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A B S T R A C T   

This study develops superheated emulsion detectors that are both sensitive to fast neutrons, and thermal neu
trons owing to the exergonic 6

3Li(n,α)3
1H capture reaction caused by the 6Li-containing compound dispersed 

throughout the gel-like medium. The experimental research was conducted on two SEDs. One detector was an 
ordinary Freon-12 detector and the other was a Freon-12 detector containing 3.4 % (by weight) LiCl. In order to 
investigate the sensitivity of lithium-containing SEDs to thermal neutrons, two types of SEDs were simulta
neously exposed to various flux levels of thermal neutrons from 241Am–Be neutron source inside a cylindrical 
tank filled with water. A Boron-lined proportional counter was used to estimate the thermal neutron flux and the 
relevant MCNP code was developed for flux and dose calculations in the prepared set-up around 241Am–Be 
source. The results demonstrate that there is a proportional relationship between the variations of SED response 
and the change in thermal neutron flux and dose. Also, the sensitivity of SED was estimated.   

1. Introduction 

Thermal neutrons have gained a wide range of applications in 
various fields such as medicine [1], crystallography [2], and homeland 
security [3]. There are several detectors to detect thermal neutrons such 
as 3He gas counters, BF3 detectors Boron-lined detectors, and lithium 
scintillation detectors. Due to its low toxicity, high pulse resolution, 
insensitivity to gamma radiation, and physical robustness, the 3He gas 
counter is typically the preferred choice for thermal neutron fields over 
other neutron detectors [4–6]. However, the lack of 3He in the world [7] 
has made the use of other neutron detectors in different fields necessary. 

Superheated emulsion detectors (SED) are metastable suspensions of 
minute droplets of superheated liquids in a viscoelastic gel (superheated 
droplet detector, SDD) [8] or in a polymer medium (bubble detector, 
BD) [9] that readily vaporize into bubbles when affected by nuclear 
radiation interactions. Some advantages of SED include direct reading 
capability, passive operation, insensitivity to γ-rays [9], and ease of use 
without requiring a power supply [10]. SEDs are mainly used for fast 
neutron detection because their efficiency for thermal neutrons is low. In 
order to monitor and determine the dose of thermal neutrons, Bubble 
Technology Industries introduced the bubble neutron dosimeter model 

BDT. BDT consists of a plastic tube that contains thousands of super
heated liquid drops of Freon-12 (CCl2F2, boiling point − 29.8 ◦C at at
mospheric pressure) [11] dispersed in a firm polymer medium 
containing Li. Among all the superheated liquids studied so far, Freon-12 
possesses some, albeit small, sensitivity to thermal neutrons at ambient 
temperature and pressure due to the exoergic 35

17Cl(n, p)35
16S capture re

action (with the cross-section 0.489 b for 25.3 meV neutrons) [12–14]. 
Therefore, adding Li (with the cross-section 940 barns for thermal 
neutrons) leads to the increased sensitivity of detectors to thermal 
neutrons. 

As a further comparison BDT is a good commercial dosimeter with its 
specific shape and dimensions, while SED can be manufactured in 
various sizes and shapes to accommodate specific requirements. 

In this study, first we analyze, by theory and via utilizing the stop
ping power of lithium and thermal neutron interaction products, how 
the presence of lithium in the gel medium affects the bubble formation. 
In the experimental research, to evaluate the thermal neutron sensitivity 
of SED, the ordinary Freon-12 detector and the Freon-12 detector based 
on 6Li were exposed simultaneously to a thermal neutron field at various 
distances. Then the bubbles were counted visually. Fast neutrons result 
in bubbles to be formed in ordinary Freon-12 detectors while the 
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thermal neutrons contribute to the difference in the number of formed 
bubbles in the two types of SED. In addition, the average neutron flux 
was determined by the MCNP code and the Boron-lined proportional 
counter. Afterwards, the relation between the response of the SED and 
the thermal neutron flux was examined in the prepared set-up. Finally, 
utilizing the dose obtained from the MCNP code, the SED’s Sensitivity 
(bubble/μSv) was estimated according to the NCRP-38 recommenda
tions. It is noteworthy that the strength of the polymer medium affected 
the rate of bubble formation [15]. Since the process of bubble formation 
in the gel is faster than that in a firm polymer, the gel was used as the 
host medium in the present work [16]. The gel medium enables the 
fabrication of detectors in various dimensions tailored for specific 
purposes. 

