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THE MEASUREMENT OF STRATOSPHERIC DENSITY

DISTRIBUTION WITH THE SEARCHLIGHT TECHNIQUE

December 195

L. ELTERMAN

Searchlight geometry.

Fig. 1.
Fig. 7. Receiver with photomultiplier st focus of mirror (impedance matching
amplifier and input monitoring scope not included in instrusentation shown).
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l Above is a photograph of the Penn State Laser Atmospheric Measurement Program '




MAXWELL'S EQUATIONS

v-E=1 @2.1)
V-H=0 (2.2)
VXE= -#%',i (2.3)
VxH=(S 4] (2.4)

2.2. WAVE EQUATION AND PLANE-WAVE SOLUTIONS

vxvxE=_#M

7 (2.8)

VXV XE=v(v-E)- v2E

’E
V2E = y¢ 2. &
Hea (2.9)
0= ()™ (2.10)

¢ = (eorg) "1 =2.9979 x 108 ms-! (2.11)



_ sin(6, - )
N sin(6, + 6,)

(2.61).

- 4 —1f (2.62)

E, ) 2sin f,cos 0,
N sin(6, + 6,)

" tan(6, + 6,)

. 2sin 6,cos 6,
’ " sin(6, + 6,)cos(6; - 6,)
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r= {E’°} _ 4 fan(6,— 8) (2.63)
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R, = ’f’ R,= rlf (2.65)
tanf,\ , tanf,\ ,
- {tm 0‘}‘1 and T,= {tan 0,}1" (2-66)
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Fig. 29. Reflectance and transmittance versus
incident angle for two perpendicular planes of
polarization (Hecht and Zajac, 1974).



FRESNEL EQUATIONS

N1
N2

FFICIENT

COF

0.8
0.6

0.4

1
1.5
THE1 THE2 rs rp ts tp

0.000 0.000 -0.200 0.200 0.800 0.800
10.000 6.648 -0.204 0.196 0.796 0.797
20.000 13.180 -0.217 0.183 0.783 0.789
30.000 19.471 -0.240 0.159 0.760 0.773
40.000 25.374 -0.278 0.120 0.722 0.746
50.000 30.710 -0.335 0.057 0.665 0.705
60.000 35.264 ~0.420 ~0.042 0.580 0.638
70.000 38.790 ~0.547 -0.206 0.453 0.529
80.000 41.036 -0.734 -0.487 0.266 0.342
90.000 41.810 -1.000 -1.000 0.000 0.000

THE1 THE2 Rs Rp Ts Tp Rs+Ts
0.000 0.000 0.040 0.040 0.960 0.960 1.000
10.000 6.648 0.042 0.038 0.958 0.962 1.000
20.000 13.180 0.047 0.033 0.953 0.967 1.000
30.000 19.471 0.058 0.025 0.942 0.975 1.000
40.000 25.374 0.077 0.014 0.923 0.986 1.000
50.000 30.710 0.112 0.003 0.888 0.997 1.000
60.000 35.264 0.177 0.002 0.823 0.998 1.000
70.000 38.790 0.300 0.042 0.700 0.958 1.000
80.000 41.036 0.539 0.237 0.461 0.763 1.000
90.000 41.810 1.000 1.000 0.000 0.000 1.000
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an’=' INTERFERENCE FILTERS : REFLECTANCE

RAEFLECTION AT AN INTERFACE

When lighi stikesa th intert
ent media as in Fig, 1, mo’mmmmmm
medium and is retracted. and some is reflected al the inler-
tace. The relationship between the angle of incidence, |, and
the angle of refraction is given by Sneli's Law:

n.sini=msinr........ (3 )]

Where:
n, and r, are the indices of refraction of the media &3
shown.

hex e

Fig. 1 Refraction st an imertace.

EN gnets moory,. ok mwumnm
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on the indices of refraction, umdmwm
polammno!motadiam
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Rz gt iy )

Fig. 2 shows the variation of reflectance with angie i for an
sir-fused siica inertace.

The reflectance 8! norme! incidence (i = 0) is given by these
oquations and Snel's Law:

AR=R =R, = ["" ""I .......... *

", + N
Forn, = 1 and u.-‘swoqutmmm Ao
0.04. For a glass siide the transmittance from two suriaces is

(1 - 0.4 - (1 - 0.04)0.04) = 0.9216 = 0.92.

Since Fresnel derived equations similar to (4) using his
mmdm,mmmmmmum-
tmes caled t-e Frosnel reflection or Fresnel loss.

The reflected wave 810 i .uar-god'm'
8! the intertace H n, > n,. Tﬁssmmnmnﬂmw
a8 discussed iater.

e ¢ —— —————— - meney

§ REFLECTANCE

"rlg.l Meflectance vs. Angle of Incidence for two
polerization sistes.

From (4) you can see tha! the Fresnel 103 becomes high
for high index difterence. n, - n.. For a single air-znc selenido
{ny « 2.4) intertace. R = 0.17.

interface losses tom sequential 8a1 surfaces can bo re-
wuymomam Wator snd mary other tiquids have

indhces of sbout 1.3. 11 you B3 the space between
two plane giass surfaces with water you reduce the total
Fresne! loas from the two surtaces trom 0.08 to 0.01. index

fluids are used in some sssembbes. but interface
loss raduction using thin fim optical coatings is usually more
practical.




FILTER THIN FILMS AND COATINGS

[HIN FILMS AND INTERFERENCE

Fig. 3 shows monochromatic light incident on a surlace
coated with a thin film with index of refraction ns. and physical
thickness 1. Some light is reflected Irom each surface. You
might expect that the total loss is the sum of the Fresnel losses
from each surlace. However, iftis small, that is the film is thin,
interlerence takes place betwean the light reflected from aach
surface. Tha ight reflected from the "combined surfaces” can
in lact be more than or much less than you would expact from
the simple Fresnel calculation.

First consider the case where n, < n, < Ny, and near normal
incidence lor simplicity. Il the film optical thickness, m, 1, is
equal 1o a quarter of the wavelength of the light, then tha light
reflected from the second interface is completely oul of phase
wilh the light reflected from the lirst. (Remember the phase
change mentioned on the previous page ) The two rellected
beams interere destructively to reduce the total reflection The
film is said lo be a quarter wave thick and acls as an
anti-reflection coating.

It n, <, > Ny, the double phase change leads to construc-
tve interference between the two reflected beams The total
refleciance is increased. and the thin him makes the surface
a partial reflector

|

! b | —]
OPTICAL THICKNESS = n,!

“ 3 Thin film costing with an Index of refraction of
m and thickness 1.

E wple

a glass surlace (n; = 152) at normal incdence, then

about 4% 15 reflected. It we deposit a layer of magne-

sium lluondae, (n, = 1.38) and the layer ophical thickness

s 1/4 wave al 550 nm. the reflectance drops to 1 % ¢
Il on the other hand, a quarter wave tayer ol ZnS. |

(na= 2.32)lsdeposrledlhmullpdancechanges 1031 3%. |

It light travelling through air (n. = 1) at 550 nm strikes l
|
|

Wavelength Dependence

The reflectance of the coated interface depends on wave-
langth sinca the interference elect depends on the wave-
length. The film is not exaclly a quarter wave hick for any
wavelength except the design wavelength. Fig. 4 shows 1he
approximate rellectance against wavelength for the coalings
dascribed in the example. Bolh of these surlaces are simple
Interference filters: their reflectance, and therefore transmil-
tance, dapends on wavelength in a manner determined by
optical interference.
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Fig.4 Refleclance at normal Incidence for a glass
subairate coated with » quarter wave
(@ 550 nm) layer ol MgF3 (a) and ZnS (b).

Example

i It light travalling through air (n. = 1) a1 550 nm sirikes
a glass surface (n, = 1.52) at normal incidence. then
about 4% is reflected. Il we deposit a layer of magne-

sium fluoride. (n, = 1.38) and the layer ophical thickness |

'\ is 1/4 wave al 550 nm, the reflectance drops 10 1.3%.
| It on the other hand. a quarter wave layer of ZnS.
ny= 2.32)|5:$eposued.!I’vare"edarmd\angesmm.:i%

We describe oplical coatings In more detall and list refiective
snd anti-rellective coalings on pages 10-2 10 10-9.

FILTER CAVITIES AND TYPES

FABRY-PEROT ETALON AND FILTER

Interference filters use the basic principles described on
the previous page, combining Fresnel reflections and interfar-
ence in thin layers for strongly wavelangth dependent frans-
mittance. It is helpful to understand the filter construction in
terms of Fabry-Perot etalons or cavities. Fig. 5 shows the
basic Fabry-Perol cavity. A thin, accurately parallel. transpar-
ent dielectric slice has rellective layers applied to each sur-
tace. The dielectric could be air, glass, or one of the thin film
dielectrics used lor optical coalings.

Internally, there are multiple reflections from the partially
raflecting mirror surfaces. When broadband light is incident on
\he Fabry Perot cavity, constructive and destructive mnter-
ference leads to transm.tiance of bands ol light with center
wavelengths where the cavily oplical thickness 15 1/2 an
optlical wave thick.

n=kN2.......... 5
Where:
nl = Optical thickness of the cavity
A = Wavelength
k = Any inleger

REFLECTING LAYERS
(METAL COATINGS OR
DIELECTRIC 1/4 A STACKS)

Ry

BEA
INTERFERE

:_ﬂtﬂ.ECYED

BEAMS
INTERFERE

COATING MADE OF A LAYER

OF DIELECTRIC K »/3
OPTICALLY THICK,

Fig.5 Single Fabry Perot Cavity.

Multi-layer thin film coatings are used to give better contro!
over the bandshape. The location of the pass bands A., ). and
1. elc.. depend on the cavity optical thickness.

i the fiter is to pass A,, and the cavily is made only one
hall wave thick, (i.e nt = A,/ 2 ) only wavelengths shorter than
A, can satisly (5). Wavebands centered around A, /2 and
. / 3 also pass through. If the cavity thickness is greater than
a single hall wave, say 3 A,, then longer wavelengths such as
3\, and 6X, pass through

Since most filters are for isolation of a single pass band,
the unwanted pass bands must ba blocked Absorbance by
tha materials of the cavily and pariial rellectors often blocks
short wavelengths. Absorbing filter glasses may also be used
for effective blocking.
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Fig.6 Transmittance of ideal Fabry Perot Cavity.

WHY DO WE KEEP SAYING "THIN"?
We repealedly use the word “thin® lo describe the
i layers of dielectric. This is because the operafion of |
mos! of these devices is based on interference. When |
. the light is reflected from the back surface to interfere |
" with light incident on the front surtace. there must be a !
| phase relatonship between the reflected light and the !
! incoming light. or there will be no interference. Light from
| any source has a characterisbc coherence length. If ‘
we “look at two points along a ight ray ™ from the source, |
. saeparated by less than this length, then thereis aphase
. relationship between them. If the points are separated |
by mare than this tengih there is no phase relationship
This means that the layers we describe must have an
optical thickness (nt) less than the source coherence |
length. Wute light has a coherence length ofabout 1um, |
s0 the tims must be thinner than this. Light from mono- |
chromanc sources (often lasers) has much longer |
coherence lengths and in principle you could construct |
| Tthick thin films”. Inpractice. with these sources interfer- |
ence effects from use of normal ophcs such as lenses |
or windows leads to significant. unwanted variarons in
reflectance. i

TYPES OF FILTERS
Multl-cavity Filters

In a Fabry-Perot of given spacing. the bandwidth de-
creases with increasing reflectance of the reflecting stacks.
The reflectance in tum depends on the number of layers in tha
stack. Tha result is that the bandwidth is approximately a
logarithmic funchon of the number of layers in the reflector
stacks.

Using saveral Fabry-Perol cavities (1.0. reflector-spacer-re-
flector) in a single fiter adds versatility in bandshaping and
allows a batter combination of transmiftance at the wavelength
of interest with improved rejection of other wavelengths

This typa of fitter is known as a muti-cawty filter. (Fig. 7 on
the following page shows the construction ol a muth-cavity
filter.) Atyprcal 3 cavity 10 nm bandwidth filter in the mid-visible
has approximately 50 indvidual thin film layers. Multi-cavity
filtars have characteristic square tops with steeper sides than
the simple Fabry-Perol.

Mulii-cavily liters still require additional blocking to sup-
press unwanted hammonics.

m—k Y LN e
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FILTER TYPES AND CHARACTERISTICS

Induced Transm!ssion Filters
induced transmission fiters use dielectric layers on each
side of the metal tayers. The metal layer transmitiance at the
itter length is d ically '
layers. These fiters. which have excellen! blocking of long
lengths. are particut rly uselu! in the .
These fiters are sometimes bonded to shamp cul-on cok-

Table 1: Transmitiance of a Finished Interference

Filter Designed for 550 nm
e Wave- ;hiﬁ - ‘n}duu”a’ ’ Eé"{_'-" )
L w’! lectric rans. 833
b (nem) Fitter  Fitter  Fiiter Filter [
0 7 005 0.20 0.001 ©0.00001
550 090 070 02 o0sa |
700 0.01 001 092 0.000092 '

d ';!ecs.

ored giass (1o absorb the shorter ). and
used as pletely hing

o e —

7 LAYER DELECTRC
a4 1l

J 4_THICK
1ST CAVITY

+ 2ND CAVITY{

3AD CAVITY

JLAYER DELECTRIC

A44 THICK
272 THICK SPACER
n uvts.c'ccm REFLECTOR

A7z 1K
ME’

vER DELECTAC
3 LaveR DELEC I-———-—am.ecton

 rg.? Cansiruction of Mtscavhy Fiter (20) end

The Finished Fllter
Afinished tifter should have: |
* an accurate central wavelength
* good poak iransmission
* good band shape
* good fejection on both sides of the pass band

For these, il is necessary to add additional filter devices to

an all dieleciric filter. The les! is 8 d glass lilter.
ani d titer is a!so appropriate.

The result is @ combination of an all dielectric filter and
dielectn tal fiter, and al ic and colored glass filter.
na hed filter. the i s the product o! the
of each t idher 1. Table 1

indicates the transmission al the contral wavelength and at
two wavelengths outside the pass band.

The actual ransmission can be up 1o 10% higher than the
values indicated ing of the constituen! filters
with an index matching cement eliminates the reflection losses
from some suriaces.

tn a finished fiter, isting of an all d¥ ic filter. an
induced transmussion filter and a colored glass filter. it is the
all dielectric filter which controls the band shape and centra!
wavelength.

FILTER CHARACTERISTICS
Band Shape

As the number of cavities in the all dielectric fitter increases.
the shape of the band nnpvoves i.@. the transtion from maxi-

mum 1o rej P
Fig.sshowslheshapeoimt!passbandasahmclionol
the number of cavilies.

BAND PASS BAND
m’u‘%n\cwa w"ﬁgr;cton
3 Cavines) (2 CAVITES)

T s . 7 0 7 ¢ 06 8w

BANDWIDTH IN MULTIPLES OF NOMINAL BANDWIDTH

Fig.8 mmmmmuuut.zm:m
fitters.

#

Environmental Factors

Temperature

Al Oriel Band Pass Interference Fitters are designed to
operats from - 50 °C to + B0 “C; they may be operated intermit-
tently to 100 °C. The rate of temperature change should nol
exceed 10 "C/minute Al120°C or above, permanent changes
and possible destruction can occur.

Apart from i { ges at high temperatures, the
most noticeable lemperature etiect is the variation of central

Hength. Ati

d

g perature the central wavelength

This length change is aymost near between

.60°C and + 60 °C with values between 0.01 and 0.03 nv"C:

above 120 "C the change in central wavelength may be iTevers-

ble There ae also very sight changes in bandwidth

(about 0.001 nnv"C) and peak transmatance (about 0.01%TC)
with nareasing temperature.

Humidity

All Onel ultraviolet, visible and near intrared Band Pass
Interference Filters are edge sealed as a batrier to environ-
menta! moisture. We lest our fiiters to MIL-STD-B10C method
507, procedwre 1. This test ists of placing the lilter in an

) test and cycing the termp and

hurmidity over a 24 hour period. Each 24 hout time period is
hennedacyde.swmenwnbemlcydesteswdwissoedﬁed
for each titter type. After the completion of the test, the fiter is
inspected for spectral performance and physical damage.

Other Oriel mutti-layer fiter products such as long and short
pass filters compty with the stightly less stringent MIL-C-675A
(para. 4, 6 and 9) Temperature and Humidity Spectiication.
This lest consists of placing the test sample i an envi

Filter Orientation

Most band pass i fiers are using
some lype of auxitiary absorptive blocking filters. Each side o!
the fifter has a distinctively ditferent app One side witl

be highty mirrored while the other side will be colored (opaque
or anywhere from deep violet to deep red).

Always orient the band pass filter so the highly mimored
side is facing the source of radiation. Mos! o! the rejected
radiation is reflected and does no! heat the internal compo-
nents of the filter.

Angle of Incidence

Filter specifications are usually given for cofimated radia-
tion incident norma) to the filtur surface. in many applications.

i d. norma incid i isnotp 1 of even
possible. You can, however, estimate the resuhs o using
oft-normal incident rad:ation.

Band pass i titers are d of a senes o!
tayers of precisely ted ek and
metals. Changing the angle of mcidence increases the appar-

ent thickness ol these layers. Hi the phase
b the interfering waves as angle
The eflects of off-normal radiation ate three foid: there 1s a
decsease in the central gth. the de-

for off-norma!l angtes
tess than 25°. the effect on transmittance and bandwidih are
minimal. The shi in cenral wavelength with angle of incr-
dence can be used to precisely “tune” a namow band lifter
The decrease in cenira! wavelength is a tunction o! the
refractive imndioes o! the deposited films and the angle o!

tal chamber for 24 hours al 95% retative humidity and 2150 °C.
Then the flter is inspected for spectral pertormance and

physical damage.

Some infrared imerterence fitters have extremely hard and
durabl ings. These coatings are unattected by ambient
humidity and are left exposed to the atmosplx These
coatings also meel the requirements of MIL-STD-810C
method 507, procedure 1.

iva refractive index, n*, of the hlter. is
used 10 simplity the relationa! | 1a. For cott
incident al angle ©, where © < 25°.:

AM=Ao[t -ty sin 6] 7.

61

= Central wavelength at angle o incidence €
= Centra ‘ength at normat inci 8=0)
e F ive index of the medt d
the filter
= Eflective refractive index for the tilter

3 Pr??

L\ (AS A % OF \CENTRAL)

o "0 0

0
ANGLE OF INCIDENCE (DEGREES)

Fig.9 Approximste wavelength shill with angle of
incidencs (or (he n* values of our interierence
tilters.

#




FILTER CHARACTERISTICS

For typical visibte and near inrared band pass
fitters (400- 1100 nm) the experimental values of n* have been
tound to be 2.0 for high index spacer layers, and 1.45 for low
index spacer layers.

wmnmeangleoihdoonceislamaso‘.mww
pass band characteristics of the fitter can be so degraded as

Divergent or ( gont incident Radlation

A ging Of CO ging beam on a filter means
aspveadolinddomangbs.ﬂ:erosunisabroadenmmm
appawrﬂbandoassandashiﬂlome:weve!m!hs‘sm
uwlmmmmmaismmmm.mebeamwﬁd\passes
the fiter will have a stight angut tength d

to yield two distinct peaks and transmittance becomes depen- The change ince! gth can be oblained by using
dent on polanzation. the HALF cone angle in equation (6). .
Table 3 lists multiplying tactors for off-normal colimated . 2o
incident radistion. To find the new central wavelength a1 an A=A 1 = (no/ 0V sin? O] (6)
oft-normal angle. simply muttiply the wavelength at norma! Where:
mmwmwmxelmwmtm. N = Central wavelength al angle of 8
. ¥ A = Central gth at normal ©=0)
Table 3: g:‘wgla Ezc,:‘ors tor Ot-normal ~ = :::,',-,,e' T rdon b the medium sunrounding
Hter
Angle High Index Spacer Low index 's';.;;' 3 n* = Eflective refractive index for the titer
(dogrees) Layer(n=2)  Layer(o”=145) For solid cone angles to 20°, the change will ba abou? hat
oz 10 19 of that cakculated. Band pass tnterlerence fitlers with
10 10 05999 bandwidths of less than 3.0 nm have negligible center wave-
20 09993 09997 ges with gent of di 1 beams with up
30 09997 0.9994 to 5° fufl cone angle (F/11).
0 09994 09998
S0 0.9991 09982 FILTERS AND MONOCHROMATORS
75 09979 09959
100 09962 0.9928 A Monochromator or an Interterence Filter?
150 09916 09839 For maximum throughput efficiency with a monochromatot,
200 09853 09718 the F/8 of the tnput optics must match that of the monochro-
20 09774 09566 mator. This puts a fundamental imit on the demagnification 6}
300 09683 _ 08387 a source to try 10 get @s much hght as possible through the s
e e An titer, on the other hand, has a large accep-
| ]*  tance aperture and can have trangmission in the range of
' ‘ 50 - 60%. With ded (latge) an fitter
- l S l canhavaun!osmmsgvomemwo\wmanamnocmo-
F] T ¥ mator.
z AT~20° _d AT O*
w INCIDENCE (V \}m See our Volume W for an In-depth dlacussion.
§ 0 A Monochromator Used With an interterence Filter
§ fillers are ive tn reducing the stray light
2 accompanying the output trom a fixed wavelength grating
* 0 \ monochromator. Il a high inlensity continuous source is used,
£ \ | the fitter should be ptaced between the exit siit and the detector
/' 1 ‘ | ! to reduce the thermal load on the filter.

8o 510 820 830 840 800 000
WAVELENGTH ()

Fig. 10 §30 nm center wavelength filter a1 norma!
Incidence and 8! ~20 .

e

e e e - —$ -

INTERFERENCE FILTERS : BLOCKING

CENTRAL WAVELENGTH

BANDWIDTH AT 0.1
PEAK TRANSMITTANCE

BLOCKED TO
: WAVELENGTH
BANDWIDTH AT 0.6 |
AK TRANSMITTANCE MAXIMUM
e SMATTA | TRANSMTTANCE
| OUTSIDE
BAND
| PASS
|
1

l WAVELENGTH

Fig. 11 Typics) tmterterence Filter.
INTERFERENCE FILTER TRANSMISSION/

REJECTION
Withan filter ftis very to thenk of the rato
of peak o king as a sy signa! to noise

ratio. This assumption can lead to very sernious errors. In ordet
toobtainamsyslemsigm!lonoxssvalmmespeclra! power
distribution of the source and response of the detector musi
be considered as well as the peak transmission. bandwidth,
band shape and blocking o the inlerference fiter.

Wmm.mmmdmmmma
wansmission of 40% and blocking of 0.01% from X-ray 1o the far
hhusdmawwﬁdwmau@mtﬁnmmﬂasim
ntmodeteﬂm%awp‘eﬂtmgstenmcehﬁuamﬁymm
tooouwmagmcmbawmiootmesmmaldwm.muonv
aﬂy.thesiieonphobde’lecio'wnhwas-smsasmm
response i the 800 - 1000 nnm region as al 400 nm. # the com-
mamawmmwwm Y
mmhhw&ma@mmwm.m
result would probably be misleading.

To obtain a good indication of the rea) signa) to noise ratio
Insuohasyslem.makeasigna!measummen:wﬂhmewo"m | g
interference fites, ight source and detector in place. Then i
piace a sharp cul-on colored glass fitter (such as Oriel Mode! i
51484) in senies with the interlerence filter and take a mea-
mmu.mmbfecq!asﬁnmwﬂlahsommsv\aiat 1
400 nm leaving mos! of the "noise” componen!. :

A simple way 10 improve a Syster signal fo noise ratio i \

1o use two titers in series. The second titer coutd be a colored
glass to ehminate most of the visible and near infrared. or the
same type 0! interference filter.

A near worst case measurament with 53810 Fitters (10nm
bandpass at 420 nm), a tungsten halogen source (3200K) and
a sitcon detecior gave the results below. A 470 nm long pass
filter was used to biock all the light coming through the fitter
bandpass to record the leakage signal.

Fig. 12

Typical Long Pass (top) -nd Short PnsA(bolI-om)
titters.

' T ﬁoTaﬂnSlwh

1

! Sing'e Filter Two Flilters
: 250 - 1100 nm 100 as

: l.eahao‘om 3x10°% <1x10*

? Most f this signat s in the 400 - 440 nm transmitting ragion
of the ilter.

—_’




ULTRAVIOLET INTERFERENCE FILTERS

I VIS-NIR INTERFERENCE FILTERS

L

SPECIFICATIONS . RS ol v SPECIFICATIONS
Sire tolerance +0mm - 0B8mm ¥ - Size lolerance: +0mm;-08mm
Theckness 9.5 mm, max g Thickness 64 mm, max
Surface quality 80 - 50 Surlace quality: 80 - 50
Usetul aperture All but a 1. 6 mm outer nm ' Uselul aperture All but a 1.6 mm outer im
Center wavelength lolerance Center wavelength tolerance t2.0nm

200 - 240 nm+ 3.5 nm +35nm ' Bandwidth 10 nm

250 - 390 nm 120nm Bandwidih tolerance +25nm
Bandwidth ' Band shapa.  of cavities': 3

200 - 240 nm 25nm Wavclerﬂlh shit tactor (n")™": See lable

250 - 390 nm 10 nm ' —_— Blocking''": 001%
Bandwidth lolerance Blocking range X-ray lo lar IR

200 - 240 nm +40nm ] . : Max temperature’ 80°C
5:,,5: h390 n;n - +20nm : PR A A E = Emaronmental Per MIL-STD-B10C

] of i L ac = 2 = P &

2005 ;:;-nm caviies 5 2671 Filter with m?‘ a}_ - (srr:;m 507, procedure 1)

350 - 390 nm 3 ' -
WavnlenFth shift tactor (n)!! See lable ! See 2-30 for Information on band shape.
Blocking'"' 001% | B 10 nm bandwidths 1 See 2-31 for fon on Astin length shift.
Blocking range X-ray o lar IR m  High transmittance at center wavelength ! Sae page 2:33 for detalls on blocking.
Max temparalure BO C ’

B Center wavelengths from 400 to 1550 nm
\ FILTER SETS

These interference fiters pass a very narrow spectral band

Per MIL-STD 810C
(method 507. procedure 1)
5 cycles

® Standard wavelength filters avalilable Environmental

individually or In sels e

2 Inch (50.8 mm)

m Transmittance curves supplied with each filter 4 of visible or near infrared radiation and reject out ol band Diameter
m 1and 2 inch dlameter sizes offered ': See page 2-30 lor Information on band shape. wavelengths from the low UV 1o the far IR Model Price Model Price
Sea page 2.31 for discussion on calculating the | The bandwidth is 10 nm, and transmiltance is 50% mini- Set Description No. (5) Mo (5)

wavelength shift.

These titets are usad o isolale a narraw ultraviole! speciral ™ See page 233 lor Information on blocking. '

region while blocking out of band wavelengihs from the low
UV 1o the far IR: blocking is better than 0.01%. Tha filters listed |

mum for most filers.
Saveral fitters in a filter wheel allow wavelength selection with,
in many cases. higher throughput than available rom a mono-

7 fiters, every 50 nm 53760 $495.00 59250 S 798.00
from 400 nm to 700 nm
16 fiers. every 20 nm 53700 $0996.00 54181 $1750.00

hera are available wilh center wavelengths from 200 nm o QRDE"‘NG‘t‘ﬁOR!‘!AT‘ON e ) chromalor. Filtars in series higher g . 'llgr:n:?: :Ts:_: ;gu"r:n . exexo0; ssaiih SN
390 nm. e {inch (254 mm) ~ 2inch (50.8 mm) ! i ; el 3730
" Dismeter Diameter peges 2-48 to 2-49 for filer holders and 2-50 for fitter whesls. 4 o ——

| Wave- Penk Effec.

