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Abstract - We show unequivocal evidence for formation of 𝐻𝑒2
∗ excimers in liquid He II created by ionizing 

radiation produced through neutron capture.  Laser beams induced fluorescence of the excimers. The 

fluorescence was recorded at a rate of 55.6 Hz by a camera. The location of fluorescence was determined with 

an uncertainty of 5 m.  The technique provides an opportunity to record the flow of 𝐻𝑒2
∗ excimers in a medium 

with very small viscosity and enables measurement of turbulence around macroscopic liter size objects or 

vortex matter in three dimensions. 
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A theoretical model that describes the development, intensity, and internal structure of turbulent flow 

remains an unsolved problem.1 Direct numerical simulation (DNS) of individual molecules in fluid flow has 

produced accepted benchmarks for canonical fluid experiments (e.g., flow over a smooth flat plate)2 yet relies 

upon data of limited spatial and temporal resolution.3 These limitations present a significant source of 

uncertainty.4 Three dimensional (3D) velocity vector field maps are required to measure the correlation of flow 

around macroscopic objects in space and time under conditions of large Reynolds number (Re, ratio of velocity 

times object dimension to kinematic viscosity of the medium). These data are required to test fundamental 

concepts in turbulence models applied to engineering challenges5,6,7 and to enable research in quantum 

turbulence related to astrophysics8 and cosmology.9  

The properties of liquid He II are modeled as a combination of superfluid and normal fluid 

components.10,11 Their fractions can be controlled with temperature below the lambda point.10,11,12 Yet, the 

viscosity of liquid He II in the range of 1 to 2 K remains roughly constant ~10−8 𝑚2/𝑠, 12,13,14  which simplifies 

modeling flow. The small viscosity and control of the velocity of the normal component using thermal 

gradients, i.e., thermal counter-flow, 10,11,15 or mechanical means16 enable Re ~105 to ~108 to be achieved17,18 for 

objects compatible with laboratory cryostats. Under steady state conditions, the mean velocity of the superfluid 

flow can be inferred from observation of the normal fluid flow and mass conservation.19  

The normal flow of liquid He has been observed using m size polymer spheres20,21 and frozen hydrogen 

particles22,23 as tracers.  Particle image velocimetry (PIV)22,24,25,26 is a technique to infer flow from motion of a 

high density of tracers, while particle tracking velocimetry (PTV)22,27,28 is a technique to infer flow by 

individually tracking tracers usually accomplished using a low density of tracers.  

Recently, electric discharge from needles29 and lasers15,30 have been used to ionize 4He which form small 

“clouds” of  metastable 𝐻𝑒2
∗ excimers. The half-life of the excimers is 13(2) s.31 The dimensions of the clouds 

formed with lasers26 or electric discharge15 range from 10 to 800 m, respectively. The buoyancy and small 

mass of the 𝐻𝑒2
∗ excimers mean that perturbations to flow caused by tracer clouds is much reduced compared to 

relatively massive particles.   Further, excimers can be introduced into liquid He II with much less thermal 
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heating in comparison to introduction of massive particles. Finally, in comparison to massive particles, the 

binding energy of 𝐻𝑒2
∗ excimers to vortex cores in superfluid He is small, so the motion and configuration of 

vortices in quantum matter32 should be relatively unperturbed by the excimer tracers.33 

To perform PIV or PTV requires production of 𝐻𝑒2
∗ excimers in varying amounts, and the ability to 

visualize the locations of the excimer clouds to form 3D images of flow, which remain outstanding challenges.  

We demonstrate a new method to produce 𝐻𝑒2
∗ using neutron beams and image the excimers in 2D in a manner 

that is readily scalable to larger length scales and 3D. The development may enable PIV and PTV analyses of 

measurements of flow about cm size objects, which distinguishes our approach from those that produce 

excimers using lasers or electric discharge.  In addition, hotwire (e.g., anemometry34) and pressure pitot tube35 

methods enable single point measurement of flow at large Re, while our approach is also compatible with 3D 

visualization of the point-to-point correlation of the velocity flow field about a macroscopic object as a function 

of time.    

