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l. Introduction

Jupiter's bands are a clear indication of atmospheric
differgnces at different lattitudes on the planet. The aim of
the present study was to attempt infrared observations at dif-
ferent lattitudes in order to obtain spectra in the 10u region.
These spectra might then help one to understand differences
in chemical composition or physical structure of the well known
optical féatures.

In order to obtain such spectra of a rotating planet, it
seemed well to attempt simultaneous observations at different
lattitudes. We planned to use a Hadamard transform spectrometer
with 15 entrance slits in order to obtain 15 simultaneous spectra,
at a resolution of 0.01luy. The spectral band covered contained

255 spectral elements.

2. Results

The results obtained during the course of the study are
covered in ten publications which include seven journal articles,
two general review papers, and a Ph.D. thesis. These publications
are listed in section 3 below. The thesis which is the best
single summary of the work done under the present contract appears
as the Appendix to this report. i

The publications fall into two main groups: those that deal
with technical aspects of the instrumentation we had to develop
in order to make observations; and those that deal with obser-

vational work.



The technical difficulties encountered turqed out to be
rather more severe than had been initially anticipated. Many
of the problems we had to solve are of a very general nature that
applies to other varieties of multiplex instrumentation, as well
as to other classes of Hadamard transform spectrometers. As a
result, all the technically innovative work was of sufficiently
general interest to warrant publication.

The astronomical observations that were undertaken are
described in the thesis of Ming-Hing Tai, the graduate student
who worked on the project (see Appendix). The results cited
there represent the first observations undertaken with our ins-
trument. The instrument did in fact perform with the spectral
resolving power and the number of spatial and spectral elements
we had anticipated in our design. Because of the above mentioned
technical dlfficultles,ﬁe suffered considerable delays in
in initiating observations. Ultimately we therefore had to content
ourselves with far less observing time than we had 6;iginally
hoped to obtain, and the observational side of the program had
to be carried out at far more modest levels than anticipated
because important technical requirements had drained a dispro-
portionately large fraction of our available funds.

Despite these setbacks, however, we feel that the results
obtained-~while not precisely in line with what we had set out
to do--are interesting, led to a large number of publications,
and constitute a worthwhile contribution to observational planetary

science.
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" CHAPTER I

HISTORICAL INTRCDUCTION TO HADAMARD

TRANSFORM SPECTROMETRY (HTS)

The idea of modulating or encodlng the optical output of
a spectrometer goes back to the original work of Goléy (1949)
and Fellgett (1951). Its purpose is to allow many different
wavelengths of radiation to fall on a detector simultaneously,
and thereby to increase the signal-to-noise ratio (SNR) of the
resulting spectrum. This improvement comes about because each
element of the spectrum is effectively viewed a larger fraction
of the total available observing time. One idea is to encode
or modulate each spectral wa%elength exiting the spectrometer
output with an audio fregquency that contains the optical wave-
length information. The use of a conventional wave analyzer
then allows recovery ol the 6riginal optical spectrum. There
are many variations of this technique.

In 1968, Ibbett et al and Decker et al independently
suggested the use of sequentlislly stepped multiplex spectro-
meters. In both systems radistlion enters a dispersive instru-
ment through a single slit and is analyzed at a number of exit
slits. Decker et a2l peocinted out that two constraints should
be imposed on the encoding scheme:

(1) To obtain the optimum signal to nolse ratio, each spectral
element should be viewed during exactly half the step positlons.

{(2) To impose the smallest dynamic range reguirements on the



detector amplifier system, each step gosition should pass
light from exactly half the spectral elements. They also
worKed out a scheme that satisfied the tWo constraints for
masks having elements m=4n+2, where n 1s an arbitrary integer
or zero. Ibbett et al introduced the Hadamard pattern for the
mask. As discussed below, this 1s a pattern based on a set of
binary orthogonal matrices first studied by the French mathe-
matician Jacques Hadamard. Ibbett et al also described the
application of their scheme to a real time computer aided
measurement.

In 1969, Sloane et al worked out a number of binary cye-
lic coding schemes for multiplex spectrometry and evaluated
the performance of each scheme in terms of a linear, least
mean square, unbiased estimate., These schemes include a Hada-

mard matrix H, and various modified Hadamard matrices, which

these authors refer to as @ matrix and S matrix (Fig. 1-1).
A Hadamard matrix H of order N is an N x N matrix HN
of +1's and ~1's which satisfies:

T
Hy Hy = NIy

where IN is an N x N unit matrix

A modified Hadamard matrix G of order M is a partitioned

matrix from the H matrix:
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Pigure 1-1, An 8 x 8 Hademard matrix and two 7 x 7 cyclic
matrices that can be derived from it,



where the first row and first column of H are all +1l's. A
feature of the G matrix is that it cén be written in eyeclic
form-- a factor which we will show to be Qﬁ.congiderable
practical importance.

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

The properties of H, G, and S8 will be discussed in see-
tion 2-6.

When we talk of encoding by means of a Hadamard matrix
we have the following in mind. A mask is used to modulate -
open or close - a serles of entrance and exit slits in a spec-
trometer. If a certain slit location is open, we can desig-
nate it 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 a Hada-
mard matrix we say we are encoding with a Hadamard pattern.

Sloane et al also introduced the idea of using a cyclic
matrix for coding masks. This greatly decreases the experi-
mental cost and facilitates operation, since any N slits of

—a singie mask-2N-1 slits long can—be used to pPfovide one of

the required mask patterns.

The first single entrance Hadamard spectrometer (HTS)

was .bullt by Decker and Harwit (1963). The spectrometer had



a single entrance slit and 19 exit sl?ts. The exlt mask was
stepped manually. The authors used this spectrometer to take
the spectrum of the mercury vapor 1.7p band to demonstrate the
Hadamard transformed spectrum's fidelity and freedom from sys-
tematic 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-slit HTS. In this spectro=~
meter, the radiation, after being decoded by the exit mask,
exits 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 entrance aperture,
and the detector size can be minimized. This is important since
sufficiently large detectors sometimes do not exist, and if
avallable tend to i)e nolsy . Decker experimentally verified
the theoretically predicted multiplex advantage of an HTS.

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

Besides putting an encoding mask at the exit plane, one
can also put another encoding mask at the entrance plane of
a spectrogeter. In that way the radiation 1s modulated at
both the entrance and exit apertures. Harwit §§_§£\(1970)

worked out this scheme of doubly multiplexed dispersive spec-



trometry. The double multiplexing scheme allows one to in-
crease the total amount of radiation\that can be transmitted
through a2 spectrometer. Furthermore, by 2 proper reduction
of the data, one can also obtaln a one dimenslional picture
of the source a2t the entrance plane. For a spectrometer of
m entrance slits and n exit slits, one needs m x n data points
to recover m spatial spectra, with each spatizl spectrum con-
taining n spectral elements. For a2 homogeneous source one
does not need the spatial informetion, so {(n + m -~ 1) dats
points will be enough to recover the spectra. EHarwlt et 2l
(1974z)describe two schemes for recovering the spectrum with
(n + m - 1) data points.

In 1975 Tai et al (1975a) finished the comnstruction of a
gdoubly coded Hadamard transform spectrometer, The spectro-

meter -has 15 entrance slits and 255 exit slits, which can

simultaneousiy obtain 15 épatial spectra, each ﬂaving 255
spectral elements. Tai et 21 (1975b) went on to give a2n ana-
lysis of the errors in Hademzrd spectrometry caused by imper-
fect masks.

Besides coding the radiation a2t both the enfrance and the
exit aperture, one c¢can go one step further and use a two di-
mensional mask 2t the entrance aperture (Harwit, 1971).
This yields a two dimensional picture at the entrance aperture,
.w~mhere each spatial point 2t the entrance has ifé“owﬁ“ﬁpeﬁtrum:
To put it a2 different way, one obtains a2 two dimensional plec-
ture of the source at the entrance aperturs for each color of

the spectral elements,



Harwit (1973) experimentally verified the operation of
imaging spectrometry, and Swift et al (1976) construected the
first Hadamard imaging spectrometer.

There are other discussions of Hademzrd transform spec-
trometry in the literature, mostly of theoretical aspeets.
Nelson and Fredman (1970) glve a more complete theoretical
treatment of Hadamard matrix encoding. They also rediscovered
a2 theorem due initially to Hotelling (lgﬂﬂj showing that the
Hadamard matrix is the best design for a singly coding mask.
Sloane and Harwit (1976) show the connection between Hadamard
spectrometry and the mathematit¢s of welghing designs in sta-
tisties.

There have been various comparisons of Hadamard transform
spectrometry with other spectrometry. Larson et al (1974%)
mzkes a theofeticai comparison of singly multiplexed Hadamard
transform spectrometers and scanning spectrometers. They pre-
sent a general mathematical framework for the comparison of
relative performance and also verify their prediection by com-
puter simulation of various characteristic spectra. Thelr re-
sults show that where the nolse level is constant and indepen-
dent of the inecident photon flux, the determined multiplex
advantage is YN/Z , as predicted by Fellgett (1951). This is
usually the case in a low energy region, such as the infrared.
For 2 noise level that is signal~dependent, such as in the DV
energy region, the detector is characterized by an output with
statistics approaching a Poisson distribution and variance

therefore proportional to the input signal., In that case the



HTS technique will be advantageous only for spectra that are
characterized by a few well-defined and intense peaks on a
~very low intensity background. For spectra with high back-
‘ground, for aénse spectra, or for spectravhaving very wezk
spectral features, the HTS will have no advantage over the

conventional single slit (SS) technigue.

Hirschfeld and Wyntjes (1973) compare Fourier transform
and Hadamard tran§form spectrometry. They also describe
various limitations of Hadamard ‘transform spectrometry. This
paper was followed by an exchange of notes between Decker
(1973) and Hirschfeld and Wyntjes (1973) in the journal Applied
Optics in which some of these limitations are disputed.

These papers concern themselves with a number of practical
matters on which opinions can vary. Here we mention these con~

troversial papers mainly for completeness. Their contents will

—be -discussedfurther below.

Wyatt and Esplin (1974) analyzed the effect of band width
on noise equivalent power (NEP) for multiplex spectrometry
with cryogenically cooled, cooled-background extrinsic long
wavelength infrared detectors. They find that the NEP is
directly proportional to band width, so multiplex schemes that
require increased band width are not of real advantage. They
further conclude that doubly enco@ed systems that are based on
m..+ n .- 1l.-measurements would have a real throughput advaﬁtége'”

Various 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



et al (1971), Allen et al (1972,1973), Kowalski et al (1973),
Planky et al (1974), Oliver et al (1974). .

In this thesis Chapter II wlll describe the mathematical
properties of Hadamard matrices and thelr application to spec-
troscopy. Chapter III describes the Hadamard transform spec-
trometer, and glves results on laboratory performance.

Chapter IV gives a comparison of Hadamard transform and Fourier
transform encoding in spectrometry. Thé output of an HTS is
fed into a mini computer. The computer performs a real time
inverse Hadamard transform to réecover the spectrum. Chapter V
describes the algorithm and programming of inverse Hadamard
transform. Chapter VI diséusses observational results and

their intérpretation.



CHAPTER II

HADAMARD MATRICES

(A) VWelghing 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, using a spring

balance which makes an error e each time it is used. Assume

2

that e is a random variable with mean zero and variance ¢ .

First suppose the objects are weighed separately. If the

unknown weights are ¥1, Vo, V3, ¥y, the measurements are nj,

n2s N3, Ny, and the errors made by the balance are e;, €z, €3,,

ey, then the

ni

ns

four weighings give four equations:

-~

= by + ey ng = Yo t+ ey

y3 + e3 ny = Yy t+ ey

The best estimate of the unknown weights are the measurements

themselves:

TN



These are unbiased estimates:

Eyy

Eyo

¥

Va2

11

(E denotes expected value)

with varlance or mean sguare error

R 2 2
E(W; = v1) = Eo;

= 0

2

On the other hand, suppose the balance is a chemical

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

follows:

ni
N2
n3

Ny

13
V2
V2
V2

+ U3
- ¢3
- 'q).a
- Y3

oty
- Yy
-~ Yy
+ Py

e1
ez
€3

By

(2-1)

This means that in the first weighing all four objects are

placed in the left hand pan, and in the other weighings two

objects are in the left pan and two in the right.

the e are independent of the weights on the balance.

point is crucial).

(Note that

This

It is easy to solve for VY3, V2, VY3, ¥y,

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

Thus the best estimate for v is
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Py = X%(ny + na + ng + ny)
= Yy * Hley + ey + ez + ey)

2

The variance of Ce, here C is a constant, is C° times the

variance of e, and the variance of a sum of independent ran-
dom varlables is the sum of the individuals variances.
Thgreforezthe variance of ¥; (and also of @2, @3, 54) is

Lo _ o

16 4

Welghing 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 is
reduced by a factor of 2.

Finally, suppose the balance is a spring balance with

only one pan, so only coefficients 0 and 1 can be used. A

good method of welghing the four objects is:.

ny = LT T 7" S
ng = ¥ + Y ey
ng = ¥ + Y3 + o ej
n = Uy + v, o+ ey (2-2)
2 2
Inzthiszcase the variances of ¢;, ¥2, ¥3, ¥y, are E%—, 1%—,

1%~, I%— respectively, a smaller improvement than in the pre-

“vious case.
The theory of welghing designs is of immediate interest to
multiplex optiecs, .since the simultaneous measurement of the

intensities of different bundles of rays is completely ana-
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logous to the simultaneous welghing of different groups of
weights. In measuring the intensity of radiation passed -
through slits in a mask, we are effectively 'welghing' that

radiation.

(B) General Mathematical Formulation

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

J

ji be
the weighing coefficient of the jth measurement with the 1

Let wi be the 1 be

unknown, nJ be the jth measurement, e
the error associated with the jth measurement. Let w

th

unknown. Then

Ny T Wyg¥y o8y j=lesseen (2-3)

In matrix notation:

no= Wy+te (2-4)

With the notation < > for ensemble averages, the error ey has
the following properties:

(1) <e;> =0

(2) ey is independent of vy

0 if errors are assumed to be

(3) <ejey>
uncorrelated.

0% if 1=j

The problem now is the following: (1) For a particular coding
matrix W, what should be the decodlng matrix A? 1.e. What is

A such that J§=A n where i_is an unbiased estimate of 3.
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(i1) What is the best choice of W (or A) that will minimize
the error of measurement i.e. What Is W such that

(_‘;_j - _!P_j)z >

_ n
4 = < E
J=1

iz a2 minimum,

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

that

o= win
and therefore

A = Wi
and

$ = An =

In the presence of noise,

¥ = An

= AWy + An

and wigﬁ the assumed properties of the noise <y>= ¥, one ob-

tains

A
<
v
]
o=
1=

<3[1> + g_<§>

¥

I
i
=

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

unblased condition <i>= ¥. This agaln implies

A = W

-

So with the assumed properties of noise and unbiased con-
dition, the decoding matrix is Jjust the inverse of the coding
matrix.

One still has to find a coding matrix which will minimize



the uncertainty, e .
The second cuestion can be solved in the following way:
Let Ny be the ith measurement in the absence of noise, then

for each measurement

Mg T OWga¥y F Wby bt b Wb+ ey
= g toey
Vg T A T o Agata FOTTT T Ay
= Ajl (nl + el) + Aj2 (n2 4 e2) G e
+ Ajn (nn + en)

= (Aggny e Agng) o (Bgp ep Heeet Agien)

= wj + noise

The mean square of the noise term corresponding to the jth
unknown 1is therefore
= (A2, + ... + A% 2
= 2fo? (2-7)
where )
A, = (A2 + +er 4 a2 )% 2-8
3 ( 31 jn) (2-8)

and Aj represents the improvement in the SNR for the welghing
design, compared to the SNR for individual weighings.

Hence, the problem of maximizing the signal to nolse
ratio becomes the problem of minimizing eyi or Aj (Nelson angd
Fredman (1970)).

Sloane et al (1969) ‘independently developed an expression

for e/0?2 where
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e/e2 = Trace W r™HT

T .

= Trace A A (2-9)

Equation (2~-8) and (2-9) amounts to the same thing be-

cause it can be seen very easily that

n
Trace g_g? §=1 A§

The question of minimizing ¢ had been answered by Hotelling
(Hotelling, 1944) and rediscovered by Nelson and Fredman.
Hotelling has shown that for any choice of mask W with |Wj|gl,
the e4 are bounded by eiz %i, and that it is possible to have
si=9% for i=1,... N if and only if 'z Hadamard Matrix HN of the
order N exists (by taking W=HN). This leads to the discussion

of the Hadamard Matrix.

(C) Hadamard Matrix . -

A Hadamzrd matrix of order N is an NxN matrix HN of +1's
and -1's which satisfies:

T

HH, = HI, (2-10)

where IN Is an NxN unit matrix. .
A Hadamard matrix has following properties: (Golomb(1964))
(1) Its row vectors (or equivalently, its column vectors)
are mutually orthogonal.
(2) The Hadamard properties Will not be disturbed by:
a. Interchanging rows, '
b. Interchanging columns,

¢. Changing the sign of every element in a row, or
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d. Changing the sign of every element in column,

These properties enable the firs% row and column of
every Hadamard matrix to be normalized to contain only +1's.
If G represents the remaining M x M matrix (M= N-1), then E

can be partitioned Into

(1111, ... .1
1

B = |1 G (M= N-1)
1

It is conjectured tﬂét Hadamard matrices exist for all

multiples of four. Further, 1f one of the following conditions
is also satisfied,

(1) N=P + 1 P prime
(2) N=P(P+2) +1 P and P + 2 prime
(3) n=2" m an integer

then G can be made cyclic. That is, the (j + 1)th row can be
generated by shifting the jth row one position to the left.
For example, when N=8, we have matrices of the form shown in
Flg. 1-~1. Note that H and G are symmetrix.

Another choice for W 1s the matrix S8 obtained from G by
replaecing +1's by O'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, G or §, 1t can

be shown that thelr dot product is:
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In Hy : row i - row J \= g iig
In G : rowdi :®TOowj = il iig
In SM . row i1 * row J = ﬁ;g iig
The inverse of each matrix is:
BDo= FEy 8 T mr(Gedy) ségl = T8y &y

where J is a M x M matrix consisting entirely of ~1's and
N= M+1.

Table 2-1 gives the value of 4 for different matrices.
The matrix I represents the welghing scheme weighing each
~_object separately. This corresponds to—a conventional single

slit spectrometer or to a wedge filter monochromator. -

Table 2-1
MATRIX A ELEMENTS OF A A-l (FOR LARGE N)
I 1,-0 1 1
H 1,1 /N VN
=1
G i,-1 \/ﬁ(Z—%) K _12\1
s 1, 0 /ﬁ(z-ﬁ)'l "g—-
¥F cosine squared %ﬁ%_l' j—g
functions

¥ F is the Fourier Transform case which will be disscussed in
Chapter 71v.
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If the number of measurements N is a multiple of 4, and
the matrix coefficients are +1, the best weighing scheme is

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

compared to weighiﬁg the unknown separately. This is the
maximum advantage a weighing scheme can obtain with welghing
coefficient lWijlil. If N is.not a multiple of 4, or if the
welghing coefficients are 0's and 1l's, it is not possible to
simultaneously minimize Eqeevety and some other criterion
must be used (Sloazne et al, 1976). Also the errors are uni-
formly larger than for the H-matrix, as shown for the G and
S matrices in Table 2-1 above.

It is interesting to see that z spectrometer usipg the
Fourier Transform, such as a Michelson interferometer, has a
multiplex advantage a factor of ¥B lower than the H-matrix
and a factor of v2 lower thgn the S-matrix encoding instru-
ment.

Following are some computer simulations for S-matrix

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

INPUT OUTPUT
l. Constant Constant
2. Hadamard code: representing Single line

single line emission

3. Single line: 1 at the 15° Hadamard code.
element and 0 for the 'rest. Note, unlike the mono-
Thls represents an unknown chromater, the error

impulse coming in during the propagates to other
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INPUT OUTPUT
observation. elements.
b, Sine wave. sine wave with d4if-

- ferent phase.
5. Square wave. Not a perfect square
The input is not & 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 figure (2-1C).
This may represent a shift in

baseline.

(D) Optical Realization of Hadamard Encoding

We have made use of {(modifiled Hadamard) S-mairices 1n two

optical instruments: One is a Hadamard transform spectromefer

having an encoding mask at the exit aperture. 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 is transmitted, and with 0 standing for a closed
slot where radiation 1s blocked.

The cyclic property- of the S-matrix is very desirsble,
for then only a single “mask 2N—1 slots wide need be constructed:ﬁ
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.
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Density

(a)
Input
1 1 1 1 e
50 {00 150 200 5
(b)
Qutput

igure 2-la.

