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Abstract

The operation of the Frascati storage ring RF accelerating cavity, whose design voltage range
was intended to be from a few kV to 200 kV, was affected by resonant discharges in the 30-80 kV
range . Computer simulations clearly showed high level multipacting discharges located on the
end-plates of the resonator. A cavity model was built for investigating appropriate solutions. The

design and the construction of a multipacting-free resonator of new shape, was successfully carr

out. The experimental results are presented in this paper.
Introduction

The accelerating RF cavity of the Frascati 1.5 GeV electron storage ring Adone consists of a
reentrant single cell resonator working at 51.4 MHz, the 18th harmonic of the particle revolution
frequency. The cavity is made of aluminitum and is in ultra-vacuumi. In Table I is presented a set of
the main parameters of the resonator and Fig. 1 shows a quadrant of the longitudinal section of the
cavity evidencing the flux lines of the accelerating electric field.




TABLEI
667
'Resonant frequency Fo = 51410 MHz
Accelerating voltage Va=200kV
Unloaded quality factor Qo = 16,000
Shunt-impedance Zsh = 3 Mohm
Dissipated power Pd = 13 kW =3
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.FIG.1 - Longitudinal section of the cavity with !
the flux lines of the accelerating electric field. i ‘

The behaviour of the cavity resonator was strongly affected by resonant discharges
(multipacting){!-23), This is a well known phenomenon in evacuated RF cavities, which leads to a
resonant multiplication-of the electrons emitted by the walls, accelerated -and deflected by the
electromagnetic fields ; the particles oscillate between the same or two points of the resonator inner
surface extracting other particles at each impact if particular conditions like the energy of the
collisions, the level and phase of the fields, are fulfilled.

The operation of the Adone cavity was inhibited by multipacting (m.p.) for a range of the
accelerating voltage between 30 and 80 kV. High peak power RF pulses with steep rise time were
therefore required from the feeding amplifier to overcome the barrier, the peak power being much
greater than that needed for regime operation. This caused serious problems to the RF
equipments(®). Besides this, one had to be very careful not to let air into the cavity, because the
surface oxidation enhanced the secondary emission coefficient and a long conditioning by RF
pulsing was necessary to set the cavity again in operation. A sample of the RF fields was detected
through a small loop located into the cavity. The m.p. level was evidenced by the sharp variation of
the slope of the exponential decay at about 70 kV as shown in Fig. 2.

FIG. 2 - Tail of an RF pulse evidencing
the m.p. level. (v = 100 kV/cm).




Investigations by a simulator code

The use of the computer code Newtraj (see Appendix A) which simulates the resonant
discharge phenomena in resonators under vacuum, allowed us to investigate the behaviour of the
Adone accelerating cavity and to compare the calculated and the experimental data.

The "Newtraj" code solves the motion equations of a charged particle in the RF fields of the
cavity under study. The values of the EM fields for the device of interest are taken from OSCAR2D
code(>6). The particle is followed through its path inside the cavity and the probability of the
production of back-scattered particles is calculated after each impact with the inner surface. ,:::;j:;

A resonant discharge is characterized by multiple, nearly overlapping, paths and by an
increasing production rate of re-emitted particles.

Many code simulations of possible m.p. discharges were made for the Adone cavity. The
range of accelerating voltage from 30 to 150 kV was carefully investigated. According to the
measurements made on the cavity, the Newtraj program found strong resonant discharges between
30 and 70 kV. Fig. 3 presents a plot of a resonant trajectory for an accelerating voltage of 50 kV.
For this case a very high production rate of secondary particles is evidenced by the computer
program. The plot shows that the trajectories tend to be concentrated in the flat end-plates region
where the weak electric RF field and the intense magnetic RF field force the particles to follow
closed paths.
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FIG. 3 - Resonant trajectory for V = 50 kV.

The cavity model

In order to check the validity of the results given by the Newtraj code, we decided to build'a
small cavity model that would allow experiments with moderate power. A picture of the model is
shown in Fig. 4.

The RF parameters were :



- resonant frequency Fo = 99.500 MHz
- unloaded quality factor Qo = 6,500
- shunt-impedance Ry,= 0.8 MQ.

With a 300 W RF generator we were
able to reach 15 kV at the gap. Before
evacuating, the cavity internal surface was
simply cleaned with abrasive powder and
demineralized water, without organic
solvents. Vacuum tightness was ensured by
Viton gaskets and moderate baking was
“made to reach a basic pressure of about
3x10-8mbar in the absence of RF.

FIG. 4 - The cavity model under test.

Besides the feeding and pick-up loops, a small probe was mounted on an end-plate for
detecting the electron currerit caused by the discharge. In Fig. 5 is shown a photo of an RF pulse in
presence of m.p. level at about 2.5 kV at the cavity gap. In coincidence with the m.p. discharge an
electron current is detected by the probe. See the negative step in the upper trace of Fig. 5.

