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Abstract The MOSCAB experiment (Materia OSCura A
Bolle) uses the “geyser technique”, a variant of the super-
heated liquid technique of extreme simplicity. Operating
principles of the new dark matter detector and technical solu-
tions of the device are reported in detail. First results obtained
in a series of test runs taken in laboratory demonstrate that
we have successfully built and tested a geyser-concept bub-
ble chamber that can be used in particle physics, especially
in dark matter searches, and that we are ready to move under-
ground for extensive data taking.

1 Introduction

The existence of non-baryonic, non-relativistic dark matter
(DM) is by now well established [1], yet the nature of parti-
cle dark matter remains one of the most important quests in
the field of particle physics [2]. Among candidates for non-
baryonic DM, weakly interacting massive particles (WIMPs)
provide solutions for outstanding issues in both cosmology
and particle physics. In this framework, a number of experi-
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ments have been designed and are operating with the aim to
discover the WIMP particle by observing its collisions with
ordinary matter [3].

The sensitivity of a dark matter direct detection experi-
ment depends on the product between the local WIMP flux,
that for a fixed local density depends on the WIMP mass, and
the interaction cross section. This is why the experimental
observables are expressed in the WIMP mass-cross section
plane. The cross section depends on the nature of the WIMP-
nucleon coupling, including spin-dependent WIMP-nucleon
and spin-independent interactions. For spin-dependent cou-
pling, the cross section depends on the nuclear spin factor.
The 19F nucleus, because of its single unpaired proton and
100% isotopic abundance, provides a unique target to search
for the spin-dependent WIMP-proton interactions [4]. Exper-
iments using fluorine-based targets are setting the strongest
constraints on such interactions [5–7] and all of them make
use of bubble chambers [8,9], i.e., detectors containing super-
heated liquids, whose main advantage is that of being insen-
sitive to beta and gamma background. The aim of such detec-
tors, for the best possible sensitivity, is to have the largest pos-
sible target mass and the lowest possible detection threshold.

Our detector, whose main features will be discussed in
detail in the next section, is a geyser-concept bubble chamber
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[10,11] that we plan to employ to explore the spin-dependent
WIMP-proton coupling.

2 The MOSCAB bubble chamber

2.1 Fundamentals of the geyser technique

In the geyser-concept bubble chamber a closed vessel is filled
with a target liquid (e.g., C3F8) and its saturated vapour,
separated by a layer of buffer liquid (e.g., propylene glycol
C3H8O2). The bottom part of the vessel, which contains the
target liquid, is kept in a thermal bath at constant tempera-
ture Tliq. The saturated vapour above it is kept at a constant
temperature Tvap, such that Tvap < Tliq. As the vapour pres-
sure pvap(Tvap) inside the vessel is lower than the vapour
pressure pvap(Tliq), the target liquid is in underpressure of
�p = pvap(Tliq) − pvap(Tvap), and therefore in a superheated
metastable state. The degree of metastability of the target liq-
uid at temperature Tliq can also be expressed as: �T = Tliq

−Tvap. It should be emphasised that the buffer liquid, owing
to the role played in limiting heat and mass transfer from
the target liquid to its vapour, is indispensable to reach high
superheats.

When an incoming particle, e.g., a WIMP, interacts with
a target nucleus, should the energy released by the recoil-
ing ion be higher than a given threshold energy, Ethr, and
deposited within a certain critical volume, a vapour bubble is
produced. This vapour bubble rises through the superheated
liquid pushing up some of this liquid to cross the interface
with the overlying buffer liquid, which is the reason for the
name geyser. After the condensation of the excess vapour
occurs in the cooled top portion of the vessel, the drops of
condensate fall directly back into the target liquid, which
consequently recovers its original superheated state.

Accordingly, a geyser-concept bubble chamber has a num-
ber of advantages compared with a standard bubble chamber.
In fact, its operation is based on a simple and continuous pro-
cess of evaporation and condensation, such that, after each
event, the detector-reset to the initial state is automatic. More-
over, the absence of moving parts eliminates any possible
particulate detachment (possibly occurring during the com-
pression and re-expansion operations required in a standard
bubble chamber), thus avoiding that such impurities may act
as nucleation sites.