A cryostat equipped with windows transparent to 640-1100 nm light cooled a liquid 4He bath to 1.7 K 

(Fig. 1).  Laser light entered the cryostat from the left-hand side (of Fig. 1); neutrons entered from the right-

hand side, and the image of the fluorescence was recorded by a camera. A glass bulb measuring 

1 cm ×  1 cm ×  3.6 cm was inserted into the liquid He bath [Fig. 1(inset)]. The bulb was connected to a 3.5 

liter reservoir with a 3He:4He gas ratio equal to 1:241 at a pressure of 65 kPa. When liquid 4He condensed in the 

bath, gas from the 3He:4He reservoir condensed inside the bulb. This configuration enabled us to explore the 

dependence of the fluorescence of a liquid of constant 3He:4He composition.  

3He has a large neutron capture cross-section 𝜎 = 16318 × 10−24 cm2 for  = 5.5 Å wavelength 

neutrons.36,37 Through the reaction 𝐻𝑒3 + 𝑛 →  𝐻 +3  𝐻1 + 764 𝑘𝑒𝑉 a triton (191 keV) and proton (573 

keV) are created. These particles ionize He which create metastable 𝐻𝑒2
∗ excimers. The mean path lengths of 

the triton and proton in liquid He are 16 and 60 m, respectively.38 The energy given up by neutron capture 

negligibly affects the thermal energy of the liquid.39 
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Laser illumination induces fluorescence of the excimers.30 We expect the fluorescence to be proportional 

to the number of excimers, thus, the fluorescence is proportional to the neutron flux and , because these factors 

determine the production rate of the ionizing radiation.  A neutron beam with cross-section  1.3 cm ×  1.3 cm, 

𝜆 = 5.5 Å and flux 𝐼0 =  104 𝑛𝑠−1𝑐𝑚−2 illuminated the helium bath.  

1 kHz pulsed light of 4 ns duration/pulse and 0.9 mJ/pulse at 905 nm from a laser was focused onto the x-

z plane 1 mm wide (along y) and 10 mm tall (along z) in the center of the liquid He bath. The laser illuminated 

the 2 cm length of the bath (and the 1 cm length of the bulb). Owing to the transparency of liquid He to 1m 

light (absorption length = 0.0135 𝑐𝑚−1), the plane is uniformly illuminated (Fig. 1).  

A pulse generator produced a sequence of reference pulses [“Trigger” Fig. 2(inset, left)] with frequency of 

1 kHz. The first pulse triggered a light shutter to open at time 𝑡1, then the light shutter closed after ~5 ms 

[“Light Shutter” Fig. 2(inset, left)]. The first, third and fifth pulses triggered the camera to take three exposures 

each of 10 s duration a time 𝑡2 after the preceding pulse [“Camera Exposure” Fig. 2(inset, left)]. A laser pulse 

was produced a time 𝑡3 after every trigger pulse [“Laser Pulse” Fig. 2(inset, left)]. Light from a pair of 

continuous wave (CW) lasers also entered the cryostat.  The purpose of the light shutter was to block the CW 

light from unnecessarily heating the cryostat. 

Through a two-step process,30 the 905 nm light excites 𝐻𝑒2
∗ from its triplet ground state 𝑎0 [Fig. 2(inset, 

right)] to an excited state 𝑑 [Fig. 2(inset, right)] and decays via fluorescence of 640 nm light to state 𝑏 [Fig. 

2(inset, right)]. The 𝐻𝑒2
∗ excimer may decay back to the triplet ground state 𝑎0 from state 𝑏 or to one of two 

metastable vibrational states 𝑎1 or 𝑎2. Excimers in metastable vibrational states cannot fluoresce until they 

decay into the triplet ground state—a lengthy (~2 s) process.30 The transition time from the metastable states, 𝑎1 

or 𝑎2, to the triplet ground state 𝑎0 can be shortened using 1072 nm and 1097 nm CW lasers.31  

A camera recorded the fluorescence through a band pass filter transparent to the 640 nm light but opaque 

to the infrared light.  Images with pixel size ranging from 5.4 m (1024 × 1024 pixels) to 21 m (256 ×  256 

pixels) were taken over the camera’s 5.5(1) mm by 5.5(1) mm field of view.   
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We quantified the influence of the laser and neutron beams and 3He number density (see Supplemental 

