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~ DUMARD NOTE 80-14
'f.-DESIGN OF THE SEA URCHIN ﬁomm:
1I. Spine Design.
" by _
D ﬁ(I;IBNEY and A. ROBERTS
[ Hawaii DUMAND Center
Thié{is a progress report on the_desigﬂ qf qpinés for Ség'Urcﬁih;
1.0 DESIGN POSSIBILITIES. -
'Se#eral,dgsigns for a aipple_cylindricai spiﬁe are possihieé_

1, The simplést'and_cheaﬁgst ~ perhaps the best, in the'long'fun - "is
a thin glass tube, filled with a low-density solvent with a high index of

refraction, in which the WLS is dissolved. The most obvious disadvantage is

its fragility.

plastic.

3. A solid or tubular transparent base (plastie or glﬁss), with a thin
coating of plastic or other transparent resin with the WLS dissolved in it.
The coating can be either on the outside, as suggested by Viehmann (1), or

‘the inside, as suggested by Boven (2).

2. A leid, tranéparenﬁ plastic spine, with the WLS dissolved in the

We will mike a comparison of these possibilities later. We: must pre-

sently note that the cylindrical shape is not necessarily the optimum. It

would be better if the outer end of the spine could be flared, so that ° for

the same phase space a ‘larger surface area would be exposed. -The degree of
improvement available is indicated by the results of the Monte Carle opacity

program discussed below. Such flaring might also be used, at least in prin-

ciple, to equalize the angular response of the module by appropriate erien—
tation of the flares; at present the module has a considerably greater res—
ponse at right angles to the diametral plane than parallel to it. (See ref.
(3), part } of this paper, hereafter called I, table 3.} L

2.0 DESIGN OF LIQUID-FYLLED SPINES.

The following variables of the spine have been investigated: Length,
diameter, filling solvent, fluor, fluor concentration. To carry out the in-
vestigations, the apparatus shown in Figs. 1 and 2 was constructed. It
consists of a box in which the spine is exposed to a light source, filtered
to duplicate as closely as possible (see Fig. 3) the Cerenkov spectrum ex—
pected after Cerenkov light has traversed at least one attenmuatiom length in
the ocean. The illumination was made as uniform as conveniently possible,
by providing four 8~ft fluorescent daylight bulbs, each covered with a blue
filter jacket. One end of the fluorescent spine was coupled optically to a
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lucite 1light pipe which in turn was coupled to a grating spectrometer. The
- gpectrometer measured the output light at an adjustable wavelength by means
of a PMT detector . Since the fluorescent light source was strongly modu-~
‘lated at 120 hz, twice the line frequency, a lock—in amplifier tunmed to this
frequency was connected to the PMT output to provide a sensitive detector of
the light output. ' ' . L ' . ' - "
B : N . .
‘The requirement for a suitable fluor is that it have a high quantum
yield of fluorescent light; that the absorption spectrum match, as closely
. as possible, the Cerenkov light spectrum in the ocean; and that the fluo-

" -rescent 1light be no redder than necessary to achieve the above ob jectives.

The latter requirement i1s to ease the difficult problem of finding a photo- '
cathode material for detecting the fluorescent light which is highly effi- .
cient and not too noisy or too expensive. With the Cerenkov spectrum peak—~

. ing at about 450 om, the fluorescent peak will be somewhere around 500 to -

540nm, a reglon in which the more customary phocathodes exhibit rapidly de-
creasing efficiency. o e L RO

 We have taken extensive data on solutions of these fluors .in toluene,
at many concentrations; we have also measvred their absorption at the mer-—
" cury line 438 pm. Some of these curves are shown in Figs. 4 to 8. -In
 order to ascertain the attenuation lengths of the fluorescent light, obser—
"vations were taken inm two ways: integral and differential. Integral curves

were obtained by covering all the spine except the first L cm (nearest the
- .PMT), and varying L. Differential curves were obtained by exposing a lemgth

of L cm along the spine, and varying the position of the exposed region with
‘respect to the detector. e - . ' )

" In addition to readings taken with the grating spectrometer, 3in’ which . -
~one can observe the change of the spectrum shape as the length of attemuator
‘is varied, it has also been useful to take data in which the spectrometer is
replaced by a PMT. In that case the observation measures the quantity that -

18 physically the most significant: -the integrated response to the fluores— .
cence spectrum by the PMT. In our case we used a PMT with a tri-alkali. -

- (S-20) wide-band response. It is significant that it was in these data that
' the deviations from 2 single attenuation length were most markgdq_,;” .

