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SCOPE:

It has been observed by Jameson (1), that transverse emittance
blowups can occur for injector systems involving severe parameter
changes; for a multistage linac system involving frequency .
gradient and structure changes, particular attention has to be paid
to the sensitivity of the beam dynamics to various effects that
contribute to emittance dilution, including space charge, longitudinal
—transverse coupling, and non—-linear z-phase—plane effects from the

large bunch dimensions.

Using three modified codes (DISKZ, TRACEX, DDYNZ) we have
attempted to synthesize an 8095 Mhz coupled cavity linac
representing a useful candidate for the current FERMILAB
injector upgrade, and to study systematically the sources
of transverse emittance growth that could be predicted
from the dynamics codes (TRACEX.,DDYNZ).

The candidate was a 40 cavity DAW linac, with EOT=7. Mev/m
and a graded synchronous phase (-32 to -26 degrees). plus
an uvpstream transition module. Initial 11-cell accelerating
cavities were reduced to P—cell units, ¢to keep the FODO
lens spacing roughly uniform. The

FODO period step change produced here was

studied <o estimate tranvserse

emittance grouwth sensitivity.

Because the 805 MHz system utilizes a transition module.

to rebunch the 200 MHz beam to the higher z-plane focusing

forces, this abrupt change needed to be studied in its effects

on the transverse emittance blow-up. In particular,

the synchrotron and betatron frequencies are roughly

the same for this linac, so that z-t coupling effects might

be sensitive to resonance effects.

Figure _____ shows the ftypical phase advance, including space charge,
per FODO period, for both z and ¢t planes, for the DAW linac system
simulated here. The step change in the syncrotron tune appears

at the 11 to 9 cell fodo period transition, and is not a real
tune change.

The minimum transverse beam radii(954) are predicted
using the current knowlsdge of the 200 MhZ tank #5 beam
(ref. 2)phase space.

The design of the transition module is explored to include
{i} 5 mev of acceleration.at a synchronous phase of -32
degrees, and (ii) using five 9 cell cavities (design. &)
and four 11 cell cavities (Design B) a study of the

FODO quad spacing effects on the tranverse matching

for this module . In addition

an empty cavity is included as a monitor area, between the
transition module and the accelerator proper.
Its effects on the z—plane match is also estimated.

The coupled cavity synthesis pragram (DISKZ) defines
quadrupole FODO laws, within the stability region for the
beam transport, and transverse input matches are

studied , for 3 different phase advance FODD distributions.



Space charge and non—-linear emittance dlowups #or the

three cases are monitored, to verify non-resonant transimission

of the transverse phase space through the 116-400 Mev
linac structure used here for the analysis.
Beam currents of 50 ma. are simulated, assuming the intial 200 MHz
bunch population ( ie every fourth 805 MH:z bucket populated)

A useful transverse acceptance window is defined

for the B80S MHz linac, to limit maximum radial
beam dimensions, and thus define required 200 MH:z
tank #5 transverse TWISS parameter range.

FODU transport laws:
I. Design A Transition Module.

This transition design consists of 4 rf cavities, plus
an empty cavity,used for a diagnostic center. The fodo
quad spacing (1.2 METERS) corresponds to the 11-cell cavity

separated by 3-cell bridge couplers.
Transition module gquad settings are simply
a smooth merge with the accelerating
module transverse phase advance.

The FODD channel carrying the beam through a 45 cavity
805MhZ linac is defined during the linac synthesis, by
setting up three phase advance laws: two near the mimimum
‘beta’ function (minimum TWISS beta in F/2-D-F/2 cell matrix)

typically near 80 degrees,neglecting space charge
and the third at the lowest useful phase advance
without excessive TWISS betas. taken as 45 degrees
here.

Thus the phase advance quad laws were:

i. (dphix,dphiy) = 60 -3>70 degrees
ii. (dphix,dphiy) = 70 ->BO degrees
iii. (dphix,dphiy) = 45 -2>53 degrees

without space charge. The net phase advance is
typically 10% lower, at 350 ma. of space charge,
for the beam conditions studied here.