Hadamard transformation of a Sine wave input.
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Density

{a) Input

50

{b) Output

I i | i
160 150 . 200 250

Eigure 2~1b.

Hadamard transformétion of a square wave input
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Density

(a) Input

]
250

50

{b) Output

i |
100 150 200

Figure 2-lc.

Hadamard transformation of a straight line input.
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Although H and G matrices have better coding efficiency
than the S matrix, they introduce teéhnical difficulties when
used for spectrometer coding schemes. To utilize H and G ma-
trices, one must measure the reflected as well as the tran-
smitted radiation. In this case +1's represent reflecting
slots and -1's represent transmitting slots. Therefore a 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, increases 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 its
lack of the cyclic property does not allow one to generate the
rest of the masks by the simple stepping technique mentioned
above.

1. Hadamard Transform Spectrometer (HTS)

~ For the singly encoded HTS, we use the ITollmowir—zdg o;tic:élﬂ
arrangement (figure 2-2). Radlation passing through the single
entrance slot is rendered parallel and directed to the dls-
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
suitable post-optics and are collected onto a detector. One
then makes N (in our ;ase N=255) measurements by sequentially
stepping the mask N times. The Inversion procedure i;gfln
recovers the spectrum. Figure (2-3) gives a 255 cyclic S~

matrix code for the exit mask.

Theoretically, the mean square error in the spectrum
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01001 11110
01011 11110
01001 01101
00101 11010
01101 01000
01001 00011

Figure 2-3.

1

10101
11110
00011
11110
00100
10001

The 509
S code.
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01110
01101
00111
11011
11101

00001
11011
00111
11100
10010

10001
10010
10001
00110
01001,

11001

01011
10100
10110
10011
10000

00001
00110
10100
00010
01011
00111

exit 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

2
gain in 8/N for the HTS i1s G= Ng - . For N=255,

245 1 2

Gr8.0 (figure 2-U gives Decker's results. The experimental
gain was measured as 8.0x0.3). Note that the scale in figure
(2-4) are in arbitrary units, and the zero point appears to be
shifted between parts (a) and (b).

2. Doubly Encoded Hadamard Transform Spectrometer (DHTS)

Figure (2-5) 1s 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 is placed at the entrance aperture.
Radiation passed into the spectrometer through different com-
binations of open and closed slits. The dispersed radiation
at the exit plane 1s analyzed in the same fashion as in the
HTS. Encoding is accomplished by seqguentially stepping one
of the masks through its N different positions for each posi-
tion of the other mask.

In a DHTS the entrance aperture is modulated by a P x P
S matrix.

Let e=e r be the P x P matrix whose rows represent P

i
different entrance masks. eir=1 for open slots and 0 for closed
slots (12i<P, 15rsP). Similarly let X¥Xq 3 represent the exit
mask. When the entrance mask is in position i and the exit

mask 1s in position j, the detector measurement 13 is
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Mercury Emission Spectrum- Monochromator

108p
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0.5%8
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Intensity in Arbitrary Units

05k e ——
Oraf~ m

Q43

L st oy

-0.18 )
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Wavelength, (x)

Figure 2-4. Comparison 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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+ v

13 (2-11)

I
4 g

n i € {2
iJ g ir Yrs Xgj

r=1 s=1

where wrs i1s the spectral element produced by radiation pas-

th th

sing fthrough the r entrance slot and the S exit slo%, vij

is the noise in the (i,j)th measurement; it has the following
properties:
p=— 3 2
i3 0 Vi3 Vre” AL

If the instrument has no optical magnification, the spec-

th entrance

trum of radiation that passes solely through the r
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 speectral elements exist:

w_(P_l)s'--- w_la wD: ¢1,---- wN_l

where
Yps F o Vpg F ¥y (t=r-s)
In matrix notation one may write
T

no= evx +tv (2-12)

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

using the unbiased condition <p>=9 and the propertles of v,
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one obtalins

i = -1 (1'1‘)-1
where
wo PO Y L) w—N+l
) - 1‘(,1 ......... ]’U—N
¥poi Ypop Tttt VoN-P+2

Each row i1 of i represents a spectrum at the exit mask
for radiation that enters the instrument through the ith en-—~
trance position. Hence the Jth diagonal gives a one-dimenslonal
spatial picture across the entrance aperture for the spectral
element J.

One may obtain an average spectrum ii by averaging all the

eilements in each diagonal.

) 1 P >
Y = T T ¥ - tz20
i N~|t p=1 T t
1 P
= ~- T ¥ - t <0
N-|t p=1 ToT t

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

exit masks are S matrices and we define

ci— = <(-‘£t _;—{t)2>
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Then
2 _ 16 N2-1 2
9% m+1y F=je] ¢
N 1602 _
(N-|t|)N2 for N large (2-13)
where .
t = -(N-1),..... (N=1)

If the total mean sguare error for the unknown is

=N=-1
t > ,
g = 5 g
_N-1 °©

fE—

2

where one sums only the central element, then for the S-code

©
I

o2 [éanl_s - oy § 1asgs
N

where o2 = constant % .

There are two points that should be made about the DHTS.
(1) It has not been shown that Hadamard codes are the best
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). (2) For PxN data points
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 points only (Harwit éﬁ él,w ]
1974b). Fig. (2-6) gives a 15 element cyelic S-matrix code for

the entrance mask.
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Table 2-2 compares three different gratiﬁg spectrometers.
The flrst column represents the conventional single entrance
and exit slot instrument. N measurements are made In time T,
with a mean square error ¢? in each. The second column is
for a singly multiplexed instrument with an exit mask S, angd
is taken from Sloane et al (196%9). The last column is for the
doubly multiplexed system, using Eguation (2-13) for c%,_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
AL 1 @; 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 etching process,
it is possible to obtain a systematic error that leaves each
of the opaque portions of the mask either too wide or too
narrow by a .-fixed amount. This will cause a systematic vari-
ation in signal passing through the slit. For example if the
open sl1it is too narrow by a fixed amount e, the light passing
through an open sllt poéition will he
I when the open slit is-bounded by two open

o
slits.
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Io(l—s) when the open s1it is bounded by one open
511t and one closed slit-
10(1—25) when the open slit is bounded by two closed

slits.

4 similar analysis holds for open slits that are too wide,
except that the minus sign in‘these expressions 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 pair
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 posilitive when the transparent
slits are too wide and is negative when the slits are too nar-
row. In contrast, the two blips surrounding the parent line
always are positive. Figure (2~7) shows the nagative features
accémpanying the 1.7 um mercury vapor doublet and the computer
simulation of a pure spgctral line input and its distorted spec-~
trum. For the general case the reader may vefer to Tal et al

(1975 b).
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Figure 2-7. (a) Speetrum of the 1.7um mercury vapor doublet
showing negative peaks to the left at the emlssion peaks;

(b) Shows the response we would obtain to a single spectral
line with a perfect mask; (c) Shows the response for a single
iine wilth the radiation simulated as passing through a mask
with slits too narrow because each opagque 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 synthetic runs

(b),(e), and (4).




CHAPTER IIT

INSTRUMENTATION

(A) Multislit Spectrometer

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

Such a spectrometer has ftwo important parameters. The
first is the "resoclutlion” R, which is a measure of how well
the spectrometer can separzte two neighboring lines. The
second parzmeter is the “throughput®™ E. This is a measure of
the light gathering capability of the system. The two para-
meters, R and E, are lumped ftogether into what is called "lu-

minosi%y" L, defined as (Vanasse, 1971).

For a2 conventional grating spectrometer having a grating
of area Ag given by WH, where W and H are the width and height
respectively of the grating, the throughput is determined by

the product of A_ with the solid zngle p subtended by the slit

23
at the collimating mirror (or lens). The solid angle is given
by _
Q = H.:_JL
2

|

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

37



and F 1s the focal length of the collimating mirror

Ef\-W'H";%.’ _(_3-1)

The resolution of this instrument is

A
AX

= n- 4 (3-2)

where X 1s the wavelength, AX 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 d the spacing between

rulings.

Since d sinae = ni (3-3)

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

sin o« = ni (3-4)

==

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

nimum slit width, then

38

Fa .

W —t L =
W cos o (3-5)

substituting (3-5) into (3-4) one gets
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R ~ % tan o (3-6)
w

Comparing equation (3-1) and (3-6) one sees immediately
that, for a fixed grating area W-H, and fixed optical system,
E 1s proportional to the slit width w and R is inversely pro-
portioﬁal to the s1it width w., This means that an increase in
luminosity of the system by increasing the slit width i1s made
at the sacrifice of resclutlon, and vice versa.

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

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 Inefficient.

Within the past two decades there has been much research
done in an effort to design new specirometric systems with a
view to maximizing the luminosity L, and to observe a number
of spectral elements simultaneously. This can provide z mul-
tiplex advantage, or a wide aperture advantage. Two quite dis-
tinet modulation techniques 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 Sakail, 1967) are instru-
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ments of this type. The other technique employs dispersing
spectrometers in which entrance and exit slits are replaced by
opaque or transmitting masks. Golay's multlslit spectrometer,
Girard's Grill spectrometer and Hadamard spectrometers (Harwit
gE_g;,lQTha5 are representative of these instruments.

A spectrometer, whether interferometric os mask-multiplexed,
vields a multiplex advantage mainly for detector noise or ampli-
fier noise 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-~-noise ratio,

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

For photon noise limited applications, the multiplexing
advantage is cancelled by the N-fold increase in the photon
noise attributed to the N-fold increase in the energy falling

onto the detector. Nevertheless, for photon nolse limitations.

the throughput zdvantage can still be realized. The large
throughput will become a disadvantage when the noise is back-
ground noise whieh increases faster than the noise due to the
source (Harwit et =2l, 197l4a). '
In this chapter we will describe the experimental study

of a Hadamerd transform spectrometer (HTS) and calibration in
the laboratory. Filgure (%—1) is the flow chart of the whole pro-
cess, starting with radiation from the telescope and ending

- with the-output of the computer.- Each component will bé dés-~

cribed.
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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 Optics

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 S falls upon the spherical mirror
M which, in turn, renders it parallel and directs it to the
grating G. The dispersed radiation is collimated by the other
half of the spheroid and focused upon the exit aperture 3'.

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

the center of the principal plane fo one side, This reverse
process dedisperses the beam and allows it to be brought to a

focus at the entrance plane., The dimensions of the focused

—Iimage—are—-roughly—thesame—as the dimensiornis 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 optiles.

The entrance mask can be a single entrance slit with any
width between zero 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 helight of

of éhtféncé‘siit 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 teflon-tippled
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Figure 3-2. Optical path through the spectrometer.
The dedisperser and exit mask are shown
rotated by 90°.
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screws, Three teflon—tippied springs bear on the front edges
of the mirror. This design allows one to make slight adjust-

M when aligning the instrument. -The

ments in the position o
central part of the mirror 1s blocked off to reduce stray ra-
diation.

G is a 75 mm x 75 mm grating with 20 lines/mm and blaze
angle 5°11t'. The corresponding blaze wavelength at first order
is 9.03u. PFizure (3-3) is the calculated grating efficiency as
a function of slit position, at two wavelengths. At 8Bu 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.

811 mirrors inside the spectrometer are silver ccated with

kd_,gﬂp:qteﬁtiﬁedcoatingmoﬂwSiegv-ﬂThe“refTEEtivify“BT silver coat-

ing at 10p is better than 97%.
For a multiplexing spectrometer which has N entrance and
N exit slits, one wishes to image entrance slits Sl’ 82,.....,

t 1 1
Sn onto exit slits S 82,....., Sn such that Sl is imaged onto

lJ

] T
ento Sn at 2 particular wavelength 2. Let ¢ be

Sl :l....’ Sn
the angle subtanded by S. Where ¢ and 8! are measured from
the center of M. The grating equation for imaging S onto 3’

is

Sinae + Sing = {ﬁ—"- (3=7)
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Differentiating (3-7) with respect to o gives

8. _ _ Cos o (3-8)
da Cos--6 T

The minus sign indicates that o and 8 change in opposite direc-
tions. da is the width of the entrance siit and dB is the width
of exit slit, so s#5! unless a=B.

In our spectrometer, the exit slit width is 0.1024 mm, 2.4%
larger than the entrance siit width. This is the effect of
anamorphic 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 simultarieously is limited by the optical aberrations
of any particular optical system, which set a 1limit on the
total useful width over which the spectrum can be displayed.

2. Post Optics

—THe Post optics consist of a liquid helium cooled Arsenic-
doped silicon {(As:8i) detector, with éppropriate opticecs for
focusing the radiation onto the detector (Fig. 3-4). Radiation
enters the evacuated dewar through a2 barium fluoride window,’
passing through a filter with pre-selected band-width. The
filtered radiation then passes through a cooled barium-fluoride
filter and 1s focused onto the detector inside the housing by
a gold coated mirror. A light baffle is partitioned in front
of the detectoguhqpsipgl

’ Bélow is a brief discussion of each of the cryogenic

components
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Figure 3-4. Liquid helium cooled post optics.,
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(2) Barium Fluoride Window
The barium fluoride window is 2 mm thick and 0.75" in dia-
meter. - It is used to cut off wavelengbhs longer than Thy. It
has a transmission efficiency of around 90% out to 1lly before
it starts to cut off. At 14.25y (700 cm'l), its transmission
efficiency is 50%.
(b} Filters
4 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 pnosition Range Band-wlidth efficiency

1 no filter
2 closed

{blocked-by-

aluminum foil)
3 Bu - 9.9% 1.9w 718
4 8.7u - 11.1p 2.h4y 832
5 1lyn - 12,8y 1.4y 824%
6 11.1p - 13.8¢ 2.Tu B6%
7 8.4y - 15y 6.0u 85%
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 stalnless steel rod and could be changed to different posi-
tions by turning the rod. It was found that the-stainless
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
ligquid helium of the dewar increases from 9 hours to 15 hours.
’ (c) Fleld 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 10y is over 99%.
The mirror has 3 degrees of freedom of adjustment, one trans-
lational and two rotational adjustments.

(d) Liquid Helium Cooled Barium Fluoride Filter

Thls barium fluoride window is also used to cut off the
radiation longer than 14y , Although the filter barium fiuo-
ride window cuts off radiation longer than 18y from the out=-
side world, it will emit radiation of its own because it is
at room temperature. Since all the interference filters 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 insertion of the liquid helium
cooled barium fluoride filter eliminates this peak. It was
found to cut down the background radiation by a factor of four.

(e} Detector

An arsenic doped silicon detector with dimension 1.2 mm x
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3.2 mm is positioned inside a housing, which has a baffle at
its entrance.

Arsenic doped silicon Is a N-type extrinsic semiconductor. -
When the detector absorbs radiation, free carriers are provided
for 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
(1.966).

Let ¢ be the conductivity of the detector
e be the glectric charge of the carrier
T be the 1life time of free carriers
N be the density of free carriers, and

u be the mobility of free carriers

Then,
op = NePyp (3~-9)
and
AUD = Adetun
= %% eTun (3-10)
where

AaD 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

0 is the quantum efficiency, i.e. nmuber of electrons

freed per photon.



Since

R = 1. 2 (3-11)
D ] A
. D
.where RD 1s. the resistance of the detector
% is' the length of the detector, and
A 1s the area of the detector
Then
Ag
ARD = ......% -—-—P—
A cr]?j
= 2 A - (3-12)
A hv NZ2eut
‘Let
v
I, = -2 (3-13)
R,
D
where ID ;s the detector current, and
VB is the bilas voltage across the detector
Then
\'J
e . .B
AID - ARD
D
_ . B oaar _n S (3-1b)
RD A hv N2ept
Let
VO = IDRL
R
- k Vg (3-15)
R
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where VO is the voltage across the load resistor

R. is the load reslstance

L
Then
AVO = AID RL
AP A ;
Ry Vg T § NewT (3-16)

From equation (3-16) one can calculate AP from AVO.
(f) Procedures for Alignment of the Optics

i) Place all components in theilr respective positions
and line them up visually. Be sure there is no mechanical
binding in the mask and in the driving mechaniém.

ii) 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.

_}i;l_wggig§§_ggg_ggg§;gg”piltwuntil*the_lineﬂoﬁ;dispersed——w—
dots exits at the proper position at exit. As the grating is
rotated, this line of spots should remain level, not displaced
normal to itself.

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 telescépe. A number of colored image

of the single entrance slot wlill be seen at the exit.

o wv) Adjué% %he spherical mirror for coarse adjustment
and the position of the dedispersing mirror as a fine adjust-
ment to bring the lmage to a focus on the exit plane.

vi) Adjust the grating position in its yoke until the
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color image from the mercury lamp is parallel to the exit slit
length. ‘

vii) Adjust the angle of the dedisperser so that the
color image reflected by it is perpendicular tec the exit mask.

viii) Put in the other half of the dedisperser and line
it up at an angle so the radiaticn falls back upon the grating.
Adjust with fine adjustment screws so the grating is fully
Jlluminated. The image of the grating will appear on itself
when viewed from the diagonal,i5°, mirror which diverts the
radiatlon to the dewar.

ix) Place the dewar on the spectrometer using %" spacers
to represent the thickness of the dewar bottom cover. Adjust
the 45° mirror so that the dedispersed image (with color) falls
on the center of the filter on the fillter wheel.

x) Turn the filtér wheel to position one (no. filter),
so that radiation can fall on the fileld mirror. Adjust the
field mirror until the dedispersed radiation impinges upon the
detector. Be sure that all the light falls onto the detector.
Be sure that the mirrors accept all the radiation.

x1) Insert the housing. Be sure that the incoming ra-
diation is clear of the housing.

x1i) Put in the liquid helium shield, and the radiation
shield. FPut on the nose. Use GE varnish and aluminum foil
to reduce openings in the baffles so that they will transmit
only the bright white fringes.

xiii) When the spectrometer is on the telescope, maximize

the signal by tilting and rotating the dewar.



54

(C) The Electronics

The data-taking process is controlled electronically to
ensure a smooth process. The operator only needs to turn the
switch on. The spectrometer will then automatlcally take date
in, process it, and stop at the end of the transform indicated
by the operator. All the operator has to do in the whole obser-
vation i1s to keep the astronomical object in the beam. Figure
3=-5 shows the block diagram of electronle and computer set
up. The following are brief descriptions of the elecpronic_
parts incorporated in the system.

1. Aligrnment 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
5oéi£idh,wi:e: gﬁé—firgi'éBE élgt;_;;e—at the exit aperture,

a light pulse goes through an alignment slot on the exlt mask
and is detected by a photo-cell on the other side of the exit
mask. Two transilistors amplify the output light curve and two
IC chips change the light curve into an alignment pulse. This
alignment pulse, through the drive unit, readies the counter
for counting, readies the computer to accept data, and to turn
on an indilcator light showing that the system 1s taking data.
One can adjust the starting position of the exit mask by ad-
Jjusting the intensity of ?he light. After 255 data points have
been obtained, the exit mask is 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 (Fig. 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 following functions:

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

(b) It drives.the exit 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
t@e 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 (Fig. 3-8) shows a transimpedance amplifier
implemented with a Burr Brown operational amplifier. The cir-
cult has the advantage of high speed, low susceptibility to
microphoniecs, and detector operation at constant voltage with
a high resistance load resistor.

Neglecting the voltage noise and current noise in the
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first order approximation, the current through the detector,
I, also goes through the load resistor Rp because the input
impedance of the operational amplifier can be taken to be very
large, so

Vo = IpFRp

R
1y
VB ﬁg

where VO is the output voltage,

VB is the constant bias voltage, and

R is the load resistance

(D) Laboratory Calibration

1. Calibration of Post Opties

Liquld nitrogen is used to calibrate the efficlency and
sensitivity of the post opties. Liquid nitrogen is 1n a dewar
with black paper along the wall to simulate a blackbody.
Through a chopping device, the post abtics 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 liquid 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: 8.7Tu - 11l.1u
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Band-width: 2. hy

Bias voltage: ‘ 15u

Load resistor at LH2 temperature: 1.2 MR

A.C. power: - 9x10"10 watt.
A.C. signal: ‘ . ' 272.7 mv

A.C. noise: 4. byv

(NEP) A.C. detector: 5.2x10713 12
(NEP) A.C. system: . 1.25x107%2 H2
A.C. responsivity: ‘ 1.2 amp/watt.
D.C. power: 3.05x10_6 watt.
D.C. signal: 11.32V

D.C. noise: Luy

(NEP) D.C. system: 1.#7‘3{10“12 HE
D.C. responsivity: 2.58 amp/watt.
Background noise: NEPBlip = /5_?5353

=3.5x10"%+3

where PBG is the D.C. power
v is the frequency that is assumed to be 10Hz'
The system is 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 1.7y doublet
of mercury. The slit width and length for each mask is 0.15 mm
and 3.5 mm. Fig. (3-9) is the mercury vapor spectrum at 1.7y

for the 1 x 255 mode. Fig. (3-10) is the mercury vapor spectrum
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Figure 3-9. Spectrum of the mercury vapor 1.7um line using the
1x255 mode.
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for 15 x 255 mode. Figure (3-10az) shows the eighth of a series
of fifteen individual spectra. Figufe (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
dlagonal 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 1.7v region, the spectrometer
was tested with the cryogenically 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 that the instrument worked in the 10u region.