FIG. 5 - Resonant discharge for the
model at 2.5 kV- (50psec/cm). Upper
trace: integrated current from the probe in
coincidence with the m.p. discharge.
‘Lower trace: gap voltage.
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The computer simulations executed with "~ = ;
"Newtraj" indicate that these discharges took = ]
place between the inner electrodes and the -
outer envelope of the cavity as showed in - \\
. -t
Fig.-6. z ,
2 |
FIG. 6 - Resonant trajectory for the model at 2.5 kV. T 2 . ‘_z '
.23 <8. &




Therefore, a very thin layer of graphite powder mixed with silicone resin used as a binder,
was applied on those regions for decreasing the secondary emission of the surface.

The results of this procedure was that the previous m.p. level disappeared and no current was
detected by the probe. This confirmed the localization of the discharges made by Newtraj and
convinced us to intervene on the 51.4 MHz Adone cavity according with the indications of the
program.

Cure of the Adone accelerating. cavity

The results of the investigations made on the model with the aid of Newtraj-code, induced us
to use the same procedure for the storage ring resonator. Different treatments, like sputtering of
titanium on the zones of the inner surface responsible of m.p., were not successfull because the
available apparatus (Ti-ball) did not allow a good deposition process.

The results with graphite were instead fully satisfactory. RF power was fed again into the
cavity without the need of conditioning. The high level m.p. thresholds vanished. Only the m.p.
between the capacitive plates was still detected but, because of its low level (_4-5 kV), it did not
affect the operation of the resonator which became fully reliable.

Multipacting simulations and design of a resonator of new shape

The solution illustrated above was only I
temporary because the graphite layer is not 1 |
well suited for ultra-high vacuum. A new & m n
cavity resonator was therefore designed. Q _/: — / : = — :?_
Starting from the consideration that a @ & J b e ——
spherically shaped cavity is free of electron rf ’ IIJ Y
m.p.(7®), we applied this principle® to the \¥ 28
shape of the end-plates of our resonator
giving them a rounded form as shown in 1480

Fig.7..

FIG. 7 - The new shaped cavity resonator:

Due to this shape, a strong radial component Er-of the surface electric field is everywhere
present along the rounded end-plate. This Er component inverts its sign at the'_m‘idpoint of the arc.
Therefore a secondary electron, emitted from a point of the surface of the end-plate, is sweept away
from the impact region toward the midpoint of the arc where it stops because the kinematical



conditions for the resonant discharge are no more fulfilled. Near the mid-point, in fact, the surface
electric field is so small that the energy gain of the secondary electron is not enough to produce a
relevant electron multiplication.

In Fig. 8 is presented a plot of a trajectory near the rounded end-plate for a gap voltage of 60
kV "The secondary electron shown in the figure stops after a small number of impacts.
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FIG. 8 - Non resonant trajectory for the new cavity (not to scale) at 60 kV.
Experimental results
The new cavity resonator has been successfully tested. Fig. 9 shows a picture of the cavity.

In accord with the computer simulations, the new resonator presents no high voltage
discharges but only a very soft m.p. threshold at 12 kV gap voltage ( see Fig.10) .

FIG. 10 - RF pulse in the new
FIG. 9 - The ncw cavity resonator before evacuating. - resonator (v =40 kV/cm).



This barrier can be however overcome very easily by low power pillsed RF. The simulations
of Newtraj code match very well with the experimental results. A resonant trajectory at 12 kV RF
gap voltage is presented in Fig.11 but the output data for this simulation show a very low electron
multiplication efficiency which is confirmed by the great facility of RF feeding.

This behaviour allows an easy and reliable operation. An RF voltage range from 30 to 250 kV
can be obtained. The main parameters are presented in Table II.

. FIG. 11 - Low level resonant
o1 trajectoryat 12 kV for the new cavity.
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Table II
Resonant frequency Fo =51.410 MHz
Accelerating voltage Va=200kV
Unloaded quality factor Qo = 12,000
Shunt-impedance Zsh = 2.3 Mohm
Dissipated power Pd = 18 kW

Conclusions

Experiments performed in our laboratory on various re-entrant resonators have confirmed the
usefulness of codes that compute electron trajectories in localizing m.p. discharges. With the aid of.
such a code.we have designed a re-entrant resonator whose shape guarantees freedom from
one-point resonant discharges even in the presence of high secondary emission from the surface.

This has been obtained by giving a rounded shape to the end-plates, where such discharges
are most probable. Experimental results are fully satisfactory.
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APPENDIX A

The Newtraj code

The Newtraj code uses the RF fields of a monopolar TM mode, as computed by OSCAR-2D

simulation code(®), to follow the motion of the electrons inside any reasonable shape of axially

symmettic accelerating cavity or structure.

