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Abstract

A DOE grant R&D titled “Development of Transforma-
tive Preparation Technology to Push up High Q/G Perfor-
mance of FRIB Spare HWR Cryomodule Cavities” is on-
going at FRIB. This R&D is for 2 years since September
2022, until August 2024. This project focusses to develop
the preparation for the high Q&G 0.53 half wave resona-
tors to build high gradient spare cryomodule. This project
proposes four objectives: 1) demonstration of superiority
on high gradient performance of electropolishing (EP) over
buffered chemical polishing on medium beta half-wave
cavities at 322 MHz, 2) high Qo performance by the local
magnetic shield, 3) Development of HFQS-free BCP, and
4) Wet N-doping method. This paper will report the result
of first object, and some magnetic shield design for the ob-
ject 2.

INTRODUCTION

FRIB has switched to user operation from the commis-
sioning phase. In this stage, the reliability of the machine
operation is the first priority. This proposal focuses on the
FRIB machine maintenance strategy. Some FRIB cavities
may have degrade the performance during a long machine
operation, and the cryomodule(s) including the degraded
cavity(s) would be replaced by spare cryomodule (s). So
far, of the six FRIB cryomodule families, three have certi-
fied spares that were fabricated as part of the project.
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Figure 1: VTA cavity performance with FRIB beta 0.53
half wave resonator (HWRs).
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line. The spare beta 0.29 and 0.53 cryomodules were not
included in the baseline, and are being planned as future
scope of FRIB machine maintenance strategy. These spare
cryomodules will utilize existing cavities that had been
fabricated as part of production contracts. These spare cry-
omodules or cavities must have an enough performance
margin against the degradation, for machine operation.

The goal of this proposal is to produce 0.53 HWRs op-
erateable at acceleration gradients > 10 MV/m, keeping a
high Qo > 1 E + 10 for the restoring or construction of
FRIB spare cryomodules. The FRIB production cavities
were all treated with BCP, as the result the usable gradient
was limited by field emission or high field Q-slope (HFQS)
in many cases. At first we will develop transformative pro-
cessing technique for medium beta cavities, in order to mit-
igate or eliminate these issues.

PROBLEM STATEMENT/
CURRENT OF THE FIELD

Field limitation of FRIB Cavities

VTA cavity performance of all FRIB beta 0.53 HWRs
are shown in Fig. 1 as an example. Note that FRIB cavities
were treated by bulk BCP (120 um), hydrogen degassing
(600 °C 10 hr), light BCP (20 pum), high pressure rinsing
(HWR) and cavity clean assembled in a class 100 clean-
room. A detailed FRIB VTA cavity data analysis summa-
rized in Table 1 with the FRIB cavity performance limita-
tion [1]. The dominant limitations are field emission (35%
in average over four cavity families), and HFQS (54% in
average over four cavity families).

Table 1: Statistics of Field Limitation of FRIB Cavities
QWR-0.041 | QWR-0.085 | HWR-0.29 | HWR-0.53
106 7 148

Type
Total number of certificated cavities 16

1. Quench < Bp=85 mT 1(0.6%) 0(0%) B38%) | 2(01%)
2_Field emission

Xotsy below Bp=5 mT 3(19%) 41039%) | 21(29%) | 109 (74%)
3. Pure HEQS, 9(56%) 26(05%) | 32(44%) | 21(14%)

including quench > Bp=85 mT
4. Suspicions HFQS
X-ray onset > Bp=85 mT

HFQS total (3+4)

3(19%) 39 (37%) 6(3%) 16 (11%)

12(75%) | 65(61%) | 38(53%) | 37(25%)

Proposed Solution

Objective 1: EP or EP+LTB  Electropolishing pro-
vide a smooth surface finishing, which can make it easier
to remove particle contamination by HPR. This could mit-
igated the field emission. As well established in the ILC
cavity development, the post EP low temperature bake
(LTB) can eliminate the HFQS [2]. So the first solution
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should be EP or combination of EP and post EP LTB. EP
on the HWR at 162.5 MHz was has been performed at
ANL and high gradient performance was confirmed, how-
ever post EP LTB was not carried out in the study [3]. Ob-
jective one will pursue the impact of the post EP LTB.

