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1. Introduction

Experimental low energy neutrino astrophysics is the most recent window
opened on the Universe. The neutrinos, first non electromagnetic probes used for
astronomic investigation can give information coming directly from the stellar
interior; how stars burn and explode. Successes of neutrino astronomy, in
observation of the Supernova SN 1987A explosion in the Large Magellanic Cloud
[1,2,3], a neighbour of our own galaxy, and in various solar neutrino experiments
[4,5,6,7], leaves no doubt about productivity of this field of study. The first detection
of the solar neutrinos 25 years ago in the chlorine experiment [4] is clearly the first
chapter of what might be called observational neutrino astronomy.

Theoretical models developed prior to the explosion of SN 1987A have
predicted that a collapse of a massive star to the neutron star densities will manifest
itself in a fast burst of electron neutrinos (electron captures on free protons or
nuclei) followed by a significant emission of neutrinos and antineutrinos of all
flavours mainly produced by thermal processes over a time scale of several seconds
[8]. These neutrinos carry off a considerable part of energy, cooling the system. Two
neutrino pulses separated by about 4.7 hours in time were detected on February 23,
1987 [1,2,3]. Two photographs taken about 3 hours after the second pulse show the
Supernova. This close correlation indicates that the neutrinos were indeed emitted
from the exploding star. The position of the Supernova coincided with that of a blue
supergiant. When the Supernova became weak a few weeks after the explosion it
became obvious that this star had indeed disappeared. These observations have
shown, in particular that massive stars indeed do collapse, thereby emitting most of
their gravitational binding energy in form of neutrinos [8]. However, certain aspects
of the neutrino events seen from SN 1987A are difficult to understand within the
standard scenario. If indeed two neutrino bursts were emitted from SN 1987A,
separated by almost five hours, this would call for significant modifications of the
simple core collapse picture.

According to solar models [9,10,11], the energy source of sunlight is nuclear.
There is a way to test directly and quantitatively the nuclear energy generation in
stars like the Sun. Electron neutrinos are the only particles produced by
thermonuclear reactions that have an ability to penetrate from the centre of the Sun
to the surface practically without absorption and escape into space. The neutrinos
carry with them information about the site of their production. On the other hand, the
luminosity observed now corresponds to the energy that was generated in the core
many thousand years ago. (The quasi-static assumption in the solar model allows
one to equate the present luminosity with the present energy production rate.) Thus
neutrinos offer us an unique possibility of "looking" into the solar interior and



provide a test of the theory of stellar structure and evolution. The solar neutrino flux
is with helioseismology1 [12] one of the two known probes of the solar interior.

The Sun provides an unique, very intense low energy electron neutrino
source for studying the neutrino properties via propagation phenomena, both in the
very dense solar matter and in vacuum or for studying some aspects of neutrino
physics. Before the neutrinos reach an underground detector, about 8 minutes after
their birth inside of the solar core (95% of neutrinos are generated within the inner
0.35 M0; R < 0.2 R0), they must travel in average 696 000 km in the solar matter of
different density and 150 million km in vacuum. The detection of neutrinos of
different flavours arriving at the Earth from the source would be evidence of a mixing
mechanism and therefore of a non-zero neutrino mass. The non-zero neutrino mass
and the non-zero flavour mixing would lead to the vacuum flavour oscillations [13] or
flavour conversion inside the Sun where large and changing electron densities exist
[14].

In this paper the author concentrates on the radiochemical neutrino
experiment GALLEX located in the Gran Sasso Underground Laboratory, started in
1991. Its aim is to measure the flux of low energy solar neutrinos. In this experiment
it is essential to suppress strongly the background of environmental origin, like
charged cosmic rays, neutrons and gamma rays. In low-level radioactivity
measurements performed in a deep underground laboratory where flux of charged
cosmic rays is strongly reduced, radon (Rn) exhaled from rock or concrete walls
forms a most important strong, time-dependent background component. In this work
the impact of Rn on the GALLEX experiment will be discussed and attempts to
recognize and minimize its influence on the counter background will be described.
We shall present results of the experiment and discuss briefly the solar neutrino
problem (SNP).

1 Recent progress in interpreting helioseismological data also yields valuable

informations about the solar interior as like as the depth of the convective zone; R =
0.713 R0 or about the solar surface e.g. the helium surface abundance; Yh

s
el= 0.242

± 0.003.



2. Standard Solar Model and neutrino flux prediction

For the present age of the Sun, the solar model must reproduce the
macroscopic features. For the Sun, the known observables are: its mass (M©= 1.99
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x 10 kg); the today luminosity (L© = 3.844 x 10 J«s'n [9], satellite measurements
from November 1978 to January 1991); the radius (R© = 6.960 x 10 m), and the
surface temperature (Ts = 5780 K). The age of the Sun (4.57 x 10 y [9], determined

207 206

from the meteoritic measurement using the precise Pb - Pb dating method) is
also known. The chemical composition of the solar surface has been also measured.
The present day spectroscopically determined surface abundances are: the
hydrogen fraction X ^ O . 7 3 by mass, the helium fraction Yr^O.25, and the metal
fraction Zf^O.02 [15].

The Sun reveals no changes in its properties over long time intervals. The
inalterability of the Sun implies a state of a hydrostatic and thermal equilibrium. The
assumptions required for constructing solar models and the ideas tested by solar
neutrino experiments are:

• Hydrostatic equilibrium: spherical Sun
• Nuclear energy source: energy produced by fusion
• Radiation dominated energy transport in the dense interior
• Uniform primordial matter composition set equal to the surface composition
• Evolution (age = 4.57 x 10 y)

At any point in the interior of the Sun, the internal pressure must be high
enough to support the weight of the outer layer. In mathematical terms, hydrostatic
equilibrium in a spherical Sun implies that dp/dr = -pidVYdr), where r is the distance
from the centre of the Sun, p is the pressure, p is the density, and V is the
gravitational potential. The total pressure p is determined by the gas pressure
(motion of the gas particles) and the radiation pressure. For low-mass stars such as
the Sun the radiation pressure can be neglected (it constitutes about 3% of the total
pressure at the distance R = 0.5 R© [9,15]) compared with the gas pressure.

The second assumption is that the energy source for sunlight is nuclear.
Nuclear reactions release energy by the conversion of mass according to the well
known relationship E = me2. The energies released in such reactions are
equivalent to the relative mass defects. The rates of nuclear reactions depend on
the density p, the temperature T, and the chemical composition. According to the
Standard Solar Model (SSM) with helium and heavy element diffusion [9] the
chemical composition in the center of the Sun is: Xc = 0.3332, Yc = 0.646, Zc = 0.021,
the central temperature of the Sun is Tc = 1.584 x 107 K, the central density is pc =
1.56 x 105 kg-m"3. The practical part of this assumption is that the rate at which the
nuclear reactions produce energy when integrated over the whole Sun is equal to
2 Xc is small due to nuclear reactions



the observed solar luminosity today. The today is an essential part of this
assumption. If the solar luminosity L0 is approximately constant over a time scale
comparable with a time necessary to transport radiation from the centre to the
surface (ca. 106 y [16]), then there is a relation between the current solar luminosity
and the current solar neutrino flux. The knowledge of the absolute nuclear reaction
cross sections (astrophysical S(E)-factors) for the relevant fusion reactions and of
the opacities which control the internal temperature distribution, is required. The
basic quantity of interest for all the nuclear reactions we will discuss here is the low
energy cross-section factor S(E). The neutrino fluxes calculated with the aid of solar
models depend upon the opacities for the electromagnetic radiation calculated for
the solar interior. Opacity calculations are difficult to carry out for conditions of the
solar interior and constitute a major source of uncertainty for solar neutrino
calculations.

The third assumption is that the energy is transported from the deep interior
to the surface via steady-state radiation and convection and not by transient
instabilities or waves. The key quantities here are the gradient of the temperature
dT/dr and the opacity of the solar matter. There is a flow of radiant energy outward,
down the temperature gradient, transporting energy from the high-temperature
region to the low-temperature region. The photons generated in the center of the
Sun (mainly X-rays) are continuously emitted and reabsorbed and gradually
degraded to longer wave-lengths and they finally emerge from the surface.

The next assumption is that the initial matter composition was uniform and is
equal to the presently observed surface composition (apart from helium and heavy
element diffusion) reflecting the abundances of the elements present in the
prestellar cloud. It is easy to show that the surface composition of the Sun has not
changed much because of nuclear reactions since the Sun was formed. One of the
main observational arguments is the uniformity of surface compositions that are
observed throughout the galaxy for stars belonging to the same type as the Sun.
The SSM with helium and heavy element diffusion [9] predicts the present day
surface abundances very well; X|SM = 0.7351, YfSM = 0.2469, ZfSM = 0.0180.

The final assumption is that the Sun evolves because it burns hydrogen, its
own nuclear fuel. We believe that the Sun has been shining for something like 4.57
billion years so far. One mocks up this evolution by computing several quasistatic
models that march along in time.

In accordance to the second assumption of the SSM, the Sun shines because
of fusion reactions similar to those envisioned for terrestrial fusion reactors. The
basic solar process in the fusion of four protons to form an alpha particle, two
positrons and two electron-neutrinos is:

4p-> 4He + 2e++2ve + 26.73 MeV (1)



Almost all (98.5%) of the energy generation in the present-day Sun comes from the
proton-proton (p-p) chain, with only about 1.5% [17] from the carbon-nitrogen-
oxygen (CNO) cycle. The principal reactions are shown in Table 1 with a column
indicating in what percentage of the terminations of the solar p-p chain each
reaction occurs. In the context of the solar neutrino experiments, the theoretical
neutrino fluxes arising from the p-p reaction chain are of particular interest.

The rate of the initial pp reaction (number 1 in Table 1) is to low to be
measured in the laboratory and it can be calculated accurately only by using the
theory of the low energy weak interactions together with the measured properties of
both the proton-proton scattering and the deuteron. The calculated rate for the pp
reaction, is largely determined by the total luminosity of the Sun. The most abundant
solar neutrinos are those produced in the initiating pp reaction (pp neutrinos;
continuous spectrum; maximum energy 420 keV). The pep reaction is the same as
the familiar pp reaction except for having an electron in the initial state (pep
neutrinos; line spectrum; energy 1.44 MeV). The ratio of pep to pp neutrino fluxes is
approximately independent of which model one uses for the solar properties
(<frpe/<$>pp= 2.37 x 10'3 [18]). After deuterium is burnt into 3He, neutrinos arise either
from electron capture of the intermittently produced 7Be (reaction 6; 7Be neutrinos;
line spectrum; energies: 861 keV - 90%, 383 keV - 10%) or in a very rare reaction
number 9 in Table 1, from the e+-decay of aB (6B neutrinos; continuous spectrum;
maximum energy 14 MeV). Their fluxes are of little (<&7ee) or no (<I>8fi) influence on

the solar luminosity. They depend sensitively on delicate branching ratios such as
3He +3He versus 3He +4He (reactions number 4 and 5, Table 1) and 7Be + e' versus
7Be + p (reactions 6 and 8, Table 1). These in turn depend on details of the solar
structure and are much harder to predict. Production of the 7Be neutrinos depends
strongly on temperature (O? - 7 | ; it is assumed, that the neutrino flux of each
branch can be characterized by just a simple temperature dependence (7C)/". The
exponents n, are taken from the model calculation of ref. [19]; nBe = 8 and nB = 18).
The rate at which ionised 7Be captures an electron in the stellar interior is not the
same as under terrestrial conditions. The half life of 7Be on the Earth is 53 d and in
the Sun about 84 d [20]. Among all neutrino sources, the production of the 8S
neutrinos depends most strongly on temperature (Ose ~ Vc

s [19]). There are also

less important reactions from the CNO cycle (reactions number 12, 15, and 17,
Table 1) that give rise to the solar neutrino flux. The extremely rare reaction
3/-/e + p -» AHe + e+ +vheep (hep neutrinos; continuous spectrum; maximum energy
18.8 MeV; <&hep= 1.21 x 10'6 m2s'1 ) was neglected in Table 1. The predicted energy
spectrum of the solar neutrinos depicts Fig. 1.



Table 1. The Proton-Proton chain and Carbon-Nitrogen-Oxygen cycle in the Sun.

Number

1

n

3

4

5

6

7

8

9

10

Reaction

1 _L PP

p + p —> a + e+ + ve
p + e~ +p-^d+veep

d+p ->3 He + y
3He+3He^4He + 2p

or:3 He+4He-*7 Be + y
7Be + e- ->7 L/ + Ve6e

7Li+p->24He

or:7 Be + p->8 B + y

88e*-^24He

Solar/;-/; terminations

[%J
99.75

0.25

100

86

14

-14

0.02

Maximum neutrino energy
[MeV]

0.42

1.44 (monoenergetic)

0.861 (90%); 0.383 (10%)
(both monoenergetic)

14

Neutrino flux at Earth
10 1 3 nvV [9]

<&Pp = 5 9 . 1

<t>pep = 0.140

<f>7 = 5 . 1 5
Be

* 8 =6.62x10"3

6

QrfY per one 4He
nucleus [MeV]

26.2

25.65

I9.76

11

14

15

16

12 A/

r

13 A/ + Y
14 N + p ->15

 0 + Y

15/

1.19

.73

A/

=0.545

25.03

17 .74 = 6.48x10-3



The main sequence of reactions that make up the pp solar cycle and also
reactions from the CNO cycle can be summarized as

Ap + 2e" -> 'He + 2vf

-» 4He + v£p

(2)

The total energy release in these reactions is 26.731 MeV but the \f ,\7e
Be,

VeB, v " w , and v ^ 0 carry off on average 0.265, 0.813, 6.71, 0.707, and 0.996 MeV
[18], respectively. Therefore the energy release not including the average neutrino
energies, is 26.20, 25.65, 19.76, and 25.03 MeV, respectively (Qeff in Table 1).
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Solar Neutrino Spectrum
Bahcall-Pinsonneault SSM
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1.0
Neutrino Energy (MeV)

10.0

Fig. 1. Solar neutrino spectrum as calculated from SSM. Energy thresholds for
various neutrino detectors are shown on top.

