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1.0 Introduction

Multipactoring has always been a concern in evacuated rf cavities. The problem can be
addressed in several fashions, either by using computer codes to understand the effect [1]
and to optimize the resonator shapes [2] or by coating the parts that showed particular
problems with the appropriate materials, usually Titanium nitride or Carbon. Often both
techniques proved to be necessary for the good success of a short conditioning period.
This note describes the former method, based upon the use of simulations done with the
code TWiraj [3], applied to the present configuration of the prototype cavity under devel-
opment for the RHIC accelerating rf system. Results show that the first resonating dis-
charge occurs in the high current end of the cavity at a gap voltage of 23.4 kV.

2.0 Description

Multipactoring is an electric discharge resulting from the emission, synchronous motion
and multiplication of electrons in a resonant structure. The 1f fields play a fundamental
role in providing the synchronism necessary to have resonant discharges; if this occurs at
energies where the emission of secondaries is optimal (typically in the 100 to 1500 eV
range for copper [4,5]), the discharge can fully inhibit the operation of the cavity. Reso-
nances can occur for electrons bouncing back to the point they were emitted (one point
MP) or between two points on the surface (two point MP). For the intrinsic nature of the
phenomenon, it typically occurs in regions of small radial electric field where the kinetic
energy of the electrons is in the few hundred of eV range, which is optimal for the genera-
tion of secondaries.

The two most commonly used techniques to eliminate multiplication are either to increase
the work function of the surface by evaporating in a Nitrogen atmosphere a Titanium film
onto the critical areas, or using computer codes both to predict the locations of potential
problems and to optimize the geometry of the resonator to provide the problem areas with
longitudinal fields. Axial rf fields are important since they force electrons to drift out of
resonant trajectories moving them into regions where the gradients are either too weak or
too strong for any resonance to occur.
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3.0 The 26.7 MHz cavity for RHIC

The 26.7 MHz cavity to be used in RHIC is a capacitively loaded coaxial quarterwave
resonator. This cavity has been extensively studied using the electromagnetic analysis
codes SUPERFISH and URMEL. Due to the nature of TWtraj, it was necessary to run an
Oscar2D [6] simulation of this cavity in order to have the compatible output file contain-

ing the information about the field strength inside the geometry.

FIGURE 1. Oscar2D input file for the RHIC accelerating cavity

TEST MUSHROOM 26 MHZ RF CAVITY FOR RHIC
SNINPUT
NOL=21, FREQ=26.0, H=0.50,
RB= 0.0, 2*%*9.0, 2%11.0, 2*15.0, 2*19.0, 2%42.0, 2*26.0, 2%*40.0,
2%11.0, 2*9.0, 2*0.0,
ZB= 2*0.0, 2*14.0, 2%*12.0, 2*54.0, 2*22.0, 2%*212.0, 2*173.0, 2%171.0,
2*24.5, 2*40.0, 0.0,
RC= 2*0.0, 10.0, 3*0.0, 17.0, 6*0.0, 40.0, 2*0.0, 10.0, 3*0.0,
7ZC= 2*0.0, 14.0, 3*0.0, 54.0, 6*0.0, 172.0, 2*0.0, 24.5, 3%0.0,
R = 2*3.0, 1.0, 3*0.0, 2.0, 6*0.0, 1.0, 2*%0.0, 1.0, 3%0.0,
TYPE= 21*0,
METAL= 21%*1,
SIG = 3.45E7,
FILNAM='finalpop', LOAD=2, RUNTIM=1500.,
PC6= .F., scale=l., loadbg=0,
NACC=1, autdril=l,
W=0.17, graph=7,
BCG=1,
SEND

Fig. 1 shows the Oscar2D input file for the RHIC Proof of Principle (PoP) accelerating

cavity; the corresponding Oscar2D output is shown in Fig. 2 and 3 and is in good agree-
ment with the SUPERFISH and URMEL calculations used to study the resonator [7].

FIGURE 2. Oscar2D output file for the input in Fig. 1

MESH POINTS ALONG Z = 425
MESH POINTS ALONG R = 85
TOTAL MESH POINTS = 36125

BOUNDARY POINTS = 1306

1 TEST MUSHROOM 26 MHZ RF CAVITY FOR RHIC

ONORMALIZATION FACTOR = 1.37451E+03

OSTRUCTURE LENGTH L = 2.12000E+02 CENTIMETERS

OFREQUENCY = 26.84449 MEGA-HERTZ

OW (=V*T/L) = 1.70000E-01 MEGA-VOLTS/METER

0AXIAL VOLTAGE V = 6.05727E+05 VOLTS

OBETA (RELATIVE VELOCITY) = 1.000000

PERIODIC LENGTH = 0.5583879E+03 CM, DRIFT LENGTH = -0.173193%E+03 CM
OTRANSIT TIME FACTOR T = 5.94988E-01

OENERGY STORED IN CAVITY U=5.93725E+00 JOULES POWER LOSS P = 9.59525E+04
OMAXIMUM SURFACE ELECTRIC FIELD = 2.16814E+07 V/M AT R = 1.09330E+01 *
OMAXIMUM AXIAL ELECTRIC FIELD = -2.46653E+06 V/M AT R = 0.00000E+00 Z*
OMAXIMUM SURFACE MAGNETIC FIELD = -1.06759E+02 GAUSS AT R = 1.10000E+01

