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a b s t r a c t 

We re-examine the longstanding disagreement between the SIMPLE and PICASSO superheated liquid- 

based dark matter search projects regarding discrimination between neutron- and α-induced bubble nu- 

cleation events, and its dependence on the distribution of liquid droplet sizes. A simple analysis based 

on (1) the interaction of α and neutrons with the detector droplet size distribution, combined with (2) 

the acoustics of the subsequent bubble expansion, reproduces the observations of each experiment under 

the reported measurement conditions. The differences in discrimination efficiency between the two ex- 

periments are shown to result from the relation between the droplet size distributions and the minimum 

α penetration distances in the liquid necessary to achieve the critical linear energy transfer necessary 

for bubble nucleation, the number of proto-bubbles generated in the transfer, and the subsequent bubble 

evolution. The results remove the tension between the SIMPLE and PICASSO experiments with respect to 

particle discrimination. 

© 2020 Elsevier B.V. All rights reserved. 
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. Introduction 

All direct searches for astroparticle dark matter are critically

ependent upon their ability to isolate WIMP-generated nuclear

ecoil events registered by the detector. Generally, this requires

 significant attention to experimental background (both intrinsic

nd extrinsic) suppression, and a detector capable of distinguish-

ng those that remain from the nuclear recoil events. Among the

arious detector types employed in such searches are superheated

iquid devices, either superheated droplet detectors (SDDs) or bulk

iquid bubble chambers. Our focus here is on the SDDs, with which

here have been two search projects: SIMPLE and PICASSO. 

In 2014, SIMPLE published a final report of its Phase II re-

ults [1] , which achieved a spin-dependent exclusion contour min-

mum of 4.3 ×10 –3 pb at 35 GeV/c 2 with 18.2 kgd exposure. The

eport included a simplified description of its droplet size distri-

ution (DSD)-dependent particle response. In 2017 SIMPLE further

eported on a series of experiments with small diameter droplets

sing the same description which again demonstrated the depen-

ence of the SDD acoustic response [2] on the DSD. 

In the same year, PICASSO presented its final, 345 kgd results

3] , including the previous 140 kgd exposure [4] , in which a con-

our minimum of 1.3 ×10 –2 pb at 20 GeV/c 2 was achieved – a fac-

or 3 less sensitive than SIMPLE with a factor 13 larger exposure. It
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urther stated a lack of dependence of the particle-generated event

esponses on their DSD, challenging the SIMPLE particle discrimi-

ation and its reported efficiency of more than 97%. The statement

tself is not consistent with the basic acoustic physics of the bubble

volution, and no accompanying elaboration of the statement was

resented. The statement is however also found in an earlier Ref.

5] , and an experimental justification provided in the earlier Ref.

6] via a series of dedicated experiments which did not reproduce

he results of SIMPLE. 

Both search experiments have since evolved to bubble cham-

ers, leaving the disagreement unresolved. Given the impact of de-

ector response and particle discrimination on potential SDD use,

n astroparticle or other applications, we here elaborate on the

odel presented in Ref. [2] , extending its description to include

-emissions both internal and external to the droplets, and elabo-

ating on the acoustics of droplet expansion following proto-bubble

ucleation. 

The paper is divided into two principal sections. Section 2 sum-

arizes the proto-bubble nucleation physics, and develops a ge-

metric probability model which combines the nucleation condi-

ions with the energy deposition of incident particles, in partic-

lar those of α decay at arbitrary locations with respect to the

roplet. Section 3 describes the physics of the subsequent bub-

le expansion at the expense of the droplet liquid, and the asso-

iated acoustics of the expansion which explicitly defines the de-

endence of the acoustic signal on the DSD. The considerations of

ections 2 and 3 are combined in Section 4 to form a simple re-

https://doi.org/10.1016/j.astropartphys.2020.102510
http://www.ScienceDirect.com
http://www.elsevier.com/locate/astropartphys
http://crossmark.crossref.org/dialog/?doi=10.1016/j.astropartphys.2020.102510&domain=pdf
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Table 1 

Thermophysical properties of C 2 ClF 5 (SIMPLE) at 9 ºC and 2 bar, and C 4 F 10 (PICASSO) at 40 ºC and 1 bar [11, 12]. 

Liquid T/P [ ºC/bar] T c [K] T b [K] ρ� [kg/m 

3 ] ρv [kg/m 

3 ] h � v [kJ/kg] σ [N/m] �P [Pa] r c 0 [ μm] E c [keV] 

C 2 ClF 5 9 / 2 353 251 1358 54.6 103 6.4 ×10 –3 3.8 ×10 5 3.4 ×10 –2 8.7 

C 4 F 10 40 / 1 386 271 1432 45.3 80.9 6.1 ×10 –3 3.3 ×10 5 3.7 ×10 –2 8.2 
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(  

e  
sponse model, which is applied to each of the two experiments

with the results reproducing the published observations well. Con-

clusions, drawn in Section 5 , identify the respective DSDs, proto-

bubble creation, and subsequent bubble evolution as the basis for

the difference in particle discrimination. 

2. Bubble nucleation and particle interactions 

A SDD consists of a distribution of micron-sized superheated

liquid droplets (r d ) dispersed in a gel medium. Following the clas-

sical “heat spike” model of Seitz [7] , a particle incident in a droplet

deposits energy via creation of ionization electrons which generate

a localized, cylindrical high temperature region (the “heat spike”),

the sudden vaporization of which produces a shock wave in the

surrounding liquid. As the energy is transmitted from the ther-

malized region to the surrounding medium through shock prop-

agation and heat conduction, the temperature and pressure of the

fluid within the shock enclosure decrease to their critical values,

and a vapor-liquid interface is formed which may generate a proto-

bubble of submicron critical radius ( r c ) if the pressure difference

( �P = P v - P � , with v = vapor, � = liquid) exceeds the surface tension

( σ ) of the bubble. If this is not achieved, the vapor-liquid inter-

face collapses; if achieved, the proto-bubble continues expanding

via evaporation of the remaining droplet liquid as the droplet tran-

sitions from a liquid to vapor state. 

For the purpose of clarity in what follows, we now somewhat

unconventionally re-define r c → r c (t), r d → r d (t), with r c 0 and r d 0 
the pre-expansion quantities at t = 0, respectively. 

2.1. Proto-bubble nucleation 

Assuming that proto-bubble formation occurs prior to the dif-

fusion of the deposited energy from the proto-bubble volume,

the particle energy deposition (E) must be at least equal to a

thermodynamically-defined critical energy ( E c ), 

E c = 4 π r 2 c0 (σ − T 
∂σ

∂T 
) + 

4 π

3 

r 3 c0 ρv h � v − 4 π

3 

r 3 c0 �P, (1)

where r c 0 = 2 σ (T)/ �P, T is the SDD operating temperature, ρv is

the vapor density, and h � v (T) = h � - h v is the heat of vaporization. 

Moreover, the deposited linear energy density (dE / d x ) must be

at least equal to a critical linear energy transfer ( LET c ) defined by

LE T c ≡ E c / L c , (2)

where L c = 	r c 0 is the effective ionic energy deposition length,

with 	 a liquid-dependent parameter originally assumed 2 (such

that L c = 2 r c 0 ); more recent determinations of 	 generally range

from 2 to 12.96 [8] , with reported larger values for neutron-

induced recoil above 1 MeV [9] . Studies with heavy ions indicate

that 	 may also depend on the ion mass number, decreasing with

number increase [10] . Despite the variations, it is constant for a

liquid at a given T, ρ� . Table 1 displays relevant properties of the

liquids employed by SIMPLE and PICASSO at their operating tem-

peratures and pressures. As seen, these are similar for both, as also

their r c0 and E c ; this is anticipated since both are halocarbons. 