Material40) to produce fluorescence of 𝐻𝑒2
∗. Movie 1 (see Supplemental Material40) shows 1000 frames 

collected at 55.6 Hz (Fig. 3(a)). Each frame consists of intensity measured by 256 x 256 pixels that were 

mapped to the camera’s field of view. The intensity profiles on the lower and right sides represent the amount of 

charge integrated along the direction perpendicular to the side.  The quasi-uniform gray color of the image is the 

ambient background corresponding to the gain setting of the camera and duration of the exposure.  Most of the 

bright spots/regions correspond to fluorescence from clouds of excimers.  

A background image was measured from the camera under conditions without laser light or neutrons. Fig. 

2 shows the net signal (signal image – background image) integrated over the entire field of view as a function 

of time.  To obtain the data in red (Fig. 2), (1) the bath was cooled to 1.7 K, (2) the neutron beam shutter was 

opened, and (3) after ~4 seconds, the lasers and camera were turned on. The red curve shows the variation of the 

net signal with time for the conditions of the lasers and neutron beams on. The decay of the net fluorescence 

signal, Z, was fitted to 𝑍(𝑡) = 𝐴 𝑒−𝑡/𝜏1 + 𝐵 (Eq. 1), where t is time,  is decay time and A and B are constants. 

, A and B were adjusted to optimize the goodness of fit metric 2.41 The solid red curve is the result for: 𝜏1 =

2.4(2) s, 𝐴 = 4.0(2) ×  1010 charge ⋅ s−1 ⋅ cm−2, and B = 2.24(4) ×  1010 charge ⋅ s−1 ⋅ cm−2 with χ2 =

270 (χυ
2 = 0.3). The net signal decays to a steady state value, B. For long time, there is a loss of efficiency in 

producing and/or detecting fluorescence. The loss may be due to some excimers being trapped in the metastable 

vibrational states (the a1 and a2 states). 

The data shown in the black curve of Fig. 2 were collected starting with the lasers and camera on and the 

neutron beam off. At 𝑡0 ~11 s, the neutron beam shutter was opened (the shutter opens in < 0.5 s). The increase 

of the net fluorescence signal, R, was fitted to the function that is the integral of the 𝑒−𝑡/𝜏 portion of Eq. 1 from 

𝑡0 to 𝑡. The result is: 𝑅(𝑡) = {
𝐶                     , 𝑡 < 𝑡0

𝐷(1 − 𝑒−(𝑡−𝑡0)/𝜏2) + 𝐶, 𝑡 ≥ 𝑡0
  (Eq. 2), for: 𝜏2 = 2.8(3) 𝑠, 𝐶 = 2.2(4) ×

 109 𝑐ℎ𝑎𝑟𝑔𝑒 ⋅ 𝑠−1 ⋅ 𝑐𝑚−2, and 𝐷 = 2.02(6) × 1010 𝑐ℎ𝑎𝑟𝑔𝑒 ⋅ 𝑠−1 ⋅ 𝑐𝑚−2 for 𝜒2 = 188 (𝜒𝜐
2 = 0.2).  𝐶 

represents an underestimate of the background used in subtraction from the raw image. 𝐵 ~ 𝐶 +  𝐷, thus, the 

strength of the fluorescence at steady state is nearly the same for the two protocols. The variation of the black 
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data from zero (neutron beam off) to a non-zero value (neutron beam on) shows that neutron capture of the 

3He:4He mixture is a necessary condition to produce fluorescence. The blue curve of Fig. 2 shows the net signal 

integrated over a long camera exposure time for the case of the neutron beam on and the lasers off. These data 

indicate the need for laser illumination to observe their fluorescence. 

Focusing on the red data in Fig. 2, the decay of the signal can be understood in terms of the neutron beam 

first creating a large abundance of 𝐻𝑒2
∗ excimers, which primarily occupy the a0 triplet ground state, because the 

lasers are not yet on.  The concentration of excimer clouds can be estimated to be 𝐴0 ~ 104 𝑐𝑙𝑜𝑢𝑑𝑠/𝑐𝑚3 from 

the beam flux, the time of a few seconds (4 s) prior to turning on the lasers, and the volume of the bulb. The 

excimers are confined to the liquid inside the bulb. Because the neutron absorption length of 0.4% 3He in liquid 

4He is large 𝜇 = 2 𝑐𝑚−1 for 𝜆 = 5.5 Å, 63% of the excimer production occurs in the region of the bulb outside 

the field of view of the camera as the neutron beam enters the bulb.  23% of the excimer production occurs 

inside the field of view.  

