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CHAPTER T

HISTORICAL INTRODUCTION TO HADAMARD
TRANSFORM SPECTROMETRY (HTS)

The idea of modulating or encoding the optical output of
a specfrometef goes back to the original work of Golﬁy (1949)
and Fellgett (1951). Its purpose is to allow many different
wavelengths of radiation to fall oh a detector simultaneously,
and thereby to increase the signal-to-noise ratio (SNR) of the
resultihg spectrum. This improvement comes zbout because each

element of the spectrum is effectively viewed a larger fraction

of the total available observing time. One idea 1s to encode

or modulate each spectral wa%elength exiting the spectrome;er
output with én audio fregquency that contains the optical wave-
length information. The uée of a conventional wave analyzer
then allows recovery of the ériginal optical spectrum. There
are many variations of this technigue. |

In 1968, Ibbett et al and Decker et al independently
suggested the use of sequentially stepped mulﬁiplex spectro-

meters. In both systems radiation enters a dispersive instru-

. ment through a single slit and is analyzed at a nuwber of exit

s1lits. Decker et al pointed out that two constraints should

be imposed on the encoding scheme:

(i) To-obtain the optimum signal to noise ratio, eagh spectral
element shounld be viewed during exactly halfl the step positions.

(2) To impose the smallest dynamic range requirements on the

e Lot
R DIy




-

detector amplifier system, each step Qosition should pass
light from exactly half the spectral elements. They also .
worﬁed out a scheme that satisfied the two constraints for -
masks having elements m=4n+2, where n is an arbitrary integer
or zero. Ibbett et al introduced the Hadamard pattern for the
mask. As discussed below, this is a pattern based on a set of
binary orthogonal matrices first studied by the French mathe=~
matician Jacques Hadamard. TIbbett et al also described the.
application of their scheme to a real time computef aided
measurement.

In 1969, Sloane et al worked out a number of binary cyc-
1ic coding schemes for multiplex spectrometry and evaluated

the performance of each scheme in terms of a linear, least

.

mean square, unblased estimate. These schemes include a Hada-
mard matrix H, and various modified Hadamard matrices, which
these authors refer to as G matrix and S matrix (Fig. 1-1).

A Hadamard matrix H of order N is an N x N matrix Hy
of +1's and -1's which satisfies:

T
Hy Hy = NI

where IN is an N x N unit matrix

A modified Hadamard matrix G of order M is a partitioned

N

matrix from the H matrix:

[d |

lo - . .
H ='|. @ (M = N-1)
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) Figure 1-1. An 8 x 8 Hadamard matrix and two 7 x 7 eyclic

matrices that can be derived from it,
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where the first row and first column of H are all +1's. A
feature of the G matrix is that it can be written in cyelic

form-- a factor which we will show to be of considerable

-practical importance.

A modified Hadamard matrix S is a matrix obtalned from
G by replacing +1's by 0's and -1's by +1's.

The properties of H, G, and 8 will be discussed in sec=-
tion 2-6. ‘

Vhen we talk‘of encoding by means of a Hadamard matrix
we have the following in mind. A mask i1s used to modulate -
open or close - a serles of entrance and exit slits in a spec-~
trometer. If a cértain slit location is open, we can desig-
nate 1t by a +1; if it is closed we can designate it by a 0;
if it can be used to subtract from the signal incident on the
detector, we designate it by -1. The sequence of +1l's and
«-1's characterizing a mask in a given modulating position
corresponds to a row of a matrix. The whole set of mask posi-
tions corresponds to the set of rows of the matrix. If the
sequence of mask patterns corresponds to the rows of a2 Hada-
mard matrix we say we are encoding with a Hadamard pattern.

Sloane et 2l also introduced the lidea of using a cyclie
matrix for coding masks. This greatly decreases the experi-
mental cost and facllitates operation, since any N slits of
a singie mask 2N-1 élits long can be qsed to provide one'of
the required mask patterns.

The first single entrance Hadamard spectrometer (HTS)

was .built by Decker and Harwit (1969). The spectrometer had

L iy A
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a.single entrance slit and 19 exit slits. The exit mask was
stepped manually. The authors used this spectrometer to take
the gpectrum of the mercury vapor 1.7ﬁ band to demonstrate the
Hadamard transformed spectrum's fidelity and freedom fromvsys-
tematlic errors. | . .

With 19 exit slits, the HTS had a theoretical signal-to-
noise advantage of 2.18 over the conventional spectrometer,
which is rather hard to verify experimentally, Decker (1971)
therefore proceded to build a 255-s1iit HTS. In this spectro-
meter, the radiation, after being decoded by the exit mask,
exlts along the same path it comes in. This reverse pass de-~
disperses the beam and allows it to be brought to a focus at
the entrance plane. Thus the dimensions of the focused image
are roughly the same as the dimensions of the entrarce aperture,

and the detector size can be minimized. This 1s important since

. sufficiently large detectors sometimes do not exist, and if

avallable tend to ﬁe noisy. Decker experimentally verlfied
the theoretically predicted multiplex advantage of an HTS.

DeGraauw and Veltman (1970) were the first to use an HTIS
for astronomical work during the 1970 solar eclipse.  Houek
et al (1973) subsequently used an HTS to obtaln near infrared
spectra of Mars from airplane altitudes.

Besides putting an encoding mask at the exit plane, one
can also put. another encoding mask at the entrance plane of
a spectrometer. In that way the radiation is modulated at
both the éntrance and exit apertures. Harwit et al (1970)

worked out this scheme of doubly multiplexed dispersive spec-
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trometry. The double multiplexing scheme wllows one to in-
crease the total amount of radiation'that can be transmitted
through 2 spectrometer. Furthermore, by 2 proper reduction
of the data, one cean also obtain a one dimensional pleture

of the source 2t the entrance plane. For a spectromstfer of
m entrance slits and n exit sllts, one needs m x n data points
to recover m spatizl spectra, with each spatial speectrum con-
taining n spectral elements. For a homogeneous source ohe
does not need the spatial information, o {(n + m - 1) data
points will be enough to recover the specﬁra; Harwit et al
(197ué)describe two schemes for recovering the spectrum with
(n + @ ~ 1) dzta points.

In 1975 Tal et al (19752) finished the construction of 2
Goubly coded Hadamzrd transform spectrometer. T .e spectro-
meter-has 15 entrance slits and 255 exit slits, which cen :
simultaneously obtain 15 spztial spectra, eaech having 255
spectral elements. Tai et a2l (1975b) went on to give an ana-
iysis of the errors in Hadamard spectrometry caused by lmper-
fect masks.

Besides coding the radiation 2t both the entrance and the
exi%t aperture, one can go one sbep further and use a two di-
mensional mask at the entrance aperture (Harwit, 1971).

This yields 2 two dimensional piciture at the entrance aperture,

where each spabtial point at the entrance has its own spectrum.

-

To put it 2 different way, one obtains a2 two dimenslonal pic-
ture of the source at the entrance aperture for each'colof of

the spectral elements.
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Harwlt (1973) experimentally verified the operation of
imeging spectrometry, and Swift et al (1976) constructed the
first Hadamard imaging spectrometer.

There are other discussions of Hadamard transform spec=
trometry in the literature, mostly of theoretical aspects.
Nelson énd Fredman (1970) give 2 more complete theoretical
treatment of Hadamard matrlx encoding. They zalso rediscovered
a theorem due initially to Hotelling (19#&5 showing that the
Hadamard matrix is the best design for a2 singly coding mask.
Sloane and Harwit (1976) show the connectlon between Hadamard
spectrometry and the mathematies of welghing designs in sta-
tistles. .

There have been vafious comparisons of Hadaﬁard transform
spectrometrﬁ with other.spectrometry. Larson et al (1974)
mekes & theoéeticai'comparison of singly multiplexed Hadamard
transform spectrometers and scanning spectrometers. Tney pre-
sent a general mathematleal framework for the comparison of
relative performance and alsc verify theilr predi&tion by com-
puter simulation of varilous characteristic spectra. Thelr re-
sults show that where the noise level ls constant and indepen-
dent of the incident photon flux, the determined multiplex
advantage is VN/2 , as predicted by Fellgett (1951). This is
usually the casé in a2 low energy reglon, such as the infrared.
For a noise level that is signal-Gependent, such as in the UV
energy region, the detector is characterized by an outpuf with
statistics approaching a ?oisgon distribution and variance

therefore proportional to the input signal. In that case the
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HTS technique will be“advantageous only for spectra that are

characterized by a few- well-defined and intense peaks on a

~very low intenslty background. For spectra with high back-

ground, for dense spectra, or for spectra having very weak

speetral features, the HTS will have no advantage over the

conventional single slit (SS) techﬁique.

Hiféchfeldqand Wyntjes (1973) compare Fourier transform
and Hadamard transform specfrométry;‘ They also describe
various limitzations of Hadamard ‘transform spectrometr&. This.

paper was followed by an exchange of notes between Decker

(1973) and Hirschfeld and Wyntjes (1973) in the journal Applied

Optics in whilich some of these limitations are disputed.

These papers concern themselves with a number of practical
matters on which opinlons can vary. Here we mention these coﬁ-
troversial papers mainly for completéness. Thelir contents will
be discussed further below.

Wyatt and Esplin (1974) analyzed the effect of band Width
on noise equivalent power (NEP) for multiplex spectrometry
with cryogenlcally cooled, cooled-background extrinsiec long
wavelength infrared detectors. They find that the NEP is
direetly proportional to band width, so multiplex schemes that
require increased band width are not of real advantage. They
further conclude that doubly enéo@ed systems that aré based on
m + n - 1 measurements would have a real ﬁhroughput advantégé

Varioué other aspects of Hadamard matrices and Hadamard
transform spectrometry which have not been mentioned above are

covered in .articles by:  Baumert, Pratt et al (1969), Hirschy
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et al (1971), Allen et al (1972,1973), Kowalski et al (1973), - o
' Planky et al (1974), Oliver et al (1974). _

In thls thesis Chapter II will describe the mathematical
properties of Hadamard matrices and their application to spec~
troscopy. Chapter llljdescribes the Hadamard transform spec-~
trometer, and gives results on laboratory perfbrmance.

Chapter IV gives a comparison of Hadamard transform and Fouriler
transform encoding in spectrometry. The output'oflan HTS is
fed into a mini computer. The computer performs a real time
inverse Hadamerd transform to recover the spectrum. Chapter V
describes the algorithm and programming of inverse Hadamard
transform. Chapter VI discusses observational results and

thelr interpretation.
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CHAPTER IT

HADAMARD MATRICES

(A) Welghing Designs

In order to understand the mathematical advantage of
Hadamard transform encoding, let us look at the following
examples (Sloane et al, 1976).

Suppose four objects are to be weighed, uslng a spring
balance which makes an error e each time it 1s used. Assumé
that e is a.random variable with mean zero and varlance az.

First suppose the objecﬁs are weighed sépgrately. If the
unknown weights are 91, ¥s, V3, ¥y, The measurements are nj,
M2, N3s Ny, and the errors made by the balance are €;, €3, €3,
ey, then the four weighings give four equations:

-

= Py + e; n2

Yo + =r)

ti

N3 ¥y + ez ny, = Yy t ey

The best estimate of the unknown welghts are the measurements

themselves:

=
[ o
i
=
-
]
=
Lad
+
LfH
-

10

T
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’ Eby = Py
E@z =Yg (E denotes expected value)

with varlance or mean sgquare error

- 2 2
E(yy = ¢1) = Eo

= U

On the other hand, suppose the balance is a chemical

balance with two pans, and the four weighings are made as

| follows:
) o= 2] Vo + U3 Py e1
nge = P Yo - VY3 Py 22
ng = Yoy - ¢5 Yy &3
ny = I Yo - Y3 Yy ey (2-1)

This means that in the first weighing all four objects are

placed in the left hand pan, and in the other welghings ftwo

11
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| st
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i
3
i
P
i 5
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|

_objeets are in the left pan and two in the right. (Note that
the ¢ are independent of the welghts on the balance. This
point is crueial). I%t is easy to solve for vi, ¥z, Y3, Vs,

as long as the . coefficient matrix for ¥ is not singular.

Thus the best estimate for y; is

AT bkt e
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v = %lny + ma + ng F ny)
= Yy + %{e; + ey + ez + ey) S
The variance of Ce, here C is a constant, is'02 times the *
variance of e, and the variance of a sum of independent ran-
dom varlables is the sum of the individuals variances.

Thgreforeathe~variance of ﬁl(and also of ag, wg,Aﬁq)'iS
Yo g

16 4
Weighing the objects together has reduced the mean square

error by a factor of 4. In effect the signal to noise ratio

(SNR), which is given by the root mean square (rms) error l1s

T T T T R P

reduced by a Tactor of 2.
Finally, suppose the balance ié a spring balance with
only one pan,.so only coefficlents 0 and 1 can be used. A E g

good method of welghing the four objects is:

f ey

PP - S - Py G

ny = Yo + Y3 oy * €1 4
neg = vy + s + €s {
. i
13 = Yy + Y3 + e3 d
. g
T + Y, + ey (2-2) !
|
&
" 2 2 .
Inathiszcase the variances of V3, Va2, V3, ¥y, are —%—, 1%-;

fo 1o
g ?* 9
vious case.

respectively, a2 smaller improvement than in the pre-

The theory of weighing designs is of immediate interest %o
multiplex optics, .since.-the simunltaneous measurement of the

‘intensities of different bundles of rays is completely ana-
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1dgous to the simultaneous weighing of different grouns of
welghts., In measuring the intensity of radiation passed
through slits in a mask, we arve effectively 'weighing’ that'

radiation.

(B) General Mathematical Formulation

One can put the problem into a more general form.
| th

Let mi be the 1 'unknown, “j be the Jth measurement, ejrbe

the error associated with the jth measuremenﬁ. Let wji be

the weighing coeflficient of the jth measurement wlth the ith

unknown. Then

i:l‘.llln

ey j=leevaen (2-3)

nj Wjiwi
In matrix notation:

n = WNy+e

(2-4)

With the notation < > for ensemble averages, the error e, has

i
the following properties:

{1) <gy> = 0

(2) ey is independent of y

(3) <ejey> = 0 if errors are assumed to be
uncorrelated.

62 if 1=]

The problem now is the following: (i) For a particular coding

matrix W, what should be the decoding matrix A? l.e. What is

A such that ﬁeé.g,where.i_is an unbiased estimate of y.




e e b e s

- ' . j=1

(i1) What is the best choice of W (or A) that will minimize

the error of measurement i.e. What is W such that
n v '
e = <3 (@ = ﬂﬂ)z >

is a minimum.

In the absence of noise, i.e. n=0, it is clear from (2-4)
that |

i
=

and therefore

A= Wt
and |
¥ = An = g

In the presence of noise,

v o=

i
1=

i
Jre

Wy + An

and with the assumed properties of the nolse <y>= y, one ob-

tains
<_1E_> = _}ii_»]_ <y> + £<§_>
= AWy

Assuming no prior knowledge of the unknowns, one may use the

unbiased condition <y>= y. This again implies

A = Wt

—— -

8o with the assumed properties ol noise and unbliased con-

dition, the decoding matrix is just the inverse of the codling

matrix,

Onerstill has to find a coding matrix which will minimize




the uncertalinty, g .

The second guestlon can be solved in the following way:

th

Let U be the 1 measurement in the absence of nolise, then

Tfor each measurement

Mg = Wgg¥y o MWgplp bttt ot Wyg¥y foey
= n; * 'ei
S I PLE TR FF B P

= Ay (ng +ey) # AjE (ny + &5) + oo -

+ Ajn (nn o+ en)

= (A4ymy * o) ot (Byp ey Feect Agen)
= mj + noise '
The mean sguare of the noise term corresponding to the jth
unknown 1s therefore
= 2 4 een 2 2
€ 5 (Ajl + Ajn) o
= 8%? (2-7)
where _
'A = 2 + » w0 + 2 ;é . 2_8

and Aj represents the improvement in the SNR for the weighing

design, compared to the SNR for individual weighings. |
Hence, the problem of maximizing the signal fo noise

ratio becomes the problem of minimizing ejg or b, (Nelson and

Fredman (1970)).

Sloane et al (1969) -independently developed an expression

for e/s? where

WA 0 2 L o TV A e b e i S




e/ Trace W l(u~ )T

ki

Trace A-Q? ‘ : (2-9)

Equation (2-8) and (2-9) amounts to the same thing be~
cause it can be seen very easily that .

n .
z A

T 2
T

[}

The question of minimizing e had been answered by Hotelling

(Hotelling, 1944) and rediscovered by Nelson and Fredman.

Hotelling has shown that for any cholce of mask W with |WJ}51,

2
the e; are bounded by si; %ﬂ, and that it 1is possible to have

2
ei=ﬂﬁ for i=1,... N if and only if a Hadamard Matrixz Hy of the
order N exists (by taking W=HN)' This leads to the discussion
of the Hadamard Matrizx.

(C) Hadamard Matrix

A Hadamard matrix of order N is an NxN matrix HN of +1's
znd -1's which satisfles:

HH. = HI

HoHy (2-10).

N

' where IN is an NxN unit matrix.

A Hadamard matrlix has following properties: (Golomb(1964))

(1) 1Its row vectors (or equivalently, its column vectors)
are mutually orthogonal. .

(2) The Hadamard‘prope?ties wlll not be disturbed by:.
a. JInterchanging rows,
b, Interchanging colums,

c. Changing the sign of every element in a row, or

LT

e

Y T—— e
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d. Changing the sign of every element in column.
These properties enable the first row and column of
every Hadamard matrix to be normalized to contain only +1l's,

If G represents the remaining M x M matrixz (M= N-1), then H

e

can be partitloned into

l l l . - L] L] . 1

o !

15

(M= N-1)

1

It is conjectured ﬁﬂét Hadamard matrices exist for all

multiples of four. Further, if one of the following conditions
is also satisfiled,

(1) N=P+ 1 P prime
(2) N=P{P+2)+1
(3) n

Pand P + 2 prime

2 ‘ m an integer

then G can be made cyclic. That ié, the (J + l)th row can be
generated by shifting the j°° row one position to the left.
For example, when N=8, we have matrices of the form shown in

Fig. 1-1. Note that H and G are symmetrix.

Another choice for W is the matrix S obtained from G by

“replacing +1's by 0's and -1's by +1's.

The properties of 'the H, G and £ are discussed by Sloane

et al. If rows 1 and j are any two rows of H, & or S, it can

be shown that their dot product is:

e g A AT N A NP AR B SR B e R

NPT

1 A 7L AT b e
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J 18 ; —- 3
s
L
In H, : rowdi -vowg = 0O 17 |
. N ° N i=3 1
A - |
In G : row i * row J = -1 1] :
M M i=] |
In 8y : rowd - row ] = M2 i=j | :
R
The inverse of each matrix is: E f
T R N N R o
By = §Ey G ° mertGedw) 5 8y ¢ mer(®8y Iy :

where J is a M x M matrix consisting entirely of -1's and
N= M+1.
Table 2~1 gives the value of A for different matrices.

The matrix I represents the weighing scheme welghing each

object separately. This corresponds to a conventional single

slit spectrometer or to a wedge filter monochromator. -

R S e R i

Table 2-1 .
| MATRIX A ELEMENTS OF A st ~ (FOR LARGE N) §
2 15"0 ki 1 ;
' 2y~% N ;
G 1,-1 - Jﬁ(a-ﬁ) 5 %
| - L
s 1, 0 M(2-2)"1 q |
*F si a N 2 | Jﬁ' f
F cosine square T Wil 1B ¥

funetions

¥ F is the Fourier Transform case which will be disscussesd in
Chapter 1v.

1

|
%
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compared to weighiﬂg the unknowd separately. This is the

If the number of measurements N is a multiple of 4, and

- the matrix coefficients are +1, the Best welighing scheme is

the Hadamard matrix H. e will be reduced by a factor %:
N

maximum advantage a welghing scheme can obtain with weighing
coefficient IWijlil. If N is.not a.multiple-of.4, or if the
welghing coefficients are 0O's and 1's, it 1is not possible to

simultaneously minimize EqeeesE and some other-criterion

n
must be used (Sloane et al, 1976). Also the errors are uni-
fofﬁly larger than for the H-matrix, as shown'for.the G and
S matrices in Table 2-1 above.

It is interesting to'seé that a spectrometer usiﬁg the
Fpurier Transform, such as a‘Michelson interferometer, has a
multiplex advantage a factor of ¢¥B lower than the H--matrix
and a factor of ¢2 lower than the S-matrix encoding instru-
ment.

Followlng are some computer simulations for S-matrix

transformations with various inputs (See Fig. 2-1(a) to (e)).

INPUT OUTPUT
1. Constant - Constant
2, .Hadamard code: representing Single line

single line qmission

3. Single line: 1 at the 157 * Hadamerd code.

element and 0 for the 'rest.

This represents an unknown chromater, the errvor

impulse'coming'in during the propagates to other

Note, unlike the mono-

Hi
e SN

T TN
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INPUT QUTPUT.
observation. elements.,
4, Sine wave. sine wave with dif-
ferent vhase.
5. 'Square wave, - Not a perfect square
The input is not a perfect wave wave.
because we have an odd number of
elements. The input values have
amplitudes 0 or 1 for each element,
6. Straight line at a slope 1/255. Refer to figtre (2=1C).

This may represent a shift in

baseline.

(D) Optical Realization of Hadamard Edboding

We have made use of (modified Hadamard) S-matrices in two
optical instruments: One is a Hadamard transform spectrometer
having an encoding mask at the exit apertfure. The other is a

doubly encoded HTS which has encoding masks at both the en-

trance and exit apertures.

S codes can be used for both the entrance and exit masks
for the HTS, with +1 standing for an open slot through which
radiation 1s transmitted, and with 0 standing for a closed

slot where radiation is blocked.

The cyclic property- of the S-matrix is very desirable,

_for then only a single mask 2N-1 slots wide heed be constructed.

Successive encoding positions are generated by stepping'the
mask one slot width along its length. This avoids the con-

sturction of N masks with N2 slots.

e e e 2 A im a3 B 17
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{a)
Input

1 g
80 100 {50 200 o)

{b)

Density

Figure 2-1a., Hadamard transformation of a Sine wave input.
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Density

{a) input
1 [} i [ ]
50 {00 i50 200 250

{b) Output

Figure 2-1b.

Hadamard transformation of a square wave input.
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{a) Input -

!
50 100 150 200

Density

{b) Output

Fipgure 2-l¢. Hadamard transformation of a straight line input.

=



Although H and G matrices have better coding efficiency
than the 8 matrix, they introduce ftechnical difflculties when
used for spectrometer coding schemes. To utilize H and G ma-
trices, one must measure the reflected as well as the tran-
smltted radiation. In this case +l's represent reflecting
slots and -1's represent transmitting slots. Therefore 8 mi-
nimum of two detectors must then be used, one in a subtracting
mode, the other in the normal mode. The use of two detectors,
however, lncreases the noise. Furthermore, the H matrix, with
all elements +1 in the first row, makes the dynamic range of
the detector system change by about a factor of two. Also 1lts
lack of the cycllic property does not allow one to generate the
rest of the masks by the simple stepping technique mentioned
above.

1. Hadamard Transform Spectrcmeter (HTS)

For the singly encoded HTS, we use the following optilcal

arrangement (figure 2-2). Radiation passing through the single

entrance slot is rendered parallel and directed fo the dis-~

persing element. The dispersed radiation is then de-collimated

and focused upon the multi-slot mask at - the exit aperture.
The spectral elements transmitted by the mask pass through
sultable post—~optics and are collected onto a detector. One
then makes N (in our Ease N=255) measurements by sequentially
stepping the mask N times. The inversion procedure i?§fli

recovers the spectrum. PFigure (2-3) gives a 255 cyelic S~

matrix code for the exit mask.

Theoretically, the mean square error in the spectrum

) IRes 1 L Ta A p T TR e b s e

e oy g, SRR, LD




Collimoting — Decollimating
| Gratiig -
@ — 1 Oplics Optics

' Single entrance siit : Exi! mosk

=%

in position j

Figure 2-2. Schematic representation of HTS using the
S code.
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01001
01011
01001
00101
~ 01101
01001

Figure

00101
11110
11110
01101
11010
01000
00011

2-3.

10001
10101
11110
00011
11110
00100
10001

The 509
S code.

11101
01110
01101
00111
11011
11101

00001
00001
11011
00111
11100
10010

11111
10001
10010
10001
00110

01001,

11001
01011
10100
10110
10011
10000

00001

00110

10100

00010

01011

00111

exlt slit mask and the 255-element

9¢
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given by a monochromator is «2. For an HTS using the S code,

this error is %(2—%)202 (Sloane et al, 1969). Hence the rms
Ng2- VN

gain in S/N for the HTS is G= = 5~ . For N=255,

2
(2-f)20? N

-

Gv8.0 (Figure 2-4 gives Decker's results. The experimental

gain was measured as 8.0x0.3)., Note that the scale in figure

(2-8) are in arbltrary units, and the zero point appears to be

" gshirfted between parts (a) and (b).

2. Doubly Encoded Hadamard Transform Spectrometer (DHTS)

Figure (2-5) is a schematic representation of an optical
system which has a number of entrance as well as exit slits.
Instead of‘passing radiation through only one entrance slit,
a mask M slits wide 1s placed at the entrance apgrture.
Radiation passed into the spectrometer through different com-
binations of open and closed slits. The dispersed radiation
at the exit plane is analyzed in the same fashion as in the
HTS. Encoding is accomplished by sequentlally stepping one
of the masks through its N different positions for each posi-
tion of the other mask.

In a DHTS thé entrance aperture i1s modulated by 2a P 2 P
S matrix.

Let e=¢ - be the P x P matrix whose rows represent P

ir

different entrance masks. eir=1 for open slofts and 0 for closed

slots (1Si<P, 1&rsP). Similarly let X=Xy Tepresent the exit
mask. When the entrance mask is in position 1 and the exit

mask is in position J, the deteétor measurement ﬁij is

R T S v T e T 7 e, T
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Mercury Emission Spectrum - Monochromator
LOBE

095

.0.83-"
i, WA
071 ' '

059

——

046 [ 1ol ooty RSt PP ol (s ies] Lo ] Ll

L35 =

Intensity in Arbitrary Units

1.05F ”
074}

Q43—

QA2 J

» Nl
8 f 1 N 1 ) e e v el Ty It vimiad [0 e

A
145 148 151 155 158 162 165 168 172 175 179
Wavelength, (u)

Figure 2-4. Compar.son spectrum of the mercury emi-
ssion lines in the 1.4-1.8um region: (a, bottom)

as obtained in the Hadamard-transform mode, (b, top)
as obtained under identical conditions using the
same optical system as a conventional monochroma-
tor. This figure is taken from Decker, 1971b.
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Enlrance mask
in position |

—;

Exit mask
in position j

Figure 2-5. Schematic representation of DHTS.
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+ v

13 (2-11)

z g €ir Yps Xs3
r=] s=1

where ¢rs 1s the spectral element produced by radiation pas-

th entrance slot and the Sth

sing through the r exit slot, vij
is the nolse in the (i,j)th measurement; it has the following

properties:

_ L2
> = 0 Viy0Vyp” AL IED)

If the instrument has no optical magnification, the spec=-

th entrance

trum of radlation that passes scolely through the »
slot to first order is shifted by r spectral channels from the
spectrum passing solely through the first entrance slot.

Hence, only P+N-1 distinct spectral elements exist:

w_(P_l))"" ¢_1= ¢0, wl,n-.. wN—l

where

<=
]
=
mn

b (t=r-5)

1= sux +v . (2-12)

Employing the same analysis as one does for the HTS, i.e.

using the unbiased condivion <§?=g and the properties of v,
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one obtains

E’_ = E-l_n(_X_T)_l
where
wo L N TP u’_N_{_l
'ﬂ = wl * 8 2 & & v oo t:,_N
w-P_...l “DP_Q “*as b-a wnN_P.i_z

Each row i of ﬁ represents a spectrum at the exlt mask
for radiation that enters the instrument through the ith erl-
trance position. Hence the jth diagonal gives a one~dlmensional
spatial picture across the entrance aperture for the spectral
element J.

One may obtaln an average spectrum éi by averaging all the

elements in each diagonal,

-~

- 1P N
i1 F-T2T E_,¥r,r-t £=0
l P
= = 3 P _ t <0
N=|t] paq Tor-t

Harwit et al (1970) showed that if both the entrance and

exit masks are S matrices and we define

2 o o y2
ct <(£t .g;_t) »
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Then .
52 16 N2-1 o .
T (N+1) N-|t] -
L
N 1602 L
(N-{t | N2 for N large (2-13)
where , :
t = —(N"'l)’-.ut. (N-'l)
If the total mean sguare error for the unknown is
g=-1
-2 5 :
€ = b g l
2 ;
where one sums only the central element, then for the S-code é
£ c? [ggﬁlg - O(l—ﬂ N large
.Nz .
i
2 = N %
where o< = constant T - i
There are two points that shbuld be made about the DHTS. E
(1) It has not been shown that Hadamard codes are the best E
1

codes for such an instrument. In fact some evidence suggests
that Hadamard codes are not precisely optimum for this-“two-
ended" operation (Harwit et al,1974b).
the spectrum yields only P+N-1 spectral elements, plus a one-
dimensional image. It is also possible to reconstruct the
(P+N-1) elements with (P+N-1) data peints only (Harwit et al,
1974b). Fig. (2-6) gives a 15 element cyclic S-matrix code for

the entrance mask.

(2) For PxN data points

L S e
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Figure 2-6. The 29 entrance slit mask and the 15-element S code.
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Table 2-2 compares three different‘gratiﬁg spectrometers.
The first column represents the conventional single entrance
and exlt slot instrument. N measurements are made in ¢ime T,
with a mean square error ¢ in each. The second column is
for a singly multiplexed instrument with an exit mask S, and
1s taken from Sloane et al (1969). The last column Is for the
doubly multiplexed system, using Egquation (2-13) for a%,.and
has been multiplied by a factor of N to allow for having to -

make N2 measurements in time T.

