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Effect of an electric field on superfluid helium scintillation produced by a-particle 
sources 

T. M. Ito: S. M. Clayton, and J. Ramsey 
Physics Division, Los Alamos National Laboratory, Los Alamos, NM 87545 

M. Karcz , C.-Y. Liu , J. C. Long, H.-O. Meyer , and T. G. Reddy 
Department of Physics Indiana University, Bloomington, IN 47405 

G. M. Seidel 
Department of Physics, Brown University, Providence, RI, 02912 

(Dated: May 31, 2011) 

We report a study of the intensity and its time dependence of scintillation produced by weak 
a-particle sources in superfiuid helium in the presence of an electric field (0 - 45 kV fcm) in the 
temperature range of 0.2 K to 1.1 K at the saturated vapor pressure. Both the prompt and the 
delayed components of the scintillation exhibit a reduction in intensity with the application of an 
electric field. The reduction in the intensity of the prompt component is well approximated by 
a linear dependence on the electric field strength with a reduction of 15% at 45 kV fcm. When 
analyzed using the Kramers theory of columnar recombination, this field dependence leads to the 
conclusion that 40% of the scintillation results species formed from atoms originally promoted to 
excited states and 60% from excimers created by ionization and subsequent recombination, with 
the charges initially having a cylindrical Gaussian distribution about the a track of 60 nm. The 
intensity of the delayed component of the scintillation has a stronger dependence on the electric field 
strength and on temperature. The implications of these data on the mechanisms in liquid helium 
affecting scintillation are discussed. 

PACS numbers: 34.50.Gb, 33.50.-j,82.20.Pm 

I. INTRODUCTION 

The phenomenon of liquid helium (LHe) scintillation 
due to passage of charged particles was discovered in the 
late 1950's [1, 2]. Since then rather extensive studies have 
been conducted, motivated both by its intrinsic interest 
(including an interest in illuminating the behavior of ions 
and neutrals in superfluid helium) and by the application 
of liquid helium as a particle detector [3, 4]. (For a brief 
review of early work, see Ref. [5]. A more recent review 
can be found in the introduction of Ref. [4].) 

The following picture has emerged from these studies 
as the process for liquid helium scintillation production 
(see e.g. Refs. [4 , 7- 9]): when a charged particle passes 
through liquid helium, it deposits energy to the medium, 
part of which goes to ionization, creating electron-ion 
pairs along its track. Atoms in excited states are pro
duced as well. The W value, the average energy re
quired to produce one electron-ion pair , in liquid helium 
is W rv 43 eV [10]. Electrons and ions then thermal
ize with the liquid helium. The electron subsequently 
forms a "bubble" in the liquid, pushing away surround
ing helium atoms as a consequence of Pauli exclusion. 
The He+ ion, on the other hand, forms a "helium snow 
ball" attracting surrounding helium atoms. The bubbles 
and snow balls then recombine quickly (rv 10-11 s) form-
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ing excited helium molecules (excimers). The molecules 
are formed in the triplet and singlet states. The sin
glet state molecule, He2(A1"E;t) , radiatively decays in 
less than 10-8 s to the (unbound) ground state, emit
ting a rv 16 eV ultraviolet photon, contributing to the 
prompt component of scintillation. Excited atoms in sin
glet states also contribute to the prompt scintillation sig
nal. The triplet state molecule, He2 (a 3 "E~"), on the other 
hand, has a lifetime life of rv 13 s in liquid helium [11, 12]. 
In a high excitation density environment, however, the 
triplet state excimers can also be destroyed through the 
Penning ionization process 

(1) 

or 

If a singlet excimer is formed as a result of Penning ion
ization, it makes a contribution to the delayed scintilla
tion component. 

The study of liquid helium scintillation has been con
ducted mostly using radioactive sources, such as {3, con
version electron, and a sources. Various characteristics of 
the scintillation light depend on the type of ionizing par
ticles employed. When a {3 or conversion electron source 
is used, the scintillation light yield is known not to show a 
strong temperature dependence, whereas when the scin
tillation is induced by a particles, the scintillation yield 
does exhibit a temperature dependence. In addition, a 



FIG. 1: Oscilloscope trace of a PMT signal of a typical signal 

difference in time dependence of the scintillation signal 
has been observed between a-induced scintillation and 
,B-induced scintillation [4]: a-induced scintillation light 
shows a long lived component that decays with a l i t de
pendence following the prompt pulse. This slow compo
nent shows up as a series of single photoelectron (P.E.) 
pulses following the prompt pulse in an experiment in 
which the UV scintillation is wavelength-shifted and de
tected using a photomultiplier (PMT). (Thus these single 
P.E. pulses are called "afterpulses". ) A typical PMT os
cilloscope trace from our experiment described in this 
paper is shown in Fig. 1. 

One distinct difference between a tracks and electron 
tracks is the ionization density. For example, a 5.5-MeV 
a particle deposits energy into superfluid liquid helium 
(p = 0.145 g/ cm3 ) at a rate of 2.0 x 104 eV I J.Lm on av
erage along its 0.27 mm long track[43], whereas for a 
500 keY electron, the average energy deposition rate is 
40 eV I J.Lm [13]. With W = 43 eV, it follows that ion
ization events are separated by an average distance of 
rv 2 nm and rv 900 nm in a and electron tracks, respec
tively. With an average separation of 20 nm between 
the electron and its parent ion [14], ionization events in 
a tracks overlap with each other whereas ion-electron 
pairs are well separated in electron tracks. As we will 
discuss later, many of the differences in the characteris
tics between a-induced scintillation and electron-induced 
scintillation can be attributed to the difference in the ion
ization density. 

