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ABSTRACT

Underground natural sources of visible light are consudered. The main light producer is
Cerenkoy radiation emined in air. water and rock by cosmic ray muons, tha depends, inoa
comples way, on shape of mountain and of caves, In general the ilumination increases Bncarly
with ihe eavity dimensions. Other light sources are from secondary processes penerated by
radioactive decays m rock from minerals lumimescence. The natural light Nuxes in coves are
in eeneral easy w0 dewect but are pol used from undergeound lire,

RIASSUNTO (E sempre buio in grotta )

Vengono qui analizzate le sorgenti naturali di luce visibile sottoterra. La maggiore
fonte ne & la radiazione Cerenkov emessa in aria, uequa e roccia dai muoni della radi-
aaone cosmica che dipende, in modo complesso, dalle Torme della cavitd ¢ della
maontagna; in generale essa cresce lincarmente con le dimensiond dell’ ambiente. Altra
luee viene prodota da processi secondan generati dai decadimeni radicattivi nelin
roccia e dalla luminescenza det minerali. T fuss di luce visibile soltoterra sona in
linea di massima facili da misurare ma non vengono atilizan dalle foemie di vita sot-
terranes,

Keywords: muons undergrownd — naturald lighs in coves — Cerenbov radiation — caves darkness —
Vostok lake — caves energy halance — rock radioactivity — beta decays — radon in caves

Introduoction

[t is widely known that caves are dark. This darkness sumulates the people’s curios-
ity “is it always dark in caves™ is o very usual question asked to cavers. 5o com-
man that the author himself asked it 1o the caver that was introducing him 1o spele-
ology. This memory, wgether with his work i underground neuiring astronamy, has
pushed bum o give a more detailed answer to the question, 1 is always dark in caves.
yes: hul not so absofurely dark

We are poing to consider an extended range of visible light, It would be necessary 1o
distinguish between phowopic and scotopic conditions of sight, but we may say that
under ordinary daylight conditions the relative luminous efficiency of human eyes 1s
maximal at a wavelength of 360 nm, which corresponds to the vellow-green region.
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From this maximum visihility falls asymptotically toward both ends of the spectrum:
the maximum is 10* at wavelengths of 410 nm (violet) and 720 nm (red) {Thewlis.
1962). But we shall keep the range 350-8300 nm to cover different eves.

Traces of visible light are produced even very deep underzround {or underwater) by
cosmic rays and radioactive decays. so much that many experiments use this light 1w
study radiation (Cecchini, 2001).

We are going 1o see how light and particles are connected.

[n this work we use only mechanic units (W) and not the usual illumination units
(lumen and lux) for simplicity, We remember that a lumen is equal to 1/680 W emit-
ted at 360 mm by a monochromatic source {1 W of radiant energy like this is some-
times called “lightwat™). Likewise. a lux {(lumen m2) is equivalent 1o 11680 Wm=.

The black body radiation

First of all, let us consider the black body radiation, that is, the radiation in thermal
equilibrium with matter at an absolute temperature T,

A good example of this type of radiation comes from the Sun, which radiates almost
exactly as a black body at a temperature of 5800 K. The relation between the wave-
length of maximum power release and the temperature T is the Wien displacement
law (Richtmyer & Kennard, 1955}

A, T=0003 Km

For instance, we may calculate the wavelength of the Sun maximum power: 320 nm.
Acwally the Sun is mainly yellow.

Also black bodies at room temperature radiate, but the wavelength of maximum
power release is around 10 mm, that corresponds to far infrared.

Anyway the radiation is not only st &2 the emission covers a wide wavelength range
grownd i, Planck™s Law for the black body radiant energy per surface unit in the
wavelength range di gives the spectrum:

1
£, (A= 2“;,"’ ; di
exp 2
kAT

Where c=3x10% (light velocity), k=1.4x10-23 (Boltemann constant), h=6.6x10-*
{Plunck constanty in 51 units. The equation shows that there is an extremely guick
{-A-%exp(-const/Al-) decrease for wavelengths shorter than the maximum. This also
allows us to calculate the visible radiation flux coming from a black body source at
caves temperature,

Here we are interested in temperatures ranging from T=270 K up to T=320 K.
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Table |« Black bodv spectrwm from 270 K 10 320 K in piens w57

Temperature 270K (-3°C) | 295K (22°C) | 320K (47°C)
Maximum emission A_ nm 11100 nm 10200 nm G400 nm
350-400 0 0 0
400-450 0 0 0
450-500 0 0 0
5{10-55!] ﬁ G ]xl[}“"
55[]‘-450'3 D -lxiﬂ-m le n—?
5{]}-550 ]U'm le[}-‘]‘ ?Xlﬂ.s
650-700 4x10* 4x10° %107
700-750 8x10°* 4x107 0.7
750-800 =10 0.2 3l

We may see (1) that also in the case of really hot caves (47 “C) it is necessary (o wail
minues to detect a single visible, deep red photon (650 nm) from a square meter of
wall {or air).

Let us nevertheless note that, also in the case of an high emission, the black body
radiatiom cannot be used for vision, a process that requires a contrast among objects:
the black body radiation is a photon gas in maximum entropy state, it fills all the
space and is emitted by every part of the system, including the eyes (or the film). It
can be used for sight only if the system and the source are completely separaed and
not in thermal equilibrium, as it happens with our eves and the Sun or light bulb fil-

amenits,

The Cerenkov radiation

Underground cavities, even at large depth, are crossed by charged particle radiation
coming from outer space (mainly muans and neutrines from cosmic rays) and local-
lv produced by radioactive decays (mainly electrons from beta-decays). This radia-
tion can produce detectable photons fluxes by Cerenkov emission,

Let us see some details on this mechamism.

It is well known that particles of real, non-zero mass, cannot attain the speed of light
in vacuum, c=3x[0f més. But in dielectric materials like crvstals, water or air the
light has a phase speed lower than light, and the particles may go faster than photons,
In this case the interaction between matter’s dipoles and the particle’s travelling field
produce @ light release, the Cerenkov light, named from the Russian physicist who
first studied this process in the 1930 (Jelley, 1959),
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This light cannot overtake the particle: analogously o a supersonic plane travelling
in the vertex of the cone of its shock wave, the particle flies in the ventex of a pho-
toms conce emitted by itsell.

Let us call *n™ the refractive index of a material. [n this case the phase veloeity o of
light inside 1 1s:

==

n

And the angle between the trajectory of the particle travelling at speed v and the

direction of eminted photons is given by,

C
8 =arccos| —
vit

That has a solution only if the particle ravels faster than light in the material
c_ .
VE==g
"

This speed corresponds 1o the particle’s minimum wtal Ey, and Kinctic Ky, energy
given by:

£, = mye’ o mye’
w F .l T
Eofse
c n
K, = E, —my’

The photons wavelength fits colour) depends upon the dielectric detailed physical
properties; but it 15 possible to demonstrate that geperally the photons ane emitted in
the frequency range of blue and nearest UV, We are going to consider the wavelength
between 350 and 500 nm, the most used range tor Cerenkov light practical uses
(Jelley, 1959).

The number of emitted photons per meter of flight in the wavelengih range between
Ay and A5 ix given by:

aN Y1 o1 e Y1 1
=gl l-—— | —-— [=0.0459{ 1 -——— | ——
@ [ v’n’][ﬂ-, A]"’ { v\ A

Where oo=1/137 is the fine-structure constant; this shows that the power emission per
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emission increases strongly as | decreases. The wtal emitted energy does not diverges
because also the refractive index n depends upon | and the radiation release is Timit-
ed 1o the nz | region that exends up to the near UY,

Fig, [ - The peneral shape of Ceremkon radiarion bn ate for waler] emitted by a particle coee
itrg from tie veck: the pledons gre arvanged oi o coie sicface widh veetex on the porricle.