One can calculate the minimum event rate for a solar neutrino experiment
assuming that the Sun currently produces nuclear energy by light element fusion, at
the same rate at which photons escape its surface, and with an additional
hypothesis that nothing happens to the neutrinos on the way to the Earth from the
centre of the Sun. This minimum rate would be obtained if the only nuclear reactions



that occurred in the solar interior were numbers 1-4 of Table 1. In this case (the
minimum solar model), the pp neutrino flux is O^p

sm = 64.8 x 1013 m"2-s"1 and the pep
flux is &%£}? =16 x 1011 m"2s"1 [9]. In such model, the total neutrino flux is minimized
and all neutrinos have the lowest energy.

There are three prominent SSM's: the Bahcall and Pinsonneault (BP) model
with helium and heavy element diffusion and without diffusion [9] (the solar neutrino
fluxes in Table 1 are these predicted by the BP SSM with the helium and heavy
element diffusion), Turck-Chieze and Lopez (TCL) model [10] and Dar and Shaviv
(DS) model [11]. The most important difference, between the BP, TCL, and DS
SSM's influencing the neutrino fluxes is in the low energy cross section for the
p + 7Be, 3He + 3/-/e, and 3He + 4He reactions. This difference in adopted values is
due to the way the measured reaction cross sections are extrapolated to the low
relative kinetic energies. One can say that differences in predicted properties of the
Sun are a consequence of the different nuclear physics parameters. The solar
neutrino fluxes predicted by the BP (without diffusion), TCL and DS SSM are
presented in Table 2. Knowledge of the solar neutrino fluxes and calculated cross
sections from the proper inverse beta-decay reaction (in radiochemical experiments)
or for elastic scattering of neutrinos on electrons (in other experiments), allow to
predict a signal in the corresponding measurement. For the BP SSM with helium
and heavy element diffusion, the predicted event rate for the gallium radiochemical
experiments [6,7] is 137!^ SNU. For the Homestake chlorine experiment [4] the
predicted event rate is 9.3!] 4 SNU. The Kamiokande real time experiment [5],
started in 1987, ought to observe the $se flux differing considerably in the BP, TCL,
and DS SSM predictions. Kamiokande is a water Cerenkov detector.

Table 2. Solar neutrino fluxes predicted by the BP (without helium and heavy
element diffusion), TCL, and DS SSM's and related signals in Chlorine [4]
and Gallium [6,7] detectors.

<t>pp

<t>pep

d>afl

* 1 3 A /

<Di5o

Cl signal [SNU]

Ga signal [SNU]

Neutrino flux at Earth 1013nrr2s"1

BP

60.4

0.14

4.61

5.06 x 10"3

0.44

0.37

4.67 x 10-1

7.2 (9.3 with diffusion)

127 (137 with diffusion)

TCL

60.2

0.13

4.33

4.43 x 10-3

0.38

0.32

6.4

122.5

DS

60.7

0.14

4.1

2.60 x 10"3

0.36

0.35

4.57 x 10"3

4.2

113

SNU = Solar Neutrino Unit, 10 solar neutrino captures target atom s'
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3. The solar neutrino experiment GALLEX.

Detection of solar neutrinos is enormously difficult because of their extremely
low cross-sections for interaction with matter (e.g. for chlorine [4] and gallium [6] the

cross-section is oC/(Ev
Se) - few x 10"46 cm2 or oGa(Ev

Be) ~ 10"44 cm2, respectively).
As a consequence very large detectors (60 tons [7] - 32 000 tons [5] of active mass)
have to be used in which only a few events occur in days or months. At such low
rates the task to suppress side reactions constitutes one of the two major
experimental problems in the solar neutrino experiments. The second one is the
detection of the signal of the few events which must be recognized and clearly
discriminated from the detector (in some cases very large) background. Both tasks
require extreme chemical and radiochemical purity of the target, detector, shield,
environment, and an effective shielding from cosmic rays. The second task requires
also low-noise detectors and electronics. New technologies allowing production of
ultra-radiopure materials for targets and detection systems make such class of
experiments possible. This is also, why solar neutrino experiments are located deep
underground and are always ultra-low-level experiments.

The aim of the solar neutrino experiment GALLEX [6,21,22,23] carried out in
the Gran Sasso Underground Laboratory is to measure the flux of low energy solar
neutrinos via the inverse beta-decay reaction

71 Ga(ve, e-)71 Ge (3)

The small mass difference of 233 keV between the ground states of the ™Ga - 71Ge
isobaric pair makes this neutrino capture reaction the first one to be sensitive to the
low-energy proton-proton (pp) fusion neutrinos, resulting from the main energy-
producing reactions inside the Sun (ECP< 420 keV).

For the inverse beta-decay reaction (3), standard solar models predict
production rates ranging from 113 SNU [11] to 137 SNU [9]. The value from ref. [9],
(137!?) SNU is composed of 73 SNU from pp (and pep) neutrinos, 38 SNU from 76e,
16 SNU from 8B and 10 SNU from (13/V + 15O). Detection of these neutrinos may test
solar models [9,10,11] and/or neutrino properties.

In the GALLEX detector, a nGa nucleus is converted to the radioactive 71Ge
one following the capture of a neutrino. 71Ge has a convenient half-life of 11.43 d
and can be isolated by radiochemical techniques. 71Ge decays to ^Ga via an
electron capture (EC).

The target consists of 30.3 t of gallium in the form of aqueous gallium
chloride solution of 101 t. The target contains 12 t of ^Ga\ exactly (1.044±0.008)1029

7^Ga atoms. The theoretically expected capture rate of 137 SNU corresponds to the
production of 1.22^§f atoms 71Ge per day in the target. Each new run starts with the
addition of ca. 1 mg of a stable germanium carrier to the target solution to make

11



macroscopic chemistry possible. Germanium carriers isotopically enriched in 70Ge
or 72Ge or 74Ge or 76Ge stable isotopes are used alternatively to monitor the yields of
the various steps in desorbing and processing of the germanium. The alteration of
the germanium isotopes allows to make proper corrections for carryover effects from
the previous runs. The integral yield is defined as the ratio of the measured quantity
of germanium that is filled into the counter, to the germanium that was initially added
to the target tank. The mean yield of normal runs is (96.8+0.3)%. After an exposure
time of 3-4 weeks the germanium is extracted from the tank by purging with 1900 m3

of nitrogen during 20 h. The volatile GeCI4 (germanium tetrachloride) is recovered
by scrubbing the gas with 50 I of counter-flowing water in three absorber columns,
packed with glass helices. The resulting aqueous solution of Ge is further
concentrated by acidifying it with the HCI gas, purging the solution again with a
stream of nitrogen and reabsorbing the volatilized GeCI4 in about 1 I of water.
Further volume reduction is effected by acidifying this solution and extracting the Ge
in 500 ml of CCI4 (carbon tetrachloride). The GeCI^ is then back extracted into 50 ml
of tritium-free water, and this final solution is used to generate GeH4 (germanium
hydride = germane). The produced germane is entrained in a stream of helium and
passed through a gas-chromatographic column for purification and filled into the
miniaturized proportional counter [24], which serves the purpose of detecting decays
of the solar neutrino produced 71Ge (100% EC). For the GALLEX target,
approximately 14 atoms of 71Ge are expected to be present in the target solution
after three weeks of exposure. This leads to an increase of the number of counts in
the detector (due to the decay of 71Ge) of the order of 0.5 cpd (counts per day) at the
beginning of the counting period.

To minimize the 71Ge production by (p,n) reactions, the target must be free of
radioactive impurities and effectively shielded from cosmic rays. The levels of
impurities specified for the gallium chloride solution, which were met by the
manufacturers, guaranteed that their contributions were negligible. The target is
shielded by -3300 m water equivalent of standard rock in the Gran Sasso
Underground Laboratory. The measured muon flux at the underground site is (27±3)
m"2d"1. Also, the local fast neutron flux must be low to avoid creation of secondary
protons. The environmental fast neutron flux at the GALLEX site is measured to be
d>n(>2.5 MeV) = 0.23 x 10~6 crn^s"1 [25],

For a reliable detection of the few 71Ge decays per run, a very low and time
constant background must be achieved. The most important background sources for
the GALLEX proportional counters can be divided into two main groups: external
sources (Rn and its progenies, 40K, 232Th, 23&U in shield materials, gamma-rays,
neutrons and muons) and internal sources (40K, 232Th, 238(J, 60Co, 226Ra in the iron
cathode, A°K, 232Th, 238U in quartz and Rn in the counting gas) [26],



3.1. GALLEX counting.

The GALLEX spectrometer consists of detectors (up to eight) contained
inside a lead and copper shield with an anticoincidence inner shield (25.6 cm
diameter x 23 cm height well-type Nal(TI)-pair spectrometer) on one side (active
side) and detectors (up to sixteen) contained inside a passive pure copper inner
shield on the other side (passive side). Fig. 2 depicts the GALLEX shield tank with
the inner dimensions of 760 mm diameter and 1940 mm length. The proportional
counters together with their preamplifiers are held inside copper boxes, which fit into
the well of the Nal(TI) crystal or into the wells of the inner copper shield. Energy
signal (pulse height) and the digitized pulse shape are always recorded from all
counters. The choice of which position to use is a trade-off between the lower
counter backgrounds on the passive side and the diagnostic power of the Nal(TI)-
spectrometer.

Active side
steel

Passive side

Jead r ^ T l

preamplifier+counter

copper
Rn protected atmosphere folding plastic sleeve

Fig. 2. GALLEX shield tank with a well-type Nal(TI)-pair spectrometer (active side)
and a pure copper block (passive side).

On the active side, energy signals from the Nal(TI) halves are also registered

with any event detected in a counter. Gamma emitting nuclides present in the

counter can be observed in the coincidence mode (e.g. 69Ge, 2UBi; 69Ge is not

formed by solar neutrinos, but can be produced from 69Ga by (p,n) secondary

reactions, half-life 39.05 h. 2UBi is the short-lived Rn daughter). It is also possible to

recognize the signature of the decay of 68Ge and its daughter and thus minimize

their interference. The 68Ge (half-life 288 d) was produced by cosmic radiation in the

gallium solution outside the underground laboratory. 68Ge decays like 71Ge via

13



electron capture to 68Ga. The 68Ga decays to 6SZn with a half-life of 68 min, mainly by
positron emission. A typical 68Ge decay thus results in a fast event in the
proportional counter (not distinguishable from 71Ge) followed by a delayed second
event in the proportional counter together with one or two 511 keV photons in the
Nal(TI)-pair spectrometer from the positron annihilation. At present, the level of
cosmogenic 68Ge released from the gallium target is negligible

There is a small volume of gas between the proportional counter and the
surrounding copper tube, which is a part of the preamplifier box just mentioned. The
Rn amount in the vicinity of the active volume of the counter is proportional to the
gas volume. On the passive side, the proportional counters are closely embedded in
a very radiopure lead and copper, so that the free space for Rn near the active
volume of the proportional counters is minimized (about 0.5 cm3). However, on the
Nal(TI) detector side (in its present form), the desirability to perform p-y-coincidence
measurements means as little material between the proportional counters and the
scintillator as practical, with the consequence of about 9 cm3 of free space for Rn
between the active volume of the counter and the surrounding copper tube and the
Nal(TI) crystal. Rn near the active volume of the proportional counter is a potential
time dependent background source.

The 71Ge decays give point-like events in the counter which lead to short rise
times of the preamplifier signal. Background events have typically extended tracks
in the counter and therefore exhibit long rise times. Of the pulses coming from the
proportional counters, the amplitude (proportional to the deposited energy in the
counter) and the rise time, defined as the time in which the pulse rises from 10% to
70% of its maximum amplitude, are determined. The EC decay peaks of 71Ge occur
at 1.17 keV (L-peak) and 10.37 keV (K-peak). The energy window is defined as ±1
FWHM around the central value. The absolute energy-window efficiencies and the
energy resolutions were measured for the two standard counters (Fe and S/
cathode) [22] filled with known amounts of radioactive 71Ge and counted at
Heidelberg (because of safety reasons). Following exactly the GALLEX procedure,
these two acceptance (energy) windows (tagged L and K. corresponding to the
energies of the L and K electron shell of gallium) were determined for each counter
by its calibrating using fluorescent X-rays from the xenon in the counting gas. These
are produced by a source of 35 keV Ce X-rays from the excitation of cerium by
X-rays coming from the EC decay of 153Gd. Puls shape analysis is the basis for the
recognition of 71Ge counts, and defines the puls shape acceptance cut. Thus the
rise time windows, determined by the same calibration procedure, are located at the
lower end of the rise time spectrum and have typical widths ranging from 20-40 ns
(see Fig. 3). Counts are accepted if they fall into one of two windows in the energy
rise-time plane (L- and K-acceptance windows called next L- and K-windows).