2.1 Regults

Fig.4 shows 2 collection of résponse Spéétré from a 'wide' iafieti.'bf L

 fluors. The. solvent was usually toluene, but sometimes alcohol. The curves-

“have not been corrected for PMT response, but are weighted by the 5-20 sen— . o

sitivity. The variation of sensitivity of the $~20 cathode is also indicat— -
ed. ) .

All these curves were taken with the same sample cell,:_a _60—¢m_llqng,
1/2 ™ diameter glass tube, and at the same sensitivity settings, so that the
responses are directly comparable. . o o S :

Figs. 5 to 7 show spectra of several fluors as a function of . concen~
tration, all for the same sample cell. Fig. 8 shows how the fluorescent
spectrum changes with attemnvation; this is the origin of the deviation from
a single attenuation length mentioned above. . o S .
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Fig.. 9 1s a study of the attenuation of Hostasol Yellow 8G, (and TFig.
10 for ‘Hostasol Yellow SG), as measured at a single wavelength at -the peak
of the spectrum. Curves are showm for several different concentrations. 1t
1s noteworthy that maximum response is achieved at a wavelength vwhere the
radius of the tube is 2 or 3 attenuation lengths for the incident light.
Finally, Fig. 11 shows the same attenuation measurements, but made without
the apectrometer; the enti:g spectrum is integrated by the PMT. .

2,2 Discussion of Results.

_ The usefulness of the concept of attenuation length as applied to the
fluorescent spectrum deserves some comment. Figs. 9 and 10 1llustrate that
the attemuation of a single wavelength near the peak of the spectyum behoves
closely as a simple exponential; the concept of attenuation length is
clearly applicable. Figs. 11 and 12, taken without a spectrometer, show a
totally different behavior, which ' cannot be described so simply. For 50
mg/l concentrations of Hostasol 8G, the slope in Pig. 11 changes from one
corresponding to an attenuation length of 1.16m at the beginning to a value
" of 5.6m after two meters. In Fig. 12, for 3G, it goes from 1.68m to 4.0m.

One can introduce the concept of incremental attenuvation length, the
value corresponding to the slope at any position; this is useful for set-
 ting 2 minimum value for use in considering extending the spine length. But
it 1is clear that one cannot calculate the total light obtained from a spine
just fron a2 single reading and an attenuation length. This subject will re-
quire further study. _ : .

The data make it apparent that the best fluors, from the standpolnt of
both. light output and cost, are the two Hostasol Yellows. The final choice
between them may depend upon the type of photocathode chosen for the MNT,
since the cathode efficlency varies rapidly in this region, as shGWn by the

data in Table 1.
Table'l. Comparisbn of Heasuremmnts with Different PMT’5.

The following data were taken with 50 ng/l solutions of Hostasol Yellow

36 and 8G in an 8-ft long glass tube. Data from different PHT & are not to -

the same scale.

T : BT Spine Filling: Hostasol Yellow
' 8G G
S6AVP (S11A cathode) . =~ " 40wV 33V

150CVP (520 cathode) 40 ' 47.5

3':ALTERNATIVE SPINE DESIGNS. -

3.1 Thin HLS Coating on Transparent Rods or Tubes.

Proposals have been made by Viehmann et al. (1) and by Bowen (2) for
spines in  which the WLSA is deposited in a concentrated solution in a thin
coat .of transparent plastic or resin, on either the outside surface of a
rod, or the inner surface of a tube. In order for these designs to be feas-
ible, the attenuation of the ‘solid material of the rod or tube would have to
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.be comparable to that of the toluene- filled glass tube design. Viehmann’s
figures indicate that this condition.is not fulfilled, or  even approached,

with either PMMA or fused silica (which 1s very expensive.) Consequently ve
hold out 1itt1e hope for this technique for our application. .