Therefore the emission rate depends upon the velocity of the particle. i.e. on his ener-
oy, If we consider the relativistic kinetic energy of a particle my:

K'—"m,}ﬁf? —II——I
T 1.4
fil

We may re-write the Cerenkov emission rate as

1 i
D oiase] o Nyt [ T
dl A A " K+ mye

[t is easy e see that the emission starts at 2 minimom Kinetic energy K. a5 we have
already discussed, and increases very guickly up to an axsymptotc valoe when the

particle speed approaches o
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The graphic shows an example: the emission tate of an electron travelling in water
as function of its kinetic energy.

2.5 10°

e 4 - =1
‘ g L [ /F ﬂ ]
E 1510t | vd ]
8 [ Cerenkov light emitted by ]
2 - an electron travelling in water 1
E 110t versus his kinetic energy
3 : N
+ : 3
E 510° | kinetic energy threshold for Cerenkov emission :
: ]
n 1 - L 'l A — L L L L L 'l [l 'l i i i § i

1] 1000 2000 3000 4000 5000
electron kinetic energy [keV]

Fig. 2 - Eadssien rate of an electron fravelling in waler ax funciion of G Kinetic eneepy.

It is important to note that, in this case, the emission rate reaches 90% of asymplot-
ic value I, at K=1400 keV,

This means that we may regard the emission rate (and the emission angle) as con-
stant above Kinetic epergies 10 times larger than the threshold,

FFor this reason, at very high Kinetic energies (like those of cosmic rays), the light
emission is constant and independent from energy: anyhow, we are also going 1o con-
sider particles emitting a1 “low™ energies when studying the beta decays contribution
1o caves illumination,

Table 2 resumes these results for caves interesting dielectric materials: air, water and

calcite.
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Tafie 2 - Cerenkev emission parametess for materfals responsible of wedderground fioht

refenses,

Matenal Alr Water Calcite Calcite
(ord. ray) | {ext. ray)
n: refractive index (at A=434 nm) 1.00029 1.33 1.68 1.49
K,,: electrons kinctic energy threshold for 20.7 0.264 0.125 0.178

Cerenkoyv emission [MeV]
mc'=L511 MeV

K,,: muons kinetic energy threshold for 4280 546 758 160
Cerenkoy emission [MeV]
mye'=105.7 MeV
kinetic energy at 90% of emission 130me | 27 me | 155 me’ | 203 me’
6__: emission angle at vec 1.4° 41° 53 487
I"_: number of photons at v=c [photons/m] 26 20000 30000 25000
{350-500) nm}

The refractive index of air lincarly depends on pressore (here the sea-level value is
given), but we may consider it as constant in the caves altitude range up to 2-3000 m
asl, The electron Kinetic energy threshold for Cerenkoy emission is 20 MeV, an order
of magnitude larger than the tvpical energies of radicactive sources, | MeV, we can
be sure that there is no air Cerenkov emission due 1o beta decays, The muon’s mini-
mum encrgy tor light emission in air is 4 GeV, very typical of cosmic rays muons
underground: we are going 1o see that this i1s the main light source in caves,

The energy at 0% of emission gives us the energy level above which we may con-
sider that the particle emits at constant rate, which is v for Cerenkov emission.
We also see that the Cerenkov emission angle in air (at v=c} is very small, around
1.5, which means that the photons travel in a “plate™ around the particle. In water
and calcite the light 15 instead emitted at high angles from the particle line of flight
and the illumination is stronger and more isotropic.

The cosmic rays

We must consider some more details about the radiation reaching underground with
us,

The interstellar space is filled with an extremely tenuous high-energy radiation (the
50 called “primary cosmic rays”) essentially composed by nuclel {(mainly proton and
alpha panticles) with a power law spectrum energy ranging from 100 eV up 1o 1020
eV (Gaisser, 1990, This radiation cannot reach the ground because it 15 extremely
nuclear regetive and interacts with air nuclet at altitudes around 15-20 km above sea
level, producing showers of particles of all kinds ("Exiensive Air Showers”). the so
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cilled secondary cosmic rays™. Al sed level, electrons. gammas, peutrinos and
mions compose his radiation for the most part,

We may consider this fux as isotropic, o say. it intensity does not depend on the
direction: the sky appears almost uniformly “lighted™ by this radiation,

Table 3 gives some typical values of charged particles fluxes at sea level (Partcle
Pt Group., 1986,

fulle 3 - Sewne popeead vadies of clarged passicles fuves ar sea devel (Parsiole Dt Growup,
T 1R

Cosmic ray component Muons | Electrons and others
Total flux crossing unit horizontal area from above [ms"] 130 f"i

Total flux from above, impinging on o sphere of unit cross- 1700 70
sectional area [m*?s”]

Note the difference between the second and third rows: the second is referred to a
Mux on a fTat surface, which lor high incidence angles appears very small. The third
“shows”, inany case, "one square meter” (o the incoming particles,

The electrons and other charged particles. and the gamma-photons, are called "sofl
componenl” beciuse they are completely stopped by ground surface. Muoons and
neutrings wre referred o as “hard component™ because they continue their flight
undergrouncd.

S0 just few meters below the surface only muons and neutrinos are present. We are
going o consider the neutrines role, important only at rock depths exceeding 1-2 km,
only ut the end of this work,

The muons interaction in rock

Tahle 4 shows the electron and muan main physical parameters. The muon 15 a fun-
damental particle (point-like, basing upon actual knowledgel very similar 1o the elec-
tron, of which it may be considered an excited state. The only difference is the mass
tmuon mass 15 200,85 nmes larger than the electron mass) and its instability: its mean
lide is 2.2 ps and it decays into an electron and two neutrinos (Segre, 19635).

Fafle & - Electron amd seecn ierin plivsical paramerers

Particle me Mean life
Electron 0.511 MeV Stable
Muon 105.7 MeV 2.2us
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We are going to consider the contribution to caves Cerenkov lighting due to high
eNergy cosmic rays muons in air, water and rock and to low energy electrons from
beta decay in rock.

The muons interact with matter and lose energy at a quite constant rate: in limestons
tor dolomite) they lose around 0.7 Gev per meter of flight. This means that, very
roughly, 4 muon entering underground with energy of 20 GeV will have 13 Gev after
ten meters of crossed rock, 6 GeV after 20 meters and it will reach 30 meters of
depth.

We may generalise and calculate the minimum energy E ;. to reach a depth x. that
is, lo arrive there with zero energy.

If we include all the processes of interaction muon-rock we have (Hayakawa, |969);

E,= -:-[exp{b 2,x)-1] GeVm" of limestone
a=25x10" GeVm® kg™

b=41x10" m’ kg

2, =2700 kgm™

Where "a" accounts for ionisation losses, “b" for bremsstrahlung losses and “p"is a
typical limestone density, The graphic shows the result;

16*

2

5 iy least muon energy to reach
2 2 depth x in limestone /
E [y /
? 10
g /
§ 10!
10
10 100 1000 10t
depth in limestone [m]

Fig. 3 - Least muon energy to reach o deprh x in limestone
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The formula may be simplified it the bremsstrahlung processes are negligible. ie,
when the argument of exponential is very small. In this case, correct for z<<l000
meters, we have:

E,, = -:-{b £,2)=0.67 z GeVm™ of limestone

That corresponds to the linear first part of the graphic. 1t is possible to see that the
muon energies necessary o reach the actually known typical caves (10<x<500 m)
range from 10 to 700 GeV.

