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LHe scintillation in nEDM@SNS
3He as spin analyzer/ LHe as detector
• 3He-n reaction cross section


• 3He-UCN reaction rate


• Detect Scintillation light from the reaction products traveling in LHe


• Signature of EDM would appear as a shift in ω3−ωn corresponding to the reversal of E with respect to B with 
no change in ω3
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3He as spin analyzer/ 4He as a Detector  

•  3He-n reaction cross section 

•  3He-UCN reaction rate 

•  Detect Scintillation light from the reaction products traveling in LHe 

–  Convert EUV light to blue light using wavelength shifter 

–  Detect the blue light with PMTs 

•  Signature of EDM would appear as a shift in ω3-ωn corresponding to 
the reversal of E with respect to B with no change in ω3 
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1− p
3
⋅ pn =1− p

3
pn cos (γ n − γ 3)Bt[ ] 10/

3 nn
γγγ =−

4He superfluid filled 

measurement cell 
made of acrylic and 

coated with wavelength  
shifter 

3He + n → t + p + 760 keV     σ(parallel) < 102 b 

                                                σ (anti-parallel) ~ 104b 
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Why do we worry about the electric field?

• How much does the light yield from the n-3He capture events get suppressed at E = 75 kV/cm? 


• Similarly, how much does the light yield from neutron beta decay events get suppressed at E = 75 kV/cm? 
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Beta decay 
background

Neutron 
capture peak

Simulated spectrum for E=0 kV/cm

Scintillation yield per energy 
deposition for electrons is assumed 
to be 3.5 times larger than that for 
n-3He capture events



How does the scintillation yield change if an electric field is applied?

It was expected that the stronger recombination rate
along the dense track of low-energy Xe ions would re-
sult in a much smaller number of electron-ion pairs,
compared to that produced by electron-type recoils of
the same energy. It was not expected, however, that the
number of carriers would increase with decreasing en-
ergy. Also, it was not expected that the ionization yield
would be largely unaffected by the applied electric field.
Figure 6, also from Aprile et al. !2006", shows the field
dependence of both the ionization and the scintillation
yields of 56.5 keVr nuclear recoils, as well as for electron
recoils !122 keV gamma rays from 57Co" and alpha re-
coils !5.5 MeV from 241Am". The observed field depen-
dence may be explained by the different rate of recom-
bination, which depends on the electric field and also on
the ionization density along the particle’s track, with
stronger recombination at low fields and in denser
tracks. Simulations of low-energy nuclear recoils in LXe
show that most energy is lost to a large number of sec-
ondary branches, each having substantially lower energy
than the initial recoil. The recombination in the very
sparse ends of the many secondary branches is strongly
reduced at all fields. This situation is quite different
from that of an alpha particle. A rough measure of the
ionization density is the electronic stopping power,
shown in Fig. 7 !Aprile et al., 2006", for alphas, electrons,
and Xe nuclei, respectively. Also shown is a recent cal-
culation by Hitachi et al. !2005" of the total energy lost
to electronic excitation per path length for Xe nuclei,
which differs from the electronic stopping power in that
it includes energy lost via electronic stopping of second-
ary recoils. At very low energies, the ionization yield
appears to be high both for slow recoil Xe atoms and for
electrons. This seems to be confirmed by the observation
of very low-energy electron recoils with two-phase Xe
detectors such as XENON10 !Angle et al., 2008b".

2. Fano limit of energy resolution

In 1947, Fano !1947" demonstrated that the standard
deviation ! in the fluctuation of electron-ion pairs pro-
duced by an ionizing particle when all its energy is ab-
sorbed in a stopping material is not given by Poisson
statistics but by

!2 = #!N − Ni"2$ = F " Ni, !4"

where F is a constant less than 1, known as the Fano
factor, and depends on the stopping material. When F
=1, the distribution is Poisson-like. The calculation of
the Fano factor for LXe and other liquid rare gases was
carried out by Doke !1980", in the optical approxima-
tion. With the known Fano factor and W value, the ulti-
mate energy resolution of a LXe detector is given by

#E!keV" = 2.35%FW!eV"E!MeV" , !5"

where #E is the energy resolution, expressed as full
width at half maximum &!FWHM": keV', and E is the
energy of the ionizing radiation, in MeV. This energy
resolution is often called the Fano limit of the energy
resolution. Table III shows F and FW for electrons or
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FIG. 6. !Color online" Field dependence of scintillation and
ionization yield in LXe for 122 keV electron recoils !ERs",
56.5 keVr nuclear recoils !NRs" and 5.5 MeV alphas, relative
to the yield with no drift field !Aprile et al., 2006".
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FIG. 7. !Color online" Predicted electronic stopping power
dE /dx for different particles in LXe, based on various refer-
ences. The circles refer to the particle energies discussed by
Aprile et al., 2006.

TABLE III. Calculated Fano factor F and FW in gaseous state
and liquid states.

Material Ar Kr Xe

Gas
F 0.16a 0.17b 0.15c

FW !eV" 4.22 4.11 3.30
Liquid
F 0.116d 0.070d 0.059d

FW !eV" 2.74 1.29 0.92

aAlkhazov !1972".
bPolicarpo et al. !1974".
cde Lima et al. !1982".
dDoke et al. !1976".

2058 E. Aprile and T. Doke: Liquid xenon detectors for particle physics …

Rev. Mod. Phys., Vol. 82, No. 3, July–September 2010

Example from liquid xenon
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Two types of particles
Fast/light particles


• Low ionization density


• Particles of this type include:


• Electrons


• cosmic ray muons


Heavy/slow particles


• High ionization density


• Particles of this type include:


• alphas


• reaction products from neutron 
capture on 3He (proton and 
triton)
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Specific energy loss in LHe
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760 keV



LHe scintillation

• Singlet state: decays within ~ 1 ns emitting a ~ 80 nm photon (prompt scintillation)


• Triplet state: has a lifetime of ~ 10 s in vacuum. In high ionization density environment, gives 
delayed photon emission through Penning ionization (destructive interaction with each other)
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SF Liquid Helium Scintillation 

•  Singlet state: decays within ~ 1ns emitting a 80 nm photon (prompt 

scintillation) 

•  Triplet state: has a litefime of ~ 10 s in vacuum. Gives afterpulses 
through Penning ionization (destructive interaction with each other) 

Ionization track 
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Ionization track
• W value ~ 43 eV

• Thermalized electrons form electron bubbles

• Thermalized He+ ions form snow balls

• An electron bubble and a snow ball recombine to 

form an exited helium molecule

• Exited helium molecules are formed in singlet and 

triplet electronic states

Prompt pulse

Afterpulses



Fast/light particles vs slow/heavy particles
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▪ Electrons ▪ Alphas

r0~ 50 nm
d0~ 900 nm

dE/dx ~ 40 eV/µm

The relative number of excitations to ionizations 
is 0.31 to 0.69, respectively.