For Laser Line UV Fillers see page 2-37; for Anatytical Line .length Trans. Index | Price Model Price

Filters see page 2-38; for VIS - NIR interference Filters see

page 2:35 oy (%)t Ne. (% No.  (5) | ORDERING INFORMATION
) 200 10 172 53310 $23500 58550 $355.00 . - e e -
Single and multiple filter holders are listed on pages 244810 220 15 172 51320 $235.00 58560 $355.00 : | Conter  Min. 'Inehlii-l"M) “"‘i.':.‘,?.';f.,"'“‘ Center Min, |hvdl(!5.:.'m) zmg:.cﬂs‘u..;'ml
2-49. 240 15 172 53330 $23500 59570 $355.00 [ | Wave- Pesk Effec. Dismet | Wave- Pesk Effec. Disma!
| 250 10 190 53340 $23500 59560 $355.00 | [length Trans. Index Model Price  Model  Price lengih Trans. Index Model Price Model  Price
e e e e e = . 260 15 190 53350 $23500 59590 $355.00 (nm) (%) (n°) No. (3) No. (£ I (nm) (%) (n*) MNo. ($) No. [£1]
‘ | 30 1% too 58 $22500 59505 $355.00 | 400 35 145 53600 $7200 59260 $118.00 680 50 20 53970 ' 7200 358450 $118.00
‘ : 280 1 130 53360 $235.00 50600 $355.00 410 35 145 53805 $7200 59285 $118.00) 90 50 20 53975 § 7200 58455 $118.00
o 9 1o 190 53365 $21500 58605 $355.00 | 420 35 145 53810 57200 59290 $118.00 700 50 20 53980 § 7200 58460 $118.00
Fa o 15 190 53370 $23500 59610 $35500 430 40 145 53815 $7200 59295 $118.00 725 S0 20 53085 § 7200 58465 $118.00
‘ 03— ' Mo 15 190 53175 $23500 59615 $155.00 ' 440 40 145 53820 $7200 54301 $118.00, 750 S0 20 53990 § 7200 54471 $118.00
‘ | 3 20 150 5380 $23500 59620 $355.00 450 45 20 53830 $7200 54311 $118.00 775 S0 20 53995 § 7200 59475 $195.00
8 30 20 157 53385 $20500 59623 $355.00 ! 460 45 20 53840 §7200 34321 5118.00 780 50 20 53996 $ 7200 50476 $195.00
=z 340 20 157 53390 $23500 58630 $155.00 470 43 20 53845 $7200 59325 $118.00, 800 50 20 54000 § 90.00 58480 $195.0C
£ 30 20 157 53400 $235.00 59640 $355.00 : 480 45 20 53850 $7200 54331 3118.00 820 50 20 54001 $ $0.00 59481 $195.00
5 M9 20 157 53410 $23500 38850 $355.00 " 4% 50 20 53855 $7200 59315 311800 825 S0 20 54005 § 90.00 59485 $19500
2 70 20 157 53415 $23500 59655 $355.00 ! 500 50 20 53860 $7200 54341 $118.00 B0 50 20 54006 § 90.00 59486 $195.00
3 380 20 157 53420 $235.00 58660 $355.00 | 510 50 20 53865 $7200 59345 $11800 850 S50 20 54010 $ 90.00 58490 $195.00
L2k 30 20 200 53425 $23500 59665 $355.00 520 50 20 53870 $7200 54351 $118.00 875 50 20 54015 $ 90.00 59495 $195.00
: : H 530 50 20 53875 $7200 59355 $118.00 900 50 20 54020 $ DO.00 54501 $195.00
! 540 50 20 53880 $7200 54361 $110.00 925 50 20 54025 S 90.00 59505 $195.00
o Filter Sets | 550 50 20 53890 $7200 54371 $118.00 950 50 20 54030 $ 90.00 58510 $195.00 )
180 Each filter set includes a hard shell protective case. | 560 50 20 53900 $7200 54381 $118.00 975 50 20 54035 3 90.00 59515 $195.00
WAVELENGTH (nm) " ! 570 50 20 53905 $72.00 59385 $118.00 1000 50 20 54040 $ 9000 58520 $195.00
1inch (254 mm) 2 Inch (50.8 mm) | 580 50 20 53910 $7200 59390 $118.00: 1025 50 20 54045 $ 90.00 59525 $195.00
Dinmeter Bizmeter ' 500 50 20 53915 $7200 59395 $118.00 105 50 20 54050 § 90.00 58530 $195.00
Fig.1 Transmitiance curve of 53320/58560 UV Filters. Model Price Model Price 500 50 20 53920 $7200 54401 $118.00: 1075 50 20 54055 % 90.00 59535 $19500
9 ,  SetDescription Ne.  (5)  No. () 610 50 20 51925 $7200 59405 $116.00 1100 50 20 54060 § 90.00 58540 $195.00
+ 4 titers. svery 50 nm 53280 $ 940,00 58500 $1420.00 1 620 50 20 53930 $7200 59410 $118.00 1125 50 20 54065 $ 90.00 58545 $195.00
| triom 200 nm through | 630 50 20 53935 $7200 59415 511800 4150 50 20 54070 S 90.00 54551 $195.00
1 350 nm | 80 50 20 53940 $7200 59420 $118.00 1175 50 20 54075 $145.00 59555 $195.00
| 650 50 20 53950 $7200 50430 $118.00 1200 50 20 54080 $145.00 54561 $19500
e 53250 $2350.00 SBATO $3550.00 | 660 50 20 5390 $7200 59440 $118.00 1300 50 20 54081 $14500 54562 $195.00 .
- | 380 nm | 670 50 20 53965 $7200 59445 $118.00 1550 50 20 54085 $14500 54565 $195.00

| Al 18 iters histed above 53255 $4230.00 59477 $6390.00




IR LONG AND SHOR;T-PASS FILTERS

B Sharp cut-on or cul-off
®m Wide bandpass

VIS - NIR LONG AND SHORT PASS FILTERS - B Excellent transmittance /—\
~ These lmeg are excellent for isolating a wide spectral band |
— :':;:; :v:')r:e"::hmv hmd':;:vbwﬂ"’“ 50 thay can with- ’

Like the filters on the previous page. they are characterized “
by a sharp ition between transr and blocking. See

Figs. 1 and 2 for typical curve shapes and tarminology.
You can combine a shor and long pass iter 1o make a custom
band pass fher with a “top hat” Iransmitance profie. The trans-

mettance of the combinaton at any wavelength will be the product o -

of tha transmittances of the indnidual hters at that wavelength.

SPECIFICATIONS

'\i 85% AVERAGE
TRANSMITTANCE

\ procedura 1) 7 cycles
OVER RANGE L

1 See page 2-33 for Information on blocking.

Size 1 inch (25 4 mm) diametar Various Long Pees end Short Pass Fitters.
Size tolerance: «0mm, . 05mm
: Thwcknass 3 mm, max -
) Suriace quakty: 8050 =
Useful aperture: All but a 1.6 mm outer rim
Lumnmnmmmwmw- Tranamitiance:
Long Pass Filters: > 75% avg
Short l:ass Feers > 60% avg
B Visibie to near infrared models - g = Blockmg o1
B Allow separation of spectral bands ' S Sedlmie
® Excellent monochromator order sorting filters Temperature: 80 'C_max. continuous
B Hightransmittance | Emnronmental MIL.STD-B10C (method 507,

"
Sinpe Is defined 8
radiaton. Short pass fiters transmi a wide spectral band of

|
short wavelangth radiation and block long wave radanhon. | TRANSWTTANCE || % Slope = Koot =k 100 ; -
Both types are dia‘;acterizod b\;an m:m’:;y‘ :r:: mtr:jr:“ | CUT-OFF \ . e —
sition from tha region of maximum ansmitta . 5 .
rection Sea Figs. 1 and 2 for typical curves and dafinition of ‘ [ %oin Dion o cUbsl meriop i e
paramelers. | eosf - - DLOCKNG AANOE A | Fig. 1 Typicsl Long Pass Fitter.
Vwmmmmwmhww l mm ' ORDERING INFORMATION [*"" ——— — -
....q.mwm.mmrﬂmm fiters : s —————— e —————
:'-wmrwﬂh“md“mmd L_—-———f——'__“—*“_"___'f—" :m_m 'rmu i
mwnn«-ﬁmnﬂ"ﬂ"‘- Fig- 2 Typicsl Short Pass Filter. -vr.n-' Toler- mittance ! !
length' ence To Blocking Model Price
REFLECTION AND ABSORPTION SPECIFICATIONS wmi (1 nm)  m) Range Ne. s
Tmmemnmumhmﬁwolﬂ;sdofb“‘!l‘dﬁfﬂ::‘;“: Size tolerance ;3";“;"""" Long Pass Filters
nce thin fims. Part of the rejected spectt 5 Thickness: - 50mm 2
mlwﬂrdsl‘huswrcemdpaﬂ'uanmuamd. Wae tabulate Suriace quality’ 80-50 ;: 13 :: ::“;::“: ::11: : m:
the spectial region blocked by reflnction. Fifters can handle  Usetul aperture: Al byt 0 1.6 mm outer fim s 150 10 Xray 320um 57935 § 8500
higher power densitias (up 10 100 W em?) il the blocked Wavelangth shift factor (n°)': . " 525 150 75  Xray- 49um 57940 § 835.00
radiaton s reflected rather than absorbed, Long Pass Filters: b B0 150 140 Xray- 77pm 57935 § 932.00
smﬂmr:r_sg Finers. L 100 300 200 Xray-98um 57965 $1430.00 !
TUNING A FILTER s P Aa
Siope < Cut-oft Trane-
The transmittance of thesa filkers moves 1o shorter wave- Max_tempersture: 80 °C Wave- Toler- mitience
lengths whan they are fitted 80 you can purposaly shift the Environmental Poe MIL-STD-B1C length! snce  From Blocking  Model  Price !
cut-on, The change in wavelength can be predicted by using (method 507. procedure 1) Ctem) (enm) (um) Range No. 8)
Mn‘lmmlmmbshiﬂawmmmw?-ﬁl For 5 cycles G P Flers
exampla. tiling the 57889 Long Pass Filler 15 dearens. e 1 See poge 2:31 for calculation of sngle shifl 20 30 115 215um-FarlR 57860 $ 357.00
recommended maximum, MoVes the cuf-cm from 650 nm lo 11 See page 2-33 for Information on blocking. 3o 100 17 325um - FarlR 57990 $ 357.00
iyl 1 Siope Ia defined se: a1 150 21  380pym-FarlR 57995 § 357.00
) (B0% of Peak) - ke 60 200 30 640pm FarlR 58020 § 357.00
See 2.48 10 2-49 for fiiter holders. - & x 100 .
peges Slape he 1 Cut on end eut off wavelengthe sre defined as 5%
i.. . Cuton or cut-of o1 5% of transmiitence. See Figs. 1 and 2 &
tranamittance

2-43



DICHROIC FILTERS

45° Heat Transmitting Filters (Cold Mirrors) e i
Cold mirrors are typically used al 45 to a beam of radiation 10,

r
H
! oo
l %0 — = > from a source. In this configuration. the infrared is transmitted
‘ " : undeviated, whila the visible is reflected at 90 . For many
| ? - . ) sources this is better than rellecting the infrared back towards 2" |
: g “ the source.
= | o - L ! A1 normal (0°) incidence the reflectance/transmittance ?, © |
= t [-__ curve is shitted lowards longar wavelengths. We offer circular
- 0 —»—-] —1 =1 S and rectangular cold mirrors. The rectangular sizes are large 0 r
20— | -—! enough for 1.5 inch (38 mm) 2 inch (51 mm) and 3 inch
| 2 —— F = {70 mm) diameter baams incident at 45°. 2 \
10 st —
| . f L ' SPECIFICATIONS N J ]- |
"o 500 800 700 A0 00 1000 1100 1200 Size lolerance: +0mm.-0.5mm o 00 b —L
. = =
5 T 1 WAVELENGTH (rmd) Thickness i ok wa :"mh:" %0 1000
Diohrotod : e | Substrate material Polshed thermal e
- — e e e e -
& Fig.1 Typica} emritience oL 280" ¥ Long Peas Surtace qualy: e Gl s sessesab s
ULTRAVIOLET REFLECTING LONG PASS FILTERS e tted through the fiter while the Usalitaneruie: Allbut a 2 6 mm auter im -4 Typlcs! tranmitiance of Hes! Transmitiing Fiters.
m  Used a1 45° or 0 angle of incidence Uliraviolet Is efficiently reflected. gl :,:? M?LC-B?SA
B Three speciral ranges avallable . — — — Abrasion Per MIL-M13508C
These UV mirrors are used primariy for UV wradiation. i EE I L | ORDERI
Applications include photolithography. UV cunng. material 7 =] i . DERING INFORMATION
aging studies and photobiology They have an average of = | ! Size Aversge A o T "
> 90% reflectance over the specilied wavelength range. See "; ool : i i . Refiectance Range Transmitiance Range Modsi Price
Figs. 1 and 2 for curves R e i frmn) (%) (nm) (%) {nm) No. s
| e | | Utiraviolet Long Pass Filters
SPECIFICATIONS ‘ E i ‘ 20(508) 90 325 475 85 600 - 1200
Size lolerance + 0 mm; - 0.5mm , ™ I — | 164 x2.4(417x61.0) 95 260 120 s 251200 x?; ::’::g
Thickness: 6.4 mm, max Lo l I 93 350 450 85 550 - 1200 66218 $125.00
lsl.aleﬂal g)uhcalmahw crown glass | o S WO 70 800 W00 1000 1100 1700 | | 22x30(559x762) 32 ggg‘ 33 g: 350 - 1200 66227 $195.00
urlace quakity: 0 - 50 ! WAELENGTH () ! : 550 - 1200 66228
Usetul aperture ATl but a 2.6 mm outer nm | ! | 32x45(813x1143) 95 260 320 85 350 1200 oy :;;:::
Temperature 80 ' C. max continuous oo e — e ] 95 350 - 450 85 550 - 1200 66238 $268.00
Environmantal Per MIL-C-675A Fig.2 Reflectance of our 260 - 320 nm (a) UV | Heat Refiecting Filter (Hot Mirror) .
Abrasion Per MIL-M-13508C Reflecting Filters, and 350 - 450 nm (b) UV 2.0 (50.8) 90 J
Reflecting Filters used a1 45 . At normal | stast Traersmitting Fiters (Cold Mirrors) 7401200 85 450- 675 57401 $219.00
HEAT CONTRO! FILTERS (HOT AND COLD }';'{’;;,‘f,}};‘,;“;_‘},;"fmmm;:;:“"ﬂ'“ ! 20(508) - i 5. 16 o5 750, 1200 -
MIRRORS) 350 - 450 nm filter. 164x24 (41.7x61.0) %0 420. 630 85 7501200 “h: :!;:.:
B Thermal borosilicate glass substrates R g:‘:fg (;:';5;' 76.2) 90 420- 630 85 750 - 1200 5229 13500
withstand high temperature ‘ : (B13x1143) %0 420- 6% 85 750 1200 66239 $198.00
m Non-absorbing coating minimizes heat | 5 H The rectangutar models are used at the output of our light source condensers ;
build-up ' o j i more Information, and holders. o 1o fifter the UV or VIS. See Volume I, psge 150 for
m Maybeusedin high Intensity applications Kl ; [ i
|
The following heat contro! mirrors act as long and short b e (
pass fiters. They transmil one spactral regron and reflact 80
anothar 0 ==
0° Heat Reflecting Filter (Hot Mirror) ‘
Hol mirrors transmil the visible while reflecting much of the | 10
infrared. They are typically used al normal (0") incidence 10 0 .
ihe source of radation. In this position. the visible radiation is wo %0 800 700 800 900 foc0 1100
allowed 1o pass undeviated while the infrared (heat) s ré- ! WAVELENGTH (nm)
flected back lowards the light source. e e
Whan used at 457, the ransmittancefrefiectance curve is Fig.3 Typical transmittance o1 57401 Heat Reflecting
shified lowards the shorter wavelengths. For higher rejection Filter.

of infrared. use an infrared absorbing filler (page 2.5) aherthe
hot mirror. The wisible transmittance 15 the producl of the
visible transmittance of both lillers
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POLARIZING OPTICS TECHNICAL DISCUSSION

Light travels as transverse electro-magnenc waves. The
electnc and magnetic fields are perpendicular o the directi
of propagation and each other (Fig. 1). Defining the direction
of a ray and its electric lield specifies the three vector direc-
tions: propagation, elactric figld and magnetic lield. Mos!
incoherent hight sources consist of a large number o! atomic
or molecular emitters. The rays emitted from such sources
have electric fields with no preferred onentation: these rays
are unpolanzed.

RAY
H OIRECTION

S and P Polarizations

‘lhowms s~ and "p” polarization are convenient when
Enearly ized hight is inci on an optic. If the direction
of polanzation is parallel to the plane of incidence the ray is
said to be "p* polarized. If the direction of polarization is
perpendacu\anomsplanooﬂmnce therayis"s” poianzed
(The plane of incidence is the plane containing the ray, and
the normal to the surtace.)

Using voctor msohmon simplities anslysis

The p ion of a plane polarized light beam
may not bo paralel 1o the *X" or Y™ axes of an optica! system.
Analysis of what happens to a light beam, polanzed or un-
polarized, in going through an optica! systemis samplmod ithe
beam is broken into two ponents, one p along
each axis. The system modifies the ampimde and phase of
each component beam and the emergen! "beams” are then
recombined to give the intensity and polarization state o! the
outpul beam.

Any ray that is Enearly polarized can be resoived inlo fts
components polarized along any arbitrary orthogonal axes by
normal vector sum rules. i

In Fig. 3, ray Z2-Z is linearly p d with the
direction making the angle @ with the X axis. The length of ray
2-Z represents the amplitude of the eled'ic he!d Hay Z-Zcan
be resolved into two rays: the b

Fig. 1 Electro-magnetic wave.

LINEARLY POLARIZED LIGHT

The direction of the electric tield vector is used 10 describe
the potatization. f a kght besm 1s made up of rays where the
elactric lield vectors are oriented in the same direction, the
beam is said 10 be linearly polarized. I the E field vector
{E vector) is vertical, the fight is vertically polarized. Fig. 2
shows some symbols used to desig tinear p

NATURAL
orHHHH= weoramzeo
LIGHT
HORIZONTAL

| OR LINEAR
l N POLARIZATION
! | VERTICAL
| onbHHHHH— unEar
. ] POLARIZATION
‘
: POLARIZERS
| TWO POLARIZERS !
. WiTH AXES H
: ALIGNED |
i
: POLARIZERS |
: TWO POLARIZERS |
. WITH AXES '
: CROSSED i
1

[ ————— RSP SO P |

Flg. 2 Pe!mmwnSymboh.

wﬂhansrmmudeo!Eooso and!heveﬁmlpo!anledcom
ponent with an amptitude of E sin 6.

| Y

Fig.3 Resolstiono? polaﬂn:i ray Into two

) P

CIgCULARLY AND ELLIPTICALLY POLARIZED

i oI’he electric tield (E vector) of lingarly poianzod light has a
x to the d

The € vector o a circularly polarized light beam has constant
amplitude and rotates about the direction of propagation al the
frequency of the light.

It the E vector rotates clockwise as viewed by an observer
receiving the beam, the circularly potarized light 15 said to be
right-handed.

Many materials have diﬂevom tefractive indices for light

d in orth Two equal rays passing

Wough sucha medium travel at diflerent speeds and become

oul of phase. I the phase difference as they leave the medium

is an odd muttiple of /2. the two rays combine to give circularty

polauzed hgm Ouv quarter wave relardevs on page 3-30
d light to ci d or circu-

larly potanzed to linear.

1 the E vector rotates at the lrequency of the radiation but
vanes in amplitude then the light is elliptically polarized. This
is the most genera! torm of polarized light; l:near and cwcutar
polanzations are special ions of

P L

PRODUCTION OF POLARIZED LIGHT

Light !mm naturel and incoherent antificial sources is ofton
slightly p d; i.e. the degree of is small,
usuaﬂysmaﬂenwghwbeneg!m Manylasors on the
other hand, emit polarized radiation.

Wa follow with a discussion 0! 5ome of the ways to produce
polarized light from unpolatized. Some of these are used
deliberately, others are unavoidable and can cause serious
efror in radiomelric measurements.

Polarization by Retiection

W an unpolarized beam of kight is inciden at an off-normal
angle onfo an optical surtace, the reflected and transmitted
beams become polarized to some degree. This is because the
reflactance differs for s and p polarized high!. Any unpolarized
beam is equivalent to equal 8 and p linearly potarized compo-
nenis. This eflect is important for selection of boam splitters
and in polarization sensitive radiometry.

Fig.ashowsthereflectanea!otsavvclppo!aﬂzedﬁgm
Bgainst angle of incidence tor a light incident trom air onlo a
tused silica interface (n « 1.457). P polarized light incident a
Brewster's angle (55.5%)is completely transmitted by the sur-
face. None is reflected. Only 86.5% of s potarized hght incident
a8t Brewster's angle is transmitted. The remainder (13.5%) is
reflected. This means that for an unpolarized beam mnadent at
Brewster's angle, the reflected beam is kinoarly polanzed (s)
and the transmitted beam partly polanzed.

Brewster's angle is given by:

Ww=Tan" "

Where:
n, = Retractive index of eir
n, = Retractive index of the optical material
Iy = Brewster's angle

Forair (n, ~ 1.0) and glass (n, ~ 1.5), Browster's Angle = 56.3°,

: 4
b nz1487 Ry

§ " ! BREWSTER'S

2 ANGLE A

o B2 1807 G-1) .

§ 0 *" tan? tier)

& - 87 Gn)

v . P SnTlion)
i

o 10 2 > & % e 10 e

' ANGLE OF INCIDENCE (1) (DEGREES)

Fig.4 Reft torsand p nght. -

After an unpolarized beam (50% s and 50% p) passes
through a stack of 20 tused sitica plates a! Brewster's angle.
the transmitted bearn has 99.7% p polarized hght and 0.3% s
polarized.

Instead of 20 stacked plates il is more pvacmzl fo use a
single suriace with a multi-layer diek
highly polarized light. “Thin him polarizers™ of this twe aro on
pages 3-12 10 3-14.

Theraﬂeclame o‘ﬁgmlrommmulcsunaeassalsoangb

of i D . P bght
goes th e i at an angle calied the
“principal ang!e .

4298 7 30%P

ELLPTICAL BREWSTER
ANGLE WINDOW

Fig.S At Brewater's Angle, mmmm
rays of an besm
m;ummntnwpmnmpm
LY BE




POLARIZING OPTICS: TECHNICAL DISCUSSION

Potarization by Scattering

Light scattered at 90° by charged particles is polarized
perpendicular to the plane of incidence (s polarization). Inthe
atmosphere, light from the sun is scattered by charged parti-

Polarization by Double Retrection (Birefringence)
Some ransparent materials such as crystal quanz. sap-
phire, mica and calcite. do no! have a single value for relractive
index. This is duato 1 ani py. These ials are
crystals and many of their physical propesties vary with crystal
lattice orientation. The refractve index for a ray passing

cles and molecules. The intensdy of scatter increases with
Lt (o . tength) whi

for the bmo‘appeatance o! u:’e sky. Withou! a ing

atmosphere. as in space, (here is no blue sky.

Polarization by Wire Grids

A series of fine paraliet metal wires can function as @
polarizer (Fig. 6). The P t of the inch
which has it's € vector paraliel to the wire grids is absorbed
and reflected so the transmitted component is targely potar-
1zed. The electric field along the grid dnves the conduction
ding to Joule g and re-radiation. For effi-
ciency. the space between the wires mus! be small. compared
to the jength, so these pi are more easily con-
cted for intrared rad

|
|
|
|

Fig.6 Wire Grid Polarizer.

Polarization by Dichrolsm

Some materials absorb light polarized inone L more
strongly than ight of the orthogona! polarization. Sheet polar.
izers such as those on page 3-12 exhidbit this property called
dichroisr

Thesheelpolammmmadommd\afnpdwmﬁ
alcohols. The sheets are streiched to orient and ahbgn the
molacules. The streiched sheets are treated with iodine. Elec-
trons can then move easily along the chain. This is equivalent
to a tine grid polarizer. Ligh with the £ vector in a plane
perpendicutarto the chain is ransmitted light with the € vector
paraliel to the chain is absorbed.

Dichroic sheet p for the yltraviolel. visible and
near intrared are moderately efficient and inexpensive. They
do not withstand ultraviole! or high power beams and so are
not recommended for use with intense sources. Dichvoic sheel
polan are relatively tve to angle of meidence. and
are available in large sizes.

gh these ts depends on tho di of the ray
with raspect to the crystalline structure, and on the drection
of the & vector. Material characterized by wo refractive indices
are birefringent.

Wo use calcite for our polarizers because the difference in
the two refractiva indices is large. Light traveiling paraliel to
the optic axis exhibits no double relraction. Light travelling
perpendicular 1o the oplic axis has one index of refraction
vatue {ne) for ight polarized inthe plane of the optic axis (called
the extraordinary of @-ray), and a diflerent indax of refraction
valve (no) for bight polanzed perpendicular to the optic axis
(cafled the ordinary or o-ray).

At§50 nm. calcile has a refractive index 0! 1.66forthe o-tay
which is independeni of the direction of travel. For the e-rays.
the ratractive indices are 1.66 for rays iravelling paraliel to the
optic axis, and 1.49 for rays travefing perpendicutar 1o the
ophic axis.

YoldbwlhsmopagmbnMﬂgm'aysmwg‘hMGcabﬂo
crystal, we resolve the rays into components parallel to the
opic axis (e-rays). and perpendicular to the optic axis (o-rays).
There are three possible conditions for light travalling through
the calcite crystal:

1. nmmysuwoimﬂelbmmaﬁs.mmmys
danywmﬂzmmmhesamrehwmm-‘

2. l!memysvavoiperponduﬁanommicaxis.men
mewaﬂmveeslastermmmeway.aecsuseo!m
tower index of retraction of the e-ray. it wifl be bent
uvelvmdmmanmeo-myonleavingtheaystal

3. Themyswava!alwmangbbemenwwso"
trom the optic axis. The o-ray travels undeviated and
is retracted according 10 Snell's Law. As it enters the
crystal at an angle. the e-ray deviates (rom the o-ray
due to the ion of index with directi
ﬂwdirectbnoidoviaﬁoﬂwmbeawaylmnmeomic
axis and generally out of the plane of incidence.

'.‘..:..4 o "%
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Caicits I3 bicatringent; the effect of the two retractive
indices I3 obvious In this photo.

Fig 7. shows an unpolarized beam inciden!
' on 3 cal
rhomb. The unpolarized ray is split into #'s o-ray and e:::;
D at the t face and then both rays trave)
n,rol-'ﬂh the crystal a different speeds. They exit the crystal at
qmeysni poinis and S0 are sep The di of
tionis a function of the diference inindex of refraction botw
the 0-ray and o-ray and the thickness of the crystal.
lh_soﬂenmaeom@mmsplﬂabeamwo
pohmed beams by exploiting the large difference in n, and n,
mcak':ne gh total & ! The biretringe
crystal is cut 50 as the o and e rays leave the caicite I
the o ray is totatly internally reflected. Most of the e-ray muysla
mroqgh the inl‘ef'ace7 and by use ol a compensating prism
basis of operation l:! I::n Gﬁn-:r;lﬁov po!a‘:z'g o ‘This i's i
eyl vy ing prisms listed

100°7° 70°83

Fig.7 Alight beem travelling through
rhomb s split into two orthogonally polarized

beams. The & and o components emer,
separsied, " omerge

Fig.8 wmn omaim-fwwnau-m "m,

paratie! to (ts or' 3inat direction.

EmelON RATIOS OF POLARIZERS

tight th apol the fight
which emerges is largely p d with the £ -
to the mmm} axis of the polanzer. & vacior parate

Wbena_maﬂy,' d beam is 0n a polari

and the p rolated for ' . then k..
the major transmittance is the ratio of transmitted

fo incxdent intensities. k.. the minor principa! smitts
i the raio whon the polarizer 1 ro1ai0d for mirmurs e,
tan;:.' The extinction rauojis equal to k..
~ This ratio 15 typrcally 10° for sheet polari 4 i
fitm polarizers, and < 10 for Orie! Crystal Poxia:lz;ros for thin
As the polarizer is
mitlance, k. varies as:

d in & polarized beam the trans-

k= (ky - k) €05°0 + k........ (1)

6 = Angle botwoen the & vactor of the ki
ission axis of the p Fght and tho

Two Polarizers in Series

For unpolarized kight passing through a pair of identi
!
polarizers, the ratio of the mtensity with the po!::‘;e?s 33:2:3’

i.0 at exts to the ity with the pot \ s
2k k;
kg’é-k,’ 2“)/*' ............. (2)

Whers:

k, >>k,
~ Nole that from (2) the ratio of minimum and maximum
y woih two X in unpolarized bght 1s :
ralely twice the extinchon ratio.

-
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POLARIZING MATERIALS

BIREFRINGENT POLARIZING MATERIALS
The polanzation behavior of a crystal is de?efmined by the

crystal and opic crystals have
a smg'e index of and are not ge
Calcte. cry quartz. sapphi ium (luorid

and mag
are biretnngent with one optic axts. These uniaxta) crystals
have two principa! refractive indices. N, and n.. Suil other
materials such as mica have two ophc axes and three principal
refraclive indices.