Displayed as a function of the reduced superheat s = (T- T b )/( T c 
- T b ), with T c , T b the critical and boiling temperature of the liquid

at a given pressure, respectively, both E c and r are seen to lie on
c 0 
ingle curves for SDDs based on different liquids [8] . This is not

owever the case for 	 when similarly displayed [13] . Whereas r c 0 
nd E c are well-defined thermodynamically, 	 is without concrete

heoretical basis and is usually determined experimentally via irra-

iation calibration measurements. 

Similar to E c and r c0 , the response of SDDs to a given irradi-

tion lie on a “universal” curve when displayed in s [8] . Detec-

or sensitivity to γ ’s and electrons is seen for s ≥ 0.51, increasing

ith increasing s and well above the moderately superheated SDDs

sed in dark matter searches. An intrinsic minimum ionizing par-

icle sensitivity of ∼ 10 –10 is demonstrated by γ and electron ir-

adiations [14] , and particle backgrounds are essentially reduced

o neutron-generated target nuclear recoils and α/heavy ions from

aturally-occurring radioactive contaminants. We focus on these,

onsidering each in turn. 

.2. Neutron-generated recoils 

Weakly interacting massive particles (WIMPs) of 10–

0 0 0 GeV/c 2 kinematically imply elastically-scattered nuclear

ecoils of 1–100 keV. The detector acceptance window definition

enerally derives from neutron response calibrations involving

rradiations using ( α,n) sources [ 1 , 15 ] and/or mono-energetic

eutron beams [ 16 , 15 ]: elastic neutron scattering off the target

uclei can provide nuclear recoils in the same energy window,

he maximum energy of a recoil ion of atomic number M being

iven by E M 

nr = ϖM 

E n , where E n is the incident neutron energy,

nd ϖM 

= 

4 m n M 

( m n +M ) 2 
. Inelastic scattering may also generate nuclear

ecoils for neutron energies above E c , but the contribution is re-

uced by neutron moderation in the SDD hydrogenous gel matrix

hich down-scatters the E n to below the reaction threshold [17] ,

nd is neglected in the discussion hereafter. Also neglected are

ransmutation reactions with positive Q-value which may also

rovoke proto-bubble nucleation (but have cross sections several

rders of magnitude smaller than those of elastic scattering). 

The calibration signals in both experiments generally derive

rom fluorine recoils [15] on account of its generally higher stop-

ing power. Fig. 1 display track-averaged Bragg curves for fluorine

ons of E F nr = 5–100 keV in C 2 ClF 5 and C 4 F 10 at the SIMPLE and PI-

ASSO operating temperatures and pressures respectively, calcu-

ated using SRIM [18] and tabulated liquid thermophysical prop-

rties [ 11 , 12 ]. The indicated LET c are those reported by the two

xperiments in Refs. [ 1 , 15 ] respectively. In C 2 ClF 5 the LET c is ex-

eeded over distances of ≤ 0.4 μm, significantly below the smallest

roplet sizes of SIMPLE and ∼10x the 	r c 0 . For C 4 F 10 , the profiles

n Fig. 1 (b) are generally similar to Fig. 1 (a). The lighter carbon

ons, with higher recoil energies from the same neutron scatter-

ngs, penetrate somewhat larger distances in the respective liquids.

he higher E nr of Am/Be-generated neutron recoil events, ranging

p to 2.8 MeV with LET larger than LET c , are capable of penetrating

everal microns. 

.3. Alpha decay 

The α-response of SDDs has been explored [ 1 , 3 , 4 , 15 ] with
41 Am (E α = 5.4 MeV), U 3 O 8 (E α = 4.2, 4.7 MeV), and 

226 Ra decay

E α = 4.78, 5.49, 6.12 and 7.69 MeV) [19] . The larger kinetic en-

rgy of the 4 He ion, relative to that of the target liquid neutron
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Fig. 1. Bragg curves of recoil fluorine ions of various initial energies in (a) C 2 ClF 5 at 9 °C/2 bar, and (b) in C 4 F 10 at 27 °C/1 bar. 

Fig. 2. SRIM-computed Bragg curves for 4.0, 5.5 and 8.0 MeV α’s in (a) C 2 ClF 5 at 9 ºC/2 bar; (b) C 4 F 10 at the indicated operating temperatures and 1 bar. The p < , p > define 

the part of the α trajectory with dE/dx > LET c . 
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ecoils produces a significantly different Bragg curve relative to a

arget ion recoil, as a result of the M 

-1 dependence of the Bethe-

loch equation [20] describing the dE/dx. This is shown in Fig. 2

or C 2 ClF 5 and C 4 F 10 , calculated via SRIM for E α representative of

he U/Th decays at the experiments’ operating temperatures and

ressures; the indicated LET c are again those reported in Refs. [ 1 ,

5 ]. In contrast to Fig. 1 , the α’s generally achieve LET larger than

ET c over distances of several microns in C 2 ClF 5 , following several

ens of micron penetrations with LET less than LET c ; while similar

n C 4 F 10 , the maximum of the Bragg peaks is virtually coincident

ith the LET c at each temperature (again, following several tens of

icron liquid penetration). 

The majority of SDD α calibrations have employed actinide-

oping, the ions of which have an electrochemical affinity for both

he C 2 ClF 5 and C 4 F 10 molecules [ 21 , 22 ]. In this case, they prefer-

ntially populate the droplet surfaces; they also stabilize the emul-

ion by acting as a surfactant [21] since the ions are affinic to

he hydrophobic surface of the droplets. The larger droplets conse-

uently develop a higher bubble nucleation probability because of

he increased surface-populations, and the 0-depth Bragg entries
orrespond to the droplet surfaces: droplets with diameters less

han a minimum penetration depth p < (see Fig. 2 (a)) do not sup-

ort proto-bubble nucleation since the α transits the droplet with-

ut achieving LET c ; droplets with diameters greater than a pen-

tration depth p > do not support further proto-bubble formation

ince the dE/dx is again less than LET c . 

In the case of non-actinide calibrations, the electrochemical

ffinity is absent [15] and the decay isotopes diffuse throughout

he SDDs to populate both the droplets and gel. The proto-bubble

ucleation probability depends on the droplet ability to contain the

article trajectory both below and above the LET c ; for decays exter-

al to the droplets, the probability depends on the energy loss in

he gel prior to reaching a droplet. 

The α decays are accompanied by decay daughter recoil ions

 αr) with energies of 80 - 150 keV. As seen in their Bragg curves

f Fig. 3 for E αr = 100 keV, these have penetration depths in C 2 ClF 5 
f ∼ 0.10 μm, 0.08 μm of which is with LET greater than LET c : the

ecay daughters behave more like the target ion recoils of Fig. 1 (a)

nd will also mimic a WIMP-or neutron-generated recoil event if

mitted within a droplet or near its surface. 
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Fig. 3. SRIM-computed Bragg curves for representative α decay daughter nuclei in 

C 2 ClF 5 at 9 ºC/2 bar. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4. droplet - α interaction model (not to scale). The droplet is represented by 

a sphere of radius r d0 , the α-decay by two spheres of radius p α and p αr with co- 

incident origins between δ = 0 and R α , where R α= r d 0 + p α is the “event horizon”

since α’s emitted beyond cannot reach the droplet with sufficient dE/dx to trigger 

a nucleation event. For δ > r d 0 , the p α and p αr are determined from the gel Bragg 

curves. The angle φ between p α and δ is defined by cos φ = ( p α − g )/ p α . 
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2.4. Geometric proto-bubble nucleation probabilities 

Given the above, it is clear that different droplet sizes will re-

spond differently under identical α-irradiation. We assume an ef-

fective event number N 

e f f 
j 

( r d 0 ) = P j ( r d 0 ) N d ( r d 0 ), with j = (nr, α, αr),

N d ( r d 0 ) the DSD and P j ( r d 0 ) the j-th proto-bubble nucleation prob-

ability in a droplet of r d0 . 