The wavelength calibration of the spectrometer is obtained
by comparing tThe polystyrene transmission spectrum obtained by
the spectrometer and the spectrum obtained by a Perkin-Elmsn
monochromator. The wavelength calibration is then checked
against the moon spectra at 9.5u where the atmosphere has

strong absorption features.
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CHAPTER IV

CCMPARISONS BETWEEN FOURIER TRANSFORM AND

HADAMARD TRANSFORM SPECTROSCOPY

Since 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 welghing schemes. Appendlx A gives the
mathematical analysis of the coding error for Fourier 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 1ls taken to be the inverse of wavelength,

then S{(g), the power received for path difference §, is:

n

S(&) ng(v) cos2(2nEv)av . A-1

1/2p + 1/2£°P(v) cos (tnEv)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
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wavelength. In the Hadamard traﬁsform each speetrzl element
is modulated by a step functlion of 1 a2nd 0 for a2 S-matrix
coding. .

Onie can ask oneself whether these modulzating or encoding-
schemes are egually efflcient?

In table 2-1 we stated that for lerge N the multiplex ad-
vantage, or the efficiency, of the H-matrix coding of elements
1 and -1 is YN, the S matrix coding of element 1 znd 0 is “%;
and for za single detector MIS the Fourler coding is {ﬁ?g. '
This last figpre is based on calculations shown in Appendix A.
The other two values were described by Sloane et 2l (1968).
The H-matrix is zn orthornormal @atrix. The element —1Lmeans
"subtract® the radiation, while the +1 element means "add" the
radiation., No radiztion is wasted and thus the coding scheme
has the highest efficiency. For S-matrix coding half the
sllts are open, 1, letting light pass through; and half the
slits are 0, blocking the light. Hzlf the radiztion is there-
fore wasted each time and one can intuitively see why the
gfficiency of the S-matrixz Is only hzazlf that of the H-matrix.

Although the S-matrix is less efficient, it has the im-
portaent advantage that it is eyelic; that is, the (i+l)th
column of the S-matrix is obtained by shifting the ith column
eyelically one place downwerds. Instesd of constructing a

2

mask of N s1its for N spectral elements, one constructs only

~ “orie mask with 2N-1 slits. Such a mesk has two advantages.
First, the cost of mask construction is reduced by “W/2 and

the design 6f the advance mechanism is considerably simplified,
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since the total weight of the mask also decreases,ag,&N/2¢,
Secondly, 1t can be self-supporting and therefore permits the
construction of a spectrometer which requires no transmission
materials. 1In operation the mask 1s stepped one slit width -
along the length of fthe mask- for each successive encoding po-
sition.

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

fl

S(&) 1/2P  + 1/2£°°P(v)cos(unsv)dv (A-2)
shows that half the power goes into 1/2P0, the flrst term on
the right hand side, which is not modulated at all. This re-
duces the efficlency by a factor of two as in the S-matrix case,
The other half of the power is modulated by a cosine term.,
Cosine modulation gives a factor 1/¥2 because cosines functions
dc not form an orthronormal set themselves. The total Fourier
modulation efficliency is therefore 1/3?ﬁ/%. Mathematically,
the S-matrix is a factor of Y2 better in SNR than the Fourier
transform. The true Hadamard code, which cannot be reallzed
experimentally, as yet, is a factor of /B better that the

Fourier code.

(B) Computer Reguirements

Both MIS and HTS require a digltal computer to decode the
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 magnitude in computer time can be gained over
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the Fourier decoding procedure reguired by MIS (Decker, 1971).
In addition, HTS do not have the largé zero path-length spike
which 1s characteristic of MIS, and hence can be operated

with a substantially lower dynamic range.

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

1ts 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 optiecs
that limit the capabilities of HTS.

1. Resclution

The resolution of a grating instrument is

(4-1)
(4-2)

i
o= 2P

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

The MIS introduces variable path differences between two

interfering beams. The resolution is determined by the maxi-

mum permissible path difference in the interferogram.

= 1 -

(b4-b)

‘;:'lﬁ—'
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where x 1s the maximum path difference between interfering
beams.
£ is the displacement of one of the two mirrors from
the white light fringe position, and

Av 1s the increment in wavenumber.

Since
- A
R = 5
_ 1
= oo (Mertz a, P.5)
. 2z
= = (4-5)

A MIS can have a resolutuion as high as m106.

2. S8lit Width

In the HTS, the minimum usable slit width is determined
by the diffraction pattern

WW%F (4-6)

where ¥ 1is the focal 1eng%h 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 a‘:complex function of the spec
tral distribution, the mask position, and the relative width
of the nearby transparent and opaque slits.

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

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



approach the geometric optiecal 1limit. This way, however, not
qply the resolution of the instrument is reduced, but the to-
tal number N of spectral elements that can be observed simul-
%aneously, also decreases.

There 1s another way to look at the same problem. The
grating is an operator that changes the frequency domain into
the spatial domaln, so that intensity as a function of fre-
quency, after passage by the grating, becomes a function of po-
sition. With diffraction effects included, the intensity has
a new functional dependence on distance., The Hadamard mask
code and the subsequent decoding process just translate this
spatial distribution function back into its spectral--domain.
Therefore, an intensity pattern which 1s complicated by the
diffraction pattern, after the Hadamard coding and decoding,
should still show up the same intensity pattern. Since 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
limit. One point, however, should still be noted. The cor-
rection that would have to be applied is wavelength dependent
because diffraction is wavelength dependent.

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

_the mdﬁéagle_mi;rqr must be stopped when its. maximum displace-—
ment is reached.

The sidelobes in the interferometric case is of the form
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S(-LU') = sin (IJJ""(H')T

L) s

ww ! (4-7)
(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 w is the central frequency. Varilous
schemes of apodization have been introduced to compensate for
the side lobes in the interferometric case.

3. Multiplex Number

Thg total number of elements N that can be observed simul-
taneously ylelds 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 ); Sw (4-8)

where F is the instrument focal length and SW/E is a faetor of
the order of 0.05+ 0.1, that describes how far off axlis 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-
fects, is ~1.22)0f, the total number N is

3

N = —F— (4-9)

1.22xfF

and is of the order of 103.
For our HTS at Cornell, we have

F = 19.5
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Swm0.08 (assume ~ medium value)

A= 10.0um
f= 7.5
N~250

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 of N. This 1s

i1ts main gain. The total wave number range observed in MIS is

_ i
Ymax " Ymin T T&

1
HAS

where 4 1s the step size of the mirror, o is the resolution in

wave number, N for the MIS can be 106.

4. Spectral Range

The MIS also has a broad free spectral range. Its range
is limited by the beam splitter efficiency which usually varies
approximately as the cosine of the wavelength. HTS free spec-
tral range 1s usually about one grating order. Its free spec-
tral range can be incereased 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,
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5. Throughput

The throughput 1ls defined in section 1-A as the product
of ‘aperture A and angular acceptance
E = A

For & MIS it can be shown that O8R=2= and

where R is the resolution of the instrument. Am is the area
of the interferometer mirror. Typlecally, A~l cmz, and for
3

-3
Rv10°, By v6 x 107,

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

where h and w are slit height and width and F is the focal
length. For a double multiplexed spectrometer, the throughput
off MIS and DHTS are about the same, of the order 1072 ¢m?,

For 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 construct

a one dlmensional pleture of the source.

(D) Mechanical Requirements

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

in the MIS, construction tolerances usually involve dimensions
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and motionsg 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 sultable for rugged applications and less costly.

It is elear 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

3 spectral elements and a resolu-

can have on the order of 10
tion sufficient to resolve the rotational lines of many mole-
cules. PFor most IR astronomical observations this will be
sufficient. Furthermore, its potential for modifylng the

existing sacnning spectrometer at a moderate cost make this a

very worthwhile field for further study.



CHAPTER V

PROGRAMMING FOR HADAMARD TRANSFORM
SPECTRAL DATA REDUCTION

An 8K Computer Automation minicomputer model L.S.I. or
model Alpha-16 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 run is completed, the computed spec~
trum 1is 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 detaliled analysis. Also, it can be stored on paper tape
Tor future use.

There are two inverse transformation programs: 1 x 255
for the single entrance slit and 255 exit slit Hadamard trans-
form spectrometer, HTS, and 15 x 255 for fthe 15 entrance slit
and 255 exit slit instrument, DHTS.

(4) HTS Program

The inverse HTS program processes the raw data obtained
by the combination oﬁ a single entrance slit and 255 exit slit.
This program is in double precision format. Two areas in the
memory are reserved by the program to store the final spectrum.

The final spectrum‘ban be stored in either 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 séc., depending
on how the cloek driving the spectrometer is set. .Slnce 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 uhtil one
is satisfied with the SNR of the spectrum.

The whole program (Appendix B) is linked by the following
subprograms: COMMAND, TRANSFORM, INPUT/éUTPUT, READ, CLEAR,
PUNCH, GRAPH, DISPLAY, MATHMATICAL PACKAGE and MASK. The func-
tion of each subprogram is described briefly in the follow;ng
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) If 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 minus beam
areas, or i1t will read the data points from the paper tape into
one beam area, transform them and enter tﬁem into the other

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

it inverts the transformation performed by the coding mask, and
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yields a spectrum. The program also performs the Hadamard
transform, i.e. transforms the spectrum back to raw data, from
elther input.

The algorithm is based on the following idea: let wj be
the jth spectral element and w

ment of the ith mask. w

13 be the weight of the jth ele-

13 equals 1 for {ransmitted radiation

and 0 for blocked radiation. Each measurement then has a

value

255
z
i=1

+ v

Ny Sig¥y t vy

where vy ls the random detector noise satisfying the properties

mentioned in Section II-B. S i1s the 255 x 255 matrix. is

n

i
the ith data point entered into the computer. The computer's
job is to decode ng to reconstruct the original spectral values

wj. Therefore

: 255
Y3 Dy i1 ™M

]

where @j is the unbilased estimate of *3 and §f1 is the inverse

of the S matrix.

According to the relation

=  Z2(28
S - N(2§."§.)

1

one obtalns §f by keeping all +1l'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 3 except for a constant factor §%§, 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 §f1 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 to 1ts raw data*. 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 willl improve the final specfrum.

The Hadamard transform turns out to be extremely easy.

All one has to do is to change one statement in the inverse
transform program. When SE}

data, one just sets it to zero.

is -1, instead of negating the

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

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

# The notation here may be a bit confusing. We use the §fl 0
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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Figure 5-1. 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 directions of motion of the mask.

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

teletype and high speed reader. It consists of the following
functions: Keyboard 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
areas 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 its numerical value in floating point format. This pro-
cedure offers one the chance to inspect the spectrum in detail
if it is needed. It takes about fifteen to twenty minutes to
finish a spectrum, depending on the complexity of the spectrum.

6. CRT: A gathode 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 to see héw good 1t is.,

7. MATHMATICAL PACKAGE: This package 1s supplied by the

Computer Automation library tape, with a 1little modification
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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-cycling of this mask.

(B) DHTS

The doubly encoded Hadamard transform program processes
the dafta obtained by the various combinations of fifteen en-
trance slots znd 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. only, because it takes a
longer time to process each data point. The whole transform.
takes about 14 minutes. The final spectrum consists of 15 se-
parate spectra, representing a one-dimensional color picture
across the spectrometer entrance aperture. Each separate spec-
trum contains 255 spectral elements. The program can co-add
all fifteen separate spectra yielding a sum spectrum with im-
hproved SHNR.

The. program consists of the followling subprograms:
COMMAND, TRANSFORM, DATA, INPUT/OQUTPUT, READ, CLEAR, PUNCH,
GRAPH, DISPLAY, ENTRANCE MASK, EXIT MASK. (Appendix C).

Since most of the subprograms are preforming the same function
as thelr counterpart in the 1 x 255 case, except written in
single precision format, their description will not be repgated
here. Only the TRANSFORM, DATA, and DISPLAY programs will be
discussed because they are different from those in the 1 x 255

scheme,
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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 to the different -directions of motion of "the -
exit mask, the computer will accept data only when the mask is
moving in a given direction, either forward or backward, de-
pending on the operateor. 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
program.

Let both the entrance and the exit masks be linear arrays
ericoded by Reed~Muller codes. Then the matrix of spatial-

spectral elements ¢ is related to the matrix of measurements

n by
s¥8 = 1
To obtain the spatial-spectral Information about the viewed

scenc we solve this equation by premultiplying the data matrix

~1 1

by s~ ~ and postmultiplying by 8

¥ = s n S
Now consider the element Nqqe It is multiplied only by
elements of the iirStacolumn-Of-§:l;vanduin turn it multiplies -

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

-1 -1
511“11813 . But the elements 847 and Sij

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

all have values,

the mat¥ix ¢ receives a contribution +ny,, or -n,; from the
reading. Nqq° )
This procedure is generally valid. Any reading Mo will
make additive contributions that can only have values +"k£ or
Ny, to each element ?iJ of the v matrix.
For real time decoding we therefore need the following:
(a) A memory that consists of bins containing the con-

tributions to the elements ¢ accumulated up to any given

1]
time t in the c¢yecle of measurements. For a device that can
resolve m spatlial and n spectral elements, this memory re-
ruires mn bins and of the order of mn ﬁemory words.

(b) PFor each acquired reading Ny, W€ perform a series of
additions of values either +nk2 or -my,s 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 followlng way.

We store the sequence of + and - signs in one column of
s™1 and in one row of §f1

and in one cycled permutation of

each of these vectors. Let us deslignate these signs by their

positions in these two vectors, as Efl and §31 s> respectively,

1
i=1,... m3 J=1,... n. (Since each of these sequences’ is cycl%cnh

it ean, respectively, be brought into its kth and 2th eyeling
position after a measurement "kz)‘ The elements of the two

vectors then are multiplied in all possible combinations to
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give a matrix having mn elements.

Ej_J = Si Sj 3=1ee+e m; J=leeee n

—

Egch element zij is either + or - depending only on whether the
signs s~ ana Sgl are similar or dissimilar for a particular
combination of 1 and J values.

The additions +nk£ or =1ny to the bins wij are made as
successive elements, Eij are computed, so that the elements
Eij need never be stored, Figure (5-3) shows the relation of
213 to a superarray contalnign the set of all elements that
are constructed at various stages of the computation.

When only a restricted number of spectral elements are
of interest, we need to compubte elements wij representing only
selected J values. This might be useful, for example, if only
certain atmospheric CO2 absorption lines needed to be studiled,
and the spectral elements between were of lesser interest. In
that case only zk+i—1,z+j—1 elements corresponding to gilven J
‘values need to be used, and the computing time decreases as
p/n, where n is the total number of avallable spectral elements,

and p is the actual number of Iinterest.

1 1

One starts with the inverse of the codes, 8 — and 8™, for;
the entrance and exit masks stored in the computer. One stores
509 elements of the exit mask, l.e., the 255 elements exhi-
bited in the first mask position plus an additional 254 ele-
ments representing the further cycling of this mask. Simi-

larly one stores twenty-nine elements for the entrance mask,
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Figure 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
cyeling of fourteen elements.

For each reading n one essentially makes use of the ma-

ke
trix (figure 5-3) making use of elements k to k+14 of the stored
entrance code and elements & to 2+254 of the stored exit code.

This matrix consists of + and - signs. When szi and S;}
the same sign, both being + or both being -, the matrix posi-

have

tlon 1 is assigned a + sign, and the reading Ny is added to
-1
wij' If the elements sj_'j

and SE? have dissimilar signs, a - sign is assigned to ij and

the accumulatively stored value of

the reading Ny is subtracted from the stored ¢ij values. This
whole process takes ~100 msec, and is carried out while 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 the wlj values,
successively goling from j=1 to j=255. We then repeat this pro-
cedure for i values going from 2 to 15. This whole procedure
is carried out while the exit mask is moving from posiiton 2
to 2+1 depending on whether the exit mask 1s moving forward
or back., The entire process is then repeated for the next
reading ﬁk,2+1 . When the exit mask reaches its 255th posi-
tlon, & remalins unchanged, but the entrance mask moves from
the position k to k+l.

For odd values of k, the exit mask moves in the direction
of increasing 2 values, and for even values of k, it moves to-

ward decreasing 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 all its fifteen positions,.and the total- 3825
readings have been taken and added onto or subtracted from the
wij elements, the run 1is completed. o ) ‘ )
2. DATA: Instead of processing a data point immediately
as it comes in, this program stores the data in the memory, so
one can display the raw data points first, correct them if there
are any obvious bad points, and then transform them. This pro-
gram serves the same function as the inverse transform in the
1l x 255 systemn.
3. DISPLAY: The display program allows one to diéplay the
information in a number of different ways:

(a) One can call for the spectrum corresponding to any
one of the entrance slit positions and display it individually.

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

In order to do this, one has to take into account that the
spectrum for a given entrance slit is displaced by one spec-
tral position from adjacent entrance slit position. In other
words, the wavelength for element ¢;§ corresponds to the wave-
length for element w£+l,j+l’ because of the slightly displaced
light paths through the spectrometer.

(c) PFinally one can display all fifteen of these spectra
simulfaneously, 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.
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(C) Correction Program:

This program is shown in Appendix D written in BASIC lan-~
guage. It corrects the error introduced by the imperfect mask.
Instead of correcting the mask which in practice is not pos-
sible, the program corrects the final spectrum. That is much
easier.

As seen in section II-D, for any spectral line Io’ the
distorted spectrum shows a line I;=IO(1-E), two positive blips
with amplitude (1/2)(8Ié/l-s) adjacent to the line on both
sides, and two negative blips with same amplitude, i.e. (£/2)
(I;/l—e) at 24, 25 elements to the left. The correction pro-
gram takes the intensity of every element, I;, multiplies it
by e/2, adds it to the elements 24 and 25 positions to the
left, and subtracts i1t from the two adjacent elements, one on
each side of the line. The final spectrum is complete except
for a different normalization factor. This is a linearized

correction procedure'valid only for small values of e, e<<1l.



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 1s carried out by comparing the source spectrum (either
stellar or planetary) with a lunar or solar spectrum which is
taken on the same day at an airmass as close as possible to
the star. The following procedures are used in the data re-
duction:

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

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

(3) Most of the astronomical infrared sources to be ob-
served are weak sources, hence a positive offset 1s always
added to the signal to prevent the signal becomling negative.
(The electronics are confused by negative signals.) The cor-
rection procedure shown previously also take out this offset.
One can take out the offset fném_the raw spectrum if one knows
how large the offset is. Another way to correct this 1s by
substracting a constant intensity from the stellar spectrum

until the ratio of the stellar spectrum over the Moon spectrum,

90
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around” any large telluric absorption reigon, such as the ozone
band, 1is optimally corrected. By cptimél correction we mean
that the atmospheriec feature appears as neither a positive, nor
a negative band. The Moon is a strong infrared signal and does
not require an offset, so the result can be used as a calibra-
tion for base line.

(4) Align the stellar spectrum and the lunar spectrum by the
telluric absorption feature. The final stellar spectrum is ob-
tained by taking the ratio of the stellar spectrum and the lu-
nar spectrum and multiplying it by the black body temperature
of the Moon. The lunar temperature is obtained by noting the
phase angle of the lunar east limb where 31t has usually been
observed, and extrapolatiné the temperature from the value gi-
ven by Linsky (1973). This procedure assumes the lunar in-
frared emissivity at 8-lldum as unity, which is not true. Murcray
et al's (1970) results for the lunar emissivity of 8-1lum ve-
gion are shown in figure (6-1). The observation Waé done from
a balloon. The strong feature centered at 9.6um is =z result
of telluric ozone absorpfion. Murcray's result has not been
used in our analysis because in the reglon to be discussed, 8.5um-
14um, the Moon's emissivity is about constant except for the

ozone absorption.

(B) Observation of a-Orionis

The' observations of e-orionis were carried out with the 50"
infrared telescope at Xitt Peak National Cbservatory, Arizona,
in Mey 1974. The beam size is 18 sec. x 47 sec. The Xitt Peak
50" telescope bolometer was used with the Eadamard spectiro-

meter. The dewer has a band pass of 8 -~ 1dum. The spec-
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trometer operated in the 8-1lum region with a resolution A/AA
around 500. The chopping frsguency was 10 cycles per second.

