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Abstract

Nb3Sn has proven itself to be a very promising alterna-

tive SRF material. With twice the critical temperature of

niobium cavities, 1.3 GHz Nb3Sn cavities can achieve qual-

ity factors on the order of 1010 even at 4.2 K, significantly

reducing cryogenic infrastructure and operational costs. In

addition, its large predicted superheating field may allow

for maximum accelerating gradients up to twice that of nio-

bium for high energy applications. In this work, we report

on new cavity results from the Cornell Nb3Sn SRF program

demonstrating a significant improvement in the maximum

field achieved with high Q0 in a Nb3Sn cavity. At 4.2 K, ac-

celerating gradients above 16 MV/m were obtained with Q0

of 8 × 109, showing the potential of this material for future

applications. In addition to this result, current limitations

are discussed.

INTRODUCTION

For decades, niobium has been the material of choice for

superconducting RF cavities in particle accelerators. It has

excellent superconducting properties and is relatively easy

to work with to fabricate cavities. However, because it has

a critical temperature Tc of ∼9.2 K, it is usually necessary

to cool niobium cavities with subatmospheric helium at ∼2

K in order to achieve high quality factor Q0. Furthermore,

while accelerating gradients Eacc in niobium cavities have

been steadily increasing over years of development, cavities

are now regularly being produced with fields close to the

ultimate limit set by the superheating field Bsh of niobium.

Nb3Sn is an alternative SRF material currently under de-

velopment that already is showing great promise. It has a

Tc of 18 K, approximately twice that of niobium, allowing

for high Q0 operation even at 4.2 K, opening up the possibil-

ity of operation with atmospheric helium, reducing the in-

frastructure costs for cryogenic plants, and increasing their

efficiency. Nb3Sn is also is predicted [1] to have a Bsh of

400 mT, approximately twice that of niobium, which could

halve the number of cavities required to reach a given en-

ergy.

Many laboratories contributed to pioneering research in

the 1970s-1990s into Nb3Sn SRF cavities [2–8]. Building

on their work based on the vapor diffusion process [9], a

Nb3Sn SRF program was started at Cornell University in

2009. After a successful program to demonstrate high qual-

∗ Work supported by NSF Career award PHY-0841213 and DOE award

ER41628.
† Now at Fermi National Accelerator Laboratory, Batavia, Illinois, 60510,

USA. Email: sposen@fnal.gov

ity coatings on small samples [10], the cavity program be-

gan.

RF TESTING

A coating chamber built for an ulta-high vacuum furnace

(see details in [11]) was used to coat two single cell 1.3 GHz

niobium cavities with Nb3Sn. Cavity 1 received BCP chem-

ical removal before coating, and Cavity 2 received EP. The

performanceof the cavities was evaluated in vertical RF test.

After evaluation, the coating layer of Cavity 1 was removed

with BCP, then it was coated and tested again. This was

repeated a total of four times. Details of the coating are

presented elsewhere [12]. The performance curves of these

coatings are presented in Fig. 1.
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Figure 1: Q0 vs Eacc at 4.2 K for single cell 1.3 GHz cavi-

ties over a series of five Nb3Sn coatings.

In each test, Q0 at 4.2 K on the order of 1010 is mea-

sured up to Eacc above 10 MV/m. Maximum fields are lim-

ited by quench without x-rays. An average quench field of

14 MV/m was measured, with an average Q0 at quench of

8 × 109. The maximum field achieved was 17 MV/m. Mod-

erate Q-slope was observed in each case, but it is far less

strong than that observed by previous researchers studying

Nb3Sn accelerator cavities [13].

Material parameters were extracted during RF testing

from fits to Q0 versus temperature T data and resonant fre-

quency f versusT data, as described in [14]. The results are

shown in Table 1, along with the maximum fields in each

test.

