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TVALUATION OF IENCES FOR USE IN ALL-CKY PHOTQMETERS
by

Guy E. Barasch

ABCTRACT

For maximum performance, an all-sky photometer should have a large
light-collection area and a narrow spectral passband; however, for & giv-
en size of photameter, these parameters cannot be optimized simultaneous-
ly. Three compranise lens designs 8re evaluated here: IASL-2, a O.i3-
in.-focal length, /2.8, 160°-fieli-of-viev lens far use with a 2-in.-
djam. photomultiplier tube; and, for use with 5-in.-diam. photomultipli-
er tubes, LASL-5, 8 2.1-in.-focal-length, £/4.0, 120° -rield-of -view lens;
and EG&G-5, 8 lens with & naminal 120° field of view, which can be used
with or without an M2 filter covering the central pert of the {irst ele-
ment. The effective on-axis entrance-pupil ereas and the relative re-
sponse curves as 8 function of wavelength and incidence angle werv meas-
ured, and the results are repcrted.

The mAximum effective entrance pupil areas for 8 monochromatic
source at 3914 A, far IASL-2, IASL-5, EG&G-5 with ND2, and EGG-5 with-
out ND2, are 0.014, 0.23, 0.36, amd 2.6 cm® respectively, when interfer-
ence filters of 20-A half-width and 25% maximum traunsmittance are used.
With the exception of IASL-5, the effective bandwidths deperd on inci-
dence angle; the ranges of variation within the naminal fields of view of
the four 3914 A photometers are 39 to 49 A, 25 A, 33 to 80 A, and 26 to
75 l.\, respectively. Peak-response wavelengths decrease with increasing
incidence angle; overall shifts are 6 A 5 A, b5 A, and 4O &, respec-
tively. ILASL-2 ard IASL-5 have also been evaluated at 6563 l; perform-
ance of the farmer is baily degraded, while that of the latter is un-
changed relative to 3914 A. Therefore, IASL-5 photometers are recom-
merded for systems like the Los Alamos Air Fluorescence Detection System,
which for optimum performance require wide-field photameters with narrow,
weil defined, spectral passbands.

I. INTROUDUCTION fluorescence excited in the upper atmosphere by
thermal x rays incident from a nuclear explosion in
space. A second photameter ("discrimination detec-

The Los Alamos Air Fluorescence Detection Sys-
tem (LAAFDS)! uses a ground-based all-sky photameter

X tor" d to meas ) .
system %o measure the pulse of N 1N (0,0) (3914 A) ) 1s used to measure the source spectrum simul

taneously at a wavelength other then 3914 k. The




tvo meazurepents theoreticallr determine unambigu-
ously the type of spectrum detected and are used to
ascertain the type of source which moduced it.

To maximize thea distance beyord the atmosphere
et wrich the standard 1-it x-ray source cén be de-
tected, the photometers must have large light-col-
lectiocn Areas, 1.e., entrance pupils. They must al-
80 have npArrov spectral (mssbands, for two reasans:
to 1limit the noise signals produced by fluctustions
in the detection of background light during daylight
operation, and to cbtain the spectrum recogrition
required to liscriminate false signals such v.s those
produced by lightning. In mractice, given size or
cost limitations, a wide-angle lens far use {n an
all-sky photometer cannot be designed to maximize
the entrance-pupil aree and to minimize the spmctral
bandvidth simultaneously. A compramise design must
be used vhich, far example, maximizes the entrance-
pupil area while widening tie spectral passband ss
11ttle as possible. Another possible solution 1is to
maximize the entrance pupil and then determine how
broader -than-optimm spectral passbands can be em-
ployed .

Three designs of all-sky lenses are evaluated
in this repart. One 1s the original IASL lens* de-
sigoed for the LAAFLS; two are second-generation de-
signs**,?,2 which have been proposed far use in ex-
terded-range detection systems, or far discrimina-
tion purposes, ar voth. Thelr effective entrance-
pupil areas, for -n-axis rays, and spectral pass-
baid curves for cn- s of f-axis rays are reported.

A value purported to be the effective entrance-
pupil area of the original IASL-designed all-sky
lens has been used to derive the effective collec-
tion area at 3914 A for a LAAFDS evalustion.® The

*IASL type 10, a glass, O.i3-in., £/2.8 tens de-
sigred by B. Brixner of IASL in 1960, using an ear-
ly lens-design code. 5See Fig. 1. Designated
IASL-2 in this report.

**IASL type 67, a quartz, 2.1-in., £/4.0 lens de-
signed by Brixner in 1965. See Fig. 2. The design
technique? for this lens 1s an outgrowth of the
earlier code. Designated [ASL-5.

tAn EGuG, Inc.-designed lens shovn on EG4G draving
No. 106998 (Jan. 1966). See Fig. 3. Designated
EG&G-5. This lens is not the scaled-up version of
the first LASL design.

arigin of the value i3 unknovn. For the same lens,
Tonlinson® predicted thecretical relative spectral.
passband curves for light near 5914 A; he did not
atvempt to carry the ctlculations tc other spectral
regions.