Since the problem to be solved has a rotational symmetry around an axis, we restricted

ourselves to compute the motion of the electrons in a plane through that axis.

a)

b)

¢)

is :

This choice comes out from the following arguments:

the electric field in the cavity lies in the symmetry plane, and the electrons field-emitted from
the surface move along the field lines;

secondary electrons reemitted by the surface could in principle have the starting velocity not
lying in the symmetry plane, but the value of the starting velocity is low (the typical energy is
few eV), so the motion in the ¢ direction can be neglected without a significant change in the
results;

the reemission direction of the backscattered electrons lies in the symmetry plane if the
direction of the primary electron does and, for the aforementioned arguments, the velocity of
the primary electron can be considered lying in the symmetry plane.

The relativistic equation, in vector form, for an electron moving in the RF field of a resonator

é’~v
NS e o e Y
\% E+vxB- - V)

m C
OY i -

where m, is the electron rest mass, e is the electron charge, E and B the electric and magnetic
fields.

With our assumption of TM monopolar modes and electron motion in the r,z plane, we obtain;

r
Z=VZ - D
. [ . E'V .
v, = (Er'—vZB(p—— > V)
my c
by
] E'V
v, = E,—v, B(p—— . v,)
m,Y c

This set of differential equations is easily integrated by a step by step Euler method.
The trajectory is followed until the electron strikes the metallic wall. At the impact point a



secondary electron is generated. The energy and the direction of the new electron are randomly
generated accordingly to the distribution of the secondary emission of the cavity wall and the
backscattering process.

At each impact the electron yield is stored; the tracking of the electron trajectories is stopped
when :
a) the electron leaves the cavity via any coupling hole;
b) the product "impact energy by yield" is lower than a fixed value;
¢) the number of RF cycles is higher than a value given as an input datum;
d) the RF phase-lag between two impacts is less than 10°.

Secondary emission model

When an electron, accelerated by the RF field of the structure strikes the cavity wall a new
electron is generated by a random process taking into account the probability, related to the value of
the impact energy, of producing true secondaries or backscattered.

First, we assume the secondary yield distribution 6 as a function of the impact energy U, .,

2 60 ( Uim /Umax )1'2
(1+ (U /U, )?) | cos 8]

where :
Upnax = energy where the maximum of secondary yield is reached (preset in input);
9, = maximum value of the secondary yield distribution (preset in input);
6 = impact angle of the electron.

The backscattered yield is: N =n,+ (1-1,) |sin 0 where 8 is again the impact angle of the

electrons.

The first term takes into account the true backscattered yield for the material used for building
the cavity.

The second term is the contribution to the yield due to the enhanced backscattered impinging
the surface at glancing angle.

For the reemission direction, trues backscattered and secondaries are treated in the same way.
In both cases the reemission direction is randomly generated with a "cos 6" distribution around the
normal direction to the surface at the impact point. The enhanced backscattered are specularly
reflected at the impact point.

The energy of the emitted electrons depends on the reemission process in the following way:

a) for the true secondaries, for an impact energy U; .>U_ .. / 10 the energy of the reemitted

max
electron is a value preset in input (typically 2-4 eV); for U, < U_ .. /10 the energy of the



b)
c) for the true backscattered the reemission energy is randomily distributed with the distribution:

10

.secondaries is randomly distributed in the range 0- U,

for the enhanced backscattered the reennssmn energy is ﬁxed to a value of 0.8 U, ;

U, =Y Uim 0<syx<1

5+2 1ogyg (Ujy/Upnax ) = 29

f(y) =

References

1y
2)
3)
4)

5)
6)
7
8)
9)

J. Halbritter, Particle Accelerator 1972, vol. 3, pp. 163-174.

J.P.Budliger et A.Laisne, N.ILM., vol. 61, 1968, pp.253-259.

H.Padamsee, IEEE Trans. on N.S., vol. NS-24, 3, June 1977.

R.Boni, V.Chimenti, S.Fortebracci, F.Tazzioli, G.Turchetti, IEEE Trans on N.S., vol
NS-30, 4, Aug. 1983.

P.Fernandes et R.Parodi, 1986 Linac Conf. Proc., pp. 330-332.

P.Fernandes et R.Parodi, 1987 Part. Acc. Confer., March 87, Washington.
V.Lagomarsino, G.Manuzio, R.Parodi, R.Vaccarone, IEEE Trans. MAG-15 (1979), 25.
U Klein et D.Proch, Gesamtochschule Wupperthal, WU B 78-31 (1978)

R.Boni, V.Chimenti, P.Fernandes, R.Parodi, B.Spataro,F.Tazzioli; IEEE, Trans on N.S.,
vol.NS-32,5, Oct.1985. 5




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