2.2 Detector’s main features

The MOSCAB (Materia OSCura A Bolle) bubble cham-
ber consists of three main parts symbolically named as the
“body”, the “neck” and the “head”, mounted one above the
other, as shown in the schematic displayed in Fig. 1.

Fig. 1 The MOSCAB bubble chamber. The shown 2 L vessel can be
replaced by the 25 L one

The core of the body is a rounded-bottom, cylindrical
quartz vessel which contains liquid C3F8, overlaid by a
propylene glycol buffer which separates the target liquid from
its saturated vapour, maintained at a lower temperature. The
detector can be equipped with either a 2 L vessel or a 25 L
vessel. The 2 L vessel has a wall-thickness of 3 mm, an inter-
nal diameter of 96 mm and an overall height of 284 mm. The
25 L vessel has a wall-thickness of 5 mm, an internal diam-
eter of 314 mm and an overall height of 345 mm. The quartz
vessel is centred within a stainless-steel, jacketed pressure-
tank, filled with water providing both radiation shielding and
temperature control of the target liquid. The pressure-tank is
a rounded-bottom cylinder with an internal diameter of 600
mm and a total height of 615 mm. The water bath tempera-
ture is regulated by means of a water-ethylene glycol mixture
continuously flowing through the tank jacket, pumped from
a recirculating LAUDA Integral XT 150 air-cooled heater.
The tank jacket is equipped with the hydraulic connections
necessary for filling, unloading and bleeding operations, and
with a safety valve for protection against overpressure. Addi-
tionally, a pair of viewports located on the side of the tank,
and positioned at a stereo angle of 90◦, are used to monitor
the chamber, whereas a pair of smaller viewports located at
the bottom of the tank are used for the interior illumination
by LED lamps. A vertical sleeve capped on top allows the
positioning of the holder of the neutron calibration source
just below the quartz vessel to minimize the amount of water
between n-source and target liquid. The top-cover of the tank
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includes six openings with removable plugs for the bleeding
of air after water-filling; moreover, its internal side bears a
stainless-steel, conical flange protruding downwards in the
axial direction to support the quartz vessel, attached to it by
means of bolts, using an elastomer O-ring to seal the quartz
to the steel flange. In particular, the support-flange for the 2 L
vessel has an overall height of 120 mm with an opening angle
of 17◦, whereas that for the 25 L vessel has an overall height
of 112 mm with an opening angle of 52◦. A hole perforated
in the centre of the top-cover allows communication between
the inside of the quartz vessel and the overhead neck, which
is filled by the saturated vapour.

The neck basically consists of a 54-mm-diameter stainless-
steel tube with jackets around it, in which the water-ethylene
glycol mixture pumped from the LAUDA Integral XT 150
air-cooled heater cited earlier continuously flows for tem-
perature control. The neck is subdivided into three parts,
stacked one above the other. The lower part contains the
so-called “condensation bulb”, consisting of a shell formed
of two vertically-aligned, stainless-steel cones soldered at
their circumferential bases, suspended in the centre of the
tube to leave a free passage for the vapour up through the
neck. A pair of opposite hydraulic connections at the sides
of the double-cone allow for the continuous flow through
it of a cold water-ethylene glycol mixture pumped from a
dedicated recirculating LAUDA RP 845 air-cooled chiller,
to keep the condensation temperature constant. The middle
part of the neck contains a stainless steel, 30-μm pore size
filter to avoid particle contamination from the C3F8 filling
equipment located above. Finally, the upper part holds a pair
of lateral connection ports to the C3F8 charge line, and a top
flange for the support of the head.

The head is a pressure equaliser consisting of a stainless-
steel, jacketed cylinder, divided by a rubber membrane into
a bottom part, which contains the saturated vapour, and an
upper part, connected to the tank via a pipe, which contains
water. The jacket temperature is controlled by the same water-
ethylene glycol mixture pumped from the LAUDA Integral
XT 150 heater. A safety valve for protection against overpres-
sure inside the vessel is mounted by the side of the saturated
vapour.

2.3 Equipment and instrumentation

The apparatus is equipped with two cameras to photograph
the chamber, two pairs of hydrophones to record the acoustic
emissions from bubble nucleation, as well as seven temper-
ature detectors and two pressure transducers to monitor the
thermodynamic parameters.