The measurements reparted lhere were mrompted by
the 1e¢ed for accurate knowledge of the spectral-
pussband characteristics of tae lences requivea for:

1. Analysis of the 1355 lightning stud; duta.®,®
2. Improvements to the LAAFDS.

%o Discrimin ion requirements of advanced sys-
tems.

We also wishied to check the accuracy ui Tamlinson's
medictions.

This evaluation comprises measurements of the
dependence of the response of all-sky photometers on
parameters of the lenses used in them. The term
"response” 1s uesed to wean “"output," whatever the
units. Care was exercised to minimize the depend-
ence of the results on the associated photometer
components. The data required for the evaluation
are presented in three parts: the criteris ty vhich
photaneter performance is related to lens parame-
ters (Section II); dmscriptions of the lenses (Sec-
tion 1I1); snd the measuremeat techniques ard :e-
sults (Section IV). '

II. PHOIQVETER-PERFORM~NCE CRITERIA

There are two considerations by which photome-
ters designed for use i1 the LAAFDS or similar sys-
tems can be evaluated. First, the signai-to-noise
ratio should be as large as pcssible. The parame-
ters which affect signal-to-noise ratio depend on
the type of spectrum to be detected and on the op-
tical envircnment, and inclule entrance-pupil srea,
field of view, and details of the spectral pass-
band. Second, the responses to sources with dif-
ferent spectra, i.e,, air fluorescence vs light-
ning, must be sufficiently and consistently differ-
eat so that the source spectra can be recognized
and the sources differentiated on the basis of the
photaneter response. Relavant photoreter character-
istics are details of the spectral passband: {ts
width, shift, and uniformity of shape as a function
of incidence angle.



A. Sigril-to-Noise Ratio

The derivation of signal-to-noice ratio in the
output of a photometer in terms of input signals and
photometer parameters is straightforward, amd can be
accamplished with as much detail as desired. One
presentation which treats of the signal-to-ncise
level of the LAAFDS specifically has been given by
Donahue.” The treatment in this section is limited
to a calculation of the dependence of signal-to-
ncise ratio on overall photometer parameters, such
as field of view.

1. Noise Level. For daylight operation, the pho-
tameters used in the LAAFDS are shot-noise limited,
internal noise sources being small compared to sts-
tistical fluctuations in the background light detec-
ted. The noise level is propartiont'l to the square
root of flux, 1’-‘b » which can be written

Fb = B" Qe Ae "\e wvatt,
where

B, = average backgrourd spectral radiance

A (W em=2 1-1 sp-1),

’)e = effective solid angle of photometer

(sr),

A, = cffective entrance-pupl? area (en®),
and

A, = effective spectral bandwidth (3.

For nigit cperation, the photometers rroduce an
internal noise level which depends on the size of
the photamultiplier tube required but which other-
wise is indeperdent of lens characteristics.

In a8 rigorous amalysis the noise level cannot
be defined until a frequency interval, f£(H’), in
which the noise (s measured has been defined. In
the iAAFDS the frequency interval is the elecirical
vandwidth of the triggering circuits. This repart,
however, does not treat of the dependence of signal-
to-noise ratio on frequency interval.

2. Signal level. The signal in a photometer is
propartional to the flux, which can be wriiten for
tvo significant 22sces. The immediate source is ae-
sumed to be localized in the detector's field of
view, at an angle § from the (vertical) photometer
axis. Because the sourre {s localized, its impor-

tant charactaristic is the irradiance, H (W em™2),

at the detector. =3

Firet, 1f the spectrur of the source 1is mono
chramatic at wavelength xo within the spectrel pass-
band, the flux is

F, = H A RO, 8) watt,

m
where
H = source irradiance at wvavelength )
[+) 2 o
(W em=<),
ard
R(xo,e) = response of photometer at xo and

angle A, relative to A = 0.

Secord, 1f the spectrum {s a smocth continuum, with
average spestral irrsdiance H, (¥ em 2 k-1), the
flux 1s

F, = LN A, Rw(q) A(P) watt,

vhere R _(8) A(8)] 1s the vavelength integral (i)
of the relative-response curve at i.acidence angle 6.
[A(8) 18 the efrective spectrsl handwidth (A) at
engle a.]

D Signal-to-Noise Ratio. The dependence of sig-
nal-to-noise ratio on photometer parameters has bveen
isolated and i{s given in Table I for two backgrounds
and two types of source cpectrum.