3.2 Transparent Plastic Spines.

A solid spine, even if brittle, appears to offer fewer - hazards of

gelf-destruction in  manufacture, deployment, and operation, than a .l

liquid-filled glass spine. It offers an attractive possibility, - therefore,
if it should be feasible, to get rid of both the fragility end the potential
environrental hazard posed by the organic liquid filling. We have therefore

‘investigated ' plastic spines to some depth.. Unfortunately, the. results do_,*;-

not look encouraging.

3.21. Hateriols. Only two major posibilities for base plastics are .4:
available (with some variants.) They are acrylic resins, (PMMA) and polystyxr- .

ene. Table 2 shows their relevant properties._ One module would use; - ahout

TABLE 2. I’roperties of PMMA and polystyrene spines. '

PLASTIC = . | DENSITY  INDEX OF COST/FT OF 1/2 COSTIMODULE -
o REFRACTION INGA ROD (1170 X 10 ¥T).
Acrylic (RBA)  1.16-1.20 1.48 .80 §9360
Polystyreme . 1,05 1.595 .28 376
A ' Gls s

" The cost of the acrylic is for cast and polished rod. . Some reduction
for very large quantities is possible, but not enough to compete ‘with tolu- Lo

ene or styrene. The cost of polystyrene is for extruded rod, since cast rod

'is  1impractical aud unavailable. Extruded rod requires polishing. The fig- . - -

ure 0.28/ft is a current commercial quotation for large quantities (1000

-2 1b.) The .15/ft figure is from enother commercial firm experienced in extru-

sion, but not with polystyrene, and represents a guess - as Lo a. poasible

long-term asymptotic cost. It is listed as a best possible altermative in _”.-

case the liquid-filled spines, for any reason, may have to be. rejected.
However, it is mot yet clear that extruded polystyrene will have the desired
transparency. o _

4. EFFICIENCY OF THE SEA URCHIN SPINE AS A LIGHT TRANSFORMER

The detailed course of the physical process whereby incident Cerenkov
1ight, predominantly in the blue, is transformed in the spine to

 yellow-green and collected at the PMT photocathode, can be traced in detail
and simulated by a Monte Carlo program. This is done, to a good approxima-—
tion, in the program CYL6X, written by A. Roberts, which simulates most of = -
the processes occurring. In detail, it does the following o

1. Incident light uniformly distributed along the spine 1s assumed.
It is averaged over all angles of incidence, weighted by the coaine of that .

angle. At each angle of incidence the amount. reflected and the . amount

transmitted are calculated, and the direction of the refracted ray found. A -

[
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coefficient of attenuation of the incident light In the medium is given as
data, and 'the source function for the fluorescent light is found by making
1 4 proportional to the primary light absorbed in each element of track

length. ~ The final result is stored in an array which represents the source
function. .

2. The fluorescent light s assumed to be 1sotrop1ca11y emitted, with
. an intensity given by the source function. ) .

" The fludrescent light is now examined to see how much of it is cap~
tured hw internal reflection. The propagation down the spine is character—
1zed by a coefficient of attenuation for the fluorescent light, and a sur—
face reflection coefficient that simulates surface imperfections. Light
propagating away from the PMT is assumed to be reflected at the end of the
BpiHEU

- The chief remaining fault in the simulation is ‘the simplification of
the incident and fluorescent light interactions with the medium. It is des-
cribed in each case by a single attenuation coefficient. Por the incident
- 1ight that approximation is good; 1t amounts to averaging over a range of
absorption coefficlents rather than using a single fixed value, in a range
where the absorption changes slowly. In the case of the emitted light,
however, there are complications. The emitted Iight spectrum and the inci-
dent 1ight spectrum overlap; the effect of this is to make the overlap re-
gion dlsappear quickly, since emitted light in that range is quickly reab—
sorbed. In addition the self-absorption varies relatively rapidly over the
remainder of the spectrum. Thus the mean absorption coefficlent 4is not a
constant. Experimentally, a plot of the differential absorption shows this
curvature distinctly {see, e.g.; Fig.ll)

Consequently the program is still an approximation; however, it is a
sufficiently good one o0 that it is useful. It enables us to compare and
evaluvate different situvations. '