The cameras, firmly attached to the side viewports, are
black-and-white Basler avA1600-50gm GigE digital cam-
eras, delivering 55 frames per second at a resolution of

1600 × 1200 pixels, each equipped with a 8.25 mm high
resolution Goyo GMTHR38014MCN optic.

The temperature detectors are Tersid PT100-4 thermore-
sistances with a measurement accuracy of 0.05 ◦C: five of
them are placed in the water tank to measure the bath temper-
ature at different places, and two are located outside the detec-
tor to measure the room temperature. The pressure transduc-
ers are Micro Sensor MPM4760 piezoelectric pressure trans-
mitters with a full scale accuracy of ± 0.1% (f.s. = 16 bar):
one is placed in the water tank, the other inside the neck, just
above the condensation bulb. The data acquisition system
is a National Instruments cRIO-9075 embedded FPGA con-
troller equipped with three NI 9217 expansion boards for the
temperature data processing and a NI 9207 expansion board
for the pressure data processing.

3 Data taking

Many tests have been performed above ground in the Milano
Bicocca INFN Laboratory, in view of moving the detector
underground to the INFN Gran Sasso Laboratory. We exam-
ined various temperatures of the liquid C3F8 before deciding
to operate mainly at 25 ◦C, at which the detector shows an
excellent stability even if stressed by high nucleation rates
due to the cosmic ray neutron background, and to an AmBe
40 kBq neutron source, when applied. At this temperature
we carried out several runs using 1 kg of liquid C3F8, which
corresponds to a sensitive volume of 0.75 litres, kept at dif-
ferent superheat degrees ranging from 4 to 9 ◦C. The amount
of buffer liquid required for stable operation was of the same
order of the target liquid. During each run, having a typical
duration of several hours, the thermodynamic parameters are
recorded every 6 s, whereas the target liquid inside the ves-
sel is continuously camera-monitored by taking one picture
every 18 ms. Any change appearing between two consecu-
tive pictures triggers the storage of a set of images that will
be processed later.

As an example, the data taken during a 90 h-long run at
�T ∼= 6 ◦C with only background radiation are displayed in
Fig. 2, in which the room temperature, the water bath temper-
ature, the vapour pressure, and the superheat degree [12], are
plotted versus time, together with their distributions. Notice
that the equilibrium vapour pressure at the liquid tempera-
ture pvap(Tliq) is 8.63 bar that, compared with the average
working pressure pvap(Tvap) of 7.30 bar, results in an under-
pressure degree of �p = 1.33 bar.

The related bubble counting rate is reported in Fig. 3,
whereas the distribution of the time intervals between con-
secutive events is shown in Fig. 4, proving the randomness
of the arrival time of the events. A dead time smaller than
3 s can be inferred, as a consequence of the time required
to store the set of frames. Same durations are observed for

123



752 Page 4 of 7 Eur. Phys. J. C (2017) 77 :752

Fig. 2 Time-variations of the thermodynamic parameters during the 90 h-long run at �T ∼= 6 ◦C with only background radiation, with their
distributions (from the top: room temperature; water bath temperature; vapour pressure; superheat degree)
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Fig. 3 Time-variations of the event rate during the 90 h-long run at
�T ∼= 6 ◦C

many other examined test runs, demonstrating that the data
acquisition dead time is independent of the event rate, as for
example shown in Fig. 5 for a run performed using the AmBe
source at �T ∼= 6.5 ◦C.
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Fig. 4 Distribution of the time intervals between consecutive events
occurred during the 90 h-long run n.1232 at �T ∼= 6 ◦C with only back-
ground radiation

It is apparent that, despite the pronounced variation of the
room temperature, the temperature of the water bath remains
stable around the value of 24.8 ◦C, with changes below 0.1 ◦C
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Fig. 5 Distribution of the time intervals between consecutive events
occurred during run n. 1220 performed at �T ∼= 6.5 ◦C using the AmBe
source
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Fig. 6 Time-evolution of the superheat degree along the sudden bub-
ble nucleation occurred at the vessel wall during the 90 h-long run
at �T ∼= 6 ◦C with only background radiation. Black dots represent
detected bulk volume events

that follow quite closely the time variations of the room tem-
perature. Also the overall time evolution of the superheat
degree remains stable around the value of 6.06 ◦C, with the
exception of a negative pulse of ∼ 2 ◦C of amplitude, due to
an abrupt bubble boiling initiated at the vessel wall by a gas
pocket acting as a nucleation site. A close-up of this pulse is
shown in Fig. 6, in which the black dots represent detected
bulk bubble events. It can be noticed that the recovery of the
original superheat degree occurs exponentially, the recovery
time constant being about 2 min, and that during the whole
process the device is still sensitive, although at a lower �T.

