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Abstract1

Helium-4 in the superfluid phase (He II) is a two-fluid system that exhibits fascinat-2

ing quantum hydrodynamics with important scientific and engineering applications.3

However, the lack of high-precision flow measurement tools in He II has impeded4

the progress in understanding and utilizing its hydrodynamics. In recent years, there5

have been extensive efforts in developing quantitative flow visualization techniques6

applicable to He II. In particular, a powerful molecular tagging velocimetry (MTV)7

technique, based on tracking thin lines of He∗
2 excimer molecules created via fem-8

tosecond laser-field ionization in helium, has been developed in our laboratory. This9

technique allows unambiguous measurement of the normal fluid velocity field in the10

two-fluid system. Nevertheless, there are two limitations to this technique: (1) only the11

velocity component perpendicular to the tracer line can be measured; and (2) there is12

an inherent error in determining the perpendicular velocity. In this paper, we discuss13

how these issues can be resolved by advancing the MTV technique. We also discuss14

two novel schemes for tagging and producing He∗
2 tracers. The first method allows the15

creation of a tagged He∗
2 tracer line without the use of an expensive femtosecond laser.16

The second method enables full-space velocity field measurement through tracking17

small clouds of He∗
2 molecules created via neutron-3He absorption reactions in He II.18

Keywords Quantum turbulence · Superfluid helium-4 · Flow visualization ·19

Molecular tagging · He∗
2 excimer molecules20

1 Introduction21

Liquid helium-4 (4He) transits to the superfluid phase (known as He II) below about22

2.17 K [1]. In He II, two miscible fluid components coexist: an inviscid superfluid23
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(i.e., the condensate) and a viscous normal fluid (i.e., the thermal excitations). The24

hydrodynamics of He II is strongly affected by quantum effects. For instance, the25

rotational motion of the superfluid component can occur only with the formation of26

topological defects in the form of quantized vortex lines [2]. These vortex lines all27

have identical cores with a radius of about 1 Å, and they each carry a single quantum28

of circulation κ = h/m4, where h is Planck’s constant and m4 is the mass of a 4He29

atom. Turbulence in the superfluid therefore takes the form of an irregular tangle of30

vortex lines (quantum turbulence) [3]. The normal fluid is expected to behave more31

like a classical fluid. But a force of mutual friction between the two fluids [4], arising32

from the scattering of thermal excitations by the vortex lines, can affect the flows in33

both fluids.34

The fraction ratio of the two-fluid components in He II strongly depends on tempera-35

ture. Above 1 K where both fluids are present, this two-fluid system exhibits fascinating36

hydrodynamic properties that have important scientific and engineering applications37

[5]. For instance, He II supports the most efficient heat transfer mechanism (i.e., ther-38

mal counterflow) and therefore has been widely utilized for cooling scientific and39

industrial equipment such as superconducting magnets, particle colliders, supercon-40

ducting accelerator cavities, and satellites [6–8]. It has also been suggested that He II41

can be used to generate flows with extremely high Reynolds numbers for model testing42

of large-scale classical turbulence that can hardly be achieved with conventional test43

fluids such as water and air [9–11]. However, despite decades of research, the full44

potential of He II has not yet been realized, largely due to the lack of high-fidelity45

quantitative flow measurement tools.46

Typical single-point diagnostic tools used for classical fluids, such as pitot pressure47

tubes and hot-wire anemometers, either have limited spatial resolution or rely on48

convective heat transfer that does not exist in He II. Furthermore, since the motion49

of both fluid components can contribute to the sensor response, data analysis can50

become very complicated when the two fluids have different velocity fields. More51

straightforward velocity measurements can be made via direct flow visualization [12].52