The charges are most likely to recombine with 
their partners ! geminate recombination 
(Onsager).

r0~ 50 nm
d0~ 2 nm

dE/dx ~ 20,000 eV/µm

Electron-ion pairs overlap  ! columnar 
recombination (Jaffe, Kramer).


Cylindrical Gaussian charge distribution with 
width ~ 60 nm.


r0: separation btw. ions in a pair

d0:  separation btw pairs.



Effect of an electric field on LHe scintillation
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depends on the type of ionizing particle.

(Field independent)

Recombination leads to excited molecules 
which then decay by emitting 80 nm EUV 
photons.  


Electric field suppresses recombination  ! 
suppression in scintillation light production 
& ionization current



Three experiments
• Scintillation measurement with alpha particles


• E ≤ 45 kV/cm


• 0.2 K ≤ T ≤ 1.1 K


• Source: 241Am (α energy: 5.5 MeV) 


• Ionization current measurement with electrons


• E ≤ 10 kV/cm


• Source: 63Ni (β endpoint energy: 66 keV) 


• Scintillation measurement with electrons and alpha particles


• E ≤ 40 kV/cm


• 0.44 K ≤ T ≤ 3.12 K


• Sources: 241Am (α energy: 5.5 MeV) and 113Sn (conversion electron energy: 364 keV)
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Experimental setup for alpha scintillation measurements
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Apparatus 

Feedthroughs  

(HV and sensors)  

4K heat shield for PMT 

Hamamatsu 

R7725mod 2” PMT 
(operated at ~ 3 K) 

Ground electrode 

HV electrode 

Sapphire view port 

G10 sleeve 
UVT acrylic light guide 

(top surface coated 
with TPB-PS) 

Emergency He 

outlet (pipe not 
shown) 

Heat exchanger 

(stack of Au 
coated Cu plates) 

Cryogenic 

burst disk 

DR MC plate 

1
2

 c
m

 

• Cell is made of SS cross with

 Conflat flanges 
• LHe volume is about 600 ml 
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20kV HV feedthrough Ground electrode

HV electrodeG10 sleeve
UVT acrylic light guide
(top surface coated with TPB-PS)



Results for alpha scintillation
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T. M. ITO et al. PHYSICAL REVIEW A 85, 042718 (2012)
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FIG. 10. (Color online) Mean number of PEs observed in prompt
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PE ) vs electric field strength.

electric field of 45 kV/cm. The effect of the electric field on
the prompt scintillation has little temperature dependence.

Our data shown in Figs. 9 and 10 are qualitatively consistent
with what was observed in earlier work by Hereford and
coworkers [15,23]. (Compare, for example, Fig. 9 of this work
with Fig. 2 of Ref. [23] and Fig. 10 of this work with Fig. 3 of
Ref. [15].) Note, however, that a direct comparison between
our data and the data in Refs. [15] and [23] cannot be made
because of the difference in the integration time for the prompt
pulse.

B. Analysis of TDC data

The mean number of afterpulses per prompt pulse observed
in the first 14 µs was determined by fitting a Poisson
distribution to the observed distribution of the number of
afterpulses per event (Fig. 7). The mean number of afterpulses
per prompt pulse thus obtained (NAP) is plotted against the
temperature in Fig. 11. Our results, showing a reduction in
the afterpulse intensity at lowered temperatures, are consistent
with Refs. [4] and [23]. (Although Ref. [23] only shows a plot
of the “pulse height” which is the signal integrated for the first
1 µs, and the total intensity plotted against the temperature,
the temperature dependence of the afterpulse intensity can be
inferred from the data.)

Figures 12 and 13 show the mean number of the afterpulses
(NAP) and the mean number of the afterpulses normalized
to the mean number of PEs observed in the prompt pulse
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in first 14 µs (NAP) plotted as a function of temperature for zero
electric field.
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FIG. 12. (Color online) Mean number of afterpulses per prompt
pulse observed in first 14 µs (NAP) plotted against strength of electric
field.

(NAP/N
prompt
PE ) plotted against the strength of the electric

field, respectively. We see from the figures that the afterpulse
intensity decreases with an increasing electric field strength
(Fig. 12) and that the afterpulse intensity is more strongly
affected by the electric field than the prompt scintillation
(Fig. 13). Also, in contrast to the prompt scintillation, the
effect of the electric field on the afterpulse intensity exhibits
some temperature dependence.

IV. DISCUSSION

What we have observed from our data can be summarized
as follows:

(1) The prompt scintillation yield is reduced by 15% at
∼45 kV/cm.

(2) The reduction in the prompt scintillation yield is
approximately linear in the strength of the electric field.

(3) The effect of the electric field on the prompt scintil-
lation yield has a very weak temperature dependence in the
temperature range of 0.2 to 1.1 K.

(4) The electric field has a stronger effect on the intensity
of the delayed component than it has on the intensity of the
prompt pulse.

(5) The observed temperature dependence of the prompt
and afterpulse intensities at zero electric field is in qualitative
agreement with previous work.

Below we discuss the implication of these observations.

E-field (kV/cm)
0 10 20 30 40 50

P
ro

m
pt

P
E

N/
A

P
N

0

0.05

0.1

0.15

0.2

0.25

0.3 0.2 K

0.3 K

0.4 K

1.0 K

1.1 K

FIG. 13. (Color online) Mean number of afterpulses normalized
to mean number of PEs observed in the prompt pulse (NAP/N

prompt
PE )

plotted against the strength of the electric field.

