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Abstract. The photon flux produced by light sources uniformly distributed in an infinite homogeneous
medium is calculated on the basis of a known property of light propagation, taking into account the
contribution of both absorption and scattering processes. The results are applied to the issue of the decays
of Y%K content in sea salt and then to the rates detected by photomultipliers deployed in the deep sea.
Numerical calculations are in agreement with the recent measurements performed in the Mediterranean

Sea by the ANTARES and NEMO Collaborations.

1 Introduction

The search for high energy astrophysical neutrino sources
requires very large experimental apparata (on the scale
of a cubic kilometer) and maximum reduction of the cos-
mic ray background in order to detect the faint signals
from distant cosmic objects. The need for a large de-
tector volume has led to various projects: in the deep
sea (ANTARES, NEMO, NESTOR), in the Antarctic ice
(AMANDA) and in freshwater (BAIKAL).

Water (or ice) acts as an active medium in three ways:
it is the target on which the neutrinos produce charged
particles, it generates Cerenkov light by interacting with
these charged particles and it is the propagation medium
of the light to the detector. The direction of an incom-
ing neutrino is deduced from that of the muons produced
in the interactions with the water or ice. The muon tra-
jectory is, in turn, reconstructed from the arrival time of
the Cerenkov light at the photomultipliers (PMTs) of the
apparatus.

Deep sea experiments experience three different
sources of background:

1. the residual down going cosmic ray still present even

at the deep location of the apparatus (common in ice

or fresh water experiments);

light from bioluminescent organisms;

3. light due to the decays of an unstable potassium isotope
(“°K) contained in sea salt.

R

A large fraction of the primary and secondary elec-
trons produced in °K decays are above the threshold for
Cerenkov light emission. The absorption length of clean
water is large in the visible spectrum (> 50m). Hence a
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large volume of seawater contributes to the photon flux,
which in the calculations below turns out to be of the or-
der of 500cm~2s~", in spite of the small amount of *°K
contained in a unit volume. Moreover in undersea neutrino
telescopes PMTs must be sensitive to a single photoelec-
tron in order to achieve good muon track reconstruction.
For all these reasons it is clear that the light produced in
40K decays is the main background, even if in some cases,
depending on the site, light from bioluminescence can also
be significant.

In this paper we calculate the rate of photons of dif-
ferent wavelengths coming from *°K decays and crossing
a cm? surface at a point in the sea. On this basis we are
then able to calculate the rate of a PMT deployed in the
deep sea. The final result, obtained by numerical integra-
tion, depends on the light production mechanism, on the
properties of seawater light transport and on the detector
employed. In particular the photon spectrum is specific to
the process under consideration (*°K decay) and the de-
tector characteristics (geometry, acceptance, quantum ef-
ficiency etc.) are also specific to the apparatus. However,
apart from this, the procedure followed (Sect. 2.1) is fairly
general and is based on a known property of light trans-
port in an infinite homogeneous medium. In calculating
this flux the relevance of both scattering and absorption
processes experienced by photons is pointed out. A rule
of internal consistency is also found for Monte Carlo cal-
culations, where scattering processes must be taken into
account. An alternative procedure, based on an iterative
process, is developed in Sect. 2.2. The results are then ap-
plied to the calculation of the flux induced by *°K decays
in seawater. The number of photons produced in such de-
cays is calculated in Sect.3. In Sect. 4 the photon flux at
different wavelengths and, from this, the PMT rate ex-
pected in the deep sea is calculated and compared with
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the experimental results. In Sect.5 the contributions of
direct and scattered light are calculated.

2 Photon flux
from a light source uniformly distributed
in an infinite homogeneous medium

In the following we consider a homogeneous medium (for
example the sea) having an infinite extension with respect
to its own absorption length and containing a uniformly
distributed light source (for example °K), which emits
isotropic light. We assume that during the entire passage
of the light through the medium its wavelength remains
unchanged and no buildup of further photons occurs. Re-
garding light coming from “°K decays in seawater, this
means considering scattering by water molecules only and
ignoring fluorescence effects, since in the region of inter-
est of the wavelengths (300 <+ 600 nm) Raman scattering
is negligible compared to the absorption process [1]. This
allows us to deal, in the following, with the number of
photons as well as their energy.