Table I. Dependence of Signal-to-
Noise Ratio on rfhotometer Fhu.rameters
Spectrun Daylight Night
A 1/2
Monoc.romatic  R(k_,8)| — R(ro,0)4,
ﬂeAe
A 1/2
e
Continuous Ry (® A(R) Rmx’.“)'\(‘i )Ae
(xel\e

Two general conclusions can be drawn from the
data in Tatle T.
a. increasec with increasing effective en-

trance-rupil area A_, as ﬂ\: during daylight and
linearly at night; and
b. incrr-ses with decreasing spectral banawidth

The signal-tco-noise ratio:



for a monochrcmsir. source spectrum during daylight,
but increases with in~reasing spectral baasdwidth for
continuum sources, day or night.

Thus, meximum performance calls for large en-
trance pupils regardless of source ar environmnt, a
nArrow spectral passband when the source spectrum is
monochromatic, and a spectral passband as wide as {is
rractical when the source ic a conttnuum. In the
latter case the upper limit on the epectral tand-
width 1is deten _ned by the requirement for spectrum
recognition.

B. Spectrum Recognition

The system for lightning discriminaticn on the
btasis of sjectral differences operates ar fTollows.
When a signal with a shart rise time is Jletected by
the IAAFDS detuctor at 2914 l, the response maximum
is compared with the carresponding maximum of the
discrimination-detector respon-«. The ratio of the
twn signals 1s used to decide, on the basis of pcs-
sible variations of the expected sour:e spectra,
vhich type of source mroduced th: pulse.

The maximum reliability of discrimination is
attained when the difference betwee1 the responses
to the two types of sources is max’.mum. Thus one
tries tn find two spectral regiars, (a) vhere one
source is relatively weak and “ie othe. strong, emd
(b) vice versa. The wezk and strong regions depenrd
in degree upcn the spectral bandwidth over vhicn the
spectra are averaged: rArrov ocandwidths can be it
to mexima aid rninima in the spectra much more readi-
ly than broasder unes. Hence, one of the rejuire-
ments for adequate spectrum recognition is a suffi-

ciently narrow spectral pas band.

The 3914-A N; 1K band used for air fiuorescence
detection cantains a large fraction of its energy in
a spectral region & few angstroms wide. Since the
lightning spect um is mainly continuum near 3914 A,°
the greatest photometer-response difference between
the two spectra at 3914 A can be attained by employ-
ing as narrow a spectral passband as possible.

The optimum wid“h of the discrimination-channel
spectral passhand depends on the spectrsl region
chosen far discrimination, and whether a line fea-
ture aor an apparent continuum is to be detected in
iightning. It has already been noted that when de-

[og}

tecting & lin) feature, the baniwidth should be min-
imized. However, for detection of & continuvum, the
channel should be as broad as possible while still
maintaining an adequate response difference. O(pti-
mum widths, estimated fiam the typical lightning
spectrun® and the Sterfish high-aititude air-fluo-
rescence tspec:trum,a for a number of possible dis-
crimination channels, are given in Table II.

Table YZ. Estimated Optimum Band-

vidths fnr Discrimination Channels
Nominal channel Liko k900 5000 6563
wavelength, A
Lightning feature C c NII He,
(C = continuum)
Clear regigu, 4080- L4730- some  6545-
Starfish, A k160 Lkago NII 6570
Estimated oitimwn Lo 13C < 20 < 20
bandwidth,
Opt imum centir L12C 4860 5000 6563
wavelength,

It ic also essential for proper operaticn of
the discrimination system that the photometer re-
spmse be an unamoiguous function of the source
spectral characteristics, regardless of where in
the fiell of view the light originates. Possible
caures of response ambiguity sre as follows.

1. Ambiguity of response occurs if the spec-
tral bandwidth becomes larger than its optimum, or
changes considerably, anyvhere within the field of
view. Either action decreases the response differ-
ence, owing to extraneous contributions to the re-
sponse from parts of the spectrum outside the de-
sired passband or to uncertainties in the stimuius-

to-rrsponse transfer function.

2. A shift of the peak-response wavelength
can completely change the emphasis of adjacent spec-
tral features and cause gross changes in the desired
respor.se difference. For example, & relatively
small vavelength shift .n the 3914-A channe) peak
wavelength can, if the bandwidth 1s narrow, par-
tially negate the contribution of the N3 1N (0,0)
;91k-A feature far off-axis rays. In the worst
case, th's ambiguity could cause an air flucres-
cence signal produced by & nuclear explosion in :
space to be rejecied by the discrimination system.

