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Superconducting radio-frequency (SRF) cavities, cooled by superfluid helium-4 (He II), are key compo-
nents in modern particle accelerators. Quenches in SRF cavities caused by Joule heating from local surface
defects can severely limit the maximum achievable accelerating field. Existing methods for quench-spot
detection include temperature mapping and second-sound triangulation. These methods are useful but also
have known limitations. Here we describe an alternative method for surface quench-spot detection by
visualizing the heat transfer in He II via tracking He∗

2 molecular tracer lines. A proof-of-concept exper-
iment is conducted, in which a miniature heater mounted on a plate is pulsed on to simulate a surface
quench spot. A He∗

2 tracer line created nearby the heater deforms due to the counterflow heat transfer in
He II. By analyzing the tracer-line deformation, we well reproduce the heater location within a few hun-
dred microns, which clearly demonstrates the feasibility of this alternative technology. Our analysis also
reveals that the heat content transported in He II is only a small fraction of the total input heat energy.
We show that the remaining energy is essentially consumed in the formation of a cavitation zone near the
heater. By estimating the size of this cavitation zone, we discuss how the existence of the cavitation zone
may explain a decades-long puzzle observed in many past second-sound triangulation experiments.
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I. INTRODUCTION

Superconducting radio-frequency (SRF) cavities are key
components in many modern particle accelerators due to
their high-Q-factors [1]. When these cavities are cooled by
superfluid helium-4 (He II) to around 2 K, electric power
injected in the cavities can generate extremely high elec-
tric field that allows charged particles to be accelerated to
high energies over short distances. The maximum accel-
erating gradient of typical SRF cavities is in the range
of 25–30 MW/m with a record value of 45 MW/m [2].
This maximum gradient is limited by the breakdown of the
superconductivity of the cavities, a phenomenon known
as “quench.” Quenches can be caused by Joule heating
from tiny (i.e., about 1–102 μm in radius) resistive sur-
face defects on the cavity inner walls (such as impurities,
pits, cracks, scratches) or local phase transition caused by
trapped magnetic fluxes [3]. When the temperature at the
edge of the resistive region exceeds the superconducting
phase-transition temperature, the surrounding region also
becomes normal conducting. This process then spreads out
rapidly over the entire cavity, causing the stored energy
to convert to heat around the defect area within a few
milliseconds [3].
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The maximum accelerating gradient of SRF cavities can
be improved by removing the surface defects via mechan-
ical grinding, tumbling the cavity, and electron or laser
remelting [4–6]. In order to locate the surface defects, a
multichannel temperature mapping (T-mapping) method
was first developed in Refs. [7,8]. This method requires a
large number of temperature sensors (i.e., over 1000) in
good thermal contact with the outer surface of the cav-
ity and is often applied at a cavity accelerating gradient
just below the quench threshold. The continuous Joule
heating from a surface defect raises the local tempera-
ture, which manifests the defect location in the temperature
map. Despite the usefulness of T mapping, the spatial res-
olution is limited by the spacing between sensors (i.e.,
of order 1 cm). Furthermore, the installation of a large
amount of sensors makes the application of this method an
extremely laborious task [6]. An alternative way to apply T
mapping is to scan the cavity surface using a rotating arm
with just a few sensors arranged in a stripe. Nevertheless,
to allow smooth rotation, a gap between the sensors and
the cavity surface is required, which limits the detection
sensitivity [9,10].

A more convenient noncontacting quench-spot detec-
tion method based on second-sound triangulation was later
introduced by a team at Cornell University [11]. This
method makes use of the unique properties of He II. In
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the superfluid phase below Tλ � 2.17 K, He II can be
regarded as a mixture of two interpenetrating fluids: a
viscous normal fluid that carries all the entropy and an
inviscid superfluid that possesses zero entropy [12]. This
two-fluid system can support two distinct sound modes:
the first sound, i.e., an ordinary pressure-density wave in
which both fluids move in phase, and the second sound,
i.e., a temperature-entropy wave in which the two fluids
move out of phase [13]. When the cavity quenches, the
heat generated in the defect region is conducted promptly
to the cavity outer surface. This heat is then released into
He II, causing the generation and propagation of second-
sound waves, in which a counterflow of the two fluids can
establish [14]. These second-sound waves can be detected
using sensors such as oscillating superleak transducers
(OST) [11,15], resistive temperature detectors (RTD) [16],
and transition edge sensors (TES) [17]. By measuring the
time-of-arrival of the second-sound waves at three or more
such sensors and implementing triangulation, the surface
defect can, in principle, be located. However, a mystery
was observed in many second-sound triangulation exper-
iments. In order for the triangulation to converge to the
cavity surface, a second-sound speed faster than standard
literature values must be assumed [11,18–23]. This calcu-
lated location can have an uncertainty of 5–10 mm from
the actual defect location [24], making it difficult for sub-
sequent inspection of the submillimeter defect [25,26].
Various models have been proposed to explain the puz-
zling fast second sound, such as spreading of the heat
in the cavity walls [19,21,27], possible delay in detect-
ing the start of the quench [19,20], and nonlinear effect
that affects the second-sound shock speed at high heat
fluxes [22,28]. However, none of these models can offer
a convincing explanation that systematically accounts for
various observations [6,22,23].