2. Theory 

When a SED is exposed to a neutron field, droplets of superheated 
liquid dispersed in a viscoelastic gel turn into bubbles. A linear rela
tionship exists between the neutron flux and the number of nucleated 
bubbles [17]. The Seitz theory describes the SED bubble formation 
process [18], which explains that recoil ions from elastic scattering in
teractions transfer kinetic energy to superheated droplets suspended in a 
gel. Recoil ions passing through superheated droplets deposit energy 
along their path, generating microbubbles. Equation (1) expresses the 
minimum amount of energy required to transform a microbubble into a 
visible bubble [8]. 

W = 16πγ3(T)
/

3(Pv − Po)
2 (1) 

Here, γ(T) and Pv and Po represent the superheated liquid’s surface 
tension at temperature T, the superheated liquid’s vapor pressure, and 
the external pressure applied to the surface of the viscoelastic gel, 
respectively. As microbubbles expand to the critical radius (rc), they 
become thermodynamically unstable and grow rapidly until the whole 
liquid droplet vaporizes into a visible bubble. If the microbubbles have 
not reached the critical radius, then the microbubbles will be com
pressed under the surface tension and pressure of the medium. The 
critical radius (rc), is given by Ref. [8]: 

rc = 2γ(T) / (Pv − Po) (2) 

A recoiled ion’s deposited energy is proportional to its stopping 
power (dE/dx). Only a small percentage of the energy deposited by the 
recoil ion at a distance of 2rc contributes to nucleation [19], as defined 
by the thermodynamic efficiency of nucleation (η). Therefore, the con
dition for bubble formation is: 

η(2rc)

(
dE
dx

)

≥ W (3) 

By inserting Eq. (1) and Eq. (2) in Eq. (3), we obtains: 

dE
dx

≥
4πγ2(T)

3η(Pv − Po)
(4) 

Equation (4) shows that if (dE/dx) is higher than 
(

4πγ2(T)
3η(Pv − Po)

)
, the drop 

is completely evaporated and turns into a bubble. The stopping power on 
the left of (dE/dx) is related to neutron energy, whereas the expression 
on the right depends on thermodynamic parameters such as temperature 
and pressure. In Table 1, the physical parameters of Freon-12 are listed 
at ambient pressure (Po = 1atm), where the efficiency factor is taken as 
η= 4% . 

When SED is exposed to thermal neutrons, due to the presence of Cl 
in the Freon-12 droplets and the Li in the gel medium, particles of the 
sulfur ion, proton, alpha, and tritium are emitted according to the 
following nuclear reactions. 

6
3Li + 1

0n→ 3
1H+α Q= 4.78 MeV,Eα= 2.05 MeV,E3

1H= 2.73 MeV  

35
17Cl+ 1

0n → 35
16S + p Q= 615 keV,E35

16S= 17 keV,Ep= 598 keV 

The resulting α-particle has a small range (around 13 μm). It is 
possible to calculate the energy deposited by an ion at a given distance 
based on its stopping power. Table 2 presents the stopping power and 
the range of charged particles from 63Li and 35

17Cl interactions in Freon-12 
(ρ= 1.311 gcm− 3 at 25◦C) as calculated using the SRIM code [22]. 

The stopping power and range of each ion are different in SED. The 
sulfur ion deposits its energy in a range of 0.0463 μm which is less than 2 
rc (= 0.0656 μm), while the proton cannot deposit sufficient energy to 
create a bubble in the critical radius. Since charged particles from 
neutron interactions with 63Li have a long range, their presence in a gel 
medium can cause bubbles. Using the SRIM code, it was calculated that 
bubble formation can occur if an α-particle from 63Li(n.α)3

1H reaction is 
generated 10.16 μm away from the drop [22]. The allowed range for Li 
ions around a droplet is illustrated in Fig. 1. Thus, adding Li to the gel 
medium of an ordinary Freon-12 detector increases its sensitivity to 
thermal neutrons, making it suitable for detecting neutron energies from 
thermal to fast. 