Three runs were taken. Each run consisted of 10 scans of
the sources. Two lunar spectra were taken on the same day
for correction purposes. For the lunar “emperature we used
383°K. PFigure (6-2) shows the raw spectra of a—orionis and
the Moon. The c-orionis spectrum is the sum of two indepen-
dent runs.

Figure (6-3) shows the ratio spectrum of e-orionis corrected
for lunar temperature. Except for the pegion immediately around
the ozone band all the telluric absorption features are gone.
The region betwesen 9.35um to 9.7um is unreliable because the
ozone band has a very low transmission.

a~-orionis is a late type super-glant with temperature
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 10um, which is due
to silicate emission, is clearly shown in the spectrum. This
10um 'silicate' emission feature of w-~orionis has been previous-
ly discussed by others.

Woolf and Ney (1969) renormalized Gillett et al's spectra
(1968) of a-orionis and interpreted the 10ym emission as coming
from circumstellar dust which absorbs starlight and reradilates
at infrared wavelengths. Since the emission is far morg sharply
peaked than a black body, the wavelength dependence of the
emission probably closely mimics the wavelength dependence of

the opacity of the material. In the same paper, Woolf and Ney
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also proposed that it is sillicate grains which one 1s observing
in the circumstellar dust cloud. This suggestion has been
strengthened by high resolution spectra of Gamown et al (1972)

1 to 1100 cm_l. The emi-

with resolution A/Ax=250 from 850 cm
ssivity of silicate grains should have a second peak near 20ym.
This second emission feature was observed by Low and Swamy (1970)
in narrow-band photometry of a-orionis. Another supporting
piece of evidence for the silicate model of the a-orlonis dust
cloud comes from observations of silicon monoxide (Si0).

Silicon monoxide 1s expected to be among the most abundant
malecules present in the atmospheres of cool stars of normal
composition. It is also a reagent in the condensation mecha-
nism thought to produce circumstellar silicate grains (Mass

et al, 1970). The presence of silicon monoxide in a-orionis

was confirmed by Cuduback et al (1971). They observed Si0O ab-
sorption features around Lum.

The silicates are expected to form from the material
ejected by cool stars. Gilman (1969) calculated what solids
would condense from gas of stellar composition as it moved
away from™a star and cooled. This is criftically dependent on
the ratio of oxygen to carbon in the‘gas. These elements
first combine to form carbon monoxide; the subsequent develop-
ment depends on which of the two 1s left over when all the other
has been used up. in this.way.- If..carbon predominates, graphite --
wlll be the principal condensate, or under certain circumstances

silicon carbide. If oxygen wins, the grains which should form

are the silicates of caleium, magnesium, aluminium and irong



1

combinations of these are responsible for the 10 and 20mm spec-
tral features. Aluminium and calcium.silicate may be rare be~
cause of the low cesmic abundance of zluminium and calcium.
Woolf and Ney (1969) expected magnesium silicate, MgSiO3, with
some iron silicate, FeSiO3, to be most abundant. For recent
work cn dust grains one can refer to Salpeter's paper (1974 a)
on the theory of nucleation and dust grains in carbon-rich
stellar atmosphere and his paper (1974 b) on formation and flow
.0f dust grains in cool stellar stmospheres. ‘

Laboratory spectra exist for silicate absorption features
(Day, 1974). Any fine feature of the astronomically observed
sillcate emission may be washed ocut by different partiecle 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 sllicates involved are
baslc rather than acidic. Day (1974) synthesized the amorphous
magnesium silicate and obtained an absorption band quite si-
milar to the material causing the interstellar 10um absorption
feature. He suggested that the existance of disordered struc-
tures seems a more reasonable expectation than crystalline
terrestrial-type minerals. For the momnet, the nature of the
silicates Is certainly at an unsettled stage. ‘

Perman (1976) had measured the middle infrared refiectivi-
ties of five sillcate minerals, and used Kramers-Konig analysis
to obtain the optical constants of the samples. He then used
the optical constants in Mie computations of the absorption

properties of very small mineral grains. The final absorption
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eross~section spectra compared to the obhserved 10;m silicate
of the source W3/IRS5. All the caleulated spectra have sharper
Teatures than the astronomical feabtures due to the application
of Mie theory. However, the hydrated silicate, Chloritite
(hydrated Mg/Fe/Al silicate) and serpenlenite (hydrated Mg/Fe
silicate) fits the observed astronomical positions correctly.
They fall almost exactly at the center of the astronomical
features.

To the author's knowledge only two spectra of a-orionis
in 8-i4um exist in the literature. Gillett et al (1968)
(figure 6-4a) obtained results in the wavelength region from
2.8 to l¥um, with a resolution A/AA=50. Treffers and Cohen
(1973) (figureb-Lb)obtained a spectrum from 8-1iym, and in
the 20um reglion 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 is lowered instead of being drawn tangent to
the observed data at 10um. Our spectrum shows a2 rather rapid
dip at wavelengths beyond 10um while Treffers and Cohen show
2 slower nearly constant decline. Further high resolution
observations should clear this matter up. Our own instrument
now operates at a resolutlion similar to that of Treffers and
Cohen, and if used on E telescope as large as the 120 inch
Lick Observatory reflector that they used, sufficiently high

signal to noilse ratios should be obtained.
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(C) Observations of Jupiter

The observations of Jupiter were z2lso carried out with
the 50" infrared telescope a2t Kitt Pezk. The beag_si§f is
E};;:cighh Emé‘Kitt Peak_bolometer assigned to the 50" tele-
scope with band pass 8-1iym was used with the Hadamard spec-
trometer. For our Jupiter observatlions, the spectrometer
operated in the 10.8-13.4um region with aﬁ effective resolu-
tion A/AX around 250. The chopping frequency was 10 cycles
per second.

Two runs were taken. ZEach run consisted of twelve scans
of the whole Jovian disk. Two lunar spectra were taken on the
same day for correc%ion purposes. For the lunar temperature
we used a2 value of 383°K. Figure (6-5) shows the raw spectrum
of Jupiter and the Moon. Both the Jovian andvlunar spectra
are the sums of two independent runs. Figure (6-6) shows the
ratio spectrum of Jupiter corrected for lunar temperature.

The arrows labeled by HQO éhow the posgsition of telluric water
vapor features. Most of the telluric features have been can-
celled properly.

Jupiter is covered by clouds which in the visible part of
the spectrum are seen from earth. Current models show three
distinet eloud layers (figure 6-7, Ingersoll). The lowest
layer is water ice, with maximum density at about 270°K. The
middle cloud is solid ammonium hydrosulfide TNHMSH) at fbou?
260°Kl Léwisﬁénderi;n fiﬁ?és sgggeS;ed that ultraviolet ra-
diation from 2200 to 2700 2 is not absorbed by H2, He, CHH and

absorbed a little by NHS' Therefore, the radiation in this
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region may reach the ammonium hydrogen cloud and photolyze hy-
drogen sulfide there Into hydrogen polysulfides (stx)’ ele-
mental sulfur, and ammonlium polysulfides EﬁHu)zsé]l A11 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
photo dissociation event leads to polymerics, the implied op-
tical depth falls short by two orders of magnitude from mat-
ching the observed values. Moreover, pure polymeric sulfur
fits the observed optical properties 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 éo high altitude ultraviolet
photolysis of phosphilne (PH3) into PQHH and amorphous red phos-—
phorus. The total depth of the cloud system is about 70 Xm, and
the pressure range probably runs from about 0.5 bar at the top
to 4.5 bar at the cloud base. It is the cloud tops and above
where the 10um infrared radiation originates. OQur spectrum
measures .a .color temperature of 135°K which is consistent with
Ingersoll's picture. The radiation should come from the cloud
tops because the Jovian atmosphere at 10.5 to 13um has appre-
ciable opacity,las discussed in the.next paragraph.

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

Table 6~1 shows their observed abundance ratio by number.
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TABLE 6-1

Solar composition atmosphere (fraction by number)

Species (1) (2
B, 0.886 0.870
He 0.112 0.128
H,0 1.05 x 1073 8.80 x 107
CH, 6.30 x 107" 6.17 x 107"
NH, 1.52 x 107" 1.49 x 107"
H,S 2,90 x°10™° 2.56 x 10~

(1) Weidenschilling and Lewils (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 from solar atomic abundances. For detailed
information one can refer to McElvoy (1973).

The opacity due to hydrogen molecules is caused by pre-
ssure induced dipole absorption. The hydrogen molecule has no
permanent dipole moment, and consequently, no permanent dipole
spectrum. Gaseous H2, however, has a weak pressure - induced
dipole spectrum which absorbs significantly over the long path
lengths and low pressure of the Jovian atmosphere. The induced
dipole moment results from two dlstinect physical process
(Kranendonk and Kiss, 1959). The first takes place when the
permanent quadrapole moment of one molecule induces a dipole
moment in another molecule by virtue of the neighbor's pola-
rizability. This is a long range interaction. 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
1s modulated by the relative translational and rotational mo-
tion of the colliding pair and this modulation produces the
absorption of infrared radiation. The translatilonal spectrum
i1s predominant at long wavelengths wilth its peak at 100um at
100°K (Trafton and Munch, 1969). In our wavelength region
(10.5 = 13um) its contribution to the opacity is negligible.
The rotational hydrogen cqllisional spectrum, however, has 1ts
peak at.17um and contributes a continuous opaclity in our wave-
length region (Th. Encrenaz, 1972).

The helium molecule also has no permanent dipole moment.
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Its opacity comes from the collislion with the hydrogen mole-
cules and resembles the H2--H2 collision process. The colli-
sion 1s less important due to the smaller abundances of helium.

Ammonia is an important source of opacity at 1lOum under
Jovian atmospheric conditions. The 10um band of ammonia arises
from transitions through the Vs mode. In the Vg mode of vibra-
tlon, 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 potential barrier to the other
side of the hydrogen plane. This lnverted position leads %o
inversion splitting of the levels of the ammonia molecules.
The splitiing generates bothlsymmetrié and antisymmetric energy
levels with a given vibrational quantum number. The 10um band
of ammonia arises from trénsitions from the ground vibratlonal
state to the first exelted state in the v, mode (figure 6-8b).
Another transition, from the filrst excited symmetric vibra-
tional state to the second excited asymmetric state is also in
10um range, but the contribution due %o this "hot band" is small
for the low temperature in the Jovian atmosphere.

The ammonla 1s clearly seen in abosrption in the spectrum.
The centers of the bands are shown by the arrows labeled NH3.
The ammonia absorption has been observed by different groups.

Gillett et al (1969)(figure 6-9) observed Jupiter from
2.8~-14uym with low resolution 1/Ax=50. Briefly, their results
show the following: The spectrum has a depression at 3.3um
caused by CHR' Solar heating of the upper atmosphere via this

band results in warming of the upper atmospheric layers. This
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proceeds until energy i1s radiated at the same rate via the 7.7um
band of CHM. Ammonia absorption around 10pm was also detected.
Judging from the CHM emission, these authors were the first to
suggest a temperature inversion on Jupiter caused by solar
heating of the 3.3um band of CHH. They also showed that the
NH3 band at 10um is saturated, and calculated that the H2 abun-

dance at 12.5um, assuming a temperature of 125°K, is 12 km-atm.

with a pressure P, ~1l/Uatm.

Hs

Aitken and Jones (1972) obtained a Jovian spectrum from
8 - 13um at a resolution A/axall3(figure 6~10). The ammonia
absorption band is again seen. They estimated that the ammo-

nla abundance in the band is about 2.7 cm-atm. and a lapse rate

r= %% at 13um given by H=-30K, where H is the scale height
~20km.

The most recent published infrared spectrum l1ls by Lacy
et 2l (1975) who used the Lick Observatory 120" telescope.
High resolution spectra were obtained at 890 cm'l(ll.ZHum)
with A/Ax=1780. Medium resolution data were observed from

1000 cm."l

to B50 cm t(10 ~ 12.75um) with A/AA from 250 to 333
(figure 6-11 a,b). The authors also calculated synthetic
spectra, assuming that NH3 and H2 are {the only sources of opa-
city. Their conclusions from comparison between observed and
computed spectra follow: All of the prominent lines in their
observed spectrum_are saturation NH3 bands broadened to a width
many times thé pressure - broadened line width. The observed
135°K continuum is primarily formed by the wings of the NH3

line. The H, opacity may be important if NH, is unsaturated

2 3
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near 135°%€. A pressure of 0.125 atm. at 135%°K is required to
form the continuum. The minimum temﬁerature in their synthe-
tic model is 118t5°K while the observed minimum temperature is
123°K, about 5°K larger than the derived temperature due to
incomplete resolution of the features. The lapse rate at 135°%K
is 7.5:2.5%°K/SH. Gillett et al (1969) estimated the lapse rate

at the NH. saturation level is U4°K/SH. A discrepancy occurs

3 .
in the comparision of the medium resolution data between 870
and 890 em Y. In this region the Jovian spectrum seems to be

depressed by about 2°K relative to the calculated curve. The
authors suggested that it may be due to an as yet unidentified
minor constituent of the Jovian atmosphere.

Our spectrum has about the same resolution as the medium
spectra of Lacy gg_gl;s and so the two spectra can be compared.
The line positions match well. The vertical matching shows a
drift towards longer wavelength. PFigure (6-1la) is obtained
by matching points & and B. The short wavelength side matches
but the end of the long wavelength side is about 1.5 times
higher. Also our spectrum seems to match the theoretical curve
better at 870 to 890 cm t. Fipure (6-11b) is obtained by mat-
ching A! énd B!, Then the long wavelength side matches better
than before but the short wavelength side is different. Also
now our spectrum matches better with Lacy et al's observed

result at 870 ~ 890 em L.

1

A conclusion about the discrepancy
at 870 cm — between Lacy's observed and calculated spectra can
not be reached at present until there is a better way for mat-

ching our and Lacy's et al's spectrum., Also if is not clear
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whether the difference in matching ¢f our spectrum and Lacy
et al's between long wavelength and short wavelength is real
or not. There could be several reasons for the difference.
It could be due to the inaccuracy of the end of the spectra,
because the short wavelength side is the end of our spectrum
and the long wavelength side is the end of Lacy's spectrum;
or 1t may Jjust be due to the matching technique. More effort
is needed to clearify this point.

The absorption due to NH3 is mueh less important beyond
12y, s0 one may be able to use the H2 opacity to estimate the
lapse rate in that region. The lapse rate can be estimated

by the eguation

a(i.)
T_(A.) = T (A,) = =B gy X
BY1 B2 a(la)

2

where TB(Al) is the brightness temperature at i
TB(AE) is the brightness temperature at 2
T is the lapse rate
a(kl) is the absorption coefficient at A
a(kz) is the absorption coefficient at A
H is the scale height
If one chooses A.=11.95, A

1 2
ness temperature T1=133.9M, T2=133.6H, a(ll), a(Az) are taken

=12.34 .with measured bright-

from Calpa and Ketebaar (1957), one obtains a result FH=-43,2°K
for an H, opacity dominated atmosphere. Gillett et al (i969)
calculated the adlsbatic lapse rate (IH)ad=-42°K for an H, at-
mosphere, while Aitken and Jones (1972) measured a value of

PH=-30°K from their spectrum. Our value seems closer to the


http:rH=-43.20
http:T2=133.64
http:T1=133.94
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value calculated by Gillett rather than to Aitken's., It is
emphaslzed here that the estimate is based on the assumption
that the H2 opacity 1s the dominant opaclty at wavelengths
11.95p and 12.34y, which may not be true.

Methane has a strong emission band at 7.Tu 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 has an ab-
sorption band at 3.3pm which absorbs solar energy and rera-
diates at 7.7um producing an inversion temperature layer with
a maximum temperature of 150°K at an altitude 160 - 200 km.
Secondly, methane is photo dissociated by ultraviolet light
in the upper atmosphere. This results in products such as
ethane (CEHG)’ acetylene (CeHz)’ and ethylene (Cgﬂq). Strobel
(1973) estimated that column densities of CEHG’ CEHE’ CgHu

1, 3 x 1016,

above the cloud top are approximately 102
3 x lolscm'z respectively. CZHG and C2H2 were Tirst observed
by Ridgway (1973) using the 60" Kitt Peak solar telescope in
the 750 - 875 em™% (11.42 - 13.33ui)range with resolution
A/8x=T770,(figure 6-12a). The lines are shown in strong emi-
ssion at the 140°K temperature. The apparent lines are super-
positions of many lines, each group ccrresponding to a sub-
band. Ridgway calculated that the mixing ratios are N(C,Hc)/
N(H,)=t x 1073 and N(C,H,)/N(H,)=8 x 107>, The ratio N(C,Hg)/
N(CEH2)=50 where Strobel predicts about 200. Combes et al
(1974)'s (figure 6-12b) observation confirms the presence of

very strong emission lines of C H2 and CEHG' The abundance of

2
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ethane esfimated 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 10_2 gm em™ T

of ethane in this high tem-
perature region. Sagan and Salpeter (1976) estimate the column
density of ethane molecules to be 3 x 10'3 gm cm"2 by assuming
that ethane is produced by photolysis of methane by solar ul-
traviolet photon and destroyed mainly by eddy diffusion into

the troposphere, followed by pyrolysis in deeper, hotter layers.
This would be in very serious conflict with the observations, es-
pecially since only a small fraction of the theoretical column
density refer to the hotter inversion region.

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, while Smith's
seem displaced from ours by 0.0lum,possibly due to a uncertain-
ty in position calibration. Only a portion of the 02H2 spectrum
can be seen in our spectral coverage. The abundance of 02H6 is
not estimated here because the absolute amplitude of our spec-
trum is not well callbrated.

Our spectrum contalns both ammonia and ethane featurgs
while other observers have not shown both. This will be use-
ful because one can compute the synthetic spectra including

both. Ammonia wlll provide us with information about the top
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of the cloud layer while ethane provides us with the informa-
tion about the inversion layer. A synthétic spectrum including
both ethane and acetylene would be interesting because the in-
clusion of these new gases would affect the models, especlally
around the inversion. Acetylene would appear around 1l3um.

The absorption of solar radiation by CHH at 3.3mm used to be
thought to be radiated solely by CH# at 7.7ym. The 7.7pm emi-
ssion intensity is a critlical test of a2 temperature inversion
model and the emlssion intensity calculated by Wallace et al
(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 tem-
perature. Additional absorption at this altitude, perhaps due
to particles, is suggested by the low ultraviolet albedo of
Jupiter in the wavelength region 2100 to 3600 ﬁgfﬁallace,
Caldwell and Savage, 1972).

Terrile and Westphal (1976) had lmaged Jupiter at high
spatial resolution at 8 - 1ium. All images reveal a belt and
zone structure similar to visible photographs. In the 8 - 1dum
- broad-band data, belts appear to be about 2°K hotter than the
zone, The lowest belt-zone contrast is found in the hydrogen
opacity dominated region at 12.5um, while Images at 9.5£m have
the greatest contrast. ' This is consistant with the dynamic
picture that zones are rising columns of air and belts are
sinking columns of air. Ammonia gas being carried upward in

zones will freeze-out and form a thick cloud on top of the zZones,
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giving a low infrared temperature to the zones, and the crys-
talized NH3 particle will be carried down to the deep atmos-
phers in the belt where they will get subtlimated. One can look
deeper into clouds in the belt because of the lack of the am-
monia cloud on top of it and therefore see a higher Infrared
temperature. Although there are a number of high resolution
spectra of good spectra for methane. The observation of methane
willl be interesting not only because it provides us with in-
Tormation about the inversion layer, it 1ls zlso useful to find
out the temperature proflile. I 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 for probing the temperature profile because it has a low
vapor pressure and its 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 observations to be made at these
wavelength. In addition, observations should be undertaken at
8.0 to 9.5 microns where neither ammonia nor methane have strong
absorption features. At these wavelengths one would be ob-
serving the clouds. In this 8.0 to 9.5 micron region our in-
strument should be able to image the-bands and zones of Jupiter,
to probe for spectral differences and cloud features. Such ob-

servations should increase our understanding of Jupiter's cloud

structure.
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(D) Observations of Mercury

The observatlions of Mercury were made with the newly built
Cornell 25" telescope at Mount Pleasant, Ithaca, New York.
The telescope has a focal ratio £/13.5 . The spectrometer's
acceptance beam size 1s ?TE“ x‘?gh . The dewar described in
sectlon ITI-B was used with the spectrometer. The spectrometer
operated in the 10.5a13um region with a resolution A/aAr around
300. The chopping fregquency was 10 cycles per second.