042718-6

T. M. ITO et al. PHYSICAL REVIEW A 85, 042718 (2012)

E-field (kV/cm)
0 10 20 30 40 50

P
E

P
ro

m
pt

N

8.5

9

9.5

10

10.5

11 0.2 K

0.3 K

0.4 K

1.0 K

1.1 K

FIG. 10. (Color online) Mean number of PEs observed in prompt
pulse (N

prompt
PE ) vs electric field strength.

electric field of 45 kV/cm. The effect of the electric field on
the prompt scintillation has little temperature dependence.

Our data shown in Figs. 9 and 10 are qualitatively consistent
with what was observed in earlier work by Hereford and
coworkers [15,23]. (Compare, for example, Fig. 9 of this work
with Fig. 2 of Ref. [23] and Fig. 10 of this work with Fig. 3 of
Ref. [15].) Note, however, that a direct comparison between
our data and the data in Refs. [15] and [23] cannot be made
because of the difference in the integration time for the prompt
pulse.

B. Analysis of TDC data

The mean number of afterpulses per prompt pulse observed
in the first 14 µs was determined by fitting a Poisson
distribution to the observed distribution of the number of
afterpulses per event (Fig. 7). The mean number of afterpulses
per prompt pulse thus obtained (NAP) is plotted against the
temperature in Fig. 11. Our results, showing a reduction in
the afterpulse intensity at lowered temperatures, are consistent
with Refs. [4] and [23]. (Although Ref. [23] only shows a plot
of the “pulse height” which is the signal integrated for the first
1 µs, and the total intensity plotted against the temperature,
the temperature dependence of the afterpulse intensity can be
inferred from the data.)

Figures 12 and 13 show the mean number of the afterpulses
(NAP) and the mean number of the afterpulses normalized
to the mean number of PEs observed in the prompt pulse

Temperature (K)
0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2

A
P

N

1

1.2

1.4

1.6

1.8

2

2.2

2.4

2.6

2.8

FIG. 11. Mean number of afterpulses per prompt pulse observed
in first 14 µs (NAP) plotted as a function of temperature for zero
electric field.

E-field (kV/cm)
0 10 20 30 40 50

A
P

N

0.6
0.8

1
1.2
1.4

1.6
1.8

2
2.2
2.4
2.6 0.2 K

0.3 K

0.4 K

1.0 K

1.1 K

FIG. 12. (Color online) Mean number of afterpulses per prompt
pulse observed in first 14 µs (NAP) plotted against strength of electric
field.

(NAP/N
prompt
PE ) plotted against the strength of the electric

field, respectively. We see from the figures that the afterpulse
intensity decreases with an increasing electric field strength
(Fig. 12) and that the afterpulse intensity is more strongly
affected by the electric field than the prompt scintillation
(Fig. 13). Also, in contrast to the prompt scintillation, the
effect of the electric field on the afterpulse intensity exhibits
some temperature dependence.

IV. DISCUSSION

What we have observed from our data can be summarized
as follows:

(1) The prompt scintillation yield is reduced by 15% at
∼45 kV/cm.

(2) The reduction in the prompt scintillation yield is
approximately linear in the strength of the electric field.

(3) The effect of the electric field on the prompt scintil-
lation yield has a very weak temperature dependence in the
temperature range of 0.2 to 1.1 K.

(4) The electric field has a stronger effect on the intensity
of the delayed component than it has on the intensity of the
prompt pulse.

(5) The observed temperature dependence of the prompt
and afterpulse intensities at zero electric field is in qualitative
agreement with previous work.

Below we discuss the implication of these observations.

E-field (kV/cm)
0 10 20 30 40 50

P
ro

m
pt

P
E

N/
A

P
N

0

0.05

0.1

0.15

0.2

0.25

0.3 0.2 K

0.3 K

0.4 K

1.0 K

1.1 K

FIG. 13. (Color online) Mean number of afterpulses normalized
to mean number of PEs observed in the prompt pulse (NAP/N

prompt
PE )

plotted against the strength of the electric field.

042718-6

Prompt (first 80 ns)
Afterpulse  

(during the 14 μs following the promopt)

• The prompt yield reduction is about 15% at 45 kV/cm.  
• Very little temperature dependence in both the 

scintillation yield at 0 field and the effect of E field.

• The after pulse counts reduce with both decreasing 
temperature and increasing E field.



Columnar theory of recombination
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n± :  ion density

µ± :  ion mobility

E :  electric field
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D± :  diffusion coefficient

α :  recombination coefficient
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Langevin relation :  α = e(µ+ + µ−) /ε0

Columnar theory 

•  Ignore the diffusion term (Kramers): valid in dense 

fluid 

•  Furthermore, when µ+=µ-, the theory is independent 

of mobility. 

•  If a cylindrical Gaussian charge distribution is 

assumed, the theory only depends on  the radius of 
the column b: 

•  The fraction of ions that do not recombine and are 

observed as ionization current is given by 
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Fitting the prompt data with the Columnar theory
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Contribution to the prompt signal from 

exited atoms and excimers 

•  Define: 

•  Estimate based on theoretical calculation of ionization 
process [1] gives x = 0.4 

–  excitations : ionizations = 0.45 : 1 [1] 

–  singlet atoms : triplet atoms = 5 : 1 [1] 

–  singlet excimers : singlet excimers = 1:3 

•  This gets further modified by Hornbeck-Molnar process:  

•  1/3 of the atoms promoted to excited states will have n≥3, 
the other 2/3 having n = 2 [2], giving, x ~ 0.6.  

[1]  Sato, Okazaki, Ohno, Bull. Chem. Soc. Jpn. 47, 2174 (1974). 

[2]  Berkowitz, J. Phys. B, 30, 81 (1997).                                                                                                  
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Need to consider the contribution from excited 
atoms to the prompt scintillation

T. M. ITO et al. PHYSICAL REVIEW A 85, 042718 (2012)

Electric field (kV/cm)
1 10 210

N
or

m
al

iz
ed

 io
ni

za
to

n 
cu

rr
en

t

-210

-110

1

Data: Gerritsen, Physica 14, 407 (1948)
      (Table 6, LHe 1.3 K)             

 

Curve: Kramers, Physica 18, 665 (1952)
 = 60 nm)        b      (Eq.(9) with 

FIG. 14. (Color online) The best fit of Kramers’s theory to
Gerritsen’s data with b = 60 nm. The ionization current is normalized
to the saturation current.

initial recombination.3 However, at electric field strengths
below that corresponding to the saturation current, charge
carriers that initially recombine can contribute to the ionization
current through processes such as Penning ionization [Eqs. (1)
and (2)]. A crude estimate indicates that such contributions
could be larger than 10%.