In this paper, we discuss an alternative noncontacting
method for quench-spot detection by visualizing quench-
induced thermal counterflow in He II using a He∗

2 molec-
ular tracer-line tagging technique developed in our labora-
tory [29–31]. A proof-of-concept experiment is conducted,
in which a miniature heater mounted on a plate in He
II is utilized to simulate a surface quench spot. A He∗

2
tracer line created nearby the heater deforms as a result
of the transient counterflow. The experimental techniques
are discussed in detail in Sec. II. In Sec. III, we present
the analysis results. We show that by analyzing the tracer-
line deformation, the heater location can be determined
with an uncertainty of only a few hundred microns. Our
analysis also reveals that the heat transported through He
II is just a small fraction of the total input heat energy.
We show, in Sec. IV, that the remaining energy is largely
consumed in the formation of a cavitation zone near the
heater. The creation and collapsing of vapor bubbles inside
the cavitation zone can convert the heat energy to acoustic
energy. By estimating the size of the cavitation zone, we

propose a model that explains the puzzling faster second
sound and gives estimated excess second-sound veloci-
ties in quantitative agreement with the observations in
triangulation experiments. We also discuss how our visu-
alization technique may be advanced for practical SRF
cavity quench-spot detection. A brief summary is given in
Sec. V.

II. EXPERIMENTAL TECHNIQUES

The optical cryostat used in our proof-of-concept exper-
iment is shown schematically in Fig. 1. An aluminum
cubic helium cell with an inner side length of 3 inches
is connected to a pumped helium bath whose temperature
is maintained at 1.85 K, typical of the operation temper-
ature of SRF cavities, by regulating the vapor pressure
in the bath. To examine the relevant heat-transfer pro-
cesses in a real quench event, we note that the energy
stored in a SRF cavity (i.e., of order 1–10 J) is converted
to heat in a few milliseconds [3]. As the heat is con-
ducted to the cavity outer surface, the heated region can
expand to an area of order 1–10 cm2 with the hottest spot
at the area center. Therefore, the instantaneous heat flux
into He II is of order 102–103 W/cm2 [22]. In order to
simulate this heat flux in our experiment, we utilize an
array of 5 × 5 miniature thick-film resistors (surface area
Ah = 0.8 × 0.8 mm2) installed on an insulated printed cir-
cuit board (PCB). The resistance of these resistor heaters
is measured to be 49.7 ± 0.3 � at 1.85 K. A rectangular
voltage pulse with a duration of 1–4 ms and an adjustable
amplitude up to 10 V can be applied to a selected heater,
giving rise to a heat flux into He II up to 315 W/cm2

at the heater surface. The size of our heaters is relatively
small compared to the size of the heated area on the cav-
ity outer surface. Nevertheless, this heater size is common
among quench-spot testing experiments and simulations
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FIG. 1. Schematic of the experimental setup (not to scale).
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[22,32–34] and is also desired for testing the resolution of
our flow-visualization-based detection method.