The above behaviour can be described by the large vapour
flow rate reaching the top and producing a pressure spike
which drastically reduces the applied superheat. On a longer
time scale the returning recondensed liquid slightly cools the
main liquid volume, also reducing the superheat. However,
on one side, the decrease of the superheat degree inhibits the
bubble boiling at the wall and, on the other side, the contin-
uous condensation of the excess vapour occurring at the top
reduces the pressure, which brings the detector back to the
original settings. As stated earlier, the propylene glycol layer
plays a critical role in the working of the geyser-concept bub-
ble chamber, and further tests on this point are going to be
carried out in view of increasing the sensitive volume. Notice
that in some situations the vapour flow rate produced by the
continuous boiling at the vessel wall can be so large as to
destroy the superheat, leading the detector to stop working
instead of recovering its initial metastable state. This phe-
nomenon is greater at higher superheats and event rates. The
problem is still under investigation, and a great improvement
has been obtained by using flame polished quartz, whose
internal surface finish plays a crucial role. Any time the
superheated state of the target liquid is destroyed due to wall
events, a procedure which takes about 5 h has been found

Fig. 7 A typical bubble nucleation and geyser formation occurred during a run at �T = 8.47 ◦C
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which restores the detector stability. First, the circulation of
the cold water-ethylene glycol mixture through the condensa-
tion bulb is stopped. The top part of the neck is then cooled to
produce condensation and accumulate the condensed liquid
above the filter. Subsequently, the top is heated to increase
the vapour pressure and force the liquid back into the main
volume. Next, the temperature at the top is equalised to the
temperature of the thermal bath. Once the level of liquid C3F8

inside the quartz vessel is restored, the detector is restarted
by reactivating the circulation through the condensation bulb
to put the target liquid in underpressure.

4 First results and discussion

In May and June 2017, we have carried out 56 test runs,
to check the overall functioning of the 2 L setup of the
MOSCAB detector for a total live time of about 400 h. As
said earlier, the detector has been tested at various super-
heat degrees between 4 and 9 ◦C, which corresponds to a
range of recoil threshold energies of the order of 100–10 keV,
with and without a 40 kBq AmBe neutron source placed just
below the quartz vessel. A typical bubble nucleation and the
related geyser formation at the interface between the target
liquid and the buffer liquid, occurred during a run executed at
�T = 8.47 ◦C with only background radiation, is shown in
the sequence reported in Fig. 7. Notice that the main source
of background, for a detector above ground, insensitive to
gammas and electrons and surrounded by 25 cm of water
that reduce by a factor of about 100 the neutron flux from
natural (external) radioactivity, is the secondary cosmic ray
radiation.
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Fig. 8 Event rate versus superheat degree, and the corresponding
energy threshold, with and without the 40 kBq AmBe neutron source.
Horizontal error bars represent the standard deviation of the �T distri-
bution during the run

Table 1 MOSCAB data taking above ground in the Milano Bicocca
INFN Laboratory at TL = 25 ◦C

