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ABSTRACT

For the purpose of future visualization of the flow field in superfluid helium-4, clusters of the triplet state excimer 4He2∗ are generated along
the micro-scale recoil tracks of the neutron-absorption reaction n + 3He → 3T + p. This reaction is induced by neutron irradiation of the
3He fraction contained in natural isotopic abundance liquid helium with neutron beams either from the Japan Proton Accelerator Research
Complex, Materials and Life Science Experimental Facility (JPARC)/Materials and Life Science Experimental Facility or from the Kyoto
University Institute for Integrated Radiation and Nuclear Science. These 4He2∗ clusters are expected to be ideal tracers of the normal-fluid
component in superfluid helium with several advantageous properties. Evidence of the excimer generation is inferred by detection of laser
induced fluorescence emitted from the 4He2∗ clusters excited by a purpose-built short pulse gain-switched titanium:sapphire (Ti:sa) laser
operating at a wavelength of 905 nm. The setup and performance characteristics of the laser system including the Ti:sa and two contin-
uous wave re-pumping lasers are described. Detection at the fluorescence wavelength of 640 nm is performed by using optical bandpass
filtered photomultiplier tubes (PMT). Electrical noise in the PMT acquisition traces could successfully be suppressed by post-processing with
a simple algorithm. Despite other laser-related backgrounds, the excimer was clearly identified by its fluorescence decay characteristics. Pro-
duction of the excimer was found to be proportional to the neutron flux, adjusted via insertion of different collimators into the neutron beam.
These observations suggest that the apparatus we constructed does function in the expected manner and, therefore, has the potential for
groundbreaking turbulence research with superfluid helium.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5130919., s

I. INTRODUCTION

Turbulence is an important phenomenon in non-equilibrium
systems that is still not fully understood, even for canonical
flows.1–4 In order to enrich our understanding of turbulence, in

general, there is now a growing interest in the field of Quantum Tur-
bulence5–8 (QT), which is commonly present in superfluids such as
superfluid helium and Bose Einstein condensates (BECs).9 Super-
fluid or QT behavior may also be present in exotic matters, such as
the core of neutron stars10,11 or in high energy particle collisions12
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and galactic cold dark matter halos that are believed to form BECs.13

So far, 4He has been utilized in the majority of the QT research due
to its availability and ease of preparation.

Below the lambda-point Tλ at 2.172 K, 4He transitions from its
classical liquid phase into a superfluid phase (He II). In the temper-
ature range from 1 K to Tλ, the flow in He II can be phenomeno-
logically described by a two-fluid model,14,15 consisting of normal
and superfluid components, which can flow independently from one
another. The superfluid component is attributed to the condensation
of the bosonic 4He atoms to the lowest energy ground state as in the
formation of a BEC. One defining characteristic of superfluids is the
existence of stable topological defects, i.e., the quantized vortex lines,
each of which carries a single quantum of circulation. These vortices
can scatter on the thermal excitations making up the normal compo-
nent, resulting in a “mutual friction” between the two components.
The dynamics and interaction among the quantized vortices (vor-
tex tangles) as well as the effect of mutual friction are the key topics
of QT.6

So far, micro-particle tracers made from frozen hydrogen16

or polymer17 have been used for flow visualization using particle
image velocimetry (PIV)18 or particle tracking velocimetry.19 How-
ever, due to their micrometer size, which is substantially larger than
that of the vortex core, these tracers can interact strongly with both
the viscous normal fluid and the quantized vortices in the super-
fluid, which makes their motion hard to interpret, especially for
flows where the two fluids have different velocity fields. The long
lived (13s) triplet state of the 4He2∗ excimer is a new class of tracers
that may alleviate this issue.20 These excimer molecules can be gen-
erated by various means such as electrical discharges or the use of
intense laser fields.21 By creating a cloud of ions and excited atoms,
the 4He2∗ molecules are formed via collisions and recombinations.
Their beneficial properties include22 a small size of few angstroms,
neutrality, being non-aggregating, as well as the possibility of imag-
ing via laser-induced fluorescence (LIF). Furthermore, they follow
only the normal flow above 1 K23 and can be trapped on vortex lines
below 0.6 K.24

Two-photon excitation at 905 nm from the triplet 4He2∗

ground state (a3Σ+
u) to the d3Σ+

u state yields fluorescence at 640 nm
by decay to the b3Πg state.25,26 After fluorescence, the molecule may
get trapped in vibrational states with a lifetime of >100 ms so that
repumping lasers at 1073 nm and 1099 nm have to be employed for
a quick return to the ground state and repetition of the cycle. Due
to the two-photon nature of the excitation transition, a short, few
ns pulse duration laser with an energy density of about 1 mJ/cm2 is
needed for saturating the fluorescence. The two-photon transition
is near-resonant to the intermediate c3Σ+

g state at 910 nm, whose
lifetime is also expected to be shorter than 20 ns.27 An alterna-
tive method may be the use of a transition at 465 nm,28,29 which
could be interrogated using a continuous-wave laser. In this case,
however, the pump and fluorescent light are at the same wave-
length, requiring a setup minimizing the scattering of the pump
radiation.