Table 1 Refractive Indices at 589 nm

fe n f-fe
| Calcite 1658 1485 otz |
{ Crystat Quanz 1544 1553 0009 |
fhvian 1598 1.593 0005 -
| Sapphere (AZ03) 1.768 1.760 0008

Table2 Variation of ne - No with Wavelength

Calerte is widely used as a p g materia! b o!
it's excellent transmission and large difterence m the two index
of refraction values. The large ditterence simplilies the sepa-
ration of the two different polarizations. Table 1 lisis the sndex
of refraction values at 589 nm lor the ordinary (no) and extrao?-
dinary (n.) rays of severa! matenals. Table 2 hsts the variaton
of n, - Ny, with wavelength.

| gth Crystsiline

. (um)  Calklte Qusmz

; 02 -0.326 0.0130
03 - 0.206 00103

04 -0.184 00091

! 0s <0176 00093

| o6 -0172 00091
07 -0.169 0.0090

| os . 0187 0.0089

P09 - 0.165 0.0088

' 1.0 -064___ 00088 ____ . _. .- . . -

* As used in Orlel wavepistes.

Mica®  Sepphite |
0017

- 0.0047
- 00048
- 0.0048

-00091

- 00085
- 00082
- 00081
- 00080

-00079
-0.0079

POLARIZER OVERVIEW

The next three pages brelly summatize our family of Polarizing Optics. They are discussed in compiete detail at the end of

this section.
We offer the @ types of Polarizing Oplics:
Dichroic Polarizers 312 !
Crysta! Po g Pnsms 318 |
Polanzing Beam Sphitting Cubes 324
DICHROIC POLARIZERS

* High acceplance angle
¢ lLarge aperiures

Wo offer three types:
" Sheet Polarizers 312 |
Surt Fitm P 3-14 |
,  Silver in Glass Py 315 l
Sheet Polarizers

These polarizers are available for the ultraviole! to visidle.
visible. and near intrared. The low cost. wide acceplance
angle. and large apertures make these the polanzers ol choice
for many applications. You should only select these polanzers
for low power applications smce they operate by absorbing the
unwanted polanzation and are easily bleached. particularly by
ultraviolet light.

Surface Film Polarizer
We ofler one potanzer o! this type: the 27320. Il is made by
D g 3 prop Y gona ially prepared fused
sihca This p [3 ble lor 11s wide efective
range: 230 - 770 nm. very large accepiance angle. and dura-
bilty. Il withstands p g to ultra and visi-
ble radiation much betier than the sheet polanzers.

Sliver In Glass Polarizers
Our new siiver in glass polarizers have very high transmit-

tance. accepiance angles to 60 and higher power handing
capability than our other dichrore polanzers. They are made
ma .

bedding tiny ek d stiver partick
glass. The particles are ahgned so the works like a
tiny wire grid. absorbing light with its E vector parallet to the
long. cond! g Siver p. The sp ! range of these

polanzers is timited. but we offer models for most popular near
infrared regions.

10

SURFACE FitM
POLARIZER
16— SILVER IN GLASS
§ POLARIZERS
8 1 | |
1 16’ }—H
w SHEET POLARIZERS
8
<
§
<

] POLARIZING BEAM
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P

CRYSTAL POLARIZERS ||

| | )
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highlight sdvantages such ss power handling. and locat These make the Surisce Fiim

Polarizer and the Siiver In Glass Polarizers much more attractive.

#

37



POLARIZER OVERVIEW

CRYSTAL POLARIZING PRISMS
+ Broad usable wavelength range
¢ Hgh power handiing capability
* Highest Extinction Ratio

Our polarzing prisms are made trom select laser quakly
calcite to provide the purest polanzed ight available. These
mmmmwmmnw\w
WM.TMWMWMWM.WM
appl >ns such as ety y whero tugh is crucial.

We offer four types of crysta) polarizers:

Glan-T Potari 320
Gilan-Taylor F .3-18
Low Loss Pnsm Po! ] 323

Pol s 322

Glan-Thompson end Glan-Taylor Polarizers

Thesa simiar polanzers operate by separalng the two
potanzations at an angled interface. The mierlace angle is
such that the o-ray strkes 1 at more than the crticat angle and
1s totatly reflected. W s either absorbed at the exi face, of

ges trom the mode! with exi wind The e-ray p
through the angled mterlace. with some reflection loss. and
exis the prism stightly displaced fly. but paraliel to the
mpul beam. If the nput beam satishes the acceptance angle

i then the d beam has a high degree of
polanzaton.

The transmitied e-tay contains typically less than 10%10
10 parts of the unwanted polanzahon. The beam thai exits
n-es»doolmmmismaimyo-ray.mmwdwﬂhm
onhee-vaywwommm&chwasnaecledhmmww
intertace. in the reflected beam the o-ray and the e-ray are no!
co-lmear, and therefore they can be easily separated

Fig.2 Oriel Gisn-Thompson Polarizer

In our Glan-Th potarizers, the intertace b the

prsmsis iledwithn-butyl methlyacrytate opcal coment (Fig.

2). The visible to infrared transmiftance 15 excellent and the

acceptance angle 1s 15" (F3.8). You can use these polanzers
mmwmonodwmmmmbemcomnamn.

The Glan-Taylor Po use an op d Foucalt de-

ar space extends the transmilance into the utraviolet and
ahows transmission of higher power beams. The acceptance
angle and visible to near infrared transmitiance are lower (han
those of the Glan-Thompson polanzer.

Low Loss Prism Polarizers

Like our othes crystal polarizers. these splil an unpolarized
beam into two widely separated p d P Be-
cause o! the Brawster's angle mpul and outpul. and close to
Brewster's angle internal laces, the e-ray has a transmittance
of 98% at 632.8 nm.

These polarizers are usable with visible collimated beams
up to 15 mm in diameter. The outpu! beam is displaced trom
the inpul by 6 mm.

Wollaston Polarizers
Out y Polari

el o

spit an unpolari d beam into
two g y P P 1ts which exit the potar-
izer with high angutar separation (~ 20" at 633 nm.) The two
orthogonally polanzed fays wavel co-finearty with diterent
refractive indices through the first pnsm. At the ntertace the
crystal onentation switches. SO the o-ray beam s retracted
away trom the normal and the e-fay 1S refracted towards the
normal. The rays are lurther separated on exiting the polanzer.
The output rays are 8!most symmetnical about the input direc-
ton.

POLARIZING BEAM SPLITTING CUBES

« Excelient extinction ratio
* Hightransmitiance

When light strkes an angled interface between two dielec-
tric media. the reflec pends on the polari state
of the hght. We descrbe this on page 3-3. These polarizers
exploit this effect with thin fitm coatings designed for high
reflectance for one polarization and high transmittance for the
other.

The beam transmitted through our polarizing beam splitting
uibesisdnmlpuwppdaﬂzed(wnhmspecllotmwbe
raficting face). The extinction ratio of 10’ 1s unmatched for
this type of polarizer . The beam ! d a1 90" to the incident
beam is mostly s polarized. The cubes are usually designed

for a specit gth. bul sop gnhas
atiowed us 10 offer b d modets with tlent it
ted beam extinction.

Potarizing beam spiitters offer the convenience o! oithog-
ona! beam sphtting. They are ilable in ap upto?

inch. have limited acceptance ang'es {typically a lew degrees)
and the power handling capabildy is limsted by the construc:
tion.

RETARDERS: TECHNICAL DISCUSSION

#

Retarders change the stato of polarization. They resolve
an inciden! beam of light inlo two orthogonat! N d

Fi_g.‘showsm o! a ha!! wave plate on a linearly

components and retard the phase o! one W relative
to the other. The emergent beam usually has a8 different
polarization state from the incident beam.

P d beam. The £ vector of the inpul beam is a1 6 to the
optic axis. The inpui beam is effectively rasolved into two
othogonally polarized component beams (page 3-28). one
with the € vector paraliel and the other with the € vector

The most type of retard: is a slice of birefring

materia! sn which the o-ray and e-ray travel at difterent veloc-
fties. Two rays which start in phase get out of phase with each
other. Forlight of wavelength A the phase difterence, ¢, is given
by:

o127 d(n, = No)

A )
and the path ditference by:
ki=12d(Ne— o) ooeueene 2
Where:
d Thickness of the plate

n, = Refractiva index for the extraordinary ray
n, = Relractive index tor the ordinary ray

kaﬂowswmexuessmepaihdmemmmmol ALihe
wavelength.

mnkzmdmmmisamoddknaw.mmthdﬂlm-
ence is eflectively a quarter wave. 50 the plate is called a
quarter wave plate. When the path difference is a hatf wave,
the retarder is cafied a half wave plate.

parpend to the optic axis.

Fig. 1 Rotation of polarization by @ Halt Wave Retarder.

ﬂwmmdemysmdmesebwnswhhrespedtotm
other. Atter passing gh the der. the phase of one
vector component is delayed by & (180°) with respect to the
other; a path diferance of one hatl wavelength. The sum o!
Mmmmmwambaboammmearpdmmw
rotated by 2 @ trom the onigmnal inpul beam.

The action of this hall wave piate is 1o rotate the € vector
olmeligmnumhzm.mceﬁnmhmmmémm
of the incident beam, and the optic axis.




GLAN-TAYLOR POLARIZERS

25201 Glan-Taylor Polarizers.

m High power handling capacity
m Transmittance from 400 to 2500 nm

These high extinclion polarizers are specifically designed
for use with high power lasers. They are extensively used for
pulse exiraction and feedback elimmnation Because lhey use
an arr gap rather than optical cement. they also have advan-
tages over Glan-Thompson or Wollaston polanzers lor any
ultraviolel applications

Two lypes are available:

« Siandard modals (wilhout exit window). This type is.
intended to remove unwanted polarization from a
substantially polanzed beam.

+ With exit window. The rejected beam exils the
polanzer, so this type should be used in pulse
exlraction or any application where Ihere is signilicant
rejected power. They can also be used lor beam
combination

POLARIZER DESIGN

Our Glan-Taylor polanzers are made from grade “A” natural
calcite (CaCOs). The material is carelully salecled. ophcally
onented and then cleaved to size. Tha two calcile prisms are
mechanically coupled at the hypotenuse. The hypolenuse
taces are ahigned patallel and separaled by an air gap The arr
qgap 1s so small thal beam displacement 15 neghgible
" The enlrance and exit laces are normal to the mechamcal
axis. The hypotenuse laces are near the Brewster angle so
\here is minimal reflaction loss lor the transmitted componenl.
The entrance and exit laces of the prism can be anti-rellection
coated o increase the transmittance  See pages 10-6 1o 10-7
for coatings. The polarizers come mounted in a black anodized
alummum housing.

Fig.1 Oriel Glan-Taylor Polarizer with axit window. =

STANDARD MODELS

The rejected beam 1s absorbed al the face of the crystal.
This mits the application of these models 1o cases where the
rejacted component has low average or peak power

MODELS WITH EXIT WINDOWS

The rellected beam escapes through two polished side
windows and out through one of the two holes in the mount
See Fig. 1. Having two escape windows allows the polanzer
1o be used with high power cw or pulsed lasers travelling n
either direction through the polanzer. This is important in
intra-cavily gain swilching apphcalions. Be sure lo lerminate
the rejected beam salely if itis not tobe used. Our 14041 Beam
Stop 1s a convament beam terminator.

[l
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Fig.2 Transmittance (ki) of Orlel Standard Glan-Taylor
Polarizers for polarized light.

SPECIFICATIONS

Dimension tolerance + Omm: - 0.25mm
Matenal Select grade caloite (CaCOa)
Wavelength range 400 - 2500 nm
e ray Iransmittance > B8%
Extinction ratio™ <10*
Field angle @ 632 8 nm, 8 (0 14 rad)
Beam dewaton 3 (0.9 mrad)
Wavetront distertion @ 632 8 nm < 184
Surtace quality 10-5
Maximum transmitted power™*
Standard models 10 Wiem® CW
20 MWicm’ in 10 ns pulses
Models with exl windows 100 Wicm®’ CW

200 MWicm® i 10 ns pulses
None. laces may be AR coaled
to increase transmission

See pages 1061010 7

for coatings

Face coating

* The extinction ratio is somewhat dependent on beam
collimation. The stated specification is for an inpul beam
collimated 1o al least one hall of the scceplance angle.

** For lasers with wavelengths above 450 nm. Damage
thresholds drop with wavelength.

MOUNTING

s

i GLAN-TAYLOR
| POLARZER

Fig.3 You can mount sny 1.0 inch Glan-Taylor
Polarizer in the 25010 Rotator using the 25001 or
25002 Adapter.

See pages 3-35 o 3-36 for manual rotators and Volume |
for a lull isting of manual and molonzed rotators

Any polanzer n a 1.0 inch (25 4 mm) O.D. mount fits n our
new 25020 Mim Rotator You can mount polanzers with 1,
1.25.0r 1 5inch {25 4. 31.8. or 38 1 mm) O.D. mounts inlo the
25010 or other 2 inch Rotator using adapters These adapters
have a 2 inch (50.8 mm) O.D

25201 Glan-Taylor Polarizer In 25020 Minl Rotator with
14041 Beam Stop.

ORDERING INFORMATION

Clear Mount Mount
Aperiure  Length 0.0. Model Price
(mm) (mm) In. (mm) No. [£4]
Standard Models (without exil window)
7 26 10 (254) 25201 $ 529.00
10 29 10 (254) 25202 $ 639.00
12 n 10 (254) 25203 $ 917.00
15 34 1.251318) 25204 $ 133500
20 43 15 (381) 25205 $ 1850.00
Modets With Exit Window
10 29 10 (254) 25601 $ T46.00
12 n 10 (254) 25602 $ 825.00
15 34 125131 8) 25603 $ 1730.00
20 43 15 (38.1) 25614 $ 2128.00
14041 Beam Stop. WA $ 74.00
25001 Adapter 1o mount 1 0 inch OD $ 33.00
Standard Model Polanzers in
2 0 nch Rotator
25002"" Adapter 1o mount 1 0inch OD .......oooooooccece $ 52.00
Polanzers with Exil Window in
2 0:nch Rotator
25003 Adapter lo mount 1.25inch 0D ......cc........... § 52.00
Polanzers in 2 0 inch Rotator
25007 Adapterto mount 15meh QD ... § 58,00

Polanzers in 2.0 inch Rotalor

The 25001 holds any polarizer with a 17 0D mount. If you
have a polarizer with a side exil window the 25001 allows
you to use the side exit beam.

** Use the 25002 If your polarizer has a side exit window and
you want 1o terminate the side exil beam.




MIRRORS: TECHNICAL DISCUSSION

Every surface reflects light. The reflected light is both
diffuse and regular (or specular) and somelimes comes both
from the surface and the bulk material. (Fig. 1) Regular and
specular reflection are delined as "reflection in accordance
with the laws ol geometrical oplics. without diffusion”. (Fig. 2).
The reflectance of any surface is the ratio of the reflected
radiant flux to the incident flux

Reflectivity is the reflactance of a layer of material of such
athickness that thara is no change inreflectance with increase
in thickness

Fig.1 Ditfuse and specular refiectivity. Only specular
reflections will be importani for any surface
which Is smooth (on the scale of a fraction ol &
wavelength).

SMOOTH Ot
/_ POLISHED SURFACE

BOLID METAL

|
Fig.2 With spacular refiection, the angle of the
reflected component is equal 1o the angle of the
Incident baam with respect 10 the normal.

/
f SLVER
¥ DELECTRIC OVERCOAT
02 o4 o8 10

20 40 a0 w00

WAVELENGTH (1m)

Fig.3 Typical near normal reflectance of our melal raflector coatings. They are described on p.qtl 1:;-5- to 10-9. 7

BARE SUBSTRATES
The reflectivity of any uncoated surface depends on:
. The relractive index of the matenal which vanes with
the wavelength of the incident light
+ The angle of incidence
« The polanzation state of the incident hght
+ The smoothness or polish of the surface

For transmissive oplics. the single surface refleclances
range trom 3% lor calcium lluonide 1o 17% for zinc selemide. a
high index matenal

SUBSTRATES WITH DIELECTRIC COATINGS

The reflectance of a surlace with a dielectric coaling de-
pends on the ophical properties of both the substrate and the
coaling. Coatings can be designed for very high refleclance
or as parial reflectors. The useful wavelength range of any
dielectric reflector is hmited. (See page 10 5)

METALLIC REFLECTORS

Highly polished metal surfaces are good broadband spec-
ular rellactors. The best metalic refleclors are made by vac-
wum depositing a thin coating of the metal on a pohshed
substrate Aluminum adheres directly 10 glass but a chrome
intermediary layer must be used for gold. A typical coaling 1S
Jess than 100 nm thick: thicker coatings have tmgher scalter
trom surface roughness. A freshly deposited aluminum coal-
ng has arefleclance of more than 0.8 from 200 nm to beyond
40,000 nm. Fig 4 shows Ihe reflectance ol treshly deposited
metallic rellector coatings.

Unloriunately the freshly deposited metals tarmsh very
quickly with the lermation of oxides or other compounds. The
reflectance drops dramancally To preven! significant loss of
reflectance we overcoal the metal lims with thin dielectnc
films. See the following page.

i
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Fig.4 R
coatings.

e of lreshly dep

METALLIC OR DIELECTRIC REFLECTOR FOR
HIGH REFLECTANCE?

Dielectrnic coatings are more durable. and can be designed
for a desired reflectance. mcluding reflectances tmgher than
available lrom a metal coating. Any high rellectance dielectnc
coating however. 15 effective only over a narow range ol
wavelengths Most dielectric coalings are more sensitive 10
angle of incidence and polanzaton than metalhc coalngs
(Our maximum rellection mirrors on page 58 are excephon-
ally broadband and nsensilive 1o polanzalion or angle of
incidence 1o 45 )

CALCULATING REFLECTANCE
Bare Subsirate

It light hits a nominally iransparent substrate surface the
Ereanel reflectance from a single surlace. lor normal incr-
dence, p.1s qiven by:

7
_ ng - Ny
F_[nwtnn]

asn > Np

Where
n, = Relractive index of arr (1.0)
n, = Relractive index of the substrale

For an ait (n - 1.0) - glass
(ny = 1.5) system. p ~ 4% per surface.

(The spectral Fresnel reflectance. plk) includes the wave-
length dependence ol j as the retractve ndices vary with &)

We hist some bare subsirates as “Beam sphilers” on pages
7.6 10 7-8. On page 12-2 we descnbe the dependence ol the
reflectance on angle of mcidence and polanzaton

METALLIC COATINGS

Metals are conductive and since optical radiation 15 elec:
tromagnetic in nature the conductivity leads to loss ol energy
through Joule heating. Metals are highly absorbing for EM
radiation which “enters the metal”. bul this absorption 1S ac-
companied by high reflectance. Conductivity. and therelore
absorbance and rellactance. are wavelength dependent.The
rellectivity from a metal surface 1s grven by

nt+ixy-1
mi+ixi+ 1

nitaxy+1-2n
P+ 1+ 1420

Where:
ni1 + 1%y = Complex relrachive index
w = Extinchion coefhicient

The complex refractive ndex includes the conductvily of
the metal The enerqy nol refiected s absorbed in the metal

For aluminum at 594 nm, n = 1 44 and nx - 523 From
Ihese values p = 0.83. Strang absorbance {high values of )
\s accompanied by high rellectance The slow vanation of the
complex retractive index with wavelength leads 1o excellent
broadband reflectance

5-3



MIRRORS: TECHNICAL DISCUSSION

Angle of Incidence Eftects

Unlke dielectric refl meta! refl are effecti
over a wide range o! angles of incidence. There is a phase
change on reflection and this differs for s and p polanzed
radiation (Fig. 5). Alinearly polarized ray incident al ngh angle
will be d partially elfiptically p d.

DIELECTRIC COATINGS ON TRANSPARENT
SUBSTRATES

>, i tings can be opti d for a single wave-
length or a narrow (typically 250 nm) spectral range. The
simplest coating is a smgle thin layer coating (page 10-8). To
increase the reflectance from that of the bare substrate the
retractive index of the coating must be higher than that of the

The reflectance of a mirror with a single layer high index

/—8

REFLECTANCE(%)
8
.'/

REFLECTANCE (%)

430 830 e300

phase
the s and p components.

Overcoating Metal Refiectors

Atummnum or sitver quickly tarnish and the reflectivity drops.
We overcoal our metal reflectors with siticon monoxide of

9 fluoride for P ion. Fig. 3 on page 5-2 shows
the reflectance of A{{MgF2) and ASIO).

MgF:isbm«inthemuaviolelwtsnmdeimQNMnm
Si0 coating.

Any such coating must be a hall wave thick or the reflec-
tance willbe d. This is feasible tor ultraviolet or visible
wavelongths, bul not for the infrared as the layer stresses
increase with thickness. The halt wave coaling keeps the
rafiactance close to that of the bare metal over a spectral range
of several hundred nm. We can also enhance the reflectance
over a namower speciral range by applying a mulli-layer
dielectric coating.

We list our metal and overcoated meta! coatings on pages
10-81t0 10-9.

ing is shown in Fig. 6.
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Fig.6 The rofl trom sn dBx?
substrato and the same subatrate costed with
1/4 wave (81 550 nm) diclectric layer of refractive
index 2.32.

1
'

' wFl-g"l Typical muiti-tayer dielectric reflective coating
for st normsl

Incidence snd a1 630 nm.
Muitl-layer Dielectrics
Fig. 6 showed the reflectance with a single 1/4 wave
dielectric layer on a rtace. ¥ additional layers o!

alternating high (2.2) and low {1.35) index of retraction dielec-
trics which are 1/4 wave thick at Ao are deposited on this
1N e catth - e b

stantially. A 13 layer coating of this type has a refiectance of >
99.5% at Ao. Usually such coatings have high refiectance only
over a very narrow wavelength range and the reflectance is
very dependent on angle of incidence (Fig. 7). Thera are ways
to improve things. The g cn our M Reflacti
Mirrors (> 0.99) uses slight contiolled departures trom 1/4
wave for bandwidth (. ! 100 nm)
and insensitivily to angle o! incidence.

Muhi-layer diglectric coatings can be designed for nar-
rowband reflectors with very high reflectances (> 0.995). very
broadband reflectors (our Maxi Retlaction Mi on
page 5-8) or partial refl Mutti-layer dielectric techni
are also used 1o produce polasizers (page 3-12), interference
finers (page 2-34). and cold mirrors (page 2-46)

For 8 détalied listing of our standard reflector costings see
pages 10-8 to 10-9.

00.0% ol ),

B ol
LAYERS Navens
ny=1.38 ny= 2.2

NOMINALLY TRANSPARENT
SUBSTRATE n,1.8
Fig. 8 13 tayer Dislectric reflective costing. i
Angle of Incidence and Polarization
The tefl curve of diek il shifts glightly

to shorter wavelangths as the angle of incidence increases
trom 0° (norma! modence). Addionally, the reflectance for s
polarized tigh! becomes diflerent to that of p polarized (as for
an uncoated substrate) (Fig. 7). For incidence above severa!
degrees, the effective bandwidth for s polarized light is notice-
ably greater than that of p polarized. We exploit this difference
to make our die! polari but for it can be
restnctive.




FIBER OPTICS TECHNICAL DISCUSSION
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Back inio the frst medum. 6 = sin* (na/my) and 15 catied the
entical angle. See Fig. 1

O =~ 8™

ﬂc.‘_ﬂay' bw.;ﬁ;dmugb.n;(;;i for plass)
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partiatly raftected.
An optica! fiber exploits total al by having
inmet regron of U index and a cladding of higher
index. Light is cont: d by repeated re'k . Single strands
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Light entening the fber wiiten the acceptance cone is
fotally rafected a1 the core claddmg mferface.

4 ‘m.: Ammmmmmw
within the sccepisnce cone. Oriel Fiber Bundies

L
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with 8 core end thin outer leyer of cltadding.
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Fiber input and output behavior i usually described in
terms o numencal aperture (NA). N nge 1:

NA=ginas=Vn’-n’
This retates to F/8 through

1 1
FM=osna™2NA
mummnmwn.mmm-m
mummuaﬁnaamm.mm
vavesola.snaatanaz )

NAs and F/#s for Oriel Fibers ere tabuisied below (inal
umavmd%mavmmwum
sud\asglass-glnsmmmsmmwm
particular glass used.)

Table 1 NAs end F/as for Oriel Fiders

Acosplence
Cone Angle
Core Clhetding nA (L] 20 deg (rad)
Saca Plaskc 027 19 311055
Sica Sica on 23 2510 44)
Lawd Plashc oa7 1" 56 (0 98)
Glass Glass 058 09 [ Xl




FIBEROPTICS: TECHNICAL DISCUSSION

Because of the small cross section required for flexibility,
typically much less than a milimeter, single fibers are not
efficient in collection of energy from larger incoherent (non
laser) sources. Fibers packed in a bundle provide both the
flexibility and large aperture. We supply bundles for flumina-
tion or enargy transter only. In these, the individual hbers are
haphazardly located in the input and output of the bundle.

|
Fig.4 AN Oriel Fiber Optic Bundies are ‘or energy
transfer, Any correiation of the position of an
individual liber in the outpul iace lo its position
in the input face is an unintended result of the
comb lechnique of prepsring the bundies.

WHAT'S IN A FIBER BUNDLE?

Our standard Fused Silica Bundles are made o! libars with
relatvely large (1o 250 ym) cores. Our Glass and High Grade
Fused Silica Bundles use smaller (~ 100 pym) libars. A thin
(9 pm) cladding confines the light. The bundle may have 50to
500 libers depending an lype and diametar. The libers are held
in a llexible slainless steel proleclive sheath. The hibers al
each end of 1he bundles are bonded in a stainless steel lerrule.
The ends are cut and polished flush with the lerrule

The inpul apertures of our bundles are 0.063 inch (1.6 mm)
or 0.125 inch (3.2 mm) in drameter. The entire aperture does
not collect light since the fiber bundle is made up of small
cylindncal bers packed logether. The ratio of uselul area to
the tull aperture area is called the packing Iraction. We
maximize this in our bundles.

TRANSMITTANCE

The transmittance of a single liber, fiber bundle or liquid
light quide vanes with test conditions. A ray which passes
down Ihe axis Iravels a much shorter distance than a ray which
enters at the hmiting acceptance angle. The rellectance at the
core-cladding interlace 15 close to, but not exaclly 1. A ray
which enters at a high angle can have many thousands of
rellections in going through a fiber and so experience more
loss than an axial ray or one with few rellections. When a tiber
is bant sharply, light leaks out and the transmiftance drops

We show Iransmittance data for practical conditions of a
large launch cone lor a specilied length of fiber which is loosely
coiled. The transmittance is denved by ratioing the radiation
through the fiber bundle to thal through an aperiure ol the
same size. This eliminates any loss from overfiling a fiber
bundle. The data includes packing loss.

Light is reflected from the input and outpul laces, and
absorbed or scatlered as it passes through the fiber. The
absarption and scattenng losses depend on Ihe wavelength
ol the radiation.

Transmillance decreases with length. For hght of one
wavelength. the transmiltance - length relalionship for con-
stant operating conditions is approximately:

T=P(1-Rfe"t
Where:
P = Packing fraction
R = Reflechon loss
a = Absorption coefficient
L = Lenglhof the average light path through the fiber.
R is typically 0.04 for Oriel Fibers. P varies from 0.810 0.92

for liber bundles and is 1 lor single fibers and liquid light
quides

Glass and Fused Silica Bundles

We olfer Glass Bundles and two grades of Fused Silica
bundles. The economical Glass Bundles transmil visible light
and near infrared radiation {see Fig. 5). They have a very large
acceplance angle (687). and are therelore excellent tor illumi-
nalion ol large areas or caplure ol radiation emitted from large
SOUrCas.

Our Standard Grade Fused Silica Bundles use silica fibers
with polymer cladding. They have excellent fransmittance
from the UV to 1200 nm and from 1500 - 1900 nm. Our High
Grade Fused Silica Bundles use smaller silica libers with 3
doped silica cladding. These hava belter overall transmittance
and signilicantly better low UV trarsmittance than the Stan-
dard Grade. Fig. 6 shows the lranumittance for the standard
grade. Wa lisl both grades on page 8-12.