Table 2-2
NO MASK - SHT DHT
21 1 ‘/g N

22.2

(E) Errors in Hadamard Spectroscopy

During the manufacture of the masks, whether by deposi-
tion of metal or by removal of metal through an eteching process,
it is possible to obtain a systematle error that leaves each
of the cpaque portioné of the mask either too wide or too
narrow by a.fized amount. This will cause a systematic varl-
ation in signal passing through the slit. ¥For example if the
open slit is too narrow by a fixed amount e, the light passing
through an open slit poéition will be
I when the open slit is bounded by two open

o]
slits,

PR
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Io(l—s) when the open s1it is bounded by one open
slit and one closed slit.

10(1—25) when the open slit is bounded by two closed
slits. .

A similar analysis holds for open slits that are too wide,
gxcept that the minus sign in'these expresslions is replaced
by a plus sign.

The spectrum of a single (spectral line resulting from’
such imperfect masks) is remarkably simple (Tai et al, 1975 b).
Independent of the particular S-matrix mask to be used, there
are always precisely four false blips present in the final
spectrum. The amplitude of these blips 1s always the same for
a fixed narrowing or widening of the transmitting slits. Two
of the blips always surround the main. spectral line, and a pailr
of adjacent blips always are some distance removed from that
line. For the 255 element S-matrix, these two are located 24
and 25 elements away to the left of the parent line. The am-
plitude of the displaced blips is positive when the transparent
slits are too wide and is negative when the sllts are too nar-
row. In contrast, the two blips surrounding the parent line
always are positive. Figure (2-7) shows the negative features
accémpanying the 1.7 um mercury vapor doublet and the computer
simulation of a pure spectral line input and its distorted spee-

trum. For the general case the reader may refer to Tal et al

(1975 b).

.
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Figure 2-7. (a) Spectrum of the 1l.7um mercury vapor doublet
showing negative peaks to the left at the emission peaks;

(b) Shows the response we would obtaln to a single spectral
line with a perfect mask; (c) Shows the response for a single
line with the radiation simulated as passing through a mask
with slits too narrow because each opaque mask element pro-
trudes into the adjacent transparent slot by a tenth of a
slot width; (d) Shows the effect of simulating slits that are
systematically too wide. Note that the main spéctral line
has been placed in different positions for the synthetlc runs

(b),(c), and (d).

.




s Tt AT e e

CHAPTER IIT

INSTRUMENTATION

(&) mMultislit Spectrometer

A conventional‘spectrometer has four essential elements,
an entrance slit, a dlspersive device such as 2 grating or
prism, & set of imaging optics, and an exit slit.

Such a spectromgter has two important parameters. Thé
first is the "resolution” R, which is a measure of how well
the spectrometer can sepafate two neighboring lines. The |
second parameter is the "throughput® E. This is.a measure of

the light gathering capabllity of the system. The two para-

‘meters, R and E, are lumped together into what is called "lu-

minosi%y" L, defined as (Vanasse, 1974).

For a2 conventional grating spec¢trometer heving a grating
of area Ag given by WH, where W and H are the width and helght
respectively of the grating, the throughput is determined by
the product of Ag with the solid zngle g subtended by the slit

2% the collimating mirror (or lens). The:éolid angle is given

-

where w and 1 are the width and height respectively of the slit

37
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and F 1s the focal length of the collimating mirror
E o Wen .28 (3-1)
72
The resolution of this instrument is
R = A

AX

(3~2}

n
o]
al=

where A 1s the wavelength, AA the closest wavelength that can
be separated, n the order, N the total number of lines on the
grating, W the width of the grating and & the spacing between
rulings.

Since dsina = ni (3-3)

substitute (3-2) into (3-3)

sin o = ni (3=4)

W=

if the slit width is limited by diffraction, which is the mi~-

nimum slit width, then

Br

W ,
W cos o _ (3-5)

substituting (3-5) into (3-4) one gets

& o SR R et b
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R n %‘uan o ' (3~6)

Comparing equation (3-1) and (3-6) one sees immediately
that, for a fixed grating area W+H, and fixed optlcal system,
E is proportional to the slit width w and R is inversely pro-
portioﬁal to the slit width w., This means that an increase in
luminosity of the system by Increasing the slit width is made
at the sacrifice of resolution, and_vice versa.

From {3-1) and (3-6) one obtains

L ~ E « R
‘;'W'H"]-"
F

Another feature of a conventional spectrometer is that it
transmits only one narrow spectral range of light to the de-~
tector, and all other spectral elements are wasted. As a re-
sult, the instrument is inefficlent.

Within the past two decades there has been much research
done in an effort to design new spectrometric systems with a
view to maximizing the luminosity L, and to observe a number
of spectral elements simultaneously. This can provide a mul-
tiplex advantage, or a wlde aperture advantage. Two quite dis-
tinet modulation teechniques have been employed in the past.

The .first depends on the wave nature of radiation, and makes

use of interferometry. The Fabry-Perot interferometer,

Michelson interferometer, and Mach-Zehnder interferometer

(Jacquinot, 1954, 1960; Vanasse and Sakal, 1967) are instru-
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"ments ol thls type. The other technigue employs dispersing
spectrometers in which entrance and exit slits are replaced by
opacue .or transmitting masks. Golay's. multislit spectrometer,
G;rard's Grill spectrometer aqd Hadamard spectrometers (Harwit
et g;,ngMaj are representative of these instruments.

A specirometer, whether interferométrie oé mask-multiplexed,
yields 2 multiplex advantage mainly for detector nolse or ampli-
fler nolse limited applications. In these cases it can be shown
that for N spectral elements, one can achieve of the order N
improvement in the overall spectral signal-to-nolse ratilo,

' S/N, over a conventional spectrometer (Chapter II).

For photon nolse limited applications, the multiplexing

| advantage is cancelled by the N-fold inecrease in the photon
noise attributed to the N-fold lnerease in.the‘energy falling
onto the detectof. Nevertheless, for photon noise limitations,
the throughput advantage can still be realized. The large
throughput will become a disadvantage when the noise is back-
ground nolse which increases fastTer than the nolse due to the
source (Harwit et al, 1974a).

In this chapter we will describe the experimental study
of a Hadamazrd transform spectrométer (HTS) and calibration in
the laboratory. Figure‘(g-l) is the flow chart of the whole Pro-
cess, starting with radlation from the telescope and ehding f
with the output of the computer. Each component will be des-

cribed,

g
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lﬁndiaﬁon from teleszope

Chopper

Squore wave modulates
< radigtion

‘ Chopper radigtion

HTS
a ENcodes modulated
radigtion by .

E

Alignment unit

™ Haodomard code
‘l Encoded chopper radiation

Cryogenic System
Converts chopped
radiation into AC
voltoge signulr :

-} AC. voitage .at chopped frequency
Princeton Applied Research ' t
Synchronus demodulator
changes AC. voliage to
DC. voltage

rD.C.vohage proportional to incoming .
A.C. signal

Voltage tc frequency converier
generates pulses at a frequency
proportionol to voltage

}Frequency proportional to DC. input

Monsanto Counter

Caunts the number of pulses
Genermeg in a Tixed ﬁn'aepinf-ervul

; ,Duiputs the number of puises

Digital Computer
Performs inverse Hadaomard transform

Final spectrum
A

- 3

: = ¥

Paper Tape |sraph [ca‘r display

Figure 3-1.

The flow chart of the data taking process,
starting with radiation from the telescope
and ending with the output of the compu-

ter.
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(B) The Opties

1. Spectrometer

Fig. (3-2) shows the basic spatial design of the spectro-
meter. It works in the Ebert-Fastie mode. Radiation passing
through the entrance aperture S8 falls upon the spherical mirror
M whieh, in turn, renders it parallel and directs it to the
grating G. The dispersed radiation is c¢ollimated by the other
half of the spheroid and focused upon the exit aperture S°'..

A 255-s8lot encoding mask is located at this position. The exit
focal plane i1s positioned in suzh a way that it bisects a 90°
corner reflection. The corner reflector retur-ns the radiation
through the spectrometer again and displaces the beam from

the center of the principal plane To one side. This reverse
process dedisperses the beam and allows it to be brought to a
focus ét the entrance plane. The dimensions of the focused
image are roughly the same as the dimensions of the entrance
aperture (Decker 1971). These procedures allow one to use a
smaller detector.

A diagonal mirror at the entrance directs the dedispersed
radiation to the liquid helium cooled post opties.

The entrance mask can be é single entrance slit with any
width between zefo to 1.5 mm for the 1x255 program, or it can
be a fifteen S-matrix code with each slit having width 0.1 mm
for the 15x255 element program. In normal use the height of
of entrance slit is 3.5 mm. It can be increased up to 10 mm.

M, is a spherical mirror with a 49.5 em focal length.

On its back it is held in place with three tef'lon-tippled
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Post Optics

Optical path through the spectrometer.
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screws. Three teflon-tippled springs bear on the front edges
of the mirrcr., This design allows one to make slight adjuste
ments in the position of M when aligning the instrument. The

central part of the mirror is blocked off to reduce stray ra-

diation.

Gis a 75 mm x 75 mm grating with 20 lines/mm and blaze
angle 5°11', The corresponding blaze wavelength at first order
is 9.03u. Pigure (3-3) is the calculated grating efficiency as
a function of slit position, at two wavelengths. At Bu the
energy iﬁaged within one slit width is 80% of the total. For

14y the energy within one slit is 52%. The grating is mounted

‘on a yoke which allows it to be adjusted in three mutually per-

pendicular directions. It is located at 0.82 focal length from
the primary mirror M.
A1l mirrors inside the spectrometer are silver coated with

a protective coating of Si0O The reflectivity of silver coat-

20

ing at 10w is better than 97%.

For a multiplexing spectrometer which has N entrance and
N exit slits, one wishes to image entrance slits Sl’ S

t 1 1
Sn onto exit slits Sl’ 82,....., Sn such that S1 is imaged onto

1

1
S S_ onto Sn at a particular wavelength A. Let ¢ be

l,.pc-o; n
the angle subtanded by S. Where § and §' zre measured from
the center of M. The grating equation for imaging S onto S'

is

Sine + Sing = == ' (3—7)

e e
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Diffraction Efficiency
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Figure 3-3. Grating diffraction efficiency as a function of slit position
at 8 and 1ium.
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Differentlating (3-7) with respect to a gives

8- . _£98¢ (3-8)

da Cos 8
The minus sign indicates that o« and B change in opposite direc-
tions., de 1s the width of the entrance slit and d8 is the wildth
of exit slit, so §#§' unless a=8.

In our spectrometer, the exit slit width 1s 0.1024 mm, 2,.4%
larger than the entrance slit width. This is the effect of
anamorphiec dispersion- a magnification produced by the grating
(3-8), when the lower limit on the slit width is set by dif-
fraction. The total number of spectral elements that can be
observed simultaneously is limited by the optical aberrations
of any particular optical system, which set a limit on the
total useful width over which the spectrum can be displayed.

2. Post Optics

The post optilces consist of a liquid helium cooled Arsenic-
doped silicon (As:S1) detector, with appropriafe opties for
focusing the radiation onto the detector (Fig. 3-4). Radiation
enters the evacuated dewar through a barium fluoride window,’
passing through a filter with pre-selected band-width. The
flltered radiation then passes through a cooled barium-fluoride
filter and is focused onto the detector inside the housing by
a gold coated mirror. A light baffle is partitioned in front
of the detector housing.

Below 1s a brief discussion of each of the cryogenic

components
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Figure 3-4,

lCnld barium fluoride window

Liguid hellum cooled post optics.
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(a) Barium Fluoride Window
The barium filuoride window is 2 mm thick and 0.75" in dia-
meter, It 1is ué@d tg cut off wavelengths longer than 1lu. It .
has a transmission efficiency of around 90% out to llp before '
1t starts to éut aff. At 14.29y4 (700 cm"l), its transmission
efficiency is 50%.
(b) Filters
A liquid helium cooled filter wheel with 8 filter posi-
tions is housed inside the dewar. Table 3-1 gives a briefl

description of each filter.

Table 3-1
Peak transmission
Filter position  Range Band-width efficiency
1 no filter

2 closed
{blocked by
aluminum foil)

3 8w - 9.9y 1.9u . T8

4 8.7y - 11.1n 2.4y B35
5 11y - 12.4p 1.4y 82% é
6 11.1p - 13.8u 2.Tu B6% ;
7 8.4y - 15u 6.0u 85% é
8 glass ‘ shorter than 2y '

Filter positions 1 and 2 are for testing purposes.

The filter wheel is held in place by a spring-loaded screw.
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The wheel was originally connected to the outside world through
a stainless steel rod and could be changed to different posl-
tions by turning the rod. It was found that the-stalinless
steel rod conducts too much heat from the outside into the
helium containing can. When the stainless steel is replaced
by a G-10 Glass Epoxy Lamitex rod, the holding 'time for the
liguid helium of the dewar increases from 9 hours to 15 hours.

{c) Field Mirror

A gold coated mirror with focal length 7 mm and £/0,41 is

used as a field mirror to focus the radiation onto the detector.
The reflection efficiency for gold mirrors at 10w is over 99%.
The mirror has 3 degrees of freedom of adjustment, one trans-
lational and two rotational adjustments.

(d) Liquid Helium Cooled Bariuﬁ Fluoride Filter

This barium fluoride window 1is also used to cut off the

‘radiation longer than 14y . Although the filiter barium fluo-

ride window cuts off radiation longer than 14y from the out-
side world, it will emit radiation of its own because 1T is

at room temperature. Since all the interference fllters have

a long wavelength leak between 20u to 26u, and since the de-
tector will cut off radiation longer than 24u only, there is
still radiation from 20p to 24y that gets into the detector

as’ background radiation. The insertlion of the ligquid heljum
cooled barium fluoride filter eliminates this peak. It was
found to cut down the background radiation by a factor of four.

{(e) Detector

An arsenlc doped silicon detector.with dimension 1.2 mm X
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3.2 mm is positioned inslide a housing, which has a baffle at
its entrance.

Arsenic doped silicon is a N-type extrinsic semiconductor.
When the detector absorbs radlation, free carriers are provided
Tor the conduction band, thus changing the resistence of the
detector. The following discussion follows the work of Putley.
For further details, one can refer to Putley (1964) and Kittel
(1966).
Let ¢ be the conductivity of the detector

e be the electric charge of the carrier

T be the 1life time of free carrlers

N be the density of free carriers, and

u be the mobliity of free carriers

Then,
o5 = NePu (3-9)
and
AGD = AJetun
= %% etun (3-10)
where
Ac

D is the change in conductivity of the detector

AJ is the number of photons incident in unit time

AP 1s the radiation power incident

v is the frequency of the incoming photons, and

n 1s the quantum efficiency, i.e. nmuber of electrons

freed per photon. -




TR i

%
where RD is the resistance of the detector
% is the length of the detector, and

A i1s the area of the detector

Then
Ag
ARD = _._P' _.-...D_
A c]%
. _ % P :
A hv NZeprt
Let
_ '
ID = e
R
D

where ID 1s the detector current, and

VE is the blas voltage across the detector

Then

=3

_ B
AIy = - -= AR

)

Let
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(3-11)

(3-12)

(3-13)

(3-14)

(3-15)
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where Vo i1s the voltage across fthe load resistor
RL is the load resistance
Then
ﬁVo = AID RL
= R, y. LAE A neut (3-16)
L.B hv & =~

From equﬁtion (3-16) one cén caleulate AP from Avo.
() Précedures for Alignment of the Optics

1) Place all components in their respective positions
and line them up wvisually. Be sure there is no mechanilcal
binding in the mask and in the driving mechaniém.

1i) Using a laser, put the spot from the entrance slot
on the middle of the grating. It is suggested that only one
entrance slot be used.

1ii) Adjust the grating tilt until the line of dispersed
dots exits at the proper'position at exit. As the grating 1s
rotated, this line of spots should remain level, not displaced
normal to itselfl.

iv) Put one half of the dedispersing mirror combination
in place. Use a T sguare to line it up roughly. At this point,
use a mercury emission lamp with proper f-number to simulate
the beam coming from the telescdpe. A number of colored image
of the single entrance slot will be seen at the exit.

v) Adjust the spherical mirrof for coarse adjustment
and the position of the dedispersing mirror as a fine édjust-
ment to bring the image to a focus on the exit plane.

vi) Adjust the grating position in its yoke until the




color image from the mercury lamp is parallel to the exit slit
length.
viil) Adjust the angle of the dedisperser s¢ that the
color image reflected by it is perpendicular to the exit mask.
viii) Put in the other haif of the dedisperser and line

it up at an angle so the radiation falls back upon the grating.

Adjust with fine adjustment screws so the grating is fully
1lluminated. The image of the grating will appear on itself
whén viewed from the diagonal,45°, mirror which diverts the
radiation to the dewar.

ix) Place the dewar on the spectrometer using %" spacers
to represent the thickness of the dewar bottom cover. Adjust
the U45° mirror so that the dedispersed image (with color) falls
on the center of the filter on the filter wheel.

x) Turn the filter wheel to position one (no filter),

50 that rédiation can fall on the field mirror. Adjﬁst the
field mirror until the dedispersed radiztion impinges upon the
detector. Be sure that all the light falls onto the detector.
Be sure that the mirrors accept all the radiatlon.

xi) Insert the housing. Be sure that the incoming ra-
diation is clear of the housing.

x11) Put in the liquid hellum shield, and the radiation
shield., Put on the nose. Use GE varnish and aluminum foll
fo reduce openings in the baffles so that they will transmit

only the bright white fringes.

xiil) When the spectrometer is on the telescope, maximize

the signal by tilting and rotating the dewar.

i
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(C) The Electronics

The data-taking process 1is contrﬁlled glectronically to
ensure a smooth process. The operator only needs to turn the
switch on. The spectrometer.will then automatically take date
in, process it, and stop at the end of the transform indliecated
by the operator. All the operator has to do in the whole obser-
vation is to keep the astronomical object in the beam. FPigure
3~5 shows the block diagram of electronic and computer set
up. The following are brief descriptions of the electronic_
parts incorporated in the system.

1. 'Alignment Sensor

The alignment sensor {figure .3~-6) is used to synchronize a
Monsanto electronic counter, and the computer with the spectro-
meter. The circuit is shown in figure. (3-6). The exit mask is
continuously moving. When the exit mask is at its starting
position, i.e. the first 255 slots are at the exit aperture,

a light pulse goes through an alignment slot on the exit mask
and is detected by a photo-cell on the other side of the exit
mask., Two transistors amplify the output 1light curve and tweo
IC chips change the light curve into an alignment pulse. This
allgnment pulse, through the drive unit, readles the counter
for counting, readies the computer to accept data, and to turn
on an indlcator light showing that the system 1ls taking data.
One can adjust the starting position of the exit mask by ad- ’
justing the intensity of the light. After 255 data polnts have
been obtained, the exit mask i1s at its other end, and another

alignment pulse turns off the counter and the indicator light.
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The computer after taking 255 readings checks that the indi-
cator light is off. This step ensures the synchronization
of computer and spectrometer.

2. Drive Unit

A drive unit (Filg. 3-7) is used to drive the entrance
and exit masks of the spectrometer. It can be set to be
adjusted by pulse streams at 100 Hz, 200 Hz, or 400 Hz. The
unit performs the Tfollowing functions:

(a) It receives an alignment pulse from the sensor
circuit (18) and generates a pulse to reset the counter for
counting(17). The pulse will also ready the computer for
taking the data.

(h) It drives the e#it mask in a continuous mode at a
displacement rate of one slot for every 41 pulses(18).

(c¢) After each set of 41 pulses the unit instructs the

the mini-computer to read the integrated signal off the counter

and then reset the counter for the next data integration.

(d) After 255 reset pulse the unit advanées the en-
trances masﬁ by one slot by sending the entrance mask advance
motor 40 pulses (11).

3., Preamplifier

The circuit (Filg. 3-8) sﬁows a transimpedance amplifier
implemented with a Burr Brown operational amplifier. The cir-
cult has the advantage of high speed, low susceptibility to
microphonics, and detector operation at constant voltage wilth
a high resistance load resistor.

Neglecting the voltage noire and current noise in the
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il

Figure 3-8. Basic detector bias and preamplifier
circuit. ‘
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first order approximation, the current through the detector,
ID’ also goes through the load resistor RF because the input
impedance of the operational amplifier can be taken to be very

large, so

v. .F
B Rp
where Vo 1s the output wvoltage,

V. 1s the constant bias voltage, and

B
R 1s the load resistance

(D) Laboratory Calibration

1. Calibration sf Post Optiles

Liquid nitrogen is used to calibrate the efficiency and
sensitivity of the post optics. Liquid nitrogen is in a dewar
with black paper along the wall to simuiate a blackbody.
Through-a chopping device, the post optics will alternately
see radiation from the liquid nitrogen and from the room. The
difference between these two radiations gives the A.C. signal.
D.C. measurements are obtained by putting ligquid nitrogen ‘
directly in front of the dewar window. The following are the

results of the calibration:

Dewar profile: fg = 7.6
fv = 10.3
Wavelength region: 8.7u - 11l.1lyu
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Band-width: 2.4y
Bias voltage: 15u , .
Load resistor at LHé.temperature: 1.2 M@
A.C. power: - Qxlo"lo watt.
A.C. signalg . 272.7 nmv
A.C. noise: o A Buv
(NEP) A.C. detector: 5.2x10723 g
(NEP) A.C. system: © 1.25x107%2 g
A.C. responsivity: . 1.2 amp/watt.
D.C. power: , | 3.05x10"6 watt.
D.C. signal: 11.32V
D.C. noise: . huy
(NEP) D.C. system: 1.‘47:{10"12 HE
D.C. responsivity: 2.58 amp/watt.
Background noise: NEPB1ip = Jﬁ”?ggﬁv
-13

=3,5x%x10

where P 1s the D.C. power

BG
v is the frequency that is assumed {o be lOHZ.

The system 1s a factor of 3.57 away from background limited.

2. Test of the Spectrometer

A mercury vapor laﬁp with emission at 1.7y is used with
the spectrometer to test the computer program. A PbS detector
and an appropriate blocking filter isolates the 1.7u doublet
of mercury. The slit width and length for each mask Is 0.15 mm
and 3.5 mm., Pig. (3-9) is the mercury vapor spectrum at 1.7

for the 1 x 255 mode. Fig. (3-10) is the mercury vapor spectrum
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for 15 x 255 mode. Figure (3-10a) shows the elghth of a series
of fifteen individual spectra. Figure (3-10b) shows an ave-

~rage of all fifteen spectra, and (3-10c) shows all 15 spectra,

each spectrum being displaced vertically from the next. The
dlzagonzl pattern near the right-hand edge represents a dis-
placement of the peak between successive spectra. This re-
presents the actual shift in spectral range between adjacent
spatial elements.

Once it was clear that the instrument with the computer
program worked properly in the 1.7u region, the spectrometer
was tested with the eryogenically cooled, arsenic-doped sili-
con detector., The transmission spectrum of polystyrene with
a soldering iron as the source was obtained. The shap e of the
filter profile and the transmission spectrum of polystyrene
showed thzt the instrument worked in the 10u region.

The wavelength calibration of the spectrometer is obtalned
by comparing the polystyrene transmission spectrum obtained by
the spectrometer and the spectrum pbtained by a Perkin-Elmen
monochromator. The wavelength celibration is then checked
against the moon spectra at 9.5@ where the atmosphere has

strong agbsorption features.
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Figure 3-10.

Calibration spectra obtained
for the mercury vapor emi-
ssion lines at 1.69um and
1.71um: (a) The eighth of a
series of fifteen individual
spectra obtained;

(b) An average of all fifteen
spectra;

(¢) A display of the fifteen
spectra, each spectrum being
displaced vertically from
the next. The diagonal pat-
tern near the right-hand
edge represents a displace-
ment of the peak between
successive spectra. This re-
presents the actual shift in
spectral ranze between ad-
jacent spatial elements.




CHAPTER IV

CCMPARISCNS BETWEEN FOURIER TRANSFORM AND
HADAMARD TRANSFORM SPECTROSCOPY

Slnce the Michelson interferometer spectrometer (MIS) and
Hadamard transform spectrometer (HTS) both have the multiplex
advantage and the advantage of large through-put, tﬁere are a
number of comparisons between them in the literature. In this
chapter the comparisons are carried out in four different as-
pects: mathematically, computationally, optically and mecha-
nically. |
(A) Mathematically .

Fourier transforms and Hadamard transforms can be viewed
as using two different weighing schemes. Appendix A gives the
mathematical analyéis 6f the coding error for Fourler transform.

Let £ be the path difference in a two beam interferometer.
P(v) is the power at wave number v (i.e. the spectral density
function). v here is taken to be the inverse of wavelength,

then S8(g), the power received for path difference E, is:

S(g) {mP(v) cos?(2rEv)dv ) A-1

1/2P0 + 1/2£EP(v) cos(lrEv)dv A2

In the Fourier transform each spectral element can be
viewed as having a phase modulation by a cosine squared term.

Its argument depends on the stepped distance and the particular

65
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wavelength. In the Hadamérd”trahsfbrm each spectrzl element
is modulated by a step funection of 1 and O ror.a S—mztrix
coding.
Ore can a2sk oneself whether these modulating or encoding
schemes zre eqgually efficlient?
' In table 2-1 we stated that for large N the multiplex ad-
vantage, or the efficiency, of the H-matrix coding of elements

1 and -1 is /N, the S matrix coding of element 1 and 0 is £

2s
and for a single detector MIS the Fourler coding is #ﬁ?g. '
This last figure is based on calculztlions shown in Appendix A.
The other two values were deseribed by Sloazne et 21 (1968).
The H-matrix is an orthornormal matrixz. The element -1 means
"subtract® the radiation, while the +1 element means “"add" the
radiation. No radiéticn is wasted and thus the coding scheme
has the highest efficiency. For S-matrix coding half the
slits zve open, 1, letting light pass through; and half the
slits are 0, blocking the light. EHalf the radiztion is there-
fore wasted each time and one can intuitively see why the
efficiency of the S~metrix is only half that of the H-matriz.
Although the S-matrix 1s less efficlent, it has the im-
portant advantage that it is cyclic; that{ is, the (i+l)th

th column

column of the S-matrix i1s obtained by shifting the 1
cyelically one place downwards. Instead of constructing a
mask of Na slits for N spectral elements, one construets only
one mask with 2N-1 slits. Such a mask has tﬁo advantages.
First, the cost of mask constructlon is reduéed by “N/2 and

the desigﬁ'bf the advancé mechanism is conslderably simplified,

e

.
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since the total welght of the mask also decreases as aN/2.

Secondly, it can be self-supporting and therefore permits the
construction of a spectrometer whlch requires no transmission
materials. In operation the mask i1s stepped one siit width -

along the length of the mask- for each successive encoding po

sition.

In the Fourier case, equation (A-2) of Appendix A

S(g) 1/2P  + 1/2£QP(v)cos(“wEv)dv (A-2)

shows that half the power goes into 1/2P0, the first term on

the right hand side, which is not modulated at all. This re-

duces the efficiency by a factor of two as in the S-matrix case.

The other half of the power i1s modulated by a cosine tern.

Cosine modulation gives a factor 1/v2 because cosines functions

do not form an orthronormal set themselves. The total Fourier
modulation efficiency is therefore 1/3?ﬁ/%. Mathematically,
the S-matrix is a factor of ¥2 better in SNR than the Fourier
transform. The true Hadamard code, which cannot be realized
experimentally, as yet, is a factor of v8 better that the

Fourier code.

(B) Computer Requirements

Both MIS and HTS require a digital computer to decode thé
data. However, in the HTS case this reduces to nothing more
than a series of additions and subtractions. Hence, as much

as an order of magnlitude in computer time can be galned over
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the Fouriler decoding procedure required by MIS (Decker, 1971).
In additlon, HTS do not have the large zero path-length spike
which is characteristic of MIS, and hence can be operated

with a substantially lower dynamic range.

(C) Optics
HTS attempts to "liberate" the grating instrument from

its inferior position and offers a possibility to convert a
conventional scanning spectrometer into a multiplex instrument
at a moderate cost. However, it is also the grating and optics
that limit the capabilities of HTS.

1. Resolution

The resolution of a grating instrument is

. A

R= %
= mN (4-1)
= ot IR (4-2)

where m is the order of diffraction. N is the total number of
rulings in the grating. W is the width of the grating. 4 1s
the separation of lines.

The MIS introduces variable path differences between twe
interfering beams. The resolution is determined by the maxi-
mum permissible path difference in the interferogram.

(4-3)

Av =

ml}—-
>4

(4-4)

=
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where x is the maximum path difference between interfering
beams.
E 1s the displacement of one of the two mirrors from
the white light fringe poslition, and

Av 1s the increment in wavenumber.

Since
— A
B=
= 1 (M '
= T ertz a, P.5)
= &2 (4-5)

£ MIS can have a resolutuilon as high as ¢106.

2. 8lit Width

In the HTS, the minimum usable slit width 1s determined

by the diffraction pattern

. {-;— F (4--6)

where F is the focal 1ength.of the imaging mirror.

It has been argued that a boxcar profile is a poor match
to a sine diffraction pattern(Hirschfeld, et al, 1973, Mertz,
1976 b). In the.presence of diffraction, the transmission at
each point of the mask will be z complex function of the spec-
tral distribution, the mask position, and the relative width
of the nearby transparent and opaque sllts.

One way to correct this is to make the sllits, wider than

the diffraction 1limit, allowing the mask's transmission to




approach the geometric optical limit. This way, however, not
only the resolution of the instrument is reduced, but the to-
tal numler N of spectral elements that can he observed simul-
taneously, alsoc decreases.