4.1 Predictions of the CYL6X Program,

Fig. 13 shows the variation of the total intensity with the attenuation
length of the incident light in the solution. The two curves indicate rés-—
pectively total light, and light within a fixed exit cone angle {which is
‘what is actually utilized.) Fig. 14 indicates the vaxiatfon of attenuation
length with each of the two variables that control it In a glass spine: the
absorption coefficient of the solution, and the surface reflection coeffi-
cient (SR) of the glass. The bulk attenuation {denoted by alpha) 1s inde-
pendent of the spine diameter; but surface reflection loases decrease with
increasing radius, because there are fewer reflections per unit length.
Since the SR 1is total intervial reflection, the losses are due ‘entirely to
surface imperfections. Figs. 15a and 15b show the variation of attenuation
length, f£irst with SR for fixed alpha, then vice versa. Figs. 16a and b
show the angular distribution of the light emerging from the end of the
spine as a function of SR for no attenuation, and for a fixed moderate ab~
sorption, respectively. The larger the total attenuation, the more parallel
the output light. . o o

Using this program, we have investigated the effect of-various-parameters on
the efficiency of the spine. In particular it has been possible to find the
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incremental value of an increase in the index of refraction of the solvent,

the importance of parameters like the surface reflection coefficient, the  '

attenuation coefficlent of the incident light, etec. It was also possible to
search for values of the coefficients yielding results that simulate the
weasured values found with real spines in the laboratoxry. To date it ‘has
' not been possible to test the predictions in detail.

5. SPINE COSTS.
o ]
We now consider the cost of spines in some detail, because. there 1s & choice
of several poasibilities, and desigﬁ optimization will depend sttongly on
cost. , _ - o

" As deécribed 1h_Séc. ‘1, there are three spine'deaiénéfﬁhht'hsﬁeJSeéh consi—::
- dered. ' ' ' = S

l. Glass gpine with fluor in solution S
2. Plastic spine, with fluor in (solid) solution-_ o -
3. Tubular spine, with fluor deposited in aolution ina thin film of_g
plastic on the outer or inner surface. ' . o

From all available information, and from preliminary tests parformed in our
laboratory, plastic tubes are both too expensive and too opaque for. our use; .
_.and fused silica, which is wore transpsrent, is far too expensive (over

$10/1b.) Consequently Alternative No. 3 can be 1mmediately ruled out.on the
basis of cost. . : - :

The elements of cost in No. 1 can be.listed as_folluwé:”‘.

l. €Glass Tube
a. Tube itself
b. End Windows.

2 - Fi].].ing.
a. Solvent.
b. Fluor.

3. Termination (Pressure equalizing seal.) L
- a». Materials. . . .
be - Assembly

&, Assémblj and Filling. . . '--';:--- ;'i};_. :

Since the possible terminations have ‘not yet been tested our attention
will have to be concentrated on other areas. Up to now we have been almost
entirely concerned with finding the optimum dimensions and fillimg of the
spines; without a design of adequate sensitivity and acceptable cost, the
other problems never arise.

5.1 Fluorescent Solution;

We first consider in detail the choice of fillings available to wus.
The desirable characteristics of the filling are low demnsity, high index of
refraction and low cost. Also important is low toxicity, particularly res—
piratory, since we will be handling very large quantities a little at a
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time. For deployﬁent_in the oéegn, its environmental effects in the event

of spills should be tolerable. : - . : .

: J.11 Fluor. " The cost of the filling includes both solvent and fluor.
We find that as the diameter of the spine increases, the optimum concentra-
tion of the fluor drops, so that the amount of fluor needed does not depend
strongly on spine diameter. Tt now appears that one module may use about
600 liters of solvent; at a concentration of 25-50 mg/l, this requires a
total of 15 to 30 gm of fluor per module. .Fluor costs range from pennies -
per gram to $75/gm. Thus some fluors would be ruled out  on the basis of
cost. Fortunately, the best fluors we have found, Hostasol Yellew 3G and
8G, are very inexpensive. ' - o

5.12 Solvent.  The solvent cost 15 important; 4if the spine cost is to
remain under the desired $400/module, the cost per Yiter must not exceed
+33, if half the cost is to be reserved to the glass tube and the termina-
tion. That %s just about the current cost of gasoline. HNowever, aliphatic
hydrocarbons and aleohols all have excessively low indices of refraction,
not much greater than that of water. Aromatics are much batter. - The cheap—~
est, benzene, unfortunately has a welting point of 15¢ at 500 atmospheres
pressure..',Other_ possibilities are toluene, styrene, xylene, and related
compounds like anfline, ethyl benzene, and benzyl alcohol. The requirements
of low density (appreciably less than water) and high index of vefraction
(above 1.50) rule out some of these and most others; The requirement of low
cost singles out toluene uniquely, with styrene some distance behind. The
cost of toluene is about that of gasoline; styrene costs about twice as
much. Table 3 shows the properties of these two leading contendexs.

