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SUMMARY

A study of the probleme of a compact magnetograph has been carried out,
On the basis of the study, an voptimal compact magnetvgraph has been constructed
and the ability to detect magnetic f£ields, verified. The problem of the coup~
ling of magnetic, velocity, and thermal affects has been a primary driver for
the design. To this end, a novel gplit Fabry-Perot etalon was specially

fabricated as the primary wavelength selector,
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COMPACT MAGNETOUGRAPH VERIFICATION PRUGRAM

l. Introduction

The purpose oi this study was to verity the concept of a compact magnetopraph
system based on solid Fabry-Perot interterometers as the spectral isolation
elements.  The trirst step in the veritication process was a detailed study ot
the theory of operation ot several Fabry-Perot svstems, the suitability of
various magnetie lines, sipnal levels expected tor ditterent modes of onora-
tion, and the optimal detector systems., The study was carried out by br.
Jawes Mosher and is the appendix ot this report,

The Mosher study was quite complete and highly intluenced the direction ot the
experimental phases of the program. In particular, it emphasized the seveve
requirements that the lack of a polarization modulator placed upon the elaee-
tronic signal chain. The original coucept for the magnetograph did not
include a modulator because of the reliability and high voltage problems.
However, because of the study, a number of approaches for modulation were
investigated experimentally., As a result the PLIT modulator was chosen as a
satisfactory component with both high reliability and relatively low voltage
requirements., Another major problem that was focussed by tha Mosher report
was the coupled issues . ¢ thermal control, line centering, and line offset
because of solar retation and spacecraft velocity., To a large extent the
thermal, line centering, and velouity offset problems were solved by a novel
Fohry=Perot contiguration that was not considered in the original reporc, but
was sugpested privately by Mosher in the form of a sketien of the "ideal mag-
netograph.”

Section two of this report discusses the magnetograph contiyguration decided
upon for test. Much of the justification for the work described in section
two is contained In the appendix, which is the Mosher report.,




oy tompact Magnetograph Iest Desiygn

2.1 Optical System

Shown in Figure L Is the optical layout of the compact mapnetopraph test
system. Figure 2 shows a photoygraph of the system on the Lockheed uchelle
spectrograph optical bench. The magnetograph was fed by a lJ0-centimetur
diumeter heliostat which normally is used to feed a l-meter echelle spectro-
photometer. The entrance slit ¢f the spectrograph is visible at the right-
hand edge of the photograph. The location of the mapgnetoyraph on the spec—
trometer optical. bench allowed easy verification of spectral alignment and

operation of the magnetograph system.

In the order that the Llight strikes them, the components of the magnetograph

and theilr functions are:

L. Objective. The 127 em focal length objective serves to rorm a selar
image of convenient size in the plane of the field stop. The image

scale in the focal plane is 6.16 microns per arcsecond.

2, Field Stop. The field stop serves to define the magnetograph sample
region. Apertures in the size range from 25 to 250 microns were

A

tested. This corresponds to solar regions {rom 4 to 40 arcseconds in

diameter.

3. Collimating Field Lens. The £ield lens is pusitioned its focal length
from the field stop. The center line of the optical system passes
through both the center of the hole in the stop and the fileld lens.

The angle the aperture subtends at the field stop determines the spread
of the beam frum the stop. The size of the fleld lens must be suffi-
clent to gather all tue 1ight that passes through the aperture, that
is, the diameter of the field lens, Df, must be
Do .
=-A+—f—(;-x:

Dy £
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where Dy 1s the diameter of the objective, fy and £, are the focal
Lengths of fileld lens and objective, and A& 1s the size of the aperture

hole.,

Modulator. The modulator is an electrically driven waveplate which can
be driven #3/4 at 6302 (0-200 volts). Together with the polarizing
prism the modulator provides switching between analysis for right and
left clrcularly polarized light. It also allows analysis for linear
polarizacion when off or at y/2.

Blocking Filter., The blocking filter isnlates the magnetic sensltive

line 16302 and has a FWHM of 1.3 A. The FWHM is sufficlently narrow to
isolate a single passband palr of the Fabry-Perot. The blocking filter
1s operated in « temperature controlleda oven. The control is to +.1°C

which corresponds to +.007 A wavelength.

Polarizing Prism Assembly. The polarizing prism is of the McNeille
type. It passes p wave light, light polarized parallel to the plane of
incidence, and reflects s wave light, light polarized perpendicular to
the plane of incidence. The right angle prism redirects the s wave
light parallel to the p wave but displaced about one centimeter. When
the modulator acts as a quarter waveplate at 45° to the p direction, it
converts right (left) circularly polarized light to linearly polarized
parallel to the p (s) directions. Switching the waveplate to - \/4
converts lef* (rdight) circularly polarized light to linearly polarized
light parallel to the p (s) direction. Therefore, the combination of
waveplate and prism produces a palr of beams which pass either RCP or

LCP and can be switched to the orthogonal states on command.

Fabry-Perot. The Fabry-Perot interferometer used in this system 1is, to
the best of our knowledge, unique, It is essentially two separate
etalons on a single substrate. Each of the etalons produces a standard
Fabry-Perot channel spectrum with 90 mA FWHM and 1.4 & interorder
separation. However, the channel spectra are separated from each other
by 170 mA. The pair of etalons are adjacent along a diameter of a 50-

em diameter disk; that is, the etalons are U shaped. When either of




the D's are placed in front of a spectrograph slit, a normal channel

spectrum is observed. Moving the sabstrate to jbserve the other D

causes a similar spectrum but shifted 170 miA, If the subtrate is

rocated so that slit covers both D's, a double peaked spectrum iy

observed. The double peaked spectrum, the solar spectrum near hi3u.l, /

and the profile of i:he blocking filter, are shown in Fipure 3.

In the magnetoyraph, one D is in the p beam and the other is in the 3
beam. When the etalon is at the proper temperature, the p heam channel
passes Light in a 90 m) band centered +35 mA £rom the fron line at
b302.5, while the s beam passes Llight in a 90 md band centered at ~xo

us, from 6302.5. These are referred to ag the red and blue channels,

respectively.

8. Fabry Lenses. The Fabry lenses focus the essentlally collimated beams

from the Fabry-Perot onto the detectors.

9. Detector. The diagram shows a palr of PIN diode detectors. The actual
experiments discribed below used photomultipliers in these positions.

2.2 Principles of Operation

From the above description, the magnetograph optical layout produces a palr

of beams centered at plus and minus 85 mA from line center. Control of the
waveplate allows analysis for RCP in +A) and LCP in (=-A)): ‘State I; or analy-
sis of LCP in +A) and LCP in -4A\: State IL, or p polarized in +A\ and s nolar-
ized light in =-a): State III, or s polarized light in +A)X and p polarized light

2.2.1 Signal States i
|
in —A\: State IV. 3

I~
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Table 1
State Waveplate Red Band Blue Band
+AM =-A)\
I +\/4 RCP Lcp
L -\/4 LCP RCP
L1L Oft P 5
v AV 5 P

By proper addition and subtraction of the photo signal in both channels in the
various states, sufficlent information for longitudinal magnetic and velocity
field can be collected. For example, switching between States I and II yields
in both the plus and minus channels a magnetogram signal. Because the States I
and IT send opposite circular polarization into opposite sides of the line, the
signales in both wavelengths are in phase. For a pure magnetograph a single
detector would suffice which could collect light from either or both the plus

and minus delta lambda channels.

States III and IV can be used for veloclty measurements. If the input light is
unpolarized, no transverse field, halt the light goes to each of the wavelength
samples. Thus, an inbalance in the channels measures velocity. The use of the

system states 13 described in some detail in Sections 2.4 and 5,1 of Mosher's

report.
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20200 The Temperature-Veloelty Problem
2.0.2.1 Earth Uperatilon

The magnetograph was designed specifically to minimize the cemperature-velocity
problem. Operated on Earth the solution is nearly optimal. Key to the desinmu
L3 the use uf an etalon with two bandpasses on a single substrate. Because ot
this, whatever the tilt of the etalon or its temperature the palr of peaks
maintain their separation in wavelength. A null velocity signal can be ob-
tained without knowledpe of either the absolute temperature or tilt of the
etulon by balanciny the signal that arrives in the plus and minus delta lambda
channels. Unfocussed sunlight provides a null or nearly nall velocity source.
The capability of switching from State IILL to State IV allows calibration for

internal polarization,

The bandpass channels span (~130 mf%, -40 m?) and (+40 m?, +130 mi). Because
the solar rotation rate is 2 km/sec, one limb has a relative velocity with
respect to the other of 4 km/sec which, at 16302 X, corresponds to a relative
wavislength shift of 84 mA. Therefove, it 1s necessary to shift the position
of the etalon angle only once to cover east and west halves of the solar

image.

The wavelength to temperature sensitivity of the atalon is .04b8 R/°C or
21.4°C/A. The velocity sensitivity to wavelength is 2.1 x 10'5R/meter/sec.
Therefore, tie temperature sensitivity to wavelength is 4.5 x 1074 /m/sec.

To detect a velocity of 5 meters per second requires temperature stability or
temperature knowledge of .0022°C. ¥or a resistance thermometer at 3u°C the
resistance change per degree is 16U M°%C. To measure 5 meters/sec, we must
detect a change in resistance of .377 ohms on a basic resistance of the sensor
of 4000 ohms. Thus, the measurement accuracy required is on part in L0,

This 1is straightforward and can be done with off-the-shelf 4 1/2 digit multi-

meters.

It should be emphasized that it is not necessary to stabilize the temperature
to 1073 degree accuracy. It is only required that the temperature be moni-

tored. This has been done in the laboratory nusing a 4 1/2 digit multimeter
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attached to resistance thermometers in the etalon cell,  The temperature
variation obuerved varied slowly and ecould be easily vompensated tor by the

meter fisell.

The dixital multimeter used was a Fluke d3don caleulating multimeter. This
device can store a program and display and output a dlyital signal based upon
the ¢aleulacivns. Using the tem vrature resistance tableys and the etalon
properties, the meter was programmcd to rvead out reslstance, temperature,
wavelength, und veloeity offset. OUne ¢nuld observe that in the b mygee range
the veloeity Jdid noc vary rapidly in time.

As discuwsed in the Mosher report, the temperature 1s not a problem rvr the
magnetic measurements. A temperature stability ot .19¢ causes wavelength

stability of less than 5 mA which has virtually zerv etgect.

The principal problem of operation on a spacecraft is the potential for hiyh
line-of-sight velocity. A circular near-tarth orbit implies a tangential
velocity of 7.5 km/se¢c. Depending on the inclination of the orbit to the
ecliptic and the azimuth with respect to the Earth-sun line, the relative
velocity from sunrise to sunget can be as large as 15 km/sec. Fifteen
kilometers per second causes wavelength shift of 315 mA which can be
compensated by an etalon tilt of 0.8l0 degrees. This large tilt causes
considerable concern about the effective FWHM of the etalon. For perfectly
collimated light, the change in FWHM is negligible for the tilt angles ot
interest. However, the finite size of the field stop results in impertoct
collimation by the rield lens. The shift in wavelength with angle fur a
Fabry-Perot 1ie

and the effective width wirh a beam of angular width &8 is

a9
-

, 1
FWHM( ) = ((FWHM)“ + SPREAD()“)

T
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1L owe aecept a 25 percent hruvadening ot the FWHM, then the tolerange tuyr
spread( ) I8 5u miA. Tu a good approximation
]

. , (b))
SPEEAd( ) W Smietaat

an”

where © Ls the width of the quasi-collimated beusm aud ¢« {5 the tile anples At
normal incidence, the allowed - 18

‘3
. [2n“(.053]
v - = e
CRITp

or
w050 radians,

For a 25 mm tocal lenpth collimating tield lens this implies an aperture

Jiameter
A= (O ) (2)(25 x 107)

or
A = 281 microns.

Now, for the 15 km/sec case (1 = ,0l414 radians), the value of J for a 5U mi

beam spread is

B
¢ (050"
. 6302¢4)(.01414)

0T
¢ = 5.6 x 10”7 radians.

This drops the acceptable maximum aperture size to about 28 microns.

The size of the aperture can be increased by increasing the focal length of
the cnllimating lens. Therefore, one ¢ffect of the high tilt is the range in
aperture size because it is not practical to use apertures much smaller than 5

microns.

|
|
‘?

R T



A muelt wore gerious problem £y Lt the etalon must be constantly tilted
throughout the uebit to center the magnetoyraph.  Ihe price vt this Ls mevh=
anfeal vomplexity and perhaps vesveity accucacy,  The aceurdaey problem may bhe
solved by preeision wptical encoders on the tilt axis.

o) Modulators

The primary modulators used in ground based magnetngraphs arve KDP plates, Kerr
cells, and quartz acoustic modulators. The number of types used reflects the
ract that none of the modulators are entirely satistactory. Both KDP plates
and Kerr ecells require several thousand volts tor <74 wave retardation. The
Rerr cellys sufter the additivonal disadvantage that they are liquid tilled,
while KDP plates ave notorious for being ultra sensitive to thermal and mech=
anifcal shocks. The quartz modulators operate by mechanilcal deformation of the
crystal which induces strain birefringence. Unfortunacely they operate in a
mechanical resonant mode at about 50 kHz. This 48 rather higher than is
desirable in a simple signal chain. However, the quartz modulators could be
successfully used.

In the compact magnetograph we have chosen to use a PLZT modulator manufac-
tured by Moctorola. These devices vequlre about 200 volts for a half wave at
16302. They have the disadvantage that the electrodes are in the apertura,
The electrode coverage is about 2 percent, so that in our collimated mude, we
suffer a 2 percent light loss. The devices were developed as the active
component of fast shutters in atomic blast goggles. In thelr intended appli-
cation, they are placed between crossed polarizers and are blased to /1 in
the mid visible.

The intended application of the PLZT materials requires that they meet severe
military specifications for ruggedness, reliability, and uniformity. The
samples we have tested are quite uniform. They have proved satisfactory and
should be easily space qualified. Because of thedr ruggedness and proven
reliability, we have decided to include them in the compact magnetograph.
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weid Filters
dedal Bluecking Filters

When the ecompact manetopyaph was ovisinally proposed the best all= Jeponited
tilters had FWHM's ot » to 8 % These tllters were ol the three~cavity desiyu
amd had transmissivns between 4t o oi percent when blocked por the LV and

IR, The wideh of these tilture, ecombined with the tinesse of lh o A4 tur
2olid etalons required a tandem etalon design,

Diseussions with Spectrofilms In Andover, Massachusetts, indicated 1t misut he
possible to construct all-deposited tilters with FwHM's less than £ % Two
such Filters were manufactured, one with a FWHM ot L.3 A and the other o1

L. %, Both filters are two=cavity Jdesipne, are tully bloecked, and have 25
percent transmigsion. These fileers allow golny to o single solid etalon
rather than the dual etalons previously required. This 1s an Imwense simpli-
fication in the system. To compensate tor spacecratt velocity would ntherwise

require controsL of a palr of etalons,

With new coating control techniques, which should be possible with a dye laser
it

monitoring system on the coating chamber, it is reasornable to hope that 1
filters with wgreater than 50 percent transmission can be made.

2.4,2  Novel Ktalnn

The novel etalon has been discussed above, but it 15 worth discussing ot the
manufacturing technique. FPFirst, it must be noted that before the 1.3 * bleeker
was available the split etalon could not be considered. A system of two split
etalons would be too complex.

The split etalon was manufactured from an exidsting 90 mi bandpass solid Fabry-
Perot. The device was a freestanding wafer of fused silica about L mm thick.
The etalon was returned to Perkin-Elmer and stripped ¢f its dielectric mlrrorvs.
The vleaned substrate was then coated with Si02 and rthe rate of deposition,
monitored. once the rate was known, a mask was fnserted over half the etalon.

After a time such that 191) % of materlal was deposited, the source shutter was

1o




closed. This process resulted in an etalon whose halvey had slightly differ~
ent thicknesses and hence offset spectral channels. The design objective was
that the channel spectra were separated by twice the TWHM. Because the
gtalons are on the same substrate they will always be subject to the same
conditiong, in particular, temperature and tilt.

The technlque of preferentially coating a desired thickness viiiation on an
etalon 1s, we think, a significant advance.

2. Uperations

The initial plan was to operate the compac” magnetograph with a pailr of PIN
diodes and synchronously detecting in phase with the quartz acoustic modula-
tor. The electronics bullt for this task simplv did not perform as expected.
We feel that there is nothing fundamentally wrong wich the desigr or the
diodes; however, time and the funds avallable under this contract did not

allow development of the high-frequency amplifier chain.

The second electronics chain was based upon a photomultiplier, a lock-in
amplifier, and PLZT plate. The operating frequency was 30 Hz. From the
Mosher report, about 108 photons per second per l(C-arcsecond region were
received. Only one signal channel was used, plus delta lambda. The scans
were made by allowing the solar image to drift across the aperture with the
drive off. Because there was no velocity compensation, the magnetic
sensitivity dovieased across the disk as the effective location of the plus
delta lambda chaanel with respect to line center decreased. In addition,
because of the operation in the spectrograph room, the solar beam reflected
off a hellostat and two folding flats.

Shown in Figure 4 are a series of scans across the solar image. The basic
triangular shape is due to the residual circular polarization introduced by
the non-normal reflection from the mirrors and the reduction of sensitivity as
the wavelength channel moves toward linz center. However, in the neighborhood

of a sunepot, a magnetic field is clearly detected.

11
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Son Future Aotivities

At the completion of this contract a4 great deal remains to be done to have a
working magnetoxgraph. A raster scan control program must be developed and the
electrondes chain must be improved as the minimum first step. Then some sophis-
ticated soltware needs to be Jdeveloped to establish the ultimate accuracies

abtalnable ror the measurement ol veloclties.

Hopetully tunds will be tound to place a compact magnetoygraph in vperation.

However, this prosxram hay demonstrated that a compact mapnetograph ia teasible.
proy
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Figure

Figure

Figure

Figure
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Fiyure tautao e

Optical layout of compact magnetograph.

Photugraph of magnetograph on echelle spectrograph.

Solar spectrum in the neighborhood of 16302.5 together with
spectral traces nf both channels of the Fabry-Perot and 1.3 A

blocker. All figures are to the same wavelength scale.

Drift scans across the solar image. Region of sunspot marked by

dots. Magnetic signal region underiliuned.

13




A b A At A e R A A e AR ST et it htat A A R Dol e 7

. 34AICICHd HAYYIDI3NSYw 12¥dWlD :
i
¥ Ty i
= 10¥3d
- =3 -AuEva 7]
o —
=L i 2 WS1Hd
— D 4 = N 10NV
TS #n3L+ 1A —— \||g N - 1HOIY
M . P MIzmat K z wiLud
= e LD NHLTEY munua.m. SISNTY . v EREL
e ‘ ‘Swaidrianvi | Nid Avavi 4 o 2 axnd
° o r SJINOW1D373 > ~ .
“ o OV —— - w” .W
N ' L 7
= L - SP=
=0 o’ ¥3ILLI1dS ¥oLvInaow 4o1s
T nvag a1ais

FNI3INOEN

JAILDITB0




A3}

CiLoiil PAAL
TE PO TOGRAPH

RLACK AND Will




ORIGL AL, e 13
OF POOR QUALISY

SOLAR SPECTRUM

FABRY-PEROT

BLOCKING
FILTER

Figure 3

M




T

A i e it Sl e s et cie it LAt

SOME THOUGHTS ON THE DESIGN
OF A COMPACT MAGNETOGRAPH USTING

FABRY PEROT YFILTERS

Doecember,

1980




TABLE OF CONTENIDS

”hjePriVﬁﬁ R R R R R R N AR RN R I N I

Basie Design

2-1 S('hﬁmﬂrif‘ Inly()urpuoio.c'..coo---oov---gq;o-.§.¢.--.....ooa¢ag

2.2 Properties of Fabry=Perot Fllters.iieieeeaeverenerssorsssvoses
3 Corrections Needed for Large Sampling Apertures

me3 L Telecentrde Corrertnr LUlSeseeessossoresoatssoresnipas

2.0 Lens ro Redmage Objeerive.seirieeeisstenconsescnnsness

2.4 Extraction of Magnetic and Temperature SipnalSeeseeceeconcees

Caleulation of Expected Mapnetir Signal and Ideal
Integration Times

3.1 Approximare Determination of rhe Physiral Conditrions

bl . an ™ v
Corresponding to the Lower Mount Wilson Contours

F2L 1 e

J.1.1 True vs. Apparent Strengrh of Weak Flelds.vveeseseeeen
3.1.2 Normal and Distirubed Profiles of A5250,.eeievesvnnees

3.1.3 Estimatre of the Signal Strength Required to
Regilster "5 Gauss"cieeeeoerescessnssoarssosonsonrsnses

3.1.4 Combinations of Fleld Strength and Fill Factor
Producing a 5 Gauss SigNALeceeeecercecnrcorcrscsvannns

3.1.5 Confirmation of Intrinsic Fleld Strengrh from
Chodce of Mount Wilson Exit SLit Positionecseecececess

3.2 Adoption of a Standard Weak Field Conditlon...ciievieaeiesass
3.3 Possible Line for Use with the Compact Magnetograph.ee.eee...
3.4 Detailed Caleulation of the Magnetice Signal and

Integration Time for a Perfect Detector

3.4.1 Calculatrion of the Signz2l for a Specific Filter
Combination and Detector Plane GeometIY.ceeesoesssoons

3.4.2 Conversion of Signal Strength and Light Level
into an Integratlon Timeseeeesesesoccssosossoocssscones

3.4.3 Optical Parameters Used in the CalrulationS.ceeeecess.
3,5 Optimization of the Magnetric Signal

3.5.1 Available Filb@rSeieeeecessesesssosssesssassconoacrses

3.5.2 Optimization of the f-number.eeceeecrvreeieesrooececes

3.5.3 Importance of Proflle Shape.c.eeeerieciencesccesnnnenss

J.5.4% Optimization of Filter Width...eiieirierenrreenneneans

~ o o o OiaRridediie i N R b PO OMMM A A <t e o] e oo« s




G

3.5.5 Cholre of rhe SI)Q('[’rill [ 8 1 1 T S 3R

3.59.0  Advantage vt Using tme Wing of the Lin€esvsseeesrorens 6l

Jon  Eftecr of Sampling Aperture and Integration Time on
rll"’a 'rlll‘eﬂh()ld Field.l.lil!..ll.'..l.l."I.l.'p'.'l'.i'.."“. "bg

Uperartional Consideratrions
4.1 Maximum Time Acceprable for Full DLSk SeanBecececvececcesenss 4/

4v&  Selection of a Sultable Deterctor
i“’l:.l E}(pe(‘(‘,ed Ilighr LQVGJ.B--.--..-...--.--..--....o-.....-- H8

'0-.:.3 (:ID cdmerﬂﬁo-ooc0ooeocgoopnpog'oooogoo-u-ouoco-og.cuuo

d.203 Problem of Comparibility of CLD Cameras with
R{lﬁtﬁr S(‘Lllls.‘.ll.ln.llll..l'.'..'...'..ll.l'it.‘.b"' [jq

