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DEVELOPNMENT Q" A VEED MONTTOR SYOTEM FoRoS HELTUM-COOLED

MICHELSON INTERPERSNETER POR TiHN DUANELAR

P . ES&‘JL'J vv»ulw e

1. Introduction
1.1 Astronemy in the Far Infrared

Due to the development of high sengitivity detectors and advance-
ments in cryotechnigues, the entire infrared cyecetral range han been
made accessible to astronomy within the last decade. Astronomical
observations in the far infrared (FIR) provide lmportant information
for explaining fundamental questions of Astrophysiles. Contributions
to an understanding of the dynamics of the galaxy are expected. Par-
ticularly on the quezticn of the connectlion hetween the stars and the
interstellar medium (formation and destruction «f stars, star genera-
tion rate). A large fractiun of the cosmic objects to be investigated
are8parti§ularly suitable for observation in the far infrared (20 um
to 800 um):

aj Cold objects (temperature several K to several 100 K) like
prostellar clouds emit the majority of radliation energy in this
spectral range.

b) The radiation emitted from hot objects (T 2 1000 K) like
gas clouds and galactic nuclel at greater distances from the sun
( > 1 kpe) primarily in the visible and UV spectral range is
greatly weakened by the wavelength dependent dust extinction,
whereas FIR radiation passes through.

c) In dense clouds, molecules (especially H,) which cannot be
observed by radio transm1s51on because of thelr small or absent
dipole moment can be detected by FIR.

After these successes of Photometry in the last decade, the high
information content of line radiation (for derivation of temperature,
density, element freguency, degree of ionization, electron density)
has been opened up by spectroscopy. These measurements allow decisive
improvements in the model for the general interstellar medium or for
planetary mist. The low development status of IR technology (IR de-
tectors, cryotechnology) and the strong absorption and emission of
water vapor in the earth's atmosphere have hindered earlicr spectro-
scoplc investigations. Through the use of IR telescopes on balloons
or satellites, extensive observations are posclible, whoreby at balloon
heights ( © %0 km) the emisslon of the residusl atmouphere atill
severel; reduces the sensitivity of the measurements. /Another inter-

¥Numbers in the margin indicate pagination in the forel-n text.
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1.2 The Micholgon intorferometer Dased on IRL

A5 the flpest hellum-cooled tolescope oy satelllte observations
L9 performing FIR ppectroacopy . The Seroan Intro-Red Laboratory
{77TRL) is now under cong t"uctiou. o pmplorment on Spacelab is in-
tended fopr 1984, Behind 1ho B3 o telescore {velative opening ratio
£/L0) are four instruments for au“rmnv;; sl oweeronomy. A 200 liter
vnnk with suporeooled h;‘xum 1s In oood thermal contace with the in-~
struments and telescope which 1s to have a temperature of = 10 K in
syrune obgervation.
L is primarily the observation of star gen-
r reaches of the Milk: Way and of galaxies.
will be used: a IR camera, a Photometer/

The objlective of GIR

gration vomions in the fu
The following instruments

E lermO*or a Ebert —Pautiv spoctrometer of mod@ ate resolution

(which is to perform measurements of the emissions of the earth!
1tvuapheﬂe} and a Micheloon interferometer for hipgh resolution
spectroscopy In the far infrared (Lemke et al. 1979). This instu-

munt is heing developed at the Institute for Extraterrestrial Physics.
It 1s intended for spectroscopic use in the range of 20 um - 200 umnm

with a spectral resolution of (0.03/cm) on the order of the widths of

the measured lines. Figure 1 shows the design of the Michelson inter-
ferometer. First, the beam path of the astronomic radiation is des-
cribed. It moves through an tuning lens into the focal plane of the
instrument. A parallel beam bundle of zbout 4 cm dlameter is generated

by a Off-Axis-Paraboloid. This bundle is split at the beam splitter

to the two interferometer arms and the twin partial beams are reunited

after reflection from two plane mirrors at the beam splitter. (Use of /3

a cube horner is discussed below.) A second parabolic mirror focuses
the beam bundle onto the detector. By using a suitable, high segsitlve
detector (NEP < 10-16 W/ -2, radiation power outputs of < 10-1

per spectral line at an integration time of about 100 seconds can be
detected. Thus, the detection limit of the system (determined by the
interference radiation at a Etendue 2-103 szsr) is practically attained.

To adapt the beam path to the space relationships in the GIRL /4

cryostat, the beam is diverted several times. The partial beam of the
mobile interferometer arm Is sent through a cube corner (three plane
mirros perpendicular to each other) which can be moved on a roil table.
In this manner the cube corner can be ghifted by 10 e¢m to achieve an
optimum path difference of L = 40 em. The fact that tip motions of
the cube corner Qf abnut 1 depgree do not result in misadjustment of
the partial boam Ls of qreat cignificance. The drive of the roll

table on which Lhc cutic eorner Is found, lis performed by a crankless
onine The time chanme of optlical patl en~th 1ig 40 mn/sec——
smine.,  The time chanme of optlieal path n: 1s A0 umisec
detormined by the maxinum ?anxuu&blo obmgrvu;¢on time {(mission re-
qulrenents).  The useful cpeefrnl ranse 1o cletormined by the wave-
lengsth dependent effeotiveness of the boam splittoer (mylar Toil) ang
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Figure 1: Beam path of the Michelson interferometer for GIRL

the spectral sensitivity range of the detector. All components of the
inferometer are located in a high vacuum and cooled to helium tempera-
ture.

1.3 Evaluation of the Interferogran

As is known, interference between the two partial beams whose
phase difference is changed continually by shifting cube corner leads
to an intensity modulation at the detector. The intengity I of the
radiation or of the corresponding detector signal 2 as a function of
the optic path difference x is called the interferogsram. The aspectrum
of observed radiation (intensity B as a function of wave number ¥ )
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follows from  the Interferopgram by Fourler trancformation:

o (1.1)
. ¥ N X
Prom the Timitod nature of the optical poath JlPeronce ( )
there resultlr eoryrors in the spectrum which ¢oon o partially corrected
by apodizntion. Wilthout this correction we »btoin the following equa-
tlon for the gpeetral resclution o ap o funetlson of the maxdmum
path difference L (sec for instance Vanasoe, Jaka 1:371):
';x (102)

From thils there results for the ITRIL Micaelaen interferometenr
= 0.013 em~+.

Thoe program controlled evaluation of the interferogram is im-
plomented by a time saving FFT Algorithm (e.g. Cooley-Tukey). It is
neﬂebsar‘ to measure the Lnterferodr 2m values at eguldistant support
points. In order not to deteriorate the resclution pilven by equation
1.2 in the useful gpectral range with the upper and lower boundary
wave numbers | o or 1, the support points must be va1¢d for the
minimum number T, (Sampling-Theorem):

S oo :‘ “‘ (1.3)
A deviation from the actual path differences from the support
points used to evaluate the interferogram results in errors in the
spectrum. The feed monitor system provides an assignation betw=zen
the interferogram values and the attendant optical path differences.
It is thusof critical importance that the accuracy of measurement also
determines the quality of the spectrum.

The objective of this wovrk was to develop a new feed monitor
system which satisfies the recuirements of low operating temperatures
in order to use it for the cooled Michelson interferometer on GIRL.

Its function consists in a highiy accurate measurement of the distances
to the support points.

2. Principle Description of the Feed Monitor System

In this section the arcuracy of feed monitoring will be derived
from the Fourier bpectruml (Section 2.1). From this results the
necessity for an interferometer system to measure the optical path
difference (determination of position of the cube corner). ‘The con-
cepbtion of this system is described in detall in Section 2.2.

2.1 Derivation of Measurement Accuracy of the Feed Monitor System

Initially, the relationships between the lecation accuracy of
surport points and the quality of the PFourier spectra will be studied.

A

1?& order to avold confucion, the interferomram of *he vadiation deter-
minad from the obgerved abgvods 1o called the main interfoerogram below,
and the gpectrum obtained from Fourier transformation is called the

Fourlier speciirum.

T T




A ———————r—— ST ST e ST e e o a7 - e - : o
gr el ‘ . e 4 ‘1
. :‘t
s

E]

1 the data on support point position 1. affected by errors, then

upon transformation we obtain an artiflcelal nolse in the opeetrum. Pro-
ceedling from the ~ase of a perlodice error In the determinabion of sup-
port point positlon, the Influence of a corresponding random (statistic)
error ls derdived.

The zotunl optleal path difference x' where the readout of the
main interferomecer occurs (readout posiltion), differs generally from
the measured path difference x {(support point) which is agsipned to

the readout value 5 upon transformation of the interferomram S(x).
The difference 4 x:

DX e &:' - (2.1)

is ecalled the support point error. A oine shaped error of amplitude
"a" and period length P is given by:

] et i}
1 A L& Ll L < Od
? e O S S (2.2)

v

and generates numerous ghost lines wilth wave numbers . BN

in the Fourier spectrum in the vicinity of a genulne spectral line
| (wave number ). For small products of wave number and error am- /7
plitude, only tge line pair with n = 1 is of importance. According
to Saka (1970), Parsche (1973), it posesses the relative peak height--
measured by the level of the actual spectral line:

l w I ':\ o T - O - o w ®
- e A ar - Vg Aol (2.3)
and the spectral interval ;?F =1 %. Overall, the line spectrum
consists of line tripletts and only the middle line is a real spectral
line.
f A statistically distributed support point error can be attrihbuted

to the periodic case through Fourier analysis (Appendix 1). Numerous

ghost lines appear in the Fourier spectrum. The relative peak § --
gradratically determined via the spectral elements--~can be determined

from the standard deviation of support points dx

e

Bom WY O (2.4)

They result in errors in determination of intensities of real
spectral lines. For an average peak height B they obtain a standard
deviation of line intensities:

;’;’,} = B'f:" (2_5)

Thus the Fourier spectrum 1s superimposed by noise which comes
into being nearly through transformation of the interferogram with
an erroneously measured support point. The 5/N ratio accordingly is:

O (2.6)

o np
&

For the Mourier spectra of the 4IRL interferometer, a 3/N ratio
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of 100 i Jdesired (dynamic range). From oquation 2.0 we thup ob-
tain the corrvesronding requlrement of measurement accuracy when using
the maximum wave numher in the usoeful cpeetral eanse ( = 500 eme
+ 20 pun) as . e s hide BT Tanal begolutilon

1o penerally not achicvea by food monitor prorons orod on omechanleal
prineiples. Interfercmetrle len sth measuromente caaost pat ey thece
requirements. Thereforo, use of a pouition inw v romctep In pro-
vided herec; this deslirn will be describoed In tiee Coilowinm pection,

2.2 Degeription of the Poglition interforometer

Tws !

The pocltion interforometer conoicots primarily of the maln Intev-
ferometer and several sdiditlonal components: tne mualn beam path of
the GIRL Interferometor is also uned, 2 monoehyonmstlc emlopion cource
and a radiation detector Lo also installed (pew Fimure 2).

The primary difficulties in the deslgn of the posltion Interfer-
ometer are the extreme operating conditions on 4IRL (helium tempera-
ture and hlgh vacuum). For the first time, a helium cooled semlcon-
ductor diode laser in the near IR range will be used as a monochro-
matic reference emission source. The laser beam is converted into a
parallel bundle by a sultable lens which utilives the primary beam
path. This reference Leam generates an interfeorocram recorded by the
auxiliary helilum cooled detector. Simultaneously, readcut of the pri-
mary interferogram by the main det.-tor takes place. Measurement of
the optical path difference does nut occur through counting off the
intensity maxima or minima in the laser interferogram, but through
accurate reading of the intensity profile at the appropriate detector.
Through evaluation of this position interferogram a complicated elec-
tronic system i1s needed whose concept and mode of operation are des-
cribed in Appendix 2. The variable term (cosine term) 8y of the luter-
ferometer signal at the detector output is decisgive here; for constant
chronological change of optical path difference with the optical feed
velocity v, thig term has the form: ( )

2.7

- Al . ’
. @ ~r - pEs .
‘v .- o DA

Here, 55 is the amplitude of the signal and ﬁL the laser wave
number used . . ST . w o« o» . The signal frequency

i

I x 1.7 is €0 Hz at the intended values (v = 400 wum/sec), the
periodicity is T= 1/f = 12.5 msec. DProcessing of the signal takes
place digitally in time increments of 7T = T/128 (integration time)
and voltage steps of u = 2.44 mV. At the extremal and zero points
of the signal Sr, the position electronic system gives off pulses
which trigger the readcut of the main interferogram. A readout pulse
is generated at the first recopnizable drop in the signul at a rela-
tive extreme and for so-called zero passage of the sipnal (i.e. the
signal exceeds or falls below the arithmetic averape of the last max-
imum and minimum value, Figure 3). The extremal and rero points thus
mark the ideal equidistant support points for the Fourier transforma-
tion. VWhen wsing all exbtromes and sero passases we obtain a total
ole;/AIJ~ 200,000 surrort voints, 1.e. greater by 2 factor of nine

n

than necessary for the cpectral resolution (9 fold over oompling

7

0

- e ¢ 2ol
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. read out pulse
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Firure 3: Schematic illustration of the readout of the interferometer
d signal S, (t). Integration time 7= 10~4 at T = 12.5 msec. M, arith-
metic avérage of the maximum and subsequent minimum value.

see Equation 1.3). 1In itself, a laser of longer wavelength could be .
used to obtain a sufficient number of support points (maximal AL = ’
b4 um), however its exact positioning can no longer be determined with '
? the needed accuracy.