There 1s another way to look at the same problem, The
grating is an operator that changes the frequency domain iuto

the spatial domain, so that intensity as a funetion of fre-

quency, after passage by the grating, becomes 2 function of po-

sition. With diffraction effects included, the intensity has
a new functional dependence on distance. The Hadamar’ mask
code and the subsequent decoding process Just translate this
spatial distribution function back into its spectral domain.
Tharefore, an intensity pattern which is complicated by the
diffraction pattern, after the Hadamard coding and decoding,
should still show up the same intensity rattern. 3Since one
knows the diffraction pattern for a given optical system, the

diffraction effect on the spectral intensity distribution can

be computed and corrected, so that the sine2 diffraction effect

would not make the slit width any larger than the diffraction
1imit. One point, however, should still be noted. The cor-
rection that would have to be applied is wavelengfh dependent
because diffraction is wavelength dependent.

A similar problem exists in MIS (Stewart P.296) because

the moveable mirror must be stopped when its maximum displace-

ment is reached.

The sidelobes in the interferometrlc case is of the form

s v,
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Swt) = i (w=wt)T w=u ! (4-7)
W=

(Stewart P.295)

which has considerably stronger side lobes than the diffraction
pattern. Here, T is the time for the mirror to travel from one
end to the other, and v 1is the central frequency. Various
schemes of apodization have been introduced to compensate for
the side lobes in the interferometric case. |

3. Multiplex Number

The total number of elements N that cean be observed simul-
taneously yields the multiplex advantages. In HTS, the total
aperture size is limited by aberrations largely due to off axis
radiations. The aperture width is (Hirschfeld, 1973)

w o= B o. Sw | (4-~8)

where F is the instrument focal length and SW/E is a factor of

the order of 0.05~ 0.3, that describes how far off axis one

can go before the aberration pushes the individual slit width
up to the point where no further gain in N is possible,
Since the minimum slit width, determined by diffraction ef-

feets, 1s ¢1.221f, the total number N is
N o= (4-9)
and is of the order of 103.

For our HTS at Cornell, we have

F o= 49.5
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SWWO.OB (assume n medium value)

A= 10.0um
f= 7.5
N~n250

Actually, however, Mertz and Flamand (1976) suggested that
SW values >>0.1 may be realized in practice.
The MIS has a very large effective value cf N. This is

its main gain. The total wave number range observed in MIS is

_ 1
Ymax ~ Ymin = L&

1
IAS

where o 1s the step size of the mirror, ¢ is the resclution in

6

wave number. N for the MIS can be 10°.

4. Speectral Range

The MIS also has a broad free spectral range. Its range
is limited by the beam srlitter efficiency which usually varies
approximately as the cosine of the wavelength. HTS free spec-
tral range is usually about one grating order., Its free spec-
tral range can be increased by using order sorting, but this
increases the technical difficulty. Although the HTS has a
smaller spectral free range, it can Be set to recover only
those spectral bands of particular interest throughout any-
spectral regions (Decker, 1971). This is impractical with a
MIS.

RS
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5. Throughput

The throughput is defined in section 1-A as the product
of aperture A and angular acceptance @
E = AQ

For a MIS i1t can be shown that QR=2% and

ot

]
o
|

MIS m R

where R is the resolution of the instrument. ﬂm is the aresa

2

of the interferoneter mirror. Typically, Avl cm » and for

Rv10, Eyron6 x 107,

For the HTS, from equation (3-1) one obtains

Eypg = Agiﬁlg)
where h and w are slit height and width and F is the focal
length. For a double multiplexed spectrometer, the throughput
of MIS and DHTS are about the same, of the order 1()"'2 cmg.‘

Fop the same throughput, the HTS may have a worse system trans-—
mission because the HTS requires a dedispersing process.

DHTS has the additional advantage that one can construszt

g2 one dimensional picture of the source.

(D) Mechanical Requirements

The HTS mask can be made self-supporting hence no beam-
splitters or transmission optfcs, are required. Furthermore,

in the MIS, construction tolerances usually involve dimensions

g
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and motions that have to be maintained to within fractions of
wavelengths., For a HTS, the corresponding tolerances are frac-
tions of a slit width, and these tolerances are normally two
orders of magnitude more relaxed, so that this instrument will
be more suitable for rugged applications and less costly.

It is clear from the above comparison that the MIS has
the advantages of highest resolution, very large multiplex.
number and free spectral range. The HTS has the mechanical
advantages and computational advantages for large N. The HTS
can have on the order of 103 spectral elements and a resolu-
tion sufficient to resolve the rotational lines of many mole-
cules, For most IR astronomical observations this will be
sufficient. Furthermore, its potential for modifying the
existing sacnning spectrometer at a moderate cost make this a

very worthwhile field for further study.

Cie T e g T




CHAPTER V

PROGRAMMING FOR HADAMARD TRANSFORM
SPECTRAL DATA REDUCTION

An 8K Computer Automation minicomputer médel L.S.I. or
model Alpha-l6 can be used to interface with the output of a
Monsanto scalar counter which digitized the output of the de-
tector used with the Hadamard transform spectrometer. The com-
puter processes each data point as soon as it receives it and
when the data gathering fun is completed, the computed spec-
trum 1s also ready within a fraction of a second. The final
spectrum can be displayed on a cathode ray tube for quick vi-
sualization, or printed on paper by a teletype machine for
more detalled analysis. Also, it can be stored on paper tape
for future use.

There are two inverse transformation programs: 1 x 255
for the single entrance sli; and 255 exit slit Hadamard trars-
form specirometer, HTS, andEIS x 255 for the 15 entrance slit

and 255 exit slit instrument, DHTS.

(4) HTS Program

The inverse HTS program processes the raw data obtained
by the combination oi a2 single entrance slit and 255 exit slit.
Thils program 1s in double precision format. Two areas 1n the
memory are reserved by the program to store the final spectrum.

The firal spectrum can be stored in elther the plus beam or the
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minus beam area. The plus and minus beams are arbitrarily
named.

Data can come In at a rate of 10 data points per sec.,

5 data points per sec., or 2.5 data points per sec., depending
on how the clock driving the spectrometer is set. .Since a com~
plete pass has 255 points, each pass takes 25.5 sec., 51 sec.,
or 102 sec., depending on the data rate. Each pass ylelds one
spectrum. One can take as many passes as one wants until one
is satisfied with the SNR of the spectrum.

The whole program (Appendix B) is linked by the following
subprograms: COMMAND, TRANSFORM, INPUT/&UTPUT, READ, CLEAR,
PUNCH, GRAPH, DISPLAY, MATHMATICAL PACXAGE and MASK. The func-
tion of each subprogram is described briefly in the following
sections.

1. COMMAND: This subprogram performs two functions.
{(a) It commands the computer to do one of the following func-
tions: TRANSFORMATION, CLEAR, READ, PUNCH, GRAPH or DISPLAY.
(b) 1If two distinct spectra are stored in two different beam
areas, the COMMAND program can take the difference and ratio
of the two spectra.

2. INVERSE TRANSFORM: This is the most important subprogram

in the whole program. It’will take data points from the counter,
transform them and enter them into either the plus or mlnus beam
areas, or it will read the data points from the paper tape into
one beam area, transform them and enter them into the other

beam area, This program is called the inverse transform, since

it inverts the trarsformation performed by the coding mask, and
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yields a spectrum. The program also performs the Hadamard
transform, 1.e. transforms the spectrum back to raw deta, from
eilther input.

The algorithm is based on the following ldea: Let wj be

the jth spectral element and w be the welght of the jth ele-

th

13

ment of the i mask. wij equals 1 for transmitted radiation
and 0 for blocked radiation. Each measurement then has =z

value

ng T I Sigb5 tovy

where vy is the random detector noise satisfying the properties

mentioned in Section II-B. S is the 255 x 255 matrix.
th

Ny is

the 1 data point entered into the computer. The 3cmputef's
job is to decode ny to reconstruct the original spectral values

wj‘ Therefore

- 255 4
12 = I S.inm
J i=1 J1 %

1

where &j is the unblased estimate of y, and 8§~ is the inverse

of the S motrix.
According to the relation
-1 B 2 :
S . N(2§ - i)

—

1

one obtains § ~ by keeping all +1's in the S-matrix and re-

placing all 0's by ~1. The matrix obtained in this way is the
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inverse matrix of S except for a constant factor 5%33 which
only gives a different normalization.

To reconstruct the spectral values wj one needs to add or
subtract each measured value to ny different bins, according
to whether §fl is plus or minus. Fig. (5-1) is a flow chart
for the 1 x 255 transform program.

By a Hadamard transform we mean a program that transforms
the spectrum back @q 1ts raw data*ﬁ This procedure is useful
because by inspecting the raw data display which usually appears
quite smooth, any bad data point can be easily identified,
and for example, replaced by the average of its two adjacent
data points. This procedure will improve the final spectrum.

The Hadamard transform turns out to te extremely easy.
All one has to do is to change one statement in the inverse

1 -

transform program. When 8., is -1, instead of negating the

1]
data, one just sets it to‘zero.
Data points are taken both with the exit mask moving in
a forward and in a reverse direction. The inverse transform
program takes care that when the exit mask moves in the for-
ward direction, the spectrum 1s transformed into the plus beam

area. When the exit mask moves in the reverse direction, the

final spectrum is stored in the minus area. Not adding the

%# The notation here may be a bit confusing. We use the §f1 to

transform the raw data into an intensity spectrum. The in-
verse transform uses S to transform the Intensity spectrum
back into raw data.
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Initiciize the exit mask accerding o

Y

the direction the mask is maving

!

Store the first initialized exit
element info MSK{

Is clignment light on ?]

¢ yes
Compuier accept the data

Y

point from the interfoce

‘lStore the data into CNT]

-

| Set MSK2:=MSKi1 |

i
___{What is the value of {MSK2)

Jf Positive

> Negotive

Negale CNT

[Add CNT into appropriate biﬂ

{

Increase Increase no | Does MSK2 go through
MSK] 1 MSK2 |~ 255 Position

L

Is exit mask nofAre there 235 data points
yes|moving forward toming in already 2

MSK{

Decregses .

yes { Do you want to make

Fipure 5—1..

another run?

no

Move the final spectrum into
oppropriate part of the
memory for various outpui

The flow chart of the 1x255 inverse trans-
form program.
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forward and backward spectrum eliminates a degradation of the
final spectrum due to any asymmetry between the data taking for
different directlons of motion of the mask.

3. INPUT/OUTPUT: This program links up the computer, the

teletype and high speed reader. It conslists of the following
functions: Xeyboard Input, Paper Tape Input, Output to Telé-
type, Output Text from Buffer, Output Floating Point Number,

Wait for Execute Signal, Command Error Exit, Carriage Return-

Line Feed,

4, READ, CLEAR, PUNCH: This program reads the. spectrum

from the paper tape into either plus or minus beam areas for
further manipution, or punches the spectrum out from the beam
area; it also can clear the beam area. The speed of teletype
for reading is 100 words per sec. Hence it takes about 12 min.
to read the spectrum. Punching has the same rate.

5. GRAPH: This program plots the graph on teletype paper,
with 1its numerical value in floating point format. This pro-
cedure offers one the chance to inspéct the spectrum in detail
if it 1s needed. It takes about fifteen to twenty minutes to
finish a2 spectrum, depending on the complexity of the spectrum.

6. CRT: A cathode ray display is interfaced with the out-
put of the computer. It takes about 2 sec. to display the
spectrum, with a factor of 5 higher resolution than the graph
printéd by the teletype on paper. One can display the spec-
trum at the end of any pass fo see how good it is.

7. MATHMATICAL PACKAGE: Thils package is supplied by the

Computer Automation library tape, with a little modification

Y 3 -
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from our own on its double precision part.

8. MASK: This part contains the S™+

matrix, the 255 ele-
ments exhibited in the first mask position plus an additional

254 elements representing-the further-cyeling of this mask.

(B) DHTS

The doubly encoded Hadamard transform program processes
the data obtained by the various combinations of fifteen en-
trance slots and 255 exit slots. It is a single precision
program. It can accept data at a rate of 5 data points per
sec. and 2.5 data points per sec., onl* Thz2cause it takes a
longer time to process each data p ~ne whole transform
takes about 14 minutes. The final am consists of 15 se-
parate spectra, representing a one-dimensional color picture
across the spectrometer entrance aperture. Each separate .pec-
trum contains 255 spectral 2lements. The program can co-add
all fifteen separate spectra yielding a sum spectrum with im-
proved SNR.

The program consists of the following subprograms:

COMMAND, TRANSFORM, DATA, INPUT/QUTPUT, READ, CLEAR, PUNCH,

GRAPE, DISPLAY, ENTRANCE MASK, LX'T .. spendix CJ.

Since most of the subprograms ars T...o° 12 same function
as their counterpart in the 1 x 255 ¢ . : pt writfen in
single precision format, thelr deser® i« -+1 not be repgated
here. Only the TRANSFCRM, DATA, and ~'_..... programs will be

discussed because they are different from those in the 1 x 255

scheme,

e
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1. INVERSE TRANSFORM: The program can accept data eigher

from the counter or from paper tape. In order to eliminate
any asymmetry due tc the di‘Terent directions of motion of the
exit mask, the computer wlll accept data only when the mask is
moving in a given direction, either forward or backward, de-
pending on the operator. If one wants to save time, one can
still choose the mode in which the computer will accept data
in both directions of mask motion. Hence, the program provides
six modes for operation: accepting data from the counter, in
the forward, backward, or both directions, and accepting data
stored on the paper tape, in the forward, backward and both
directions. Figure (5-2) shows the flow chart for 15 x 255
progranm,

Let both the entrance and the exlit masks be linear arrays
encoded by Reed-Muller codes. Then the matrix of spatial-
spectral elements ¢ is related to the matrix of measurements
n by

54%¥2 = n

To obtain the spatial-spectral in.ormation about the viewed
scenc we solve this equation by premultiplying the data matrix
by gfl and postmultiplying by §fl

v = stas™t

Now consider the element Nyq° It is multiplied only by

elements of the first column of gfl; and in turn it multiplies

only the elements of the first row of §f1. To a given spectral-
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spatial element ﬁij’ it therefore contributes an amount .

-1 -1
511“11513 . But the elements sil 13

either +1 or -1, and the result is that each element wiJ of

and 8 all have values,
the matrix ¢ receives a contribution +n,;, OT -n,4 Trom the
reading, Ny
This procedure is generally valld. Any reading L will
.make addltive contributions that can only have values +"k£ or

My to each element ¥ of the ¢ matrix.

1J

For real time decoding we therefore need the following:

(a) A memory that consists of bins containing the con-
tributions to the elements wij accumulated up o any given
time % in the cycle of measurements. For a device that can
resolve m spatial and n.spectral elements, this memory re-
ruires mn bins and of the order of mn ﬁemory words.

(b) TFor each acquired reading Ny WE perform a series of
additions of values either +“k£ Or =Ny, One to each of the
wij memory bins. But before that can be done, we need to de-
cide on the assignment of + or - needed for a given bin.

This is done in the following way.

We store the sequence of + and - signs in one column of

1 1

s~ " and in one row of §_

and in one cycled permutation of
each of these vectors. ILet us designate these signs by their

positions in these two vectors, as §;l and §31

, respectively,
i=1,... my j=1,... n. (Since each of these sequences is cyeclic
it can, respectively, be brought into its kth and &th eycling
positiun after a measurement nkz). The elements of the two

vectors then are multiplied in all possible combinatlons to
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ziJ = Sy Sj i=1scere m3 J=lesee n

-

Each element Eij is either + or -~ depending only on whether the
signs s~! ana 531 are simlilar or dissimilar for a particular
combination of i and j values.

The additions +“k£ or ~fy., to the bins wij,are made as
sucecessive elements, zij are computed, so that the elements
Eid need never be stored. Figure (5-3) shows the relation of
Eij to a superarray containign the set of all elements that
a:e constructed at various stages of the computation.

When only a restricted number of spectral elements are
of interest,'we need to compute elements ¢iJ representing only
selected j values., This might be useful, for example, if only
certain atmospheric 002 absorption lines needed to bé studied,

and the spectral elements between were of lesser interest. In

that case only zk+i~1,£+j—l elements corresponding to given j

values need to be used, and the compubing time decreases as
p/n, where n is the total number of available spectral elements,

and p is the actual number of interest.

1

One starts with the inverse of the codes, s — and S"l, for

the entrance and exit masks stored in the computer. One stores

509 elements of the exit mask,}i;e;, the 255 elements exhi-
bited in the first mask position plus an additional 25U ele-
ments representing the further cyeling of this mask. Simi-

larly one stores twenty-nine elements for the entrance mask,
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nlumn -l

Supag-array of 4 and —slgns, . -
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Tow koj TR ' - of roms 1 10 m-), cmumn:?-!-l )
. rix ol &y to 20-1 gra a rapetition of
2met vilies used with columns §%0 n-l .

Figpre 5-3. Matrices generated by the computer during the
reduction of the spectral data. -
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representing the first fifteen elements used, plus the further
cycling of fourteen elements.

For each reading N, One essentlally makes use of the ma-
trix (figure 5-3) making use of elements k to k+14 of the stored
entrance code and elements & to 8+254 of the stored exit code.
This matrix consists of + and - signs. When s;i.and SZ} have
the.same sign, both being + or both being -, the matrix posi-
tion 1J is assigned a + sign, and the reading ny, 15 added to
the accumulatively stored value qf mij' If the elemeﬁts'szg
and SE% have dissimilar signs, a - sign is assigned to iJ and
the reading g, is subtracbed from the sﬁored.mtj values. This

" whole process takes ~100 msec, and is carried out yhile the

succeeding intensity measurement is being made.

In pratice, we start with the first spatial element, i=1
and add or subtract the contributions to all ﬁhé wlj values,
sucecessively going from j=l1 to j=255. We then‘repeat_this Do~
cedure for i values going frpm 2 t0 15. This whole-procedure
is carried out while the exit musk is movingffrOm pbéiiton A
t0 2+1 depending on whether the exit mask is moving forward
or back. The entire pﬁocess iz then repeated for the next
reading ﬁk,£+l . When the exit mask reaches its 255th posi-~

tion, & remains unchanged, but the entrance mask moves from

the position k to kitl. - _
For odd values of k, the exift mask moves in the direction
of increasing & valuess; and for even values of k, it moves o=

ward decfeasing values. In short, the exit mask moves back

and forth-as readings are taken. After the entrance mask has
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moved.through.allmits.fifteén positions,.and the total- 3825.
readings have been taken and'added onto or‘subtraqted from the .
¥; 4 elements, the run is completed.

2, DATA: Instead of processing a data point immediately
as it comes in, thls program stores the data in the memory, so
one can display the raw data points Tirst, COrrect them if there

aré any obvious bad points, and then transform them. This pro-

" gram serves the same function as ﬁhe~inverse'transfdrm in the

1 x 255 system. | |

3. DISPLAY: The dispiay program allows one to diéplay the
information in a number of different ways:
' (a) One can call for the spectrum correspoﬁding to any
one of the entrance slit positions and display it individually.

(b) One can display ﬁhe sum of the different spectra.

In order to do this, one has to take into account that the
specfrum for a given entrance slig is .displaced by one spec=-
tral position from adjacent entrance slit position. In othér'
words, the wavelength for element ¢;§ corpeSponds_to the Wavef
length for element wh+1,j+l’ because of the slightly displaced
light paths through the spectromecer.

(¢) Finally one can display all fifteen of Ehese_speetra
simultaneously, with the zero baseline of each spectrum verti-
cally dispiaced from the next one. While this format is some}
what crowded, it does allow a guick comparison of the indivi-

dual spectra.

S
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(C) Correction Program:

This program 1s shown in Appendix D writtén in BASIC lan—
guage. It corrects the error introduced by the imperfect mask.
Instead of correcting.the mask which in practlce is not pos-
sible, the program corrects the final spectrum, That is much
easier. | | |

As seen in sectlon II-D, for any spéctral line Io; the
distorted spectrum shows a line I;=Io(1—s), two'pdsitive b}ips
with amplitude (1/2)(515/1—5) adjacent to the 1ine on both
sides, and two negative blips with same amplitude, i.e. (e/2)

(I;/l-e) at 24, 25 elements to the left. The correction pro-

, S . ‘
~gram takes the intensity of every element, Io’ multiplies it

by /2, adds it to the elements 24 and 25 positions to the
ieft, and_subtraets it from the two adjacent elements, one on
each side of the liné. The final spectrum l1s compiete excepﬁ
for a different nofmalization factor. This is a linearized

correction'procedure'valid only for small values of e, e<<l.
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CHAPTER VI
ASTRONOMICAL OBSERVATION

(A) Correction Procedure'

The correction of the spectra for telluric absorption and
for instrumental response is a critical procedure. The correc-
tion is carried out by comparing the source spectrum (either |

stellar or planetary)-with a lunar or solar speetrum which is

_ taken on the same day at an ailrmass as close as possible. to

the star. The following procedures are used in the data re-
dugﬁion: |

tl) Correct the raw'star spectrum and lunar spectrum (or
uun) for negatlve dip due to the imperfect mask as described
in section II-D. -

(2) Correct for different entrance slit width if neces-
sary,bécause different slit widths will give different reso-
lution. . ’

(3) Most of the astronomical infrared sources to be ob-
served are weak sources, hencé a positive offset.is alﬁays

added to the signal fo prevent the signal becoming negative.

- (The electronics~are confused by negative signals.) The cor=

rection pracedure shownﬂpreviously also take out this offset.

One can take out the offset from the raw spectrum if one knows

how large the offset is. “Another way to correctvthis~isvby |

' substracting a constant intensity from the stellar spectrum :

| until:the ratio of the utellar spectrum over the Moon speetrum,‘
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arouﬂd“any 1arge'tslluric sbsorption reigoﬁ, such gs the ozone
band, is optimally corfected. .By optipsi correotion we ﬁean
that the atmospherio feature appears as ne;ther”avpositive, nor
a negative band. The Moon is a strong infrared signal and does
not reguire an offset, so the result can bs use& as a calibra-
tion for base line.

(4) Align the stellar spectrum and the 1unsrsteotrum by the

'telluric absorption feature. The final stellar spectrum is ob-

tained by taking the ratio of the stellar spectrum and the lu-
ner spectrum end multiplying it by the black body temperature -

of the Moon. The lunar temperature is obtained byﬂnoting-the-

phase angle of the lunar east 1limb where 3}t has usualiy been

observed, and extrapolatiné the temperature from the value gi—

ven by Linsky (1973). This procedurs_sssumes the lunar'in-

frared emissivity sf 8-14ym as unity, shich is not‘true. "Murcray
et al's (1970) results for the 1unar emissivity of 8-1Hum re-~ |
g*on are shown in figure (6-1). The observatlon was done from

a balloon. The strong feature centered at 9.6um is a result

of telluric ozone absorption. Muscray‘s resﬁ1ﬁ ﬁss not beeh'
used in our analysis because in the reglon to be discussed 8 Sum—

Ihyum, the Moon'ts emissivity is about oonstant except for the

- ozone absorption.»

'”fCB)' Dbservaﬁ*on.of u-Orionis

. Ths observations of a—orionis were carried out with the SD“

.'s:infrared telescope at Kitt Peak Nabional Observatory, Arizona,
, in May 1974. ~The oeam smze is 18 sec. x 47 sec. | ‘The Kitt Peak

. meber. The dewer has a band pass of 8 - lﬂum. The spec=
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trometer operated in the 8-11ﬁm reglon with a resolution A/aA
oo around 500. The chopping frequency was 10 cycles per second.

Three runs were taxen. Each run consisted of 10 scans of

: ‘the sources., Two lunar spectra were taken on the same day

forncorredtion.purposeSa_-For.the'lunar semperature we used

383°K. Figure (6-2) shows the raw sbectra of e=orionis and

the Moon. The a-orionis spectrum is the sum of two indepen-
dent runs.

Figure (6-3) shows the raﬁio sﬁectrum’of a-orionis éofrecﬁed_
for 1unar temperature. Except fof the region immédiaiely around
the ozone band-all the telluric absofption'feétures are gone.
The region betweén 9.35um to 9.7um is unreliable because the
ozone band has a very low tpansmission.

a~orionis is a late type super-glant with temperatﬁre
around 3000%°K. A stellar continuum corresponding to a 3000°K
blackbody is also shown in figure(6-3), normalized to'arbitrary
units. The broad .emission feature around 1Dum;'Which is due
IR ‘to silicate emission, is clearly shown in the spectrum. This
10uym 'silicate' emission feéturé'of e¢~-orionis has been previous-

_ f 1y discussed by others.

Woolf and Ney {1969) renormalized Gillett.gg al's spectra
(1968) of a-orionis and interpreted the 10um emission as coming
::?‘ . from circumstellar dust ﬁhich absorbs starlight aﬁd réradiates
. . at infrared wavelengths. Since the emission is far more sharply
peaked than a black body, the wavelength dependence of the
| 3'. - "' emission probably closely mimies the waﬁelength_dependence of

ithe opacity of the material. In the same paper, Woolf and Ney

.
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also proposed that it ¥s silicate grains which one 1s observing

in the eircumstellar dust eloud. ThiS'suggestion has been S .
strengthened by high resolution spectra of Gamown gg.gl (1972)
With resolution Jumeéso from 850 em™T to 1100 em™ . The emi-
ssivity of silicate grains should have a second peak near ZDum.
This second emission feature was observed by Low and Swamy (1970}

in narrow—band photometry of u—orionis. Another supporting

-piece of evidence for the silicate model of the a—orionis dust
-'cloud-eomes_from-observations of silicon monoxide (s10)..
Silicou-mOnoxide is-eaoecﬁed to be amoné the most abundant
molecules present in. the atmospheres of cool stars. of normal
composition.,. It is also a reagent in the condensation mecha-
nism thought to produce circumstella“ silicaﬁe-grains (Mass -
et al, 1970). The presence of silicon monoxide in w-orionis
was oonfirmed.by Cuduback et al (1971) - They observed Si0 ab=- .
sorption features around uum. :'
| The silicates are expected +o forizfrom the material
ejected by cool stars. Gilman (1969) calculated what solids
would condense from gas of suellar composition as 1t moved
away_from_a star_and_cooled. This is critically dependent on
thelratio of oxygeﬁ fo cafbonoin the gas. These elements
first‘combinesto_formccarbon monoxide;-thecsubsequent,developf.

ment depends on uhioh 6f the two is lefteover when-all.thelother_

"=has been used up in this Way._ Iffcarbon.pfedomiuates5.grauhite“-1

= will be the principal oondensate, ‘or under certain circumstances

lf}_ :_7 are. the silicates of calcium, magnesium, aluminium and iron,

RS

'silicon carbide. 18 oxygen wins, the grains whioh.should form R
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comblnatlons of these are responsible for the 10 and EDnm spec~
tral features. Aluminium'and caleium silicate may be rare be-~
cause of the low cosmic abundance of aluminium and caleclum.
Woelf and Ney (1969) expected magnesium silicate, MgSiOS, with
some iron silicate, FeSiO3, to be most abundant. For recent
work on dust grains one can refer to Salpeter's paper (1974 a)
on the theory of nuecleation and dust gralns in carbon-rich
stellar atmosphere and his paper (1974 b) on formation and flow
.of dust grains in cool stellar atmospheres. | )

' Laboratory spectfa exist for silicate absorption features
(Day, 1974). Any fine feature of the astronomically observed
silicate emission may be washed out by different particle sizes
‘and shapes, uncertainty in temperature and mixture of composi-
tion. Gammon et al (1972) examined the excess in XY Seg and

0 Cet and concluded that the type of silicates involved are

basic rather than acidic. Day (1974) synthesized the amorphous

- magnesium silicate_and obtained an absorption bandiquite 8i-

milar to the material causing the interstellar 10um absorption
feature., He suggested that the existance of disordered struc=-
tures seems & more reasonable expectation than crystalline
terresfrial—tyne ﬁinéfals. For thé momnet , thé nature of the
silicates is certainly at an unsettled stage.

Penman (1976) had measured the middle infrared refaeetivi—

) ties of five silicate minerals, and used Kramers—Konig-analysis

to obtain the optical constants of the samples. ‘He then ﬁSed“'

the optical constants in Mie computations of the absorption |

',properties of very small mineral grains. The final absorption

L A
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eross-section spectra compared to the observed 10wm silicate

of. the source W3/IRS5. A1l the calewlated spectra have sharper

features than the astronomical features due to the;appiicaticn

of Mie theory. However, the hydrated silicate, Chloritite

(hyérated MgZFe/ﬁl silicate) and'Sérpenlénite-(ﬁydféted-Vg/Fe T
silicate) fits the observed astronomical positions correctly;”f*’

They fall almost exactly at the center cf the astronomical

features.

To uhe author 5 knowledge only two spectra off u-orionis
in’8-1ﬂum eX1st 'in the literature. Gillett et al {1968)
(figuras;uaj obtéined results in the wavelength region from
2.8 to l¥um, with a resolubion A/AA=50. Treffers and Cohen
(1973)-(figure£+4b)obtained a spectrum_fromMB-lupm, and in

the 20um region with resolution 1000. ‘Gillett's and Treffers .

and Cohen's spectra are shown in figure (6-4). Compared with

our result, all show:the 10um emission. feature if Gillett's

black body curve 1s lowered instead of being drawn tangent to -
the observed data at 10um. Our spectrum shows a rather rapid

dip at wavelengths beyond 10um while Treffers:and Cohen show .

a2 slower nearly constant decline. Further high resclution

observations should clear this matter up. Our own insbrument

now operates at a resolution similar to that of Treffers~an&ﬂn

Cohen, and if ‘used on a telescope as large as. the 120 inch

Lick Observatory reflecuor that they used, sufficiently high .

signal to noise ratios should be omtained
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(C) Observations of Juplter

The observations of Jupiter were also carried out with

- the 50" infrared telescope at Kitt Pezk. The beam size is

Egﬁ‘zciﬁhﬂ The Kitt Peék bplometer 2ssigned to fhe 50" tele=
scope with band pass 8-14um was used with the Hédamard spéc»
troﬁeter. For our Jupiter observations, the.spectrbmeter-
cperated in the 10.8-13.4ym region with aﬁ effective resolu-
tion A/a) around 250. The chopping frequency was 10 cyeles
per second.