“.2."‘ PhOf’.OdiOdL‘, l)er’.e(‘rors-.no.tnovot’ooooooootttvoﬁnovooc‘n
‘/40205 p\‘otomulripliersa.ooaunco'uoioonoopoootogooon;oolot.ho UU
4.2.b Conclusiong Repgarding Detector Chole@.eecereeessereses bl

4.20.7 Ramifications of Deterror Cholce on Previously
Integration Times, and on Optimum Protile
Shaping and Threshold Fleld.eevereeeninsrorncrenvuenes nl

4.3 Calibration of the Detector
4.3.1 Calibration Prior to Ud€eseesseserssascsorsnsnessnrsss hHi
5.3.2 Calibration In USe.ieeesvesosecetsiossssscsssascssssssee hb
Temperature Control RequirementS.ceecescececsescsecsssssassse b7

4.5 Requirements on the Uniformity of Bandpass and
Temperature Over the Aperture of the Filter.seiocececeesieiees b9

“lb Seeing Problems'...w'.....‘....'.....‘..l..‘.......ll....l..l ()9
4.7 Feasibility of a Doppler Modeesesesceesvsssasossssocannsenaes 70

$.8 Electro=0ptic ModulatoTSeeeseeeocesesossosssosacsnsosssvenass 71

Suggested Designs
5.1 Basic Two Detector Magnetographeccecvecoeensssecsscssccosccess 73

t
I~

Four Detector DeSligng.csecesceccescscesvesasossssccsocvsscoee 7

A Design Using Only One Wingesceeeeeececossosocosoavscoscsnas 7D

w v Wl
-
(8%

.4  Clarafication of the Designs

&
.
I~
~ =
P TR, T T T P T e T

5.%.1 What are the DetectorS?eeveceveessscscsscssssaosorsonans 7

5.‘1-2 HOW Ldl’.‘ge are They?...............'u.--.-.....1.0..... 18

5.5 Reciprocity Between Polaroids and WaveplateS.seeeceseeesseses 78
5.6 A Method of Doubling the Light Leveli.eiieeeseosonconsscesees 79

CQI\(‘lUSiOnS @ 6 0 € 0 0 0 8 5 0 0 S LS PGS PO EEO LGP EB L L EEPNOIILEESIEOEOITISIPEIPIEOETNE Rl




LIST UF TABLES

Fable 3.1.3: Normal and Disturbed Profiles of A0dDUceieieivensssessesss 18
}

fable pombinardions of Flald Streagrh and ®LLL Faeror

Whieh Could Exist ar the Mr. Wilson 5 Gauss ContomT,eesee o)

$ -

Table 3.3 Undlsturbed Proriles of Mapnerically Sensitive Lines..... o7
Table 3.4.8:  Probabiliry of Exreeding Various Mulriples of rhe
R:ls I‘:rl’&)l’;--.-.....-...-..............-...---o..-......-. 30

Table 3.5.L: Possible Filters for Us2 in rhe Magnetograph....civeeeeses  Ja
Table 3 Jas Performance of Various Ideal Bandpasses In a Compaer
Magnetograph Configuration at 03024 (Perfect Detecrnr).o.. b
Table 3.5.3b: Performance Obtainable wirh Available Filrers Under
the Same CLlroumStanceS.ees oo isesosniososcssoasosos:-nasine 7

Table 3.5.5a: Performance Obtainable wirh Existing Filters by Using
Nffurent Lines (Perfeetr Derector and No Line
‘qeakel‘itié;"-"lit"tO.l.'ll")‘!lI!.l...b...l.'."..ill‘ll‘ :“j

Table 3.5.5b: Performance Ubrainable with the Hoya Filrers Under
the Sam&, Condiriot\s.ocdonQ¢9..0000Ov’QODiouooobioool'iOAonc :61.

Table 3.5.6: Integration "imes Obrainable with the Hova Filters
Using the Intire Objertive atr the Optimum Position
in One Wing of the Linu (Perfect Derector)eceeeceeceseces 42

Table J.ou: Maximum Non-Sunspot Fields Measured in 5250 with
Various MagnetOgraphG.ceeeeeoeosoosssossssosssosscnssease 43

Table 4.2.4: Characteristics of Commercial Photodiodes..eeeieesvececees 58
Table 4.2.7a: Performance Ubtainable with Hoya Filters Using

PIN-20A Photodiode Det@rtOrSceesssssteessssvsncssccscsres b
Table 4.2.7b: Performance Obtainable with rhe Hoya Filters and

PIN-20A Photodiode Detectors Using One Wing of the
]Jine Only.........cllol.O,.O'lll.ll000‘0.00‘001\.’00!)'\U.l ‘)3

e S T

114 '




e A— S T T T TR TR e
v TR —— »*

CONSIDERATIONS (N THE DESIGN OF A
COUPALT MAGNETOGRAPH EMPLOYING FABRY~PERGT FILILRY

1, 0b jecrives

The purpose of rhe proposed program 1s ro demonsgrrare the Feasibliliry ot
measuring soldr magnetie and veloelty ficelds by means of a compact gvsren
using Fabry Peror filters. The immediare goal iz to construct a proturvpe
system capable of producing a Mount Wilson=like raster scan ot longltudinal
magnetic fields wirh a sampling aperture of 10-20 are sgeconds and negligible

nolse at the "5 pgauss” level. A rwo-ineh entrance aperture s desived, but a

fory

arger one may be used tov compensare for the inetficiency of rhe available
detectors.
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tor small sampling apertures, a very simple design Is ponsible

Fisure 2.1 Optiral alements of 4 compact magnetograph (hordzontal seale
highly ecompressed).

Al is rhie L are serond sleld srop placed ar rhe prime forus of rhe objecrive
lens YL, FP is rhe Fabry Perot fllter, Al 1s ¢ ismented quarter waveplare and
polarizing mask (see Figure 2.3a), while D is the dgrecror (currently assumed
ro he a 244 x 248 olement CID array with a faceplare ueasuring 9 x '1 mn
Figure 4,2.2a), The only elements not shown are the bloekinyg filters, whicrh
would presumably be placed berween rhe field strop and rhe Fabry Perot.

As long as rthe aperture Al is small compared ro both the objertrive
diameter and the diameter of the "image” on the derector, the positione ut FP,
2, and D afrer the fileld srop are arbitrcary, permitting a free manipulation

of the amount ~f filter and derector used by the light parh., In faet, rhe
polarization mask A2 ran be plared anywhere {n rhe svatem, even in front of
rhe objective. UNone of the indicared parts are intended ro move, exeept for
purposes of alignment. Different points on the sun are examined by changing
the pointing of the entire assembly, and rhe fillters are runed by temperature,
rather than ti{lting.

2.2 Properties of Fabry-Perot Filters

According to MeLeod's book (Thin Film Optical Fiirers), rhe transmisgwon

coeffirient through a single element Fabry Pernt filrcer is5 yiven byv:
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where T 15 rhe peak rransmission enatiicient Zdetermined by abgoeprive lowses
' }

in rhe mirror coarings and substrare), and rhe "finesse™, F, iy an empiricasl

roetiicient relared ro rhe retleeriviry, Ro, ot the parrially rranparent

g7
mirrors. For ideal, plane parallel mirrors:

Fow et 2 ah
(1K)

n, and d,; are the Index of refrastion and rhickness of rhe substrare marnrial

between rhe mirrors, and g
skrate) relative to the normal direetion.

is rhe angle of the Lighr parh (inside rhe sub-

darhemarically, for moderate or large values of ¥, this equarion des-
rribes a series of sharp, widely-spared peaks. The peak wavelengths, Ao(k) )
are determined by rhe condition rhat the sine-rerm should vanish:

an dq ro8

A k) = B ko™ 1,23, 2.20)

If rhe general equarion is expanded aboutr one of rhese points, a somewhar more
useful approximate form can be obtained for rhe transmission coefficlenr:

T

2y 0 . 0 o

T(\) 4 F.). . ‘}T(X"xo) " 4 l-l(.\’-\q)J: (nl~d)
g - [ERRRSRNUNL S [URSU. AN
! SRR T Lt om
where
2
;\0

FWHM = = (2.2e)

on d& cos 3 F
8§ 5 5

is the full width »f the transmission peak ar half-maximum.

Using rhis notation, the spacing batween successive peaks ran be writtren
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Uor tlhe present pugpuses, one of Fhe mose dmportant aspeets of the Fibey
Pepnr equation 18 the dependence ot rhe transmission peotile on angle, 1P Ly
evident rhatr rhe primary effect will be a shitr in rhe wavelenyths ot the
transmission peawss.  This shiftr is determined by rbe condition rhat the argu-
wnt of the sine ferm omast he bepr oequal oo bLros TaoappreRiodate rorm fain
requiees:
3

x
CEd) moy () K |1 e (2. )

an "
5
where ii {5 rthe external angle of incldence (i.e., measured nurslde rhe sub-

strare) and ng 1is the index of rerraction of rhe subsfrrate.

For rhe design indicared in rthe first figurve, it ig evident rhar varh
radial position in rhe derector plane corresponds to a different angle rhrongh
rhe £ilter and therefore ro a different wavelen th or peak transmission. The
maximum angle 1s simply relared ro the t-number o riie beam through the Fil-
rer, which, in absence of vignetring and diffraction, would be the sume as rhe

f~number of the objertive lens, l.e.:

qux (radians) = 1.5/f-number = U.5%f-yratrio (2.24)

given rhis radial dependence of wavelength the "image” on rhe detector plane

L5 expecred ro look like:

_Fl20 425

10A 0.3 A

Tigure 2.2.a. Intensity partern expected om detceror plane with different
fenumbers. The shaded porrions represzat the solar line absoerptrion.
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where it has been assuried that rhe Fel absorprion Line ar b302.nX 13 being

ohsverved.  This line hag a roral widrh of abour 0,34, which Ls jusr covered
ar 730, Ar /.00, rhe range of wavelength coverage 1s increased to where the
neighboring tellurie lines ran be seen. The outer one 1s to the red, and the
inner one ro rhe blue. The nature vf rhe spectral disperslon produced by the
Fabry Porot operating in rhis mode 1s suech thar an equal area of the derector

is avatllable Ffor each fixed increment (e.g., U.1A) of wavelength.

Not only does each point In the image currespond to a specific wavelength
of peak trransmigsion, bur by frhe esme ay tracing argument, it originates from
a4 gpeclile polnt on rhe objective Tena. That 1s, rhe rays forming the outer
adge of rhe dereeror plane Image originare from rhe outer edge of rhe objec-
rive; those endlng in the center began Iin the center, and so on. It Is as if,
in orher words, a sultably scaled image of rthe detector plope were marked on
each vlement along the optiecal path (in partricular, the objective lens, the
filter, and the polarizing mask). A consequence is thar radial non-uniformi-
ties or splotehiness ia rhese elemeats cannor easily be distinguished Erom
genuine spectral information.

In order to maiutain the equal area econdition, a "properly" centered
specrral line should appear with {ts absorption rore 1/V2 of the way from
center ro edge of the detection fisld. Under such circumstances, the prinei-
pal transmitted wavelength at any point in the detector plane is given by:

AMr) = A - r (2.23)
0 max f
where Ko 15 the wavelength of the line core, r is rhe radial position (norma-
lized to 1 at the edge of the field), aund:

]
8-
- L _ _max " o
4 nax 2 '\0 (1 6 o’ (2.2k)

™

(e.f. equation 2.21).

This ideal configuration can be disrupted by drifts in filter temperature
(vhich move the bandpass red-ward by approximately .0364/°C due ta the expan-

sion of the substrate), and by errors in the mounring of the filrer (1f the
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angles are comparable ro those in the cone of Lighr):

Temp. 100 high Temp. too low
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Figure 2.2h:  Aberitions expected in the image plane for temperature and moun=-
ring errors. The dashed lines represent the boundaries of the detection zones
(cf. Figure Z.%a). The temperature-associated changes could equally well be
Indured by line-of-sight velocities.

In the absence of the telluric lines as a reference, the "temperature too
high" case cannot, incidentally, be distinguished from a motion of the solar
absorbing material away from the observer, nor the "temperature too low" case

from a motion towards the observer.

2.3 Corrections Needed for Large Sampling Apertures

2.3.1 Telecentric Corrector Lens

If very large sampling areas are ko be used, additional pre-
cautions have Lo be incorporated into the design. These consist of the intro~
duction of a telerentrie corrector lens in front of the field stop, and of an
objective~imaging field lens between the filter and the detertor. The first
modification becomes necessary 1f the size of Al is romparable to the diamerer
of OL:
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Flgure Z.3.1: Funerion of telecentrie rorrector lens (highly exagperated).
The lens is placed immediately before rhe Field srop. Lett side = before
correction.  Righr side = aftrer correction.

The telecentric correcror is a lens whose focal length Ls equal to its dis-
tance from the objective lens. Withour it, the cones of light forming the
outer portions of the solar image (at prime focus) would have a slight syste-
matie tilt relative to rhose forming the center. This tilt would be trans—
lared into a wavelength bias as the light passes through the Fabry Perot
filter.

Lf R 1s the radius of the objective (OLl), r the radius of the field stop
(ALl), and 2 rheir separation (which is equal to the focal length of 01), then

the basic half angle of the cones forming the image is:

- . '3. .
B one R/%¢ (radians) (2.3.1a)
(which determines the maximum wavelength range acrcessible to the detector if
the full cone is utilized). Since the rentral rays of all of the cones origi-
nate at the center of 01, the maximum systematic tilt imposed by the finite
slze of Al is:

Bcilc = /¢ (radians) S (2.3.1h)

and wavelength bias is roughly:

2
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A, (2.3.1c)
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In general, this will be found ro be very small. For example, for a 2" (5 em)
£/35 objective one would have 2 = 175 em, and a 10 are sec (diametrar) flield
stop would have r = .004 em. This would ylve a gysrematic bias of only abour
8 x 1077 A at 0302,

Even Lf the wavelength bias were larger, it would not necessarily be
serious. It means that at the detector, rhe line will not be equally well
"centered" for all possible positions in the sampiling aperture. For longltu-
dinal ©eld measurements, this affects only the sensitivity (slightly) and nor
at all the zero. For Doppler measurements at a fixed solar position, it would
mean that there would be a slight apparent blue shift as rhe size of rhe

aperture Al was increased.

2.3.2 Lens to Reimage Objective

The second modification, the lens to re-image the objective
afrer the light passes through the filter becomes necessary 1f the size of the
field stop Al is to be comparable to tha. £ the detector, D, which would be

placed approximately at the focal point of this new lens:

Figure 2.3.2: Function of the objective re-imaging lens (highly
exaggerated). The lens is placed between the filter and the detector. Upper
= without correction. Lower = with correction. The views on the right show
the intensity pattern falling on frhe detector.

N

T T T e T

e

o s e » . . . - N . NP



As Indicared, in rhe absence of the field lens, the Fabry Peror spectral ring
patterns generated by cones originating at different points within AL would he
misvegistered on the detecror. For a telecentric system, this lateral mis-
reglstrarion 1s exactly equal in magnitude to the lareral dispersion In rheir
gources at AL. Thus, the maximum misvegistration is equal to r, the radlus of
AL,  The amount of misrvegistration which can be tolerated depends on the
amount of spectral resolution which is to be arhieved in the detrector plane.
For normal magnetir measurements, only a rarher coarse segregation of wave-
lengrhs Ls required, and it would rertainly be more than sufficient 1f the
varfous conas were registered to within, say, one-tenth of rhe detertor radius
(which Ls assumed ro be equal to the radius of any one of the cones). If the
distance from Al to D is &', then rhis radius will be R' = &' R/% ; and the
condition r € 0.1R' is therefore equivalent tro &' > 10r &/R. For the 2" /35
objentivé with ¢ = .004 em, the auxilliary fileld lens would be unnecessary 1f
' > 3 om, that is, 1f R' > 0.4 mm.

While these two additional lenses add a certain theoretical nlceness to
the design, they should be avoided 1f possible. Not only will their absence
improve the optical transmission of the system, but ft will minimize the
possibility of dirt, optical imperfections, and serondary reflections inter-
fering with the interpretation of the spectral patterns.

2.4  Extraction of Magnetle and Temperature Signals

The optical design described above provides a simple mechanism for dis-
persing the incident sunlight into its constituent wavelength components.
Given this dispersion, the presence of Jongitudinal solar magnetic fields can
be detented by searching for a net circular polarization in the wings of a

magnetically -sensitive solar absorption line.

In most successful photoelectric designs of the past this has been ac-
romplished by using the combination of a modulated electro-optic crystal and
fixed linear polarold to act as a valve admitting alternately the two ecircular
polarizations at a fixed wavelength or bandpass in one line wing. If a flick~-
ering intensity is discovered, the presence of a field is inferred. The
photon statistlies, whirch dictate the time required to measure this modulation

to a desired degree of accuracy ran generally be improved by b.oadening the
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bandpass su as admit a conslderable porrion of the line wing ahour trhe point
of maximum modularion. The light level can be furrher ‘nereased with no
sacrrifice in modulation by substituring a polarizing beam splitter for the
single polaroild, so rhat instead of disecarding hall rhe light, the rwo wings
can be sampled simulraneously (rhe right-handed romponent beilnyg passed in one
wing and rhe lefr-handed component in the other) and the results combined wirh
suitable phasing. In princlple, although this has evidently not been tried in
pruvrice, it is also possible by means of a sufficlently romplirated exit slit
arrangement to photometrically combine the results from several lines (for
garth-based observations, as pointed out by Livingston (Aph. J. 153, 929,
1968), such a scheme 1s limited by the differentrial refraction of the earth's
atrmosphere if high spatial resolution is being contemplated).

The Fabry Perot magnetrograph deviatres from this accepted design in that
no modulating element is rontemplated (although one could be incorporated, as
indirared in section 4.8). Rather, the light originating ar a speecificr point
in the wing of the line is to be geometrically subdivided into two equal
portions which are to be monitored by separate detectors, one for right-handed
and the other for left—handed photons. Once the zero level has been deter-
mined, additional imbalances between the kwo defrectors which arise as the
system 1s scanned anross the sun will be interpreted as evidence for the
presence of fields of the appropriate sign and strength. The avoidance of
systematic biases unrelated to the presence of fields obviously requires
careful craftsmanship in the design and operation of instrument, the challenge
being rather comparable to that involved in attempting to obtain arcceptable
magnetic cancellarions by means of the "dual” exit slit spectroheliographi;

rancellation technique of Leighton and the Aerospace Corporation.

Another important design conslderation is that of keeping the bandpass of
the Fabry Perot filter properly centered on the wing of the line, so that
adequate sensitivity and a stable calibration can be maintained. At present,
it is felt that in order to achieve this objective it will be necessary to be
able to monitor the nosition of the line core in real time, which means that
the detector will have to have both wings of the line acressible fo it (by use
of suitably small Z-number). This "small"” f-number (small meaning a
divergent[oonvergent beam) is not particularly desirable for magnetic measure-

ments, for recalling that the detector plane geometry is effectively painted

10
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on the objeerive lens a smaller and smaller portion of the Incident sunlipht
is beiny used ror the magneric measurement as rhe range of wavelength coverage
1s Inecreased. However, 1if it ds diectared by the requirements of temperature
control, then 1t is8 ecerrainly desireable to make frhe best of a bad situation
by performing the magnetir sampling in surh a way thar borh wings of the line
ran be used, rarher than ignoring one wing complerely. The simplest
magnetric/remperarure sampling scheme involves four derecror elements, and ran
be indicated srhematirally as follows:

(o) Intensity Pattern  (b) QuarterWavePlate () Polarizing Mask  (d) Sampling Zones

N s i o ey e

”~
A

Figure 2.4a: A simple 4 sector scheme for sampling the magnetiec and tempera-
ture (veloeity) signals. The polaroid ronfiguration shown here is later
referred to as "Mask I".

The incident intensity pattern, centered on a spectral line, is passed first
through a fixed quarter wave plate, and then through a polaroid mask consis-
ting of two orthogonal linear polaroids whose axes are at 45° to those of the
quarter wave plate. One orlentation of polaroid will pass right-hand acirrular
photons, while the other will pass left-hand circular. Detector segments
L(RHC) and II(LHC) are in the blue wing of the line, while III(RHC) and
IV(LHC) are in the red wing. The magnetic signal is obtained by combining the
polarization differences from the two wings (which can be thought of as inde-
pendent samples, and should be of equal magnitude, but opposite in sign). The
temperature signal 1s obtained by comparing the total intensities collected in

the two wings.

X = - - N2
Magnetic signal ( (II III) + (IIv IIII) )/Itot 2.4a)

11
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Temperarure signal = ¢ (IL + ILI) - CIIII + ILV) >/Irut 2.4b)

3 » ] N
where Iror IL o LLI + IIIL + IIV (2.40)

These two slgnals are construcred in such a way as ro be independent both of

earh other and of the overall intensity level. The division by I 1s neces-

tot
sary to maintain the normalization (i.e., the "sensitivity") of the signals in
the presence of varying Light levels. The signals are coupled in frhe sense
rhat the sensitivity of the magnetile signal will fall off 1f the temperaturn

(or velocity) is such that the filrer is very far off line center (cf. Serrion
4.4).

Note that a small part of the light around the core of the line is indi-
rated as not beilng sampled by rhe derectots. This 1s intentional, berauce, as
will becrome evident later, to include this weakly modulated light would sligh=
rly degrade the signal to noise. This exclusion can be accomplished either at
the detector, or by including a suitable occulting ring in the polarization
analyzing mask.

A slightly more complicated polarizing mask could also be used:

i
Ll

Figure 2.4b: "Mask II", an alternative polaroid configuration.

In this case, the magnetic signal would be derived from (II - III) +

<IIII - IIV). The motivation for considering this more romplicated mask is

explained in the following figure, where, the experted intensity patterns are

o
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shown (in exaggerated form) for (on rhe lefr) a s'ruarion In which the RHOC
absorptrion profile is shifred ro rhe hlue and the LHC profile to rhe red, and
(on the right) for one in which rhe magnetric hifts are Iin the opposite direc~
rion. Tt is evident rhat {f the simpler mask (1) is used, rhe experred par-
terns are similar to rhose which could be produred 1f the Ffilrer were acciden-
rally tilted. ore importranrly, Mask IL ronverts rhe magneric hlinking from
an annular to a left-right patrern whirh permlts a very simple two detector
sensing system ro be used (sece Secrtion 5.1).

Mask 1

N

Figure 2.4c: Intensity patterns expected on the detector for a Zeeman-split
lina., Positive ficld (left), negative field (right).

Although 1t has been suggested that the dissectlon of the detector image
into the required sectors will be accomplished by sorting the readout from a
higher—-resolution CID-type image plane readout, this {s not an essential
feature of the scheme. Indeed, 1f the number of sectors is kept small, one
could imagine feeding the appropriate light, by meauns of prisms, to physically
separate devices (for example photodiodes or photomultiplier tubes - see

Section 4.2, and the specific designs in Section 5).