Until now, the cycling transition laser-driven fluorescence
scheme for detecting 4He2∗ excimers has not been pushed to the
limit for imaging individual excimers. Instead of individual track-
ing, it is desired to develop a method to produce many small
clouds of 4He2∗ excimers in He II and then treat each cloud as one
“tracer.” Such tracer clouds would allow for full-space velocity field

measurement using conventional PIV and PTV methods. In this
study, we utilized the neutron absorption reaction on natural occur-
ring 3He within He II: n + 3He→ 1H + 3H + 764 keV, which creates
a cluster of 4He2∗ along the micro-scale recoil tracks of the 1H and
3H particles. The tracks have a length of about 100 μm, resulting
in a cluster size, which may, in many cases, be larger than the so-
called quantum length scale lq,30 defined as the average distance
between quantized vortices. However, the fact that these clusters
are made of the much smaller individual excimer particles, should
still allow us to infer interesting quantum effects by observing the
deformation and broadening of the clouds. Each recoil event is esti-
mated to result in the production of about 104 4He2∗ excimers in
the metastable triplet state31 via a recombination process of ions,
electrons, and metastable helium atoms.32 Our experiments were
carried out at the Kyoto University Reactor (KUR) and theMaterials
and Life Science Experimental Facility (MLF) beam-line 22 (BL22)
of the Japan Proton Accelerator Research Complex (J-PARC). A
summary of the preliminary results was reported in our previous
conference paper,31 displaying solid evidence for 4He2∗ generation
by neutrons. The purpose of this manuscript is to give a more
detailed description of the experiments with a focus on the laser
setup and a more in-depth data-analysis. This paper is organized in
the following way. In Sec. II, the laser system, including the gain-
switched Ti:sapphire excitation laser and the re-pumping lasers, the
heliumDewar, and the detection setup are covered. Additionally, the
important characteristics of the neutron facilities at the KUR and
J-PARC are described. Experimental procedures, data processing,
filtering, and analysis are given in Sec. III. In Sec. IV, the results of
the analysis are discussed, concluding with a summary and outlook
(Sec. V) on an upcoming experiment aimed at imaging the excimer
clusters.

II. EXPERIMENTAL DETAILS
A general layout of the experimental setup is displayed in Fig. 1.

The laser system including pump laser head was arranged on a
60 × 70 cm2 optical breadboard, allowing for easy transportabil-
ity and quick setup at the experimental facilities, only requiring
some fine realignment for power maximization. Using the cross of
a laser alignment tool, the neutron beam collimation slits and the
laser path direction were first aligned, after which the Dewar was
carefully placed in-between with a heavy duty motorized 3-axis posi-
tioning platform. Only limited time (typically 1 day) was available
for the preparation of all components such as laser system, optical
Dewar, and detection systems before the start of an experimental
run.

A. Ti:sapphire laser
The operation of the laser system is an important part to fully

understand the data-acquisition process as well as the following data
processing, systematic issues, and error estimates. Additionally, the
titanium:sapphire (Ti:sapphire) laser system described here—while
not based on any new technology—uses a quite simple design, which
may be of interest for other applications or laboratories. Commer-
cial systems for 905 nm based on Ti:sapphire or optical parametric
oscillation (OPO) are available; however, most would not have the
compact dimensions required, so it was decided to reuse an existing
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FIG. 1. Layout of the experimental setup at the J-PARC, including the laser system consisting of Nd:YAG pump laser, Ti:sapphire laser, and two continuous wave repumping
lasers, as well as the optical helium Dewar and PMTs for fluorescence acquisition.

532 nm Nd:YAG pump laser, simply using a self-built Ti:sapphire
cavity as a compact wavelength converter.

An overview of the complete laser setup, including the Nd:YAG
pump, Ti:sa laser, and the two continuous wave (cw) lasers for
repumping, is shown in Fig. 1. To generate the required high inten-
sity laser pulse at 905 nm, a Ti:sapphire laser was designed and
characterized. While Ti:sapphire lasers with short pulse duration
can be achieved using active Q-switching by Pockels cells or with
mode-locking techniques, these designs often come with consid-
erable complexity and/or space requirements. We chose the alter-
native route of a simple two-mirror gain-switched cavity design
with a simple rendering of the computer aided design (CAD)
design, as shown in Fig. 2. Similar designs have been reported,33–35

FIG. 2. Rendering of the Ti:sapphire laser geometry. Prisms and laser crystal are
oriented at the Brewster angle. The pump beam is incident from the left.