In establishing the picture described above, a study 
of scintillation in the presence of an electric field played 
an important role. The effect of an application of an 
electric field on the LHe scintillation was first studied 
by Hereford and Moss [15] . In this study, the authors 
measured both the intensity of a-particle-induced scin
tillation and the ionization current extracted from the a 
tracks in the presence of an electric field (9 to 43 kV Icm) 
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in the temperature range of 1.23 to 4.2 K. The scintilla
tion signal was integrated over rv 1 J.Ls. They observed a 
decrease in the scintillation intensity and a corresponding 
increase in the ionization current with an increasing elec
tric field . They concluded that recombination lumines
cence accounts for approximately 60% of the total scin
tillation intensity with zero electric field and that this 
component of the intensity is temperature independent. 

We have extended their work and have studied the 
effect of an application of an electric field on both the 
prompt scintillation and afterpulses in the temperature 
range of 0.2 K to 1.1 K with an electric field up to 
rv 45 k V I cm. We measured the time dependence of the 
scintillation signal up to 14 J.LS. 

This work was motivated by the application of super
fluid helium as a scintillator in the presence of an electric 
field , in particular , for the nEDM experiment [16, 17]. 
The nEDM experiment , currently being developed to 
be mounted at the Spallation Neutron Source at the 
Oak Ridge National Laboratory, will search for the neu
tron electric dipole moment using a method proposed by 
Golub and Lamoreaux [18]. 

II. EXPERIMENTAL APPARATUS AND 
PROCEDURE 

A. Overview 

The experiment was performed using a Leiden Cryo
genics model CF-600 cryogen free dilution refrigera
tor [20], which had a measured cooling power of 1.8 m W 
at 0.2 K. A measurement cell , which housed the elec
trodes immersed in LHe, was mounted on the mixing 
chamber of the dilution refrigerator (DR). An 241 Am a 
source was electroplated on the ground electrode. a par
ticles from the source induced scintillation light in the 
volume of LHe between the electrodes. The EUV scintil
lation light was converted to blue light by a wavelength 
shifter , then was guided through a light guide to the view
port at the bottom of the measurement cell and to a pho
tomultiplier tube mounted outside the measurement cell 
in vacuum. A description of each component is given 
below. 

B. Measurement cell, the electrodes, and the PMT 

A schematic of the measurement cell and the PMT is 
shown in Fig. 2. The measurement cell was made of a 
stainless steel cross with 4-5/8" and 4-3/4" conflat flanges 
attached to its ends. The volume of the LHe inside the 
cell was approximately 600 ml. At the top of the cell was 
a heat exchanger made of stack of gold-coated copper 
plates , which provided cooling from the mixing chamber 
to the LHe inside the cell. 

The electrodes were made of stainless steel. The 
ground electrode was 19.05 mm in diameter and 6.35 mm 



in thickness, and had an edge rounded with a radius 
of 3.175 mm. The high voltage (HV) electrode was 
19.05 mm in diameter and 12.7 mm in thickness , and 
had an edge rounded with a radius of 6.35 mm. The gap 
between the electrodes was approximately 4 mm. 

The HV electrode was mounted on a commercially 
made HV vacuum feedthrough. The HV was supplied 
by Glassman Model EH30R3 power supply. A thin wall 
stainless steel tubing was used as the HV wire inside the 
cryostat to reduce the heat load. In order to reduce the 
effect of the ripple of the HV power supply on the PMT 
signal (the PMT picked up the noise induced by the ripple 
of the supply), a HV resistor (R = 1 Grl or R = 1 Mrl) 
was inserted in series in the HV cable. The capacitance 
of the HV cable and this resistor formed a low pass fil
ter to reduce the effect of the ripple to a sufficiently low 
level. 

Approximately 300 Bq of 241 Am was electroplated on 
the ground electrode. The activity had a diameter of 
6 mm. Since the range of 5.5 MeV a particles in su
perfluid liquid helium is only ~ 0.3 mm, the ionization 
due to a particles occurred in a region very close to the 
surface of the ground electrode. The electric field at the 
location of the ionization was uniform to 5%. The size 
and shape of the electrodes were chosen as a compromise 
between field uniformity and the solid angle subtended 
by the TPB-coated acrylic surface at the ionization (see 
below). 

The electrodes were enclosed in a sleeve made of GI0. 
This was to prevent possible HV breakdowns due to the 
HV electrode seeing structures on the inner walls of the 
stainless steel measurement cell. 

A sapphire viewport with a view diameter of 49.3 mm 
was mounted at the bottom of the measurement cell. An 
acrylic light guide with a diameter of 49.3 mm and a 
length of 30 .5 mm was mounted between the viewport 
and the GI0 sleeve. (The GlO sleeve had a hole on 
the side to allow the scintillation light to reach the light 
guide.) The top surface of the light guide was coated with 
polystyrene doped with tetraphenyl butadiene (TPB) , 
which is known to have good EUV-visible conversion 
properties (see Ref. [21] and references therein). A Hama
matsu R7725 PMT, modified for cryogenic use with aPt 
underlayer [22] , was mounted underneath the viewport 
in vacuum. 