Under some circumstances, more detailed spectral information, that is,
the ability to dissect the 'image" into finer wavelength rings, may be de-

sireable. For example, if observations ara made at high spatial resolution,

13
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rhe variarion of polarizarion wirh wavelength in specrral line wings rarries
lmporrant fnformarion as ro rhe nature of rhe fine seale fields. In particu-
lar, the point of maximum modularion 18 avn Indiration of rhe rrue fileld
strenprh (Lf Lt L5 grearer than abour LUNU gauss), and the magnirade of the
signal 13 an indirarion of the amount of line weakening. IUnder rhe present
clreumsrances, however, this would not scem ro he a very serious (ongidera-
rion. Notr only is the 2" aperture instrument fnappropriate for high-
resolucion observations, bur the fleld stop required for 1l are serond rosolu-
rion would be objecrdonably small. Wirh a diameter of only 9.8 miecrons, the
tield stop would besin ro berome rhe olement derermining (by diffracrion) the
angle of the cone passing through the filrer. While this particular problum
rould be gorten around by adding extra lenses, rhe light level passed by rhe
small aperture would be insufficienr to permit rhe measurements to be made in

a4 reasonable rime rcompared to the lifetrime of the magnetic elements.

If the spectral informarion is nor ro be used for such purposes, there is

no persuasive reason ro divide rhe basle sectors into finer wavelength rings.




3, taleularion op Expecrad lagneric Sianal and Ideal Inregration Times

The praectical feasibiliry of any solar magnerograph Jdesign hinges pri-
marlly on two faerors: the experred light level and the srrength of rhe
axperred magneri~ signal. In peneral, rhe latrer can he pradicted only LF one
bag a Fadrly aceurate pleture of rhe true solar flelds, and of the behavivr ar
Fhe magnetdically sensirive line tu be used. In rerent vears, the (dffieulryv
ol making sueht predicrions has become Inecreasingly apparenr, the primary
complicatrions being (a) rhat with finlre resolutrion rhe field ecannot be
roparded as beinyg homogeneous, but rather is some not-verv-well determined
compasire of small (possibly unresolved) areas of strong tield, inrerspersed
wirh mueh lapger portions of undisrushed phorosphere; and (b) rhat in rhe
arcas of strong field the line profile may be quitre difrerent from that
normally measured In undisturbed areas (due, presumably ro differences in

Ffemperarure, lonlzarion balance and mass morions).

3.1 Approximate Determination of the Phvsiral Conditions Corresponding to

rhe Lower lount Wilson Contours

3.1.1 True vs. Apparent Strengrh of Weak Fields

Ir 1s generally apprecriated that when the Mount Wilson mapgne-
tograph registers "5 gauss" or any other field strength, whar is actually
being registered is an average over its sampling aperture (rurrently about
2.0 are seec). Lf the Line profile is a function of the fleld strength, the
welghting function in the average can be complicated.

In the simplesr models, ir 1s assumed that what is present 1s a mixture
nf an area with zero fleld, and an area witb some moderate or large fixed
fleld strength, and rhat rhe appearance of a spertrum of fileld strengths 1is
rreated by a varfation in the fracrion of area occupled by that fixed strength
flfeld frem point ro point. In other words, the total intensity of light in

the aperture can be represented as

IS4 = (L=8)s

LN (1. ..) I\)(\) + prmCA) BO) (-301.-1)
where I (1) is rhe normal line profile in the undisturbed photosphere,

L.y, B)Y is rhe magnerically disturbed line profile characteristic of a

spatialiy rovolved area with rhe true fleld strength Byy and £ 1s the "fill
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facror”, rhar {s, Fhe rraction o oarea oeeupled hy e Vield 8, fweraallsy,
tor tongitudinal Flolds rhere are two magneric peoriles, one tar rhe righr=
hand eirealar, ana one ror rie lefr=hand dreular eomponent, which ape shirred

appositely {n wavelenptl: teom the undistarbed posiriond,

Intoemarion as o rhe mapnerie peotiles is nor vet fn o derinirive
state.  For most phorospherie lines the magneriv profile ean he assumed o be
shallower rhan rhe undisturbed ones (excepr in sunspors, where the lines
deepen) as evidenced by the faer thar rhe nerwork points tend tuy he bhrightar
rhan their surroundings it most posirions in the lines fe,y., Sheelew, Solar
Phrese, 1, 171, 19nd); Sehwolnan and Ramsev, solare Phva., ooy 2h, DBnd, D
arrunally esrablish rhe protile In €3 Bu) appeuaring in the preveeding equation
hy direct observarion 1f would be neecegsary to obtain a tracing {o a sinxle
eiveular polarizarion of rhe profile for an area on the solar surtace which s
sparinlly resolved and uniformly oecupied by a purely Lmgitadinal fleld.  Ar

present, ir is not even known 1f such an observarion 1s even theorerically

3.1.2 Normal and Disturbed Profiles of \5.5y

The best indirect observational evidence regarding the magne-
rically digrurbed profile of a single Zeeman component of the 15250 line
(waleh is used by the Mount Wilson magnetograph) is supposedly that obtained
by Harvey and Livingston (Solar Phys., 10, 283, 1969; Figure 3b), who srudied
rhie variation in sensirivity of a magnetograph using this line as a funetinn
of the exit slit position in the line wing. They inferred a moderate
broadening of the line profile in the magnetic elements, and a very grear lnss
in central depth. In fact, they indicatre rhat in the core of the line, rhe
magnetic elements would be three or more times as bright as theilr surroundings
(as a ry~ult of line weakening and Zeeman splirting). This does no% appear ro
be entirel, ronsistent with ocher observations, and it seems possible that in
their analysils rhey may have confused the effects of saturarion with those of
line weakening. A re-evaluation of their sensitivity curve in terms of an
inherently strong field might lead to a much more modest estimare of change in
the line profile.

Additional information on the profile of a single Zeeman component o»f
5150 is provided by Stenflo (Solar Phys., 42, 79, 1975). He shows a much more
moderate loss in central intensity (70-100% brightening in the line core), but
the origin of his profiles is unclear.
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Weora lreer rracings ot the Oy protile Inosparially pesolved nagner -
~ally ddwtarbed rexdioms, rhe only resulrs o have heen puhlished Cilapwves g
Livingsron, 19840 Figure &, and thapman and Sheeley, Solar Phys., 51, bhl, 197/,
Slpure &) appear o have heen made wirhour polarising vuries, vhich severeiv
Vimiry rhedlr usefulness. Nonerheleas, rhese rwo resgulrs, one ohrained phnro-
sleetreieally and the orher photographieally, are in very good ayreement, Far
strong noa=sunspor nagnetiec flields rbey show rhe unpolacized 5250 proflle
hroadening from 79 ta LU0 mA FWHM (Harvey and Livingsron) or 88 ro 10% md FREHY
(hapman and Sheeley).  Both show rhe nndisturbed cenrral inrensirv as being
Ah%S oot the eontinuum.  In rhe mapnerie pap 1t rises ro 445 (Hirvey and
Liviagston) or 570 (Chapman and Sheelev). Ii one assumes that the inpriasic
Wwidth ol rhe line profile is the game in rhe mapneric and non-magneric
repions, rhen In both rcases rhe broadendng eould be explained by a longiru-
dinal magnerir fleld of about HUD gauss. Under sueh an Iinterprerarion rhe
rrue Llogs in rentral Intenslty is less rhan It appears in rhe unpolarized

profila, ginea part of rhe logg ig dua

L Rl - L AR

ko rha Jeeman gplifting. The ryue
central Intensity for the individual Zeeman components would need to bhe 3207 of
continuum(for Harvey and Livingston) or 48% (for Chapman and Sheeley). This
amounts to an increase in central brightness of 23% in the former nase and
48% in the latrter (as compared to the undisturbed profiles of the same rompo~

nentsg).

The published profiles of 5250 are all of a nearly "Gaussian" form:

. _ -.693 2ax \° o
I Io[l DO e W{{_ﬁ J (3-1...

In thils notation, the results for rhe various disturbed and undisturbed line
profiles ran be summarized as follows:
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Table Jol.2 SlbﬂrLing Protilen

Hurmads - e s daid Ritr Poak Prelim. Atlas
- «h5 104 LY S Peals Arlas
1 73 /1 1.8 Harvey and Livingston (Fiyg. 3a)
h 72 %3 AP Stenflo (Fig, 9)
¢ <74 48 RN Chapman and Sheeley (Fig, 2)
B o7 71 1.8 Harvey and Livingston (Fig, 1)
Nistarbed: B ] L3 R Harvey and Livingston (¥io, 3ni
h .53 /7 Ryt srenflo (Figure 5)
LA 52 38 2.0 Chapman and Sheelev (Fig, 2)
* h8 71 1.8 Harvey and Livingston (Fig. 2)

In rhe last two cases (marked by #'s) fhe mapnetirally disfurbed paramerers
have been guessed from the unpolarized profiles as explained above.

The two profiles derived from rhe f£igures of Harvey and Livingston (rases "a"

and “d"), seem to represent the extremes of reasonable rhought regarding rhe
possible extent ot line weakening in 5250.

3.1.3 Esrimare of rhe Signal Strength Required ro Regisrer "5 Causs”

Given rhese profiles, it is a falrly straightforward matter to raleulate
the anticipared response of the Mt. Wilson magnetograph. According to Howard
and Stenflo (Solar Phys., 22, 402, 1972), the magnetrograph operares at 15250

In the fashion indicared schematirally in rhe following figure:
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Fignre 3.1.3:  Sampling of magnetically-splir line by the Mount Wilson mag-
notograph. The profiles shown are for a pure longitudinal field of 500 gauss
with no line weakening. The difference signal is measured as the exift spec~
rrum s modulated between the two eircular polarizations.

that 1s, all of the light falling between 9 and 84 mA of the nominal line rore
is sampled sequentially in the right and left hand eire -tar pularizations
(actually, the two wings of the line are sampled independently, and the re-
sults combined to improve statistics). The signal 1s defined as:

S = (I (3.1.3)

mag rhe Ilhc)/CIrhc + Ilhc)
and converted into an equivalent field strength by comparison with a nominal
ralibration. The calibration, which is derived empirically, is the signal
expected if the undisturbed profile is artificially displaced by an amounf
corresponding tc the specified field strength. For a 5-gauss field (which
shifts the line by + .193 mA), using the various "normal” profiles given in
rhe first part of Table II, calibration signals of (2.2 - 2.7) x 1073 are
anticipated. The average is 2.5 x 1073, 1t is not known 1if this is the
actual empirical signal strength used as "5 gauss" at Mount Wilson, but it is
probably close.

19

W\WW"‘CW T T Y ———— T T ——-——




R bt et il

o T TR TR

"

3.1.4 Comblnationg of ‘Field Btrength and FLll Factor Propducing a

e

5 Gauss Signal

Lf the true intrinsic fileld strength, B, is anything greater

0!
than abou® 15 gauss ir should be posgible to find a "£41ll factor”, £, which
will reproduce exactly the nominal five-gauss signal. If we define f¢B, as
the "rrune average" field stength in the aperture, then the following result Is

obtained:

[ 4

g 30 A5250 ;
gD 9-84 mR exit slit )
w ]
: |
- 20 p
3 :
g <
A ]
a :
10 P
e ]
- d ]
o A VP T WU TP S SR

o 1000 2000

B’ruc (ym)

Figure 3.1.4: True average field strength < B > required to produce a signal
of 5 gauss in the Mount Wilson magnetograph as a function of the intrinsie
strength of the unresolved magnetic elements. The letters refer to the dif-
ferent possible assumptions about the shape of the magnetic and non-magnetic
line profiles given in Table 3.1.2.

In all cases, the real average field strength has to be greater than 5 gauss
to compensate for the line weakening. If the true field strength is very
high, the average must be even higher to compensate for "saturation”" as well -
that is, the point of maximum signal 1s shifted out of the bandpass. The
Harvey and Livingston result of case (a) seems to be far out of line with the
other three, but it should be remembered that this is the one which most
nearly purports to be a "direct"” measurement of the magnetically disturbed
profile (ef. § 3.1.2).
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The figure suggests rhat average field strengths of b=20 gauss are  are
Likely to be encountered in the kind of features which produce "5-gauss"
contours on rhe lMount Wilson magnetograms. The true field strength Ls nor
very well known, but it is probably around 1OUU gauss. Very much smaller
strengths can be ruled out by a comparison of the measured flux (whirh 1s a
lower limit on the true flux), with the observed size of the fearures (which
is an upper limit on the true size). Very much larger strengths can be ruled
out by the absence of any obvious resolvable splitting in the high resolution
unpolarized spectra.

3.1.5 Confirmarion of Intrinsie Field Strength from Choice of Mount
Wilson Exit Slit Positions

The idea that the intrinsic field strengths are less than or
on the order of 1000 gauss also gains some support from the choice of exit
slifr positions whirh have been found historically to produrz the best magneto-
grams in the least time. As pointed out above, as the field strength in-
creases, the point of maximum modulation moves out in the wings, and the
optimum integration time for a fixed signal to noise is obtained by using a
bandpass "centered” on this peak signal, but incorporating a wide enough range
to include all the useable light around it. (What i1s meant by "useable" is
difficult to define in general, but it is easily determined in practice by
moving the limits until the minimum integration time is found ). The choice of
optimum bandpass 1is, incidentally, very little affected by assumptions regard-
ing £111 factor.

(1Y) J— ,
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7 | :
§ oo ;
|| !
- b [}
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é (=Y
00‘

B (ppuss)

Figure 3.1.5a: Variation of point of maximum signal and optimum bandpass for
different inherent strengths of the magnetic elements. The optimum bandpass
is defined as that permitting the magnetic measurement to be made with fixed
signal to noise in the minimum time. A small fill factor is assumed.
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In the following figure, the integration time required to bring our trhe
5-gauss conrour with a fixed signal to nolse ratio using the lMount Wilson
magnetographs 9-84 m&k bandpass 1is compared with rhat which would be required

1f rhe optimum bandpass were used.

R e ——
[ A5250 /
% .
- 9-8Y4 mA exit slit
I Vs, opﬂmnm d
’} !
2. [
° . -
& L 4
?? L ]
& )
-
1Lt .
P 1
-
0 FIEE U Y YU Y Y U U WA N VN W VY Vi (N U U WA UH G G Sy ..

Btm (Bauss)

Figure 3.1.5b: Ratio of Mount Wilson integration time ro that possible with
optimum bandpass for various true field strengths and the two extreme assump-
tions regarding line profile changes. A small f£ill factor 1is assumed.

It 1s nlear that regardless of the assumptions about line profile behavior,
the magnetograph would be operating in a very inefficient mode 1f the frue
field strength responsible for the weak fields were much over 2000 gauss. A
similar argument can be made for the Kitt Peak magnetograph, which, in its 40=-
channel form (Livingston, Ap.J., 153, 929, 1968) used a bandpass 40-70 mA in
the 5250 wings. The motivation for this choice, which is never optimum, is
unclear (probably an effort to obtain a "linear" response), but once again
even greater inefficiency would be present 1f the true fields were over about

2 kilogauss.
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3.2 Adoption of a Standard Weak Field Condition

Based on the results of the preceding sertrion, the following combinations
of irherent field strength and £411 faector have been found to be ronsisrent
with the registration of a 5-gauss signal by the lount Wilson magnerogriph
under rhe two extreme assumptions regarding the variation of the 5250 profile

from magnetic to non-magnetir elements (cases a & d of Table 3.1.2):

Table 3.2: Combinations of Field Strength and Fill Factor which Could Exisr
atr rhe Mt. Wilson 5 Gauss Contour.

True Field (Gauss) Fill Factor (a) Fill Factor (d)
100 Ll.u8E~-1 5.04E=2
500 3. 44E-2 1.21E=2
1000 2,01E-2 7.56E=3
1500 1.78E-2 7.19E-3
2000 2.00E-2 9,06E~3
2500 2.73E-2 1.51E=2

ATy
These factors should be'useful in predicting the signal strengths for compact

magnetograph filter combinations using various lines sinre they are based on
artual observations of the sun by an instrument with a comparable sampling
aperture and represent roughly the weakest field strength whirh we wish to
measure. The numbers given are estimates of the true area occupled by mag-
netiec field., For any specific line,, the expected magnetic signal will be
additionally attenuated by the weakening of the line profile. For 5250, this
effect should be self=-correcting; that 1s, the stated fill factors combined
with the profile changes of cases (a) and (d), as appropriate, should repro-
duce the observed signals very closely (even if the assumed profile changes
are not quite correct) (see end of Sec. 3.5.5). For other lines, the results

will be uncertain to the extent that the line weakenings are not well known.

In general, the effect of line weakening (which reduces the wing slope)
is very similar to that of assuming a smaller-than-true f£ill factor. If there
is no change in width, the effective fill factor is reduced in proportion to
the loss in central depth of the line.




It may also be noted thar for almost any magnetograph design, 1f rhe Fill
fartor is very small, the predirted signal will be proportional to ir, al-
rhough the vconstant of proportionaliry depends on the intrinsic fleld
strength, and the design parameters. Also, wirh a small £ill factor, the bulk
of rhe light comes from the undisturbed profile, and is therefore nearly
Independent of the £11l fartor, so that the integration trime required ro
achleve a specifiec signal to noise level should be inversely proportional to

rhe square of the signal.

Alrhough, the intrinsicr strength of the solar netrwork elements ({if
single-valued) and rhe weakening or the 5250 profile in them are neither very
well asrablished at present, to rontinue to rreat these as free variables
makes unwieldy the number of possitle combinations which need to be ronsidered
in comparing various magnetograph designs. From the preceding section, it is
rlear rhat much of the network £ield is probably in the range 500-1500

gauss. We rherefore adopt as a standard weak field condition, a situarion in

which spatially unresolved magnetic elements of intrxinsic strength 1D00 wauss

occupy .Ul4 of the available area. According to Table 3.2, such a combination

(with a true average field strength of 14 gauss) should correspond fairly

closely to the 5-gauss nominal level of the Mount Wilson magnetograms.

In comparing various magnetograph designs, the choice of the fill factor
1s not terribly important, since the design which {s optimum for one small
£111 factor should also be optimum for any other small £ill factor. On the
other hand, a design whicrh provides the optimum integration time for an as=-
sumed field strength of 1000 gauss will not necessarily be the best if the
artual strength if 300 or 1500 (primarily because the bandpass apropriate to
one field strength will not be appropriate to the other). The most serious
design errors would arise 1f the true strength is much greater than about 1500
gauss in which the case the point of maximum modulation begins to move signi-
ficantly out in the wings, making it desirable to reject light near the core,
and accept light farther ovut (cf. Figure 3.1.3). Observationally, this does
not seem very likelv. Additional design errors can occur if the behavior of

the line chosen is verv .different than expected in the magnetic elements.
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3.3 DPossible Lines for Use with the Compact Mapgnetrograph

The most recent listing of ygood Zeeman triplets is rhat of Harvev (Solar
Phys. 28, 9, 1973). Because rhe displacement of each of rhe ecirecularly pola-
rized components from the nominal Lline center (in Angstroms) is gilven by

0™ p At (3.3a)

AN = 4007 x 1
with A\ in Angstroms and B in gauss, and since rhe turbulent width only in-
creased in proportion to A, the preference tends to be for lines towards the
red end of the spectrum. The following figure 1llustrates some of the lines
which have been frequently used or suggested. The profiles, which represenr
the intensity of an undisturbed region at disk cenrer, are taken from the KRirt
Peak Preliminary Photometric Atlas (Brault and Testerman, 1972 microfilm).
They are not rorrectred for the Instrumental widrh of the spectrograph which is
on the order of 10 mA. The lines all show a slight asymmetry, with the red
side (presumably formed by cool descending marerial) being slightly steeper
than the blue (formed by relatively hot rising material).

By replotting the curves on graph paper it was determined that (within
the uncertainty imposed by the asymmetry) each could be £it by a simple ex-

pression of the form:

; )
0
I(A) = X, [l - E(X-Ao) - f (3.3b)
Lt FWHM

where L,is the continuum intensity and A, 1s the rentral wavelepgth. The

coefficients required to fit the indicated lines were:
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Figure 3.3.Ll: Profiles of selected magnetically-sensitive lines from the Kitt

Peak Photometric Atlas.
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Table 3.3: Undisturbed Profiles of agnerically Sensirive Lines

Ao CA) Dy FWHM n Ly Tatm
5250.218 079 82 mA , 3.0 J.86 E3 0.81
5324.198 «8b 256 mA 1.9 3.77 E3 Bl
bLU2.72 .73 152 mA 2.6 3.16 E3 <84
v302.58 .03 110 mA 2.5 3.03 E3 .86
8648.418 02 184 mA 2.8 1.78 ES .95

The unpolarized disk-center continuum intensities (outside the earth's armos-
phere), which are in ergs/sr-cmz-mA—sec, are from Allen's Astrophysical
Quantities. They can be converted inte photons/second by observing that one
photon = 1.99 x 1078/) ergs if A is Angstroms. T,
coeffirient at the stated wavelength for a light path through 1 atmosphere of

tm is the transmission

"rlear" air. The actual transmission is probably quite a bit lower.

3.4 Detailed Calculation of the Magnetic Signal and Integration Time for

a Perfect Detector.
Given the f1ll factors of Sec. 3.2, the line profiles of Sec. 3.3,

the Fabry Perot filter transmission properties of Section 2.2, and some as-
sumption about the behavior of the line profile in the magnetic regions, it is
a relatively straightforward matter to calculate the expected lighr levels in
the two circular polarizations for a compact magnetograph configurarion. Ar
each angle in the detector plane, the filter profile (which is everywhere
essentially the same, but shifted in wavelength) has to be multiplied by the
incident solar intensity, and these answers added up over the range of angles

which are to be used,.

3.4.1 Calculation of the Signal for a Specific Filter Combination

and Detector Plane Geometry

It can be shown that the number dN of photons available per second
in a narrow range of width dA in the Fabry Perot ring plane is given by:

29 9
dayrhe J465... 1 LD"A T.. T rhe  di (3.4.1a)

Yhe cont atm “opt -lhc AX
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where I, = confinuum {atensity (ergs-sr Lo -ma~lser l; Table 3.3)
L= = area of sampling aperture (in square arc seconds)
H) = diametrer of objective (em), half of rhe area of whirh is used

for rollecting each ecixeular polarizatrion

A = wavelength (A)

Tyrm ™ transmission rpefficient of armosphere

Topt = transmission coefficient of the optiral components, including
the filters (at rheir peak)

and AA = toral wavelength range covered by the objective.

The values used are indicated in Seection 3.4.3. The facrtor f 1s a normalized

convolution of the filter and gspertral profiles:

IThe (A) T .. (A,r) dA
Erhc(r) - f lhe fil (3.4.1b)
lhe A I cont

where Tgyy (\,r) is the transmission profile of the filter rombination at the

radial positionr in the derector plane (cf. eqns. 2.2d and 2.2j) and Iigﬁ (\)

1s the intensity profile of the spectral line in the area sampled, which
depends on the field strength and fill factor in the manner indicated in
equation 3.1.1 and has roughly the shape given in equation 3.3b., Note that

the maximum value of IrhC/Ioont or Ljp./1 = 0.5 in the extreme wings of

conk

the line since I includes both eircular polarizations. The fartor £ is

cont
dimensional, and has units of A. Ir variess with position in the de*ector

plane, because the line profile is ronstant, but the filter profile shifts.