The obserwvational procedﬁre was carried out a 1ittle 4if-
ferently from the observations of a-brionis and Jupiter.
First, Sun spectra were used for correction spectra rather than
lunar spectra. There are no known molecular lines 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, Mer-
cury lils so falint in broad day light that we were unable to see
it in visib}e light. The way to ind Mercury was the following:
We pointed the telescope in the correct reglion and scanned for
the infrared signal. The signal is so strong that one can see
it go off scale on the synehronous demodulator. The pointing
accuracy of the telescope is 6 seec. of time in right ascension
and 25 sec. of arc in declination. Thirdly, since we could not
see Mercury visually for tracking, we adapted a different me-
thod for tracking 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 in different
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areas, we only took data when the mask was moving forward.
When the mask was moving backward we maximized the signal to
assure correct pointing and walilted for the next forward pass.
Any noise introduced when moving the telescope for maximizing
the signal would have gone into the backward-pass data bins
and %hose data points were thrown away anyway. Slince each pass
takes 51 sec. only, Mercury remained at essentially the same
position during the forward data taking 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 alr during the summer time, the
correction for atmospheric features 1s more difficult than at
Kitt Peak and is done in a different way. A constant was added
to the Mercury spectra such that atmospheric features in the
Mercury/Sun ratio spectrum were minimized. This step ensures
that the atmospheric features are largely corrected. The Mer-
cury spectrum which has a constant added to it was then multi-
plied by another constant to make its amplitude as close to
that of the solar spectrum as possible. The solar spectrum
was then subtracted from the modified Mercury spectrum. The
multiplication of the Mercury spectrum by a constant assured
that atmospheric features in the two spectra had similar am-
_ plitudes before the subtraction step. This difference spec-
trum was then added to a M"perfect" solar spectrum which is
calculated according to the blackbody function appropriate to

‘the solar temperature. What one gets from these procedures is:
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Figure 6-13. The raw spectra of Mercury and the Sun.
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Final Mercury Spectrum

= oObserved corrected Mercury specfrum - observed solar
spectrum + perfect solar spectrum

= ("perfect" Mercury spectrum + noise in the Mercury spec-
trum) - ("perfect" solar spectrum + noise in the solar

spectrum) + '"perfeect" solar spectrum

"perfect” Mercury spectrum + (nolse in the Mercury spec-
trum - noise in the solar spectrum)

Any systematic noise such as emlission and absorption due to the
sky or to the telesccpe will be subtracted away. The advantage
of this method is that the final spectrum is obtained through
subfraction rather than by division. Division, in the low sig-
nal portion of the spectrum, produces deceptive high noise
spikes iIn the ratio spectrum. The method we have used tends

to eliminate these.

Since this will be the first high resolution Mercury spec-
trum obtained, we will calculate Mercury's disk integrated in-
frared temperature and compare this temperature with the observed
one. Morrison and Sagan (1967) had calculated the infrared
brightness temperature of the center~of-disk as a function of
phase angle and heliocentrie longitude, but there is no disk
integrated infrared temperature available in the literature.

In the following we wlll discuss the factors that may affect
the brightness temperature, and then- present a method of cal-
culating the disk integrated infrared brightness and compare it
with our cbservation. A good review of thermophysics of Mer-

cury is given by Morrison (1970).
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In 1965, Pettingill and Dyce (1965) used radar to discover
that Mercury has a rotation period of-59 days, two thirds of
the orbital period, instead of an 88 day synchronous rotation
around the Sun. This implies 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-synchro-
nous rotation leads to time-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 diurnal variation changes the brightness tempera-
ture as a function of both phase angle and 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 two ways. Flrst, the variation in
distance from the Sun produces a solar constant that varies by'
more than a factor of 2 from perihelion to aphelion, Second,
the changing orbital angular veloclty causes the apparent speed
of the Sun across the sky to vary; near perihelion the angular
velocity of revolution actually slightly exceeds the angular
velocity of rotation, and the apparent planetocentric solar mo-
tion is retrograde (figure 6-1U4, Soter and Ulrichs, 1967).

The two effects of the eccentricity reinforce one another, with
the larger flux coming at a time when the angular rate of the

Sun across the sky is largest. The two longitudes (180° apart)



Figure 6-14.

270"

Mercury

Diurnal 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).

9¢t
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that see the Sun overhead at perihelion receive more than two
and a halfl as much energy per period as the longitude 90° away,
where the Sun is always small and rapidly moving while near the
zenith.

Besides the insolation geometry, a possible atmosphere on
Mercury will also affect the thermal emission. 002 is 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 002 and CO. They set up
an upper 1imit 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 Adams, 1972). The Bond albedo
of Mercury (de Vancouleurs, 1964) is 0.058.

In our model caleculation 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 illuminated portion amounted to 0.973 of
the total disk and the dark por%ion was 0.017. The dark side
temperaturs is about 110°K, which at 10um has a flux 6.7181 X

10'8watt—cmf2—u“1-sr‘l. The flux for 500°K at 10um is 7.1007 x

10"3watt~bm_2—u_1—sr_1, so the contribution from the dark side
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is negligible.

2. At infrared wavelengths, the radiation that reaches the
observer originates very near the surface, so the Infrared fem-
perature is assumed equal to the Insolation temperafure. Soter
and Ultichs' (1967) results show that the day time temperature
is independent of the thermal properties of the surface material
and determined largely by the insclatlon temperature.

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

Iﬁ:figure (6-15) we choose two coordinate systems on Mer-
cury surface. The unprimed system is the "solar system" with
the z-axis pointing towards the Sun. A is the subsolar point.
The hemisphere above the plane BCD facing the Sun is the illu-
minated part. The primed system is the "earth system' with the
z'-axls 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 are
different by an angle o wlth the x-axls as the common axis.

If the surface is in equilibrium with sunlight and cannot

conduct heat away, the subsolar point temperature is:

oeR?
where S 1s solar constant at earth, equal to 1.360x106erg cm_23_1

A is the Bond albedo for Mercury, assumed to be 0.058.
5

o is the stefan-Boltzmann constant egual to 5.67x10

erg em™ 251



Pigure 5-15,

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 1s the "earth system" with the Z'-axis
peointing towards the ezrth. A!' i1s the sub-
earth point.
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e is the infrared emissivity at 1l0um from the surface,

assumed to be 0.9

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

némical units —
Mercury's subsolar polnt temperature varles with distance from
the Sun as R—l/2 and therefore is a function of heliocentric
longitude due to the eccentricity we discuss above.

In the unprimed system the temperature distribution on
the surface will be concentric isothermal bands around the sub-
solar point. The temperature of a band at colatitude g is given
by
1/4

T(8) = To cos 8 (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 area.

Since one is interested in the flux coming to the earth

one will have,

dF} = I,(8',¢') dA’ (6~3)
= I,(e',4') r?sin6'de’ds’ (6-4)
= E,(8',9") cos8'r2sinstdetde! (6-5)

where dF} is the flux at wavelength A coming from the area GA!

T. is the intensity at (6!',4')

A
dA' is the differential area on Mercury

r is the radius of Mercury
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51(9"¢') = IX(B‘,¢‘)/cosB' is the component of flux
that radiates toward the
earth. .

EA(B"¢') i1s a complicated function of (6!',¢') bacause the
temperature distribution is a complicated function of (6',4').
However, one can convert the system to the "sun coordinate”
where 51(9’¢) i1s a simple function.

Since - dA! = dA (6-6)

cosg! = cosfcose - sindsindsina (6-7)

equation(6-5) becomes

dF, = £,(8) [cosbcose - sineésingsind] r?sinededs

where
C1 1
5 Ca/KT(8) 1

(6-8)

where C,= 1.1909 x 10" wats cm"lu'"lsr'—1
C,= 1.4388 x 10™uK

and T(6) is given by (6-2)
50
P, = r2rds/fds g, (8)(sindcosbecosa - sin2esinésina)
(6-9)
The integral (6-~9) can be separated into two parts, for 5z@
where 8 = 5 -« (6~10)

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

For 8>8, the limit of the integral over 4 1is constrained by
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the physical condition that some part on ¢ that is illuminated
by the Sun can not be seen from the earth.

So (6-9) becomes

8 2
FA = rzg dﬁé “d¢ El(e)(sinBCOSBCOSa - sin?y singsing)
il ¢ (8)
+ r2f2 gosr 2 ag g,(8)(sinscosecose - sinZesingsina)
8 ¢1(8)

(6~11)

To find é,(8) and $,(8) one notices that ¢ is given when 81=90°,
From (6-7)

cosg! = cosecosa - sinesingsina
ot = % =% sing¢ = cotacots (6~-12)
and
) = sin_l(cotacotﬁ) (6~-13)

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

can be rewrlitten as:

e
2

F, .= rzg da£2“d¢ E,(8)(sinscosbcose ~ sin?gsingsina)

I 2rtsin™'(cotacots)
+7%asr 4

x _ w=sin ~(cotacots)

2 "¢ sin?gsin¢sing)

(6~14)

El(e)(sinecosecosu ~

After_ evaluating the integral one obtains the following:

g |1 _ Pl
sig 815 ~%+ 1r2cosa 51(9)§i%_2

F. = 21r? cosa El(e)

0 -

(VERENTE
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de sin"l(cotucote) sinécosécosa Ek(e)

m
- - =
2 |2 P . S ROy 3
+ r Tl(e)(cosa/51n o~ cos 8 + sin “asin ing
I
2
(6-15)
where )
2 .
- sin<e 2
_A(e) 5
0
sin?é

is the mean of ( Ek{e) ) in the interval of o from 0 to

2
% -¢ . The same meaning applies to the third term of (6-15).
' As a check of equation (6-15), if «=0, that means when
subsolar point and subearth point coinside, let z(8)=constant

evaluating (6-15) gives:
F = Triz

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

P nr?

-
= ———— T
—

2
which is 25 one expects since one 1s seeing half of Mercury.
Eguation (6-15) can be readily integfated on a computer.
it is applied to our case with the following physical paramefers:
Date: August 3, 1976

Phase Angle: 53°
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Radius vector: O0.414 A.7.

Orbital longitude: 198.09°

Mercury perihelion point: 0.3075 A.U. _

Subsolar temperature at perihelion point: 700°K

Subsolar temperature at «=53%: 603°K

Equation (6-15) was computed on a LSI minl computer at each

wavelength, from 10.6 to 13.2um. The program and the result are
shown in the Appendlix D. The integral was divided into twenty
steps. ©£2(8) was evaluated from equation (6-8)

Ci 1

5
A ng/kT(B)_l

1/4B

where T(8) = T, cos
The calculated spectrum is a measure of color temperature

and is used to compare with the observed spectrum. Figure (6-16)
shows the final Mercury spectrum conected for solar temperature,
with a number of blackbody slopes shown to match. The calculated
spectrum (é?éés) matches the blackbody temperature 525°K, which
also matches the observed spectrum. We concluded that the best
fit lies in the 500°K region. Murdock (1974) measured a effec~
tive brightness temperature at 10.8um at the same phase angle

to be around 650°K. Our results disagree with his results.
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Relative Flux

|
W
-
T
=
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Figure 6-16. The final Mercury spectrum, corrected for solar tem-

pegature, with a number of blackbody slopes shown to
matceh,



APPENDIX A

W)

STIMATE OF CODING ERROR FOR FOURIER
TRANSFORM SPECTROMETRY

Iet ¢ be the path difference in a two beam interferomater.
P(v) is the power at wavelength v, (i.e. the spectral density
function) v here is taken %o be 1/ax. 8(g) is the power recelved

for path difference . Then (p.96 Stewart)

s(g) {mP(v) cos2{2xEv) dv A-1

= 1/2P_ + l/2£mP(v) cos{bxgv) dv A-2

The reciprocal Pourier property is (Morse and Feshback P.U5H)

that 1f

n

P(£) 17008 (£9)2()av

Then $v) = /2 [Teos(ev)F(e)as

which implies, neglecting the constant term, that

P{v) = 16,6mcos(llnz-;v)s(5)dg A-3

Suppose we take measurement at (N+l) equally seperated
steps in the variable g. Let the step length be ¢, then
§ = nt

In generazl t is chosen such that

126
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1

- N_ .,
u(umax mln)

which, if v <<y ,» effectively implies sampling twice per

min max
cycle (Stewart, p.303).

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

N
P(v) = 16x <8(nt) cos(lwvnt) A-5
n=0
Now consider frequency vE VoL Foms
v -V
where § = nax min
N A-6
and m is an integer. m=0,1l++.+ N

The 6P(v) is the power in the resolved spectral band width

§ about frequency v

N
5P (v) = 1678 £ S(nt) cos(lgvne) A-T7
n=0
but 18 = 8
1‘l("max - vmin)
- 8
kNg
1



Therefore

SP(v)

i
= e

N
z

n=0

S{nt) cos(lwvnt)
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A-9

Writing this out in matrix form, with 61=ﬂwrvmin, 32=Hﬂt(vmin+6)

and with ﬁ(vmin)EGP(vmin) we have

ﬂ(vmin+6)

LAC

7 {v )]

maXx

~8)

or

From (2-8)

:T(\’min) 7

d —"

Hi

‘?(vmin) i 1 coséqy----- cosNg, i
Pv s te) 1 cos@yer-se c?sNaz
- .J:‘- -
- - N .
Pv, 6 1 cos@y_y°++ eOSNdy 4
LP(“max) 1 cosg_ +cee COSNBN
wls A-10
_ 1/2
(Ajl + + AJN)
1o (1L + coslp, + - ¢« + cos2Ng )1ﬁ2
NZ J j
N
% (= cos-"‘-nej)j‘/2
n=0
4y NFL
N2
/TI% for N>=>1 A-11

[5(0)]
s(1L)

The SNR improvement is the reciprocal of this quantity.
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0loC
019D
oigs
019F
01A0
gial

glag
0143
0laa
01AS
0claé
0la7
01a8

0149

Olaa

ERRERS

ADBL
D3B2
B5B5
EDBA
0000
8ADS

CEC4 .

€5p2
8 ACF
D6C5
D2A0
€&CC
CFD7
AQCF
C3C3
D5Dh2
D2C5
Caa0
Clbz
A0GS
CCC>
CDG5
CED4
AD000
ACAD
D2C5
DOCC
CIC3
C5C4
A0C2
Do A0
bBaCS
D2CF
AESD
D4Cl
D4DS

b3BA -

ADCE
ABED
ADQO
ACAD
CE4D
BDAO
0000

UN DER

@VER

156G

Z EROG

TATUS

NMM

DATA

DATA
TEXT

DATA
TE{T

TEXT

TEAT

DATA

T=EX

TEXT

DATA
TEXT

DATA
TEXT

DATA
D

1 8D84, 0

t8ADS
'‘NDER?

:8ACF
*VER®

"FL3VW BCGURRED?

AT ELEMENT®

¢t A000
'> REPLACED!

BY ZERB®

$ AES D
*TATUS: N+="

-~

: AQOQG

Yo N—-=t
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0001
ooo2
0003
C004
0005
0006
0007
goos
goos
0010
goll
ootz
0013
0014
0015
0016
0017
0018
0019
0020
0oz1
o022
0023
0024
0025
0026
Do27
0028
0029
0030
0031
0032
0033
0034
0035
0036
0037
0038
0039
0040
004l
0042
0043
0044
004s
0046
0047

0048

0049
0050
0051
o052
0053
0054

0000

ooo0
000!
goo2
0003
0004
0005
0006
0007

. 0008

0009
g00Aa
0005
000C
000D
000E
OO0DF
0010
00il
golz
0013
0014
0015
0016
0017
0018
0019
001la
0015
polc
colp
001E
ODIF
oozo
cozt
oozz
0023
Do24
co25
0026
0027
goes
0029

0800
E2BC
1328
1400
1148
EABSB
EABZ
B2A0D
9440
E2Al
0i1c0
9C00
cizs
DASB
FeO3
CeBF
FoOo
0137
Fo 00
CoCDh
F205
CODa
rFa208
coce
F209
Fo 00
0110
0210
S AA0G
0110
rza2o0D
0110
SA9C
Fa202
Ce01
9A99
C108
Fe 00
CoAB
0403
COAD
0108

*
* X255
"
TRANS

MON

TAPE

INVS

T4

N A
NaM
TR
ZATR
EXTR
EXTR
EXTR
EXTR
REL
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TRANS

RTTRs RTOP

DISP

IKB, 0TL, 8FPA, CRL Fs ERR
DPACGC, DPFLT

DFN:, DPSUB:» DPDI Ve, DPSM:
XB,¥XECs FAD T

DPFIX

o -

HTS PRECESSBR

ENT
LDX
LLX

58V

RRX

STX

STX
LDA

STa
L X
Z AR

STA

IXR
IMS
JMP
L AP
JST
DATA
J ST
cal
JMP
CAal
JMP
CAL
JIIP
JST
Z AR
CAR
STAa
ZAR
JHP
Z AR
STA
JMP
L AP
STA
ZXR
JST
cal
CXR
car
ZXR

BENT
1 INDIRECT BIT 9N

3 .
BEAM

BEA+ 1

ZCT -~ CLEAR BUFFERS
CNT

NT

e

CNT
CLR
'?l
g1
MBDE
IKB
e
Mo
1T
TAPE
3
INVUS
ERR

TETR

NEXT

TETR
T4

TETR

IXB
|+!



0055
0056
0057
0058
0039
Cos0
Dos 1
00s2
0063
0064
0065
Coe6
0067
00e&B
069
0070
0071
0072
0073
0074
0075
0076
0077
0078
0G79
0030
008 1
o082
0083
008 4
008 s
0636
0oe 7
oog8
0089
00 0
009 1
0os 2
003 3
00e 4
0095
00% 6
009 7
0028
0099
Di0D
0101
gloz
0183
0104
0i05
Clos
0107
0108

002Aa
0023
pozc
002D
Q02E
002F

0030 -

0031
oD32
0033
0034
0035
0036
0037
0038
D039
003A

Q03B
003cC
003D
003=E
0O3F
0040
0041

0o42
0043

0044
00435
0046
0047
0048
0049
0044
0043
004c
004D
004=
00arF
0050
0051}
0052
0053
0054
0055
0BS5S
0057
0058
0059
0034
D058
005¢C
005D

ENEE
0110
E2%2
0128
0210
SATF
COFF
F203
0030
8ATA
0048
EAT6
C7FS
9479
C7FF
9AT6
FAB!

FABB
9A6C
EABC
C7FF
9AT2
B2é6R
S A6RB
B271
S2AQF

£265
0110
D366
F208
B274
2183
0110
0108
Faoyg
B25B
Fo 00
Faol
B253
DASE
FO OO
0000
cz202
EEQ2
DASEB
¥F6l3
E253
0128
B254
cooo
g3z
EA4E

STX

ZAR

NEXT LIX
IXR

CAR

sSTA

CAI

JMP

TXA

ADD

TAX

FBWD STX
©oLaM

STA

L aM

STA

JST
*INPUT LOBP
ILP JST
: STA
STX

LAY

STA

L.Da

STA

LDA

STA

* TRAN SF3 R4
TLP L DX
Z AR

s

JMP

LDA

JAL

ZAR

ZXR

JMP

L DA

JST

JMP

TIA L DA
T IS
JST
1BP DATA
aX1

STX

IMS

JMP

L Dt

IXR

L DA

cal

SX1

STX

TREM,

MASK

DIR
:TF

FBWD
H255

MSK1
245°
DCT2
255
bCT
TURN DN

MBNS
CNT
CNT+ 1
255
SCT
MSK!L
lisKa
1B
i1BP
COLMN T9
CNT+ 1

*M SK2
Tla
TETR
5+ 4

Tl
CNT
DF:
T1
CNT
HMESK2
DPACC
0

2
IBP
5CT
TLP
MK

Dl
D'.
2
M3K1

CHANGE DIRECTIEN

START DATA COUNT
WAIT FBR LIGHT

INPUT
&SAVE

SPECTRUM CZUNT
ARESET MASK PBINTER
GET BUFFER PZINTER

INFUT BUFFER

ADD

BUMP PEINTER
DINE?