Two runs were tzken. Fach run consisted of twelve scans

‘of the whole Jovian disk. Two lunar spectra were taken on the

same day for correction purposes. For the lunar temperature
we used.a vaiue of 383°XK. Figure (6-5) shows the raw spectrum
of Jupiter and the Moon. Both the Jovian and lunar spectra
are the sums of two independent runs. Figuré (6-6) shows the
ratlo spectrum of Jupiter corrected for lunar temperature.
?he grrows labeled by'HEO éhow the position of telluric water
vapor features. Most of the tellﬁric feztures have beén can;
celled propérly.'. |

Jupifer_is co?ered by clouds which in the visible part of

the spectrum are seen from earth. Current models show three

"distinct'cloud;layers (figure 6-T7, Ingersoll), The lowest

layel is water ice, with maximumn density at about 2?0°K,_ T§¢>
middlé_éioud is'solid ammonium hydrosulfide (WH,SH) at about
200°K, Tewis and Prinn (1970) suggasted_that uitra#io1et ra~

diation from 2200 to 2700 & is not absorbed by Hy, He; CH, and

absorbedra'little3by NH3.° Therefore, the radiation in this

N e
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region may reach the ammonium hydrogen c¢loud and photolyze hy-
drogen sulfide there into hydrogen polysulfldes (Hasx), ele=-
mental sulfur, and ammonium polysulfides [ENHH)ESQT. A1) of
these species are yellow, orange, or brown and may explain the
color of zones. However, Sagan and Salpeter (1976) suggested
that even under the most optimistic assumption that every HES
fhoto dissociation event leads to polymerics, the'impl;ed Op=
tical depth falls short by two orders of magnitude from mat-
ching the observed values. Moreover, pure polymeric sulfur
fits the observed optical propertiés of the.Jovian‘red chro-~
mophores only poorly (Rages and Sagan,1977 ). The upper cloud
is solid ammonia at around 150°K. Solid ammonia is whitish and
probably forms the white zones on the Jovian disk. The color
of the Great Red Spot may be due %o high altitude ultraviolet
photolysis of phosphine (PHB) info P,H;, and amorphous red phos-
phorus. The total depth of the cloud system is about 70 Km, and

the pressure range probably runs from about 0.5 bar at fhe top

" to 4.5 bar at the cloud base. It is the cloud fops and above

where the 1l0um infrared radiation originates. Our spéctrum
measures .a.color temperaturé of .135°K which is consistent with
Ingersoll's picture. The radiation should come from_the_cIOud

tope because the Jovian atmosphere at 10.5 to 13um has appre-

ciable opaqity,_aé discussed in the next paragraph.

~ The main constltuents of the Jovian atmosphere are hydro-
gen molecules, helium moiecules, methane and ammonia, with mi-
nor constituents hydrogen sulfide, water, ethane and acetylene.

Table 6~1 shows their observed abundance ratio by number.
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Solar composition‘aﬁmosphére (fﬁaction hy:nUWbEr)-

PABLE . 6~1

(1)

(2)

0.886
0.112

1.05 x 1of3
=l

4

6.30 x 10°
1.52 x 10°

2.90 x 1070

0.870

0.128

8.80 x 10™
6.17 = 10™
1.49 x 107
2.56 x 107°

(1) Weidenschilling and Lewis (1973).

(2) Podolak and Cameron (1974); Cameron (1973).

The table is taken from Ingrosell.
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The abundances of hydrogen, methane, ammonia, and helium seem
consistent judged Irom solar atomic abundances. For.detailed
information one can refer to MeElvoy (1973).

The opacity due to hydrogen molecules is caused by pre-
ssure induéed dipole absorption. The hydrogen molecule has no
permanent dipole moment, and consequently, no permanent dipole
spéctrum. Gaseous H2, however, has a weak prESsure = induced
dipole spectrum which absorbs significantly over the long path
lengths and 1ow-pressure of thé Jovian atmosphere. The iﬁduced

dipble moment resulits from two distinet physical process

(Kranendonk and Kiss, 1959), The first takes place when the

permanent quadrapole moment of one molecule iﬁduces a dipole
moment in another molecule by virtue of the neighbor's pola-~
rizability. This is a long range intefaction. The second
physical process takes place when the overlap forces of the
two adjacent molecules cause an asymmetrical distortion of
their electronic charge clouds. The net induced dipole moment
is modulated by the relative translational and rotational mo-
tion of the colliding palr and this modulation produces the
absorption of infrared radiation. The translatlonal spectrum
is predominant at long wavelengths with its peak at 100um at
100°K (Trafton snd Munch, 1969). In our wavelength region
(10.5 - 13um) its contribution to the opacity is negligible.
The rotational hydrogen collisional sﬁectrum, hdwever, has its
peak atOITum and contributes a continuous opacity in our wave-
length region (Th. Encrenaz, 1972).

The helium molecule also‘has no permanent dipole moment,

i
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Its opaclty comes from the collislon with the hydrogen mole-
cules and resembles the HE-H2 collision process. The colli-
sion is less important due to the smaller abundances of helium,

Ammonid is an important source of opaclty at 1lOpm under

Jovian atmospheric conditions. The 10ﬁm band of ammonla arises

from transibtions through the vy, mode. In the v, mode of vibra-
tion, the nitrogen atom oscillates vertically relative to the
plane of the.hydrogen'atoms (figure 6-8a). The nitrogen atom
is able to penetrate through the'potentiai barrier to the Ether
side of the hydrogen plane. This inverted position leads %o
Inversion 5plitting of the levels of the ammonia molecules.

The splitting generates both'symmetric and antisymmetric energy
levels with a given vibrational quantum number.. The 10uym band
of ammonia arises from trénsitions from the ground vibrational

state to the first excilted state in the v, mode (figure 6-8b).

Another transition, from the first excited symmetric vibra-

tional state to the second excited asymmetric state is also in

10um range, but the contribution due to this "hot band® is small
for the low temperature in the Jovian atmosphere.

The ammonla is clearly seen in abosrption in the spectrﬁm.
The éenters of the bands are shown by the arrows labeled NHS.
The ammnonla absorption has been observed by different groups.

Gillett et al (1969)(figure 6~9) observed Jupiter from
2.8~14ym with low resolutilon A/AA=50. Briefly,-their results
show the following: The spectrum has a depression at 3.3um
caused by CHH. Solar heating of the upper aﬁmdsphére.via this
band results 1in warming of the upper atmospheric layers. This

! e e o
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Figure 6-8. (a) Schematic representation of the NH3
molecule., The components of angular momentmn"v and

the motion in the v, vibrational mode are also shown. |

(b) Energy levels of the v, vibrational mode of am-
monia,., Superscripts a and s refer to the antisymme-
tric and symmetric levels which arise due to inver'-
sion splitting. : . :
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proceeds until energy is radiated at the same rate via the 7.Tmm |
" band of CHH' Ammonila absorption'around loum was EISO-detected--b SRR

Judgling from the CHA emission, these authors were the first to

suggest a temperature inversion- on Jupiter caused by solar
heating of the 3 jnm band of CHM They'also showed that the
dance at 12 Sum, assuming a temperature of 125 K, is 12 km—atm. '

’NH3 band at. 10pm is saturated and calculated that the H

with a oressure P ml/hatm.

Hao :
_ Aitken and Jones (1972) obtained a Jovian spectrum from
: 8 - 13um at . a resolution A/AlmlMB(figure 6 10) The ammonia-
absorption band is again seen. They estimated that the ammo- '

nia ‘abundance in the band is about 2, 7 cm~atm. and a lapse rate

= —% at 13um given by H——30K. where H is the scale height N
20k, : R 3:. - 'z e L ”":l i‘, R

' The most recent'published»infraredisbeCtrum-is bylbacy;isﬂ
et al (1975) who ueed the'Lick.Obsertatory 120" telescooe;':
High resolution spectra were obuained at 890 cm 1(11 2Hum)

- with A/AA-1780. Medium reeolution data were observed from

':d1000 em’ 1 %o )
(figure 6—11 a, b} The authors also calculated synthetic "l |

B spectra, assuming that NH3 and H2 are ¢he only sources of opaei:filbzet_rl.:i%

'eity._ Their conclusions from comoarison between observed and

-'computed spectra follow.;;All of the prominent lines in their

_Lseobserved spectrum are saturation NH3 bands broadened to a width o

lrgmany times the pressurer— ‘broadened line width. The observed s fgg

i e iy 2

:~135°K continuum is primarily formed by the wings of the NH3 U £
R _‘;-fiine. The H opacity may be important if NHB is unsaturated
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.123°K, about: 5°K larger than the derlved temperature due to

near 135°K. A pressure of 0.125 atm. at 135°K is required to f%
form the continuum. The minimum %emperature in their synthe- |

tic model is 118+5°K while the observed minimum temperature is

incomplete resoclution of the features. The lapse rate at-135°K ‘
is 7.522.5°%/SH. Gillett et al (1969) estimated the lapse rate ;ﬁ
at the NHS saturation level is U°K/SH. A discrepancy occursi_ )
in the comparision of the medium.resolution data between 870
and 890 cm ~1, In this region the Jovian spectrum seems to be
depressed by ebeut 2%% relative to the calculated curve. The
authors sﬁggested that 1t may be due to anAas ye% unidentified
minor constituent of the Jovian atmosphere. |

Our spectrum has about the same resolution as the medium
spectra of Lacy et al's and so the two spectra can be compared.
The 1ine posifions match well. The vertical matching shows a
drift towards longef wavelength. Figure_(GQila) is obteined. K
by matching points & and B. The_short_weVElength side:matches
but the end of the 1ong'wavelength-side isfabout_l.S times_
higher. 'Also our spectrum.seems'to metch'the‘thenretical curve- I i?
better at B70 to 890 om'. Figure (6-11b) is obtained by mate |
ching A end”Bi Then the long anelength side matches better

than before but the short wavelength side is different. Also

now our spectrﬁm matches better with Lacy et al's observed

result at 870 - 890 cm”l. A conclusion about the discrepancy ‘ -

at 870 cm -1 between Lacy's observed and calculated speCUra can: o . 'f@
not be reached at present until there is a better way for mat- | -

thng our and Lacy's et al's spectrum. Also it is not clear ' xﬁ
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whether the difference in matching of our spectrum and Lacy
et al's between long wavelength and short wavelength is real

or not. There could be several reasons for the differencé;

It could be due to the inaccuracy of the end of the spectra, o

because the short wavelength slde is the end of our spectrum

and the long wavelength side is the end of Laey's spectrum;

or it may just be due to the matching technique. DMore effort

is needed to clearify this point.

The.:ﬁsprptiqn due- to NH3 is much less important beyond
12y, s0 one may be able to use the H2 opacity to estimate the
lapse r&te in that region, The‘lapse rate_can be estimated
by the equationv | . |
rg o 2(%)

T (x,) = = lu
B2/ 2 a(lz)

To(2y) -

where TB(ll) is the brightness temperature at A
TB(AE) is the brightness temperature at A
T is the lapse rate '
a(}l)"is the absorption coefficient at A
'a(xz)_ is the absorption coefficient at A
H  is the scale height

If one choo=es 11 95, A —12 34 with measured bright—

l
ness temperature T 133 9H S ~133 6h, a(l Y, a(l } are taken

from Calpa and Ketebaar (1957), one obtains a result TH=-43.2°K
' for an H2 opaciby dominated a mosphere. Gillett et al (1969)
_calculated the adiabatic 1apse rate (rH)ad—-ME 4 for an- H2 at-

.mosphere, while Aitken and Jones (1972) meabured a value of |

PH;~30°K'from»their speutrum. Our value seems_closer to the |

R e e sk e s = e
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value calculated by Gillett rather than to Aitken's. It 4s
emphasized here that the estimate is based on the assumption
that the H2 ooaoity is the dominant opacity at wavelengths
11.95¢ and 12.34y, which may not be true.
Methane has a-etrong emission band at 7.7u but does not

have any band structure in our region. Methane has two im-
portant contribution to the overall thermal structure of the
Jovian atmosphere. The first one is that methane hes'en ab-'
sorption band at 3. 3um whieh absorbs solar energy and rera-
dlates at 7.7um producing an inversion temperature 1ayer with
.a ﬁeiimuﬁ‘temperature of 150°K'at an altitude 160 - 200 km.
Secondly, methane is photo dissocilated by ultraviolet light

in the upper atmosphere. This results in oroducts such as
ethane (CZHG)’ acetylene (CgHa), and ethylene (C Hu).. Strobel
(1973) estimated that column densities of C SHe s CzHg’ C.H),
"above the cloud top are approximately 1021, 3 x 1016
3 x 10%9cn2 respectively. C,H, and C,H, were first observed .
by Ridgway (1973) using the 60" Kitt Peak solar telesoope in
- the 750 = 875'cm"l (11.42 - 13.33um)range with resolution
A/Ax=770.(figure 6-12a). The lines are shown in strong emi-
' ssion at tne 140 K temperature. The apparent lines are super-
'positions of many 1ines, each group corresponding to a sub-
:band,‘ARidgway‘calculeted that the mixing ratios are N(caﬁﬁ)/
N(Hp)=h x 1073 and N(C,H,)/N(H,)=8 x 107>, The ratio N(C,Hg)/
N(C HE)eSO ohére Strobel preéioﬁs about 200. Combes et al
-(1974)'3 (figure 6—12b) observation confirms the presenoe of

very strong emission 1ines of 02H2 and C H6 The abundance of
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Figure 6-12. (a) Thermal emission spectrum of Jupiter cor—
-rected for absorption in the earth's .atmosphere observed by

Ridgway (1973). The dashed line is the predicted form of
the H2 continuum. (b) The ratio of the Jovian spectrum to

the atmospheric absorption spectrum observed by Combes et
at (1974). The solid and dashed lines are the b1ackbody
curves at 135°K and 120°K respectlvely.”
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ethane estimated  from Ridgway's spectra depends strongly on the
distribution of gas temperature, -which is not well-determinded.
If the temperature in the mesospheric inversion layer turns out
to have a maximum value of 150°K, the observations indicate o
(Ridgway 1974) 2 x 1072 gm em™' of ethane in this high tem-

perature region. Sagan and Salpeter (1976) estimate the column

density of ethane'molecules to be 3 x 1073 gm em™2

by assuming
that ethane is produced by photolysis of meﬁhane‘by eolar qlé
traviolet photon and destroyed mainly by eddy d;ffusion into
the troposphere, followed by ﬁjreiysis in deebér;lhqtter,layers.'
This would be in very serious conflict with.the observatioﬁs, eS-
pecially since only a small fraction_of ﬁhe fheofefiealecolumn

density refer to the hotter inversion reglon.

The ethane emission band is also shown in our spectrum

- (figure 6-6). In the figure the indicated emission line posi-

tion was extrapolated from Ridgway's spectrum, and the laboratory

observed position by Smith (1949) are also shown for comparison.

Our positions agree with Ridgway's reasonable well, whille Smith's

seem dispiaced'ffom ours bj O;Olum,pOSSibly due to a uncertain-

can be seen iﬁ our Spectral coverage. The abundance of G HG is

not. estimated here because the absolute amplitude of our spec—

trum is not well calibrated | o
Our—spectrum contains both ammonia and ethane features._

while other ooservers.have not shown both. This will be use—,

' ful because one can compute the synthetic spectra including

bothi. Ammonia_will prdvide us with information about the top

N

Ty in position calibration. Only a portion of the 02H2 spectrum :

= S
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of the cecloud layer while ethane provides us with the informa-
tion about the inversion layer. A synthétie spectrum including
both ethane and acetylene would be intefesting because the in;
clusion'of.these_new.gases would affect the models, especially
around the inversion. Acetylene would appear around:lsﬁm.

The absorption of solar radiation by CHy at 3.3mm used to be

thought to be radlated solely by CHy at 7.7wm. The T.7ym emi-

ssioh-intensity is a critical test of a temperature inversion
model and the emission intensity caleculated by Wallace gg_é;
(1974).is within 25% of the value observed by Gillett et al
(1969). If ethane and acetylene do contribute to emission in
the thermal infrared, there must be some additional source of
solar absorption in order to produce the observed inversion ftem-
perature. Additional absorption at this altlitude, perhaps due
to particles, is suggested by the -low ultraviolet albedo of
Jupiter in the wavelength region 2100 to 3600 & (Wallace,
Caldwell and Savage, 1972). '

Terrile and Westphal (1976) had imaged Jupiter at high

,jspatial résdiution at'8 - lhum. All'images-révéal»a-hélt“and,

zone structure similar to visible photographs. In the B - 14ym

'broad—band.data, belts appear to be about 2°K hotter than the

‘zone. The lowest belt-zone eontrast is found in the hydrogen

opaclity dominated region at 12 5um.s while images at 9. 5pm have
the greatest contrast. .Tnis is cpnsistanthith the dynamlc

‘pieture that zoneS'are-rising co1umns of air and belts are .

- sinking columns of alr. Ammonia grs being carried upward in

zones will freeze+out and form a thick cloud on top of the zones,
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' servations should increase our understanding of Jupiter's cloud
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giving a low infrared temperature to the zones, znd the crys-
talized NH3 particle will be carried down to the deep atmos-
phers in the belt where they will get sublimated. One can look
deeper into clouds in the belt because of the lack of‘the ame

monia cloud on top of 1t and therefore see a higher infrared

| temperature. Although there are a number of high resolution

spectra of good spectra for methane. The observatlion of methane

~will be interesting not only because it provides us with in-

formation about the inversion layer, it is also useful to find
out the'temperature_profile. If the temperature profile of
the Jovian atmosphere is known, one can use it to find the am-~
monia abundance profile. Ammonia itself is not a very good
tool Tor probing the temperature profile because it has a low
vapor pressure and 1ts variation is very sensitive to tempera-
ture changes. Observations of methane at 3.3um and 7.7um,
should be able to accomplish this. |

The Hadamard transform spectrometer described in this
thesis would be able to make these observations, with small
modifications that would permit oﬁServations to be made at these
wavelength. In addition, observations should be undertaken at
8.0 to 9.5Imicr6ns ﬁhére neither ammonia nor.methane have strong
absorption}feaﬁures, At these wavelengths one would be ob-

serving the clouds. In this 8.0 o 9.5 micron veglon our in-

-s%rument'should be able to image the bands and zones of Jupiter,

to probe for spectral differences and cloud features. Such ob-

structure.
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(D) Observations of Mercury

The observatlions of Mercury were made wlth the newly built
Cornell 25" telescope at Mount Pleasant, Ithaca, New York. |
The telescope has a2 focal ratio £/13.5 . The spectrometer's
acceptance beam size 1is ?TE“ x'?gﬁ . The dewar described in
section III-B was used with the spectrometer. The spectrometer
operated in the 10.5~13um region with a resolution A/AXx around
300, The chopplng frequency was 10 cycleé per second.

The observational procedure was carried out a little éif-
ferently from the observations of a-brionis and Jupitér.

First, Sun spectra were used for correcﬁion spectra rather than
lunar spectra. There are no known molecular 1ines in this re-
gion. Its temperature at 11.10um is 5030°x(Saildy & Goody).
The ‘observations were made on August 3, 1976. At that time the
éun was about an hour away from Mercury, and was observed
through roughly the same air mass as Mercury. Secondly, Merf
cury is so faint in broad day light that we were unable to see
it in visib}e light. The;way to find Mercury was the following:
We pointed the telescope in the correct region and scanned for
the infrared gignal.- The signal is so strong that one can see
it go off scale on the synchronous demodulator. The pointing
accuracy of the‘telescope is 6 sec. of time in right aécension
and 25 sec. of arc in declination. Thirdly, since we could not
see Mercury visually for tracking, we adapted a different me~
thod for Ttracking MErcury. Since our computer programming is

set up in such a way that the data taken when the mask is

‘moving forward and moving backward are stored ip different

“ﬁA“M—j‘-—- . " . . - -.




argas, we only took data when the mask was movipg forward.'
When the mask was mbving backward we maximized the signal to )
assure corréct pdiﬁting and waited for the next forward pass.
Any noise introdﬁcéd When moving the telescope for maximizing
the signal would have gone into the backward-pass data bins-
and %hose data points wére thrown away anyway. Sincé each péss
takes 51 see. only, Mercury remained at essentially the same
position during the forward data tzking pass. | |

Two runs of Mercury and two runs of the Sun were taken.
Each run consisted of ten scans of the sources. Figure (6-13)
shows the raw spectra of Mercury and the Sun. Since Ithaca
has a lot of moisture in the =2ir auring the summer time, the
correction for atmospheric features is more difficult than at
Kitt Peak and is done in a different way. A constant was added -
to the Mercury spectra such that atmospheric féatures in the .
Mercury/Sun ratio spectruﬁ were minimized. This stép ensures»'
that the étmospheric features are largely corrected. The Mér-
eury spectrum which has a constant added fo 1t was then multi-
plied by another constant to make ifs amplitudé as close tﬁ" |
that of the solar spectrum as possible. The solar spectrum
was then subtrﬁcted from‘the modified Mercﬁry'speetfum;'.Thé
multiplication of the Mercury.spectrum‘by'a_constant assuréd
that éﬁmospheric features in the two spectra had similar am-
Plitudes befbrezthe subtréetion-step. This difference spec-
trum:was then added to a “perfect" solar'speétrum which is

caleulated acddrding to the;blaCRbody'functibn appropristé to : )

'the solar temperature. What one gets from these procedures is:

T I e e e T

LETTO RN

ey

o l'l“t.'... )




123

Relative Flux

l | 1

Mercury

10

Figure 6-13.

15 h 120 12.5
Wavelength, p

The raw spectra of Mercury and the Sun.
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 Pinal Mercury pectrum

o= observed corrected Mercury spectrum.— observed solar
fspectrum + perfect solar spectrum | | |

("perfect" Mercury spectrum £ noise in.the Mercury spec-

'_}trum) - ("perfect“ solar spectrum + noise in the solar

: spectrum) + “perfeet“ solar spectrum.:

o

trum - noise in the solar spectrum)

Any systematic noise such as emission and absorption due to the'

' sky or to the telescope will be subtracted away. The advanuage

of~this method-ie hat the final spectrum is obtained through

subtraction rather than by division. Division, in the low sigf,-

nal portion of the spectrum, produces deceptive high noise g
-spikes in the ratio spectrum, The method we have,used tendsu '
t0 eliminate these. o SR :

Since this wall be the first high resolution Mercury spec—

frum :btained we will calculate Mercury s disk integrated in—

n£=frared temperature and. compare this temperature with the observed o

one. Morrison and Sagan (1967) had calculated the infrared

b brightness temperature of the center—of—disk as a function of
.a_phase angle and heliocentric 1ongitude, but there is no cask |
R integrated infrared temperature available in the literature.z_“ﬁ__,
‘,1In the following we will discuss the factors that may affect |
\:'the brightness temperature, and.then present a method of cal-‘t‘
i iculatirg the disk integrated infrared brightness and compare it
}_-with our observation,_ A good reView of thermophysics of Mer B

_ :cury is given by Morrison (1970)

_g"perfect" Mercury soectrum.+ (noise in the Mercury spec—
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In 1965, Pettingill and Dyce (19655 used radar to discover

| that Mercury has a rotation period of 59 days, two thirds of

the orbital perlod, instead of an B8 day synchronous rotation

"fargﬁna the Sun. This'impiies that Mercury has a solar day,

on’ the planet, about 176 terrestrial days long, equal to two

| orbital revolutions in three rotations.. Mercury's non-synchroe

nous rotation 1eads to tlme—dependent thermal emission of the

»planet due to the diurnal variation of ‘the insolation. This

diurnal variation would not happen for a synchronously rotating

'Mercury. The dlurnal varlation changes the brightness tenpera—

ture as a. function of both ohase angle end heliocentric longi-

- tude. It also allows a measurement of the thermal properties

of Mercury's surface.-
' Because of the high eccentricity of Mercury s orbit
(e=0.2), the diurnal cycle of insolation is markedly different

from longitude to longitude, and can differ.by a factor of 2.5.

’ The'eccentricity>enters in twWo ways. First, the variation in

distance from the Sun produces a solar constant that varies hy

. more than a factor of 2 from perihelion to ‘aphelion. Second,-
| the changing orbita; angular veloclty causee the apparent speed
" of the -s'ﬁn'acg;ossﬁer si:ﬁrﬁ- to ‘yery; near perihelion the angular ’
:_, velocity of revolut on actually slightly exceeds the angular
..velocity of rotation,'and the apparent planetocentric solar mo—t

'tion is ret rograde (figure 6 14 Soter and Ulrichs, 1967)

The two effecte of the eccentricity reinforce one another, With' L '

the 1arger flun coming at a time when the angular rate of the'

Sun acroes_tne sky 1s largest The two longitudes (180 apart)c"




A

Figure 6-1l,

Diurnai path of the Sun about Mercury, drawn to scale.

The relative positions of the Sun are marked at 11 day

intervals with the planet held as a fixed reference.
Planeto-graphic longitude are indicated for Mercury.
(Taken from Soter and Ulrichs, 1967).
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that see the Sun overhead at perihelion receive more than two
and a half as much energy per period as the longitude 90° away,
where the Sun is zlways small and rapidly moving whilé near the
zenith.

Besides the insclation geometry, a possibtle atmosphere on

Mercury will also affect the thermal emission. 002 ls a major

product for a possible secondary atmosphere, furthermore, since
002 could have been photodissociated and reduced to CO by pre-
ferential loss of oxygen, Fink et al (1973) had set up a search
for a possible Mercury atmosphere of 902 and CO. They set up
an wpper 1limlt 1.0 x 10‘” mb surface pressure for 002 and 2.0 x
10"5mb for CO. Mariner 10's results also suggest that Mercury
has no atmosphere although it may have a thin layer of He and
other inert gas trapped by Mercury's magnetic field.

The optical observations of Mercury show that the integral
spectral reflectivity of Mercury is quite similar to that for
the integral moon (McCord and Adaﬁs, 1972). The Bond albedo
of Mercury (de Vancouleurs, 1964) is 0.058.

In our model caléulation we assume the following things.
This model has been described by Murdock (1974):

1. The emission from the dark .side at the phase angle we

observed is negligible. On the day we made our observations,

August 3, 1976, the 11luminated portion amounted to 0.973 of
the total disk and the dark portion was 0.017. The dark side

‘temperature is about 110°K, which at 10um has a flux 6.7181 x

Battecn ey tosp™Y. The flux for 500°K at 10mm is 7.1007 x

10"3watt-bmf2-u"1—sr-1, so the contribution from the dark side

10°
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is négligible.

2. At infrared wavelengths, the radiation that reaches the
obgerver originates very near the surface, so the infrared témn
perature 1s assumed equal to the insolation temperature. Soter
and Ultichs' (1967) results show that the day time temperature
is independent of the thermal broperties of the surface materlal
and determined largely by the insolation temperature.

3. The infrared emissivity we assumed was 0.9, which 1s the
lunar value. We choose this value since Mercury's surface may
be similar to the lunar surface.

In figure (6-15) we choose two coordinate systems on Mer-
cury surface. The unprimed systeﬁ is the "solar system" with
the z-axls pointing towards the Sun. A is the subsolar point.
The hemisphere above the plane BCD facing the Sun is the iilu-
minated part. The primed system 1s the "earth system! with the
z'-axis pointing towards the earth. A' is the subearth point.
The hemisphere above the plane B'C!'D' facing the earth is the
portion that is being seen from earth. The two systems afe
different by an angle a with the x-aXxis as the common axis.

If the surface is in equilibrium with sunlight and cannot

conduct heat away, the subsolar point temperature is:

To - S(l—A; 1/h ‘ (6-1).
_ ceR
where S 1s solar constant at earth, equal to 1.36Ox106erg t:'.m"es;"l
A 1s the Bond albedo for Mercury, assumed to be 0.058.
o 1s the stefan-Boltzmann constant equal to 5.67x10'5 -
erg em™ 21 '
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Pigure 65-15.

Two coordinate systems on the surface of
Mercury. The unprimed system is the "solar
system" with the Z-axis pointing towards the
Sun, A is the subsolar point. The primed
system is the "earth system" with the Z'-axis
pointing towards the earth. A' is the sub-
earth point.
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¢ 1s the infrared emissivity at 10um from the surface,

assumed to be 0.9

R is the distance between Mercury and the Sun in astro- ' ;;

nomical unlts
Mercury's subsolar polint temperature varies wlth distance from

the Sun as R"l/a

and therefore is a function of heliocentric
longitude due to the eccentricity we discuss above.

In the unprimed system the temperature distribution on

B T

the surface wlll be concentrie isothermal bands around the sub-

solar point. The temperature of a band at colatitude p 1is glven

by

1/4

il

T(8) T, cos™ "0 | (6-2)

The total intensity at any wavelength region will be composed
of the contributions at that wavelength from many isothermal

regions each with its own apparent ares.

Since one is interested in the flux coming to the earth

one wiil have,

dF} = I,(6',") aar (6-3)
= I,(e%,¢") r?5in6tdd'dé! . (6--1)
= E,(0',4") cosbirisingtdetds! (6-5)

where dF! is the flux at wavelength A coming from the area GQA’

IA is the intensity at (8',¢!) B

dA' is the differential area on Mercury

r is the radius of Nercury




where G;= 1.1909 x 10%watt e
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Eh(e3,¢') = Ih(e‘,¢’)/cosa'_is the component of flux
that réﬁiaﬁes_toward the
‘earth. |

T_El(a?,¢f):is a complicated-function'ofA(B';¢’) baéausé the

temperature distribution is a complicated functibn_of'(efs¢');_
However, one can convert the system to the “sun-coordinaﬁé“ |

~where 2,(6,¢) is a simple function.

- Since - dA* = dA T -__i; . {6-6)

cose! = cosécose - singsindsing : (6—7)‘.,

equation(6-5) becomes

dF, = E,(8) [cosécose - sinesingsind] r2sinedsds

where

(6-8)

1-1 1

y oosr
C,= 1.4388 x 10wk

and T(8) is given by (6-2)

so - |

| F. = r2rdefdé Ea(a)(sinacosaeosa'- sinzesin¢sin&)

| | (6-9)

The integral (6~-9) can be separated into two parts, for esz8

‘where § = F -« - | (6-10)

is the limit of the cap shared by both the Sun and the earth,
i.e. the limit of integration over de can 4 go from 0 to 2u.