even demonstrating sub-ns performance, however, not involving
wavelength-tunable operation far from the gain-maximum of
Ti:sapphire as required here. A short few ns duration output pulse
was achieved by combination of small cavity dimensions (optical
path length: 4 cm) and a short pump pulse. A low repetition-rate
(15 Hz) flash-lamp pumped Nd:YAG (New Wave Research, Solo
PIV 15) with a measured maximum pulse energy of 10.5 mJ and a
pulse duration of 5 ns was used as a pump source. A combination
of λ/2-waveplate and polarization beam splitter (PBS) cube allowed
varying the pump energy, after which it was focused by a f = 50 mm
plano–convex lens into the Ti:sapphire cavity. The cavity high reflec-
tor (HR) had high transmission at the pumpwavelength and a reflec-
tivity R > 99.8% from 850 nm to 1050 nm, while the output coupler
(OC) covered the same range with ≈20% transmission. Tuning of the
center wavelength was realized by the inclusion of two 5mmN-SF11
prisms (P1 and P2). The wavelength was selected by fine rotation of
theOC. A drawback of this was a slight angular steering of the output
beam with the wavelength. Both the Ti:sapphire crystal (CR, GTAT
Corporation, 4 mm, FOM = 150, α532 = 5.5 cm−1) and prisms were
oriented at close to Brewster angle of incidence in order to keep Fres-
nel losses of the polarized beams to a minimum. The crystal was held
in a small mounting structure on top of a copper plate onto which
the two prisms were glued with epoxy for long-term stability after
initial rough alignment using a 850 nm laser pointer module (Thor-
labs, CPS850S). As the application did not demand a high beam
quality output, a simple plane–plane geometry in conjunction with
gain guiding36 effects was found to be sufficient.

In order to stay below the optical damage threshold, the pump
focus was located behind the crystal, about half-way to the first
prism, as indicated in Fig. 3. Due to the Brewster angle, the pump
spot size on the crystal surface can be assumed to be elliptical with
estimated dimensions of 0.3 × 0.5 mm2, equating to a fluence of
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FIG. 3. Pump-mode propagation through the Ti:sa laser cavity. The pump intensity
on optical surfaces is nearly independent of beam-quality (M2 value).

about 1 J/cm2 at a pulse energy of 5mJ. The pump beam propagation
was calculated for two different M2 beam quality factors, showing
that the fluence on the optical surfaces only varied by a negligible
amount. This, in effect, makes the operation insensitive to pump
beam quality, which was not well known beforehand. Nevertheless,
the short pump pulse duration restricts the safe operating range.

The performance characteristics of the laser at several wave-
length settings are shown in Fig. 4. A FWHM pulse duration around
3.5(10) ns and an output energy close to 0.8 mJ at 905 nm were
achieved at an input energy of 5.8 mJ. As this was deemed sufficient
for the first experiments, the maximum available pump power of
11 mJ was not applied in order to minimize the risk of optical dam-
age before the start of the experiment. Thus, it is likely that better
performance can still be achieved if desired. The pulse duration of
the Ti:sapphire laser was acquired with a fast biased silicon photo-
diode detector with a specified rise/fall time of 1 ns. The measured
pulse is the convolution of the detector response and the laser pulse
shape, which was already taken into account in the results. How-
ever, lacking an experimentally measured impulse response of the
detector, an error of 1 ns was assumed. The delay between pump-
and output pulse peak varied from 150(20) ns near the threshold to
about 28.0(5) ns at the maximum energy at 905 nm with the errors
given by the timing jitter.

B. Repumping lasers and beam transport
The two cw lasers at 1064 nm (BeamQ, <1000 mW, DPSS)

and 1085 nm (CNI MIL-III-1085, 50 mW, diode laser) were used
for repumping purposes. Although their wavelengths did not match
exactly to the literature values,25 the strong collisional broadening
of transitions in liquid He substantially relaxes the wavelength pre-
cision requirements. An exemplary spectrum of the two repump-
ing lasers and the Ti:sa laser, measured with a USB spectrometer
(Lasertack, LR2), is shown in Fig. 5. The repump lasers had opposite
polarization at their respective outputs so that they could be spatially
overlapped using a polarizing beam splitter (PBS) cube without the
inclusion of a λ/2-waveplate. They were then further combined with
the Ti:sapphire laser using a dichroic mirror (Thorlabs, DMLP950)

FIG. 4. Performance characteristics of the Ti:sapphire laser system depending on
pump pulse energy, showing the output energy, FWHM pulse duration, and time
delay with respect to pump pulse for four different wavelengths.

and subsequently collimated with a telescope. Moving the second
lens of the telescope allowed for adjusting the spot size at the Dewar
center. The beam profile shape and collimation of the 1064 nm laser
were noticeably worse, resulting in about two times larger beam-spot
compared to the other lasers.

