INDUSTRIAL DEYELOPMENT OF CORNELL SUPERCONDUCTING CAYITIES FOR CEBAF
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STRACT

Properiies of the Cornell five-cell superconducting accelerating
cavity and the suilebility of this cavily for the CEBAF linec are discussad.
The advanced technology required 1o produce these cavities wes already
known to some companies ond {3 being transferred to others. The status of
development of Ihese cavities by industry, including test results on three of
these cavities, s discussed.

CAYITY PROPERTIES AND REQUIREMENTS

The principe! properties of the CEBAF/Cornell S-cell elliptical
superconducting cavity and the requirements of CEBAF are summerized tn
Table i. Some of the properties of this cavily have been described
previously. !

High frequencies for superconducling cevities ere favored by high
geometricel shunt impedancs (r/Q, proportionsl to the frequency, 13,
hendling sese, reduced materlal usage { « 2 {0 I3), reduced susceptibllity
to microphonics, and by lower rf surface ares and corresponding lower
probability of s surfacs defect of & given size (o I2). Low frequencies are
fovored by fewer modules per unit length (oc f*'), lower
{em perature-dependent Bardeen-Cooper - Schrelffer {(BCS) losses {ox 2),
ond lower trensverse impedence (e 13), The frequency of 1500 MHz wes
choset by Cornell 83 sn oplimum compromise between thess faclors. CEBAF
requires a frequency greater than 900 MHz, Since each successive bunch
can be routad to a-differeni one of the three end slationsz, the effective
frequency at each end statfon 13 1/3 of the rf frequency; a bunch repatition
frequency of less then 300 MHz would be objeclionoble becouss the
sssociatad time intervel between bunches would exceed the resolving lime of
the detectors.

After eliminating some fnittel design defects, e tole} of ten
independent lests were conducied on the four S-celi prolotypes with
complats fnput end higher-order-made (HOM) oculput coupters built al
Cornell. The average gradient reached in these len tests wes 8.2 MY/m; the
highest valus achieved wes 15.3 MY/m. Fewer {han 4 prototypes would be
objectionabile becsusa design defects whose occurrence or  severity
Nuctusted from one unit to another could easily go undetected. Fewer than
ten jndependent tests would be objectionable becsuse the fluctuetions in
performance from one surface preparation lo snother would not be
odequately determined Basedon these results, a design specification of 5.0
MY/m was chosen for CEBAF. This gradient is sufficiently high to meke &
recirculating lineer eccelerstor besed on this lechnology economically
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TABLE I. CORNELL CAYITY PROPERTIES AND CEBAF REQUIREMENTS.

Property Demonstrated,  Required,
Cornael) CEBAF
Frequancy, MHz 15600 1 900
Accelerating gradient, MY/m 8.2 (Avg.) 5.0
Restdual @, » 1079 3.9 (Avg) 2 3.0
Beam current transported, mA 22 0.8
Beam breakup threshold, mA > 10 {inCEBAF) :0.2
Qgxt. iUt caupler, x 1078 0.007~100 22
Aperture dismeter, cm 1.0 : 38
HOM power extrected, watls/m 2280 05
Pawsr coupled into besm, kW/m 26 4

feastble. Since each cavity in CEBAF 1s powsered 1ndapendently3, any cav ity
whose gradient cepability exceeds ihe specificalion can be used to full
advontage.

The averae lemperalure-Independent residual Q (Qpqq) at high

field echteved in the ten lests mentionad above was 3.9-10%. Based on thess
resuits, the specificolion chosen for CEBAF 1s 3.0-109. This value Is high
enough to result in & reasonable rafrigaralor size snd oparating powar.“

Two of the Cornell prototypes wers tested wilh beam In CESR,
Cornall's electron~pesitron storege ring. One of the quantities measured
wbs the maximum current that could be pessed through the cavity without
driving the superconductor normal or Inducing objectionable phenomens
other than multi-bunch instabilities, which were suppressed with feadback
during this measurement. The current obtained was 22 mA, compared to
the 0.8 tolal mA reguired for CEBAF with four passes of Lhe beam through
the Hinac.  The simultaneous operation of \wo superconducting cavities to
store a beam In the CESR ring demonstrated thal {here Is no problem
sssociated with the uss of multiple high Q cavities of this design.