Q0 on the order of 1010 at 4.2 K is a significant develop-

ment in the effort to reduce power consumption in cryogenic
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Table 1: Comparison of extracted parameters and critical fields from five cavity coatings. Parameters presented are critical

temperature Tc , reduced energy gap ∆/kBTc , mean free path l, residual resistance Rres , penetration depth λ, coherence

length ξ, and Ginzburg-Landau parameter κ. All parameters are given at T = 0 and Eacc ∼ 1 MV/m. London penetration

depth λL and intrinsic coherence length ξ0 are from Ref [15]. Combined fits refer to a simultaneous fit of Q vs T and f vs

T data.

Property Cavity 1 Cavity 1 Cavity 1 Cavity 1 Cavity 2 Derivation

Coating 1 Coating 2 Coating 3 Coating 4 Coating 1

Tc [K] 18.0 ± 0.1 18.0 ± 0.1 18.0 ± 0.1 18.0 ± 0.1 18.0 ± 0.1 measured from f vs T

∆/kbTc 2.5 ± 0.2 2.5 ± 0.2 2.6 ± 0.2 2.25 ± 0.12 2.5 ± 0.2 combined fit

l [nm] 3.0 ± 1.0 1.7 ± 1.0 2.4 ± 1.0 4.8 ± 2.0 1.7 ± 1.0 combined fit

Rres [nΩ] 9.5 ± 1.5 10.3 ± 1.2 21 ± 2 8.5 ± 1.2 7.2 ± 1.0 combined fit

λ [nm] 161 ± 25 198 ± 50 174 ± 32 139 ± 23 198 ± 50 λL

√

1 +
ξ0

l
[16]

ξ [nm] 3.0 ± 0.4 2.4 ± 0.6 2.8 ± 0.4 3.4 ± 0.5 2.4 ± 0.6 0.739
[

ξ−2
0

+ 0.882
ξ0l

]

−1/2
[17]

κ 54 ± 11 82 ± 28 63 ± 16 41 ± 9 82 ± 28 λ/ξ [16]

Eacc,max |T=4.2K [MV/m] 13 ± 1 15 ± 1 13 ± 1 17 ± 2 11 ± 1 Directly from RF measurements

plants for high duty factor accelerators. The impact can be

shown by calculating the AC power required to cool a cav-

ity:

PAC =
COP−1E2

accL2

Ra

Q0
Q0

(1)

where Ra is the shunt impedance, L is the active length

of the cavity, and COP−1 is the inverse coefficient of per-

formance of the cryogenic plant, which determines its effi-

ciency. For thermodynamic reasons, cryoplant efficiency is

significantly worse at low temperatures—for example, for

a bath temperature of 2 K, approximately 830 W of input

power are needed to remove 1 W of heat, compared to ap-

proximately 240 W/W at 4.2 K.

In this paper, we present cavity performance in terms of

PAC/E
2
acc instead of Q0, as this allows us to directly com-

pare cryogenic power requirements for different operating

temperatures. It is additionally helpful to normalize per-

formance to per cell values of PAC/E
2
acc , so that cavities

with different numbers of cells can be compared. Figure 2

shows PAC/E
2
acc per cell vs Eacc for the fourth coating of

Cavity 1 (cryoplant efficiency relative to Carnot is taken

from [18]). Even with moderate Q-slope, PAC/E
2
acc per

cell of the Nb3Sn cavity at 16 MV/m is still below the tar-

get values for the planned accelerators LCLS-II and Cornell

ERL. It also exceeds the gradient specifications.