The same phase advance was used in both planes.
with A 10 degree increase through the 116 - 300 mev
acceleration praocess. Such a phase advance distribution
was used to reduce the matched beta functions slowly
so0 that, %ogether with adiabatic damping, the transverse
beam dimensions could be reduced in the 2nd half of the
805 MhZ linac., hopefully to allow the rf structure design
to exploit this feature with smaller bore radii in the
200- 400 Mev cavities.
In addition, because the synchrotron phase advance

{per fodo cell? drops, from kinematics, resonant

z—%t phase relations could be easily avoided.since the z-plane
phase advance would be decreasing, while the t-plane
would be increasing.

Test I: Fodo at 45-33 degrees phase advance.

Using a 50 ma. beam, three estimates of transverse emittance growth
simulated for {(a) a mismatched z-plane ,rough tuned transverse plane.
(b) a matched z-plane ,rough tuned transverse plane,
(c) 3 matched z-plane ,fine ¢tuned transverse plane,

were



Table—A— summarizes these results. It is seen that substantial transverse
emittance growth occurrs, sven for a wall matchaed tune for this choice of
transverse phase advance.

TABLE A. Transverse Emittance G;owth for
. FODO = 45-53 degrees phase advance.

z—plane t-plane x—growth y—growth z-growth
match rough g—-law 397 174 &%
(x—-plane mistuned)
mismatch fine tuned 39% 32%4 74
match fine tuned 21% 29% 3%
Test 11. Fodo laws near beta minimum.

Two Fodo quad laws are shown in tables B. and C,

that are chosen near the minimum TWISS beta,

using the hal$ cell splicing algorithm used by DISKZ,

to approximate the required quad tune. Emittance damping
and space charge are neglected in the raw ‘quad law’
algorithm ; however, different phase

advances (split tunes) in the x—y planes can be requested
via the parameters TFADX:. TFADY. The ‘tilting’ of this

tune is accomplished by the ‘GUPS’ parameter, which
sets the per cent ramp per momentum interval. for the
desired quad law parameter

{defined in input momentum units) as:

thus: dk/k = 100. #QUPS *d (bg)/(bgin}

= fractional change in the ‘tilted’ parameter
over the system momentum swing (bgout — bgin)

The raw guadrupole gradients, produced by 'DISKZ’,
are tuned by the ‘TRACEX’ linear tuning program.
to include space charge and momentum damping. Figure
I shows the resulting shape oscillations for the
current MCC tank#5 transverse beam output, before.
any TRACEX tuning— ie.using only the raw guad law
tunes. including an accidental match in the x—plane
with the raw tune values,at the transition from 9 to
i1 cell cavities, beam energy of 200 Mev. Such an
accidental match implies that the raw quad law
tunes are good approximations for a matched beam
transport channel, %that involves ¢ defocusing,
acceleration. (ie momentum damping)
space charge and non uniform FODO
lens spacings. Local fine
TRACEX %tuning using only 3 gquads in the transition
module, and 4 in the region of cavities 22-24,
achieves a well matched beam. but requires a large
radial excursion in the transition module to
achieve douwnstrezam matching, using the MCC beam model.



Because such a transverse excursion might be
cause excessive smittance growth,due to

the rapid bunch size change in the

transition module, transverse input ellipses
viere assumed uprighit, as requiresd for

for smooth entry in the FODO Channel.
This requires tank #5 quadrupole tuning

to create this transverse condition.

The approath to transverse beam matching
is proposed below., implying a well-defined
acceptance window should be created for the
805 MHz system:» which does not allow large radial
excursions to exist— thus ensuring maximum radial
beam dimensions,within a well defined input
beam TWISS range.

FODO Acceptance window: Design A.

For a given raw ‘quad law’
the ‘FODO’ input acceptance is first
scanned, with TRACEX space charge,
by defining the input beta range that
transports beams within a limited shape (beta)d
amplitude excursion, %typically 8 —10 mm 954
total beam envelope, including the shape
oscillations—using the raw ‘quad law’ gradients
generated by DISKZ. The resulting
beta acceptance vrange thus defines the required tuning
range needed from the 200 MHz tank #5 FODO lattice.