3. Material and methods 

The experiments were performed with Freon-12 SED fabricated in 
the neutron laboratory of Amirkabir University of Technology. Detectors 
were prepared according to the method by Raisali et al. [23]. The 
density of the viscoelastic gel and Freon-12 liquid was adjusted with 
saturated CsCl and 3.4 % LiCl solutions mixed into a 35 % poly
acrylamide solution. Then 3 ml of the mixture was transferred to the 
13 × 100 mm screw cap test tube, and 0.01 ml of Ammonium Persulfate 
was added as the initiator. After degassing by a water aspirator, 0.01 ml 
of an activator, namely Tetramethylenediamine (TEMED), was added 
before being sealed, and then placed in a dry ice-ethanol bath. Due to 
Freon-12’s low boiling point, a sufficient amount of this material must 
be injected into the frozen gel prior to polymerization. Using a shaker 
with a speed of 2,600 rpm, Freon-12 liquid was broken and dispersed in 
the gel. Also, additional amount of Freon-12 was added to pressurize the 
gel medium to deactivate SED against neutron radiation. To activate 

Table 1 
Physical parameters of Freon-12 (CCl2F2) at 25 ◦C [20,21].  

Parameter Freon-12 
(CCl2F2)

Temperature (T) [◦C] 25 
Density (ρ) [g.cm− 3] 1.311 
Surface tension (γ(T)) [dyn cm− 1] 9.013 
Vapor pressure (Pv) [atm] 6.43 
Degree of superheated (ΔP= Pv − P0 ) [atm] 5.43 
Critical radius (rc = 2γ(T) /ΔP) [μm] 0.0328 
The minimum energy required to transform a microbubble into 

a visible bubble 
(

W=
16π(γ(T))3

3(ΔP)2

)

[keV]

0.253 

Minimum energy required for bubble formation (Emin = W /η)
[keV]

6.32 

(dE
dx

≥
W

2ηRc

)

[keV μm− 1]
dE/dx ≥ 96.417  

Table 2 
The stopping power and the range of charged particles in SED calculated by 
SRIM code.  

Density: 1.311 g/cm3 Freon-12 (CCl2F2) 

Reaction 6
3Li(n.α)3

1H 35
17Cl(n,p)35

16S 

Products 4
2He 3

1H 1
1H 35

16S 
Energy (MeV) 2.05 2.73 0.598 0.017 
Range (μm) 13.36 76.53 14.89 0.0463 
Stopping power (keV /μm) 139.2 24.02 28.01 42.98  
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SED, excess Freon-12 was released and the temperature of SEDs got 
lower due to Freon-12 evaporation. After 1 h in the radiation room, the 
temperature of the detectors reached equilibrium with room tempera
ture. Bubbles were formed in the detector when placed in the field of 
thermal neutrons from an Am–Be source. To reset the SEDs, they were 
frozen in a dry ice-ethanol bath and relocated to room-temperature 
water. This recompresses the bubbles back into liquid drops. To inves
tigate the effect of Li in the fabricated SEDs, we simultaneously used it 
and an ordinary Freon-12 detector. The presence of Li in the SED makes 
it sensitive to thermal neutrons in addition to fast neutrons. After both 
detectors are simultaneously exposed to thermal neutrons, the differ
ence in the number of formed bubbles indicates the sensitivity of the SED 
to thermal neutrons. The detectors were irradiated with an 241Am–Be 
neutron source with 15 Ci activity (and neutron emission rate of 3.3 ×

107 (n s− 1)) in the neutron laboratory at Amirkabir University of 
Technology. The source was encased in a cylindrical stainless-steel 
container with 4.02 cm in diameter and 13.72 cm in height at a tem
perature of 25 ◦C. The Am–Be source was situated at the center of a 
cylindrical steel tank filled with water which has a height of 1.5 m and a 
radius of 77 cm in an iron casing. Iron cylinders were located in the 
water around the source at different distances from each other, as shown 
in Fig. 2. These cylinders were used to irradiate SEDs with thermal 
neutrons. 