Objective 2: Local magnetic Shield Considering
cryoload, at the high gradient operation, intrinsic Qo must
be improved proportional to the operation gradient square.
Even succeed in the flat Qo performance by EP or EP +
LTB, still medium Q slope will limit the high gradient op-
eration. Overall Qo performance needs to be pushed up. To
do so, the residual surface resistance should be small. One
consideration to achieve is to reduce the residual surface
resistance by decreasing the flux trapping due to the ambi-
ent magnetic field. Local magnetic shield would be effec-
tive to achieve this result. The second objective to provide
high Qo performance is install a local magnetic shield sur-
rounding the cavity.

Objective 3: HFQS free BCP EP may not remove
uniformly complicate geometry such as medium beta
HWRs. Chemical polishing is an attractive preparation
technique on this point. However, current BCP produces
the HFQS which cannot be eliminated by post BCP LTB.
A PhD program at MSU focused to investigate the cause
of this HFQS and concluded that nitrogen contamination
due to the nitric acid in the BCP mixture is the root
cause [4]. In addition, a new BCP mixture without nitric
acid has been developed in this program [5]. If not con-
tained the nitric acid, the behavior of the HFQS will be
same as EP case: Oxygen contamination, therefore post
BCP LTB could eliminate the HFQS. We will apply this
new acid to the medium beta cavities. This study is planned
to start after this conference.

Objective 4: Wet N Doping ~ We mined old data and
found out a potential N-doping by EP. If this succeeds, any
annealing process in the vacuum furnace at 800 — 900 °C
would not be necessary. N-doping could be done just by
EP. This study is also planned to start after this conference.

PROCEDURES

An EP facility was built in 2022 at FRIB SRF Highbay for
the future SRF development, collaborating ANL [6]. We
have completed the commissioning by end of Dec. 2022.
In Mar. 2023 we applied bulk EP (120 pm) on SC53-159
FRIB 0.53 HWR. Table 2 shows the EP parameters
reached during this EP. An optimum current density of 30
mA/cm? was secured. The material removal matched well
the weight measurement result, and the calculation from
total charge.

Table 2: EP Parameters on SC53-159

EP Average Hverage Acd Flow | Rotational
i cutrent Total EP . .
voltage | Current density temperature | rate speed time [ar] Material removal
V] [A] [mem] €l | Limm] | [turn/min]
From From
llet 17 °C - total weight
16 269 29 26 1 85 char def
Outlet 270C £ e
1199pm | 1229 m |
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Borescope Inspection

Before EP Borescope inspection was performed before
the bulk EP. Several potential surface damages were de-
tected like pits, and sputter balls nearby electron beam
welding seams. The defects were all mechanically ground
off. Figures 2 and 3 show typical defects and the surface
after grinding.

Figure 2: Typical potential surface damage: pit (left), the
surface after mechanically ground off (right).

Figure 3: Typical potential surface damage: sputter ball
(left), the surface after mechanically ground off (right).

After EP

Figure 4 shows a typical surface after 120 um EP. The

surface was very shiny, mirror like, and smooth.

2040500590PG o @ 81%

Figure 4: After EP 120um, the EBW seam area in Fig. 3.

Hydrogen Degassing

The bulk EP’d SC53-159 was ultrasonic rinsed for 1 hr
using the detergent Micro90 1%, and dried in the clean-
room. The cavity was hydrogen degassed at 600 °C for
10 hr, as following the router of the FRIB production cav-
ities. The cavity was exposed to 350 °C for 11.5 hr before
600 OC. Figure 5 shows the RGA output during the degas-
sing. Hydrogen was degassed, from 2 E-5 Torr to 4 E-6 by
end of the degassing.

Final Light EP and Clean Assembly

The cavity lightly EP’d for 20um removal by the same
EP condition at the bulk EP, then rinsed using ultrapure wa-
ter, ultrasonic rinsing with Micro90-1%, and high pressure
water rinsed for 2 hr. The cavity was dried in the class 10
cleanroom for one night, then assembled in the cleanroom.
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Figure 5: AGA data during the hydrogen degassing. The
cavity was exposed at 350 °C fore 11.5 hr, the 600 °C for
10 hr.

VTA TEST RESULT

VTA Test Procedure

SC53-159 was first VTA tested at 4.3 K, and ~ 2 K to
measure the cavity performance by EP (159 EP). The cool-
ing cooldown scheme in this VTA is same as the FRIB pro-
duction cavity: fast cooldown but no considered about flux
trapping expel.