Table D shows the defined beta acceptance ranges., #or
both planes, assuming upright ellipses (alpha=0. )are
present at the FODD entrance, using only the raw quad
law (&0 ——2>370 deg. phase advance).

Shape oscillations are kept to B-9? mms radius
for the x—y planes, within this acceptance window.

After a TRACEX tuning, involving the transition mocdule
and 4 guads at cavities 22-24, the shape oscillations are
reduced, with resulting radial envelaopes of 5~& mm, as shouwn
in figure II. A second scan, over the same
acceptance window with this TRACEX tuned FODO channel
indicated that the acceptance window was increased by
about 257 in beta ( betax= 1.8-> 5.0). Thus, the
operational tune—up procedure for the FODO quad law

used here appears to be simple— since the splicing
of the 200 MHz quad period (. &7meters) to the
1.2 meter 809 MHz quad period is defined
by the large beta acceptance window
delineated in this study. Both quad phase advance laws
indicated similarly large beta acceptance ranges.



TABLE D. TWISS BETA ACCEPTANCES (FODD)
for B8-9 MM RADIUS BEAM ENVELDPE
(93%4) LIMIT (DESIGN A.)
{matched snvelope range= &7 mm)

GQuad law beam #twiss beta acceptanceimeter)

&0-70 deg S0ma. 2.0 - 4.8 bx— raw. tune
&0-70 deg S50ma. 0.8 - 2.2 by— vaw. tune
76-80 deg 50 ma. 1.8 - 4.4 bx—rau. tune
70-80 deg 50 ma. i.0 - 2.6 by—raw. tune

# TRACEX fine tunes produced 25% increases in the
above TWISS beta ranges. for the same B-9 mm
envelope radius limit.

Emittance GBrowth Studies. {(Design A.)

MNon—linear space charge and coupling effects werse
checked by 1000 particle samples using the DDYNZ
dynamics code,using the same linac synthesis
data files as TRACEX. The actual bheam snvelopes
are 934 cuttoffs of the original Sxsigma emittances,
and so represent the 83L cuttoff of the tank #5
phase spaces.

Initial phase space distributions were uniform
3D charge density. so that only tune
perturbations would create charge non-uniformities.
Figures IV and V show the effect of slight mismatches
on the y—emittance growth for the &0-70 degres tunes.

A mismatched beam, with alpha=2. 0, was simulated
with resulting transverse shape oscillations reaching
i0 —-12 mm {or 13 — 15mm for the 954 envelopelradially.
The fransverse emittance growth, shown in figures
vii and ix_ indicated emittance blowup of 1.3 to 2.0
far this extreme case, for the 30 ma. beam.



Little transverse growth is seen, with tunes within the
beta acceptance window, even with raw tuned gquad laws.

I1I. Design B. (& —~ 9cell transition cavities)

In this design. the transition module consists of
S r# cavities plus an empty cavity (diagnostic station).
The fodo spacing and phase advance (3 fodo cells),
provides a 0.9 meter intevquad spacing.
and a 180 degree phase advance. Thus the input beam
is imaged again (transversely) in the diagnostic
&th empty cavity, to provide simple data for the
tank #3 output optics monitoring.

Design B. Study of Emittance growth Sources.

Design B. was set up, with a bb&deg. phase advance
vaw guad law to provide 3x60 degress of
20 ma. space charge depressed phase advance.
Figure __ shows the TRACEX beam envelopes, for (betax,betay:
of (6.0.1.07 mebers, and raw quad law of 66—-73 degress.
3 transition and 2 mid energy quads were fine tuned,
to provide this quiet envelope.

The transverse emittance growth is less than 1-2%.
Mismatched beams, with alphas of 1.0 — 2. 0,were placed into the
design B. fodo channel, to monitor the emittance growth dependence
on the channel mismatch. Even with severe mismatch
(alpha=1.0), emittance growths were typically 6~12 %,
while severe mismatches {alpha=2. 0), produced growths of 20-25%,
much lower than those seen in the design A transition module.