14



80

o

I 60

s
* 40
o
4)

.? 20
QC

o o
i

o°
00 ° &

_ o ,

0

o

V
1 ^

o o o

-

o

1

0

1

0

8°
0

«
°o
o
<?°

0

o
o

rf»O o

°o °

\
\

1

L

1

oo

o

1

0

o

o

o°

0

o

o
o

0

o o
o o

o
°o

K '

4 1

1

O o

0
0

OO°c

/

1

0
o

0

•

/
/

1

1

0

o

n

•

,

1 '

o

0

0 O

0 O
0

i
•

1 1

1 '

-

o

•

—

-

1 •

6 8
Energy [keV]

10 12 14

Fig. 3. A plot of all events occuring in 15 solar runs taken during the first mean
lifetime of 71Ge (16.5 days). Closed circles are events from the K-
and L-acceptance windows

The event list obtained from the energy- and puls shape acceptance windows
is used for a maximum likelihood analysis. As an example, the result of the
likelihood analysis is ploted in Fig. 4 (solid line) as a function of the counting time
along with the count rates of fast L- and K-events averaged for the first 15 solar
neutrino runs. The signal attributed to the decay of solar neutrino produced 71Ge
(T1/2 = 11.43 d) can be clearly seen in the data.

Background measurements were made by filling counters with non-
radioactive GeH4 and Xe [24]. Long time counting of these samples measured
average backgrounds of 0.04 cpd in the L-window and 0.02 cpd in the K-window
(counter on the passive side of the GALLEX spectrometer). Due to potassium still in
the glass of the photomultiplier tubes (despite their careful selection), background
on the active side before anticoincidence vetos is about four times higher;
approximately half of it is vetoed by Nal(TI) detector.

Average total counting efficiency of 71Ge (measured in the K- and L-windows)
are 62.5 % (28.6% L and 33.9% K) and 61.4 % (29.7% L and 31.7% K) for counters
with Fe and Si cathodes, respectively.
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Fig. 4. Count rate of fast L- and K-events averaged over all 15 solar neutrino runs
as a function of counting time.

We concentrate here on the influence of Rn on the background count rates of
proportional counters in the GALLEX experiment. This topic has two aspects:
magnitude of the background and amplitude of time variations in the count rate.

The Rn background comes in three forms, which are distinct in cause, effect
and treatment. The forms are:

• accidental introduction of Rn inside the counter together with the gas
sample to be measured [22]

• environmental Rn in the gas outside the counter, which can increase the
counter background by emission of (3-particles and y-rays by its short lived
daughters 2UPb and 2UBi; a-particles emitted in the decay of Rn and its
progenies cannot penetrate the counter walls (Wojcik et al., [27])

• deposition of the Rn-daughters on the outer surface of the proportional
counter during handling outside the shield [22]

In order to explain how the Rn background can be eliminated we have to
describe first its general properties.
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4. Physical and chemical properties of radon

Radon (222Rn) and thoron {22°Rn) are among the first of the natural radioactive
nuclides which were discovered, identified and examined at the beginning of this
century. They are noble gases and are produced in nature by the decay of the
radium isotopes 226Ra and 22*Ra, respectively. Radium and its progeny have been
used for medical and technical purposes and for research for more than 80 years.
Since radon and thoron occur in nature, man has always been exposed, mainly
trough inhalation of their decay products, to radon and thoron daughters. The
detrimental effect has been recognized since the sixteenth century, when miners in
central Europe suffered from what was then called "Schneebergkrankheit". Later
experience of mining of uranium in the middle of this century identified the radon
daughters to be the source of cancer.

Man is everywhere exposed to radon (Rn) and thoron products. The major
source of exposure consists of Rn and its decay products occurring in domestic
housing. Rn emanates from building materials and from a ground below. Indoor Rn
is also released from materials brought into a room, such as Rn-rich water or natural
gas, and from the inlet air. In some countries the radiation dose to man caused by
the inhaled Rn-daughters constitutes more than 50% of the total radiation dose to
man from other natural or artificial sources. Other sources of Rn include the burning
of coal, emissions from geothermal plants, and emanation from the soil.

Uranium (23SU) is widely distributed in nature and is a minor contaminant in
all rocks, sand, and soil. Typical values for uranium are in the domain of 1 - 4 parts
per million (ppm). Uranium has the half-life-period of 4.5 x 109 y (about equal to the
age of the Earth). Each atom of 23SU undergoes a series of successive radioactive
decays. In this series the fifth decay product of 23aU is radium (226Ra). The relatively
long half-life-period of radium (1620 y) and the mixture of alpha, beta, and gamma
rays of its decay products made radium an important commercial radionuclide. The
decay product of radium is 222Rn. Rn is the only element in the uranium series which,
at ordinary temperatures is a gas. Rn liquefies at -61.8° C and is the heaviest
member of the family of chemically inert monoatomic gases which includes helium,
neon and, argon.

Because all rock and soil is slightly porous some Rn diffuses out of any rock
or soil surface. Characterizing the Rn generation and transport in rocks and other
porous materials, forms a basis for predicting the Rn entry into dwellings or
underground laboratories and the Rn release from Ra-bearing materials. Although
Rn is usually emanated from solid mineral grains and moves fastest in gas-filled
pores, a more complete model is required to represent realistic conditions
encountered in these environments [28]. Part of the parent Ra may be leached from
its mineral source, dramatically increasing its emanating power and permitting an
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aqueous transport. The leached fraction varies strongly with the soil moisture and
chemical conditions. The emanated Rn gas is further distributed between the
aqueous and gas phase inside of the rock pores, and when dry soil surfaces are
encountered, it may be adsorbed onto the solid mineral phase. Rn moves primarily
by diffusion and advection mechanisms. Diffusion, driven by the Rn concentration
gradients, is significant in the aqueous as well as in the gas phase, because of
frequent intermittent blockages of soil pore segments by water. Advection, resulting
from a pressure-driven flow of a soil gas, carries Rn at the interstitial soil gas
velocity. Both establish new equilibria along the transport route with local aqueous
and solid phases in a chromatograph-like process. Then, the exhalation of Rn from
rock/concrete walls or a soil depends on the Ra concentration in the porous
material, the emanating power, the humidity, and the diffusion coefficient. Rn
exhalates from continental land areas, free from glaciers and permafrost, at an
average of 0.012 Bqm"2s1 [29].

The sequence of successive decay products of Ra is listed in Table 3. The
so-called short-lived progenies of Rn are its first four decay products: 2™Po, 2UPb,
2UBi, 2UPo, each of which has a half-life-period that is less than 30 min. These
decay into the long-lived radionuclide 210Pib, which has a half-life-period of 22.26 y.
210Pb decays by the emission of very low energy (3 particles accompanied in only
4.05% by a weak 46.5 keV gamma rays. The internal conversion factor for the 210P£>
decay is eL/y= 15.8.

When the Rn gas, formed by the Ra decay in the porous material, diffuses
into the atmosphere (the estimated diffusion coefficient of Rn in air is 1.25 x 10'5

m2 s'1 [30], or 10'5 m2s"1 [31]), it is not accompanied by its decay products since they
are heavy metals, not gases. As Rn decays by a emission with a half-life of about
3.8 days, the first daughter, 2™Po, is formed in the atmosphere as a recoiling ion with
an energy of about 90 keV. It is positively charged from the stripping of orbital
electrons by the departing a particle or by the recoil motion. Its recoil range in air is
about 50 urn. It is probable that the 2™Po ion quickly reacts with an available oxygen
to form the polonium oxide.

Upon contact, 2™Po becomes attached to surfaces. Because it has a high
mean diffusion velocity, and because the most available surfaces are those of
aerosol particles or walls of a Rn container, 2:8Po rapidly attaches to aerosol
particles or to walls, at a rate dependent on the aerosol concentration and on the
diffusion velocity of the 2™Po ions. Similar effects occur with other unattached Rn
progenies. 218Po decays by alpha emission to 2uPb, which is also initially formed as
a recoiling ion and should undergo reactions similar to those of 2™Po. If the decaying
™Po is attached to an aerosol particle, this recoil ion of 2uPb may either penetrate
into the particle or jump completely off the particle depending upon its recoil
direction. Since the recoil energy is about 100 keV, the recoiling ion will have a
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range of about 50 |im in air or about 0.02 urn in aluminum. If the 218Po is on the
surface of a particle and the particle is large (>0.10 ^m), then half of such recoils
would be outward, and the recoil fraction of 218Po which produced unattached 214Pb
would be equal to 0.5. If the particle is small (<0.02 p.m), the recoiling atom might
penetrate the particle and become detached regardless of recoil direction. It might
also, carry along other molecules or particle fragments. If the particle is large but
not a solid, the 218Po may diffuse into the particle before it decays and the recoil
fraction may be much less than 0.5.

Table 3. The main sequence of decay products of radium and radon. A very weak
collateral branches: of 2™Po, in which 0.02% of the 2™Po atoms undergo a
P decay to 21Mf and then return to the main sequence by an a decay into
2UBi, and of 2148/, in which 0.02% of the 2UBi atoms undergo an a decay to
21O77 and then return to the main sequence by a p decay into 210Pb, are
omitted.

N u c l i d e -
Decay

225Ra

222Rn
218Po •

2MPb

2 1 4 B i •

214Po
210Pb

210Bi
210Po

- a

- a

- a(+P)

- P

• P(+a)

- a

- P

- P
- a

a- or pmax
-Energies [MeV]
and intensities in

4.78
4.60

5.49

6.00

0.67
0.73
1.02

1.00
1.51
3.26

7.69

0.016
0.063

1.161

5.305

94
6

100

-100

48
42

6

23
40
19

100

81
19

-100

100

Half-life

1 620 y

3.825 d

3.04 min

26.8 min

19.9 min

164 ns

22.26 y

5.01 d

138 d

Major
Y-Energies [keV]
and intensities

186.1 3.50

510 0.07

no Y

241.9 7.46
295.2 19.20
351.9 37.10

609.3 46.10
768.4 4.88
1120.3 15.00
1238.1 5.92
1764.5 15.90
2204.1 4.99

799.7 0.01

46.5 4.05

no Y

803.0 0.0011

Number of
atoms per 1 Bq

7.30xl010

4.78xlO5

264

2319

1 705

2.2xlO"4

1 xlO9

6.22x105

1.70xl07

2UPb decays by p emission with a half-life-period of 26.8 min. Its recoil
energy has a maximum of about 4 eV, which is possibly enough to effect some recoil
detachment, but such has not been demonstrated experimentally. 2uPb's decay
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product is 214S/, which decays by p emission to 2UPo. The half-life of 2UBi is 19.9 min.
Since 2UPo is an a emitter with a half-life of only 164 (is, the 2146/ p emission and the
2UPo a emission are almost simultaneous. The delayed coincidence of 2UBi P- and
2UPo a-decays is in some cases a very important signature of the Rn decay chain.

Other physical Rn data are shown in Table 4.

Table 4. Properties of 222Rn [32,33,34].

• Boiling point
• Melting point

-61.8° C
-71.0° C

Vapour pressure
[mm Hg]

Temperature [°C]

4.4 10-17"

-195.8

1

-144

10

-126.3

40

-111.3

100

-99

400

-75

760

-61.8

*•' the value obtained experimentally by the author. This information is essential for elimination of Rn

in traps cooled to liquid nitrogen temperature and also for new solutions planed for the

BOREXINO experiment.

'Density at 0° C and 760 mm Hg 0.0996 g-cm-3

• Coefficients of the Rn solubility at the atmospheric pressure in:

water at 0°C
10° C
20° C
30° C
37° C
50° C
75° C

100°C

0.507
0.340
0.250
0.195
0.167
0.138
0.114
0.106

NOTE: The solubility S can be measured using the formula: S = (cRn)w/(cRn)a , where

(cRn)w a n d (cRn)a
 a r e t n e ^n concentrations in water and air, respectively.

• Coefficients of the Rn solubility at the atmospheric pressure in:

at Iff' C 0" C

glycerine
aniline
absolute alcohol

0.21
3.80
6.17

-
4.45
8.28
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acetone
ethyl acetate
petroleum (liquid paraffin)
xylene
benzene
toluene
chloroform
ether
hexane
carbon bisulphide
olive oil

Knowledge of the Rn solubility in some substances is of great importance in special
applications. Rn can be extracted from a liquid with the lower solubility by a liquid
with the higher solubility. A substance with the dissolved Rn can be a significant Rn
source if applied in a low background system.

6.30
7.35
9.20
12.75
12.82
13.24
15.08
15.08
16.56
23.14
29.00

7.99
9.41
12.6
-
-

18.4
20.5
20.09
23.4
33.4

_
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5. Radon concentration measurements in gas samples

Concentration of Rn can be measured using a variety of methods and nuclear
detectors. An extensive review on the metrology and monitoring of 222Rn is beyond
the scope of this work. This paper describes some methods and devices used in the
presented investigations.

• Scintillation cell (SC) method. Scintillation cells of adequate design, in
conjunction with a photomultiplier tube(s) and associated electronics, can be used to
detect 222Rn. Simple sampling and counting procedures can be used to calculate the
222Rn concentration from a gross alpha-particle counting.

• Proportional counter (PC) method. It is an essential high resolution, highly
accurate, spectroscopy method. If the proportional counter is made of radiopure
materials and is properly designed, mechanically and electrically, the PC method in
conjunction with the Rn extraction techniques is the most sensitive measurement
method for very low Rn activities.

5.1. Scintillation chambers (Lucas cells).

SC are used for measurements of the Rn activity concentration in air or
natural gas (Wojcik [35]). The interior of the chamber, made in the form of a plastic
or stainless steel ball, is covered by ZnS(Ag) as a scintillator, except at the window
for the optical contact with the photomultiplier. The scintillation layer is usually very
thin. The energy deposition of p particles in the ZnS(Ag) layer is low, but the range
of a particles in the scintillator material is comparable with its thickness, a particles
deposit their whole energy in the ZnS(Ag) and therefore generate intensive light
pulses. The SC is hardly sensitive to gamma radiation. The SC is made of two
semispheres and two plates oriented at 90° to each other, and with their longside
axial to the photomultiplier. The two plates enlarge the active folume which is
defined by the range of a particles in the detector gas. The counting efficiency of the
chamber, e, is defined as a ratio of the number of counts registered by the chamber
to the number of a decays inside the chamber (radioactive equilibrium between Rn
and its daughters is prerequisited). Due to the final range of a particles in the gas,
the counting efficiency of the chamber increases with the decreasing gas density
inside the chamber. The dependence of the efficiency e, of the 500 cm3- and the 700
cm3 chambers, on nitrogen density inside the chamber was measured by the
author using a standard 226Ra solution (the solution containing a very exact known
226F?a activity) as the Rn source. The working gas of the chamber in the calibration
procedure is nitrogen. Its pressure can be changed. A small (very exactly known)
amount of Rn is added to nitrogen to test the chamber efficiency.