The beam test of the cavities also served 10 verify ihe HOM
impedances which were determined by bench measurements, SUPERFISHS,
and URMEL®,  The_ inslablltty threshold currents computed by o
Monta-Carlo program? using the measured and computed cavily Impedances
agread within & factor of two at alt probability levals with the messured
instebil ity threshold currents’ (the measured thresholds were generally
greater than 1he computed ones). The mechanical tuna of the cavities was
slepped, and the tnstabllity threshoid measured for each step; a threshold
probabilily distribution wes constructed from this information. A beem
lest 1s Important to verify the higher order mode measuremenis for 8
number of ressons: the compuler codes which are used compute the
geometric impedance (r/Q), but cannot determine the external Q {Qgyq),

which Is controlled by the HOM extrection couplers; the couplers do not
have cylindrical symmelry, and can disturb the mode pallerns so thst the
computed r/Q values are inaccurate, and even the number of modss which
oxist can be affected; 1he donsily of mades Is so hfgh al several limes the
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fundamental frequency that mode overlap maxes sccurate measurements of
Qg values challenging; eccurate messurement of the riu Is difficult with

the couplers present becauss the Tow resulting Qg makes perturbation

messurements subject to instrumentation errers, and the couplers must be
terminated tn matched Joads or the mode patterns will be aflered; accurate
measurements of the fongiludinal impedances of modes which are hybridized
transverse electric modes is difficult; and determination of the Qg values

{8 made more difficult by the sinultanecus propegstion of several modes in
the HOM or fundemental transmisslon Haes. Using the r/Q and Qg q velues

which were measured and computed, and which are supported by (he beam
lest results, ihe beam braakug threshold computed for CEBAF using these
cavities is in excess of 10 mAY of output current. Since the design outpul
current of CEBAF is 200 uA, this provides a safety feclor of 50, ihe
principal longiudinal impedances ere listed in Table 2, in order of
decreesing impedance, The transverse impedances, r”/Q, are equal io the
longitudinal impedance of a deflecting mode divioed iy the square of the
distance of the beem from the mods axis {the beam is specified o be at the
szimuth where the tmpedencs fs highest). The principal iransverse
impedences are listed in Teble 3. The transverse Impadancos ¢ /Q of the
quadrupele and sextupole modes are specified el a disiznce of 10 mm from
{ha mode axis; their importance §s recuced 17 the beam is centered to better
{hon & mm.

The Qg ¢ valus of the fundemental mode of the CEBAF /Corniel cavity

can be varled between 7,000 and 102 by changing tne Tocation of the shord
on the Input weveguide stub. Tha O, ¢ velue required for CEBAF 15 2.2 108;

this velue represents overcoupling by a fuctor of 3 at full beam. This
overcoupling is done 10 tripie the nendwith of the rf coentrols®, te parmit
the cavily to be operated ot ful) buam end & gradient as low &s 0.83 MyY/m,
{0 permil the accslarator Lo be upgreded for operaiion In excess of ils destgn
current, snd 10 reduce the sensitivily ‘o microphonics. The disadvantage of
overcoupling by this fecior 1s 6 20% power reflection at full beam.

The aperture of the CEBAF/Cornell cavily is 7.0 cm. The beam
optics sre such that, under normal conditions, the aperture xupied by the
besm s over an order of mecritude smaller then this?. 1he eparture
required under sbnormal conditions to snsure that lest beats strikes room
temperature surfaces and not hellum temperatura surfeces s 3.8 cm.