The muons energy and intensity

We have already noted that the energy spectrum of primary cosimic rays in outer
space has power-law behaviour. The muons too behave in this way: at the surface the
flux of vertical muons with energy greater than E (in GeV) is given by:

115
I El=1450 " ——— | m™ g g™
el E)= (I]S+l.l£] mos s

A formula useful for 10<E<1000 GeV that we have obtained simplifying the data
given in (Ambrosio et al., 1995) to it our energy range.

This shows, for instance, that increasing the energy threshold (or the depth) of a fac-
tor 14 the flux is reduced by a factor 60

10¢ S — R —

— 10°
£
A
| 10
£
£ }
g 10 |
é underground muon intensity
B0t w3, depth in limestone
Iu-’ 1 L b i i iad i N EET
1 100 10040 10*
|_ depth in limestone [m]

Fig. 4 - Muans fatensicy verses depil in limestone.
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The graphic shows the result, that is the number of muons versus depth in limestone
[ Hayakawa, |969), Note that the parameter is the muon intensity, that is, the number
of particles per second per square meter per steracdian,

We may now solve our first question: how many muons cross a surface 58" in a cave?
We assume a polar coordinate system, centred on 5,

Fip. 3 - The main perameiers for Cerenkev emission undergound are mwa thicknesy in each
divection: that of rock, responsible of moons fitrering, and that of ai vesponsible of light emis-
Ko,

Let us call Byy(8,p) the function that gives us the position of ground surface in the
direction (8.4}, and Re-(8,q) the position of cave wall surfaces in the same direction.
The thickness of rock is then obviously given by the difference RMLBJp}I—RC[ﬂ.tp}.
Let us consider now a solid angle df} in the direction (8.}, The total flux crossing
our surface is given by:

F(o,9)=1,(R,..(0.0))Scos8 40
R (E-'F’] =R, {El‘?’}' R ('g-‘?-"}

The functions Ry 8.¢) are in general very complex and only in special cases, like for
large underground cosmic ray observatories, they are caleulated. For this reason, to
estimate these fluxes we have to make some radical approximations.

The first one is o suppose that the muon flux at the surface is independent from g:
we may then use the vertical intensity 1o all directions, that 1s;
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£y (RM {9:- a}}ﬂfm.u {:‘" E Ry (Ds "P]]

The second assumption is that the Ry, (8,9) behaves in such a way allowing us to con-
sider only the contribution of muons coming from the direction {'Bn,tpu} and around
it, where Ry is minimum:

By @o © Ry, (6;,0,) = min[R,, (6, ¢)]
%= Ry {‘Eu-*?n}

The third approximation i$ to assume regularity and “flatness” for the mountain sur-
face around the direction (Bg,gg): this is the case, for example, of a cave below a
plateau. We then exclude a very complex surface structure around the cave.

We may therefore assume that the muon intensity around (Bg.pg) behaves like;

1,(6.9)= I, (x,)cos" 6,

ah

The index “n” Is a function of depth and ranges from 1.5 at 10 meters up to 3.5 a
1000; the next graphic shows this function:

T =
£ " ]
power index n vs. depth in the
E underground muon intensity law
5 F1 1mersy=10)cos(theta)]”

e Li i

10 100 1000 10*
depth in limestone [m]

Fig, & - Power index “n" versus depth
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With these assumptions we may now calculate the integrated muon flux on 5 from
the “sky" in a cave. because only the directions around {By,9g) contribute. The inte-
gration is very simple:

2
F,= [ L.6.p)sd0~ 81, (0) 5=

n{ n}+1

16* ——

o I

£

2 107

E

o
1w

: = =%

E underground muon intensity "qk

E 10° i \ |
10t domnbacknbedch bt LLLL |

10 100 1000 10 I
depth in limestone [m)

Fig. 7 - Muoa lnrensiry versus depth in limestone

Finally, we have our muon flux: this graphic Intensity-Depth, basic for our work,
shows the number of muons as a funcuon of “depth”™ (that is: the minimum rock
thickness xq). We may now return to light.

The lighting

We are now going to caleulate the average photons fluxes due to Cerenkov radiation,
but we would like 1o put in a few words on what may be considered “lighting™ lrom
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the point of view of the eye.

Wi have seen that the Cerenkov photons are disposed on a cone around the parti-
cle, which means that they reach a detectior (or the cave floor) in very short (<1
ns) pulses. Their power (energy/time) may be very strong: for instance the ouiside
Cerenkov radiation associated with Extensive Air Shower (mainly electrons
Cerenkov radiation in the high atmosphere air) is larger than the average night
light, which means that if we measure nocturnal light with high tme resolution
instruments. we see pulses from the sky overwhelming the light coming from the
stars, The Cerenkov HE gamma ray observatories do exactly this (Aglictia et al.,
1992},

But the physiological system cannat make this short pulses detection (they inte-
grate the light fluxes on *long™ time intervals, a tenth of a second), and looking at
the night sky we cannot see the hundreds of strong flashes that, cach second, touch
our eyes,

Also caves lighting acts as a series of short flashes: if they were sufficiently near
in time (as in the case of neon bulbs, that switch on and off 50 umes per second)
the light would appear us as a continuous illumination, but it they were rare we
would see flashes.

The light reflection on walls poses other problems.

The reflected fraction of incoming photons, and not purely the light flux emitted
by a source, 15 of extreme importance: actually the sight information is mainly due
to the reflected light. For this reason, generally speaking, we have to estimate the
reflected photons, which may strongly contribute to the lighting. If, say, the cave
witlls are perfect reflectors the photons are aever absorbed: each new contribution
is added and the cave light intensity diverges...

This question is easy 1o solve: let us call “r” the ratio berween reflected and inci-
dent light on rock, If I, is the incident light intensity the First reflection gives rxfy:
and o on. The twoial amount is;

I:!,,+rxfg+r!xfu+r’xfn+._,=lf_“r

Given that O=<r<1, the total illumination may increase appreciably. and it diverges
if r=1: but the rock reflectivity is generally very low and the reflected light
appears to be negligible in our rude calculations,

The light from air

The first contribution (o the caves illumination is the Cerenkov radiation in air.
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The muons must have at least 4 GeV to start the emission and 15 GeV to attain
the plateau of production, 25 photons per meter. But the light production depends
on the energy spectrum of muons, which depends on the depth! We shall not take
this fact inte account; the assumption that all the muons are well above the
Cerenkoy threshold is surely wrong but it is easy 1o show that the over-estimation
of light flux it gives is negligible in our approach.

Each muon travels a length Re(8.9) from the cave wall to the detector surface 5,
and during the flight releases photons at a constant rate [,

The total light flux on the horizontal surface 5 is then:

L= LSWSEHC{E,QI]I'EFFM

That obvicusly depends on the cave shape Rp(8) around 5. Let us simplify
again: we consider the surface 5 oriented in the direction of X, to neglect the cosq
contribution, and we assume "D as the typical dimension of the cave in the direc-
tion of x;. For example, I will be the cavern height if we are below a plateau. In
thiz case the light flux becomes:

L=SDL,F,

That is, a very simple and useful formula.

Some examples

We consider now some special cases. To make a comparison let us see this table, par-
tially taken from (Lang, 1974),

Table 5 - A comnparison of fluves from natecal oe artificiat lght sonvees

Source Light flux | Light flux Light flux
[W m?] [1x] [photons m™” 5™']
Sun (at zenith} 1.33x10° 9x10° 3x10"
Night sky 7107 sx10™* 2x10"
6" star 2.5x10" | 1.7x107 6x10°
Candle at 10 km L1x10" | 7.5x10™ Ix10°
Candle on the Moon 8x10°% Sx10™"? 1.7x107?