The chamber was then filled with N2 and Rn under different pressures. The
dependence of the counting efficiency on the gas density (4) was determined by
means of the regression analysis of experimental data (see Fig. 5). The counting
efficiency, e(d), depends on the gas density d as follows:

E(d)=e-exp[fr(dN - of)] (4)

where e(d) is the efficiency for nitrogen samples of density d, dN is the density of N2

under normal conditions given in grams per litre, and e is the efficiency for N2 under
normal conditions. The parameter b for the 500 cm3 SC (Wojcik [35]) and for the
700 cm3 SC (Wojcik [36]) is 0.257 l/g and 0.255 l/g, respectively. This exponential
equation allows the efficiency of the chamber to be corrected when the density of
the gas investigated differs from that of N2 under normal conditions.

£ e
bldn-dl

b = 0.2566 l/g
d = Gas density

0.64

0.2 0.6 0.5
GAS DENSITY-

1,0 g/ l 1.2

Fig. 5. The dependence of the efficiency of the 500 cm3 scintillation chamber on the
gas density inside the chamber.

Necessary requirements for the detection or monitoring of very low Rn
concentrations in "passive" experiments of subnuclear physics, carried out without
accelerators are:

• a high and time stable detection efficiency,
• a very low and time stable background,
• a large active volume of the Rn detector.

A large scintillation chamber can meet these criteria. One of the aims of this
work was to develop a large scintillation chamber with a high detection sensitivity to
be applied for measuring/monitoring of Rn in the GALLEX and BOREXINO [37] solar
neutrino experiments.
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A cross section of the scintillation chamber and a block-diagram of the

electronics are shown in Fig. 6. The chamber is made of stainless-steel in a form of

a cylinder. Inside the cylinder are placed four stainless-steel plates; two

parallel-pairs oriented at 90° to each other (cross section (A-A) in Fig. 6). The

stainless-steel cylinder is hermetically closed with two 5 inch in diameter

acrylic-windows on both sides. All inner surfaces, except the acrylic-windows, are

covered with a special scintillation ZnS(Ag) foil. The surface covered with the

ZnS(Ag) scintillator is 0.71 m2 and the active volume is 6.7 I. The light generated in

the scintillator by alpha-particles emitted by Rn or its progenies is detected by two 5

inch in diameter photomultipliers (PM). The preamplifiers (PA) are integrated with

the photomultipliers. The standard electronics consists of two active filter amplifiers

(AFA) integrated with single channel analyzers (SCA), a coincidence unit (COINC)

and a high voltage power supply (HV).

, WINDOW

IA 7
A-A

5"PM

ZnS(Ag)-ACTIVE SURFACES

HV~

SCA AFA

Fig. 6. The cross-section of the large scintillation chamber.

In the coincidence mode of operation only these events, caused by light
generated in the scintillator and detected by both photomultipliers simultaneously,
are registered. This mode of operation allows to reduce the background
considerably mainly due to suppression of dark currents in the individual PM-tubes.
It was found (Wojcik and Wlazto [38]) that the background measured in the
coincidence mode of operation is more than two orders of magnitude lower than the
background measured for each individual photomultiplier. The counting efficiency of
the scintillation chamber was measured using Rn extracted from a standard 226Ra
solution and was calculated as a mean probability of registration of a particles
emitted by 222Rn, 2'8Po, and 2UPo (Wojcik [35]).

Parameters of different scintillation chambers are given in Table 5.
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Table 5. Parameters of six scintillation chambers developed/used by the author in
different projects, measured/calculated for optimal settings of the
electronics.

Volume [cm3]

100 [35]

208

500 [35]

700 [36]

800 [39]

6700 [38]

Background
[mirT1]

0.05

0.045

0.45

0.40

HD 0.40
GS 0.20

HD 0.42
GS 0.28

Efficiency

0.65

0.50

0.68

0.63

0.76

0.61

S
[min'/(Bq/l)]

11.7

18.7

61.2

79.4

109.4

735.7

MAC
[mBq/1]

20.75

11.62

5.98

4.41

3.34
2.85

0.48
0.43

Number of
PM's

1

1

1

1

1

2

HD

GS

Background measured in the Low-Level Lab of Max-Planck-lnstitut fuer Kernphysik,
Heidelberg (15 m water equivalent)
Background measured in the Laboratori Nazionali del Gran Sasso, INFN, Assergi
(3500 mwe)

S Sensitivity is equal to the growth of the count rate if the chamber is filled with gas
containing 1 Bq/I of Rn (radioactive equilibrium between Rn and its progenies is
prerequisited).

MAC Minimal detectable Rn activity concentration calculated for the 1000 min
measurement time and the 10% relative standard deviation

The minimal detectable activity, calculated for a given detecting device allows
to estimate and compare sensitivities of different Rn detectors. Unfortunately, in the
case of Rn with the long decay chain and with Rn-daughters which have mean
live-times shorter or comparable with the counting period, the minimal measurable
activity cannot be simply estimated. To obtain a formula for the minimal detectable
activity, one should fix the required relative error 5 of the measurement, find
equations for calculating the activity AQ(0) of the parent Rn atoms at the time t=0,
and find an equation for estimating the standard deviation oA(0) of this activity
(Wojcik and WlazJo [38]). For Rn detected in a scintillation chamber, we consider
only the alpha emitting isotopes: 222Rn, 2:ePo and 2UPo. The total number of decays
during the counting interval At is:

ND~- (5)

where A0{t), A,(t), and At(t) is the activity of 222Rn, 2™Po, and 2UPo, respectively.
They can be found as solutions of a system of linear, coupled Bateman's [40]
equations. We can rewrite the Eq. (5) in the reduced form

(6)
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where (p is a sum of solutions for 222Rn:
 2™Po, and 2UPo activities, integrated over

the time of the counting interval, with A0(0) factored out. (p is a function of the
decay constants, the counting interval At, and the time ^ elapsed between the
parent-daughter separation and the beginning of the measurement. When the
registration efficiency is not equal 100% and the background rate is not zero then, at
the time t= 0:

Ar(0) =
N-ABAt

£9 ' (7)

where N, e, and AB is the total number of counts, the mean efficiency of the
scintillation chamber, and the background count rate, respectively. We assume, that
the measuring device has the same registration efficiency for a particles of all three
nuclides. The variance of the activity A0(0) is:

var(/\0(0)) = [var(/V)+Ar?var(/\B)]/ip2e2. (8)

In this equation we need the variance of the total number of counts, and the
variance of the background activity. It is assumed that during the measurement the
background is constant. It was determined before the experiment, and its value AB

and its standard deviation a.^are known. A problem appears if one wants to
calculate the variance of the total number of counts, N, because not all of the
observed counts are statistically independent and the approximation: var(N) - N =
ND+ABAt is not correct. According to the idea of Lucas and Woodward [41] the
variance of the observed counts can be written as follows:

var(/V) = N = JND+ABAt. (9)

J is a complicated function which depends on the device efficiency, the time tA , and
the counting interval At. This function also includes the Bateman solution for the
investigated decay chain. In the Rn case and for a SC registering a particles only, J
can vary between one and three.

Table 6. The J factors calculated for a scintillation chamber and for ^ = 3 h and At =
1000 min.

Efficiency

J

0.76

2.18

0.68

2.06

0.65

2.01

0.63

1.98

0.6

1.93

0.5

1.78

0.4

1.62

0.06

1.06

For a very short counting interval in comparison to the half-life of the parent, J can

be interpreted as the ratio of the observed decays of all atoms in the Rn chains, to

those (statistically independent) originating from the parent ones. In other words, J
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is approximately proportional to the mean number of counts per one Rn decay
chain.

Finally, the expression for calculating the standard deviation of the activity
can be written:

>2B • (10)

This equation is a good estimator of the standard deviation of such activity, only
when the number of counts is high enough. The relative standard deviation 5 of
>40(0) (assumed or required) is:

b = aAWM0) (11)

Using Eq. (7), the standard deviation (10) has to be expressed as a function of A0(0).
After this operation, we get a square equation for A0(0) obtained from Eqs. (10) and
(11). Only one of the solutions of this equation has a physical meaning; it is the
wanted expression for the minimal measurable activity ^0(0)min:

(12)

The function >40(0)mln describing the minimal measurable activity under given
conditions tv At, 8 depends on the parameters of the investigated instrument: e, >AB,
and cAlt..

For ^ > 3 h the function cp, analytically calculated, is (Wojcik [35]):

where X is the decay constant of Rn
Using J from the Table 6 we can calculate the minimal detectable activity

A>(°)min which is the measure of quality of the Rn measuring device. The minimal
detectable activities presented in Table 5 were calculated from formula (12) for At =
1000 min and 8 = 10%. A0(0)mm has its global minimum as the function of counting
time interval Af. Knowledge of the At for the global minimum allows to reach the best
precision of the measurement. It is useful for measurement of a very low Rn activity.

5.2. Miniaturized proportional counters.

The miniaturized proportional counters (volume of about 1 ml) used for the
detection of 71Ge in the solar neutrino project GALLEX [6,21,22,23] can be also used
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for the detection of a very low Rn activity. The minimal size of the proportional
counter is limited by the volume needed for the GALLEX counting gas.
Miniaturization of the proportional counter helps to reduce its background, because
less material is used for the construction of the counter and because the
miniaturized counter is a smaller target for an external background radiation (like
betas, gammas, muons, ...). All materials of construction were chosen carefully to be
as free as possible from naturally occurring contaminants. The body of the counter

AN'QDE WIRE

Fig. 7. The cross-section of the miniaturized proportional counter.

consists of quartz. The cathode is an iron or silicon cylinder (length 32.5 mm, inner
radius 2.8 - 3.0 mm). The wall thickness of the silicon and iron cathodes is 0.4 mm
and 0.17 mm, respectively. The goal of using silicon instead of iron as a cathode
material was to achieve an even lower counter background. Among all commercially
available materials silicon has the highest chemical purity achievable by
zone-refining methods (23aU < 2 ppt (parts per trillion), 232Th < 0.1 ppt, 40K < 0.1 ppb
(parts per billion)). Some counters of this Si-type have a shaped cathode to correct
the end effect of the electric field, which results in a higher detection efficiency. A
typical count rate for the integral counter background above 0.4 keV is about 0.6
counts per day (cpd) for measurements at the passive side of the GALLEX counting
station (see Fig. 2) at Gran Sasso [42]. The estimated registration efficiency for
222Rn(a), 218Po(a), 214P6((3), 2148/(P), 214Po(a) are 0.9. 0.6, 0.6, 0.6, 0.6, respectively.
The J factor for the above efficiencies and ^ = 3 h, is equal 2.668 and 1.126 for At
= 1000 min and At =10 000 min, respectively. The minimal measurable Rn activity
calculated for the 10% standard deviation in 1000 min and in 10 000 min is 1.75
mBq and 0.126 mBq, respectively. The minimal detectable activity for the
miniaturized proportional counter reaches its global minimum of 0.049 mBq for At =
560 h of the measuring period.
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6. Radon generation in the Gran Sasso underground
laboratory

The background of charged cosmic rays is strongly reduced if the laboratory
is located deep underground. However, in an underground laboratory 222Rn exhaled
from rock and water is often the limiting factor for a further background reduction.
Besides its background contribution, also the strong variation of Rn concentration
with time is disturbing, especially for those experiments which evaluate the
signal-to-background ratio in a long measuring time.

The GALLEX underground facilities are located in the hall A of the Laboratori
Nazionali del Gran Sasso (LNGS) [43], One of the two buildings houses the main
counting station enclosed in a Faraday cage. The Rn concentration in the air of the
Faraday cage is continuously monitored by a Lucas cell [39].

In the time-period 1991 - 1993 the ventilation system of the LNGS was twice
modified changing the Rn content in the air of the laboratories. The time-period:
1990 - till now, can be divided into sub-periods regarding the transportation ways of
the fresh air into the laboratories:

• end of 1990 through Nov. 13, 1991 period IA
• Feb. 5, 1992 through July 25, 1993 period IB
• Nov. 13, 1991 through Feb. 5, 1992 period II the first modification
• July 25, 1993 till now period III the second modification

In the time-periods: IA and IB the fresh air containing typically low Rn amount was
supplied into the ventilation system via about 3 km long, closed for car traffic
highway tunnel. In the period II the fresh air was introduced via a smaller water
tunnel down the highway tunnel into the ventilation system of the LNGS. In the
period III the fresh air is sucked from the outside of the tunnel on the Terrarno-side
and transported via an Rn-tight pipeline into the laboratories.

In this work we present a few one-month-pictures with the Rn concentration in
air of the Faraday cage typical for the three time-periods characterised by different
transportation ways of the fresh air into the laboratories. We present also the
mean-one-month values and we try to calculate an annual effective dose equivalent
for the people working in the underground laboratory.