Now 1f the acressible range of wavelength in the detector plane is Ay O

\o=AA angstroms, the actual measurement of magnetic signal will be based on
the comparison of right- and left-handed counts detected in some finilte range,
say from Al to As (where it understood that these fall within the accessible
range). The total rates accepted by the detector will then be:

]
RED% o ges. 1 wtpTaT T FERC

lhe cont ® "atm “opt lhe (3.4.1e)
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T,

\ . rhe 1 c e erhe . )
where Fipe = 5% . e (r) Jr (3%, 1d)

rpoand ryoare rhe radial posirions in rhe dereeror plane rorrespotading Po Fhe
Limiring wavelengrhs and Ar is frhe roral range In rhe same unirs., Exacrly rhe
same rate would be obrained if (as is more likely rhe case) the range ot
roverage extends from \, -+ Ad PO A, - AX, This is because in the latter rase
one would be able to sample rwo wavelengrh ranges placed symmetrically in the
wings. That is, rhe same rate is obtained sampling -40 ro =50 mA wirh a total
coverage of U ro =9 mid as thar obrained sampling 4 ro 50 mA plus =wii to

=50 mA with a roral coverage of +90 to -9 mA,

As with the Mount Wilson magnetograph, the magnetic signal, S, 1s expres-—

sed as a modulation fartoxr, and defined as:

(R = Ry, )
5 = (Rrhv - tho) (3.4.1e)
rhe Lhe

Its magnitude depends, obviously, nof only on the filter/line combinarion, bur
also on the limiting wavelengths which are selerted, and on the magnetice

rhe (A) and

Ilhc(k). It does not depend on the overall normalization on factors.

field, which determines the amount of difference between I

3.4.2 Conversion of Signal Strength and Light Level into an

Integration Time

Normally, the rates of rcollection of right-handed and left-
handed photons will be very nearly equal:

R R (3.4.2a)

=~ R =
rhe lhe 0
and also essentially equal to the rates whirh would be observed in a magneti-
rally undisturbed region (since the £ill factor is low). Due rv photon coun-
ting statistics, it is evident that even in absence of any real differunce

between R and Rihe there will still be an observed signal. The rms value

rhe
of this null (noise) signal is:
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wiere T 13 rhe sampline ~ime (Iin seconds). The errors from measurement o
medasurement will be © sbured nvrmally, rhat 1s, we expect errors vt various
magnitudes with the followlng fiequencies:

Table 3.4.2t  Probability of Exeeeding Variuos Mulriples of rhe rms Hrror.

Magnitude of

Error Frequeney
« 35 1 in 3.15
v 285 L din 22.0
¢ 3 $S L in 370
¢ & 485 L in 15,300
$ 5388 1 dn 1,740,000

In making a Mount Wilson-like raster scan of the full sun witrh a 12.6 are
second aperture, there are approximately 18,200 independent measurements
involved, and the "threshold" field is generally taken as the lowesr level
which ran be plotted with a negligible probability of erroneocus contours.

From Table 3.%4.2 it 1is apparent rhat this would be about 4 rimes the rms noise
level. That 1s, to be "useable" we have ro require that rhe signal be detect-
able with a signal fto nolse of 4 or better:

‘h N - LA N
S % Sminla (3.4.2¢)
In principle (for an ideal detector) this rondition can be sarisfied for any
signal strength, §, simply by extending sufficiently rhe integpration time:

)

T » 8/(R0 *5-. ) (3.4.2d)

min
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In practice, of course, rhe rhreshold can only be reduced to rlie point ar

whieh rthe systemarie ervors begin tu ghow.

3.4.3 Optieal Paramerers Used in the Caleculatrions

In rhe following ecaleulatrions, rhe estimares of expected

signal grrengrhs and light levels are based on the fnllowing assumptions:

D = 5.08 em (2 inches)
L = 10 are seconds
Topr = 11,198
The solar line profiles and atmospheriec transmission ralten from Table

3.3, and the Fabry Perot filrer profiles are based on the parameters in Table
3.3, (the overall profile belng raken as the produrt of the two treated sepa-
rately, and the peak transmission bedng incorporated in Tgnr>‘ The estimate
ot Topc 1s based on 454 transmission for the blocking filr;rs, 70% for each of
rhe two Fabry Perots and 90% for the analyzing polaroid in the "arcepted”

direction.

The integration times so-calculated are then, in some sense "ultimate"
values. In reality the atmospheric (and probably the optical) transmission
coefficrients will be less than assumed. Also, the detector will have a less
than perfect quantum effiecfency and inject additional non-statistical noise.
To compensate for these "errors"”, the calculated integration times will need

to be Lnecreased, possibly by a large amount (see Section 4.2).

3.5 Optimization of the Magnetic Signal

3.5.1 Available Filters

Two different sets of Fabry Perot filters are under consideration for use
in the rompact magnetograph. Thelr characteristies are described in the

followlng table:
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Fable 3.%,13  Possihle Filreres tfop ilge 10 rhe ‘Upnetagrapn

Hungrriate Substrate
Thickness (i) Tnaex (n)) Finesse
Exisring ser: Let) mm Louh i
Hel mm R M
Hoya filrers: 03 ineh 1o s tnar ver muded
)20 dneh 1.5 ot (nor var made)

The spactne or the rransmission neaks 1s suech thar sirher ser conly he nsed
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Figure 3.5.L: Bandpass patterns of the two filrer sets. The dashed porrions
would be rejected by the blocking filfrers.

In rhe case of the loyva filters, at least, the two components would be physi-
rally rontacted so that the two sharp, spectrally matehed rentral peaks could
remaln matched as the temperature 1s varied. 1If the rcontacting is performed
in surh a way that the two elements inreract coherently (which probably means
that the surfaces have to be accurarely parallel) then the combination will
art as a rwo cavity eralon. This gives a slightly different transmission
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neofite rhan might be expected from the produrt of the rwo filters treatred
independently. In particular, it 1s expected that rhe transmission would bhe
slightly lower in far wings, some of the missing light showing up Iin a
slipghtly squarer rentral peak. As indicated above, this would tend to improve
irs uselulness in the magnerogzaph, but since the exact profile was not cal-

eulated, rhe two elements were treated independently.

3.5.2 Optimization of the f-number

The ronslderations involved in securing the optimum magnetir performance
‘minimum integration time) are similar to rhose discussed in ronnection with
rhe performance of the Mount Wilson magnerograph (Seetion 3.1.5), but rhe
number of free parameters is somewhat larger. As with a spectrograph, in
nrder to obtain the optimum magnetile signal, some care must be exercised in
the choire of both the width and shape of the filter profile and in selecting
the range of the output to be sampled. A very broad filter wlll obviously
produce a poor signal, sinre the effertive line profile will be washed out and
lncapable of significant modulation. On the other hand, 1f the width is
reduced tno much, the modulatlion will not increase after a point, but the
light level will go down, causing an increase in the integration time required
ro measure the signal. Similarly, Lf the filter has too broad of wings, the
introduction of the axtra, umodulated stray light, will both decrease the
signal and increase the nolse level, again leading to longer integration

times.

The range of transmitted wavelengths available to the detectors is deter-
minea, in the rase of the compact magnetograph, by the f-ratio of the beam
rhrough the filter. Ideally, one would want to use a very iarge f-number
(L.e., nearly collimated light), and tune the filter so that the filter's
transmission peak for light falling anywhere in the detector plane (and equi-
valently for light originating anywhere on the objective) rorresponds to the
optimum point of modulation in the wing of the spectral line. Unfortunately,
it is felt that active temperature control will be needed to hold the filter
within tolerances, and therefore, a smaller f-number (i.e. a divergent or
convergent) beam has to be used, so that a wide enough range of transmitted
wavelengths will be present ah the detector plane to permit the core of the

line to be located. As Indicated earlier, this would be done in such a way
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rhat the Filrer would fransmit rhie core of the line at a point 0.707... nf rhe
way from cenrer ro edge, which would make Llight falling ar rhe center and
auter edge of the detertor plane correspond to polnts symmerrically spaced in
the red and blue wings (respectively). The total wavelength range {rom the

cenrer to rhe edge of the derector plane is given by:

A
A Y. R (3.5.2)

FOE L B(n Fi"
S

How large should this wavelength range be? If it 1s too small, the only part
of rhe Line accessible to examination will be that near the center of the
Line, which Ls dim and not very sensitive to the magnetic splitting. 0n the
other hand, 1if the range &s too large, much of the objertive area will be
wasted in rollecting light far out in the wings of the line, which 1s bright,
and again, not very well modulated. Clearly there must be some optimum be-
tween these two unfavorable extremes. This optimim can most easily be evalua-
ted numerically by caleculating the integration time required with various [«
numbers. As with the Mount Wilson—~type magnetograph (cf. Fig. 3.1.5a), the
integration time ecan also be soumewhat improved by rejecting a little of the
light very clase to the line core. As an example, with 6302, 1if the intrinsic
field strength is 1000 gauss or less, the minimum integration is typically
found by allowing the detector ¢> view the range -90 to 90 mA around line

center, which requires an f-number of about 45.

The detailed dependence of the optiiwum range (which depends very little
on the assumed filter profile) is given in Figure 3.5.2 for a typical rase as

a function of the intrinsic field strength.
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Fig. 3.5.2: Optimum sampling range in the detector plane for a compact mag-—
netograph viewing both wings of 6302 (as a function of field strength).

The nature of this optimum is such that if for some other reason (e.g., to
view a telluric line) the instrument is designed so that a larger range is
available to the detector, it will actually be desirable (for purposes of the
magnetic measurements) to mask off or otherwise reject this additional

light. The integration times will obviously need to be increased tc compen~
sate for the area of the objective wihich is not being used buf 1f the addi-
tional light had not rejected they would have had to have been Iincreased even

further to make up for the added noise introduced by the extraneous photons.

In summary, if both wings of the line need to be viewed there will always
be some optimum range giving the best tradeoff between signal strength and
light level. The f-number should be chosen to reproduce as nearly as possible
this range, and the detector should be designed to sample from near line
center to the extreme edge of the range. The optimum range depends, however,

on the inherent fileld strength.
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3.5.3 Imporrance nf Profile Shape

The importance of the profile shape and the bloeking of the sidelobes is
veflected in the followlng table, where the performance of trhe magnetograph
has been evaluated imagining rhat we could substitute for the actual ¥abry
Perots an ideal filter having the same angular dependence, but various simpli-
{led rransmission profiles. The Fabry-Perot type peaks are assumed ro be
hblocked for all wavelengths bevond the middle of rhe first Ffree spectral

range.

In each case, the optimum *WHM for rhe configuratrion has been evaluared,
and rhe integration rimes are on the assumption rhar the optimun wavelengtrh
range Is sampled in the detector plane. The signal strengrhs are based on a
LO0O gauss Eield with a £L11 faector of .0L4. The Lline 6302 is assumed to have
745 of irs normal depth in the magnetir features (204 line weakening). The
count rates are in photons/ser, and the inregration times in seconds for an

ideal detector.

Table 3.5.3a: Performance of Various Ideal Bandpasses in a Compart
Magnetograph Configuration at 63023 (Perfect Detector).

Range Rrh(‘ th(‘ Smag T(SI’N3&>
Square Bandpass 10-80 8.932E7  8.880E7 2,96E-3  9,92E-3
(90 mA FWHM)
Two narrow Fabry 10-90 7.588E7  7.549E7  2.55E-3  Ll.nin-l
Perot peaks in
series (90 mA each =~
58 mA effective FWHM)
One Fabry Perot 10-90 7.97767 7.944E7 2.05E-3 2.40E-2

peak (40 mA FWHM)

The actual performance which could be obtained with the planned filters
(as specified in Table 3.5.1) under the same circumstances, but including the

full profile out to the blocking points at * 4A (see Figure 3.5.1) would be:
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Table 3.5.3b: Performance Obtainable with Available Filters Under the Same
Clreumstances

Range Reho Rine Smag T(S/N=4)

Hoya filters (F..C)  10-90 mA 1.041E8  1.037E8  2.01E-3  1.91E-2
(67 mA eff. FWHM)
Existing filters 10-90 mA 1.089E8  1.085E8  1.63E-3  2.79E-2
(51 mh eff. FWHM)

It is evident from the two tables khat while the square bandpass is
certainly the best, some of the Fabry-Perot configurations don't finish very
far behind. In faect, 1f the Hoya filters were finished to a slightly higher
finesse, and so that they had equal FWHM's (rather than equal finesse), their
theoretiral performance would be virtually indistinguishable from.that of the
"two narrow Fabry Perot peaks"”, the importance of the few additional unblocrked
sidelobes being negligible; and if they were combined coherently, so as to
make a "two-cavity" etalon, their performance would probably be even close to

that of the ideal square bandpass.

The performance of the "existing” filters, which is to some extent
limited by the side-lobes, would not be significantly improved by going to a
higher finesse.

3.5.4 Optimization of Filter Width

The dependence of the integration time on the width of the filter trans-
mission peaks is shown in Figure 3.6b, where the performance of the Hoya
filters has been considered as a function of finesse (which is related to the
filter width via equation 2.2e). It is assumed that both filters are coated
to the same finesse, and that their transmission profiles can be combined

incoherently.
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Figure 3.5.4: TIntegration time required to measure a weak magnetic signal
with Hoya £ilters coated to various degrees of finesse (and a perfect detec-

tor).

At each finesse the optimum wavelength range is used. Below a finesse of

about 15, the performance drops precipitously due to the large amount of stray
light. Abcve a finesse of about 30, the performance also drops, due to the

excessively narrow width and the consequant low transmission, but the effect

is surprisingly slight.

Again, the integration times have been calculated on the assumption that
we are trying to measure a field with an intrinsic strength of 1000 gauss and
a £ill factor of .0l4 to a signal to noise of 4;and that the line 6302 has a

central depth 74% of its normal one in the magnetic regions ("26% line weaken-

ing).

3.5.5 Choice of the of Spectral Line

The preceding sections may have given the impression that the axpecred

magnetic signal strengths and integration times can be predicted with great

precision. This is true only to the extent that we are willing to make some-

what arbitrary assumptions about the nature of the solar fields ana the be-

haviour of the spectral lines. That is, we can be fairly confident abour the

relative performance of the various filter design choices, but nuca less
confident about the absolute performance of any of them., Figure 3.3.35 zives a

more accurate pilcture of the actual uncertainties:
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Figure 3.3.5: Integration times required for various possible field and fill
factor combinations corresponding ro Mt. Wilson 5-gauss rontour as a funrtion
of intrinsic field strength (perfect detector).

The £igure has been ralrulated using the various combinations of field
strength and £ill factor listed in Table 3.2. There is up to a factor of 7
uncertainty in the integration time which would be required to bring out this
threshold field. 1In addition, one has to make some assumption about the
behavior of the line selecrted. For example, in generating the figure we have
assumed that 6302 is weakened (in rentral depth) by 507 in the magnerie
regions. ILf it were actually not weakened at all, then the integration times
might be four times shorter, whereas if 1t were even more strongly weakened,

k the Integration times might be longer than stated.

f Given these large uncertainties, it is difficult or impossible to make

any definitive statement as to which spertral line will give the best

1 rasults. A line whirh looks good on the basils of 1ts splitting and nominal
undisturbed profile may in fact be a poor choire due to an unusually large

amount of weakening in the magnetiec features. lMoreoever, the line whirh seems
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best for one intrinsic fleld srrength will nor necessarily be the bhegt
rholre Lf the real Inurinsie £leld strengrh is something different (rbe farter
lines, like 6103, tend ro do better if the rrue field is very srrong; and the
skinny ones, like 5250, Lf ir is weak).

In rhe following Tables we have assumed thar the intrinsie field strengrh
15 1000 gauss, and rhat rhere ig a Fill faetor of .0l4. As was seen earlier,
Fhis is a likely combination to exist in areas registered as "5 gauss” (even
though the real field 1s 14) on the tount Wilson magnetograms. We have
however for simplirity of comparison uniformly ignored the possibiliry of 1line
weakening, which will make rhe estimates of signal strengrh and Integration

rime somewhat overly optimistic.

In Table 3.5.5a, the performance of the "existing filters" (sec Table
3.5.1) has been calrulated at various possible wavelengths. The finesse has
been kept as gtated, and the * 4 A blocking width increased or derreased in

proportion to the square of the wavalength.

1t

The count rates are for one circular polarization in photons/ser and the

integration times in seconds (for a signal-to-noise of 4).

Table 3.5.5a: Performance Obtainable with Existing Filters by Using Different
Lines (Perfect Detector and No Line Weakening)

Line (A) f-num Range RO Smag T
5250 47.2 10 = 70 mA 7.02 E7 3.10 E-3 1.18 1-2
5324 37.9 10 - 110 mA 4.88 E7 7.46 E~4 2.97 E-1
6103 42.0 10 - 100 mA 8.42 E7 2.48 E-3 1.55 E~
6302 45.0 10 = 90 mA 1.09 E8 2,20 E-3 1.52 E=-2
8468 39.7 20 - 160 mA 1.75 E8 2.15 E-3 9,92 E-3

For the Hoya filters, since they are not yet made, the finesse was also con-
sidered as a free variable. It was assumed that both pieces would be finished
to the same finesse and combined incoherently, which is not quite the optimum

situation (Section 3.5.3).
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Table 3.5.5b:  Pewioemanece Obrainable with rhe Hova Filters Under the Hame
Gomditions

Line(4)  Finesse f-num Range R, Smag T
5250 30 49.3 10 = b0 mi 3.FL BT 5.34 E-=3 7.58 -3
5324 a0 .7 10 = 110 mA 4.0 EY S.04 E=3 4,55 B-2
5103 o3 43.4 10 - 90 mA 5.40 E7 3.93 E~3  9.57 E-3
TRIIN 3u 4b.8 ) - 80 mA b0 E7 3.73 E-3 9.00 E-3
Han8 30 1.0 20 = 140 mA 9.74 K7 J.63 E=) b.24 BE-)

The two tables suggest rhat there Ls wery litrle difference betweecn rhe
three prineipal visible Llines (5250, 6103 and 6302); and rhat all of these are
murh better than the line 35324 (whirh is inecluded for vcomparison because in
splte of its poor signal ir was used failrly successfully in early phorographic
cageellarions by Ramsey at Loekheed and in the Smithson videomagnetograph at
31y Bear).

The additional less in performance due ko line weakening is diffirult to
generalize, except in the sense that signal will be redured in proportion to
the loss in central depth, and the Integration time increased, therefore, in
proportion to its square. For the line 15250, putting back Iin the earlier
line weakening assumptlons, one ran estimate that the likely signal with the
Hova filters would be on the order of Smag =~ (1.6 - 2.2) x 1073 (wh'eh is
slightly smaller than the Mt. Wilson "5 gauss" signal due to the less than
optimum spectral profile) dictating an integration time of T = (2.7 - 3.9)

X 10': secondy, that 1s 3.5 to 5 times longer than the stated time. The other

lines probably suffer less from line weakening.

As a final note regarding the selertion of the spectral line we might
observe that there 1s a strong bilas towards excluding from the standard lists
any line with a complicared Zeeman pattern. At least for measuring longitu-
dinal fields there is no partilcrular reason to do this. The things that matter
are the shape of the normal and disturbed profiles and the strength of the
average splitring, not the detailed pattern. It 1is, therefore, quite possible
that some hetter lines have been overlooked. A more profitable approach would

probably have been to have thought first about what line depths and shapes

N
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sonld he oxpecred ro pive rhe hest nerformance (i,e., neither ron parrow nor
rou hroad), rhen to have looked through rhe Arlases ro see whatr wag availahle
with rhese shapes, and rhen finally to have asked how murl they gplir .nd

whether rhey are weakened in the nerwork.

3.5.0  Advanrape of Using One Wing of rhe Line

It way eurlier observed thatr ideally, ro obrain rhe shorresr intepration
rime, one would really prefer to work in only one wing of the line with a
nearly collimatred beam. 7o indiecare exacrly how much 15 lost by usiny rhe
Jral=wing ring plane contiguration, rhe @oilowing rable indieares fox the same
lines rhe performances which ecould be obrained by operarinyg using the Hova
filrers ar rhe optimum point in one wing. Apain, the sipgnal strengths and
times are baged on the assumprion of LUUD puuss, 14 £1lL faector, and zero

[+

line weakening (it is rherefore directly comparable to Table 3.5.5b ), The

fF-npumber, if indicrared, would be very large.

Table 3.5.6: Infregration Times Obtainable wirh the Hoya Filters Using the
¥ntire Objective at the Optimum Position in One Wing (Perfect Detector)

Line (&) Finesse Position R, Smag T
5250 25 40 mA 5.91 E7 5,26 E-3 4,90 E-3
5324 20 70 mA 4.90 E7 2,31 u-3 3.02 E=2
nhl03 25 60 mA 6.60 E7 4,46 E-3 6.10 E-3
6302 30 50 mA 7.14 E7 4,25 E-3 b.18 E-3
8408 30 90 mA 1.19 E8 4.11 E-3 4.00 £-3

The reduction in integration time in each case amount to a factor of a litrcle

over l.5.

3.0 Effect of Sampling Aperture and Integration Time on the Threshold
Field

All of the calculations up to this point have assumed (cf. Section 3.4.3)
somewhat arbitrarily (but for the sake of consistency. that the measurements

would be performed with a square sampling aperture measuring 10 are seconds on
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4 side., Wherher or nor rhis L8 an oprimum cholce depends on rhe purpose »f

rhe program.

™ the extenr rhat rhere {g no rigid requirement on spatial resolurion
thaere ran be an engineering rradeoff berween Llighr level and siznal
strengrlii.  Observarions made wirh an extremely small aperture will fend ro
give larger sipnals by obraining (on oecerasiop) a berter ratio ot finld ele-
ments ro dead space (i.e., a higher effective fill factor). Observarivns made
with a very large aperture, on rhe other hand will rend to give smaller sig-
nals because of the rancellation of opposire polarity fearurs in rhe field of
Soewe The Following rable, derived Lrom a varlfeby ob sources, sugpgesrs rhe
approximate dependence of observed field on the dimensinn, L, of rhe sampling

aperture.

by Various

e

Table 3.6: Maximum NHonsunspof Fields Measured in 5250

tagnetographs
Sourre Aperture (L) Max. Fleld (B)
Kitt Peak 2.4 are ser 100 gauss
Mount Wilson L2.6 ave ser 40 gauss
Stanford 180 are secr 12 gauss
Stanford 1700 ara ser 0.5 gauss

As expected, these measurements show a falrly regular fall-off of fileld

strength with aperture:
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Figure 3.ba: Maximum Observed Non-Sunspor Fields in 5250 with Vari.us
Sampling Apertures.

