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DEVELOPMERT AND PROLUCTION OF SUPERCONDUCTING RESONATORS

. FOR THE ARGOUNRIE HEAVY ION Linac*

K. W. Shepavd, €, M, Scheibelbut, P. Markovich,
R. Benaroya and L. M. nollingcr+

ABSTRACT

The first six nieobium split-rang resonators for
the Argonne Heavy-Ion Encrgy Booster have heen com-
pleted.  The average performance at 4.2K is an
accelerating gradient of 3.7 MV/w or an effective
accelerating putential of 1.3 MV per resonator for an
rf input of 4 W/resonator. The vesonators are con-
structed in part of an explosively bonded Kb-Cu
composite material Wwhich performs well for rf surface
ficelds of at least 200 G. In initial tests, the
resonators frequently cexhibit thermal instability at
Fy < 3 MV/m because of saeveral cypes of microscopic
surface defects. The methods used {or locating,
identifying, and removing these defects are discussed.

I. INTRODUCTLON

This paper reports the recent development and
initial production experience with svperconducting
niobium split ring rescpators for the Argonne Heavy-
loa Energy Booster.

Shown in Fig. 1, the 97 Miz vesonator is as
previously described, and consists of an all niobium
drift-tube and inductive loop assembly inside a
cylindrical housing formed of niocbium explosively
bonded to a copper backing.2»3 At this writing,
seven such resonators have been completed; a prototype
wit currently used fer beam bunching, and the {irst

"six of twelve resonators presently under construction
for the linac proper.

In carly tests of the prototvpe, the maximun rf
field was limited by thermal instability caused by
small surface defects.d This problem has also been
freguently cncountered in subsequently produced
resonators. In the following section, methods of
lacating such defects, the types of defects encoun-
tered, and weans of removal ave described.

Tho prototype tests also shoved excessive rf loss
in the cxplosively bonded niobium-copper composite.3
In the third section, further development of tha
composite material is described.

Finally, the performance to date of the
resonators being produced for the linac is discussed.

I1. THERMAL INSTABILITY AND SMALL SURFACE DEFECTS

The Argorne split-ring resonators are of high
complexity {or superconducting rf structures. : Each
resonator consists of 25 separate niobium parts joined
by 32 ¢' ‘ctron beam welds. The least defect in the
niobium - sarface, such as microscopic fissures,
impurity inclusions, ctc., can degrade resonator
performance to an unacceptsable extent. Mast of the
resonators so far constructed have exhibited defects
during initial tests. Adequate performance has been
obtained only by a process of identifying and removing
the defects. Therefore it has been essential, not
only for resonator development, but also for resonator
production, to have a means of rapidly and accurately
locating sources of rf loss within a resonator.
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Sccond Sound Measurements

The most serious defects so far_encountered can
be generally classified as a localized source of rf
loss in a regiou of hiph surface mapnetic field
(B> 100 G). The localized rf power loss causes
heating of the defect and adjacent superconducting
surface. 1lu a sufficiently larpe vf field, the
region adjacent to the defect is heated to the super-
cowlucting transition temperature, At this point the
resonator becomes thermally unstable, and a normal
region grows rapidly wntil the rf conergy inditially
present in the resonator is converted to heat, i.e.,
the instability is wanifested at a well-defined
critical field level by a sudden collapse of the rf
field in the resoustor. The time required for the
collapse is typically two or three milliceconds.

The vf power required to initiate an instability
is generally quite swmall., In the present resanators
a locelized defect dissipating only a few millwatts
could causao a therwmal instability at an accelerating
field Ha < 3 MV/m, A normal region 0.1 mm in diameter
would constitute such a defeect, 1t is not practical
to find such defects directly by visual juspection:
they can, however, be located with fair preecision by
exploiting the superfluid properties of liquid helium.