Thus, a fraction of the a particle induced EUY light 
emitted from the region between the electrodes was con
verted to blue light at the surface of the light guide. The 
blue light was then guided towards the PMT through 
the light guide, transmitted through the sapphire view
port and then detected by the PMT. The fraction of the 
EUY light that reached the TPB coated surface of the 
light guide was about 5% (determined by the solid angle 
subtended by the coated surface of the light guide at the 
location of scintillation events) . 

The PMT was thermally anchored to the 3 K plate of 
the DR (which was cooled by a pulse-tube refrigerator) in 
order to reduce heat load, both radiative and conductive, 

Hamamatsu 
R7725mod 2" PMT 
(operated at - 3 K) 

PMT base circuit 
(cold part) 

UVT acry1ic light guide 
(top surface coated 
with TPB-PS) 

"-4K heat shield for 
PMT 

r---f 
5cm 

FIG. 2: Schematic of the apparatus 
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to the measurement cell. The base circuit adopted the 
split design described in Ref. [22] with some modifica
tions. The resistor chain was heat-sunk on the 3 K plate. 
In order to reduce the heat load from the Joule heating of 
the resistor chain, a resistor value 10 times larger than the 
manufacturer recommended value was used. Because the 
event rate was low, this did not affect the performance of 
the PMT. The rest of the base circuit (mostly capacitors) 
was mounted at the back of the PMT. Previously, this 
PMT model had been demonstrated to function properly 
at temperatures down to ~ 8 K [22]. The present work 
showed that it functions properly at ~ 2.5 K. 

There are two Ru02 temperature sensors mounted on 
the G 10 sleeve to monitor the temperature of the LHe in
side the measurement cell. There are two LHe level sen
sors inside the measurement cell. They were each made 
of two concentric cylinders that form a capacitor. One 
was mounted in such way that it surrounded the heat ex
changer and the other surrounded the light guide , mon
itoring the LHe level at the top and the bottom of the 
measurement cell. In addition there was a LHe pressure 
sensor monitoring the LHe pressure inside the measure
ment cell. 

A silicon diode sensor was mounted on the PMT as 
well as the PMT heat shield to monitor the temperature 
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FIG. 3: Flow schematic 

of the PMT and the heat shield. 

C. Helium gas/liquid handling 

A schematic of the helium gas/ liquid flow in the system 
is shown in Fig. 3. In filling the system, clean helium 
gas (boiloff from a Dewar) was further cleaned by a LN2 
cold trap and then was introduced into the system. The 
helium was first condensed by a liquefier (a box filled with 
sintered metal) mounted at the 3 K plate, then flowed 
through a capillary tube with an ID of 0.6 mm and a 
length of 1.8 m which was thermally anchored at the 
still, the 50 mK plate, and at the mixing chamber plate 
to the measurement celL The cell was filled with the 
DR running, which kept the cell temperature at rv 0.9 K 
during the filL 

D. Data acquisition system 

Data on the PMT signal were collected using a CA
MAC and NIM based data acquisition system. The 
schematic of the DAQ system is shown in Fig. 4. The 
trigger was generated by a discriminator whose thresh
old was set to a level corresponding to a fraction of a 
photoelectron (P.E.) , which allowed us to monitor the 
PMT gain using single P.E. events from the dark noise. 

For each event, the size of the prompt signal was 
recorded using a Lecroy 2249A charge-sensitive analog
to-digital converter (ADC) with a 80 nm-Iong gate. The 
length of the gate was chosen to capture all of the prompt 
part of the signal (see Fig. 1). The PMT signal was 
split into two, one of which was amplified with a gain of 
rv 7 before being fed to the ADC. The amplified signal 
was used to monitor the PMT gain using the single P.E. 
events from the dark noise. The un amplified signal was 

,-------"""..,;-,""'--'» ADCchO 
(LeCroy 2249A) 

I---l_-..I.--_~r-r-'J<l<."-,i-",,,,-+ ADC ch1 
(LeCroy 2249A) 

I----;::::=~----- Computer busy 

Trigger 

==-- ADC gate 
(100 ns) 

TOC common start 
(LeCroy 2277) 

'----41--------- -+TDCstoP 
(LeCroy 2277) 

LeCroy 621BL 

FIG. 4: Schematic diagram of the DAQ system 
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FIG. 5: Spectrum of the prompt signal 
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used to measure the size of the signal generated by a par
ticles. Randomly generated pulses were mixed into the 
trigger in order to monitor the ADC pedestaL A typical 
low-gain ADC spectrum is shown in Fig. 5. 

The timing of each afterpulse (see Fig. 1) with respect 
to the prompt pulse was recorded using a Lecroy 2277 
multi-hit TDC. This TDC can record up to 16 hits within 
a 16 J.1,S time window. Typical time spectra thus obtained 
are shown in Fig. 6 for two temperatures . Also a typi
cal distribution of the number of afterpulses per event is 
shown in Fig. 7. 

E. Experiment 

The cell was filled with LHe following the procedure 
described in Sec. II C. Once the cell was filled and a de
sirable measurement cell temperature was reached, the 
prompt scintillation light intensity and the time spec-
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FIG. 6: Spectra of afterpulse timing with respect to the 
prompt pulse. The bump around 2.5 J-LS is due to afterpulses 
caused by helium contamination in the PMT. 
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FIG. 7: Distribution of the number of afterpulses per event 

trum of the afterpulses were measured as the function 
of the applied HV. When increasing or decreasing the 
HV, the PMT was kept turned off to protect the PMT 
from being exposed to bright flashes of light due to HV 
breakdowns, which occurred occasionally when changing 
the HV setting; we had found that exposing the PMT to 
flashes of light from HV breakdowns decreased the PMT 
gain and the change appeared to be permanent. The HV 
electrode was biased with a negative voltage. For each 
HV and temperature setting, data was acquired for ap
proximately 5 minutes, which corresponds to ~ 105 scin
tillation events (each of such a continuous data taking 
period is called a "run" ). 