Since presumably no effort has been made to rorrect any of rhese values for

Line weakening or saturation, they do not represent actual physical £ield

strengths. On the other hand, since they were all made with the same line

they should be fairly representative of the relative observed signal

strengths. That is, we can say S ~ B. Likewise, for any fixed magnetograph

configuration (ignoring limb darkening) the basic light level will be propox-
2

tional to the square of the sampling aperture: R, ~ L=

As will be developed in Section 4.2, the implication of these relations
for the ability to detect the fields will depend on whether the derectors are
operaring in a mode where they are limited in accuracy by the intrinsic
photon~vounting statistics (the high light level situation), or by fixed noise
contributions originating in the detector and elecrtroniecs (the low light level
situarion). In bnth cases the time required to make a measurement of a given
accuracy is proportional to the square of the expecrted siynal. In rhe former
case ir i{s also inversely proportinnal to rhe light level (that is, a fixed
number of photons need to be rollected). In the latter case it varies with

the square of rhe light level. Thus we are likely to have eitrher:
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or somerhing betrween rhe rwo extremes. Using the values from Table 3.6 we vcan
rherefore ogtimare the relatrive inregration times whirh would be required

detert anv non=sunapot field with rhe varlous aperrures:
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Figure 3.nb: Relatrive integration times required to derect any non=-sunspot
field wirh various sampling apertures. The absolute rime scales depend on the
magnetograph, and the placement of the two curves 1is not meant to imply thar
the "noise-limited” times are shorter than the "photon-iimited".

Ir Ls clear from the figure that in eilther counting regime the inrreasc in
Light level obtained by increasing the sampling aperture will more than out-
weiah the loss in signal strength, at least up to apertures of several arce
minutes. The moral is that one should never use an aperture smaller than

absolutely necessarv ro achieve the required spatlial resolution.

While rhere is a definite physical limit to the strongest fields which

will be encountered, the weakest ones are limited only by one's patience and




gwlll in pertorming rhe meagurement, In generdl, rhe onise level w{ll 4e

revducred In proporrion ro rhe gquare roor ol rhe sampling rime, and sines rhae
rlireshold Fleld gtrength will be proportional to the noise luval, 1t {5 frlwere-
ore apparent rhar onee rhie minimum rime ro gee anv Field has heen exeeeded,
tue “denanie range” of rhe magnetograms shonld {nerease {a proporrion ro the

gaquare root of the additional inregrarion time.
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4. Uperational Considerarions .

4.1 DMaximum Time Acceptable for Full Disk Raster Scans

Sinre the solar magnetic features change more rapidly when examined on a
fine than on a large scale, the maximum times which would be ronsidered accep-
table for completing a map is also somewhat a funcrion of the nominal resolu-
tton. The Mount Wilson full disk maps, with a sampling aperture of 12.6 x
12.b are seronds are done in about 2 hours. During this time, features near
disk center will rotate by about 20 arc seconds, whirh is larger than rhe
resolurion element, but this does not cause a perceptible shearing in the
image since the few scan lines inrluding any particular features will have
been completed in a much shorter interval. For a spare application, it is not
inconcelvable that in a continuously scanning mode times as long as 24 hours

might be permissible for the complete cycle.

In a ground~based operation, however, in order to have a significant
probability of completing the task without undue interruptions from clouds and
other problems it would certainly be wise to plan the program so that the scan
rould be completed in less than, say, 4 hours. If a 10 by 10 arc second
aperture 1s used, 1t would require approximately 29,000 separate measurements
to cover the full disk. To do this in 4 hours, one could not spend more than
0.5 seconds on each point. It is, of course, possible to avoid some of the
time limitations by making smaller scans of selected regions rather than of

the whole disk.
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4.2 8 Lleerion of a Sultable Detector

The integration timeg ralculated in the previous sections have assumed
thar an "{deal" detector could be used. A real detecrtor will, of course, miss
some of rhe photons and add noise and background currents to the apparent
Light levels. For purposes of demonstrating the feasibility of rhe magneto-
graph concept, this is not necessarily a critical problem, since most such
defiencles ran be correrted simply by extending the integration fime., None-
theless, ir seems reasonable to rry, as much as possible, tv use the optimal

detopetor.

4.2.1 Expected Light Levels

In general, the selection of a sultable detector will depend both on the
toral quantity of light (photons/ser) and on its expected intensity
(photons/cmz—sec) ‘n vhe detector plane. In the case of the nompact magneto-
graph, the intensity ran be varied almost arbitrarily by changing the dliameter
of the area into which the light is imaged, but the quantity of light
cannot. According to Table 3.5.3b for the line 6302 operating under optimal
condirtions (that is with the system operated at the minimal range of wave-
length coverage, and with very clear skies) we expect to gatrher about 1 x 108
photons/second in each ecircular polarization (using half of a 2" diameter
objective). This amounts to an available power of about 3.l x lOll watts.
The spatial distribution of the intensity is reasonably uniform, the ratio
between the brightest and darkest parts of the image (i.e., + 90 mA vs. line

center) being about 1.5.
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4.2.2 CID Cameras

The CID camera being considered for use consists of 244 x 248 silicon
elements, or pixels, which can be read out seque ' lly {n a total time of 0.5
secords, with a readout noise of * 500 counts/pixel. The faceplate geomerry 1s

shown in Figure 4,.2.2a:

248 columne
2 ‘ 5hEﬂ¢'ﬁx2|:
2=
2|3 8,6 mm 5
AN H6.0u

1.4

Figure 4.2.2a: Faceplate geometry of the existing GE CID ramera.

The sensitivity of the elements appears to increase as the charge builds up,
reaching a peak quantum efficiency of about 0.3 in the range between 4 ¥ ll)S
cts/pixel (the "bias level") and 2.5 x 108 cts/pixel (saturation). In
general, according to the figure distributed by Aikens (AURA Engineering
Technical Report #66, 1980), the relationship between the number of photons

striking a pixel (N;.) and the number of charges collected (Nyue?) can be
written in the form:
Noop = 1.8 x 1077 y2 for 0 <N, < 4.9 x 107
out P “in , — in > 777
Noys = +195 Nyp = 5.23 x 107 for 4.9 x 10° <N, < 1.33 x 10°  (4.2.2a)
Noyg = +300N;, = 1.93 x 10° for 1.33 x 105 < N, < 8.77 x 10°

Noue = 2.44 x 10° for 8.77 x 10% < N,

The quadratic behavior at low charge levels 1s so bothersome that in many
applications, it is considered desireable to "prefog" the elements up to the
bias level, so that reasonable efficiency and linearity of response can be
obtained. Such a mode would probably, however, be incompatible with the
rastering action of the magnetograph (see Section 4.2.3), since it would
require a shutter to block off the incoming light during the time it takes to

pre—expose and readout the background level.
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The dark current in the CID, or more precisely, the dark charge per pixel
builds up at a rate of about 600U crs/sec at =32 °C. As with other silicon
devices, this can be supressed factor of 2 for every 7-10 °C of additional

cooling.

The useabiliry of the CIIY depends largely on the nature of the associlared
e¢lactronies; which determine the complexity of reading out a particular ele-
ment.  For rhe present purpose, we shall consider an idealized camera in whiech
it is possible to read out any element instantaneously (that is, with no time
lost for "addressing"”). In parricular we shull ronsider a situation in which n
nixels are used for detecting wach vcireular polarization, and in which rhe
total detector area of Im pixels is readout sequentially in a totral time of T

(seronds). The charge on any vne pixel will look like:

2510 > T
A A
" 04 — L/ﬂ/ Lt

Figure 4.2,2b: Charge on a single CID pixel for a camera used in a continuous
scanning mode.

As Indicrated, the charge on a particular pixel is read out in a short time T,

and then reset. The maximum value of 71 is:

Thax = 5 (4.2.2b)
Since the effective Integration time is T - 0.5t¢, it may under some circum-
stances be desireable to shorten t so that a larger charge will be available
for measuvement. This would, however, increase the readout noise. Since the
readout noise is currently # 500 counts for a sequential readout of the com-
plete 60,000 pixels in 0.5 sec (8 usec/pixel), one ~ csses tha% the readout
nolse for an arbitrary t would be:

. -8 usecy
dn = & 500 L—m:—w—ﬁ CtSe (4.2.2¢)

The total uncertainty, 3N, in the number of charges measured is then:
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& = /N + &n (4.2.2¢)

where ¥ is the average number of charges recorded, whirh 1z velatud ro the

Input number of photons in the time T - 0.5 r by equation 4.2.2a.

In the case of the compact magnetograph, we will have R, photons/sec of

right-hand circular light falling on one set of m pixels, and R, photons/sec

of left-hand rircular light falling on the other set, where Ry = Ry = R, and
will wish to measure the signal:
8 = (R = Ry)/(Ry + Ry) (4.2.2d)

If the dark current is negligible, 1t can be shown that the uncertainty 3§S in

the measured value of S will be given by:

R _(T-51) o
o 2 .8 user 1
1 {fl—-——-m ]+(500) (—) |
2] : Maa
2m f2 {RO(E 5T)]
m

(53)2 = (4.2.2e)

where R (T - 0.57t)/m is the number of photons collected per pixel and £ is
the function relating this to the number of counts registered (eqn. 4.2.2a).
For any specified values of S and m, this equation can be investigated numeri-
cally to determine the readout time which will give the minimum cyecle tine

T. The total number of photons of each circular polarization which must be
collected to make the stated measurement is then N=mROT. By way of rompari-
son, for an ideal nolseless, and perfectly-efficient detector, the number
required would be (cf. Sec. 3.4.2):

N o= —i (4.2.2F)

2
2(s8)

In the following figure, the calculated Integration times are given for the
idealized continuous-scanning CID camera with various sizte of image area on

the assumption of an incident rate of Ro=108 photons/second.
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1074 1073 10 0™

8S (rms noise level)

Fignre 4.2.2c. Minimum integration times required for various noise levels.
m is the number of CID pixels used for each circular polarization. UWote thar
for magnetic measurements we want the noise level to be less than one-fourth

the expected signal at the threshold field.

In general, the optimum performance was found by using the longest pos-
sible readout times {that is, v = T/2m). The only exception occurred when a
high precision result was wanted using a very small number of pixels (m=2).
In that case, where relatively long Integration times are nalled for, no
improvement in the noise level was found for readout times longer than about
.00L sec; in fact longer times would cause a slight deterioration in perfor-
mance due to the smaller average number of charges which would be present

dur’ng the readout.

In using eqn. 4.2.2e, allowance must be made for the possibility that the
total number of charges accumulated per pixel between resets (-f(ROT)) may try
to exceed the saturation level. This occurred, for example, for m=2 when
§S < 3.5 x 1074, 1In such cases, the desired noise level can only be obtained
by averaging together a number of measurements made wirh cycle times short
enough to avoid saturation. This causes the curve of collection time vs.
noise level to become parallel to that for an ldeal detector at low noise

levels (as shown in Figure +.2.2c).
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The general conclusion would seem to be that when using a CID for the
kinds of light level availabie from the compact magnetograph it is desireable
to redure the image area ro the smallest number of pixels consistent with the
required spatrial resolution. The smallest number of pixels which ro 1d be
used for earh circular polarizarion for a rombined magnetic/remperature

measuring capability would be about m = 6:

JHZ men

Figure 4.2.2d: A minimal image scale permitting the 4 detection sectors to be
sampled for independent "velocity" and magnetir measurements (cf. Figure
2.%a).

However with a very small number of pixels, the performance would be addition-
ally degraded by the fact that some of the pixels would cross the boundaries
of the detection sectors, and others would be incompletely illuminated. That
is, the secturs are non-optimal and for geometric reasons the signal levels

would be somewhat lower, and the noise levels higher, than anticipated.

In summary, for the compact magnetograph, adequate resolution could
probably be obtained with m=10, and the noise level of 6§ = 5 x 10-4 (which
aceording to See. 3.5 is rhat required ko measure the Mount Wilson 5-gauss
fields with negligible error in 6302) could be obtained in an integration time
of about 0.2 seconds. 2 x 107 photons of each circular polarization would be
collected, which means that 2 x 108 photons would strike each of the active
pixels. According to eqn. 4.2.7a, this im turn means that a total of about
4 x 10° counts would be accumulaied by each pixel between resets. Since this
1s roughly equal to the room temperature dark charge per pixel for 0.2

seconds, some qooling would be required.

Since the existing CID rannot be used in a random access mode, a longer

integration time would obviously be required, but exactly how much longer is
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somewhat unclear. Even 1f it were necessary to read out the enrire pleture
using T = 0.5 ser and v = 8 psee, we could still choose ro use an image
covering m = 1U pixels (for each cirecular polarizarion) and iznore rhe

others. In such a case, aceording to eqn. 4.2.2 rhe noise level would be

5§ = 2 x 1074, This 1s more than good enough for the magnetir measurement,
Srill closer to optimum performance might be achleved 1f just a portion of the
plxture could be read out, or if the unused pixels could be stepped over more
rapldly than the "active" ones. The exact solution would depend on the opera-
ting possibilities.

For example, if 1t happened that a few lines nf the image could be read
out. selectively, and 1f a polarizing mask of type II were used (Figure 2.4bH)
so that longitudinal magnetic fields produce a pure left-right blinking, it
would be possible to use a ecylindriral lens to focus the detector plane image

down onto those few lines with essentially no loss in magnetic signal:

cgﬂndricn‘
lens

absorption !
. ! v e

R I

G o ~x

Vel 'ﬁ

linear detector

Figure 4.2.2e: Use of a cylindical lens to compress the detector plane image
onto a linear detector array. The pilcture on the right shows the intensity
profile along the length of the detector.

The magnetis signal could then be derived in the usual way, by comparing tre
intensities in two halves of the detector. The temperature information would
be derived from the motion of the intensity dip (due to the line absorption)

in the linear image:




0

ORIGINAL P28
OF POOR QUALITY

(@) */- Magnetic Field (b) Temperoture too low

D1-D2 Sx D3-DM
S* ooz 1 D3+DY
(48 = -
I D5+D6
> 1) S - . N
Syt Mgt g’ gt Ko

D3 D4 D5 D6

...... = normel Proﬂ‘ﬂ

Figure 4.2.28:  Exrraction of magnetie and temperatrure signals from the com=-
pressed image.

The temperature signal would be consilderably diluted, but ir is much stronger
to start with and does not need to be measured as frequently or as accurately
as the magnetiec signal. The effect of the cylindrical lens could probably be
simulated electronically by tying together some of the CID lines so that one

could rapidly read out the accumulated intensitiles in complete columns, rvather
than in individual pixels:

.fé

E]

Figure 4.2.2g: Electronic simulation of the integrating effect of a cylin-
dricral lens.

Presumably, however, little real advantage in noise or sensitivity would be

gained unless one actually used a smaller physical portion of the detector.

]

4.2.3. Problem of Compatibility of CID Cameras with Raster Scans

An implicit assumption in the design of the compact magnetograph is that
for a given poilnt on the sun one has simultaneous access ko the light levels
in the various sectors of the detector plane. For a CID operating in a con-
tinuously scanning mode, the measurements would rlearly not be simultaneous,

s0 that brightness fluctuations between the times at which the right and left-
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handed polarizarions are sampled intrnduce an additional sourve of unwantedl

s5ignal.

In Jdrift scans, the solar image would move by abour 8 are seconds in the
0.5 seconds ir rakes ro readour the existing camerva. Alrhough, rhe important
motion 1s really thar occurring berween the start and end of the readout of
the "active” pixels (which may constirure a muech shorter time if m = 1u), some
worry may still persist about light level changes during the readout. Ir ran
be minimized by orienting the polarizing mask so that the scan lines will chop
between the two ecircular polarizations as rapidly as possible, rather rhan
reading out all right-handed and then all left-kanded pixels. The eliminarion
will not be perfect, however, and even Lf one used a step scan, pausing ar
each point, rhere might srill be problems of non-simulraneity assoclated with
seeiny and rransparency fluctuations between the readours of the right- and
left-handed pixels. Such efferts will raise the effecrtive noise level of the

CID detection system by an unknown amount.

4.2.4 Photodiode Detectors

Since it turns out that the most efficient mode of operarion of rhe CID
is with the smallest possible number of pixels, it seems natural to inquire
whether even betrer performance might not be obtained by using single physi-
cally separate detectors for the four detection zones of Figure 2.4a. Likely
candidates would be the silicon photodiode devices marketed by United Detector
Technology. Physically, these are very similar to the CID elements, but
operated in a continuous current rather than a charge integrating/reset
mode.* This capability would allow one to avoid entirely the problems cited

in the prereding section.

The main drawbacks of the photodiodes appear to be their higher dark
currents and noise levels, both the result of their large physical dimensions
(compared to a CID pixel). The noise characteristics of these devices are

specified by a "noise equivalent power" (NEP - dimeasions of joules/vVsee).

*Because of the very tiny currents generated, the assoclated electronics
would probably actually be operated in an integrating mode where the
accunulated charge is digitized to 1 part in 10% at the end of each sampling
period. However, the digitzations could be performed simultaneously, and in
anv event, the net effect would be the same as if they were oparared in a
continuous differential current measurement mode.
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According ro rhis Jefinirion, rhe noilse 4{n a bhandwiirh B (Hz) has an amplirude
roughly equal ro the signal which rhe deviee would produce for an inputr powes
ngs

p = NEP VB f4.3.ma)

in
Thus, Lf rhe quantum effirdency of the devire 1s ), aud e eneryy agsociared

wirth one input photon 1s ¢ (Joules), the total noilse echiurge aceunulatred in a
sampling time T will be on the order of:

N 11 i ‘:(e g
since
l 2, f) *
o — oo™
B T ( )

At 3024, ¢ = 3.15 x 10719, The square~-root of two has been ingerted in
(4.2.4a) somewhat arbitrarily and possibly erroneously due to uncertainries on
the part of the author as to exactly what is meant by tle NEP. Lt is possible

that the detectors are slightly "1ss nolsy than assumed here.

In any event, if we propose to perform a differential photometriec
measurement of the sort described by equation 4.1.2d, and 1f R; 1s the basir
Ineident rate in photons per second (of each cirecular polarization) and Ry is
the dark current in charges/second (1 charge = 1.6 x 10~49 coulombs), then it
can be shown that the noise level (i.e., the rms uncertainty in the measure-
ment) will be given by:

2 1 . Ry Ry NEP.
(55)~ = g v & (4.2.5d)
2R T Q

This is the equivalent of equation (4.2.2e) for the photodiodes, or other
similar devices. In general, the dark current term can be reduced to neglible
importance by cooling. The NEP, on the other hand, can be only very slightly

reduced.

It should be noted rhat in equation 4.2.4d it has been assumed that the

stated NEP contains only noise contributions in excess of the ultimate photon-

~1
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counting eomponent.  Thar 18, an fdeal Jdurecror would have SEP = 8, Tn rhe
more common definirion, which we muv designare as NEP¥, {r appears rhit even i
perteer derecryr would he 3iven a tinire value, which 18 presumablv tlie photon
eount ing eontreiburfon ar rhe "minimum derectable” {npur rlux, Rpin (rher is,
rhe one which gives "a signal ro nolse ot 1" or 55 = 1), From equarion 4,2.4d
Rpygn = L/l ror an ideal dereetor,  To explain this ertirely hy a noilse term,
we would have ro have ”Ep*idenl = /2T, This would inrrodure an arbirrary
trequency~dependent term Iinto rhe definirion of NEP* whieh would nor seem to
Mike mueh gense Lf Lk rould be avodlded.

ot rhe silicon photodiodes available rrum UDT, the =wo most Interesring
randidarus seem ro be the PIN Spor/iD and PIN-2UA detectors. The former
provides rwo closely spaced rectangular sensors. The larter 1s a single
dereetror, and 1s sald ru provide "the lowest leakage current and lowest noise
on the marker". Their specificatrions are as follows:

Table 4.2.4: Characteristiers of Commerecial Photodiodes

Area 1) NEP(Joule/seoﬂ's) Ry(charges/sec @ 25°C)
PIN-Spot/2D 032 em® .75 9x10~L4 1x1010
(vne element)
PIN-204 020 en® .75 ox10713 3x108

For an incident rate of Rj = 1 x 108 phutons/sea, the PIN-Spot/2D would have
to be cooled essentially to its minimum operating remperature of =-55° ¢ to
make rhe dark current small compared to the incident rate. The PIN-20A would
only need to be rooled slightly. On the assumption that the dark current 1is
negligible, equation 4.2.4d can be used to generate a figure analogous to

2

4.2.2¢ showing the expected performance of the photodiodes:
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Silicon Photodiodes (R,<10® phjsec)
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Figure 4.2.4: Noise level as a function of inregrarion time for phorodiodes
with stated specifications (R, = 10% photons/sec). The curves will move
rloser to the ideal for high go and further away for lower R, .

From the figure, it 1s evident that the PIN-Spot/2D is considerably
inferior to the PIN-20A, and it appears that for weak signals the latter
offers essentially the same performance as the idealized CID with a small
number (m = 10) of active pixels. That is, a nolse level of §5 = 5 x 1074 can
be achieved with an integration time of slightly under 0.2 ser. The reasons
for this coincidence are not fundamental to the detection mechanism. The CID
uses a much smaller physiral area, and for that small number of pixels has
negligible, or at least manageable, readout nolse. It is limited mainly by
its relatively low quantum efficiency. The photodiode uses a much larger area
and is strictly noise-limited.

For roarser measurements, the PIN-20A gains an inrreasing advantage vver
the CID. This 1s because if only a rough meagurement 1is needed, a short
integration time (or equivalently, a small number of collected photons) is
ralled for. This condition places the CID in a regime where it has an even
lower effective quantum efficiency. The photodiodes supposedly don't suffer

from this problem, and are linear over many orders of magnitude.
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It should be nord raak sinee rhe pradicred phgrodioanle perfur-unee curves
are sdoainared by rhe NEP rerm, 1: thie square rour of rwo In equarion a.d.%b
were Llneorreer, rhe aerual integrarion rimes might be lesy by a Faeror o
Pwin, i rhe ofher hand, the SED soven in the gpeeificarions (Table &,0,4) 15
evaluared uglny a1 Rz sampling rare, and is 1lselv ro anderestinate the
value which aerually applies ar rhe oeh glower sampling ranes eonsidered hore
{(the "tlicker woffect”), Addirional moise would alsy nndoubredly be dntroduced
by rhe rarher sopulsticared eleectronics which would he needed ro measure the
extremely riny (~ 13 pleo=amp) currents which would he senerared by rhe eom=
paet magnerograph.  Thas i 4. Tikely rhat Figure s,o0e 21ves 1 sunewin?
averly oprimistic appraisal of rbe porenrial pertormance of rhe PLN-2UA photo-

diode.

weneS Phoromultipliers

tre
3

or very low light levels, photomultiplier trubes, which have nolse equi=-
valent powers as low as 5 x 117 joule/SeoU'S (for a 1P2L ar =357C), are
denerally considered ro be the begt cholee. Thelr maln disadvantrage is a
relatively low quantum efficiency (~ .1) and an inability to rope with very
high count rates. For the compart magnetograph, wirh fluxes « 1 x 108
photons/seer, the maximum ecount ratre would be aboutr 10 iz whirh 1s towards trhe

upper end of the aecceprable range.