OMLY DECREASES BY ~ 20%

100 1 TRANSMITTANCE AT THIS WAVELENGTH
] AS FIBER LENGTH INCREASES BY §

TAANSMITTANCE AT THIS

WAVELENGTH DECREASES

AY 6 AS FIBER LENGTH
NCAEASES BY 5

TRANSMITTANCE (%)
348533

5FT,

(1.5m)

4 5 ; ;' L] ‘I|‘U|lt}l3|l|5|BI7|I|IDI‘U?\
WAVELENGTH (1m)

Fig.5 How much the {ransmittance decreases as the
fiber bundie length Is inciessed depends on the
wavelength. These curves are lor glass fiber
bundies.

o4t— v — ¥
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Fig.6 Transmittance of Standard Grade Fused Sllica
Bundies.

Single Fibers

We carry two types of single fibers in core sizes from
200 ym 1o 1 mm. Both have a single cylindncal core with a
cladding and prolective jacket

All our single fibers are multimode. as the smallest core size
is 200 nm. Single mode fibers with cores of about 510 10 ym
ara used for long haul communication.

TRANSMITTANCE (%)
3

L]
200 400 800 BOO 1000 1700 1400 1800 1800 7000 2200
WAVELENGTH (nm)

Fig.7 Transmitiance of Orlel UV-VIS and VIS-NIR
Single Fibers

Liquid Light Guides

Our Liquid Light Guides consist of a clear. non-toxic anaer-
obic liquid in a flexble tube with polished silica windows on
pach end They are available in 3 and 5 mm diameters. and
have high transmittance trom 270 1o 750 nm (Fig. 8). They
have no packing Iraction loss and a large acceplance angle
which makes them the most efficient type of large aperture
flexible light guide in the 270 - 400 nm range

20 l/ -I;. :
17

20 t T
788 MOHES uuﬂ] \
10 4 s 4
;oe 400 800 800 1000 1200

WAVELENGTH (nm)

Fig.B Transmittance of Oriel Liquid Light Guides.
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FIBER OPTICS: TECHNICAL DISCUSSION

CHOOSING THE FIBER OPTIC
The imp clude:
* Spectral distribution o! the light to be transmitted
* Size of the source and angutar distnbution of source
diation: size and angle of output target

* Cost

Spectral Cons!derations
Seelhelmnsmmmowrvesonmep'eviouspagalovm
transmitiance of the various fiber types. The curves have ex-
WMMMMMzMMFg.S.
The transmatance of hght with a wavelength which ies on
the fat portion of the cirve will decrease gradually as the hiber
length is incr d. The ce for ligh! on the sloping
portons of the curve will decrease rapudly with fiber length

Throughput/Collection Considerations

A large NA and bundle diameter are bes! for collection of
radiation from large sources. Collection from a large area
source vanes as the square of the NA and the square of the
diameter. lf the bigh! rom the bundle 1s tor iflumination of a large
larget. o is to be vsing an Integrating Sp . then
the larger the bundie and the higher the NA the better.

For @ small intense source and a smatll target with a
fesincted acceptance angle at the outpu! of the fiber. it may
be mportant to conserve “brghiness™. When using a laser
(eflectively a point source) or other smali source, you might do
betier with a fow NA and small diameter fiber system.

Cost and Avallability

Wae provide both and custom fiber bundies and
bquid light guides. Standard products are most economical,
foliowed by longar guides with standard apertures.

Fused silica liber bundles cost more than glass bundies.
Our higher grade silica bundles use high performance silca-
sitca libers. Because of the small diameter of these fibers. a

»
5 846em
w
-~
g = 254nm
:
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«
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z
%
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POSITION (mm)

Fig.9 Normalized linosr scans across the outpu!
cones f1om the 77561 24 inch (610 mm) long,
stsnderd grade tused silica tiber bundie tor two
input wavelengths (254 and 546 nm). The input .

conditions were & slightly asy
from a concave mirror at F73.
EMERGENT CONE

The lght cone patiern which emerges from the fiber will be
determined by the inpui ifh the fiber prop and
the lay of the liber bundie.

Forlong tibers, the fiber properties dominate. while for short
fibers (< 1-2 m) the launch (or input) conditions dommnate.
Fig. 11 shows the outputs for various mput conditions for the
77576. 36 mch (914 mm) long. 3 mm diameter high grade
fused silca bundle. The same broadband source was used.
The bundie was loosely coiled and turned through 90 .

Our glass and standard grade lused siica bundies show
simiar eflects. The output from our liquid bight guides s a little

high grade bundle requires many more tibers than a
grade bundle. The increased performance is often worth the
higher cost.

The bquid ight guides have best transmittance from 300 to
Mnm.soywshou!doonsadsimmiiMVavebng:hsyou
work with are in this range. Liqud kght gudes are more
expensive than glass or standard grade fused silica bundles.
but significantly less expensive than higher grade tused sifica
bundles.

uyouneedamylonglemmdﬁber.rhencom:usmg
one or more singla fibers. You can select the langth of single
fiber you need. The VIS-NIR fiber is more economical than the
UV-VIS tiber. and has excellen! transmission in the visible

NA AND WAVELENGTH

The index of refraction of tused silica varies rapidly with
wavelength in the UV. Theretore the acceplance and output
cones change with wavelength. Fig. 9 shows the signihicance
of this for our standard grade tiber bundles. The tugher grade
sthca bundles do no! show this effect. The 254 and 546 nm
scans are almost identical for the higher grade bundles.

less itive to nput cond . but more to bend-
ing of the guide.
INPUT Fre
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Fig. 10 Linear scan across the output pattemn from the
77576 Fiber Bundie for ditterent input
conditions. The curves have been normalized for
clarity, The F1.8 cone corresponds 1o just
overtiilling the fiber accepiance sngle. For s
shor fiber bundie, the lower the inpul angle, the
smaller the divergence of the outpul cone.

i

LASER TO FIBER COUPLING

We offer UV to NIR single fibers for use with lasers. With
such small ther core d: phng b an impor-
tant consideration. We offer fiber couplers on page 8-25.

COUPLING LASER BEAMS INTO FIBERS

Numerical Aperture and Spot Size

The numencal aperture ol a tiber 1s a measure of the
acceplance angle. For acceplance by the tber, hight must
strike the liber at an angle smaller than a , where a s given
by:

n,sin a = -ny*

Where: i )
n, = Index of ref o! the incid d
n, = Index of refraction o! the hiber core
n, = Index of refraction of the hiber claddmg.

©, .
‘D. '!. 8
N / . 3 2. + ]
X ’m o
-t pozA4) 1
¢ ' I
: le-F. —l i
LASER CLADONG |
8N G, = NA of Lens GENERAL RULES !
Sin 8 = NA of Fioer 8 shoutd be sbout 0.78 D, H
D_ o out Laser Boom Dia- Sin €, must be le33 then Sina. !
meter @ for most Oriel Fbers = .
F.= Fput Lene Focal Length 11.5° (NA = 0.22) .
8 = Bpotl Size &t Focus of 8« 1.272F,/ D, (lor Geussien
rout Lene Laser Bearn)
Dy = Dwmwter of Fber Core 8 = F_ x Boem Divergence (lor |
mutimoce Beam) '

Fig. 1 Geners! ruies for coupling Isser besms Into fider
bundles.

The incident medium is usually air for which neis 1.

Often the angle is nol calculated but the NA for the beam
maiched to that of the fiber.

The numerical aperture (NA) o! the tiber is defined as
sin a. N is just ke the NA for a objective. and
related to the 1amitar F/# tor a lens through:

Fit= V2 sin a
There are two simple conditions lor efficient coupting:

* The beam NA should be lower than that of the fber
$0 that all the beam can enter the tiber, See Fig 1

* The locused beam at the fiber face mus! be smatler
than the fiber core .

Practica! Guidelines For Mullimode Fibers

Afl the fibers we kst on pages 8-18 10 8-19 are myltimode
tibers. Laser to kber coupling can be op using g
forward geametnical optics

* The locused laser spol should be smaller than the
core. and the NA o! the focused beam less than that
of the hiber

To calculate the spot size use:
For Gaussian beams:
S§$=127AF./D.
For multimode lasers:
S=F.0

8 = Full angle beam divergence

F.~ Focal length o! the lens used

D..= 1/’ diameter of the Gausstan beam al the
focusing lens

A = Laser wavelength

Beam divergence and D.. can be changed with one of the
Beam Expanders tsted on pages 1-61 10 1-63.

* A Spo! eases alkig . but

the power d: y on the tiber
lace. We recommend a spo! size of 0.75 times the
core dameter for high power operatio~. For Gaussian
beams the spot size (1/6°) should be loss than 0.65
times the core diameter.
Use as smal an NA lor the laser beam as possible to
munimize bending losses. Since the spot size and the
NA of the beam are inked. it 1s often possibie to trade
these p 10 op the launch cond: .
The NA tor the beam 1s given by:

NA=12(D./Fa)

When D. is increased (or a lens of shorter foca! length is
chosen) to make the spo! size smaller. the NA {beam angle)
goes up.




LASER TO FIBER COUPLING

ACCEPTANCE CONE ANGLE 23

Fig.2 Acceptance cone angle of a fiber.

Our muttimode fibers have NAs of about 0.22. The accep-
tance angle is 12.5". The acceptance cone angle is 5.

« The laser beam shoulkd be centered in the lens. Spot
size and launch angles change ¢ the laser 1s off
center.

* Donut or ring pattern outpuls usually indicate off-axis
taunch. A sharp reduction in the s1ze of the outpul
beam when the liber position 15 adjusted usually
i correct fiber p ing

* Qur by produce very small spols
trom low power beams. For ugh power beams use
the plano convex lenses listed on psge 1-18. The
curved side should face the incoming laser beam.

Example
Select a lens 1o couple the 79262 2.0 mW HeNe to
a 50 pm core liber with 0.22 NA.
The beam diameter is about 0.7 mm & the laser |

output.
Since S = 1.27 A Fn/Da. ;

Flﬁ
$=127x0633 07° 1.15Fa

Siis in pm and F., is in mm. i
For a spot size (1/e”) of less than 0.65 x50 » 325um.
the lens foca! length must be less than 28 mm. The 13570
Muoscopeomdmhasafowmdzs.SMM.ard
is well conected o the spoi size wil be closo to that

calcutated. The beam NA with thes lens will be about 0.006.
which 1s much tess than the 0.2 of the tber.

Couple a 100 W multimode cw ND:YAG inlo a 77571
Fiber. The beam diameter for the laser is € mm and
beam divergence is 11 mrad.

The fiber. histed on page 8-18 has a 400 core and
NAO!0.22. S = Fa 8. 11 818 in mrad. F.a in mm. then S
will be m pm.

The spot size is 11 x F,, microns. Our 25 mm focal
length lens (41220) gives a 275 pm spo! sze but the
beam NAis then 0.12. which matches wefl with the fiber
NA ot 0.22.

Single Mode Fibers
The number of modes which a fiber can guide drops as the
tiber core d: or NAis reduced At small gh values

of either, only one fiber mode exists. The fiber is then called
single mode 0t monomode. Most single mode hbers have core
diameters o! 4 - B pm and NAs of abou! 0.2.

Optimizing the coupling of a laser into a monomode tiber
requires mode matching theory. The locused laser spot should
maich the iber mode diameter. This is in the range 0! 1 - 1.5
times the tiber core diameter. The converging beam must also
be within the P angle d by the fiber NA.

FIBER OPTICS AND CONVENTIONAL LIGHT SOURCES

The key to getting the maximum tight through a fiber oplic
is to use a bright (high ) source of approp size,
and optimize the source 10 liber coupling. Lamp bnghiness is
sometimes describod by color temperature. Our short arc
lamps have color temperatures of more than 5000K while our
tungsten hatogen lamps have color lemperatures as high as
3400K. Our Volume Nl ly bes the
widest range of lab y light jable. It also
discusses source to tiber coupting and has spectic pertor-
mance data. Here wa give some genera! gudance.

1. Short arc lamps provide the Mraviolet and
visible light for fiber optic irradiation. Our xenon arc lamps
have intense output trom 250 nm to beyond 1000 nm. Our
mercury arc lamps have more UV outpul and strong tine
outputs al 550 and 580 nm. See the spectra and source
sizes in Volume Hl.

g compe

BeoE ot

@4)0 u

COLLIMATED
REGION
FOR FILTERS,

REAR BEAM SPLITTERS, !
REFLECTOR ETC.

Fig. 1 Collecting the igh from 8 source snd
re-focusing i on the fiber. The refocused cone
should have an F/8 equal 10 or greates than the
fiber scceptance cone. The refocused image of
the source is magnified by the ratio of the locs!
gths of the f: ing tens to the

lens. A typics! sfficien! system for a lused silica
fiber cotiects st F/1 and tocuses a1 F/2,

2. Usethe dimensions of the fiber to select the size of tha boht
source, arc or filament. Re-imaging oplics will magnily the
source by ~1 for glass bundies and -2 lor tused sikca
bundies. These numbers are based on coliecting tight al
/1 and relocusing al the tiber F/8.

Using a larger size source eases atignment, but produces
a lot of unwanted power which may hava to be removed.
A 50-100 watt arc lamp will give as much power through 2
smgieliberolasooumweasakWafcIampsmmese
Iamps have similar brightness. The «deal soutce has a very
bright arc about the size of the fiber or iber bundle.

3. Nonimaging oplics, such as those in our PhotoMax ™, the

* 1S ABSORBED

reflectors which are an integral part of the tungsten halogen
lamps on page 48 of V. l.orthe

descrbed on page 5-10 of this calalog are useful
particutarty with fiber bundles and Liquid Light Guides We
ofler an F2 reflector for PhotoMax™ to maich the
acceptance cone o! fused sibca hbers. With these
broadband reflectors you ¢o not need additional focusing
ophics. bul you do need spectra! fitenng to reduce the
pawer density on the hiber inpul.

KENON
ARC LAMP

F/2 ELLIPSOIDAL

UNWANTED REFLECTOR

RADIATION

60138 ADAPTER
FIBER OPTIC
BUNDLE

i
|
|

TT TTI7 077277 27 12727747770 177

Fig. 2 Using the efficient PhotoMax™ source with sn
F12 reNector to focus the outpul of 8 150 watt arc
lrn?n:no l_fuud silice tiber bundte. The

reducing the power load on the liber inpul.




LARGE CORE OPTICAL FIBERS for UV to NIR

77530 Fiber with 77570 SMA Terminations.

Transmit from 200 nm to 2 ym

Core diameters from 200 to 1000 ym
Available with SMA conneclors
Flexible nylon jacket protects fiber
Ideal lor laser or small bright sources

Single fibers are an economical and convement method of
transfernng energy for long distance applications. They can
be used lor remole sensing of processing with high power
lasers We provide optional SMA conneclors lo simplity oplical
couphng 10 a sample. laser. or detector.

We offer two types of fiber- UV-VIS and VIS-NIR.

CONSTRUCTION

Our single libers are availabla with core diameters from 200
1o 1000 pm. They consist of a liber core with cladding. and a
nylon jacket for protection. They may be ordered with bare
ends or with SMA terminations

ADVANTAGES OVER FIBER BUNDLES

Single fibers have several advantages over liber bundles
These include:

+ Lower transmission losses

* Higher damage threshold

* More economical in long lengths

« Require much smaller apertures and condunts
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Fig. 1 Transmittance of Oriel UY-VIS and VIS-NIR
Single Fibers.

LIGHT COLLECTION

You cannol use a single liber for efficient capture and
transmission of radiation from large soutces. The oplical ex-
tent of the fibers is 1oo small. Single hbars have major advan-
tages for small sources including high transmittance over long
lengths. llexibility. compaciness and they are economical. You
can mechanically hold several single libers together for effi-
cient capture of the outpul of a large arc source. This gives
you the advantages ol these fibers and elficient light transfer.
Pages B-9 1o B-10 discuss fiber to laser couphng. Page B-25
describes our single hber couplers.

OPTICAL CHARACTERISTICS

Available core sizes range from 200 to 1000 pm (1 mm).
Transmittance for both liber types is shown in Fig. 1. The
numerical aperture is 0.22

UV-VIS FIBER

This iber has a high purity UV grade silica core and silica
glass cladding. It is usable from 300 to 2000 nm (see Fig. 1 for
ransmiftance curve), and sudable for high power laser beams
The damage threshold for a clean input surlace 1s more than 10
Jem© or 100 W cm ¢ cw for wavelengths above 360 nm

VIS-NIR FIBER

This liber has a water lree silica core 1o reduce absorplion
n the IR. and. depending on the size. 1s clad with silica or
siicona. (See Fig. 1 for transmittance curve.) This is an
economical alternative 1o the UV-VIS Fiber for any application
where UV transmittance 15 nol required

=
FIBER OUTPUT =
For short straight lengths (< 1 m) of fiber. the oulput retains
many of the characteristics of the beam launched into the liber. §
Tha spectral-spatial distribution may change due 1o the atten- -
vation ol rays launched at an angle These ftraval longer
dislances in tha fiber.
For very long lengths of fiber, particularly whare the fiber is
coiled or bent. the outpul is determined by the liber NA. The
launch conditions are “lorgotten.” A central cone. determined ’
by the liber NA, may be surrounded by a lower infensity high
angle outpul. Fiber bend conditions also have an impacl. .
Fig. 2 shows a scan of tha oulput from the 77512 Fiber coupled <
to a mercury arc lamp. Fiber length was 5m.
[ T T |
|
l
| SMA tarminated single £
} fiber with 6058 Holder lor Spectral Calibration Lamps.
“ (See Volume Il for 6058.) J
LINEAR DIODE > |
| SPECIFICATIONS
Numencal Aperture 022 4002

Retractive Index of Core 1 452 at 850 nm
Refractive Index of Cladding 1.438 at 850 nm
Outer Jackel Black Nylon

RELATIVE INTENSITY

-10 -8 o 5 10
POSITION (mm) |

Fig.2 Linear scan of output patiemns from acolled5m
length of 77512 UV-VIS Fiber with 77572 SMA
connectors. The arc of 8 100 W Hg lamp wes
reimaged on the fiber input. (a) shows the
pattern wilth the stc focused at the fiber input;
(b} shows the pattern with the fiber moved
0.5 mm from focus.

ORDERING INFORMATION
— T Flbﬂﬂm.'ﬂhﬂmmﬂ N “"‘;”7‘-—-_—”7 Tﬁ';krﬂol_'-
Minimum erminaling
Core  Ciadding Jacket  Bend Maximum UVVIS Elost VIS-NIR Fiber Fiber

Dismeter Diameter Diameter Radius Length Model  Price/Meter*  Model Prico/Meter* 2 SMA u‘llthMl“
{nm) {nm) (mm) {mm) (m) No. () No. (5) Connectors Conneclors

200 250 10 50 500 77530 $ 1500 71518 $ 15.00 77570 $131.00
400 500 13 100 200 T7511 $ 4500 77516 $ 4500 7757V $ 147.00
600 750 1.7 150 50 71512 $ 9200 7517 $ 92.00 77572 $163.00
800 1000 20 200 20 77513 $ 155.00 77518 $ 148.00 77573 $173.00
1000, 1250 225 250 20 77514 $298.00 77519 $257.00 77574 $ 189.00

* Muttiply length of fiber In meters by price/meter to get the price for fiber with bare unpolished ends. Minimum length Is 1 meter.
++ Find the price for the fibar and sdd this price to get the total price for tiber terminated with two SMA conneclors.

E.g. To buy 5 meters ot 600 jym UV-VIS Fiber 1erminated with 2 SMA conneclors;
Order 5 matars of 77512 fiber al § §2.00/meler, and a 77572 Set of 2 SMA connectors al $ 163.00. for a total cost ol $ 623.00.

See page 8-25 lor Fiber Holders.
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OPTICAL COATINGS: TECHNICAL DISCUSSION

OPTICAL COATING TECHNOLOGY

Optical coatings are used to alter the raflectance, transmit-
1ance. absorbanca, or polarization properties of optical com-
ponants. The optic baing coated is usually called the sub-
strate. The coaling is deposited in high vacuum {< 10° Torr)
using the process of evaporation. Coaling materials include
malals, dislectrics or semiconductors. Oxides, fluoridas and
sulfides are the most common dielectric materials. Tellurides
and salenides are used for specialized applications.

Evaporation

The coating material must be converted from a solid into a
vapor, and then condansed on o the optic surface. 1he most
common methods of vaporization are Thermal Vapornization
and Electron Beam lon Bombardment.

Thermal Vaporization

In this process the coating material is resistance heated in
a tungsten, molybdanum or platinum "boat” for metals and
high temperature dielactrics. For some low temparaiure di-
elecinics, indirect heating with a refractory filament sulfices.

Electron Beam lon Bombardment

In this process the coating materinl is heated by direct
electron bombardment. A variable voltage and current (5 -
15 kV at up lo several amps) electron beam is concentrated
in a very small movabla spol in a multi-pocket water cooled
copper crucible; diffarent avaporation malerials can be con-
1ained in the multi-pockets. This method ol evaporation is
versatile and reduces contamination resulling from intaraction
baetween the coating material and the crucible. The heating is
localized and temperatures can be high enough lo evaporata
ralractory matenals.

Sputtering

Spultering is another lechnique used for thin film deposi-
tion, It is particularly uselul for large area substrales. The
substrate and a target of the matenial 1o be deposiled are held
close together in a plasma chamber The substrale is cooled.
Heavy ons from the plasma bombard tha target and knock out
small particles ol targel material. Thesa “condense” on the
cooled subsirate. Sputtering can quickly produca uniform
coatings ovar large areas, and uses tha deposition matenal
mare eficiently than evaporation techniques. -

Thickness Control

Tha control of layer thickness is crucial in optical coating:
there are two principal methods used to contral layer thick-
ness: inlerlerence monitoring, and measuring the resonance
of a crystal oscillator.

Interference Monitoring

Interlerence thickness monitoring is usetul for deposition ma-
{erials with a well defined refractive index. The techmique is usetul
with dwelectrics and some semiconductor matenials. Either the
transmitted or reflected baams can be monitored. In Iransmission
moda, monochromalic light passes through the substrate being
coated and the transmittance is monitored. The transmittance
changes as the layer thickness builds up. If the indices of the
dielectric are higher than that of the substrate, the transmission
gradually decreases. When the optical thickness reaches 1/4 of
tha monitoring wavelength, the change in transmission momen-
tarily stops.

It avaporation is continued beyond the 1/4 wave thickness,
the transmiftance increases to the original value and then,
again, momentarily stops at the 1/2 wave monitoring thick-
ness. This process could be continued, obsarving minimum
transmissions al 1/4 wave multiples and maximum transmis-
sions at 1/2 wave multiples of the monitoring wavelength.

This evaporalion process can be repeated many limes
using layers of different indices. As the number of layers
increasas sach additional layer produces a smaller change in
transmittance or rellectance.

Maasurements become more difficuht and eventually mon-
Horing is limited by the signal to noise and stability of tha
monitoring instrument.

In a typical vacuum deposition system*, light from a contin-
vous source, a deuterium lamp. tungsten halogan lamp or
infrared element"*, is mechanically chopped. collimaled and
passed into the vacuum chamber. In the vacuum chamber, the
collimated beam is transmitted through a monioring test plate
mounted on a rotating planetary which is on the same plane
as the substrates lo ba coated. The transmilted beam then
exils the vacuum chamber and is focused into a monochro-
malor** and on to a photodetector. Alock-in amplitier selects
the chopped signal lrom background. The lock-in output is
used to observa the transmission minima and maxima.

+ Recent trands In thickness monitoring Include the use of
Orlel's InstaSpec'™ Diode Array System and MulliSpec™
Spectrograph for simultaneous monitoring of many
wavelenglhs.

** The Oriel 7340 Dusl Source Lamp Housing Is widely used
for this purpose. It simplifies source interchange.

+ The Orlel 77250 Monochromator Is Incorporated In many
vacuum deposilion sysiems.

Crystal Deposition Rate Monitors

Quartz crystal oscillalor monitoring is very often used to
control tha thickness of metal layers and for dielectric coatings
with a lew layers. A quartz crystal plate is placed on the sama
plana as the substrates 1o be coated. The resonant frequency
ol the crystal depands on ils mass. Monitoring the resonant
frequency allows determination of the deposited him thick-
ness. As layers accumulate on the crystal the sensitivity 10
increasing thickness diminishes and fitm stresses comphcate
the relationship between resonant frequency and layer thick-
ness. Because of this, the quarz crysial oscillator type ol
monitaring is usually limited to several layers.

1
|

HOW OPTICAL COATINGS WORK

Reflection From Uncoated Optics

When light is incident 1o a smooth surlace between two
transparent media as in Fig. 1, some of tha light enters the
second madia and 1s refracted, and some IS reflected al the
interface. The relationship batween the angle of incidence (1).
and the angle of relraction (r) is given by Snell's law:

My iR i = Mg SN e (1)

Whera:
ny and n, = Indices of refraction of the media as shown

i A,
S 7 e

L

Fig. 1 Reftraction and partial reflection of a ray incident
at angle | in an interface between two media,
one of rafractive Index m and the other m2. 1 s
tha sngle of refraction.

Reflectance depends on the indices of refraction of the
matarials involved, and the angle of incidence and polarization
of the incident light:

tan’ (i-n
= N seessessssstnEasEsenany 2
®an’ (i+1) @
_sin(i-n
G (3)
Whare:
R, = Reflectancy of light polarized paralle! to the plane

of incidence (p polarized)
R, = Retlectance of light polarized perpendicular 1o the
plana ol incidence (s polanized)

At normal incidence, these equations reduce to:

F\:R.:Rn:[n?_n‘:[ ---------- (4)

N+ My

At normal incidance for an air - glass system wheran, ~ 1.0
and nz = 1.5, R = 0.04 for each surface or ~ 0.08 for the two
surlaces. In an optical system with 8 glass (ny = 1.5) optical
slaments there will be a rellaction loss of 1 - {.96)"" or 47.9%.
and possible ghostimages. Anti-rellection coatings will reduce
both the loss and tha ghosts.

From (4) we can also see that for a syrface inair, (my = 1).
the rellectance increases as n; INCreases

Note that tha rellected wave undergoes a phase change of
180° if ny 2 ny. This phase change upon reflection is important
in optical coating.

Single Layer Anti-reflection Coatings

Fig. 2 shows a 1/4 wave optical thickness of a transparent
dielectric material deposited on the surlace of glass. Atnormal
incidence thare will be reflection from the air-dielectric and
dielectnc-glass boundanaes. If the dielectnc material has an
index lower than the glass. the two reflections will be from a
medium having an index greater than the ane inwhich the light
was traveling. Because of the 1/4 wave oplical thickness of
the dielectric layer, the two reflections will be 180° out of phase
with each other. causing destructive interlerence. As shownin
Fig. 3. the 1/4 wave oplical thickness of dielecinc reduces the
total reflectance.

It the optical thickness of the layer is not an odd multiple of
1/4 wave, then the two reflections are not 180° out of phase
and the interlerence is not totally destiuctive. The rellectance
will be greater than the minimum (Fig. 3). For an oplical
thickness of @ hall wave. the phase change 1s 360" This is
equivalent 1o not having any layer, so the rellectance 15 the
same as that of the bare subslrate.

_%—_—_JD\_,\’~ l:

OPTICAL THICKNESS = n,! i

m‘lhmﬂlm U vi lon

Fig.2 p -
from the alr-dieleciric-glass interiaces
00 - -
| | uncoaten | |
1 /— BUBSTRATE | |
004 I I .
¥ ooalf LI\ a |
IWAVELENGTH| _|
AR neto 20Ol FOR whick 1
SUBSTRATE n,=145 § caATING I8 1]
MoF, nys1.38 W g0 N . A
T
3
001 /
<~ WAVELENQGTH FOR
WHICH COATING 18 174 A
ol i

WAVELENGTH (nm)

Fig.3 1/4 wave thick AR coating of magnesium
fluoride on a lused silica subsirate reduces the
refiection from 4% 1o < 2.0% sl the design
wavelength.
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OPTICAL COATINGS: TECHNICAL DISCUSSION

How much I8 the reflectance reduced?

The positions of the minima and in Fig. 3 @ d
on the film optical thich i.8 thick times refracty
index. The reflectance, at normal incxdence, for any 1/4 wave
thick coating on a non absorbing substrate is given by:

L -nh?
(ny Nz + nyy

Thisis 0 for ny’ =nz My ... (6)

For air (ny = 1.0). and glass (np = 1.5) the ideal vatue for ny
would be 1.22. Unl ty. a dietectr rial having an
index uf of 1.22 with desirab¥ ica) G

mental and optical properties doas not exist. MgF; with an
index of 1.38 is a good compromise as a relatively hard and

For BK7/A, (nz = 1.5167) and magnesium fuoride (ns =

Fig. 4 Lsyer indices of a muit-isyer coating.