FIG. 5. Optical spectrum of the three laser sources. Given are the peak-positions
λ1−3 and Gaussian widths σ1−3 of the curve fit (red line).
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After the telescope, the beams passed a long-pass filter with a
cutoff wavelength of 735 nm (Thorlabs, DMLP735) and entered into
a light-tight transport tube, sealed by thick black tape. The long-
pass filter prevents both the transmission of radiation from the scat-
tered light of the 532 nm pump pulse and spontaneous fluorescence
from the Ti:sa crystal, which has significant contributions down to
a wavelength of 620 nm. Both of these sources could easily inter-
fere with the detection of the excimer fluorescence. To minimize
neutron activation of laser components, only one pick-up mirror
and the long-pass filter were in direct line-of-sight of the neutron
beam.

A stainless steel Dewar was used for the experiment with an
outer diameter of 30 cm and an inner diameter of 16 cm, which
was filled with liquid helium. The thermal shield of the Dewar was
cooled by LN2 to 77 K, and the temperature of the liquid helium was
lowered by evaporation, cooling using a vacuum pump (Kashiyama
NeoDry36E, 600 l/min at the J-PARC and AnnestIwata ISP-250B,
300 l/min at the KUR) to about 1.8–1.9 K in order to reach below the
λ-point. An exemplary temperature and pressure trend during the
experiments of one day is shown in Fig. 6. Due to the evaporation of
helium, only a time-window of about six hours was available before
the Dewar had to be refilled. To reach the center of the Dewar, the
laser light passed through three windows. The windows were made
of uncoated fused silica, resulting in expected transmission losses
caused by Fresnel reflection of about 18% to the center and 33%
through all six windows. Beyond the Dewar, the laser light was either
blocked directly with black tape or aluminum coated tape (KUR
expt.) or passed through another transport tube (J-PARC expt.),
after which it was first deflected by using a thin aluminum plate and
finally reached a beam-dump.

C. Neutron beams
The neutron beam at KUR experiments was a reactor generated

continuous beam with a flux of 8.5 × 107 (n/s)/cm2 at an operat-
ing power of 5 MW.37 The peak of the energy distribution was at

FIG. 6. Temperature and pressure trend during one experimental day.

0.057 eV with a width from 0.013 to 0.23 eV at 1/10th peak height.
In contrast, the neutron source at the J-PARC was generated by a
pulsed proton beam impinging on a target followed by moderators
to generate a cold neutron beam. The source operates at a pulse
repetition rate of 25 Hz, thus effectively performing as a continu-
ous source in our experiment considering the lifetime of 13 s of the
excimer. Its time-integrated neutron flux was 6.9 × 106 (n/s)/cm2

at 400 kW proton beam intensity, with an energy range from
0.0016 eV to 0.36 eV. During the proton pulse, the neutron beam is
accompanied by gamma radiation, which may influence the excimer
generation rate, an effect which has already been considered in
Ref. 31. The neutron flux at the J-PARC could be adjusted via dif-
ferent opening diameter settings of the main shutter and a rotary
collimator, as listed in Table I. By combination, the flux inten-
sity could be adjusted in a wide range from 0.5% to 100% of the
maximum. A rectangular slit collimator before the Dewar with
a size of either 20 × 20 mm2 or 40 × 40 mm2 can be applied
to minimize the irradiation of the helium Dewar. For a neutron
flux of 0.36 ⋅ 106/(s cm2), an excimer generation rate of 22/(s cm3)
was calculated.31 Suppression of the neutron beam can be per-
formed by inserting a blocker made of boron carbide (B4C) and
polyethylene.

D. Electronics and data acquisition
Two additional viewports of the helium Dewar, oriented per-

pendicular to the laser and neutron beams, were used for fluores-
cence detection with photomultiplier tubes (PMTs). The inner win-
dows on the detector sides were made of sapphire, slightly increasing
transmission losses as compared to the laser-path to about 25%. The
two PMTs from Hamamatsu Photonics had differing specifications
for the quantum efficiencies at the fluorescence wavelength ε640 and
signal rise times τr . They were equipped with a T > 95% bandpass-
filter (No. 65–107, Edmund Optics) at 640 ± 10 nm with an optical
density OD > 4 suppression at the laser wavelengths. Both PMT-
1 (R750 H6520MOD, τr = 2.5 ns, ε640 = 0.5%, and ∅15 mm) and
PMT-2 (H10426-01MOD, τr = 15 ns, ε640 = 25%, and ∅25 mm)
outputs were fed into a preamplifier (preamp: KUR only) before
being transported with 5–10 m long BNC cables to a high speed
digital oscilloscope (Tektronix, DPO7254) in a radiation-safe area.
Three channels, consisting of PMT 1, PMT 2, and the laser pho-
todiode, were acquired using the oscilloscope. The rising edge of
the PD signal at about half peak-height was used as a trigger sig-
nal. At a time-resolution of 100 ps and with 5000 data points per
trace, a time-span of 500 ns was covered for each laser shot with
100 ns of pre-trigger capture included. A single acquisition typically
contained the traces for 500 or 2000 laser shots, equating to a time-
period of about 30 s or 2 min based on the repetition rate of the
laser.