For 6»8, the 1imit of the integral over d is constrained by

el




RSN AN CRNY N SO SR

132

the physical condition that some part on ¢ thet is illuminated

by the Sun can not be seen from the earth.

So (6 9) becomes
8
Foo= r2! def d¢ E (e)(sinecOBBGOSa - sin o sin@sina)
¢ (8) - | _
+ rsz des 2 d¢ El(e)(sinaeosecosa - sin2esingsine)
: (6-11)
To £ind $;(8) and $,(8) one notices that ¢ is given when 8'=90°,
From (6-7) o S

cos@! = cosgcose - sinesingsine
a' = % =} sing = cobtgcote - (6-12)
and
¢ : = sin"*(cotecots) (6=15)

Since ¢ will also be symmetric about, the y-axis, equation (6—11}

can be rvewrltten as:

| F,.= rzé-' deIE" Ekée)(sinécosecdsé é{sin?ﬁsin¢sina)

%- 2ﬁ+sin-l(cctacdta)~

+ £2 gers | sl(e)(Sinecosecoss -
o _ w-sin’ L(cotucote) |
2 "% ' | sinzesbn¢sina)

(6-14)

After evaluating the integral one obtains the'fdliéwing{

p '_‘ -.... ; .‘ ey 2 - X
(9) £1n%0 I3 -~y 1n20ps0 El(e)§55LJi

% o , -
I3 - En; cosa =5 5

o
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+ 2r2I2'v a6 sin~t(cotecots)’ sintcosdcose 23(6)5’
T o oA
- ‘ TR S
i(a)(ébsefsin“ge—AGOSze 4+ sin~osinTt :gg: 2
| , | i"r ]
2
(6-15)
where . . o
, ' T
= (8) sin?e 2 o

2.

s 2
is the mean of ( EA(B) 512 e) in the interval of 8 from 0 to

% ~5 . The same meaning applies to the $hird term of (6-15).
As a check of equation (6-15), if «=0, that means when
subsolar point and subearth'point-coinside,\;et g(0)=constant

evaluating (6-15) gives:

F = s
If o= % s that means the subsolar point and subearth point are
90° apart. With =(8) assumed to be constant, equation (6-15)

gives

- S m—
. . -3

2
K F ' 2

which 'is as one expects since one ls seeing half of Mercury.

Eouation (6—15) can be readily integrated on a2 computer.

: It is applied to our case W1th the following physical purameters:

Date. August 3, 1976
Phase Angle: 53°

e A ran .. A 8 i ’ el
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Radius vector: O0.414 A.Ué
Orbital longitude: 198.09°
Mercury perihelion point: 0.3075 A.U.
Subsolar temperature at perihelion point: 70b°K
4Subsolar.temperature at &=53°: 603°K
Equation (6-15) was computed on a LSI mini compubter at each
wavelength, from 10.6 to 13.2um. The program and the result are
shown in the Appendix D. The integral was divided into twenty’

steps. E(8) was evaluated from equation (6-8)

1 1
-1 5
A ng/kT(e)_l

(v
s
It

1/4

where T(8) = Tocos 8

The calculated spectrum is a measure of color temperafure

~and 1s used to compare with the observed spectrum. Flgure (6-16)

shows the final Mercury spectrum conected for solar temperature,
with a number of blackbody slopes shown to match. The calculated
spectrum fé?éés)_maﬁches the blackbody temperature 525°K, which
also matehes the observed 'spectrum. We cohcluded that the best -
fit 1ies in the 500°K region. Nurdock (1974) measured a effec-
tive brightness temperature at 10.8um at the same phase angle

to be around 650°K. Our results disagree withAhis results.
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Figure 6-16.
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The final Mercury spectrum, corrected for solar tem—

-perature, wlith a number of blackbody slopes shown to

match.
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APPENDIX A
BESTIMATE OF CODTNG ERROR FOR FOURIER : .
TRANSFORM SPECTROMETRY |

Let § be the path difference in a two beam interferometer.
. P(v) is the power at wévelength vy (i.e. the spectral density
functién) v here is taken to,bé 1/». 5{g) is the power received

for path difference . Then (p.96 Stewart)

i

5(g) ng(v) cos2{2rgv) dv A-1

0

/2 + 1/2{“’?(\,) cos(lnEv) dv A-2

The reciprocal Fourler property isA(Morse and Feshback P.4514)

that i

F&) = /2 Teos(e)z(v)dy
Then o) = /2 [Teos(avIR(aIes

which implies, neglecting the constant term, that

P(v) = 16£=cos(ﬂnzv)s(a)dg  | A~3

Suppose we take measuremsntjat (N+1) equally severated
steps in the varizble . Let the gtep length be 3;’then
E = =nt '

In generzl t is chosen such that
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and m is an integer.

2
W
L=

1

-y
min

u(vmax )

which, if Vot SV 2 effecﬁifely imp}ies ;ampliqg‘tﬁ;ge per _

cyele (Stewars, p.303).

One can now write the integral for P(v) as ~

0.

N | | E |
163 tS(nt) cos(¥pwnz) A=

_ _P(v)
' n=0 '

qu consider frequenqy VE Voin + ms

13 - ' !
Ymax ~ Vmin

N a6

i

where S

m;o,l.... N -
The &§P(v) is the'power in the resolved spectral band width

§ about freqﬁency v

N

§P(v) = 1676 % S(nr).éos(uﬂvnt) 1 VA—TV'
n=0

but | 6 =
' Vmax = Vmin)

4N | - a8

e

L.

e U
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Therefore i
§P(v) = ﬁ E S(nt) cos(lwvnt) . A=Q

VWriting this out in matrix form, with ei=4ﬁt?ﬁin5 Bgékwffvmin+8) |

and Wi’b’h ﬂ(vmin)EGP(vmin) WE hava

.r;(v -51f B | P(vmin) _2 kN . cosel--f--__cosNai.fé(Qﬂ 

(vt VI'P(vmin. P e ' 1 cosgy-+c++ cosNo, ([S(L)

: .-l.—’—l

» - [ »
o i
[=2]
e m s w

e m e »
T s 8 % & &

coS8, e+ vdosNe S (N}

max o Y  max”

or oo = vig o  ”  7' B 3410’
~ From (2-8) RS
PR e R 1/2 ¥
. . =. . .{A . & 8 +
b= (Asl ey ) -

R4 (l +. cosza R 'f*‘GOSZNBJ)lﬁa- |

1/2 1

B

N C
(= coszne )
.__péo .

_fgi£3 |  .. | .-  '_l. i_.._

2 .

S T

e
-.2;;7 =&

for Wesl  +  A-11

'The?SNR improvement is the veciproecal of this quantity.
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APPENDIX B
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e

0001
oooz2
0003
0004
0005

0006 -

0007
0008

0009
0010
0011
ootz
G013
00l4
Gol5
ooleé
wl7

golsg
co19

0020

oozl

poz2
023
0024

0025
0026
o027
00238
gozo
0030
003l
co32
0033
0034
0035
0036
0037
0038
0039
0040
00al
0042

0043
0044
0045

0046

oloo

0100
0101

0102
0103

0104
0105
0lo06
olo7

0108
0109

0104
0108

0ioc
010D
Ol10E

CliQF
ollo
0111
oilz
0113
Clla
0115
0lié
0117
0118
0119
oilla
01iB
011G
01D
OlIE
OL1lF
0120

oizl
olaz
0123

Olz4

0ilo
F900
gooo
0178
rFaogl

0S00
0A00
4005
Fo 00
0000
Ces7
Fe oo

0000 -

ceanan
F2 00
0000
1200
0108
FO 00
000G
COD3
¥25C
coDa
E24E
copz
E24D
COC3
E24C
38 02
1400
CODOo
E249
coot
Es43
CoDn6
E249
3801
FO OO
0000
E4as%
0103
F9 00
0000
COoAB

#PRINT

£

=

CviN D

BAD

BKF

N AM
EXTR
EXTR
EATR
ABS
NAE
ZAR
J ST

DATA
JilP

ENT
EIN
ClE
J ST

L AP
J ST

L AP
J5T

REV
ZAR
J ST

Cal
JMP
CAl
LK
cal
LIK
CAL
L DX
JAN
S8V
CAIL
LDX
CAI
LDX
CAI
L D
JXN
J ST

STX
ZXR
J ST

cal

CHK D

IER,@TT,BTLs CRLF
ERR.,XEQ, BTPA
HAKB FIXL FLT

:;DU

%TL

N&E
3+2

% COMMAND INTER'PRET_ER

CRLF

187
aT7T

I*I
gT1T

IER

rge
STATUS
TP
fRANS
TRy
READ
'C'
CL.EAR
GKF

P
PO CH
tG
GRAFH
Ty
CRT
gKF
ERR

FUNG
1ER

Tyt

- -

ENAHLE PANIC BUTTSN
PRINT PROMPT CHARACTER

CLEAR MATH TFLAG

INPUT COMMEND

SET MATH FLAG

SAVE CALL ADDRESS

FETCH BEfM

s

s
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ey pTY

R n e S

Ame e e o e

et e

e

R SO RTEE E e
*a *y .

0047
0048
0042
0050
Go51
005z
0053

0054

0055
00586
0057
0058
0059
0060
0oé1l
0062
0063
0064
0065

0066
0067
0068

0069
0070

Co71
0072
0073
0074
0075

0076
0077
0078

0079
008 0
008 1

oog 2
0083

- 008 4
’ 008 S
008 6

Qo817

0125
0126
0i27
0128
0ia9
0l2a
0l2B

0iz2C

glacl
012E
olar
0130
0131
0132
0133
0134
0135
0136
0137

0138
0139
0134
0138
013C

013D

013E
013F
0140
014t

0142

0143
Olaa
0145

0146
0147
0148

0149
0l4a

014B
014C
014D

Ol14E

B240C
Cusp
E24F
33 35
3249
0523
E900
Q000
E9 uo
Q000
&BlD
CSFF
EAG3B
0108
COC4
E233
cobD2
E232
2855
EA3S
FS 00
0000

FB33
9002
9202
2402
D900
0000
D900
0000
2lia
1340
cén2
3203
F2 00
0000
0l84
raoz
F200
0000
0187
Cé00
F900
0000
olda
900
0000

0179
F900
0000
cl79

e

LI
CAal
Lo®
JEN
JOR
ARP

STX

5TK

STH
LAy
STX
ZXR
cal
L DA
Cal
LID¥X
JXZ
STK
J ST

*MATH LBGP

ML P

BVFL

FLBW

HGC

J 5T
DATA

—
[t

jcs
tn

1S

J Az
SA8
L AP
JER
JST

DATA
JMP
J 8T

DATA
L AP
J ST

DATA
JST

REF
DATA
J ST

DATA

NP
Y V|
[0
BKE
BAD

h Y
XxB

xAC
255
cutT

lDI
FSB

UHI
FDV
BAD
MATH
KER

#MATH

IF MATH FLAG CLEAR
'RESET LNDICES

RESET CBUNT

SAVE MATH POBINTER
VAHT FGR GO

$19002,:: 9202; 19402

Xa
KB
BKHM

L 4 R L]
GVFL
5TL
UNDER
FLEW
OTL
BVER
BTL
MSG
FLT
ACF
@FPA

RCF

BUiP CZUNTERS

MATH OK?
NGO
PRINT ERROR MSC.
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0088
ooso

o0go o
0021
oo 2
009 3
00% 4
009 5
009 6
0097
0028
0099
0loo
clol
0102
0103

0104
0105
0los
olo7
0103
0lo9

0i10

0111l
oilz
0113
0ll4g
0115
oile
o1t7
0118
0119
0l20

pial
0%22

0123
0124
0125

oi26
ola7

0128
0l29
0130
0131

0132 -

0l4aF
0150

0151
0152
0153
0154
0155
0i56
0157
0158
0159
0l5a
015B
015C
015D
015E

O15F
0160
0161
oi62
0163
0loé4
0165
0lée6
0167
0168
0169
0léa
01638
0lecC
016D
0!6E
0lew

0170
0171

cl72
0173
0174

0175
0176

0177
0178
0179
0l7B
017C
017D
Ol7E

C63D
Fa00
0000
0197
B707
1050
8Al4
0043
0tl10
9C00
9Ccol
DFOE
D&aio
Foed
E20C
Faol
F200
0000
FBOA
FesB

1400
0000
0000
0000
4006
0llo
F9 00
0000
01al
F900

0000

1000
o1lo
Fo 00
0000
0147
Fo 00
0000
1200
F673
0000
8D A
8AAD
C8 D4
D3BA

G

gRB

TRANS
READ
CL EAR
PUN CH
GRAPH
FSB
FDV
CRT
TP
FUNC
QNT
MATH
STATUS

NP

M

ACF
NAME

LAP
J 5T

DATA
Lba
ALA
ADD
TAL
Z AR
STA
STaA
IM5
IM3
JMP
LI
JilP
J5T

J 5T
JHP
REF
REF
REF
REF
REF
REF
REF
REF
DATA
DATA
DATA
DATA
CID
Z AR
J ST

DATA
J 5T

DATA
Z AR
J ST

DATA
J ST

DATA
JiP
RES
DATA

TEXT

:8D§
g7TL .

Z ERG

*XC CLEAR BAD ELEMENT
i

TP

c0

&l

#3

CNT

MLP

TP

FB+ 1

AEQ YAl T FEGR GO

#*FUNC CaLL FUNCTIGN
QAN D+ 1

1400

Ooo'.

KILL P&NIC SWITCH

TATUS
BrrPa

s+ 1000
BTL

NMi
GFPa

s 1200
CMN D+ 1
2,0
:3D3 A, :BAAD

“'HTS: 1X255°'
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0133

0134
0135

0136
0137

0138

0139

0140
o14l

Ola2

0143
Olag

0145
0laé

0147
0lag
C000

C17F
Ql80
0181
gige2
0183
0ig 4
0185
0li8e6
0187
0188
olgo
gisa
0i8B
0iscC
018D
Ol8E
0I8F
0190
Qi91
pig2
0193
0i94
0125
gloe
0l1e7
0198
olo9
0loa
019B
0locC
019D
0i9E
019F%
0la0
0lal
glaz
Ola3
0la4
01AS
01a6
0la7
0148
0iA
0laa

ERRERS

AO0BL
D8 B2
B5B5
D3 A
0000
& ADS
CEC4
c5D2
8 ACF
D6CS
D2A0
cécC
CFD7
LOCF
C3G3
D5D2
D2ecs
C4AD
ciDz
AQCS
CCGS
CDC5
CED4
ADOO
£CAOD
D2G5
DOCC
clics
C5Ca
a0c2
DO AD
DACS
D2CF
AFBD
D4Cl
D4D5S
D3BA
AQCE
ABBD
a00o0
ACAOD
CE&D
BDAO
0000

DATA

UNDER DATA
TELT

BVER DATA
TEXT

MSG TEXT

TEXT

DATA
Z ERS TEXT

TELT

DATA
TATUS TEXT

DATA
NMM TEALT

DATA
D

t8DEA, 0

:84D5
"TWDER!
:8ACF
*UVER?®

YFLGW BCCURRED®

‘AT ELEMENT!®

~

: AQDO
', REPLACED®

~

* BY ZERG'

$ AESD
*TATUS: {§+="'
: AQOQ

|" Iq_.—.-_- 4

0
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0001
ooo2
0003
0004
0005
0006
0007
0008
0009
0010
0011
ooz
0013
0014
0015
0016
0017
0018
0019
0020
ooz 1
0022
0023
0024
0025
0026
0027
0028
0029
0030
0031
0032
0033
0034
0035
0036
0037
0035
0039
0040
oo4al
0042
0043
0044
0045
0046
0047
0048
0049
0050
0051
0052
0053
0054

0000

000
D001
0002
0oo3
0004
000S
0006
0007

. 0008

al st}
cooa
00035
co0oC
000D
000E
000F
0010
co11
oolz2
0013
0014
0015
goié
0017
ocis
0019
Q0ia
0018
ootc
001D
COIE
OOIF
gcoz20
ooz21
goz2
0023
D024
0025
0028
0027
ooz2s
0029

080D
EEBC
1328
{2400
1148
EABB

EABS °

B2A0D
9AA0
Z2Al1
0110
9C00
o128
DAS B
F603
C6BF
Fg00
0137
Fo 00
COCD

F205-

COD4
ra208
coco
F209
F2 00
0110
0210
9440

0110

F20D
0110
9A9C
F202
601
9499
0108
F900
C0AB
0408
COAD
0108

#
* IX255
% -
TRAN S

MBN

TAPE

INVS

T4

NaM
A
ZATR
ATR
EXTR
EXTR
ZXTR
EXTR
REL

TRANS

RTTR. RTEP

DI SP

1KB, BTL, BFPA. CRL. F» ERR
DPACEC, DPFL.T

DFY:» DPSUB: » DPDI Vi, DPSM:
XB,XCs FAD . i

DPFIX"

o -

HTS PRECESSER

ENT
LDX
LLX

sBv

RRX

"STX

STX
L DA
STA
L DX
Z AR
STA
IXR
IMS
JMP
LAP
JST
DATA
JST
cal
JMP
cal
SN P
cal
JHP
JST
Z AR
CAR
STA
Z AR
JUP
ZAR
STA
JMP
LAP
STA
ZXR
JST
CAl
CXR
cal
ZXR

BFNT
i ;NDIRE;T E%T oN

i

BEAM
BEAM+ 1
ZCT -~
CNT
NT

CL.EAR BUFFERS

eQ

CNT
CLR
l?l
BT
M@ DE
IKS
lMl
MoN
GTI
TAPE
’I!"
INUS
ERR

TETR

NEXT

TETR

T4
i
TETR

IXB
LI

T ¢

143

74




0055

0056

0057
0038
0059
0060
0061
oos2
0063
0064
Q085
0066

0067

0068
00e9
0070
0071
0072
0073
0074
0075

0076

0077
0078
0079
0080
008 1
o082
0083
00B 4
0085
008 6
00E 7
oogs
0089
0090
009 1
009 2
009 3
0094
0095
0096
o9 7
0098
0099
0100
0101}

-0lo2

0183
0104
0103
0106
0107
0108

Do2a
0023
cozc
002D

co2E"

002F
0030
0031
0032
D033
0034
0035
0036

- 0037

oD38
0039
o03a

C03B
003C
003D
003E
Qo3F
0040
0041
0042
0043

G044
0045
0046
0047
D043
0049
004an
0043
0040
004D
004z
ao4ar
0050
0051
0052
DOE3
0054
0055
00Soe
0057
0058
0039
005Aa
0053
00s¢C
005D

EASE
0110
=292
0128
0210
9ATF
COFF
F203
0030
8ATA
0048
EA76
CTFS
9A79
GTFF
9AT6
FaB!

FABB
9A6C
EAGC
C7FF
9A72
B26B

9A6B

3271
9AQF

E265
0110
D366
Fa0d
B274
2183
0ll0
0108
F204
B25B
Fo 00
Fa01
B2353
DASE
F9 00
0000
caoz
EEQ2
DAS3
F613
E253
o128
B254
cooo
gao2
EA4E

STX

Z AR

NEXT LIDX
IXR

CAR

STA

cal

JHP

TXA

ADD

TaxX

FBWD  STIX
oLaM

sSTA

LaM

STA

JST
*INPUT LBBP
ILP JST
- STA
STX

Lad

STa

L DA

STA

LDA

sTA

# TRAN SF@ R4
TLP Lo
‘Z AR

c s

JMP

L DA

JaL

Z AR

Z¥%R

JMP

LDA

JST

JHUP

TiA LDA
TI IMs
I J ST
i1 BP DATA
ax

ST

iM§

JUP

LDX

IXR

LDAa

cal

1

sSTR

TREM

MASK

DIR
s T

FBWD
H255

MSK1
245°
DCT2
255
DeT

TURN BN

MBN S
CNT
CN T+
255
SCT
MSK!L
MSK2
13
18w

COLUIN TO

;NT%

!

!

®MSK2

TiA
TETR
o+ 4

Tl
CNT
DFN s
T1
CNT
MSK2
DPAC
0
2
IBP
5CT .
TLP
MSBK1

DI
o’-

2
MSK!

c

CHANGE D;RECT;EN

. START DATA CBUNT

WAIT FBR LIGHT

CINPUT

&SAVE

'SPECTRUM CBUNT

RESET MASK PBINTER
GET BUFFER PE;NTER

INPUT BUFFER

ADD

BUMP PZINTER

- DENE?

NBg o
YES, MGVE C@L UiN
+11F FWD

~11F REV.

14y
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0109
pllo
0111
pii2
0113
0ila
0iis
Olle
Dil7
0118
olig
pl2o
o121
plze
- pize3
0124
0i2s
0126
0127
0128
0129
0130
0131

D132

0133
0134
0135
0136
0137
0138
0139
0140
0ial
cl4a2
0143
Ola4
0145
0lae
0la7
0148
0149

0150

0is1
01s2
0is3
als4
0155
0156
0157
0158
0159
0160
ol61l
Diez2

O03E
OOSF
0060
006l
coe2

0063
0064
0065

- 0066

0067
0068

- 00e&%

006A
00e3

‘0060

00éeD
006ZE
O06F
0070
007!
o072
0o73
0074
0075
0076

0077
0078

0079
007A
0072
007¢C
007D
007E
007F
0080
0081
ocge2
0083
0084

0085

0036
0087
0038
0089
ooga
D0sB
003G
008D
00B=
0090
0091
oo 2

DAS2
Faol
4007
DA4E
F6e27

B259
208 1
Fal.
3408
4807
F206
TAS6
E24D

-0110

Fi00
B24l
re42
E243

ce0l’

F100
C&BF
Fe00
011F
FS 00
COCE
Fao3
CoDp?
r203
Fe08
FA44
Fa203
Ceac
roQo0
clz28
B234
SA30
0350
8900
9900
E230

EE33
B40O
E401
F200
ga2l
EA21
Fe00
00AC
cooo
DS 00
D500
Z63F

IMS

JMP

SEL

IMs

JMP
*IND BF ROV
: Lba
J A

JMP

JSS

SSN

JMP

J ST

LDX

ZAR

JiP

RTTR LDA
JMP

STEP LIX
LAP

JHUP

RTBP LAP
J ST

‘STGP

DCTZ2°
S+ 2
24, 7
DCT
ILP

TETR
5+ 2
STGP
STEP
3 07
STgP
ACC
NBEd

DisSP
DIR
NEXT
NI

T
DI sSP
I?I

80

DATA MS5G

JST

cAl

JHP

CAl

JUP

JMP

NG JST
JMP

YES LAP
) J ST
DaTa

Y2 LDAa
sSTa

ARP

STA

STA

LX

IKB
RE
NG~
"y
YES
RTGP
ACC
T2
Lo
870
ABT
CT
SCT

XB
XC
NPEM

*ADD TG BEAM ARRAY

.ALF STR
' LDAa
Lo
- J8T
STA
STX
J 5T
) DATA
BEAM RES
iMs
IMS
LDX

1BP
eo
el
DPFLT
MSK1
MSK2
FAD
MSKI
2,0
XB
XC
I8P

IND BF REW?

55 DBUN?

NB, STEP DIWN?
YES

N@s, SAVE DATA

ABBRT LAST PASS?
NG

YES

YES

URBNG ENTRY
SAVE DATA

PRINT ABBRT

SET COUNTER

RESET SUBSCRIFTS

GET DATA

FLBAT IT
SAV? iT

ADD TG BEM

BUAP SUBSGR{PTS

e

e
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e
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0183
Dlea
D165
Disé6
0le7
0l68
0le9
ol70
0i71
oi72
0i73
0174
0175
0176

. 0177

0178
0179
0180
oig1
pisa
0i83
D184
0185
0186
Dig7

0188
0189
0190
0191
o192
0193
0194
0l19S
0196
0197
0198
0199
0200
0201
0202
0203
0204
0205
0206
0207
0208
0209

' D210

0211
ozl

. 0213

o214
ez215

0093
0024
0095

0096
0097
0098
0099
cocaA
009B
o0eC
c0SD
CO0RE
002F

0040

00Al
coAZ2
00A3
00Aa4
00A5
00Aé6
00A7

00aB -

00AD
0oaa
00AB
00AaC
00AD
00AE
00AF
0080
00B1
0032
00B3
0034
0035
0BG
0037
0088
00B%
co0BA
0038
00BC
003Db
OOBE
00BF

00CO
salog
oocz
0QC3

cao2
DAID
F&OF

7900
c702
9423
£21C
0110

‘E401

F9 00
SAQE
EAQRE
900
00AC

0110

Fo 00
0130
E2l12

pale’

F60C
F7a7

rado
0000
co0o0

1400,

0000
0000
0orF
oooo
0000
0000

0000

1800
1802
FEOO
1400
1600
0000
00C0
S002
9202
0000
0000
1000

08 00
B604
2083
B6DA

AT 2
" iMs SCT
JMP ALP
#«PRINT PASS COUNT
© JST CRLF
Lay -2
STA CBN1
LDX NPEM
MK Z AR
L el
JST DPFLT
STA MSKI
STX MSK2
JST @OFPA
DATA MSK !
Z AR :
JST O8TL
DATA RUNS
LIX NMBY
I¥MS CBN1I
JMP MK T
T2 RTN . TRANS
%« DATA STERAGE
ZCT DATA - 1536
CNT DATA 050
NT DATA & 1400
MSK 1 DATA O
MSK2 DATA O
H255 DATA 255
DIR DATA O
DCT DATA O
DeT2 DAT& O
5CT DATA O
NI DATA : 1800
iB DATA : iB02
cT DATA ~512
NPEA DATA ¥ 1400
NM B4 DATA : 1600
NBE1 DATA 0O
TREM DaTa ©
FLS DATA 9002
MINS DATA : 9202
CON I DATA O
TETR DATA O
BPNT  DATA : 1000
MASK  REF ‘
*®
% ADD INPUT ARRAY T8
%
ACC ENT ]
.DA TETR
J& 5+4
LDa TREM

DZNE?
NG

TE4P ARRAY

s Bt . R A e 2y S G e




0216
0217
0218
0219
0220
0221
0222
0223

. 0224
0225
0226
0227
0228
0229
0230

0231
0232
0233
0234
0235
0236
0237
0238
0239
0240
o241
0242
0243
o244
0245
0246
0247
0248
0249
0250
251
0252
0253
0254
0255
0256
0257
0258
0259
0260
0261
0262
0263

0264

0265

- 0266

0267
0268

0269

00C4
005
00CG
00CY
00C8

00C9

ooca
00CB
ooce
00CD
00CE
0OCF
00DD
ooD!
ooD2
00D3
00D4
00D5
o0oD6
00D7
00DS

0019

00DA
00D3
00DC
0ODD
O0DE
00DF
DOZ0
00=1l

00E2
00E3
o0Z4
00ES
00Z6
00E7
0O0ER

DOES

O0EA
QOEB

O0EC
QOED
OO0EE
O0EF
0OFD
OorF1l
Oor2
DOF3
00F4
DOFS
00F6

D210
reol
2617
co00
Fa202
E6L3
Fa20l
E6lL
Ezia
DCO1
gz202
EALIR2
CTFF
9E28
E6LIT
czo2
EEB 1]
B618
2188
B400
E401
1328
1856
13a8
1356
iops
ra2oe
B400
E401]
F¥900
ooo0o
czoz2
EEQ2

ze9 2

0110
9Co0
¢COo1
DEA4G
F617
F72B

0800
4006
48C1
60l
OEQO
49C1
Feol
Oroo
4004
4005
F70A

‘| — iy

Car -
JMP 5+2
LDA DIR
cal o
JMP 5+ 3
LOY NPEM
JMP  5+2
L.IX NMEM
STA NOM :
iIMs el BMP CBUNTER
axi 2° . ‘
8TE TBP SAVE TEMP PBINTER
Lay 255 DATA CBWNT =~ = -
STa ONT
. . LI NI . INPUT PEINTER
Al AL 2 - BUMP CBUNTER
' STX 1IBP + SAVE
LDA TETR
Ja. TS
LDa e0
LB el
LLYE 1’
LLR 7
LEXR 1
LLa 7
ARA T
JMP TH
TS LDa® a0’
Lo el
Té JST DPAGC
Tar DATA O
AX1 2 BUMP TEUP
ST TBP
LD 1IBP
Z AR
STa €0
STa Gl
IMS CNT DBN E?
JMP Al NG
RIN ACC
%*
#WAIT. FGR ALIGUMENT PILSE
E
TURNBN ENT :
CiD DI SAELE AUTE
ssn s C1 LIGHT BFF?
JHMP 8&=1 NG T
5B4 T YES BYTE BN
sy :C1 LIGHT BN?
JMP  S= ! NG
Sw o YES, BYTE BFF
S :(C4 CLEAR FLAG
ClLZ ENAELE AUTH

RTN TURNGN

A R A

.

gt

TR Fre i s ekt L RS N ST

Z 57w AN LD 7 Alenb o

ERSTR




RS

Rk

e

R A e A et e

0270
. 0271
L ) 0272
0273
. - 0274
- 0275
0276
0277
0278
ga7e
0280
028 1
o282
0283
0284
0285
028 6
0287
0288
0289
0290
0291
b292
029 3
0204
0285
02% 6
0297
: 0293
. cz299
0300
0301
0302
0303
0304
0305
0306
0307
0308
0309
0310
0311
o3i2
p3i3
0314
0315
0316

DOF7
DOF8
0079
00FA
00F2
porc
OOFD
QOFE
OOFF
0100
0io1l
plo2
0103
0104
0105
0106
0107
0108
olo9
0i0A
0i0B
oloc
0loD
010E
DIOF
0110
o111
otiz
0113
oila
0115
0iis
0il7
0118
0119
0ila
0cliz
pilc
011lD
O11E

DIIF

0120

o121

plaz
0i23
oiz4
0125
olzé
0ie7

0800
B63B
208BF
C&FTr
BE4B
1050
E644
3802
BAO0S
Faol
BAOS
c04ag
B400
£a01
Fo 00
F70F
ooz
202
49C6
reol
S5ACE
2843
C704
SE6S
G110
9E63
206
1350
9E6E
1351
8z68

- 9269

0110
iB0O3
BE6C
DE71
F609
0048
0110
r727

BD3A
cicz
Cr¥D2
D4AD
CCCl
D3D4
ADD2
D5CE
BFAD

% .
*INPUT FROM MBNSANTZ
# CONVERT BCD T8 BINARY
#
MBNS ENT
LDA TETR
Jar T3
LAP 255
ADD DCT.
An ]
LIX TR
JAN 5+3
ADD TIMTR
JMP 3+2
ADD DPTR
TAX
Lpba €0
LDX @€l
JST DPFFIX
RTN MBNS

DPTR DATA : 1002

TR DATA : 1202

T3 SEN  :C6 FLAG
JMP  5-1 NG
INK :Cé - YES, INPUT T8 X -
JRZ  $~3 IGNBRE ZERGES
LaM 47 SET DIGIT COUNT
STA .CNT ’
ZAR - CLEAR TALLY
STA MSK2 ) )
JMP M2

M1 LLa 1 X10

' - 5TA MSKe2 ’

LLa 2
ADD .MSKZ
STA MSK2
ZAR

M2 LLL 4 GET NEXT DIGIT

ADD MSK2 ADD TG TaLLY
iMs o™@T " LAST DIGIT?
JUP M1 NGB ’

TaX ’

Z AR

RTN MENS YES

*TEAT STERAGE
MEG DATA :BD3A
TEXT 'ABORT LAST RUNZ®

____M__...w
FE




0317

0318

0319

0320

0321
0322

0323
D000

o128
oizo
oiza
0128
oizc
012D

012E

0l2F
0130
0131

. 0132

0133
0134
0135
0136
0137
0138
0139
0134
013B
013C
013D
0I3E
013F
0140

‘014l

ola2
0143
0;44

ERRBRS

8i5A
B1laO
D2DS
cz=Aa0
cica
Crb2
D4CsS
C4AC
ADD2
DSCE
D3A0
CBCS
DOD4
8p8a
0000
BDSA
CoDCrF
CED3
CiCz
DACF
ACD4
CiDo

C580

CFD2
A0Co
CED6
c5D2
D3C5
BFAD

ABT

RUN S

M@DE

DATA
TEAT

TEXT

DATA

DATA
TERT

:8DBA.
‘1 RUN ABGRTEDs *

* RUNS KEPT®

t8D8A,0

:8DBA
MG SANTOS TAP; BR

INVERSE? *

LTS

R

0 B b e
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S U s ST

0001
ooo2
0603
0004
0oos
0006
0007
o008
0009
0010
0oil
oolz
001i3
0nla
Go1l5
0oleé
0017
0018
0019
oo20
o021
toza
0023
coz2a
0025
026
0027
0028
0029

0030

0031
o032
0033
0034
0035
003&
0037
00338
0039
0040
ooal
0042
043
0044
0045
0046
0047
0Q48
0049
0050
0051
0052
053

0000

0000
0001

oco2
0003
0004
0005
0008
0007
0008

0009

000A
0005
oooc
000D
O0OCE

00OF
0010
0011
0012
0013
0014
0015
0016
0017
0018
0019
0014
001B
001G
001D
001E
001F
0020
0021
0022
0023
0024
0025

FBOO

0800
4038
4039
59 39
403C
F705
0500
FEO7
CODF
FFOA
cosA
FFroc
F706

0800
5801
1300
2204
49 3B
Fel4
403A
48 39
F203
0150
2149
Fé604
58 38
F70D
4933
F60E
4032
48 35
F203
0150
2153
F604
53 35

N AM
NAM
N £
REL
#

& .