Interference with the signal can change the readout position and /11
generate additional relative extremes which lead to false pulses.
Below, the deviation ia pulse position from the position of the ideal
support points--local resolution of position electronic system--
caused by the positioning electronic system is studied. For an un-
disturbed interferometer signal Sy, the resolution is limited by the
duration of integration time + . For a shift 4 x compared to the ideal
position we have: A

. ket -, o .
e  vemvnemn—. vy

e T = [ ak

o e .y ; ‘e
L ERrE (2 8)
e .

The minimum voltage recognized by the position electronic system .
is u = 2.40 mV. If the signal is measured at the maximum, then the : 1
measured value offset by 7 i8 AS = S5 - 81, ( 7) below the maximum ~
value Sgj wivee wgufillion 2.7 we obtain for an amplitude 3o = 1.9 V a
drop of ... = P.e« rU, which is recognized. If the measurement (in
the worst case) is performed to the ripht and left of the maximum (see
Pimure 3), then the signal change is AS = 0 and the electronic system
does not recact until the next time increment. The result 1s an inaccur-
acy in the position of the pulse of T 0.02 um at the extremal position.
This recults from a similar discuszsion of the zoro passare.  When »
using the equivalent support point (extremal position or zero position) b
we also obtaln an average constant shift of ¢ & .o wr (extrema) f
or t < i, . un (zero passages), which has no ettect upon transformation

Q , . ; ; x:‘
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of the main interferomsriam and is thus of no importance. If the am-
plitude Sp drops below the minimum permissible input voltage

Upin = 1.9 V, then the recognition of the extrema ls delayed even
more.

The noise superimposed on Hler olonal resulto In fluctuations in
disereet sipnal vaiues, Corregponding to an invomration time of
T = 10~4 gce, the effective nolse bandwldth is 10% Ha. The noise
voltage N can be estimated from the requlrement: . -  Thus, for
the minimum permissible S$/N ratlo Sy/N in the interlerogram we have
the following equation for the minimum amplitude (By = 1.9 V):
SRR A (2.9)
This value must be maintained by the detection system in order to
assure preclse signal processing. By reducing the integration time 7
and a corresponding drop in the noise level (see equation 2.9), thece
support point errors can be reduced.

The existing position electronic system was constructed by
electricians at thes institute. Tests under various bouadary conditilons

are described in Sectlon U.4,

3. Derivation of Requirements of the Main Components of the Feed
Monitoring System

The requirements of the most important components of the feed
monitoring system, namely the reference beam source (laser), the
assigned detector and beam splitter are derived in the following
sections.

3.1 Requirements of the Semiconductor Diode Laser

The important proevaerties which the diode laser used as a reference

radiation source must have, are spectral purity and wavelength constancy.

These are treated in the following sections. The radiation power is
important primarily in connection with the detector (see Section 3.2).
From the mission requirements there result additional secondary con-
ditions 1like the maintenance of a loss power of about 200 mW (with
respect to the coolant consumption). These and similar reguirements
are checked experimentally in Section 4.1.

3.1.1 The Spectral Intensity Distribution

In this section we examine how deviations in the reference beam
from monochromatic radiation affect the laser interferogram and how
the position of the support peints can be thereby affected. The width
of the laser line and additional occurring sccondary lines must be con-
sidered. The spectral properties must he brought into harmony with the
requirements presented in Section 2.

a) Effects of Line Width

™~

12

The emisoion lines from diode lasers have Lorentz-like line profilo:
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beeause of the line prapapation processes (Hempstead, Tax 1967)

measured by Heterodyn speetroscopy by Hnkley, Preed (QO60), "he interferogramof a

corresponding speetral line of average frequency v and 3 db band-
wldth 2 € 1o

(3.1)
and it has the form (Dowling 1970):

. L (3.2)

{Fimure M), The ampllitude of the interfeorosxram deeroases oxponcn-
tlslly which can result in an inhibition of the evaluation of the
extremal point through the pooiltilon electronic system., In order to
retaln uniform accuracy of support points during the measurement
process, & reductlon in amplitude from U, = 5V to a value below

Twanny = 1.9 V (sce Seetilon 2.2) should be rrevented. For a typical
iine width of the IR diode laser of e= 3,10~7/cm a retreat of the am=
plitude to 4.6 V 1s expected and this has no effect on the location
resolution,

The exponentlial behavior of the envelopes of I(x) leads to an
additionnl affeet on local resolution as a result o the shift in
extroemal position. By Differentiation of equation 3.2 we obtain the
condltion for the new extremal position x':

. s

. -4
B (3.3)
From this results the constant shift A4x of the extremal position
compared to the values of the ildeal case. . j?w N as:
‘ B (3.4)

The zero positions c¢f the top interferogram (Equation 3.2) are
not shifted, however the arithmetic averape from maximum value and
subsequent minimum value are different from zero. This also leads

to a shift in zero passages of (Appendix 3):
e TE (3.5)
»

This shift in support points compared to the ideal positions
for monochromatic radiation (equation 3.4, 3.5) is proportional to
the line width, For typical line widths the support point error is
only a few 10~ um, so that these effeets are of no practical sig-
nificance.

b) Effects of Secondary Lines

Diode lasers generally emit radiation at several Trequencies,
the sppearance of seceendary lince in addition to the high power pri-
mary line is normal. Prom this results severe differcnces in the
laser interferogram whose effect on the support point poisition may
Aiffer. Initially, the case of un additional line (wavelensth AN
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Figure 4: C(raphie illustration of a laser 1jpe =5 and 1ts inter-
ferograph I(x). Typical values are €= 3.10~7 em~L, optical path
dlfference xo=3.7 m.

interferogram amplitude S;) beside the primary line (wavelength AL:

amplitude S,) will be considered by neglecting the line widths. The

attendant interferometer signal 1s obtained in a similar manner by

superposition of the individual signals g5 (x' = 5 arg Oniix
N dot

* ad
[ . Al

and oA ow Slchs ?vﬁwx . as:

DY o= 8 ons Bwiix 4+ Slcos Swka . (3.6)
Filgure 5 1s an 1llustration of the appropriate example. The

zero positions and extrema of S are shifted compared to the ideal sup-

port points of the unaffected signal Sy,. Calculation of the shift

for the zero positions (see Appendix 4) gives approx1mately the fol—

lowing equation for small amplitude ratios 81/So with - :

; €O
AT e -~

S e 0 Al x (3.7)

We are dealing here with a periodic error of amplitude - '

For more intense secondary lines, deviations from the sinucoldal form
appear, whereby the location dependence is now very complicated and
for the amplitude we have (Appendix 4):

b
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Figure 5: Ixample for interferograph S of twin emission lines caused
by superimposition of the individual interferograph Sy, and Sy:
S, = 1, 7, = 1500/cm, S, = 0.5), ( “N = 1700/cm) (equation 3.6).

The perpendicular lines mark the ideal positions of the zero points
given by the undlsturbed signal SL.

To investigate the shifts of the extremal posgitions and of the
zero passages and to consider the effects of several lines, numeric
calculations are used (Wileczek 1979). It turns out that the distance
of the laser lines has a minor influence on the support point posi-
tion. For typical line separations (ca. 2/cm, see Section 4.1.2),
this effect is hardly noticed. The numerically determined support
point errors (deviations of extrema and zero passages) agree in the
case of a secondary line with the analytically determined errors of
zero points. The presence of several secondary lines leads to larger
support point errors. The sinusoidal errors of each secondary line
are superimposed on each other whereby--regardless of the number of
lines--an approximately linear relation exists hetween the maximum
error and the total intensity of the secondary lines. TFigure 6
shows the dependence of the error amplitude on the intensity ratio
Sl/so of the sccondary and primary line using the example of one and
three secondary lines for Up = 2000/cm. The periodic support point
error of a scocondary line generates line triplots in the Fourier
spectrum during a Fourier transformation. For the relabive lovel of
shost lines in the vineinity of the spectral line of the agtrononmic
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Figure 6: Amplitude of the support point error as a function of the
behavior of the intensity of a secon."ry line Sl and the intensity SO

of the primary line. Plotted curve: analytically determined relation
for the zero points of a secondary line (equation 3.8). Points: numer-
ically determined error amplitude of the zero transits.

2 for a sccondary line
A for three secondary lines of the same intensity

measurement (wave number V ), from equations 2.3 and 3.8 we obtain
the following equation for small 1ntens;ty ratios S1/30:

R (3.9)

The pair of phost lines accompanying each spectral line may hot
exceed a relative peak of 1072 in the GIRL interferometer in order
not to deteriorate the guality of the spectrum. TFor the case of a
secondary line from ejuation 3.9 we obtaln the maximum permissible
intensity by substituting \Jn = 5300 em and V, = 2000 em as 297 of
the primary line invensity. 5y superimposition of the support point
error upon the occurrence of several secondary }:nvv an approximately
Linear relationship exists between the intensity of the ghost linces
in the Fourier spectrum and the total intensity of xnv secondary lines

“~
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in the laser gpectmun,  Thoe, as an upper 1imit of totul intensity
we also have a T'raction of 8%, This requirement consequently fol-
Lows from the permisosible maximum value of the gurport point crror
of 0.06 um, which reoults from the limltation of the ghoot line
peak (eguation 2,3),  The support point error occurrins here is
rroport fonal to the laser wavelensth (equation 3,4).  Therefore,
the Intencities of the shost lines can be roduccel by shortening
QI, whereby Tess rinid requirements rosult for the level of the
seddndary lines.

Lth resard to 4he Timltations of olipnal cxplitudes caused by
seition electronice ayotem (L.9V Sn‘g FEVY), the periodic fluctu-
tion In the interferorram amplitude io important (Figure 5). A
ccondary line with the maximum permisuoible inteneity (87)leads

n amplitude fluctuation of between 857 and 1009 of the maximum
mplitude 8p+8]1, the came is true for ceveral gecondary lines. Thus,
or ortical alipgnment of the sisnal to the input of the position
:lectronic system, the amplitude values thus lie between 5V and

4.27. TUnder consideration of the reduction caused by line width,

the minimum amplitude is about 3.8V, which clearly lies above the
lownr limlt ¢of 1.9V. The requlred intensity relaticnships in the
laser opectrum consenuently do not result in additieonal reduction in
surport point accuracy as a result of the behavior of the signal am-
rlitude, o that the named requlrements for the existance of a use-
ful laser interferogram are guaranteed.

[ B N Bw 4 IS Bha
-
o |

3.1.2 Constancy of Wavelengbths

In the determination of the separation of the ideal support
points, the wavelengths of the reference beam are important. Fluc-
tuations in the wavelengths during recording of the main interfero-
gram invalidate the feed monitoring system. For diode lasers,
changes in wavelength come into being primarily through fluctuations
in the bhath temperature. With changing wavelengths AL, the optical
path difference differs from the ldeal value X, for the same number
of transitive support points (n). If we consider the slow drift in
wavelength Ay, proportional with time, then this can be described as
a function of the optical path difference x for constant feed velocity:

T A (3.10)
(¢ = const.). From the positions of the new support points x,':
' ﬂ’.’\ ! "
:{yx‘ " ey -—S‘:;-%-n..— ( 3 . ll )

there follows, by application of equation 3.10, the changed maximum
optic path differcnce L' with n = total number of gupport points
N (N = 320000, sece Seection 2.2) as:

With the requirement that these actual transitoed path differences
Aiffer from the ideal value L only by one-tenth of the support point
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separation (A q/ln): w T e e A a1 e

there results the maxlnaum permlcesible shift in wavelength:

X v b * ,‘ » (3'13)

With the named values, the reaquivement of woveiensth fluctuation

during observation islthus . .o T JUmrens line phift of a

diode lager by {.2/cm/denree (see Sectlon 4,.,8), n stabilization of
the bath temperature at 3-10~2 K 1s thus neccessary.