The heat ejected into He II leads to the generation of a
second-sound shock wave followed by a thermal counter-
flow of the two fluids (see detailed discussions in Sec. III).
In order to visualize the flow of the normal fluid that carries
the heat content in He II, we adopted our He∗

2 molecu-
lar tracer-line tagging technique [30]. A 35-fs pulsed laser
beam at 800 nm with a repetition rate of 5 kHz and a
pulse energy of about 60 μJ is focused to pass through
the helium cell. Due to the strong instantaneous laser field,
some helium atoms are ionized along the fs-laser beam
path in the focal region. The recombination of the electrons
and helium ions then leads to the formation of metastable
He∗

2 triplet molecules [35]. These molecules form tiny bub-
bles in He II (i.e., 6 Å in radius [36]) and have a lifetime of
about 13 s [37]. Above 1 K, they are completely entrained
by the viscous normal fluid since Stokes drag easily dom-
inates other forces for small molecules. This line of He∗

2
molecular tracers can then be driven to produce 640-nm
fluorescent light by a 5-ns pulsed imaging laser at 905 nm
[38]. The imaging laser in our experiment has a repetition
rate of 500 Hz and is shaped into a laser sheet (thick-
ness, 1 mm; height, 5 mm) that covers the entire region
traversed by the tracer lines. The fluorescence is captured
by an intensified CCD (ICCD) camera mounted perpen-
dicular to the tracer-line plane. Typically, five–six imaging
pulses are used to produce good-quality images. This flow-
visualization technique is successfully utilized in our quan-
titative studies of quantum turbulence in He II [31,39–43].

By adjusting the position of the fs-laser beam, we can
create a He∗

2 tracer line nearly in parallel to the PCB at a
height h right above a chosen heater. Without turning on
the heater, an image of the tracer line can be taken as a
reference (i.e., the baseline). A typical baseline image is
shown in Fig. 2(a). The thickness of the baseline is about
100 μm, which matches the thickness of the fs-laser beam
in the focal region. The time delay between the creation
and imaging of the baseline (i.e., the drift time td) is set to
zero. Indeed, when there is no flow in He II, the baseline
remains straight at its original position regardless of the
duration of the drift time. In the tests for locating the heater,
we first create a tracer line and then turn on the heater by
applying a voltage pulse of duration �t. The instantaneous
heating power Q̇0 (and hence the heat flux q0 = Q̇0/Ah)
can be controlled by varying the voltage on the heater. An
initially straight tracer line deforms due to the normal-fluid
flow accompanying the heat transfer. After a typical drift
time td of 20–30 ms, we send in the imaging pulses to
visualize the deformed line. Figure 2(b) shows an example
image of the deformed tracer line following a heat pulse
of q0 = 287 W/cm2 and �t = 2 ms. As we discuss in Sec.
IV, in our experiment the heat is transported in He II essen-
tially by second-sound waves, which propagates at a speed
c2 = 19.5 m/s at 1.85 K [44]. It takes less than 1 ms for

Baseline:
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Heater

(                 )
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Heater

T = 1.85 K

30 msdt =

h

(a) (b) 2
0 287 W/cmq =

FIG. 2. Typical images showing (a) a baseline created at
h = 2.13 mm above the heater, and (b) a deformed tracer line
following a heat pulse of q0 = 287 W/cm2 and �t = 2 ms.

the second-sound waves to pass across the entire tracer
line. Indeed, when td is greater than 2–3 ms, the tracer-line
deformation is observed to be independent of td.

III. ANALYSIS AND RESULTS

Apparently, the deformation of the tracer lines contains
important information about the heater location and the
heat content transported through He II. In order to extract
this information, a detailed understanding of the relevant
heat-transfer processes in He II and the expected motion
of the tracer lines is needed.

A. Transient heat transfer in He II

It is known that heat transfer in He II is via a counter-
flow of the two fluid components, i.e., the normal fluid
flowing away from the heat source carrying all the heat
content, while the superfluid moves in the opposite direc-
tion to compensate the fluid mass [14]. The heat flux q is
related to the normal-fluid velocity vn as q = ρsTvn, where
ρ and s are the helium density and specific entropy, respec-
tively. When the heat flux is above a threshold of order
10−2 W/cm2 [45], quantized vortex lines are produced in
the superfluid [46], each carrying a single quantum of cir-
culation κ ≈ 9.97 × 10−4 cm2/s around its angstrom-sized
core [47]. A mutual friction between the two fluids arises
due to scattering of the thermal excitations off the vortices
[46]. For a transient heat transfer from a point heat source
in He II (see the schematics in Fig. 3), the heat content
is transported by a second-sound zone propagating at the
speed c2 [14]. The thickness of the second-sound zone is
about c2�t, within which a counterflow can establish.