Next, the lasers were turned on to produce fluorescence of the excimers.  For the conditions of our 

experiment, we find the steady state fluorescence signal is ~33% of the maximum. The steady state value is 

achieved about 2.4(2) s after the lasers are turned on.  

Focusing on the black data in Fig. 2, the increase of the signal can be understood in terms of the absence 

of excimers (𝐴0 = 0 𝑒𝑥𝑐𝑖𝑚𝑒𝑟𝑠/𝑐𝑚3) before the neutron beam is turned on.  Once the neutron beam is turned 

on, 𝐻𝑒2
∗ excimers are created, and in the presence of laser light they fluoresce. With time, more excimers are 

created, yet because the fluorescence achieves a steady state, there must be competition between the production 

of excimers capable of fluorescence (those in a0 state) and loss of these excimers. Eq. 2 represents the strength 

of the fluorescence at time 𝑡 >  𝑡0, from the superposition of excimers created from time 𝑡0 (neutron beam on) 

to time 𝑡 that decay with the time scale of 𝜏2 = 2.8(3)𝑠.  

Because only the initial conditions of the two protocols (red: neutron exposure before laser illumination, 

black: laser illumination before neutron exposure) were changed (i.e., 3He concentration was constant, neutron 

flux constant, etc.), we expect the two protocols to achieve the same steady state values.  Further, because the 



Page 7 of 16 

 

steady state value is controlled by the rate active excimers are lost, the decay times (𝜏1 and 𝜏2) for the two 

protocols should be the same. The steady state values achieved by the red and black data in Fig. 2 (= 𝐵 ~ 𝐶 +

𝐷) might be increased were the decay time longer.  

From the movies (an example is Movie 1 (Ref. [40], Fig. 3(a)), we quantified the intensities, sizes and 

positions of the excimer clouds as a function of time. Clouds of fluorescence consist of charge recorded by the 

camera in a region of pixels numbering from one to several.  Because the charge integrated over the field of 

view is dominated by background and not the occasional fluorescence, the mean of the entire measurement, 𝜙, 

and the standard deviation above the mean, , were used to quantify the background. Events with peak intensity 

3 greater than 𝜙 were identified. For data recorded from an exposure with 1024 x 1024 pixels, approximately 

2000 events per frame were identified, and about 70% of these correspond to clusters of two or more pixels. In a 

region of interest (ROI) that was stepped across an image, the center of mass (CM) of a single event or cluster, 

the standard deviation of the CM, 𝜎𝐶𝑀, and the net charge of the cluster (i.e., charge greater than 𝜙) integrated 

within 2𝜎𝐶𝑀 of the CM were computed for each event/cluster. The number of events versus net charge 

integrated over the duration of the exposure is shown in Fig. 4(a) (single pixel events are shown as gray). The 

size distribution of clusters corresponding to two or more events (numbering 90,725) in close spatial proximity 

(but not in the same pixel) and occurring at the same time is shown in Fig. 4(b). The average of the size 

distribution is 25(3) m.  This average is within the range of 10 to 60 m expected from the mean free path of 

tritons and protons in liquid He and may represent a dimension characteristic of a cluster of 𝐻𝑒2
∗ excimers. 