(2) The Langevin relation between recombination coeffi-
cient and mobility is α = e(u+ + u−)/ε0. In the approximation
that the mobilities of the two species are the same, the
electric field dependence of the current is independent of
mobility, as it enters the recombination and electric field
terms in the same manner. At the temperature within the
track of approximately 2 K (see below), the mobilities of the
positive and negative ions are approximately the same [32],
having the value of u+ + u− ∼ 10−5 m2V−1s−1. Hence the
recombination coefficient is α ≈ 2 × 10−13 m3/s.

(3) From the Einstein relation D = kT u/e, the diffusion
coefficient is calculated to be ∼1.7 × 10−9 m2/s. Since the
initial charge densities along the track are the order of
1022 m−3, diffusion plays little role in affecting the density
distribution at early times when recombination is dominant.
At longer times when the concentrations have decreased
substantially, diffusion can influence the charge separation.

(4) The assumption that the positive ions and the electron
bubbles initially have the same spatial distribution is unlikely
to be correct. The ionization events from the α particle or from
secondary electrons with energy sufficient to create further
ionizations occur in a small cylinder about the track of less than
10 nm. He ions do not move appreciably in the time it takes
for the electrons to thermalize and form a bubble. However,
once the energy of secondary electrons drops below 20 eV,
the first excited state of He, the only process by which they
can lose energy is elastic scattering from helium atoms. Since
the fraction of energy an electron loses in such a collision
is very small, being dependent on the ratio of the mass of
the electron to that of the atom, the order of 104 collisions

3In the literature, the term “initial recombination” is used to mean
“geminate recombination” as discussed in Ref. [30]. Here we use
the term “initial recombination” to mean the recombination that
immediately follows the passage of an α particle.

are required to decrease an initial energy of 10 eV to below
0.1 eV, which is thought to be necessary for bubble formation.
From the cross section for elastic scattering, which varies from
3 to 6 × 10−16 cm2 between 1 and 10 eV, and the liquid density,
the mean free path is roughly # ∼ 1 nm and the mean distance
for diffusion, proportional to the square root of the number
of scatters, is on the order of 100 nm [33]. But as Muñoz
et al. [34] point out, if the initial positive and negative charge
distributions are Gaussian with very different radii, then the
radial field arising from the different charge distributions can
be large, easily in the range of 100 to 1000 kV/cm for an α track
in helium assuming 10 nm for the radius of the positive ions
and 100 nm for the electrons. The two distinct distributions will
therefore rapidly merge to form a more uniform distribution
assumed in the Jaffe and Kramers theories. The positive-ion
snowballs, having a mobility comparable to that of the electron
bubble at the initial temperature of ∼2 K along the track (see
below), will expand outward and the electrons contract inward.

(5) A significant fraction of the secondary electrons pro-
duced by an α particle have energies above the He ionization
energy of 24.6 eV and are therefore capable of creating further
ionization. At low energies the probability that a secondary
electron will have a particular energy E decreases relatively
slowly with increasing energy, varying as E−2 [35]. Since
the cross section for ionization or excitation by an electron
in the range of 25 to several hundred eV is on the order of
10−17 cm2, these ionizations and excitations would occur a
considerable distance from the track were it not for elastic
scattering. The elastic scattering cross section for an 100 eV
electron is 1 × 10−16 cm2 so that energetic electrons will
undergo many random scatterings, on average remaining in
the vicinity of the α track. Such electrons may have the effect
of modifying the charge distribution but not to the extent that
a Gaussian distribution is not a reasonable approximation.

The measured electric field dependence of the prompt
scintillation can be fit well using the Kramers theory for a
range of different Gaussian widths b. The value of b depends
on the choice of the fraction x of scintillation resulting from
species created by ionization, which can be affected by the
electric field. The results are shown in Fig. 15. Figure 16
shows the χ2 per degree of freedom of the fit of Kramers
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Predicting LHe scintillation yield and its E-
field dependence for n-3He capture events 
• The difference in the ionization density between alphas and the n-3He capture 

products (proton and triton) causes the scintillation from n-3He capture to differ from 
that from alpha in the following ways: 


• The high ionization density for both alphas and the n-3He capture products causes 
quenching of scintillation yield, due to nonradiative destruction of singlet species. 
(We expect 23% of deposited energy to be emitted as prompt scintillation in the 
absence of quenching but only 10% of the deposited energy is emitted as prompt 
scintillation.) The lower ionization density for the n-3He capture products makes the 
quenching less. 


• The E field dependence also depends on the ionization density through the 
parameter 

16

f =

p
⇡✏0bE
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Model for quenching and prediction for n-3He
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Quenching for scintillation induced by 

the reaction products of 3He(n,t)3H 

•  For α induced scintillation, fs = 0.47. 

–  The fraction of the deposited energy going to the 
prompt scintillation is 10% whereas the expected value 
in the absence of quenching is 23%. 

•  fs = 0.47 gives ξ=3.5. 

–  This gives ϒs=2.3×10-9 cm3/s. 

•  Setting ξ=1.75 gives fs = 0.58 for scintillation induced by 
the 3He(n,t)3H reaction products. 

–  The fraction of the deposited energy that goes to the 
prompt scintillation is 13%. 

–  The number of prompt EUV photons emitted per 
neutron capture event is ~ 6200 for E=0 kV/cm.    

48 

Model for quenching 

•  Penning ionization of singlet excimers and atoms 

•  The fraction of singlets that contribute to prompt scintillation 

•  If we know fs for α induced scintillation, we can predict what fs is 

for neutron capture reaction induced scintillation. 
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For every two excimers destroyed, a new one is 

formed, ¼ of the time in the singlet state and ¾ 

of the time in the triplet state.  

Quenching for scintillation induced by 

the reaction products of 3He(n,t)3H 

•  For α induced scintillation, fs = 0.47. 

–  The fraction of the deposited energy going to the 
prompt scintillation is 10% whereas the expected value 
in the absence of quenching is 23%. 