JST
CHMN D REF
e

% PANIC SVITCH

1XB, I ERs B PT, X EQ
gTT> ERR» CRLF
BTL. GFPA

0

#CMN D

*KEY BOARD ;NPUT

*

IKB ENT

' SEL
SEL
RDA
SEL
RTN

1ER ENT
J ST
CAI
J ST
cal
JST
RTN

7+ 0 AUT@=ECHE
751 KBD HGDE

7.1 READ BN FLAG
Ta &t RESET

1KB '

IKB

: DF BACK ARRBW?
#CMND YES

t84A LINE FEED?
#CGMIND YES

1ER NEI TH ER. RETURN

#« PAPER TAPE INPUT
% DSO = 0 FGR TTY

* 1 FOR HSR
. -
BI FT ENT
BIP2 ISA READ SWITCHES
: LRA 1 DSO UP FER TTY
JBSs HSR DEWN F@R HSR
SEN 7,3 TTY BUSY?
JMP BIP2 YES
SEL 75 2 NG, STEP READER
T SSN 71 FLAG?
JMP IT' YES
I1AR ' NG, BUIP COUNT '
J 8Z BIP2 . RESTART IF TIME UP
JMP WT H.S8FE CHECK FLAG AGAIN
1T INA 750 INPUT FROM TTY T
RTN BIPT & RETURN.
HSR SEN 6s 3 HSR BUSY?
JMP BI P2 YES :
SHL 6s 2 N@s STEP READER
WH ssN 6s 5 FLAG? '
JHMP iH YES _
IAR N@: BUMP COUNT
Jaz _BIP2 RESTART IF TIME UP
o JMP VH - ELSE CHECK FLAG AGAIN
I1H INA 6s 5 INPUT FROM HSR =~

L S SR PP P PrN RO VL P

150
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0054

0055
0056 -

0057
0058
0059
0060
0061
0062

0063

0064
0065
0066
0067
0068
0069
0070
0071
0072
0073
0074
0075
0076
0077
0078
0079
0080
008 1
008 2
008 3
008 4
008 5
008 &
008 7
0088
0089
009 0
0091
6092
009 3
009 4
0095
005 6
009 7
0098
0099
0100
o101
ofoz

0103

0lo4
0105
0106

o026

0027
o028
0029
0o02a

002B

oo2¢C
002D
002E
0o2F
0030
0031

ooa2
0033
0034
0035

0036
0037
0038
0039
0034
003B

003C

DO3D
Q03E
003F
0040

0041

0042
0043
0044
0045

0046

0047
0048

08049

CC4a
004B

F717

08 00
FE20
cosD
F703
Foe03

0800
4030

6D3B -

49 3B
F601

F705

0300
Ce6DF
FEOB

FF34

08 00
CéeBD
FEOC
ceBa
FEOE
F705

0800 -
8AQF

2406

9A09
'E704

DEQS
B400

11D7

FE18
coGo
F704a
1157

FEIC

000
F70E

ote8

BT2

1WAIT FOR EXECUTE SIGNAL

IPT

IER
:8D

HEQ
XEQ+!

TTY

Ts 4
T2 3
T2 3
S~ 1
arTT

*COMMAND ERRGR EXIT

: DF
gTT
* C_lMN D

o & RETURN

5

INPUT
CARRI AGE RETURK?
YES, RETURN

_N@, GET MORE

RESET INTERFACE
WRITE ON NOT BUSY
DIN E?

NG

YES

PRINT ARRGVY

RESTART COMMAND

#CARRI AGE- RETURN, LINE FEED ' | o :

: RN
o :
*
XEQ ENT.
J ST
CAl
RTN
JMP
8
#@UTPUT TB
#*
GTT ENT
- SEL
- WRA
. SE
- JMP
RTN
*
* :
ERR  ENT
' - LaP
o 8T
: J ST
C®
* :
CRLF T
LAP
J ST
LAP
J 5T
'RTN
*

ﬁTL T
ADD
sTa
STA
LIK

IMS
LDAa

RRA
JsT

IQT;'

. RTN
RLA
© JST

8T8  CAI

RTN

IXR

‘CAT

'=8D

@TT
:84A
gTT
CRLF

CAl
gTe
BTS
*¥@TL
6 TL

“agQ

B
7T

o

"QTL

@ TL
g
8TT
0

LasT eNE? . o - - .
_ YES RETURN . -
BUMP PBINTER -

CR

LF

‘*@UTPUT TEXT FR@M BUFFER

MAKE CONMPARE 1NSTRUGTIIV
&SAVE IT

GET TEXT POINTER
SET RETURN ADDRESS
GET W@RD _

PRINT FIRST BYTE

~ LAST ONE

Y ES, RETURN
‘'PRINT SECGN.D BYTE

i:j;:ﬁ_.;;F},-"a

PR

ot .‘:&'3‘1 Japy iy

B = L Ty




. . i
i 0107
: oio8
. 0109
Lo olic
| pill
o oiio
b 0113
i o1la
i 0115
b olie
g‘ 0117
; 0118
j 0l19
E 0120
| o121
P 0122
: 0123
' 0124
: ol25
i 0000
Lo
it
g
?
|
1

0gac
004D

004
004F
0050
0051
0052
0053
0054
0055
0056
0057
0058
0059
006l

ERRORS

FelAa
CO0o0

0800

E701 .

DEQ2
EADL
FBOE
0000
0059
clio
FElA
0059
F70a
cooo

B
JMP  BTl:  L@OP
CAI CAL 0 ,
*BUTPUT FLOATING PBINT NUMBER
i . . . .
OFPA  ENT

GET PBINTER
SET RETURN ADDRESS

L *BFPA
M5 grPA

STH GPT S5AVE PBINTER
JdsT #FAS CGNVERT T® ASCII

BPT ‘DATA - O - -
DATA BUF
Z AR SET END FLAG
J ST B TL PRINT WUMBER
DATA BUF
RTN 8FPA

BUF RES Bs0

FAS REF '

' END

e e iy et
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0001
0002
0003
0004
00053
0006
0007
0003
0005
0010
0oll1
ool2
0013
0ola
G015
ooleé
o017
013

cotio
0020

oo21
a2
0023
0G24
0025
0o2e6
0027

0028

ooz9
0030

0031

o032
Q033
0034
0035

0036
0037
0038
0039

0040,

0041
0042

0043

0000

0000

0001l
ooo2
0003
0004
0005
0006
0007

ooos
0009
000A
000B
000cC
000D

000E
s]s]e)

0010

00oll
oglz

0013
0014
0015
goleé
ool7
co1g
0019
00lia
0colB

0o1cC
00iD

COlE

0200

1128
1400
11a8
EA33
EA34
0528
9 00
0000
E200
0000
E9 00
0000
B236
9 A3
B235
9A37

cesa
F2 00
0000
F2 00
afale]s]
2l4l
F900
0000
Fo 00
0000
£o92
F20!
Fe04
Fo 00
0000
COFF
F20l
Fe03

F9 00
0000
1887
200
0000
1BO7

N AM READ, CL EAR

N A4 PUNCH, GRAPH

EXTR IKB, @TTs BIPT

EX TR @TL, CRLF, FFLBT, OFPA
EXTR XAsXB)sXCs FAD

REL 0

>

#*

# READ PAPER TAPE & ADD T8 BUFFER
:‘: .

READ ENT

*INITIALIZE VARIABELES
-7 RLXY i
sBvV i
RRX 1
5TX RS
STH R3+2
XRP
STA XA

ST KB

STH XC
LDA TP
STA MPT
L DA CT
STA CNT
#SKIP LEADER & LABEL
L AP 84
J ST GTT
JST BIPT
J AZ S=1
Rl J ST ETT
J ST BIPT
cal t52
JMP ne
JIP Rl
R2 JST B;PT
cal : FF
JHP R3
JMP Rr2
#*READ LEGEP
R3 JST BIPT
LLR 8
JST _BIPT
LLL 8

SET INDEX BIT

& SAVE PEINTER

RESET SUBSCRIFTS

SET INPUT BUFFER PBINTER

SET INPUT COUNT

LINE FEED

SKI1P LEADER
ECH® L ABEL

READ TAPE
END F L ABEL?
YES

Ng

READ TAPE
FILE MARK?
YES

NG

LGWER BYTE

SAVE
UPPER BYTE

RESTBRE

ety

R 2 bt e it 3 il i SA b |l T

LS AR T
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B T T T S e St et o st ot -
: . '

0044
0045
0046

0047
0048

0049
0050
0051
0ps2
0053
0054
00355
0056
0057
058
00359
0060
0061
0062
0063
0064
0065
0066
0067
00eB
0069
0070
0071

0072

0073
0074
0075

0076
0077
0078
0079
0080
008 §
ocB 2
008 3
083 4
0CG 5
008 6
0037
0088

0C1F
coz20
goz1

Qo022
goz23

0024

0025
0026
0027
0028
0029
002A
0028
co2cC
002D

002E

oozr
0030
0031
0032
0033

0034
0035
0036
0037

0038
0039
003Aa
0038

003C
003D

003E
003F
0040

0041
0042
0043
0044
0045

0Q4as6

E224
9Co1
F900
0000
1B8 7
Fo00
0000
1BO7

2109
0048
3081
0310
IB37
1328
gal7
1BO7
1360
11D0
9Bl4
DAL3
Dalz
baig
F6l8

4006
B20C
2AQE
Fo 00
0000
0000
9400
0000
Do 0o
0000
D200
0000
D900
0000
DAOG
Fels
F740

1400
FFOO
0040
0G0
oooQ

0800

MPT:

L DX
STa el
J ST BIPT
LLR 8
J ST BIPT
LLL 8
# CENVERT BASIC~Fo Pe
JAZ zy
RS '
JAP S+ 2
NAR
LLR 8
LLA 1
ADD Dé4
LLL 8
LAG
RRA 1
Z1 STA #MPT
: iMs MPT
IS MPT
IMS CNT
JHP R3

SAVE LOW BITS

LBVER BYTE
UPPER EBYTE

CAI" FO P-
0=0=0"
SAVE SIGN
ABS. VAL.

REMBVE MSB

FIX CHARACTERISTIC
RECOVER SIGN

SAVE M1 BITS

BUdP POINTER
TWICE!

MBRE?
YES

#ADD INPUT BUFFER TG BEAM ARRAY
*PANIC SWITCH DISABLED FGR DURATIGON

CcT
CN'T
FAD

DI 3AELE AUTH
RESET GEUNTER

¥« Po ADD

0,:9400,0

A
XB
XG

CNT
R4
READ

21 1400
=256
‘a4

0

0

CID
L DA
STA

R4 J ST

R5 DATA
Ims
IMS
IMs
IMS
JUP
RTH

# STGRAGE

TP DATA

cT DATA

D64 DATA

MPT DATA

CNT DATA

R

xCLEAR BEAM ARRAY

* -

CLEAR ENT

- BWMP SUBSCRIPTS

MERE?
YES

e

. A
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0089
0050
009 1
0092
009 3
0094
0095
009 &
00% 7
oooe8
0029
cioo
0io1
oloa
olo3
Q104
0105

0106
0107
0108
0109
0110

01l
otz

0113
01la

0115
0ile
0117
0118
0119
0120
glz1
otzz
0123
Ol24
0125
0l2s
0127
0iz28
0129
0130

0131
0132

0133
0134
D135

0047
0048

0049

004aA
004E
004C
004D
CD4E
004F

0050
0051
00sSa2
0033
0054

0055
0056
Gos57
0058
0059

005A
0058

005C
005D

00S5SE
005F
0060

0061
0062
0063
0064
0065
0oée
0067
0068
0069
006A
006B
00o6cC

006D
006E

006F
0070
0071

B605
9EC3
0110
9coc
9Cc0ol
G202
DEOB
Fe0a
F709

0800
Fazg
B61O
9 EOE
F9 00
0c00
cgez
F201
¥603
C6FF
F9 00
0000
B401
F2 00
0000
1307
900
0000
B400O
caoz
EEIC

210A
0048
1350
1B87
9622
1400
1150
{BO6
1329
3201
0310
o 00
0000
1B87
F200
o000
E62B
DE2B
F6l17

155

L DA CT SET CBUNT
STA CNT -
ZAR CLEAR
C1 STA o HI BITS
STA @l L8 BITS
AX1 2’ BUMP PBINTER
IMS CNT DEIN E?
JMP cl NG
RTN CLEAR
&
#PUNCH BEAM ARRAY - BASIC FORMAT
. :
PUNCH ENT
JST LEAD L EADER |
LDA& CT START CGUMTER e
STA CHT
Pl JST IKE ECH@E LABEL
cal 192 CTRL/ TAPE?
JHP P2 YES T
JHP Pl NG
P2 LAP : FF PUNCH FILE MARK
JST BTT -
P3 LDA el PUNCH LB BITS
J ST GTT
LRA 8
JST gTT
LDA eo GET HI BITS
AXI 2 BU#P PEINTER
STX MPT AND SAVE
*CONVERT CAl=-F.P. T@ BASIC-F.P.
Jaz T ze’ C=0=0"
Tax SAVE SIGN
LLA 1 CLEAR AlS
LLR g SPLIT
SUB D64 FIX CHARACTERISTIC
S8V INSERT MSB
RL A 1 |
LLL 7 RE- FOR4AT
LLX 2 RECZVER SIGN
JOR $+ 2 CGRRECT FAR IT
NAR
Z2 JST GTT PUNCH HI BITS
LL& 8
JST gTT
LIX MPT RECOVER PZINTER
IMS ‘CNT DENE? '
JMP . P3 NG

Lmh____i_'_._; Sl
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0i3é
0137
0133
0139
0140
0ial
0142
0143

Claa
0i4as
0l4ae
0147
0148
0149
0150
0151
0i52
0153
0154
0155

0156
0157

0158
0159

0160
0!6}

olez
0163
0i64
glés

0166
ole7
0000

0072
0073

0074
0075
0076
0077
0078

0079
go7a
007B

007¢C
007D
007E
CO7TF
0080
008 1

003 2
008 3

C0B 4
0085

0036
0087

0088
0089
00S A
0088
008 C
008D
QOB E
008F

ERRORS

Faol
F723

0800
c732
9E31
0110
F900
0000
DE34
Feoe
F707

0300
EAQB
cz202
EAQDB
ollo
F900
coco
0o8a
F2 00
0000
0000
F200
0000
CIFF
F9 00
0000
0000
F70D
BA3A
C3CF
D5CE
D4AD
BEDAO
0000

]
l
J ST LEAD YES, PUNCH LEADER
RTN PUN CH
*+PUNCH 5' BF LEADER
LEAD ENT
L &M 50
STa CNT
Z AR
L2 J ST @TT
iMS CNT
JMUP L2
RTHN LEAD
E3
*PLOT DATA ARRAY
& .
GRAPH ENT
ST T SAVE CBUNT PZINTER
821 2
STX PT SAVE DATA PBINTER
Z 4R PRINT COUNT
J ST BTL
DATA cTX
J ST GFPA
T DATA 0
J ST CRLF
Lav 255 FLOT DATA
JST FPLGOT
PT DATA 0
RTN GRAPH
CTX DATA s8A8n
TEXT *CEUNT = °
DATA 0
EnD

s e AR g btk e A e s
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0001
0002
0003
0004
0005
0006
0007
0008
0009
0010
0011
ool2
0013
0014
0015
0016
0017
0018
0019
0020
0021
0p22
0023
0024
0025

o0zé
o027
o023

0029
Q030

-'0031

~gn3e
0033
0034
0035
0036
0037
0033

0039
0040
0041l
- 0042
0043
0044
0845
0046
0047
0048
0049

0000
0000
0001
ocoz2
0003
0004
0005
0006
0007
0o0s8
0009
000A
0003
000C
0GOD
000E
slelohy
0ol0
0011
o012

0013

0014
0015
ooie
0017

0018

0019
00la
0olB
oo0lcC
00tb
COlE
QC1F
0020
o021
ooze
0023
0024
0025
0026
0027
o028

- 0029

08 00
9A4C
94a4C
B703
9AlF
2A24
AZA49
9405
9403
0350
9B4F
F204
FB4E
Qo000
0051
2183
FBap
0000
0051
D546
DA3A
Fe09
FB4l
FB4O
CeBD
FB3F
0061
FB4a3
0055
0051
0053

FB40 -

00S3
FB36
FE35
FB3C
0000
DEO!
DEO2
céao
FBE2E
FB34

* ¥ XK

R K ¥R

FPLET

LP1
RPI

MEVE
RP2

INC

LP2
RP3

FTFLGT =- ELGAT;NG POINT PFLATTER

CALLING SEQUENCE:

N Al
RIL
ENT
5Ta
s5Ta
Lpa
STa
STa
IG6R
STA
STA
ARP
5Ta
JHP
J ST
DATA

J £l
JST
DATA

IMS
IMS
JMP
J ST
JST
LAP
JST
DATA
J ST
DATA

J ST
DATA
J ST
J ST
JST
DATA
IMS
iMs
LAP
J ST
J ST

LDA HDIM

J 5T %« FPLEBT
DATA ARRAY
( RETURN)

FPLAT
0

NRGW
CNT
*FPL@T
RP3
RP4
BiS
RP1
RP2

*RA
MBVE
*FCP
0. MaxX

ING
®FMV
Q.M RK.

Hi

C3T

LP1

*CRLF

2 CRLF

=t

£0TL

SF

# FDV

F50.MAR, SCALE

*OFPA
SCALE
#CRL.F
#CRLF
*@OFPA
0

RP3
RP3

-t 1

- £GTT

®*FMP

hir Aty

LA A g, o b

e




S e S TR

e e o o b

l::. .

0051
o052
0053
0054

0055
0056
0057
0058
0059
0060
0061
0Ce2
0063
0064
0065
0066
0067
0068
0069
0070
0071
0072

0073

0074
0075
0076
0077
0078
0079
008 0
008 1
005 2
oc8 3
008 4
0085
0086
0087
00338

oose
0090
009!
0022
0093
0094
0095
009 6
009 7
0053

ooz2a
002B
002C
002D
00ZE
002F
0030
0031

po3e
0033
0034
0035
0036
00237
0033

003%

003a
003B
003C
003D
003E
OO03F
0040
004l
0042
0043
0044
0045
0046
0047
0048
0049
004A
004B
004C
004D
004E
004F
0050
0051
0053
0055
0056
0057
0058
0059

005A
0053
00sC
005D
O0SE
005F
0060

0000
D053
0051
DEQ3
DEQ4
FB2D
0051
00aF
Bz21C
0048
3085
CeAD
FB20
CéBO
FBIE
F20E
Ce4a0
FB13
28 09
C6BO
FB18
0503
EAQE
CeAA
Fagol
FEI3
DADS
re6oz
Cean
FBOF
FBOF
DaO4
rez27
FBOC
DE4C
r74D
08 00
0300
8000
0000
0000
4348
0oco

RP4

PBS

MARI

guT

NRIW
cNT
B1S
L1AX
SCALE
F50

8TT
CRLF
BTL
RA
FCP
Fiiv
F1X
P
FDv
OgrPA

iMsS
IM5
J ST
DATA

LDAa
TaK
J &P
LAP
J ST
LAP
J ST
JMF
L AP
JST
Ji
L&pP
J ST
NXR
STX
Lap
JMP
JST
IM3
JHP
LAaP
JS5ST
J ST
1S
JiP
JST
IS
RTN
HLT
HLT
DATA
RES
RES
DATA

REF
RE¥F
BEF
REF
REF
REF
REF
REF
REF
REF

0, SCAL E; i 8%

RP4
RP4
#FIX
MAL, CNT

CNT

PES
P ¥
FGTT
'OI
#ETT
guT
1] ]
FGETT
M anx
gt
#ETT

CNT
l*l
S+ 2
*@TT
CNT
5=2
v‘*‘l
®GTT
#GCHLF
NRBW
LP2
#*CRLT
FFLGT
FPLET

:3000
2. 0

2,0

s 4348, 0

158




n.:.nn:.t:“_..

00%9%

0100

0061
goe2
0063
0064
0063
0066
0067

D3C3
CicC
85C6
Cl1C3
D4CF
D2A0
BDAO

SF

TEXT  'SCALFACTBR =

g T




N e R s PR Y

0001
0002
0003
0004
0005
0006
00G7
0008
.0009
0ol0
cott
oolz
o013
0o0la
0015
001i6
0017
0018
0G19
0020
ooz}
ocze
0023
0024
0025
Qo026
0027
00238
0029
0030
Co3l
0032

0033
0034
0035

0036
0637

0038
0039
0c4c

0041
0042
0043
0044
0gus
0046
0047
0048
0049

0000
0000
0001

ooo2
0G03
0004
0005
0006
0007
0oc8

0009

0o00A
COCB
000C
000D
Q00
CoOoF
0010
0011l

pgoi2
0013
Q0la
0015
0016
0017
0018
0019

001a
ocolB
0C1C
00LlD
001E
001F
0020
0621
ooee
0023
0024
0023

0026
0027
oozs
0029
oo2a

0800
C7FF
9ASF
9ASF
4904
FoOo1
40C7
caoe
0030
£261
9AQB
9AQE
SAl0
9413
9A36
ollo
SAS4
9 A5y
0350
9858
F204
rB3a
0000
0067
2183
FBS7
0000
0067
FBS53
0C00
0065
3083
FBSO
gooc
0065
DB4B
DASE
Felo

FB4F
FB4E
C6BD
FB4D
0079

#CRT =

i S

CRT

LPI!
RF1

M@VE
BP2

INCI
RP3

RP4

mce

FLGATING PGINT FLOTTER

CALLING SEQUENCE:

N &M
REL
ENT
LA
STA
S5TA
SEN
JHtP
SEL
811
™Xa
IR
STa
STA
STa
ST&
STa
ZAR
5TA
5Ta
ARP
3Ta
JHP
J 5T
QATA

J AL
JST
DATA

J ST
DATA

JaP
J ST
DATA

IMS
M5
JMP

J 5T
Jd ST
LAP
JST
DATA

J ST #CRT
{RETURN)

CRT
0

255
NROW
CNT
24 4
G ]
24, 7
5 -

BI5
RF1
RP2
RP3
RP4
RP5

MIN
MIN+1

*¥HA
MEBVE
*FCP
011X

INC1
#FMV
0, AaX

*FCP
0, M1IN

INC2
#FMV
OJM:FN '

®AA
CNT
LP;

# CRLF
#CRLF

KB TL

SF

B e a et it~ e+t

e i il

s L e e 4 e -




0050
0051
0052

0053
0054

0055
0056
0057
0058
0059
0060

0061
0062

. 0063

0064
0065
00eé
0067
0oeb
0069
0070
0071
0072

0073
0074
0075

0076
0077
0078
0079
008 0
0031
ooE 2
008 3
o038 4
008 5
008 &
0087
0638
0089
002 0
0091
0092

002B
coec
co2D
002E
002F
0030
0031
po3z
0033
0034
0035

0036
0037

0038

0039

003A
0038
003C
003D
003E
003F
0040
oo4al

0042
0043

0044
0045
0046
0047
0048
0049
0044
004B
004C
004D
004E
004F
0050
0051
gos2
0053
0054
0055
0056
0057
0058
0059
0054
0058
00SC

FB46
0067
Q065
0067
FE43
006cC
0067
0069
FBay
0069
FB40

FB3D
co69

0065
0067
¥FB3Aa
0067
0065
B227

0310

3081
0110
SAz2
0350
9E2B

FB2F
0000
0069
0067
DB26
FB2B
0067
0063
E217
B215
49Cy
Feoil
49C2
Feol
6EC2
2107
3183
0048
0150
F609
o128
00DO
Fé60C
B208

gall

%
LP2
RP5

DT

PGS

DoN

JST
DATA

J ST
DATA

J 5T
DATA
J ST

J ST
DATA

J ST
DATA

LDA
N AR
J aP
Z AR
S5TA
&RP
5TA

J ST
DATA

IMS
J ST
DATA

LIK
LDA
SEN
JHP
SEN
JMP
BT
J A7
JAG
DAR
Ian
JMP
IXR
DAR
JHP
E LDA
ADD

*FSB
MAILMIN, MAX

*FDV
F250, 0., SCALE

*BFPA

SCALE
e MOT F

#* FMP
SCALE MINLMAX

#*FLX
MEALL, MIN

M;N
5+ 2
X

wH A

* FMP
0 SCAL E> M &K

R®EA
#FIX
| PK_; CNT

X
CNT
24, 4
5-1
24, 2
S-1
24. 2
DN E
PE5s

DaT

“DBT

L
i

H256

161
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009 3
009 4
0095
009 6
0097
0098
0099

" 0100

0101
oloz2
0103
004
0i0S
0106

0107
0108

0109

0110
0ill
cliz
0113
Cllyg
0115

0116

0117
0113
0119
0120

o121}
gize
0000

005D
O05E
005¥F
ooeo0
0061

ooe2
0063
0064
0065
0067
0069
006B
00&C
006D
006k

006F
0070
0071
o072
0073
0074
0075
0076
0077
0078

0079
0074
0078
007C
007D
007E
007F

ERRBRS

2406
DAC3
F6lB
FBI1S
F761

0000
0000
0000
0000
0000
0000
g 000
4474H
0000
0100

D3C3
C1CC
C540
Céecl

C3D4
CrD2
&0BD

2

NROW
CGNT

b4

MIN

M
SCALE
Bl5
F2s50

H256
=
xA
FCP
v
FSB
FDV
FiP
FiX
CRLF
BTL
BFPA
%
SF

STA
NS
JMP
J ST
RTH

DATA
DATA
DATA
RES
RES
RES
DATA
DATA

DATA

REF
REF
REF
REF
REF
REF
REF
REF
REF
REF

TEXT

'SCALE FACTER ="'

R Y T

e

s A 2 e KA i e i

L P




0ool
ooo2
0003
0004
0005
0006
0007
coos
0009
goio
0011l
oolz
0013
la
0015
0016
0017
ootls
0oig
0ocz0
0021
goa2
0023

- oD24

0025
Qo026
o027
0028
ooes
0030
0031
0032
0033
0034
0035
0036
0037
0038
0039
0040
0041
0042
0043
0044
0045
0046
0047
0048
ova%
0050
0051
0052

0000
0001

o002
0003
0004
0005
0006
0007
o008

guug

oooa
0008
c00C
oQoD
000=
000F
0010
G011l

0012
0013
00114
0015
00lé
0017
0018

0019

0014
00iB
0Q01C
001D
COlE
001F
0020
0021

0022
0023
0024
o025
o026
0027
0028

0029

002Aa

- o023

oo2C
002D
002E

08 00
9a7l
cz202
A6
EAGH
CTTF
S4a6A
9464
0110
94663
9A63
9463
9263
3400
D260
F20Aa
F205
B401
D25D
ra06
9458
F21l
9 ASE
B401
9AS7
20D
B400
D251
Fe06
F209
B401
D24E
Fa202
F205
F204
B400
9 A48
B401
9aat
E242
cz02
EA40
DA4G
F6lE

B242
E242
Fo 00
0000

VI EW
DI SP

STCA

MAK]

MINI

MIN2

FI@M

A0
EITR
A
EXTR
INT
STA
ax1
STH
STX
L A
STA
STa
Z AR
~TA
S5Ta
STaA
STA
LDa
CMS
JHP
JMP
LDA
G5
JMP
STA
JUP
STA
LDba
STA
JHP
LDA
G S
JMP
JMP
L DA
G415
JMP
JMP
JMP
LDA
STa
LDA

5TA

L DX
£X1
STK
IM5
JMP

LDA
LK
J 5T

| | 163

VI EV

DF¥:» DPSUE: , DPDL Vs, DPSHs
DI SP

RTTRs RTEGP

VEVR

b

RPID POINTER

RP2D

255

ChNT

NROY _
AINITIALIZE MAL A4D MIN

MIN T :

MIN+1

MAax

ML+ 1

@0

MAX

MINI Al<Max

Mall Al>MAX

el al=Max

[oF2nC 3| ’

MINLT Al=Ma! Al<MAl+]

MAT+ 1 Al=Ma] A2»U&+ 1

FICH ™ )

Max

el

MaX+ |

FloM'

eo

MIN

MIN2 Al<MIN

¥Ici Al>MIN

él1 Al=MIN

MIN+I R ,

MINZ Al=MIN A2<MIN+ ]

FL1CY Al=MIN AZ2>MIN+1

FICM Al=11IN A2=MIN+1

o . o

MIN

el

MIN+1

RPID

2 - ’

RPLID

CNT

STCH

MAaxX
Ma+ ]
bPSuUR:

5 dlnad

T TS R, T

A




A e £ ST R

oree

= T e

0053
0054

. 0055

0056
0057

’ 0os8

0059
0060
0n61l
0062
0063
00&4

0065
0066
0067
0068
0069
0070
0071
po72
0073
0074
Q075
0076
0077

0078

0079
0030

Q0S8 |
gos2
003 3
0038 4
0085
0036
oo37
0038
0089
0090
0091
ooo 2
009 3
00% 4
0095
0096
0087
0098
0099
0100
0iol
olo2
0103

002F
0030
0031
goa32
0033
0034
0035
0036

0037
0038
0039

ooca
0038
003C
0c3p
003k
003F

0040
0041
0042
0043

0044
0045
0046
0047

0048
0049
004A
004B
004C
004D

004E
004F
0050
0051

0052
0053
0054
0055
0056
0057
0053

0059

0054

.0058

005C

006D
1050
1329
3201
0150
1343
SA3S
EA39

B235
E235
Fe 00
0000
Q06F
0A2D
10D1
0310
BA2A
10D5

0310
3081
0110
QARE

E226
Ba0DO
L4011
Fo 00
0000
006F
QAlF
10D!
0310
8Al1C
10D5

E223
49 C4
F601
49C2
F601
6EC2
2107
3183
0058
0150
Fé09
0128
00DO
F60C

B215

3%

LPD

DaT

POS

DENE

DATA
LA
LLX
JBR
18R
LR
STA
5TK

Lba
Lo
J ST

DATA
5TA
ARA
NAR
ADD
ARA

NAR
J AP
Z AR
STa

LK
L BA
Luo{
Jd ST

DATA
5TA
ARA
NAR
ADD
ARA

L DX
SEN
JUP
SEN
JHP
‘ITK
J A%
J AG
DXR

IAR -

JHP

IXR

DAR
JiiP

LDA

MIN °
1 N
2

S+ 2

1

Mag
Mai+l

Min
MIN+1
DFDI Ve

MAax
TEM
2

TEY
6

g+ 2
x

RP2D
€0

€l
DPDI Vi

Ma
TEM
.