It is worthwhile noting that Shimazaki et al. observed
that in one-dimensional (1D) transient heat transfer of He
II through a circular pipe, the injected heat is carried uni-
formly in the second-sound zone at low heat fluxes [48].
As the heat flux increases, the vortex-line density L (i.e.,
vortex-line length per unit volume) increases. Above a
threshold heat flux (i.e., about 5 W/cm2 for �t of a few
milliseconds), the interaction between the second-sound
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FIG. 3. Schematics showing the transient heat transfer pro-
cesses from a point heat source in He II. (a) At time t less
than the heat pulse duration �t, a cavitation zone forms near the
heater. (b) At t > �t, some heat is carried out by the propagating
second-sound zone.

waves and the dense vortices can strongly distort the tem-
perature profile in the second-sound zone, leading to the
so-called “limiting profile” with the formation of a second-
sound shock front [48,49]. In this situation, a significant
fraction of the heat is converted to vortex energy, which
releases diffusively as the tangle decays. Nevertheless, as
we show in Sec. IV, the heat energy that goes to the
vortices in our experiment is negligible. This is because,
unlike in the 1D heat transfer case, the heat flux drops
rapidly away from a point heat source, and so does the
vortex-line density.

Another process that is relevant to transient heat trans-
fer in He II is film boiling at high heat fluxes [14]. The
threshold heat flux for film boiling to occur in saturated He
II depends on the duration of the applied heat pulse. For
a heat pulse of a few milliseconds, this threshold is about
15 W/cm2 [48–50]. In our experiment, the instantaneous
heat flux from the heater surface is much higher than the
film boiling threshold. Therefore, at t < �t, a cavitation
zone must form in the vicinity of the heater, as depicted in
Fig. 3(a). Outside this cavitation zone, some heat energy
can be carried out by the propagating second-sound zone.

B. Deformation of He∗
2 tracer lines

To evaluate the deformation of a He∗
2 tracer line, let

us consider a line segment at an initial distance r0 from
the miniature heater. As the second-sound shock front
arrives at this line segment, it starts to move at the local
normal-fluid velocity vn. If we assume that the heat trans-
fer is isotropic towards all directions from the heater, vn is
always along the radial direction and therefore the radial

displacement of the line segment dr in time dt is given by

dr = vn × dt = q(r)
ρsT

× dt, (1)

where q(r) = Q̇s/(2πr2) is the heat flux across the hemi-
sphere of radius r, with Q̇s being the instantaneous rate of
heat transfer over the entire hemispherical surface. By inte-
grating Eq. (1), one can derive the final distance rf of the
line segment from the heater as

r3
f = r3

0 + 3
2πρsT

∫ t0+�t

t0
Q̇sdt = r3

0 + 3Qs

2πρsT
, (2)

where t0 is the time that the second-sound zone first arrived
at the line segment, and Qs denotes the total heat energy
carried by the second-sound zone.

The assumption that the heat transfer is isotropic
towards all directions holds true only if the heater size is
small (i.e., approximately a point heat source) and that the
effect of the PCB can be ignored. Note that due to the no-
slip boundary condition of the normal fluid on the PCB,
the heat flux within a boundary layer from the PCB surface
must be different from that in bulk He II. The thickness of
this boundary layer increases along the radius of the PCB
and can be estimated to be about 300 μm near the edge of
the PCB [51]. Therefore, any relevant effect can be safely
neglected.

Based on Eq. (2), the profile of a deformed tracer line
can be computed from a given initial baseline, if we know
the position x0 of the heater on the PCB and the total
heat Qs carried by the second-sound zone. In our analy-
sis, we first adopt an algorithm developed by Pulkkinen
et al. [52] to extract the locations of the baseline and the
deformed line from the fluorescence images. We then set
x0 and Qs as two adjustable parameters to evolve the base-
line profile so that a least-squares fitting to the deformed
line profile can be made. Typical examples of curve fittings
to the deformed tracer lines based on their corresponding
baselines are shown in Fig. 4. One can see that this sim-
ple model very well reproduces the deformed line profiles.
Figure 4 also shows that the deformation of the tracer line
becomes weaker when it is created at a larger distance h
from the heater. The minimum line deformation that can
be resolved is comparable to about half the thickness of
the tracer line. For a heat pulse of q0 = 287 W/cm2 and
�t = 2 ms, we estimate that the maximum distance of the
tracer line from the heater can reach hmax � 5 mm. Never-
theless, we note that based on Eq. (2), the displacement of
the tracer line depends on the total heat transported through
He II instead of the instantaneous heat flux on the heater
surface. In a real quench event, the heat deposited in He
II is comparable to the total energy stored in the cavity
(i.e., of order 1–10 J [3]), which is 2 to 3 orders of magni-
tude larger than the heat produced by our miniature heater
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FIG. 4. Examples of curve fittings to deformed tracer lines
created at different initial height h above the heater.