The image for the n-th frame corresponding to fluorescence (sans background) was formed by summing 

events within 2𝜎𝐶𝑀 of the CM of each event or cluster from Movie 1 (Ref. [40]).  The sequence of these images 

comprises Movie 2 (See Supplemental Material,40 Fig. 3(b)).  Movie 2 (Ref. [40]) represents only the 

fluorescence that fulfill our discrimination criterion and should reveal the velocity field through the values of 

the CM’s corresponding to 𝐻𝑒2
∗ excimers tracer clouds. These values are needed to obtain the velocity flow of 

the tracers with particle tracking algorithms.  
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In summary, we have demonstrated the ability to create numerous 𝐻𝑒2
∗ excimers corresponding to the 

excimer cloud density of 104 /cm3 in a ~ 4 cm3 volume of liquid He. Due to the small binding energy of the 

excimers on quantized vortices, excimer clouds follow the motion of the viscous normal fluid in He II, thereby 

allowing observation of turbulence resulting from mutual friction with the superfluid component.33 At 

temperatures below about 0.6 K where the excimers can bind to vortices,32 our method may provide a non-

intrusive way to introduce excimer tracers in pure superfluid for vortex imaging. The fluorescence from the 

excimers was recorded as images of clouds measuring ~25(3) m in diameter and numbering ~34 per image in 

a 0.03 cm3 volume defined by the camera’s field of view and the 1 mm thickness of the focal plane illuminated 

by the lasers. This calculation suggests ~10% of the excimer production contributed towards excimer 

fluorescence. From Movie 2 (Ref. [40]) the sample density (of fluorescence from clouds or clusters of 𝐻𝑒2
∗ 

excimers) in the region across the camera’s field of view in the focal plane was approximately one per mm2. 

The uncertainty in the extraction of the positions of centroids of the events, i.e., the spatial resolution of the 

technique, is ~5 m.  In order to measure flow of 𝑅𝑒 ~ 105 for a cm size object in liquid He from frames 

separated in time by 18 ms would require tracking an excimer cloud across a separation of 2 mm—a separation 

too large to associate such a pair of events as being produced by the same excimer cloud. 

Looking to the future we offer perspectives on how to improve the technique. From the physics 

perspective, the steady state rate is presently limited by the loss of excimers that are able to fluoresce. The 

decay time of ~3 s is much less than the 13 s half-life of the excimer; therefore, it may be possible to increase 

the steady state value of the fluorescence by 4×, e.g., using higher power repumping lasers. Success might 

allow the technique to be implemented with portable neutron sources instead of a neutron facility, and the 

possibility to increase the sample density to one per 0.25 mm2. 

The hydrodynamics of liquid He II is controlled by phonon and roton excitations—the latter dominate at 

1.7 K—and the interactions of the excitations with impurities.42 For our experiment, the mass density of 3He 

atoms is 0.0003 g/cm3, while the mass density of rotons at 1.7 K is 0.033 g/cm3.14 Because the mass density of 

3He is only 0.1% of that of the rotons, we do not expect the presence of 3He to affect the hydrodynamics.  
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From the technical perspective, the spatial and temporal resolutions are limited by the speed of the 

camera, and the lack of a large fast buffer to store data.  With relatively straightforward improvements to the 

equipment, the spatial resolution can be improved from 5 to ~1m, and the time between exposures reduced 

from 18 to 1 ms. Finally, with the addition of a second set of lasers and a second camera, a second plane of 

fluorescence can be imaged to visualize flow in 3D.  
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Fig. 1. Schematic of the equipment to excite fluorescence of 𝐻𝑒2
∗ excimers. The position 

and time of the fluorescence is recorded by a camera. The figure is not shown to scale. The 

dimensions of the entire apparatus measures approximately 120 cm by 75 cm by 30 cm. The 

camera’s lateral field of view is 5 mm by 5 mm. (inset) Schematic of the 3He:4He reservoir 

and bulb. 
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Fig. 2. (red) Neutron beam on prior to lasers being turned on at time = 0. (blue) For neutron 

beam on and lasers off. (black) Lasers on, neutron beam off, then turned on at time ~11s. 

The bars represent 3 errors. The solid curves are fits to functions discussed in the text.  

(inset, left) Timing diagram of the experiment. (inset, right) Excimer transition scheme 

adapted from Ref. [29].  
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Fig. 3. Screenshots of the first image of (a) Movie 1 (raw movie) and (b) Movie 2 

(synthesized from the peak finding algorithm). See Supplemental Material (Ref. [40]). 
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Fig. 4. Distributions of (a) integrated intensity and (b) size of events. Data are recorded in 

a field of view mapped to 1024 x 1024 pixels in 50 exposures of 10 s each. 
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