After the first VTA test, the cavity was warmed up to RT
in order to perform post EP LTB. The LTB was carried out
at 120 OC for 48 hr. Nitrogen gas was introduced into the
LHe jacket of the cavity. The nitrogen gas was heated up
120 OC by a heater dressed on the jacket.

After the LTB, the cavity was again VTA tested (159
baked).

Temperature Dependence of Surface Resistance

Comparison of the temperature dependence of surface
resistance between EP and post EP LTB is shown in Fig. 6.
The surface resistance was BCS fitted using the formula:

Rs = Q)

The fitting results are summarized in Table 3. Post EP
LTB reduces the BCS surface resistance by a factor 1.4, of
which result is similar to the result onl.3 GHz ILC cavi-
ties [2].

A A
;-exp( - k,TT) + Rres.
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Figure 6: Comparison of the temperature dependence of
surface resistance between EP and Post EP LTB.

This is interpreted to be caused by the shorter mean free
path length by Oxygen diffusion from the RF penetration
depth to deeper layer [7].
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Table 3: BCS Fit Results in Fig.6.

EP Post EPLTB
A [nQ] 2.114e-5 8.709¢-6
Akg 19.42 17.32
Rres [nQ] 5.90 3.164

Comparison of Qo vs Ea Curve at 4.3 K be-
tween EP and Post EP LTB

Figure 7 compares the Qo vs Ea curve for the EP and
post EP LTB. Even low frequency 322 MHz, the BCS sur-
face resistance is dominant at 4.3 K. The Qo value of the
post LTB is higher than EP by the benefit of LTB, and the
medium Q slope also mitigated. The field was limited by
the available RF power, and not due to quench.
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Figure 7: Comparison of the Qo vs Ea curve between EP
(159 EP) and post EP LTB (159 baked) at 4.3 K.

Comparison of Qo vs Ea Curve at ~ 2 K be-
tween EP and Post EP LTB

Figure 8 compares the Qo vs Ea curve measured at ~
2 K. We can see that HFQS is eliminated by post EP LTB,
however this data includes an uncertainty due to the bath
temperature: helium bath temperature was 2 —2.4 K for EP
case and 1.98 — 2.2 K for post LTB. To exclude the temper-
ature depend BCS surface resistance, Qres was calculated

as following:
1 1 1

0@ esT) | Qres)’ )
_ G
Ques(T) = 7= G)
A A
Rpes(T) = T-exp(— =) . (4)

G is a geometrical factor, 107.4 Q for SC53-159. Eq. (4)
is obtained from the data fitting result shown in Fig. 6, and
Table 3. The Qres calculation is shown in Fig. 9. Qres is
very similar to the Fig. 8. From this result, we believe that
HFQS appeared on EP’d cavity has been eliminated by the
post EP LTB. This fact is well known in the 1.3 GHz ILC
cavities [2]. The high Q&G cavity performance was
reached up to 15.5 MV/m, Bp = 133 mT by the EP + post
EP LTB. Bp/Ea is 8.6 mT/ (MV/m) for this cavity. This
maximum gradient limitation is the available RF power
and not due to cavity quench.
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Figure 8: Comparison of the Qo vs Ea curve between EP
and post EP LTB at ~ 2 K.
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Figure 9: Comparison of Qres between EP and LTB.

COMPARISON OF
POST EP LTB AND BCP

Surface Resistance

Figure 10 compares temperature dependence of the sur-
face resistance at low gradient between post EP LTB and
BCP (FRIB production cavities). Thanks to LTB, the sur-
face resistance is small but high at lower temperature, due
to the higher residual resistance in post EP LTB.

S o

(32}
N
1
= BCP ; %
- \ ¢ EP+LTB 1%
3 o E RS
o \ 1<
a T 1 1=
< F N 1:
3 “" i)
3 3
3 T
3 _55,
OI\E | : | I : Lol 1.1 : L 1.1 : | : | 1<
0.2 0.25 0.3 0.35 0.4 0.45 0.5

UT, (K™

Figure 10: Comparison of temperature dependence of sur-
face resistance between EP+LTB and BCP.
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Figure 11: Comparison between EP+LTB and BCP result
in FRIB production cavities.
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Figure 12: Helium bath temperature during Qo vs Ea curve
measurement with FRIB BCP’d production cavities and
this test (EP+LTB).
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Figure 13: Comparison of X-ray between EP’ed and post
EP LTB’d.