For the neutron-generated nucleation probability, the acous-

tic response is experimentally seen [1] to overlap the DSD when

scaled in terms of ln( r 6 
d0 

) and shifted to overlap the respective dis-

tribution means. The first events are moreover seen to derive from

the larger droplet sizes [1] : we adopt P nr ( r d 0 ) = [ 
r 
d0 

r max 
d0 

] 3 such that the

larger the droplet, the larger its probability of interaction. 

The α probabilities are more involved owing to the required

presence of the α-emitting material in the SDD. Since each α is

accompanied by its decay daughter ( αr) at 180 º to the α, the α-

droplet “interaction” then reduces to the geometric intersection of

three spheres, two with coincident centers separated by a variable

distance δ from the third of droplet radius r d 0 : one is of radius

p < (hereafter simply p α), the second with radius p αr as shown

schematically in Fig. 4 . The p α are obtained from the intersec-

tion of the respective LET c with the computed, density-dependent

Bragg curve for the respective superheated liquid at its operating

temperature/pressure and E α , such as shown in Figs. 2 and 3 . 

To trigger bubble nucleation, the α must be emitted within the

solid angle �= 2 π (1-cos φ) defined by the r d 0 - p α sphere intersect.

For the geometry of Fig. 4 , 

cos ϕ(δ, r d0 , p j ) = 

[
1 

2 p j 

{
δ − (r 2 d0 − p 2 j ) δ

−1 
}]

, (3)

which when normalized to 4 π provides a proto-bubble nucleation

probability given by 

P 

j 
�
(δ, r d0 , p j ) = 

� j 

4 π
= 1 / 2 

[
1 − 1 

2 p j 

{
δ − (r 2 d0 − p 2 j ) δ

−1 
}]

, (4)

with j restricted to α, αr. Note that in contrast to Refs. [ 2 , 21 ]

which examine the ratio of intersection-to-droplet volumes for the

α only, Eq. (4) employs the ratio of �-to-4 π of the p j -sphere emis-

sion volume. 

The behavior of Eq. (4) is divided into two regimes, r d 0 〈 p α and

r d 0 〉 p α , delineated by r d 0 = p α ( P α
�

is a straight line with slope 1 
4 p α

decreasing from 0.5 at δ = 0). We show this in Fig. 5 as a function

of δ for a representative p α = 40 μm and various droplet r d 0 . For

r d 0 〈 p α , P α
�

< 0 until δ = p α- r d 0 , then increases to a maximum at
= ( p 2 α − r 2 
d0 

) 1 / 2 , decreasing smoothly thereafter to zero at δ = R α .

imilarly for r d 0 〉 p α , P α
�

> 1 until δ = r d 0 - p α , then smoothly de-

reases to zero at δ = R α . 

For an arbitrary droplet radius and E α , the situation can be

urther divided into three cases depending on the location of the

decay with respect to the droplet center, such that P 
j,k 
�

( r d0 ) →
 

k 
j 
( r d0 ) , with k = INT ( δ < r d 0 ), SURF ( δ = r d 0 ), EXT ( δ > r d 0 ). An in-

egrated bubble nucleation probability P k 
j 

for a given r d 0 and E α is

btained by integrating Eq. (4) over δ between its respective limits

or each r d 0 in the DSD and p j , and normalizing to the number of

 π in the integration. We examine each in turn. 

.4.1. Internal emission 

The case δ = 0 is special: the three spheres being center-

oincident, there is no intersect except at r d 0 = p α . Either r d 0 < p α
 P INT 
α ≡ 0), or r d 0 > p α ( P INT 

α ≡ 1): the pdf is a Heaviside function

t r d 0 = p α . Otherwise, we have two cases: 

 

INT 
j ( r d0 = p i ) = 

r d0 ∫ 
0 

P j 
�

dδ

r d0 ∫ 
0 

dδ

= 

⎧ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎨ 

⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎩ 

⎧ ⎨ 

⎩ 

0+ 
r d0 ∫ 

p j −r d0 

P j 
�

dδ

r d0 ∫ 
0 

dδ

⎫ ⎬ 

⎭ 

(
r d0 < p j 

)
⎧ ⎨ 

⎩ 

( r d −p j ) 
r d0 ∫ 

r d0 −p j 

P j 
�

dδ

r d0 ∫ 
0 

dδ

⎫ ⎬ 

⎭ 

(
r d0 > p j 

) (5)

here P α
�
〈 0 are set to zero and P α

�
〉 1 are set to 1. For a given DSD,

 

INT 
j 

= P 
r d0 < p j 
j 

+ P 
r d0 > p j 
j 

. 

Fig. 6 (a) displays results for P INT 
α with representative E α span-

ing the range of naturally-occurring α emissions, with the p α
aken from α Bragg curves computed for C 2 ClF 5 at 9 ºC/2 bar and

he LET c obtained from its reported measurement in Ref. [1] . As

een, the P INT 
α rise continuously from p α- r d 0 to a maximum at the

argest r d 0 . For reference purposes, two Gaussian DSDs of the form

 d ( < r d 0 > , �) with < r d 0 > the mean of the distribution radii and

= (FWHM/2 
√ 

2 ln 2 ) are also shown: one with the N d (30 μm, 7.5

m) of SIMPLE [1] , the other with the N d (100 μm, 32 μm) of PI-

ASSO [3] . As seen, while the smaller, narrow DSD is sensitive to
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Fig. 5. (a) Eq. (4) for C 2 ClF 5 at 9 ºC/2 bar, for p α = 40 μm and various r d 0 ; (b) same, but with P α� ≡ 0 for r d 0 〈 p α until δ = p α - r d 0 , and P α� ≡1 for r d 0 〉 p α until δ = r d 0 - p α . 

Fig. 6. variation of (a) P INT 
α with droplet radius for E α = 4.0, 5.5, and 8.0 MeV; (b) same for P INT 

αr with E αr = 100 keV. The dotted contours in black represent Gaussian DSDs of 

N d (30 μm, 7.5 μm) and N d0 (100 μm, 32 μm). 
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 α = 4.0 MeV, the sensitivity decreases significantly with increasing

 α . The larger, broader DSD is in contrast generally sensitive to all

 α . 

The P INT 
αr is similarly obtained by substitution of the daughter

 αr , as shown in Fig. 6 (b). In this case, all r d 0 > p αr : P INT 
αr = 1 for

oth reference DSDs, even if P INT 
α = 0 since the αr is fully con-

ained. 