Data were taken at nominal temperatures of 0.2 K, 
0.3 K , 0.4 K , 1.0 K , and 1.1 K for electric fields up to 
approximately 45 kV fcm. The average temperatures and 
the 1-0" variations in the temperature for runs with the 
same nominal temperature were 220±3 mK, 298±3 mK, 
397 ± 7 mK, 979 ± 12 mK, and 1084 ± 17 mK for nominal 
temperatures of 0.2 K , 0.3 K, 0.4 K, 1.0 K , and 1.1 K, 
respectively. In addition data were taken at temperatures 
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up to 2 K with no HV applied. 
As mentioned earlier, a HV resistor was inserted in the 

HV supply line to suppress noise due to the ripple on the 
HV. Most of the data were taken with a 1 GO resistor. 
We confirmed that the results did not change when a 
1 MO resistor was used. 

III. D ATA ANALYSIS AND R E SULT S 

A . Analysis of the A D C data 

Because we are interested in a change in the PMT sig
nal due to the application of the electric field , it is impor
tant to remove all other possible sources that can cause a 
change in the PMT signal. In particular, the PMT gain 
shift needs to be properly accounted for in the analysis. 

The analysis of the prompt pulse ADC spectra was 
performed following the following steps: 

1. Determine the PMT gain from the location of the 
single P.E. peak in the high gain ADC spectra. 

2. Determine the gain of the amplifier (Phillips 777) 
from the slope of the correlation between the high 
gain and low gain ADC spectra (see Fig. 8) . 

3. Properly normalize the low gain ADC spectra us
ing the information obtained from the previous two 
steps 

4. Fit to the low gain ADC to determine the location 
of the a peak, which gives the relative intensity of 
the prompt scintillation light. 

In the last step, the spectrum was fit to the following 
model function (a Poisson distribution representing the 
distribution of the number of P.E. 's convoluted with a 
Gaussian distribution representing the PMT response): 

where N is the overall normalization, x a variable cor
responding to the ADC channel, J-L the mean number of 
photoelectrons, and G the gain of the system (the ADC 
channel corresponding to one P.E.). O"k is given by 

(4) 

where O"PMT is the width of the response function of the 
PMT for single P.E. events and O"p ed is the width of the 
ADC pedestal. N , f./" and O"PMT were varied in the fit. 
The factor k above was an adjustable parameter and was 
necessary to obtain a good fit. 

Figure 9 shows the dependence of the prompt pulse 
intensity on the temperature with no electric field. Our 
data is qualitatively consistent with what was observed 
in Ref. [15]. Note that a direct comparison between our 
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FIG. 8: The correlation between the high gain ADC and the 
low gain ADC data. The slope determines the gain of the 
PMT amplifier used for the high gain ADC. 
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FIG. 9: The intensity of the prompt scintillation vs the tem
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data and the data in Ref. [23J cannot be made because 
of the difference in the integration time for the prompt 
pulse. 

Shown in Fig. 10 is the prompt pulse intensity plot
ted against the strength of the electric field for different 
temperatures . The prompt intensity decreases by about 
15% with an electric field of 45 kV f cm. The effect of the 
electric field on the prompt intensity has little tempera
ture dependence. Our results are qualitatively consistent 
with the results obtained by Ref. [15J. Note again that 
a direct comparison between our data and the data in 
Ref. [15J cannot be made because of the difference in the 
integration time for the prompt pulse. 

Figure 11 plots the applied HV, the prompt pulse in
tensity, the afterpulse intensity (see Section III B), and 
the PMT gain as a function of the run number. The fig
ure shows that, although the PMT gain changed through
out the course of the measurement, the change in the 
PMT gain was properly accounted for in the analysis. 
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FIG. 10: The intensity of the prompt scintillation vs the elec
tric field strength. 
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Note that the increase in the gain from the 0.4 K data 
to the 0.2 K data was due to the increased HV for the 
PMT bias. 

B . A nalysis of t h e T D C d ata 

The mean number of afterpulses per event observed in 
the first 14 fJ,S was determined by fitting a spectrum of 
the distribution of the number of afterpulses per event 
(Fig. 7) to a Poisson distribution. The mean number 
of afterpulses per event thus obtained is plotted against 
the temperature in Fig. 12. Our results, showing a reduc
tion in the afterpulse intensity at lower temperatures, are 
consistent with Refs . [4J and [19J. [Note that, although 
Ref.[19J only shows a plot of the "pulse height" (the sig
nal integrated for the first 1 J.ls) and the total intensity 
plotted against the temperature, the temperature depen-
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dence of the afterpulse intensity can be inferred from the 
data.) 

Figures 13 and 14 show the number of the afterpulses 
and the number of the afterpulses normalized to the 
prompt pulse intensity 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. 13) and that the after pulse 
intensity is more strongly affected by the electric field 
than the prompt intensity (Fig. 14) . Also, in contrast 
to the prompt scintillation, the effect of the electric field 
on the afterpulse intensity exhibits some temperature de
pendence. 

IV. DISCUSSION 

What we have observed from our data can be summa
rized as follows: 
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FIG. 14: Number of afterpulses per event normalized to the 
prompt pulse intensity plotted against the strength of the 
electric field . 