Since the 238L/ - 226Ra isotopes are ubiquitous in the rock, 2Z2Rn can be found
in most underground environments. In tunnels and other underground buildings the
Rn sources are rock and water. Crushed rock in abandoned parts of a tunnel is also
a significant Rn source. Rn in water may often be an intense source. Drainage or
use of large amounts of radon-rich ground water may cause Rn release, either
locally or to the ventilation inlet air. With poor ventilation, local Rn and Rn daughter
concentrations in air may become very high if the Rn concentration in water is 0.1 -
1 MBqnr3 or more [44].
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The exhalation of Rn from rock or concrete walls in the tunnel and in the
underground laboratory depends on the Ra concentration in the walls, the
emanating power and the diffusion coefficient. Rn is emanated from solid mineral
grains and moves fastest in gas-filled pores. Part of the parent Ra may be leached
from its mineral source, dramatically increasing its emanating power and permitting
an aqueous transport. The leached fraction varies strongly with the rock moisture
and chemical conditions [45].

A simple model describes the dependence of the Rn concentration in the air
transported along a water tunnel (a tunnel for removing the water from the rocks and
supplying fresh air from the outside into the tunnel, at the same time) on the
distance from the air inlet

CRn (x) = y + C/fo.m (14)

where R is the Rn exhalation rate per unit area in the tunnel; / is the periphery
length of a section through the tunnel; x is the distance along the tunnel: £ is the Rn
release rate for Rn-rich water in the tunnel; v is the volumetric air flow rate; and
f«n,,n is the Rn concentration in the inlet air. If E and c«,.m are constant, then
cRn(x) is proportional to the distance x and inversely proportional to the air flow rate
v. When £ and cRnm are small, the Rn concentration increases continuously along

the tunnel. However, the kind of the ventilation system and the nature of the Rn
sources will greatly influence the Rn level and its changes in the transported air. A
large Rn release from the Rn-rich water or 226Ra deposits, will be rapidly diluted in
air and transported along the tunnel.

The halls of the LNGS are located in the water reach region of rocks. A poor
ventilation could cause some high Rn concentrations in the laboratory air.

Changes of air pressure have been shown experimentally to influence the Rn
exhalation rate from concrete walls [46]. The exhalation rate was found to increase
non-linearly with the atmospheric pressure drop. This effect has been found in
uranium mines and has been explained as a result of the increased air flush through
radon-rich cracks and fissures into the mine [47],

Thus the main concentration of Rn does not only depend on the 226Ra content
of rocks, but also on its porosity and can only be determined from measurements
over long periods of time. From such a test the Rn supply from the rock can also be
calculated. This information is important for proper ventilation to reduce the Rn
content in the air to an acceptable level. For reasons of economy it would be
expedient to co-ordinate the ventilation rate with the dynamics of barometric
pressure.

Diurnal and seasonal variations in Rn concentration also occur in tunnels and
mines. The diurnal variation is especially pronounced at the time of the year when
the temperature difference outdoors and in the tunnel changes significantly over 24
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hours. The resultant effect reaches a minimum during the night and a maximum
during the day. The variation has been found to be ±20% of the daily average [44].
The seasonal variations may be greater, ±50% of the yearly average or more, with a
maximum during the summer and a minimum during the winter.

The Rn concentration in the air of the Faraday cage is continuously
monitored by a Lucas cell of the volume of 0.803 I [39], The dust from the inlet air is
deposited on a membrane filter before the cell. The detection limit of this chamber
is about 0.5 Bqm"3 in 5 hours. The air flow rate through the scintillation chamber
is adjusted to about 8 cm3min"1. At this rate, the radioactive equilibrium between Rn
and its progenies is only slightly disturbed in the active volume of 0.803 I [48]. The
presented construction of the Rn monitor enables a sufficient sensitivity of the
measuring device to the Rn in the air of the Faraday cage, and a high stability over
a long time.

The count rate of the Rn monitor is registered by the CAMAC data-acquisition
system of GALLEX. Normally, the accumulated number of events is read out on a
disk, every 5 hours.

The Rn-monitoring system constructed for the GALLEX experiment functions
well, for more than over six years. We monitor the Rn concentrations in the air of the
GALLEX Faraday cage, with no interruption since the end of 1990. Some loses of
data (e.g. part of Feb. 1992, Feb. and Mar. 1993 or a part of May and June 1994),
were due to a malfunction of the data acquisition system. In Fig. 8 are plotted some
interesting and typical Rn concentrations versus time, observed in one month
time-periods for the three kinds of the ventilation system. Each circle in Fig. 8
presents the mean Rn concentration in the last 5 hours (erases present Rn
concentration inside the shield tank, see chapter 9).

In the periods IA and IB the fresh air containing a low Rn concentration was
introduced into the ventilation system via the highway tunnel. Rn exhaled from the
rock/concrete walls of the tunnel together with the fresh air was transported into the
laboratories. The mean Rn-concentration calculated for the time-period IA was 50
Bqm"3 and for the IB - 68 Bqm"3.

The high Rn concentration observed in the time-period II was caused by the
rearrangement of the ventilation system of the LNGS. Rn exhaled from the rock
walls and Rn-rich water was transported along the water tunnel into the ventilation
system. The largest increase of the specific Rn-activity observed in this period
within 5 hours was 320 Bqm"3 and the decrease -280 Bqm"3 in Nov. 1991. The
largest increase of the Rn-concentration observed within 24 hours was 1100 Bqm"3

and the decrease - 920 Bqm"3 in Jan. 1992. The mean Rn-concentration calculated
for this time was 400 Bqm"3 with a maximum of 1390 Bqm"3 at Nov. 28, 1991. The
high Rn content in the air observed in this period shows that the main Rn source is
the Rn release along the tunnel (large E value in the above model). This example
shows the importance of the ventilation system for the Rn-content in the laboratory
air. Since the beginning of Feb. 1992, the old ventilation way was temporarily used.
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In the period III the fresh air is sucked from outside of the tunnel on the
Terramo side and transported via an Rn-tight pipeline into the laboratories. The Rn
could not be enhanced in the air during its transport. The mean Rn-concentration
calculated for the period III is 10 Bqm'3. This ventilation system will be in usage also
in the future.

The difference between the mean Rn concentration in the period II and period
IB is about 330 Bqm"3. The ventilation rate is about 30 000 m3h"1 in the
underground laboratory [49]. The additional Rn generation rate, of the order of 107

Bqh'1 comes from water released from the rocks and from many individual sources
in a form of 226Ra deposits (release of (Ba-Ra)SO4) or from deep crushes, pores
and cavities in the walls of the water tunnel. The Rn generation mechanism from the
rock was described in the chapter 4.

According to measurements of the author, the Rn concentration in two
samples of water coming from the rock in LNGS is 8.5 kBq-nr3 and 10.1 kBqm"3. If
the water only was responsible for the additional Rn then the water flow rate in the
tunnel ought to be of the order of 1000 m3h"1 (if we assume that whole Rn exhales
from the water). Because the flow rate of the water is much lower, we conclude, that
the main Rn sources are Ra deposits and/or that large amount of Rn is exhaled from
the rock walls along the tunnel. According to [49], the Rn concentration in water
flowing out from the underground laboratory outside and measured is lower than 2
kBqm"3 (about 80% of Rn emanates into the air). The Rn concentration in the air
layer above the water, in the water tunnel (near the exit, the air streams in the exit
direction) is 2.32 kBqm"3 [49]. The same air was pumped into the laboratory in the
time-period II, which explains the monitored high Rn concentration.

In Fig. 9 we show the mean monthly Rn activity concentrations calculated
from 5 h measurements. The seasonal variations of the monthly values of the Rn
activity are not visible. The mean Rn-activity-concentration in the air of the LNGS,
calculated for each year separately was 107 Bqm"3, 90 Bqm"3, 35 Bqm"3, 11 Bqm"3

and 8.4 Bqm"3 in 1991, 1992, 1993, 1994 and 1995, respectively.
The Rn concentration in the LNGS is low with exception of period II. Keeping

in mind that the attention level of Rn concentration set by the European Community
is 400 Bqm"3 for old buildings and 200 Bqm"3 for new buildings, the average
concentration in the LNGS seems to be low, from the radiological protection point of
view, especially in the period III.

The radiation doses were calculated using the UNSCEAR conversion factor
for the non-occupational Rn-exposure of 29.5mSvy"1 per Bqm"3 of Rn gas [50]. The
mean Rn-activity-concentration in 1991, 1992 1993, 1994, and 1995 leads to an
annual effective dose equivalent of about 3.2 mSv, 2.7 mSv, 1.0 mSv, 0.3 mSv, and
0.25 mSv, respectively.
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7. Radon diffusion and solubility constants in membranes of
polymers

The Rn permeability of various foil materials of interest in the solar neutrino
experiment GALLEX was studied. The aim of the investigation was to find the best
material for the construction of the Rn-tight glove box for the GALLEX spectrometer.

The diffusion-, solubility- and permeability coefficients of polymers to Rn are
not generally available in the literature. Some efforts have been made to select a
suitable material to serve as a Rn barrier [51], to discriminate between different Rn
isotopes [52] or to investigate the permeability characteristics of membranes to 222Rn
or 220Rn [53,54]. The presented measurement method (Wojcik [55]) enables the
study of the diffusion and solubility of Rn in membranes and leads estimation to the
fundamental constant - the diffusion coefficient [56].

The model of diffusion in an isotropic polymer is based on the assumption
that the rate of transfer of a diffusing substance through an unit area of a membrane
is proportional to the concentration gradient measured normally to the membrane

_ 5C = DiC\-C2)
h u

where F is the rate of transfer per unit area, C the concentration of the diffusing
substance, C\, C'2 the surface concentrations in the membrane, x the space
co-ordinate measured normally to the membrane, d the thickness of the membrane
and D is the diffusion coefficient [ernes'1 ].

If the diffusion coefficient is isotropic and constant in time, and if there is a
linear relationship between the external concentration of a nondecaying diffusing
substance and the corresponding equilibrium concentration within the membrane,
we have:

C\ = SC, and C'2 = SC2 (16)

where C, and C2 are the external concentrations in equilibrium with C\ and C'2, and
S is the solubility.

After a time, a steady-state is reached in which the concentration C, and C2

remains constant in time at all points of the membrane. Also, the rate of transfer of
the diffusing substance is the same across all sections of the membrane:

F = DS(C,-C2)/d (17)

where the constant P = DS is referred to as the permeability constant.
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Usually, in the experimental arrangement the membrane is initially at zero
concentration and the concentration C2 (at the face through which diffusing
substance emerges) is maintained at low concentration levels compared to the
concentration C, at the opposite face.

Fig. 10 illustrates the behaviour of the total amount, Q(t), diffused as a
function of time [55] for C2 > Cv The straight line Qs(t) obtained when extrapolating
the upper part of the curve Q(t) to the zero C2 concentration is given by:

Qs(t) - (18)

LJJ
O

<S
_J 1/5
< 3

O U-
5

EXPERIMENTAL
CURVE-Q(t)

EXTRAPOLATED
STRAIGHT
LINE - Q s ( t )

TIME
Fig. 10. Approach to the steady-state flow through the membrane.

where the slope is the steady-state flow rate

F =
S-D-Ci

(19)

and the intercept on the t-axis

7 = 6D (20)

is referred to as the "time-lag". Thus D is obtained from the determination of the
intercept, T, by Eq. (20) and S from the steady state flow rate, F, Eqs. (19) and (21).
This is the so called "time-lag" method

If the measured time-lag of the membrane is much smaller than the Rn
half-life then the correction of the diffusion- and solubility coefficients regarding the
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Rn decay in the membrane can be neglected. For that reason, the thickness of the
investigated membrane ought to be as small as practicable, especially for materials
with an expected low diffusion coefficient.

The apparatus to measure the diffusion coefficients, D, and the solubilities, S.
of Rn in plastic materials consists of two Rn detectors and a Rn reservoir (Fig. 11).
As Rn detectors the scintillation chambers have been used. The light generated in
the ZnS(Ag) by alpha particles emitted by Rn and its progeny, is detected by
photomultipliers. The active volume of each detector is Vd - 27 cm3.

RADON RESERVOIR V

FILTER PAPER
-INVESTIGATED FOIL

^x\
\

PM

SCINTILLATOR ZnS(Ag)

SENSITIVE VOLUME OF
2 2 2 R n DETECTOR V2

-QUARTZ GLASS

Fig. 11. Apparatus for the measurement of diffusion- and solubility coefficient in
membranes.

The active volume of the first detector is separated from the Rn reservoir by a
paper filter in order to have the same Rn concentration as in the reservoir and
identical active volumes for both detector chambers. The count rate of this detector
is proportional to the Rn concentration in the reservoir when equilibrium with the
progeny is reached, and to the active volume of the detector. The active volume of
the second detector is separated from the reservoir by the membrane investigated.
The relative efficiency of both detectors has been determined with the filter paper on
both sides. The surface area of the membrane through which Rn diffuses from the
reservoir to the detector volume is A = 29.7 cm2. The corrected count rate of the
second detector with regard to the Rn decay is expected to be almost proportional to
the total amount of Rn diffused through the investigated membrane. A week
disequilibrium between Rn diffused and its progeny demands a correction of the
time-lag. For our scintillation chamber an estimated shift is AT= 16 min.

The count rate of the first detector, n1 , increases during about three hours
after introducing Rn into the reservoir (V = 255 cm3), due to the growth of the
Rn-daughters (/?., ~C,) and finally decreases as a result of the Rn decay.