We have considered here some examples of light fluxes, averaging on 560 nm pho-

tons, which means a conversion factor given by
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1 Ix =3.4x10" photonsm™s™

The light flux produced by a sixth-magnitude star is especially interesting
because it is defined as the minimum energy flux from a point-like source
detectable by human eyes. Considering a standard pupil (4 mm of diameter) this
means that the human eye must receive around 10* photons 57! 1o obtain a visu-
al sensation: but we are going 1o return to it at the end of this work.

We have used a “candle™ with the same light power of the Candela 51 unit.

Let us go to practical examples, considering at first the Grotta Gigante {hereatter
“Type A cavern™). Itis a very huge cavern near Trieste, with D=100 m, x;=15 m.
These parameters in the graphic Intensity-Depth give us the typical muons flux
inside the cave, 20 m-2s! (but note that it is a coarse estimation, because a cave
geometry like this does not fit with the approximations used to calculate the
muon fux),

The light production of each muon crossing the cave is roughly 2000 photons:
this means that the expected light flux is 4x10% photons m-2s*!, or 161019
Wm-Z,

The natural cosmic ray illumination of this Type A cave is then a 20 billionth of
night sky light, or (1.1 thousandth of a 6™ star light deposition...

We consider now a Type B cavern with parameters 200 m from the surface and
10 m of height I; we have a muon flux of 0.08 m—2s-! each with its 250 photons
disposed as a “plate” (the cone is very flal because the Cerenkov angle is 1.4%)
of 25 ¢m of radius around it. The average lighting of the cave is then 20 photons
m-25el,

In comparison with Grotta Gigante the reduction is by a factor 10 due to the
height, and by a factor 200 due o muons flux,

If the cave cross-section is 100 m? (that 1s it has a cubic or spherical shape) it is
crossed by, say. ten muons per second: the light is released in "pulses”
Poissonianly distributed with average time interval (L1 s,

Al last we consider a Type C cavern. a small conduit (D=1 m} at large distance
from the surface (xg=500 m): it has only 0.006 muons m2s"! (a crossing muon
each 3 minutes) and a natural average illumination of only 0,135 photons m-2s-1,
They are very low fluxes but note that, in any case, they are easy o detect
{Badino et al., 1981
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The light from water

Table 2 shows us that the minimum muon energy for light production is reduced
to 530 MeV, and the light production increases to 20000 pholons per meter.

For these vwo reasons the water contribution to the illumination in caves is 5o
large that the main neutrino experiments now running use it (in artificial cavern
or in deep sea and lake waters) for particles detection. The example of
SuperKamiokande is astonishing: this Japanese neutrino detector {Fukuda et al.,
1998) consists in a hall (17 m of radius and 40 m high) filled with 50 thousand
tons of water, 1000 meters below the top of Mt lkenoyama!

We may again use the equation

L=5ST,F, R.(9,0)

Considering BB} no longer describing the cave structure but describing the
water-filled part of a cave. As above, we define D has the dimension of the water
basin along the x; direction,

As a matter of fact we have a new problem: the muon energy loss in air was negli-
gible, but its loss in water is not, A water-filled cave like Grotta Gigante (Type A)
has 1 muon flux corresponding to 15 m of depth in rock in the upper part (20 m-s-f),
but 1o 15 m of rock plus 100 m of water (roughly 40 m of rock equivalent) at the
hottom: the flux is then reduced 1o 2 m=s-1. To estimate the total illumination we
may assume an average muons flux of 10 m 251, each muon releasing two milfion
photons during the crossing. The total average flux becomes 2x109 photons m-2s!,
or 10-12 Wm2. This correspands 10 the light of a candle 10 km away... But we are
aoing to see that, in special conditions, this lux may give visual sensation.

MNote that these photons are emitted on a very large cone (417) this means that the
lighting structure not only is stronger than in the case of air, but it has a very dif-
ferent structure and uniformity,

The case of illumination in conduits below the water table is also interesting.

We may consider the case of a Type B cave, D=1 at 200 m of depth. The muon flux
is (L0 m-2s°!, but each muon now produces 2x10° photons: the average illumina-
tion of this water storage is 2000 photons ms!,

We conclude considering Type C, the small conduit (D=1 m) at large distance from
the surface (xy=500 m). With its small flux of 0.006 muons m-2s-! it has an average
illumination of 15 photons m~2s-1. It is obvious that in this case to speak of “aver-
age illumination™ has small sense: the light is given in rare, strong photons pulses.
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The light from rock

Crystals (small or big) are other materials that can release light when crossed by
charged particles, Let us see their contmbution 1o caves lighting, speaking only about
the most common type, the calcite.

The Cerenkov radiation in calcite is stronger than in water by a factor two, due o the
higher refractive index (see Table 2), but the light release phenomenology main change
is the light diffusion: the Cerenkov light in water 15 strongly organised into a cone
arpund the muon. whereas in calcite it is diffused everywhere by the internal reflections
on micro-crystal surfaces, This also causes a stronger absorption that depends. in a
complex way. on micro-crystal dimensions and impurities.

Let us introduce a parameter of rock transparency, the average depih of photons absorp-
Lion, f.e, roughly the depth & al which the light may arrive. It may range from micron
in rock 1o many centimeires in pure micro-crystal deposits,

It 15 easy 1o show that the outgoing light from an absorbing medium is almost exactly
the same produced in the depth from (1o A, In the case of cosmic rays underground
this means that the light conning from the walfs is estimated by:

L=5AT,F,

The value may vary of orders of magnitude and giving examples as above makes no
sense, What we may say is that micro-crystal deposits behave more efficiently than
water in caves illumination. but only up to a depth of &, and that generally speaking we
have 1o add the contribution of water veils on walls. They have a typical depth of 50-
100 pom {Badino, 1995} and release [-2 photons when crossed by a muon.

The radioactive beta decays

The last chapter has prepared the introduction o the next light source in caves: the
Cerenkov light emission in crystals by electrons produced in beta decays. The lime-
stone rocks contain traces of radicactive nuclel, mainly Uranium-238, Thorium-232,
and Potassium-40,

Let us study at first the *'K contribution: a nucleus that mainly performs a beta decay
to the stable nuclide *Ca. The beta decay consists in the transformation of a neutron
into a proton plus an electron, that is emitted with a maximoum energy Ep, which has a
specific value for each nucleus. The electrons have energy spectra that in the upper part
are described by,

P(E)dE » kE*(E,— EY dE
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Table 6 shows the physical parameters for 0K and the corresponding symbol that we
are going to use from now on,

Tarh. 61 = Phvsical porameters for 0K
; F

K ~ Properties
Mode of decay Bela (89%). EC (11%)
E decay [MeV] 1311
Natural abundance 1,., (%) 0.0117
Average life for beta decay 1, [v] 1.41=10°
Atomic mass M, [kg] Gx 10

From the graphic, showing the energy spectrum of electrons emitted during the 'K

heta decay, we may see that the main part of glectrons are emitted with kinetic ener-
gy equal to hall of the total energy beta decay, in this case 0.5 MeV. The other line

shows the mean Cerenkov light emission for each electron energy range in calcite,
weighted with electrons ranges, energy spectra, Cerenkov radiation phenomenology:
obviously the specirum is shifted o vight in comparison with the previous one
becanse the radistion oulpul increases with the particle energy.
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electron kinetic energy [MeV)

Fig. & - The energy spectrum of lectrons emitted by 2K beta decay, and the corresponding

light emission in cafcire.

The emitted electron crosses the maiter, but it interacts strongly, ionising other atoms
and losing energy, Table 7, adapted from (lelley, 1959), gives the average penetra-
tion A in calcite as a function of electron total energy:
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Tah. 7 - Average penetration A in calcite as a funciion of efectron fotal energy!