NG

YES, MBVE COL UMN
+11F FWD

-11F REV.
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0109
0lio
0t1l
Dliz
0113
Cllg
0115
Olle
117
D118
olio
0l20o
o121
clzz
0l23
0l24
0les
clas
oiz7
0128
0129
0130
0131
0132
0133
0134
(8335
0136
0137
0138
0139
0140
0lai
Clg2
0143
0la4
0145
0146
0lav
0148
0149
0150
0151
Dls2
0153
0is4
0l55
- 0156
57
0158
0159
0lé0
0lel
Gle2

COSE
DOSF
0060
0C61
0062

0063
0Ce4
0065
0066
0067
0068
0069
00éaAa
0063
006C
G0eDb
Q06E
CO6F
0070
6071
o072
0073
0074
0075
0076
0077
0078
0079
0074
0078
007¢C
007D
007E
Q07F
0080
0081
0082
0083
0084
0085

0036
0087
00388
0089
008 A
0088
003C
008D
O0BE
0020
0091
00s 2

Da52
F201
40C7
DA4LE
F&27

Ba259
2081
F20%
3408
48 C7
F20é
FTA56
24D
0!1i0
F100
Bzal
Fe42
£243

ce01’

F100
C6BF
F900
011F
F9 00
COCE
F203
cope

-F203

603
raa4
rz203
C&ac
F900
giz8
B234
9A30
0350
9900
9900
E230

EE33
B400
E401
Fo 00
sazl
EA2]
200
CoAC
0000
D00
D300
E63F

IMsS
JMP
SEL
IMS
JMP
*¥IND GF ROV
Lba
J A
JMP STgP
JS8 STBP
sSeN : C7
JMP ST@P
JST ACC
LU NBERM
Z AR
JiP
LbA DIR
JMP NEXT
LDX NI
LAP I
JHP DISP
LAP 21!
JST BT
DATA MS5G
JST IKB
cal Nt
JHMP Ng~
CAl Y
JHMP YES
JiHP RTGP
NG JST ACC
JHMP Y2
Lar t,*
JST GTL
DATA ART
Yz LDa CT
STa S5CT
ARP
STA XB
5Ta XcC
LIX NP2
*ADD T@ BEAM ARRAY
ALP STX 1IBP
Lba 8&p
L el
JST DPFLT
5TA MSK1
STX MSKe-
JST FAD
DATA MSK 1]
RES 2,0°
- 118 XB
IMs XC
LDX 1IRBP

DCT2
5+ 2
24,7
DCT
ILP
STGP
TETR
5+ 2

DISP
RTTR
STgP

RTBP

YES
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IND BF ROW?
N&

TEST

S5 DEWN?

NG, STEP DIUN?
YES

NG, SAVE DATA

ABBRT LAST PASS?
N8

YZES

YES

VRONG ENTRY
SAVE DATA

PRINT ABGRT

SET COUNTER

RESET SUBSCRIPTS

CGET DATA

FLBAT IT
SAVE IT

ADD T8 BEAM

BUMP SUBSCRIPTS



01&3
Cleg
0165
0les
0le7
0168
0le9
0170
0171
gl172
0173
0174
0175
oi76
0177
0178
0179
0180
ol8 1
gls2
0183
0lig4
0l8s
0lg6
01817

0188
0189
0190
0191
0192
0193
0194
0195
0196
0197
o198
0199
0200
0201
0202
0203
0204
0205
0206
0207
0208
0209
0210

0211
0212
0213
o214
0215

0pe 3
00924
0095

0096
0097
0098
00se
0osa
0098
0oec
009D
QO09E
002 F
0040
0oal
00AZ2
00A3
00a4
00AS
0oAé
00Aa7

00A8
00A9
00AA
00AB
goac
00AD
00AE
O0AF
0020
0081
00B2
00B3
00B4
0035
0086
ooR7
(5703215
0CB%
0CBA
003B
00BC
008D
0OBE
00BF

0CCco
goc!
oocz2
00C3

czo2
DalD
Feor

F200
c702
SAZ3
E21C
o110
E401
F900
SAQE
EAQE
¥o 00
0cac
glio
F900
0130
212

bale’

FelC
FTA7

FADO
0000
0000

1400,

0000
0000
00FF
0000
0000
0000
0000
1800
1802
FEOD
1400
te00
0000
0000
5002
o202
0000
0000
1000

0800
B6&04
2083
B60A

AXI 2
IMs SCT
JMP ALP
*PRINT PASS CBUNT
B J5T CRLF
Lay 2
STA CONI
LD NPRM
MK Z AR
LI €]
JST DPFLT
STA MsXl
ST MSK2
JST @FPA
DATA MSK!I
ZAR )
JST OTL
DATA RUNS
Lo NMEBY
Mg CeN1
JMP MK
T2 RIN TRANS
* DATA STBRAGE
ZGCT DATA ~ 1536
CNT DaTa 0,0
NT DATA : 1400
MSKL DATA O7
MSK2 DaTa 0
H235 DATA 255
DIR DaTA O
DeT DaTA O
DCT2 DATA O
SCT DATA O
NI DATA : 1800
IB DATA : 1802
CT DATA ~512
NPE1 DATA 31400
NM B4 DATA : 1600
NB &1 DATA O°
TRBM DATA O
FLS DATA 9002
MINS DATA 29202
ConN 1 DATA O
TETR DATA O
BPFNT DATA : 1000
MASK REF
*
* ADD INPUT
*
ACC ENT .
LbA TETR
JAT 5+4
L.DA TRBEM

DINE?
NO

ARRAY TP® THMP ARRAY
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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
0241
0242
0243
0244
0245
0246
0247
0248
0249
0250
cost
0252
0253
0254
0255
0256
0257
0258
0259
0260
0261
0262
0263
0264
0265
0266
0267
0268
0269

00C4
00CS
00C6
00C7
00C8

00C9

ooca
00CB
00CC
00CD
00CE
0OCF
00DD
00D!

0oD2
00D3
00D
00D5
00D6
00D7
00DS

0009

00DA
00D2
00DT
0ODD
00DE
0ODF
00EO
00E1

DOE2
ODE3
00z4
DOES
OOE6
00E7
00Z8

DOES

00EA
O0EB

00EC
OQED
O0EE

-Q0zF

00F0
OOF 1
00F2
00F3
00F4
DOF5
DOF6

o210
F201
B617
€000
F202
E613
F2o1
E614
ZElY
DCO!
c202
EALR
C7FF
9 E28
E6IF
c202
EES |
B618
2188
B400
E401
1328
IBs6
1248
1356
10D6
F202
B400
E401
FOO00
0000
c202
EEO2
E69 2
0110
900
9c01
DE40
F617
F72B

0800
4006
48C1
F&eol
0EOO
49C1
Fe0!
0rco
40C4
4005
r70Aa

147

BUMP COWNTER

SAVE TEMP PBINTER
DATA CBUNT =~

INPUT PEINTER
BUMP CBUNTER
+5AVE

B3P TEIP

DBON £?
Ng

DI SAELE AUTE
LIGHT @FF7?
Ng :
YES BYTE &N
LIGHT @N?

NG

YES, BYTE BFF
(L EAR FLAG

CAR
JMP  $5+2
LDA DIR
CAl O
JMP S+3
LIX NPRM
JMP  5+2
LOX NME]
ST NORM
IMS @]
aXr 27
STX TRBP
L oM 255
STa CONT
LIX NI

Al A1 2

) STX 1IBP

LDba TETR
JaL TS
Lba eo
LIX el
LL® 1
LLR 7
LEL 1
LLAa 7
AR 7
JMP T6

T5 LDa’ ™ @0
LDX 61

Té6 JST DPACC

TBP DATA O
A1 2
STX TBRP
LD 1IBP
Z AR
8STa @20
STa ¢l
IMS CNT
JMP Al
RTN ACC

&

*WAIT, FBR ALIGNMENT PULSE

s

TURNBN INT
CiD
S8N ":Cl
JHP -3~}
SEM o
EEN :C1
JMP 5=
St .
SEL :C4
£I1E

RTN TURNGN

INAELE AUTH



0270
0271
o272
0273
0274
0275
0276
0e77
0278
0279
0280
gzg 1
o282
0283
0284
0285
0286
028 7
0288
D289
0290
0291
tzg 2
0293
0294
0295
D25 6
029 7
02938
02e9
0300
0301
0302
0303
0304
0305
0306
0307
0308
0303
0310
0311
o312
0313
0314
0315
03i6

0OF7
00F8B

00rY

00rFAa
00FB
00FC
00FD
OO0FE
OOFF
0100
0lol

olio2
0103
0104
0105
0106
0107
0108

0109

010A
01038
ocloc
olcp
OiCE
0lCF
0110
oill

oliz
01i3
clla
0115
0lle
0117
0118

olle

otia
0llB
ollc
011D
0l1E

OlIF
0120
oizt
plaz
0123
oiz4
0125
olaé
ola7

0BOO
Be3B
208F
C6FTF
BE4B
1050
E644
3802
8A08
raol
BAODS
0048
3400
E401
Fo oo
F70F
1002
1202
49C6
60l
S4C6
2843
C704
SEB6D
0110
9E63
F206
1350
9E66
1351
868
9 E69
0110
1803
BESC
DE71
F609
0048
0110
F727

BED3A
cice
CFD2
D4A0
CCCl!
D3D4
ADDZ2
DS5CE
BFAD

*

*INPUT FROM MENSANTG

# CONVERT BCD TS BINARY

L3

MBNS INT
LDA
J A
LAP
ADD
AL A
LIX
JXN
4DD
JMP
aDD
TAX
LDpA
L X
JST
RIN

DFPTR DATA

TR DATA
T3 SEN
JMP
INK
JXZ
L AaM
sTA
Z AR
5Ta
JMP
Ml LLA
5TaA
Ll.Aa
ADD
STA
ZAR
M2 LLL
ADD
M5
JMP
TAN
ZAR
RTN

TETR
T3
255
DoT
l
TRBM
5+ 3
DMTR
s+ 2
DPTR

CNT

MEK2
M2

1
M3K2
2
MSK2
M3K2

4
MSK2
QN T
M1

MEN S

*TEXT STORAGE

MSG DATA :8D3A

TEXT

FL AG

NG

YES: INPUT TB X
IGNGRE ZERBES
SET DIGIT CBUNT

CLEAR TALLY —

X10

GET NEXT DIGIT
ADD T8 TALLY
LAST DIGIT?

NG )

YES

*ABGRT LAST RUN?T'
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0317
03}8

0319

0320

0321
0322

0323
D000

o128
0129
oiza
0l2s
o0iz2¢
012D
pDl2E
DleF
0130
0131
D132
0133
0134
0135
0136
0137
0138
0139
013a
0i3m
013C
013D
0i3E
013F
0140
olal
glag
0143
0144

ERRORS

BISA
Blao
D2D3
Czal
clcz
Crpa
DACS
C4aC
A0D2
D5CE
D3a0
CBCS
DOD4
803 A
0000
8D3a
CDCF
CED3
ClcE
DACF
ACD4
Cibo

c540

Crp2
AQCT
CED6
C5D2
Dacs
BFAa0

ABT

RUNS

MEDE

DATA
TEXT

DATA

DATA
TEXT

:80DBA
*l RUN ABORTED, *

' RUNS KEPTt

:8D8A, 0

:BD8A
WENSANTE, TAPE BR INVERSE?®

1h9



0001
o002
0003
0004
0005
0006
0007
0008
0009
QClo
ool
0ol2
0013
00lyg
Go15
0g1lé
colv
0018
001i9
0020
Qo021
ooze
0023
oo24
0025
0026
0027
0028
0029
0030
0031
0032
0033
0034
0035
00386
0037
0038
0039
0c40
0041
0042
043
0044
0045
0046
0047
0048
0045
0050
0051
0052
053

0000

0000
0001

0002
0003
0004
0005
0008
0007
0008

0009

000A
000B
0oo0cC
oooD
000E

000F
001la
0011
ooiz
0013
0014
0015
00le6
ool7
0018
0019
o0ola
001B
001G
001D
O0lE
O01F
0020
oozl
goz2
0023
0024
0025

FBOO

08 00
4038
4039
59 39
4036
F705
0800
FEO7
CODF
FFroa
cosa
FFOC
F706

0800
5301
13D0
2204
49 3B
F604
4034
48 39
F203
0150
2149
Fé604
58 38
F70D
4933
F&60E
4032
48 35
F203
0150
2153
F604
58 35

N A

NAM

N AM

REL
sk

= PANIC SWITCH

*

J ST
CHMND REF
i

1XB, I ER, BIPT, XEQ
GTT, ERR. CHLF
gTL., BFPA

0

ORIGINAL PAGE IS
OF POOR QUALITY
*CMN D

*KEYBBARD I1WPUT

%
IKB ENT
’ SEL
SEL
RDA
SEL
RTN
IER ENT
J ST
CAl
JST
CAL
J ST
RTN
sk

T» 0 AUTG-ECHE
741 KBD MGDE

7.1 READ BN FLAG
Ts 4 RESET

IKB

IKB

s DF BACK ARROW?
* CMN D YES

: 84 LINE FEED?
*CMND YES

IER NEITHERs RETURN

#*PAPZR TAPE INPUT
# DSO = 0 FGR TTY

& 1 FOR HSR
* .
BIFT ENT
BIP2 I5A READ SWITCHES
’ LRA 1 bSO UP FGR TTY
J@5 HSR D@WVN FAR HSR
SEN Ts 3 TTY BUSY?
JMP Bl P2 YES
SEL T 2 NG, STEFP READER
YT SaN o1 FL AG?
JMP IT’ YES
I1AR N@, BUMP COUNT
J A7 BiP2 RESTART IF TIME UP
JMP WT F.LSE CHECK FLAG AGAIN
IT INa 7. 0 INPUT FREM TTY )
RTN BIPT & RETURN
HSR SEN 63 HSR BUSY?
JMP BI P2 YES
SEL 6o 2 N@, STEFP READER
H S8 6,5 FLAG?
JiP IH YES
I1AR N@g, BUMP CBUNT
Jd AZ .BiP2 RESTART IF TIME UP
JMP WH ELSE CHECK FLAG AGAIN
IH INA 6,5 INPUT FRZ# HSR
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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
008 0
008 t
008 2
008 3
0084
008 5
008 6
008 7
0088
0089
009 0
009 1
0092
009 3
009 4
0095
009 6
009 7
0098
0099
0100
0101
ofo2
0103
0lo4
0105
0106

0026

0027
0028
0029
0024
0023

002C
002D
002E
o02F
0030
0031

0032
0033
0034
©035

0036
0037
0038
0039
0034
0038

003C
003D
003E
003F
0040
004l
0042
0043
0044
0045
0046
0047
0048
0049
0Caa
004B

r717

08 00

FE20

cogb
F703
F603

0800
403C
6D3B
49 3B
F601
F705

0300
C6DF
FEQOB
FF34

0800
CesD
FEOC
CeBa
FEOE
F705

08 00
8 AOF
9A06
9 A09
E704
DEOS
B40O
11D7
FELI&
Co00
F704a
1157
FEIC
coo00
F70E
0128

151

RTN BIPT & RETURN
*
#JAIT FOR EXECUTE SIGNAL
£

XEQ ENT
J ST IER INPUT
CAl 38D CARRIAGE RETURN?
RTN XER YES:; RETURN
JUP XEQ+ 1, N@, GET MBRE
*

«@UTPUT T8 TTY

R

gTT ENT
SEL Tol RESET INTERFACE
URA T, 3 WRITE @GN N@T BUSY
SEN 7+ 3 DAN E?
JUP -1 ND
RTN gT1T YES

*®

*COMMAND ERRGR EXIT
b

ERR T
LAP + DF PRINT ARROW
u ST @TT

J ST *CMND RESTART CoMMAND
* : N
#* CARRI AGE-RETUBNLLINE FEED
N I :

CRLF ENT

LAP :8D CR
JST GTT
LAP :18A LF
JST GTT
RTN CRLF

E3

*@AUTPUT TEXT FROM BUFFER

E3

@ TL ENT
ADD cal MAKE CGMPARE INSTRUCTIGN
STA BT2 &SAVE IT
STA 8T3
LI *@TL - GET TEXT PBINTER
IM8s @ TL. SET RETURN ADDRESS

BT1 LDA e0 GET WZRD

’ RRA 8 PRINT FIRST BYTE

J ST GTT

gT2 CAI 0 LAST ONE )
RTN #TL YES, RETURN
RL A 8 PRINT SECBND BYTE
J ST BTT

873 cal 0 LAST BGNE?
RTN "OTL YES RETURN
IXR BUMP PZINTER



0107
0108
0109
Gciio
0111
olle
0113
Olla
0115
Olle
0117
o118
0li9
0120
olal
o122
0123
0iza
0iz25
0000

004cC
004D

004E
004F
0050
0051
0052
0053
0054
0055
0056
0057
0058
0059
006l

ERRORS

Fela
¢c000

0300
E701

DEOZ2
EAQL
FBOE
0000
Q0s9

0Lio
FEiIA
0059

F704
0000

Cal

s

*@UTPUT FLBATING PIINT

S
GFPA

gPT

BUF
FAS

JMP
CAal

ENT
Lon
M3
STX
J ST
DATA
DATA
Z AR
J ST
DATA
RTNW
RES
REF
END

BTl
0

*BFPA
GrP&
gPT
#FAS
0]

BUF

ATL
BUF
GFPA
8,0

LegP
NUMBER

GET PPINTER

SET RETURN ADDREES
SAVE PBINTER
CONVERT TG ASCII

SET END FLAG
PRINT NUMEER



0001
oooz
0003
0004
0005
0006
0007
00038
0009
0010
ool!
gole
0013
cola
0015
ocoleé
0017
colsg

001ig
0020

oozl
maz
0023
0024
0025
ooze
oo27

0025

0029
0030

0031

0032
0033
0034
0035

0036
0037
0038
0039
OOFD

0041
0042

0043

0000

0000

000!
0002
0003
0004
0005
0006
0007

o008
0009
000A
0coB
ooocC
000D

OCCE
ocOor

0010

0o1l1
o012z

0013
0014
0015
0olé
0017
0018
oolio
00ia
001B

QoicC
001D

00lE

0800

1128
1400
11e83
EA33
EA34
0528
E9 00
0000
ES 00
0000
ES 00
00C0
B236
S A38
B235
9a37

Ces A
F00
0000
Fo 00
0000
2141
F9 00
0600
F9 00
0000
coez
F201
Fe04
F9 00
0000
COFF
Fa201
F603

F3 00
0000
1B87
Fo 00
0000
1807
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N AM READ, CL EAR

N A PUNCH, GRAPH

EXTR  IKB,@TT, BIPT

IXTR  ©TL,CRLF, FPLOGT, 0FPA

X TR XA, ¥{B,XCs FAD

REL 0
* ORIGINAL PAGE I5
% READ PAPER TAPE & ADD T4 BUFFER OF POOR QUALITY

*
READ ENT

=INITIALIZE VARIABLES

X~ 1 SET INDEX BIT
sav i ‘
REX 1
STX RS & SAVE PBINTER
STX RS+ 2
XRP RESET SUBSCRIPTS
STX XA
STX aiB
STX  XC
LDA TP SET INPUT BUFFER POINTER
STA  MPT
LDA  CT SET INPUT COUNT
STa&  CNT

#SKIP LEADER & L ABEL
LAP  :84 LINE FEED
JST  @TT '
JST  BIPT
J Az g- 1 SKIP L EADER

Rl JST  BTT ECH@ LABEL

+ JST  BIPT READ TAPE

cal 192 EIND §F LABEL?
JYP  R2 YES
JMP  RI NG

R2 JST  BIPT READ TAPE
CAl : FF FILE MARK?
JMP  R3 YES
JMP  R2 N

*READ LGP

R3 JST  BIPT LGWER BYTE
LLR 8 SAVE
JST  BIPT UPPER BYTE
LLL 8 RESTBHRE



0044
0045
004e

Q047
0048

0049
0050
0051
00s2
0053
0054
0055
0056
0057
058
0059
0060
0061l
0082
0063
0064
0065
0066
G067
00e8
Goes
0670
0071

0o72

0073
0074
0075

0076
0077
0078
0079
0C8 0
008 |
008 2
008 3
0838 4
0085
ocg 6
0087
o088

001F
0020
oozl

o022
0023

0024

0025
0026
0027
0028
0029
00za
002zB
D0Z2C
002D
0G2E
oozF
0030
0031
032
0033

0034
0035
0036
0037

o033
0039
003a
003B

003C
003D

003E
O0CF
0040

0041
0042
0043
0044
0045

0046

E224
9C01
Fe 00
0000
1B8 7
Fe 0o
0000
1B0O7

2109
0048
3081
0310
1B87
1328
galy
1B0O7
1360
11D0
9Bl4
bal3
Dal2
Dal2
Fé6l8

4006
Bz20C
9 ACE
F900
00Go
0000
9400
0000
D900
0000
Do 0o
0000
DS 00
0000
DA0G
F603
FT40

1400
FFOO
0040
0000
0000

0800

ORIGDNAY, ?I?SL oy
OF POOR @
L TAK MPT
S5TA @1
JET BI1IPT
LLE 8-
JST BIPT
LLL a8
# CONVERT BASIC~T.P.
J A7 zZi" -
T
J AP 5+ 2
NAR
LLR g
LLX 1
ADD Dée4a
LLL 8
L AG
RRA 1
Z1 STA =MPT
i IS MPT
IS MPT
IMS CNT
JMP R3

T

SAVE LOW BITS

LBVER BYTE
UPPER BYTE

CAI - F- P-
OC=0£0" ~
SAVE SIN
ABS. VAL,

REMBVE MSB

FIX CHARACTERISTIC
RECOVER SIGN

SAVE HI BITS

BUMP PBINTER
TWICE!