The interaction of these photons with the medium is
calculated in terms of absorption (L,p) and scattering
(Lsc) lengths and their dependence on the wavelength .
Let us initially consider monochromatic photons, so that
we can omit the explicit A dependence in the parameters.
The following equation is valid:

L_1 1
B LSC.

(1)

The quantity e~"/Lat measures the residual fraction of the
photons in a collimated beam after they have crossed a
length r of the medium, while the fraction e~"/Lab is lost,
since it is outside the sensitivity range of the detector.

We calculate the photon flux at a point in the medium
in two ways: in Sect. 2.1 we proceed on the basis of a known
general physics result. In Sect. 2.2 we calculate using itera-
tion the intensity of light scattered in a cm? of the medium
and then, from this, the expected photon flux.

2.1 Calculation on general grounds

A known result of radiological physics states that in an in-
finite homogeneous medium uniformly filled by a radiation
source, the rate per unit volume of the radiation absorp-
tion must be equal to the rate of production [2]. This is
precisely the case regarding the sea and “°K decay, where
the dimension of the sea is much larger than the absorp-
tion length of the radiation. The result can be understood
in the following terms. Let us put a radiation source of
intensity Iy (number of photonss™!) at a point Py of the
medium. Let us also call I(P) the intensity of the radiation
propagated from this source up to the point P, and I.(P)
and I, (P), respectively, the intensity scattered away and
absorbed by the medium at P. If this medium is infinitely
large compared to the absorption length of the radiation,
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that is if no photons flow out of the boundary surface of
the medium, the conservation of energy requires that the
intensity Iy is absorbed by the medium surrounding F.
So we have

Zlab(P) = IO7 (2)

where the sum can be extended over the entire medium,
assuming there is zero contribution from the points where
no radiation arrives.

A scenario reciprocal to the previous one can be built
on the basis of the Helmholtz reciprocity theorem for op-
tics [3]. This states that if a source of intensity Iy located
at point Py produces intensity I at point P, the same
source located at P produces intensity I at Py. Moreover
in the case of a homogeneous medium the fraction of the
radiation intensity I absorbed at a point does not depend
on the position of the point in the medium, so that the
same intensity I, is absorbed at Py when the source is
at P. Now, if we build a reciprocal scenario to that of
(2), simply distributing sources of the same intensity I
throughout the medium, we obtain the situation we want
to study. Point P contributes the amount I,,(P), which
may be zero, to the intensity absorbed in Py, which be-
comes, from (2),

Ln(Py) = Y Lp(P) = I. ®3)

From this equation it is easy to derive the photon flux
at a point in the medium in the case of a continuous
distribution of sources of the same intensity Iy (number
of photons cm ™2 s~1) throughout the entire medium. The
number of photons crossing a single face of an elementary
plane surface dS in time d¢ can be calculated by integrat-
ing over half the total solid angle (§20/2) the number of
photons per steradiant, cm? and second:

dN

40t /2

cos b,

where d.S | is the projection of the area d.S on the direction
perpendicular to df2 and 6 is the angle between the photon
direction and the normal to dS. Since, in our case, the
photon flux per steradiant is isotropic, we have

dN dN
= Q
ASdi  d2dS, dt nmt/zd cos
AN
= - . 4
Ta0ds, dt )

Now we calculate the rate of photon absorption per cm?
and second (dN,p/dVdt) from the photon flux (dN/dSdt).
Considering an element of volume dV limited by a pair of
parallel plane surface dS separated by a small distance dz,
so that we can neglect the flux across the lateral surface,
we have

dN

. dz/ cos 6
dds, dt

dg?
Lab

0s 0

dN,p, = 2det/
-Qtot/2

» (5)
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where dz/ cos 6 is the length crossed by the photons in the
volume dV, so that (dz/cos@)/L,y is the fraction of the
photons absorbed in dV'. The factor two is due to the fact
that photons enter the volume from both faces. From (5),
since dV = dSdz, we have

dNap _ dv- 1 / a0
dVdt ddS, dt Lay J o, /2
= 4777dN i
d2dS,; dt L,y

Using (4) we obtain

AN dNab Lap (©)
dsdt — dvdt 4 °

From (3), which states

dNab _
avdar ~ ”
we have
dN L.y
asdt ~ Y4 (7)