3.2 Reguirementg of the IR Detector

The important parameters of a IR detector are gpectral censltivity
range, detectlivity and time constance. The sencltilvity range is ad-
Justed here to the wavelength of the reference radiation (ca. 5 um).
The requirements of time constance (speed) of the used detectors
are determined by the permissible phase shift between incident ra-
diation signal and detector output signal. The requirements of
detectivity are gpecified by the S/N ratio which 1s needed to de-
termine the readout points. These relationships are discussed below.

3.2.1 Detectivity

In section 2.2 we were able to determine that to achieve a read-
out accuracy of AX = vz (or 2vr ) at the support points, the S/N
ratio must be 2> 800 (see Section 4.4). The size of interferometer
signal is determined by the power output P in the reference beam,
the optical properties of the beam splitter and the other optical
components as well as by the response capability R (responsivity)
of the detector. The responsivity is deflined as the quotient of
the electrical signal S at the detector output and the incident radi-
ation signal P which generates the output signal:
S
R=P

Under the assumptilon of complete reflection at the mirrors of
the interferometer and a logss-free imaging of the interferometer beam
on the detector, for the amplitude S, of the interferometer signal
(85 = S/2) we have:

2w Dw L.R.P (3.14)
The factors Ry and t, denote reflection and transmissilon of the
beam splitter, the so-called effectiveness hroty is generally < 0.8
for the beam splitter foills used. This signal contains noise compo-
nents generated by the photon noise of the background radiation and
by internal detector effects (Hudson, Hudson 1975). If the total
observed noise voltame 1s N at a measured bandwidiin A4, then the
noise voltage standarized to a 1 Hz bandwidth is calculated as:
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The wivalent power (NEP) is defined as that incldent
radlation ¢ .. -+ which soenerates an output uipnal equal to the effec-
tive value ot the detechor noise voltape at o oiven responslvity
and measured handwldth of 1 Hz:
’ - (3.16)

For a given sipgnal to nolge ratio 55/N and predetermined radl-
ation power P we can calculate the NEP n(~ﬂeﬁ for the experiment
from equations 3.14 to 3.16,

F T (3.17)

According to the definition, the detectivity D ls the inverse
value of the NEP. (The most often given characteristic quantity
D¥ is the quantity D standarized to the unit surface of the detector
elﬁment ) For an anticipated emlssion power in the reference beam

£ 10 u¥W and a beam splitter efficlency of 0.8, a S/N ratio of

800 can be achieved for an amplitification bandwldth of 10,000 Hz
by a detector whome NEP 1s 5- 10-11 LT maxdimum, ulgnal losses
and non-optlmum tuning of beam splitter efficiency require a approx-
imate 5 to 10 fold greater minimum detectivity in practical cases.
Thus, for the interferometer a hizgh sensitivity detector 1s needed
whoue output signal is tuned by an amplifier to the amplitude re-
quirements of the input of the position electronic system. The con-
tribution of the amplifier to the total noise voltage must not
notably reduce the required input S/N ratio of 2 800.

~
n
no

3.2.2 Time Constance

The time constance of the detector significantly determines how
accurately the voltage profile at the output will reproduce the actual
intensity profile at the detector element . This quantity is
called the response time. It is the time difference between the
switch-off time of an incident radiation signal and the drop in
voltage signal 8 to S+exp(-1). The response timg of the positioning
electronic system (integration time) is . . ... .  For the

‘j .LC”
known values . = Foaar, 7w &00 v “e” we obtain Tp = 107Ys. s
a chronological resolution of the curve at the detector, a value
smaller by a factor of 10 than the resolution time of the position
electronic system is desireable. The degired response time of the
detector Tp is thus 10 .sec and causes a constant shift between
beam and voltage signal of AX = veT. = .C04 um.. This constant
phase shift of the curve or of the readout poinvs causes a change in
the transformed spectrum. The curve profile should be resolved by
the detector with this accuracy so that the support point errors
are caused only by the position electronic system. IR detectors with
response times of less than 10 sec are therefore sultable for the
feed monitcring system. ‘

~N
n
w

3.3 Requirements of the Beam Splitter

For the Michelson interferometer presently under conctruction,
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thin mylar follas (PET foil) are provided for use as beam aplltters.
Because of their low abrorption lousses in the far infrared, they are
quite sultable and furshoermore, they can be ucsed even with the laser
reference wavelenpth. “uery little Informatlon s avalliable about
thelr low temperaturs behnvior, The relatlons summarized below will
permit optimization of the beam oplitter.

The beam splitter ¢f the Mlcheleon Interferometer splits the
incident beam bundle (amplitude Ay) into a reflected (amplitude Ap)
and a transmitted (amplitude Ag) bundle. I we neploet the absorptilon,
at the detector (after a transmisslon and reflectinsn) we obtaln a
bundle of amplitude E for constructed interferenceo:

AI’ A’G
A

E=2 -

i

The effectiveness of the beam splitter is defined as the fraction
of incildent intensity which reaches,the detactor, thug we obtain the
following equation with ro = (ApA{)~ and to = (Ag/Ag)=:

o

o .?i‘,.'. - L} + R ( 3 . l 8 )
T o0
B

i

The maximum value e = 1 is obtained for rp = t o = 0.5. With
dielectric beam splitter folils, numerous parallel transmitted and
reflected wave trains originate through multiple partial reflection
of the beam spreading out in the foils; thene wave trains interfere
with each other (Figure 7). Below, we derive ry and ty as a function
of phase difference of neighboring beams and under consideration of
absorption in the medium. The reflection coefficients rp and rg for
a reflection of parallel or perpendicular polarized radiation at a
surf?ce of the dielectric satisfy the Fresnel equations (Born, Wolf
1959):

p
ol e

. o % . E o PN
LR O A “xioey [
Y3 5 4 R < 4
L X1 . B e ] : ;Y'D e e ey v s e ot
. oy -
h S =l N . = - Y\'-‘ : 0 '

where the angle of incidence 1s designated as 8, the refractive angle

as 87. The corresponding transmission coefficients tp and tg supple-

ment rp or rg to form one. For unpolarized radiation the reflection /24
coefficient r and transmission coefficient t are:

-

T o e R + 7 \, . o= }_ 7 4 4 * T e T e m
5o z : =3 s =l b
2 'n 7 7s z p 7w

The phase difference of neighboring beams is (see Figure 7):

~

o= 31n£§1’1~1’i'€5€~5 91 . (3.19)

By absorption in the beam splitter the intensity ol fhe beam is
reduced for one transit of the foil by the fraction "a" of the initial
intensity.
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“rure 7: Illustration of the split of an incident beam (incident
anrle 6) at the surface of the beam splitter (refractive index n,
refractlive angle Ql, thickness d). R: fraction of the power reflected

% a surface. atg: fracticn of transmitted power for double surface

transmission and absorption losses.
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Figure 8: Dependence of effectlveness on foil thickness while keeping
the wavelength constant ° ‘AN = A umY with and without absorption

(typical absorption coefflclent % o= 0L00R/u’




Here, .~ 1is the lenpgth absorption coefficlent.

By sumnmation over the interfering beams the coaffitients of the
tonal reflectlion ro and total transmission t, can be obtalned (Naylor

E)t "ilp }.g??)n
. o 4 . P9 o i . *;‘7!-‘15 : _."' . . . L .t (3.80)
8 R L, T, A - . .t w
Thun, from equation 3.18 we obtain the follnwing expresaion of /25
the eflicieney of the beam splitter:
] & " S,
i Jhd . . e P -
ey : ,
* T a4 N
| for neglligible absorption (a = 1) o
, ) i
i P ‘;" Cone = ., (3.21)
| O S

e

By meang of the given formulas the characteristics of the beam %
splitter are now determined. The material constants of mylar are ;

:
: now: i
) :
' Refractive index: n » L.v% at & »% (Du Pont) f
Yo% .,m° for a0 am ]
(Smith, Loewenstein 1975)
Absorption coefficient: W C,008um at A=5ur y
(Du Pont) |
F For specified wavelengths Filgure 8 shows the influence of absorp- E
tion: the efficiency drops increasingly with increasing foil thickness
compared to the values without absorption, the periodicity of the curve
profile e(d) is retained however. ;
The decisive modulation of the efficiency comes into being through |
1 the term cos ¢ (periodicity). The wavelengths for radiation on opti-
mum foil densities (maximum efficiency) are obtained from cos &= -1 /26
as (see Equation 3.19):
AL St SR Tom T, T, . (3.22)

LRV e Y Y g
! e

The best spectral ranges for mylar foils of various thickness
can be seen in Figure 9. For the GIRL Michelson interferometer sever- i
al foils with different windows in the far infrared range can be :
used. For instance, a mylar beam splitter 6 . m thick is suitable :
for a reference wavelength of 5 :m and an astronoric useful spectral
range of about 25 - 75 :m.
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Figure 10: Relation between the effectiveness and wavelength using
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light polarized perpendicular to the incident plane; lower curve: non-
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For a il 4 = 6 um thick, the bheam oplitter efficirney according
o equatlon 3.31 for variously polarired licht is caleuloted and 1llus-
trated In Meare 10 by neglectling abeorptlon,  Por ralintion polarized
perpendicular to the ineldent planc, she effleleney vilues are maximum;
at the maxinmum of the curve the ldeal value o = 1 o approximately /27
reached. 4o a4 ragult of abgorptlon by the foil, the frue officency -
valueg are gsmaller then the culouiated voluwes, The averape sbgorption
in the important spectrul ranges only recult n minor offects whose
approximate sinme can be read off from ¥irure 2 at 4 = 6y,
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4.1.1 Prineiple of the Diode Laser O ALY

A semiconductor diode laser ls a radlaticn emitting semiconductor
dlode which is a Fabry-Perot-Resonator (Figure 11), Pumping the laser
takes place through injection of electrons and deficit electrons in
the recomblnatlion region at the p-n-trancition. Through application
of an external vo...ge in the transit direction of the dlode, electrons
and deficilt electrons are injected into the conductince band or valence
band of this active zone (Figure 12), where they rccombine under the
cemission of a lipht quantum (photon). The resonator axis runs parallel /29
to the space charging zone since the absorptlon losses are smallest
there. Diode lasers pozess a continuum of population inverted states
which leads to simultaneous amplification of several resonator modes.

In general, the laser therefore emits a line spectrum; the line widths
are determined by effects of spontaneous emission and environmental
influences. The population of high energy levels upon increasing the
supply voltage leads to a shift in intensity to resonator modes of
shorter wavelength (mode hopping), the temperature increase through

the Joule peak connected with diode current causes a change in the re-
fractive index and thus a spectral shift of modes (continuously tunable).
Constant laser temperatures and currents are therefore the prerequisites
foy constant emission characteristics. In diode lasers, besides the
axis parallel modes, standing waves are also amplifiled with non-axis
parallel propagation direction. Therefore, the emission of several
beam bundles i1s normal, whose divergence is determinsd by diffraction
effects upon exit from the very snall emitting surface. This results

in large openings of the laser beam bundle (fypical opening angle 30
degrees ). The power output of the different diode lasers lies roughly
in the range between microwatt and milliwatt and can be varied along
thils range by the diode current. Detailed dliscussions of semiconductor
lasers and of the other semiconductors are found f:  instance in

Nathan 1966, Rieck 1968 or Kressel 1971.

Measurements were performed on three laser diodes. Among them were
two lead salt diodes (AEG-Telefunken, Frankfurt, Company, Material
PbSy _y3e, x=0.0, Nr, DH 239 8/1-A; Laser Analytics, Company Inc.,
Bedford, USA, Mod. 8DL 20, Nr. 8362-1), whose specifications given by
the manufacturey indicated thelr use as reference emisslon sources.
We are dealing with laser diodes with a wavelencth near 5 pgm which




nF

resonator axio

P

AN el
W -

—Mw 4& + ¢‘*;¢.."{|
A e TS
R N
- T T }

- .
/ E ot s
— M“‘“fwwﬁ‘ active zon..