0Q FACTOR = 1.04367E+04
MAGNETIC GEOMETRIC FACTOR

= 1.82920E+01 OHMS
ELECTRIC GEOMETRIC FACTOR = 4.8

6744E+00 OHMS

1

LAMBDA = 3.2428915E-05 RESIDL = 5.335E-07 DL/L = 9.211E-02 1IN 851 BCG I*
OITERATION TIME = 1117

OFINAL LAMBDA = 0.3165394E-04 (FREQUENCY = 26.84449MHZ)

OMAXIMUM AXIAL MAGNETIC FIELD = 0.00000E+00 H GAUSS AT R = 0.00000E+00 2Z*
0SHUNT IMPEDANCE Z (=V**2/P) = 3.82383E+06 OHMS
0Z/L = 1.80369E+06 Z/(L*Q) = 1.72822E+02 Z*T**2 = 1.35367E+06 Z*T**2/L*
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FIGURE 3. Oscar2D plot of the field lines for the input in Fig.1.
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4.0 The TWtraj code

TWiraj is a program that tracks the motion of an electron inside an f cavity. Emitted at the
initial energy of 2 eV from a user specified location on the cavity surface, the electron is
made to travel according to the time varying electromagnetic fields given in the output of
the eigenvalue solver Oscar2D; its path is tracked until it hits the cavity walls, recording
the location and the impact energies. A new electron is then generated at the location and
rf phase of the impact just happened and followed in its next journey.

As part of the input file, it is possible to specify the location, direction and rf phase at
which the electron is emitted as well as the energy level of the fields in the cavity. The

code computes the trajectory and energy of the particle and, in case of impact, a well

tested empirical formula [3] is used to evaluate the distribution of secondaries emitted.

One of these secondaries is then followed to the next impact.
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FIGURE 4. TWtraj input file for the first level of MP found

1,1, input data for trajectories-RHIC cav
§files
TW=.F.
nnfile='finalpop’'
ddfile='biendd’
Send
Straject
phimax=10000.,nim=10,
iran=0, lrandom emiss. of sec.
iampe=1, 4 of field levels
ampar=4.23e-2, !scaling factor vs. Oscar
iae=1, '# sources
arr=26.5, ISource coord. (radial)
azz= 180.,29.,39.,59.,69., ! (transv.)
iphe=5 #. of source rf phases and values
phigrd=5.0, 10.0, 15.0, 20.0, 25.0, '
ife=1, '# source directions
psigrd=180., tand values
ncav=l, Imax. # times electron penetrates.
Send

FIGURE 5. Twtraj output file showing the first level of resonance

FREQUENCY = 26.844MHZ, EMAX (2=24.250R=10.933CM} = 0.92MV/M, BMAX(2=170.250R= 11.000CM) = -4.52GAUSS, EGAINsVOLT
@TRAJECT. B PH.ASE {GRAD) 8 ENERGY (EV) a R (M) e (Q{) 0 PROEABILITY @ ANGLE (GRAD) @ R-VALUE @
@ NUMBER @ IMPACT @ START TMEPAS e START IMPACT @ START 8 START IMPACT @ (M) @