Thermal instabilities accur in regions of high
surface magnetic field, which in the Arpgonne split-ring
resonator is the inductive loop, a .090 inch wall
niobium tube thie intericr of which is cocled by liquid
heliuni. When a rescenator goes unstable, typically a
joule of heat encrgy is injected inte the liquid
helium in a few milliscconds. If the resonateor is
operated at T < 2,17K, the helium is superfluid and
a sccond-sound wave propagates away from the region
of heat injecticn at a vclocity of ~20 m/scc.

By locating several germanium resistance thermom-
eters insidce the tube, the second sound pulse can be
obsexved as a tewperature fluctuation. The time of
arrival of the pulse at a given thermometer is deter-
mined by the time of flight from the heated region,
which is centered on the defect causing the thermal
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Fig. 1. The split-ring resonator. The overall
length i 17 inches. The drift tube and inductive
loop assembly is made of nicbium, the outer housing
of niobium explosively bonded to copper.
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breakdown. By measuriup the time of flight to

several differently placed thermonmeters, the location

of the defect can be unambipuously determined.. Jhis

procedure is particularly simple for the split-ring
resonator, since the loading tube provides an essen-
tially cue-dimensional system.

Figurc 2 shows an oscilloscope photograph of the
phenomenon observaed.  The upper trace shows the rf
ficld level in a split-ring resonator, which is driven
by an rf pulse to a field Ey = 3.0 MV/m. At this
ficld level the resonator becomes thermally unstable
and the vl ficld c6llapses.o+The Jover” trace displays

- the temperature.of a thermometet: lu;ated ]n%ldgrlhc

“indactive loop.  The’ :

i gprpanium Tesistonée” “KJ-

“casing filed off .to cxpose |

~;dll’cll) 6 the supetiluid:
in an nwen ended “tube :6 rm
second “sound “polwe as a quarter-vave resenator,
“ringiog"-in ‘temperature at a frequeney of ~1"kHa.
Ih‘Piﬁf.z,‘thl begins 13 psee after the collapse of
the rf field, indicating that the defect in the
§upercohﬂucting yresonator is 26 cm from the therron-
eter. It should be noted that Fig. 2-is a super-
pesition ©f 10 events, shoving the high degree of
repcatability of the process.

Tn practice, this diagrostic Lochnlquo is
straightforvard and typically lucates a defect to
within 1 or 2 cm, which taen perwits microscopic
examinacion of the region in question and some form
of .lacal xepair.

s of Defect Qbserved - -

T Type

Three. types of defect have been encountered:
wsmqll b‘.ade or ‘nichivm attached to the surface and
appq.ently causcd by spatter flOF beam welding, smal?l
fissures-in. or neay welds, and, impurity. inclusions.
Tlgure 3A shows the initial performaunce of
‘thé s¢cond 1ifae resonator. The sharp decrease in Q
at low field Yevels exihibits hysteresi: . and the
resonator is thermally unstable at a field l-vel
. E, = 1. 2 MV/m. The second sound data showved a
S defoct midway aleng onc arm of the inductive loop.
Visual examination revealed a .015 inch diameter bead
of niobium within the region indicated by the second
sound data. The behavior shown in Fig. 3A seems
explainable in the following way. The hysteresis at
low field Yevels is caused by the switching of the
bead itself between the superconducting.and normal
states and indicatcs poor thetmal centact between the
bead and the resonator.. The decrease in Q with in-
creasing field level is caused by heating of-the bead
vhichk increases the normal state surface resistance.
At E, = 1.2 MV/m the heat load into the surrounding
niobium is sufficient to drive it normal and the
resonator ‘becomes” unstable. Removal of the bead
resulted in the performance shown in Fig. 3B.

1n the fifth resonator, similar behavior was
observed, with. a much smaller (v 10%) hysterctic change
in Q, and with a higher point of thermal instabilitvy
(£, = 2.8 MV/m). 1n this case, a .005 inch diamcter
niobium bead was found to cause the instability. The
bead was hardly visible under micrascopic examination
because of Jack of contrast with the background, and
could probably not have been locuted without the aid
of the second sound data.

The other defects encountered have not caused
observable rf loss prior to thermal breakdown.