»e

i dsbinbands




There 15, o. course, same acceptable relaxation
from the coptimun paramewers for & given discrimina-

t.on channel, as will be discussed in Section V.

bR

“. NLLAIIV  LENS

LIGHT COLLECTOR

hot OBICIVE LENS stop .
III. LENS DWSCRIPI'IONS v
. ’/" v '
The three wide-angle lens designs for use in I! KLALECTING )
all-sky photameters are descrived in Figs. 1 to 3 / {
and in Table ITI. The IASL-2 was designed by B. ‘ \ ‘ |
Brixner for use in the original ILAAFDS. The LASL-5 Y (W
is 8 new design by Brixrer, intended for use in an S ) ‘\‘\-.i wemremence h . v
extended-range LAAFDS, in both the detection and DR CEMENTZD TO il .
OBJECTIVE LENS PrOTOWU: TPLIER
discrimination channels. The EGEG-5 design is in- N
tended for use in an advanced system in which pho-
tometers are required for lightning-discrimination Fig. 3. EG&G-5 all-sky lens.
purposes only.
Table III. All-Sky Photometer Lenses
e Ly 1ASL-2 LASL-5 EGG =5
! Date designed 1%0 1965 1905
’ Nominal field 16¢° bl-log 120°
- H—— Focal length 043 in. 2.1 in. -
4 Aperture £/2.8 £/4.0 -
For photomultiplier 2 in. 5 in. 5 1.
No. of elements N 5 2
Filter diameter 1.5 1ir. 4 1n. 5.5 in.
T aious sosTvE Yom comvEd ] T "_| . . 5 in. .
[ susrace no-ussuoanw: rom §§:c.‘"; v-.‘:-::n camerrn | Lens dismeter 2 in 5 in 11 in
Poe 1 e vem i I LR lens length 3 in. 41 4n. 15 in.
! ) : ‘2233 .;;’; | e cos | c)uv:ggg Optics material glass quartz glass
:b_‘ T oo s "°_-'t_osoo -o-s_—_r—_. Aoo_'°"° |
. 1288 2010 | § LI
T Cete soi0 A0 0N o ¢ 00 qu N
' o OLx 1A s02 See footnotes on p.
’;Llhs WATIRAL - {ROWN GLASS ., BOROILICATE .—N—"l—).ﬂ_ - ]
Fig. 1. IASL-2 all-sky lens.
- -~ 20711 010
-~ r GROUND SURTACE o 5 |
7l = 12001 .00 AN 10.356 </ 7462 5993 |
s i P 3 O
3350 ey D GG - \\\p az7 | o LT eeees l
/7 ~wog3g ) / \ = -
| fLET4 1.448
[/ 8626 - i ENTRANCE PUPIL |
i reco - 9.044 0700 | | " 1306 m\o%, 10600 | 05 15500
3 i . - [ — - | 1
0.150 0150 1\ A , . } / \ l
N == | / FELD | \
2 V7 "la APERTURE | / stoP |y ‘
r STOP i "9 fi0 - |
B 5/ ‘6 FLTER ~ | E
'y = 7\ /8 !
/A I, FUSED SILICA N:1.4710 (- 3914 L), ) PHOTOSURFAGE

2. OMENSIONS ARE IN INCHES.

Fig. 2. IASL-5 all-sky lens.
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IV. MEASUREMENTS AND RESULTS

The compurative evaluation of the performance
of the three lenses Lo be given in Section V uses as
a basis the results of two seriea of measurements,
(a) effective entrance-pupil areas for an on-axis
parallel beam of light, and (b) spectral-passband
curvea, e latter give four results as runct‘ons
of incidence angle. relative respanse vs vave-
length; relative response far monochramatic and con-
tinuum sources; <hift of the peak vavelength of the
spectral pasadand; amd effective width ¢f the spec-
tral paseband ("bandwidth"). Details of the meas-
urement techniques end results are given below.

The measurements were made at three wavelengths
for the IASL-2, at ‘wo far *We IASL-5, and anly at
3914 A far the EG4G-3. This disparity has two
In the case of the IASL-5, no interference
filter of the proper diameter was availavle near
5577 Ac For the EG&G-5, the interference filter
near 3914 A was cemented to one of the Yau: ziements
ard thus could not be replaced for measursments &t
another wavelength region.

8ources.

h. Entrance-Pupil irea

The effective entrance-pupil area, defined as
the product of “he gecmetrical entrance-pupil area
and the transmittance ol the optics, was measured
for each lens at a number of wavelengths, using the
apparatus ou”lined in Fig. 4. A statle tungsten
source was used with a baffle system to proluce a

Leam with a divergance half-angle less than 2°.

APERTURE-AREA A

BAFFLE SYSTEM
PHOTOMULTIPLIER«. g ) — o | SOURCE
Ve : 5
(@) cumment I, - i i LN
—A 4 A A J
© INTERFERENCE FILTER
SAME AGEA OF |
Firss TOMULTIPLIER /
CATHUDE USED - 0 -

(b .
CURKENT I, ALL-SKY '-"‘5_ _POSITION OF ENTRANCE PUPIL

‘_,,_ ¥ ' T‘ q T 7 1_(-
i )L_ - )

. 4 [

(APPARATUS NOT SHOWN TO SCALE)

Fig. 4. Apparatus for messucement of eftective en-

trance-pupil area A.. (a} Response current
I, for xnown area A. (b) Response cuTe...