In the past, researchers used micron-sized solidified particles as tracers and developed53

particle image velocimetry (PIV) and particle tracking velocimetry (PTV) techniques54

for He II [13–18]. These micron-sized tracers can easily get trapped on quantized55

vortices due to their large binding energy to the vortex cores [12]. The trapped tracers56

have yielded very interesting images of the vortex lines [17–20]. Nevertheless, some57

issues are known to exist. First, these tracer particles are produced by injecting room58

temperature gas mixture to liquid helium, which introduces a large heat load and hence59

disturbs the flow to be studied. Second, the particles produced by this method have60

a wide range of sizes and irregular shapes and are not neutrally buoyant, which lead61

to complicated tracer behavior. The strong interaction of the tracers with both the62

viscous normal fluid and the quantized vortices sometimes makes their motion hardly63

analyzable in practical turbulent flows [21]. Nevertheless, we note that in our recent64

PTV study of thermal counterflow in He II, a new method for separately analyzing65

the particles trapped on vortices and those entrained by the normal fluid approves to66

be very useful [22].67

On the other hand, the feasibility of using He∗
2 excimer molecules as tracers in He68

II has been validated through a series of experiments [23–25]. These molecules can69
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be created easily as a consequence of ionization or excitation of ground state helium70

atoms [27]. They have exceptionally long radiative lifetime in the electron spin triplet71

state (about 13 s [26]) and form tiny bubbles in liquid helium (about 6 Å in radius [27]).72

Due to their small size and hence small binding energy on vortex cores [28], trapping of73

the He∗
2 tracers by quantized vortices can occur only below about 0.6 K in the absence74

of the normal fluid [29]. At above 1 K where most of the He II-based applications75

take place, He∗
2 tracers are solely entrained by the normal fluid since the viscous drag76

force dominates other forces. These He∗
2 tracers can be imaged via a cycling transition77

laser-induced fluorescence (LIF) technique that was developed by McKinsey’s group78

at Yale where the author worked as a postdoctoral researcher [23,30,31]. More recently,79

a powerful molecular tagging velocimetry (MTV) technique based on tracking thin80

lines of He∗
2 tracers, created via femtosecond laser-field ionization in helium, has been81

developed in our laboratory [32]. This technique allows for quantitative measurement82

of the normal fluid velocity field in the two-fluid system. The application of the MTV83

technique to thermal counterflow turbulence in He II has yielded remarkably fruitful84

results [33–38].85

Nevertheless, there are two obvious limitations of this MTV technique: (1) only the86

velocity component perpendicular to the tracer line can be measured; and (2) there is an87

inherent error in determining the perpendicular velocity. In this paper, we will discuss88

how these issues can be resolved by creating complex tracer-line patterns for advanced89

MTV measurement. We will also discuss two novel schemes for tagging and producing90

He∗
2 tracers. The first method is an inverse tagging velocimetry scheme without the use91

of any expensive femtosecond lasers. This method utilizes the vibrational levels of the92

He∗
2 molecules but with much improved tagging efficiency compared to the method93

reported in Ref. [23]. The second method is to create small clouds of He∗
2 molecules94

via neutron-3He absorption reactions in He II. Each small He∗
2 cloud can be treated95

as a single “tracer” such that unambiguous PTV or PIV measurements of the normal96

fluid velocity field can be performed.97

2 He∗

2 Molecular Tagging Velocimetry: Issues and Solutions98

To create a line of He∗
2 tracers via laser-field ionization, laser intensity as high as99

1013 W/cm2 is needed [27]. This high instantaneous laser intensity can be achieved100

by focusing a femtosecond laser pulse in helium. In our laboratory, a regenerative101

amplifier laser system (wavelength λ: 780 nm, duration: 35 fs, pulse energy: up to102

4 mJ) has been utilized for this purpose. As shown schematically in Fig. 1a, we focus103

the fs-laser beam using a lens with a focal length f and pass the beam through an optical104

cryostat that contains He II at regulated pressures and temperatures. Anti-reflection105

coated windows are used to minimize laser heating. For an ideal Gaussian beam with106

a beam radius ω0 at the focal plane, one can define a Rayleigh range ZR = πω0
2/λ,107

over which the laser intensity drops by 50% due to beam spreading. The He∗
2 tracers108

are expected to be produced essentially within the Rayleigh range. In our experiment, a109

fs-laser pulse energy of about 60µJ is sufficient to create a thin line of He∗
2 tracers. We110

then send in several pulses from a 1-kHz imaging laser at 905 nm to drive the tracers111

to produce fluorescent light for line imaging. Figure 1b shows a typical fluorescence112