This double AR coating on glass is often designated by gHLa,
(glass. high index, low index, air). Materials such as zirconium
dioxide (n = 2.1) zinc sutbde (n = 2.32), or tanum dioxide (n =
2.4), e usod as H layers while magnesium fuoride (n = 1.38)
or corum fluaride (n = 1.63) may be used as L layers.

An altemate method of multi-layer anti-reflection coating in-
volves the use of a single dielectric but with Llayers having difierent

le— LAYER 1
je— LAYER 2

1.38). A is about 0.01286. A 1/4 wave 9 9
fiuoride on a fiin} glass of index n; « 1.7 reduces the rofiec-
tance from 0.067 to 0.003.

Further reduction in is possible by using a
muhti-layer V coat such as those on page 10-7.

Wavelength dependence
Since the oplical thickness can only be 1/4 wave for one
jength, the ref pends on the wavelength of the
incident light. Fig. 3 shows the computed wavelength depen-
dence atnormalincidence lor a 1/4 wave costing. Reflectance
is reduced over a large pant of the visible by designing the
coating for 8 wavelength of 550 nm. The reflectance increases
in the red and blue, giving the surface a stigh! purple tinge
whaen viewed in white light. This resembies the bloam on fipe
plums and so application of this type of coating is sometimes
called blooming.

Angle of incidence

The change in reflectance which occurs with the applica-
tion of a thin film ing is no! only jength dependem. it
is aiso angle of incidence dependent. At off-norma! incident
angles the expressions for calculating reflectance become
more comphicated and also difler for s and p polanzed inci-
dent light. Angles of incidence of up o about 25° shift the
refiectance curve to slightly shortar wavelengths. A single 1/4
wave thick (al 550 nm) layer o! MgF» will provide an

{Fig. 5). In a typica) example of this type of coating
the first layer is 1/4 wave thick MgF; at 450 nm. The second layer
is a so called “absontee" layer which retums the index of retrac-
tion back to tha! of the substrate. The third tayer is 1/4 wave thick
of MgF2 81 900 nm. This third layer is not only 174 wave thick at
900 nm, it is also 1/2 wave thick at 450 nm. The resul is a coating
which has two i gths: 450 and 900 nm
and lower (than a single 1/4 wave coating) reflection at interme-
diate wavelengths.

n, AR 174 WAVE MgF,
AT 900
aye 133

T
R

ABSENTEE
LAYER
114 WAVE MOF,
AY 4500m
N n,e138
SUBSTRATE

[ e e e e

Flg.ﬁ .W. sy Anmm;iﬂmh m tectri
with dittersnt thickness layers, and sn sbaenise

o! tess than 2% reflection from 400 to 700 nm for anges;!
incidence up to 25° tor unpolarized light.
Muiti-layer Anti-reflection Coatings
There are several ways of improving the efficiency and
wavelength range of anh-reflection coatings. Most of these
techniques involve the use of muti-layer coatings. One of the
simplest is the double quarter layer. Two quarter wave layers
of different materials are used. The reflectanco trom a two
layer AR system at normal incidence is given by:
_ 'y Y
i e+ ey
wherp the layer indices are shown in Fig. 4
This has a minimum at Ne = Ny (/M) * ... (8)

Since n is usually ~ 1, ny > ru to satisty (8).

{7

tayer in between.
Theideal anti-reflect ing wouldb pietely effoct
ducing suriace loss to zero, gth independent, angle o!
" o . dont, able 10

inci P P state D
mmmmwm.umaw.Ma
coating does not exist. There is however always a "bes! coating”
lovwaxieaﬁon.ﬂ%maybemyﬂﬁmhunasﬁndemd
mmwmmmmamwmm
tayer with tens of layers. Comp g the many variabl
in optica) coating, and knowledge of the lm prop adher-
ence. stresses, durabiky, etc.. allows the coater to design the
mwmw.rmawemm»mmnm-
MM@MMMM.WMW@IM!:
P a paricular p

e

’

DIELECTRIC REFLECTOR COATINGS

Equalbnsmsﬂ\emﬂectanwmnumallmfora
1/4 wave tayer on a substrale. H the dielectric layer has a
raﬁacliveindex(ns-z.sz)highelmanmaolmgw
substrate, the reflectance of the quarter wave layer is 0.314,
rmuch higher than the 0.042 from the bare substrate. )

Wl now a second layer having an index lower than the first
hyensdeposnad.missmtdlayeractsassnamnoﬂw
coating for the first layer, decreasing the raflectance. H a third
layer is added with a material having an index higher than the
spcond layer, this last layer acls as a2 reflectos layer to the

d , | g total In this way the
mﬂectammbemumlmmo.mtmmm
surface to close to 1.

In the air - glass system, 13 layers of attemating high index
material (ny = 2.2) and low index material (ns = 1.35) produces
ao.mmwammmammmmmmmp 1/4
wava optically thick (Fig. 6). This reflector is now substantially

th al

9 D wgths above and below the

1/4 gth the ref! d
In the allemating high and low index refraction stacks,
ipulation of the b o!layers.layatmidtmsssnd

materials can produce: long pass fiters, shor pass filters, cold
and ho! mirrors, maximum and partial reflectors and beam
spltters.

u-mm-mewmmm
Reflector Coatings. Contact us for 8 quote.

ARen, 710 )

N8
| it P .- - -
Fig.8 13 iayer mulik-layer dielectric . This
- mwm-m.ﬁm-amm
wavelength.

Fig. 7 shows the refiectance o! a typical mutti-layer refiec-
tor. Maximum reflector coatings at diferent wavelangths can
be superimposed to increase the range of high reflectance.
Other varianis include making one or more slacks a different
odd multipte times 174 wava thick to block 8 specific order.
and slightly varying the layer thickness from 1/4 wave in a

Hled tashion 0 i the high refl bandwidth.
We use this technique for our broadband reflectors on page
5-8.

|
i

fio.7

transmittance of a multi-tayer
reflector costing 81 0 snd 43 incidence.

METAL REFLECTOR COATINGS

In metal refector coatings the main considerations are.
reflectance, durability. ch unilormuty and
long term stability. Orie! metallic reflactor coatings are depos-
ited under stringently clean high conditons. The optic
toboeoahdisﬁrstdeamdhawioso!uﬂrasomcbams
(detergent. de-ionized distilied water, and reagent grade or-
ganic solvents). Then the optic is @x dried in a dust-lree

In

the ber, the optic is heated and
turther cl d by ion b dment glow discharge.
Wa offer the tollowing metal coatings:
* Bare aluminum

e Aluminum with SiOz overcoa!
o Aluminum with MaF2 overcoal
* Graded Chrome - Gold
¢ Silver with overcoat

See pages 10-810 10-8.

BEAM SPLITTER COATINGS
These coatings sre oftered only for Rat optics such as
windows. fiats etc. The following coatings are oltered:
*  Incone! metal in @ thickness wixch gives a spectrally
mwmmammmmmcm
400 - 700 nm. (Absorption « 0.36.)
* AN dielectric beam sphiter coatngs for 425 - 700 nm.
Four R/T raho coatings are avaiable: 20/80. 30/70.
50/50 and 70/30.

See page 10-10 for a detatied Neting.




ANTI-REFLECTION COATINGS

SINGLE LAYER BROADBAND AR COATING FOR
GLASS AND FUSED SILICA

Magnesium fluoride is an tient, inexpensive anti-re-
flection coating for windows, lenses, and beam splitters. A
layer o! MgF; on a glass or fused silica substrate reduces
surlace refiectance to less than 1.5% per surface over a wide
spectral band. See Fig. 1.

We offer single layer MgFz anti-refiection coatings to cover
five spectral ranges {rom the tet to the near i d

SINGLE LAYER BROADBAND AR COATING FOR
ZINC SELENIDE AND ZINC SULFIDE

Because of their high index of refraction, zinc selenido and
zinc sultide have high surace reflection losses. 2nSe has an
index of refraction of 2.4 a1 10.6 pm: reflection losses are
= 17% per surface. 2nS has an index of refraction of 2.2 at
10.6 pm, and reflection losses of ~ 14% per surtace.

Asingle 1/4 wave layer of Barium Fluoride can reduce the

Thelhadmessodmuqﬁlayeﬂs1Idmealmemidpoim
of the wavelength range. e.g. tho 400 to 700 nm, 79710

lo8s 10 S 2% per surtace for ZnSe and for ZnS. See
Fig. 2.

Coating 1s 1/4 wave thick at 550 nm.
- 7 o -
- X - .
\ I UNCOATED i
\ AN !
MCOATED BX 7 g / \ |
‘ § i
i
f| N\ I
COATED BK 7 \ - \ < \|
O 00 o0 700 80 00 1000 ! . s ¢ 1 8 © 10 (LI
WAVELENGTH (we) ! WAVELENGTH (1) !
Fig. 1 oleaBX7 costed with 1/4 wmmmus.m
wave thick layer of MgF2 centered st 530 om. with 1/4 wave of BsFz at 10.6 pm.
SPECIFICATIONS SPECIFICATIONS
Material: MgFa Material: Baf2
Retractve index: 1.3717 @ 589 nm Retractive index: 14@106pm
Refectance O ds on the F
index of the costed matorial. ZnSe: < 1.5% @ 10.68um
The curve on paga 10-3 shows 2nS: <05% @ 10.6 pm
the data for fused sitica with M spec compianco: Meots of excesds
1/4 wave coatmg) a1 550 nm. Abrasion, Mi-C-675A
Mil spec comphance: Moets or exceeds Adhesion, M M-13508C
Abrasion, Mil-C-675A Hardness. Mi1-M-13508C
Adhesion, Mil-M-13508C Incident angle: 0°t0 20"
Hardness, Mi-M-13506C
Incident angle. 0°to 20°
ORDERING INFORMATION ORDERING INFORMATION
Wavelength ’ o Thrices - Wavelength Prices '
v Rsnge For Model Run
(om) No. Run Charge®  Plece Price (nm)  Wsterials  No. Charge®  Plece Prics
25010400 To700 s s1so0 | 951012  20Se  TOTS0  $7TIS00 82500
1 .
700 to 1100 o158 $150.00 $15.00 Lswsy ___zs__ To7ss__ s7ISO0 2800,
1100 to 1700 79718 $15000 $13.00 * Cont tor costing each surisce.
1700 to 2500 TN $15000 $1500 * Cost for coating sach optic.

* Cos!tor costing each surisce.
** Cosl for costing esch optic.

These prices are tor up 10 2.0 Inch (30.8 mm) dlameter optics. For larger sizes contact Oriel for a guote.

*

”

ELECTRON BEAM BROADBAND MULTI-LAYER
ANTI-REFLECTION COATINGS

These e beam ned multi-layer dietectnc coat-
ings are gned for mi K F hon losses
are reduced 10 0.5% per surtace lor the sp itied gth
range. These coatings are ty durable and wi d

up to 2)cm’ in 10 ns puises.

Because of the high number of layers. these coatings are
more sensitive to incident angle than the single layer anti-re-
flection coatings. We offer these coatings tor norma! and 45°
incidence.

Theso coatings are tor fused silica substrates and lenses.

REFLECTANCE (W)
>
]

«°

20 735230 233240 750 200 270 200260 300 320 340 3 0 400
WAVELENGTH (rm)

ELECTRON BEAM NARROW BAND
MULTI-LAYER ANTI-REFLECTION COATINGS
("V" COATINGS)

These multi-layer dielectr gs reduce surface reflec-
tions to s 0.25% for a single wavelength. We otter them for
632.8 nm: other gihs are available on special t

Like the broadband mutti-layer coalings, these ara sensi-
tive to angle of incdence. We offer a 0" and 45 coating . For
“v* Coatings a! other h cl us.

REFLECTANCE (%)
Yz

N

Fig.d Transmittance of 76700 Costing on a tused

silica suriace.
SPECIFICATIONS
Material: Mutti-layer dielectrics
Rellectance: < 0.5%surlace avg. over the
wavelength range specitied
Mi spec compliance: Meets of exceeds
Abrasion, Mil-C-675A
Adhesion, Mi-M-13508C
Hardness. Mil-M-13508C
Incident anglo: 0. 410 of 45,210
ORDERING INFORMATION
{ Wavelength  Angle of 3
Range Incidence WModel Prices
{nen) (degroes) No. !
25010 400 0 79700
400 to 700 0 9710
700 to 850 0 o111 Contact
250 to 400 45 9712 Otiel !
40010 700 P 19113 |
| 70010850 45 TOTM___ |

ol N
' ™) 3 00 "o 00
: WAVELENGTH ()
Fig. 4 Ymmmolmm«umud
silics surisce.
SPECIFICATIONS
Material: Mutti-layer dielectrics
Retiectance: < 0.25%/suriace max.
Mi! spec comphiance: Meets or excesds
Abrasion. Mil-C-675A

Adhesion. Mil-M-13508C
Margness. Mil-M-13508C

Incident angle: 0.25 004525

ORDERING INFORMATION

| e
Angle of Rim Plece
Wavelength Incidence Model Charge* Price**
(nm)  (degrees) No. (4] [
6328 0 70850 $ 27500 8 1300
6328 A5____ Teess __$ 27500 S 15.00

* Cost for coating each surface.

« Cost for coating each optic.
m-ummmwconmmnm)mnwm
For larger sizes contact Orlel for a quote.
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METALLIC REFLECTOR COATINGS

Vacuum deposited thin fims of severa! ditleren! metals
make excellent reflectors. !t is difficult 1o polish metal sud-
strates to the ired for specular n
the visible and ultraviolel. so mos! the ref are made
by applying a thin meta! fiim to a highly potshed glass sub-
strate. We call these coatings metallic reflector coatngs to
distinguish them trom dielectric reflector coatings.

Metatlic reflector coatings are inexpensive. cover a broad
spectral rango. and have good reflectance (there is some loss
due to absorption). Some metal coatings, such as aluminum
and silver, tarnish rapidly. and refl drops signif:
 the optic is to be used as a tirst surface reflector a protective
overcoat is strangly recommended. Fig. 1 shows a tirst surface
and second surface refixclor.

EN

' REFLECTOR COATING RERNECTOR COATNG
] ON FIRSTY ON INTERNAL
tl SURFACE SURFACE

Fig. 1 Firs! surtace reflector (s), end second surtace
ratiector (b).

BARE ALUMINUM COATING

F deposited aluminum has an average o! 90% refiec-
tivity between 200 and 1000 nm. with an absorption band
(85% R) at 820 nm. From 1.0 10 30 pm. reflectivity is 94% 10 99%.

A thin oxide coaling forms quickly on alummum exposed to
air. UV reflectance falls due 10 the oxide coating. and detero-
ration of overall refiectanco results from continued exposure
to chemicals in the atmosphere. We recommend a bare aku-
minum coating only for second surtace reflectors.

SPECIFICATIONS

Material: Bare sluminum

Refiectance: See curve (Fg 2}

M spec compliance: Moets or oxceeds
Abrasion. Mid.C-675A
Adhesion, Mit-M-13508C
Hardness. Md-M- 13508C

incident angle: Oto4S

- ;
79950 Bare Auminum Coating. ... $ 90.00 Run Charge*® |
$ 19.00 Piece Price** }

ALUMINUM WITH PROTECTIVE SiO OVERCOAT

Overcoating aluminum with siicon monoxide (SiO) produces
an flent general purp gband refk for the visible
and infrared. The reflectivily of this coating is between B5 and
90% trom 400 nm to 20 pm with adip to ~ 75% at around 825 nm.
This coating is much more durable than bare aluminum. but can
sti) be easily scratched: care must bo used in handing. The
coated optic may be cleaned using a soft optica! cloth. We list
cleaning suppbes on pages 11-110 11-3.

SPECIFICATIONS

Material: Alminum with SiO overcoat
Reflectance: See curve (Fig. 2)

M spec comphiance: Meets or exceeds

Abrasion. Wi-C-675A
Adheson, M:t-M-13508C
Hardness, Mil-M-13508C

incdent angle: 0" to 45"
hrm Awminum with Sdicon ...........$ 120.00 Run Charge®
| Monoxide Overcoa!

$ 19.00 Piece Price**
* Cost for coating esch surtace.
** Cosi lor coating each optic.

UV ALUMINUM COATING

This aumi ing has a p layer of magne-
sium fluonde. The MgF2 overcoal prevents oxidation and
ensures high raflectance from the UV to the infrared.

This coating 1s easily scratched. and must be cleaned
carefully. See pages 11-1 to 11-3 for cleaning supphes.

SPECIFICATIONS
Matens): Aluminumn with MgF 2 overcoat
Retioctance: See curve (Fig. 2}
M4 spec comphance: Meets or oxceeds
Abrasion, Mil-C-67SA
Adheson. Mi-M-13508C
Hardness. Mi-M-13508C
Incident angle: 0 1045

79920 Aluminum with Magnesium . $ 145.00 Run Charge*
H Fluonde Overcoal $ 22.00 Pioce Price**

—_

* Cost for coating each surisce.
** Cost for costing each optic.

* Cos! for coating each surtace.
** Cost tor costing each optic.

These prices are for up to 2.0 inch (50.8 mm) diameter optics. For larger sizes contact Orie! for 8 quote.

——-_—-——-_—

GRADED CHROME - GOLD COATING

Gold is an excelle! raflactor from the near IR (600 nm) to
the far IR (30 pm): in this region refiectivity exceeds 98%.
Beyond 1.5 pm, reflectance is greater than 99%. Unfike atu-
minum, gold is resistantto o idation, bulitise ly
soft and care should be used in handling and ing. Clean

SILVER WITH DIELECTRIC OVERCOAT
As bare silver tarnishes rapidly in air and the reflectance
falls quickly, we only recommend bare silver for interna! o
second surface reflectors. We cffer an efficient dielectric pro-
tected siver coating as a Frst surface refiector. A layer o!
fuorid cts the silvar trom degradation.

a gold coated oplic using a non-contact flow of waler.y organic
solvent and clean dry air.

The 79938 has high visible and intrared rafiectance andis
durable. You can clean it with our 49122 Metatlic Reflector

Go'd adheres poorly to most types of gt An
diate layer of chromium, which adheres strongly to glass
optics, is required. We apply a thin layer of chromium 1o the
optic. and then deposit the gold. The result is a coating that is
pure chrome, chrome with go'd. and pure goid

SPECIFICATIONS

Material Graded Chromium - Gold

Retlectanco: See curve

Ml spec compliance: Meots o7 excoods
Abrasion, Mi-C-675A
Adhesion, Md-M-13508C
Hardness. Mi-M-13508C

Incident angle: 010 45°

[ e e .

‘ 79930 Graded CHIOMAUM ...covvrn $ 675.00 Run Charge®
Gold Coating $ 60.00 Piece Price™

* Cost for coating each surface.
« Cost for costing each optic.

Cloaning Fluid described on page 11-1. _
Onspea‘mommwemcoatywmansparemomum

ani 1 sitver reflecto ing. The siver is deposted on

the surface and d with a p! ive black paint. You

should consider an anti-reflection coaling on the entrance

race of any i | refk

SPECIFICATIONS

Material: Ag (MgF2)

Refloctance: See curve

compli : Meots of axceeds

At spec el Abrasion. Md-C-675A
Adhesion, Mi-M-13508C
Hardness. Mil-M-13508C

tncident angle: 0 to 45"

T 0830 St W .8 195,00 Run Charge’

Dielectne Overcoat

$ 40,00 Piece Price**
. '-Ooﬂlovmuehmhen.
« Cost tor costing each optic.

Theso prices are for up to 2.0 inch (508 m)dhmwmmhmmmmblm:me.
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Radiotion Scattered into
Solid Angle dfl centred around
the Scotfering Angle

Fig. 2.15. Angular configuration for scattering of electromagnetic radiation from a bound
clectron.

ox(A) = ﬁ - (;Z;I)J (2.132

R dck(0 = 1!) qrz(n2 - l)z

of = SE e = (2.133)
Riyy 550 |4 . _
o (A) = 5'45[)\(nm)] X 10"2 cm? sr! (2..134)

Bi(A) = Nof(A) =1 39[)\(550)]‘ X10"%ecm~"'sr-!  (2.135)



MOLECULAR RAYLEIGH SCATTERING

TABLE 2.3. RAYLEIGH BACKSCATTERING CROSS SECTION oX AT 694.3 nm

OR

Gas Formula (10°# cm?sr ) Ref.
Hydrogen H, 0.44 a. b
Deuterium D, 043 a
Helium He 0.03 a. b
Oxygen 0o, 1.80 b
Nitrogen N, 2.14 a. b
Carbon dioxide co, 6.36 b
Methane CH, 4.60 a. b
Nitrous oxide N,O 6.40 a
Neon Ne 0.09 b
Argon Ar 2.00 a. b
Xenon Xe 11.60 a
Freons—important to stratospheric studies:
Freon-12 CCl, F, 36.08 b
Freon-13BI CBrF, 24.87 b
Freon-14 CB, 491 b
Freon-22 CHCIF, 21.90 b

“Rudder and Bach (1968).
"Shardanand and Prasad Rao (1977).
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Fig. 3.22. Theoretical distribution of Raman volume backscattering coefficient due to a moleculaf
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Kobayasi, 1972).
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fig. 3.23. Frequency shifts of the Q-branch of vibrational-rotational Raman spectra of typical

awkecular specics present in polluted as well as ordinary atmosphere relative to the exciting laser

frequency (Inaba and Kobayasi. 1972).

TABLE3.3. RAMAN (Q, O + S BRANCHES, AND TOTAL), PURE-ROTATION RAMAN,

AND RAYLEIGH BACKSCATTERING CROSS SECTIONS*

Raman Shift do/dQ (cm? sr~")
w,/2%c o+S Pure
Molecule  (em™') Q-branch  Branches Total Rayleigh Rotation Total
N, 212066 29% 10-® $5x 10°* 35x10-2°[39%10-77 Lix 10" 40x10°"
0, 155626 33 % 10°® 13 x10°%® 46%10-°|33x 10" 20x10°™ 3s5x 107"
CO, (»y) 138815 34 x10°® 73x 107" 42x10°°][90x10-7 83 x10-? 99x 10°"
CH (»,) 29142 21x10°P o 21 x10°®|86x10°7 0 86 x10°%

*Based on the polarizability tensor theory of Placzek (1934); reproduced from lnaba (1976).



TABLE 34. RAMAN WAVE-NUMBER SHIFTS AND MEASURED DIFFERENTIAL RAMAN
BACKSCATTERING CROSS SECTIONS APPROPRIATE FOR 337.)-am EXCITATION

Raman- Raman Cross Secuon
Shifted Dilferential Relative to
Raman Shift Wavelength Cross Section Q-branch
Molecule (em™") (am) (W0~ ®emist ') of N, Rel
Freon I 14 442 3422 42 P) 14%P) 1
cCi, 459 324 260 93 2
Freon C-318Y 699 345.2 1.8 P) 2.TUP) 1
NO, (v;) 754 5.7 240 86 3
SF, ns 6.1 120 43 2
Freon 116° 807 346.5 14P) 26(P) 1
Freon 114/ 908 3477 SXP) LY P) |
CuHg (7y) 991 MR7 440 15.7 2.3
0, 1103.3 350.2 64 23 4
SO, 1818 3508 170 6.1 s
€O, (29;) 1285 3525 31 11 23
NO, (»y) 1320 3528 510 182 3
€O, (»,) 1388 3537 42 1S 2.3
0, 1556 355.9 46 (K] 2.3
o) 140 23
CiH,(2y) 163 3%.6 540} 19Q) 2
NO 1’7 360.0 1.5 0.54 3.5
co 2145 363.5 36 13 2.3
N, 23307 365.9 - 35 1.3 2.6
- 280 1) 26
H,S 2611 369.7 190 68 2.5
CH,OH (»;) 2846 N 140 50 2.3
C{H,, 2885 N 1240(C) 44.3(C) i
CyH, 2886 N4 RLR(C) .4C) 1
C.H,., 2886 3734 134.0(C) BRNC) 1
C.Hyo 28% mns 93.5C) 33.4C) 1
CH, 2914 3R 22%C) 11.%C) !
—=(») 210 2.5 2.3.6
CyH,, 2941 32 102.5C) 36.6(C) |
C,H, 2942 32 63.6 21 1
C,H,0H 2943 3742 190 68 23
CH,0H (2v,) 2958 344 2.5 29 2.3
C.H, 3010 375.2 89.6(C) N0 2
CH,(ry) 3017 3783 140 50 2.3
CyH, 3020 3753 286 10.2 ]
) 18Q) SAQ) 2
CuHio 3064 3759 87.9(C) 31.4C) 1
CoH, (7)) 3070 376.0 300 10.7 2.3
CH, 3072 376.0 652 03 |
NH, 3334 INR 1o 39 2
C;H, 33 380.3 3.3 12 1
H,0 3651.7 3844 18Q) 2.80) 2.6
H, 4160.2 3922 {7 3 2.3

“Q indicates the value of the O-branch vibrational Raman backscattering cross section: C indicates a
broad multipeaked structure associated with the C— H stretch mode: P indicates a cross section based
©n a ratio of peak intensities rather than spectrally integrated signals.

*References: 1. Stephenson (1974); 2. Murphy et al. (1969); 3. Inaba and Kobavasi (1972): 4.
Schwiesow and Abshire (1973): S, Fouche and Chang (1971): 6, Penney et al. (1974).
“1,2-Dichlorotetrafiuoroethane.

“Ocuaftuorocyclobutanc.

*Hexaftuoroethanc.

/Terraftuoromethanc.
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TABLEG6.l. OPTICAL INTERACTIONS OF RELEVANCE TO LASER

ENVIRONMENTAL SENSING
Technique Physical description
Raylengh. laser radiation elastically scaticred from atoms or molecules is
scattering observed with no change of frequency
— — yp—VRIUAL LEVEL
w (%
GROUND LEVEL
Mie laser radiation elastically scattered from small particulates or aerosols
scattering (of size comparable to wavelength of radiation) is observed with no
change in frequency
h
hy
Raman laser radiation inelastically scatiered from molecules is ohserved with
scattering a frequency <hift characteristic of the molecule (hv - hv* = E)
R —VIRTUAL LEVEL
? :: h*
WIBRATIONALLY
EXCITED
T “EVEL
Resonance jaser radiation matched in frequency to that of a specific atomic
scattering transition is scattered by a large cross section and observed with no
change in frequency
EXCITED LEVEL
v hy
GROUND LEVEL
Fluorescence laser radiation matched to a specific electronic transition of atom or
molecule suflers absorption and subsequent emission at lower
frequency: collision quenching can reduce effective cross section of
thic process: hroadhand emission is observed with molecules
= ELECTRONICALLY
EXCITED
VIBRATIONAL
LEVELS
w hv’
—
GROUND LEVEL
Absorption observe attenuation of laser beam when frequency matched to the

absorption band of given molecule

EXCITED LEVEL
hy ET
ND LEVEL

Differential
absorption
and
scattering
(DAS)

the differential attenuation of two laser beams is evalvated from their
backscattered signals when the frequency of one beam is closely
matched 1o a given molecular transition while the other’s frequency
is somewhat detuned from the transition

hy EXCITED (EVEL
hy,
GROUND LEVEL
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Fig. 6.1. Optical interactions of relevance to laser environmental sensing.
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Figure 12-3 Wavelengths and relative intensities of

some major neutral metal vapor laser lines. (Courtesy
of Qucntron Optics Piv. Lid.) ( ’
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Flgure 11-2 Basic elements of a commercial continuous-wave chemical laser include a gas
supply. a discharge chamber that produces free Auorine. nozzles which mix the reactants. a
mixing region. a laser resonator. and a vacuum pump to collect spent gas. Gas flow is from
left to right: the laser beam is perpendicular to the gas flow.
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certain reactions. (From Chester. 1976.)

[ |
. -4
- Ho 2
. 2p 6 7 8 9 4o €
[ e 6 7 8] 9 B
|L L Ill ] S
[ N I I | | Lo
; 100 1a L1111 (1 l|l L1 1 0 o
g
HERL] = i
:
g sof- .
"
€
€ a5} 2p 3]a 71 s i
g 1P a4 5 6 7] 8 9 10 1]
° o | I . | LA 1l 1ald l 1 1 1
& 26 2.7 28 29 30
Wavelength, um
30 3
- 1 -4
N 20 2
3p 8 9 0 n E
[2P 8 9of w] n 1”2 o ®
P 9] 10 i 3
[
100 1.t 1 1 11 | N I | 1 0 o

~
o
U

N
v

2P 3 q
S 6 7

% Maximum single-ling power
1)
Q
1

o

36

37

8
9 10; n
1

38
Waovelength, um

Figure 114 (a) HF and (b) DF cmission lines from a continuous-wave chemical laser.