¥
split end surfacee

Mlpure 11: Schematie 1llustration of the Lacor diode. The resonator
axls 1llep in the p-n-transistion, the ropanutor cavity is bounded by
tWo crys Lal surfaces formed by wpli+tinﬁ at parallel grid planes.
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can only be opersted o temnepatures below 30K, In additlon, a

GaAlAs-Diode wau otudi gy 1t emita abt o wavelensth of about 1 am

(AEG-Telefunken, Ulwm, Ir. UV 18 P1 27 B 2). Tt 15 normally desipgned
3 2 (3

for operaticn at roum vemperature huat can alos te used at low temper-

atures. All studics wors perfermed In o vapor crrsootibt at a tempera-

ture of boiling niltromen (77 K) ov hellum (4 ),

~
o

B

In the followlng secetlons the laser meanuremonts are degeribed;
these are necded to determine thelr utility o refere 9 cmigolion
scurce in the feed m altoring system. The oporunion of dlodes takes
place with a dircet current unit decipned sprelfli-nliy for thic
(Laser control unit, Fa. Arthur D. Little, Cambridg:, Uﬂﬁ).l The dlode
current is kept constant by this unlit to an aceuracy of 1077 A,
whereby a current stabllized laser operation iz suarantecd.

, bh,1.2 3tudy of the Spectral Intencity Distribution

, The spectral intensity distribution was decisive for the use of
; the diode laser in the feed monitoring system. The corresponding
: requirement has been derived in Section 3.1.1. By recording of spectra
the laser emission i1s studied. The objective of the measurements was
to find a working point (diode current) of the laser dliode so that
the total intensity of the secondary lines amounts to no more than
. 8% of the intensity of the main line. To study the spectral inten-
) sity distribution, a Monochromator (Mod. 218, McPherson Instrument
! Corp., Acton, USA) was used. This instrument achieves a spectral
) resolution of 0.8/cm at a wavelength of 1 um wlth appropriate grid
(1200 lines/mm); at 5 wum with appropriate grid (75 lines/mm), the
resolution is 0.4/cm. Therefore, with this unit we cannot check
whether the line widtls of the laser are less than 3°1077/cm and
consequently, the modulation of the interferogram is influenced only
to the minor extent desired (see Section 3.1.1, Equation 3.2). The
, test setup of this experiment is shown by Figure 13; the schematic
i setup with beam path is seen in Figure 14. As a result of the inlet
crevice of the monochromator and afrer gplitting into several orders
(5 for visible light), only an extremely small fraction of the beam
power of the divergent bundle reaches the outlet crevice. These in-
tensities are too weak to generate a useful S/N ratio with existing
IR detectors (see Chapter 4.2). Therefore it is necessary to focus
; the beam bundle onto the inlet crevice, whereby the divergence of the
{ bundle in the monochromator must be kept small. Antireflection coated
Germanium lens are used for this. Thus, the power output at the detector
can be increased over the system without collimation by about two
orders of magnitude. Through the use of a lock-in amplifier (Mod. /31
Dynatrac 3, Fa. Ithaco, Ithaca, USA), it is pcssible to record useful
spectra at laser power outpubts of a few uW, in spite of the still
consilderable interference nolilse. behind the outlet crevice, the
radiation is recorded by the Golay detector (model IR50, Cathodeon
Company) or by a photcovotaic InSb detector made by Barnes Company.
A short description of these detectors 1s found in DSection 4.2.
The voltage simnal delivered by the detector comes into belng through
the periodic altesrnatlon between laser emission and inherent emission
of the chopper--whereas the laser beam is covered. This alternating /22
current signal is amplified by a preamp which is adapted to the
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Figure 13: Test setup for spectral study of the laser beam
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particular detector, and by the lock-in analyzer. The d.c¢. signhal

at the output of the lock-in amplifier is recorded by a printer.

Flgure 15 shows the bloek dlagram of the test. Numerous laser

spectra were taken; the change in spectral characteristies was tracked
after systematlce variation of the diode current. The important proper-~
ties of the specetra for different diode currents (among them also the
working point) are sunmarized in the tuble piven below.

The corresponding spectra are shown in FPieuresn 16, 17 and 18.
The typical mode separation of the lead salt diodes ia Xem. A
suitable working point could oniy be found for the lead salt diodes.
However, the upecetral of the Gallium diode alwaye oxhiblts several
moden. This laser--sultable for use at room temperature--could also
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i

be operated at 77 K. Attempts to test the laser at a bath temperature
of 4 K (GIRL conditions) falled. With decreasing operating temperature,
the Ohm resistance of the diode increased quickly (to more than 20 k @),
so that at helium temperature, the threshhold for laser activity could
not be exceeded with the permissible bias. The spectra have several
modes of comparable intensity with a typical, schmetric envelope

(Figure 16). With increasing diode current the number of excited

modes increases. PFor these reasons, the laser is unsuitable for the ‘
intended feed monitoring system. A useful ratio of line intensitles
of main and secondary lines is found for the two 5 m diodes. The
working point of the 5.2 ;m luser lies near the threshhold for laser
activity at ca. 0.9 A, for higher currents other modes can be added
(Pigure 17). These spectra posess an irregular structure. The work- ;
ing point of the 4.4 .m diode lies in the middle of the range of
laser activity, namely, between 1.128 A and 1.135 A, at higher and
lower currents spectra with stronger secondary lines are obtained. q
Negr the threshhold for laser activity (diode current ca. 90 mA) /36 j
the spectra cannot be reproduced after intermediate heating of the ;
laser to room temperature and subsequent recooling (Figure 18a, b). - g
Necessary changes in the test setup resulted in a shift in the working 5
point to 0.959 A (Figure 18e). The working points of the diodes were f
also slightly affected by the temperature cycles. These woffects are
stressed in the following sectlion.




B,1.3 fStudy of the o*ablillty of the Workinsm Point

epardinge this subjJect, sufficlent data are only available for
the 4.4 'm laser, since the 5.2 m diode could no lon~er be operated
before concluslon of the measurements. As a reosult of the {requent
2ooling and heating processes (temperature oveles), a contact at the
erystal loosened and 1t could no longer be reraired by the manufacturer.

With repeated rocording of the aspectra of the 4.4 .m dlode, the
working point was tracked during operation and over several temper-
ature cyeles (Figure 19). The measurement points were taken after
cooling in iiguid helium; between the measurements the laser was
brought to room temperature. With the excertion of the ghifts due
to chanmes in test setup near the disode (Influcncing the heat con-
tact), the working point behaves menerally stationary. The shifts
in the diode current after a temperature cycle are less than 10 mA,
that of the wavelength is less than 2 nm. While the diode was at
operating temperature, maintained by the cold bath, no changes were
measured. ,Fluctuations in wavelength could thus be estimated at
maximum 5 A . The favorable boundary conditions on GIRL permit a
stable operation of the laser, so that maintenance of required wave-
lenpth consistancy (Section 3.1.2) can be expected. After imple-
mentation of the changes, the working point had to De redetermined,

-

Figure 19: Diode current I and wavelength AIJat the working point
over several temperature cycles.
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b,1.4 Measurcment of Ipatial Intensity Distribution

Diode lasers, in conirast to standard lasers, posens a divergent
beam bundle which comes into being through transversal modes (Paoll
et al. 1969) and by diffraction cxpanslon at trhe very small emitting
surfaces. In the position Interfuromcter, a parailel laser beam buri-
dle is needed as a reference; its diameter ls limited to about 3 mm,
thus the crogss-section of the main beam bundle cannnt be reduced
very much. For collimation of the beam bundle, an optle lens is
needed and the opening angle of the beam cone of rays must be deter-
mined in order to desicn this lens. For this purpose, an isophoton
map of the intensitles was prepared in the divergsent bundle by means
of a raster scanning method. As detector, we used a Golay cell with
preset perforated apperture (diameter: 2 mm). As a separation for
the raster points, 2 mm was selected. At a dictance of the apper-
ture from the laser of betweel: 7 and 1l cm--corresponding to an
angular resolution of 1.0 degrees to 1.6 degrees--the majority of
the bundle was detected at the maximum extent of the raster of
30 mm. Only the intengity attenuation at edge zones 1lg dignored in
this measurement. Under the given geometric conditions, projection
effects due to oblique incidence onto the perforated apperture can
be neglected., To separate the laser from the background signal, the
laser beam is internally modulated by feed of a rectangular current.
Thus, the diode temperature is subject to fluctuations so that minor
deviations of radiation characteristics compared to stable current
operation are found. Figure 20 shows the chronological intensity
profile of the laser radiation at the working point. At a modula-
tion frequency of 13 Hz, definite deviations from the constant in-
tensity profile upon switch-on of the current are seen. It was also
attempted to modulate the radiation by means of a chopper wheel,
however its inherent emission was too inftense to permlt the measure-
ment. The detector signal is measured by a lock-in amplifier whereby
the modulated supply voltage serves as a reference signal. The block
diagram of the test is shown in Figure 21. The isophoton maps are
illustrated in Figure 22. The beam bundles near the threshhold for
laser activity exhibit an intensity distribution declining constantly
outward (Figure 22b, c¢). At greater currente, the 4.4 um laser has
a definite transversal mode structure (Figure 22a). The characteri-
zation of the divergents required determination of the whole opening
angle at half maximum intensity. It is 15° at the working point
(1.132A) of the 4.4-un diode; at lower currents (120 mA), it is
likewise 159, because of the general insensitivity to operating con-
ditions, this opening angle can also be anticipated for continuous
operation of the laser, likewise at the new working point (0.959 A),
which resulted from the changes in the test setup needed to collimate
the bundle, whereafter the spatial intensity distribution could no
longer be measured. The fraction of power output in the cone of
opening angle of 150 was estimated at 50% of the total power output.
Collimation of the divergent bundle with a suitable optic lens is
described in Section 5.1.

}.1.5 Measurement of the Emission Power Output

The emission power output of the laser diode at the working point
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Figure 22: Spatial intensity distribution in the beam bundle of the '

b, 4~ um diode at the working point 1.132 A (a) and at 120 mA (b) as :
well as of the 5.2- ym diode at working point 0.92 A (¢). The rela- %
tive radiation power is given by isophotes at fractions of the maximum
value of 0.95, 0.8, 0.65, 0.5 and 0.35. The zero point of the angle
scale 1s placed arbitrarily at the intensity maximum. The size of the
2 mm perforated lens and thus the spatial resolution is illustrated by
a circle.
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Pipure 23:  CSketeh of the toot

WL b

is of c¢ritical importanece pgince Lt
feed monitoring pystem for a ~iven

setup Lo measure

lLacer nower

rogolution of the
aveurate mcapurcement

determines thio
detector., an

of the emigcglon power output ls very difficult to perform because of

the bundle
range. The
few square millimeters.
detector by a Germanium lens
£ = 38 mm).
wavelength of 4.4
a grid spectrometer (Perkin-Elmer)

avallable IR detectors

samples, i.e. the given values represent lower limits.

laser power oubtput at higher diode

divergence and the severe backoround emlcosion in the IR

posess senslitive surfaces of a

Therefore, the luaser beam is imapged onto the
(anti-refleets coated, focal length
Transmlicsion of the lens was determined as 0.83 at a
+m and 0.96 at a wavelength of §

.2 -m by using

, which 1is calibrated for plane
Since the
currents considerably exceeds the

measurement range of the Golay detector used, an attenuation filter
of black PE of 2.0% transmission was placed 1n front of the detector.

The sketch of the test setup is shown 1in Figure 23.

The emission

power output P follows from the detector output signal S, the respon-

siveness of the detector R and the
nents t as:

n
*

transmissilon of the optic compo-

S

“ %R (4. 1)

Several important measured values of the dlodes are given in the

following table.
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These values have been corrected so that they include that
fraction of the beam bundle which cannont be imased on the detector
by the lens. However, (Lo measurcment errors -due 10 lnaccuraeies in
modulation of radiation were determincd. A mechanical chopper in-
validates the recult congiderably, due to 1lts inherent radiation.

On the other hand, a modulation through changling the dlode current
leads to instable operating conditions (see pame 38, Fipure 20),
whereby larger measurement errors are also anticlipated. The glven
values were determined by rectangular modulated current and agree
within the error limits, wlth the values measurcd by using a mechan-
ical chopper. The measurement is accurate to a factor of about two.
The power output of about :¢ ' measured at the working point of the
d L d-ns dlode represents a2 good starting point for a high resolution
feed modulation.