123

Journal: 10909 Article No.: 2102 TYPESET DISK LE CP Disp.:2018/11/27 Pages: 13 Layout: Small-Ex

A
u

th
o

r
 P

r
o

o
f



un
co

rr
ec

te
d

pr
oo

f

Journal of Low Temperature Physics

T=1.85 K; P=SVP 

~55µm0ω 

lens: f=75 cm
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20 mm

(c)

u(r)

in He II  

Fig. 1 a Schematic diagram showing the optical setup for creating and imaging He∗
2 molecular tracer lines

in helium. b A typical tracer image in He II upon its creation. c Schematic showing how the local velocity
can be calculated. The dashed line indicates the tracer line initial location (Color figure online)

image of the He∗
2 tracer line taken right after its creation in He II. The width of the113

tracer line is about 2ω0, and its length is about 2ZR as expected.114

To extract velocity information, we allow an initially straight tracer line to move115

with the fluid by a drift time △t . The deformed tracer line is then divided into small116

segments so that the center of each segment can be determined by a Gaussian fit of its117

intensity profile. When the drift time is small, the velocity component u(r) perpendic-118

ular to the tracer line can be calculated as the vertical displacement of the line segment119

at r divided by △t . Valuable flow field information, such as the streamwise velocity120

profile and transverse velocity correlations, can be extracted from u(r). This method121

has been adopted in various MTV experiments in classical fluids [39,40], and it has122

also allowed us to obtain valuable insights in He II thermal counterflow [33–38].123

Nevertheless, some limitations have been identified. First, by tracking a single tracer124

line, we can only determine the velocity component perpendicular to the tracer line,125

from which only the transverse velocity correlation at the line location can be extracted.126

In turbulence research, it is desirable to have the capability of mapping out the complete127

velocity field. Second, even for the velocity component perpendicular to the tracer128

lines, it is known that there is an inherent error involved in the measurement which129

can become nonnegligible when the flow parallel to the tracer line is sufficiently strong130

[41]. The first issue can be easily understood. To see the second issue more clearly,131

let us consider the schematic shown in Fig. 2a. An initially straight tracer line created132

parallel to the x-axis (i.e., the red solid horizontal line) deforms as it drifts with the fluid133

by a drift time △t . If one is to measure the vertical velocity u y at point O , our existing134

MTV method will yield a measured velocity u
(m)
y that is given by u

(m)
y = △ym/△t ,135

where △ym is the apparent vertical displacement of point O . However, when there136

is a finite horizontal flow, the fluid particle originally located at point O will move137

to point P instead P ′. Therefore, the actual vertical velocity at point O should be138

u y = △y/△t . The error in the vertical velocity △u y = u y − u
(m)
y is thus given by139
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Fig. 2 a Schematic diagram showing the inherent error in determining the velocity component perpendicular
to the tracer line. b Schematic diagram of the double-exposure method for correcting the inherent error
(Color figure online)

△u y =
△y − △ym

△t
=

ux△t · tan θ

△t
= ux ·

(

∂u y

∂x

)