On the other hand, the thermal neutron flux in the desired location 
was determined using the Boron-lined proportional counter. The used 
Reuter-Stokes Boron-lined proportional counter (model RS-P7-0812- 
117) in this study has a sensitive length of 29.5 cm and a diameter of 
2.5 cm. The inner wall of the volume is coated with 92%-enriched Boron 

atoms, 10B and filled with a mixture of Argon-CO2 at a pressure of 0.262 
atm. In order to validate thermal neutron flux, the MCNP simulation 
code based on the Monte Carlo method [24] was used. By designing and 
modeling the SED in the thermal neutron field, the average thermal 
neutron flux was calculated in a similar situation. 

The sensitivity of the detector, expressed in bubbles/μSv, is deter
mined using the following equation: 

S=
N

H∗(10)
(5)  

where N represents the number of bubbles recorded by the detector 
when exposed to the ambient dose equivalent H*(10) [25]. 

The detector’s sensitivity was determined utilizing the dose acquired 
from the MCNP code in the prepared set-ups, based on NCRP 38 
recommendation. 

4. Results and discussion 

To irradiate SEDs, cylinders located 15 cm, 25 cm, 35 cm, and 45 cm 
from the source were chosen. Then a Freon-12 SED with Li and an or
dinary Freon-12 SED were placed in each chosen cylinder. Next, they 
were exposed to thermal neutrons for 10, 15, and 20 min, respectively. 
After irradiation, small bubbles can be seen which can be counted by the 
naked eye. By comparing the number of formed bubbles in the two SEDs, 
the number of bubbles due to the presence of Li was determined. This 
means that the detector containing Li is more sensitive to thermal 
neutrons. The results of this experiment are shown in Table 3. The first 
and second rows of this table, represent the distance of SEDs from the 
source and the duration of irradiation respectively. The nucleation rate 
is calculated in the third row the ratio of the number of created bubbles 
to the irradiation time. Four SEDs were irradiated for each distance in 
order to minimize measurement uncertainty and avoid bubble overlap. 
Based on the Poisson statistics, the associated uncertainty of the average 
number of bubbles in the irradiated SEDs is determined as follows: 

u=
̅̅̅̅̅̅̅̅̅

M/n
√

(6)  

where M refers to the average number of formed bubbles and n is the 
number of irradiated detectors. Given the uncertainty caused by bubble 
determination, the normalized nucleation rate was presented in the last 
row of the table. 

To enhance counting efficiency, the irradiation time was increased 
with the distance from the source. Accordingly, more bubbles formed 
due to the increase in thermal neutron interaction. Since the fast and 
thermal neutron fluxes vary for different water thicknesses it was 
observed that the number of formed bubbles decreased with the increase 
in the distance of SEDs from the source. Fig. 3 presents the nucleation 
rate diagram as a function of the SED’s distance from the neutron source, 
based on the number of formed bubbles. By drawing a fitting curve, it 
was found that the decrease in the SED’s response with respect to the 
distance from the neutron source is almost from order − 2. As expected, 
it follows from this inverse square reduction that the response of the SED 

Fig. 1. A schematic drawing of the allowed range for Li ions around a droplet.  

Fig. 2. Am–Be source is placed at the center of the iron tank containing water.  

Table 3 
Nucleation rate caused by the presence of Li ions in SEDs irradiated by Am–Be 
source at room temperature.  

Distance from 
source (cm) 

15 25 35 45 

Irradiation time 
(s) 

600 900 1200 1200 

Nucleation rate 
(bubbles/s) 

0.111 0.027 0.014 0.012 

Normalized 
nucleation rate 
(bubbles/s) 

1.00 ± 0.048 0.24 ± 0.004 0.13 ± 0.001 0.11 ± 0.001  
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is proportional to the neutron flux. The detection sensitivity is defined as 
the ratio of the number of bubbles to the neutron flux [26]. As a 
confirmation, the thermal neutron flux at the prepared set-up is deter
mined, and its relation with the response of SED is examined. 

The Li-based fabricated SED was placed at a distance of 15 cm from 
the source for 10 min. Fig. 4 illustrates this detector before and after 
irradiation. 

To estimate the thermal neutron flux at a specific position around the 
Am–Be source, experimental and simulation studies were conducted 
using a Boron-lined proportional counter and the MCNP code, respec
tively. Fig. 5 provides a schematic view of the position of the Am–Be 
source and the location at which the thermal neutron flux was measured. 