.4.2. Surface emission 

With droplet surface emission, δ = r d 0 and Eq. (4) reduces to 

 

SURF 
j = 

1 

2 

[ 
1 − p j 

2 r d0 

] 
. (6) 

Fig. 7 display the results for P SURF 
α , P SURF 

αr with the same rep-

esentative E α , E αr as in Fig. 6 , accompanied by the same refer-

nce DSDs. As evident in Fig. 7 (a), the P SURF 
α rise from r d 0 = p α/2

o asymptotically approach a maximum ∼ 0.5 at the largest r d 0 :

he SDD is insensitive to α‘s if r d 0 < p α/2, and higher energy α
etection requires larger DSDs. For DSDs, the probability samples

nly the 2 r d 0 > p α tail, yielding few event asymmetric distribu-

ions which become increasingly symmetric as the DSD increases.
s p α increases with E α , the sensitivity of small DSDs to higher E α
ecreases. 

Substituting p αr for p α , the contribution of the α recoils is 50%

or all r d 0 , as seen in Fig. 7 (b), corresponding to half the daughter

mission being into the half-space external to the droplet. 

.4.3. External emission 

Bubble nucleation may also arise from α-emitters external to

he droplet and within R α . This case can also be treated by the

nalysis, but is complicated by the α trajectory being first in the

el and next in the liquid: in principle, the Bragg curve is com-

uted for each gel track length within the cone of φ = 0 - φmax 

efined by the r d 0 - p gel intersect; the curve is then integrated over

, and the energy at the liquid interface computed, which is then

sed in a new Bragg construction to obtain the liquid p j , and the

 

EXT 
j 

calculated to obtain the N 

e f f 
j 

. 

The range of the representative α Bragg peaks in glycerol (prin-

ipal SIMPLE gel component) at 9 ºC/2 bar is reduced by ∼ 25%

elative to C ClF in Fig. 2 (a). For illustrative purposes, we here use
2 5 
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Fig. 7. Variation of (a) P SURF 
α with droplet radius for E α = 4.0, 5.5 and 8.0 MeV; (b) same for P SURF 

αr with E αr = 100 keV. The dotted DSDs in black are the same as in Fig. 6. 

Fig. 8. variation of P EXT 
α with droplet radius for E α = 4.0 , 5.5 and 8.0 MeV assum- 

ing the Bragg curves in the gel and liquid are similar. The dotted DSDs in black are 

the same as in Figs. 6 and 7. 
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the SIMPLE gel for the Bragg curve computations such that: 

P EXT 
j 

(
r d0 p j 

)
= 

R α∫ 
r d0 +0 . 1 

P j 
�

dδ

R α∫ 
r d0 +0 . 1 

dδ

= 

⎧ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎨ 

⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎩ 

⎧ ⎪ ⎨ 

⎪ ⎩ 

p j / 2 ∫ 
r d +0 . 1 

P j 
�

dδ+ 
R α∫ 

p j / 2 

P j 
�

dδ

R α∫ 
r d0 +0 . 1 

dδ

⎫ ⎪ ⎬ 

⎪ ⎭ 

(
r d0 < p j 

)
⎧ ⎨ 

⎩ 

R α∫ 
r d0 +0 . 1 

P j 
�

dδ
∫ R α

r d0 +0 . 1 P 
j 
�

dδ

R α∫ 
r d0 +0 . 1 

dδ

⎫ ⎬ 

⎭ 

(
r d0 > p j 

) (7)

since the liquid and gel are density-matched ( ρgel ∼ρ� ) in order to

inhibit droplet sedimentation [23] , 

Fig. 8 provides the results for the representative E α , again with

the above reference DSDs; the corresponding display for P EXT 
αr is

omitted since the α decay occurs beyond r d 0 + 0.1 and the α recoils

are unable to reach the droplets. The P EXT 
α rises rapidly to a max-

imum of ∼ 0.15 then smoothly decreases with decreasing � as δ
increases with r d 0 . Similar to Fig. 6 (b) for αr, both distributions are

sensitive to all three E α . The sensitivity to external α emitters of

small droplets is to those emitted at near- r d 0 distances, eliminating

the small droplet cutoffs of Fig. 6 (a). The αr must be emitted from
ithin the thin r d 0 - to - r d 0 + 0.1 μm shell outside the droplet,

ence do not contribute. 

.4.4. Weighting factors 

Each of the above P k α requires a weighting with respect to the

umber density of α emitters within the respective integration

olumes V 

k . This depends on whether the calibration was via ac-

inide or non-actinide radio-isotopes. We define ω 

k such that N 

e f f 
α =

 

k 

ω 

k P k αN d with ω 

k = f k 
V k 

V R α
and f k = 

N k α
V k 

is the fraction of V 

k occupied

y emission sites. For the actinides, we assume the decay nuclei to

e located in a thin shell ( r d 0 -to- r d 0 + 0.1 μm) at the droplet sur-

ace, such that ω 

INT = ω 

EXT = 0, and ω 

SURF = f SURF 
V SURF 

V R α
. For the non-

ctinide, 

ω 

INT = f INT 
r d0 

3 

R 

3 
α

, 

 

SURF = f SURF 

[
( r d0 + 0 . 1 ) 

3 − r 3 
d0 

]
R 

3 
α

, 

ω 

EXT = f EXT 

(R 

3 
α − r 3 

d0 
) 

R 

3 
α

. (8)

The density of the α emission sites however may not be uni-

orm between the V 

k [15] , in which case f k = f k ( δ) and the weight-

ng requires inclusion in each of the integrations. In the absence of

ufficient information, and for simplicity, we assume a uniform dis-

ribution of emission sites: Fig. 9 show the impact of the weighting

n the P INT 
α and P EXT 

α of Figs. 6 and 8 , respectively, with f k = 1: the

ontours are now reduced and ordered in E α , as anticipated from

he differing p α . 

. Proto-bubble / droplet evolution and acoustics 

If a dynamically stable proto-bubble is achieved, it continues to

xpand by evaporation of the remaining droplet liquid, displacing

he liquid as the droplet transitions from a liquid to vapor state. 

.1. Proto-bubble evolution 

The growth of the proto-bubble is initially limited only by the

nertia of the surrounding liquid, as described by Rayleigh-Plesset

24] : 

P = 

3 

2 

ρ� 

(
d r c 

dt 

)2 

+ ρ� r c 
d 2 r c 

d t 2 
. (9)
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Fig. 9. variation of (a) ω 

INT P EXT 
α and (b) ω 

EXT P EXT 
α with droplet radius for E α = 4.0, 5.5 and 8.0 MeV; (c) variation of P TOTAL 

α with droplet radius for E α = 4.0, 5.5 and 8.0 MeV. 

The dotted DSDs in black are the same as in Figs. 6–8. 

Table 2 

Thermodynamic properties of C 2 ClF 5 and C 4 F 10 at T S [33] . 

Liquid ρ∗
� [kg/m 

3 ] ρ∗
v [kg/m 

3 ] c ∗p [kJ/kg K] h ∗� v [kJ/kg] D ∗� [m 

2 /s] 

C 2 ClF 5 (2 bar) 1488 16.0 0.966 119 1.16 ×10 –6 

C 4 F 10 (1 bar) 1593 11.2 1.028 96.7 1.32 ×10 –6 
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The solution assuming a negligible surface tension is

 

inertial 
c (t) = ψ inertial t, with 

 inertial = 

(
2 

3 ρ� 

�P 

)1 / 2 

. (10) 

The bubble grows with constant velocity at the expense of en-

rgy stored in the droplet liquid itself, which is several orders of

agnitude greater than the total energy lost by a 5 MeV α. 