The Rn concentration in the active volume of the second detector and its
count rate (generated by Rn and its short-lived alpha-emitting progeny), n2(n2 ~C2),
starts to increase after a certain time-period (see Fig. 12), depending on the material
type and thickness of the membrane. After background subtraction and correction of



n2 with regard to the Rn decay the dependence of the ratio n*2ln^ was plotted
versus time as shown in Fig. 12 ( n\/ny = C*2/C\ where n\ and C\ are n2 and C2 ,
respectively, corrected for the Rn decay: n5(O = n2(f)-exp(Xf), with X being the Rn
decay constant; the same for the C^)- From the intercept of the backwards
extrapolated straight line the time-lag t is obtained. After the correction of the
time-lag T (T = T - AT) with regard to the week disequilibrium between Rn diffused
and its progeny, the diffusion coefficient D is calculated according to Eq. (20).

PVC FOIL 0.5 mm

D=1.4-10~8 cm2 /s

TIME [min]

Fig. 12. The dependence of the relative count rate on time for a PVC membrane.

Assuming that for the upper part of the extrapolated straight line:
Qs(f) = VdC*JA, the solubility, S, can be deduced from Eqs. (18) and (19), (see Fig.
12):

^~ (t-T)AD •

The measurements were carried out at a constant temperature of 24° C, and
a constant, low humidity. For the background determination the active volume of the
second detector and the Rn reservoir were filled with dry nitrogen.

Table 7 gives the measured values of the diffusion-, solubility-, and
permeability coefficients as well as diffusion lengths for plastic materials and
rubbers. The diffusion length de is the distance in a plastic material at which the Rn
concentration drops down to the 1/e value of the concentration at the surface under
a steady-state condition and for d » d e . In the one dimensional space, the
dependence of the dissolved Rn on the distance from the surface is:

C(x) = C, exp(-7A/D • x ). (22)
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de= JD/X with X being the Rn decay constant. This parameter allows one to
calculate e.g. a thickness of walls of Rn hermetic devices or the Rn quantity ARn

dissolved in an unit area of walls of a Rn container: ARn = deSC^ for d »de,
where S is the solubility and C, is the Rn concentration at the surface in air or gas.

Table 7. The diffusion-, solubility-, permeability coefficients and diffusion lengths of
Rn in some membranes and materials.

Material

Rubber soft*

Butyl rubber*

PU soft'

PU hard*

PVC soft*

PVC hard*

PA Supronyl*

Plexi*

PELupolen 1810H+

Teflon"

PokalorT

HostaphanRN 15+

Silicon grease

Apiezon M grease

Diffusion
coefficient D
[10-'°cm7s]

49

408

88

420

140

6.1

6.2

392

13.9

0.86

0.15

21200

1640

1000

(25

(25"

(30°

(60°

(25"

(25°

C)

C)

C)

C)

C)

C)

Solubility S

12

4.4

5.6

7.9

10

5.2

3.4

8.2

4.4

2.3

44

6.9

184

1.6

Permeability P
[lO'W/sf

120

2.1

23

6.9

42

7.3

0.2

0.5

17.2

0.32

0.38

0.01

3900

26.3

Diffusion
length de [mm]

2 2

0.48

1.4

0.65

1.4

0.82

0.11

0.11

1.36

0.26

0.064

0.027

10.0

2.79

*} Values obtained by the author [55]
+) Values obtained by W. Mueller [57].

As seen from Table 7, supronyl (polyamid) is suited as a good Rn barrier because
of a very low Rn permeability. The permeability coefficient thus obtained is
2 x 10~9 cm2 s"1. Polyamid absorbs relatively large amount of water. Hostaphan
(polyester) has a lower Rn diffusion coefficient than polyamid and a very low gas
permeability (10"1° cm2s"1). We have found that the diffusion coefficient and
permeability of Rn in the butyl rubber is relatively low. Gloves made of butyl rubber
are the best among the options tested for the Rn-tight glove-box construction. The
diffusion coefficient and the solubility of Rn in PVC vary between (1.4 - 4.2) x 10'8

cm2s"1 and 5.2 -10, respectively. The permeability of Rn for soft PVC foils is higher
than for foils without a softener. The same trend was observed by us for
polyurethane membranes. Acrylic glass (plexi) is a very good material for e.g. Rn
hermetic windows in devices in which glass windows cannot be applied.
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The results of the investigation allow us to find the best materials for the
construction of the Rn protection system for the GALLEX spectrometer (see
Chapter 9)

Example of application of the above data:
We calculate the Rn concentration in the gas-phase above the gallium

chloride solution in the gallium tank used in the GALLEX experiment. Rn and its
alpha emitting progenies, dissolved in the target solution can generate fast (a,p)
protons which in turn can produce 71Ge in the reaction: ™Ga(p,riY^Ge. At the
beginning of the exposure period (3-4 weeks) the volume e.g. V = 20 m3 above the
solution is filled with the Rn-free nitrogen. The volume is separated from the
laboratory air by a polyethylene (PE) membrane (burst-protection) of a surface area
A = 314 cm2 , thickness d = 0.02 cm and permeability P = 10"7 cm2-s"1. The question
is what is the Rn concentration, C2, in the nitrogen after the three or four weeks of
exposure to the laboratory air with the C, Rn concentration as a result of the Rn
diffusion through the membrane.

The growth of the activity concentration in the volume V is given by (we
assume C2 « C , ) :

C L/M Q-Xh ^OQ\

where X is the Rn decay constant (X = 2.1 x 10'6 s'1). At the equilibrium (after about
20 days) the Rn concentration in the volume V is:

^ ^ = 3.8x10-5C1 (24)

If we assume C, = 100 Bqm'3, and that the whole diffused Rn is dissolved in the
gallium chloride solution, we calculate the number of 71Ge atoms produced by Rn,
per day as: (6.7 x 10'11 71Ge atoms/Rn decay chain [58]) x (the number of Rn atoms
decaying per day - 6480 d"1) = 4.3 x 10'7 71Ge atoms-d"1. This number is negligible if
compared with the about one 71Ge atom d"1 generated by the solar neutrinos.
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8. Radon outside the GALLEX proportional counter.

The influence of environmental Rn in the gas surrounding the counter on the
background count rates of proportional counters, as applied in the GALLEX
experiment, was investigated by the author. Measurements performed in order to
determine the dependence of the count rates on the ambient Rn concentrations are
presented here. The results are used to derive upper limits for the permissible levels
of the ambient Rn concentration in the GALLEX experiment. Next, the Rn
suppression system applied in the GALLEX is explained. The results of these
measurements are useful for all ultra low background experiments using
miniaturized proportional counters.

8.1. Measurement of response of the proportional counter to the
environmental Rn.

A special Rn tight chamber was constructed in order to test response of a
miniaturized proportional GALLEX counter to the ambient Rn, (Wojcik et al., [27]).
The counter together with the GALLEX standard preamplifier box was hermetically
closed in the Rn chamber (Fig. 13). The Rn concentration in the air inside the
chamber could be controlled. The chamber fits into the well of the Nal(TI)-pair
spectrometer. The Nal(TI) crystal allows identification of such decays of
Rn-daughters on the outer surface of the counter, when isotopes emit beta-particles
(beta-particle reaches active volume of the counter) and gamma-rays
simultaneously.

BORED HOLES
FOR Rn EXCHANGE

COPPER CHAMBER

. 10 cm .

ACTIVE VOLUME OF THE DETECTOR

Fig 13. Experimental set-up for testing the response of the proportional GALLEX
counter to the ambient Rn.

42



After measuring background about 0.5 I of air together with a certain amount
of Rn was introduced into the chamber via a valve and a plastic pipe. The
installation of a multilayer (Al, polyethylene) Rn-tight gas bag with a volume of about
2 I allowed to add or to draw out gas samples from the Rn chamber without
changing the gas pressure. It allowed also to mix Rn with air in the entire gas
volume by "pumping" the bag in order to get a homogenous Rn concentration.
During the data collection, the Rn concentration in the chamber was measured
using an additional scintillation chamber.

In the apparatus the active- (Fig. 14a) and the passive side (Fig. 14c) of the
GALLEX spectrometer were simulated. The configuration presented in Fig. 14b was
also tested. The configuration is not directly relevant for GALLEX. The data
acquisition system used in the measurements was a copy of the original GALLEX
data acquisition system.

In the measurements simulating the active side of the GALLEX counting
station (Fig. 14a) where the gas volume around the counter is large a relatively low
Rn concentration (297 kBq-m"3) was sufficient. Simulation of the passive side (Fig.
14c) needed the highest Rn concentration of 1464 kBq-m"3 because the free space
near the active volume was only about 0.5 cm3. In the test of the combined
configuration (Fig. 14b) the gas volume in the vicinity of the active volume of the
counter was about 9 cm3 and the Rn concentration during the measurement was
652 kBq-m-3.

As an example, in Fig. 15 events from the active side configuration are
presented as a scatter plot in the energy vs. rise time (rise time of the pulse between
10 % and 70 % of maximum amplitude) plane. The two GALLEX acceptance
windows L and K are indicated. The events are scattered all over the plane with a
maximum at energies corresponding to the L-window, i.e. around 1 keV and at
medium rise times. There is a visible structure in the region between 1 and 5 keV in
energy, and between 50 and 80 ns in rise time. It is due to a purely electronic
disturbance imminent in the used data acquisition system, which is superimposed
on the pulse between 50 and 80 ns in rise time. The rise time of pulses inside the
acceptance windows is lower than 40 ns and thus is not affected.

The results in terms of count rate per kBq-m"3 of Rn concentration are given
in Table 8 for the different measurement configurations and for different energy and
rise time windows.
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A1-A1 Plastic pipe

Propotional
counter (Suprasil)

Active volume
of the counter

Gas surrounding
the counter

Lead shield

Copper tube

Copper shield

Fig. 14. The vicinity of the proportional counter modified in the tests (the cross
section A - A in Fig. 13): (a) simulation of the active GALLEX side;
(b) combined configuration; (c) simulation of the passive GALLEX side.
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Fig. 15. Rise time versus energy for events registered in the "active side"
configuration.

Table 8. Sensitivity of the GALLEX proportional counter to the ambient Rn for
different modes of operation (in parentheses - errors referring to the
last stated digit).

Integral (>0.5 keV)

L-window, energy only

L-window, energy-risetime

K-window, energy only

K-window, energy-risetime

Overflow (> 18 keV)

Rn concentration applied
[kBq-m-3]

Count rate [cpd/(kBqm"!)]

Simulation of the active
side; Fig. 14a

Total

57.7(8)

16.7(4)

3.6(2)

5.1(2)

1.1(1)

3.6(2)

No veto

36.8(6)

11.2(3)

2.4(2)

3.1(2)

0.67(7)

2.1(1)

297(7)

Config. as in
Fig. 14b

Total

32.6(3)

9.3(2)

2.2(1)

3.0(1)

0.60(5)

2.1(1)

652(14)

Simulation of
the passive
side; Fig. 14c

Total

2.03(7)

0.56(3)

0.15(1)

0.18(1)

0.041(5)

0.14(1)

1464(30)

"total": all events; "no veto":
Nal(TI) spectrometer

only events without a coincident signal generated by the
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Relevant are the results in the L and K energy-rise time windows, which are
the acceptance windows used for 71Ge in GALLEX. The count rate "no veto" in the
first measurement (configuration in Fig. 14a) represents simulation of the active side
of the GALLEX counting station. The third measurement (configuration in Fig. 14c)
simulates the passive side. (3.1±0.2) cpd/(kBqnv3) and (0.19+0.01) cpd/(kBqm"3) in
total for L+K windows were obtained for the active and the passive side,
respectively.

The difference in count rates between the first and the third measurement
amounts to a factor of 15-17, which is largely explained by the difference of air
volumes around the counter. A comparison of the first and the second
measurements (configuration in Fig. 14b) shows that on the active side, both the air
volumes inside and outside of the thin copper tube contribute to the signal. The K
window turns out to be less affected than the L window (a factor of 3.6) in all
configurations.

In Table 9 calculated background count rates are presented for different
ambient Rn concentrations. They are derived from results presented in Table 8. For
comparison the typical background values for the GALLEX proportional counters are
also given. An upper limit for permissible Rn concentration levels can be defined, if
one requires that the Rn caused background does not exceed the range of the
normal counter background, (-0.2 cpd). It is, 70 Bq-m"3 for counters on the active
side and 1000 Bqm"3 for counters on the passive side. However, as one wishes to

Table 9. Calculated counter backgrounds in the energy-rise time acceptance
windows (relevant for GALLEX) due to Rn for different ambient Rn
concentrations in comparison with typically achieved counter
backgrounds.

Calculated background at Rn
concentration [Bq-m'3]

1

10

50

100

1000

Count rate in L+K windows [cpd]

Active side

0.003

0.03

0.15

Passive side

0.0002

0.002

0.01

0.3 : 0.02

3.0 0.2

Typical GALLEX
background

0.15 0.06

reduce the Rn induced background to negligible levels, upper limits which are
smaller by at least a factor of 10 are desired, i.e. 7 Bq-rn"3 on the active side and
100 Bq-m"3 on the passive side. Typical concentrations of environmental Rn show
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large fluctuations. During the four years of data taking in GALLEX the Rn
concentration in the air of the underground halls of the Laboratori Nazionali del
Gran Sasso usually oscillates between 10 and 150 Bq-m"3, but temporarily reaches
values of up to 1400 Bq-m"3 (see Section 6).

Table 9 shows therefore the importance of the Rn protection system. Without
this system, Rn would constitute one of the major background sources in the
experiment and during times of very high ambient Rn concentrations would make
measurements impossible.

8.2. Rn daughters on the outer surface of the proportional counter.

Rn daughters born in the laboratory air are quickly deposited on aerosol
particles, on walls or on other surfaces (plate-out effect). After an alpha-decay of a
Rn daughter a nucleus having recoil energy of the order of 100 keV can be
implanted e.g. into the quartz-wall of the proportional counter. The implanted atoms
can not be fully removed by cleaning. Rn daughters on the surface or implanted into
the material are therefore a dangerous, time dependent background source.