(i.e., of order 10 mJ). Therefore, we would expect resolv-
able line deformation even for tracer lines created at a few
centimeters away from a real cavity surface.

C. Analysis results

We have conducted the heater detection tests at various
heat fluxes q0 = Q̇0/Ah and pulse durations �t. The values
of x0 and Qs can be determined through the curve fittings
as we previously discussed. The results are collected in
Table I. Figure 5 shows typical derived heater location x0

in comparison with the actual center position of the heater
(i.e., xh = 7.46 mm). For each test, we normally repeat our
measurement ten times so that the result uncertainty can be
estimated. The fact that the obtained x0 is always within
a few hundred microns from the actual heater location,
regardless of the applied heat flux q0 and the pulse duration
�t, clearly proves the feasibility of this visualization-based
noncontacting quench-spot-detection technology.

In Fig. 6, we show the ratio of the heat energy Qs carried
by the second-sound zone to the total heat generated by the
heater Q0 = Q̇0�t as a function of q0 and �t. This ratio
Qs/Q0 appears to be weakly dependent on q0 and nearly
independent of �t. The knowledge about the exact values
of Qs, which is not available from typical second-sound
triangulation measurements, provides us a clue about the
origin of the “fast” second sound evinced in those trian-
gulation experiments (see detailed discussions in Sec. IV).
From Table I, we also note that under the same heater con-
ditions, the fit values for Qs at h = 1.02 mm appear to be
much smaller than those obtained at larger h. This is likely
due to the fact that the miniature heater can no longer be
treated as a point heat source when the tracer line is placed
too close.

IV. DISCUSSIONS

A. Partition of the heat energy

Since the heat Qs transported through He II by the
second-sound zone is only a fraction of the total heat Q0
generated by the heater, a natural question one may raise is

TABLE I. Results of the curve fittings at various experimental conditions.

h q0 �t td x0 Qs Qs/Q0 rc

(mm) (W/cm2) (ms) (ms) (mm) (mJ) (mm)

1.02 144 2 20 7.64 ± 0.42 0.17 ± 0.10 9.05% 0.30
1.02 215 2 20 7.30 ± 0.18 0.24 ± 0.06 8.35% 0.35
1.02 287 2 20 7.25 ± 0.13 0.29 ± 0.15 8.02% 0.39
1.98 78 5 20 7.66 ± 0.14 0.68 ± 0.11 29.43% 0.38
1.98 108 5 20 7.63 ± 0.23 1.12 ± 0.24 32.50% 0.49
1.98 144 5 20 7.77 ± 0.24 1.20 ± 0.18 26.07% 0.50
1.98 179 5 20 7.30 ± 0.23 1.70 ± 0.31 29.70% 0.60
1.98 215 5 20 7.34 ± 0.29 1.43 ± 0.19 20.85% 0.55
1.98 251 5 20 7.20 ± 0.24 1.78 ± 0.33 22.18% 0.61
1.98 287 1 20 7.51 ± 0.32 0.36 ± 0.15 19.52% 0.62
1.98 287 2 20 7.50 ± 0.27 0.75 ± 0.21 20.35% 0.63
1.98 287 3 20 7.33 ± 0.22 1.17 ± 0.30 21.25% 0.64
1.98 287 4 20 7.24 ± 0.26 1.73 ± 0.24 23.58% 0.68
1.98 287 5 20 7.11 ± 0.23 1.76 ± 0.20 19.20% 0.61
1.98 287 6 20 7.24 ± 0.27 1.96 ± 0.19 17.82% 0.59
1.98 287 7 20 7.16 ± 0.20 2.48 ± 0.34 19.27% 0.61
1.98 287 8 20 7.24 ± 0.22 2.40 ± 0.39 16.31% 0.56
2.13 287 2 20 7.46 ± 0.38 0.89 ± 0.21 24.42% 0.69
2.13 287 2 30 7.52 ± 0.18 0.98 ± 0.33 26.92% 0.72
2.13 287 2 40 7.38 ± 0.10 0.93 ± 0.30 25.59% 0.70
3.31 287 2 20 7.05 ± 0.41 0.85 ± 0.19 23.30% 0.67