The noilse level in a phoromultriplier-based detection system would be
governed by the same considerations as for photodiodes (i.e., eqn. 4.2.4d).
In the present case, however, it is the photon counting rather than the noise
term which supplies the Limicing fartor. The ner resulr (because ob the Llowvor
quantum efficiency) is thar the predicrted perfuormance rurve is essentially

2

identiral to that of the PIN-20A in Figure 4.2.4.

The problem with using photomultipliers would most likely be the dirfti-
culty of finding separate tubes so rlogely matrhed that meaningful Jdifferon-
rial intensity measurements could be made over any extended period. This
problem would disappear Lif the system rould be modulated so that the same

derector nould be used alrernately for the two rirecular polarizarions.
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Geleb  Conelusions Reparding Detecrtor Cholre

The results of rhe preceding section suggest thar avallable detectors
will f£all short by aboutr an order of magnirude of the optimum possible time
for dereecting the small signals peoduced by the rompact magnetograph.
Ideally, a differential measurement good to §5 = 5 x .10'4 would require the
rollection of only about 2 x 10° photons of each sign, which at a basir light
level of abour 1 x 108 photans/sec would require on.y .02 gseconds of rime. At
the same light level, a very low noise photodiode (the PIN-20A) or i photo-
multiplier would require about 10x as many photons, or 0.2 seconds to make a
measurement of the same accuracy. The existing CLD camera would also be
rapable of achieving this noise level in a single 0.5 second readout provided
the image is confined to a small portion of the available area.

For purposes of setup and demonstrating the feasibility of the overall
concept, it may would sufficient to make a few measurements at a lelsurely
pace with fixed telescope pointing. Under such cireumstances, where effi-
rlency 1s not a major concern, the CID would seem to be the logical cholce.
It would permit one to actually examine the ring pattern and to arbitrarily

vary the zones used for sampling.

For an actual operational system in which the measurements are to be made
in the smallest possible time, discrete photodiodes of very small area would
appear to be a more attractive choice. The principal difficulty would be in
development of adequate peripheral electronics to deal with the very small
signals. If the signal is to be modulated, photomultipliers might also be

considered.

4.2.7 Ramifications of Detector Choice on Previously Calculated

Integration Times, and on Profile Shaping and Threshold Field

In Section 3, the theoretical integration times required to detect
various expected magnetic signals were evaluated on the assumption that one
rould use an ideal detector, that is one with unit gnantum efficiency and zero
intrinsic noise. In addition, various filter configurations were suggested
which would minimize this time. Those considerations may require some modifi-~

cation depending on the choice of detector.
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For «n imperbteet Jerecror whose performance (like that of rhe photomulri-
plier) is limited by phoron statistics, rarber than by internally-generated
noise, the integration time specified by equarion 4.2.4d (for a specified
noise level) Ls a simple [ixed multiple of rhat given by equarifon 3.4.1h.

Thus the same optimum will be selecrred and all previously raleulated integra-

rion rimes need simply to be multiplied by the appropriate correction factor.

On the orher hand, for a detector (such as the photodiode), whose perfor-

mance 1s limited by Internal noise, equation 4.2.4%¢c says that

Y
NED " ,
SR o8 ) SRR

T o (
The tradeoff between R, and signal strength (88) is slightly different rhan
for the ideal detector, or in other words, the correction factors implied by
Figure 4.2.4 are rate-dependent. (Note that the NEP is an equivalent inputf

power, and therefore inecludes the quantum efficiency of the detector).

To explore the effect of noilseness in the detectors on the optimization
of the design the integration times previously provided in Table 3.5.5b and
3.5.6 were re—examined using the nolse equation 4.2.4d witrh the NEP for the
PIN~204 photodiode (from Table 4.2.%) and assuming negligible dark current.
The caleculations are for a signal to nolse of 4 at a signal strength covres~
ponding to 1000 gauss with a fill factor of .0l4. That is, for a quantum
efficiency of Q, a basic rate of Ry (in each ecircular polarization), and a
~aleulated signal strength S, the time will be:
9
T = 5 o+

R S R“ S

8 S.qu 10 (4.2.9)

Again, the undisturbed profiles are used, and the possibility of line

weakening is Ignored.
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Table 4.2.7a:  Performance Obrainable wirh Hova Filrers Using PIN=-20A
Photodivde Derecrors (er. Table 3.5.5h).

Line(d) W Finesse  £-num Range R, Smag T j
| RBIY Y Q) GU.3 - 90 mA  2.04 E8 L.50 B-3 8.4l E-2 j
| 5324 ol 8 29.5 L0~=L70 mA 2,00 L8 H.33 B=-4 3,03 E-1 i
E blod b Y 33.0 O=130 mAd 2.79 EB 1,17 E-3 8,70 B-2
; b302 03 15 39.9 O=-L10 A 1,78 B8 1.82 BE-3 7.bl E-Q
' 34038 52 15 35.2 10=-190 mA 2,75 13 1.81 E-3 4.5 BE-2

Fable 4.2.7b:  Performance Obtainable with the Hova Filterg and PIN-20A
Phorodiode Detectors Using One Wing of the Line Only (ef. Table 3.5.0)

l Lina(A) Q Finesse Position R, Smag T
5250 .60 15 50 mA  1.24 E8 3.52 k=3 4.59 E-2
l 5324 .ol 7 110 mA  3.61 EB 6.08 E-4 2,19 E-1
; 0103 b4 w0 80 mA  2.81 E8 1.55 E-3 4.9 E=2
| 6302 b5 15 70 mA  1.88 E8 2,29 E-3 4,38 E-2
| 8468 .52 15 120 mA  3.03 ES 2.21 E-3  2.33 E-2

M S A

ﬁ It will be observed that under these real-life cilrcumstances the derec-
; tors are very hungry for light and are willing to give up signal strength to

get it. On the average, the optimum finesse's turn out to be less than half

O i S T T U P Sy

of what formerly agpeared to be optimum, and in some cases the effective FWHM

of the best filter combination actually exceeds that of the line.

On rhe average, the integration times required with the PIN-20A photo-

diodes are found to be 3.5 times longer than those ralculated for a perfect

’

detector, which is fairly close to the factor indirated in Figure 4.2.4,

It is also evident that when nolsy detecrors must be used, the single-
wing mode of operation is even more advantageous than before. In the present

rase, the integration times are reduced, on the average, bv a factor of 1.75.
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o3 “Calibration of the Detector
4.3.1 Callibraticn Prior to Use

Wharever detertor 1s selected, it is exrremely important thar it be well
ralibrated.

In most magnetographs the signal on a fixed detector ig alrernated be-
rween ripght and left-hand eireular polarizations so trhat roughly speaking one
needs only the capability of measuving flurtuations, and not the capablility of
measuring absolute Light levels. In the compact magnetograph Lt is proposed
to measure the two light levels by means of physilrally separate derartors, and
it 13 apparent that Lf dlfferences are to be measured over any sisnificant
range of light levels that the relative photometrice properties of the two
detectors must be very well established. That is, given the reading in one
detector, one must be able to anticipate very accurately whar the reading
should be in the other detector 1f the same light level were falling on ir.
Indeed, the predicetion has to be at least as good as the experted signal; that

is, we would like to be within L part in 103 or better.,

An obvious difficulty in producing such a calibration is that of devising
a source in whirh the overall intensity on the twp detectors can be varied
with minimal probability of altering the pattern. For example, if we
developed a sufficiently uniform source of illumination and then tried to vary
the intensity on the two detectors by placing a neutral density filter in
front of them, it would not be obvious how much of the observed imbalance
could be due to non-uniformities in the filter. Similarlv, zn ordinary lighr
bulb can be varied in intensity by changing the voltage, but one wonders how

uniformly the filament will brighten.

A possible solution would be to use a pinhole aperture illuminated by a

laser, as shown in Figure 4.3.1:
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Figure 4.3.1: Possible lizht source for performing a photomutrrie calibrarion
of detertors,

In general, 1if the diameter of the pinhole ig D, and the distance to the
detectnr 1is 2, then the intensity incident on the detector plane will be given
by:

o

" ay (WD sin r/2>

1 ‘ A
1 Io D sin r/Q
S A (4.3.1a)
" Dr2
= IO [1- f_.47...(~>-\-:£) 1.

where r is the radial coordinate from the optical axis. For example, for the
sitwation illustrated, the intensity would be uniform to about 0.157% from

center to edge.

The light level can be easily varied by introducing neutral density
filters. 1If the incident intensity is I, ., then the intensity in the center
of the diffraction pattern is given by:

.659,.. DY 1
inc

ID L 2 2 (403-1}3)
AT R

For a2 100 mW laser with a uniform 1 mm diameter beam, the dimensions indicated
in the figure would give I, = 9.10 x 10710 watts/cmz. This compares favorably
with the 5 x 107 Vr.'au,t:t:s/':m:2 whieh would be obtained if the entire 2 x 108
ghoton/c.rond compact magnetegraph image at 6302 were spread over a 9mm dia-

meter (the siza of the CID chip), but is considerably less than the intensi-
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ties which might be obtained if that image were vefocussed ontv a very small
portion of the CID.

While the cenrral axis of the diffraction cone would tend to move with
the direction of the input beam, deflections of up to abour 1 arc minute would
produre less than a 1 x 1074 change in the intensity at any fixed point in the
detector. Similarly, lareral motions of the pinhole of up ro about 007"
would have negligible effect. Thus, the intensity of the image over the
entire detector would be varied by inserting density filters in tne input
beam. Density variations over the dimensions of rhe pinhole, even if presenr,
would have negligible effect on the image; however, it would be wise rhe
jiggle or rotate the filter a little to male sure that there 1is not wedging or
inhomogeneities in the index of refraction (i.e., phase errors) which would

rend to tip the output.

4,3.2 Calibration in Use

Lt 1s obviovsily not practical to calibrate a solar magnetograph in the
sense of checking the output for a known test field. In general, "ralibra-
tion" refers rather to an empirical determination of the average line profile
by measuring the Doppler signal corresponding to a known line shift. For the
compact magnetograph this kind of calibration would presumably be accomplished
by measuring the offset between the east and west limbs at a fixed filter

temperature.

For the compact magnetograph calibration is also necessary in the sense
of keeping track of the photometric properties of the separate detectors which
are used to extract the differenre signals. The primary effeact of calibration
errors will be to shift the zero of the magnetic scale. A fingerprint on one
side of the objective, for example, would cause a permanent apparent imbalance
between the two circular polarizations. Fortunately, the sun provides [ts own
null signal, since at a resolution of 10 arc seconds large areas of the sun
should appear at close to zero field strength. Thus it should be a fairly
straightforward matter to shift the magnetic scale by a suitable amount to
compensate for the fixed calibration errors. Indeed, ability to pirk out
visually the "true" zero is, after all, the rationale behind the Leighton
technique of displaying "white" and "black" fields against a "gray" back-
ground. The only strong requirement would seem to be that the calibration not

change significantly during the time it takes to complete a raster sran.
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4.4 Temperature Control Requirements

In order to keep the Eilrer assembly properly rentered on the solar
spectral Lite {r is necessary to malntain it in an acrively controlled rhermal
anvironment. Typieal wavelength shifts, whiech are a function of the expansinn
coeffirtlent of the substrare material, are about 30 mA/°C according to the

proposal.

The precision with which the remperature needs to be rontrolled is indi-

eatred in Figure «.3a:
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Figure 4,%4a: Magnetlc and temperature signals for a decrentered detectlon
system.

This indlcates the magnetic signal (for ~ "5 gauss") calrulated for the Hoya
filters operated at 6302 using the detection scheme of Figure l.3a, but allow-
ing the rentral wavelength to drift by the indicated amount. The assummptions
are the same a. in Table 3.6b. With no shift, the detectors sample 10 - 90 md
in each wing. It is upparent that a shift of as much as 20 mA, which would
produre a temperatuze signal of 0.10 (in terms of eqn. 2.4b), would rause
negligible deterioration in the magnetic sensitivity. This means that tem—
perature control is only needed to about % 0.5 °C, and that the signal indica-

ting such an error would s2 quite easily detectable.

dn the other hand, the operating temperature has to be varied to compen-

sate for solar rotution as the instrument is scanned arross the sun. This




motion ecorresponds ro about % L.8Y9 km/seec at rhe equarorial limbs, and For a
pigid roratvr, varles linearly with apparent distance from tie central meri-
dian. At 1b302 this corresponds ro a Doppler shift of £ 40 md, whierh iF

uncompensated, would severely weaken the magnerie signals already weakened by

peometric effects.

The need for rapid temperature rontrol can be minimized by pertorming the
raster seans along lines parallel rto the central meridian, vather than paral-

lel ro rhe equaror (as seems to be traditional):
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Figure 4.4b: Raster scan pattern to minimize need for remperature adjustment.

Using this pattern, the temperature can be varied slowly and continuocusly over
the time it takes to complefe the raster, rarher than needing to be completely
vryeled on each line. o
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4.9  Reyulrements on the Uniformiry of Bandpass and: Temperarure over the
Aperture obf rhe Filrer

z

The resultry {llustrared in Flgure 4.4a apply also, bur in a more compli-
rated way, ro the losses In sensitivity which oeccur Lf the thickness of rhe
fllter, ov irs remperatue are non-uniform over the aperture used by the
heam. Roughly speaking, fixed ervors of less than about * 20 mA from point to
point would have little effeet on the sensitiviry of the ins*tument for Jdetec=—
ring the changes assoclated with magnerie fields, but depending on their exacr
pattern (rhat is, where they lie witrh respeet ro the detection secrtow) they

conld have an extremely large effeecr on the zero of rhe mapgnetic seale.

The same argument applies ro the effect of fixed temperature gradients.
The problem is that the magnitude of rhe temperature gradients is likely to
rhange as the controller applies more or less heat, and also, possibly as the
brightness of the solar beam (which governs how much heat is dissipated at
that point) varles. If we ignore convection, the effects of these gradients
ran be minimized by taking care that the beam passes through the axis of
symmetry. In that casc, the (radial) temperature gradients will simply rause
a non-linear stretching os the wavelength scale in the detector plane. To
first order, this would be i;terpretted solely as a temperature error, and be

rejected from the magnetic signal (see Figures 2.2b and 2.4c).

The problem with convection is that it is likely to rause the temperature
to stratify vertiecally inside the oven, and this would rause a linear gradient
to develop Iin the filrer, whose magnitude would vary with the heating. The
effect Iin the detector plane of the temperature belng too high on the top and
too low on the bottom would be very much like that of the vertical tilt shown
in Figure 1.2b (except upside down). Although the magnitude of this effect is
likely tv be very small, the magnetiec signal 1is also very tiny. To minimize
the chance of this being Interpretted as a magnetic imbalance, care should be
taken that the vertical axis of the polarizing mask is suitably aligned.

’

4.6 Seeing Problems

A potential difficulty with a magnetograph of the rompact Fabry Perot
design is that atmospheric inhomogeneities between the instrument and the sun
will cause fluctuating differences in the intensity distribution over the

objertive which could be misinterpreted as magnetir or temperature signals.

by
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Tn antiecipate how large this source of noise might be, one would like to ¥now

the rms magnitude of rhe shorr-rime-period flurtuarions in the lighr level
from a 1) ave=see porrion of the gun viewed through a 1" objerrive. The
differential measurement between two closely spaced otertures fas used by rhe
compact mapgnetopraph) should show less flueruarioun, hutr probably not by a

areat deal,

An upper limir is prequmably provided by rhe observations of shadow bands

'<I~.‘g\i"‘r.

at snlar erlipsni These indioare roughly sinusoidal intensity variations of
about 5% wirh a wavelength of 5 em and a speed of about 103 em/sec. Afrer a
time T (seconds), rhe peak rto peak Lntensity fluctuarions over a 2" aperture

should be on the order of:

-5
ST 8x%10 C4.6)

T Y 7T
To reduce this below the desired photometric noise level of 55 = 5 x l@'4
would take T ~ .2 sec. MHowever, only a small part of rhe shadow band effect
is thought to be due ko genuine transparency variations (they probably mostly
come from "seeing"). Thus, even though the compact magnetograph could poten-—
tially act as a very sensitive probe of atmospheric inhomogeneities it does

not seem likely that this will prove a limiting factor.

4.7 Feasibility of a Doppler Mode

The Fabry Perot magnetograph is not particularly well suited for the
measurement. of solar velocities over prolonged periods berause of rhe confu-
sion between temperature and velocilty signals. The spatlally and time-varying
components of the solar veloecity field (5-minure oscillations and supsergranu-
lation), are expected to have an amplitude of at most a few tenths cf a km/sec
when viewed with a 10 arec sec aperture. According to Section 4.4, this would
cause shifts of less than 5 mA {in the position of the line in the detector
plane, which in themselves would not be meaningful unless one were confident
that the temperature of the filter was stable to ronsiderably better than
0.1°C.

To make useable velocity measurements over any extended time it woul’
therefore be necessary to use a differential signal based on the relativae

positions of a solar and a tellurie line. Since the nearest tellurie line to




n3N2 1y 280 mA ro the red, rhis would require increasing rhe eoverage avail-
able to trhe derecror from rhe normal =90 ro +90 mA up to abour =90 to +}50

mA.  This ecan easily enough be accomplished by lowering the f-number of the
heam through the filrer (i.e., by using a more Jdivergent heam - of. Figure
2.2a), but ir would be at rhe expense of o significant loss In magneriec sensi-
rivity. For rhe coverage range indicared above, only about 405 of the area of
the objective would be useable for the magnerir measurement. This means that
ro achleve a specified noise level the lntregrarion times would have ro be
inereased by aboutr 2.5 times (for an ldeal detrertor). For a real detector,
rhe iloerease wonld be even greatrer due ro rhe added fmportance of rae Fixed

noise rterms at low light levels.

Since the solar bean through the filter 1s experted to have quire small
physical dimenslons, a possible solution to this problem would be ko use a
rompletely separate beam through a nedghboring portion of the f£ilter for
purposes of temperature control. A suitably tilred and slightly divergent
lle-Ne laser beam might be used, for example (cf. § 5.3). The surcess of such
a scheme would, of course, depend on the temperature crhanges being reasonably

uniform over the distance separating the beams.

4.8 CGlertro-Optic Modulators

The possibility of using elecrtro-optie modulators in the design has not
been considered up to this point, both berause such devices require high
volrages, and because they are considered roo fallure-prone for prolonged

periods of unattended operation (as on a long spaceflight).

These failures are primarily associlated with the deterioration of the
transparent electrodes, and for the compart magnetograph this may not be surh
a serious objection. At least with a 10 arc sec sampling aperture, the physi-
cal size of the light beam is quite small (ef., § 5.4) and if the KDP were
placed at that point a device with an open-work metallic grid, ot even one
with speclally-constructed solid electrodes having a small clear aperture in
the middle, could be used (the beam passing through a clear poiat in either

"&S&) .

There are obviously many advantages to be gained by substituting an
electrically modulated erystal for the fixed quarter waveplate (which explains

why this procedure has been alopted in virtually every successful groundbased




mapgnerpgraph).  The advantapes derive primarily from the faer rhar the modu-
latror reduces by a faetor of two rhe number of derecrors which are required ro
moniror the magneric signal. For example, in rhe desipn of Flgure 5.1,
instead of using half rhe objerrive so0 that both rireular polarizations can he
mondtored simultraneously by physiecally separate detrecrors, wirh rhe KDP the
entrire objertive would be used alrernatrely for rhe rwo clreuldr polarizatrions
ard nnlv one derector would be needed (rhe magnetie sipgnal being dervived from
rhe AC component of 1its output).

This reduetion grearly alleviates rhe requirements on the srablliry of
rhie detectors:  instead of having rwo separate devieces waleh must remain
photometrically matehed over the length of the complete raster scan (and over
the variety of light levels which will be encountered), one has only one
devire which need not be particularly linear nor stable over much more than

the time 1t rakes to make a single measurement.

A mo¢e subtle, but possibly equally important advantage, is rhat one has
efferrively doubled the intensity of light (photons/sec) available to the
detector. As can be seen from Section 4.2.7, 1if the light level is very low
to start with, so that the noise originates primarily in the detector rather
than in the intrinsic photon statisties, the signal derived from a single
fully illuminated detector will be /2 less noisy than that from two partially
illuminated ones, allowing measurements to be made in half the integration

time.

Finally, by being able to use the full aperture one avolds also the
problems (intrinsic to the two-detect,r designs) of transient non-uniformities
(such as shadows, dirt and temperature gradients) being mistaken for magnetie

signals.

It should perhaps be noted that by using the KDP one does not give up the
possibility (described in Sections 5.5 and 5.6) of still further reduring the
integration times by doubling the light level wirh a polarizing beam-
splitrer. Although the KDP itself rould obviously not be fabricated in the
complicated segment quarter waveplate designs of Seection 5.5, these patterns
can be precisely simulated by using a simple modulated + quarter-waveplate in

conjunction with a suitable fixed, segmented half-waveplare.
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9. Suggesred Desipnsg

951 Basie Two Derector Mapnetograph

In rhe simplest design a simple two element derector is nsged:

() Moagnetic Measurement.
P
L D1-D2
me3 "DL+D2
8,7 2
‘emp DI+D2
() Niternate Temmmiure Chechk
D LLILLS
S TPYs .oz
M{I e '\ Sreef 102

Figure 5.1: A compact magnetograph design using two detectors. The shaded
portions of the detectors are those on whirh no light falls.

A polarizing mask of the variety shown in Figure 2.4b is used. This design

provides the optimum trade-off betweun maghetic signal and detector sensiti-

vity, but sacrifices the capabiliry Ior confrinuous remperature monitocing.
To check the temperature, an 1=2illiary ecireular polarizer would be

inserted in front of the objective lons in efrher of two configurations
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rhais winld nloek ot Dall or rhe b fo el derectar, and peraft the fer-

perabnre delbdarenent o be made aniay rhe same clentrondes dan o bor e dpdtive (e

MEeASUTAMENE, (5 HIoWn,

902 Four dereeror Deyions

In order o siaulraneously smonitor fhe mapgnet Leoand rhe Femperatrare
signaly, rhar 14 {o apder ro simalraneously extract rwo Independent Giri-~
ference signaly, Lr 48 necedsary rto have at leasr rour dersetors. Filpnre 5.0
shows rwo oprions involving four derertovs:

(a)
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Figure 5.2: Designs employing four detertors. Again, the shaded portions of
the detectors are those on whirh no light falls.
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In the first design (Figure 5.la), whicrh 18 n simple variarion of Figure 5.1,
a small amount of the light is stolen ko permir rhe temperature measurament.
T* - baged on the observation that the temperature signal is murh larger, and
i1t does not needed to be evaluated as frequently. The two small derec-
+xu D3 and D4 obviously do not make the most effirient use of the reflected
Light, and a more elaborate scheme (involving a diagonal mirror as in Figure
5.2b) covld be used 1f necesssary.

To achleve any fixed noilse level, the configuration of Figure 5.2a would
require a longer Integration time than that of Figure 5.1 in direct proportion
ro the amount of light lost by reflertion and absorption (i.e., the effective

transmission or quantum effiriency is lower).