The deposition of the Rn daughters on the outer surface of the miniaturized
proportional counter during handling outside the shield was observed in the first
solar neutrino runs. The surface activity concentration of the Rn-daughters can
reach high values. Fig. 16 shows the count rate versus time of the unprotected
counter, exposured to Rn daughters during handling outside the shield (the solar
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Fig. 16. Count rate versus time for the first 5 hours of counting in the solar neutrino
run B-33.
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neutrino run B-33). The data are fitted with a function describing decay of the
unsupported 2uPb + 2UBi. In the first 3 hours of counting (the proportional counter
installed inside the passive shield, on the active side of the GALLEX spectrometer)
30 events were observed. Two days later the same counter has generated only 0.38
events in 3 hours (in average). In the first 3 hours the counting rate was of a factor
100 higher than two days later. There are 3 and 2 events in the K- and L energy
risetime-windows, respectively (1 good event in the first 3 hours = 20 SNU !). Among
the 30 events there are 8 events with the Nal(TI) veto signal, 22 events without veto
and 3 overflows.

The problem of contamination by Rn daughters was solved by the author by
application of a special protective quartz cup for handling the counter outside the
passive shield.
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9. Radon suppression of the GALLEX counting station.

Table 9 in Section 8.1 shows the necessity of the Rn protection system. The
GALLEX shield (see Section 3.1) can be opened on both sides for testing or
installation of counters. The shield was equipped with folding plastic foil sleeves on
both door sides (see Fig. 2) so that once Rn-free gas, in our case nitrogen, inside
the shield cannot exchange with the Rn-loaded air on the outside when the doors
are slid open [39]. The proportional counters are transferred into their copper box by
means of an air lock. The enclosed air in the lock-chamber is flushed out with
nitrogen. Handling on the inside is done with gloves. They and the link-up ring for
the air lock are mounted onto the folding plastic sleeves so that they stay on the
outside, when the doors are closed. In principle, the shield has been converted into
a glove box which, in addition, is a protection against carrying in any radioactive
contamination. The extra volume of nitrogen needed when the doors are opened is
stored in a balloon. It is pushed back and forth by moving the heavy (3000 kg) doors
with a spindle drive. Unfortunately, the foil and the glove material have a non-zero
permeability against Rn, as was shown in Chapter 7. Therefore, the doors are
equipped with O-rings sealing up the interior against Rn-influx in the normal closed
position. All cables entering the tank through an aperture in the bottom of the middle
cylinder are sealed in vacuum-tight.

The foil material for the folding sleeves had to be selected to be soft enough
and optically transparent for delicate handling of the proportional counters inside
and to have low Rn permeability. The later should also hold for the glove and
balloon material. The Rn-diffusion and solubility constants were measured in
various foil materials (Wojcik [55]). As a compromise between optical transparency,
folding and welding property, and Rn permeability, soft polyurethane has been
chosen for the foil sleeves. The gloves are made from butyl rubber. The balloon was
made from a multilayer (Al, polyethylene) foil (in the early phase of the experiment it
was made of PVC), which is not listed in the Table 6. Taking into account the
diffusion through the foils, gloves, pipes, and rubber gaskets, the Rn concentration
inside the tank will be not zero.

For further reduction of the Rn concentration inside the passive shield, a
circulation system has been set up in the early phase of the experiment, which
removes the residual Rn via a charcoal trap at liquid nitrogen temperature. Fig. 17
shows the flow scheme. On the right side the shielding tank, accommodated in a
Faraday cage, is indicated. All other equipment is installed outside, except two
Lucas chambers for the Rn concentration measurements inside and outside the
tank. Description of the chambers is given in Section 5.1 and in Table 5. During
opening of the doors the folding sleeves are inflated by a blower located between
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Fig 17. Radon removal line with the cooled charcoal trap of the GALLEX shield
tank.

the balloon and the shield. In the other direction the nitrogen is pushed back
through a bypass by the moving door. A membrane pump circulates the nitrogen.
Losses of nitrogen are compensated by evaporation from the dewar or from a
cylinder. The dewar generates about 3 Imin"1; 1.1 l-min"1 as a result of heat
transport of the nitrogen flowing through the trap and the rest due to not ideal
insulation. This is by far enough to compensate all losses and to maintain an
overpressure in the system of about 100 mm H2O. The volume of the active charcoal
trap is large enough for the continuous adsorption of Rn in the line. Almost all
adsorbed Rn decays in the trap. However, due to some CO2 and H2O diffusing in
through the foils and escaping from the dry column and from the CO2 trap, the
charcoal trap has to be changed every two weeks.

The Rn concentration in the air near the shielding tank (Chapter 6) and in the
nitrogen of the tank is continuously monitored by the scintillation cells of 0.8 I. Fig.
18 shows the suppressed Rn concentration inside the tank. The strong variation of
Rn concentration in the air of the Faraday cage, typical of the Gran Sasso
Laboratory, does not affect the Rn concentration inside the protected shield. The
concentration on the inside was for this period always at the detection limit of about
0.5 BqnY3, with exception of short periods after opening the tank.
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In the protected atmosphere of the GALLEX counting station, the Rn
concentration undergoes regular changes. When the shield tank is opened for
inserting, calibrating or removing proportional counters, the Rn concentration rises
to typically 3 - 5 Bqm"3, in single cases up to 10 Bqrn"3, (see Fig. 18; in the time
period I (see Chapter 6) - one Rn peak is visible, and in the period II - three Rn
peaks- correlated with the opening of the tank), despite the use of the airlock when
performing these tasks. After the tank is closed, the Rn concentration decreases, as
a result of the decay of Rn and the supply of old nitrogen into the shield tank, until
the normal level (below 0.5 Bqm"3) is reached. An opening of the shield tank usually
happens every 3-4 weeks, when an extraction from the target is performed and a
new proportional counter containing the new sample (71Ge, generated by solar
neutrinos) is inserted.

A Monte Carlo simulation was performed to determine the influence of such
background variations on the GALLEX result [59]. A shift of +0.7 SNU for
proportional counter on the active side of the GALLEX shield tank and of 0.05 SNU
for counters on the passive side was obtained.

A simplifying of this Rn removing line was possible after installation of the
gasometer balloon made of the multilayer foil instead of the PVC foil. According to
tests performed by the author, the Rn permeability of the multilayer foil (Al,
polyethylene) was not measurable (half-life time was measured for Rn stored in a
bag, made of the investigated foil; excellent agreement was achieved with the
known Rn half-life time).

Without the Rn protection system the Rn related background would be of the
order of the expected solar neutrino signal itself, going in either negative or positive
direction. Again this illustrates the need for the protection system against the
environmental Rn.
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10. Radon inside the proportional GALLEX counter.

The GALLEX data analysis assumes the background to be time
independent. Any time independent background, even if not identified, is taken into
account and increases only the statistical error (see Fig. 4). Time dependent
backgrounds tend to bias the result and produce mostly a systematic error, which
must be determined independently. It is therefore necessary to identify the nature
and the impact of all time dependent backgrounds.

As an example, a background source, producing in the mean one good event
near the start of counting in every run, increases the counter background only by
0.006 cpd. But it biases the result by 20 - 25 SNU [59], Such backgrounds can be
introduced together with the sample.

Rn and its daughters are ubiquitous constituents of the laboratory air,
especially underground (see Chapter 6), and at our level of operation are great
nuisances. Great pains have been taken to avoid even traces of Rn inside and
outside the counters (Heusser, Wojcik [39]). Nevertheless, we have not yet
succeeded in eliminating this interference entirely.

GALLEX counting is disturbed by a contamination of the counting gas with
3-4 atoms of Rn each time a counter is filled, which produce about one count in the
71 Ge acceptance windows. Attempts to find and localise a Rn source in the counter
filling installation have not fully succeeded [60]. It has been estimated, that if
neglected this would cause an overestimation of the solar neutrino flux by 20 - 25
SNU, which is comparable with the last published result (77.1 ±10.1) SNU [6].

Fortunately, it is possible to recognize the signature of the decay of Rn and
its short lived daughters in the miniaturized proportional counter and thus minimize
their interference. The Rn decay chain includes three alpha- and two beta-decays
within less than 3 h (see Table 3). The signatures are: a very characteristic delayed
coincidence of 2uBi beta- and 2UPo alpha-decays ("BiPo" events - Fig. 19) and
overflow counts produced by the energetic alpha-particles and also some
beta-particles. The count rate of the whole GALLEX data acquisition system does
not exceed 100 counts per day. One accidental delayed coincidence, similar to the
BiPo one, will appear ones in 27 years. For that reason, the BiPo coincidence is the
best Rn signature inside the counter, proposed by the author. Also if the energy loss
in the active volume of the detector is higher than 15 keV then the spectroscopy
channel of the data acquisition system produces an overflow count. Based on that
two effects, a "Rn cut" had been designed.

Events caused by Rn and its progeny inside the counter are eliminated as
follows:

•we ignore all counts occurring up to 3 h before a BiPo event.
•we ignore all events occurring up to 3 h after and 15 min before an

unvetoed (by Nal(TI) pair spectrometer) overflow event.
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Fig. 19. (a) A BiPo event No. 670 registered by a slow transient digitizer, three
channels = 1 (isec; (b) A 2UBi event of the double pulse No. 670 registered
by a fast transient digitizer - not distinguishable from 71Ge event
(L-acceptance window), 1 channel = 1 nsec. The amplitudes are in arbitrary
units.
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The efficiency of the Rn cut is defined as the percentage of events generated by Rn
in the 71Ge acceptance windows, which are neutralised by the cut. A largely
theoretical analysis yielded a value of (91 ±5)% for the Rn cut efficiency [59]. This
value is used up to now by the GALLEX collaboration to determine the final
correction needed to account for the cut efficiency, and to determine the systematic
error introduced by the error of the value for the cut efficiency [22].

However, the theoretical analysis of the cut efficiency is rather complex and
not able to account for all the details. Therefore we have performed two
measurements using an original GALLEX counter HDII(Si)125 filled with Rn. Their
aim was to evaluate the cut efficiency experimentally.
During the measurements the counter could be filled each time with up
to 3100 atoms of Rn. It happens, if the radioactive equilibrium between 226Ra and Rn
in the standard solution exists (we always know the Rn activity in the standard Ra
source) and if the efficiency of the Rn transfer procedure (not well known) from the
source to the proportional counter is equal 100 %. Before the first and the second
measurement the counter was filled with up to 3100- and with up to 2850 atoms of
Rn, respectively. In the first test 28 %- and in the second test 58 % [59] of Rn
decays were registered. Events have been accepted only, if their energy exceeded
0.5 keV. Because we do not know the exact number of Rn atoms in the counter we
can not calculate an absolute counting efficiency. Therefore, we have calculated
relative values presented in Table 10 and Table 11.

Table 10. Event numbers from the two Rn tests.

Energy

>0.5 keV

>15 keV (overflow)

<15keV

L+K

BiPo (>0.5 keV)

BiPo(>15keV)

Total

6718

3594

3124

1066

976

96

Without
veto

5118

3302

1816

630

304

25

Without
veto [%]

76

92

58

59

31

26

With veto

1618

292

1326

436

672

71

With veto
[%]
24

8

42

41

69

74

(veto signal is generated by the Nal(TI)-pair spectrometer)

More than a half of the pulses are overflow events. Only 8 % of the overflow
events are accompanied by a Nal-veto. Overflow events are typically generated by
energetic alpha-particles. The mean energy loss of beta-particles emitted by 2UPb,
2UBi in the active volume of the proportional counter (diameter 6 mm, length 30 mm
filled with 70 % Xe, 30 % GeH4) is well below 10 keV. The beta-particles are often
accompanied by gammas generating a Nal(TI)-veto. Hence, 42 % of all events with

55



energy lower than 15 keV have a veto signal. The energy of BiPo is equal to the
energy loss of the 214B/-beta-particle in the counter. Only about 10 % of the 214B/
events are overflows.

It is very important for GALLEX to know how many events generated by Rn
and its short lived daughters appear in the energy rise time acceptance windows. In
Table 11 we present such a statistics related to the number of overflow and BiPo
events.

Table 11.The ratios of numbers of various events generated by Rn inside the

counter.

Ratio

(L+K)/Ovf

(L+K)/BiPo

BiPo/Ovf

Active side (Nal-veto works) passive side

0.16 + 0.01

0.51+0.03

0.315 + 0.014

0.21 ±0.01

0.72±0.04

0.290±0.013

Ovf - overflow event

The results presented in Table 11 are very important for the estimation of the
influence of Rn inside the counter on the GALLEX data [59]. In the GALLEX data we
observe about 1.5±0.3 BiPo events/run. The ratio (L+K)/BiPo in Table 11 allows to
calculate in mean the number of events in the 71Ge-windows as 0.89±0.19 and 1.25
±0.26 events/run on the active and passive side, respectively. If not rejected by the
described cut it would result in an overestimation of the signal by 23 SNU. Rn inside
the counter is then the most dangerous and important background source in the
GALLEX experiment (GALLEX result (77.1±10.1) SNU).

The technical difficulty of such a measurement arises from the fact, that the
half-life of Rn is not so much different from the cut time (3 h). A high Rn
concentration in the counter causes that a decay which would normally have
escaped the cut would simply be cut due to decays of other Rn-nuclei. To observe
separate Rn chains (222Rn, 2™Po:

 2UPb, 2UBi, 2UPo - decays) and to observe decays
escaping the cut a low rate of Rn decays is needed (four or less Rn decays per
day). As a low decay rate is proportional to a low total number of Rn-nuclei (Rn
half-life time is 3.825 d), sufficient statistics can be achieved only by constant
production of Rn inside the counter. For this purpose the concept of 226Ra placed
inside the counter has been developed.