MBRE?
YES

*ADD INPUT BUFFER TG BEAM ARRAY
*PANIC SWITCH DISABLED FZR DURATIGN

CID DI SARLE AUTG
LDa CT RESET COUNTER
STaA CNT

R4 JST FAD ¥« Pe ADD

RS PATA 0,:9400, 0
IMS XA BUMIP SUBSCRIPTS
iMs XB
IMs {C
IMS CNT IIBRE?
JHP R4 YES
RTN READ

- % STGRAGE )

TP DATA : 1400

cT DATA -256

Dé4y DATA (oYl

MPT DATA ]

CNT DATA 0

%

#*CL EAR BEAM ARRAY

* -

CLEAR ENT
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0089
0090
009 |
0coe 2
009 3
009 4
0095
009 &
009 7
0098
0099
0100
0101
(6] 4=
0103
0104
0105

0106
0107
0108
0109
0110

0ill
Diie

0113
Ollia

0115
0116
0ii7
0118
0119
0120
glal
Clze
0123
Ola4
cles
0lzé
0127
0128
0129
0130

0131
0132

0133
0134
0135

0047
0048

0049

004A
0048
004C
004D
O04E
004F

00350
0051
0052
0053
0054

0055
0056
0057
0058
0059

005a
005B

005C
005D

005E
005F
0060

0061
oos2
0063
0064
0065
0066
0067
0068
006%
0064
00638
006C

006D
006E

006F
0070
0071

B60S
9EO3
0110
9CoC
acol
Gaoz
DEOB
Feoa
F709

0800
raz2
B6l0
9EOE
F900
0000
coe2
F201
F603
C6FF
F@ 00
ao00a0
B40l
FS OO
0000
13D7
FO 00
0000
B4GO
ceoz
EEIC

2104
0048
1350
1B87
9622
1400
1150
1BOG
1329
3201
0310
F9 00
0000
1887
Fg 00
0000
EcEZB
DE2B
F6l7
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L DA CT SET COUNT
STA CNT
Z AR CL EAR

C1 STa co HI BITS
STA el L& BITS
axI 2 BUYP PUINTER
1M5S CNT D3N E7?
JMP Ccl NG
RTN CLEAR

*

#PUNCH BEAM ARRAY - BASIC FORMAT

4

PUNCH ®ENT
JST LEAD L EADER
LDA CT START CgUNTER
STA CMT

Pi J ST IRB ECH@ LAREL
CAI 192 CTRL/TAPE?
JiP P2 YES ° .
Ji1P Pl NG

P2 L. AP : FF PUNCH FILE MARK
JST gTT ;

P3 LDA el PUNCH L& BITS
J ST GTT
LRa 8
JST gTT
L DA en GET HI BITS
a11 2 BU:P PUINTER
STX MPT &ND SAVE

*CONVERT CAI=-F.P. T@ BASIC-F.P.
Jaz T zer C=0Z0" -
TAK SAVE SIGN
LLA 1 CLEAR AlS5
LLR 8 SPLIT
suUB D64 FIX CHARACTERISTIC
SOV IN SERT 14SB
RL A 1
LLL 7 RE~ FORIAT
LLX 2 RECHVER SIGN
JOR S+ 2 CORRECT FgR IT
NAR

z2 JST BTT PUNCH HI BITS
LLR 8 i
JST GTT
LIOX MPT RECOVER P@INTER
iMs CTNT DANE? ’
JMP P3 NG



0136
0137
0138
0139
0lao
014l
0142
0143

Ota4a
0145
0146
0147
0l48
0149
0150
0151
0l52
0153
0154
0155

D56
0157

0158
0159

0160
0lel

0le2
0le3
0i64
0165

0leé
ole7

0000 ERRORS

oore
co73

0074
0075
0076
0077
0078

0079
0074
007B

007C
007D
007E
007F
0080
0081

008 2
008 3

008 a
0085

008 6
co8 7

0088
goso
casa
Co83B
008 C
008D
COB E
COBF

FAO!L
F723

0800
G732
9E31
0110
F9 00
0000
DE34
F&02
F707

0300
EaQ6
cz202
EAQE
0110
F9 00
¢oo0
ooB A
F200
0000
0000
Fe 0o
0000
C7FF
Fo 00
0000
0000
F70D
BAZ A
C3cr
L5CE
D4AD
EPAD
0000

J ST
RTN
*PUNCH 5" B
LEAD ENT
L AN
STA
Z AR
L2 J ST

IM5S
JMP
RTN

%

#*PLEOT DATA

%

GRAPH ENT
ST
AT
STX
Z AR
JST

DATA
J 5T

T DATA
JST

LaM
J 5T

PT DATA
RTN

CTX DaTA
TEXT

DATA
EvD
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LEAD YES, PUNCH LEADER
PUN CH
F L EADER

50
CNT

@TT
CNT
L2
LEAD

ARRAY

T SAVE COUNT PIINTER

PT SAVE DATA P@INTER
PRINT COWNT
G TL

CTX

@FPA

CRLF

255 PLBT DATA

FFLGT

GRAPH
8884
'CHUNT = !



00601
0002
0003
0004
0005
0006
0007
0008
0009
0010
0011
0012
0ol3
0014
0015
0Gle
0017
oolg
0o19
0020
ooz1
o022
0023
ooz4
0025

0oes
0027
002g8

0029
0030
. 0031
0032
0033
0034
0035
0036
0037
00338

0033
0040
0oal
0042
0043
0044
0845
0046
0047
0048
0049

0000
0000
000!
0002
0003
0004
Qo05
0006
0007
coo8
6009
ocoAa
000EB
000G
000D
O00E
goor

" Q010

0011
ogle
0013
0014
0015
00lé
0017

T 0018

0019

00lA
oole
001G
601D
001E
0C1F
0020
o021l

goze
0023
0024
0025
0026
0027
0028

0029

08 00
9a4C
Sa4C
B703
SAlF
oAa24
AR4HOD
9A03
9A03
0350
9B4F
F204
I'B4E
0000
0051
2183
FB4B
0000
0051
D346
DA3A
F609
rBal
FB4O
GC&6BD
FB3F
0061l
FB4a3
0055
0051
0053
FB40
0053
FB36
FB35
FB3C
8]e]ele)
DEO1
DEQ2
Ceao
FBZE
FB34
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4
% FPLBET - FLOGATING POINT PLOTTER
*
* CALLING SEQUENCE:
% L.DA MDINM
® JST *FPLOAT
sk DATA ARRAY
* (RETURN)
ES
1AM FPLAT
REL 0
FRLAT ENT
5STa NROY
5Ta CNT
LbAa =FPLEOT
ST4a RP3
STa RP4
IR B1S
5TA RP1
STa RP2
ARP
STa wKA
JMP MBVE
LPI1 JS5T #=FCP
RPI DATA 0. MAR
J AL ING
li6VE JST *FMV
rRP2 DATA 0. M AL
INC IMS HHA
IMS CNT
JMP LP1
JST *GCRLF
J ST * CRLF
L AP =
JST EOTL
DATA SF
J ST = FDV
DATA FS50,MAL, SCALE
J ST *x@AFPA
DATA SCALE
J ST *CRLF
J ST #CRLF
LPk2 JST ®AFPA
RP3 DATA 0
IMS RE3
iMs RP3
Lap v

J ST - £@TT
J ST *FMP



0050

0051
0052
0053
0054

0055
0056
0057
00358
00359
0080
006l
0Gs2
0063
0064
0065
0oed
0067
0068
0069
0070
0071
0072
0073
0074
0075
0076
0O77
0078
0079
080
008 1
gos 2
008 3
008 4
0083
008 6
0087
0088

0089
0090
009 1
gog2
009 3
009 4
0095
00% &
008 7
0028

oQz2Aa
002B
002C
002D
002L
002F
0030
0031

po3e
0033
0034
0035
0036
0037
0033

0039

0034
003B
003G
003D
003E
003F
0040
004l
0042
0043
0044
0045
0046
0047
0048

004%
004A
004B
0040
004D
004E
oo4ar
0050
0051
0053
0055
0056
0057
0058

0059

005A
0053
00scC
005D
O0SE
005F
0060

0000
0053
00351
DEO3
DEO4
FB2D
0051
004F
B21C
0048
3085
CeAD
F220
CéeBO
FBLIE
F20E
Ces0
FB13
23 09
CeBO
FBlS8
0503
EAOQOE
céeaan
F201
FB13
DAQA
Feo02
CehRA
FBOF
FBOF
DAQ4
Foev
FBOC
DEA4C
F74D
08 00
0300
8000
0000
0000
4343
0000

RP4

PES

MARK

gGuUT

NRSV
CNT
Bl15
114X
SCALE
F50

gTT
CRLF
g Ti.
Xa
rCP
FliV
FIX
FMP
¥DV
grpPa

DATA

IMs
iM5s
J ST
DATA

L DA
TaL
J LAk
LAP
JST
LAP
JST
JMP
LAP
JS5T
pid
L AP
J ST
NXFR
STX
LAP
JMP
JST
IMS
JHP
L AP
J ST
J ST
1118
JiuP
J ST
Iis
nTH
HLT
HLT
DATA
RES
RES
DATA

REF
REF
RnEF
REF
REF
REF
AEF
REF
REF
REF

0 SCAL B 1 AX

RP4

RP4
®xFi1IX
Ma, CNT

CNT

PGS
FGTT
‘IOI’
FGTT
HUT
FOTT
11 ARK
'Ol
ZBTT

cyT
!*l
S+ 2
*@TT
CNT
-2
I*I‘
HHTT
#*CRLF
NRGY
Lrz2
*CRLF
FPLAT
FPLOT

: 8000
2,0

2,0

s 434850

158



159

0029 0061 D3C3 SF TEXT *SCALFACTOR =1
0062 ClCC - -
0063 B5C6
0064 C1C3
0065 DAaCF
0066 D2A0
0067 BDAO

0100 END



0001
oog2
0003
0004
0005
0006
0007
0008
0009
0ol10
0011
6olz2
0013
0014
0015
0olé
0017
0018
o0ig
0020
oo21
ocze
0023
0024
0025
0026
0027
goz8
002%
0030
0031
0032

0033
0034
0035

0036
0637

0038
0039
0G40

CcGal
0042
0043
0044
0045
0046
0047
0048
0049

6000
0000
0001
gooe
0C03
0004
0005
0006
0007
gocs
0009
000A
000CE
0000
000D
000k
COO0F
0010
0011
golz
0013
001z
0015
colé
0017
0018
0019
00la
001B
QolC
00tlD
O01E
QO1F
0020
0021
0022
0023
coz4a
0025

0026
ooz17
00z8
0029
0024

0800
C7FF
9 ASF
S ASF
49 C4
Fe0l
40C7
ceoe
0030
2261
9ADB
SAQE
SA10
9Aal3
9A36
0110
9AS4
oAb
0250
9858
F204
FB5A
0000
0067
2183
FB57
0000
0067
FB53
0600
0065
3083
FBSO
00GC
0065
DB4B
DASE
F610

FB4F
FB4E
C6ED
FB4D
0079

* CRT -

# K F K R KW

CRT

LP!
RP1

MBVL
RP2

INC!
RP3

RP4

iIncz

FLGATING POINT PL@TTER

CALLING SEQUENCE:

N AM
REL
ENT
LAY
s5Ta
STa
SEN
JMP
SEL
axl
TXA
IgR
STA
STa
5TA
STA
5Ta
ZAR
STA
5Ta
ARP
STA
JMP
J 5T
DATA

J AL
J ST
DATA

J 5T
DATA

J &P
J ST
DATA

IMS
INS
JMP

J ST
J ST
LaP
J ST
DATA

g

CRT
0

255
NREY
CNT
245 4
5~ 1
245 7
5 -

B1S
RP1
RP2
RP3
RP4
RP5S

MIN
HIN+1

*XA
MEVE
*FCP
0,111

INCI
#FMV
0.0 8%

*FCP
0,1MIN

INC2
*FMV
0, MIN

#XA
CNT
LP1

* CRLF
# CRLF

t t

K@ TL

SF

J ST #CRT
(RETURN)
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0050
0051
Q052

0053
0054

0055
0056
0057
0038
0059
0060

0061
o062

0063
0064
0065
c066
0067
0068
0069
0070
0071
0072

0073
0074
Q075

0076
eoT77
0078
0079
008 O
008 1
008 2
008 3
003 4
0085
003 6
0087
0038
0089
0090
009 1
009 2

002B
pozc
002D
002k
002F
0030
0031
po3z2
0033
0034
0035

0036
0037
0038
0039
0034
003B
Q03C
003D
0032
003F
0040
0041
0042
0043

0044
06045
0046
0047
0048

0049

0044
004B
004C
004D
004k
004F
0050
0051

0052
0053
0054
0055
0056
0057
0058

a0s9e

o0sa
00528
0050

FB46
00&7
0065
0067
FBE43
006C
0067
0069
FB44
0069
FB40

FB3D
0069
0065
0067
FB3A
0067
0065
B227
0310
3081
0110
9AR2
0350
9EZB

FB2F
0000
0069
0067
DB26
FBEB
0067
0063
E217
B215
49C4
F601l
A9 C2
F601
6EC2
2107
3183
00AS

.01i50

F609
pies
QoDo
F60C
B208

gall’

LP2
RP5

DaT

P35S

DZNE

J 5T
DATA

J ST
DATA

JST
DATA
J ST

J ST
DATA

J ST
DATA

LDbA
N AR
JaP
ZAR
S5TA
ARP
STA

J 5T
DATA

iMs
J 5T
DATA

LIK
LDA
SEN
JMP
SEN
JbP
BT
JAZ
JAG
IDKR
IAR
JMP
IXR
DAR
JHP
LDa
ADD

161

*FSE
[‘1.@{:!}111\}; MQX

-

*FDV
Fes50,MAK, SCALE

*@FPA
SCALE
# CRLF

* TP
SCALE,MIN,MAX

¥ FIX
AL MIN

M;N
5+ 2
X

*X A

*=IMP
0s SCALEsMEX

KA A
*FIX
MAX, CNT

X
CNT
24, 4
3= 1
24, 2
5=1
24,2
DINE
PGS

pBT

DBT

H256



009 3
009 4
0095
009 6
0097
0098
0099

0100
0101
0102
cio3
0lo4
010S
0106

0107
oiog
0109
01il0
O0ill
clle
0113
olia4
0115
0ilé
0117
0118
0119
0120

olz1
oize
0000

005D
O05E
00SF
0060
0061

0062
0063
0064
0065
0067
0069
006B
006C
006D
006E

006F
0070
0071
o072
0073
0074
00735
0076
0077
0078

0079

007A
0073
007C
007D
Q07E
007F

ERRGRS

9A06
DAD3
FéelB
FB15
F761

0000
0000
0000
0000
0000
0000
8000
4474
0000
0100

D3C3
ClGG
C540
CéCl
C3D4a
CFD2
ADBD

s
ROV
3T

X

MIN
1A
SCALE
Bl15
F250

HEZ56
£
.Y
FCP
IV
FSB
FDV
F.iP
FI1X
CRLF
& TL
BFPA
*

SF

STA
15
JMP
JST
RTN

DATA
DATA
DATA
RES
RES
RES
DATA
DATA

DATA

REF
REF
REF
REF
REF
REF
REF
REF
REF
REF

TEXT

A
NROW
LP2

s CRLF
CRT

Y

‘[.\')I'UOOD
o000

0o
.

18000
$ 4478, 0

256

'SCALE FACTGR ="
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0001
0ooz2
0003
0004
0005
0006
0007
0008
0009
golo
oolli
ootz
0013
0l4a
00is
0016
0017
Qo is
oole
0020
0021
goz2
0023
0024
0025
Q026
0027
0028
0oz
0030
0031
0032
0033
0034
0635
0036
0037
0038
0039
0040
004l
0042
0043
0044
0045
0CG46
004t
0048
004%
0050
0051
oos2

0000
0001

0oo2
G003
0004
0005
000s
Q007
o008

Ouug

000A
000B
00cC
000D
000z
C00F
00l0
0011l

gole
0013
0014
0015
0016
0017
0018

0019

00la
001B
0QlicC
00ID
001E
001F
0020
0021

go22
0023

0024 |
0025

oozeé
0027
po28
0029
0024a
0023

oozcC
002D
002E

08 00
9Aa71
caeoe
EAGS
EAGH
CTFF
SABA
A6
0l10
9463
0A63
0AB3
9463
B400O
D260
Fa20a
Fa20s5
B401
D2sh
r20é
9A58
Fa2il
9A58
B401
9n37
F20Db
5400
Des1
Fais
F209
B401
Da2saE
Fa02
F205
F2o4
B400
9 AN
B401
9ant
E2a2
czoz
EA40
Dage
Fé6lE

B242
E242
Fo900
o000

VI EY
DI SP

STCH

MAT]

MINI

HINZ

FiC4

WA
LITR
i £l
EXTR
BENT
STA
A1
STX
5TX
L. Al
STa
STA
Z AR
~1A
5Ta
STA
&ETA
LDA
s
JHP
JMP
LDa
CMs
JMP
5TA
JHP
STA
LDa
STA”
JMP
LDa
G5
JMP
JMP
LDa
€S
JMP
JMP
JMP
L DA
sSTA
.DA
STA
LDX
iy
STH
IMs
JMP

L. Da
L DX
JST

163

VI EW

DPy:, DPSUE: , DPDIV:, DPS1:
DI SP

RTTR: RTGP

VEVR
e
RFP1D PRINTER
RP2D
235
CNT
NRupl
INITIALIZE M85 &41D MIN
MIN ) .
IIIN+1
Max
Max+1
e0
MAXK
MINI AlMax
Maxi al>vax
e1 Al=M o
AR
MINI1 Al=MA{ A2<Ma{+1]
MAKE ] Al=MAT A28+ ]
FiCu4’
Max
gl
Max+ ]
FIOM
€0
MIN
MINZ2 Al<MIN
FI G Al>MIN
el al=MIN
MIN+1 o7
MINZ Al=MIN AP<MIN+ ]
Fic4 Al=MIN AZ>MIN+1
FicH Al=liIN AL=pIN=+1]
210
MIN
el
MIN+!
RPLD
o -
RP!D
CNT
STCH

MAax
MA+ 1
DPSUBRB:



0033
0054
0055
0056
0057
00358
0059
0060
0061
0oé2
0063
0064

0065
0066
0067
0068
0069
0070
0071
oo72
0073
0074
0075
0076
00717
0078
D079
0030

008 1
003 2
008 3
003 4
0085
003 6
0037
Q088
0089
0090
009 1
009 2
009 3
009 4
009 5
Q09 6
0097
0098
00929
0loo
0101
oloz
0103

002F
0030
0031
0032
0033
0034
0035
0036

0037
0038
003%

0o3a
0038
003C
003D
003E
003F

0040
0041
0042
0043

0044
0045
0046
0047

0048
0049
004n
004B
004cC
004D

004E
004F
0050
0051

0052
0053
0054
0055
0056
0057
0053

0039

0054
0058

00s5cC

006D
1050
1329
3201
0150
1343
9A39
EA39

B235
E235
FoO00
00oCc0
006F
9AZ2D
10D1
0310
B8A2A
10D5

0310
3081
gllo0
QAZE

EE226
Ba00
B401
F900
0000
006F
ealF
10Dl
0310
641C
10D5

E223
49Cy
F601
49C2
F560!
6EC2
2107
3183
0048
0150
F609
0128
00DO
F60C

B215

N
s

LPD

DBT

P@s

DGNE

DaTa
AL A
LLX
JBR
I1AR
LRX
STa
STX

LbAa
LBH
J ST

DaTa
STA
ARA
N AR
ADD
ARA

NAR
J AP
ZAR
STa

LX
LbAa
LI
J ST

DATA
STA
ARA
NAR
ADD
ARA

Lo
SEN
JMP
SIN
JHP
FgTX
J AL
JAG
DXR
IAR
JUP
iXR
D&R
JMP

L DA

MIN
1
2
5+ 2

1
M AX
MAXH !

MIN
MIN+]
DPD;V:

MAX
TEM
2

T
6

5+ 2
X

RP2D
co

el
DPDI V;

MAX
T
o-

T
6

X
24, 4
S-1
24, 2
5-1
24, 2
DEWNE
PES
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0104
0105
0loe6
0107
oio8
0109
0llo
o111
Ollz
0113

0il4

0115
0ile
0117
0118
0119
gizo
ol21
glaz
gi23
0124
0125
0126
slelele

005D
003E
QO0S5F
0050
0061
goe2
0063
0064
0065
0066

0067

0068
006%
006A
006EB
006C
006D
006F
0071
o072
0073
0074

ERRERS

gale
9a13
E20B
caoe
EAQY
DAODY
FelE
B20E
2101
F100
0000
100
0000
F768
0000
0000
0000
0000
0000
0000
0000
0000
0000
0100

TEM
RPLID
RP2D
NROW
MIN
MAX
CNT

VEVR
H256

ADD
STA
LK
A1
STHK
ms
JUMP
L DA
J AL
JMP

JiP

RTN
DATA
DATA
DATA
DATA
RES
RES
DATA
DATA
DATA
DATA
EdD

H256
X :
RP2D
2
nrP2D
NROV
LPD
VEVR
5+ 2
RTGP

RTTR

VIEW
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0001
0002
0003
0004
0003
0006
o007
0008
0009
0olo
0011
oota2
0013
0014
0015
0ole
0017
0018
ooi9
0020
oozl
0022
0023
o024
0025
0026
0027
0028
ooee
0031
0032
0033
0034
0035
0036
0037
0038
0039
0040
004l

0042
0043
0044
0045
0046
o047
0048
0049
0050
0051
0052

0000

0000
0001

ooo2
0003
0004
0005
co06
0007
0008

0009

000A
000B
000C
000D
000k
000Gk

0010
0011l

coliz
0013

0014
0015
pole
0017
go18
0019
00la
00lB
o0lcC

001D
COlE
001F
0020
pgoal
o022
0023
0024
D025
0026
ooz7

03 00
2al0
0030
E703
1200
8C0!
g20¢C
9cC01

B209S.