From the measured spatial infensity distribution, the laser power
output can also be estimated. Because of the modulation of the emis-
sion by the diode current, this measurement exhibits approximately the
same error as bthe measurement described above. The raster measured
values define, analagous to equation b,1, local emission power outputs
P('3,¢"), from which we obtain a lower limit of total power output
by using the following equation:

,> 9,
-, '3:“‘3. .E_F’w‘,.\f"‘ (“.2)
sen
( Q@ gr: space angle of the raster element, @pg: space angle to the

detector apperture, always with respect to the location of the laser)

This is true because there are no measured wvalues available for
the edge zones of the divergent bundle. The result wf '' .. agrees
with the above value within the limits of acceptable error.

Through constant time changes of the diode current, the quali-
tative dependence of emisslon power cutput on the dlode current was
measured., It turns out that for all lagers an Ilncrease in power output
ocecurs upon increasing the current, however, the relution between the
two guantities is not always linear. This is 1llustrated hy the exam-
ple of the .-~ diode in Figure 2U4. This mecsurement was performed
with collimitered beam bundles, discussed in Sectlon L.1.
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4,1.6 leasurement of Polarization of the Laser DSean

Polarizaticn of the referenced beam is important in connection
with the efficiency of the beam splitter (Secetion 3.3). For radia-
tion polarized perpendicular to the incident plane, the beam splitter
achieves its maximum effectiveness. To measure the polarization, a
grid polarizer is Installed in the beam path of collimitered beam
bundle as an analyzer and the transmitted intengity is measured as a
function of the analyzer direction (Figure 25). At the working point
of the 4.4 m diode (0.959 A) a polarization degree of about 60% was
found. The polarization plane is inclined 30° (measured counter-
clockwise) to the plane of the p-n-transition.

4.,1.7 Measurement of Power Loss ,

For use in the helium cooled Michelson interferometer on GIRL,
a power logs of less than 200 mW 1s permissgible. Therefore, the
vaporization rate of helium was measured in laboratory cryostats
with the laser both on and off (4.4 , m diode) and the power loss
was determined from this. The vaporizing helium gas was diverted
through the bellows gas counter where it had a temperature of 25° C.
After about 15 minutes the volume of wvaporized gas with laser shutof?f
was 175 1 2 1, with operation of the diode at the working point (0.95924),
the volume was 320 2 1, an? after switching ¢ff the diode current,
the volume was 180 ¥ 2 1 ir a control measurement. The vaporisation
rate caused by operation of the laser is thus Vi = 0.158 £ 0.007 1/sec
at a temperature T1 = 259 C and air pressure pq = 960 mbar. If we
convert this quantity to normal conditions (Tg = 273 K, po = 1013 mbar?),
then the vaporization rate becomes Vo = 137 ¢ cmv/soc.

Using the conversion factor between volume of gaceous helium at
272 K and the volume »¢ linuid helium of the name sass at the boilineg !
point (4.2K) Vp/Vp = (32, the density of liquid helium at the boiling
point gp = O-3P“§ a/em? and the heat of vaporizaztion T, = 20,01 J/«&,
the power losgs of the laser results as 0.51 % 0.02 W from the followin -
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Fimure 26: Wave number of the laser line at the working point 0.959 A
for several bath temperatures

-

equation:

Py s VoV o loge? (4.3)

Since the voltage drop at the crystal cannot be measured during
operation, the power loss from the voltage drop at the power feeds
was estimated outside of the cryostat as a check on the above value.
Because of the contributions uue to resistances and numerous contacts,
a value determlned in this manner represents an upper limit. From
the voltage drop of 0.75 V measured at the working point, a value of
0.72 W is calculated.

i
Because of the high power loss the tested %.4-ur  diode is not j
suitable for use on GIRL. Because of the good spectral properties |
and sufficient emission power, this laser can be used for the laboratory
tests of the feed monitoring system. Conversations with the manu- |
facturer had shown that laser diodes with the desired characteristics
are also available for losses of 200 mW, but a suitable selection /H
process among the large number of diodes is needed. This work is
currently underway. -

4.1.8 Determination of the Thermal Wavelength Shift

By reducing the vapor pressure above the vaporizing helium, the
bhath temperature was reduced in steps to 3.0K and the spectrum of
the .Laser 2zt the working point was taken. The wave number determined
in this manner as a function of bath temperature is shown in Figure 26
as 1t was determined from the changing pressure values. TFrom this
results an average shift in the laser line of about 0.2/¢m/K.

4,2 The IR Defector
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§,2.1 Deteotor Prineinle

A detalled dlocuscion of <he typens and eobractorictices of detectors

for IR radiation lu found in Mudeon, Madeen (17979), As a measure-
ment effeot, the thermally Induecd ohimmme In muterial propertles 1s
ed for a zortaln group of deteetors (e.o, tomp rature independence

of eleetrical registance for the Dolometer ap of proesisyre for on-
¢closed Wa quantities in the go-ealled folay detoetor),  Another
sroup us guantum effects (e.m. generatlon of ehnreme earpeiers in

semiconductors). These effects canse an el cﬁr’wwlly deteetable
signal 8 to be formed {rom an ilncident cmlosion olipgnal P. Detectors
using the thermal effect are generally much slower {responge typlenlly
> 1 mses) than quantum detectors (recpenuse time typleelly <1 usec).
One problem in the deteetion of TR radlation v the IR backsround
radiation whiech falls into the detector In addition to the the de-
sired radiation. In order to be able to deteel weak intensitlies in
front »f a strong backsround, thc radiation to e measured must be
periodically chopped. The resulting intensity fluctuatlions then lead
to a3 corresponding, periodic ulgnal at the deftector output which was
usually independent of the background noise. The photon nolse of the
background radiation is now superimposed by the nolse gpnerdted in the
detector itsell., Frequently, the manufacturers call the emigsion power
output equivalent to the total noise voltage of the detector black
background radiation at a piven temperature. Thoton noise of the
background as well as internal detector noise are dependent on tem-
perature, so that throupgh reducing the temperature, the detection
limit of the detector can generally be decreased. To measure astro-
nomic IR radiation from very weak sources, the cooling of thermal
detectors to less than 1 K is desireable (Katterloher 1978). Operat-
ing temperature of =« ! :. in the GIRL interferometer is tuned to the
expected astronomic radiation flux. To record the pos’tion inter-
ferogram wilth the desired 3/N ratlo, these low temperatures would not
be needed.

Different detectors were tested for use at GIRL operating tem-
perature. Responsiveness in the reflference beam and detectivity were
determined or the data from the manufacturer was checked. Measure-
ments were performed on four detectors: three photo conductors made
of copper dosed Germanium (Mullard Ltd., London; Advanced Kinetics,
Costa Mesa, USA--two samples; operating temperature, 4 K) and one
photo diode (InSb,, Barnes, Stamford, USA, operating temperature 77 K).
Photo conducting detectors consist of one pure, one dosed and one
connecting semiconductor. With copper dosed Germanium for instance,
electrons of the foreign atoms are usually elevated by incident photons
over an energy gap Egx into the conductivity band. The minimum excita-
tion energy }3CT of a Semiconductor defines a limit wavelength ‘Ag =
he/En (h: Planck constant, c¢: sreed of light). Radiation whose
wavelength exceeds this 1Jm1t cannot be detected by the detector.

The spectral sensitivity R( A ) is therefore terminaloed atl Ap With
increasing p“oion enersy, the responsiveness (rencratod \harge car-
rier per incident power) decreases agaln since the nunber of charpe
carriers is proportional to the number of photens, o that a rela-
tively narrow band sensitivity range results. A photovoltale de-

tector is desirmed as a semiconductor diode (detector used consists

~
=
<O




of indlun ontimonide).  The same oxeltat ton meshandsm and a2 simllar
response characterict o ng Lhe oinple pl hh\‘\‘ﬂ"’l\n:\ tor I found here.,
The ohargme carrlier pol senerated by Al phion of the ight quantum
are separated by the diode in fhe fleld ot ‘ho charoe earrler cone,
Thus, a photo=voltage v Scnersted shileh o provartionnl Lo the In-
eldent emltted power. The propert len of tno detoator depend consld-
erably on the applied bias: by mesns of an :uiixtu al eontrollable
counter-voltayme, the deteoetlivity can bo oprimined,  With photoeon-
duc oy hnwowx\ only throuxh the appl "t\‘\'u ton o0 o external blas
can an electrlical sisual be obtained,  Ploure 27 shows the otroults
used to connect the deteetors to the proamp tnvui. Alvesdy toeoted
ampliflers with known {roguency response and noeloe factor wepe uned.

4.2.2 0 Measurement of the Regponslvencas

Determinatlon of the reapongiveness R of the detectors is used
to precaleulate the silpnal generated by the laser interferosram,
and to determlne the nolse egqulvalent power accerding to Fquatilon
3.16. Since no callbration source was avallable, the Golay cell
was used as a refercnce since accurate information on the responglve-
ness as a function of wavelenpgth and chop freauency was made avall-
able by the manufacturer. This thermodetector consists of a radi-
ation absorber and a conneected pas cell with diaphragm. Under the
effeet of TR radiation the gas In the coll heats up. Due ta the
resulting lnerease In pressure, the dlaphragm is pressed into a
wall of the cell: this is converted into an electrically measure-
able signal. The sensitivlity range extends from visible light down
to submillimeter wave radiation. However, it is limited by the
entrance window (to a wavelength range between 1 and about < ur
through a KRS5 window in this detector). The time constant of this
detector 1s about 1 second.

Since the responsilveness of the detectors at the r Perence
wavelength s of interest, a semiconductor diede laser .as always
used as emission source. brom 1ts cone of rays, a bundle was pener-
ated through a perforateﬂ aperture which was measured by the Golay
detector and by the detector under study. Selection of the aperture
1s governed by the different sine of the detechor element. The bundle
must have sufflecilent cross-section so that it can still be fully regis-
tered by the detector with the smaller sensitive surface. By means
of a lens, the dlverpgent laser beanm Lundle is c¢ollimltered at the
detector tec achleve suftielent emission powe» outputs (Figure 28).
The sensitivity of the Golay cell is in principle hisgh, depending
on the chop frequency; a favorable frequency range is between 0.2
and 20 Hzm. Therefore, the lager radiation is chopped by the 13 Hz
modulated dliede current of the laser supply s'stom Here, the respon-
siveness according to the manufacturer s Ry, = 1.7-100 v w that 1is,
THS of the maximwn value at 1.% Iz,  The olaeﬁrno detectaor “jgnal is
measured by o loek-in amplifticr (Tthaco, Mod. Draatprac 301A). Beenuane
of the method of operation of the loek-in uun\l“‘Iowt {(rhase vengitive
rectification of the aimal Lbase wnvo3, the Indieated value dopends
on the feed simnal shape,  Because of the different rosvonce times of
the detoctors, Jd'TMTlovent sienal udwpu are produce:l and thin leads to
uncertaintiocs of up to 1087 In the slanal amplifwde even attopr Qupro-
priate corrvect ion. A read-off of the pignal Trom the cveilloveope ig
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Figure 27: Block diagram to connect the IR detectors to the preamplifier. i
a) photoconductor |
RD: radiation dependent resistance (detector element) '

UV: supply voltage, RL: load resistant
b) Photodiode

UP: radiation dependent photo voltage, RS, RN: ceries and shunt
resistance of the diode (simplified substitute diagram). A controllable
countervoltage can be applied by means of the d.c. cource (UV).

O S T

40

B T CE R R . ' j
.“¥L . .

. ; . - e wra
T TR S S e T RE NV S R 'S ST N S v e, N . _ "’




DR R —

41

A,,\—--o-»...“~
.

T — Noeteector

TLens Anerture
Mode Tlaser

Figure 28: Sketch of the test sctup for comparative measurement of
the response capabllity

not very accurate because of the large, effective bandwidth.

