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INVESTIGATION OF HOT-SPOTS DUE TO TRAPPED FLUX IN NIOBIUM
SUPERCONDUCTING RADIOFREQUENCY CAVITIES*

B.D. Khanal®, Department of Physics, Old Dominion University, Norfolk, VA, USA
P. Dhakal, Thomas Jefferson National Accelerator Facility, Newport News, VA, USA

Abstract

One of the significant sources of residual losses in super-
conducting radio-frequency cavities is magnetic flux trapped
during the cool-down due to the incomplete Messier effect.
If the trapped vortices are non-uniformly distributed on the
cavity surface, the temperature mapping revealed the “hot-
spots” at the location of high density of pinned vortices.
Here, we performed a rf test on 1.3 GHz single cell cavity
with the combination of the temperature mapping system.
The temperature mapping reveled the development of the
hot spots with the increase in rf field inside the cavity. When
magnetic field is trapped locally on the surface of cavity,
the hot-spots strength increase rapidly, showing the direct
correlation of vortex induced hot spot and corresponding rf
loss.

INTRODUCTION

Superconducting radio-frequency (SRF) niobium cavities
are the fundamental device to accelerate the charged particles
(electrons, positrons, proton, antiprotons, and heavy ions)
close to the velocity of light transferring radio-frequency (rf)
energy to the beams. The performance of the SRF niobium
cavities are measured in terms of quality factors Qg = RQ as
a function of accelerating gradient E,, .., where G depesnds
on geometry of the cavity and R is the average inner surface
resistance. Since SRF cavities can attain high-quality factor
in the range of Q > 1010 — 10!, the vast majority of large
particle accelerators in operation or under construction are
using SRF cavities [1]. Recent advances in the processing of
bulk niobium cavities have resulted in significant improve-
ment of the quality factor and reducing R, via diffusion of
impurities over a few micrometers on the inner surface of the
cavities [2-5]. However, one of the most outstanding issues
are the trapped vortices during the transition of the cavity
from normal to superconducting state. The trapped vortices
oscillate by rf field, thereby dissipating rf power [6]. This
dissipation increases temperature of the inner surface of the
cavity. The thermal maps of the SRF cavity during the rf
test detect the regions of high rf loss, referred as “hot-spots”.
The main sources of these hot-spots may be nonuniform
impurities or oxide distributions, surface roughness, grain
boundaries [7]. Additionally, temperature mapping (T-map)
manifest the overheated regions in the high magnetic field
area of cavities [7]. In this study, we have characterized the
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regions of high magnetic field density to demonstrate the
vortex induced hot spots.

EXPERIMENTAL SETUP

A single cell TESLA shaped [8] 1.3 GHz cavity fabricated
from high purity Nb was used for this study. After fabrica-
tion, the cavity was subjected to ~ 150 pum electropolishing,
followed by 800 °C/3h heat treatment. The was cavity again
subjected to ~ 50 um electropolishing. Standard practice of
cavity processing steps such as, high pressure rinse with de-
ionized water, drying in ISO 4 clean room and clean room
assembly were done before the rf tests.

The cavity was assembled with T-map system as shown
in Fig. 1, which consist of 36 boards each consists of 16
sensors rely on 100 Q Allen-Bradely carbon resistors at
each 10° azimuth angle of elliptical cavity. The details of
temperature mapping system can be found in Ref. [9, 10].
Additionally, a solenoid coil with 10 turns and (~ 10 mm)
made from 38 AWG enameled copper wire was attached at
the cavity surface encircling 3rd and 4th temperature sensors
of temperature board at 10°. The coil produce the magnetic
field locally at the surface of the cavity. Two cernox sensors
were mounted at the top iris, and two Cernox sensors were
mounted at the bottom iris of the cavity each 180° apart
to monitor the temperature. One flux gate magnetometer
(FGM) was attached on the centre of the coil perpendicularly
and one FGM was attached at upper beamtube of the cavity
to measure the residual magnetic field at the Dewar.

Figure 1: The temperature map setup around the cavity.

After the installation of coil and T-map, (i) the cavity was
put on the Dewar and maintain the magnetic field <3 mG
with the help of compensation coils inside the Dewar. During
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the cool down through the transition temperature (7,.), the
temperature difference between top iris to bottom iris was
maintained < 0.1 K. (ii) The calibration of carbon resistors
was done during R (T') measurement at B, ~ 15mT from
4.34 K to 1.6 K. (iii) Once the calibration was done Qg (E,..)
at 2.0 K and T-maps were measured. (iv) The cavity was
warmed-up above T, and repeated the step (ii)-(iv) with
~ 20mG and ~ 40mG. The next test consisted of warm up
of the Dewar above 7. and maintain the residual field in the
Dewar < 2 mG. A current of 200 mA was applied to the
coil that was mounted on the cavity surface, producing ~
100 T magnetic field perpendicular to the cavity surface as
measured by FGM. Again, the cavity was cooled down with
less than 0.1 K temperature difference between the cavity
irises in order to maximize the flux trapping. When the
cavity reached superconducting state (~ 4.2 K), the current
to the coil is switched off. The magnetic field reading after
the current being turned off is the amount of magnetic field
trapped on the cavity surface. It was found that about 40 %
of the magnetic flux is trapped on the cavity surface. The
steps (ii)-(iv) were repeated.