•  fs = 0.47 gives ξ=3.5. 

–  This gives ϒs=2.3×10-9 cm3/s. 

•  Setting ξ=1.75 gives fs = 0.58 for scintillation induced by 
the 3He(n,t)3H reaction products. 

–  The fraction of the deposited energy that goes to the 
prompt scintillation is 13%. 

–  The number of prompt EUV photons emitted per 
neutron capture event is ~ 6200 for E=0 kV/cm.    
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FIG. 21. (Color online) Predicted number of prompt EUV pho-
tons for LHe scintillation produced by products of 3He(n,p)3H
reaction with x = 0.65 and b = 62 nm.

obtained allows us to make a crude estimate of the coefficient
for bimolecular decay of the singlet species. For nt = rtsns =
3ns , with ns0 = 2.4 × 1016 cm−3 and τs = 10−8 s, ξ = 3.5
gives γs = 2.3 × 10−9 cm3/s for the singlet excimers. This
value for γs is about an order of magnitude larger than the
value measured for the coefficient for bimolecular decay of the
triplet excimers [39,46,47]. The difference could be attributed
to the suppression of this process for the triplets states due
to the electron spin flip required for the triplet excimer to
go to the dissociated ground state. Similar differences have
been observed in the deexcitation rates of singlet and triplet
states of helium atoms when encountered by other atoms and
compounds [48].

Assuming that the quenching fraction is the same for
excimers and excited atoms, setting ξ = 1.75 (=3.5/2) in
Eq. (17) yields fs = 0.58 for LHe scintillation induced by the
3He(n,p)3H reaction. It follows that the fraction of deposited
energy emitted as prompt scintillation is expected to be 13% for
LHe scintillation produced by the products of the 3He(n,p)3H.

Note that this result is somewhat independent of the details
of the model. As long as the differential equation for ns has
the form ṅs = −γ ′

s n
2
s − ns/τ

′
s , Eq. (17) holds and we obtain

the same value for fs for LHe scintillation induced by the
3He(n,p)3H reaction.

3. Prediction on number of prompt EUV photons
due to neutron capture on 3He

With the model for quenching discussed above and
Kramers’s theory, we can make a prediction of the number

of prompt EUV photons emitted when a neutron is captured
by a 3He atom in superfluid LHe. In Fig. 21 the predicted
number of the prompt EUV photons for 3He(n,p)3H is plotted
as a function of the electric field.

Habicht [49] in his thesis reports measurements of the
scintillation resulting from a number of different ionization
sources including the 3He(n,p)3H reaction in liquid helium
at zero field and 1.8 K. However, it is difficult to make a
comparison with his results given the lack of specificity of the
experimental parameters such as geometry, solid angle, etc.

V. CONCLUSION

The prompt scintillation signal from α particles stopped
in helium exhibits a 15% reduction in an electric field of
45 kV/cm. This field dependence is consistent with the
current versus field measurements of Gerritsen [31] and with
Kramers’s analysis of columnar recombination. We conclude
using Kramers’s theory that roughly 40% of the scintillation
results from species formed from atoms originally promoted
to excited states by the α particle and 60% from excimers
created by ionization and subsequent recombination, with the
electrons initially having a cylindrical Gaussian distribution
about the α track of 60 nm.

The delayed scintillation signal, the time dependence
of which is decomposed in the manner suggested by
McKinsey et al. [4], exhibits stronger field and temperature
dependencies than does the prompt scintillation. The stronger
field dependence is the consequence of the fact that the slow
component of afterpulses are from triplet excimers undergoing
the Penning ionization process followed by recombination
forming singlet excimers. As such, it receives the effect of
the electric field twice, once at the initial recombination
producing triplet excimers, and once at the recombination
following the Penning process. The temperature dependence
involves the diffusion of the excimers away from the α track
into the surrounding bulk liquid.
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Hence, the dependence of current on field provides a means to
obtain the charge distribution, D(r), where r = (e/4πε0E)1/2,

D(r) = 4π1/2ε
3/2
0 E5/2

e3/2

d

dE

(
i + E

di

dE

)
. (10)

The charge distribution can be determined from the first and
second derivatives of the current with respect to field.

III. EXPERIMENT

A. Apparatus

A measurement of current with respect to field was made in
three different cells. All cells were cylindrical with electrodes
on the ends of the cylinder. For measurements in the liquid,
one cell had a diameter of 2.5 cm and a height of 0.4 cm (see
Ref. [14] for more details), and another had dimensions of
6-cm diameter and 1-cm height. For measurements in the gas,
the cell had a diameter of 6 cm and a height of 3.8 cm. The
source of electrons was a 1-mCi 63Ni β emitter having an end
point of 66 keV. The source was placed on a metal substrate
that was part of one of the electrodes. The range of a 66 keV
electron is 5 × 10−2 cm in 2.5 K liquid and is 0.6 cm in 4 K gas.
Therefore, for all measurements all primary electrons ranged
out well within the cell. The saturation current, measured in
gas, was 2900 pA. The accuracy to which the current could be
determined varied somewhat with the measurement, ranging
from 0.1 pA at low currents to 5% of the value at high currents.
Measurements of current were made with both polarities of the
field between the electrodes.

The results for the two polarities were consistent with each
other when account was taken for the contribution from the
primary electrons, which was about 6.2 pA, corresponding to a
source activity of 1 mCi. The absence of polarity dependence
indicates that certain possible systematic effects were small
(see discussion below). The ratio between the saturation
current and the current due to the primary electrons is
consistent with the known W value of 43 eV. The data for liquid
taken with two different cells were consistent with each other
within the uncertainty of the measurements where the data
overlap. This indicates that geometry-dependent systematic
effects, such as those due to leakage currents, are smaller than
the statistical uncertainty.

B. Liquid helium

1. Measurements at 2.5 K

The results of measurements [15,16] of the current pro-
duced by the β emitter in liquid helium at 2.5 K are plotted in
Fig. 1 where the current has been normalized to the saturation
current (2900 pA) measured in dilute gas. The solid curve is an
empirical fit to the data points. The inaccuracies in estimating
the derivatives of current can be large at high fields where no
data exists and an extrapolation is required.