In the second design (Figure 5.2b) a diagonal mirror is used to physi-
cally nrparate the inner and outer parts of the ring plane image. Eitrher
version of the polarizing mask could be used, buk that of Figure 2.4.1 was
chosen for clarity. The design suffers from a relatively inefficient use of
the rectangular detectors which is likely to increase the noise and dark
current problems. Since the two independent measurements of the field
strength can be averaged together, the individual measurements can be a factor
of V2 coarser than required in design 5.1, however, the light level is only
half as much, and for a noise-limited photodiode, according to equation 4.2.7,
the intrinsic noise level would be twice as great. The upshot is that if the
same diodes are used in both cases, twice as long an integration time would be
required to achieve the same noise level. On the other hand, if a photon=-
counting=limited detector were used, no increase in integration time would be

needed.

5.3 A Design Using Only One Wing

As indicated in Section 3.5.6, and again in Section 4.2.7, tuere is for
any line and field strength a reasonable advantage (a factor of 1.5 = 1.75 in
integration time) to be gained by operating the magnetograph in one wing
only. Figure 5.3 suggests one possible deaign in which this is done:

75

.




T

hecter control

- - -

: %o o4
= <= e
collimated l-MJ AN G
solar b\com * I I o o
W P’l 7 e i/ .(‘ _ |
"
¢ RHC LHC

% 7 FP S 1-D2
" divergin = ~
</ laser bcogm ™3 DI1+D2

Figure 5.3: & design using the filter in a single wing of the solar line.
The laser reference source is added for temperature control.

Since two detectors are used for the magnetie signal, the advantage in inte-
gration time would be relative to design 5.1, which s already rhe most effi-
rient of those suggested so far. The disadvantage of the design 1is that it
cannot be used in a Doppler mode and therefore needs some auxilliary means of
temperature control. In the one suggested, a slightly divergent laser beam is
used. Since it is unlikely that there will be a baundpass exactly at the
wavelength of the laser light when the filter temperature is correct for the
solar !ine, the laser beam 1s passed through at an angle. The transmission
pattern will then be a somewhat flattened annulus whose diamefter varies with
the temperature znd whose width depends on the FWHM of the filter. The laser
light annulus is monitored by the detectors D3 and D4 which are connected by a
servo mechanism to the temperature controller. The operating temperature is
varied by shifting the lateral position of D3 and D4. The temperatuy: control
requirements are similar to those in the full ring plane mode (Section 4.4).
An ervor of 20 mA would decrease the magnetie signal by about 15%. The pro-
hlem is that one would need to have a table giving the operating position for

each point on the Sun.

When using a single wing there should be a slight additional advantage to
using the blue one, since the absorption core from the undisturbed photosphere
will be shifted in that direction relative to the profile of the magnetie
features. Thus, in the blue wing a lower background level will be found at

the point of maximum magnetic modulation.
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If the laser idea s unacceptable, a modificarion 1s possible (rf.
Section 5.6) in which a segmenred quarter-waveplate 1s placed over the objee-
tive and a polarizing prism is used to produce two appropriarely skewed bur
individually eollimatred beaws which could be passed rhrough the Fabry Perotr at
slightly different angles, one corresponding to the red wing, and the other rfo
the blue. Each transmitted beam could then be sampled in the fashion indi-
cated in Figure 5.3 and they would provide independent estimates of the mag-
netic field. Temperature information could be extrarted from the dif-
ference in the two total ink:nsities, in the same manner as indicared in

Figure 5.0,

5.4 Clarification of the Designs

5.4.1 What are the Detertors?

As indicated in Section 4.2 there are a number of possibilities for what
the detectors might be, and the fact that rhey happen to have been represented
hy two neighboring reectangular areas does not mean to imply that the PIN-
Spot/2D detector has been chosen. Figure 5.4.la illustrates a number of ways
in which combinarions of photodiodes or photomultipliers could be used to .

equivalently sample the defertion sectors:

@ o (b) pLop

reflectin

(<) (d)
@/ ?M P;i"" Dl lu'r;or «D2
, @ [ D2 ‘
7 : \pIN Spetf2D ////7{-:@/ Y Fiber
‘ detector '7/‘ ) °F

Figure 5.4.la: Four practical possibilities for the detector pairs.

They could equally well be portions of the CID image plane, either obtainea by
software by summing over the appropriate pixels, or by a hardware modifica-

tion:
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Fipure 5.9.1b:  An electronle modificarion of the CID ro obrain a derertor
pair.

5.4.2 How Large are They?

The figures are also somewhat uneclear in that they seem to show the
detectors as belng abour the same size as the objertive lens. In faet, the
actual physirul dimensions are likely to be extremely small (rf. Table 4.2.4
and Figure 4.2.2d). For example, ko provide a srale one might note that for a
2" objective and an F/45 heam the actual size of the 10 are second fiald stop
would be about 0.1 mm. The ring plane image will be larger, of rourse, depen-
ding on how far back 13 is plared. If too large, it ran be redured down to
the size of the detectors by means of an additional converging lens. On the
other hand, it is desireable for the polarizarion analyzer to really be of
reasonable size, so rhat 1t can be easily fabrieated. This can be accom-
plished by placing Lt in a more appropriate position (such as in frontc of the

ohjertive), or by adding even more lenses.

5.5 Reciproclty Between Polarnids and Waveplates

For purposes of eclarity, in all the figures the polarization analyzer has
been shown as ronsisring of the combination of a single simple quarter wave-
plate and a segmented polaroid. While this 1s much easier to draw, this
configuration is optically completely equivalent to a segmented quarter wave-

plate followed by a single simple polaroid:
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Figure 5.5: Demonsrrarion of reciprocity between polaroids and quarrer-
waveplates. The configurations on right and lef: are optically equivalent.

[+

5.6 A Merhod for Doubling the Light Level

In the designs of Sections 5.1 thru 5.3 half of the light incident cn the
objective ig lost hy absorption in the polarold element of the polarization
analyzer. If we use the concept of Section 5.5, that element could as easily
as not bhe a single simple sheet of linear polaroid; and if that Ls rhe rase it
could equally well be a polarizing beam splitter, in whirh case both the
rransmitted and the reflected beams would provide complementary and equally
useable polarized ring-plane images. Figure 5.6 indicates how this modifica-
tion could be applied to design 5.1, in which the simple polaroid has been
replaced by a segmented quarter-waveplate of the configurakion shown in Flgure

5.5b remented to a suitably oriented polarizing beamsplitter.
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Figure 5.6: Design 5.1 modifled to permit dual, simultaneous foral planzs.

If rhere are no losses in the beamsplirter, the nolseness of rhe averaged
measurement would be vI better than that for either focal plane separately,
whirh means that the Llntegration time could be reduced by a factor of 2. If
the derertors werc of the nolse-limited varciety governed by equation 4.2.7,
and L{f it were possible optically to invart and superimpose the two faral
plane images on the same detector, so tlat the intensity as well as the light

level is inecreased by a factor of 2, then an ¢ven greater improvement in

integration time could ue realized (up to a farrur of &4).

A further advantage of the beamsplit design s that erroneous signals due
to non-uniformities over the aperture (shadowing, temperature gradients,
fingerprints and atmospheric effects) will tend to appear in the two channels

with opposite sizns, and therefore cancel in the average.

80

R YT



r.

N Gonelusiong

1.  The bhasie ourlook for the surress of a compact Fabry Peruvt magnero-
araph is favorable.

2. Altbough currently referrved to as a "telecentric" system, the only
rorrector lens which {8 likely to be needed 1s rhe one to re-image the objec-
tive, and that only in cases where (ro accomodate rhe derectors) ir is
desired ro have a final "ring plane” image smaller rhan, or romparable in siuze
to the field srop (§ 2.3).

3. 0r rhe spectral Jines which miphr be used in rhe visible, A0l seems
to be abour as good as aay, and much betrer rhan some whicrh have been used
surcegsfully in rhe past (A5324). The only better lines, at leasr amonyg frhe
simple Zeceman triplers, seem to be in the infra-red (§§ 3.5 & 4.2.7).

1

4. Efforrs to supress the filter wings help slightly in improving the
magnetic response; however, atn302, for a gilven signal to noise, the existing
filter pair is already within 2.8X of the ultimate integration time whirh
could be achieved with a perfectly square bandpass. The Hoya filters, if
successful and combined incoherently would be within 1.6X of it (finesse =
20). If combined coherently they would presumably be slightly rloser still

(§ 3.5.3).

5. If the position of the line center must be monitored to maintain
temperature control, then at 6302 the best magnetic response can be obtained
by having the objective lens (and hence the ring plane "image") correspond to
a wavelength range of approximately + 90 mA about line center, which dicrates
a beam of about £/45 through the filter. Portions of the objective lens
transmitting light outside this band (and also within + 10 mA of lire center)
are counter-productive, and would be rejected at the detector, 1f present
(§ 3.5.2).

b. If the temperature can be monitored separately, the f-number counld be
increased (i.e. the beam made more parallel) so the whole objective would be
used near the polnt of maximum sensitivity in one wing of the line. This
would reduce the integration times required for a fixed signal-to-noise by
about a factor of 1.5 - 1.8 (§§ 3.5.6 and 4.2.7).

7. On the other hand, it might for some purposes by desireable to de~

crease the f-pumber (i.e. make the beam more divergent) so that one of the
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nearby rellurie lines rould be used as an absolure velocity reference. This
would require a minimum spectral range of about 400 mA, which would reduce the
Lighr available for nagnetic mensurementy and increase rhe inregratinn rimes
by a Jaeror of 2 ro 5, depending on rhe deteerors (§ 4.7). A berrer wav ro
make veloeity measuremenrs wonld be ro uge a separare temperature moniroring
system (8§ 4.7 and 5.3).

8. The mejor source of uncertainties regarding the predirred performance
nf the insrrument are (a) knowledge of the rrue weak field configuration or
Fhe sun; and (b) uncertainties vegarding the behavicr of the spectral lines in
rhe unresolved magneric alements (§§ 3.1 and 3.5.5),

9. lNonmetheless, it is rlear that the basic problem is not so much whir
1s ox how to improve the expected signal, but rather, how to efficiently
sample and proecess 1t. At 6302, the expected magnetie signal corresponding o
the lowest contours on rhe Mount Wilson dailly magnetograms ("5 gaus") is about
2 x 107 (Table 3.5.3b). We would like to be able ro detect rhis wirh a
signal to noise of 4, that 1s, with a noise level of about § % 1n~4
(5 3.4.2). With a 2 inch aperture, a 10 are sec sampling area, and optmistic
assumptions about the obtainable atmospherir and optical transmissions
(§ 3.4.3) we would expect to have, in the optimum ring-plane mode, a Light
level of about 1 x 108 photons/seec for earh circular polarization (using half
nt the objective). With an ideal detector, the desired noise level could be
reached iIn abour .02 seconds (Table 3.5.3b).

10. Artual deftectors will be limited by quantum effiriency and noise.
Lf the detector is in a quantum effieciency (photon statistic) limited mode,
the .ntegration time2s required will be in (inverse) proportion to the light
level. In the noise limited regime (very low light levels), the integration
times are (inversely) proportional to rhe square of the light level. The
behavior of the CID is even more ccmplicated berause the effertive quantum
efficiency depends on the charge level. In general, the best results, both
from the standpoint of noise and dark current will be achieved by using detec~
tors of the smallest possible physical irea. F¥or avallable detectors, even if
the design is modified towards higher lisht levels at the expense of signal
strength, the best achievable integrati:n times are about an order of magni-

tude larger than the ultimate onas (3 4..).

8
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11, In general, execept possihly tor purposes of ser=-up and demongtra-
Flon, 4 eomplere ring-plane detreerion sysrem would nor be required. By appro-
priate echoire of rhe polavizarion analyzing mask, only two simple \letectors
would be required ro measure longitudinal magnerir fleld steengths, and Eour
P extract borh remperature and magneric Laformation ( ¥ 1.4 and ),

12. tne projert of modest seientific interesr whirh rould be performed
uging rhe hasie compact magnetrograph wirh a full ring-plane configuration and
1D derector would be rhe simulraneous measurement of rhe strength of eirecular
polarizarion throughout 2 line profile; whirh would vequire a much longer
inregrarion rime and/or larger aperrure.  LE rhe sampling area is sutficlently
small, the shape of the magnerically disrurbed protile can be inferred. FHven
for large sampling areas, regions in which the majority of rhe field 19 above
about 1500 gauss would show a distincrive signature. It is dlfficulr to see,
however, how these results would improve over rhose whirh could be obtained by
the microdensitometry of photographic spectra obtained simulraneously in rhe

two cdreular polarization.

13. 'The temperature-monitoring problems do not seem to he us severe as
might be imaged. At A6302, signals of as lawge as ~ 107 (= 0.5°C) could be
allowed to develop without notireably affecting the magnetic sensitivity
(§ 4.4).

+he
14, Because of/intensiky-dependenoe of the relative detector noise

levels, not all foeal plane configugations are equivalent. To achleve the
optimum integration time, care should be taken tc make the most efficient
possible use of the available light, and to minimize the number of derertors,
particularly 1f photodivdes are used (§ 5).

15. The introduction of a KDP crystal to modulate the magnetic signal
would offer many potential advantages, both in terms of reduecing the number
and complexity of the detectors, and in alleviating the possibility of extra-
neous imbalances. The disadvantages are minimal, and it would seem that this

option should be reconsidered (§ 4.8).

16. In all cases, the efficiency can be improved by substituting
polarizing beam-splittrers for the polaroid elements. In effect, rwo indepen-

dent focal planes are created, the results from which can be averaged (§ 5.b).
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17, It sparial resolurion 18 not a primary roncern, rhe dvaanie range ol
rlie measurements (for a given inregrarion rime) vcan be inecreaged econsiderabls
17 a Yarger sampling apertrure is nged, partieularly for phorodide uerertors
£8 J.b).  An anerease In rhe gize of rhe ohjerrive would have a4 similar

eriect,
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OF POOR QUALITY

UNITED DETECTOR TECHNOLOGY. INC.

PUSITION SEXNSING DETECTORS
PIN Spot/2D, Spot 4D
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8 ELECTRICAL CHARACTERISTICS )
r ! N ] IN Spot 41) |
* 3 . T FES = o e g W e e Rin PR M S S e e
__PARAMETERANDIUNITS)  TaIN ] Tve [OMAX L MIN YR VAN
; Resummended Mode ot Operatit o Phaetovaita Photoconduetive | Phatoveltaie Phote andiving_,
| Speetral Range s & " Peab ) 380 1100 38U 1100
. Responsivity at Peuh N ampsiwatt) e 0.5 - u4 08 ] ,
Unitormity ol Response (with 1 mm spat diy - w2 8 T B T
Dtk Current ner element (. CTOVBMs T 0002 U 0s : IS
lath Current per element (il =G0 Bas - 10000 045 | - 0 0df_
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: : ACTIVE | |= =
Active Area/Flement AREA ,
Area (cm?) 0,032 0.016 0.05"x0.1" | [p==
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Package GAP ,,J&
Type TO-5 TO-5 .005" 182 =15
Window Glass Glass PIN-SPOT/4D |
Field of View 0 -2 ACTIVE |
QH0 :
Full Angle % 6 .36 LA\ AREA A E
Temperature Range 240 g'gg x0.05 [
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UNITED DETECTOR

PIN SILICON PHOTODIODE

ULTRA LOW DARK CURRENT

ULTRA LOW NOISE

Description

The UDT Luw Noise Series (Model 020 A, B and
Model 040A, B) of PIN photodiodes offer the lowest
leakage current and lowest noise on the market, They
are planar passivated and hermetically sealed, The
detector activo element s electrically isolated from
the case.

The quantum detection efficiency is constant over
ten decades of light intensity, providing a linear out.
put current signal with input light level, The speed of
response is less than 5 nanoseconds, allowing the
ohservation of laser pulses of a few nanoseconds, The
frequency response extends from dc to over 100 MHz,
Both biased {photoconductive) and unbiased (photo-
voltaic) operation give excellent resuits with this
device,

Data Sheet No. 9F010
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Applications

Because of their unrivaled low leakage current and tow noise,
these devices are especially suited to low light level detection
systems, They are currently being used in star trackers, earth
resources scanners, and spectrophotometers,

Specials

The low leakage characteristics of these devices can be built
into many custom array geometries by UDT,

PIN SILICON PHOTODIODE ULTRA LOW DARK CURRENT ULTRA LOW NOISE

UNITED DETECTOR TECHNOLOGY, INC.

2644 30TH STREET, SANTA MONICA. CA 90405 » TELEPHONE (213) 450-8585 TELEX 65-2413

e s  an



OR‘GlNAL P \.1':4
OF POOR QUAL”Y

ELECTRICAL AND OPTICAL CHARACTERISTICS

(.

3T e S o S—— —

, « Pin-020A Pin-0208 Pin-040A Pin-0408 Units
Dark Current ™ Min Typ Max] Min Typ Mix |Min Typ Max {Minr Typ Max
-6V 60 180 800 200 400 4000 pA
-0V 76 260 1000 300 600 6000 PA
}  Responsivity Peak 42 A2 42 42 AW
N.E.P.
1000 c.p.s. Center
1 ¢.p.s. Bandwidth B
-5V Bias l 6x 1018 2x 10~14 10—14 ax 10~14 w
| 8500 A
Capacity
-5V 5 5 20 20 pF
| -0V 4 4 16 16 pF
-20V 3 3 12 12 pF
Response Time
20V, 50 5 5 5 5 ns
Maximum Steady
Reverse Voltage 25 25 25 25 \
Active Diameter 020 020 040 040 in,
Active Area 2x10~3 2x 1073 Bx 103 8x 10~3 cm?

b—— 0,189

H— 0,165

1.50 MIN

) '

~—T0-18 HEADER
CATHODE (+)
ANODE {—)

(CONNECTED
TO BASE)

i R, B s €7 % o 5

é

P

éé

Signal current = 0.5 uA/uW

= Shot noise current

< 2x10~'5 A/Hz'2PIN-020A

<10~ '4

A/HZ'172 pIN-040A

= Dark current

~ =10
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Fupalavized 3250 Proriles

(@) J, Harvey & W.C, Livingstou (1959): "Mooonotopraph Measurements
with Temperature Sensitive Lines", Solar Phvs, 10, 283,
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second resolution in regrons with virtous longitudinal magnetie-ield strengthy as measured Wil -
33737 A line and given i units of pauss. [t is very likely that the 5373.7 A line iy lcmpcf-l“:‘
sensitive and therefore the magnetic fields are probably underestmated by a factor of two of MY

(b)  G.A. Chapman & N.R. Sheeley, Jr. (1977): "An Improved Measurement
of a Spectrogram of a 'Gap'", Solar Phvs. 51, 61.
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e Inferred Single~Component Profile from Harvev and Livinggton (19695
thased on a weak~ficld intexpratation’)
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d Rowo of the slope of the 5250.3 A line proiile in non-magnetic regions v the slope in

angtie récdis as a function of the position of the magnetograph exit slit. This is the factor by
whwh AsC T jongitudinal magnetic measurements with Babcock-type magnetographs should be
mubbipliceg 1o correct for line profile changes in magnetic regions outside of sunspots.

290 1, HARYEY AND W. LIVINGSTON
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Fig. 3. One half of the width of the 5250.2 A line as a function of intensity relative 1o the ko

continuum in (b) and out (a) of magnetic regions. Curve (a) is derived from direct obsersab=

Curtz (b) is derived indirectly (see text), About 679, of the magnetic region line profiles fail wii
the range indicated about curve (b
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30 fheeretieal 03 5250 Pratfles

From JoU0. Stunflo (14974 "A Model ot the Supersranulatlon Network
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%, uptical Erficivney ot an Actual Mawnetopraph

(a) W.C, Livingston, J. Harveyv, ALK, Pierce, D, Scurage, B, Gillesnie,
J. Simmons, and €. Slaughter (1976): "Kitt Peak nd=er Vienum
Telescepe," Applied Nptdes 15, 33,
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Fz 6 Whe~ do the photons go? Measured transmission
teloscope. spectrograph, and nccompanying magnetograph.

(b) W.C. Livingston, J. Harvev, C. Slaughter, D. Trumbo (1976):
"Solar Magnetograph Emploving Integrated Diode Arrays,"
Applied Opties 15, 40,

Taple ], Optical Transmission at N0.8688 um

Eltement Transmission (Total} Trans,
1 Teles L. 0.40
Xl"?' 0.90
RG 0.92
R RS 0.92
Po 159 . Th 0.45
v 7. en analyzer) 0.34
Fiois 5 0.97
Lt s 0.82 x 0.82
Gea 0.45
s *rphj 0.29
Exi 0.90
Fo -3 0.‘25
Tr. n.on
oL -mblyy 0.70
Totat NETIR 0.028 <———
Ihee el f
~ u i

P 1.2ation effect not removed,
« Frori manufacturer's data,




In the first design (Figure 5.2a), which {s a simple variation of Figure 5.1,
a small amount of the light {s stolen to permitr the temperature measurement.
It is based on the observation that the temperature sigual i{s much larger, and
t it does not needed to be evaluated as frequently., The two small detec-
28 D3 and D4 obviously do not make the most efficient use of the reflected
i{ght, and a more elaborate scheme (involving a diagonal mirror as in Figure
5.2b) could be used if necesssary.

To achieve any fixed noise level, the configuration of Figure 5.2a would
require a longer integration time than that of Figure 5.1 in direct proportion
to the amount of light lost by reflection and absorption (i.e., the effective

transmission or quantum efficiency is lower).

In the second design (Figure 5.2b) a diagonal mirror is used to physi=-
cally separate the inner and outer parts of the ring plane image. Either
version of the polarizing mask could be used, but that of Figure 2.4.1 was
chosen for clarity. The design suffers from a relarively inefficient use of
the rectangular detectors which is likely to increase the noise and dark
current problems. Since the two independent measurements of the field
strength can be averaged together, rhe individual measurements can be a factor
of VT coarser than required in design 5.1, however, the light level is only
half as much, and for a noise-limited photodiode, according to equation 4.2.7,
the intrinsic noise level would be twice as great. The upshot is that if the
same diodes are used in both cases, twice as long an integration time would be
required to achieve the same noise level. On the other hand, if a photon=-
counting=limited detector were used, no increase in integration time would be

needed.

5.3 A Design Using Cnly One Wing

As indicated in Section 3.5.6, and again in Section 4.2.7, there is for
any line and field strength a reasonable advantage (a faztor of 1.5 = 1.75 in
integration time) to be gained by operating the magnetograph in one wing

only, Figure 5.2 suggests one possible design in which this is done:

et o8
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Figure 5.3: A design using the filter in a single wing of the solar line.
The laser reference source is added for temperature control.

Since two detectors are used for the magnetic signal, the advantage in inte=-
gration time would be relative to design 5.1, which is already the most affi-
cient of those suggested so far. The disadvantage uf the design is thar it
cannot be used in a Doppler mode and therefore needs some auxilliary means of
temperature control. In the one suggested, a slightly divergeni laser beam is
used. Since it is unlikely that there will be a bandpass exactly at the
wavelength of the laser light when the tilter temperature is correct for the
solar line, the laser beam is passed through at an angle. The transmission
pattern will then be a somewhat flattened annulus whose diameter varies with
the temperature and whose width depends on the FWHM of the filter. The laser
light annulus i3 monitored by the detectors D3 and D4 which are connected by a
servo mechanism to the temperature controller. The operating temperature is
varied by shifting the lateral position of D3 and D4. The temperature control
requirements are similar to those in the full ring plane mode (Section 4.4).
An error of 20 mA would decrease the magnetic signal by about 15%Z. The pro=
blem is that one would need tc have a table giving the operating position for

each point on the Sun.