Comparison of Qo vs Ea Curve

Figurell compares BCP’d FRIB production cavities,
and Post EP LTB’d cavity. As seen in Fig. 12, the bath tem-
perature during Qo vs Ea measurement is high in this test
compared to FRIB production cavities. So there is an un-
certainty to conclude Qo performance in Fig. 11, but there
is no doubt in high gradient performance with post EP LTB.

Comparison of X-ray

Figure 13 compares X-ray between post EP LTB’d cav-
ity and BCP’d production cavities. EP and post EP+LTB
Fundamental SRF research and development
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produced very tiny X-rays < 0.1 mR/hr as shown in Fig. 13
(post EP+LTB case). These tiny X-rays don’t appear as Qo
load in Qo vs Ea curve. Usually X-ray load appears at X-
ray > 10 mR/hr in our VTA measurement. In BCP case, the
amount of X-ray is stronger by two or three order of mag-
nitude than EP+LTB case, and the onset of X-ray is distrib-
uted at lower gradient area. As expected, FE issue is very
much mitigated thanks to the soother surface by EP.

DISCUSSION

EP (+LTB) Superiority on High Q&G Cavity
Performance over BCP

In Fig. 11, one can conclude that the superiority of EP
(+LTB) over BCP on high gradient performance has been
reconfirmed at medium beta cavity at 322 MHz. High field
performance by electropolishing HWR has been demon-
strated in ANL [3]. However, that study did not investigate
post EP LTB. Incredibly this is the first result on medium
beta cavity on post EP LTB, because EP is not yet so pop-
ular in the low/medium beta cavity community. The supe-
riority of EP on high gradient performance over BCP was
published in 1997 based on the 1.3 GHz ILC cavity studies
[8]. Our results show that this holds true over a wide fre-
quency range regardless of the cavity shape.

In the low/medium beta cavity community, the guideline
in cavity design is to set the operation gradient so that the
surface magnetic field does not exceed 70 mT. Really the
HFQS is observed from 68.8 mT (8 MV/m) on FRIB 0.53
production HWRs, as seen in Fig.11. FRIB cavity designs
followed to this guideline in the recommendations of
ASAC. The result of this time is that as long as elec-
tropolishing is used, that guideline will be abolished, and it
will be possible to design cavities with higher operation
gradient. This will have a great impact on the future design
of heavy ion accelerator.

PROGRESS OF OBJECTINVE 2

The above result is good for 10 MV/m operation, but Qo
might be not sufficient for gradient operation, for instance
14 MV/m, if considered of much higher gradient operation.
Qo acceptable to the current FRIB cryoplant capability for
14 MV/m operation is to be 3.3 E+10. Rres and Rgcs both
have to be reduced very much. Decreasing BCS surface re-
sistance is a topic in the objective 4. To reduce the residual
surface resistance, we have to understand the origin but one
potential is the ambient magnetic field. Objective 2 is de-
veloping a local magnetic shield reduce to ambient filed <
0.1 mG in order to sufficiently exclude this origin.

Local Magnetic Shield Design

We have designed a local magnetic shield shown in
Fig. 14. Figure 15 shows the current ambient magnetic
field measured in our VTA Dewar. The ambient field is 2-
5 mT at the cavity effective zone. Considering this field
distribution and the field dependence of the permeability
of shield martial [9], we estimated the ambient magnetic
field in the local magnetic field designed using CST. The
simulation result is shown in Fig. 16. The ambient field
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may be reduced to < 0.1 mT in the effective cavity zone.
The frequency of SC53-159 is 322 MHz, and the issue of
the flux trapping is not so large. Such a low ambient field
(< 0.1 mG) has no contribution on Rres, thus the ambient
issue will be perfectly excluded from the origin of Rres,
except the issue of the thermo-current of the bimetal like
Nb-NbTi (cavity flange area).

Figure 14: Local magnetic shield design in the object 2.
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Figure 16: Simulation of the ambient field in the local mag-
netic shield designed in Fig. 14, with dependence of the
length of the chimney of the LHe port.

SUMMARY

The superiority of EP (+LTB) on high gradient cavity
performance over BCP has been confirmed on HWR with
frequency 322 MHz, as similar to 1.3 ILC cavities. As a
result, HFQS is eliminated by post EP LTB, the cavity per-
formance resulted in flat Qo up to the maximum gradient
>15.5 MV/m. A transformative preparation technology has
been successfully developed for the FRIB maintenance
strategy.
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