[MeV] [mm)
0.2 0.15
0.4 0.46
0.6 0.81
0.8 1.19

1 1.58
1.2 1.98

It 15 possible to see that the electron paths are very short, around a millimetre of
length. We may estimate that only the atoms decaying in the first rock layer {some
millimetre thick} may contribute to lighting, and also that the total light production
{In Table 2: 30 photons mm-!} is limited to some tenth of photons per decay. Let us
calculate it better.

The light from beta rays

During its flight the electron emits Cerenkov light, but it has a kinetic energy that
approaches the energy threshold for light emission. So, to calculate the average total
light emitted per decay (we are going 1o call “gjgp,” this parameter), we have to take

inlo account:

- the electrons spectrum,

- the electron energy loss in flight,

- the length of the electron walk,

- the energy dependence of Cerenkov emission.

A numerical approach that considers all these phenomena gives us the results
resumed in Table &,

Tuble & - Average photon production in andergronund sateriels die efectron from 908 b

deviy.
: Eup
Medium [photons decay™]
Water 17
Calcite (n=1.68) 23
Caleite (n=1.49) 15

The light production is then around twenty photons per decay in caleite and in water:
the production increase due to the higher refractive index of crystal is almost com-
pensated by the shorter electron range to due to the higher density,

Let us caleulate the frequency of decays. The potassium contents “gy™ in limestone
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is widely variable: we are going to consider the example of Gran Sasso, the rock of
which is well studied due to the presence of underground neutrino laboratories.
Ambrosio et al. (1995) report a content of 0.1%. that is, each Kilogram of limestone
contains one gram of potassium, or 1,17x10°7 kg of 40K, that corresponds to 1.5x 1018
atoms, each one with atomic mass My=6x10-2% kg. The number of decay (activity) per
kilogram of rock is:

Gy Fran L

A, =
* My 1,

With the average life 1" given in Table 6 we may estimate that in a kilogram of Gran
Sasso limestone there are 40 beta decays each second: the density of activity Ak is then
40 Bgfke.

Let us calculate the photon production rate per mass unit. that we will call “T;,,,".
We have that:

Gulean |
Fn= — g = A8
i ML’ ¥ light K5 s

The previous calculations and estimations give us a production rate in rock of
. |
[ = 70 photonskg™ s
coming from the electrons emitted in *K beta decay.

The light from petassium EC-gammas

Another way that permits light release from *“UK decay is the interaction of its gamma
ruys in rock. Let us describe the process.

As we have seen in Table 6 the *'K performs mainly beta decay, that is, it emits an elec-
tron with a very short range in rock. But sometimes the *9K decays from an electron
capture (EC): no electron is then emitted but the energy is released in a monochromat-
ic gamma ray with quite high energy, 1,46 Mel.

The probahility of this process is

£ =0.105

A gamima photon of this energy is able to cross a much larger rock thickness than the
electron does. It interacts with matter by photoelectric effect. Compton scattering of
electrons or creating electron-positron pairs. The general process is quite complex and
has to be studied by Montecarlo simulations, but we may give some analytical estima-
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tion, using averaged data and the fact that the Compton effect in rock dominates in the
energy range 0.1-1 MeV (Segre, 1965).

When an eleciron-positron pair is created almost no light is released: the average elec-
tron energy in not sufficient o give Cerenkov effects, the positron is almost immedi-
ately annihilated and gives other gamma rays that have low probability to give light
photons, due to their low energy and isotropic emission.

The Cerenkov emission comes from the electrons scatiered by gammas. They have an
almost flat energy spectrum, that is, they may have any energy between zero and 1.46
MeV, i the average kinetic energy of these Compton electrons is around 0.7 MeV,
after the scattering the photon continues its flight with an energy lowered by the ener-
gy transfer (o the electron and may scatter other electrons, So, if in the first interaction
the energy transfer to the electron is low, the gamma may perform other Compton inter-
actions, To take very roughly into account this multiple production we may consider
that the average energy of a scatiered electron is 2/3 of the maximum, that s, | MeV.

The gamma attenuation length A, is (0.2 m at 1.4 MeV (Particle Data Group, 1986), that
is, an EC 49K decay within some tenths of centimetre inside the rock releases a gamma
that may be able o exit the walls,

Note the difference from the beta-decay: in the former case only the most superficial
decays can participate to the light process production; now, due to the long gamma ray
range, much deeper parts of rock are involved.

We may give a rude estimation of the gamma flux from rock. As before, let us call Ay
the density of activity of K in the rock. The number of decays per second per kilo-
gram of rock (that is the gamma prodoction rate) in the EC capture channel is then

EECAK-'

rock surface |

L%

Fig. 9 - General
process of light pro-
duction  from K
EC: if the emitted
SaMma seafters an
electron fust below
the  rock  surface

Cearankov light semte pltofons mav

XU

H
&
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From Table 7 we have that the Compton electrons they may produce in rock taver-
age encrgy | MeV) have a range A, of 1.5 mm.

Ta calculate the light released by the electron it is pecessary 1o take into account the
energy loss in Might, the energy dependency of Cerenkoy emission and the energy
spectrun, Numerical caleulation gives us that a 1 MeV electron in caleite emits 30
Cerenkov photons along its 1.5 mm range.

We have assumed a density of activity Ay, of 40 Bg/kg in the beta channel. In the EC
channel it is then

Ape =€geAe =4 ECpgammaskg™

If we assume that each gamma is able o produce, on average, one electron (that is,
30 photons) along its path, we may estimate the light release per kilogram of rock

[z =120 photonskg™'s™

But it is pow necessary (o estimate how many of these photons are able o escape
from rock,

The EC photons escape from rock
Let us consider a surface S up to a depth 4, The gamma rate production inside it is
then

Ty ot =€acAg (2,54,

Only half of these gammas are emitted in the direction of the surface and may real-
Iy go out. It would be necessary 1o calculate the probability of gamma absorption for
each depth inside the wall and integrate it, and in the next chapter we will solve a
similar prohlem obtaining a correction factor of 0.25. We may then estimate that the
number of gammas flowing out from our surface S each second is

T, e 025604, (0,54, )

The rock is not transparent and the eleciron range is very short so neither electrons
nor the Cerenkoy photons they produce can exit the wall, unless the gamma-electron
interaction takes place in the first transparent rock “skin” with optical depth 2.

We may estimate that the probability that the gamma (with photon attenoation length
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J'Lg) interacts in the last A meters of rock is

.‘7'{,,.,,4,,@_.r = i

‘R’a!
This slightly overestimates the probability because in principle the formula is true
only for gammas crossing the surface perpendicularly. Neither the Compton elec-
tron produced in this way is, in general, perpendicular to the surface and conse-
quently the Cerenkov light may be emitted in “wrong™ directions: we may use an
addiuonal factar 1/2 to take these effects into account. Finally, we may estimate
that the Compton electrons produced each second in § and able 1o release light are

) GO ;—D.ZismA, {p,SAR)iI— [clectruns 5]

OO
&
We have seen that the average electron emits 30 photons, We have to distinguish
between two cases, that is whether A (rock transparency) is larger than A, (electron
range} or not. lo the former case each electron will release the maximum nomber
of photons that will flow out from the wall. That is:

T %U.zssﬂ‘fix (o,54, },ai %30 [photonss™]
[}

for A> 4, =0.0015 m

But if the electron range is longer than A the Cerenkov photons emitted deeper than
4 are absorbed and only the last part of emission is able to flow out the rock:

Liw =5 02560 A (0,57, )Aixm% [photons 7]
£

for A< A, = 0.0015m

That is, the maximum release decreases proportionally to A if A > A 4=1.5 mm and
proportionally to A2 if A <1.5 mm.