The counter with 226Ra as a Rn source, placed in the gas inlet, between the
active volume and the stop cock, has been installed in the GALLEX counting station
of the Gran Sasso Laboratories. The data were collected for more than two years.
The efficiency of the Rn cut is experimentally tested using the above data (Wojcik et
al., [61]). A better accuracy of the coefficients in Table 11 will be also achieved.
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11. Results of the GALLEX experiment and the solar
neutrino problem (SNP)

On 14 May 1991 began the GALLEX solar measurements. The first ever
detection of pp-neutrinos from the fundamental thermonuclear reaction was
published in June 1992 [21]. It was the first experimental proof of energy production
by fusion of hydrogen inside the Sun. Till now =177 71Ge decays due to solar
neutrinos were observed in altogether 39 evaluated and published runs [6]. As can
be seen from Fig. 20, this small number causes that the results of individual runs
necessarily have little statistical significance while the combined result is statistically
significant. Side reactions from radioimpurities in the target solution producing 71Ge
are well studied and excluded [6]. After each solar, an instrumental "blank" run is
performed. It is similar to the solar run except that the exposure time is kept as short
as possible. The exposure time of the target to the solar neutrinos is only one day,
the minimum time needed for removing the gaseous germanium chloride from the
target solution. This checks for instrumental artifacts as unknown time-dependent
production processes. The combined result of the 27 completed blank runs is
(-5.0±5.4) SNU [6]. Only GALLEX collaboration performs such blank runs.

The counting system for 71Ge detection having unprecedented low
background rates was realized. Ultra-low and time-stable background rates of the
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Fig. 20. Results for the 15 GALLEX I solar neutrino runs together with the 24
GALLEX II solar runs. Error bars are 1a, statistical only. The mean global
value for all 39 runs is labeled "combined".
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order of 1 count per month have been achieved [24]. That such backgrounds are
crucial can be seen from the fact that, in an individual run, typically only about 5
decay events of 71Ge (K+L) are observed over a period of about two months. After
more than 6 months of counting for each run an analysis is applied to split the
measured events into an exponentially decaying signal (71Ge decay) and a time
constant background.

After three years of recording the solar neutrino flux with the GALLEX
detector, the combined result (from the 39 completed solar runs) is 77.1 t ^ SNU
(1a) with statistical and systematical errors combined in quadrature. Since the
consequences of this result are crucial for particle physics and astrophysics, it is
necessary to ascertain the experimental techniques beyond any reasonable doubt.
The best check is to expose the radiochemical detector to a neutrino source with a
known activity level and an appropriate energy, under conditions nearly identical to
those used in solar exposures (see Fig. 21). Before GALLEX, no test of this type
has been performed for any solar neutrino experiment. An intense and portable
neutrino source is appropriate for the check of the radiochemical experiment. The
specifications for this source are more or less fixed by the Sun. The energy of the
emitted neutrinos must be close to the mean energy of solar neutrinos detected by

Fig. 21. The GALLEX tank with the chromium source.
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GALLEX. The source lifetime must be long enough to allow transport of the source
from the preparation place to the underground detector and still leave enough time
to perform a reliable experiment. Other potential sources, such as 65Zn, 152Eu, and
37Ar, were considered before choosing 5*Cr as the most suitable nuclide [62]. 5 1O is
produced by the neutron capture in ^Cr, its half-life is 27.7 d. ^Cr decays by the
electron capture with a Q-value of 751 keV to the ground state of 51V (90.14%
branching ratio) or to the first excited state (9.86%), which deexcites to the ground
state with emission of a 320 keV gamma ray (see Fig. 22). The neutrino spectrum
consists of four monoenergetic lines : 746 keV - 81%, 751 keV - 9%, 426 keV - 9%,
and 431 keV - 1%. The source activity level must be >50 PBq in order to produce a
signal about one order of magnitude greater than that of the Sun. Natural chromium
consists of four stable isotopes: 50 Cr - 4.35%, S2Cr - 83.3%, 5*Cr - 9.5%, MCr -
2.35%. The low natural abundance of ^Cr along with the high thermal neutron
capture cross-section of 53Cr makes it technically impossible to reach the required
activity level, by using natural chromium. Instead, chromium enriched in 50Cr and
depleted in 53Cr is needed. The composition of the enriched chromium used in the
GALLEX experiment is: 50 Cr - 38.6%, 52Cr - 60.7%, 53Cr - 0.7%, ^Cr - <0.3% [62].
The granular form of the 35.5 kg chromium metal was chosen to enable thorough
mixing of the irradiated material in the hot cell, in order to average out the large
neutron flux variations to which the chromium had been exposed in the Siloe
swimming pool reactor, having 35 MW thermal power. The resulting mean activity of
the 5yCr source at the end of bombardment (June 20, 1994 at 6 am), after the
irradiation time of 23.8 days, was 61.9 ±1.2 PBq (1.67 ±0.03 MCi). This is the
strongest neutrino source ever produced. The source was placed for a period of 3.5
months in the reentrant tube in the GALLEX tank, to expose the gallium chloride
target to the known neutrino flux. This experiment provides the ratio, R, of the

electron capture
•- 27.706 d

Fig. 22. The decay scheme of ^Cr.

751 keV
(90.14%)
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production rate of the 51Cr-produced 71Ge measured in these source exposures to
the rate expected from the known source activity: R = 0.97 ± 0.11. This result not
only constitutes the first observation of the low-energy neutrinos from a terrestrial
source, but also provides an overall check of GALLEX, indicating that there are no
significant experimental artifacts or unknown errors at the 10% level [6], and directly
demonstrates for the first time, using a man-made neutrino source, the validity of the
basic principles of radiochemical methods used to detect rare decays at the level of
10 nuclei or less.

The SSM predictions for the gallium detector vary from 113 SNU [11], via 122
±14 SNU (2a) [10], to 137±16 SNU (2a) [9]. The present GALLEX result is 77.1±
20.2 SNU (2a). Compared to the SSM values, this result corresponds to 68 %, 63 %,
and 56 %, respectively, of the predictions of [11], [10] and [9]. These ratios agree
almost exactly with what is expected for the pp and pep neutrinos alone (minimal
solar model). The deviation from 100% indicates a deficit of higher energy neutrinos
from 7Be, and 5B.

The first result of the SAGE (Soviet American Gallium Experiment)
Collaboration, which uses 60 tons of metallic gallium as a target [7], suggested a
null signal, while the most recent result is 73±18 SNU (1a) and it is in a good
agreement with the result of the GALLEX collaboration.

The Homestake target is 615 tons of perchlorethylene in a single tank
installed in a gold mine below 4100 m.w.e. of shielding [4], Every few months, the
radioactive 3Mr (T1/2 = 34 d) produced in the reaction 37C/(vL,,c~)37/\r, (Elhr = 814 keV)
is purged from the target with helium, collected on a charcoal trap, purified, and
admixed to the counting gas of small gas-proportional counters. Measured ere the
Auger electrons resulting from the electron capture decay of 3Mr. Since the energy
threshold for neutrino capture in 37C/ is 814 keV (see Fig. 1), the Cl detector is blind
for the most abundant pp-netrinos (maximum energy 420 keV), but it can detect 8B-
and 76e-neutrinos. The dominant contribution is expected from 8S - 79 % (from7Be -
13 %) [9]. The result of 25 years of data collection at Homestake is 2.55±0.25 SNU
(1a) [4], The difference between this result and the SSM prediction of Bahcall [9],
9.3±4.2 SNU (3a), has long been referred to as "the Solar Neutrino Problem" (SNP).

In the KAMIOKANDE experiment at the Kamioka mine in central Japan the
real time neutrino-electron scattering is detected in a large light water Cerenkov
detector at a threshold of =7 MeV neutrino energy. It yields some informations on
the direction of the incident neutrinos. The detector is only sensitive to the highest
energy 8S-neutrinos. A clear signal is seen in the direction pointing towards the Sun.
But also here, a discrepancy between the SSM-prediction and the experiment is
visible. In essence, the result is a confirmation of the SNP, yet the reduction factor is
ca. 1/2 rather than 1/3 in the Homestake experiment. The ratio: Kamiokande
data/SSM-prediction = 0.49+0.07 (1a) [5], for the model of [9], The SSM-prediction
for the 8B-neutrino flux is extremely difficult and is less reliable.
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The most significant deficit is observed for the chlorine detector. It constitutes
the "original" SNP, a reduced 86 neutrino flux. This problem could be solved by non-
standard models with the central temperature reduced by about 5%, from 15.6 to
14.8 million °C [63]. It could be solved even in standard models [11] by changing
cross sections for thermonuclear reactions. The problem is aggravated by the fact
that the Kamiokande deficit is less than the Homestake deficit, hence the 8B neutrino
flux measured in Kamiokande alone should produce more signal (4 SNU) as is seen
in the chlorine detector (2.5 SNU). Additionally, the 7Be neutrino flux would further
add to the chlorine detector signal (1.2 SNU). This inversion could be explained if
there is more suppression in the middle of the spectrum (the 7Be line and the lower
energy part of the 8S spectrum). Such a solution leaves the pp-neuthnos (Epp <420
keV) untouched.

The measured rate in GALLEX is almost equal to the expected rate from the
pp- and pep-neutrinos alone. It seems that the sizable contribution expected from
7Be (28%) is not visible. The second largest expected contributor to the Ga-signal,
the 76e-neutrinos, is almost absent. The contribution expected from the 86-neutrinos
is small (12%). However, 8S is made from 7Be in the reaction 7Be(p,y)sB, so any
suppression of 7Be should be accompanied by at least as much suppression of 88.
There is a little place in the Ga-signal, depending on the GALLEX experimental
uncertainty for the neutrinos associated with the reduced 7Be fraction [6].

A spectral measurement of the monoenergeric 7Be neutrinos (mainly 860 keV
and also 380 keV), is necessary to explain the deficit observed in the GALLEX
experiment. A new type of detector, BOREXINO [37] is being tested at the Gran
Sasso Underground Laboratories. Its key technical ingredient is the detection
medium - a scintillation liquid of ultrahigh radioactive purity. It leads not only to a
very low background needed but also to a high signal sensitivity, stemming from the
high luminosity of the scintillator. 300 tons of liquid scintillator will be contained in a
spherical, transparent vessel of 8.5 m diameter, surrounded by a shell of radiopure
water (3500 tons), viewed by an array of 1650 (O = 20 cm) photomultipliers.
BOREXINO will be able to observe neutrino signals of energy >250 keV. With such
an energy threshold, far below the present or proposed real-time detectors and an
ability to recognize a discrete neutrino line, BOREXINO will focus on the real-time
observation of the 7Be solar neutrinos. A determination of the 7Be neutrino flux is
important if neutrino physics is not the major cause of the SNP. In astrophysical
scenarios, the 7Be neutrino signal in BOREXINO will be large (=50 events/day).

It would be pointed that a prototype of BOREXINO*' is already being tested as
the Counting Test Facility and operates well with about 1 ton of the scintillator.

the author is a member of the BOREXINO collaboration
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12. Conclusions

The aim of the radiochemical experiment GALLEX is to measure the flux of
low energy solar neutrinos. The first ever observation of the pp-solar neutrinos,
began on May 14, 1991. A deficit of solar neutrinos was observed, as like as in the
another three experiments. The result of GALLEX suggests that the dominant
suppression is in the middle of the spectrum, in particular of the 7Be-neutrinos and
the lower part of the 8B-neutrinos. This is incompatible with any known astrophysical
or nuclear physics explanation, suggesting either non-standard neutrino properties
or that some of experiments are wrong.

In the frame of GALLEX, a counting system with unprecedented low
background rates was realised, which makes such measurements possible. Rn
exhaled from rock, water and/or concrete walls forms a strong time-dependent
background component in the low-level radioactivity measurements. In this paper a
role of Rn as a background source in the GALLEX experiment was discussed and
attempts to minimize its influence on the counter background were described.

1. In the ultra-low background experiments the large scintillation chamber can be
successfully applied for measuring or monitoring very low Rn concentrations. The
large SC monitors Rn in a nitrogen layer (blanket) of the BOREXINO tank, giving
information about the Rn concentration in water surrounding the liquid scintillator.
The Rn-level in the water is crucial for BOREXINO. However, the miniaturized
proportional counter is more sensitive. It requires special Rn extraction and
concentration techniques.

2. The "time-lag" method and specially constructed apparatus allow to study
diffusion and solubility of Rn in membranes of various foil materials of interest in the
ultra-low background experiments. The construction of the Rn-tight glove-box for the
GALLEX spectrometer was based on the above investigations.

3. To minimize the Rn influence on the result of the GALLEX experiment,

• we have applied the very effective "Rn-cut" for eliminating events generated
by Rn atoms present inside the proportional counter. If not rejected by the cat, Rn
would result in an overestimation of the signal by 23 SNU.

• we have constructed the special apparatus and performed measurements
of the response of the miniaturised proportional GALLEX counter to environmental
Rn. We have concluded that the necessity of the Rn protection system is obvious.
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• we have suppressed Rn inside the passive GALLEX shield. The glove box
and sleeves are constructed of the foil material selected for low Rn permeability. We
have installed the Rn monitoring systems inside the passive shield and in the
Faraday cage of the GALLEX.

• we have developed the counter protection cup against deposition of the Rn
daughters from the laboratory air, during handling outside the passive shield.

GALLEX has not solved the solar neutrino problem. The signal registered in
GALLEX is exactly what is expected from the pp- and pep-neutrinos alone. The
second generation solar neutrino detector BOREXINO is now under construction.
Spectroscopic power of the BOREXINO real-time detector will allow to measure the
flux of the monoenergetic 7Be neutrinos.
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