As bubble growth progresses, evaporation cools the liquid-vapor

nterface to a saturated state, and growth slows with tempera-

ure/pressure decrease via heat conduction and viscosity losses:

ncreasing amounts of heat transfer to the interface are required.

his “thermal stage” is determined entirely by the bulk liquid ther-

odynamics, and described by Plesset-Zwick [25] by 

∂T 

∂t 
+ ρ� 

r 2 c 

R 

2 

∂ r c 
∂t 

∂T 

∂R 

= D � 

(
∂ 2 T 

∂ R 

2 
+ 

2 

R 

∂T 

∂R 

)
, (11) 

ith T the liquid temperature at a distance R from the droplet, and

 � is the thermal diffusivity of the liquid in the saturated state. The

olution, assuming a thin thermal boundary layer at the bubble-

iquid interface, is r thermal 
c (t) = ψ 

thermal 
t 1/2 [ 26 , 27 ], for which the

eading order approximation is generally 

 thermal = �J ∗a ( D 

∗
� ) 

1 / 2 
, (12) 

here J a is the Jacob number given by 

 

∗
a = 

ρ∗
� c 

∗
p �T ∗

ρ∗
v h 

∗
� v 

, (13) 

ith 

∗ denoting thermodynamic parameters at the liquid satura-

ion temperature (T S ); c p is the liquid specific heat at constant

ressure, �T = T − T s , and the pre-factor � varies with the specific

reatment of Eq. (11) by various authors [25–32] , from which we

dopt � = 

√ 

12 
π [32] . Table 2 provides relevant properties of C 2 ClF 5 

nd C 4 F 10 , which again are seen not to differ significantly between

he liquids. 

The above solutions are asymptotic to the bubble growth: a

omplete description involves a smooth transition between the in-

rtial and thermal stages, which is described [ 34 , 35 ] in terms of

caled, dimensionless variables t + and R + from interpolation be-

ween the limiting solutions of Eqs. (9) and (11) for large and small

imes as R + = 2/3 [( t + + 1) 3/2 –( t + ) 3/2 −1], as shown in Fig. 10 . The
caled variables are given by 

t = t + 
(

�inertial 

�thermal 

)−2 

nd 

r c = R 

+ 
(

�inertial 

�thermal 

)−2 

ψ inertial (14) 

o that the Figure is “universal”: once t + is determined from

q. (14) , R + can be read from Fig. 10 and Eq. (14) applied to ob-

ain r c (t). 

This is seen to generally agree with experiment for J ∗a > 10 but

ot below, since use of Eq. (12) confines the description to larger

 

∗
a where the thermal boundary layer assumption is valid [34] . 

.2. Droplet evolution 

As the growing proto-bubble r c (t) expands against the decreas-

ng liquid, the remaining liquid shell itself expands against the gel.
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The relation of the droplet intermediate state r d (t) to the r d 0 of

the DSD is obtained by approximating each droplet with two con-

centric spheres of inner radius r c (vapor) and outer radius r d (va-

por + remaining liquid), such that 

r d ( t ) = 

[ 
n j 

(
1 −

[ 
ρv 

ρ� 

] )
r 3 c + r 3 d0 

] 1 / 3 
(15)

where the evaporated liquid equivalent ( r c � ) is obtained via mass

conservation as r c � ( t ) = ( ρv 
ρ� 

) 1 / 3 r c (t) . Eq. (15) moreover accounts for

possible multi-proto-bubble generation as suggested in Fig. 2 (a),

each of which would serve as an evaporation center for the

droplet: assuming that each evolves identically and independently,

we replace t with t = t 0 / n j , where t 0 is the n nr = 1 liquid evapora-

tion time of a neutron-generated target recoil, and n j is the num-

ber of proto-bubbles created by radiation type j. 

A completed bubble evaporation occurs on a millisecond time

scale, resulting in a vibrating bubble of r df = ( ρ� 
ρv 

) 1 / 3 r d0 which os-

cillates around an equilibrium radius at ambient pressure, with a

low frequency resonance νr given by [36] 

νr = 

1 

2 π r df 

√ 

3 κP 

ρ� 

, (16)

where, κ is the polytropic vapor coefficient, and P is the ambient

equilibrium pressure. 

In summary, only on nanosecond time scales is an acoustic sig-

nal (shock wave) formed at the expense of the particle deposition

energy; once the proto-bubble is formed, the droplet expansion de-

pends on the thermodynamic properties of the liquid alone. 

3.3. Acoustics 

The droplet expansion r d (t) is accompanied by an outgoing sub-

sonic pressure wave, with the pressure generated at a distance R

given by [ 29 , 37 , 38 ] 

δP (R, r d , t) = 

ρ� 

4 πR 

d 2 V (t − R 
c 
) 

d t 2 
= 

ρ� 

R 

[ 

d 2 r d 
d t 2 

r 2 d + 2 r d 

(
d r d 
dt 

)2 
] 

, 

(17)

where c is the speed of sound in the gel. The pressure is sensed by

external microphones, converted to voltages and analyzed to pro-

vide the SDD signal in both experiments: the observable is the sig-

nal amplitude A(t) = ϑ( δP ), with ϑ the microphone μV/μbar conver-

sion. 

Substituting the solutions of Eqs. (9) and (11) in Eq. (17) yields

for either growth stage 

A ( r d ) = A m 

r 3 d t 
−2 , (18)

where t is the time of droplet expansion, m = (inertial, thermal),

and the parameters A inertial = ϑ( 2 ρ� 

R ), A thermal = ϑ( ρ� 

4 R ) 
. are constants

for a given detector and operating conditions. 

The acoustic power radiated through a spherical surface at a

distance R by the expanding droplet is given by K( r d ) = 

4 πR 2 A 2 

Z ,

where Z = c ρ� is the acoustic impedance [39] , such that 

K j ( r d (t) , n j ) = A 

2 
m 

r 6 d n 

4 
j (19)

With the inclusion of multiple proto-bubble generation. As evident

from the above, most of the acoustic power is emitted during the

inertial stage. The associated acoustic energy is obtained by inte-

grating Eq. (19) over the expansion time τ : 

 j ( r d (t) , n j ) = 

τ∫ 
K j dt = 3 

−1 = A 

2 
m 

r 6 d n 

3 
j , (20)
0 
a

. Response model and applications 

The discrimination qualities of both experiments are generally

resented as nucleation event numbers, normalized to the maxi-

um of the respective acoustic distribution as a function of either

n(K) [1] or log(W) [3] . In model terms, the ordinate corresponds

o N 

e f f 
j 

= ω 

k P k 
j 
N d ( r d 0 ), the ω 

k P k 
j 
determining which r d 0 contribute to

he signal, and by how much. The abscissa, in contrast, corresponds

o a logarithm of the recorded A 

2 of the associated acoustic signal

f the droplet evolution. 

The neutron mean free path is larger than any droplet diameter

n either experiment: subsequent elastic scatterings occur in the

el or other droplets with few microsecond time separations. As-

uming n nr = 1 for the neutron-generated recoil events [ 1 , 15 ], the

n( A 

2 
m 

) or log( A 

2 
m 

) of Eqs. (19) and (20) , containing all constants of

he measurement, can be treated as a “shift factor” for co-locating

he mean of N 

e f f 
nr ( r d 0 ) with the experimental response mean. The

 

e f f 
α+ αr (r d0 ) is then calculated according to the nature of the α cal-

bration, and the associated K α, αr computed with n α ≥ 1, n αr = 1,

nd shifted by the same amount to complete the spectrum. 