· △t . (1)140

One sees clearly that the error in the measured vertical velocity is proportional to both141

the drift time △t and the horizontal velocity ux . For a given drift time in an experiment,142

this error is negligible only if the horizontal flow is small.143

To fix this issue, Hammer et al. [41] proposed a multi-time-delay approach. Here, we144

shall discuss a simplified double-exposure version. As illustrated in Fig. 2b, following145

the creation of a tracer line, we may send two imaging pulse trains at drift times of △t1146

and △t2, respectively. The camera will be synchronized with these two imaging pulse147

trains to capture two corresponding images of the tracer lines. For any given point O148

on the base line, we can now calculate two vertical velocities using the two images of149

the deformed line as u
(m)
y,1 = △ym,1/△t1 and u

(m)
y,2 = △ym,2/△t2. Note that according150

to Eq. 1, the actual vertical velocity u y can be evaluated as151

u y = u
(m)
y,1 + a · △t1 and u y = u

(m)
y,2 + a · △t2 (2)152

where the parameter a = ux ·
(

∂u y/∂x
)

. From Eq. 2, one can then determine the values153

for both u y and a at the point O . Therefore, the inherent error in measuring u y can154

be remedied. Note that this method assumes that the value of a does not change much155

between the two image acquisitions. This assumption holds when both △t1 and △t2156

are small.157

In principle, based on the definition of a and the obtained u y(x), one can also cal-158

culate the horizontal velocity ux . However, this calculation involves the evaluation of159

spatial derivative ∂u y/∂x from u y(x), which is normally highly noisy and undesired.160

A more feasible route to obtain information about other velocity components is to161

produce and track complex tracer-line patterns [42]. Creating multiple tracer lines162

simultaneously in He II is relatively straightforward using our laser system. The max-163

imum pulse energy of our femtosecond laser (i.e., 4 mJ) is far greater than necessary164

for creating a single tracer line (i.e., 60µJ [32]). Therefore, we can divide the fs-laser165

beam into multiple beams to produce multiple tracer lines that form patterns. Figure 3a166

shows the concept how the fs-laser beam can be focused into a thin laser sheet which167
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tracer-line
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(c)

(b)

to helium bath

x
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Tracer-grid 
plane
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2φ

camera-1

camera-2

1h

Orientation of the cameras 
and tracer-grid plane:

Intersection point 
of the tracer lines

(a)

Fig. 3 Schematic diagrams of the optical systems for producing: a a tracer-line array and b a tracer-line
grid. c Schematic diagram showing the experimental setup for stereoscopic MTV measurement in helium
(Color figure online)

can then be passed through a screen with many parallel thin open slots for producing168

an array of tracer lines. Overlapping two such arrays can lead to the formation of a169

tracer-line grid as shown in Fig. 3b. This method has already been adopted by Hu and170

his colleagues in classical MTV experiments [42].171

In order to obtain full three-dimensional (3D) velocity information, a stereoscopic172

imaging system needs to be implemented. Instead of tracking the tracer lines them-173

selves, one may track the motion of the intersection points of a tracer-line grid. These174

intersection points can be treated as individual “tracers” whose velocities can be accu-175

rately measured and are not be affected by the typical MTV inherent error. An example176

stereoscopic MTV setup is shown in Fig. 3c. A tracer-line grid can be created using177

the method as illustrated in Fig. 3b. Then, two intensified CCD (ICCD) cameras will178

be synchronized to take images of the tracer-line grid at the same time from two direc-179

tions. In a drift time dt , the apparent displacements of the intersection points of the180

grid-lines (i.e., those solid red dots in Fig. 3) in the imaging planes of the two cam-181

eras can be recorded (i.e., (dx1, dy1) and (dx2, dy2)), from which the actual x , y, z182
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displacements of the intersection points can be computed as:183

dx = fx (dx1, dy1, φ1, h1, m1; dx2, dy2, φ2, h2, m2)

dy = fy (dx1, dy1, φ1, h1, m1; dx2, dy2, φ2, h2, m2)

dz = fz (dx1, dy1, φ1, h1, m1; dx2, dy2, φ2, h2, m2)