Table 3. Comparison of Styrene and Toluene.

The values quoted are for a pressure of 500 atmospheres (equivalent to a
depth of 5km.) - . : . . _

 LIQUID  DENSITY  INDEX OF RELATIVE LIGHT  COST/

~ REFRACTION COLLECTTON LS.
Toluene 0.90 1.51 - 1.00 $.214°
Styrene . 0-93 . 1056 . . 1-22 : - : .38

- Toluene {s only mildly toxic (as inhalant; we do not consider inges~
tion.) It is readily available in tank—car and even shipload quantities. It
does not need to be specially purified (we are told) since its principal im—
purities are not" harmful for our uses; they are mostly benzene, xylene, and
related aromatics. Oxidants 1ike sulphur would be harmful if . present. It
is a solvent for most of the fluors we are interested in. The Hostasol Yel—-

lows require encouragement with a percent or so of alcohol.

3.13 Glass tube. This leaves the glass tube for consideration. At
this time we do not have complete information on the possibilities; we are
in process of collecting it. We base present calculations on data from Syl-~
vania Glass Co, with the warning that since that company cannot offer us
tubes in excess of 8 ft ‘in length, the numbers will probably need revision.
Nevertheless, they will prove Instructive. We use the Sylvania quote of
$:269 per B~ft length of 1" diameter tubing of soda~lime glass, density
2.47, wall thickness .66mm. '
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The 'following table is based on a comparison of 12-ft spines of " i~
ameter, with packing fraction 0.7, and 1/2" spines 10 ft long, with packing
fraction 0.5, since from Fig. we can see that these have the ‘sawe effective
area, and thus the same sensitivity. :

~ Table 4. Preliminary eost comparison, 12-ft 1" and 10—ft /2" Spines. :
This does not include the cost of end windows ou glass tubes or of - pres- _
-sure terminations. : o

o Glass. . . o0 -
12-f¢ 1" D. - Cost: .269 x 1.5 = ,403 Cost of 404 tubes = $163.01
10-£ft 1/2" D. _ “Cost «135 x 1.2 = ,162 Cost of 1156 tubes ?o$187-27

Toluene. o N
We assume the cost of toluene is $1.60/gallon, or _.424/11ter; -at 500
atmospheres, a density increase of 2.5X makes this +435/1. e .
12-f¢, 1" D.: 1.670 1x.435/1 x 404 spines = 674. 61 for $293.22 . QJ
10-£ft l/Z“D.. 310 1 %.435/1 x 1156 apines = 358 1 for 3155 89

: Net Buoyancy. Cost of Buoyancy $4fkg.
Z—ft 1" Tube: Wt in water 2/0.3 gm. Buoyancy of tolueme 225. 45 gm.
Net Wt. per Spine: 44.85 gm x 404 spines = 17.94 kg total Wt. _
10-ft 1/2" Tube: Wt in water 109.42 gm. Buoyancy of toluene 41.88 gme
Net wt. per Spine 67.54 gm; x 1156 spines =78.1 kg total wt. : o
Cost to provide neutral buoyancy: 17.94 x & = $71.76, for 1" spines.
Cost to provide neutral buoyancy: 78.1 x 4 = $312. 32 for 172"

Spines.
Sunmary of Costs. _
1" Spines ' ' 1/2* Sbinoo'
Cost of Glass ~ $163.01 S $187.27
Cost of Toluene $293.22 ‘ : $155.89
Cost of Buoyancy 71.76 . $312.32

TOTAL - -  $527.99 - $655 48

-5.2 Alternative Designs.