TABLE I. Neutron flux ratios estimated for different collimator diameter settings.

Diameters (mm) Flux [106/(s cm2)]

Main shutter 100/50.1/26.4 6.9/2.07/0.66
Rotary coll. 100/15 6.9/0.36
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FIG. 7. Traces of the oscilloscope signals of PMT 1, PMT 2, and the photodiode.
Multiple traces in gray indicate the shot-to-shot variation of the signals.

III. DATA ANALYSIS
Typical oscilloscope traces of all channels are shown in Fig. 7.

The black lines show the data of a single trigger event, while the
gray lines display the data of 10 events reflecting the shot-to-shot
variation. The photodiode signal exhibits three distinct peaks. The
first small peak corresponds to the pump laser pulse, the second
peak corresponds to the main Ti:sapphire laser pulse, and the third
is a secondary parasitic emission pulse of the Ti:sa laser, whose

origins are likely similar to those discussed in Ref. 33, where local-
ized variations in the pump beam intensity cause different pulse
build-up durations. This secondary pulse was notably weaker, with
longer pulse duration and depended on the alignment of the Ti:sa
cavity. It was most apparent at high pump energies and alignment
optimized for the maximum output power. As the primary goal of
the first measurements was only to verify excimer generation, an
attempt to minimize this parasitic pulse was only performed near
the end of the measurement run.

A. PMT signal conditioning
The signal of PMT 2 was found to be strongly saturated due to

its high efficiency and longer response time, showing insignificant
change when changing laser power or the neutron beam was turned
on. On the other hand, PMT 1 was not saturated, and a clear effect
of the neutron beam on the photon incidence rate was seen. While
at low neutron flux, the incidence rate was low enough to possibly
attempt photon counting, at high flux, many pile-up events occurred
so that the analog signal was used in data analysis.

The raw PMT signal traces contained a small electrical noise
component, which stemmed from the HV Q-switch of the Nd:YAG
pump laser. Since the PMT data-acquisition was triggered on the
Ti:sa laser output, not on the pump laser itself, this noise was exhibit-
ing the same timing jitter as was present between the two lasers.
Furthermore, estimation of the noise component from a single shot
acquisition proved difficult as it usually included real photon sig-
nals as well as noise. However, as the photon events were distributed
in time—fluctuating from shot to shot—each trace contained some
region without the influence of photon signals. In the data acquired
at the KUR, there was an additional issue due to impedance mis-
match between preamplifier and oscilloscope, causing reflections of
the signals. The noise background was, therefore, estimated by ana-
lyzing each whole set of acquisitions in the following manner, as
visualized in Fig. 8. First, by adding a time-shifted fraction of the

FIG. 8. PMT acquisition trace analysis. (a) Signal reflec-
tions caused by impedance mismatch are compensated, as
detailed in the text. (b) The dashed line indicates the dis-
crimination threshold level. The light shaded areas mark
the regions where data points are ignored to allow the
estimation of the noise background.
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signal to itself the reflections in the KUR, data were suppressed, as
indicated on the left-hand side of Fig. 8(a). The black line is the
raw signal, while the red line shows the raw signal shifted by about
17 ns to the right and multiplied by a factor 0.28 to account for the
attenuation of the reflected signal. This resulted in the reflection-free
signals on the right-hand side of Fig. 8(b). As next step, each individ-
ual PMT trace was analyzed to find the positions of photon signals.
For this purpose, a simple discriminator condition was set so that
a photon incidence was assumed in case the PMT signal dropped
below a fixed threshold (dark shaded area). To accommodate for rise
and fall time constants of the PMT, a span of 3 ns/9 ns before and
after reaching the threshold was additionally selected (light shaded
region). Finally, the points in the selected regions were removed
(weights set to zero) and the remaining data-points of all traces
averaged. A similar technique is used in photo-manipulation, where
multiple photographs of a crowded sight-seeing spot are taken so
that by post-processing with a median filter, distracting fore-ground
objects (such as tourists) can be removed. Before the final averaging,
each trace was slightly time shifted in order to compensate varia-
tion within the pump-pulse timing. While only a minor adjustment,
it further improved the noise estimation, especially for low pump
energy, where the timing jitter was larger. In a few cases, when
the pump pulse timing was not measurable due to the insufficient
photodiode signal, this step was omitted.

The result of this procedure is displayed in Fig. 9. However, the
raw signal average (red curve) is noticeably affected by noise, after
subtraction of the calculated noise (black curve), the corrected signal
(blue curve) has only minor fluctuations. The observed double-peak
structure was related to the Ti:sapphire laser double-pulsing output.
The calculated noise signal shows a combination of high- and lower-
frequency noise, with the higher frequency components decaying

FIG. 9. Comparison of mean raw signal and mean corrected signal. Subtraction
of the extracted noise from the raw signal yields a considerable improvement in
signal quality. Curves are offset for clarity.

quicker, not being present in the tail of the fluorescence signal. It
was further investigated, whether the noise signal changed over the
course of the experiment. While slight variation was found in a sin-
gle set of acquisitions, noticeable changes were observed over longer
periods of time or after adjusting experimental settings.