The power transferred 10 the team 1n the Corneil biam test wes 2¢
kW/m. This estsbiishes the abflily o transfer power 1nic the cavily
without being limited by problems at the vecuurm windows o noring
conducting to supsrconducting interfece. The required power Lransferred tu
the beam in CEBAF is 4 kW/m. In the Cornall beam lest, he U,y value of

the fundemental mode was 150,000 end the rf dissipstion in normsl
conducting surfeces with heal conducted into the liquid hielium wos
equivalent to 8 Q of § 109, With & Qg value for CEBAF of 2.2 108, the

equivalent Q becomes 7.5 1010,

The HOM power extracted in the Cornell beam test was 220 walls
per metor. Due to the small charge per ounch and the comparalively low
circulating current in CEBAF | Jass than 0.5 wetts per meter of HOM power
{3 generated In CEBAF ; Lhis power 18 smalt enough {hat 1 can be dissipaled
in the liquid helium, The ebility of the CEBAF /Carnsll cavily to extiract
299.9% of the HOM power from the cryogenic region is nol important in
this case. However, rejectin of the Tundamental moce by ihe HOM
axtraction circuiiry is important if the HOM coupler is to be termineted 1n
{he lauid helium. Arbitracity high rejection of the fundamental can be
obtained without tight mechanical 1oterences by using the cut-off waveguide
employed on the CEBAF /Cornell cavity; ebteining adequate rejaction using 8
TEM-Jine with filters requires extremely Light tolerances or he use of two
or mora filters in series.

Tha CEBAF/Cornell cevity hes besn demonsireted to operate
satisfactorily et temperetures between 1.8 and 2.35 K. A temperalure of
2.0 K has been chosen for CEBAF as an economic optimum?,

The CEBAF /Cornell cavity has an r/Qof 960 (1/m, operatss in the
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TRBLE 2. PRIHCIPAL LﬂﬂGITUDIHHL {HPEDRHCES
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21 1-Theta
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1499,

1795,
4413.
4935,
2907,

.689
3074,
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4417,
1405,
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4407.
2947.
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2809.
{466,
1087,
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2743,

1481

1454

28
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-

r'/GJ Q/‘ Oext
95¢.89 350000,
66.6 66000,
16.1 39000.
7.62 29500.
246, 700.
0.775 68800,
7.8 6500.
16,34 2100.
21.6 1700,
0.121 145000,
9.6 1600.
13.7 B0G.
2.94 3300.
6.9 1100,
A 3400.
3.2 1000.
0.056 ~37300.
0.1 11000.
0.033 -27300.
0.078 8000.
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335962,

4395.
627,
224,
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53,
50.
36.

36.
1?7,
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7.
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3.
~2,
1.
-0,
0.

3. PRINCIPRL TRANSUERSE IMPEDANCES

£, MHz ©*/0, 0703 Oy

3630 .0
[V
1685.3
3s07.8
3506.5
3640.0
3716.8
3509.2
3673.2
2179.9
3.0.7
16481
3641.5
3699.8
1769,
300.5
25¢0.4
2570.4
1968.8
2085.9
]
8

3525,
2121,

27000, 170000,
23606, 11000080,
69500. 32000,
2400. 760000,
2500. 740000,
12001, 150000,
5700, 300000,
11000, 130000.
2500, 630000,
100000, 13000,
9300. 130000,
69500, 16000,
12060. 86000,
2900, 330000.
14200, 66000.
21000, 33000.
9300. 90000,
9300. 83000,
164060. 4000.
50000, 10000,
5100. 98000,
11100, 40000,
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4550.
2750.
2224,