For example, let us calculate the Cerenkov release with & = 0,001 m, Ag=40 Bq
kg-! (Gran Sasso imestone), We have:

y
e =]E 0.25%0.1x 40 (2700 x o.z}ﬂg’gl L, 30 phtons o

0.0015
If & =0.1 mm the light flux will be reduced by a factor 100, that is only 0.3 pho-
tons will flow each second from a square meter of wall,
Compton scattering in the cave air, instead, cannot produce light because the elec-

tron energy is in any case much smaller than the energy threshold given in Table 2.
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The lighting role of heavy nuclei decays

We have scen how beta and gamma rays may release small light production in rock.
Let us see now the contribution of other important radicactive impurities in rock, the
heavy nuclei 246U, 235 and 232Th.,

These elements are unstable, long life nuclei present in traces almost everywhere:
typical abundances (widely variable) of Uranium and Thorium are 10r® in effusive
rocks and 10-7 in organisms and limestone: we are going to consider the Jast figure
for our estimations.

Due 1o its shorter half-life 235U abundance is only 0.72% of 23(J,

These three nuclel decay almost exclusively by Alpha decay, emitting an Alpha par-
ticke (an Helium nucleus) of 4 MeV and. very seldom (<1%), some low energy
gamma ray. In these conditions no light release js possible, unless by the lumines-
cence channel (see below ),

But the first alpha decay is only the beginning of a series of decays, because the prod-
ucts are notl stable, Each one of the three nuclei is then the chief of a family of unsta-
ble nuclet that decay in various manners up to produce Lead nuclel,

For example, let us see in Table @ the main radioactive family, the 23U decay chain.

Tuble 9 < The 2388 decay chatn.

) _ Mean life ¢ | Half life ﬁ,— Main mode of decay | Mean charged particle
decay family energy (e or o)
U 6.5x10°y | 4.5x10°y alpha 4.2 MeV
~Th 24 days beta 50 ke¥
TPy 1,17 min, beta 820 keV
" 2.5%10°y alpha 49 MeV
L 7.5%10%y alpha 47 MeV
“Ra 1800 ¥ alpha T MY
Rn 3.8 days alpha 5.6 McY
Fg 3.1 min. alpha 6.1 MeV
B 27 min. beta 136 keV
Bi 20 min. beta 1270 keV
TPo 164 s alpha 7.6 MeV
“Tph 2y beta 17 keV
T, 5 days beta 350 keV
TPy 138 days alpha 5.3 MeV

The general process that gives Lead from Uranium decay takes hundreds of thousand
years, due to the high half-life of 23U, but in a rock every decay stage is present. Al
the equilibrium the activity of each isotope has to be exactly the same of the prog-
enitor, so we may consider that, on average, each Uranium or Thorium decay releas-
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es all the decay products of its decay chain.

We have seen that the alpha decay does not contribute to light production: in Table
[{F we see the physical parameters of heavy nuclei decays that are able 1o create a
light signal.

Fabfe 10 - Physical paramerers af heavy nucled decays able 1o create a fght signel.

Decay Chains Muclide B Gamma energy [MeV]
{decay energy, MeV) | ohoionsidecay] {gammafdecay)
B4 family — ™*Ph Th (0.27) 0 0.1 {10%)
oy (2,207 30 0-1 MeV (0.1%)
1-2 MeV (025}
"Pb (1.0) 12 0
TR (3.27) 60 (+3 from 0.6 (46%)
gamimas) 1.1 (15%)
1.2-1.4 {10%)
2.2 {5%)
Pk (0.06) 0 0
i (1.16) 15 ]
B9 family — *'Pb “'Th (0.39) 0 0
TTAc (0.04) ] i]
TTPb (1.37) 21 0.8 (4%}
[(L.4Z) 71 0
Z27Th family = “*Pb “Ra (0.05) ] 1]
TAC(2.13) 38 [i]
“Fh (0.57) 4 0.3 (50%:)
TBi(2.25) (64%) 40 0

The second column gives the decaying isotopes and the decay energy, the fourth the
energy of gammas released during the beta decays with the probability of emission.
It is possible (o see that the role of these sammas is negligible.

The third column shows the average photon release per decay due to the electron
Cerenkov emission. We have numerically included the main physical effects, as we
did in Table 8 to estimate the light flux from K beta decay {emission spectra,
ranges, Cerenkov release).

The light releases are in general very small except those of 228A¢, 23pd, 212§ and
mainly 21¥Bi due to the energy of emitted electrons. The role of 214Bj is also
increased by the presence of energetic gamma rays that may release light (=5 pho-
tons per decay) as we have seen in K EC,

In conclusion, we may estimate that cach 23U, 235U and 232Th decay is able 1o give
respectively 300, 50 and 100 photons,

Let us estimate the number of decays per rock kilogram for these three nuclei, We hav



15 1T ALWAYS DARK [N CAVES T

g Vo At 45 decey g
o = gy e T 10 2oxion 2 v ke

Guas 1 _0.0072x107 1 S -
= = ={.06 decy 5
BT Mo Toms | 4%10°° 32x10% yke

= mm 1 = 107 1 =0.4 deca Al
Aan = T Ax10P 6ax10" ykg's

Mapn T

With these data (rock with Potassiuny abundance of 1000 ppm, Uranivm and Thorinm
of (L1 ppm) we may estimate the total photon release in rock. given in Table 11,

Table 11 - Total photon release in rock

Nucleus [phmnzslb:" kg']
TK beta 00
TK EC 120

=0 150

il 2.5

Th 33

We have to treat now the process of photons exit from rock.

The beta decay photons escape from rock

Let us consider an element of calcite at depth “” from the surface. We suppose that
calcite produces light isotropically; this light is subsequently absorbed with average
free walk A that may be considered the depth of the rock transparent “skin”.

[ecace ]| [rzrsimd] l

Fig. 100« The physical paramersers nvolved in the calenlation of Wght smission from the 1§
beta decay inside e rock,
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The total flux exiting rock is given by the not-trivial integral:

! 1. ro 1 _
Fale)ar = —— (Tyup,Sar ) [ 227 sméexp{— - E}dg _

=§[=x.{-{£ %E;[i]](rmpﬁ]
Where Ei is the exponential-integral function and the factor 1/2 takes into sccount
the fact that only hall of the emitted photons Hy in the direction of the surface and
may escape. The flux is then reduced very quickly due to the rock absorption.
If we integrate this function from r=0 (the wall surface) up o infinity we obtain the
total light out-coming from rock:

[Fu ()= 026(r,,, 0,52)

That is. the emission from rock corresponds to 144 of the total light produced up o
the depth A. With the usual assumption (A rock transparency parameter, Efjght NUM-
ber of photons per decay, A number of decays per kilogram of rock) we may write
that the wotal outgoing light flux is then

% =026 9,4 T,y = T004 5,4

Let us suppose that we have walls with A=0.1, 1, 10 mm: than the light flux from rock
is given by Table 12, calculated with the assumption that Potassium abundance in
rock 15 1000 ppm, and that of Uranium and Thorium is 0.1 ppm,

Table 12 - A sumimary of fight produciion from radivacrive families inside rock with repical
abundarce, as a function of rock transparency.