⎫

⎪

⎬

⎪

⎭

(3)184

where φ, h, and m are the camera viewing angle, the distance between the image and185

the object plane, and the image magnification factor. The forms of the functions fx , fy ,186

and fz are complex but have been discussed in great detail in the literature [43]. The187

three velocity components can therefore be calculated as ux = dx/dt , u y = dy/dt ,188

and uz = dz/dt . This velocity measurement is free from any ambiguity associated189

with the MTV inherent error.190

3 Novel Schemes for Tagging and Producing He∗

2 Tracers191

3.1 Inverse Molecular TaggingVelocimetry192

The MTV technique discussed in the previous section requires a powerful femtosecond193

laser system for producing He∗
2 tracer lines. Such a femtosecond laser system is very194

expensive and normally not accessible to many research groups who would like to195

conduct MTV measurements in helium. On the other hand, there are many other196

ways to produce He∗
2 molecules in helium without involving a femtosecond laser. For197

instance, one may use a radioactive source [31] or apply a high voltage on a sharp198

tungsten needle to ignite a field emission [23,25]. The He∗
2 molecules produced by199

these methods can disperse in the whole fluid. Then, a key question is how to tag or200

select a group of the dispersed He∗
2 molecules at a desired location for imaging so that201

quantitative velocity information can be obtained by tracking the tagged molecules.202

Ref. [23] reported a tagging method that utilizes the long-lived vibrational levels of the203

He∗
2 triplet ground state a3Σ+

u . The basic concept is to use a focused nanosecond pump204

laser pulse at 910 nm to excite a line of He∗
2 molecules from their ground state a(0)205

to the excited electronic state c(0). About 4% of the c(0) molecules nonradiatively206

decay in a few nanoseconds to the long-lived vibrational level a(1) and are tagged.207

An expanded nanosecond probe laser at 925 nm can then be used to only drive the208

tagged a(1) molecules to the excited d state to induce 640 nm fluorescence via the209

d to b transition. This method has allowed the first tagging of a He∗
2 tracer line in210

He II thermal counterflow [25]. Nevertheless, due to the low tagging efficiency (i.e.,211

about 4%), many images must be superimposed at a given pump-probe delay time212

to achieve a good image quality. Consequently, deformations of individual lines that213

contain turbulent velocity field information are completed smoothed out.214

Here we would like to discuss a new inverse tagging method that allows for high-215

quality imaging of individual tagged tracer lines. The scheme of this method is shown216

in Fig. 4a. Instead of tagging the molecules by driving them to the a(1) state, a pre-217

pumping continuous laser at 910 nm can be used to drive the molecules from the a(0) to218

the c(0) state. Since the c to a decay time is only a few tens of nanoseconds, molecules219
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that decay back to a(0) can quickly be re-excited to c(0). Each time the molecules220

promoted to the c(0) state have about 4% of the chance to decay to the a(1) level.221

As a consequence, after a few excitation-decay cycles, essentially all the molecules222

will end up into the a(1) level. A pump laser pulse at 1073 nm can now be used to223

excite the molecules from the a(1) level to the c(0) state. From the c(0), about 95%224

of the molecules decay to the a(0) state and are tagged. A probe laser pulse at 905 nm225

can then be used to drive only the tagged a(0) molecules to the d state to produce226

the fluorescence. Compared to the old tagging method, this new scheme makes use227

of the a(0) state to tag the molecules. The tagging efficiency is now 95% instead of228

4%. Furthermore, for the tagged molecules in the a(0) state, multiple 905 nm laser229

pulses can be used to drive cycling transitions to enhance the fluorescence strength.230

Experimentally, one may pass the fluid seeded with the a(0)molecules through a region231

illuminated by the 910 nm pre-pumping laser so as to convert the a(0) molecules into232

a(1)s (see Fig. 4b). A focused pump laser pulse at 1073 nm tags a line of a(0) molecules233

which is then imaged by an expanded 905 nm probe laser pulse at a delayed time. Due234

to the enhanced tagging and imaging efficiency, it is expected that the overall signal-235

to-noise ratio can be improved by two orders of magnitude compared to that in the old236

tagging experiment.237

3.2 He∗

2 Cloud TrackingVelocimetry238

In classical fluid dynamics research, quantitative PIV and PTV techniques are more239

widely used compared to MTV measurement [44]. Unlike standard MTV where the240

velocity can be measured only at the locations of the tracer lines, PIV can generate241

a smoothly varying velocity field in the full visualization space, and PTV allows the242