The sensitivity of the quantum detector l1tself depends very little
on the chopper fregquency. Therefore, for a frequency of the interfero-
gram signal of about 80 Hz, only the smallest deviations in the respon-
siveness f{rom the values determined at 13 Hz is cxpected. A comparison
measurement at 80 Hz is not possible because of the significant loss
in sensitlivity of the Golay detector. For different laser power
outputs, the signal voltages of the Golay cell 55 and of the detector
to be studied S were measured and, by using the equation:

h

. N
R pr"é‘:‘; (H.U>
the responsiveness R related to the Golay detector was calculated. The
signal ratio S/S5 is not entirely independent of the selected radl-
ation power jin several cases. The cause for this is a deviation in

the relationship between output signal and incildent radiation power
from a linear function. In this case, the signal values correspond-
ing to the size of the expected interferometer signal (at about

{7 wi, ) are considered. Most values of responsiveness were taken

at a laser wavelength of w' . and these are given in the following

table, together with data from the manufacturer.

~N
(93]
no

The deviations from experimentally determined values are partly
due to measurement uncertainties, absorption by the entrance window
(the resulting responsiveness with the rigid window cannot be deter-
mined exactly because no transmission data are available), by the
specidl test conditions (instead of a black boedy emission, mono-
chromatic radiation is measurcd) and by alteration effects in a
detector (Mullard). The greater responsiveness of the Golay detector
is based on the 1mp11.xe“ integrated into the detector, whereas the
other wvalues contain no amplification factors.

For laboratory testing of the feed monitoring system, a 4.4 um
laser (8DL, Taser Annlyties Company) and the Indb detector were used.
Since this detector has its maximum responsiveness abt .5 ar1, the
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Data from the manufacturer relate to a wavelength of 5 am and were
obtained by conversion of the maximum gensitivity (usually supplied)
with the supplied gensitivity characteristlies.

a,
IR v o

E2d ‘)
e

&) ~

v Ub {mV) 1o

Figure 29: Relative response capability R/Rzero bias as a function
of the diode blas voltage Ub

responsiveness at 4.4 . m (1.2.10% v/w) is much greater than at 5.2 ..m
(2.1-103 V/W); the values indicate the steep drop in sensitivity near
the boundary wavelength. These values were determined at a "zero
bias,"that is, the counterveltage was adjusted so rthat the photo-
veltage Up = 106 mV caused by the laboratory background (ca. 300 K)
was completely compensated (zere bias conditien). By variation of

the countervoltage at constunt emission sipnal, the relationship
between respensiveness and the bias applied to the detector (diode

bias voltapme) was determined. Fipure 29 shows thin relationship. The
best responsiveness is achieved for declining bias without adjustment
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Floure 50: Helationship of noise voltage n with frequency f for the

Inth detector

of the photovoltage, a regression to 15% of the maximum value is
found.

h,2.3 Determination of Noise Equivalent Power (NEP)

One important criterion for selecting the particular detector
is the noise equivalent power, slnce it is in a direct relation with
the S/N ratio of the interferogram point and thus with the reading
accuracy. Irom the measured values of the responsiveness R and the
noise voltage n of the detectors, according to 3.16 the NEP can be
determined. To measure the effective value of noilse voltage, a
lock~in amplifier with a nolse option was used (Mod. Dynatrac 391A,
Ithaco Company). Thus, noise spectra could be measured in the fre-
quency range between 10 Hz and 1 kHz with variable bandwidth. With a
variable bandwidth of 1 Hz the standarized noilse level n can be read
off immediately. The detectors were operated under conditions where
the sensitive element is exposed to the unchopped laboratory back-
ground of about 300 K. Because of the greater background noise at

this temperature compared to GIRL conditions, the measured detectivities
are smaller than at 4 K background temperature. The potential improve-

mnent is insignificant however, since internal detector noise still
predominates: the amount of photon noise contained in the background

emission for known emiszion power output Py and temperature Ty of the

background amounts to a maximum . . oen T T
tterloher 1978). Az a initial rough estimation for the InSb de-
tor we have: with the effectlive backrround radiation of about

Wi for a miven sensitivity range and given Etendue at the sensi-
tive elemoent, there rosults a nolse level of AT
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whereas the gilven NEP is pgreater by a factor of 5. In the frequency
range of the lock-in amplifler, the nolse voltage was measured with
a handwidth of 1 Hz at several frequencles. With increasing fre-
quency a drop in noise voltage shows up. This 1s 1llustrated in
Firure 30 for the photovoltalc InSb detector. The declline in the
curve is attributable to so-called 1/f nolse contributions (Hall

et al. 1975). When using the preamplifier for these measurements
(Infrared Laboratories Inc., Tucson, USA), an upper limit frequency
of the entire circuit of more than 10 kHz results. Through extra-
polation up to 10,000 Hz (integration time of the position electronilc
system, Section 2 D) while retaining the value measured at 1,000 Hz
(worut case), the averape effective nolse voltane n can be estimated
for the interferogram Thus, from Equation 2,16 we obtain the noise
equlvalent power as:

W . A2

W = o 5
B *
3

or the detectivity as D = NEP"l. The measured NEP values are glven in
the table below together with the values provided by the manufacturer.
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Since the NEP is also independent of wavelength--just like respon-
siveness--the manufacturer's data must be converted to the reference
wavelength. Here, an error of about 20% is expected. Deviations of
measured values are partially due to inaccuracies in the determination
of noise voltage, and partly due to errors of measured values of
responsiveness.

The maximum permissible NEP in the reference beam at a power output
of 10 W is 5-10-11 y/, VEZ (see Section 3.2). Therefore, the first
two photoconductors checked at operating temperatures of 4 K are un-
suitable for the position interferometer. The S3/H ratio when using
the Advanced Kinetics (AK) detector 1s calculated as about 20 from
gquation 3.17, this was also estimated in a corresponding test with
a laboratory setup of the feed monitoring system on an oscilloscope.

To set up and test the system in the laboratory, the photovoltaic

ORIGINAL PAGE 1<
@F POOR QUALIY




N

45

FRSRL L + A R R a WRRE 4 ERE "
' i
LI »
. f
. 3
¢
am
w ® !
. +
et . :
e . .
- =
. .
M -
i ES i
. - ]
: R
¢
.
LY -
Beiew £l 2. o Mk he famte xsew
L
~ , v -
) R [P Y i ey
wt b SaiarYog

Figure 31: lMeasured depondence of the stundarized detecblvity D/Dno
of the InSh detector <n the bias voltage Ub
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Figure 32: Spectrum of the .4, 4%-prm~diode at 144 mA
a) detector was driven under optimum conditions
b) operation at bias of ca. 20 mV

InSb detector was used. The required S/N ratio of 800 (see Section 4.4)
can be achieved with it even with a power output less than ! v in

the parallel beam. The noise of this detector is dependent on the

bias declining at the detector element. Thus, with the profile of
responsiveness already shown there follows a repression of detectivity
with increasing bilas (Figure 31). The best properties are found for
the detector thereafter at 0 bias conditions; the deteetivity
given in the table was obtained with this mode of operation. Likewise,
under this optimum condition, the detector was uow »porated for all
measurements. A deviation from this condition led to an Increase in
noise in the ¢isnal emitted by the detector. This can be dewmmatratoed
for example, by using two laser spectra taken at very low lucer power,
one at zero bins and one with non-zero bias (Fi-ure 22).  With thoe
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second cpectrum, an Increcase In nolse is seen.

The detectivlity of the InSbhb Jdctector also depends on the in-
tznsity (see manufacturcr's Information) of Incident radlation of
ﬁ wavelengths <« | ar, provided they encounter_ the sensitive element
during cooling to 77 K. The NEP wvalue (1-16-%2 w/ ') wus measured
after covering the detector with & Sermmium lens ((ransminsion only

for > 1 k™) during the cooling phure. Withoub covering, the value
| i1s about 1:10- =7, . However, once Lhe duicetor peaches Lts
| operating temperature the radliation remains bolsw . o without
? adversely affecting the detectilvity.

4.3 Beam Splitter--Determination of Efficiency

Through the measurement of reflection and transmission on avail-
able mylar foils 5.0 £ 0.5 um and 12.0 £ 1.2 um thick (manufacturer's
data), the efficlency was determined experimentally and suitability
of the foils for the Michelson interferometer, specificnlly for
F laboratory setup, was checked. The accuracy of the thickness infor-
mation is not sufficient to determine applicabillity of the foills at
the wavelengths of A= 5.2 um or 4.4 _um by using the equations in
Section 3.3. Therefore, phototransmission and reflection of unpolar-
ized light was checked with a spectrophotometer (Perkin-Elmer Company).
The measured results are shown in Figures 33 -~ 35 and are discussed
below.

The strong absorption lines in the region between 5 and 14 m
affect reflection and transmission decisively and render mylar useless
as a beam splitter in this spectral range. The periodicity is ex-
plained by the Term cos § in equation 3.20, With equation 3.22,
the foil thicknesses are determined as 4.8 ¥ 0.1 um from the spectral
separation of the reflection maxima or transmission minima. For an
angle of incidence of 45° in the interferometer, we thus obtain fav-
orable wavelengths from equation 3.22 as A= 29.9, 9.5, 5.7, 4.1, 3.2,
2.6 +", which roughly agrees with the position of the transmission
minima measured at a 45° angle of incidence (Figure 34). The devi-
ations can be attributed to inaccurate knowledge of the refractive
index which affects the period of reflection and transmission, and
to the phase jump of the reflected beam which is different for re-
flection at the outer and inner boundary of the foil (Dielectricum).
In the ideal case (electrical conductor) this leads to an additional
phase shift m between the inner and outer reflected beam, as contain-
ed in equation 3.20. A phase shift different from 7 causes pri-
marily a shift in the rs and ty curves while keeping the periods
constant.

The maximum efficiency in the shortwave range can be determined
by the reflection maximum r, = 0.15 and the transmission minimum
to = 0.8 and amounts to 0.8, The absorption of the thicker 12 .m
foil is clearly greater than that of the 5 . m foil. From the perio-
dicity a full thickness of 12.2 £ 0.2 .m is found. The beam trans-
mitted at 45° is partially polarized and results in a rolarization
effect in the trangmission curve which is caused by the inctrument.
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Figure 33:

grees 1is due to the equipment, it has only an ingip
on the periodicity of the curve).

_ ¢ Reflection and transmission of the 5- .m foll for perpen-
dicular light incidence (angle of incidence upon reflection of 6.5 de-
nificant influence
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Rv means of vecordine the Lransmisslon aspoctrum ucline perpendilcular /6
siarinatlion plnnv —=s2filoved by sultable pooltioning of Lthe foll--
thi" effeot wan aulte visible (Fipure 30h).

Decordies Lhe pefloetlon apectrum at oon oangle of lneldence of

o 7y, : %

57 1o not pesolibvle.  Prom the trangmlocien curven the favorable
croetral ronpes cun Llgo be reod off to chow whore *h transmlssion
minimum L5 found. !ct! folls uxonrd*nr¢d Pavr oaoand effectlveness

&t 5.2 om, ar the wavelonsth of the lacer unod {3.4 _ 1) however,
they bave a very fmaL effeetivenenn, With tae rodiation of this
iarmr, thin uﬂtirv srancnicsion and refleetion of the 5 . m foll at
an angle of ineidence of U159 ig now determingd, The dlode was in-
“,rhud in the eryostats so that the plane ¢f the p-n trangition
was perpendicular to the incident plane »f thoe reference beam in
the infor”ercmeter. The polarization plane Lf the laser (Section
M L1.6) wap thus sloped only 30° to the favorable vertical polariza-
Llon diwxo ion where the maximum efficlencey values are achieved. The
h“lected power of a collimiter lager beam was 27, the transmitted
oWer Wi 9"“ of the incident power. Thus, an effectiveness of 0.08
results 50 fhat when using a beam power output of 10 ,.W at the
detector with the measured NEP (10-12¢ w/AT:' from Equation 3.17,

a /N ratio of U,000 four the interferometer sipgnal .is obtained.
&bln, thils team splitter can be used for 1aboratory tests with the
4.4 m diode.

o (,

~
(@)Y

bl Test of the Positioning Electronic System

The pogitioning electronic system was developed by electrical
engineers at the institute and 1s described in Appendix 2. Below we
shall report on the tests performed with it. 1In order to do this,
the laser interferogram was simulated by voltage signals. Using a
sine signal with a frequency of 80 Hz, a non-interferred interfero-
gram was generated in order to study the influence of-signal amplitude
on the behavior of read pulses belonging to extremal and zero posi-
tions. The time shift between attainment of the extremal position
and transmission of the appropriate pulse was on the average 27T for
a maximum amplitude of 5V; ( 7 : integration time of the position
electronic system, see Section 2.2) and this was increased upon decay
of the amplitude below 1.5 V. The corresponding shift between
attainment of the zero position and the transmission of the read
pulse (at maximum amplitude, equal to T on the average) increases
upon decay of the signal amplitude below 0.2 V. Thus, the actual
signal profile at the detector of the positioning interferometer
with amplitudes between 3.8 and 5 V permits the use of all support
peints when utilizing maximum resolution.