Nucleus Tigx Light Flux for | Light Flux for | Light Flux for
[ahotons & kg™ A=0.1mm A=l mm A=10mm
e [photons m™s™'] | [photons m™s”] | [photons m™s™)
K bela 700 50 500 S000
K EC 120 0.3 30 450
¥ chain 150 10 100 1000
1 chain 3 0.2 2 20
“Th chain 40 3 28 280

The light flux is linearly proportional w the radio nuclide abundances (scaling it wo dif-
ferent abundances is trivial) and generally to &, with the exception of gamma process-
es (for example the WK EC) that depends on A if A>A,=1.5 mm and A% if A<1.5 mm,
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Radicactive decays in water

The Potassium and Uranium contents in fresh water are widely variable: the heavy
nucleus abundance (0.03 ppm in sea water) ranges from 0.024 to 200 ppb (Kathren,
1984). We may assume as “standard” values respectively (.001 ppm for Uranium and
| ppm for Potassium respectively.

This means that we are now assuming that for both radio-nuclides the water contents
are 100 and 1000 times smaller than we assumed for rock (0.1 ppm and (. 1% respec-
tively). Also the activities must therefore scale by the same factors; it we include all
the detailed processes performed by electrons (or, for EC. by gamma guantum) in
witer (n=1.33, electron ranges more than two times longer) we may adapt Tables &
and 10 to obtain the light released by each decay process.

Table 13 - Light released by each decay

Decay Chains Muclide g
{decay y, MeV) | [photons/decay]
B9 ] famnily —» *Ph ml‘;g (2.20) f;]
b (L0
“MBi (3.27) a0
“BPh (1.0Y i1
291] family — TPh “'Pb (1.37) 20
i 1 (1.42) 21
Th family — *Fh “FAc (2.13) a8
““Bi ;2.25] (645) 52
Pb (0.57) 0
TK beta (1.3) 17
9K EC gamma—y compton {~1.5 total) 35

If we include the activity of the “standard” water taken into consideration, we may
calculate (Table [4) the light released in water.

Table 14~ Light refeased in water

F r
Type of decay A [Bgke'] [ phulunsmkg" 5]
TK beta 0.4 T
“K EC 0,04 1.4
oy 0.012 2
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The Potassivm contribution dominates, the main Uranium isotope is strong and the
Thorium and different Uranium isotopes are almost zero.

It seems a small light release, but water transparency, generally very high, can trans-
form this small effect into a strong light source in large underground water basins: a
water like that, filling a Type B cave (D= 1{) m, see above) releases more than 1 mil-
lion photons per second. some 2000 photons m-2s°! on walls, roughly the same flux
than the Cerenkoy light.

Obviously, the behaviour (coherence. directionality. rise time) of the two light emis-
sions are completely different, but it 1s so easy to detect that it is a source ol random
noise in Neutrino experiments that have to use highly purified water o reduce the
energy threshold of data acquisition.

Neutron light sources

Others more exotic sources of light are surely working in caves,

The 23U undergoes self-fission decay, producing neutron fluxes and a complex of
gamma ray with 7 MeV of total energy. The neutron flux is very small (3.2 per fis-
sion) but it represents an important background source in newtring astronomy
because the neutron capture on H releases a gamma pulse of 2.2 Me¥, and capture
on other nuclei {C. O, Ca, N} releases gamma ray pulses with energies ranging
around 3-10 MeV (Aglietta et al., 1986),

These high-energy gamma rays may creale high-energy electrons by pair production
or Compton scattering that can produce Cerenkov light if in water or crystals.

In underground laboratories carved in granite rocks the neutron fluxes are typically
0.5 neutrons m3s'! (Aglietta et al., 1986), but in sedimentary rocks they are at least
one order of magnitude smaller. In Gran Sasso, for example (Bellotti et al. 19857, the
flux is 0.03 neutrons m-2s-1,

We may estimate that the light production has an order of magnitde of one photon
per hour per square meter. really difficult to detect !

A “secondary” effect: the luminescence

We have almost finished our outlook on “standard” cave illumination, that is the light
fluxes produced in any type of cave. Other processes may be oceasionally at work:
the most important one is probably luminescence (Forn & Hill, 1986).

Many materials are able to emit light when relatively cool, for instance electronical-
ly excited gases in neon lamps, inorganic crystals (“phosphors™) in kinescopes, fluo-
rescent lamps and fireflies, The basic mechanism is simple: input energy is absorhed
by an isolated “centre”™ {atom, ion or molecule) that becomes excited and then emits
some photons when it returns to the unexcited state. Many ypes of luminescence are
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possible, depending upon the excitation mechanisms (fracture, X-rays, UV, heating
and 50 on) and on the time delay between excitation an emission: iF the time delay is
perceplible the substance is called “phosphorescent™,

These processes are not so usual and efficient, but many minerals act as phosphors:
barite. fluorite, willemite, scheelite and so on.

The most common are generally sulphide-type, consisting in a matrix of micro-crys-
tal sulphides with some impurities that act as activators in a very complex way. One
of the main candidates to participate 1o the illumination processes in caves is surely
the gypsum (calcium sulphide), very widely associated with the limestone caves
spelengenesis. Anyway, also caleite and aragonite appear to have fluorescent and
phosphorescent behaviour in particular cases (Cigna, 1962: Forti & Hill, 1986).
The atoms excitation underground may come from: UV photons from Cerenkov radi-
ation, energetic electrons produced by ionisation by the passage of & muon in the
material, alpha, X and gamma rays from heavy nuclei decays,

The first term is surely active because many calcites appear Lo be UV-fluorescent,
and we have seen above that the main part of Cerenkov emission is in the first UY
region, These minerals act as wavelength shifters, transforming an invisible UV pho-
ton into one or two visible photons. The total effect is then small, increasing the
Cerenkov iotal release in rock by a factor 2-3,

But in presence of luminescent minerals the lonisation is surely the most important
excitation process. The passage of a single charged particle through matter creates
thousands of free electrons per centimetre of flight. If the material has ionisation-
luminescent properties it may release a light pulse by far stronger than the Cerenkoy
one. Then the terms depending on the radicactive decays (Potassium, Uranium and
Thorium) may be very large due to the large energy releases involved, that may be
in part transferred to light production: we must remember that the global wransfor-
mation of 235U into 2%Pb releases 60 MeV. that corresponds to the energy of tens of
millions of light photons!

In real cases, for instance, the liquid and plastic scintillators, widely used for particle
detection, are based on these processes and consist essentially of an organic sub-
stance doped with an activator (FPO) that releases UV photons on free electrons cap-
ture and a wavelength shifter (POPOP) that absorbs these photons and re-emits oth-
ers as blue light, These scintllators, strongly optimised for light emission, have a
luminescence light release a factor 100 higher than the Cerenkov contribution
{Particle Data Group, 1986)!

Obviously we do not know which are the cave minerals able to release light if excit-
ed by a crossing particle (it is a very simple study to carry out) although it seems rea-
sonable to suppose that all luminescent minerals are sensitive to ionisation. We may
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also suppose that they are not optimised for light emission: we may probably esti-
mate thal the light released by luminescent minerals is one order of magnitude larg-
er than that released by the Cerenkoy processes.

In any case we are speaking of light coming from the “skin™ of the walls; we have
already seen that this type of lighting, generally speaking, gives a very small contri-
bution due 1o low rock transparency.

On the other hand the most efficient light producer in caves, the almost pure karst
water, does not produce any luminescent effects. We may therefore estimate that the
light coming from luminescence processes can be appreciable only in very peculiar
CASEs.

The illumination of under-ice Antarctica lakes

In recent year very huge, under-ice lakes have been discovered under the central
Amtarctica ice sheet. The main basin is the Lake Vostok, roughly 3700 m below the
surface, 200 km long, covering an area of 14,000 km? and in some places at least 500
m deep. The water temperature have to be around 2.5 °C. Around 70 other sub-
glacial water-bodies are known to exist, that probably form a vast hydrological sys-
tem, that may be a unique habitat for ancient bacterial life (Kapitsa et al., 1996},

At this depth there is no residual light flux from the surface because the typical pho-
tons average walk inside ice ranges from few to some tens of meters: but the muons
can reach those waters.