TE1
6

%
24 4
51
24, 2
=1
24, 2
DBNE
PES

paT

DET
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b,

- 0log
‘0105

0106

0107

0108
0109
0l1lo
otlt
0112
0113

0;!4

0115
Oile
0117
0118
0119
0120
otal
0122
0123
0la4a
0125
0l26
cooo

005D
005E
00SF
0050
006!l
0062
0063
0064
0065
0066

0067

0068
0069
ooeAa
Ccoe6B
0060
006D
006F
0071
0072
0073
0074

ERRERS

3aleé

9Aa13.

E20B
cz202
EAQ9
DAO9
FG6lE
B20E
2101
F100
0000
F100
0000
F768
0000
0000
0000
0000
0000
000
0000
0000
0000
0100

TEM
RPID
RP2D
NROW
MIN
Man
CNT
%
VEVR
H256

ADD H256
5TA X
LEX RP2D
axX1 2-
STX RP2D
iris NROV
JMP LPD
LDA VEVR
J AZ S P
JMP RTAP
JMP RTTR
RTN VIEY
DATA 0
DATA 0
DATA 0
DATA 0
RES 2,0
RES 2,0
DATA 0
DATA 0
DATA 0
DATA 256
WD '
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omnErr e

PP

0001 W A DPAGC

0002 N A DPFL:T
0003 N Ad DPF1X
0004 FXTR  DPu:
0005 IXTE  DPN
000& 0000 REL 0
0007 *

0008 #DPURLE PRECISIZN ACCUMULATE
0009 %

0010 0000 0300 DPACC BENT

00l 0001 9al0 STA TEMP
0oiz 0002 0030 TXA

0013 0003 E703 L DX # DPAGGC
0014 0QO04 1200 ROV _ |
0015 0005 8cot! ADD el
00lé Q006 &20C AN D MASK
0017 ©007 9CGO01 STA el
0018 0008 B209. LDA THAP
00i® 0009 3204 JBR DC1
0020 000a 1200 RBV o
0021 000B 0150 I AR

0022 000C 3201 - JOR DC1
0023 000D OQ1lio Z AR ot
0024 000x 8C00 DCI ADD 20
00‘-5 O00GCF 9C00 ' STA €0
0026 0010 DEIO iMs DPACG
0027 0011 F711 RTix DPACC

0028 o001z 0000 TEMP DATA 0
0029 0013 TFFF MASK DATA t 7TFF¥

o oo %
0031 #DBUBLE PRECISION TG CAl-F. P.
0032 ok " et e
0033 0014 0800 DPFLT ENT
0034 0015 350! JXN DPF1
0035 00i6 2113 _ Jaz DPF4
0036 (0017 ©BAL3 DPF! EMA BITS
0037 0018 0li0 . Z AP ‘
0038 0019 BAll BA BITS
0039 00la 9all STA . SIGN
0040 ©O1B 3081 J AP DPF2
004%f 00IC F900 JST DPN 2
. ’ 0000
0042 - 001D 1328 DPF2  LLX 1
0043 O0OlE 1BOC- DPF3 LLL 1
0044 OO!F DAOB IMS BITS
0045 0020 3242 JGR DPF3
. Qo4& 0021 1BZB LLR 9
0047 0022 BACB A BITS
0C48 0023 0310 NA&R
0049 QD24 BA0S ADD D160
0050 0025 1356 -~ LLA A
0051 0026 A204 iBR “BITS

Q052 0027 BADA ™A S1GN

[ e

PSR




0053
0054
0055
0C56
0057
0058
0059
0060
0061
0062
0063
0064
0065
00658
0067
0068
0069
0070
0071
0072
0073
0074
0075
0076
0077
0073
0079
008 0
008 1
008 2
008 3
008 4

008 S
-008 ¢
0087
00338
oo o
0080
0091
009 2
009 3
002 4
co0G

0C2o
0029
ooza
0023
oozC
002D
DO2E
goer
0030
0031
0o32
0033
0034
0035
0C36
0037
0038
0039
003a
0C3B
003C
003D
OC3E
003F
onao
0041l
0042
0043
0044
0045
0046
0047

0048
0049
Q044
004B
004cC
004D
Q04E
004F
- 0050

ERRBRS

8205
azoz2
F716
0000
goco
0Ca0
g 000
0800
9E04
B821C
13bé
9606
9 E09
B609
8213
AR18
BEOD
2109
3190
BELO
1BO7
1830
DEL3
Fs02
1B0OO
1343
Faol
BEL8
BEI1S
3038 3
BELIA

" F200

0000
Facl
BELD
F71B
0118
1400
FT1E
7FFF
007F
0080

DPF4
BITS
SIGH
D160
DPi1
DPFIX

DPFX 1

DPFx2

DPFX 3
DPFX 4
DPP

MANT
SBIT

AND
IgR
RTN
DATA
DATA
DATA
DATA
ENT
STA
AND
LRA
sSuUB
STa
LbA
AND
IGR
A
J Az
J &G
B4
LLL
LLR
145
JMP
LLL
LEX
JMP
1A
BIA
J AP
1A
J 5T

JMP
BHiA
BTN
2 a7
SgVv
RT
DATA
DATA
DATA
END

DRI -
S1GHW
DPFL T
0

0

160
18000

SIGN
DFP

7
D1AO
BITS
SIGN
MANT
SBIT
BITS
DPFX 2
DPFX 4
BITS
B

i
BITS
DFFX !
1

1

LA
SiTS
SIGN
DPFX 3
S1GN
DB

5+2
SIGN
DPFIX

DPFIX
¢ TFFF
t7F
:80
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APPENDIX C




0001
goo2
0003
0004
0005
0006
0007

o008
00Go
oolo
0011
oolz
0013
004
0015
le6

0017
0018

0019
0020

cozl
o022

0023
0024
0025
0bz26
Go27
0028
0029
0030
0031
0032
0033
0034
0035
0036
0037
0038
0039

0040

0041

0042
0043
0044
0045
0046

100

0100
0101

o102
0103

0104
0105
Cloe
0107

0108
0l09

010A
0103

010C
ci0D

010E
010F
0lio0
011l
o112
0113
Olig
0115
0tlé
o117
0113
0119
0lla
O11lB
oliC
0llD
O11E

0l11lF
0120

o121
glz2
0123
0124
0125

0110
Fo 00
00G0
gles
raol

0800
0AQ0
4005
F900
0000
ce817
F2 00
0000
cean
Fe 00
0000
0108
Fo 00
0000
COD4
E213
coD2
E212
coca
211
36 0a
cCoDno
E20F
cocqt
E20F
CODé&
E20E
coC4
E20A
3301
Fo 00
0000
EADA
F900
o000
FBO3
F61D

| 1688 3
| /
. 1
N AM CMN D ;
EXTR IER,BTT,BTLsCRLF
E{TR ERR,XEQ T
ABS : 100 o
#PRINT NAME :
Z AR
JST @TL o
DATA NAME ;o
JMP 5+ 2 P
*COMMAND INTERPRETER -
N .
CMND  ENT
ELN
CIE ENARLE PAVIC BUTTSN
J ST CRLF PRINT PRZ1PT CHARACTER
L AP 187
JST @TT
L AP vt
JST BTT
ZXR
JST 1ER INPUT CQUMAND
CAI T
L T TRANS
CAl "R
L IX READ
CAal 'C
LI CL EAR
JXN BKF
cAl ‘P
L DX PUJ CH
cal G
L D% FPCET
cal rye
L DX CRT
CAl Dy
L DX DATUM
JRN GKF
BAD JST ERR
gRF STX FUNC SAVE CALL ADDRESS L
J ST XEQ WAIT FOR GO N
JST % FUNGC CALL FUNCTIGN Lo
JUP CMN D+ 1 ok
TRANS REF ‘ -
READ REF $
CLEAR REF 3




0047
. 0048
s 0049
0050
0051
: 0052

0053

0054
0000

cize
0127
0123
0129
Olaa
0128
o0lac
012D
Cl2E
0l2F
0130
0131
0132
0i33
0134

cooo
B1BS
AAB2
B5B5
A0C6
D5CC
Ccao
C8 b4
D3A0
BED3 A
0000

ERRORS

PUNCH
DATUY
FPLBT
CRT
FUNC
NAME

REF
REF
REF
REF
DATA
TEXT

DATA

EyD

0

"15%255 FULL HTS®

:BD3A, 0

e e gt i

T




0001
ogoe2
0003
0004
0005
0006
0007

0008
0009

00l10
001l
goie
0013
0014
0015

0016

00117
O0io
0013

0020
pozt

goz2

oc23
0024

0025

0026
0o27
0020
0o2¢

0030
0031
0032
0033
0034

0035

0036
0037

0038
0039

0000
G000
000!
oooz

0603
0004

0005
0006
0007
0008
0009
000A

000B

0ooc
000D
000E

O0O0OF
0010

001l

gol2
0013

0014

0Ql1s
00l6
0C17
0013

0019
001la
00lB
oolc
001D

0OlE

00lF
0020

o021
goz2

0300
C6BF
Fe00o
127
013E
F900
128
1200
Cocp
F203
COD4
F204
Fe oo
B 12A
FO00
g129
0108
F20F
o 00
8129
Ced A
F9 00
Bl2é
F9 00
6125
2141
F900
8126
FO 00
6125
cosz
F201
F604
Fo 00
8125
COFF
F201
F603
C401
ES 00
0128

BloO:

otz2
9AF3
FO00
8129
Cé6BF
Fo 00

8127 ..

TRANS

MON

TAP

Tl

T2

T4
BEG

N AN
N A
EXTR
REL
ENT
L AP
J ST

DATA
JST

ROV
CAal
Ji1P
cal
JriP
JST

JST

ZXR
JMP
J 5T

LAP
J ST

J ST

JAZ
JST

JST

Cal
JiP
JXdP
JST

cal

JMP
JMP
LXP
STX

LDa

5Ta
J ST

LAP
J ST

MOTA
*1KB

e
Moy
!Tl
TAP
* ERR

#*CRLF

BEG
#*CRLF

184
20TT

*BIPT

S~ 1
*GTT

*BIPT

$92
T2
T}
* BIPT

¢ FF
T4
T2

1
TETR

MASKO

MASK
* CRLF

[ -]

FoTL
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0040
0041

o042
0043
0044
0045
0046
0047
0048
0049
0050
0051
0pos52
0053
0054
0035
0056
0057
00s8
0059
0060
0061
Ovez
0063
0064
0gces
0066
0067
0068
0069
0070
0071
o072
0073
0074
0075
0076
0077
0073
0079
0020
203 1
oog 2
003 3
0G3 4
003

003 6
003 7
0088
0089
0020
009 1

0023
0024

0025
0026
0027
0028
0029
o02a
002B
002¢
002D
002E
oo2r
0030
0031
0032
0033
0034
0035
0036
0037
c038
0039
003A
0n3R
003C
003D
003E
0037F
0040
0041
0042
0043
0044
0045
0045
0047
0048
0049
004s
004B
404c
04D
004E
ocar
0030
0051
0052
0053
0054
0055
0056

0130
F9 0O
8128
cocs
F205
coce
F208
COGF
F204
FBFE
€T1E
S AE2
0108
0403
F207
C71E
9ADD
0103
F203
C70F
9 ADY
0358
EAFS
E2F1
23 02
C70F
9AD3
B2D4
9 ARZ
E2E3
0110
9€00
0123
DACD
F603

"EADI]

EZ2E4
2303
E2ES
3801
6210
Z2D3
0123
cz210
ccoo
C2FF
EABS
94BA
C7F5
9ACC
C7FF
2487
B2D4y

FEZRD

BACK

CLR

NEXT

DATA
J ST

Cal
JMP
CAI
JHP
cal
JMP
JSsT
L aM
5TA
ZXR
CXR
JIMP
L Ax
STA
Zx

JHP
L AM
STA
EXP
5T
L EX
JXZ
LA
STA
L DA
STA
LD
Z AR
STa
IXR
IM5
JHP
STX
L DA
JKZ
L OK
JHN
CAR
LI
IXR
CAR
Cal
AL
STK
STA
L aM
S5TA
L Al
STA
L DA

DI RE.
#1KB

|Fl
FORD
g
BACK
gy
BBTH
# ERR
30
CNT2

TKF
30
CNT2

TKF
15
CNTZ2

DIR1
TETR
S+ 3
15
CNT2
ZCT
CNT3
13C

GO

CNT3
CLR

1BP

TETR
NEXT
DIR!
NEL{T

MASK

0

255
MSK 1
DIR
245
DCT2

.255

DCT
TETR
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po9 2
009 3
009 4
0095
009 6
0097
0098
0099
0iQo
0101
olo02
0ip3
0104
0105
0106
0107
0108
0109
0110
cill
0ii2
o117z
Olia
0lls
0il6
0117
ol1is
0l1io
gl120
0121
ple2
0123
0124
Cizs
0lz6
0127
o128
0129
0130
0131
0132
0133
0134
0135
0136
0137
0138
0139
0r40
Olal
0142
Cla3
Olasg

0057
0058
0059
0054
0058
00sC
005D
005t
005F
0060
coel
0052
0063
0064
0065
0066
0067
0068
00e%
00s6A
0068
006C
006D
006E
O06F
0070
0071
0072
0073
0074
T075
0076
0077
0078
0079
007Aa
6078
0070
007D
0O07E
007F
0080
008 1
ogs2
0083
003 4
0085
0036
0o87
0038
0089
oo8Aa
oosB

2107
FBCC
1357
9aD4
FBCY
AZ2D2
9 AB0
Fa209
Fa39
FAS 3
2AA0
B2CB
Co0l
¥203
D2as
F235
rea3d4
C70F
9AAD
B2p3
9 AAB
B2B6
oARS
CIFF
9AAS
B293
9498
BEA3
98A3
0110
D3 E
Fa20l
F213
E295
0110
D3BF
+201
0508
0030
8898
9897
DA% 9
DA9 S
DA9 2
FeloB
DAS T
C6rF
BABF
9ABE
DA3 6
Fo6lB
F211
282

T3

TUR!

ILP

PRGC

SPAa

TLP1

TLP2

JAZ
JST
LLA
STA
JST
IBR
5TA
JMP
J ST
JST
STa
L DA
Cal
JMP
Gi5
JMP
JiiP
LaM
STa
LDa
STA
LDa
5TA
L AM
STA
LDbAa
STa
LDa
5Ta
Z AR
CS
JiP
JMP
L OX
Z AR
1S
JMP
HAR
THA
ADD
STaA
iS5
IMs
iMs
JMP
iMS
L AP
ADD
STA
IMS
JiP
JMP
LI

TURI

% BIPT
8

TEMT
#*BLPT
TEAT
vaL
PREC
TURNGN
MBNS
VAL
DIR]
g
PROC
DIR
FINBNE
FINGNE
i5
CNTI
MASK ]
MASK2
IBC
I3
255
SCT
MG
MSK2
IB
1BP

xMASKZ
S+ 2
TLP2
VAL

#*MSKE
s+ 2

%1 BP
*1BP
MSK2
18P
SCT
TLPI
MASK2
255
1B
iB
CNTI
sPa

- FINGBNE

VAL
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0145
0146
0la7
0148
0149
0150
0151
D152
0153
0154
0155
0156
0157
0158
0159
0160
olel
0162
0163
0i64
0165
0166
0167
0168
0169
0170
0i71
ci72
0173
0174
0175
0176
0177
0178
0179
0180
0131
0182
0133
0184
0185
0iB6
0187
0188
0189
0190
0191
0192
0193
0194
0195
0196
0197

00BC
005D
00B E
003 F
0090
0021
oose
0093
0094
0095
0096
0097
0098
0099
009 A
0098
009C
009D
009 E
CO9F
0040
0CA1
0ga2
0043
00AL
0045
00A6
coaT
0CAB
00A%
0CAA
00AB
0CAC
Q0CAD
0C&E
00AF
0CEOD
0CBl
gozz2
00B3
00B4
OCES
CGE6
0CET
00BE
00B9
00BA
0OEB
0GBC
OOBD
00BE
00BF
00CO

0i1lo0
D37C
0508
0030
8B86
9835
DA77
DA3 3
DAB O
rolAa
DATD
C6FF
8ATD
gAa70C
bAT74
F62D
E26C
0128
B26D
£o00
c3o02
Eas7
DATD
rael
40C7
D&asg7
F201
F204
B23d 2
2101
Fo52
Fe4E
C7FF
O ABL
E263
0t10
9C00
01e8
DA%
F603
C7F1
9463
C70F
9A62
9AG2
B269
94863
C70E
9460
B260
9A60
B35F
10D3

FINGWE

TUR3

CLRI

NXBIN

NIIRGW

Z AR
CM5
HAR
TXA
ADD
STA
IMS
IM5
IMS
JMP
M5
LAP
ADD
STA
Ins
JUP
LIK
IXR
L D&
cal
SX1I
STX
iMs
JMP
SEH.
IMS
JHP
JHMP
L DA
J A2
JMP
JHP
L AM
5TA
L O%
Z AR
STA
IXR
IMs
JHP
L aM
STa
La
STA
5TA
LDA
STA
L AM
5TA
LDA
STA
Lpa
ARA

%M SK2

*1BP
# 1 BP
MSK2
IBPF
SCT
TLP2
MASK2
255
iB
IB
CNTI1
SPA’
MSK1

DIR
.

2
MS5K1
DCT2
S+ 2
24, 7
DCT
TUR2
TUR3
TETR
s+ 2
T3
ILP
255
CNT?
IBP

0




0198
0199
0200
0201
0202
0203
0204
0205
0206
0207
0208
0209
0210
0211
ozle
0213
o2la
0215
0216
oal7
0218
0219
0220
0221

cza22
0223
0224
Q225
0226
0227
0228
0229
0230
0231
0232
0233
0234
p23s
D236
0237
0238
0239
0240
024l
0242
0243
0244
0245
0246
0247
0248
0249

00C1
ooce
00C3
00C4
00CS
ooce
Qoc7
00CH
00Cs
ooCa
D0OCB
00CC
coCD
0OCE
COCF
00RO
00D1
gobe
0oB3
00p4
QoDs
Q055
00DT
oops

ooDg
£oba
00DB
00DC
00DD
DODE
OCDF
DOED
Q0oE]
00z2
003
00E4
005
00E8
Q0E7
0OE8
00E9
00EA
QOEB
ODEC
OOED
D0EE
O0EF
OQFO
00F1
0gore
O0F3
00F4

B8B55
OBS4
B25a
8ASA
9A59
DAS3
¥603
B252
oa50
DAS3
DA4AB
DAAC
F6i10
B24B
0150
9448
9a48
C701
9a45
DAAS
¥618
Q110
9849
F100
0000
B251 RTTR
2104
B252
3184
0210
F206
B24E TS5
2182
B2RA  TE
raoz
B223
Jtotl
DA2D T7
DA29
Feo
FTES
0500 TURNGN
4006
48C1
Feol
QEQCO
49C1
F601
0F00
40Cq
4005
F70a

PE 00 MBNS

ADD
5TA
LpA
ADD
S5TaA
iMs
JHUP
L DA
STaA
IM5
iMs
IMs
JMP
LDA
IAR
STA
5TA
L A
STA
IMS
JMP
ZAR
5TA
JHP

LDA
JAZ
LDa
JAG
CAR
JMP
L DA
J AL
LDa
JMP
L DA
J AN
IMS
IM5
JHP
RTN
ENT
CID
SS8N
JMP
sBv
SEN
JMP
54
SEL
ClE
RTN
ERT

*IBP
#1LBP
H256
1BE
I1EBE
CNTS
NXRBY
CNT6
CHTS
IBLU
IBP
CNTA
NXBIN
CNTS

CNTé
CNTS
H

CT4
HM 14
NRXBIN

GFFSET
D;SP

TETR
T5
DIR!
T

T7
DIRI
§+ 3
DIR
T7
DIR
&+ 2
MASK1
CNT2
NEXT
TRAN S

1 C1l
5

: C1l
5~ 1

: C4a

" TURNGN

174




0250
0251
0252
0253
0254
0255
D56
0257
0258
0259
0260
0261
0262
0263
0264
0265
0266
0267
02 6%
0269
0270
0271
0272
0273
0274
0275
0276
0277
0278
0279
028 0
028 1
028 2
028 3
028 4
0235
025 6
0287
0288
0289
0290
029 1
029 2
029 3
029 4
029 5
029 6
029 7
0298
0299
0300
0301
0302

O0F<
00F6
OOF7
00F3
00F9%
0o0ra
00FB
0OFC
O0FD
O0OFE
DOFF
0100
0i01
oioz
0103
0104
0105
0106
0107
D108
0109
0104
0l0B
ploc
010D
010%
010F
cl1lo
01l
0ilz
0113
o114
0115
0l16
0117

0118

0119
0l1a
0118
olic
011D
OllE
0llIF
0120
0121
o122
gia3
0124
olas
0lze6
0127
ol1e8
0129

49Cé
FoD!
5AC6
28 43
C704
9410
010
9AQ0D
ra206
1350
Sa0A
1351
SA03
9407
Clio
1803
8AR04
DAGY
F609
F7la
0000
0009
gooo
0000
0G00
0000
0000
0000
0000
FO10
0000
0000
0000
0000
0000
0100
0000
2000
0000
0000
FFF2
0000
0000
0000
G000

Ml

M2

MSK1
MSK2
CNT
DIR
DT
VAL
CHNTI
CiT2
CIT3
ZCT
MASH
MASH2
SCT
IB
IBP
256
CNT4
CHTS
CNT6
CNT7
HM 14
1BD
IBE
DCT2
BFFSET
MASKO
IBC
MASH
BIPT
gTT
BTL
IKB
CRLF

5N
JHP
INK
JRZ
L A
S5Ta
Z AR
5Ta
JMP
LLA
5Ta
LLA
LADD
STA
Z AR
LLL
ADD
IMS
JMP
RTi
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DaTA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
REF
RET
RLF
REF
REF
REF
REF
REF

1C6 ¢
5=1 -
:Cé
=3
I

CNT

MSK2
Ma

l
MSK2
2
MSK2
MSK2

4
HMSKH2
CNT
M1
MENS

4080

oo 00 QONMOOO0OO0OO !l 0ODOCOOOOO
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0303
0304
0305
0306
0307
0305
0309
0310

031l
0312

0313

012A -
pi2s
0izC
0i2b
D12E
ot2er
0130
0131
0132
0133
0134
0135
0136
0137
0138
0132
0i3a
0138
013C
013D
0138
01i3F
0140
0lat
0142
0143
Olga
0145
Ola6
0147
0148
0149
0laa
014B
Cl4ac

0000 ERRBRS

0000
0000
OFFO
0000
0000
8D3A
C6CF
D2b7
clbz
C4AC
cacCl
C3CB
D7C1
Da2C4
ACCF
D2AD
C2CF
D4C8
BFAQ
BD3 A
ceD2
CFCD
AOCD
CFCE
D3C1
CED4
CFa0
CrD2
A0C6
D2CF
cDAOD
Dacl
DOCS
BFAOD

ERR

TETR
TEDA
TCT!
DIRl
TEMT
DIRE

MOTA

REF

DATA 0
DATA O
DATA 4080
DATA 0
DATA C

DaTa :8D3A
TEAT *FORUWARD, BACKIARD: @R BETH?*

DATA s8I8BA
TELT '*FREM MONSANTE BR FREil TAPEZ?!
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0001
0002
0003
0004
0005
0006
0007
0008
ooo9
pol1o
0ol1l
ool2
0013
0014
0015
00le
co1l7
0018
0019
0020
go21
00z2
0p23
otz24
0025
0026
ocoz27
ooz8
0029
0030
oCc31
0032
0033
0034
0035
0036
Cco037
0038
0039
0040
0041
0042
0043
0044
004as
0046
0047
0048
0e49
Q050
0051
0052
0053

0000
0001

0002
0003
Q0G4
0005
0008
Q007
0008

0009

000A
0008
000C
000D
000z
000F
0010
0011

golg
0013
0014
0015
0016
0017
Q018

ao19

001ia
001E
001G
201D
OCIE
0CiF
G020
oozl

go22
0oz3
0024
0025
0026
0027
po28

0029

oo2Aa
0028
cozgc
c02D
Q02E
Q02F
0030
ao3tl

0032

03 00
C6EF
FB63
0067
FBTI
CoCe
F205
cocz
208
COCF
F20a
FB6&C
C71lE
9A73
0L0S
0408
F207
C7le
9 AGE
0103
F203
C70F
9 ABA
0353
EAGO
B260
9460
E25B
EASF
C110
9C00
0128
D&asSa
Fe03
94861
0210
QA58
C7F5
9A55
CTFF
SAS5
FAl9
FAZ3
SGASY
B24C
coo1l
F203
D24D
Fa3e
Fa231
B24D

DATUM

F@RD

BACK

BB TH

PKF

NEXT

ST@

NaM
EXTR
ENT
LAP
JST
DATA
J 5T
CAIl
JMP
CAlL
JHP
CAIL
JMP
JST
L aM
STA
ZAR
CKE
JMP
L A
STA
ZXR
JMP
L A
STA
FXP
STK
LbAa
STa
L DX
STX
Z AR
S5TA
IXR
IMs
JMP
5Ta
CAR
STa
L aM
STA
L A
sSTaA
J ST
JST
STA
LDA
Cal
JHP
CMS
JMP
JHP
LDA

DATU4, RTDA
DISD

1o
#6TL
DIRE
*1KB
lFl
FORD
IB'
BACK
'@'
BZTH
* ERR
30
INT2

PKF
30
BNT2

PKF
15
DNT2

DIR1
ZCT1
CT1
IBC
1B

eo

CT!
CLR
RBN

DI RO
245
DpTE2
255
DDT
DURN BN
DEN S
DAT
DIR1
1
STO
DIRO
bLyPa

- IL P2

DAT
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o it

00354
0055
0056
0057
0058
0059
0060
o061l
0062
0063
0064
0065

0066
00e7
0068
00&%
0070
2071
oovre
0073
0074
0075
0o76

0077

0078
0079
0030
J081
o082
003 3
008 4
0085
0086
0087
0088
0089
ooe o
009 1
o9 2
0093
0094
0095
00%¢
0097
0098
0099
0100
0101

gio2 .