.1. Application : SIMPLE 

The SIMPLE science SDDs employed 900 ml (10 cm Ø, 12 cm

eight) SDDs with C 2 ClF 5 homogeneously dispersed in Gaussian

SDs of N d ( < r d 0 > , �) = N d (30 μm, 7.5 μm) [1] . Neutron irradia-

ions were performed with weak sources of Am/Be, or low en-

rgy, mono-energetic neutron beams [ 2 , 16 ]. Alpha irradiations

ere made by doping the SDDs with a 241 Am solution during

abrication. Smaller 150 ml (8 cm Ø, 10 cm height) versions of the

cience SDD were made with the fabrication protocol scaled for

etector volume to provide comparative results for the p α of an

 3 O 8 solution. All results were obtained at an operating tempera-

ure/pressure of 9 ºC/2 bar. 

SIMPLE used a single electret microphone (0.1–20 kHz) per de-

ector, mounted within a glycerin layer covering the SDD emul-

ion, with sensitivity of ϑ= 7.9 ×10 –2 μV/μbar and no amplification

1] . The analysis was based on the maximum acoustic power of an

vent, displayed as N events ( r d 0 ) vs. ln(K); as shown in Fig. 2 of Ref.

1] , the results yielded a 30 mV gap between the neutron- and α-

enerated events, with a 0.3 mV resolution. 

The signal corresponds to the end of the inertial stage ( t X ),

hich is estimated from Fig. (10) and the solutions of Eqs. (14 ),

10) , (12) ; the associated bubble radius r cX = ψ inertial × t X . The re-

ults for C 2 ClF 5 (9 ºC/2 bar) are t X = 4.73 μs, � inertial = 13.7 μm/ μs,

nd r cX = 64.8 μm, in reasonable agreement with similar estimates

n other liquids [ 25 –30 , 37 , 38 ]. The evaporated liquid equivalent

 cX − � = ( ρv 
ρ� 

) 1 / 3 r cX = 22.2 μm : for r d 0 ≤ r cX − � , the droplet liquid is

onsumed; for r d 0 > r cX − � however, the remaining liquid is con-

ained in a shell surrounding the bubble, the thickness of which

epends on the initial r d 0 . Using Eq. (15) , r dX = r d ( t = t X ) is then 

 dX = 

{ 

n j 

[
ρ� 

ρv 

]1 / 3 
r d0 

(
r d0 ≤ r cX−� n 

1 / 3 
j 

)[
n j 

(
1 −

[
ρv 
ρ� 

])
r 3 cX + r 3 

d0 

]1 / 3 (
r d0 > r cX−� n 

1 / 3 
j 

) (21)

Fig. 11 displays r dX as a function of r d 0 in the case n j = 1 for

 2 ClF 5 at 9 º C/2 bar. 

As seen, r dX increases linearly until r cX − � , where it abruptly

lows as a result of the redistribution of the remaining liquid

ithin the increasingly larger shell. 

We rewrite Eq. (19) using Eq. (21), K j ( r dX ,n j ) = A 

2 
m 

r 6 
dX 

n 4 
j 

where

ll constant factors including t X are now subsumed into A 

2 
m 

. A com-

arison of the results of the analysis with those of neutron irradi-

tion response is shown in Fig. 12 . 
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Fig. 11. variation of r dX at the end of the inertial stage with respect to the initial 

droplet size. 

Fig. 12. comparison of the model neutron irradiation response with the results of 

SIMPLE SDD neutron irradiation. The sharp low acoustic power cutoff is the result 

of the microphone sensitivity. 
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.1.1. Small droplets 

For the U 3 O 8 calibrations of the 150 ml SDDs with Gaussian

SD of N d ( < r d > , �) = N d (11 μm, 1.1 μm), P T OTAL 
α equals P SURF 

α and p α
s 22 μm ( ∼ r cX − � ) from interpolation of Fig. 2 (a). Note that N d ( r dX )

N d ( r d 0 ) because of the small droplet sizes. The N 

e f f 
nr is shifted by

6.9 to overlap the mean of the experimental ln( K nr ) distribution

as in Fig. 12 ); the N 

e f f 
α+ αr (r dX ) = 0.5[ P SURF 

α + P SURF 
αr ] N d ( r d 0 ) is then cal-

ulated, K α, αr computed with n α = 2, n αr = 1, and then identically

hifted, and n α adjusted to reproduce the experimental result. The

esults with n α = 1.8, shown in Fig. 13 (a), yield an asymmetric α
esponse distribution promoted above the neutron recoil (nr) dis-

ribution in agreement with Fig. 9 of Ref. [1] . 

.1.2. Large droplets 

For the science results with a Gaussian DSD of N d (30 μm,

.5 μm), the α background likely derived from the glass contain-

ent U/Th contamination [17] and high radon concentration in

he underground site at the time [1] . The decay chain is 222 Rn

(t 1/ 2 = 3.8 d)- > 5.59 MeV α + 

218 Po –( t 1/ 2 = 3 min)- > 6.12 MeV
+ 

214 Pb –( t 1/ 2 = 29 min)- > β + 

214 Bi –( t 1/ 2 = 20 min)- > β + 

214 Po

( t 1/ 2 = 0.16 ms)- > 7.83 MeV α + 

210 Pb [22] . At 9 ºC/2 bar,

 c = 8 keV and LET c = 176 keV/ μm: the SDD is sensitive to all decay

hain α’s and their αr daughters. Since P αr ∼ 1, any internal de-

ay will trigger a bubble nucleation, after which the droplet is no

onger sensitive to subsequent decays. We assume the Rn to be the

rincipal contributor, so that E α = 5.6 MeV, and p α = 37 μm from

nterpolation of Fig. 2 (a). The N 

e f f 
nr is shifted by −14.6 to overlap

he experimental mean of ln( K nr ), accounting for the ln( A 

2 
m 

). The

 

e f f 
α+ αr for δ > r d 0 + 0.1 μm = [ P INT 

α + P EXT 
α ]N d (r d0 ) + [ P INT 

αr + 0]N d (r d0 )

with N 

e f f 
α+ αr for δ < r d 0 + 0.1 μm that of “SURF”) is calculated, then

 α, αr with n α = 2 and n αr = 1 and equally shifted by −14.6 and n α
djusted to produce Fig. 13 (b), again yielding a truncated α re-

ponse distribution promoted above the neutron recoil distribution

y a distance in agreement with Fig. 16 (d) of Ref. [1] with n α = 2.3.

.1.3. Proto-bubble multiplicity 

The α response in Fig. 13 (b) above the gap is problematic, with

xperiment indicating significantly higher K α . These events how-

ver correspond to the larger r d 0 in the DSD, for which the prob-

bility of a constant n α is likely incorrect given Fig. 2 (a). This

as explored by incrementally increasing the n α( r d 0 > r gap ) to ob-

ain agreement with the experimental data, yielding the additional

urve in each of the Figures. Fitting of the resulting n α( r d 0 ) yields

oltzmann distributions for each n α as seen in Fig. 14 . 

Also note that <N 

e f f 
nr > in Fig. 13 (a) occurs at a higher ln( K nr )

han in Fig. 13 (b) for which < N d > is larger. This results from the

ifference in microphone distance (R 

-2 in Eqs. ((16 ) and (17) ) of

he two ln( A 

2 
m 

), which represents a ∼ 20% increase in microphone

istance : ln( A 

2 
m 

)| Fig 13 (a) - ln( A 

2 
m 

)| Fig 13 (b) = 1.4 vs. the observed 1.5.

n contrast, the <N 

e f f 
α > of both Figs. remains at roughly the same

n( K α): this is also because of the R 

-2 difference, but mitigated

y the difference in the DSD and P α for which r d 0 < 10 μm do

ot participate in Fig. 13 (a) and r d 0 < 40 μm do not participate in

ig. 13 (b). 