Finally, to remove other non-excimer related background,
acquisitions with neutron beam turned off (nOff) were subtracted
from those with neutron beam turned on (nOn). The total inte-
grated PMT signal was then calculated, as well as the time constant
of the fluorescence decay fitted. Several experimental parameters,
such as neutron beam flux, excitation laser intensity, spot-size, wave-
length, and operation of the repumping lasers, were varied during
the experiment.

IV. RESULTS
A. Decay time constant and J-PARC vs KUR
comparison

Two representative results from the KUR and the J-PARC
experimental runs are shown in Figs. 10 and 11, respectively. They
show the sum of the results of a single day of acquisitions equat-
ing to the total fluorescence signal of about 6000 (KUR) and 8000
(J-PARC) laser pulses. The quality of the data acquired at the KUR
was significantly lower, yielding a contrast ratio nOn/nOff of about
5–10 between the signal with neutron beam turned on and with
neutron beam turned off, compared to a ratio of up to 50 in the
J-PARC data. Several issues may be blamed for this lower perfor-
mance such as the use of only a single repumping laser (1085 nm) at
the KUR instead of two at the J-PARC or the lower pulse energy
of the Ti:sapphire laser (0.4–0.6 mJ vs 0.6–0.8 mJ), but these are
unlikely to have such a large effect, as shown later. In both experi-
ments, a fluorescence signal was observed even for “nOff” setting dur-
ing laser-pulse incidence. However, while this background did decay
quickly at the J-PARC, at the KUR, a slower decay contribution was
observed, with a similar time-constant as the expected 4He2∗ sig-
nal. A possible reason for this signal could be the use of black tape
as beam-block near the exit window of the Dewar, as discussed in
Sec. II B. At high laser intensities, many absorbing materials such
as the tape or contaminants on its surface may emit broadband
fluorescence or black-body light with unknown properties. Addi-
tionally, the tape may partially reflect the laser beam back into the
Dewar causing scattering and absorption effects on the steel walls.
At the J-PARC, the extended beam transport before the beam-dump
minimized the potential impact of this.

After subtraction (nOn − nOff), the remaining signal was fitted
to extract the fluorescence decay time-constant τ, with the results
for individual acquisition sets at the KUR and J-PARC, shown in
Figs. 12 and 13, respectively. Proper weighting of data points in the
fit was difficult, as the experimental errors are an unknown combina-
tion of remaining electrical noise and shot-noise of the PMT, whose
signal to noise ratio scales with the square-root of the number of
photon events N. Considering this, a voltage error proportional to
the square-root of the signal with a small added offset was assumed,
with the offset accounting for electrical noise and to avoid negative
weights. Nevertheless, the standard fit-error of τ was unreasonably
small compared to the scatter of individual acquisitions. To get a
more conservative and reliable error-estimate for τ, the fitting range
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FIG. 10. Combined fluorescence signal of all acquisitions
on the first day of the KUR experiment providing a com-
parison between neutron beam nOn and nOff results. Fitting
of the decay time-constant shows large variation depend-
ing on the included time range of data points, suggesting
a multi-exponential decay. The nOff result shows an unex-
plained slow decay with a similar time constant as the
4He2

∗ excimer.

FIG. 11. Combined fluorescence signal of all acquisition on
the second day of the J-PARC experiment. A smaller vari-
ation in the time-constant fitting results indicates a single-
exponential decay. Furthermore, the “Off” result had only
minimal contribution after the end of the laser pulse. A lower
total signal strength compared to KUR results was mainly
due to operation without preamplifier.
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FIG. 12. Time constant results for KUR experiments and comparison with the
literature value.25

was varied by selecting only the data points after an adjustable start-
ing point indicated by the blue lines and arrows in these figures. The
new fit-error was then calculated as the weighted standard-deviation
from the ensemble of fit-values. This type of analysis was carried out
both for daily integrated data (AALL, BALL) and for the individual
acquisitions. In both cases, the average is slightly below the value
from the literature.25 For the KUR data, also a multi-exponential fit
was attempted, but the signal quality was found to be insufficient to
get a reliable convergence of the fit. Multi-exponential decays could
occur if the laser excitation does not populate only a single excited
state, but several different vibrational/rotational levels. These levels
may decay each with their own lifetime to the upper level of the
640 nm fluorescence transition, causing a variation of the effective
lifetime.