In two cases, for which thermal instability
occurred in the range 2.5 < E; < 3 M¢/m, sccond sound
data indicated defects at electron heam welds.
Microscopic examination revealed smill fissures a few
mm long in ecach of these welds. At least one of these

| fissures did not appear until the final electropolish
- of the resonator prior to testlng.

The most troublesome defects encountered occurred
in the prototype resonator. In carly tests, this
resonator was thermally wnstable at a field level e

4 ¥ 2V/m.  Second sound data indicated one or more
defects on the inductive loop, but visual observation
shoved no obvious flaw. Repeated electropolishing
shifted the region of bhreakdown several cm, but did not
greatly improve performance.
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CFigo- 2. TTho)mal brca~doun at 1 [):4 and ?qsoc1aLed
~sccond-sound pulse.-: The. horizontal scale is 10 msec/”
41v1<10n._ “Tlicupper-trace:'shows the,rf field in ths
resonator, the lower: {race the temperature: of “a: sénso
in thcﬂllquidmheliumAinsidg;thgtindpctivgllogp;
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Fig. 3. Performance of the. second linac resonator at -

4,2¥, Curve-A-1s Lhc reqult of Lhc inilial test.
Curve B, the second test; perfolmed after Yemoving a
small deiect on the Jnductive loop.




,Removalvof Défvcts'

natcd by

sigyrface roughnessy and’

L}*Packaid No. 4,

Thick anodie films arc used industrially as o test

cold work in’
Yollowing this

for small repions of lmpuricy of scverae
niobium and other refractory metals

procedure, the resonator wis anodxxed to form an oxide

1200° thick. Visual inspection then yevealed a nupber
of slightly discolored repions, typically 1 wm in

diamcter, scattered over the region in vhich breakdown

had occurred. In thimner anodic films, no discolora-
tion was observed. The discolored spots were clini-
nated by filing away the affected vepiens
‘ag ‘moch as lmm of material from the original surface
was required. The resonator. was then elecctropolislicd.
and _subsequantly ‘found to operatc-stably-atrfield=
levels of at least Eg .= 3. 6 lem.

Tn all cawes thu: far, alter poqltIV" identifica-

tlon of a defect, rcmoval has heLn HLralshrfOInnIJ
= The "be ds’of’ niobitm vere-reuwov d with abrasive,

-and Lhc~abladed region: then. echtrnpoll shed ro elini-
nate any cork -damage. 0f the wwo: fissurcs encountered,

-one qu1wed re- wu]dlng ‘bt the other was climinated

by clecL\owcllsnlng 75'Aiwoﬂ the \élﬂ arca. As has
puvity jnchisions were also ‘elimi-

iobium.

‘convénient technigue for removing niokium

from a resonator is electropolishing. However, heavy
elcctlopolnqhxng of an cntive rusonator is mpracL'cal
since it would change the 1f elhtnflthCnCV' incroease

defccts. Thus a method of clectlopallshlno small -
areasof “a“rcsonator was déveld
a film of FVC; upplled hyfbrushlﬁg on“a-solution of
TYC in acetonc,” adhered well to. thevnxob*um rurface
and -resisted the-action-of rhe NF-H25047 tlre re—
quired for'(lectropollshxn‘ “The film provides- an
effective mask-to, prevenl clectropelishing of the
_covered regien and can be removed by dissolving with
acetone.

11I. NIGBIWI-COPPER COMPOSITE MATERIAL

The cylindrical housing and end [langes of the
resonators 2re formed of a niobium-copper compeosite,
a110v1ng the piobium to be cocled by thermal conduc-
“tion- -through the copper, thus eliminating the need
“for circulating liquid helium around the housing.
“This ‘approach was chosen” to reduce construstion
costs, simplify the cryogenic svsLem, and to increase
the mechanical ridigity of -the resonatar.3 :

The composite is formed of 1/16" niebium sheet,
explosively bonded to cold-rolled ETP copper plate.
The bond provides good thermal contact to the
niobium and withstands repeated cycling to liquid
helium tcnp;ratures. Forming procedures, such.as
rolling and dic-forming are straightforward: reduc-
tions in arca of approzimately 50% can be obtained.

o In Jo1n1n;, “electron beanm velding is used. The
“copper backing is removed by machining 1/6" back from
the weld line. Care must be taken to insure complete
removal of copper to prevent cracks and fissures in
the wveld. A brief chemical etch of the bared

~nilobium with N nitric acid to remove traces of

copper was found necessary to produce good welds.