044003-5



SHIRAN BAO and WEI GUO PHYS. REV. APPLIED 11, 044003 (2019)

(a)

6

7

8

9

10

0
 (m

m
)

x

100 15050 300250200
2

0  (W/cm )q

Actual location
Fit result

0 1 2 3 4 5
 (ms)tΔ

(b)

6 7 8
6

7

8

9

10

0
 (m

m
)

x

2
0 287 W/cmq =

5 mstΔ =

Actual location
Fit result

FIG. 5. Fitting results of the heater location x0 versus (a) heat
flux q0 at a fixed pulse duration, and (b) pulse duration �t at a
fixed heat flux. h = 1.98 mm for these measurements.

as follows: where does the remaining energy go? Indeed, a
similar phenomenon was observed in earlier experiments
on 1D transient heat transfer of He II through uniform
pipes [48,50,53]. It is observed that the heat carried by
the second-sound zone dropped significantly at heat fluxes
greater than about 5 W/cm2. This observation is inter-
preted as due to the energy consumed in the formation of
a dense vortex tangle and the film boiling in front of the
heater.

The time evolution of the vortex-line density L in a
counterflow is governed by Vinen’s equation [46]:

dL
dt

= αvnsL3/2 − βκL2, (3)

where vns=(ρ/ρs)vn=q/ρssT is the relative velocity of the
two fluids, and α and β are dimensionless parameters with
known values [44]. In a steady-state heat transfer, the equi-
librium vortex density is given by L0 = (α/βκ)2v2

ns. The
time τ taken for the line density to grow to the equilibrium
value depends on the heat flux q as τ = aq−n, with a and n
being temperature-dependent constants [54,55]. For a heat
flux of order 10 W/cm2, τ � 0.3 ms. Therefore, in tran-
sient heat transfer at high heat fluxes with a duration longer
than 1 ms, it is reasonable to assume the equilibrium line
density L0 in relevant analysis. The energy E associated
with a random tangle of vortices per unit mass of He II is
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FIG. 6. The ratio of the heat energy Qs carried by the second-
sound zone to the total heat generated by the heater Q0 = Q̇0�t
as a function of (a) heat flux q0 and (b) pulse duration �t. h =
1.98 mm for these measurements.

given by [56]

E ≈ ρsκ
2

4πρ
Lln

(
l
ξ0

)
, (4)

where l = L−1/2 is the mean vortex-line spacing and ξ0 �
1Å is the healing length for He II. Combining Eqs. (3) and
(4), one can derive an equation for the change in rate of the
vortex energy Ė = Ėg − Ėd, where the generation term Ėg
takes the following form:

Ėg = αvnsL3/2 ρsκ
2

4πρ

[
ln

(
l
ξ0

)
− 0.5

]
. (5)

This generation term essentially accounts for the rate of
energy that goes from the second-sound zone to the forma-
tion of vortices per unit mass of He II. Therefore, the heat
flux q(r) in the second-sound zone must satisfy

d [q(r)A]
dr

= −ĖgA/ρ, (6)

where A is the cross-section area at r, i.e., 2πr2 in our
experiment or a constant in those 1D tube heat-transfer
experiments. Equation (6) allows one to evaluate the heat-
transfer rate Q̇ = q(r)A associated with the propagating
second-sound front at a distance r from the heat source.
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in a pipe that supplies the same heating power, i.e., Q̇0 = qc ×
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The calculation results for both our experiment and the
1D heat-transfer case are shown Fig. 7. It is clear that in
our experiment, L drops rapidly with r since the heat flux
q decreases nearly as 1/r2. Significant temperature gra-
dient exists only within a thin thermal layer where L is
high. The heat energy carried by the second-sound zone
suffers no noticeable attenuation. On the other hand, in
the 1D heat-transfer case, the vortex density remains high
even at tens of centimeters away from the planar heater.
The heat energy carried by the second-sound zone is con-
stantly converted to vortex energy. This vortex energy then
decays into heat that slowly diffuses out [14], which causes
a broad temperature rise following the second-sound zone,
as observed in some 1D heat-transfer experiments [48].