When using a single wing there should be a slight additional advantage to
using the blue one, since the absorption core from the undisturbed photosphere
will be shifted in that direction relative to the profile of the magnetic
features. Thus, in the blue wing a lower background level will be found at

the point of maximum magnetic modulation.
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If the laser idea {s unacceptable, a modificaricn i{s possible (ef.
Section 5.6) in which a segmented quarter-waveplate i{s placed over the objec=
tive and a polarizing prism i{s used to produce two appropriately skewed bur
fidividually ~ollinared beams which could be passed rthrough the Fabry Perot at
slightly different angles, one corresponding to the red wing, and the other to
the blue. Each transmitted beam could then be sampled in the fashion i(ndi-
cated in Figure 5.3 and they would provide independent estimates of the mag=
netic field. Temperature information could be extracted from the dif-
ference in the two total intensities, in the same manner as indicated in

Figure 5.6,

5.4 Clarificarion of the Designs

5.4.1 What are the Derectors?

As indicarted in Section 4.2 there are a number of possibilities for what
the detectors might be, and the fact that they happen to have been represented
by two neighboring rectangular areas does not mean to imply that the PIN=-
Spot/2D detector has been chosen. Figure 5.4.la illustrates a number of ways
in which combinations of photodiodes or photomultipliers could be used to A

equivalently sample the detection sectors:

nﬂ«ﬁn, (d) s -
A R ‘n:.mo % : V’ / Fihcr‘

Figure 5.4.la: Four practical possibilities for the detector pairs.

They could equally well be portions of the CID image plane, either obtained by
software by summing over the appropriate pixels, or by a hardware modifica=

tion:

~
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Figure 5.,4,1b: An electronic modificurion of the CID to obtain a detector
pair.

5.4.2 How Large are They?

The figures are also somewhat unclear {n that they seem to show the
detectors as being about the same size as the objective lens. In fact, the

actual physical dimensions are likely to be extremely small (eof. Table 4.2.4

and Figure % 2.2d). For example, to provide a scale one might note that for a
2" objective ané 4n f/45 beam the actual size of the 10 arc second field stop
would be about 0.1 mm, The ring plane image will be larger, of rourse, depen-
ding on how far back is is placed. If too large, it can be reduced down to
the size of the detectors by means of an additional converging lens. On the
other hand, it is desireable for the polarizarion analyzer to really be of
reasonable size, so that it can be easily fabricated. This can be accom-
plished by placing it in a more appropriate position (such as in front of the
objective), or by adding even more lenses.

L

t 5 Reciprocity Between Polarnids and Waveplates

For purposes of clarity, in all the figures the polarization analyzer has
been shown as consisting of the combination of a single simple quarter wave=-
plate and a segmented polaroid. While this {s much easier to draw, this

configuration i{s optically completely equivalent to a segmented quarter wave=-

plate followed bv a single simple polaroid:




oo S ——
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Figure 5.5: Demonstration of reciprocity between polaroids and quarter=
waveplates, The configurations on right and left are optically equivalent.

5.6 A Merhod for Doubling the Light Level

In the designs of Sections 5.1 thru 5.3 half of the light incident cn the
objective is lost by absorption in the polaroid «lement of the polarization
analyzer. If we use the concept of Section 5.5, that element could as easily
as not be a single simple sheet of linear polaroid; and if that is the case it
could equally well be a polarizing beam splitter, in which case both the
transmitted and the reflected beams would provide complementary and equally
useable polarized ring-plane images. Figure 5.6 indicates how this modifica=-
tion could be applied to design 5.1, in which the simple polaroid has been
replaced by a segmented quarter-waveplate of the configuration shown in Figure

5.5b cemented to a suitably oriented polarizing beamsplitter.
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Figure 5.6: Design 5.1 modified to permir dual, simultaneous focal planes.

[f there are no losses in the beamsplitter, *he noiseness of the averaged
measurement would be v better than that for either focal plane separately,
which means that the integration time could be reduced by a factor of 2. If
the derectors were of the noise-limited variety governed by equation 4.2.7,
and if it were possible optically to invert and superimpose the two facal
plane images on the same detector, so that rhe intensity as well as the light
level is increased by a factor of 2, then an even greater improvement in

integration time coul be realized (up to a factor of 4).

A further advantage of the beamsplit design i{s that erroneous signals due
to non=uniformities over the aperture (shadowing, temperature gradients,
fingerprints and atmospheric effects) will tend to appear in rthe two channels

with opposite signs, and therefore cancel in the average.
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b. Conclusions

1. The basic ou“look for the success of a compact Fabry Perot magneto=
graph is favorable.

2. Although currently referred to as a "telecentric” system, the only
corrector lens which {s likely to be needed is the one to re-image the objec=
tive, and that only in cases where (to accomodate the detectors) it is
desired to have a final "ring plane” image smaller rhan, or comparable in size
to the field srop (§ 2.3).

3. Of the spectral lines which mighc be used in the visible, 16302 seems
to be about as good as any, and much better than some which have been used
successfully in the past (A5324)., The only better lines, at least among the
simple Zeeman triplets, seem to be in the infra-red (§§ 3.5 & 4.2.7).

4

4, Efforts to supress the filter wings help slightly in improving the
magnetic response; however, at X302, for a given signal to noise, the existing
filter pair is already within 2.8X of the ultimate integration time which
could be achieved with a perfectly square bandpass. The Hoya filters, if
successful and combined incoherently would be within 1.6X of it (finesse =
20). If combined coherenrly they would presumably be slightly closer still

(§ 3.5.3).

5. If the position of the line center must be monitored to maintain
temperature control, then at 6302 the best magnetic response can be obtained
by having the objective lens (and hence the ring plane "image") correspond to
a wavelength range of approximately + 90 mA about line center, which dictates
a beam of about f/45 through the filter. Portions of the objective lens
transmitting light outside this band (and also within £ 10 mA of line center)
are counter-productive, and would be rejected at the detector, if present
(% 3.5.2).

6. If the temperature can be monitored separately, the f-number could be
increased (i.e. the beam made more parallel) so the whole objective would be
used near the point of maximum sensitivity in one wing of the line. This
would reduce the integration times required for a fixed signal-to-noise by
about a factor of 1.5 = 1.8 (§§% 3.5.6 and 4.2.7).

7. On the other hand, it might for some purposes by desireable to de-

crease the f-number (i.e. make the beam more divergent) so that one of the
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nearby telluric lines could be used as an absolute velocity reference. This
would require a minimum spectral range of about 400 mA, which would reduce the
light available for magneric measurements and increase the integration times
by 1 factor of 2 to 5, depending on the derectors (§ 4.7). A betrer way to
make veloeiry measurements would be to use a separate temperature monitoring
system (8% 4.7 and 5.3).

8., The major source of uncertainties regarding the predicted performance
of the {nstrument are (a) knowledge of the true weak field configuration on
the sun; and (b) uncertainties regarding the behav’ior of the spectral lines i

the unresolved magnetic elements (§% 3.1 and 3.5.5).

9. Nonetheless, it is clear that the basic prcblem is not so much what
is or how to improve the expected signal, but rather, how to efficiently
sample and process it. At 6302, the expected magnetic signal corresponding to
the lowest contours on the Mount Wilson daily magnetograms ("5 gaus") {s about
2 x 1073 (Table 3.5.3b). We would like to be able ro detecr this with a
signal to noise of 4, that {s, with a noise level of about 5 x 10'“

(% 3.4.2). With a 2 inch aperture, a 10 arec sec sampling area, and optmistie
assumptions about the obtainable atmospheric and optical transmissions

(§ 3.4,3) we would expect to have, in the optimum ring=plane mode, a light
level of about 1 x 108 photons/sec for each circular polarization (using half
of the objective). With an {deal detector, the desired noise level could be
reacheg in abour .02 seconds (Table 3.5.3b).

10, Artual detectors will be limited by quantum efficiency and noise.
If the detector is in a quantum efficiency (photon statistic) limited mode,
the integration times required will be in (inverse) proportion to the light
level. In the noise limited regime (verv low light levels), the integration
times are (inversely) proportional to the square of the light level. The
behavior of the CID i{s even more complicated because the effective quantum
efficiency depends on the charge level. In general, the best results, both
from the standpoint of nolse and dark -~urrent will be achieved by using detec=-
tors of the smallest pcssible physical area. For available detectors, even {f
the design is modified towards higher light levels at the expense of signol
strength, the best achievable integratrion times are about an order of magni-
tude larger than the ulcimate ones (§ «..).




11. In general, except possibly for purposes of set=-up and demonstra=
tion, a4 complete ring=plane detection system would not be required. By appro=
pria*e choice of the polarization aralyzing mask, only two simple detectors
would be required to measure longitudinal magnetic field screngths, and four
to extract both temperature and magnetic information ( § 2.4 and®5).

12, One project of modest scientific interest which could be performed
using the basic compact magnetograph with a full ring=plane configuration and
C1D detector would be the simultaneous measurement of the strength of circular
polarization throughout a line profile; which would require a much longer
integration time and/or larger aperture. [¢ the sampling area i{s sufficiently
small, the shape of the magnetically disturbed profile caa be inferred. Even
for large sampling areas, regions in which the majority of the field i{s above
about 1500 gauss would show a distinctive signature. It is diffi-ulr to see,
however, how these resulte would improve over those which could be obtained by
the microdensirometry of photographic spectra obtained simultaneously in the

two circular polarization,

13. The temperature-monitoring problems do not seem to be as severe as
might be imaged. At 16302, signals of as large as ~ 10% (= 0.5°C) could be
allowed to develop without noticeably affecting the magnetic sensitiviry

(§ 4.4).
The

14, Because of/intonsity-dcpcndoncc of the relative detector noise
levels, not all focal plane configurations are equivalent. To achieve the
optimum integration time, care should be taken tc make the most efficient
possible use of the available light, and to minimize the number of detectors,
particularly i{f photodiodes are used (§ 5).

15, The introduction of a KDP crystal to modulate the magnetic signal
would offer many potential advantages, both in terms of reducing the number
and complexity of the detectors, and in alleviating the possibility of extra-
neous imbalances. The disadvantages are minimal, and it would seem that this
option should be reconsidered (§ 4.8).

16, In all cases, the efficiency can be improved by substituting
polarizing beam-splitters for the polaroid elements. In effect, two indepen=

dent focal planes are created, the results from which can be averaged (§ 5.68).
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17. 1f spatial resolution is not a primary concern, the dynamic range of (‘
the measurements (for a given integration time) can be increased considerably
if a larger sampling aperture is used, particularly for photodiode detectors

(§ 3.6). An increase in the size of the objective would have a similar
effect.

-
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CID Characteristics

““om Richard S. Aikers (1980): "A Large CID for Use in
Astronomy," AURA Engineering Technical Report #66 (KPNO),
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ORIGINAL PAGE 13 POSITION SENSING DETECTORS
m O POOR QUALNY PIN Spot/2D . Spot/4D

UNITED DETECTOR TECHNOLOGY. INC.

!
UDT's “Spot™ series position sensors are bicell or quadrant
detectors ideally suited for a wide range of nulling and 3
centering applications. :
4
The devices consist of two or four discrete elements on a single
substrate with an active output lead from each element. When \ .
4 light beam is centered on the detector (null or center \ / ’
positicn is the intersection of active elements) output current \\ |
from each quadrant is equal. As the beam moves, current \ ,
. imbalance indicates off.center position. These devices exhibit / |
i excellent  siability over ume and temperature, high ¥ 3
z/ resnonsivity and fast respouse times necessary for pulse !
: operation
The PIN-Spot/2D is a single axis position sensor with (wo
discrete elements, The PIN.Spot/4D quadrant detector is ideal
for systems allowing light movement in two axes. Lens manufacturing
Broad frequency response Feedback control systems
Fast rise time Guidance systems
FEATURES Low capacitance APPLICATIONS . Laser alignment
High accuracy, long term stability Machine tool alignment
¢ Targeting
of null position
Easy hookup Process machins ry alignment
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4 ELECTRICAL CHARACTERISTICS Y
I | PIN-Spot/2D 1 PIN Spot 4D
PARAMETER AND (UNITS) CMIN | TYP | MAX | MIN O TYP MANX
| Recommended Mode of Operation __ Photovoltaic/Photoconductive Photovoltaic/ Photoconductive
| Spectral Range @ 57 Peak (nm) b 3501100 3501100
| Responsivity at Peak A (amps/watt) | 04 0.5 - 04 |05 -
| Uniformity of Response (with | mm spotdia) | - $2% £ 8% - | 22% | 25% |
: Dark Current per element (ua) QIOVEEs | - 908, 9.9 ~ 0.00, —0.03
B ¥ SS0VBas | - | 0006 013 - 0006 0.18
Source Resistance per element (ML) | - 60 -~ - 70 | - |
Breakdown Voltage @ 10 ua (volis) | 50 100 - 50 | 100 - |
<0VBas | - 54 81 - 29 i
Capacitance per element (pF) @ 10V Bias |~ 15 22 - | 7 | 10
‘ “@ SOV Bias |~ 0.7 10 -~ 4 : o
28 b . — - - ‘ - -
';‘(';f T',:')" ::‘:’.3' -~ @ 10V Bias | - 10.0 ~nily Wy 10 o
4 S0V Bias - | 100 . - 10 "
| zafff'l'gf.“'n:’f - C10VBas . - | 100 " = 1 10 -
) @S0VBias | - | 100 - - 10 -
| I;I:)Q\SIBVS‘;)LRC\:T:;\::IJ( 6328 nm T ETREeTTT T35 - - 13 "
: 08d UNE8) @S0V Bias | - | 38 - - | 38 -
Max. Output for @0V Bias |~ . 0.2 - - | 0.5 -
| 107 Linearity (ma) @10V Bias |~ i 0.25 - - {1 10
L.\'_F!‘ ¢ Peak A. | kHz, 10V (w/Hz") - [ 9x10°'¢ - | - 9x10°'¢ —
Noise Current (rms amp/ @OV Bias | - 2x10°!e - | - [2x10°'¢ | -
e - TT0V Buas |- 3x107 - - axjom T
L ) @ SOV Bias |~ Sx10°'¢ = - | SXx10°1¢ | =
| Forward Resistance (£2) L - 45 - - SS - |
MECHANICAL SPECIFICATIONS OUTLINE DIMENSIONS _ TM00N
o "
SPECIFICATION PINSSpot/2D | PIN-Spot/4D PINSPOT/I0 mimmr AREA 0.100
ACTIVE | — /s
Active Area/Element AREA ]
Area (cm?) 0.032 0.016 0.08%s0.1" | | = =
Dimensions (in) | 0.03x0.1 0.05%0.03 fLewent | | =
Package -l :
Type TO-S TO-S 008" —{ 182 tﬂ 5 :
Window Glass Class B PIN.SPOT/4D | ' 3
Field of View . l
960 Qa0 ACTIVE
Full Angle . » AREA =
0.05" x008"| | -
Temperature Range PER :
Operating (°C) -55 10 +125 -55 10 +125 ELEMENT | | -
0 - 3 = 5 WINDOW
Storage (VC) 5510 +125 55to +125 l TO ACTIVE :
AREA 0.109"
By v OUTIUT SCHEMATIC DIAGRAMS
SIGNAL
QUTPUT
>—o X OUTPUT s SIGNAL
SIGNAL
TYPICAL CONNECT'ONS FOR PIN-SPOT/4D TYPICAL CONNECTIONS FOR PIN-SPOT/20
TO MO: 1" 1ED UDT 301A AMPLIFIER® = SINGLE AXIS DETECTOR TO UDT 201A AMPLIFIER )
*AMPLIFIER BIAS POLARITY MUST BE CHANGED SPECIFICATIONS SUBJECT TO CHANGE WITHOUT NOTICE 00170777

[(Tf] UNITED DETECTOR TECHNOLOGY. INC.

2644 30TH STREET, SANTA MONICA, CA 90405 ® TELEPHONE (213) 396-3175 ® TELEX 65-2413
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UNITED DETECTOR

PIN SILICON PHOTODIODE

ULTRA LOW DARK CURRENT

ULTRA LOW NOISE

Description

The UDT Low Noise Series (Model 020 A, B and
Model 040A B) of PIN photodiodes offer the lowest
leak age current and lowest noise on the market, They
are planar passivated and hern.etically sealed. The
detector active element s «lectrically isolated from
the case

The quanium detection efficiency is constant over
ten decades of light intensity, providing a linear out-
put current signal with input light level. The speed of
response is less than 5 nanoseconds, allowing the
observation of laser pulses of a few nanoseconds. The
frequency respoiise extends from dc to over 100 MHz,
Both biased (photoconductive) and unbiased (photo-
voltaic) operation give excellent resulis with this
device.
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" Planar Passivated

50 x 10~12 A leakage (PIN-020A)
200 x 1072 A leakage (PIN-040A)

6 x 10~ 5w N.EP. (PIN-020A)

Hermeically Sealed TO-18 Metal Can OF POOR QUAI
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Applications

Because of their unrivaled low leakage current and low noise,
these devices are especially suited tc low light level detection
systems. They are currently being used in star trackers, earth
resources scanners, and spectrophotometers.

Speciais

The low leakage characteristics of these devices can be built
into many custom array geometries by UDT,

PIN SILICON PHOTODIODE ULTRA LOWDARK CURRENT ULTRA LOW NOISE

UNITED DETECTOR TECHNOLOGY. !NC.
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ELECTRICAL AND OPTICAL CHARACTERIST!CS

(5 s

— - ——

L ——

—— ———

Pin020A Pin{0208 Pin-040A Pin-0408 Units
Dark Current Min Typ Max| Min Typ Mx [Min Typ Max [Mir Typ Max
-5\ 60 160 800 200 400 4000 pPA
-0V 76 250 1000 300 600 6000 PA
| Responsivity Peak A2 42 A2 42 AW
N.E.P.
1000 c.p.s. Center
; 1 c.p.s. Bandwidth A o B ¥ 2
, 1.5V Bias 6x10 2x10 0™ 9x10™ w
i 8500 A
i Capacity
' -5V 5 5 20 20 pF
! -0V 4 4 16 16 pF
-20V 3 3 12 12 pF
t Response Time
f 20V,50 Q2 5 5 5 5 ns
i Maximum Steady
} Reverse Voltage 25 25 25 25 v
Active Diameter 020 .020 .040 040 in.
Active Area 2x1073 2x1073 8x 103 8x10~3 cm?

MECHANICAL DETAIL

EQUIVALENT CIRCUIT

(

GLASS
WINDOW

——T0-18 HEADER
“~CATHODE (+)
ANODE ()

(CONNECTED
TO BASE)

UNITED DETECTOR TECHNOLOGY. INC.
—

/'

Gob

ig == Signai current = 0.5 uA/uW
Shot noise current

< 3x10°'5 A/Hz'2 PIN-020A

<10 '

A/HZ'7 PIN-040A
Dark current

= 10'"'Q

<50 Q
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g Unpolarized 5250 Profiles

(a) J. Harvey & W.C. Livingston (1969): 'Magnetograph Measurements
with Temperature Sensitive Lines", Solur Phvs. 10, 283,
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Fig. 2. Double-pass photoelectric scans of $250.22 A (left) and $250.65 A (right) with on¢ "_‘,
second resolution in regions with various longitudinal magnetic-feld strengths as measuied wih! e
$371.7 A line and given in units of gauss. 1t is very likely that the $373.7 A line is umr"”““
sensitive and therefore the magnetic fields are probably underestimated by a factor of two of L

(b) G.A. Chapman & N.R. Sheeley, Jr. (1977): '"An Improved Measurement
of a Spectrogram of a 'Gap'", Solar Phys. 51, 61.

[

Fig 2. The spectrum of the quiet Sun and the ‘gap’ covering the region from 5237 A to 5253 A in three

parts. The facular spectrum s shifted upwards by 0.2in / /, for clarity. The wavelength scale 1s 0 5614 A

between each large tick mark on the abscissa and runs left to nght on each The arrows indicate the correct
scale for that portion of the spectrum
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Inferred Single-Component Profile from Harvey and Liviungston (1969)

(based on a weak-field interpretation?)

TAGNETOC T A PH MEASUREMENTS WITH TEMPERATURE-SENSITIVE LINES

‘ S L A AJ .

»

1 1

40 60 80 100 120
Ax (mA)

. 4 Rotic of the slope of the £250.2 A line profile in non-magnetic regions to the slope in

minciic roewns as a function of the position of the magnetograph exit slit. This is the factor by

<hwh ‘2S¢ ongitudinal magnetic measurements with Babcock-type magnetographs should be
mulbidi to correct for line profile changes in magnetic regions outside of sunspots.
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Fig. 3. One half of the width of the £250.2 A line as a function of intensity relative to the ks

continuum in (b) and out (a) of magnetic regions. Curve (a) is derived from direct obsersati™=

Curve (b) is derived indirectly (see text). About 67°, of the magnetic region line profi'es fall wiz®
the range indicated about curve (b).
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3. Theoretical (2) 5250 Profiles L)

from J.O, Stenflo (1974): "A Model of the Supergranulation Network
and of Active Region Plages", Solar Phyvs. 42, 79,
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Fig. 5. Line profiles of Fe 1 25250 calculated from our plage and network model for various values
of the field strength, Dashed line: 80 G. Dotted line: 8= 1000 G. Dashed-dotted line: 8 « 2000 G.
Solid line: undisturbed photosphere (HSRAL 60 G,
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\ 4, Optical Efficiency of an Actual Magnetograph

(a) W.C. Livingston, J. Harvey, A.K. Pierce, D. Schrage, B. Gillespie,
J. Simmons, and C. Slaughter (1976): "Kitt Peak 60-cm Vacuum

Telescope," Applied Optics 15, 33.
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Fz 6 Whiore do the photons go? Measured transmission
telecopw spectrograph, and accompanying magnetograph.

(b) W.C. Livingston, J. Harvey, C. Slaughter, D. Trumbo (1976):
"Solar Magnetograph Emploving Integrated Diode Arrays,"

Applied Optics 15, 40.

Tapie !l. Optical Transmission at \0.8688 um

Element Transmission (Total) Trans.

1Tele: . .8 0.40
Kl"' o 090
RE T 0.92
L ¥ ‘ 0.92
Pola; Sl 0.45

P ration analyzer) 0.34
Fiela ¢ 3 0.97
Ltteess, iong 0.82x 0.82
Grat 0.45

1<y ;raph) 0.29

Al 0.90
Fo 5% 0.85
Tr.s ; 0.92

: » =mbly) 0.70

Total sveiaia 0.028 -«

4 8ce el S,
" Poaization effect not removed.
¢« Frory manufacturer’s data.
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