B. Laser energy and spot-size dependence
For imaging applications, saturation of the excitation transi-

tion is of high importance to maximize the fluorescence yield of
each cluster of 4He2∗ excimers. Only a few results with varying laser
power and beam-diameter (spot-size) were taken due to the limited
time and a lack of automatized controls, which required entering

FIG. 13. Time constant results for J-PARC experiments. A lower range of
fluctuations is seen here compared to the KUR.

the radiation area for adjustment. In addition, no suitable attenua-
tor was prepared for the Ti:sa laser so that its output energy could
only be varied by adjusting the pump intensity, which affected the
output pulse duration as well. The intensity was estimated by divid-
ing the pulse energy by the FWHM pulse duration and assuming
an spot size of 2 × 4 mm2 estimated with an IR viewer card. The
PMT signal was integrated over the full time-span (0–500 ns) of
each acquisition set, with the results shown in Fig. 14. Even though
only three data points were available, a fit of the PMT signal P was
attempted using a phenomenological model for two-photon absorp-
tion defined as P(I) = α ⋅ I2/(1 + I/Isat)2, i.e., the square of a simple
two-level absorption model. Here, α is a proportionality constant,
and Isat = 0.51(5) MW/cm2 is the fitted saturation intensity. A more
extensive dataset would be required to check the validity of the
model.

The interaction volume was varied by adjusting the laser spot
size with the telescope. As only a simple IR viewer card was used to
judge the beam diameter and shape by eye a relatively large error
has to be assumed. Results are shown in Fig. 15, indicating that
while the 4He2∗ fluorescence signal increases with beam diameter,
the laser related background is actually reduced. The increase in
4He2∗ signal is a further confirmation that the two-photon transi-
tion is saturated, as otherwise a flat or decreasing trend would be
expected.

C. Repumping laser and wavelength dependence
The impact of the repumping lasers was evaluated, as shown in

Fig. 16. Without repumping lasers (all off), the 4He2∗ signal was a
factor five lower than with repumping lasers. The 1064 nm laser had
a slightly stronger effect than the 1085 nm laser and both repump
lasers combined were again slightly better. Thus, for the low repe-
tition rates used in this experiment (15 Hz), a single repump laser
seems sufficient; however, at higher rates, this may change as there
is less time available in between laser pulses for the repumping pro-
cess to occur. It was also verified that the 4He2∗ signal was influenced

FIG. 14. Dependence of the integrated PMT signal on laser intensity.
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FIG. 15. Dependence of fluorescence signal on laser spot size.

by the excitation laser’s wavelength, with results given in Fig. 17. It
was observed that the 4He2∗ signal dropped when tuning away from
the expected excitation wavelength of 905 nm. In contrast, the back-
ground signal (nOff) was found to increase substantially, suggesting
a different origin of this signal.

D. Effect of neutron beam
The general trend of excimer fluorescence signal intensity

against the neutron beam flux was already discussed in our previ-
ous article31 and is once again shown in Fig. 18. Here, the integrated
PMT fluorescence signal against the relative neutron beam inten-
sity is shown, adjusted via the collimators, as described in Table I.

FIG. 16. Repump laser effect for both cw lasers.

FIG. 17. Signal dependence on Ti:sapphire laser wavelength.

A proportional increase with neutron beam intensity is observed.
To distinguish production of excimers via neutron absorption or
γ-ray scattering (compton recoils), the same measurements were
also performed, while the B4Cneutron blocker was introduced.With
blocker inserted the signal drops to about 40% of the original level.
This blocker was previously presumed to block only the neutron
beam and be transparent for γ-rays.31 However, after further con-
sideration, it was concluded that it also attenuates the γ-ray intensity
by a significant fraction.

Typically, γ-rays are emitted by structural components in the
upstream beam-line so that their energies are expected to lie in the
1–10 MeV range. According to measurements using 137Cs and 60Co
sources,38 the absorption of 10 mm thickness B4C is around 10%
in this energy range. More importantly, the blocker had a 100 mm
thickness high density polyethylene (HDPE, 0.95 g/cm3) backing
for neutron moderation, which has a similar attenuation coefficient,

FIG. 18. Fluorescence signal dependence on the neutron beam flux.
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resulting in a combined (HDPE + B4C) γ-transmission at 1 MeV
of only 43%, based on calculations using cross sections from the
XCOM database.39 The attenuation of the neutron beam by the
blocker may also reduce those γ-rays generated downstream by neu-
tron induced reactions with material of the Dewar or surrounding
materials. Another complication is the creation of prompt 0.48 MeV
γ-rays by the neutron-capture reaction of Boron itself. A different
blocker material such as lithium fluoride (LiF), which does not emit
γ-rays, could be tried in a future experiment. Considering all of the
above, the interpretation from our previous article,31 that the main
contribution to the generation of the excimers originates from the
neutron capture reaction and not from γ-rays is not warranted any-
more and additional investigations will be required to better control
these factors.