Accepting the conclusion that the vortex effect is neg-
ligible in our experiment, the only other mechanism that
can consume the heat energy is the formation of the cav-
itation zone. The heat energy deposited near the heater
surface can vaporize the helium atoms and lead to the
nucleation and growth of small vapor bubbles. In those 1D
heat-transfer experiments [48], it is suggested that the frac-
tion of the heat energy consumed by this process increases
with increasing the heat flux q0 from the heater surface and
can reach about 50% at q0 = 40 W/cm2. Considering the
much higher heat fluxes from the miniature heater surface

in our experiment, it is not surprising to see that over 70%
of the heat energy goes to the vapor bubbles.

We may make an order of magnitude estimation of the
growth rate of the vapor bubbles. Considering a hemi-
spherical vapor bubble that sits on the surface of the heater,
if we assume that the injected heat is all utilized to vapor-
ize the helium atoms, the growth of the bubble radius R is
then governed by [57]

Lvρv

d
dt

(
2π

3
R3

)
= πR2q0, (7)

where Lv and ρv are the helium latent heat and the vapor
density in the bubble, respectively. According to Eq. (7),
Ṙ = q0/2Lvρv. For the heat flux used in our experiment
or in typical cavity quenching (i.e., 102–103 W/cm2), the
bubble surface velocity Ṙ can exceed the first-sound speed
in He II (i.e., c1 = 230 m/s at 1.85 K [44]), which leads
to the emission of strong first-sound shock waves due
to the finite compressibility of He II. As a vapor bub-
ble grows, the combined effects of buoyancy, shear lift,
and contact pressure force may detach the bubble from
the heater surface [58]. Without the heat input, the bubble
starts to shrink. Due to the existence of the heater sur-
face nearby, the bubble collapses asymmetrically, leading
to the formation of a micro-jet that can penetrate the bubble
and impinge on the heater surface [59–61]. This process
can again lead to strong first-sound emission. Therefore,
the heat energy consumed by the vapor bubbles in the
cavitation zone can essentially convert to acoustic energy
carried by the first sound. Indeed, sound bursts and asso-
ciated pressure spikes accompanying film boiling in He
II have been observed experimentally [62,63]. Since the
first-sound waves only cause the fluid parcels in He II to
oscillate around their equilibrium positions, there is barely
any detectable effect using either our flow-visualization
technique or those second-sound sensors.

B. Origin of the “fast” second sound

The conclusion that a large fraction of the heat energy
is utilized in the creation of the cavitation zone motivates
us to propose a possible explanation for the seemingly fast
second sound observed in many triangulation experiments.
The formation of the cavitation zone is a very fast pro-
cess, considering the rapid growth of the vapor bubbles as
estimated in the previous section. The second-sound waves
are indeed emitted from the surface of the cavitation zone
instead of the heater surface. Therefore, for a second-sound
sensor placed at a distance S from the heater surface, the
actual distance traveled by the second sound is S′ = S − rc,
where rc denotes the size of the cavitation zone and is typ-
ically much smaller than S. As a consequence, the shorter
travel time of the second-sound waves leads to a higher
measured speed as given by c′

2 � c2(1 + rc/S). This sim-
ple idea is supported by the experimental observation that
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triangulation data extracted from Refs. [22,65].

the fast second sound can be observed only in quench-spot
experiments with high heat fluxes such that film boiling
(i.e., cavitation) does occur near the hot spot [22,64].

To evaluate the excess velocity �c2 = c′
2 − c2, let us

first estimate rc. If we assume that the cavitation zone has
a hemispherical surface with a radius rc and that the heat
flux on this surface is about the threshold for film boiling
(i.e., 15 W/cm2 [48]), rc can be estimated based on

Q̇s

2πr2
c

= Qs/�t
2πr2

c
= 15 W/cm2. (8)