Particle simulations with no space charge

far the same mismatched input beams, indicated that the non-linear
longitudinal to transverse coupling (from quad chromatics, and phase
dependent r# defocusing) were the dominant local transverse emittance
dilution sources. However, the z-t coupling effects were being’
cancelled:, to first order, because the local synchrotron frequency
is close to the betatron fregquency, and reverses (in 180 degrees)
the z—t coupling effects, with a resulting 1st order cancellation
of the phase space dilution.

The addition of 50 ma. of space charge to the oaverall phase
space growth showed 1little additional
dilution, even at these large mismatch conditions.



Conclusions.

The synthesis of this linac, involving 45 coupled

cavity BS09Mhz structures indicated that the quadrupole
FODO ¢ransport design could provide reasonably well
hehaved tranverse beam aoptics, including non=linear and space
charge effects.

By defining an acceptance FODO window, it is clear
that beam radii of &~B mm are stably available for this
design: based on the present knowledge of the 200 MH:
tank #3 beam output.

Particle simulations, with 1000 particle samples indicated that:

a. transverse emittance blowups of typicaly 254 were
predicted for the 45-53 degree FODD law,
under mildy mismatched conditions. {(figure X)
b. low {(1-2 %) transverse emittance blowups were
available for the 60 - 70 degree FODOD laws,
with small sensitivity %to both z— and t- plane
mismatches. . ‘
Previous emittance growth studies, indicate that
for large tune depressions, (734 or greater) phase advance
should be held below &0 degrees {(uncharged tune). However,
at the current space charge conditions (104 tune depression?,
the 60 — 70 degree phase advance laws appear to be useful,
since they appear to have less sensitivity to emittance
growth from transverse mismatched beams.while providing
smaller twiss betas in the fodo channel. Presumably
the z—t coupling is cancelled by selecting this
fodo tunes range.

t. A transition module design B. consisting of five
2?.cell cavities: and tuned %o 180 degress of FODD
phase advances gave low transverse
emittance dilution, even for high ThWiss
mismatches.

d. Operating the transition module at
-32 degrees phase advance proaduces
about 5% z—-plane dilution, from the
nan—linear bucket motion.

e. Input energy evrrar can produce z—plane
dilution, #from excursions in the small
transition module bucket. This is shoun
in figure _XI_, indicating that input
beam enevrgy must be kept to wikh in
0.2 Mev of the design figure (116. 54 Mev)

The transition module has the smallest constraining

bucket for a ‘pure bunching’ mode, and thus is most
sensitive 4o the input energy error.

The actual z-plane rms emittance growth for a

0.8 mev input energy errar is shown in figure XIIL,
The resulting bunch shape oscillations are seen in
$#igure XIII.



Bummary.

Transverse emittance growth can he controlled
by selective FODO and z-plane tune design.

In all cases studied here, z-plane emittance growth
was held below 10¥%, matched, and 15%., #or a 50%
z—plane beta mismatch in the ftransition

module, {assuming correct input snergy:?

Further 200 MHz parmila simulations should
delineate the tank #5 FODO retuning requirements
to produce the BOSMHz system acceptance matching.