EXPERIMENTAL RESULTS

RF Results

Figure 2 shows the R, (1/T) from 4.3 - 1.6 K at B, ~
15 mT. The data were fitted with the method described in
Ref. [11] to extract the temperature independent resistance,
R;. The linear fits of R; vs. applied field results in the flux
trapping sensitivity of 0.22 nQ)/mG consistent with previous
results [12].

R, (nQ)

0.3 0.4 0.5 0.6
1T (K"

Figure 2: Rg(T) at B, ~ 15 mT with residual field 3, 20
and 40 mG trapped. The solid line is the fit using method
described in Ref. [11].

Figure 3 shows the Q¢ (E,..) measured for 4 different flux
trapping condition. The test labeled test 1 is after the first
cooldown with < 3 mG residual flux during the cooldown.
Test 4 represents the rf test after the locally trapped magnetic
field. All rf tests were limited by high field Q-slope.
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Figure 3: 0o (B) measured at 2 K for different condition
of trapped magnetic field. All rf tests were limited by high
field Q-slope.

Temperature Mapping

Figure 4 shows the temperature map at highest accelerat-
ing gradient for uniform flux trapping. Few hot-spots were
appeared in the temperature maps and the strength of hot-
spots increase with the increase in trapped flux. For ex-
amples, the Sensor # 6 at angular positions 120° and 130°,
clearly indicate the strongest hot-spots.

Figure 5 shows the AT of selected hot-spot of sensor
# 6 at 120° as a function of rf peak magnetic field. The
AT showed ~ B dependence until B, ~ 120 mT which
follow ohmic-type heating and rapidly increases for B,, >
120 mT with higher AT with increase in trapped magnetic
field. The field at which the average temperature increase
rapidly corresponds to the onset of high field Q-slope as
shown in Fig.3.

The test # 4 consists of setting the residual magnetic field
in Dewar < 2 mG and apply a local magnetic field on the
cavity surface using a coil encircling sensors # 3 and 4 at
azimuth angle 10°. Figure 6 shows the temperature map
at E,.. = 31 MV/m. Also shown is the AT of the previ-
ously found hot spots along with the newly created hotspots.
Clearly, the temperature reading by sensor # 4 on angle 10°
represents the strongest hot-spot. This shows the clear evi-
dence of vortex induced hot-spots. The AT shows the strong
B,, dependence compared to the hotspots during global flux
trapping. Additional rf test was repeated by moving the coil
at different locations and confirmed the migration of vor-
tex induced hot-spots similar to previous report on 3 GHz
cavity [13].

DISCUSSION AND SUMMARY

We have measured the flux trapping sensitivity on 1.3
GHz single cell cavity by applying the magnetic field during
the cooldown. The flux trapping sensitivity was found to
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Figure 4: Temperature map at E,.. = 31 MV/m for (a) 3 mG, (b) 20 mG and (c) 40 mG residual flux trapping. The whiteout

area represents faulty sensors.
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Figure 5: AT (B,,) as a function of peak rf magnetic field at
for a hotspot during rf test.

be 0.22 nQ/mG when the field is trapped globally. The rf
test when magnetic field is trapped at localized locations
of cavity suggest that the overall O, (E,..) has the similar
dependence when the magnetic flux is trapped on the whole
cavity surface, even though the density of the vortices may
be different depending on the location. Furthermore, this
study confirms that high field Q-slope is not significantly
impacted by the magnitude and location of trapped magnetic
flux [13-15].

The temperature mapping during the global flux trapping
reveals the location of the hot-spots distributed along the
cavity surface. The strength of the hot-spots increases with
the increasing trapped magnetic field suggest that the den-
sity of vortices at hot-spots increases with the increase in
trapped magnetic field. Further studies are planned to use
the magnetic field scanning system to quantify the amount
of flux trapped at the hot-spots [16].
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Figure 6: Temperature map at E,.. = 31 MV/m (top) and
AT of selected hot-spot as a function of B,, during test #4.
The oval on the T-map represents the coil mounted on the
cavity surface producing the local magnetic field.
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