(Courtesy of Helios Inc.)



TEMo TEM2o

TEMso

TEMz2

TEM2

Figure 14.28 Mode paterns (without the faint interference fringes
this is what the beam looks like in cross section). (Photos courtesy Bell
Telephone Laboratories.)
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Figure 14.27 Laser modes: (a) illustrates the nomenclature:; (b) com-
pares the broad atomic emission with the narrow avity modes: (¢!
depicts three operation configurations fora c-w gas laser, first showint
several longitudinal modes under a roughly Gaussian envelope. then
several longitudinal and transverse modes, and finally a single lonz"

tudinal mode.
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(All specificaions at 1064nm unless otherwise noted)

Full Width Hall Maximum.

Full Width Hall Maximum (1¢m™ = 30GHz).
10% encrgy reducuion

Full angle for 86% encrgy.

With respect 10 exiernal ingger; 1103 with 51500.

E

NYS82 Series

,"I.vrﬂ:‘,‘.‘\l“ ,"\

NY82 Series NYB2:10 N\‘ll-thl
Repeution Rate 10 20
Encrgy (mJ)

1064nm 1400 1200
s32nm (Type 1l doubling) 750 600
355am (Type | doubling) 350 275
2660m 120 85

Pulsewidth ! (ns)

1064nm 69 69

532nm 58 5-8

355nm 58 58

266nm 4.7 4.7

Linewidth  (em")

O Oplions 1.0 1.0

Line Narrowing Ealon (LNE)’ 0.1 0.1

Injection Seeded SLM (S1500) 0.0045 0.0045
Divergence * (mrads) 045 045
Rod diameier (mm) 9.5 9.5
Beam pointing stability (urads) 250 250
Jitter 3 (2ns) 0.5 0.5
Encrgy subility* (%)

1064nm 2.3 25

$32nm 15 15

355nm 4.0 40

266nm 10 10

Power dnift 7 (%)

1064nm 30 30

5320m 6.0 10

355nm 6.0 6.0

Beam Spatial Profile (fit 10 Gaussian)*
Mear Field (<1m) 0.70 0.70
Far Field (=) 095 0.90
Max. deviation from fitted Gaussian * (£%)
Near Ficld (<1m) 30 s
Service Requirements
Power 220V, single & 16A 20A
208V 34 18A/¢ J
Waeer 3AGPM 3t 40-60PS1

6 shot-to-shot for 99.9% of pulses.
7 (rom average for 8 hours
8 A leas: squarcs fit 10 8 Gaussian profile.

A perfect it would have a coefTicient of 1.

9 At beam center.

I. Rear murror

2. Pockels cell

6. Amplifies rod

7. Gaussian output coupler
8. Tuming murror

9. Faraday 1solator

10. Fina! amplifier

11. Hamonic gencratons

12. Dnchrosc scparators
13. Optional injecuon seeder

Optical Layout NY82

O 3355 r’_:’f_._-_‘
S b s M

g 0 P22 e il === -
l_L_.é"J_.{ Eﬁ_".‘.:J__} :—~-~ |

Physical Layout NY82

Conunuum, 3150 Central Expressway, Santa Clara, CA 95051 Tel: 408 7273240, FAX. 408 727.3550
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RECEIVER SYSTEM

) TELESCOPE
g/ \
\/
J 15

3l
b= RECEIVING MIRROR
1= DETECTOR BOX

I

RECEIVER
1) 24” optical flat: Reflectivity 90% @ 532nm
coating: AISIiO 84% @ 355nm
88% @ 607nm

2) Cassagrain telescope primary mirror:
Reflectivity 87% @ 532nm
coating: AlSiOy 89.5% @ 355nm
87% @ 607nm

3) Secondary mirror: Reflectivity 87% @ 532nm
89.5% @ 355nm
87% @ 607nm

4) 27, high reflective low power mirror:
Reflectivity 99.8% @ 532 ,355,and 607am.

§) 1” fabry lens: Reflectivity 3% @
AR coated §32,355,607nm

6) 1” collimating lens: Reflectivity 3% @
AR coated 532,355,607nm

Reff = 67.4% @ 532nm
66.8% @ 355nm
66.1% @ 607nm
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OPTICS

_Evaluation and Design
by Harrie Rutten and Martin van enrool]

Published by:

Willmann-Bell,Inc.
P.0. Box 35025

Richmond. Virginia 23235 2 (804)
United States of America 320-7016

A Comprehensive Manual
for Amateur Astronomers.
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Fig. 6.4. Telescope configurations: (2) Newtoaian; (b
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SOCKET ASSEMBLIES

Voltage Divider Consideration

VOLTAGE DIVIDER CIRCUITS

To operate a photomuitiplier tube, a high voltage of
about 1000V is usually applied between the
photocathode (K) and anode (P). In eddition. a voltage
gradient must be set up among the photoelectron
focusing electrode (F) and secondary electron muitiplier
electrodes or dynodes {Dy).

Figure : Schematic Representation of PMT
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In !, the for the vari
electrodes are derived, as shown in Figure 2, by using
resistors or Zener diodes across the voltage between
the cathode and anodo instead of using individua!

voltage sowrces. This circuit is termed a voltage divider,

or bleeder crrcuit.

The b flowl gh the voltage divid
qmidwninﬂwea?(A)W(BHaknownsstm
divider current, or bleeder current, and Is highly related
to the output lineerity, to be described later. The
capacitors Ci, C2 and Cs connected in paralle! with
the Zener diodes In the circuit shown at (B) are used to

Figure 2: Voltage Divider Circut with Anode Grounded
{(A) Using Resistors Only
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minimize noise generated by these Zener diodes. This
noise becomes significant when the cunrent flowing
through the Zener diodes is of insufficient tevel. Thus,
care is required with respect to this point, as this noise
can affect the output signal-to-noise ratio of the
photomultiplier tube.

1) Anode g and Cathode G ding
The g ! technil used for voltage divider circuits
is to ground the anode with a high negative voltage
apptied to the cathode. This scheme eliminates the

ial diff b the 1 circuit and the
anode, lacilitalinc the ¢ ion of such its 29

20-vo!

a!
amnhrm to the photomuit:olset tube. However, when a
d enode guration is used, bringing a
grounded metallic holder or magnetic shield case near
the bulb of the tube can cause electrons to strike the
inner bulb wall, resulting in the generation of noise.
Also, for head-on type photomultiplier tubes, if the
faceplate or bulb near the photocathode is grounded,
the slight conductivity of the glass materia} causes a
cmemtoﬂowbetweenmephotocamode(whzchhasa

high neg and g ‘I’msmaycause
ysis of the p I g to the dang
of significant i For this . when

designing the housing for a photomultiplies tube and
when using an electrostatic or magnelic shield case,
extreme care is required.

in addition, when using foam rubber or simlilar
materia! io mount the tube in its housing, it Is essantial
that 1 having sufficiently good insu!
properties be used. This problem can be sotved by
applying a black conductive layer around the bulb and

g to the [, {called HA Coating).
Howaver. in scintitlation counting, it is often impossible
to use this que. since the g d scintiliator is
in with the ph itiplier tube. In such

cases, the cathode must be grounded, as shown in
Figure 3, with a high positive voltage applied to the
anode. Using this scheme, & coupling capacitor C is

Figure 3: Voitege Divider Circult with Cathode Grounded
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used to separate the high positive voltage applied to the
anode from the signa), making it impossible to obtain a
DC signa! output.

2) Voltage Divider ctreu!h and Output Linearity
In either the g d anode or grounded cathode
covmmmmon whenﬂwiwidemtlgmonms
hode s d in leve) to increase the

amdocmmla as shown in Figure 4, at above some

leve), the ionship b the Incident light
level and the anode current deviates from the idea!
tinear relationship and the photomultiplier tube goes into
saturation.

Figure 4: Output Linearity of PMT

oo oo o [0 o
UOHT FUUX AR L)
2-1) DC Operation Output Linearity

If we consider the case of deriving OC output using the
circult configuration shown in Figure 2 (A), when the
tncident light love! is d, tho b flowing in
the loop Dys -Rs -P-Dys increases, cancelling out the
current b which flows in the reverse direction through
Rs. This effect results in a decrease in the voltage
across Dys end P. The same effoct is observed

b the other ok des, but the eerller the dynode
stage, the lier the ! flowing in the dy , 80
that this effect lessens. Thus the voitage to be epplied
to lattor stages is d d to the provk stages 80
that there will be en & in dynodk ge. The
result is en ' in amplification,

the phenomena shown in Figure 4 a1 B,
If the incident light leval is increased furthers, so
that the anode current equals the voltage divider

current, for the above described the 0
Imweenmolastatagom\dnwenodemcheszm
This d ilection efficlency of the

anode and the anode outpu! becomes saturated, as
shown in Figura 4 at C.

While there ere differonces depending upon the
type of photomuitiplier tube and voltage divider circuit
used, when a DC output is derived, the maximum

ica! anode is d ined by the voltag
divider current calculated from the supply voltage and
the total value of the voltage divider resistances. It is
suooestedmmomodeamembesmanavthanuzo
ov lhe itege divider . The of

0 the output is to tower the
vollage dividet resistanco values or use a Zener diode
between the last dynode and the anode as shown in
Figure 2 at (B), and, if necessary, the previous stages as
well.

However, using the former technique, the power
which must be dissipated within the voltage divider
circuit increases. Th!s may raise the photomultlpher tube

s and y its in an i in
dark end ibk i in output. Usmq the
latter described technique, also, if the g in
the Zener diode is insufficient, Zener diode noise can
increase with the danger of reducing the output
signal-to-noise ratio. To absorb possible noise

i should be across the Zener
diodes. Note, elso, that On and D2z of Figure 2 are used
to asmblish a constant voitage on the electron (ocusmg

of variations in the apptied ge.
andamﬂmnotmmedeommlh\eanty
2-2) Puise Operation Output L

Tommﬂseowatlonwﬂhaphmmﬁﬂwe'hme
mmmmmm

in ] with the
voltage deing resistors of the last severa) stages. as
shown in Figure S (A). those capacitors provide electric
charge during the duration of the pulse and result in a

gignificant in the peak
Ualnumhwmdmimwachmooodmmn
linearity (better than 1%), the valve

between the last stage and the anode should be roughly
selected as follows.

€100 -3 ttaraas)

where Q: Electric charge for one output pulse
{coutombs)
V: Voltage between the last stage and the anode
(voits)

When adding capecitors to the last few stages, the
electric charges required by the preceding stage shou!d
be assumed to be 1/2 to 1/3,

When the puise output increases further, even using
this technique, it will result in saturated output by virtue
of the space charge effect in the region of the anode. In
such cases, the voitage divider resistance values from
the centra! stages to me last s!ages shou!d be changed
80 that the voltage ¢ the last
stage. Thlsschmneiskmnasatawedvoltage
divider circuit and is eflective insofar as the interstage
breakdown voltages wiil permit. In many cases.




however, since this is jed by 8 in
cument amptification, it is necessary to increass the
applied voliage.
lrmeva!uool&tnﬂmsumdomoessaﬁly
mmmmu-&mmmmmwm
roduoothovohaoobofwoeﬂ\fnlas!smgewme
anode. And the effact of the space charge and a8
duction in dary efficiency of
the anode will cause a in output linearity.
In addition, care is required since mismatching of
impedances with the output cable and any external
circuitry can cause tinging. Techniques usad to oblain
linear output using pasallel or tapered voltag:
dlvidorcirduﬂsanp’yasweﬂtomaganedcan\oda
clrcult configuration end the anode positive vollage
circuits,

ms:vmmavmmmomum

{A) Using Peratiel Capacitors
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TYPES OF SOCKET ASSEMBLIES
As di d in the previ cti i
are required In making up the
To tree the user from the
divider its and P! i

\tage divider circuit.
ity of designing voltag
] d parnts
ion, + provides e variety of socket

assemblies which enable sufficient performance to be
derived from photomuttiplier tubes by making simple
connections only.

Refer 10 the types of socket assemblies listed on
page 5.

1) D Type Socket Assemblies (E717 Series, E990

Series etc.)
MDWMWMawn-lnvoﬂm
divider in @ metallic or plastic container, @3 shown in
Tigure 6.

A selection guide is provid d on page 7, enabling D
type socket assembiies to be selected for individual
application requirements. Note that this catalog includes
only those types intended for genera! applications, and
Hamamatsu is ready to produce special socket
assemblies to individual user specifications.

Three types of D type socket assemblies are
abailable with ditferemt circuit configurations. Figure 7
mtmm&!m’ndusedmmakomﬁmto
&n externa! circuil.

Figure 6: D Type Socket Assembly

» WAL OUTRUT
{ P SI0MAL ONO
L3 POWER ELPPLY GNO
laad [ ——>. ta0m vOLTAGE BPUT

2) DA Type Sockel Assemblies (C1053 Serles, C1556

Series)
'lheDAtypesoekethuhaveabum-lnvonaga
divider and amplifier to convert the low-level,
high-impedance cument output of the photomultiplier
tube to a low-impedance voltage output. Since the
nmnmwmndmmmwwmu
connected to the amplifier circuit at @ minimum possible
i the problem of § noise induced in

ting cables is eliminated.

The DA type socket assemblies are avallable with a
bandwidth of DC to SMHz for the C1053 series and DC
to 10kHz for the C1558 series. Either series is available
for 1-1/8" (28 mm) diameter side-on and head-on
photomultiplier tubes as standard products. In addition,
variants having a BNC connector in place of the
t itiplier kot are also labla. This
type enables use of other photomultiplier tubes in

bi with an appr D type ket

assembly.

HIGH VOLTAGE POWER SUPPLIES

Voltage Dependence

PHOTOMULTIPLIER TUBE VOLTAGE
DEPENDENCE

Photoelectrons emitted from the photocathode of @
photomuttiptier tube are directed by the electron lens
system end collide with the first dynode where severa!

times this number of electrons are emitted as secondary

electrons. This multip! o of 4
electrons is repeated at latter stege dynodes, so that
when elections finaly reach the enode, the number of

electrons is approximately 10° times the original number mar
modutar types to general-purpose
et ined with

emitted from the photocathode.

The relationship of the electron emission ratio ¢ for
each dynode stage to the applied voitage is expressed
as follows.

power of the

the cathode and

anode. This essentially means that the output of the
photomuitiplier tube is extremely sensitive to variations

in

Thus the

QUi in stability of
the power supply must be at least 10 times as stable as
the output stabilily required of the photomultiplier tube.

are the products of
specialist in photomultiplier tube deve

tsu

d high voitage power
many yeass of experience as a

lopment and

are provided, ranging from

photomuitiplier tube operations.

bench-top types. All
that arise in

a=AE® Figure 1: Current Ampiification vs. Supply Voitage
.
Where Ais a t, E Is the | ge voitage, and
ais ined by the dynode e A
! and g The value of a is
usually in the range 0.7 to 0.8. When a voltage V is
applied between the anode and photocathode of a -
photomuttiptier tube having n dynode stages, the overall /
current amplification G is given as follows. ©* /
. vVl 3 Vi
GaAEr = |A|— g "
- A" ver = K.ver (K is & constant) .
(n+ )" b
The usual type of photomuitiplier tube uses 9 to 12 ol
stages of dynodea end, as shown in Figure 1, the o0 300 o ‘o0 2000 3000
curent amplification is proportiona! to the 6th to 10th SUFRLY voLTAGE
TyPo Mo, | .oy pramin, Footires Output Voltage | poiaciy | Currert | NP2 Volioge | Weight
?:::h-top cess High Stabitity -200to -1190V| Neg. SmA | 00/ms/220vdc | 33 kg
C3350 | £3 kV Outout, Large Cument | Oto <3000V (Pos./Neg| 10mA | 100/s/220Vec | 8 kg
C2833 Computer Compatible | 200 to +3071 V|Pos./Neg.{ SmA | 100/15/20vdc | 8.5 kg
C3360 ~5 KV Output Oto -5000V | Nog. tmA | w00/m5/220vec | 35 kg
m\ﬂa’ (_:1!!(!’:?1 _Lafnemtem Modutar Type | ~400 to -800 V 2mA +15 vdc 140 9
High Stability Modular T 200 i
ype | =200t -1100V| Neg. 07 mA
C1309-04 +15vde | 120¢g
C1300-08 | —1.5 kV Output Modular Type | —400 to 1500 V 1 mA
C2456 Smal) Modular Type 19010 -100V| Neg. | OSmA : +15Vdc 1009

28




COOLERS

Cooling Effect on Dark Currenf

FACTORS OF DARK CURRENT

The dark current of a photomultiptier tube is 8 slight
mﬂwlwhiehﬂmmnahlghmﬂm is
aoﬂied!oﬂ\ohaboaﬂdmlmlsoﬂtmtm
photocathode. Since dark current deteriorates the S/N
ratio, it is a factos which establishes the minimum limit
of detection when the output current is oxtremely low,
when measuring extremely low-level light.
Faﬂmwhbhaﬂectdmkmwwnbeclassiﬁedimo
thesevendosmbedbam.fhedeoreetowhicheach
of these affects dark current will depend. however, on
the type of photomuitiplier tube and will very from tube
to tube and with respect to operation conditions.

1) Theemion} jon of elactrons from the
photocathode and dynode surfaces.
2) Leakage cument between electrodes and pins.

Figure 1 shows the hi the vollag
tied t ' the cathode and anode of a

photomuitiptier tube and the anode dark current. This
characteristic curve can be divided into three regions.
|nmelow-volwoemlonA.mmiotcmmoldam

t is the lea! t 2) and in the high-voltage
tegion C, 3), 4) and 7) the g ing fact
which ine the dark 1. In contrast to this, in
the region B which approximates actua! opertion
condition, th ) electro igsion is the @ ing
factor. From this behavior, it can be seen that cooling
the ph hode surf: and dynodes would be very
eHective in reducing dark cument,

COOLING EFFECT

Figwre 2 shows 8 i of the T

o ics of dark nt tor various p hode
is in a p \tiplier tube of the same shape

This is chiefly due to Impurities on the
supporting materials, glass stem and plastic base
surfaces and on the socket surfaces.

3 lmctmamnwﬁngaslheresultoﬂonizmionof
residual gases inside the bulb.

4) Photoelectron emission as aresult of collision of
internal electrons and lons with electrode supporting
materials and glass.

5) Photoetectron emission by the glass scintiilation as
result of gamma rays emitted from redioactive
elements (chiefly “K) within the glass bulb.

and dynode structure. From this figure, it can be seen
that, as the work function b fer (biatkali
multialkati — S-1: silver oxide cesium), the influence of
perature in ining the dark cumrent increases.
Essentially, this means that the effectiveness of
frigeration in reducing dark t and improving the
S/N ratio increases. In this figure, although the cooling
effect decreases in the region below —20 to -30C,
this is attributable to the fact that the contribution of
factors other than ioni issl
relatively latge in this region. In photon counting

—

t can be ignored. it

6) Ph d by Chesenkov
diation due to iC rays passing gh the D since the |
glass. is possible to achieve greater effectiveness from
7} Field ton of el from the phc thodk ling

surlace and dynode surfaces.

Figure % Dark Current vs. Supply Voitage
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MAGNETIC SHIELD CASES

influence of Magnetic Fields and Magnetic Shielding

INFLUENCE OF MAGNETIC FIELDS Figure & Examples of Magretic Shieid Effect

The photomuttiplier tube Is a type of vacuum tube in which (o)

photoelactrons emitted from the photocathode repeatedly collide

with dynodes and are thus muttiptied before they reach the

anode. The degreo of multiplication varies significantly F]

depending upon the position of the collision on the dynode. g
:

CASE . E000
DYNODESY

There! gnetic fields can cause electrons to be

deflacted from their norma) paths, causing a loss in electron

enuiti ion fi fty, the photomuitiplier tube output

is extremely susceptible to the effects of magnetic fields. For

eﬂwmmmmmmumWGﬁddeMan
oct, rotating the position of 8 photomuitiptier tube will o -9 O v R

rosult in & hle change. B of this p - ' sy

photomuttiplier tubes which must be moved and thoss which

must in p ity to the leak flux from such devices

as must be d in ic shields. ®

MAGNETIC CHARACTERISTICS R | R e oo,
The dagree of change in output with respect to megnetic fields
veries graatly depending upon the type of photomultiplier tube.
Figure 1 shows the magnetic characteristics of typical
photomultiplier tubes. The measurement was made by placing
the photomuttiplier tube and excitation coll inside a permalloy
housing and degaussing the electrode before measurement. A
uniform light (ntensily was applied to the photocathode and an
output of epproxk fy 1uA was derived. The magneti -% -9 e %5
field dorection Is shown In Figure 2. ¢ oo
In general, photomuttiplier tubes having a large distance
betwoen the photocathode and anode and, in perticular, those
t:nvlngalarpo b the ph thode end the first ()
d tatively small dynode opening in with )

RELATVE UTRT (8
§ 3’
y

y ora
the photocathode area, will exhib!t a large variation. Therefore, s PP G et bt 2500
wmmwnummmmwhawam

b the ph thode and the first dynode are
more suscentible to this effect than side-on types. And of these,
types which have a large ph jo area show p U
large variations.

Electrons chiefly receive the effects of a magnetic field in
the region between the photocathode and the first dynode. This
is b the b the foll g dynodes are VAGETC Ty
relatively short and b the dynodes th are made -
of nicke! or other magnetic materialas which provides a shielding
effect with respect to travelling through the dynod

AELATVE OUTIUT (W
i/
!
agi

b )

Figure 2: Direction of Magnetic Fisids T ]
(For data shown in Figure 1) T ano case
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SHIELDING EFFECT
Magnetic shield cases are metallic tubes fabricated from
permalloy or other materials having high permeabitity. By
positioning the photomuitiplier tube within such a case. it is

ible to red the infl of 1 magnetic fields on
output tevel. To express the effect of a magnetic shield case,
the magnetic shiedling factor may be used. It is determined by
the permeability 4, the thickness t and Inner radius r of the
shield case, as shown in Figure 3.

The magnetic shielding factor for two shield cases of
ditferent radii used one within the other is the product of the two

0 This sch is usable to obtain an extiemely

high shielding effect.

1) Suturation Characteristics

The B-H curve which exp the ionship b the
extemalmagneﬂcﬁa!dﬂﬂandﬂmdenssty(ﬂ)wmnamamhc
material indicates a saturation characteristic, 8s shown in Figure
4. Since the permeability u is given by the B-H ratio, the
relationship of H to u, as shown in Figure §, varies depending
upon the 1 magnetic field ity, with

Figure 3: Shielding Effoct

Figure 4: -H Curve

oo

S
'f...“\ -
"o ”_—\ ¥ S
A > NG ———
S ’/ S \..
PN

Shielding factor ('iw) =
Hin

MAGNETIC lﬂ(;&iv Ot
[] [

inme hielding effect. Therefore, in ly

higheir gnetic fields, it is ded that a soft-iron
maqnet!cshialdcasehavmga hick o!f i ty 3 to
10 .1 be used as this ia) has a high saturation flux

density.

2) Frequency Characteristic
The above described shield case charecteristics are for DC

A bl e

3t
ar

Magnetic Field

wmmmm

Figure 5: Peimeability end

DUQLONG FACTOR

B

magnetic fields. In contrast to this type of field, the leakage flux
from a f an AC magnetic ficld effect which
must be considered as well. The bllity of a magneti
! o with ing f This is particulart
Iceable for thick evonatlow frequencies.
Hamamatsu €839 Series shield cases use a material of 0.8 mm
thickness, yet providing sufficient effective permeability even at

normat line power frequencies of SO or 60 Hz, shown in Figure 6.

11 magnetic fields of high frequencies such as 1 to 10 kHz are
applied. a thin shie!ding materia! (0.05 to 0.1 mm) having good
frequency characteristic should be used in combination with the
norma! shielding.

3) Edge Effect

The shielding effect given by 3ut/4r applles in the case that the
shield case is of sufficient length. Since actua! shield cases
have a finite langth, h there is a ioration of the
shielding effect at both ends which should be considered. For
this reason, s shown in Figure 7, it is necessary to locate the
photomuitiplier tube 80 tha! its end is somewhat covered by the
shielding tube. For head-on photomutltiplier tubes, this depth
should bo approximately the case radius. if the magnetic field
direction Is paralle) to that of the tube axis, howeves, the edge
eflect becomes extremely prominent, so that the photomuttiplier
tube should be kept to within at least the diameter depth from
the end of the shie!d case.

0 L]

MAQNETIC NTINUITY tAfme

Figure 6: Fraguency Charactearistic

o «
MAONETIC NTENSITY (A/me

PRECAUTIONS FOR USE

1. Magnetic shield cases should not be subjected to shocks. When
deformed by shocks, permeability decreases. Also whittling and
drilling the case affect permeability, and therefore should be
avoided.

2. Some shield cases have small holes near the edge. These holes
should be used to mount the shield case on the chassis and not to
cramp the tube in the shield case.

3. The ESB9-10 has e little flexidility in diameter as shown a! the
right. However, when the diameter exceeds the range from 14 to 17
mm, the shield case may be def d and bility |

4. The PMT tends to incsaase in noise when a grounded object
approaches the tube. Since the shield case is generally used at
the ground potential, the PMT should be positioned in the center
of the shield case by using, for example, elastic foam rubber with

sufficlent ! d d the tube.
*The cathode-ground scheme end HA Coatod tubes are ]
excepted from the above. ]
§. The magnetic shielding effect decreases towards the edge of the é.
shield case as shown at the right. [t Is suggested to cover the tube .
with a shield case longer than the length by at least ha!l the tube L EAE

diameter. See the item “Edge Effect” on page 25.

6. Shield Case Mounting Method
In making precise photometric measurements, it ia essential that the position of the photomultiptier tube be
kept constant with respect to the other parts of the measuring system.
wmmsmmwudm #t is necessary to mount the photomuttiplier tube securely to
that no k the p! Htiptier tube and the shield case or between the
shield case and the other parts of the system. When a photomuttiplier tube which does not have an HA
coating is used in a grounded anode circuit with a high negat lied to the cathode, if the
shield case is grounded, there is & danger of noise being generated, asdewibedmwmsndsomay
be minimized by insulating the shield case from gorund pootentia! sufficiently and, evendmomtdeo!
the shield case Is sufficiently insulated, bymctmuthoshleldcasetom thode th
of approximately 10 MQ. This que Is p: y required when measuring extremely low tight levaels.
The following are typical shield case mounting methoda.
E9889-10: (For 1/2° Side-On Photomuitiplier Tubes)
The shield case can be positioned around the photomultiplier tube using an insulating material
having good Insulating properties between these two Then tighten then using adhesi
tape or thermal-shrinkable tube.
E089: (For 1-1/8" Side-On Photomultiplier Tubes)
Foem rubber or a similar material having good insulating properties and etasticity can be used to
hold the photomuitiplier tube in the center of the shield case. By using the mounting holea in the
shield case, mount the shield case to the system. When doing this, use of L clamps or other
mounting fixtures are suggested.
Shield Cases for Head-On Photomultiplier Tubes:
Foam rubber or other similar materials having good insulating properties and elasticity can be used
tosecuew'nldmmheinﬁwcemmandmawwmmmumdtonmmm
shleld case to the When tigh g the shield case using bands or screws.
aﬂﬁcimoamahwldbemkmthm!oreesumcienttode!ovmlhosmewcaselsnotawﬂed

*Some Tellon and plastic materials may cause scintillation when illuminated with UV light. Care should be taken when

selecting insulators.

~
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HAMAMMATSWL | PHOTOMULTIPLIER TUBE

TECHNICAL DATA SHEET R943-02

For Photon Counting
Low Dark Counts, Wide Spectral Response, Excellent P.H.D.
GaAs(Cs) Photocathode, 2" (51mm) Dia., Head-on Type

Hamamatsu R943-02 is a 2" diameter, head-on type photomul-
tiplier tube having a GaAs(Cs) photocathode and a synthelic
silica window. The combination of the GaAs photocathode and
the synthelic silica window allows high sensilivily over a wide
spectral range from UV to IR (160 ~ 930nm).

The R943-02 employs the linear locused dynode which is de-
signed specifically for pholon counting application. It leatures
very low dark counts and excellent pulse height distribution
(PHD) of single photoelectrons. (Fig. 2)

The R943-02 is equivalent type of RCA C31034 series photo-
multiplier tube, but basing diagram and voltage divider are
somewhat different.