1872,
1858,
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17180,
1658,
1579,
1300.
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637.
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499.
444,
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 mode, end has an active length of 0.5 m. Shorter lengths (t.e., fewer
cells) would have the disadvantage of more modules per meter end a lower
beam Hne filling fraction. Longer lengths have the problem that some of the
HOM's exhibit objectionsbly small intercell coupling; this creales two
problems: small dimensional errors tn the cells cen cause the HOM energy
to be concentrated in cells where the HOM couplers cannot effectively
extract it, snd the intercell coupling cen be so smal) thet energy does not
Tow fast enough from the cells 1n which it s depasited by the beam {o the
cells from which it can be extracted. One might suspect {hal the relatively
large aperturs of 7 cm would prevent such prablems. However, lhe
calculation described below, performed in August 1983, demonstrates thal
this i3 nol the case, The higher mode propsries of a cavity having the same
call shape a3 the CEBAF /Cornell cavity was evaluated using SUPERFISH. In
order to avoid effects associated with the different size of the full end cells,
the case studied conaisted of three ful) cells with a shorted half end cell st
eech end. Withineach 7 cm diameter iris, sn imaginary, very thin irisof
adjustable dismeter opening was inserted. The mode structures of the
cevily for various openings in the thin iris were computed. Two HOM
passbands, al approximately three times the fundamental frequency, exhibit
perticularly objectionsble behsvior, end ars shown in Figure | as
function of the epening In the thin iris, Notice that the greatest frequency
separation ( lowest dimensional sensitivity) of the 4th and 5th members of
the lower passhand ecours at &n opening of sbout 1.75 cm, end that this
spacing decreeses greetly s these modes spproach the frequency of the
lowest member of the upper passhand {i.e., es the thin iris is removed).
This cleerly demonstrates that the largest iris opening does not necessarily
correspond to the greatest intercell coupling for a particular mode.

Ancther design property exhibiled by the CEBAF/Cornell cavily 1s
refarred to a9 “light cone symmelry.” Although this preperty is nat
imporiant st CEBAF's design bunch charge of 8.3 103 electrans, it could be
important should much higher bunch charges be of Interest et some time,
ond may be importsnt for other epplications. The concept of Jight cone
symmetry is {llustrated in Figure 2. For purposes of the illusiraiion, an
fmage charge is flowing on & wall st radius r,, from (he beam. The beam

pipe is disrupted ( for exemple, by acavily), and then resumes ot the same
redius ry. A first path length is defined as a straight tne connecting the two

beam pipes. A second path length is defined as a straight line segment from
the end of the besm pipe to an hypothetical boundary, plus a second straight
Hne segment from this polnt back to the continuing beam pipe. As long as
the second path length minus the first path length exceeds the bunch length
for a1} actual boundaries for which cylindrical symmetry is violsted, light
cone symmelry is soid to be preserved, snd the heed of the bunch is unable
to influence 1he tai) of the bunch (on the same bunch passage) with a
refiection from eny surface for which cylindrical symmelry 18 not
preservad. |nview of the fact that the bunch must be centered in the SLC 1o
better than 100 microns, it is clear {hal such symmetry can be important

for high bunch charges,

The totel voltage experienced by & spead-of- Hoht particle passing
parallel to the axis in a cylindrically symmetrical mode in a cylind-ically
symmetrical cavity is independent of the distance of the beam from the axis.
However, the fields in the Input coupler do not have cylindrical symmetry,
ond therefors cause a deflection of the beam. The deflection of the cenlroid
of the beem can be compensated by slalic sleering elements, but the
difference fn deflection of the head and the tail of ihe bunch cannot. Although
thia is an extremely smell effect, the very low emitiance of the bunch
makes the effect objectionable®. There are eight cavities in & cryomodule
batween magnetic elements in the linac; by aiternating the directions of the
foad waveguides in & -~+++4+-~ pattern, the effecl can be reduced io 2
negligible level (this i3 similar to what is done In the SLAC linac).
Complete concellation of the effect, elthough unnecessary, can be
accomplishad on a1l four passes through the 1inac by suitsble variations in
{he gradients et which verious cavities ere operated. Such veristions cen be
kept small if they exhibil the same periodicily along the linec as the
betatron trajectory of a particle on the sama pass.