1) The prompt intensity 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 pulse 
intensity has a very weak temperature dependence in 
the temperature range of 0.2 K to 1.1 K. 
4) The electric field has a stronger effect on the intensity 
of the afterpulse than it has on the intensity of the 
prompt pulse. 
5) The observed temperature dependence of the prompt 
and afterpulse intensit ies at zero electric field is in 
qualitative agreement with previous work. 

Below we discuss the implication of these observations. 

A . Effect of an electric field on the prompt pulse 
intensity 

The prompt scintillation signal is the result of the ra
diative decay of singlet He- atoms in excited states and 
of He2 excimers also in singlet states. An a particle 
produces these atoms and excimers either by ionization 
followed by recombination or by promoting an atom di
rectly to an excited state without ionization. The ratio of 
the number of direct excitations to ionizations has been 
predicted in helium to be [24) 0.45 : 1. (Although this 
calculation was performed with 100 keY electrons as the 
primary particle, the expectation is that it holds for a 
particles as well [25).) Among the atoms promoted di
rectly to excited states the ratio of singlets to triplets 
was calculated to be 5:1. On the other hand , the ratio 
of singlets to triplets formed by recombination of ion
ized atoms is expected to be the statistical value of 1:3 
for a particles (not the case when electrons are the pri
mary ionizing particle [8)). Scintillation from atoms in 



excited states that have previously not undergone ion
ization is not affected by an electric field whereas the 
number of those that been ionized is decreased in a field 
because of charge separation. Were there no other com
plicating factors the field-dependent fraction, x, of the 
prompt scintillation would be x = 0.4. However , a num
ber of phenomena can influence this fraction, most likely 
increasing its value. 

1) The prompt signal for a particles is substantially 
quenched [8J by the non radiative destruction of singlet 
excimers by the Penning process[ Eq. (2)J but by the 
same mechanism it may be slightly enhanced with the 
destruction of triplet excimers and the subsequent recom
bination of the resulting ions into singlet states. Excited 
state singlet atoms may also non radiatively decay upon 
interaction with other species of excitations. 

2) Singlet helium atoms in excited states with principal 
quantum number , n, of 3 or greater can autoionize by the 
Hornbeck-Molnar process [26J 

He' + He -> Het + e - , (5) 

since the binding energy ofHet is'" 2 eV, which is greater 
than the energy to ionize a He(n2: 3) atom. Based on 
the oscillator strengths for the transitions between the 
ground state and the various excited states of helium [27J 
slightly more than one-third of the atoms promoted to 
excited states will have a principal quantum number of 
3 or greater, the other two-thirds having n = 2. If all 
atoms with n2: 3 were to undergo autoionization, then 
the field-dependent fraction of the prompt scintillation 
would be increased to x = 0.6. 

Various theoretical models have been developed that 
describe ion-electron recombination in an ionization track 
in fluid media: ' Jaffe's columnar theory of recombina
tion [28, 29J describes the case in which a dense plasma 
of positive and negative ions is formed along the ioniza
tion tracks while Onsager's theory [31J describes the case 
where each ion-electron pair is spatially separated and 
recombination occurs between an electron and its parent 
ion (geminate recombination). For the highly ionizing 
track of an a particle in LHe the Jaffe model would ap
pear the more applicable. 

In the columnar theory, the rate of recombination is 
governed by the following equations: 

an+ 2 -- = -u+E· Vn+ + D+ \7 n+ - an_n+, (6) at 

a;t- = -u_E· Vn_ + D_ \72n_ - an+n_, (7) 

where n+ and n_ are the densities of the snowballs and 
bubbles, u+ and u_ are the mobilities, D+ and D_ are 
the diffusion coefficients, and a is the recombination coef
ficient. What this model describes are clouds of negative 
and position ions being pulled away from each other by 
the electric field while at the same time recombining at a 
rate proportional to the product of their densities. Also, 
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FIG. 15: The best fit of Kramers' theory to Gerritsen's data 
with b = 60 nm. 

the clouds expand radially due to the diffusive motion of 
the charges. 

In looking for a solution to the these rate equations 
Jaffe assumed the diffusion terms were larger than those 
associated with recombination and hence, along with the 
field term, were the principal cause of the change in den
sities of the charges. This is a valid approach for ion
ization in gases. On the other hand, Kramers [29J , in 
attempting to explain the electric field dependence of 
the ionization currents from a particles stopped in liq
uid helium measured by Gerritsen [30], pointed out that 
in a dense fluid the diffusivity of the ions is small and 
that recombination has a much larger influence on the 
time dependence of the charge density. Gerritsen 's data 
for the electric field dependence of the ionization current 
can be fit approximately by the Kramers theory with a 
cylindrical Gaussian charge distribution having the same 
density and spatial distribution for n+ and n_ 

(8) 

where no is the initial number of positive ion snowballs 
or electron bubbles per unit length along the track. The 
diffusion coefficient was assumed to be zero. The best 
fit of Kramers ' theory to Gerritsen's data with the one 
adjustable parameter, b = 60 nm, is shown in Fig. 15. 

Several comments regarding this result are relevant to 
understanding the scintillation and ionization currents of 
LHe. 

1) The ionization current data contains contributions 
that are not included in the Jaffe-Kramers theory, which 
describes the ionization current due to charge carriers 
that escaped the initial recombination. However , at field 
strengths below that corresponding to the saturation cur
rent , charge carriers that initially recombine can con
tribute to the ionization current through processes such 
as Penning ionization [Eqs. (1) and (2)J. A crude esti
mate indicates that such contributions could be larger 
than 10%. 