I> for entrance pupil A Result: Ae =

AlT,14). €

B

Th~ entrance pupils of the LASL-designed lense:
were measured with the in.erference filters removed
fram wvithin the isns assembly; interference filters
were placed in the beam outside the lens, as shown,
to define the limited spectral regions at which the
measurements w2i1e made. Light that passed through
an aperture of =ovn area, A, at a given distance
fram the source {Fig. 4(a)] was compared with light
that passed through the e.trance pupil of the lens,
at the same distance from the source, and was trans-
mitted by the optics [Fig. 4(b)). The light source
and photomultiplier vere identical far the twn weas-
urements. The light signals were in the same rett,
as the effective arves, L.c. Ae/A = Ip/1;.

Becaune the iaterference filter for the EGIG-5S
lens could not be removel, the measurement of its
entrance pupil was not straightforward amd is less
accurate. The experiment shown in Fig. 4(a) was
~arfaraed with a standard lamp As the source, and
with e. intevference filter of known spectral trans-
mittance, in order to cslibrate the photamultiplier.
The interference filter in the incldent beam vwes
then removed, and the same source axd the calibretec
photomultiplier were used to measure the mroduct o
the filter's spectral-pacstand transmitténce and tae
effictive entrance pupil of the lens. The transmit-
tarce of the internal filter as provided by EGeG®
was used &s a correction to give a value of what the
effective entrance-pupil area would be without the
filter.

The effective entrapce pupil areas determined
are given in ‘Table IV.

Table IV. Effective Entrance-Pupil Areas
Geometrical Effectiva
Entrance Entrance
Pupil Area Wavelength Pupil Area
Lens {cm?) (4) (cx?)
IASL-2 0.2 3914 0.079
6563 0.09%
[ASL-5 1.4 3914 0.83
6563 0.2
BG4G -5 .58 1914 9.5 ¢ 3

‘Se-e Re ference 10.




B. Spectral ™ssunnd Characteristics

The responte of each lens-filter-photometer
combination to a uniform monochromatic parallel beam
of 1light which filled the entrance pupil was meas-
ured as a function of wavelength and incidence angle
using the apparatus showr, in Fig. 5. A uniformly
filled £/10 cone of monochromatic light was farmed
by a Jarrell-Ash Moadel 82-000, 0.5-m, grating, scan-
nine, "toert"” moncchromator. The light source was a
ribtbon-filament 100-W tungster projection lamp. A
parallel beam was formed by placing an achromatic
lens at its focal distance from the exit slit; angu-
1ar divergence of the beam was less than 1° full
angle. The al)-sky photometer was mounted on a
large tripad with gear-driven ngular positioning;
angles could be set to * 2°. The photameter was
positioned so that the parallel team covered the en-
trence pupil far all incidence angles used; the te
wias always appreciably larger in diameter tlLan the
entrance puplil.

The reasurements weie made by the folluwing
procedure. The photomecer was mounted on the tripod
snd rotated to 3° ircidence angle. The monochroma-
tar slits were set to give a usable signal, but ne-
ver so large that the spectral width of its beam at

half-maximum vec > 6 A. The electric gratirg drive
of the monochromator was scanned through the cpee-
tral massband of the photometer; the response cur-
rent vas recorded on synchronously-moving chart pa-
per. Wavelength-calibration marks were applied to
*the chart rapevr at the beginning and end of the
scéan. This procedure was repeated at all incidence
angles. Variations of relative irradiance of the
monochromatic beam were recarded by replacing the
i ~tameter with a mreviously-calibrated photomulti-
plier tube* and recording its output during a scan
over the same wavelength region.

The chart data were read, typically every 4 &,
and punched on cerds. Reduction of the data, in-
cluding corrections for source wvavelength varia-
tion, was cairried cut by computer. The result: for
erch p:otometer were plots of response, relative to
the reximun response recarded, vs wvavelength, one
plet for each value of incidence angle. These
plots of relative response as a function of wave-
length and incidence angle &cre given in Figs. 6 -
12, Each wavelength scale was shifted as necessary
to produce maximum response at 2914, 5577, or 65:3%

t

“Provided by W. Gould.

ALL-SKXY PHOTOI'ETER
SHOWIl AT ANGLE a

\

\

JARRELL-ASH MONOCHROATOR A
COLLIMATING LENS .
A - e
[ —_— - ih 1
—= P ;// ROTATION AXIS 8
! - TIGKT o b=
' L om/ IGKT ENCLOSURLS i | POSITION OF LENS
f.“ * _@, PARALLEL ENTRANCE PUPIL
— MONOCHROMAT'C
RIBBON- FILAMENT BEAM

TUNGSTEN LAMP

PLAN VIEW, NOT TO SCALE

~ L1

CALIBRATED PHOTOMULTIPLIER
(iNSERTED TO MFASURE
SCUNCE 'RRADIANCE !}

Fig. 5. Apparatus for measurerment of spectral-passband curves. Measurement shown for- incidence
angle a. Light fram tungsten lamp passed through monochromator and collimuting lens, farm-

ing large parallel ronothromatic bheam.

source variations.