INDUSTRIAL DEYELOPMENT
__ Wilh the design of » superconducting cavily which is complataly
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FIGURE 1. HOM PASSBANDS VS. IRI5 RADIUS

suitable for use in CEBAF in hand, the next required step is to develop the
capebilily to produce these cavilies at a rate suitable for construction of
CEBAF. The production of 413 cavities plus 18 spares in a period of two
years is required. Industrial involvement to achleve this rate is desirable.

In order to develop end demonstrate industrial capability to build
these cavilies, nine cavities are being built by four companies. Eight of
thess cavities will be installed as pairs in four cryostets to form whet are
referred to &8 “cryo-units”. Cryo-unils ere the smellest individually
usable components of the finac. Four cryo-units are joined together to form
a cryomodule. The cryostats heve been designed st CEBAF'® with
substantial input from outside experts.

The four compenies building the nine industrial prototype cavities
have all had representatives vigit Cornell, and Cornell hes made drawings,
forming dles, computer numerically controlled milling meching
information, and e fabrication procedurss document aveilable to thess
companies. in addition, personnel from Cornell heve visited each of the
companies 1o sssist in solving any problems encountered in manufacturing
the cavities.

The slatus of the prototype cavities is shown in Table 4. Nole that
the prior experience of the four companies in  manufacluring

superconducting cavittes is quite diverse.

Beam bunch
Beam Pipe /

Rays whoge length is increased by the
length of the beam bunch

Boundary within which cytindrical symmetry
is to be maintained

FIGURE 2. LIGHT COME SYMMETRY.



INDUSTRIAL PROCESS IMPROVEMENTS

Each of the companies fabricating prototype cavities has introduced
some modifications to the manufscturing lechnique which the respective
company baleves 1s better suited to their availsble manufecturing
equipment, is less expensive, or involves lower risk.

Dornier eliminated the machined slep al {he equator of the cells, and
used o separaie fixture to maintain alignment of the cup halves during
welding. This procedure eliminatad the need to coat the machined steps with

chemical resist during ecid cleaning; ihis coating is normally required fo

preserve the preciston of the fit of the machined steps.

Baboack and Wilcox has modified many of the weld geomelries so
that the number of welds requiring different sels of paramelers is
mintmized.

TRW has used water soluble lubricant for deep drawing lo simplify
remaval of the lubricant. Weler soluble plastic spray has been used in lieu
of tape 1o protect the parts during hendling; this again simplifies remaoval.
Non-toxic machining coolanls have been used on the nioblum in leu of
trichloroethene lo avoid the need for ventilation systems snd worksenler
vapor fences. Sotid eluminum mendrels were used in 11eu of vacuum chucks
for machintng fixtures to minimize distortion during mechining; similer
mandrels were used during tack welding lo minimize distortion. A lathe has
been used in place of a milling machine to form the steps on (he cup edges.
The averall procedure used on the cups was modified es follows: with each
cup hald in the machining fixiure, the iris adges are turned in the lalhs.
Two cups are then welded logether, Iris to (ris. The grinding of the iris
welds and the subsequent heavy chemistry is then performed. The
machining fixures are rainstalled one at a time, and the pair of cups is held
in the lathe using the fixiure while the opposite equator edge 15 machined,
This procedure evoids the need for the use of chemical resist to prolect the
tnachined edges from excessive dimensionat changes.

TEST RESULTS ON INDUSTRIAL PROTOTYPE CAYITIES

Construction of four of the nine prototypes has been completed, and
cryagenic tests hava been performed on three of these cavities.

Cavities numbers | snd 3 were menufactured by Interstom.
Interatom, in collaboration with the University of Wuppertsi, also designed
and constructed the tuning, rf, vacuum, chemical, thermomeiry, and
cryogenic apparstus necessery to tune, process, end test these cavities.
Both of these cavities were tuned to have a Net fieid profile and to be at the
correct frequency. The fundomental Qg has not yet been ver ified.