2) The Langevin relation between recombination coef
ficient and mobility is a = e(u+ + U_)/EO. In the ap
proximation 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 field terms in the same manner. At the temper
ature within the track of approximately 2 K (see be
low) , the mobilities of the positive and negative ions 
are approximately the same [32], having the value .of 
u+ + u_ rv 10-5 m2 /(V·s). Hence the recombination 
coefficient is a ~ 2 x 10-13 m3/s . 

3) From the Einstein relation D = kTu/e, the diffusion 
coefficient is calculated to be rv 1.7 X 10-5 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 elec
tron bubbles initially have the same spatial distribution 
is unlikely to be correct. The ionization events from 
the a 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 elec
trons 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 are required to decrease an initial en
ergy of 10 eV to below 0.1 eV thought to be necessary 
for bubble formation . From the cross section for elastic 
scattering, which varies from 3 to 6 X 10-16 cm2 between 
1 and 10 eV, and the liquid density, the mean free path 
is roughly .e rv 1 nm and the mean distance for diffusion, 
proportional to the square root of the number of scatters 
is the order of 100 nm [33]. But as Munoz et ai. [34] 
point out, if the initial positive and negative charge dis
tributions 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 a 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 hav
ing a mobility comparable to that of the electron bubble 
at the initial temperature of rv 2 K along the track (see 
below), will expand outward and the electrons contract 
inward. 

The measured electric field dependence of the prompt 
scintillation can be fit well using Kramers theory for a 
range of different Gaussian widths, b. The value of b 
depends on the choice of the fraction, x, of scintillation 
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FIG. 16: Kramers theory fit to the measured electric field 
strength dependence of the prompt scintillation intensity 

resulting from species created by ionization, which can 
be affected by the field (see Fig. 16) . If x is taken to be 
0.95 then the best fit is for b = 35 nm, while for x = 0.65, 
b = 62 nm. 

A few comments about the relationship between ion
ization current and the effect of an electric field on the 
prompt scintillation intensity are appropriate. These two 
types of data reflect two different aspects of the same 
phenomenon, and as such it should be possible to con
struct a model that describe both data consistently. In
deed, such an analysis was performed by the authors of 
Ref. [15]. They concluded that approximately 60% of 
the observed scintillation intensity (with an integration 
time of rv 1 /-Ls) is due to recombination. However, such 
an attempt is complicated by a number of factors. 1) 
As mentioned earlier, the ionization current has a con
tribution from charge carriers that initially recombine. 
2) There is uncertainty in the value of x. 3) Even with 
a short integration time (in our case rv 80 ns), there is 
inevitably a contribution to the prompt signal from the 
delayed component, which has a different electric field de
pendence (see Sec IV.C). Because of these complications 
we have not attempted a unified analysis of our data and 
Gerritsen's ionization current data. However , we note 
that the choice of x ~ 0.6 and b ~ 60 ns is consistent 
both with our estimate of the fraction x and the best fit 
of Kramers ' theory to Gerritsen 's data. 

As seen in Fig. 16, the effect of the electric field on 
the prompt intensity has little temperature dependence. 
This is attributed to three causes: 1) The effect of the 
electric field on recombination is nearly independent on 
the mobility of the ions as discussed earlier. 2) The initial 
temperature of the track is in the vicinity of 2 K, irrespec
tive of the temperature of the bulk liquid (see below) , re
sulting in the same mobility of ions in the track irrespec
tive of the bulk liquid temperature. 3) The characteristic 
time of recombination tr = l /(ano), where no is the ini
tial ionization density, is faster than the time it takes the 
a track to thermalize with the bulk liquid, ttherm = b/c, 



where c is the sound velocity (c '" 230 m/ s) . Indeed, 
with b = 60 nm, no '" 4 x 1022 / m3 , t r '" 1 X 10-10 s as 
compared to t therrn '" 3 x 10-10 s. 

B. Temperature dependence of the prompt 
scintillation 

The faction of energy of an a particle that is quickly 
down converted to excitations of the superfluid, phonons 
and rotons, is sufficient to heat a column of liquid a few 
tens of nanometers radius along the track to the vicin
ity of 2 K irrespective of how low the temperature of 
the bulk liquid [35]. Since the density of liquid helium 
changes by less that 0.5% below 2 K, the initial environ
ment in which the electrons, ions, excimers and excited 
state atoms reside, on their creation, is independent of 
the temperature of the bulk liquid. Therefore, the tem
perature dependence of the prompt scintillation, illus
trated in Fig. 9, must result from the manner in which 
those entities responsible for the scintillation are influ
enced by the expansion of the roton/ phonon cloud (with 
velocity of", 102 m/ s) taking place at times the order 
of 10-10 s. Below a temperature of 0.6 K the density of 
thermal excitations in the bulk liquid is so low that the 
hot columnar cloud expands into essentially a vacuum. 
But at higher temperatures the thermal excitations in 
the bulk become sufficiently dense to scatter and slow 
the radially expanding cloud. 

As discussed below, the l / t component of the after
pulse intensity also decreases with decreasing tempera
ture. The temperature dependence of both the prompt 
and afterpulse signals is attributed to the more rapid de
crease of the triplet excimer density due to expansion, 
leading to a reduced production of singlets via the Pen
ning process. 