The charge distribution computed from the empirical fit
using Eq. (10) is shown in Fig. 2. Also shown in the figure
is a Gaussian distribution, D(r) ∝ e−(r/b)2

, with b = 4 ×
10−6 cm for comparison. Several features are worthy of note.
First, the slight decrease in the calculated density at distances
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FIG. 1. (Color online) Current from 63Ni source as a function of
applied field. Symbols are data from measurements in two different
cells and at different times with one of them. Representative error
bars are shown for several points. The dashed and dotted lines are
calculations of the escape probability using the Onsager theory of
geminate recombination. The dashed line uses the distribution of
charge separations shown in Fig. 2 while the dotted line is for a
Gaussian distribution with b = 4 × 10−6 cm and no tail.

below 3 × 10−6 cm is of no significance. It can easily be
the result of a small error in the normalization and/or the
extrapolation of the empirical equation into the field region
above 104 V/cm where no measurements of current are
available. Second, the current at low fields bears little relation
to what is expected for a Gaussian distribution. The distribution
obtained from the data does not decrease exponentially with
distance, but rather varies approximately as a power law,
at least over a limited range in r . At large distances the

FIG. 2. (Color online) Solid line: Distribution determined from
field dependence of current using Eq. (10). Dotted line: Gaussian
distribution exp(−(r/b)2) with b = 4 × 10−6 cm. Dashed line:
Distribution of electrons from track assuming all triplet excimers
undergo Penning ionization. The vertical line at r = 4.3 × 10−5 cm
demarks the position given by r = (e/4πε0E)1/2 corresponding to the
high field separating regions where the current has been measured
from that where it is extrapolated. The value r of 1.2 × 10−4 cm
marking the low field limit of current measurement is off scale in this
plot.
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Ionization current from 63Ni source

Ionization current 
corresponding to 

a gaussian distribution 
for the initial charge 
separation

Ionization current from electron source and initial charge distribution Onsager theory 

•  Each ion-electron pair is spatially separated 

(geminate recombination). 

•  The electron and the ion are attracted by the 

Coulomb force while subject to the external electric 

field and Brownian motion. 
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Experimental setup for electron scintillation measurements
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Results for prompt signal (first 100 ns)
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113Sn betas
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FIG. 6. The absolute mean number of detected PEs in the prompt signal (first 100 ns) as a function of the applied electric field for
(a) 241Am α particles and (b) 364 keV electrons from 113Sn.

NPE(T, E = 0) is the number of photoelectrons detected at
the same temperature T and zero field. In Fig. 8, the zero-field
normalized detected prompt scintillation yield as a function of
the applied electric field is shown. The normalized α prompt
scintillation yield exhibits an interesting, and perhaps sur-
prising, temperature dependence of the yield reduction with
field. This feature was not observed by Ito et al. [21] over the
temperature range of 0.2 K to 1.1 K. Consistent with their
observation is the absence of a temperature dependence in
our data below 1.15 K. The yield reduction that we observe
between 0 and 40 kV/cm at 0.44 K is about 11%, which
is in good agreement with the results from Ito et al. Small
differences are attributable to the uncertainty in the electric
field in both experiments. For this experiment, the estimated
uncertainty in the gap spanned by the high-voltage electrode
and the ground grid, and hence the electric field, is ≈5–10%.
Furthermore, the measurements in this work are acquired at
≈600 Torr while those from Ref. [21] are taken at SVP, and
density effects may play a role. The electron light yield and its
field dependence will be discussed in more detail in Sec. IV B.

4. Effect of voltage polarity on electrons

Given that most of the ≈364 keV electrons from the radi-
ation source used in this experiment will transverse the entire
high field region between the electrodes, the effect of the elec-
tric field on their energy and trajectories must be considered.
For this purpose, measurements were obtained for a potential
difference between the electrode and wire mesh of −15 kV to
+15 kV. These measurements are only made at T = 0.44 K,
and the normalized scintillation yield of the prompt signal at
this temperature for the two electrode polarities is shown in
Fig. 9 (top plot). Note that the horizontal axis represents the
absolute value of the electric field.

With a range of ≈7 mm for 113Sn conversion electrons
in LHe and a high field region gap size of ≈3.8 mm, only
electrons tracks with steep angles relative to the electrode
surface normal will range out in the liquid. This implies that
the effect of the electric field (relative to no field) should be of
order a few percentages (40 kV/cm × 0.38 cm/364 kV =
4%). Plotted in Fig. 9 (bottom plot) is the half-difference
between the negative and positive polarity light yield, showing
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• The results for alphas are consistent with our previous results.

• For electrons, the electric field dependence for low temperature data are consistent with what is 

expected from the ionization current measurement.

• The low field data points for higher temperature data for electrons appear to be at odds with other 

data points. 
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FIG. 6. The absolute mean number of detected PEs in the prompt signal (first 100 ns) as a function of the applied electric field for
(a) 241Am α particles and (b) 364 keV electrons from 113Sn.

NPE(T, E = 0) is the number of photoelectrons detected at
the same temperature T and zero field. In Fig. 8, the zero-field
normalized detected prompt scintillation yield as a function of
the applied electric field is shown. The normalized α prompt
scintillation yield exhibits an interesting, and perhaps sur-
prising, temperature dependence of the yield reduction with
field. This feature was not observed by Ito et al. [21] over the
temperature range of 0.2 K to 1.1 K. Consistent with their
observation is the absence of a temperature dependence in
our data below 1.15 K. The yield reduction that we observe
between 0 and 40 kV/cm at 0.44 K is about 11%, which
is in good agreement with the results from Ito et al. Small
differences are attributable to the uncertainty in the electric
field in both experiments. For this experiment, the estimated
uncertainty in the gap spanned by the high-voltage electrode
and the ground grid, and hence the electric field, is ≈5–10%.
Furthermore, the measurements in this work are acquired at
≈600 Torr while those from Ref. [21] are taken at SVP, and
density effects may play a role. The electron light yield and its
field dependence will be discussed in more detail in Sec. IV B.