3

ud +
Σ

3

ua +
Σ
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Fig. 4 a Schematic diagram showing the optical transitions of the inverse tagging method. The levels labeled
by 0 and 1 for each electronic state are the vibrational levels of the corresponding state. b Schematic diagram
of the experimental setup that utilizes the inverse tagging method for imaging a single tagged He∗

2 tracer
line (Color figure online)
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Fig. 5 a Schematic diagram
showing the neutron-3He
absorption reaction that leads to
the creation of a cloud of about
104 He∗

2 molecules. b A
fluorescence image of a cloud of
about 103−104 He∗

2 molecules,
produced by applying a voltage
pulse (30–60 ms) to a sharp
tungsten needle in He II [23]
(Color figure online)

n
+

3 He

1H

3 H
(191 keV)

(573 keV)

*

2He

3 1 3n He H H 764 keV+ → + +

}
~ 80 mµ

(b)(a)

needle
source

mµ500

measurement of Lagrangian quantities such as the local velocity and its derivatives.243

In He II, PIV and PTV measurement techniques have been developed based on the244

use of micron-sized tracer particles [13–18]. However, the injection of these particles245

and their interactions with both fluid components in He II lead to known inherent246

issues as discussed in Sect. 1. Therefore, it is natural to ask whether it is possible to247

perform PIV and PTV measurements in He II with smaller tracer particles, such as He∗
2248

molecules. Unfortunately, the cycling transition laser-driven fluorescence scheme for249

detecting He∗
2 molecules has not yet been pushed to the limit for imaging individual250

He∗
2 molecules. Instead of tracking individual He∗

2 molecules, a more feasible route is251

to develop a method to produce many small clouds of He∗
2 molecules in He II and then252

treat each cloud as a “tracer”. Such tracer clouds can be readily imaged for traditional253

PIV and PTV measurements.254

To create small clouds of He∗
2 molecules in He II, an innovative method based on255

neutron-3He absorption reactions was first proposed by the author at a workshop on256

quantum turbulence held in Abu Dhabi in 2012 [45]. Then, this method was discussed257

in more details later at a neutron workshop at Oak Ridge National Laboratory in 2016258

[46]. The basic concept is that 3He atoms that naturally exist in He II as impurity259

particles can absorb neutrons as shown in the reaction schematic in Fig. 5a [47].260

The absorption cross section σ depends on the energy of the incident neutrons and261

can be quite large for thermal neutrons that have spins aligned with the 3He atoms262

(i.e., σ ∼ 10−20 cm2) [48,49]. This reaction produces two charged particles, a proton263

(1H) and a tritium (3H), that move back to back with a total kinetic energy of 764 keV264

[49]. The two particles have sufficient energies to ionize and excite ground state 4He265

atoms along their tracks in He II, which leads to the generation of He∗
2 molecules.266

The total length of the two tracks, evaluated based on the known energy deposition267

rate of 1H and 3H in helium [49], is about 80µm. We can also estimate that about268

104 He∗
2 molecules are produced, considering the fraction of the kinetic energy of 1H269

and 3H that goes to the generation of He∗
2 molecules [50,51]. Therefore, every n-3He270

absorption event in He II creates a cloud of about 104 He∗
2 molecules with a size of about271

80µm. Imaging these clouds should be feasible since we have already demonstrated272

high-quality fluorescence imaging of tiny clouds of He∗
2 molecules created by pulsing273

a tungsten needle in He II (see Fig. 5b) [23]. Due to the very small molecular diffusion274

of He∗
2 molecules in He II (i.e., ∼ 10 µm during typical drift time [30]), every cloud275

can be treated as a single tracer, and a spatial resolution of a few tens of microns276

is achievable. Tracking these He∗
2 clouds should allow us to map out the full-space277

velocity field.278
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Fig. 6 Schematic of the
experimental setup for
producing and imaging He∗