Hereford and coworkers [19, 36], in modeling the tem
perature dependence of the scintillation they observed, 
argued that the increased diffusion at low temperatures 
results increased quenching, that is , the enhanced non ra
diative destruction of the singlet species. However, their 
argument was not informed by the fact that the roton and 
phonon densities in the vicinity of the track is essentially 
independent of the temperature of the bulk liquid. 

C. Temperature and electric field dependence of 
the after pulse scintillation 

Following the work of McKinsey et at. [4] the time de
pendence of the afterpulse scintillation for times between 
0.4 jJ,s and 14 jJ,s has been characterized using the func
tion 

hoc(t) = Ae- t
/ r s + !!.- + C. 

t 
(9) 

Ts , A , B , and C were varied in the fit . For convenience, 
we define N A , N B , and Nc to be the contributions to the 
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FIG. 17: NA , the number of afterpulses from the exponen
tial component (e- t

/
T 8 et al.) in the afterpulse time spectrum 

plotted against the strength of the electric field . 

number of afterpulses from the first, second, and third 
terms in Eq. 9, respectively, that is 

(10) 

NB = J ~dt , (11) 

and 

Nc = C J dt. (12) 

N A , N B, and N c are plotted as a function of the elec
tric field for different temperatures in 17, 18 , and 19 re
spectively. In Figs 17 and 18, the 1.0 K data points for 
electric fields between 10 kV / cm and 20 kV / cm seem to 
show a deviation from the apparent trend. We are not 
able to offer an explanation. 

The value of Ts that we obtained was '" 1.3 jJ,S , slightly 
shorter than the value quoted in Ref. [4] . Our results 
show that it is nearly independent of the temperature 
and the electric field . 

Also in Fig. 20, N B normalized to the prompt pulse 
intensity is plotted against the strength of the electric 
field for different temperatures. 

At times longer than 10-7 s all singlet state excimers 
and excited atoms (except, perhaps, for the first ex
cited state He(21S) , which in vacuum has a lifetime of 
19 ms [37]) , will have long decayed. Any photons pro
duced at a later time must result from triplet states. 

1. Component dependent exponentially on time 

McKinsey et at. [4] hypothesized that the afterpulse 
term dependent exponentially on time was the result of 



FIG. 18: NB, the number of afterpulses from the C 1 com
ponent in the afterpulse time spectrum plotted against the 
strength of the electric field . 
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FIG. 19: No, the number of afterpulses from the constant 
component in the afterpulse time spectrum plotted against 
the strength of the electric field. 

He(21S) atoms forming excimers in Al Et states from 
which they radiatively decay to the dissociated ground 
state of the helium pair. Given that the lifetime of the 
triplet state He(23 S) has been determined in the liquid to 
be 15 J-Ls [38], this appears to be a reasonable hypothesis. 
Furthermore, there appears to be little or no temperature 
dependence to the exponentially time-dependent term, as 
expected for such a source. On the other hand, one would 
not expect that a signal arising from a neutral atom to 
exhibit a dependence on electric field as we have observed 
(see Fig. 19), unless it originated through recombination. 
Since the probability that ions form excimers prior to re
combination is high, atomic He(21S) appears more likely 
to be produced by decay from a higher lying He(nl P) 
state created de novo by electromagnetic excitation from 
the ground state than through a cascade from an atom 
formed by recombination. We are unable to offer an ex-
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FIG. 20: The number of afterpuises the C 1 component in 
the afterpulse time spectrum normalized to the prompt pulse 
intensity plotted against the strength of the electric field .. 

planation of this exponentially time-dependent compo
nent of the afterpulse scintillation. 

2. Component dependent inversely on time 

Keto et al.[40], using a beam of 160 keV electrons as the 
primary ionizing source, measured the long-time after
glow in the infrared spectra associated with a number of 
transitions between excited states of excimers and atoms 
to have a time dependence that varied as 1ft. They as
cribed this time dependence to the production of the ex
cited states by the Penning ionization of triplet excimers, 
since the bimolecular process, 

dn 2 
dt = -,n (13) 

results in n proportional to 1ft for It > 1. 
The problem of describing the time dependence of the 

after pulse scintillation from an a particle differs from 
that in the work of Keto et al. [40] since in one case 
the density of excimers is uniform whereas in the other 
the excimer cloud is expanding about the a track. 

King and Voltz [39] developed a theoretical model of 
afterpulses that includes the spatial evolution of the ex
cimer density with time. The description involves the 
kinetics of the diffusion of the triplets at times well after 
the prompt scintillation has decayed. If the triplets main
tain a Gaussian distribution as they expand by diffusion, 
then at long times the afterpulsing decreases approxi
mately inversely with time. McKinsey et al. [4] cited this 
model by way of explaining the origin of the 1ft compo
nent of the afterpulses. At shorter times the King model 
predicts a time variation that is considerably faster the 
1f t , but it does not provide an explanation of the expo
nential dependence on time, as experimentally observed. 



The amplitude of the l / t afterpulse component ex
hibits interesting temperature and electric field depen
dences. Firstly, the number of after pulses varies much 
more with temperature than the number of photons in 
the prompt scintillation. Secondly, the number of after
pulses decreases more rapidly with field than the prompt 
signal. 