Morochromator wac scanned in wavelength; photometer
omutput current was recorded on chart paper.

Calitrated photamultiplia: was used to record
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A number of parsmeters by which the photome-
ters can be evaluated were cbtained from the curves
of relative response vs wavelength and incidence
angle. Figure 13 shows plots of relative response
vs incidence angle of each cf the rhotameters to
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Fig. 8. Relative response of 6563 A IASL-2 photom-
eter vs wvavelength and incidence angle.

3ources with spectra of two types: one, & uniform
continuum; the other, monochramatic at the design
vavelength of the photameter. Values for the plots

of continuum-source response were obtained by inte-

grating the spectral response curves over wavelength.
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-ver vs wavelength and incidence angle.
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Values for the manochramstic-scurce response wvere
obtained !y reading points otf the curves, e.g., &t
3914 A.

Figure 14 shows the shift of the peak-respmse
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wavelength, with changes {n incidence angle, of each
of the photameters, relative to the peak-transmit-
tance wavelength of the interference filter.

Finally, 1t is desirable for intercomparison of
the lenses to have curves of effective spectral
bandwidth, defined as the wavelength integral of the
response curve divided by its maximum ['(3) of Sec-
tion II1, vs incidence angle. However, rur meaning-
ful comparisons, the spectral bandwidths of the in-
terference filters used in the lenses snould be e-
qual, or correction should be made for different-
bandwidth filvers. Figure 15 shows plots of the
spectral bandwidths for each of the photometers, as
predicted for 20 A-wide interference filters, vs in-
cidence angle. Carrections for filter w!dths, '».'F,
different fram 20 A were made by the exuression
W = W2 + (20 A)? - u;]1/2, vhere W, 1s the meas-

"™ M
ured effective width and wc is the corrected width.*

*This correction iz ¢xact i{f the spectral passbanis
are Gaussian in shape, and s a goxd eppraximation
if either wM >> WF or the shape is appraximately
Gaussian.
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C(MPARIC(NS, EVALUATIONS, AND RECOMMENDATIONS

In this secticn, the continuum- and line-source

response curves of Lhe lenses are given on an ateco-
lute scale, so that carparisons can te made. The
passband shift and troadening data are evaluated in
terms of the criteria mresented {n Section II.
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mittance.

fact that curves represent interference filters with different peak wavelengths.
A. Absolute Comparisons

Figures 16 and 17 are plots of the effective
entrance-pupil areas as a function of incidence
angle for the lenses.
+,pes: monochromatic at the design wavelength of
the photameter, and uniformly continuous. The zero-

Source spectra are of two

o~

e

«

w e

c ; LASL-5 ]

=

5

2 @

& o

z

a ® ’

@ si MONOCCHROMATIC, SOURCE

2 AT 65634

v LASL-2

w

> 2

-

£ \___\

@ oo I

u 8 0 .

w e ! el ! |
(] 20 40 60 80

INCIDENGCE ANGLE, DEGREES

(a) Monochramatic Source

degree incidence-angle intercepts are the effective
cn-axis entrance-pupil areas which would be zcasured
with interference filters in place.
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be removed.
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No curves far EGaG-5 are shown because interference filter faor use at 3914 A could not
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iurinitely broad filter of transmittance 1.0. If,
fustead, the filter transmittance is To' the effec-
tive area becames A' = Tfe+ If the filter pass-
band now narrows to an effective spectral bandwidth
or Al., with maximumn transmittance of To' and the
spectral passband is broadened by the lens to width
'\e > ,'\r, the effective entrance-puril area at the
passband peak is decreased to A = T A, Af/l\e. This
i{s the intercert used in plotting the absolute mano-

chromatic source response.

To a first approximation, the brcadening of
the filter passband by the lens has no effect on
the vavelength integral of the ;nssband.“ The ef-
fective entrance-pupili area for a continuum source
on the lens axis is therefore given by the filter-
peak transmittance, To, i.e. i-\c = AeTo; this value

was used {n plotting the continuum-source response.

The curves of Figs. 1o and 1/ are related to
the engular-response variables defined in Section II
in the following ways. For the response to a mono-
chromatlc scource at wavelength L [Figs. 16(a) and
17(a)], the curves are plots of Am R()‘o'c” vs 9.
For the response to a cantinuum source, [Figs. 165(b)
apd 17(v)], the curves are plots of ALR L (B) AG)
vs 2. The curves can be consulted with reference to
the calculations given in Section II, and in parti-
cular to the expressions in Table I, so that signal-
to-noise ratio dependence on incidence angle can be
estimated for various values of envirormental param-
eters.