There are a few possible explanations for a smaller than
expected fraction of neutron-generated excimers. In dilute solutions
of 3He in superfluid 4He, 3He will follow mainly the normal fluid
flow direction as well as diffusion and can lead to an 3He concen-
tration gradient along the flow direction. This effect is, for example,
used in 4He purifiers.40 It has been observed as well using neutron
tomography experiments41 and could very likely affect our results,
as the liquid heliumwas cooled using continuous pumping, resulting
in a normal component flow toward the liquid helium surface, effec-
tively flushing the 3He out of the laser interaction region. This flush
effect could, however, be partially counteracted by diffusive spread
of the 3He. Based on description of the diffusion of 3He in liquid and
superfluid helium in dilute conditions,40,42,43 a few rough estimates
can be made:

Assuming a liquid helium temperature of 1.8 K (lowest reached
in the experiments) with a saturated vapor pressure of 1.64 kPa
and a pumping speed of 600 l/min, the natural heat-load is calcu-
lated to be 610 mW. With a Dewar cross section of ≈200 cm2 and
under the assumption of homogeneous flow conditions, a normal
fluid velocity of 0.2 mm/s was estimated. Inserting this result into
Eq. (1) of the paper by Hendry,40 along with the mass diffusion coef-
ficient of D ≈ 10−4 cm2/s,44 the 3He component will remain only
in the top 1 mm layer of the liquid and thus overlap neither with
the neutron beam nor the laser. As this flushing effect is only weakly
depending on temperature, the only way to suppress this issue would
be to reduce the heat load of the system by improving thermal
insulation.

A second possibility is related to this normal flow as well
as the size of the neutron beam and its pulsed emission in the
J-PARC experiment. While the neutron-induced excimers are only
produced in a 2 × 2 cm2 area determined by the collimating slit
before the Dewar, the γ-ray induced excimers may be produced
in a much wider area. If there is a fast normal fluid component,
the neutron-induced excimers may quickly escape from the laser-
interaction region after a neutron pulse and would be lost for
fluorescence emission, while the wider distributed γ-ray induced
excimers would still cross the laser-interaction region during a
longer time interval. This would essentially mean that the excimers
would not accumulate in the interaction region over the 13 s lifetime
of the excimer, and thus, the overall fluorescence signal would be
reduced. Further possibilities include a lower than assumed original
abundance ratio in the liquid helium, as well as preferred evapo-
ration of 3He during the cooling process due to its higher vapor
pressure.

V. DISCUSSION AND OUTLOOK
A laser system has been developed for fluorescence mea-

surements of 4He2∗ consisting of a short pulse Nd:YAG pumped
Ti:sapphire laser and two cw repumping lasers. The system is suf-
ficiently compact and stable for easy transportation to the neutron-
beam facilities, allowing for a quick setup during the limited (1 day)
preparation time before the start of the scheduled neutron beam-
time. Datasets of two experimental runs at the J-PARC and KUR
have been evaluated in detail. The excimer fluorescence lifetime was
found to be slightly shorter than the literature value; however, as the
discrepancy is small and both values have a similar error margin, it
is difficult to judge which result is more accurate. Additional param-
eters, such as the wavelength, repumping, and intensity dependence,
provide supplementary evidence that the main source of the fluores-
cence stems from the excimer, even though the results at the KUR
indicate other possible sources of photons.

The presence of laser-related background signals is so far not
fully explained but may originate from contamination on windows
(which were not found to be completely clean). Furthermore, the
direction of Fresnel reflections of the windows was observed using
a visible laser source after the experiment concluded, showing rel-
atively large reflection angles due to the imperfect alignment of
the windows. This could result in partial beams of the laser hitting
the internal Dewar walls, leading to the increased scatter. In future
experiments, anti-reflection coatings and improved alignment will
be considered. The inclusion of a second 640 nm bandpass-filter
could be of advantage as well.

While there is some uncertainty as to whether themain reaction
generating the excimer is neutron- or γ-induced, the total fluores-
cence signal could likely be drastically increased by enriching the
helium with 3He to increase the number of excimer clusters. How-
ever, to track individual clusters, a higher laser repetition rate to
increase the fluorescence signal for visualization with a high sen-
sitivity EMCCD or ICCD camera is needed. For this purpose, we
are currently in the process of upgrading to a new higher rate pump
laser. Individual telescopes for all three lasers will further improve
the spatial overlap, and added automation controls will simplify
future experiments. Installation of an optional cylindrical telescope
to create a laser sheet for 2-D visualization is planned as well. How-
ever, based on the present results, the achieved pulse energy and
duration are already sufficient, considering a possibly larger inter-
action volume for 3D flow tracking, and further increases in pulse
energy will be investigated. If the sensitivity of excimer detection
can be increased, this may advance the possibility of using liq-
uid He as a directionally sensitive detector for light dark matter
particles.32

To investigate whether there are flow dependent effects of the
3He concentration or excimer laser interaction time, as proposed in
Sec. IV D, we may attempt different pumping rates of the helium
or the introduction of heater plates to modify the flow speed and
direction of the normal component.
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