As with the slight variation of the prompt signal with 
temperature below 1 K, the rapid variation of the l / t af
terpulse component with temperature can be understood 
qualitatively as being the result of the change in prop
agation to the triplet excimers away from the Q track. 
While the temperature within the core of the track is 
not sensitive to the ambient temperature of the liquid , 
the thermal excitations in the surrounding liquid can af
fect the rate at which the excimers expand away from 
the track. At high temperatures , the excimers diffuse 
slowly because of scattering from phonons and rotons , 
while at low temperatures the excimers propagate ballis
tically into the cold liquid. The excimer density drops 
much more rapidly a low temperatures and as a conse
quence the rate of generation of singlet species by the 
Penning process is strongly temperature dependent. 

As for the electric field dependence of the l / t compo
nent of the afterpulse scintillation, the initial production 
of triplet excimers is suppressed due to the electric field 
in the same manner as the production of singlet excimers 
that are suppressed. In addition, the electric field depen
dence ofthe l / t component of the after pulse scintillation, 
is related with the fact that the Penning bimolecular pro
cess creates a positive ion and an electron in isolation of 
other ionizing events , and as such the recombination is 
geminate. 

Tachiya and coworkers [41] have pointed out that the 
Onsager theory of geminate recombination in which the 
charges move diffusively, is not valid when the mean 
free paths are comparable to other relevant dimensions. 
Tachiya considered this dimension to be the Onsager ra
dius. r c = e2

/ (41TfOfkT), which for liquid helium at 1 K 
is 1.7 X 10-5 m. In our case the relevant dimension is the 
initial separation of the charges, which is expected to be 
less than 100 nm. 

If recombination is occurring where the density of ther
mal excitations is comparable to a temperature of 0.6 K 
or below, the mean free paths of positive ion snowballs 
and electron bubbles are both in excess of 1000 nm, and 
their motion can be considered ballistic. Above 1 K, 
however, the density of thermal excitations is sufficiently 
large that the snowballs and bubbles can be treated as 
moving in a viscous medium. In the event diffusion is 
small, the charge move along field lines , and whether two 
charges recombine or not is dependent only on the mag
nitude and direction their initial separation with respect 
to an applied field. If ro the initial separation and 00 is 
the angle between r o and the applied field E , the charges 
will recombine if 

E < ~(1 + tan2 (Oo / 2)) . (14) 
41Tforo . 
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FIG. 21: A plot of the field dependence of the l i t component 
at 1.0 K and at 1.1 K along with a curve calculated using 
Que's expansion and a Gaussian distribution with a width of 
35 nm to describe the initial separation 

For a distribution of electron/ ion separations, D(r) , in
dependent of orientation, the fraction of charges that will 
recombine is 

100 e 100 

1 - D(r)r2dr(1 - E 2) / D(r)r2dr. 
( --"-- )1/ 2 41TfO r 0 

41fEO E 

(15) 
Que and Rowlands[42] have obtained an expression for 
Onsager geminate recombination in the form of a power 
series expansion in electric field. For charges with a Gaus
sian distribution in helium at 1 K the results obtained 
using their series expansion differ from those of Eq. (15) 
only at low fields where the influence of diffusion is great
est. 

A plot of the field dependence of the l / t component 
at 1.0 K and at 1.1 K is illustrated in Fig. 21 along with 
a curve calculated using Que's expansion and a Gaus
sian distribution with a width of 35 nm to describe the 
initial separation. The dependence on the electric field 
through the initial production of the triplet excimers is 
removed in the plot , using the prompt scintillation data 
and assuming x = 0.6. As noted earlier , electrons from 
Penning process (Eqs. (1) and (2)) have a maximum en
ergy of ~ 10 eV. A Gaussian distribution of 35 nm is 
certainly not outside the range electrons of ~ 10 e V are 
expected to travel before forming localized states. 

We have not attempted to provide an analysis of the 
field dependence of the after pulse signal at temperatures 
below 0.6 K where the motion of the charges is ballistic. 
Furthermore, the charges can acquire a velocity sufficient 
to create vortices in this regime. 



3. Component independent of time 

The constant component of the afterpulses, indepen
dent of time, is most naturally associated with triplet 
excimers whose density is constant and are uniformly 
distributed throughout the volume of the cell, the rate 
of destruction being balanced by the production from 
the 300 Bq a source. Destruction occurs in part by the 
spontaneous radiative decay of triplet excimers to the 
dissociated ground state and in part by the Penning pro
cess. 

The most notable features of the data seen in Fig. 19 
are the apparent weak field dependence of this afterpulse 
component at 1 K and the substantial decrease in inten
sity as the temperature is lower from 1 K to 0.4 K. These 
two properties are naturally explained by the scintillation 
being principally due to the spontaneous radiative decay 
of the excimers , the a3Et state having a lifetime of 13 s 
in the bulk[ll]. While the electric field is not expected to 
affect this process, it does lead to a decreased recombina
tion and density of triplets with increasing field. Below 
about 0.6 K the mean free path of the excimers becomes 
long, comparable to the dimensions of the helium cell, so 
that non radiative destruction of the excimers on solid 
surfaces decreases the photon yield at low temperatures. 

One observation remains unexplained. Hereford and 
coworkers[19, 36] noted that the total scintillation below 
0.5 K depended on the geometry of their cell, the smaller 
cell having somewhat greater light output. The scintilla
tion intensity decreased with decreasing temperature to 
a minimum at 0.4 K and then increased on going from 
0.4 K to 0.2 K. We have observed similar behavior of the 
time-independent component of the afterpulse signal at 
low temperatures (see Fig. 12). 

V. CONCLUSION 

The prompt scintillation signal from a particles 
stopped in helium exhibits a 15% reduction in an elec-
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