Cavity number 1 achieved an acceleraling gradient of 6.1 M¥/m, in
excess of CEBAF's minimum specification of 5.0 M¥/m. The Q, 8t 2.0 K was

3.3 -10% ol 50 MY/m. CEBAF's specification 1S Opee 2 3.0 -109%;
combining this with Qgg(2.0K) = 1.14 100 yields 0, 2 2.37 109,

Cavity number 3 achieved an accelerating gradient of 6.8 MY/m in
fis scoeptence test. The Qg was 7.0 -107 at 5.0 MV/m. The Qpgq 8t low fleld
wos 1.8 100, The breakdown location identified by thermometry in this
accepiance test was subsaquently ground using an internal grinder, and the
cavity was relested. In this test, the cavity achieved 7.7 MY/m and a Q, of

751098t 7.5 MY/m. The Qa ot low field wes 1.3 100,

A typical thermomeiry map, taken by the Interatom-Wuppertal
collaboration, ia shown in Figure 3.

Cavity number 2 was msnufaciured by Dornier. |t was tuned,
processed, and tested st Cornell!!. This cavity wes tuned o have a flat field
profile, but its initial frequency wes 13 MHz low, which was outside the
range of tuning capabtlity of the available tuner. The Qg value wes low,

primarily 8s 8 result of the low frequency.

aT [mi] #1 w3

FIGURE 3. Temperature map of 8 superconducting CEBAF cavity al Eacc =
5.6 MV/m, leken with & thermomelry system consisting of a rolating
acray of 89 temperoture sensors. This system scans the cavity
surfece for enhanced losses and permils guided repeir %o be
performad."‘

TABLE 4. STATUS OF GAYITY MANUFACTURING AND TESTING

DATE DATE
CAVITY DATE FABRICATION TESTING
NUMBER  MFR. ORDERED COMPLETED COMPLETED
1 Interatom 9/9/85 12/28/85%5 2/12/86
2 Dorafer 11/8/85 2/1/86 2/12/86
3 Interatom 10/4/85 1/12/86 3/13/86
4 Ba&w 1/13/86 5/9/86
5 TRW 1/13/86 (6/6/86)
6 B&W 1/13/86 (6/28/86)
7 TRW 1/13/86 {6/30/86)
8 Interatom 4/23/86
9 Interatom 4/23/86

Cavity number 2 achieved an accelerating gredient of 7.9 MY/m on
its first test, The Q, achiaved was 6 107 at 7.9 MY/m, end the value qf

Qpgy Echievedwes 2.75 - 1010 at <5 MV/m.

Cavity number 4 was manufecturad by Babcock abd Wilcox. This
cavity has been luned and wil) be processed and tested at Cornell. The fisld
profile has hean tuned to ba flat, snd an unusually smell amouni of tuning
was necessary to bring the cavity to the correct frequency. The fnput
coupling wilt be edjusted o the correct value after Lhe first cryogenic lest.

CONCLUSION

A wall-proven cavity design which meets &ll of CEBAF's
requirements is in hand. Industrial prototyping of cavities of this design
hes proceeded axiremely well so far, with three of three industrially
fsbricated cavities tested exceerding CEBAF's specifications for gradient and

Qres:

Work remaining 10 be done to complsle CEBAF's cavity snd cryostat
prolotyping stege tncludes completion and testing of 6 additional
industrially febricated cavities. Following successful lesting of these
cavities individually, they will be {ested in a vertical cryostat as pairs. The
use of gate valves on the beam lines end Kepton windows on the input
waveguides, combined with coupling of the input power into the cavilies



through the Kapton waveguide windows, permits the cavity palrs to be kepl
under vacuum during the pair test and permansntly thereafler 2. A test has
already been performed on a single cell cavity lo verify thel there ere no
unexpected problems with this technique'®, The pre-tested pair will then
be installed in cryostats to form crye-units, and these will be cryogenicatly
{ested,
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