RUN n. < �T > SD Duration Nev < Rev >

[oC] [oC] [h] [h−1]
1180-bk 3.99 0.05 15.1 468 31.1 ± 2.0

1181-bk 4.52 0.05 14.7 721 49.9 ± 1.8

1198-bk 4.44 0.05 14.5 651 45.7 ± 1.7

1199-bk 4.97 0.05 18.4 1197 64.9 ± 2.5

1182-bk 5.05 0.07 9.8 675 68.4 ± 2.6

1183-bk 5.50 0.09 7.0 600 87.2 ± 3.6

1200-bk 5.54 0.07 13.7 1156 88.1 ± 2.5

1201-bk 5.96 0.08 13.0 1383 105.6 ± 2.3

1178-bk 5.99 0.09 9.2 891 96.7 ± 4.3

1232-bk 6.06 0.06 90.0 10023 115.8 ± 1.1

1228-bk 6.10 0.09 10.0 1038 103.7 ± 3.1

1204-bk 6.12 0.08 21.8 2128 97.1 ± 2.7

1184-bk 6.51 0.13 5.0 527 106.2 ± 5.6

1202-bk 6.56 0.09 14.9 1672 112.5 ± 2.8

1205-bk 6.68 0.11 10.3 1273 122.6 ± 3.3

1203-bk 6.96 0.11 10.2 1289 127.0 ± 4.4

1189-bk 7.08 0.17 4.4 501 112.7 ± 7.2

1208-bk 7.44 0.14 8.9 1330 150.9 ± 3.6

1190-bk 7.48 0.18 4.2 520 121.7 ± 5.4

1207-bk 7.72 0.16 8.4 1204 145.2 ± 5.5

1179-bk 8.02 0.23 4.3 597 137.5 ± 4.2

1206-bk 8.11 0.19 9.2 1359 148.0 ± 5.0

1209-bk 8.44 0.24 6.0 928 154.6 ± 4.4

1191-bk 8.47 0.24 6.2 916 147.2 ± 3.7

1233-bk 8.93 0.35 2.8 431 166.0 ± 9.2

1212-AmBe 3.96 0.07 6.5 708 112.8 ± 4.1

1224-AmBe 3.98 0.06 8.6 919 107.2 ± 4.9

1225-AmBe 4.42 0.08 7.4 1168 159.3 ± 4.6

1211-AmBe 4.83 0.13 2.4 495 211.0 ± 9.3

1215-AmBe 4.96 0.11 4.1 857 211.5 ± 9.1

1216-AmBe 5.51 0.11 3.2 803 248.7 ± 8.8

1219-AmBe 6.05 0.16 2.7 721 258.0 ± 9.9

1220-AmBe 6.49 0.16 3.5 1054 295.3 ± 9.3

1226-AmBe 7.10 0.17 4.8 1485 308.5 ± 8.0

1227-AmBe 7.45 0.33 1.0 331 331.0 ± 18.2

The results obtained are reported in Fig. 8, where the
counting rate is plotted versus the superheat degree. To facili-
tate the comparison with other superheated fluid experiments
we also show the corresponding critical energy computed
using the same formula and thermodynamic database as the
PICO collaboration [5,9]. As expected, the detector is sensi-
tive to the neutrons emitted by the AmBe source. Moreover,
the event rate with and without the neutron source increases
as superheat is increased. The same results are also listed in
Table 1, in which the average of the superheat distribution

123



Eur. Phys. J. C (2017) 77 :752 Page 7 of 7 752

obtained by measuring the temperature difference every 6
s and the corresponding standard deviation (SD), the time
duration, the number of recorded events, and the average of
the event rate distribution obtained from the recorded hourly
number of triggers, are listed for each performed test run. It is
apparent that, even in the most severe conditions, i.e., at high
�T and/or high nucleation rates due to the presence of the
neutron source, the thermodynamic conditions remain rea-
sonably stable, with a maximum percentage standard devi-
ation well below 5%. Notice that, with the scope to verify
if each trigger actually corresponds to a real physical event,
the captured images relevant to more than 2000 events have
been individually scanned by eye, which led us to conclude
that the counting rate based on the output of the automatic
triggering system is reliable.

Interestingly, at the largest superheat degree reached in our
tests, i.e., �T ∼= 9 ◦C, the minimum energy release required
for a bubble formation should be of the order of 10 keV, which
means that now we are ready to carry out underground mea-
surements of the actual energy threshold of our detector with
the help of a 88YBe neutron source [13]. In this context, it
seems worth pointing out that in the present experimental
conditions above ground, in which the cosmic ray neutron
background plays an important role, neither a fiducial volume
inside the target liquid has been defined by a precise determi-
nation of the position of the bubble nucleation, nor the dis-
crimination between alpha and neutron bubble nucleation has
been realised. Precise measurements of the detector’s inter-
nal and external background, as well as the determination of
its sensitivity and capability to reject alpha background, will
be carried out in the forthcoming underground tests, where
the neutron background from cosmic rays is almost absent.