APPLICATIONS
© Raman Spectroscopy

@ Fluorescent Spectroscopy
® Astrophysical Measurement
@ Laser Detection
Figure 1: Typical Spectral Response

FEATURES
LOW DArk COUNME ...c..oversmsermreseasensenseseess 20 €P8 typ. (at —20°C) 10 I == T
Wide Ra Spectral 160~930nm T —N
/ Excellent Single Photoelectron Pulse Height Distribution o Seustn
rreseemeeee P8k 10 Vallay Ratio = 1.8 (at —20°C) i I i
Fast Time Huponu o Rise Time = 3.0ns (al 1500V) Vi ]
= High Quantum Efficiency 14% (at 632.8nm) R 8 8 L LR S
V GENERAL Ix B e e
/ Spectral Response .. ccvscesseniicer. 160 10 9300mM T L \
Wavelength of Ma:nmum asponse revere. 300 to BOO nmM 5 E L . -
Photocathode 52 |
Material .. .. GaAs(Cs) . : : == +
Minimum Uselu .. 10mm x 10mm i3 1 5
Mode .. s . Opaque B +— t it
Window Ma‘erlal Synlheltc Silica 83 H 1 L
Dynoda g “
Secondary Emitting Surface . Cu-BeO S o
Structure Llnear Focused —=F
Number of Stages .. . e 10 T et g S T:‘
Direct Interelectrode Capaciiances (Appmx J |T
ANOGE 10 LASt DYNOGE ... 2DF |
Anode to All Other Electrodes s 3pF 00 I l
Base .. 21-p\n Giass Base 200 00 600 80 1000
Weight — 2 93g WAVE LENGTH (am)
Suitable Sockel® ... E6TB-21A (Supplied)
* See "Note D" on page 2 and “Cautions” on page 4

NI mAnON in e AA ShERt & Balevad] f0 e RO AT SIS A e e f e R E, e e T ey b
VA A R mmAne W e g R s Yen g s e gty e



PHOTOMULTIPLIER TUBE R943-02

MAXIMUM RATINGS (Absolute Maximum Values at 25°C)

Supply Vollage
Between Anode and Cathodo .. . 2200vdc
Between Anode and Last Dynode 250vdc
Average Anodo Current A ... .. 1uA
Averago Pulse Count Rate® ... 6 x 10fcps
Average Cathods CUTTONIC ..o 100nA
Ambient Temperature® - 8010 50°C
CHARACTERISTICS (at 25°C)
Gathode Sensilivity€ Min. Typ. Max. Units
Quantum Efficiency
a1 280nm. - il - %
at 632.6nm (He-Ne Laser) .............. - 14 - %
L F 30 600 ~ pAm
Radiant
at 253.7nm (Hg-Line).. O - 30 - mMmAW
at 632.8nm (He-Ne Laser) - 70 - mAW
at 700nm - n — mAW
a1 852.1nm (Cs-Line) - 65 — mA/W
Red to White RatioS............... - 058 -
Anode Sensitivity"*
Luminous® 150 300 — Adm
Radiant "
at 253.7am (Hg-Line) - 15x10* — AW
a1 632.8nm (He-Ne Laser) ., = 35x10* - AW
at 700nm — 36x10* — AW
at 852.1nm (Cs-Line). . — 33x100 — AW
Current Amplification™...... - 5x10% -
Equivatent Anode Dark Current. . - 1 10 nA

Anode Dark Counts® .- 20 50 cps
Time Response
Anode Pulse Risa Time.. . - 30 — ns
Electron Transit Time™ ... . - 2 - ns

Table 1: Voltage Distribution Ratio

Supply Voltage: 1500Vdc

hd

T

&

r

NOTES
A Avaraged over any nterval of 30 seconda maximum.
8 Maasured at single photoslectron love) The discrimi-
nator leve! 1 3ot at valley poini
C In practica) operation, the cathode current is desired t0
be towe: than 0 1nA (0 0InA/mm?) to prevent he
do. T "

under 0.1nA, ;ha anode cutrent should not get oul of the
region o) (] in the tiguro below.
Recommended Anode Current
vs. Supply Voltage
0t

ANODE QUTPUT CURRENT (A)
~

10 =
\Z
o - TS
10° 1 1
0 1000 1500 2000

SUPPLY YOLTAGE (V)

D: Al temperatute of less than - S0°C the tube may be

dsmaged due (o tha ditlerence in tempersiure coeftl-
crants between the glass st and the socket. Don'tuse
the socke! below —SO°C. However. the tube uze &1
temperature lower than - 50°C can be made possible
by facilitating direct contact with the stem pn. using 8
socket contact {100-25205) suppliod by Winchester. For
detaits. please contsct your local HAMAMATSU repre-
sentative.

€ Supply voilage is 150 volts between the cathode and s¥

othar electrodes.
The light source is 8 tungs! tsmp
at a disiridution temperature of 2856K

G. The quotient of the cathode sensitivity measured with

the light source ssma as Nole E passing through o rod
iter (Tostiba R-G8) divided by the cathode tuminous
without the red liller

Moasured with the supply volisge and voitage distrid-

ution a0 in Tadle *

mnmmmmwwmmum

lurminous senssthnty of 200 (AZim) snd the voilsge dis-

tribution ratio in Table 1 after 30 minuts storage in the

darkness.

K Mensured with the supply vollage which gives 2 x 100

of current ampidication and with the voliage distribution
» inTable 1 after ™

se1a1 - 20°C. And the discriminator is se1 at 173 of single

phatoslectron teve!

The nise time Is the lime for the outpi pulse to rise lrom

10% to 90% of the poak amplitude when the entire

photocathode is tliuminated by & delta function hght

[

puise

M The electron transs time 1 the interva! between the ar-
nvalotadells q atth windo
of the tube and the time when tho oulpul pulse resches
the peak amphtude. In measurement the entire photo-
cathode 13 tununated

Warning-Persons| Salety Hazards I
Electrical Shock — Operating voltages !
' applied to this device present a shock hazard :

Figure 2 Typica! Photoelectron Pulse Height Distribution

1

WRYELENGTH : 800nm
TLLUMINATION : WHOLE CATHODE
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Figure 4: Typical Time Response
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Figure 6: Typical Dark Counts vs. Temperature
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Figure 3. Typica! Anode Sensitivity and Current

Amplification
w [
A
o VAVl o
T &) L'l'
é 0 EY :’_ o §
» # 3
¢ i g
g - LI AR ,0-5
t’ ;
/&
i " s ;F lﬂ'g
- /- 7
gm" = 0
VAY
I
0 X0 %0 100 1000 2000 3500
SUPPLY VOLTAGE (V)
Figure 5: Typica! Temperature Coefiicient of Quantum
Efficiency
+08
B +0s
® 430nm
5 -] 400nm 200w
K EE]
_es — |
3 L S
F=t =% - Sad
Y -0 T bl D~ o
: oo o
2 o9
1.2 (-
) -0 20 +40 +60
TEMPERATURE (T)
COOLING

As Figure 6 shows, the dark counts of the R943-02 de-
creases by cooling the tube. Theretore, when performing
ph g.itis dthaithe tube be cooled
down to about —20°C. The cooler C2761 which features
temperature control from ~ 30°C to 0°C is available lrom
HAMAMATSU.




PHOTOMULTIPLIER TUBE R943-02

Figure 7: Dimensional Outline and Basing Diagrams (Unil: mm)

a) TUBE

PHOTOCATHODE
(10x10)

DYNODES A0
16 MAX
Bottom View
DY: Dynode
K: Pholocathode
P: Anode

Orientation of Pholocathode
with Respect to Base Pin

Top View

IC: Internal Conneclion
(should not be used)

HAMAMATSU

HAMAMATSU PHOTONICS KK, Electron Tube Division

b) PHOTOCATHODE
X Axis Cross Sechon

k13:0%

~Hewotocatnor

¥ Axis Cross Seclion

PHOTOCATHODE CENTER
<

.
weut wssoowp*1 ]
—

11E-08

|
TURE CENTER 'I

REMARKS

@ HA coating
A043.02 s coaled with the conduclive painl
connected lo the cathode, which is covered with
an insulating material (HA coating) This method
decreasas noise
Care should ba taken not lo damage the insu-
Inting cover wrapping around tha bulb.

@ Handling
R943.02 uses a graded bulb sealing. so care
should be laken to prevent bulb cracking

CAUTIONS

® Use the HAMAMATSU SOCKET E67B-21A only
® Whensolderingthe vollage dividerstothe socket
R943-02 should be inserted in the socket

3145 Shimokanzo, Toyookavillaga, Iwatagun, Shizuoka ken, 438.01 Japan, Telephone: 053962/5248. Fax: 053962/2205, Telex: 4209-625

5.4 - Hamamatsu Corporation: 360 Foothill Road, P.O. Box 6910, Bridgewaler, N J. 08807-0910, Telephone: 201.231-0960, Fax: 201-231-1530
W Garmany Hamamatsu Photonics Daulschland GmbH: Artbergatste 10. D BO3B Herrsching am Ammersee, Telephone 08152.3750, Fax: 08152.2658
France Hamamatsu Photonics France: 4951 Rue da 1a Vanne, 92120 Mantiouge, Telepnone: (1] 46 55 47 5B, Fax: (1) 46 55 36 65
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Ultra-low light level
photon counting modules

PHOTONS IN...PULSES OUT

The SPCM-100 series of single photon counting

modules. featuring a new generation of sihicon aa

lanche photodiodes. aredesigned for appheations such

as phaton correlation for particle sizing, Muoreseence

studies, etc.

These simpleto-use modules offer:

= Photon detection efficiencies up to 40% @ 633 ni,
up 1o 25% @ 800 nm

® Low voltage inpuls: +12. +5. -5 wolts

=
=
=i

* TT1L output pulses
* Nothing to adjus!

Standard modules are available with performance
specilications to suit dilferent applications. Standard
optical interfaces include fiber optic connectorized and
single- and multi-mode optical fibers

It vour design can benefit from simple, eflicient
photon counting. tall and request Data Sheet
SPCNE100 and pricing nformation. We also wel-
come your enquiries regarding custom and OEM

applications.

Oones
The Leader
in Emitters
and Detectors

RCA Inc.. Electro Oplics
USA Canada/Rest of World  Europe

Clante
| S L NR I

SaAtars e

IntroducingSolid
photon counting mo
that outperform PMT
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DATA ACQUISITION B [ ORI < ~
cane - . COMPUTER PERIPMERAL BUS| .. TTION COMPUTER~___
Data acquishion systems and Committees. The CAMAC and 16 inputs per single-width T ﬁ/ (" C:' !
architectures shou!d be maiched Standard (IEEE 583) is the idea! module (23 modules per crate). ’ BRANCH ORIVER oA
1o the inlended application. With system for a high speed., A simple seven-craie system is 4~ o9
tha variety in standards and inter- medium densily acquisition shown in Figure 1. , <, ) !
taces currenily available today, system. High speed means at sl A V) == 4
the system designer can choose least 1 Mbyte/second. The The CAMAC standard covers g‘gfg i | | 1,
among variables that include 1 MHz, 24-bit wide data pathon electrical and physical specifica- NN S ; :
capacity (size), speed, data path both the backplane of the crates tions for the modules, instru- X/y s2n . : !
width, expandability, lexibility, and the interconnactions ment housings or crates, and a ! AN ! l
intarconnection prolocol and between crates transters data a crate backplane. Examples of /// SERIAL CRATE N\ - _.-l
media, in-ling preprocessing and rates that exceed the capabili- crates with 25 positions include 7 o CONTROLLER e
conirol, and ease of replacement ties of Direct Memory Access the LeCroy Model 1434A and ; ’/ .
of faulty components. (DMA) channels in many the high power version, Model p /// o -
minicomputers. For a more 8025; and the Model B013A s e
LeCroy designs instrumentation detailed discussion, see LeCroy with 13 positions. ’
that can be incorporated into Application Note AN-33, Intro- EXPERIMENTAL
savera) dilferent types of architec- duction To CAMAC, which can Individual crates are controlled AREA
tures ranging from small be found in the Appendix. by stave or intelligent controliers
scalg(single channel or data such as the LeCroy Mode! 8-60"
source)!u)) :’arge-sca!; igsoo.ooo Its primary apptication is data 6010. Tel\: com:ullefi xta‘ro )
channels) data acquisition acquisition, but CAMAC may connected together with a paral- " Arnrrdhan i
systems thal support speeds from  also be used for remotely pro- tel Branch Highway that ends in CAMAG CAMAC via tiber optic finks
300 I?cit’s’sﬁ o 580 lmts‘gavms'aslsac| grammable trigger and logic ap- a Branch Driver. The Branch
(32-bit words). Boll conventiona! plications (LeCroy ECLine Driver is interfaced directly to a
TTL, ECL and fiber optic intercon-  family of p(rogramymable fogic data acquisition eompuieir‘.' CAMAG crates may also be THE LECROY DATABUS o the dedicated crates. I stores
nections can be implemented. units). Alternatively, tree or paralle! w"?”ﬁ“’ in aw‘-:“‘ Area Fiber AND DEDICATED CAMAC data and addresses of only
data acquisition architectures gphc letwork via the LeCroy SYSTEM pertinent data acquisition chan-
GPIB Most LeCroy CAMAC data may b created by connecting odel 5211 Fiber Optic Serial nels in s 4K x 16-bit memory.
acquisition modules are multi- secondary CAMAC branches Link and serial crate controfler. The LeCroy DATABUS links a Rapid and simple CAMAC block
THE GPiB (IEEE Std 488-1979) input. They contain between 1 via Branch Oriver Modules Upto 62 crates separated by a family of dedicated CAMAC data transfers can be executed under
Bus is the most popular instru- ! . maximum of 500 meters can acquisition systems designed to conirol of an intemal word count
men! bus today. This byte-serial exchange data at transmission fultill the demanding requirements register or an automatic "end-of-
system can connect up 1o 15 rates of 4 to 5 megabytes/sec. of targe scale Driit Chamber(4290 data” monitor (CAMAC Q-Stop
tatkers {units such as a digal . (See Figure 2.) Timing Systern) and Multiwire Mode).
voltmeter able to transmit data), WY Proportional Chamber (PCOS il
tisteners (unils such as a pro- o wooats LeCroy also offers crate control- Latching Systems). Information FASTBUS
grammable power supply able to N fers tha! interface directly with the trom the data acquisition modules
A PO ot or e GPIB. Therefore, the entire is read via the backplane of a The FASTBUS Standard (ANSU/
talkerfisteners to a master ¢ CAMAC crale may appear as a CAMAC crate to a dedicated IEEE STD 960-1986) represents
controtler, ANl LeCroy stand- : single instrument on Ihis very “executive” controller unil. The the astest high densily data ac-
Slone instruments are equipped popular taboratory instrument axecutive controfiers can handla quisition available today. De-
with GPIB interlaces for dala \ bus. The Model 8301Ais a a variety of functions including ﬂm for the next generation o!
transter rates up 1o 400 kbytes ra3es GPIB/CAMAC slave interface that  data compacting, autotrimming, b'oh Energy Physics and Heavy-
per second. operates as a "Talker/Listener” system testing, and control. The n experiments, i permits almost
_na . while the Mode! 6010 may be executive controfiers are then any archilecture imaginablo,
The strict serial limitations of the fupes programmed to do real time daisy-chained together and “’g"s‘*’""‘g data at speeds up lo
GPIB interfacing standard can be : . computations and data compac- transler the data via DATABUS to LGCMWGS’SGC (See Figure 4).
partially bypassed by using the e tion. an inteface module located in a - |$m“§na“°ﬂ.="°te AN-26,
IEEE-488 Bus lo tie CAMAC aa " stendard CAMAC crate (See o o . ASTBUS, can
crates together and connect to . e ;nr—"' compyTen Timing and protoco! specifica- Figure 3). Due to the dedicated ound in the Appendix.
the host computer. N o T""”u i s tions permit up to one million 16 CAMAC architecture and the bi- FASTB
R ol i or 24-bit word lransfers per directional 16-bit wide DATABUS US was designed to keep
CAMAC lo—23 wooune3 —fl} Ve - XN i second for both the DATAWAY system, transter rates may be features of older importan! stan-
o LT T e . i and CAMAC Branch. GPIB three times faster than standard dards while extending the capa-
CAMAC Is a modular data e dbmr ey i v bililies of data acquisition sys-
A speeds are usually imited by the CAMAC rates for 16-bit words. :
handling system used at every ‘ host computer, but block transler tems. FASTBUS provides for a
Nuctear Physics research labora- v rates of up to 300 kilobyles/sec The CAMAC Module 4299 more densely packed system,
fory and many industrial sdes all e are easily obtainable. DATABUS Interface downloads reducing dramatically the per-
overthe world Wl rcoresents the - | .., . test and conirol commands back input cost. This and other desinn

anals have heen otawa =
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9. Easy links to computers for

The integrity of communication

Host Intervention or Data between Master and Slave The role of VME systems have
Transter modules s insured via a hand- expanded from this first architec-
shaking scheme. This {rees the ture to inckude complete data
FASTBUS meels these require- Essentlally, the FASTBUS standard from a speed require- acquisition systems with front end
ments by incorporating several backpiane Is intended to be an meni. Thal is, communication modules all in the VME standard.
: powertu! leatures, including: extension of a computer occurs al whatever spead the While never being able to reach
} | | backplane. By its nature, there- Master/Slave system will the high densities ot FASTBUS
| 1. Modularity fore, # is an expandable sysstem. support. This, of course, is not !ra‘gd) m: subsequent cost sav-
. 2. 32-bit address and data The backplana is called a “Seg- the case with Broadcast com- s), thase sysiems have
OLOATED iy c-::mmm coares fields ment®. Connections between mands where a Master taks to become very attractive for
CAUAC CRATE S out U~ High segmenis are made by a Seg- all Slaves in a segment, noris #t monitoring and contro! applica-
N 3 E‘cgl_ g”:"" a”‘ﬁ:“'gx{f men inerface, called a Segmem  true for Hardware Block Trans- tions. LeCroy has developed a
\ I i Dact plang wilh Je- interconnect (S). An Sl in one fers where the Master must be line of medium density, high
2 e Dataway segment is connectedto a St in able to operate as fas! as the performance instrumentation
l. 4. Muliple, parallel processor another segment by a Cable fastest Slave. So while there ideally designed for these appfi-
I T aail bus architecture with multiple Segment. The Segment Inter- are cautions required tor use of cations. Combining 8 or 16
CRang oare s bus segments thal operate connect can be either a Master FASTBUS, the versatiiily and channels of instrumentation in a
independently but link or Slave, depending on the op- expandability is sufficient to single width VME module,
together for passing data eration it Is performing. More- mee! the most demanding re- &ygl:‘s'sweveral hundred channgls
ynchronou i over, it can be a Master on the quirements of data acquisition elity TOC, ADC or
T o s Q,S; wmpatibil?:yhim\s::hd?g FASTBUS Segment and simutta- systems. scaer 10 be directly integrated
o paRcevIE ules having different data neously a Slave onthe Cable into a VME system.
transfer speeds operaling Segment. The designations VME
fong care on the same bus Master and Slave here are The VME Bus (ANSWIEEE BUS COMPARISONS
< N 6. Synchronous nonhandshake is: ,dommm“:l: 3;‘32:’:: Standard 1014-1987) was FASTBUS, VME and CAMAC are
i dala transfer for maximum the Si at some given time originally introduced to the afl modemn, standard buses that
! speed : physics research community :;! t;set'io n davg‘ m% "
7. Broadcast operations for FASTBUS permits Muttiple primarily as a processing bus. ications. the
ot teare oariows initializing, clearing, elc., Masters to have access (o the Data was coflected in a LeCroy oidest, FASTBUS the most so-
several modules in one segment. The standard provides DATABUS, CAMAC or FAST- phisticated and VME the most
operation a protoco! for arbitration when BUS subsystemns and then woll known because of s com-
more than one master requests ported (sometimes via the high mercia) applications, each has a
Figure 3 8. A pobling structure for fast control of the segment. Once speed, noise immune ECL Bus) role in physics research. In the
oo o':;epars'e da|a!|mm mastership is granted, the Master 1o a processor farm built out of chart below, these buses are
large number of modutes may then proceed to establish a cos! effective VME computa- brielly compared.
= e ey e S,
POP- her device on the n .
R e o e N =T TS O GRSN Gara Acowis ::h:fh will acloas a Slave. Alter- Aﬂ:dt:gm::?rs“::‘se:ﬂﬂe: ™
natively, the Master Broad-
f:l‘fl‘! S‘g: o cast a'rnessage to a;‘;‘glyayes integrated into the data stream
o which respond to the Broadcast at this point requiring some
'CAMAC OR /8% PC {e.g., Clear, Polling for Data basic low performance data
FAIEAEA o) uoomo% :9: . Ready, etc.). acquisition modules in VME.
Sury o
" FASTBUS VME CAMAC
@ @ ey T Speed 10-30 MHz transfer 10 MHz transtar rate 1 MHz transter rate
CHAMBER rate (32 bits) (8, 18, or 32 bits) {24 bits)
Power Up to 75 W per module Approximatety 25 W 15 W per module
Power supply and cooling  per module
Master Any siot multiple Controfler Slot mustbe  Master Controlier slot
permilted filled; Multi master only; Single master
gggg&'g" Maximum Density 96 16 32
Convenience Power-on instaflation Power-on installation Power-on installation
and removal of modules can damage modules can damage modules
(permilted by Connector
type and Bus Halt.)




in order to assist with determining which data acquisition module will fultill the experimental requirements,
comparison matrices of ADCs and TDCs can be found below.
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SIGNAL AVERAGERS

HIGH FREQUENCY SIGNAL AVERAGERS

2102SA 8 Bit, 200 Megasamples/s
21035A 8 Bit, 200 Megasamplaes/s Dua! Channel
2101ASA 8 Bit, 100 Megasamples/s
2130SA 8 Bit, 30 Megasamples/s
2112SA 12 Bit, 10 Megasamples/s
2112FSA 12 Bit, 20 Megasamples/s

REAL TIME SIGNAL AVERAGERS

2824SA 12 8it, 2 Megasamples/s

2860SA 12 Bit, 1 Megasamples/s Dua!l Channel
2812ASA 12 Bit, 100 Kilosamples/s Eight Channel
2814SA 14 Bit, 100 Kilosamples/s Four Channel
FEATURES

* Fast repitition rate high frequency signal averagers (over 3000
sweeps/second for 1024 samples/sweep) with pre-trigger recording

+ Real time signal averagers at conversion rates up to 2 Msamples/s
¢ Muttiple channel real time averagers

+ Complete hardware signa! averaging; releases host computer from
time-consuming averaging

¢ Programmable number of samples/sweep from 1 to 32,768
. Programmable number of sweeps from 1 to 65,536

¢ 24 bit per sample deep averaging memory

+ Addition and subtraction modes, including algebraic sums

« Built in DAC for oscilloscope display of averaged signal during and
after averaging

DESCRIPTION

Signal averaging greally improves the signal-to-noisa ratio for repetilive signals with
synchronized lriggers. DSP Technology signal averagers use summation averaging, the
arithmetic addition andlor sublraction of digitized sweeps. If tho associated noise is
random, the summation procedure results In a signal-to-noise improvement proportional
1o the square root of the number of sweeps. For example, averaging 65,536 sweeps
improves the signal-to-noise ratio by a factor of 256.

Many dilterent types of signals lend themselves to signal averaging:
1) Signals which are inherently repeatable (for example, signals from rotating
machinery scanning spectrometers).

2) Signals which can be repeated using an external stimulus such as kinetic
reaction studies where the reaction is stimulated by an energy source such

as a laser.
3) Repetitive signats which hava no synchronization or trigger pulse

associated
but have an inherent dominant teatura which can be used as such.
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SIGNAL AVERAGERS

HIGH FREQUENCY SIGNAL AVERAGERS

These averagers use high speed transient recorder front ends to digitize
and store one sweep of waveform data at a time. This data is then
transferred over a dedicated bus to a companion Mode! 4101 signal
averaging memory which adds each new waveform to those previously
summed in its 24 bit, 32k sample memory. Data is summed and stored in
280 nsec per sample. Up to 65.536 sweeps can be programmed.
Averaging can be interrupted at any time to read data and sweep counter
contents. The number of samples/sweep determines the maximum sweep
rate. For 8,192 samples/sweep, averaging takes 2.3 msec per sweep; for
1024 samples/sweep the time needed decreases to 0.3
msec/sweep. Averaging is automatically halted when the programmed
number of sweeps has been completed or when any summed data
sample reaches a count of 16,777,215 (24bits).

Sampling rates are programmable or switch selectable through an intemal
crystal controlled clock. An extemal clock source of any frequency from
de to maximum sampling rate may be used. The sweep can be divided
into pre- and post- trigger segments to record information prior to the
trigger point.

REAL TIME SIGNAL AVERAGERS:

These units use DSP TRAQ™ P ADC system modules to implement
multi-channel, real time averaging. An exiernal clock (not included)
commands the analog to digital converters to sample, convert, and
transfer data to the Model 4101. Up to 8 channels can be controlled by
one Model.4101 with a maximum conversion and transter rate of 500
nsec/sample. Record lengths are programmable from 1 to 32,768
samples/sweap in increments of one. Sweeps can be initiated each time
a trigger is received or programmed such that the first trigger initiates all
sweeps. All samples in these real time averagers are post-trigger.

GENERAL

Both addition and subtraction averaging modes are salectable via either a
front panel input connector or by computer command. The mode can be
changed from addition to subtraction, or visa-versa, without distrubing the
sum already accumulated. This feature might be used, for example, to
subtract a bias or background waveform from an experimental apparatus
setup. The internal arithmetic is programmable as either offset binary (0
to 16,777,215) or 2's complement (+ 8,388,607). Averaging can be
automatically disabled on overflow or underilow.

The averaged waveform can be observed with a standard laboratory
oscilloscope while the data is accumulating. The display from the internal
12 bit digital-to-analog converter can be adjusted via a front panel swilch
to scale over any 12 of the 24 bit data range. This display is generally
useful only with single channel averager configurations.
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MODELS 2012 & 2012F 1

10 & 20 MEGASAMPLES/S, 12 BIT, i
8 KSAMPLE TRANSIENT RECORDERS -
PEATURES - :

¢ 12 Bit Dynamic Range at up to 20 Megasamples/s
Sampling Rate

@
®. ' l

. cvr -
¢ Switch Selectable, and Computer Readable l
Controls (digitizing rate, pre/post trigger samples, L

record length)

DESCRIPTION l
The Models 2012 and 2012F combine the wide dynamic =
range (12 bits) needed to capture signals whose l
baselines are either dynamically changing or are 1

unknown with high speed digitizing rates. Both models
are single module transient recorders with ADC, control
and storage functions self-contained.

The digitizers can be entirely controlled from the front
panel of the instrument much like a normal scope. Al
switch positions are readable by the computer. Access
by the computer and run status are indicated by front
panel LED's.

Data conversion and storage can be initiated by front
panel toggle switch or computer command. An external

signal (TTL level), toggle switch or computer command SIGNALS E.
stops the conversion alter the programmed number of g "?.'.‘“9 I
post-trigger samples have been recorded. An external -~ - E.
clock can be used to accommodate any sampling rate L 113

from D.C. to full sampling speed or variable rate
importance sampling.

Digitized data can be viewed by attaching a standard
laboratory oscilloscope to the DAC display out
connector and triggering with the sweep trigger
generated by the unit. Computer driven display of
multiple waveforms is especially suitable for
multichannel data acquisition systems.
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TECHNICAL SPECIFICATIONS - MODELS 2012 & 2012F

SIGNAL INPUTS
Impedance: 50 Q (1K Q2 optional), 30 p!

Voltage Range: 2.0 V full scale + 1 % full scale per 10°
C.

Overvoltage Recovery: 50 ns from 2X overdrive

Overvoltage Protectlon: 7 V dc, 50 V lor 1 ms, LED
indicales inpul over full scale

Bandwldth (3dB):

Full scale: 10 MHz
x0.1 full scale: 15 MHz
+0.2d8B: DC - 5 MHz

Offset: # full scale. Conlinuous adjustment by poten-
tiometer. Front panel tesl point for DVM. Drifl 1 count
710° C.

STOP TRIGGER

External: TTL level, posilive edge sensilive, 50 pus min.

width 1 KQ input impedance. Input protection 25 V dc,
250 Vfor 1 ms.