Following the same procedure used in (5), we can calculate
the rate of photons scattered per cm? and second simply
by substituting L, with Lg., so that we have, from (6)
and (7),

dN, dN 4 Lab
I = - = ——= .
T qvdt  dSdt Le. L. (8)

To calculate the total rate I of the photons entering a unit
volume, we can sum the rates of the photons absorbed and
scattered in that volume:

I =TI+ L.
From (3), (8) and (1) we have

Lab
I =1y+ I
0+ 7.
1 1 Lo,
=IyL, =Io7—-. 9
0 b(Lab+Lsc> OLat ( )

Because the rate of radiation absorption is equal to the
rate of production, this latter result also gives the intensity
of the light coming out of a unit volume. This intensity
receives the contributions of both the light produced in the
unit volume and of the light produced in the surrounding
medium and scattered in that volume.

Considering now the wavelength dependence of the
photon production rate Iy (now: number of photons cm =3
s™'nm™1!) and of the absorption and scattering lengths,

the flux of photons at the wavelength A is

Lab(/\).

B(N) = To()

(10)

We suggest that, whenever the Monte Carlo method is
employed to calculate the photon flux, (3) should be used
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as an internal consistency check. If @()) is the computed
photon flux, using (6) the quantity

A2 @()\)
! /)\1 @ Lab(A)

integrated over a given volume should be equal to the pho-
ton rate generated by the Monte Carlo in that volume. We
also point out that ignoring scattering effects one under-
estimates the photon flux by a factor L,y,/La: for each
wavelength (see Sect. 5). In Sect. 3 we calculate the value
of Iy in the case of “°K decays in the sea.

2.2 lterative calculation

In this section, in order to calculate the photon flux, we
start by distinguishing between the light produced or gen-
erated in a volume of the medium and the light coming
out of or emitted by that volume, as was done at the end
of Sec.2.1. In fact the total light of intensity I (number of
photonscm™3s™!; again initially we consider monochro-
matic light) emitted by a unit volume is composed of the
light, of intensity Iy, produced by the sources contained
in that volume, and the light, of intensity Is., produced in
the surrounding medium and scattered in that volume.
We can write

I =1+ L. (11)
To calculate the rate of photons emitted by an element of
volume dr and scattered in a second element of volume
dV, we proceed in an iterative way. First we consider the
light generated in d7 to be the only light emitted by dr,
ignoring the light generated in the surrounding medium
and scattered in dr. In this approximation we calculate
the amount of light scattered in dV integrating over the
whole space 7. This value, scaled to the volume dr and
summed to the intensity of light generated in this volume
dr, gives a second approximation for the total light emit-
ted by dr, which is used as input for a second step and
so on. Obviously the possibility for the two volumes dr
and dV to exchange roles is based on the validity of the
reciprocity theorem of optics, as explained in the previous
section.
So, as a first approximation, we set
(1) =1, (I.)°=0

and we consider Ipd7 to be the total light emitted by the
volume dr. Let us consider the volume dV, located at a
distance r from d7, to be limited by a pair of parallel plane
surfaces d.S, separated by a small distance dz, as in the
previous section. In the present approximation the rate of
the light scattered away in the volume dV is

“r/ledr, (12)

AN \" cos 0dS da/ cosf)
at ) " A L.

where (cos 0dS)/(4mr?) is the fraction of solid angle de-
fined by the surface dS with respect to dr, 6 the angle
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between the direction of the photons coming from dr and
the perpendicular to dS and (dz/cos®)/Ls. the fraction
of these photons scattered away while crossing dV'.

From (12) we have

dN. \° I
sc _ 77/[/,dt d
<dth) Amr2Ly,© T

Integrating over the whole space 7 we have

stc 0 o I Lat
avdt) — L.’

Now, as a second approximation for the light scattered in

dr, we put
(I )1 _ stc 0 _ I Lat
/7 \drdt )~ 7 L

(13)

and we obtain, in the same approximation, the light emit-
ted by dr

(I)l =1Ip+ (ISC)l
L,
=1, (1 + L:Z) .