2
clouds produced via n-3He
absorption reactions in He II
(Color figure online)

Neutron

beam

Laser

3 He }

~ 80 mµ

*

2He cloud:

He II filled cell

Experimentally, one can pass a thermal neutron beam with a suitable flux (i.e.,279

∼ 104/cm2 per pulse) through a He II filled sample cell (see Fig. 6). By adjusting280

the concentration of the 3He impurity, one can conveniently tune the number density281

of the resulting He∗
2 clouds. For instance, with a 3He concentration as low as 50 ppm282

(part per million), which is far smaller than the number density of thermal rotons in283

He II above 1 K, we estimate that about 102 clouds will be produced per 1 cm3 volume284

of He II, which should be sufficient for velocity field mapping purpose. This method285

indeed also leads to a very sensitive mechanism for neutron detection. Recently, two286

collaborative experimental projects have been launched on fluorescence detection of287

n-3He absorption events in He II. The first project was initiated by Shimizu and col-288

leagues at Nagoya University in collaboration with some researchers at other institutes289

in Japan and the author [52]. This project utilizes the neutron facilities at the Japan290

Proton Accelerator Research Complex (J-PARC), and its first report has been submit-291

ted as a proceeding paper to the 2018 International Conference on Quantum Fluids292

and Solids (i.e., QFS2018) [53]. The other project is being conducted at the Oak Ridge293

National Laboratory (ORNL) in the USA and is led by Fitzsimmons in collaboration294

with his colleagues at University of Tennessee and ORNL together with the author295

[54]. Preliminary results obtained in both projects have shown promising evidence for296

He∗
2 cloud production in He II via n-3He absorption reactions.297

4 Conclusion298

We have briefly reviewed the progresses made in recent years in developing quantita-299

tive flow visualization techniques applicable to He II using He∗
2 molecular tracers. A300

MTV technique based on tracking a thin line of He∗
2 molecules created via femtosecond301

laser-field ionization proves to be remarkably valuable. Nevertheless, two limitations302

of this method have been identified. These limitations are inherent of the single-line303

tracking scheme. We have discussed that by creating multiple tracer lines that form304

a tracer-line grid, one can perform stereoscopic MTV measurements that are com-305

pletely immune from these limitations. Furthermore, two novel schemes for tagging306

He∗
2 tracers are discussed. The first method involves an inverse tagging scheme that307
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greatly improves the tagging efficiency. It is expected that this method will allow the308

tagging and imaging of a He∗
2 tracer line without the use of any expensive femtosecond309

lasers. The second method relies on the creation of small clouds of He∗
2 tracers via310

n-3He absorption reactions in He II. This method enables unambiguous quantitative311

PTV/PIV measurements of the full-space normal fluid velocity field in He II.312

The quantitative MTV techniques we have discussed are applicable not only to He313

II but also to the classical phase of liquid helium (He I) and gaseous helium. They314

have the potential to unlock the full power of cryogenic helium. For instance, helium315

gas is particularly useful in natural thermal convection research. Heat transfer and316

fluid flow in natural convection are controlled by the Rayleigh number Ra and the317

Prandtl number Pr [55]. Studying the scaling laws of the flow parameters at large318

Ra numbers, where turbulent convection sets in, is of both theoretical and practical319

significance [56]. Close to its critical point, gaseous helium can be used to produce320

convection flows with extremely large Ra, and the range of Ra can be tuned by a factor321

of 1012 by simply adjusting the gas pressure [57–59], which makes laboratory study of322

ocean convection and atmospheric circulation possible [56]. However, velocity field323

measurement in helium gas has not been conducted so far, largely due to the lack of324

appropriate tools. The development of novel He∗
2-based quantitative MTV techniques325

may open the door for new avenues of research in this field.326
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