The main interest of the test was devoted to the behavior of
the read pulse with an interfered signal. Through periodic motion
seguences of mechanical parts (e.g. crankless engine) as well as
through statictically distributed interference (e.g. detector noise),
the laser ;ntnvforogram was modified. This was simulated by super-
imposing sine sighals with discreet frequencies or nolse voltages of
dlfferent b“nJWldLh on the undisturbed siecnal. The block diapram of
the test setup is shown in Pigure 36. By variation of the interference
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Figure 36: Zock diagram to simulate the feed monitoring with dis-

turbed signal

Key: l-position electronics (signal) (readout pulse) 2-trigger
3-oscilloscope U-sine generator 5H-useful sighal 6-interference
signal 7-noise generator 8-lock-in amplifier

8 r /"‘\ "
/ \
P / N
= / \
q .
L / \
¢ // \
" [ \.
7 ~
™ L -~ o
— - S~

pre = @ e e g g T
O‘, . N 5 N 4

10 100 1000 f{Hz) 10000 100000

Figure 37: Frequency dependence of deviations in read-out time point
for constant useful-interference voltage ratio 200 and the frequency
of the useful signal 80 Hz.

At: time interval within which the pulses belonging to an extreme
position are transmitted. The time interval between regular readout
pulses is 32 7. Multiple pulses appear in the frequency range marked
by the bhar.
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and useful valtapes (Lhe latter only within the poemissible ranpe),

any olrnal Lo notae 2ot io op wseful-intoerterenee voltn“p int.ervals
coanld Iu? achivved, ®With a Jock=in amplifier [Dynatrae ‘l \, Tthaco
Compang Y, o conirol mescarement o the nodose voltaee waas per formed.
?Iu\‘un?! me in the read time peint were ohiereed on {he uu01110 eope.

-
L
-

H
—-“

Wivh lnereseinge interforense voltame, ;oo cviattonn in the
otk compared to the time point with 3d“v sl and

read tine np

mu.,’hlv Puloes appoar p“imurily In the woetoy o che oxtremal

roint o the puve sional, o Multiple pulses are cencroted dn the im-
?“i!?tw viclnity of fdeal support pointa 1P o the Dnterterence=indueed
wimnl 1 witlons at the zmoro passase o ot the oxtremun can be

Wt
considered to be uddi\i&nul nepro pastiiowsr o vely e oxtremn from
the viegpelnt of the positloning olectronts creotem, Olnee each
value whose read was triuguvod by a pulee Gairing (raneformat lon ot
vhe main intertferogram is agsigned to a dicereet, Ldedl support

» .

point, multiple pulses invalldate the foed monltoring.

The intepference guceeptibiiity of the rend rime point is also
dopendent on the frequency of the superimpoced cine Ihterference
(Flpgure 37Y.  The goreatect fluetuatlons reculted abt frequencies be-
twoeoen 1,\L\ and 10,000 Nz, The seoro pulises under thege conditions
exhiibit no ¢ime fluctuations, .

The declslve quantlty in the caleulatlion of effeets on the
Fouriler spectrum is the standard deviation of the pulse locatlons.
This 1s obtailned by assuming uniform distributlon of the read tlme
points frem the actual observed shifts Aty and the averapge shift

Lt conpared to attainment of the 1deal support point positions
by using the equation: .
’ * :v— :i: mf - ~r M ) ; :

Here, the feed veloclly is auuumed constant., (J: number of
different read times bolonrlnw to an ideal support point).

With sine Interfercnce of different freguencles, the dependence

of the standard deviatlion oy on the usetul-interference ratio 5/N
was studied. The typical behavior of 1he standard deviation for a
low and a high Jamming freguency is shown in Pipure 38. When using
all support points, the solid curves are obtained, when limited to
the zero passapges, the dashed curves illlustrate the relationships.
The time iaterval T corresponds to the eptic shift Ap/128 (see
equation 2.8), which is why the size of the standard deviation 1s
proportional to the laser wavelenpth. The glvon values pertain to

A, =5 .m. It Qs clear that interference sipnals of high fre-
quency must be better cuppressed thuan low Frcquonxv signals In order
to Limit the support point error. Whon uwsing the soro p'.namcs,
a AN = 1,000 ratio, standard deviationg of leadx than O Ao
are obtained.  Use 01 all support points requlres sreatevr Iinterference
voltage intovrvals and murthermore, the appearance o multiple pulses
must be eliminated.  This is achlieved at 4,000 Hn wivh nﬂ} 2 1,000.

u“&@ﬁwwhxmmcnnmﬂwmm\ﬂ‘wumxmeMMhsmm

-+

l\
o
=

~
O\
U1

|

ha

i el ia o

-




1
- g
U al™
e’ \
-
i f——
E -
ST o
g
7 \y) i
3 h A
1
i
o { .
| s
H
%K‘l
E 1 S
g i
J
! -
H '
i \
’ : “ ;
L
| ,»
i 4
! " -
) . o o a oy NN
ey an 7 =T i G sl
i LN A lhd T b
bd ~N TN
b FaRA

Figure 38: Standard deviation of support points of the function of
useful-interference voltage ratio at frequencies of sine interference
of 90 Mz O and 4000 Hz :J . Auxiliary lines: appearance of multiple
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Flgure 39: Standard deviation of support points (-- nero passages,
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A.=5 pm for white noise of 10 kHz band width. Additional lines:
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nearly frequency tndependent voltame (white noiae ), {he relat lonship
Butween UN rallo and the standard deviatlon of the support points

wiasostudied,  Pleare 30 ahiaws the relatlonship when wstne the nepo
Prasamen and all read pointg on the exanple of a detoetor-like notse

¥
v Al - . Py I4 3} il JENPRER BN N " . » . .

with an effective andwldth of thoe pasltloning electvonie avatoen

# - N cre . ER O Y . . o PEESET J (Y 63

G RHsY T maintain the permlocible sltandurd deviatton of 0,06 m,
. e N * . Para ) NOAY X - Ty oy Y,

the followins minimum values of the o Noratio qpe ecded:

. . : - C e N * * » cs ~
11 support painta: 800 (due to nultiplo palees)d
Lo passasme: 70,

Sinee the namod Interferonee (nevomstes tho ctandard deviation
nooaddition to the offeets baced on vhe tpeat et reopeprt Jog of the
LAer, In order to asoure suffiolent read seonraey, a higher 84N

4
ritio than above 1s needed and ¢ simultaneosus Limitatlon of the
mono feogqueney intorforvnoo(vspéuia11y aff hisher Prequoncies) 1s
rogulred. Therefare, the exelustive uee off merd poslitions as suppors
polnty o oxpediont; beoeouse of the Taree number op support points
{ree Deetion 2.0) this does not recsult In a Iimitation 4n speoetral
resalution in the Fourler apectyum.

Tooo Avnoenblr oand Testing of the Feed Monltering Syotem
T.l Desorirtion of the Laboratory System

The position interferometer consluts of Its speeific components
(Jlode laser, deteator angd positloning electrenic system) and also
uses the optic components of the main Interferometer. Since the
final launch version of the main interferometer was not yet avail-
able a laboratory model was constructed whose components are describe-
ed below. As end reflectors in the interferometer arms, we used two
gold vapor plated plane mirrors wlth surface irregularities less than
0.5 m. To divert the rartial beam in the meving interferometer arm,
the cube corner intended ror use in GIRL was used. It is mounted on
a moveable table whose tlp is less than the permissible value when
using a cube corner (about 19), By means of tip measurements with a
lager Interferometer made by Hewlett Packard ‘Laser Measurement
System, Mod. 5526A), tips of a maximum 13 arc seconds about a vertical
rotation axis and a maximum three arc seconds about a horizontal axis
wepe measured over the entire feed path of 25 mm (this corresponds to
an optic feed path of I, = 10 em). At the micrometer gserew of the
adjustable table, a drive motor is comnected by means of a spring
bellows. S8ince the variations in the crankless engine in its present
deslpn resulted in severe interference with the Jarming model, a low
vibration Jd.o. motor (Dunkermotoren Company, Model GR "ox45) was used
for the drive. Thus, a sulficient uniform movement of the cube corner
was achieved. To attenuate extornal vibrations the interferometer was
bullt on an air cushion optical bank (Vibration Iselal ion Systen,
Ealing Company, South Natie, USA) whose internal frequeneies lie in a
vange of 1 fa-—that is, rap beyond the Interferenes frequency range.
The Taboratory setup is shown in Fleoure 40,  With tho exeeption of the
Lacer {oporat iy temperature 4 K) and the deteetar (79 K), all compo-
nents o the oysten wera gt roonm tomperature.
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For use in the feed monitorine. system, She divereoent laser beam
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Pieure 40: Laboratory version of the feed monitor system
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bundle hags to be converted Into a parallel bundle of about 3 mm dlameter.
In erder to do this, a Germanium leng (foeal length €= 11 mm, diameter
of aporture : 4 am).woao Installed itn the laner dowar at a distance

of 11 mm from the ceryvaotal, whose transmission ut .0 - m wavelength /70
is 0.7 T 0.1. Trom the opatinl dntenslty distribatton of the laser

(see Figure 22 a, p. 40) and the devgeribed peometric velationships

of the Tipgure, the utilized fraction of lacer cnersy 1o about L0

(that is, about 2% W). In addition, the alamstor of the collimltered
beam bundle was determined ag a fungtion of fihe gistanee 1o the laser
(compare the scan method, sectlon 4.1.4), The retference beam does

have a diameter of more than 4 mm at a Alstance v o7 om {rom the

laser (maximum optical rath of the radiation In *he interferometer),
however, the main fraction ol intenslty ig concentrated within an
appropriate cirele. Approximately 0% of the intonsity strikes the
sensitive surface of the detector (diameter 2.75 mm). Pigure 4L shows

a horizontal and a vertical cross-scction throush the intensity dis-
tribution of the c¢rosg-sectional surface of the bundle at 9 em and

67 em distance. The properties of the studied lascr bundle (intensity,
divergence) permit i1ts use in the feed monitoring system.

N
N\]
H

5.2 Tests of the TFeed Monitoring System

Under conslderation of the effectiveness of the beam splltter
and the reflectivity of the cube corner (six reflections correspond
to 75% transmission), together with the above losses caused by the
geometry of the arrangement, we obtain a signal amplitude at the
detector output in the range of 4 to 5 mV (see equation 3.14). This
signal is amplified in a preamp (Infrared Laboratories Inc., Tucson,
USA), whose input was adapted to the detector output, by a factor
of 1,000 to 4 to 5 V, before it is evaluated in the positioning
electronic system. The block diagram of the entire signal processing
system is shown in Figure U2.

During the shift of the cube corner, the amplitude of the mod-
ulated signal changes by A% £ 1V. The larger fraction of variation
consists in a monotonous component, caused by the small divergence of
the beam bundle; the smaller fraction is defined by the periodic
fluctuations and caused by the secondary lines appearing in the laser
spectrum (Section 3.1). Figure 43 shows examples. The working point
can be accurately adjusted during recording of the interferogram,
since secondary lines are clearly noticed through the behavior of the
amplitude, as we can see from the signal profile of the inaccurately
adjusted working point (Figure 43 b).

One peculiarity of the laboratory setup is the noise sensitivity /73

of the beam splitter, since the system is not operated in a vacuum.
Noise like loud conversation excites the beam gplitter to oscillations
which initiate additional modulation and multiple pulses in the inter-
ferogram (Figure H4). Therefore, during tests all interfering nolise
had to be avolded. No effect of the soft motor neoise on the interfero-
gram was obgerved.

Only the error in feed monitoring for aceurately adiusted workine
point will be diccussed. The suppoert point errors caused by the

Vit oo Wiy 1 i W : S A s s Y i
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Figure H41: Relative intensity in the reference beam bundle plotted
against horizontal and vertical local coordinates (perpendicular to

beam direction) at a distance 9 cm (a) and 67

em (b) from the laser.