: ' The second alternative, plastic 3pines, aduits only two practical pos—
-sibilities: acrylic and polystyrene. Acrylic is not only much too expen—
sive (over $5 per 1/2" spine), but has a high density (l 15 to 1.20) and a -
low index of refraction (1.48). Polystyrene is less transparent than acryl-
ic; we are in process of obtaining measurements on it now. Its density is.
- 1.05, making 1t ealmost neutrally buoyant, and its index of rxefraction is
| 38 595 vhich is extremely good. It would 1increase the light collection -
.about 30%, Polystyrene transparent rods must be extruded, not cast; ~and
the finish on extruded rods is not good enough for our purposes.

Rowever, overriding all technical problems is the matter of cost. The
- only firm quotation we have on polystyrene rods is at .28/ft for. 1/2"=-fnch
" rod, making a single 10-ft spine cost $2.80; thus 1156 spines would cost
pver $3000. Unless we can find a much cheaper source, this looks unpromis—.
ing. The rew plastic is only about $.60/1b, and the rest of the cost is the
extrusion process.. We postpone further discussion for the present.
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6. CALCULATION OF THE EQUIVALENT AREA OF THE SEA URCHIN.

The equivalent area E of a Sea Urchin module can be calculated from the
two Monte Carlo programs described above, and the obserxved atténuation
length of the light from the spime. The equivalent area can be defined as
follows: E o o -

E = GA x n{d, PF) x e(NI,N2, ¢, L, A) x FEx B
= FEAXxe xFEx B o ' oL '
wixere- . .
GA = geometric area of the module, area of ecircle of radius spine
length plus radius of glass sphere. :

‘n(d, PF) = efficiency factor for opacity as a function of spine di-
ameter d and packing fraction PF (from I, Fig. D,

FA = effective area, product of the above two factors,

" e(Nl, W2, ¢, L, A) is the collection efficiency for fluorescent
light of the spine; it is a function of the indices of refraction of

. the water N1, the solvent N2, of the fluor concentration ¢, the
length L, and the incremental attenuation length A. '

FE = fluorescent efficiency of the fluor,

B = correction factor for light outside the accepted cone angle,
and other possible losses, e.g. optical contact, etc.

For examplet with d = 1", L = 3.66m (12 £ft), A = 3.85m {measured
for Hostasol 3G), N1 = 1,35, N2 = 1.51 (toluene), we find:
GA = 47.05 sq.m. .
EA = 16.5 sqem. (From I, Fig. 7)
€ = 0,098 (from CYL6X),

We obtain E = 1,08 sq.m., for vertically incident light. For light in-
cident from the side, Table 2 of I gives EA = 12.7 sq.m., or 0.77 as much;
thus E becomes 0.83 sqe.m. ' .

An incident light flux of SO quanta/sq.m. and 10%Z photocathode efficl-
ency would yleld 5.4 and 4.2 photoelectrons respectively.
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Fig. . 3. The simulated Cerenkov spectrum obtained by filtering the .“cool
white" fluorescent tubes with jackets of the theatrical gel filter “Brilli-
ant Blue”. The line spectra shown superposed on the continuum are very nar-
row {(}-2 A.U.) and contain less than 5% as much light as the continuum.
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EXPOSURE LENGTH TO ENO OF SPINE Ccrr)

« Fig. 9. Measurement of attenuation of fluorescent radiation using the

spectrometer as in Fig. 2. This is a differential curve, showing the in—
tensity from a fixed length L as a function of the distance between 1 and
the end of the spine; measurements all being at the same wavelength. Data
are for Hostasol Yellow &G. :
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Fig. 10. Same as Fig. 9, but for Hostasol Yellow BG
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. Fig. 1l. Attenuation curve like that of Fig. 9, for the same fluor, but

taken without the spectrometer: ' thus the entire spectrum is observed at
once, and the attenuation measured is that of the signal integrated over the

vhole spectrum. Note the much greater deviation from exponential attenuva-
tion. -
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Fig.
.1g | }2.. Same as Fig. 1), for Hostasol Yellow 3G.
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' Fig. 15, a) Variation of attenul,at-ion length with fixed alpha,‘_varying S.R.
b} Variation of attenuation length with fixed 5.R., changing alphs.
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Fig. 16, a.) Predicted angular distribution of the light reaching the end
of ' the spine at the PMT (in 2 medium of the same index of refraction as the
spine) These curves are for alpha = 0, S.R. variable. b.) Same, for a mod-—.
erate value of alpha, S.R. variable. Note how the cone narrows with incre—
asing attenuation. ' : : ' '
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