It is clear from the curves of Fig. 16(a) that
for 8 monochromatic source at 3914 } the largest ef-
fective entrance pupil area is exhiibited by the
EGaG-5, both with and vithout the D2 filter. The
maximum performance, however, occurs over a limited
field of view, (a) for a region about the zenith far
the lens without the (D2 filter, and (b) for & coni-
cal shell centered at 40° zenith angle when the KD2
filter i{s installed. The IASL-5 effective entrance
pupil area is smaller by a factar of ~ 19 far on-
axis light than that of the EG«G-5 without D2 fil-
ter, and smaller by a frctor of ~ 2 at 40° when the
ND2 filter {s used; but its angular response is much
more uniform, decreasing by only a factar of ~ 2 at

60° from its maximum at .

when a light source is isoluted within the

limited fileid of view of the EGaG-5, its response
exteeds that of the L[ASL-5. However, the [ASL-5
response can be the larger, for two cases: (a) an
extended light source, as represented, for example,
by the total scattered light from a lightning flash;
s (b) for a light source which {s concentrated out-
side the EGaG-5 fileld of view, such &s an off-zenith
air- flucresce.ce pulse or lightning intreclowd dis-
charge.

The effective entrance-pupil area of the IASL-5
for & monochromatic source is ~ )5 times larger than
that of the IASL-2, both at 3914 A (Fig. 16) anmd
6563 A (Fig. 17). This breaks down intu a factor of
10 due to the difference in germetrical urea, and a
factor of ~ 1.5 produced by the ocoserved [ASL-2
passband broadening.

B. Evaluation of Passband Tharacteristics

In Section II the desirabie passband character-
istics were listed, and possible causes of response
These criteria vill now
be used to evaluate the results of the mersurements.

ambiguities were discussed.

1. IASL-2. The effective spectral bandwidth of the
)91h-i\ IASL-2 photometer, when equipped with a 20-a
filter, is 4k £ 5 A over the whole fleld of view
[Fig. 15(a)]. This is uniform enough to preclude
significant ambiguity of response for this photom-
eter near 4000 i. The line response is not idexl,
cut it is usable. The shift in peak-response wave-
length as a function of incidence angle is less than
t 3 A from the mean [Fig. 14(a)] and creates no am-
biguity.

At 5000 }: and higher, the spectral passband de-
pends more strongly on incidence angle, ard the
passband curves become so broad that the performance
of this lens for 8 monochromatic source is not de-
sirable. If & continuous-spectrum source is to be
detected, only if there are no significant changes
in the spectrum over the limits of change in treadth
of the spectral passband can there be insignificant
response ambiguity.

The IASL-2 photometer therefare i{c usaule, ef-
ther for auclear-explosion-excited-fluarescence
detection ar for lightning discrimination, without
restriction near 4000 ;\and, within the framewaork of
the restrictions listed, for wavelengths = 5000 ..
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2. LASL-5. The eftfective spectral bandwidth of the
IASL-5 photometer equippad with & 20-1 filter is 25
A throughout t'e visible, and is independent of in-
cidence angle [Fig. 15(a)]. Theoretically, the up-
timun filter width is 15 A, which vould produce a
20-3-5;»ctm1-bandvidth photometer. The peak-re-
svonae wavelength shifts less then 2 3 A fram 1ts
mean as & function of incidence angle TFig. 1i(b)].

The IASL-5 photameter is therefare usable with-
out restriction over the wavelength region 3900 to
6600 i and, in fact, approaches the ideal line-
source response for all wavelengths and incidence
angles up to 60,

As an example, consider an improved version of
the LAAFDS, using IASL-5 photometers at 3914 | for
N; 1IN (0,0) detection fram air flucrescence, and at
6563 A for Ha detection in lightning. Regardless of
vhere within the 120° field of view the source oc-
curs, the photometer responses bear & known, unam-
If 5914-1
rudiation is present, it is certain to occur at the
peak-response vavelength of the 391s-A photometer.
The discrimination system thus can be set to give
optimum performance, as determined from the iight-
ning and air fluorescence spectra, and the minimum-
cbtainable false alarm rate will prevail.

biguous relation to the source spectrum.

3. EG&G-5. The response curves far the 3914-}
EG:G-5 lens with a 20-} interference filter, with
and without the D2 filter, are rapidly changing
tunctions of incidence angle, in contrast *o those
of the LASL-designed lenses. For this reason, the
snift and broadening of tle ~tral passband curves
are discussed only for inci. .:e angles at which the
response 15 greater than 10% of ite peak.

a. wWithout {D2. The response falls below 10%
of 1ts zero-degree maximum at 55° incidence angle

far & monochramatic source ard at 55

for a continu-
um source "Fig. 13(e)’. The spectral vandwidth var-
fes from 20 A on-axis to 50 et 35° and /5 k&t 0%
"Flg- 15(b)7. This remesents a change of & factar
cf 2 within the monochromstic-source field of visw,
and a factor of ) for a rontinuum source. The prak-
response 8nift relative to 0° 15 26 A at 55° amd =
}at 53° "I1g. 14(z) . These dats imdicate an a-bi-
calty of response to & line-spectrum source. Re-

sponse t0 & continuur source 15 acceptavle if the

16

continuum is uniform over the whole wavelength re-
glon covering the shift and broadening of the spec-
tral passbard.