5 Conclusions

The results obtained show that we have successfully built
and tested a geyser-concept bubble chamber that can be used
in particle physics, in particular for spin-dependent WIMP-
proton interacting dark matter direct search. We are now
ready to move the detector underground to carry out fur-
ther tests concerning improved optics, the volume of target
liquid, the height of the buffer layer, and the cooling config-
uration of the neck, all important features for the necessary
sensitive volume increases, as well as to understand at depth

the device. Clearly, acoustic detection for background reduc-
tion and a detailed study of energy threshold behaviour using
radioactive sources will be a priority.

Acknowledgements We gratefully acknowledge support from Isti-
tuto Nazionale di Fisica Nucleare (INFN) and Spanish Ministerio de
Economìa y Competitividad (MINECO), Grants FPA-2015-65150-C3-
2-P (MINE-CO/FEDER), and Consolider MultiDark CSD2009-00064.
We are grateful to Laboratori Nazionali del Gran Sasso (LNGS) for host-
ing and supporting the MOSCAB project. We thank Massimo Locatelli,
Tecnologia Meccanica, Treviolo (BG), Italy, for supporting our project
with hard work, competence and passion, and Francesco Boccardo,
Vincenzo Caglioti and Dario Menasce for fruitful discussions and their
contribution in preparing the manuscript.

Open Access This article is distributed under the terms of the Creative
Commons Attribution 4.0 International License (http://creativecomm
ons.org/licenses/by/4.0/), which permits unrestricted use, distribution,
and reproduction in any medium, provided you give appropriate credit
to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made.
Funded by SCOAP3.

References

1. G. Bertone, Particle Dark Matter (Cambridge University Press,
Cambridge , 2010). arXiv:1234.5678

2. C. Patrignani et al., Particle data group. Chin. Phys. C 40, 100001
(2016)

3. G. Jungman, M. Kamionkowski, K. Griest, Phys. Rep. 267, 195
(1996). arXiv:hep-ph/9506380

4. J.R. Ellis, R.A. Flores, Nucl. Phys. B 307, 883–908 (1988)
5. C. Amole et al., Phys. Rev. D 93(5), 052014 (2016).

arXiv:1510.07754 [hep-ex]
6. C. Amole et al., Phys. Rev. D 93(6), 061101 (2016).

arXiv:1601.03729
7. C. Amole et al., Phys. Rev. Lett. 118(25), 251301 (2017). arXiv:

1702.07666 [astro-ph.CO]
8. F. Seitz, On the theory of the bubble chamber. Phys. Fluids 1, 2

(1958)
9. D.V. Bugg, The bubble chamber, (Progr. Nucl. Phys.) 7, 2–52

(1958)
10. B. Hahn, H.W. Reist, inProceedings of the Fifth International Con-

ference on High Energy Physics and Nuclear Structure, Uppsala,
18-22 June, 1973, ed. by G. Tibell (Uppsala University, Sweden,
1973), p. 191

11. R. Bertoni et al., Nucl. Inst. Meth. A 744, 61–68 (2014)
12. P.J. Linstrom, W.G. Mallard, (Eds., NIST Chemistry WebBook,

NIST Standard Reference Database Number 69, National Institute
of Standards and Technology, Gaithersburg MD, 20899, USA).
http://webbook.nist.gov

13. J.I. Collar, Phys. Rev. Lett. 110, 211101 (2013)

123

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://arxiv.org/abs/1234.5678
http://arxiv.org/abs/hep-ph/9506380
http://arxiv.org/abs/1510.07754
http://arxiv.org/abs/1601.03729
http://arxiv.org/abs/1702.07666
http://webbook.nist.gov

	MOSCAB: a geyser-concept bubble chamber to be used in a dark matter search
	Abstract 
	1 Introduction
	2 The MOSCAB bubble chamber
	2.1 Fundamentals of the geyser technique
	2.2 Detector's main features
	2.3 Equipment and instrumentation

	3 Data taking
	4 First results and discussion
	5 Conclusions
	Acknowledgements
	References