lwo. may. 24. 88,
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"PRES= 000 OWMI, MIN= 134 S4OMEV
830N =  3.000 BCMA= 50. 000 MA.
A Cony MODE= O KIVX= & LATTOs 1
SLDEC. IN= 8. 000
NT NC LENGTH TOTL L ENEROY EOT €2 PHID DRIDO  MNBRIDE RSPACE CE
1 11 97V 1194 117.78 1.950 1.5%0 -32.093 5.6437 3 .0 O 54
A 2 11 9.2 2394 119.031.550 1.350-32.093 25.730 3 .00 §. 3eAs
) \\\% 3 11 9462 3999 12038 1.350 1.350 -22.092 25.863 3 .00 & &021
4 11 9504 480.9 121.54 1.950 1.950 -32.091 25.975 3 .00 © &IN
+S 11 95.24 4281 121.54 000 .000 —90.000 51.94% O &4 00 @ 6965
JEND KLYSTRON MODWLE & 1
TOTAL POMER(PUALL+PBEAR) MOD @ 1= . 431
\'\ -P : 6 13 9619 75.8 127.44 7.000 7.000 -32.054 26.490 3 .00 O 744:
. 7 11 98.06 @738 133.457.000 7.000 -32.052 26.995 3 .00 B 91l
® 11 99.90 1003.2 139.57 7.000 7.000 -32.031 27.492 3 .00 9 o@1f
9 13 303.70 1332.9 149 7% 7.000 7.000 -32.090 I7.990 I .00 9 34N
— 10 13 103.47 _1264.80 192.13 7.000 7.000 -32.049 8.4 23 .00 9 806
\ 8 £1 11 10521 14182 138.53 7.000 7.000 -32.047 48.213 0 95.00 9. 564
... END KLYSTRON MDDUWLE ® 2
o \ TOTAL POWER (PHALL +PBEAM) MOD @ 2= 7. 773
. 12 11 106.94 15546 143.18 7.000 7.000 -30.048 29.399 3 .00 9. 721
i ' 13 11 108.6% 1693.3 171.93 7.000 7.000 -30.042 29.861 3 .00 9. 877
— 14 11 110.32 1839.7 178.78 7.000 7.000 -30.043 30.314 3 .00 10, O2%
15 11 133.97 1976.4 1€5.72 7.000 7.000 -30.040 30.738 3 .00 10.178(
16 11 113.38 2121.2 192.76 7.000 7.000 -30.039 31.193 3 .00 10, 32s!
, 17 11 11516 2269.1 199.90 7.000 7.000 -30.038 52.701 O 5. 00 10 46%
‘ :: ‘ ... END RLYSTRON MDDWLE [ ] 3
- o 3 TOTAL POWER (PWALL+PBEAM) MOD & D= 8. 600M
18 131 116.73 2437.9 207.25 7.000 7.000 -28.034 32.047 3 .00 10. 614!
19 11 118.27 2°88.6 214.70 7.000 7.000 ~28.033 32.44% D .00 10 732
4 B S 20 11 119.79 2741.3 222.24 7.000 7.000 -28.031 32.87% 3 .00 10. B90:
- % 21 11 121.28° 2B95. 8 229.87 7. 000 7.000 ~-28.030 33.276 3 .00 11. 025
22 131 122 .74 0%2.2 237.%9 7. 000 7.000 -28.029 33.670 3 .00 11.357%
23 11 124. 17 3A33.2 245.39 7.000 7.000 -286. 028 56.73%%9 © 3.00 11 287
. END KLYETRON MODIAE [ L]
t! S TOTGL POUER (PUALL +PBEANM) MDD 8 = 9. 350
—
h 24 9 102.64 IIV0.2 251.92 7.000 7.000 -26.067 34.3869 23 .00 13. 408
2% 9 103.957 3308.84 258.50 7.000 7.000 -26.064 D4.4676 3 .00 11. SO7
26 9 108.49 3647. 9 2463.13 7.000 7.000 -26. 060 34.979 3 .00 11. 609
27 9 10539 37886.5 271.82 7.000 7.000 -26. 057 33.277 3 .00 11. 709
28 ® 10627 2930.4 278.57 7.000 7.000 -26. 054 35 %570 23 .00 13. BOB
— 29 9 107.14 4085.3 285 37 7.000 7.000 -26.0%2 47.811 O 4. 00 1%. 904
h P .END KLYSTRON WODILE # s
\O TDTAL PWCMWDEM) MDD 8 S B. 168
30 .9 108.00 4229.5 292 22 7.000 7.000 -26.049 36.143 3 .00 12. 000
A1 . 9 108.84 4A374.7 299.13 7. 000 7.000 -26.086 346.419 3 .00 12 092
32 9 109. 67 4%921.1 306. 0% 7. 000 7.000 ~26.044 36.493 3 .00 12 185
OLMY'\ 33 9 110.48 4668 % 313.10 7. 000 7.000 -26. 0841 34.9482 3 .00 12. 276
m 4 9 1131.280 4B17.0 320 1% 7.000 7000 -26. 038 37.226 3 .00 12 344
35 9 112 .07 4979 ) 327.26 7. 000 7.000 -26. 036 49.982 © 4. 00 12 452
. END KLYSTRON MODULE [
TDTAL POMER (PUALL+PBEAM) MOD @ &= 8. 366N
34 ¢ 112 84 5129.7 334 41 7.000 7.000 -26.033 37.742 3 .00 12. 538
37 9 113. 60 5281.3 341.61 7. 000 7.000 -26.031 37.993 3 .00 12. 822
e ] 9 114 3% $S433. 9 348.84 7.000 7.000 -26.029 38 240 3 .00 12. 703
39 9 11509 S5%7. 4 3%.19% 7.000 7.000 -26. 027 238 483 3 .00 12. 787
40 9 119.81 93734.9 362 49 7. 000 7.000 -26 025 51 829 O 4. 00 12 B&7
. END RLYSTRON MODULE [ ] 7
TOTAL POWER(PWALL+PBEAM) MOD & 7= 7. A14M0
41 9 11632 3910. 4 370.87 7.000 7.000 -26.023 38.95%57 3 .00 12. 9&
42 ? 117.22 60668 378 .29 7.000 7.000 -26.021 J3%9.187 23 .00 13 024
43 ? 117.90 462241 38373 7.000 7.000 -26. 100 39. 414 3 .00 13. 10C
44 9 119.39 63B2.3 3I93. 26 7.000 7.000 -26.09% 239.&37 23 00 13. 172
43 T 119.24 46354.7 400.80 7.000 7.000 ~26. 080 953.141 O 4. .00 13. 24¢
__END KLYSTRON MODRE @ 8
TDTAL POWER (PHALL+PRFAM) MOD @ L T 64OV
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1 TRANSVERSE LINEAR DYNAMICS
HP1. 2. . GRADIENTS. SHOWN