For example, consider the responses of a dis-
crimination system using EGoeG-5 photometers, without
If the
pulse occurs at the zenith, the photometer respcnses

ND2 filters, to an air fluorescence pulse.

will match the spectrum, since the passbands at zero
degreer are nerrow and are accurately peaked at the
design vavelengths. The discrimination-channel re-
sponse will be small, relative to 3914 'A, and the
pulse source will be recognizable as air fluore«-

cence .

However, 1f the source occurs at same Incidence
angle other than the zenith, the shift and broaden-
ing of the spectral passtands will cause e decrease
ip the 3914-A response which 13 greater thran tie
corresponding decrease in the (continuum) discriri-
nation-channel response. The discrimination-channel
response may in this case be a large enough ‘ractian
of the decreased 39lh-i response so that the ratio
apmroaches that typically mrnduced by lightning.

If the discrimination ratio is set to reject ‘11
detectable lightning pulses, which is possiole by
using a high enough discrimination ratio, tre off-
zenith air-flucrescence pulse will also be re'ected,
a clearly uracceptable result. The discrirminaticn
ratio must therefare be set at a lover value, so
that all air-fluarescence pulses will be accepted.
When this ad justment is made, some lightnirg nulses
will also be accepted; and thus it will no longer

be possible to determine the source of & pulse unam-
biguously from the signals.
cented lightning pulses will produce a higher than
optimum false-alarm rate.

Furthermore, the ac-

b. Witk D2. 1Incidence-angle limitaticrs (re-

sponse > 1C% of maximum) for the EGeG-5 lens with
the D2 filter are approximately 50° to 50° far both
line and continuum sources [Fig. 13(f)]. 1In this
range the rpectral vandwidth varies from 3% to <O &
fFig. 19{o11 and the peak-response-wavelength
shif: over 40 A [¥ig. l4(c)]. Agaln, the line-
s urce response is ambiguous, since the same argu-
ment precented for the lens without filter applies
in this case, with "zenith" replaced by "40° inci-
dence angle." Tihe limitation to continuum-source
responee acceptabilit - also applies.




C. Recammendations

1. COriginal System. The LASL-D photometers de-
signed far the LAAFDS have been si. wn to be ade-
quate without reservation for wavelergins near 4000
A, £lthough they are limted in detection sensitivi-
ty campared to the later designs. Under the presert
concept of the lightring-discriminating LAAFDS, the
chanrels at 391 and 4150 A produce equivalent sen-
sitivity and good spectrum recognition. Some !m-
mroverent in spectrum recogrition and lightning-dics-
criminating capability can be realized by changing
the discrimination channel either to 4120 i‘, retain-
ing the 20- to %0-A fijter, or to LUGO A with a 130-
A ¢flter. The latter channel would give nearly a
ractor of ¢ improvement in cignal-to-noise ratio in
tre discrimination channel, on the basis of the typ-
ical lightring spectrum.® Monochramatic features of
the lightning spectrum at 5000 or 053 A, recently
sugsested as useful discriminants when using 20-A-
spectral-bandwidth photometers, would not te sujta-
ble fcr a discriminrtion channel in a system using
1nSL-2 photometere.

2. Advanced Systems. Advarced designs of the

LAAFDS, or +imilar systems, are {ntended to be used
wity = .re “er itive detecticrn um/ur discerimination
detectors than those in the original LAAFDS design.
0f the two larger lens designs evaluated here, the
LASL-5 has been shown to be the more uniform and
rredictable in response, and the more flexible in
application.

while the EG.G-5 is the more sensitive for some
incidence angles, the snift and brnadening of the
spectral passband combine to negate this advantage.
Ligrtring discrimination on tne basis of spectral
differences requires uramtiguous responce by the
detectors. The 591“-:’« EGMG -5 photameter has been
shown Lo pe sub ject to ambiguity of response for
certailn values of incidence angle. Use of the
EGeG-5 in a lightning-discrimination system would
yield less tnan optimum perfrrmance, 8nd an unneces-
sarily high false-alarm rate.

Tne oppcsite is true for the IASL-5 lens. Tts
srectral passband is orly slightly broadened for
filter tardvidthc as parrow as 15 A, and the band-
width 1s uniform at all incidence angles = 60°.
The t 5-. peak-wavelength shift is negligible.

Spectrun recognition 1s ideal for eithsr narrow 20-i
bandvidths or the broader bandwidths desirable for

continuum-response discrimination channels.

Tt is therefore ccncluded that the IASL-5 lens
is the mare suitable for advanced detection samd dis-
crimination systems.
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