As a second step we replace Iy in (12) by (I)! and so on.
Proceeding in this way we arrive at

La Lo\ 2 Lot \"
ISC_IO<Lt+<Lt> +...+<Lt) +>
Lat Lat Lat not
1

( +LSC—|- +<Lsc> +

LSC
Lat Lat "
I=1I(1 . )
0 ( + I.. +...+ ( I.. +
Since Lyt < Lgc (see (1)) the sums at the second members
of both these equations converge to the value

:IO

and

1
Lat ’
1—
LSC
so that we have
Lot 1 Ly 1
I =1lp———— =Ip———
OLscl_ Lat OLSCE
Lsc Lab
Ly
=1 L: =(8) (14)
and
IO Lab
[=——— =] =(9). 15
— i O (15)
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Obviously from (14) and (15) we have

Lab _ Lab
Lat Lsc

I—ISC=IO<
1 1

=IoLa [ — — = I,

0 b<Lat LSC) 0

as expected from (11).
To calculate the rate of photons emitted by dr and
absorbed by dV we can write, in analogy to (12),

dNab _ jcos 0dS dar:écosQe_r/Lath7 (16)
ab

dt 42
because I, the total light intensity emitted per unit vol-
ume, given by (15), contains the scattering contribution.

Integrating over the whole space 7 we obtain, in analogy
to (13),

Lat Lab Lat
ILpy=1—=

ob Lab 0 Lat Lab
=1y =(3).

The rate of photons emitted by dr and crossing the ele-
ment of surface dS is

dN Icos 0ds

= _T/Latd .
dt drr2 4

(17)
Substituting the value of I from (15) in this equation and

integrating over the whole volume 7 we have

AN Ly
dsdt ~ 4

= (7).

3 Light intensity from “°K decays in seawater

Potassium is one of the major constituents of the salinity
of seawater. It has been found that, except in regions of
high dilution or near the shore, the ratio between the ma-
jor ionic components of sea salt is constant regardless of
the value of the salinity Sl (grams of melt salt per kg of
water or %o) [4].

Natural potassium contains the radioactive *°K iso-
tope with a weight ratio of [5]

Thus the content R of *°K in seawater can be stated as
depending on the site salinity Sl

Sl
R= w1w2w3STO7

where wo and ws are, respectively, the weight ratio of
potassium to chlorine and of chlorine to a reference salin-
ity Slg. Numerically, for the Mediterranean Sea, we have
(6]

wy = .02008 gkg
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MeV

Fig. 1. 8~ spectrum from “°K decay (branching ratio: 89.3%)

and
ws = 18.98 gkg™?
at salinity
Sly = 34.5 %o

so that

1
R =446 x 10-5 5 gkg™ !t
Slp
For instance at the KM3 NEMO site (see Sect.4), where
Sl = 38.7% [7], we have

R=5x10""gkg "

The activity Act of “°K can be calculated on the basis of
the salinity Sl of the site:

In2 Na

Act = ,
Ty A

where N is the Avogadro number, A the potassium
atomic mass number,

Ty =1.277 x 10° years

the 4°K half-time and p the water density. At a depth of
3000 m in the KM3 NEMO site, where [8]

p=1.03gcem 3,

we have
Act =1.36 x 1072 Bqem ™2,
40K decays in two main modes releasing electrons [5]:

1. 87, with a branching ratio of 89.3%. The electron spec-
trum of this mode is shown in Fig. 1. It shows a kinetic
energy endpoint at 1.311 MeV.

2. Electron capture, with a branching ratio of 10.7%, fol-
lowed by a « ray of 1.461 MeV. The ~ in turn inter-
acts with seawater and releases electrons by Compton
scattering. The spectrum of these electrons, resulting
from a Monte Carlo calculation, is reported in Fig.2
for electron kinetic energies greater than the Cerenkov
threshold.
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Fig. 2. Monte Carlo calculation of the electron spectrum from
the Compton scattering of a v of 1.461 MeV. The ~ follows the
electron capture in *°K decay (branching ratio: 10.7%)
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Fig. 3. Energy loss of electrons in water

These electrons slow down and lose energy when they
interact with seawater. Cerenkov light is emitted in wa-
ter by electrons with kinetic energy greater than Tiy,, =
250keV (the refraction index n of seawater is 1.35 at salin-
ity 38.7%0 and temperature 15°C [4]).