The local resolution is 1 mm by using a 1 mm perforated aperture in

front of the InSb detector.
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of 1.8 cm.
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Profile of interferometer signal along an optic shift

a) operating the laser at the working point (0.959 A),
b) inaccurate adjustment of the working point.
the signal amplitudes can be seen by the chronologsical time change.
the relative intensity of secondary

From the periodic modulation,
lines in the laser spectrum can be estimated.
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Figure 44: Interferometer signal for secondary noises with readout
pulses given off by the position electronics at all points which can
be considered as extreme positions or zero passages

Figure 45: Inferometer signal with readout pulses. The deviations in
readout pulses from the ideal support points are on the average less than
0.06 :m. The optical path shift between the pulses is 1.1 .:m corres-
ponding to a time difference of about 3 msec.
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secondary lines are a maximum 0.03 . m according to equation 3.8,
since they posess a fractlon of only 5% of {he muin line intbnuity
(ratio of intensitiles of cecondary 1lno and primary lines S9/8q

0.05, see Figure 1% ¢, p. 3%). Slnee t(he total noise voltage !
measured at the amplLA;¢p output of ‘hc operating syatem 1s otillld ‘
below 2 mV, the interforometer siecnal (O = &7Y L= n B/N ratlo of

22000. The res uluxﬁs quadratlic, averased oreer of all support

points remains limited to 0.03 .m (sec Fipure 20, p. 66). The
maximum permissible value of 0.06 .m (sce oguntion 2.0) 1s therefore
clearly greater than the error obtained. Qh“., ;’1 prorvegquisites for
accurate work of the pocitioning electronic syotem and thuu for a
high resolutlion feed monitoring system have been croeated.

The shape of the interferometer slgnal deviates from an ideal Z7H
sine curve since the actual feed veloclity of the cube corner is nof
constant because of mechanical effects when moving the shift table.
The interferometer signal was taken at various advance speeds and
evaluated. TFigure 45 shows the interferometer sismnal with the read
pulses emltted by the positioning electronlc system at an advance

speed of . 350 .m/sec, whereby a signal frequency of about 80 Hz
resulted. The read pulses mark support points zeparated by 1.1 .im,
even though the time in which the cube corner moves from one support
point to the next is not constant. The support point errors resulting
from the appearance of secondary lines in the laser spectrum and from
the noise components of the signal amount to 0.06 .m (see above).
Thus, a feed monitoring system has been constructed which meets the
requirements outlined in Section 2.1.

Summary

For the helium cooled spectral, high resolution (ﬂ—— ~a 10“)
Michelson interferometer to be used aboard the German IR telescope
GIRL on Spacelab, a new feed monitoring system was constructed as a
laboratory model and tested successfully. This model is a position
interferometer which uses the beam path of the GIRL interferometer
and a monochromatic IR emission source and a suitable detector. As
emission source, for the firs% time a semiconductor diode laser
with a wavelength of 5 . m was used and is arranged like the detector
in the GIRL cryostat (high vacuum, temperature T < 10K).

The significant fraction of the work consisted in deriving the
critical properties of the component (diode laser, detector, beam
splitter) critical for the system and to test them experlmentally
Accordingly, for a used emission power of the laber of 25 W with
a sensitive detector (measured NEP ;(“~b wNTE ), interferograms
were taken from which the positioning values were de*ermlned by
scanning by a computing read electronic system.

The test results of the used component show that the feed moni-
toring performed exhibits the required accuracy of 0.06 .m {for a
dynamic ranme of 100 in the astronomic gpectrum). Thus, the feed
monitoring system of high resolution has been constructed which is
sulitable For use on gatellLLe in cryogenic conditions.
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Appendix 1

Nolse In the PFourler cpectrum for random {(statlistle) read
error.

Let the support poil
Xn assume the statistic va
support points. At dilstance 1 we have the {ollow
support points:

nt crvorg A x ot the Ddewd support points
lues L, zp, = L,.o.o00 Ny Ny numbor of
ine cquation Mfor the

. : : o (A.1)
Along the interval 0 +x L, a stepwisce, constant (stepiing)

function f(x) is defined which assumes the value of the suppoert point
error at the support point:

The function f£(x) is limited along the given interval and is
stepwise constant. The Fourier series F(x) of the function:

o ad Do Do
-t e '>—' ’, PRI o o,
SHK L o= '?"“' + LE, 08 X e DA e
il 2
- Mo | : - ’ it
Bas =

therefore converges on the average to f(x). Since the number of differ-
ent values xpn at the discreet support points Xp 1s at most equal to

Nog, the series development is terminated at m = Ngy. From the conver- |
gence at the mean we obtain the equation:
d

» N
2 2. fl i

O M=
The Fourier coefficients ay and by, represent the amplitudes of

the periodic error components generating the ghost line pairs in the
Fourier spectrum. As an average square of the amplitude a2 we define:

s

m

< |

1 ) |
o o 4 2 bt 4
(2R - 1 . .

With equation A.2 we obtain, by neglecting a, (the constant
term does not result in ghost lines):

\T 4
.- L 5 . Lﬁ
a¥ = i L S SES RN I 2x,°. 1 o
2N 1 Nol &= ™ %
From this results the following equation, after application of /70 %
the standard deviation of the support points: L
v : j
N L
o ~ D
- Tee roaw T |
e ¥, ' |
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-
i
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After appllication of egquation A.1l, the relationchip between the
quadratlie averaged error amplitude and the quadratic averaged support
point error is determinad:

L ] e

" :.‘, (a": (A-S)
The perlodic suppert point error of amplltude "u" generates a
pair of ghost lines in the Fourier spectrum with relative line peaks

: in the wielnity of a real spectral line (wave number
Vay see Seetion 2.1). The different componentn »f the statistic
support point error generate ghost lines in tne vioinity of a spectral
1ire in all speetral elements of the Pourler precstrum.  According to
quation 2.3, for the average quadratic relatlive amplitude of the
chozt llnes for the presence of a spectril line we have:

e ~ D T
S o - :ﬂ vg\’; [4 a‘_"
and with equation A.3 we have (in the worst case):
PN fee 42 L &
M . VF) N()G‘X (A.H4)

The number of independent spectral elements is Ny (see Section
1.3, equation 1.2, 1.3). The ghost lines appearing in all spectral
elements attributable to the presence of a genuine spectral line
represent noise in the Fourier spectrum. Additional genuine spectral
lines provide additilonal contributions to spectral noise through the
attendant gi:cst lines. At a maximum of Ny spectral lines of the same
intensity, for the relative ghost line amplitude we have the following
equation, averaged quadratically over the spectral elements:

"y N

.; = '1,‘:,‘315
% e
B represents the average noise at each spectral element of the
Fourier spectrum, related to an average line intensity. With equation
A.l4 the relation to the standard deviation of the support points is
obtained:
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Appendlx 2
Description of the Pssitioning Electronic fycstem

The posiltioning eleotronie gystem is illustrated In Flgure 46.
An input signal whose fregency f Lies In the carture ranpe (59 - 130
Hz with regard to the intended si~nal frequenay %0 Hz), effects the
tuning of the pulse generator to 128f,whcreby the Intepration time
1s specified as 7= 7/128 (7: period of the inturferometer cipnal,
see Section 2.2). Below, the profile of the interferometer signal
will be described by the electronics. '

The input voltage is digitalized in increments of u = 2.44 mv =
UO/2OM8. Up is the maximum input voltage which may not be exceeded
by the signal amplitude in order that the support points can be pro-
perly evaluated. A relative extreme 1ls found if we change the sigh
of the difference from the actual measured value (memory 1) and the
measured value taken one time interval ago (memory 2), and the atten-
dant value (in comparator 1) is stored. From the maximum value
(memory 3) and the subsequent minimum value (memory 4), the arithmetic
average is calculated. The comparators 3 and 4 prevent use of a
secondary maximum or minimum. The result serves as a precalculated
zerc line for the following zero paccuges. The zero passage is recog-
nized upon change iIn sign of the different from the actual measured
value and this average value (in comparator 2). According to the
named ¢hange in sign at the comparators 1 and 2, the release of a
read pulse is triggered.
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Appendlx 3

Posltion of the zero passages in the Interferogram of a Lorentz
line

The Interferogram of a Lorenin line has the form (equation 3.2):

i

AL e L owoemp eDuEN (A.5)
Because of the very small shift in cextromal pos itions of T(x)

(see Equation 3.4), at the known line width ¢ -~ " o

the Tollowing oquat¢onu approximately apply to the value of a maximunm

and the subsequent minimum:

.
By 2 e > 3 TS
RS S & PR
RS )

. \ .
- BN -,5,)\,, n o+ 1\ s »oe N

The arithmetic average My thus is:

N o=

W) e

XS 1
iz + Vo ] @+ Zexn’- Vol o axnd VY
pax * Imin 1 ~oxp/ waALn H exp,~vsAL, (a.6)

In the feed monitoring system, this arithmetic average value is
used as a zero line; it is different from the ideal value I = 1
(Mo\ 1). Thus, a shift in position of the mero passage recognized by

the feed monitoring system to the ideal position of the zero position
results. This shift Ax 1s now calculated.

For the position of the zeroc.points of I(x) we have:

\
- 1y L
Xn-‘{n*g)-‘g‘,neN.

The position of the two zero passages used in the feed monitoring
| system at X, = n o+ §3§L and X, = (n + é\?L result through equating
equation A.5 and A.6. For the zero passage with the greatest deviation
e \AL we have: ,

. 19
+=) - 2reaxtreeswin + o2

9]
¥
1o
1
=
m
o
[£%))

+ ML axY =
-t

-~

Y

. 14 F # Ay
22X ~'ﬂ'5.'\,.!'}\ i1 - ox¥p ...“',rrg)\T A
T,

Ad

i
L

From this follows with €ax « }

e e ™ 1 N ,'P .
sin'enihax) = 5(~1) exp{ZmeA )« (1 - exp(-TEA 1),
and for small deviations g%% < 1) and small line widths

there results:
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Appendix 4 /8
Pogition of the zero points in the interferogram of two opectral lines
The Interferometer slgnal dlsturbed by o secondary line of the
, laser can be written in the rollowing form (index L = muin laseor line,
: indix N = secondary line, cee Fquation 3.6):
| $'x" = 8 sinl{Pwidx’ + §ysinfariix’ (A7)
E The zero points of the undisturbed sipnal 8y
g S.0'%Y = 9 giv el g
uux)\ ao‘.ﬂ.. IS L)E'
| Ei AL [} » Qf : 9
r lie at x, - @ -z . Tor the zero points x,' of S{x) we now use:
»é e
g ) )\L
(. =N =+
ﬁ n R (A.8)
' and substitute into S(x) = 0 (equation A.7). With the approximation

foar small chifts cAX

. we have:
N A N '};"' '( l)‘ “
Ny NN

. .n -~ . . 4 ~ N T4 . -~
o o emi o towr¥oAX 4 Slks;n\zvaxn\ + suxhax-cca(akaxn§§

no ’ 1

Thus, for the shift Ax of the zero points of S(x) compared to
the ideal position we have:

Sl ’ ~ \
- g iniTTYX
S NTn
[
AX = ~
A ey s U1 DY .0 A \ !
—1 ;TrvlJ -+ :‘:“"'LVTF I\:'\‘ O A 1] N Y
\J(\l}
Now, with the approximation for small intensity ratios of the fi
main and secondary line (83/S,< 1),we have: /84
3. A1 ~
2o sinlew i ) (A.9)
Sp : s
SLo= - :
2y, P
i3 i 1
because 1
~ ~ e = e ™ v I8y A i
sin 2T V.- yN<xq7 s;n;cwvaxq\CCs,Qunyn\ cos{am¥ x i
At PY ad b . n’f)'ﬁ":“ .
o
W oae haoy Kt I\( n i i
1-1‘n*“3in':t§wxrf ;%
o w ol o
there follows from equation A.9 by use of a% = EVN"XE P
i ' [
[
Ao D - (A.20) 3
AN m e e sinf’awﬁvx,]\ i
‘ 217 S : .
i
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:
F The maximum shift ax,,x occurs when a zero point xn' of S(x)
colncides wlth an extremum of the interflerence SN(X>. Then from
equation A.7 and A.8 we have:
; 0 = sn(-l}nsin(QnGiaxmax\ s,
f Thus, we obtain an error amplitude & = IAXmaXI
| A S;
‘ a = 2L arcsin =1 ,
& 2 Sa
{
That is, for Sl/SO <. 1 the amplitude of »x 1s, as in equation
A.10: )
‘ Ar S
E a=zz-l,
j a2 SO
)
i
:
1
}
|
‘
:
[
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