NT XMNVT YMuT BETAX
GUAD LATTICE -->> LATTG=
GLAW= 2. 000
1 70.034 70.033 422. 025
2 70.091 70.091 423.713
3 70.149 70. 149 425.3%9%
4 70.207 70.207 427.073
S 70.238 70.238 a444. 606
6 70.2546 70.364 578. 208
7 70.445 70.637 S516.370
B 70.921 70.913 $22.150
T 71.195 71.188 527. 854
10 71.468 71.462 533. 507
-1} 71.814 71.748 585. 043
12 71.%964 72 020 583. 489
13 72.299 72.293 S43. 648
14 72.573 72.548 54%. 279
15 72.847 72.842 S554. 789
16 73.120 73 115 S5&0. 196
17 73.43&6 73.391 612. 925
1B 73. 644 73.670 &11.387
19 73.965 73. 9461 549. 52¢&
20 74.239 74.236 S574.777
21 74.532 74.528 $79. 150
22 74.8046 74.802 584. 195
23 735.104 75 071 &37.442
24 75.314 75.333 534. 305
25 75.569 75.547 493. 265
26 75.806 75 805 496 572
27 76.029 74 028 S00. 097
28 76.266 76265 503.317
2 76 3513 74 501 S529. 449
30 74.724 74 733 532 584
31 746.942 76961 512 942
32 77.198 77 196 S516. 052
33 77.420 77.419 519 197
34  T77.4635 77 654 522 197
35 77 202 77 893 548. 695
36 78115 7B 123 551 S81
37 78B.3446 78.346 531.026
3B 78.581 78 580 533 B88
39 78.815 78.814 534 726
40 79.051 79.042 S543. 4B7
41 79. 264 79 271 566. 149
42 7%.503 79 503 544. 928
43 79.736 79.736 547 699
44 79.970 . 79.9469 550.358
45 80.207 80.199 S77.392
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