Manual: Front panel switch
Computer: F(25)A(0) command

ANALOG TO DIGITAL CONVERTER
Resolutlon: 12 bils (one part in 4096)
Dynamic Distribution:
- 70 dB down al 1 MHz input Irequency
- 65 dB down al 2.5 MHz input Irequency
Aperture Uncertainly: 24 ps
DC Linearity: + 1/2 LSB, + 0.05 %
Continulty: Monotonic

SAMPLING CLOCK

Internal: Crystal controlled clock:

20, 10, 5.2, 1, 0.5, 0.2 Mhz
CLK IN: Edge triggered, TTL input, 20 MHz max lor
2012F; 10 Mhz max for 2012. No restrictions on lre-
quency changes.

CLK QUT: TTL oulput, drives 50 (2 load. Regenerated
internal or exlernal sampling clock.

MEMORY

Type: Static ram

Slze: 8192 samples

Organizatlon: Reduclion of record size is selectable
by computer control for elficient malching to applica-
tion. Cyclical dala recording allows division ol memory
into pre- post-lrigger periods by compuler control
DISPLAY

Digital 1o analog reconstruction of memory contents
drives 1 K2 lo + 5.0 V. Scope Irigger ol TTL level is
also provided al the beginning of each display sweep

DIGITAL OUTPUT
Data Format: 16 bit 2's complement encoding (Offset
binary encoding, strap selectable).

Readout Protocol: |EEE #583 CAMAC. Full NAF
decoding. LAM implementation and Q = 1 is retumed
for every executable NAF command. After the las!
memory word has been read, Q = 0 is relurned.

COMPUTER COMMANDS
F(0)A(0): Reads pre-lrigger samples, record size, sam-
pling period.

F(2)A(D): Read wavelorm dala. Q = 0 returned alter
last data word.

F(3)A(0): Read module 1.D. ("2012" or '2012F").
F(B)A(D): Test LAM, Q = 1 returmned il LAM is on.
F{9)A(D): Initialize module and start sampling.
F(10)A(0): Resel LAM.

F(11)A(0): Computer single sample.

F(16)A(0): Write pre-trigger samples, record size, sam-
pling period.

F(24)A(0): Disable LAM

F(25)A(0): Computer stop trigger.

F(26)A(0): Enable LAM and computer readout.

F(27)A(0): Enable ofisel measurement. To read, issue
F(25), wait for post-irigger samples, and read ollsel
data with F(2).

POWER REQUIREMENTS
+ 6V 3 A
24V 300 mA

PACKAGING

#3 widith CAMAC module

221 mmH, 50 mmW, 292 mm D* (B.7"x 2" x 11.57)
*Depth from front to rear panel. Rear connector is 13
mm (0.5%).

In conformance wih the CAMAC standard for RF
shielded instrumentation modules (IEEE standard 583,
European Esone Report #EUR4100e).

TEMPERATURE RANGE

0° to 40° C (32° F 1o 104° F) ambient 1o operate within
specifications (when installed in crale with enough air
flow to hold maximum air exit temperature to 55° C
(131°F)

MATING CONNECTORS
Cable assemblies LCOB (LEMO-BNC) and LCOL
(LEMO-LEMO) are compatible with all input and outpul
connectors. Not included.
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Table §

‘)\

MPE for Direct Ocular Exposure,

Intrabeam Viewing, to a Laser Beam

Wavelength, &

Exposure Duration r*

Maximum Permissible Exposure

(pm) 3] (MPE) Notes for Calculation and Measurement
Uliraviaolet
0,200 10 0.302 107" 10 3 % 10 A 107" ) em?
0.3 10 10 3% 10° 4x 10" J-em™?
030 10 10 3 x 10° 6x 10" J-em™? or 0561 ) cm™, whichever is lower.
008 107 10 3 x 10" 10x107 ) em”
0,306 10" 10 3% 10° 16%107 J-em™?
07 107 103 x 10° 25%x107 J-em? 1-mm limiting aperture
0308 10 103 x 10° 40% 107 J-em™?
0n.ye 10" 103 x 10 63%107° J-em”? See Figs. § and 6 for praphical representation.
0.310 1010 1< 10" 1ox 10! 3-em™?
031 1010 3= 10* 1ox 10" J-em™
02 107% 10 A % 10° 25x 10" J-em™
0 10 10 3% 10 0% 10" J-em™?
0314 10 10 3 x 10* 63x10" 1-em™?
0,315 10 0.400 107 1010 0561 J-cm™
0,315 to 0.400 1010 3% 10 1) -em?
Visible and Near Infrared®®
0.400 10 0.700 107 10 LRx 107 Sx 107 J-em™?
0400 16 0.700 1LBx 107" 10 10 1AM 0 3 em™?
11,400 10 0.550 10 10 10° 10% 107" J-cm? .)
0,550 10 0.700 107, IRM % 107" 1-em™? 7-mm limiting aperture. &
055010 0.700) 7,010 10Cyx 107" J-em™? See R.2 for multiple pulse limitations.
0.400 10 0 700 10° 10 3 % 107 Cax10* W-cm”? See Figs. 4 and 11 for graphic representation.
0.70010 1.050 10" 10 1Rx 107 SCox 107 J-em™? See B.2 and Figs R.Y. and 12 for correchion
0,700 10 1.050 LR 107" 10 00" 1LBCA M x 107" 3 em™ factors.
1.051 10 1.400 10° wSx 107" 5x10* J-em!?
1,051 10 1.400 §x 10" 1010 9 %10 Joem™?
0.700 10 1 400 10" 10 3 x 10° 320C, % 10* W-cm™
Far Infrarcd
141010 10* 101077 1077 3 em? See Table 9 for apertures.
107 1010 0561 ) cm? See 8.5 for correction factors at 1.54 pm.
>10 0.1 W-em™? Sec Fig. 6 for graphic representation.
1.54 only 10" 1a 107* 103 -em™

* See Note in Scction R for pulsewidths less than | ns.
**See Fips. 4.5, and 6 for graphic representation.

NOTES: €, = 1 for k= 0.400 10 0.700 um.

POEEAOT e ) =0.700 10 1.051 pm (see Fig. R).

for A = 1051 1o 1 4040 pm,

= 1 for A = 0,400 10 0550 pm.

Cpp o= 10TV foe &= 00550 10 0700 pm (wee Fig. Y.

T, = 10x 10825 for & = 0,550 10 0.700 pm tsee Fig. 9).

2
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Table 6
MPE for Viewing a Diffuse Reflection

of a Laser Beam or an Extended-Source Laser

Wavelength. & Exposure Duration 1* Maximum Permissible Exposure

(pm) (s) (MPE) Notes for Calculation and Measurement
Ultraviolet
0.200 to 0.302 1077 10 3 x 10* Ax 107" ) em™?
0.303 10% 10 3% 10 4x10" J-em?
0.304 IRACRESS ax10" J-em? or 0.56 1" J - cm™*. whichever is lower.
0.305 10 10 3 x 10° 10107 ) em™
0.306 107 10 3 x 10* 16107 J-em™
0.307 10" 10 3% 10* 25% 107 J-em’? 1-mm limiting aperture
0.308 107" 103 % 10° 40%107 J-em™?
0.309 107 103 % 10 63% 107 1-em™? See Figs. 5 and 6 for graphical representation.
0.310 10103 x 10° 10% 107" J-em”
0311 10 10 3 x 10 16% 107" J-cm?
0.312 107 10 3x 10* 25% 107" 1-em”?
0313 10710 3% 10° 40% 10" J-em”’
0314 10% 103 % 10* 63x 10" J-em™
0.315 10 0.400 107 10 10 0.561'" J-em™?
0.315 10 0.400 1010 3 x 10° 1 J-em™?
Visible**
0.400 1o 0.700 10%10 10 100" J-em™ -sr!
0.400 to 0,550 1010 10° 21 Joemtowr!
0.550 10 0.700 10107, 3B ) em Y e 1-mm limiling sperure o @, whichever is
0.550 10 0.700 T, 1010 200 ) em ! greater
0,400 10 0.700 10" 10 3 x 10* 21 Cy 107" Weem™? - sr! See 8.2 and Figs. 7.8.9.11, and 12 for

graphic representation and multiple pulse
Near Infrared® limitations
0.700 10 1.400 10 10 10 10C, M 1 -em™ -5t
0.700 10 1.400 101010 ARG, M1 em T !
0.700 1o 1.400 10" 10 3 x 10* 064 C, W-cm?-sr'
Far Infrared
L4t0 10" 107 10 1077 107 1-em™? See Tahle 9 for apertures.
1077 1010 0.56 1" ) -cm™? See 8.3 and Fig. 6 for correction factors
>10 0.1 W:-em™?

1.54 only 10° 10 107% 10)-em?

* See Note in Section 8 for pulsewidths less than 1 ns.
*+Sce Fig. 7 and Fig. BY of Appendix B for raphic representation.

NOTES: C, = 1 for A = 0400 to 0.700 pm,
C = 102™07 (o & = 0700 10 1.051 pm (see Fig. R).
C, =5 for & = 1.051 10 1400 ym.
Cp = | for & = 0.400 10 0.550 pm,
Cp = 101301 for X = 0.550 10 0,700 pm (sec Fig. 91,
T, = 10 10740 for A = 0.550 t0 0.700 pm (see Fig. 9)
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b
P
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LA
P
7
Z
RADIANT
A d-q EXPOSURE EXPOSURE
- & DURATION () (A:04 TO 0.7 pm¥— T
N 10°7018x10 50x10779-em?
L/I o 0 1.8x108).cm?
Va w03 Lo x103-cm?
re 1072 5.7 x 1% -cm?
Pd o' 3.2 x10%cm?
' 192103 cem?
f/ 0 1.0x I02rem™2

2

4 68] 2 4 681 2 4 68 2 4 68 2

-8 -a

10 10 10°* T
EXPOSURE DURATION (S)

NOTE: For correction factor information at wavelengths between 0.7 um and 1.4 um. see Table §

Fig. 4
MPE for Direct Ocular Exposure to Visible and Near Infrared
Radiation (A=0.4 10 1.4 pm) Intrabeam Viewing
(Angular Subtense <@ ,,, in Fig. 3),
for Single Pulses or Exposures

AAMERIC AN SATIONAL STANDARD 2136 1 1URA

(WHITE) 1 iltﬁl—l

(BLACK) =

| POSITION 1
BOLD BLACK LETTERING

(WHITE)

POSITION 2
BOLD BLACK LETTERING

(RED SYMBOL)

POSITION 3
BLACK LETTFRING

Fig. b
t Sample Warning Sign for Centain Class 3a Lasers
and for Class 3b and Class 4 Lasers
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Table 7 \
MPE for Skin Exposure to a Laser Beam

Warclength, A Exposure Duranon ¢ Mavimum Permasable Exposure
(pa “ (MPE) Naten for Caleudation and Measurement
hiravioler

1,200 10 0,302 10 10 3% 10° Dty em?
L3 10 1 X e e 41y om’?
(1} 107 o ¥ x 1P axi0')-em? or S0 4 ) em . whichever s lower.
v uis 10 10 3 10 10X 0 3 ems
' Ui 003 0t 161077 ) em™
107 10 10 3t 2807 ) -em?
) U 10" 10 3w 10 0x10)-em’
Luw 10" w X it 63x10° ) em’ | mm limsting apertuse.
[RI [RTR TR 10X 10" ) em *
Y 10w e 1ox ') em’
RIN 00 ur 2Sx10' Jem
[RIR} 10 % 10 X 008 4010 ) -em? Sce Figs S and 6 for graplue epresentation
'R IT] 10 10l 1 63x 10" J-cm?
LIS 0 0300 10w i 0561 ) om”?
YUL e 130 1010 10 19-em™
WS o 040 100 Ve Ix0 ' W-em*

Visble and Near Infrared

A4 10 | 300 10w’ AC x0T Y- em? .

10 win 1AC " T em ? | mm liminnp apenure

1080 Ve 0 02AC, W-em® Sce Frips. band K

Far Infrared® A . .
14 w10 10" 10 30 10°] cm>-

10 win 0%61'" ) -cm° 1 mm limiting aperture tor 1310 100 pm

>10 01 W-¢m? 11-mm liminng aperture tor 0.1 10 | mm

184 unly [JURTON [t 10)-¢m*

*See X.4.2 tor larpe beam crossaections,
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Reference Guide

Cleaning of eny prectsion optic
fisks degrading |he surface. ﬂn‘::-ed
for cleaning should be minimized by
returning optics to their case or
covering the oplic and moun with a
protective bag when not in use. It
cleaning I3 required, we recommend
one ol the loflowing procedures:

Cleaning Materials

Polyethylene lab gloces. Please
wes? them. Solvents are harsh to the
skin.

Dust free tiase. Lens tissve or
equivalent.

Dus? free dlower. nhend dry
aftrogen blown th h
noxzle (Simeo Inc.. Hal Deld PA) Is
best. Bulb type blowers and brushes
must be very clean to prevent
redistribution of dint.

MIId, wemtrat soep. 1% in
weter. Avold pertumned, alkal or
colored products. Severa! drops of
Kreen soep (avallable in any phar-
macy) per 100 cc of distifled water Is
acceptable.

Spectroscopic grade tsopropyl
olcohol and acetone.

Cotton swabe. Avold plastic
stems which can dissnive in alcohol
or scetone.

Cleaning Procedures

Dus? on optics can be very
tightly bound by static electricity.
Blowing removes some dirt; the
remainder can be collected by the
suriace tension of » wet alcohol swab.
Acetone promotes 1apid drying of the
optic to eliminate sireaks.

1) Blow off dust.

N-30

2) % any dust remains, twist
tissue around a swab, sosk in alcoho!
and wipe the optic In one direction
with a gentle Rgure-eight

Delicate optics such as UV
aluminum mirrors are most safely
tlnned by Immersion. Do not

Repeat.

N\

3) Repeat Step (2) with acetone
soaked swabs,

n nwlau oll or vnev spots

id be c! diately. Skin
acids attack coatings and ulus
Cleaning with solvents slone tends to
redistribute grime. These contamt-
nanis must be lifted from an oplicat
surface with 308p or other wetting
agent. The part is then rinsed In waler
and the water removed with alcohol.
Acetone speeds drying and eltminates
streaks.

1) Blow off dust.

2) Using a soap satursted lens
tissue around a swab, wipe the optic
gently in the same (igure 8 motion.
Repeat.

3) Repeat (2) with distilled
water only.

4) Repest (2) with alcoho.

5) Repeat (2) with scetone.

d optice. Washing
solutions shoold be used only once to
prevent recontamination.

1) Blow ofl dust.

2) Prepare petri dishes filled
with soap solution, distilled water,
alcohol. and acetone. Line the bottom
of each with tissue o prevent
blemishing an opitc.

3) Immerse the optic tn sosp
solution. Agitate gently.

4) Immerse in distilled water.
Agitate.

5) Immerse in alcohol. Agtiate.

6) Immerse In acetone. Agitate.

7) Blow dry.

Millsary specifications are
used by Newport to communicate the
flu‘nmmy of oplics) coatings in an
The

Y
primary MILSPECS used are:

MIL-C-87S specifies that the
coating will not show degradation to
the naked eye after 20 strokes with a
rubber pumice eraser. Coatings
meeting MIL-C-675 can be cleaned
repeatedly and survive moderate to
severe handling.

MIL-M- 13850 sets durability
standards for metallic coatings.
Coatings will not peel away from the
substrate when pulled with cello-
phane tape. Further, no damage
visible to the naked eye will appear
alter 50 strokes with » dry cheese-
cinth pad. Gentle. nonabrasive
cleaning is advised.

MIL-C- 14808 specifies dunbn-
fty of surl. under envi
stress. Coatings are tested at high
humidity. or In brine solutions to
determine resistance to chemical
attack. These coatings can survive In
humid or vapor (llled areas.

A e

Surface mmy of an optica!
ultimately determines the
tormance of a system. Even the

Tiah

distortion of a tranamitted or re-

flected wave, deviailons trom the

ideal are measured in terms of
lengths of light.

quality 1a), H finished
poorly. will cause distortion, loss or
81 elevated power levels, tallure of the
optic. In order to communicate
opiknl surface qmllly. Novpmt has

d the

Sphericol Ervor comptises the
majority of figure deviations. Optical
polishing refles on circular strokes to
finish a surface. For this reason,
de from the idea) are usuaily

P

A clear apcmnv is speciiled
for al) Newport optical components. it
indicates a minimum area over which
speciiications are guaranteed.
Although typical aptics will meet or
exceed their ratings to the edge of the
component, a clear sperture specifi-
cation allows sufficlent area lor safe
handiing of the optic during manufac-
ture.

Scratchdig ratings measure the
visibility of lasge surface delects as

spherical. elther concave or convex.
Newport computes spherical errnr as
the maxhinum peakda-valley devia-
tion {rom a best fittings reference
surface. Mathematlcally. the tdeat
sutiace | hallway between the points
of maxtmum deviation. Practically,
this represents the point of best
alignmen!. Figure errors are vepvo
sented by E. with E_, corresp

the relative error. The lollowing may
be used to convert ligure errors:

Laser Damage

Certified Dameage Threshold
oplics are available from Newport.
Testing on a lot basis enables New-
port to certily damage resistance to
the rated lluence. Piease see the
Certitied Damage Threshold optics
section on page M-77 for more
Information.

Safe Energy Lecels are Msted
for a majority of Newport optical com-
ponents. Although these carry no
certification, the levels published are
consfrvnlve and derived trom

to the maximum peak-to-valley
deviation from the relerence surface.
ithough less frequently used. the

defined by U.S. military standard MIL-
O-13830. Ratings consist of two
numbers, the first dennting the
visibility of scratches, the second. of
digs (small plts). A /0 scratchdig
number indicates a surface free of
vistbie defects. Numbers increase as
the visibility of blemishes Increases.
Scraich numbers are linear with a #10
scratch appraring kenticaltoa |
micron wide standard scratch on
wlass. Similarly. 8 #) dig appeors
Identical to a 0.01 mm dlameter
standard pit. Please note that no
abeolute measurement of defect
size is made or implied by the
scrotchdig standard.

Components with small acratch-
dig numbers will have tncreased
damage thresholkds, reduced scatter,
and will efiminate unwanted diflrac-
tion eflects. Newport recommends
the follawing guidelines In selecting
surlace finish:

Scr-Dig Applications
> 60-40 Non-laser optics
60-40 Low-power,
unfocused heams
40-20 Collimated laser
beams
« 40-20 High-energy. locused
beams
Figure I3 a measure of how

closely the suriace of an optical
element matches a reference suriace.
Since geometrical ervors will cause

mat mean square ervor, E, .. and the
average ervn, £, . may also be
defined.

———

trreguiarity. denoted by 8
refers la figure deviations that sre not
spherical tn nature. it is usually
caused by warpage due to inlernal
material stress or mishandling. By
meana of carefu) processing of the
highest quality optical materials. this
error is negligible tn magnitude.

The warelength used in testing
al) Newport opites is 6128 nm, consis-
tent with mndern laser interferome.
ters. When used at longer waves
tengths than G128, an optic will have
a smaller relative error. Stmilarly
sharter wavelengths will accentuate

a12.8(nm|
wavelength ol use (nm )

EsEyy>

b y use tests.

Ovders ave shipped from our
main plant In Fountain Valley, Cattlor-
nia. Unless atherwise noted. all optics
are in stack and resdy for defivery.

ftemns whase prices appear in
brackets [$XXX) are high accuracy.
material intensive products They sre
ollered on a limited stock basis.
Please contact Newport for exact
delivery times.

Unlisted (=) prices or starred
(*) part numbers indicate high
accuracy optics with very spectfic
applications. They are stocked a3
uncoated substrates and cnated as
needed. Mease contact Newport for
price and delivery.
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The Discrete Prolate Spheroidal Filter as a Digital
Signal Processing Tool

JOHN D. MATHEWS, SENIOR MEMBEFR. IFEE. J. K. BREAKALL. ano GEORG K. KARAWAS

11. MATHEMATICAL DERIVATIONS
A General Nonrecursive FIR Filier
In keeping with the tutorial nature of this paper we stan
with the simplest of statements concerning the FIR ap-
proach to filtering. Using the time and frequency do-
mains. a tapped delay line representation of a nonfecur-
sive FIR filier acting on analog signal x (1) is shown sche-

matically in Fig. 1. The resultant output signal has the

form
L3

vin = ZA a,x(l - nr) (1)}
where the coelficients «, are real and where the time ref-
erence is. for later convenicnce, at the center of the delay
line. Assuming that the Fourier transform of x(1) & X(w)
exists we Fourier transform (1) and find

Yiw) = H(w) * X(w) )
where

x
H(w) = Zxa.r""" [&)]

is the **voltage™ transfer f andj = V=1. The cor-
responding “power" transfer function is
I3
Sw) = Hw) - H0) = E awane™ ™™ (49)
ame -

[ A=
= & |lad+2 z.'u.a.cos(n -mwr| (4

whilc the inverse Fourier transform of (3) is
[
hy = ZA_ a,8(1 - nr) 5

the filter impulse response with 8(¢*) the unit impulse.
Note that & (1) convolved with x(n) yields (1).

The filter described by (3) or (5) becones a digita! filter
if we uniformly and instantaneously sample (1) 8t inter-
vals of 7 time. Then (1) becomes

x

ne X e, ©®

where the index { refers to consecutive members of the sct
of sampled signals. If we restrict v(n 1o be band limited
to the Nyquis freguency (227271 or less, then the sim-
pline filtesime process occurs withowt alinsme,

Choice of Coefficients

Equations (3) or (5) describe the ceffects of the filter on
an input signal given a particular set of cocflicients {a, }.
These coefficients are often chosen such that the digital
filter characteristics are similar to one of various common
analog filters (e.g.. the “ideal™ filter). The process of syn-
thesizing these  Blter  characteristics often involves
smonthing (windowing) of the resultamt coefliciem se-
Qquence 1o suppress ringing {14]. [151.

As mentioned in the intraduction, we propose to chuose

Fig. 1. Block diagram of the ive FIR filter descrided by (1) This
schematic form of the tilter is valuable because of ity visual umplicity

These “traditional™ filters are all based on various win-
dowing (weighting) functions applied to the coefficients
of the infinite Fourier series representation of the ideal
low-pass filter. The coefficients of this series are

sin nxe
ER  —
nx

Ca

n=0, %1, £2, -
€ = wlwy an

and the windowing function W(n) is such that W(n) = 0
for |n| = K. thus truncating the series so that the result-
ant transfer function becomes

[ 4
Hu(w) = ._Zg‘ W(n) Coe ™. 8

The W(n) (—X < n s K) are chosen to minimize in some
sense the ringing (Gibb's ph ) which fts from

truncation of the series representation of the ideal low-
pass filter |15, chap. 5. 116, chap. 3].
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Fig. 2. Filter frequency response (dB) plotted versus normalized frequency
{Nyquist (requency fy = 0.5) and ponding impulse resp en.
velope plotied versus time m samples (of rectangulsr. Kaiser. snd Von
Hann windrws of length M [see t18) and Tahle 1] In all cases the nor-
malized } dR frequency 18 appravimately 008
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RAYLEIGH LIDAR

SIGNAL
SCATTERING
VOLUME
, z
i SURFACE AREA
4nR?
TELESCOPE

AR
4mz2

PHOTOCOUNT = SYSTEM X PHOTONS X SCATTERING X RECEIVER
EFFICIENCY TRANSMITTED PROBABILITY PROBABILITY

N(Z) = NeffTA X o h /x x GRN(Z)AZ X

=> Special care should be taken to maximize the
efficiency of the lidar’s optical design by;
1) Maximizing transmission through lenses
and filters.
2) Maximizing reflection off mirrored
surfaces.
3) Minimizing the total number of surfaces
in the system.



Facility Laser A(nm) Laser Power |Telescope Area | Performance
Pu(w) Ag(m2) Factor*

ARPL(m2w)

AFGL

(mobile) Nd:YAG 532 3 0.07 0.2

Haute

Provence Nd:YAG 532 4 0.5 2

Kyushu |

Univ. Excimer 351 16 0.2 4.2

CEDAR Dye 589 5 1.2 4

CEDAR* Excimer 351 30 1.2 50

*Equivalent performance at 532 nm

*+Not yet tested

DETECTOR

24) Fused silica plano-convex lens (1” dia. x 1” FL)
AR coated, 99.7% trans. @ §32,355,607nm

14) Dichroic beamsplitter: reflects 99.5% @ S32nm
transmits 82% @ 355nm
transmits 86% @ 607nm

6) Narrow-band filter, BW = .29nm @ 532nm
§5% transmission

7) Beamsplitter, transmits 5%, reflects 99.5%

27) Glass plano-convex lens (1” dia. x 17 FL)
AR coated, 99.7% transmission @ 532nm.

13) highly reflective mirror @ 532nm,355nm
reflects 99.8%
4) Glass plano-convex lens (1" dia. x 2” FL.)
AR coated, 99.7% transmission.
19) Photon counting PMT, 20% quantum efficiency
@ 532nm.

25) Dichroic beamsplitter: reflects 99.5% @ 607nm
transmits 82% @ 355nm

22) Narrow-band filter, BW = 3.5nm @ 607nm
83% transmission.

23) Photon counting PMT, 7% quantum efficiency
@ 607nm.

10) Narrow band filter, BW = 3.2nm @ 355.1nm.
24% transmission.

8) fused silica plano-convex lens (1”dia. x 2 FL)
AR coated, 99.7 transmission.

20) Photon counting PMT, 24% quantum efficiency
@ 355nm.

De,'f= 10.71% @ 532nm
4.93% @ 607nm
3.78% @ 355nm



SYSTEM EFFICIENCY

MNesf = Teff X Reff X Deff
532 355 607nm

LAMP .0718 .0251 .0324
GLINT .0481 .0218 -

LASER POWER
P = laser power in joules.

532 355nm

LAMP .7 4]
GLINT 5] .18]

-

NUMBER DENSITY

n(z) is read from table Il in
the U.S. Standard Atm. 76
Alt. nZ)

30Km  3.745E23 jm?

SOKm  2.135E22 /m?
60Km  5.995¢21 /m2

TELESCOPE AREA

AR = 7R2 where R is the radius of
the primary minor.

ATMOSPHERIC TRANSMISSION

Ta = Typ X TBack
Ty and Tp are claculated from LOWTRAN 7
All._Tyy(532) Tyy(355) TR(607).

30Km .6249 3337 .6768

50Km .6215 3313 .67l
60Km .6214 3312 .6709

PHOTON ENERGY
E = hc/A
532 355 607nm

373.9E-21 560.1E-21 327.5E-21J

INTEGRATION HEIGHT

AZ =cty/2 where 4= integration time
T4 = 2Ks

AZ =300 m

ATMOSPHERIC HEIGHT

Z = height of scattering volume

—AR——
LAMP .13m2
GLINT .0804 m2
RAYLEIGH BACKSCATTER CROSS SECTION
og = 5.45 [550/AMnm)}4 x 10-32 m2sr°!
532 355nm

Op =  6226E-33  313.6E-33m? Ogaman = 56-12E-36 m?
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ALTITUDE (km)

Hydrostatic Equation
dP = -pgdz

ideal Gas Law
P = pRT/M

By combining these two equations and integrating downward from a -
starting altitude z, and upper level temperature T(z,) we obtain

zo
T(z) = 1ZP(20) | %l_ a(re(r) 4y
p(2) p(2)
z
P(z) = atmospheric pressure profile
p(z) = atmospheric density profile
T(z) = atmospheric temperature profile
g(z) = gravitational acceleration
M = mean molecular weight of atmosphere
R = universal gas constant
FEBRUARY 24, 1986 FEBRUARY 24, 1986 04:30-13:47 UTC
55 /\<, 107 ¢
80— = = = .“r—\-g
L~ [ 3
45— = = = =X - S:EE;_:_:f§E§;- '§ |
(... h
40 r— - == =N '( “?E

Bl -t - {ii ......

EY}) I <A N N |
> L=17km
N Ly 1

25 Y £ 10° ! :
6 7 8 ) 164 163
TIME (UTC) k,/2% (cye/m) )

Density perturbation profiles and power spectrum measured on February
24, 1986 using the AFGL Rayleigh lidar at Poker Flat, AK. The diagonal
lines indicate the 0.3 m/s phase progression of the 7.7 km wave

[Miller et al., 1987].
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Na temperature can be measur
through the D2 resonance line.

ed by scanning a narrowband laser
Technique was first demonstrated by

Thomas and co-workers [Gibson et al.,, 1979: Thomas and

Bhattacharyya, 1980].
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Resonance-fluorescence lidars are used to study metallic species in the

mesosphere and thermosphere.
_measure Na, Li, K, Fe, Ca and Cat+.

Systems have been developed to
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