4. Effect of voltage polarity on electrons

Given that most of the ≈364 keV electrons from the radi-
ation source used in this experiment will transverse the entire
high field region between the electrodes, the effect of the elec-
tric field on their energy and trajectories must be considered.
For this purpose, measurements were obtained for a potential
difference between the electrode and wire mesh of −15 kV to
+15 kV. These measurements are only made at T = 0.44 K,
and the normalized scintillation yield of the prompt signal at
this temperature for the two electrode polarities is shown in
Fig. 9 (top plot). Note that the horizontal axis represents the
absolute value of the electric field.

With a range of ≈7 mm for 113Sn conversion electrons
in LHe and a high field region gap size of ≈3.8 mm, only
electrons tracks with steep angles relative to the electrode
surface normal will range out in the liquid. This implies that
the effect of the electric field (relative to no field) should be of
order a few percentages (40 kV/cm × 0.38 cm/364 kV =
4%). Plotted in Fig. 9 (bottom plot) is the half-difference
between the negative and positive polarity light yield, showing
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(a) 241Am α particles and (b) 364-keV electrons from 113Sn.

035503-7

• This unexpected temperature dependence for low field data was the reason for the 
discrepancy seen for low field, high temperature data. 


• This, in turn, was caused by the finite recombination time, which has a strong 
temperature dependance due to the temperature dependent ion mobility
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FIG. 12. The zero-field mobility of positive and negative ions in
LHe as a function of temperature from Donnelly and Barenghi [53].

yield for different temperature datasets converge to approxi-
mately the same value with increasing field strength. This is
indicative of an effect that is manifested at zero or low fields
but become greatly diminished, or possibly vanishes entirely,
at higher fields.

If we consider the prompt signal at zero field as a function
of temperature as shown in Fig. 7(b), then it is immediately
apparent that the amount of detected light is much higher for
the data measured at temperatures below the λ transition. For
instance, the detected yield at 3.12 K is approximately 12%
lower than that measured at 0.44 K. Perhaps the behavior is
merely a result of a liquid density temperature dependence?
However, a more careful examination reveals that a change
in the liquid density cannot be the primary reason for the
observed behavior. Since our measurements are acquired with
the liquid under a pressure of ≈600 Torr, the difference in
density between 0.44 K and 3.12 K is only about 3%, and
there are very small density differences for temperatures in the
range of 0.44 K to 2.35 K (Table I). Therefore, density effects
alone cannot explain the observed temperature dependence of
the zero-field data, particularly the <3 K data.

3. Ion mobility and recombination time

Of the many properties of LHe that are known to change
with temperature, the mobilities of ions are of particular inter-
est because they affect the recombination process. As shown
in Fig. 12 the zero-field mobility of both the positive and
negative ions changes rather rapidly below the λ transition
[53]. The change here mirrors what is observed in the absolute
scintillation yield of Fig. 7(b). It is therefore conceivable that
an effect arising from a temperature-dependent ion mobility
may explain the zero-field temperature dependence of the
electron prompt scintillation yield.

The mechanism by which the temperature-dependent mo-
bility would affect the detected prompt light yield has to do
with the finite recombination time for the thermalized ion
pairs. In this experiment, the integration time for the prompt
pulse is set to 100 ns, so that scintillation light emitted by
excimers formed through recombination after this time will

not be accumulated in the prompt signal. Qualitatively, the
trend of the ion mobilities shown in Fig. 12 is not inconsistent
with the observed lower light yield detected at higher temper-
atures; the mobilities are much smaller at these temperatures,
so that the ions will take longer to recombine as compared to
when the temperature is below the λ transition, resulting in a
reduced detected light yield for a given finite signal integration
time window.

To illustrate this point more quantitatively, consider the
simple case of a single pair of ions separated by distance r0.
Once they have thermalized, the pair will drift toward one
another due to their mutual Coulomb attraction. Under the
assumption of a field-independent mobility and ballistic ion
motion, an estimate of the recombination time, τr , is given by

τr = 4πε0εr

3qµ
r3

0 = 4πε

3q(µ+ + µ−)
r3

0 , (13)

where µ = µ+ + µ− is the combined mobility, q the electric
charge, and ε = ε0εr is the permittivity of LHe. Williams [54]
obtained the same estimate of the recombination time and also
applied the Nernst-Einstein relation, D = µkBT/q, to relate
the mobility to the diffusion coefficient.

From Seidel et al. [22], the typical separation for ion pairs
produced by an electron is ≈40 nm with 10% of the ion pairs
having an initial separation greater than 100 nm. Considering
that the difference in the zero-field light yield between 0.44 K
and 3.12 K is ≈12%, we take the latter separation distance
as representative of the relevant length scale to consider. The
estimated recombination time at a separation of r0 = 100 nm
is τr ≈ 38 ns for T = 3.12 K but is <1 ns for temperatures
below 1 K. Hence, the estimate for T = 3.12 K is of the same
order as the signal integration time. Certainly, the assumption
of ballistic motion is not entirely accurate because diffusion is
present. But in the more accurate description that includes the
effects of diffusion, the true recombination time is longer than
the estimate obtained from Eq. (13). In fact, Ludwig [55] has
shown that Eq. (13) overestimates the recombination rate (i.e.,
underestimates the recombination time). Thus, this estimate
can be thought of as representing somewhat of a lower bound
on the recombination time.

An upper bound on recombination time can be obtained by
considering the case of diffusion dominated motion. In such a
case, the average time for a displacement, r0, is

τr,D = r2
0

2(D+ + D−)
, (14)

with D+ and D− being the coefficients of diffusion for the
positive and negative ions, respectively [56]. For r0 = 100 nm
and T = 3.12 K, the diffusion dominated recombination time
is τr,D ≈ 2900 ns. The true recombination time as well as the
experimental integration time both lie within the calculated
bounds, so the significance of this effect on the detected light
signal cannot be immediately dismissed.

There are, of course, other effects that must also be con-
sidered in this analysis. These include the field dependence
of the mobility and the effect of vortex rings on ion motion.
The latter effect, however, appears not to be significant for
temperatures close to Tλ; the positive ion does not become
trapped in a vortex ring unless T ! 0.65 K, and a negative
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FIG. 16. The normalized scintillation yield as a function of tem-
perature normalized to the yield at 0.44 K (black squares), and the
yield obtained from calculations of the recombination probability for
the thermalization distributions derived from model fits with different
values of fs.

suggestive of a heavier tailed thermalization distribution; the
data show a larger yield reduction at low fields than what
the model predicts with the ionization current from Seidel
et al. [22]. However, it is important to note that this does not
necessarily suggest that the distribution from their work is in
error. Rather, it is likely that their distribution is not applicable
to the scintillation data from this work due to differences in
experimental setups. In particular, the energies of the electron
sources used in the two experiments are quite different (mean
energy of 17 keV for 63Ni vs 364 keV for 113Sn), and so the
distribution of separation distances of the thermalized charges
need not necessarily be the same because the initial energy
and spatial distribution of the secondary electrons are not
necessarily identical. We will expand on this point in more
detail in Sec. IV C.

