mavtogenes ef al' We modeled the beam aa 30 to 50 in-
finitely thin disks of charge with each disk divided into three
copcentric anpmlar tegions of equal charge. The program cal-
culates the longitudival positiou avd evergy of the apnular re-
gions a¢ they move through the injector region. The force due
to RF fields Is modeled a3 3 slnusoidal field at the fandamen-
tal frequercy In each region. The space charge forces between
anpuli are found by sclving for the average static force be-
tween aanull ineide 3 smooth, grounded, copducting cylinder.
Thus the prograw calculates the effects of space charge and im-
age changes on the longitudical motion of the electrons. The
buucher and accelerator regions are immersed in a solenoidal
magnetic field which provides radial focusing. Assuming that
the eolencidal fields can keep the heam at a reas~nably con-
stant radius In each region, the radius of the _inuli were chosen
by estimating the Brillouln radius,

*Work supported by the Department of Energy, contract DE-
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Fig. 1. The SLC Injector
Thie model should be satisfactory i the eub-barmonic
buncher region where the canductivg beam pipe is emooth.
However, ip the buncher and accelerator regions made up of
diek-luaded waveguides, ibe model is a great over-simplification,
Clearly, this one-dimensicnal program gives us no insight into
transverse emittance growih which is a major {and wndesir-
able!) by-product of \he bunching process. Conseguently, we
decided to mode! the injector ualng the fully relativistic two-

dimensiopal pariicle in cell program MASK.?

Buncher/Capture Reglon Modeled by MASK

The collider injector is about 6 m loag, while the eleciron
bunch is a few millimeters long. At present it is oot reason-
able to model ihe whele injector uslag MASK with the mesh
size of about § mm required bo represent the space tharge
forces of the Snal bunch well, Copsequently, we inust seek
piece-wise polutions. The most critical part of the injector
is the S-band buncher and capture region of the acceleralor
where space charge forces apd transverse emittance growth are
largest. Thus the MASK runs reported here model a 25 cm
long region beginning with the 8-band buncher as indicated in
Fig. 1. The emittanca growth resoits from both epace charge
fan:es and the radial forces due to the RF Gelds. These effects
vanish as 1/4%.

Figure 2 is the R — Z profile of the buncber followed by the
first three cavities of the S-band accelerator structure. The
radius of the problem as simulated in MASK is swaller than
the radius of the actua! cavities. The upper bouudary of each
cavity is simulated as & “port® which bas an RF vollage where
phase and smplitude have been adjusted to simulate the trav-
eling wave in the situcture. This reduces the Glling time re-
quired for the fields to reach steady state, eince each cavity fills
primarily from its own port.

‘These runs were made on the SLAC IBM 8081 and require
only 10-20 mivutes (depending on the number of macroparti-
cles) for the actual eimulation of the bunch passing through
the structure. A somewhat longer time, about 40 minutes, s
spent in carefully establishing the fields before the particles
are injected, but this data is saved and then reused Lo resiart
the problem several times ns different particle dhtnbnﬂolu.
iujection phase sngles, ic,, ave lhmlliud i{’% ‘z g H
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Results

Figure 2 represents particle density plots for a sln- wof-

gie bunch as §i moves throngh the buncher and firet
three caviiles of the accelerator. The buach is shown

at nine different times, not equally spaced, as il enters 0

from the left, i bunched in the buncher and begizs to
ba accelerated. It enters at 200 keV and leaves on the
vight at 1.5 MeV. Three different cases are shown in
Fig. 2, all with the same initial RF felds before the
bonch enters,. The fiekis are 2 MV/m in the buncher
and 17 MV/m in the accelerator. There is 2 uniform
lougitodinal DO magnetic field of .42 T applied in the
firet case. This Sield &a the Brillouin field for the cu
rent of 10D A at the center of the bunch entering the
problem. Tha firet striking fact that we observe Is that
the volums the bunch occupies remains slmosi constant
wotl! it begine 10 be aceelerated to relativiatic velocities.
In the Gret 1-7/8 R cycle (first Gve photos) of Fig. 2a,
tbe bunch fength decreases by a factor B and the beam .
radius increases by about V8, thereby keeping the vol-
ume occopied by the beam almost conntant.

In Fig. 2b we ses whai bappetn when we try to
keep ths beamn smaller by increasing the focusing mag-
petie field, Whea we ineresss 1he Seld from 12 T to
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Fig. 2. The R — Z particle density plots in #ach figure phow the sn-
perimposed images of a single clectron bunch, The electrons enter on
the lef¢ from a subharmocic buncher, traverse the 0.75 velocity.of-Ught
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{the four cavities on the left) and are accelerated in the

.13 T the beam does indeed stay smaller and the outp
emittance shricks by 30% from 2.6 x 104 wmge ~m to
1.B x 10~4 gmoc = m. However, the bunch length in-
cresses from 21 ps i 27 pe.

Wa wor!d like to point out ancther feature of the magnetic
focusing. The ends of the bunch see lower radial space charge
fields and hence rre not at equilibrivmn, They oscillate about a
smaller Brillouin radius (Figs. 2a and 2b). When the ends of
the bunch are at large radius, the particles bunch more rapidly.
This Is because the longitudinal space charge forces decrease
and the RF Selds Increare with intreazing radins. The RF
felds in the buacher increase with radius because v, < ¢ and
connequenily the radlal propagation constaut &, is imaginary.
This effect Is mest striking in the third photo (t = 1-1/B cycles)
of Fig. 2b.