A Boron-lined proportional counter was placed at 15, 25, 35, and 45 
cm from the neutron source for 10, 15, and 20 min. Total neutron count 
was obtained and used to calculate the thermal neutron count rate as the 
ratio of neutron count to the duration of irradiation. Measurements were 
repeated three times for each location. Since the count rate is propor
tional to the thermal neutron flux, the last row of Table 4 refers to the 

normalized relative thermal neutron flux. 
Using MCNPX 2.7 code, the thermal neutron flux was benchmarked 

at selected set-ups by modeling the Am–Be neutron source, the SEDs, 
and the water tank. The average thermal neutron flux was then deter
mined within the volume of SEDs at the desired location. The results are 
reported in Table 5. 

Fig. 6 depicts the normalized thermal neutron flux obtained from 
simulation and experimental studies at specific distances from the 
Am–Be source. Good correspondence between results achieved from the 
two methods is observed. 

Fig. 7 is a plot of the relation between the response of SED and the 
flux of thermal neutrons at each desired location. The results prove that 
the number of bubbles is linearly related to the thermal neutron flux as a 
function of y = 0.0038x (y and x represent the number of bubbles and 
the thermal neutron flux respectively) with a correlation coefficient of 
0.9935. Hence, the number of bubbles is indicative of the flux of thermal 
neutrons. Similar to an ordinary SED, the number of bubbles formed in a 
developed SED is directly proportional to the incident neutron flux, 
thereby serving as an indicator of the thermal neutron flux [26–29]. 

The thermal neutron dose at specific locations around the Am–Be 
source was determined using the MCNP code according to NCRP 38 
recommendations. As demonstrated in Fig. 8, the number of bubbles 
forming in SED is linearly proportional to the dose. 

According to equation (5), the sensitivity of SED was estimated as an 
average around 19 bubble/μSv. Various values for BDT sensitivity have 
been reported by other researchers as listed in Table 6. The manufac
turer of BDT, in accordance with the NCRP 38 recommendations, 
expressed a sensitivity range of approximately 0.2–0.5 bubbles/μSv for 
thermal neutrons [30]. Due to the gel medium utilized in the SED, more 
bubbles were formed within the detector. Consequently, the lower 
sensitivity of BDT can be attributed to its firm polymer medium which 

Fig. 3. Nucleation rate (bubbles/s) in SED as a function of distance from the 
source of Am–Be neutrons. 

Fig. 4. Fabricated superheated emulsion detector before (left) and after irra
diation (right). 

Fig. 5. Schematic view of the source, cylinders, and detector’s location in 
Monte Carlo calculation. 

Table 4 
Calculated thermal neutron count rate using boron-lined proportional counter.  

Distance (cm) 15 25 35 45 

Time of irradiation (s) 600 900 1200 1200 
Thermal neutron count 

rate (n /s)
2.00×

104 
0.47× 104 0.09× 104 0.03× 104 

Normalize thermal 
neutron flux 

1 ± 0.50 0.23 ± 0.58 0.04 ± 0.58 0.01 ± 0.57  

Table 5 
Calculated thermal flux using MCNP code.  

Distance (cm) 15 25 35 45 

Thermal neutron flux 
(# /cm2s)

2.67×

104 
0.55×

104 
0.11×

104 
0.03×

104 

Normalized thermal neutron 
flux 

1.00 0.20 0.04 0.01  
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leads to fewer bubbles being formed. 

5. Conclusion 

A Freon-12 SED containing lithium was fabricated to be used as a 
suitable thermal neutron detector. A lithium compound was added to 
the host gel and the response of the SED was analyzed based on the 
thermal neutron flux at chosen set-ups around the Am–Be source. The 
flux of thermal neutrons was measured through simulation as well as 
using other detectors (i.e., Boron-lined detector). The results demon
strate that in comparison to ordinary SEDs, the sensitivity of a Li- 
containing SED to thermal neutrons significantly improved. Accord
ingly, it can be used as a neutron detector over a wide range of thermal 
to fast neutron energies. Also, it proved that the number of bubbles in 
the developed SED is proportional to the thermal neutron flux and dose 
received by the detector. Moreover, a higher sensitivity was observed for 
SED as compared to BDT which can be attributed to the gel medium 
utilized in SED as opposed to the firm polymer medium in BDT. 
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