Utilizing the model derived thermalization distributions,
the predicted light yield as a function of temperature at zero
field as given by Eq. (17) is shown in Fig. 16. The distributions
are obtained from a fit of the scintillation data at 0.44 K.
The fraction of prompt scintillation light due to recombina-
tion and excitation is taken to be fs and 1 − fs, respectively.
Corrections for density effects on the thermalization distribu-
tion are included in the calculations. This is done by letting
r → r(ρ0/ρT ), where ρ0 is the density at 0.44 K and ρT is the
density at temperature T . Additionally, the data points incor-
porate changes to the photon geometric acceptance onto the
TPB wavelength shifting coating due to density/temperature
effects, and these are accounted for with simulations.

The calculated temperature dependence of the zero-field
yield reproduces the general trend of the data. Uncertainties
in the value of the prefactor fs does not appear to signifi-
cantly alter the behavior of the yield with temperature. The
lack of complete agreement between calculations and data
may be due to the presence of other effects besides finite
recombination time. Perhaps, another temperature-dependent
effect influencing the scintillation yield exists, one which is
not accounted for by our model. Moreover, it must also be

mentioned that in the discussion thus far we have assumed a
field-independent mobility. However, experiments show that
this assumption is only valid for fields up to a few 100 V/cm,
beyond which point the mobility decreases. When the ion-pair
separation is less than ≈100 nm, the field strength is >1000
V/cm and the drift velocity of the ions at low temperatures
may approach the Landau limit (≈60 m/s), above which the
mobility reduces with increasing field strength [3]. But when
the drift velocity is at the Landau limit, the time to transverse
the final 100 nm is only a few ns, so this effect appears
negligible when compared to the signal integration time. At
higher temperatures, a decrease in mobility at high fields may
still play a significant role.

To summarize: In Sec. IV B 1, we introduced a model that
related the scintillation yield to the ionization current. We
then compared the observed effect of an electric field on
the scintillation yield measured in this work to the model
prediction that used the ionization current data from Ref. [22].
We found that our data for the normalized scintillation yield
for T < 2 K has fair agreement with the model, but the
apparent temperature dependence observed is not immedi-
ately explained. In Sec. IV B 2, we pointed out that the
apparent temperature dependence of the normalized scintil-
lation yield as function of field can, however, be attributed
to the temperature dependence of the zero-field scintillation
yield, which implied that the model is not necessarily inad-
equate. Section IV B 3 discussed the possible effect that the
temperature-dependent mobility of positive and negative ions
has on the detected zero-field scintillation yield when the
signal integration time is finite. In Sec. IV B 4, we presented
a more refined treatment of the effect using an approximate
solution of the Debye-Smoluchowski equation. Before apply-
ing this solution, we determined the ionization current and
ion thermalization distribution from our low-temperature data
(0.44 K) in Sec. IV B 5. Using this information together with
the approximate solution, we then calculated the effect of the
temperature-dependent mobility on the zero-field scintillation
yield for the signal integration time of 100 ns in this ex-
periment. The calculated effect is shown to agree well with
our observed zero-field temperature dependence. Thus, there
is consistency between the model and the features observed
in our measurements after accounting for the effect of finite
recombination time on the detected scintillation signal.

The preceding analysis shows that the ionization current
and thermalization distribution determined from our scintil-
lation data exhibit clear differences to those from Ref. [22].
We discuss the possible reason behind this disparity and its
implications in Sec. IV C.

C. Energy dependence of thermalization distribution

The spatial distribution of thermalized secondary electrons
with respect to their geminate partners depends on the ini-
tial energy distribution of the electrons and the energy loss
processes they undergo in the medium. For instance, a 10-eV
electron is estimated to require on the order of 104 collisions
before being thermalized in a sphere of approximately 100 nm
from its positive ion partner [22]. In principle, knowledge of
the initial energy distribution and all the energy loss processes
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𝜕𝜌(→𝑟 , 𝑡)
𝜕𝑡

= 𝛻𝐷 ∙ (𝛻𝜌 +
𝜌

𝑘𝑇
𝛻𝑈)

Temperature dependent germinate 
recombination is described by the Debye-
Smoluchowski equation.

Onsager’s theory corresponds to the 
solution of this equation in the limit of t→∞

ρ: probability density of the ion-
electron distance


D: diffusion coefficient

U: interaction energy between 

electron-ion pair
Curves from the solution of Debye-
Smoluchowski equation for different 
contributions from scintillation from 
excited atoms
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Total spectrum

Neutron capture

Beta background

Input/assumptions 
Neutron capture

• We expect ~20 PE from V. Cianciolo’s light 

collection R&D 


• ~10% of deposited energy is emitted as 
prompt scintillation light at 75 kV/cm from our 
measurement with alphas and our model.


• For alphas, 10% of energy is emitted as 
prompt from Adams, et al Phys. Lett. B 
341, 431 (1995)


For beta background

• α/β ratio = 0.45 from our measurement


• The prompt scintillation light from neutron 
beta decay is reduced by 48% at 75 kV/cm 
compared to the zero field value from our 
measurement.



Summary
• We have measured the electric field dependence of the prompt LHe scintillation 

yield from alphas and electrons.


• The results from alphas can be well described by the columnar theory of 
recombination. 


• The results from electrons are consistent with our ionization current measurement. 


• We observed for the first time the effect of finite recombination time for electrons. 


• The results from alphas and our model for quenching predict that for n-3He 
capture events, ~10% of deposited energy to be emitted as prompt scintillation 
light at 75 kV/cm.


• The results from electrons indicate that the prompt scintillation light from neutron 
beta decay is reduced by 48% at 75 kV/cm compared to the zero field value. 
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