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Subject: Attenuation of Cerenkov photons in the ocean:
a) a new functien

b) incorporation of glass transparency and relative photo-
cathode quantum efficiency

¢) analysis of existing data
d) presentation of function coefficients for six different

conditions

Abstract

A function has been found which will approximate the survival probability
for Cerenkov photons versus distance in water. The attenuation of photons is
not a simple exponential because of wavelength dependence of source, transmis-
sion and detection. Taking Cerenkov spectrum, glass transmissitivity, rela-
tive quantum efficiency, and various approximations of water attemmation into
account a function 1s calculated which predicts effective numbers of photons per
-unit source track length versus observation distance. This funection multi-
plied by the appropriate detector geometrical factors (detector projected
area, 1/r or 1/r2, and absolute quantum times collection efficlency) gives
expected photoeiectron yields. The DUMAND data from Keahole 1is reviewed in
contrast to new data from Scripps(l) on the "clearest ocean waters" and it 1is
found that a) Bradner(z) and Zaneveld's(B) data are consistent at 1.5 km
depth, b) Zaneveld's(3) deep ocean data (4.1 km) is not as good as data re-
(1)

ported in the new results, but c¢) conservatively, the new data combined

¥

with Zaneveld’s results give confidence that the water transparency is in fact

better than we have heretofore assumed. More observations are obviously in




where bb is the backscattering part of b, The distinction is not entirely
trivial because our counters will receive some scattered light, molecular and
particle, particularly in the far blue. For DUMAND, X is probably close to
the appropriate quantity. Also plotted in figure 1 are data from Zaneveld(z)
and one poiﬁt from Bradner(3). The Zaneveld points are taken from the graphs
in his DUMAND ‘80 papér.(z) It is noteworthy that Zaneveld’s data at 1.5 km
depth isg consistéﬁt with Bradner’s point, even though they were taken at
"slightly" different locations and at different times. Also Bradner’s obser-
vation should be close to K while Zaneveld’s should be nearer to c. One sees
that Zaneveld's data from all three depths plotted shows an attenuation coef-
ficient rising rapidly in the blue, much more rapidly than the clearest ocean
values of Smith and Baker. Assuming the data correct it appears that scatter—
ing is significant in the Keahole basin making the attenuation coefficlent 2
to 3 times worse than optimal in the 400-450 nm range. We will see the impor-
tance of this difference later.

II An "effective photon" survival function

The diffuse attenuation coefficient (K) shown In figure 1 (ref. 1) is
seen to exhibit several features. First the bumps on the red side apparently co-
incide with harmonics of the O-H stretch in water (6th at ~514 nm, 5th at ~604
nm, and 4th at 743 nm, ref. 4). The wavelength dependence of the coefficient
can be looked at as a sequence of increases «A" (m~10), approaching the reso-
nance from the blue side, and «A\? thereafter. On the ultraviolet side it ap-
pears to be «1/A"* (suspiciously like Rayleigh scattering). The red side beha-
viour makes sense as a high order resonance phenomena, but I don’t understand
the blue side. An analytical approach from first principles looks difficult,

V

and probably not useful. We can get a clue to finding a function that will be
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Fy = F(xl)
F, = F(x;) = F(x] + D) (10)
F3 = F(x3) = F(xy + 2D).
The solutions may be written
] 1n(F2/F F,)
) 1n(x1x3/x§)

) ln(F2/F3) - Yln(x3/x2)

8 = . (11)

— . Ble
A Fl? Xl

x, = (A/Fo)l/Y.

IIT Calculating the Appropriate Functions

A useful function can be calculated numerically as the product of the
number of Cerenkov photons per unit track length {dn/dl) times the attenuation
(exp —a (A)X) to some distance x, times the relative quantum efficiency
(Q(Ai)/Qmax), times the phototube envelope transparency (raised to a power
equal to the actual thickness divided by nominal thickness, (t/to)], summed
over wavelength. I call this function the "effective number of photons per

unit track length", as a function of distance:

N [} oA
gleff = 2na(l - ;%J 1072 EE_%&‘AA 5 [G(}\i)]t/to %ﬁill c2A)x photons/cm (12)
. T B - max

2

@ = 1/137, n = 1,35 for sea water at depth, and the 107

converts wavelength Ai in nm to cm.

To apply this source function in calculations we must convert it in eil-

ther one of two cases, radiation from a lipe or from a point. TFor consistency

with Stenger and Roberts (ref. 5) I take
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above ~650 nm. The maximum number of photons visible near a radiating track
converges then to a value of 237/cm. {(This 1is surprisingly very close to the

nominal value given in the particle handbookg, which yields 225 photons/cm).

In figure 2 one sees plotted the various components used in calculating
the effective Cerenkov source distribution. The data is also tabulated in Ap-
pendix I. One sﬁﬁuld observe that the effective distribution i1is peaked at
about 340 nm while the attenuation 1s least in the range of 450-500 nm. This
emphasizes the importance of the ¥Xeahole observations which imply several
times the 1deal attenuation coefficient in the 350-450 nm range. Six func-
tions of attenuation have been parameterized as indicated in figure 2 by m = 1
through 6. The first five employ the Smith and Baker data for the range of
500-800 nm, where almost all observations agree, and employ Smith and Baker
data multiplied by a constant factor between 200-400 nm. The range of 400-500
nm is spanned by sketched in functions. The first corresponds to the old
Stenger and Roberts approximation. The third is consistent with Zaneveld’s
4,1 km data and the fifth is the Smith and Baker data. The sixth corresponds
to Smith and Baker’s ''pure water" absorption coefficient. Given present data

m = 3 seems the most reasonable and conservative choice.

Figure 3 and 4 show results of various calculations of the photon density
from cascades and from maximum ionizing tracks and the data i1s tabulated in
Appendix IT. The new calculations and fitted function agree satisfactorily
and they agree with the Stenger and Roberts function (reported in 5} up to
about 25 m. That function, which utilized a power series approximation, di-

verges at large and small distances. Also shown in figure 3 is the enhance-
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ig overly pessimistic, while, m = 3, fits the new Zaneveld data

(ref. 2) best, m = 5 corresponds to best ocean conditions (ref. 1),
and m = 6 is for pure water (ref. 1). On the right hand scale
sensitivity is indicated in stengers (photoelectrons/100 photonsfmz),
with plausible values ranging up to ~ s = 6. Note "spectacular™
gain in seeing distance between m = 1, 3 and m = 5, particularly

at large s values.
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