Figure 4 presents normalized AC power required versus

temperature for 1.3 GHz Nb3Sn and Nb cavities. For nio-

bium, the curve was calculated from BCS theory based on

the LCLS II performancegoals. It used material parameters

from a test of a nitrogen-dopedcavity [19] at the LCLS II op-

erating gradient of 16 MV/m, with its Rres specification of

5 nΩ. Calculations for the Nb3Sn cavity used BCS material

parameters from the fourth coating of Cavity 1. For this ma-

terial, the figure shows three different values of Rres : 9 nΩ,

corresponding to Eacc values at ∼1 MV/m of the fourth

coating of Cavity 1; 29 nΩ, corresponding to Eacc values

at ∼16 MV/m of the same cavity; and 3 nΩ, corresponding
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Figure 2: PAC/E
2
acc per cell versus gradient calculated

from the Q0 vs Eacc curve of a 1.3 GHz cavity coated with

Nb3Sn (coating 4 of Cavity 1). The calculated cryogenic ef-

ficiency is higher than the targets for both LCLS-II and the

Cornell ERL.

to Rres measured at low fields in a 1.5 GHz Nb3Sn cavity

from [20].

In the Nb3Sn cavity tests presented here, quench occurred

between 11 and 17 MV/m. To investigate the cause of

quench, microscopic studies were performed at ANL on a

witness sample coated together with Cavity 1 [21]. Figure

5 shows the results of X-ray diffraction (XRD) studies at

the Advanced Photon Source. The doubled peaks suggest

that the volume is dominated by Nb3Sn with composition of

approximately 25 atomic percent tin, and by Nb3Sn with ap-

proximately 18 atomic percent tin (based on data of lattice

parameter as a function of tin content from [22–24]). This

may be consistent with the observation of material with Tc

of about 6 K in some RF tests after material removal [12].

Low tin content material may also have lower critical fields.
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Figure 3: Left: TEM image of the Nb3Sn layer and the Nb substrate below it (RF surface is on the left of the image).

Arrows indicate what appear to be grain boundaries. Right: XEDS scans for the TEM sample, with niobium (middle) and

tin (right) concentrations by brightness of the color. Most areas near the surface (region 1) have tin content of approximately

25 atomic percent, but the grain boundaries, the areas near the Nb bulk, and one region near the RF surface show a smaller

tin content (region 2 shows a content of approximately 17 atomic percent).
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Figure 4: PAC/E
2
acc per cell versus T for a 1.3 GHz cavity

based on BCS calculations. Due to their small BCS resis-

tance, if Rres is fairly small, Nb3Sn cavities can have signifi-

cantly improved cryogenic efficiency compared to nitrogen-

doped Nb cavities at their respective optimal temperatures.

These would both expected to contribute to a lower quench

field.

Transmission electron microscopy studies support these

observations. They revealed the presence of low tin content

volumes in close proximity to the RF surface, as shown in

Fig. 3.

CONCLUSIONS

Very promising results were obtained on Nb3Sn 1.3 GHz

single cell SRF cavities coated and tested at Cornell. In five

coatings, RF testing at 4.2 K showed an average quench field

of 14 MV/m, with an average Q0 at quench of 8 × 109. The

highest quench field obtained was 17 MV/m. Taking into ac-

count the efficiency of the cryogenic plant, this single-cell

cavity exceeds the gradient and cryogenic power require-

ments of the LCLS-II cavities. Future research and develop-

Figure 5: XRD scan of a witness sample consistently shows

two strong peaks (blue and red) suggesting the presence of

Nb3Sn with the expected 25 atomic percent tin composition

and Nb3Sn with lower tin content, closer to 18 percent.

ment to reduce residual resistance is expected to increase Q0

values even further. Microscopic investigations at Argonne

into the cause of quench using XRD and TEM suggest the

presence of tin deficient volumes near the RF layer may be

the culprit. For additional details, please see [25, 26]. Sev-

eral other labs are now starting programs to continue the de-

velopment of Nb3Sn cavities, including Fermilab, where a

large coating chamber is being designed to fabricate Nb3Sn

coated 9-cell 1.3 GHz cavities and 5-cell 650 MHz cavi-

ties. A collaboration between Cornell and Fermilab is un-

derway to investigate an early cavity coating whose poor

performance appeared to be connected to problems with the

niobium substrate.
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