The number of photons produced per unitary wave-
length interval by electrons in the unitary interval of ki-
netic energy (dN/(dT.d\), number of photons keV~!
nm~!) can be calculated on the basis of

1. the electron spectrum dN./dT. resulting from the
weighted sum of the spectra of Figs.1 and 2;

2. the electron energy losses in water d7'/dz ([9], see
Fig. 3);

3. the number of Cerenkov photons produced per unitary
electron path length and photon wavelength interval,

dNger _ (;_ 1 ) 2ma
dzd\ B32n2 ) N2’

where a = 1/137.

Thus
d7N — dNe T 1 dNCer (18)
dT.dx  dT. Jp,, <dT> dad)
dx

The numerical integration of (18) in the wavelength inter-
val A1 = 300nm—>Xs = 600 nm:

Te A2 3

AN _ N, [T 1 / W,

dTe dTe Tinr g A1 dxdA
dx
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Fig. 4. Number of photons versus electron kinetic energy

is shown in Fig. 4. So, integrating over the available elec-
tron energies, we have

Ny = 46.2

photons per 4°K decay in the interval 300nm < \ <
600 nm. Alternatively, integrating first (18) over the elec-
tron energies, we have

(19)

where /¢ is a length independent of the wavelength. From
this equation and the Ny value we have

£=277%x10"3cm.

Equation (19) together with the ¢ value allows us to com-
pute the number of photons produced in *°K decays in
any given wavelength interval. The number of photons
produced per unit of volume, time and wavelength can
be written

_Act/
=
Substituting Iy from this equation in (10), we obtain the
photon flux at wavelength A:

ActlL (A
B(\) = 74A2b( )

Io(M) (20)

(21)

4 PMT rate

In this section we compare the PMT rates measured in
deep seawater by the ANTARES [10] and NEMO [11] Col-
laborations with the calculations developed in Sects. 2 and
3.

The contribution of multi-photons coming from “°K
decays to the rate of a PMT deployed in the deep sea has
been calculated [12] and measured [11] and it turns out
to be negligible. Thus, from (21), we can write the PMT
rate as

A2

Run = Sentr / DB\ QEN)e(N)

A1
A2 Lab(N)

:ACt€SpMT Al d)\QE()\)G(/\) 4/\2 5

(22)
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Fig. 5. Photocathode quantum efficiency of NEMO PMT ver-
sus photon wavelength

where Act and ¢ are given in Sect. 3, Spyr is the area of
the PMT photocathode, QE the photocathode quantum
efficiency, € the acceptance of the bathyscaphe input win-
dow and A1 and A5 the limits of sensitivity of the detector.
Several PMT deployments have been performed at dif-
ferent sites in the Mediterranean Sea south of Capo
Passero (Sicily) by NEMO and south of Toulon and off
Porto (Corsica) by ANTARES. In the NEMO tests of
March and September 2000 at the site Lat. 36° N, Long.
16°03 E (here called the KM3 NEMO site) a 2”7 EMI
9839A PMT, located in a stainless steel cylindrical con-
tainer provided with a flat glass input window, was de-
ployed at a depth of 2700 m. Figure5 shows the quan-
tum efficiency of the PMT bialcali photocathode calcu-
lated from the quoted 7.3 CB number [13]. The uniformity
map of the photocathode is integrated with the geomet-
rical acceptance and the light transmission of the glass
input window in a Monte Carlo calculation. The result-
ing acceptance €(A) is reported in Fig. 6. In Fig. 7 the in-
verse of the absorption (full points) and attenuation (open
points) lengths measured at a depth of 2700 m in the KM3
NEMO site are reported [7]. The lines fitting the experi-
mental data are obtained by scaling the pure water data
[14]. Using these values of L,;, in (21) we obtain the ex-
pected photon flux #(A) shown in Fig. 8. From these @()\)
values we can calculate by numerical integration the total
flux between 300 and 600 nm for the KM3 NEMO site

502 photons cm ™2 s~
and, from (22), the expected PMT rate
Ry = 387 Hz.