In initial tests of the prototype resonator, rf
losscs in the composite material vere excess 1ive,
indicating a surface resistance By = 2 x 10760 at
+4,2K. Comparison of the residual resistivity of
‘niobium from the composite with the parent material
Spal-Peel Inc., Troy, Michigan.
+Suggcstcd by A. Hare of Horthwest Technical

Industries, Port Angeles, Washington.

‘Removal-of. ..

phqcrvod

=h1hl) uncover oy create mew

d. It was fcﬁnd ‘that

. : L .
erating. flc]d obtﬂlned s By *i”

indicated no appreciable increase in fnterstitial

Cimpurities from the ex :plasive bonding process.

Chemical aualysis failed to reveal any significant
jncrease in contaminants Howover, clectrepolishing
the resenator to remove a 150p layer of niobjium reduced
Lhe surface resistance of the cowposite matcrial by a
factor of threc.

In forming the composite material discussed above,
the niohium was directly cexposed to the hot gas pro-
duced by an ammonium-nitrate e ;plosive.. Ithough the
precise mechanism could not b ascervait it-noomed

probable that this process was causing LhL h]Lh,SuLfaL0~!—
“‘resistance.
gluing a 1/32% sheot of rubber to the capused niobium
'sulfa\e Lo plvvent direct ¢ p05u1

ThUH the bonding. process-was. “podified by
torvher cﬂp]nslv +
The siw lidac TesonAturs LO%LLd werermadewith

the modificd:wigbivm-copper.

owpoqch, and the.. .
fo)mance chablehcu an upprr hound ‘Lhc
surface™ stance-ol the'c up051te ‘of R, < 3% 10770
at 42K for peak su alds-Big 160 G. The bound
1L<u1t= from dLL11buLJnL 211 xf losses to the composito
'a] and iw pxababl) LonsorvaL:vc. No performance
mit jon due to TE7lo es in the composite has been
observed at surface fleldg up to 200 G.

1

V. PERFDKHANCE Or THE LINAC RESORATORS

Although diagnostic te

stiny of cach 1egonaLor is
s the ]L i

vel.of-elfort yeqiired,
) cgonnLorr ‘go far- camp]g ed; i
—Lfozmcd well in the initial test. . With the res.

ma]nlng fnul, one diagnostic~test” vaq sufficient to

gulf ce d fchs, and the resohators per-
Lcond Lth.,~”<

: of Lhe six
The uVCngE accel-
) }N/m ‘at. therdesign
vf loss of 4 L’ro“onaLor xn:ch ‘provides an cffective
accélerating potentlal of 1.3 MV/resonatoer.
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o rf LOSS=4watts
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o { 2 3 4 5
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Fig. 4. Performance of the first six linac resonators
at 4.2K. 7The accelerating ficld E, is defined as the
encrgy galn per uunit charbc for a synchronous

particle divided by the interior length of the

resonator (14 inches).




) The fall-off in Q at high field levels is ’ R
N accompanied by x-ray emission indicating electron s
“..: loading. The performance shown in Fig. 4 was obtained.. A R
S after conditioning the resonators for one hour by

‘operating at as high a field level as possible, L

typically 10 to 30 H rf 1nput, in. He gas at a pressure

of 2 x 10™5 torr,

Cycling to room temperature and storage in dry

nitrogen at 1 atm for ‘periods of at least several

veeks have not been found to produce any significant

change in performance.

CONCLUSIONS

ion an dlagnostlc'technlques

. h g ‘Tesonators .of -adequate: per-

'£ormance for the ne Heavy -Ion Energy Booster,
A rémaining question.is ‘the: loqg~term stability of .
resonator ‘performance undér operating condltlons.
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