The calculated rc values for our experiment are listed in
Table I. rc appears to be nearly independent of the pulse
duration �t but increases with increasing the heat flux
q0 from the heater surface as shown in Fig. 8(a). Since
�c2 = (c2/S)rc, this result agrees with the trend observed
in previous triangulation experiments that the measured
second-sound speed increases with increasing the heat flux
[21,22]. More interestingly, since r2

c scales with Q̇s (and
hence Q̇0) according to Eq. (8), for a given heat flux q0,
r2

c then scales with the heater area Ah. If we consider the
triangulation results reported in Refs. [22,65] and scale r2

c
based on their heater size Ah = 15 mm2, we can indeed
compute the excess velocity �c2 for their OST sensor
placed at S = 5 cm from their heater surface. The results
are shown in Fig. 8(b). The blue triangles are triangula-
tion data extracted from Fig. 5 in Ref. [65]. Amazingly, our

predicted �c2 agrees quantitatively with the triangulation
experimental observations. We must note that in reality
the cavitation zone does not take a perfect hemispheri-
cal shape, especially when the heater size is large and the
heat flux is small. This is probably why the triangulation
data in Fig. 8(b) show relatively large difference from our
predictions at small heat fluxes. Nevertheless, the overall
excellent agreement between our model prediction and the
triangulation observations provides strong support for the
validity of our model.

C. 3D quench-spot detection for real SRF cavities

In the proof-of-concept experiment presented in Sec. II,
we create the He∗

2 tracer lines in the vertical plane above
a chosen miniature heater. The deformation of the tracer
line only provides us the position information of the heater
along the line where the vertical plane intersects with the
PCB. In order for quench-spot detection on the 2D surface
of a real SRF cavity, our technique needs to be advanced.
For instance, a simple extension of the current method
could be to create two orthogonal tracer lines near the sur-
face. The deformations of the two lines will then provide
us complimentary information about the hot-spot location
along two orthogonal directions. A more preferable and
accurate detection scheme that we would like to propose
is shown in Fig. 9.

Instead of creating two tracer lines, we may first shape
the fs-laser beam into a laser sheet and then pass it through
a screen with parallel thin open slots to create an array of
tracer lines. This can be done since the maximum pulse
energy of our femtosecond laser (i.e., 4 mJ) is far greater
than necessary for the creation of a single tracer line (i.e.,
60 μJ [30]). Overlapping two such tracer-line arrays can

ICCD camera 1

Vacuum

ICCD camera 2 fs-laser 
beams

Imaging laser

SRF cavity

Cavity mounted on a 
rotating holder in He II

Quench spot

FIG. 9. Schematic diagram showing the 3D quench-spot detec-
tion scheme for real SRF cavities using a tracer-line grid.

044003-8



QUENCH-SPOT DETECTION FOR SUPERCONDUCTING... PHYS. REV. APPLIED 11, 044003 (2019)

form a tracer-line grid, which has already been demon-
strated in molecular tagging experiments in water [66].
We may create such a tracer-line grid near a cavity sur-
face and implement 3D imaging using two ICCD cameras
placed at different angles [67]. Once a quench event is
detected through monitoring the dissipation of the rf field
in the cavity [11], we can send in the imaging laser pulses
to visualize the tracer-line grid. Due to the heat trans-
fer from the quench spot to He II, a local deformation
of the grid is expected. The analysis of this deformation
will likely involve more fitting parameters. For instance,
we may assume a Gaussian temperature profile in the hot
area on the outer surface of the cavity. Then, besides the
center position of the hot area and the transported heat in
He II, other parameters such as the width of the Gaussian
profile and the curvature radius of the surface may also
be needed in the convolution of the initial grid profile to
its final deformed profile. Finally, a scanning procedure
may be implemented. By mounting the cavity on a rotat-
ing holder, we may use the same tracer-line grid to scan
across the entire surface of the cavity so as to identify all
surface defects.

V. SUMMARY

We have conducted a proof-of-concept experiment to
demonstrate the feasibility of a flow-visualization-based
noncontacting technology for SRF cavity quench-spot
detection. By examining the deformation of a thin He∗

2
molecular tracer line created in He II nearby a miniature
heater following a short heat pulse, we are able to recon-
struct the heater location within a few hundred microns.
The actual heat transported through He II by the propagat-
ing second-sound zone is found to be only a small frac-
tion of the total injected heat energy. Our analysis shows
that the remaining heat energy is essentially consumed
in the formation of a cavitation zone surrounding the
heater. The size of this cavitation zone is estimated based
on the knowledge obtained about the transported heat.
This information has allowed us to propose an alternative
explanation for the decades-long puzzle observed in previ-
ous second-sound triangulation experiments regarding heat
transfer at speeds higher than literature values. The excel-
lent quantitative agreement between our predicted excess
second-sound velocity and those measured in triangulation
experiments provides strong support for our model.
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