This last result can be compared with the PMT rates mea-
sured at a depth of 2700 m at the KM3 NEMO site:

Rexp = (391.3 £ 1.5(stat.) & 11.5(sist.)) Hz.

The ANTARES Collaboration deployed a HAMAMATSU
8” PMT located in a Benthos sphere and reported an up-
per limit on the contribution to the rate attributed to “°K
decays of

Rexp < 20 kHz.

With the values
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Fig. 6. Monte Carlo calculation of the NEMO PMT accep-
tance

0 T T
300 350 400

0.014
200

500 600 700 800
nm

300 400
Fig. 7. Measured values of the inverse of the absorption (full
points) and attenuation lengths (open points) in the KM3
NEMO site at a depth of 2700 m. The lines are obtained by
scaling the pure water values

(1) PMT area Spyr = 280 cm? [10];
(2) water absorption lengths L, (\) of the ANTARES site
(Fig.5.4.c of [15]);
(3) light transmission efficiency e(\) of Fig.9, calculated
for an isotropic light flux from the Benthos sphere absorp-
tion lengths of Fig. 5.4.c of [15];
(4) photocathode quantum efficiency QE()\) reported in
Fig. 5.4.d of [15],
Equation (21) gives the expected flux between 300 and
600 nm for the ANTARES site

403 photons cm 257!

7

and (22) the expected ANTARES PMT rate:
Ryn = 18.1kHz.

These last results suffer from uncertainty regarding L.,y
values, which are reported (in [15]) for the entire optical
wavelength range on the basis of a single measurement
made at 466 nm.

5 Direct and scattered photon flux

Following the procedure of Sect.2.2, we can distinguish
two contributions to the flux (7): the first one due to the
direct photons, which do not make any collision before
arriving on the surface dS, and the second one due to the
photons experiencing some scattering [16].
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depth of 2700 m at the KM3 NEMO site

100+
80+
60+
401

20+

Transmission efficiency (%)

450 500 550 600

nm
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The flux of the direct photons can be obtained by
putting in the second member of (17) the rate of the pho-
tons generated per unit volume (1) in place of the photon
emitted rate (I, see (15)), which contains the scattering
contribution. We obtain, integrating over the whole space
T?

deir o @
dsdt — "4

(23)

Ignoring the scattering contribution is equivalent to as-
suming this last value for the photon flux. In this case
one underestimates the flux by a factor Lay,/Lat per each
wavelength, as is evident from (7).

In analogy to (23), if we put in (17)

Lab
L

ISC = IO

(see (14)) in place of I, we obtain the flux of the scattered
photons

stc o Lat Lab

dsdt — %4 Ly’

Substituting L. from (1) in the previous equation we have

dNy, La 1 1
=12 L — —
dsdt ~ 04 <Lat Lab>
Lab - Lat

=T
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so that, from (7), Acknowledgements. 1 am indebted to D. Zanello for discus-

sions, suggestions and critical reading of the manuscript.

Loy dN dNgc

I Hab o deir
74 T dSdt  dsdt

dsdt”

Considering now the wavelength dependence we have,
from (20), (23) and (24)

dNgi, 22 Lag(N)
= Act/l d 2
asat ~ ¢ /A A (25)
dN.e A2 Lab(A) — Lag (V)

as contributions of the direct and scattered light to the
total flux, which in turn is, from (10)

A2
d7N = Act/ dX\

Lay, ()‘)
dsdt A '

42

From the absorption and attenuation length values of the
KM3 NEMO site of Fig. 7 and from (25) and (26) it turns
out that, out of 502 photons cm™2s~! of the total flux, 362
are due to direct light and 140 to scattered light.

According to (25) and (26) we can write the PMT rates
due to direct and scattered light as

A2
Rdir - ACt&S‘pMT / dAQE()\)E()\) Lat(>\) ,
A 402
A2 B
Ree = ActlSpyr / d/\QE(A)e(A)W’
A1

while the total rate Ry, is given by (22). In the KM3
NEMO site, out of 387Hz of the PMT rate, we would
expect 261 Hz to be due to direct light and 126 Hz to scat-
tered light.
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