.2. Application : PICASSO 

The PICASSO science SDDs were 4.5 liter (14 cm Ø, 40 cm

eight) containing C 4 F 10 dispersed as a Gaussian DSD with a stated

 d ( < r d 0 > , �) ∼ N d (100 μm, 32 μm) [3] . Neutron irradiations were

erformed with weak sources of AmBe, AcBe or low energy, mono-

nergetic neutron beams [ 3 , 15 ]. Alpha irradiations were effected

y doping the SDDs with an aqueous solution of 241 AmCl and/or
26 RaCl, using two smaller version SDDs (14 cm Ø, 13 cm height)

f its standard devices (it isn’t clear if the large volume DSDs suf-

ered reduction in the smaller device fabrications). The SDDs were

perated between 20 – 50 ºC at 1 bar [ 3 , 4 , 15 ]. 

Each PICASSO SDD employed a set of 9 high frequency piezos

 < 150 kHz), mounted external to the SDD containment in sets of

 at three different heights, with sensitivity of ϑ= 27 μV/μbar, sig-

al amplification of 30 0 0 and Bessel bandpass with cutoff below

8 kHz [ 3 , 4 ]; the calibration SDDs, 3 piezos with 120 º separation

t the same height. Signal analysis, based on the acoustic energy

f a recorded event, consisted of squaring the waveform of each

ransducer signal and integrating over its duration ( ∼ 20.5 ms); the

esults were then averaged over all piezos for each event, and dis-

layed as N events (AP) vs. AP = log 〈 ∫ τ0 A 

2 dt 〉 , normalized such that

he mean of the neutron recoil distribution was at AP = 1. The fre-

uency cutoff increased from 18 kHz at the lower temperatures to

00 kHz at the highest in optimizing the gap between neutron- and

-generated events [15] . 

In this case, the signal obtains from the full droplet expansion,

nd the abscissa is then given by: 

( AP ) j = log 
(
A 

2 
m 

r 6 d0 n 

3 
j 

)
(22) 
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Fig. 13. (a) model results for SIMPLE with E α = 4.2 MeV and a Gaussian DSD of N d (11 μm, 1.1 μm), and shift of −6.9 in both power spectra to account for the ln( A 2 m ); (b) 

same for a Gaussian DSD with N d (30 μm, 7.5 μm) and E α = 5.6 MeV, with a shift of −14.6 in both power spectra. The additional curve (black) in each panel portrays the 

change induced by an increasing proto-bubble generation rate by α above the r d 0 of the gap onset. 

Fig. 14. variation in n α ( r d 0 ) with r d 0 used in adjusting Fig. 13. The lines indicate 

their Boltzmann fittings. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 15. comparison of the PICASSO N e f f 
nr with the reported acoustic response (Fig. 

7 [15]), and with �N e f f 
nr with an offset of 0.05 for visibility (35 ºC/1 bar). 
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where r d = ( ρv 
ρ� 

) 1 / 3 r d0 and all constant factors are again subsumed

into A 

2 
m 

. 

4.2.1. Neutron calibrations 

In contrast to the SIMPLE N 

e f f 
nr , the PICASSO N 

e f f 
nr unexpected

appears in severe disagreement with its neutron irradiation re-

sponse of Fig. 7 [15] . The model however does not account for

the signal processing (filtering, amplification, squaring and integra-

tion, and averaging) in obtaining AP; which is seen in Ref. [15] to

yield a response Gaussian with FWHM resolution of ∼ 20%. To

account for this, we adopt a transfer function ( �) for the mea-

surements, N 

e f f 
nr = �× P j N d . Since both N 

e f f 
nr and N d are Gaussian,

�= e 
− ( AP −<AP > ) 2 

2 �2 = e 
− ( AP −<AP > ) 2 

2 ( 0 . 489 ) 2 , which is applied to the N 

e f f 
j 

after

conversion of the representation from r d to AP (see Fig. 15 ) 

4.2.2. 241 Am calibrations 

For the 241 Am calibrations, the N 

e f f 
nr was calculated with n nr = 1,

then shifted by −10.5 to overlap the experimental acoustic neu-
ron recoil distribution, and � applied. For the α-response, the

 

e f f 
α+ αr = P SURF 

αr+ αN d was calculated with p α = 32 μm by interpolation

f Fig. 2 (b), and ( AP ) α + αr computed with n α = n αr = 1 following

ef. [3] , equally shifted by −10.5, and � applied. The result is

hown in Fig. 16 for comparison with Fig. 10 of Ref. [15] . At 27 ºC,

he SDD is only marginally sensitive to α’s, and the α decay sig-

al derives from either the α recoil or α (each with n j = 1). From

nspection of Figs. 6-8 , the P SURF 
α contour traverses the DSD, previ-

ioning no significant alteration of the N 

e f f 
α response distribution

elative to the N 

e f f 
nr as in the case of SIMPLE. 

.2.3. 226 Ra calibrations 

For the 226 Ra calibration results of Fig. 8 in Ref. [15] , in which
26 Ra α-emitters were injected and allowed to diffuse throughout

he SDD volumes, the analysis is a bit more complicated given the

emperature variation of the measurements. The increase in AP of

he recoil distribution with temperature follows from the increas-

ng expansion velocity ( 2 
3 ρ� 

�P ) 3 of Eq. (10) with temperature, as

een by the agreement between Col. 2 and Col. 4 of Table 3 . 
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Fig. 16. (a) model results for PICASSO with N d (100 μm, 32 μm), E α = 5.4 MeV, and 

shift of −10.5 in both acoustic energy responses to account for the log( A 2 m ), and �

application. The blue [base ( AP ) nr ] and red ( AP ) α +αr contours overlap. 

Table 3 

Comparison of reported nuclear recoil peak means (Figs. 8 of Ref. 

[15]) with normalized calculations of inertial velocity in the bubble 

expansion of C 4 F 10 . 

T ( ºC) ( AP ) nr (Fig. 8 [15]) Log ( 2 
3 ρ� 

�P ) 3 Col. 3 – (4.64) 

25 1.0 5.64 1.0 

27 1.5 6.05 1.4 

35 1.8 6.28 1.6 

45 2.3 6.82 2.2 

Table 4 

Comparison of fit values for q αr and q α with those reported in Fig. 9 

of Ref. [15]. 

T ( ºC) q αr (fit) q αr (Fig. 9 [15]) q α (fit) q α (Fig. 9 [15]) 

25 0.99 0.97 0.01 0.03 

27 0.70 0.40 0.30 0.60 

35 0.19 0.20 0.81 0.80 

45 0.04 0.03 0.96 0.97 
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The 226 Ra decay is –( t 1/ 2 = 1600 y)- > 4.87 MeV α + 

222 Rn [19] .

t 25 ºC the SDD is insensitive to the decay α’s since the E α are

ell below the α threshold. The p α, αr (T) were obtained by interpo-

ation of Fig. 2 (b) and the computed 

222 Rn α Bragg curve, adopting

 α = 5.6 MeV of the 222 Rn decay. 

The approach is otherwise the same: the N 

e f f 
nr is shifted

y −10.5 to overlap the experimental result, and � applied.

he N 

e f f 
α+ αr = q αP INT 

αr+ αN d + q αr P 
EXT 
α+ αr N d was initially calculated by

djusting the respective q j to reproduce the contours of the

igs. 8 [15] response, and afterwards the q j ’s compared with

ig. 9 [15] : as seen in Table 4 , with the exception of the T = 27 ºC

ntry, the q j (T) at each temperature are seen to be in reasonable

greement, the discrepancy possibly being the result of the steep

lopes of the α and α recoil contours which cross at this point in

he Figure. 