1 5.00 45.3 0.200E+01 0.263E+ . 26. .0000 +926 .0000 180.0 ~3.74 .0000
2 45.36 77.5 QO0E+0L 0,298E+ . 26, .9268 .995 .6186 180.0 80.38 .0000
3 77.56 83,7 00E+01 0.683E+ . 42. .9956 .285 .3029 180.0 153.79 .0000
4 83,79 41.9 +200E+01 0.827EH . 26, .2859 <6021 27717 0.0 -1.99 .0000
5 41.99 31.9 .200E+01 0.7B1E+ . 42. .6028 <145 .2748 180.0 160.92 .0000
6 31.96 09 .7 00BE+01 0.775E+ . 26. .1458 .979 .1078 0.0 1.52 .0000
7 09.70 92. +200E+01 0.746E+ . 42. .9791. .784 13.4355 180.0 165.21 .0000
8 92.20 1173 0.200E+01 0.720E+ . 26. . 7843 .829 24.9515 0.0 2.88 .0000
9 1173.19 1353. 0.200E+01 0.725E+ . 42. .8290187.975: 42.9141 180.0 166.70 .0000
10 1353.30 1533 0.200E+01 0.710E+ 42, 26. .9756187.073 79.5013 0.0 3.22 +0000
run_terminated because:
MAXIMUM NUMBER OF IMPACTS IM EXCEEDED
1 1 00E+01 0.244E+ 26. 26. .0000 .9274 1.0000 180.0 =-3.48 00
2 Q0E+01 0.726E+ 26. 42. .9274 .4937 6025 180.0 151.08 .0000
3 2 00E+01 0.557E+ 42, 26. .4397 .2111 1.2916 0.0 7.19 . 0000
4 .200E+01 0.639E+ . 42, . .44 .4817 180.0 170.74 .0000
5 00E+01 0,653E+ 4 26. . .7984 .6494 0.0 4.75 .0000
00E+01 0.695E+ . 42. . .10 .3781 180.0 168.46 .0000
7 <200E+01 0.686E+ 42, 26, . .30 15.5346 0.0 .80 .0000
1 .200E+01 0.7L1E+ . 42. . 01 180.0 167.62 .0000
9 1 <200E+01 0.703E+0Q 4 26. . .14 13 0.0 42 .0000
1 . 1 .200E+01 0.716E+0 4 . .05 190 180.0 167.27 .0000
run terminated
MAXIMUM NUMEER
0. .927 . 0 180.0 -3. .0000
9. . . 180.0 151. .0000
. . . 0.0 . .0000
. . . 180.0 168. .0000
48 . T4, 0.00 . .0000
.2377 . . 180,00 167. .0000
. . 13. 0.00 . .0000
1L . 23. 180.00 167. .0000
.08 . 43 .54 .00 .0000
10 .24 034 76. 4 180.00 167.4 .0000
run_termina
MAXIMUM NUMBER
80,0000 . 1.0 180.00 -2.94 0.0000
79.9276 . 0.5 180.00 15 0.0000
7.6597 1.1 .00 . 0.0000
6.7768 2.0 180.00 166. 0.0000
. . . 7 8073 . 3.7 .00 . 0.0000
813.44 993. <200E+ + 724B+ . 0000 . 000! . 6.5 180.00 16
@ 7 e 993.33 1173.77 @ 0.200E+01] 0.710E+03] @ 42.0000 26.0000 0187 9723187 0712 @ 12.0604 a .00 3.22 @ 0.0000 @
a 8 @ 1173.77 1353.67 6 0.2008+01{ 0.718E+03] @ 26.0000 42.0000 9187.0712188.0713 & 20.8993 @ 180.00 157.11 @ 0.0000 8
4 9 Q@ 1353.67 1535.15 @ 0.200E+01] 0.693E+03} @ 42.0000 26.0000 8188.0713187.2255 @ 38.7248 Q 0.00 .58 @ 0.0000 @
a 10 @ 1535.18 1714 12 @ 0.200E+01{ 0.713E+03} @ 26.0000 42.0000 @187.2255188.0349 @ 67.8304 @ 180.00 167 44 @ 0.0000 @
run terminated because -
MAXIMUM NUMBER OF IMPAC'I‘S IM EXCEEDED \*Optmal impact. energy
@ [ e
L 25.00 71.54 0.200E401 0.168E+02 @ 26.5000 26.0000 @180.0000179.9271 @ 1.0000 180.00 -2.65 0.0000 @
280.10 0.200E+01 0.749E+03 @ 26.0000 42.0000 9179.9271186.8075 @ 0.5413 160 00 151.71 0.0000 @
280.10 449.21 8 0.200E+01 0.795E+03 @ 42.0000 26.0000 0186.8075185.6358 @ 1.1406 .28 0.0000 8
449.21 631.97 0.200E+01 0.753E+03 @ 26.0000 42.0000 8185.6358187.5412 @ 1.8679 180 00 164.92 0.0000 @
[ e 631.97 811.64 0.200E+01 0.744E+03 @ 42.0000 26.0000 8187.5412186.5005 @ 3.4650 .33 0.0000 @
[} [} 811.64 992.74 @ 0.200E+01 0.734E+03 8 26.0000 42.0000 8186.5005187.9140 @ 5.8651 150 00 166.14 0.0000 @
8 8 892.74 1173.58 0.200E+01 0. 713E+03 @ 42.0000 26.0000 ®187.9140186.9944 @ 10.8586 .00 .10 0.0000 @
] B @ 1173,58 1353.57 0.200E+01 0.719E+03 @ 26.0000 42.0000 @186.9944188.0222 @ 18.7896 Q 180 00 167.06 @ 0.0000 @
e 1353.57 1534.47 0.200E+01 0.702E+03 @ 42.0 26.0000 0188.0222187.1497 @ 34.8062 '] 3.41 @ 0.0000 @
[ 10 @ 1534.47 1713.88 0.200E+01 0.716E+03 8 26.0000 42.0000 @187.1497188.0540 & 60.6288 @ 180.00 167.28 @ 0.0000 @
run terminated because:

As part of the output, the electron's path is plotted on the screen and an output file is writ-
ten. This file lists all the interactions with the cavity surfaces, the 1f phase and the kinetic
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energy of the electron at the time of the impact. Multipactoring occurs when a resonance is
found, that is when the initial and final phase between each impact is the proper multiple
of 180 degrees. A yield obtained from the number of secondaries generated each time is
also given and is a good indication of the intensity of the discharge.

Fig. 4 shows the input file to TWtraj for the first resonance found. The parameter AMPAR
is the coefficient used to change effectively the gap voltage level, ARR and AZZ are the
radial and longitudinal coordinates of the emission point, and PHIGRD the starting rf
phase.

The output trajectory (Fig. 6) clearly indicates a resonance, which is confirmed in the out-
put file of Fig. 5: electrons are bouncing between the two locations r=42, z=185 and r=26,
z=185; the impact energy is about 700 eV, the yields are high and the phase increment
between two impacts is always around 180 degrees, indicating that this is the first level of
two point MP.

FIGURE 6. Output plot from TWtraj with the resonating trajectory.

Snmbe1un - uderey

42.aa

96.040

24.40

21.aa

R CCM)

14.aa

Y

7.DD

2.12 " 4.2 ' .38 = 8.48 = 10.6 = 12.72 14.94  16.9€ 18.D
Z (CM) -{0Q*

Unfortunately the program does not have any algorithm to “find” multipactoring: the reso-
nances are found by the user, carefully scanning the gap voltage for different positions of
the emission locations and many 1f phases.
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5.0 A simple model of MP

In order to verify the results just found, it is possible to derive a simple expression in the
case of two conductors at a distance L, excited with a sinusoid at the frequency .

From the force balance

d* .
m;l—t—z = eEsin (®t)

where E is the field seen by the electron and e its charge; integrating twice

dx eEcos (wt) eE
= VO —_ =
dt mo m

mx (1 —-cos(mt))

and

in (Wt
X = ﬂx(t_m
ma

)

The resonance condition is met when x = L and ot is an odd multiple

of w. Therefore

TeE
=X x@n-1)
mo

solving for E:
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“n-1

and by substituting @=2mrc/A

2 1

2
mxc L
X 47 X (?—») X_—_(Zn—-l)

e

V=LXE-=

This expression gives the discrete voltage levels V at which the resonance condition is
met. These can be then scaled to a corresponding gap voltage by computing a step-up ratio
using the electromagnetic codes mentioned before. It is now also possible to calculate the
kinetic energy U of the electron when it impacts the opposite wall.

1 5 8m><c2 L2 1
= _XmxV = x X
2 e (2n-1)

Using this two formulas it is possible to verify the resonance found for the PoP cavity.

n 1 2 3 4
v 1301 433 260 186 A%
U 828 92 33 16.9 eV

TABLE 1. The first four resonating modes as calculated in a region with L = 16 cm

For the case found, it can be seen that the rf phase between each impact increases by about
180 degrees every time, thus indicating that the resonance corresponds to the first level of
MP; the voltage across the conductors is about 1.3 kV and the impact level 828 eV. Look-
ing at the output file of Fig. 5, it is possible to notice impacts energies ranging from 645 to
950 eV. In order to check the voltage level, a run of the SUPERFISH [7] post processor
SHY is required to get the voltage level at the position x=185 c¢m. inside the cavity. This
peak voltage was calculated to be 1.217 kV for the estimated 23.4 kV at the gap. The
impact energy corresponding to this value can then be calculated to be 726 eV. It can also

A Multipactoring Analysis of the Accelerating Cavity for RHIC 7



be noted that the energies associated with the higher modes are too low for the generation
of secondaries.

6.0 Conclusions

The Twtraj code has been installed on the BNL cluster computers and it has been first
applied to study the multipactoring behavior of the RHIC PoP cavity. The first level of res-
onant discharge has been found in the tuner end of the cavity. A simple model of the elec-
tron dynamics was found in very good agreement, and provisions have been made for the
coating using a Titanuim ball in that region, leaving several vacuum ports available for the
insertion of the devices.
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