From our graphic Intensity-Depth (Fig. 7) we may estimate the residual muon flux
in 108 muons m-2s7'; the typical length to cross the lake is around 500 m, but we
have to include also the Cerenkov contribution of crossed ice just above the lake.
Probably a total light release of 2x107 photons per muon is not far from reality. The
total light flux in those lakes is some ().1-0.2 photons m-2s-!, which appears to be
unusable for life.

We do not know anything abou origin and chemistry of those waters, so no other
light flux (from beta decay, fluorescence and so on) can be estimated here.

Lights at giant depths

We may conclude our overview on caves darkness looking for light presence in
“caves” al enormous depth. It is reasonable to think that only in the first 50-80 km of
depth some cavites may exist, filled with water or extremely highly pressurised
gases: below this level | the rack plasticity probably suppresses “caves” formation,
In these cavities the processes described just above (light production from heta decay
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and neutron captures) are surely active with their typical fluxes,

The cosmic ray muons cannot attain those depth, but neutrinos can easily (they cross
the Earth without interaction), even though they cannot give any light signal being
electrically nevtral, However sometimes a neutrino interacts with rock producing a
muom, which travels for some length interacting with rock and, in ease. with caves.
Ar giant depth we can therefore detect a constant flux of muons produced isotropi-
cally in the hundreds of meters of rock summounding the observation point
(Noell, 1971}, This flux, that allows us to study the high-energy neutrinos {and allows
the HE Neutrino Astronomy), is about 2x10-7 muons m2s-1,

A water bubble of | ton (Type D cavern) is then crossed by 5 muons per year, say, it
“sees” one thousand photons per year, that is 10-20 lux, 1450 of the light given on
Earth by a candle on the Moon. It is really dark.

This is the residual externaf light, a rare flash that sometimes overwhelms the light-
ing of local beta decays..

Physiological effects

The process of vision is very complex and poorly understood, but fortunately its fea-
tures are outside the purposes of this paper. Bul we want to give some overlook to
understand, finally, why the caves appear so dark to us,

Every “eye” consists essentially of a light collector, a photosensitive receiver that
transforms the image into pulses and a system that reconstructs the image converting
itin a “sensation”, The first part is essentially represented by the pupil. whose dimen-
sions widely change between veriebrates depending upon the typical working light
fluxes: owls have pupils very large... The second part is the retina, an extremely com-
plex nervous system (it is said “a second brain™) whose photosensitive receptors are
cells (rod and cone) that transform light produced molecular changes inta nervous
excitation. The last part is the brain, that creates an image sensation based on nervous
data: almost nothing is known about this last phase.

Our question is; what is the smalles! photons number that will produce a visual
response in complete darkness?  Experiments have shown that a single rod cell
responds to the absorption of single photon acting on a single molecule, However
this response does not produce visual sensation: the brain would be submerged by
data. To have a visual sensation it 1s necessary 10 have a minimal response at about
the same time (but the retina time resolution is low) i at least five rod cells within
a small area of the retina. (I Arcy & Porter, 1962)

This shows that the “vision” is something different from the simple photon detection,
and in fact it has completely different purposes. It is net strange that caves appear o
us as dark: the general features of caves illumination do not fit with the vision para-



22 Gicwanni Builies

melers selected putside by life evolution,

We have seen two features of the caves highiing: the average flux is very low and 15
released in extremely short pulses. At first we have to note that the fluxes are, almost
in many cases, not 50 small to be undetectable by physiological systems, and that the
pulsed behaviour of detecting systems is not $o strange for life purposes: let us
remember the bats ultrasonic detector. But physiological systems appear to have a
low time resolotion response and they “smoothes™ light fluxes on “large™ times, los-
ing the main way 1o detect these pulses on account of their extremely short tme dura-
tion.

It is interesting 10 discuss the visibility of Cerenkov pulses into the eye. Some pio-
neering altempt was made forty years ago by D" Arcy and Porter (D' Arcy & Porter,
1962) to study the visual detection of single relativistic cosmic ray muons, Many
other studies in this field were then carried our after astronauts of Apollo program
reported unexpected visual sensations (light flashes) (MeNulty, 19715 Charman &
Rowlands, 197 1), The exact mechanism has been a subject of controversy, because it
is not easy to discriminate between Cerenkov radiation and direct jonisation and
excitation of molecules ar the retina. In these years an experiment has been devoied
ter these studies in Mir (SilEye) and another {ALTEA) is planped in International
Space Station {Avdeev et al., 2001 ).

Let us return underground, as in the Grotta Gigante. The average muon flux (20
m2s-1y and the eye's surface (5 em?) allow us 10 estimate in 100 s the average time
hetween two muons interactions in an eye, This means that, roughly one time per
minute, we are going to see a production of 50,000 photons in our eyes, directly
against retina. If we compare it with the fluxes from a 6" star we may see that we
have roughly the same intensity: it is difficult, but we may see it! So, it is probable
that a part of phosphenes (the luminous impression due o excitation of the retina by
other than impingement of light) that we may see in caves darkness is the visible part
of cave illumination...

Shooting photos in natural underground light

We have seen that the light fluxes underground are easy to detect for modern instru-
ments. It is very natural 1o ask it it is possible to make photos. ..

Let us caleulate the exposure times (o obtain pictures in natural underground light.
Let us call "k™ the lens aperture (k) and T the exposure time in seconds, It is wide-
Iy used the concept of Exposure Value, a number referring 10 the combination of k
and T, which gives the same resulting exposure on the film. Itis defined for 100 ASA
film as
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k! k!
¥F=| — |=3.321 —
E ﬁgz(r) 33 og[T)

The EV is correlated with the light flux F (in lux) by
F=26x2%

This gives us a relation between the light flux and the shooting parameters on a 100
ASA film:
2
7=26L.
o

The flux Fis the flux of light refected from surface. not that impinging on it. Let us
call “r'" the surface albedo as above. In this case

k!
rF thcmsm"s"]

T [years]=3x 10

Table £5 - Light flux in varions caves and exposure time lo make o good piciore

Case Light flux F Exposure time on a
[photons m™s™ ] 400 ASA film, 1.4
[years]
Grotta Gigante (A, air) Al 2%10*
Type B (air) 20 4x107
__Type C (air) 0.15 Sx10°
Type A (water) 2x10° 400
Type B (water) 2000 4x1F
_Type C (water) 15 Sselif
Type D (water) 3x10° 2x10"
Lake Vostok 0.2 4x10°

This playful table gives us the exposure time, in years, 1o make a good picture in the
various cave types described abowve, with natural light on a 400 ASA film with lens
aperture ff].4. and r=0.2,

We have considered here only the light flux coming from muons Cerenkov release in
water or air. but not the contributions of rock as the Cerenkov light from muons in
rock and in water veil on surface, or from beta decays, fluorescence effects and so

On.
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Conclusions

The cosmic radiation and other secondary effects are able to release visible light in
underground cavities, mainly by the Cerenkov effect. The illumination increases lin-
early with the cavity dimensions.

These light emissions are largely wsed for cosmic rays studies, especially in
Underground Neutring Observatories, and generally speaking are able to give phys-
iological effects, but the need of noise reduction forces the brain to disregard such
weak signals in the construction of a visual sepsation. This is the reason why caves
appear 1o us 5o dark.

It is easy, for us, 1o design “eyes” able to reconstruct images from light fluxes in
caves, but they would be large and energetically expensive devices that could work
only in large cavities. The Nature, more cleverly, seems Lo have chosen different and
simpler ways to give good detectors of the surrounding world to the undergzround
life.
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