Figure 2¢ displays a run in which everything is ideatical to
Flg. 2a except (hat the charge in the bunch has been reduced
by » fazter 100 to demoaatrate the importance of the balance
between the bunching forces and apace charge. The electrons
form a very shord bunch in the third cell of the buncher, «nd
then fy right through becanse the opposing space charge forces
are too weak, A suitable reduction in RF field amplitude wonld
cause 3 short bunch to form.

Figures 3 throngh 6 show different aapacts of the computer
vun in Fig. 23. They demonstrate the power of the MASK
program to give inaight into the beam dynamics in the injector.

Figure 3 sbows the current disiribution in the bunch za it
pazses five points almest equally spaced in 3. The minimrm
full width at balf maximum occurs i the cut off iris hetween
the buncher and the accalerator. The FPWHM increases some-
what afler this point but the base of the bouch continues to
bunch, The buach sbape donss not change in the last 5 cm of the
mbh:;:u&obnmhbdacnﬁdymnhﬂdhmic
velocities.

accelerating section (the first three cavities of which are simulated).
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Fig. 3. The current distribution in the bunch
for five values of s.

Figure 4 shows the Iongitudial phase space of the beam of
Fig. 2a an a function of 2. A 2 = a the beam displays the chus-
sical sinusoidal velocity modulaticn. By 5 = 8, however, the
space charge forces in the middle of the bunch are beginning to
become stranger than the bunching Selds and the correlation
betwern momentuin and & bas reverved i 2 small region (ser
Fig- 4b). By x = ¢ [Fig. 4c) the bunch bas a distinet positive
correlation which means it is being debunched. Bowever, by
this point the cnergy is rising rapidly so very little
occurn. Due to the non-linear relationship between epergy and
velocity the particles which enter the buucher at both ends of
the bunch are now behind the core, giving the beam a diffcss
tail. By 5 = d (Fig. 4d) a new feature bas become appar-
ent: the beam has a high frequency energy modulation with a



SRS S

0 T
' b e f ) 0] sel @]
10 b-oy : g - :
3 ool e IS R [ ]
? o8t <4 op e L i;'\?—'" :1 . £
cosl BOMY 1.8 4 sal i
08| ke | . ]
or| -
" (8 o 4 2 4
0.6 1 : i 0.6 1 1 1 1 1 1 L L H
4B S6 64 Y2 80 88 N3 B 121 124 127 130 162 168 68 171 M 17T 20 23 26 219 222 225
an 1 lmm) ategs
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Fig. 5. Transverse pbase space at same locatious as shown In Fig. 4.

wavelength of 3 mm (i.e., about the 35th harmonic of the ac-
celerator frequency). This may be real or it may be ag artifact
of the simulation.

The transverse phase spaca of the beam of Fig. 2a is shown
is Fig. 8. Again, a, L, ¢, and d show the beam at ¥ = o, &,
e, and d, reapectively. The most obvious feature of the radial
phase space in Fig. 52 2nd b i» that a diffuse hslo i» sern,
populated by the particles from either end of the bunch which
effect begins to appear in Fig. Sc and s obviow o §d. The
distribution of particles in the v, p, phaze plane becomes trian-
golar. The ~prezd in radial momentum p, is a Lnear function
of 7. This vesults from the fact that the RF radial forces de-
pend Yinearly on radius, but vary siouscidally with thue, This
timrdependent RF lens dominates the output emittance of
thia tnjector.

The axial electric feld, E,, i+ shown in Fig. 8 The injected
bunch contains I x 10/ ard the effect of ibs wakefields in
apparent at the location of the bunch at about & = 150 mom.
The 3 mm wave we mentioded earllsr in also apparent bebind
the bunch.

Comparison with Experiinental Resulte

We have not reached the point of doing a detafled compari-
aci betwesn the MASK caleutations and experiments. The in-
jector is now used for all full energy beams apd [s not svailable
for tests. Messurements reporied earlier® indicate the emit-
tance from the injector varies 2a f¢ = 0.7x10"%/Twrad - m,
where Jis the current in 30°° ¢~ /pulse. So for 10%%¢™ we sbonld
expect 2.2 % 107w rad - m. The experimental bunch lepgthe
reported in Ref. 3 was 16 po FWHM for § x 10¥¢~, The
MASK runs gave bunch leagths of 21 to 27 peoec for 108 &~
and emittances of 1.8 to 2.6 % 10~y rad - m.
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Fig. 6. Lozgitudinal electric field.
Coaclusion

MASK i» » powerful tool for designing and understand-
ing high carreat electron Linear accelerator injectars. The pro-
grams dlagoostics allow the designer to see the bunch evolve, to
watch the emittance grow, 40 see the effect of space-charge on
the fields in the ctructure. Our next step wil) be to do careful
comparisons with experimental data from the injector. In this
process we bope (o see whether the dependence op parameters
such a» maguetic field in the same as the MASK caleulations
indicate. Finslly we hope to use MASK to design s bunching
system which can bunch 2 or 3 times more changs into a single
8-band bunch than our present injector.
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DISCLAIMER

This report was prepared as an accovnt of work sponsored by an agency of the
United States Government. Neither the United States Government nor any agency
thereof, nor any of thelr employees, makes any warranty, express or implied, or
assumes any legal liability or responsibility for the accuracy, completeness, or use-
fulness of any information, apparatus, product, or process disclosed, or represents
that its use would not infringe privately owned rights. Reference herein to any spe-
cific commereial product, process, or scrvice by trade name, trademark, manufac-
turer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof.
The views and opinions of authors expressed herein do not necessarily state or
reflect thoss of the United States Government or any agency thereof.