The ( AP ) α, αr was then computed with n α = n αr = 1 following Ref.

15] , equally shifted by −10.5, and � applied to both distribu-

ions. Figs. 17 show the resulting particle responses corresponding

o Figs. 8 of Ref. [15] , for comparison. 

Again, the most obvious effect of the model, from inspection of

igs. 6 –8 , is that all of the P k α contours sample the entire DSD, pre-

isioning no significant alteration of the N 

e f f 
α response relative to

he N 

e f f 
nr as in the case of SIMPLE. The nr- and ( α+ αr)-distributions
verlap at least partially at all temperatures, in agreement with

ef. [15] . In Fig. 17 (a), the E α is below the α sensitivity thresh-

ld: the neutron recoil and α recoil responses superimpose. With

emperature increase, the E c decreases and the SDD is increasingly

esponsive to the α, which combines with its daughter recoil re-

ponse to yield the almost single α+ αr acoustic peak in Fig. 17 (d).

. Discussion & conclusions 

The results of Section 4 clearly demonstrate the role of the de-

ector DSD in both the selection of interaction events to be de-

ected, and their associated acoustic signatures. The neutron re-

ponse ( N 

e f f 
nr ) is essentially a projection of the DSD and can be

sed in SDD calibrations as a non-invasive measurement of the

SD and identification of any transfer function. The α response

 N 

e f f 
α ) in contrast reflects the location of the α-emission with re-

pect to the DSD droplets: those of r d 0 ≤ p α/2 are insensitive to in-

ernal and surface α emissions, yielding an asymmetric N 

e f f 
α which

ay be gapped from that of the N 

e f f 
nr depending on the number of

roto-bubbles generated by the α energy loss. 

The use of large droplets, as pursued by PICASSO [40] in order

o fully contain the α decay, together with the C 4 F 10 and its high

ET c relative to the α Bragg peaks, is seen to be counter-productive

ince these preclude the asymmetry in N 

e f f 
α from which the gap

ith N 

e f f 
nr in SIMPLE arises. 

The small droplets are however fully sensitive to the accom-

anying α recoil events ( N 

e f f 
αr ), providing a background to the

 

e f f 
nr since both n j = 1: The presence of radon and its decay daugh-

ers in the U/Th decay chains and their apparent diffusion into the

roplets [15] remains a serious problem in SDD dark matter exper-

ments (as well as any application requiring neutron- α discrimina-

ion), since these mimic the recoil of target nuclei. Minimization

f U/Th contaminants in the SDD construction materials continues

o be required, and further investigation is required of the electro-

hemical properties of the decay daughters, and their diffusion in

he SDD gel and liquid media. 

The analysis is rudimentary by design, neglecting or simplifying

 number of details in both the particle interaction and acoustic

esponse descriptions. In the first case, this includes ion straggling,

ucleation efficiencies, uncertainties in the p j because of the track

ength averaging of particle trajectories in constructing the Bragg

urves, use of ρgel = ρ� in the PICASSO application (the Bragg peaks

n the gel are generally shifted to smaller depths than in the su-

erheated liquid itself), inter-droplet distance effects, and the dis-

ances of α travel in the liquids. The acoustic response, in turn,

ncludes various simplifications of the Rayleigh-Plesset [24] and

lesset-Zwick [25] equations in obtaining the solutions (neglect of

iscosity, time-dependent surface tension, thermal conductivities), 

nd is restricted to spherical droplets/bubbles. 

The analysis presented is moreover fundamentally based on

nowledge of the particle p j in the target liquid, which is defined

y the LET c and hence the 	 - which is seen in Section 2.1 not to

e well-defined. The LET c provides only the p j : although the par-

icle dE/dx along its trajectory, at least in the case of SIMPLE, dif-

erentially exceeds the LET c over several micron, theory does not

ddress the number of proto-bubbles formed per unit distance in

he ion passage. Recent molecular simulations for C 2 ClF 5 [41] ob-

ain in the case of SIMPLE n α ∼ 5 proto-bubbles per micron of

iquid penetration above p α , which is larger than the n α ∼ 2 ob-

ained here initially. The Boltzmann increase in n α with increasing

 d 0 identified in Section 4 is qualitatively consistent with the con-

our of the leading edge Bragg peak above LET c , suggesting a physi-

al basis for its implementation. Inclusion of the p > in an analogue

nalysis, and comparison of the two results with experiment, may

rovide additional information on this question. 
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Fig. 17. model results for comparison with Figs. 8 of Ref. [15], including the shift of log( A 2 m ) in both and � application, which decrease with increasing temperature owing 

to ρ� (T) and c (T). The blue contours are ( AP ) nr ; the red curves display ( AP ) α +αr . 
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Recent similar molecular simulations for the case of a C 3 F 8 
bubble chamber [42] have more recently examined the acous-

tic signal production, however focusing on the early-time proto-

bubble generation, and providing important quantifications of the

“heat spike”-to-proto-bubble evolution. They however observe that

only a single proto-bubble is nucleated per α in the 222 Rn → 

210 Pb

decay chain. Evaluation of the involved acoustic energies via

Eq. (17) yields larger signal amplitudes than those induced by

neutron-generated recoils. 

Proto-bubble nucleation by electrons has also been recently ex-

amined in C 3 F 8 bubble chambers [43] , in which experimental data

is found to be in better agreement with a new nucleation mech-

anism for which the energy threshold contains only the first and

last terms of Eq. (1) , and the E c in the nucleation probability is re-

placed by - 	. The γ calibration data in CF3I chambers are however

seen to agree with Seitz, as a result of Auger cascades in the high-

Z atoms which produce a more local energy deposition. In short,

significant further investigations of the involved molecular dynam-

ics, and interactions with particles other than neutrons and α’s, are

required to further reveal the underlying physics and elucidate the

full discrimination details. 

The analysis presented herein, as simplified as it is, neverthe-

less appears to capture the essence of the involved particle re-
ponse physics, and provide a basis for understanding the differ-

nces in neutron - α particle discrimination capacities of the SDD

evices. The results remove the disagreement between the SIM-

LE and PICASSO experiments with respect to their respective par-

icle discrimination, demonstrating that each of the observed re-

ponses is obtained with the respectively stated DSDs and mea-

urement conditions. The reduced discrimination of PICASSO is

een to arise from the broad distribution of larger droplet sizes,

hich are fully sampled by the nucleation probabilities P k α nec-

ssary to proto-bubble nucleation, leading to an apparent droplet

ize-independence of the SDD response. The smaller, narrower

SDs of SIMPLE are in contrast partially unsampled by the P k α ,

hich is manifested in an asymmetric α response which provides

he gap. 

Both SIMPLE and PICASSO have evolved to bubble chambers in

he search for astroparticle dark matter. While the basic physics

utlined above remains operative, the case of bubble chambers

s simpler since neither DSD nor gel matrix are involved, obviat-

ng the droplet p j cutoff considerations of Section 3 : any α event

ncludes both the α and α daughter contributions with ∼ 100%

robability, so long as both satisfy Eqs. (1) and (2) , and the de-

ay occurs at a sufficiently large distance from the containment

alls. The results herein nevertheless remain important in provid-
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ng further guidance to the continued development of SDD applica-

ions. Neutron irradiations and precise knowledge of both the DSD

nd LET c constitute important ingredients of a standard calibration

rom which the detector response can be projected. 
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