0i03
0104
0105

0033
0034
0035
0036
0037
0038
0o03°
goza
003B
0036
003D
003E

003F
0040
2041
0042
0043
0044
0045
0046
o047
0048
0049
0044
004B
004C
004D
O04AE
00aF
0050
0051
0052
0053
0054
C055
0056
00357
00338
005¢
0054
J5B
005¢C
005D
COS5E
00SF
0060
0061
0062
0063
0064
0065
00é6

E248
9C00
DAL
DA4Y
Fao01
40G67
Da44
Fel0
Da48
B247
2101
Fi00
0000
B23D
DA4O
FelE
Fr42
0500
4006
43C1
F601
0EQO
49C1
el
OF0O0
4004
4005
F704
0300
4906
Feol
5AC6
28 43
C704
SAZD
ci10
gAa2C
r206
1350
9Aa29
1351
BA2T
94a26
0110
1B03
BA23
Dagl
F609
F71l4
bala
F63A
F629

DLP1

RTDA

LIOX
STA
IMs
iS5
JMP
SEL
iMs
JMP
iMs
L.bA
J AZ
JMP

Lpa
IMS
JMFP
RTN

DURNGN ENT

DAN S

M1

M2

ILP2

6TL

ot b v

Cib
SSid
JiP
581
SEN
JMF
S\
SEL
CIE
RTH
INT
SEN
JMP
INX
JXZ
LaM
STA
Z AR
STa
JMP
LLA
5Ta
LLA
ADD
57Ta
Z AR
LLL
ADD
IMS5
JMP
RTN
IMS
JMP
JMP
RE¥

1B
e0
i3
nDT2
5+ 2
24, 7
DT
DLP
REN
RBN
5+2
DISD

DIRO
INTZ2
WELT
DATUM

DURN@N

: C6
$=1
: C6
$= 3
4

CNT

MSK2
M2

1
MSK2
2
MSK2
MSK2

4
MSKZ
CN'T
M1
D@GN S
DDT
DL P

'n,P;
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0106
0107

0108
0109
0110
011t
; 011z
% 0113
0lla

: 0L15
| 0116
0117

' 0118
0119

- 0120
0121
0iz2
0123
i olz24a
| 0000

0067 BD3A
‘0068 C6CF
00685 D2D7
006a ClD2
006E C4AC
00seC CG2C)
-006D C3CB
006E D7CI1
006F D2C4
0070 AOCF
0071 D2AO
0072 C2CF
0073 DaCcb
0074 BFAO
00735
0076
0077
0078
0079 0000
007a FOOB
0078 0000
007C 0000
007D 0000
Q07E Q00D
007F 0000
0030 0000
0081 0000
0082 0000
0023 0000
0084 0000
ERRERS
el L

DIRE

CHLF
IKB
i1BC
LRR
DIRI
ZLTI1
CT1
1B
DIROD
DDT
DoTR
DAT
DNT2
CNT
1MSK2
RGN

DATA
TEXT

REF

REF

REF

REF

DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
END

:BD3A
'TERYWARD, BACKWARD @R BETH? *

4085

cooooo0o0o00 Lo

R
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T R TR e

0001
0002
0003
0004
0005
0006
0007
0008
0009
0010
co1i
colz2
0c13
0014
0015
Golé
0017
0018
00t9
0020
0021
0022
0023
0024
0025
poz26
oca7
Q028
0029
0030
0031
co32
0033
0034
0035
0056
0037
0038
0039
0040
00al
0042
043
0044
0045
0046
0047
0048
0049
0050
0051
w52
sS3

00ec0o

G000
cool

0002
0003
0004
0ao0s
0006
0007
0003
0009
cooA
00OB
000C
000D
COO0E

00OF
0010
0011
goli2
0ol3
0014
Qo155
0016
0017
0018
0ol9
0o0ia
0UlB
0olcC
001D
001E
00LF
0020
goz21l
go22
0023
0024
0025

FBOO

0800
40233

4039

5939

403C
F705
0800
FEO7
CODF
FFOoA
co8a
F¥roC
F706

0800
5801
13D0
220a
49 3B
Fe04
403A
48 39
Fao3
0150
2149
F604
58 28
F70D
4933
FEOE
4032
48 35
¥203
0150
2153
Feo4
58 35

1KB; 1 ER, BI PT, XEQ
BTTs ERRy CRLF
GTL, B FPA, GDEC

0

*CMND

750
71
Ts 1
ry
IXB

IKB
: DF
* CMND
3G A
# CMND
IER

NAaM
raM
N &
REL
B3
# PANIC SWITCH
*
J ST
CMND REF
*
*KEYBEARD INPUT
He
IXB ENT
SEL
SEL
RDA
SEL
RTN
I1ER ENT
J ST
cal
J 5T
Cal
JST
RTN
*

*PAPER TAPE INPUT
# DS0 = 0 FGR TTY

# 1| FBR HSR
s
BIPT  ENT
BIP2 15A
LBA
J8s
SEN
JHP
SEL
uT SSN
JMP
I AR
JAz
JMP
IT INA
RTN
HSR SEN
JHP
SEL
UM SSN
JHUP
1AR
J AZ
JHP
1M INA

1
HSR
7 3
BIP2
7:2
Ts 1
IT

BIP2
wT
720
BIPT
6,3
BIP2
6, 2
6 5
IH

BIP2

© We

€5

AUT@- ECHO
KED M@DE
READ ON FLAG
RESET

BACK ARRGW?
YES

LINE FEED?

YES

N EI THER» RETURN

READ SWITCHES

DS0 UP FBR TTY
DEWN F@R HSR

TTY BUSY?

YES

N@, STEP READER

FL AG?

YES

N@, BUMP COUNT
RESTART IF TIME UP
ELSE CHECK FLAG AGAIN
INPUT FROM TTY

& RETURN

HSR BUSY?

YES

N@, STEP READER
FLAG?

YES

NG, BUIP CEUNT
RESTART IF TIME UP
ELSE CHECK FLAG AGAIN
INPUT FREOM HSR
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Wi

T T T Y

0054
0055
C056
0057
0058
0059
0060
0061
0062
0063
0064
0065
0066
0067
0068
0069
6070
0071
0072
0073
0074
0075
0076
0077
0078
0079
005 0
008 1
00S 2
008 3
008 4
008 5
003 6
0087
0033
0059
009 0
009 1
009 2
mo 3
009 4
0095
009 6
009 7
0093
0099
0100
0101
ooz
o103
0104
0105
o106

0026

0027
o028
0029
0o2a
002B

0020
002D
002E
0o2F
0030
0031

co32
0033
0034
0035

0036
0037
0033
0CG3%
0034
0038

003C
003D
no3E
0o3r
0040
coal
o042z
0043
0044
0045
0046
0047
0048
0049
0044
004B

F717

Q08 00
FE20
co3D
F703
F603

08 00
403C
6D3B
49 3B
reol
F705

0800

Conr
FEQOS
FF34

08 00
Ce3D
FEOC
Ceca
FEQE
F705

0300
8 AQF
9A06
2A09
E704
DEGCS
B400O
11D7
FEIS
cooo
F704a
1157
FEIC
€000
F70E
0leg

*

RTN

BIPT
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& RETURN

#*WAIT FGR EXECUTE SICGNAL

#
XEQ

%

ENT
J ST
Cal
RTN
JMP

ENT
SEL

WRA
SEN
JMP
RTN

1ER
:8D

XEQ

TTY

XEQ+!

T4
T» 3
7.3
o= 1
gTT

*COMMAND ERRER EXIT

*
ERR

O# & *

RLF

*®

ENT
LapP
JST
J ST

BT
LaP
JST
Lar
J ST
RTN

: DF

GTT

# CMN D

:8D
GTT
t8Aa
BTT
CRLF

INPUT

CARRI AGE RETURN?
YES, RETURN

N8, GET MORE

RESET INTERFACE
WRITE N NGT BUSY
DINE?

N@g

YES

FRINT ARRGW

RESTART C@MMAND

CARRIAGE—R TURN,LINE FEED

CR

LF

#@GUTFUT TEXT FRE¥ BUFFER

¥
ZTL

GT3

ENT
ADD
57TAa
5TA
L DK
IMS
Lba
RRA
J ST
cAal
RTN
RL A
J ST
CcAal
RTN
IXR

cal
T2
gT3
*@TL
87TL
€0
8
@TT
0
BTL
8
BTT
0

" BTL

2

MAKE COBHMPARE INSTRUGTIEM
&SAVE 1T

GET TEXT PGINTER
SET RETURN ADDRESS
GET UWEORD

PRINT FIRST BYTE

LAST GNE
YES, RETURN
PRINT SECEND BYTE

LAST GNE?
YES RETURN
BUIP PBINTER

=TT




0107
0108
0109
olio
0111l
oLi2
0113
0ila
0115
olie
0117
0115
otio
0120
0121
oiz2
0123
oiza
o125
0i26
0127
0le8
gl29
0130
0131
0132
0133
0134
0135
0136
0137
0138
0139
0140
Diatl
0lag
01a3
Olaa
0145
0la6
0147
0148
0149
0150
0is1
0152
0153
0)54
0155
0ls6
0157
0158
0159

004C
0CaD

CC4E
004F
0050
0051
0052
0053
0054
0055
0056
6057
0058
G059
0061

ooe2
0063
0064

0065

006e
Q087
0068
0069
0ceA

006B -

006G
006D
006E
006F
0070
0071
0072
0073
0074
0075
0076
0077
0078
0079

reoa
co00

0800
E701
DEO2
EAQL
FBOE
0000
0059
0110
FElA
0059
F70A
0000

08 60
EAl9
C4AB
3082
0310
ca02
9415
0030
FE3E
B215
9413
C705
94a10
B20E
C4AF
9 30E
0128
30c2
5B0B
9 ADB
0030
FE4B
Da0d?
DAOS

CAl
£

#GUTFUT FLEBATING POINT

*
@GFPA

@rPT

BUF
FAS
4

JMP
CAl

ENT
LDX
IMs
STA
J ST
DATA
DATA
Z AR
J ST
DATA
RTN
RES
REF

GT1
o

#PFPA

GFPA
GPT
#FAS
Y
BUF

@TL

BUF

GFPRA
8,0

Leagp
NWiBER

GET PBINTER

SET RETURN ADDRESS
SAVE PGINTER
CZNVERT TG ASCII

SET END FLAG -
PRINT NUMBER

# @DEC @UTPUT DECIMAL (+/-DDDDD)

%:# @DEC CBNVERTS THE BINARY VALUE IN THE

*A REG AWD PRINTS IT AS A SIGNED 5

# DIGIT DECIMAL NUMBER &N THE TH..ETYPE.
AR AND OV ARE DESTRBYED. '

%
e

% LDA Val AR
* S
&
i
@

ki RETURN

DEC

o1

= VALUE

MUST BE IN V&RD MEBDE
JST #@GDEC CALL ROUTINE

ENT
STR
LXP
JAP
NAR
AXI
STa
™a
J ST
LDa
STa
L A
STA
LDA
LXP
SUB
IX

J AP
ADD
5Ta
TLA
J ST
IMS
IMS

5
I+'
5+ 3

v
gTT

STRT
PTR

: AF
#PTR

5=-2
*PTR

BTT
PTR

XR UJCHANGED

SAVE X

MAKE VALUE +
MAKE SIGN =

SAVE VALUE

PRINT SIGN
INITIALIZE TEL PTR
SET FGR 5 DIGITS

ZERG TO -1

PRINT DIGIT
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0160 0074

0161 0Q07B

0ie2 007C
0163 007D

0164 OO7E

0165 .0O7F

0166 0030

0167 0081

0168 0082

' 008 3
008 4

0169 0085

S 0086

0170,

0000 ERRORS

F&DB .

E201
F71A
08 00

08 00

0800
08.00
pos 2
2710
03E8
0064
000a

0001

PTR
STRT
THL .

JMP
Lo
RTN
HLT

HLT

HLT
HLT.
DATA

DATA

DATA

g1 .
S ' - RESTBRE XR
G DEC - RETURHN

TEMP FBR AR

. VALUE
CEUNT
" PGINTER -
TEL TABLE ADDR
10000, 1000, 100

1QJ@ _ o

R

gt




0001
aooz2
mea3
0004

0006

- 0007
0008
0009
0010
0011l

o012

0ol4
0015
0016
0017
0018
0019
0020
0021

0022

0023
0024

0025

0026
0027
0023
oo’

0030
0031
ooae
0033

0035
C036

0037
0038
0839
0040
004l
0042
0043

0005

0013

0034

00co
0000
000l

0003 .

0004
0005
0006

0007

0008
0009
000a
000B
000C
000D
000E
000F
0010
001!t

cotiz

0013
0014

00t5

00ie6
0017
0018
0019

00!la-

001B
001G
001D

OO0LE
001F
0020

gozl
oozz
0023
0024

0025

pozé

ao27

0800
FQ 00

- 6000
0002 -

F9 00
0000

READ

cos0 -

ra203
CoC7
Fz204
F9 00
0000
E21F
821F

ra204

B21C
8AlE
0048
B21B
941C
Ce8A
F200
0000
FS 00
0000
2141
F900
0000
F9 00
0000
coo2
F201
F604
F9 00
0000
COFF
r201
F603
F9 00
0000
1357
9AOE
F9 00
0000
A206
8GO0
8GO0

olag .

DaO6
Fe09
F727

REZE
RESH

RILP

Rl

R2

R3

N A
IXTR
REL

EWT
JST

JST

cal
JMP
Cal
JHP

J 8T

LDX
LDA
JMP

LDA

ADD
TaxX
LDA
STA
LAP
JST

J ST

JAZ
J ST

J ST

CAl
JHMP
JMP
JET

CAl
JMP
JMP
JST

LLA&
STA&
J ST

IBR
ADD
5TA
IXR
IMS
JMP
RTN

READs PUN CH, CLEAR

0

CRLF

1ER

'0'
REZE
G
RESW

ERR ~

IBC

ZCTO

RILP
1BC
SNO

ZCT1
CNT
:8A
BTT

BIPT

5-1
BTT

BIPT

1982
R2
Rl
BIPT

: FF
R3
R2
BIPT

TEMP
BIPT
TEMP
€o
€0

CNT

- RS

READ

‘1KB; OTTs BIPT, @Tls CRLF, 1 ERs ERR

SKIP LEADER

READ TAPE

END BF LABEL
YES

NG

READ TAPE

FILE MARK
YES
Ng

R ok et 2
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i
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HE
i
b
{7
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1
g
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3 1
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r-—:«u - e s -

0044
G045
0C46
0047
0048
0049
0050
0051
0052
0053
0054

0055

0056
0057
C0S8
0039
0060

0061
oce2
0063
G064
0065
0666
0067
0068
Coe&9
0070

0071
0072
0073
0074
0075

0076
0077
0078
0079
008 0
003 1
oose
0083
0084
0085
008 6
0087
0088

o089
0090

o028
0029
002a
002B
0o2cC
oozp
002E

oceF
0030

003l

coa2
0033
0034
0035
0036

0037
0038
0039
003Aa
C03B
003C
003D
003E
003F
0040

0041
0042
0043
0044
0045

0046
0047
0043
0049
00aa
couB
004C

004D
004E
004F
0050
0051

0052
0053

FO10
FFOi
CEF1
0000
0000
G000

0300
F9O0
0000
Fo0C
0000
CoBO
F203
Coc7
F204
F9 GO
0060
E6OF
B&OF
F204
Bele
8EIC
0043
B613
9El2
Faop
Fo00
0000
cooz
Fz0l

- F603

C6FF
F900
0060
B400
FAQD
0123

DEID
F604
FAO!

F71D

0300
c732
9E2%Z
0110
FoQ0
oowo
DEZ5
FooR

IBC
Z2CTO
ZCT!
SW0

Cll\i T

PNT
TEMP

*

# PUNCH
PUNCH

PNZE

F SN

PNLP

P1

P2

P3

% PUN CH
L EAaD

L2

REF _ :

DATA  =4080

DATA  -~255

DATA 3325

DATA 0

DATA 0

DATA )

ENT

JST CRLF

JST I1ER

cal 0!

JMP PNZ E

cAal G

JMP P SN

J ST ERR

L BX 1BC

LDA ZCTO

JiP PiL P

L Da 18C

ADD SWO

TaX

L DA ZCT1

STA CNT

JST L EAD

JST IKB ECH® L ABEL
cal 192 CTRL/TAPE
JiP P2 YES
JMF Pl N@

L AF : FF PUNCH FILE MARK
JST @TT

L DA €0 PUJNCH BITS
JST BT

IXR

IMS CNT

JMP P3

J ST LEAD

RTN PUN CH

5" @F LEADER

ENT

Lam 50

STA PNT ¥
Z AR

JS5T GTT '
IMS PNT

JHMP L2

SRR L

AV e SR 2 o
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APt e it iy B S

009 1
0092

0Ce 3 -

009 4
0095

009 6
0097

0098
0099
0100
0101

olo2

cloa
0104
0105
0106
0107

0108
0109
0110
giti
otle
0113
0114
0Lis
0llé
0117
0118
oli%
orz2o
ol21
olaa
0000

0054

0055
0056
0057

0058
0059

005a

005B
005C

005D

CO5E
005SF
0060
006!
0cez2

0063
0064
0065
0Cé6
0067
0068
00¢c9
00&aA
0CeéB
0oe6C
cCeD
006k
QC6F
0C70

ERR@RS

F707

0800
11D7
Fo o0
0000
1157
FoQo

Qoo0

F705

0800
Fo 00
G000
Fo Q00
0000
COoBO
Fa203
cec?

F204 .

Fo 00
00G0
E63B
B63B
F204
B63E
BE3C
0048

Be3F

9E3E
010
9C0C
0iz8
DEA42
F603
F715

BTV

* CL EAR
CL EAR

CLZE

CL SN

CLLP

CR

|
|
RTN .L?AE
ENT
RRA - a8
JST grT
RLA 8:
J ST BTT
RTN 8TV
PRBGRAY
ENT
JST CRL F
JST 1ER
CAI Q!
JMP CLZE
cal G
JMP Ci. 5N
JST ERR
L DX I1BC
LDA ZCTO
JMP CLLP
LDA 1BC
ADD SN O
Tax .
L.Da ZCT1
STa CNT
Z AR ‘
STa €0
IXR
iMS CNT
JMP CR
RTN CL E&R
END

I

Ll
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0800
C70F
S ABB

- B2bo

S ABA
0108
FBCF
FBDI1
COBO

- Fa21

GOB1

- F222

goB2

Fe22

COB3

S Fe2g

COB4
FR22
CoBS
F222
COB6
F222
COB7
F222
COB3
F222

- COB9

F222
coc!
Fagz2
coce.
Fo22
coc3
Fa22
CoCa

Fa22

GOC5
Fz2a2
CoCé
Faze
CoCc7

- Fa2ez. -
FBAF

0110
0ADC

FagA
. cect

‘FailE oo

cao2

L F216:

FPLGT ENT

G603  FTHF

P
i

.
.

FPLOT

0

15
NREV
IBC
1B

*CRLF
~ %IER

v‘o | R

 fZno
SRl
FENE

12r-
FTUB

g

FTRRE
t 4[

FFOUR

15'

FFIVE -

6!
FSIX

REA)
“FSEVE .-

igy
FEICGH
Ig',

FNINE

FTEN

SBY
PECE

o

 FTAVE
FTHD
‘.“E," )
FFRIN -
RENS

LchR

L FERTM™N
_¥EBR;__NM,

CALL

.- FE@PL -

1y

FST@ . . .

2 _
o FSTG
s S
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| ERE
!

N T

0054
0055
0056

0057

0058
0059
0060

o6l

0062
0063
0064

0065 .

0066
0067
0068
0069
0070
0071
0072

. Q073

0074
0075
0076
0077
0078
0079

0080

008 1
uos 2

0083
0084

0085
008 6
0087
0088
oo89

oo O

0021

0092
009 3

009 4

0095
009 6

0097
0098
0099
0100

0101 .
0l'oe
olo3
- otoa
- - odos
- Qlos

0033
0034
0035
0036
0037
0038
0039

0034

003B
003C
003D
0038
003F
0040
0041
0042
0043
0044
0045
0046
0047
0048
0049
0044
0048
004C
004D
004E
004F
0050
0051
0052
0053
0054
0055
0056
0057
0058
0059
0054

Q058
005C
005D
., OOSE
. 005F

0060
0061
0062

0063

0064
00635

0066

0067

Fela
Ce04
F218
€605

.F216

€606
F214
€607
F212
C603
F210
C609

'F20E

celda
F20C
608
Feia
C60C
raog
C60D
F20eé
CEOR
F204
CeoF
F202
Cel0

F2o0

SA7A
0310
SATY

B26D

DATT

Fa2ol .

ra202
8A75
Fel4a

946T

B270
2101

r204

B26C

0150

9463

7203 .
CTFF -

0150
9ASF

‘B25C. .

9ASE

B35D

9A5E
DASB
B35a

FFBUR
FFIVE
FSIX
FSEVE
FEIGH
FNINE
FTES
FE.L
FTWVE
FTHD
FFRTW
FFUTN
FSXTN

FSTH

FRON@

FE@P1

LOBP2

JMP
LAP
JHMP
LAP
JiiP
LAP
JMP
LAP
JMP
LAP
JMP
L AP
JiP
LAaP
JMP
LA&F
JMP
L AP
JMP
L AP
JMP
LAP
JMP
LAP
JMP
LAP
JMP
STA
NAR
STA
"LDA
,IMS

JMP-

JMP
ADD
JMP
- STa
LDA
Jaz
JMP
1.DA
14R
STA

JMP

L £

A
I1AR

STa
Loa

STA
LDA
STa

IMS

LDA

FSTE

4
FST@
5
FSTG
6
FST@
7
F5T8
8
F5T@
9 _
FSTH
10
FSTD
rn
FSTO
12
FSTB
13
FSTG
14

FST@ .

15
FST@
16

. FSTB

CALL

FRAW
IB
FRGBY
.52
5+ 3
H255
FRGNG
IB
CALL
$+2
S+5. .
ZCT

CN'T

54
255

ONT

-IB

iPB1
+1rBl
MAX

"LIPBIL
T#IPB1

P ——




T,

0107
0l08
0109
0110
o111
0112
0113
0ll4
0115
0116
0117
0118
0119
0120
oizt.
o122
0123
0124
0125
0126
0127
0128
0129
0130
0131
0132
0133
0134
0135
0136
0137
0138
0139
0140
0141
0142
0143
0laa
0145
Diaé
ola7
0148
0149

. D150

0151
0152
0153
0154
0155

0156

0157
0158
0159

0CceB8
0069
006A
NO6E
00écC
006D
006E
006F
0070
0071
go72
0073
0074
0075
0Q76
0077
0078
0079
0074
007B
007C
0G7D
0C7E
007F
0080
0081
o082
0083

008 4

008 5
008 6
008 7
0088
0089
008 A
008 B
008 C

002D

00BE
Q08 F
0020
0091
oco2
0093
0094
0095
0096

0097

0098
0099
509A
0098
009C

D25B
F201

9459

DASS
F606
0350
9A56
9A56
B256
D252
Fa202
F20C
F20e
B24E
0108
9 24F
olzs

3lcz

EA4A
1200
11A8
3201
0128
EA46
FB55
FBS54
C6ED
BS54
00CDh
c6a0
FB50
B23D
FB4C
€60l
944!
FB4A

FB4O.

B23E
FB4E
CTFF
SARF
B2&D
9A30
FBA2

B32E

FB3F
CeAal
FB3F

LOgP

LBEP1

C6BO

FB3D
B328

2198 .
O;DS

M S

JIIP
S5TA
s
JMP
ARP
STA
STA
LDAa
Ly )
JMP
JMP
JMP
LbDA
ZXR
SUB
IX
J &G
STX
RV
RRA
JEGR
IXR
STX
J ST
J ST
L AP
J5T
DATA
LAP
J ST
LDA
J ST
LAaP
STA
J ST
J ST

LDAa

J ST
LA
STA
LDAa
STA
JST

LDAa

J ST
LAP
JST

LAP -
JST

LDA

- dak
.ZXR

Max -
S+ 2
MAX
CNT

LeBP2

SCALE
ROUN D
H50
o A%
S+ 3
LBGP
LOGP
M AX

HS0

G 2.
SCALE

1
$+2

RAUND
*CRLF
#*CRLF
Te ¥
£@TL
SF

t
£BTT
SCALE
%G DEC
1
RENG
*CRLF
#CRLF
RGNG
*@TT
255

N COL
IB
1PB2
#CRLF

L] ¥

FBTT

_tpr.
EBTT

*1PB2

- CLOSE

xIPB2 -
%@ DEC
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0160
0i6!
0l62
0163
0164
0165
0le66
0167
0168
0169
0170
0171
0172
0173
0174

0176
Gl77
0178
0179
0igo
0181
gclga
0183
0ig4
0185
0l86
0187
0188
olge
0190
0191
0192
0193
0194
0195

0197
0198
0199
0200
0201

0202

- 0205
.} .. 0206

&j}f.

iy A

0175

0l196

0203

g ,00C8
0204

00ce

- -0807-
-.0208

009D
009 E
D09 F
00AQ
00Al
00A2
00A3
004a4
00AS
00AG
00A7
00aS
0049
00sA
00AB
00AaC
00AD
00AE
ooarF
00BO
0081
0082
00B3
00B4
00BS5
00B6
DOB7
00BS
00BY%
00BA
00EB
00BC
0OBD
O0BE
00BF
00CO0
oocl
ooc2
ooc3
00C4
Q0CcS
00GC6
00C7

00CA-

"00CB
-00Ce.
00CD
‘00CE

0OCF

. 0oDO”

00B1 -

0227
0128

31¢ce
BA24
0048

D223
F202
0000
0128

0030
2186
WYY
0503

EAl6
FBEB
DAl4
F602
DAl4
0600
DAOF
F61E
FB23
B215
2101
Fageé
CeFF
8407
9406
Dalz
DAOD3
F628

FB19

F7BD
0600
0000
0000
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LA
:'L-'_"{{ P
: y ,§
31 !
1
: . . » . i
I DEF FNRCX)I=INTC100%X+GC,35)/100 _ s
I0 - DIM: BCE255); F(255).,X¢255) : : . :
i ’ 20 PRINT "SF::.CTPUA CZRRECTED FOR NEGETIVE DIP" ]
o 25  PRINT ’
26 PRINT _
- 30 CaLL ¢ 20) i
a0 CALL €5, B¢0)s 2565 2) é ,
50 LET FCO)=5(¢0) )
60 FBR N=1 T@ 255 | , i
70 LET I1=N-1 . '
75 IF 11>0 THEW §5
. B0 LET Il=255 1
85 LET I2=N+1
90 1F I2¢256 THEN 10C : 1
95 LET I2=12-255 ,
106 LET I3=N+24 P
I0S IF 13<256 THEW 115 : . i
b 110 LET 13=13-255 ' i
- 115 LET I4=H+25 IS
: - 120 IF 14<256 THEN 130 £
¥ 125 LET I4=14-255 o ]
. 130 LET C=(8¢I+BCI~BCI-BCI2))/20 i
140 LET FCNISBINI+C
150 WEXT N .
160 PRINT "A: | FER DISPLAY, 2 FBR GR&4PH, 3 FBR TAPE" ' i
170 PRINT "B: O FZR BRIGINAL, 1| FZR FINAL™ 5
130 PRINT.
200  PRINT "a='9 &
210 INPUT & - :
220 PRINT "EBE="i§
230 INPUT B
240  PRINT "m-_sm.unam D=
‘250 INPUT D
260 PRINT "mx'rm. WAVE LENGTH LO=";
276  INPUT LD
| 2%0  PRINT {
R 290 PRINT
- 300 iIF £=3 THEN 730
B 310 . LET Z=0
_ - 320 LET M=1EIQ
o 330 TFBR N=1 T@ 255
]
é .
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350
360
370

400

410
420
430
440
450
460
470
40
40
500
510
526
530
5S40
550
560G
570
530
590
600
620
630
635
636
640
650
660
670
715
730
740
750
760
770
B0

- 790

g00

IF B=1 THEd 4LU

LET X(NI=BND

GaTe 410

LET X¢WNY=FC(N) _

IF X(N)y»>=i1 THEN 430
LET M=X(N)

IF X(Wi<=Z THEN 450
LET Z=X(N) '

NELXT N

1F vi»>=0 THEN 510

LET 50=255/(Z-M>

LET S1=48/¢2-M)

LET Y(==MxS§

GBTH 540

LET 50=255/2

LET Si=48/2

LET YO=0

PRINT "“Med="3Z25"1InN="5M
I¥V A=2 THEN 630

FRINT ®SCaALE FaCT@gn='"3 S0
FOR N=1 T@ 255

LET E=INT(SO#X(N)+0.5)
CaLl, (3,N.Y0s2: E)
NEXT N

GETH 160

FRINT "SCaALE FACTBR="3 51
PRINT

PRINT

FOR =1 Ty 255

LET E=INT¢SIxA(N)Y+0.5)
LET L=L O+ (- [)%xD .
PRINT FNR(LY TAB(BIS X
WEXT N

IF B=0 THEN 760

IF B=! THEN 780

GeTy 200

CaLL (e, a(0), 256, 2)
GaTa 790

CALL{6sF(0OY, 256.2)
CALL(6s 0,0, 3D

STGP
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