3204
1200
0150
3201
0110
g C00
9Co0
DEIO
F711
0000
TFFF

Ce 00
3801
2113
BAl3
0110
BAll
9ail
308 1
Fo 00
0000
1328
1800
DAOB
3242
1888
BACY
0310
8A08
1356
AZ04
BAO4

A

¥
DPACC

DC1

TP
MASK
*
%
DPFLT

DPF1

DPF2
DPF 3

N A
NAL
N AN
EXTR
EXTR
REL

ENT
STA
TLA
LIX
RV
ADD
AN D
STA
L DA
JBR
RV
IAR
JBR
Z AR
ADD
STA
Ims
RTw
DATA
DATA

ENT
JEN
J A2
ZiA
Z AR
A
STA
J AP
J ST

LLX
LLL
IMS
JBR
LLR
BiA
N AR
ADD
LLA
IGR
BaAa

DPACC
DPFLT
DPFIX
DPN:
DPN

0

+#*DGUBLE PRECISigN ACCUMULATE

TEIP
*DPACC

Gl
MASK
el
TEHIP
pCl

DC1

@0

€0
DPACC
DPACC
o -
s TFFE

DOUELE PRECISION T@ CAI~F. P.

DPF1
DPF4
BITS

BITS
SIGN
DPF2
DPN s

i
1
BITS
DPF3
BITS
bl60

BITS
SIGN
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0053
0054
0055
0C56
0057
0058
c0sS
0060
006l
cte2
Q063
0064
0065
0065
0067
0068
0069
0070
0071
0072
oc73
0074
0075
0076
0077
0C73
0079
0080
0os1t
o082
008 3
008 4

0085
008 6
0087
0038
0089
0090
0091
009 2
009 3
009 4
0000

oozg
0029
ooz2a
0023
ocec
002D
DO2E
002F
0030
0031
0032
0033
0034
0035
0c36
0037
0038
0039
003Aa
00358
0030
Q03D
0C3E
O03F
0040
0041
0042
0043
0044
Qo045
0046
0047

0048
0042
004aa
004B
0040
004D
O04E
004F
0050

ERRGRS

8205
A202
F716
0000
0000
0CAQ
g 000
08 00
9EO04
g21C
13D6
2606
9 EQ9
5609
8218
A2 18
BEOD
2109
3190
BELIO
1807
1830
DE!3
F&02
1BOO
1348
F201
BE!S
BEI3
308 3
BElA
F2 00
0000
raol
BELD
F71B
0118
1400
FT1E
TFFF
007F
008 0

DPF4
BITS
SIGN
D160
DPLi
DPFIX

DPFX 1

DPFX2

DPFX 3
DPFX 4
DPP

MANT
SBIT

AN D
18R
RTN
DATA
DATA
DATA
DATA
ENT
STA
OND
LRA
SUB
sSTA
L DA
AND
I1GR
A
J AL
J &G
A
LLL
LLR
IMs
JMP
LLL
LEX
JMP
BE1A
A
J AP
HiA
J ST

JMP
HiA
RTHN
Z ax
SV
RTN
DATA
DATA
DATA
EWN D

DIt
SIGN
DPFLT
0

0

160

: 8000

SIGHN
DPP

7
D150
BITS
SIGN
1MAanNT
SBIT
BITS
DPFX2
DPFX 4
BITS
8

1
BITS
DPFX 1
1

i

S+ 2
BITS
SIGN
DPFX 3
SIGN
DF e

5+ 2
ST
DPFIX

DPFIX
: 7FFF
: 7F
180
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0001
0oo2
0003
0004
0005
0005
0007

0008
0009
0010
0011
“oolz
0013
0014
0o1!l5
1leé

0017
0018

G019
0020

oozl
op22

0023
0024
0023
0026
0027
0028
0029
0030
0031
0032
0033
0034
0035
0036
0037
0033

6039

0040
0041

0042
0043
0044
0045
0046

0100

0100
0101

0102
vlo3

0104
0105
0106
0107

0108
0109

0104
0ioB

oiocC
010D

O10E
010F
0110
OLit

ai12z
0113
Clia
0115
0116
0117
0113

Cl119

Clla
ClIB
otlc
011D
O0l11E

ClIF
0iz20

0121
giz2
giz23
0124
0125

0110
FS 00
00Cco
0ieB
Faol

0g 00
0a00
4005
FO00
0000
Ces87
Fo oo
0000
Coaa
F9 00
0000
o108
Fo 00
0000
CO0D4
E213
cob2
r2te
CcoCc3
211
38 0A
CoDo
E20F
COCT
E20F
CoD6
E20E
Coc4
E20A
3801
Fo OO0
0000
EAQA

- F900

Qooo
FBO08
Felb

N AM
EXTR
EXTR
ABS
+PRINT NAME
Z AR
J ST

DATA
JMP
*

% COAMMAND INTERPRETER

*
CMai D ENT
EIN
ClE
JST

LaAaP
J ST

L AP
J ST

ZXR
J ST

CAl
LI
cal
L DX
cal
L
JHN
cal
L o
CAl
LDt
cal
LIBX
cal
LEX
JXEN
Bab J ST

@KF 5TA
JS5T

JST
JMP
TRAYS REF
READ REF
CLEAR REF

CMN D

1688

IER,G6TT, @TL, CRLF

ERR, XEQ

: 100

BTL

NAME
5+ 2

CRLF

187
@TT

l*!
gTT

IER

v
TRENS
TRt
READ
!CI
CL EAR
OKF
TP
PUS CH
130
FPLGT
lvl
CRT
'D'
DATUM
GKF
ERR

FUNC

XEQ

* FUNC
CHMND+ |

ENABLE PANIC BUTTIN
PRINT PRO#MMPT CHdARACTER

INPUT COMIAND

S5AVE CALL ADDRESS

. WAIT FBR. Gg

CALL FUNCTIGN



0047
0048
004as
0050
0051
0052

0053

0054
0000

0iz26
0127
0123
0129
0l1z2a
O1i2B
otac
012D
012k
plar¥
0130
0131
0132
0133
0134

0000
B1BS
AAB2
B5BS
ADCSH
D5CC
CCAD
CB8D4
D3A0
e84
0000

ERRGRS

PUNCH
DATUM
FPLOT
CRT
FUNC
NAME

REF

REF

REF

REF

DATA 0

TEXT *15%255 FULL HTS®

paTa B84, 0

END
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oool
oooe
0003
0004
0005
0006
0007

0008
0009

coio
Ccoli
goiz
0013
00ia
0015

0016

0017
0018
0019

0020
ooel

ooz2

0023
0024

0025

o026
ooz27
0023
0029

‘0030
0031
o032
0033
0034

0035
0g36
0037

0038
0039

0000
go00
0001
0oo02

0003
0004

0005
0006
0007
0008
0coo
000A

000B

000C
000D
000E

Q00F
0010

0011

pole
Q013

0014

0015
o016
0017
0013

0019
gola
o0lB
0ol1C
001D

OOlE

001F
0020

oozl
0022

08 00
C6BF
FQ 0O
8127
013E
Fo00
g1eg
1200
CoCD
F203
COD4
F204
Fe o0
81lza
F200
g129
0108
F20F
F9 00
8129
Ces A
Fo o0
gl26
F200
8125
elal
F900
g126
Fo 00
8125
cooz
F201
reoa
900
8125
COFF
F201
Fe03
Ca0l
ESQ0
0izB
B10O
oiz2
9AF3
Fo00
g129
CE6BF
Fo 00
8127

TRANS

MaN

T4P

T1

T2

T4
BEG

N AN
N Al1
EXTR
REL
ENT
1. AP
JST

DATA
JST

ROV
CAl
JMP
CcAl
JMP
J ST

JST

ZXR
JMP
J ST

L AP
J ST

JST

J &2
JST

J ST

Gal
JMP
JMP
J ST

cAal
JMP
JMP
LXP
STX

LbA

STA
JST

L AP
J ST

MBTA
*IKB

"W
jufnitg
'T'
TAP
# ERR

*CRLF

BEG
#CRLF

t8A
#GTT

*BIPT

5~ 1
*@TT

*BIPT

192
T2

T1!
«BIPT

: FF
T4
T2

1
TETR

MASKO

MASK!
*CRLF

'?l

G TL
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0040
0041

0042
0043
0044
0045
0046
0047
0048
0049
0050
0051
00352
0053
0054
06055
0056
0057
0058
0059
0060
0061
0os2
0063
0064
0065
0066
0067
0068
00e%
0070
0071
0072
0073
0074
0075
0076
c0717
0078
0079
008 0
0031
oo3 2
003 3
008 4
008 5
cog e
oog 7
0088
0085
0090
009 1

0023
0024

0025
0026
ooz7
0028

0029

o0za
0028
002C
002D
002E
oozr
0030
0031

o032

0033°

0024
0035
0036
0037
0038
0039
0034a
Q03B
003C
003D
O03E
003F
0040
0041
Qoaz
0043
0044
0045
0046
Q047
0048
0049
00448
004B
004cC
004D
Q04E
004F
0050
0051
0052
0053
0054
0055
0056

0130
F9 00
8128
cOcé6
F205
cocz
F208
COCF
F204a
FBFE
C71E
9 AE2
0108
0403
F207
C71E
9ADD
0108
F203
C70F
9ADY
0358
EAFS
E2F1
23 02
C70F
9AD3
B2D4
9AD2
E2E3
0110
9C00
0128
DACD
F603
EADI
E2r4
2303
E2ES
3301
0210
E2DS
0128
0210
Co00
C2FF
EABS
9ABA
C7F5
9ACC
C7FF
9487
B2D4

FERD

BACK

B&TH

CLR

NEXT

DATA
J ST

cal
JMP
cal
JHP
Cal
JMP
J ST
LAM
STa
ZXR
CkR
JMP
L AM
STA
ZAR
JMP
LAY
STA
LXP
5TX
LB
JXZ
LAaM
STA
LDa
STA
LI
ZAR
5TAa
IXR
IMS
JP
STX
LI
JAZ
L DX
JAEN
CAR
LI
IXR
CAR
CAl
811
STX
5Ta
LaM
STA
L aif
STA
LDAa

DIRE
*;KB

T F'v
F@ARD
B
BACK
G
BATH
# ERR
30
CNT2

TKF
30
CNT2

TKF
15
cuT2

DIRI
TETR
$+ 3
i5

CNTZ2
ZCT
CNT3
I8C

e¢0

CNTS3
CLR

IBP

TETR
NEXT
DIRI
NEXT

MASK

235
1MSK1
PIR’
245
DCTE

.253

DCT
TETR
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0092
00% 3
00% 4
00%5
009 6
0097
0098
0099
0100
0101
oloz
0103
6clo4
0105
0106
0107
0108
0109
0110
0111
oliz
0113
0tla
0115
0116
0117
0118
0119
o120
6121
oiz2
0123
0l24
clzs
0izé6
o127
0128
0129
0130
0131
pis2
0133
0134
0135
0136
0137
0138
0139
040
Olal
0142
0143
0laa

0057
00358
00359
005a
0058
0050
005D
O035E
00SF
00&0
0oél
gos2
0063
0064
0065
0066
0067
0068
0069
006A
00&B
006C
006D
0C6E
006F
0070
0071
oo72
0073
0074
0073
0076
0077
0078
0079
007A
007B
007C
007D
CO7E
O07F
0080
o081
oog2
008 3
003 4
0085
c086
0087
0088
0089
0o8A
008B

2107
FBCC
1357
9 AD4
FBCY
A2D2
9 ABO
F209
F£89
FA9 3
9 ARG
B2CB
C001
F203
D2A6
F235
F234
C70F
9 AAS
B243
9 AN
B2B6
AN
C7FF
9A8A5
B298
9A98
B2A3
9AA3
0110
DI E
F201
F213
E295
0lio
D38F
F201
0508
0030
8898
9B9 7
DASY
DA9 5
DAY 2
F60B
DASF
C6FF
GASF
SABE
DAB 6
F61B
F211l
E282

T3

TUR]

ILP

PRGC

S5PA

TLP!

TLP2

J AZ
JST
LLA
STA
J ST
IBR
5TA
JMP
J ST
JST
5TA
LDA
CAl
JMP
Gi5
JMP
JHP
LAav
S5Ta
L.DA
STA
LDa
STA
L aM
STA
LDA
STa
LDa
STA
Z AR
CMS
JMP
JMP
LI
Z AR
s
JMP
NZR
T™=HA
ADD
STA
Inis
IMS
iMs
JMP
IMS
LAP
ADD
STA
IMS5
JMP
JMP
L DX

TURL
*BIPT
8

TEMT
+BIPT
TEMT
VAL
PREC
TURNGON
MBNS
VAL
DIR1
1-
PROC
DIR
FINGNE
FINONE
i5
CNTI
MASK ]
MASK2
IBC
IB
255
SCT
MSK1
MSK2
IB
IBP

=MASK2Z
5+ 2

TL P2
VAL

M SK 2
5+ 2

*#1BP
*1BP
MSK2
IBP
SCT
TLP!
MASKEZ
255
IB
1B
CNTI!
SPA

- FINGNE

VAL

172



0145
0l46
Olav
0148
0149
0150
0151
0152
0153
0154
0155
D156
0157
0158
0159
0160
0i61
0162
0163
0i64
0165
0166
0167
0168
0169
0170
0i71
0172
0173
0174
0175
0176
0177
0178
0179
0180
0131
018 2
0183
0184
0185
0186
0ig7
0188
0189
0190
0191
nl192
0193
0194
0195
0196
0197

GoBC
008D
OD0G E
003 F
0090
0091
0092
009 3
009 4
0095
0096
0097
0098
0099
009 A
QceB
009 C
009D
DOS E
D09 F
0040
0C&l
002
0043
00A4
0045
0046
0047
00aB
00AS
0CAA
00ARB
00AC
00AD
0CLE
00AF
00580
0081
coB2
00B3
00B4
Q0BS5S
O0B6
0GET
00B8
00B%
00BA
OCEB
0GBC
O0BD
00OBE
COBF
Q0G0

0110
D37C
0508
0030
8BS 6
9BgS5
DATT
DAS 3
DAB O
rofa
DATD
CerF
847D
9A/TC
DAT4
62D
E26C
0128
B26D
€000
c302
EA67
DATD
F201
40C7
Da67
Faol
Fo04
Beg 2
2101
Fe52
F64B
CT7FF
SAGE
E263
0110
XHl)
0l1z28
DABY
F603
C7F1
9A63
E70F
2A62
2a62
B269
9A63
C70E
SABD
B260C
9A60
B35F
10D3

FINGNE

TURZ

TURS3

CLR!

NXBIN

NXROW

Z AR
Gis
NXR
XA
ADD
STA
IMs
IMS
IMS
JMP
IMS
LAaP
ADD
5TA
IMs
JMP
L X
IXR
LDA
cal
X1
STK
M5
JMP
SEL
IMS
JMP
JMP
LDa
J AZ
JMP
JMP
LA
5TA
LIK
Z AR
S5TA
IXR
IMS
JMP
LaM
STA
L Al
STA
STa
LDA
STA
L AN
STA
LDa
5TA
L DA
ARA

*M SK2

#*1BP
*IBP
MSK 2
IBP
SCT
TLP2
MASK?2
255
IB
IB
CNT1
srPa’
MSK1

DIR
0

2
MSK 1
DCT2
5+ 2
24, 7
DCT
TURZ
TUR3
TETR
S+ 2
T3
ILP
255
CNTT
IRP

€o

CNT7
CLR!
241”
CNT4
15

CNTS
CNTO
IBC
IBD
14

HM 14
IBD

IBE

#IBE
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c198
0199
0200
0201
0202
0203
0204
0205
0206
0207
0208
0209
0210
0211
gz212
0213
0214
02is
ozle
0217
0218
0219
0220
0z2e1

0222
0223
o224
0225
0226
0227
0228
0229
0230
0231
0232
0233
0234
0235
0236
0237
0238
0239
0240
0241
o242
0243
0244
0245
0246
0247
0248

0249

00C1
ooce
00C3
00C4
00C5
00Cs
00C7
0ocs
00CS
0oca
00CB
00CGC
00CD
OOCE
0OCF
00Dho
s]u)ay’
ooD2
00D3
00Db4
00DS
00D6
00D7
0oD3

o0D9
00DA
00DB
00DC
00DD
O0DE
OCDF
Q0EO
OO0E1

00E2
00E3
O0E4
00=5
O0EG
O0ET
008

OOE9

00EA
O0EB
O0EC
OOED
O0EE
OOLCF
00ro
00F1

0orF2
00F3
00F4

8B55
9B54
B254
gAa5A
S.459
DAS3
F603
Bas52
9A50
DAS3
DaaB
DALC
relo
B24B
0150
9A4A
9A48
C701
9A45
DAz8
Feld
0110
9Aa49
F100
0000
B251 RTTR
2104
B252
3184
0210
Fa20e6
B24E TS
2152
BR2A T6
Fa2oz
B228
3101
DA2D T7
DAZ29
FeoC
FTEB
0800 TURNGN
4006
4801
F601
QEQO
49C1
Fe0l
QF00
40C4
4005
F70A
0300 MONS

ADD
STa
Lba
ADD
STA
IMS
JHMP
L DA
STA
IMSs
IMS
IMs
JMP
LDA
IAR
STA
STA
LA
STA
IMS
JMP
Z AR
STA
JHP

LDa
J AZ
LDAa
JAG
CAR
JMP
LDA
J AL
LDa
JMP
L DA
J &N
IMS
IMS
JHP
RTN
ENT
CID
S5N
JMP
5B
S5EN

T JMP

St
SEL
CIE
RTN
EINT

*]BP
#1BP
H256
IBE
IBE
CNTS
NXROV
CNTG6
CNTS
IBD
IBP
CNT4
NXBIN
CNTS

CNTé&
CNTS
1

CNT4
HM 14
NXBIN

BFFSET
DI 5P

TETR
T5

DIRI
Té -

T7
DIRI
5+ 3
DIR
T7
DIR
5+ 2
MASK1!
CNTZ2
NEXT
TRANS

- TURNGN
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0250
0251
0252
0253
0254
0255
0256
0257
258
0259
0260
0261
Q262
0263
0264
0265
0266
0267
0268
0269
Q270
0271
o272
0273
0274
0275
0276
0277
0278
0279
0280
028 1
0282
028 3
028 4
028 5
028 6
o287
0288
0289
0290
0291
0292
029 3
0294
0295
029 6
0297
0298
Q299
0300
0301
0302

CQF5
00F6
0ar7
00F8

00F9

00FA
QOFB
00FC
Q0FD
00FE
O0FF
0100
0101

ploz
0103
0104
0105
0106
0107
0lo8

0109

0104
0l0oB
010C
c10D
O010E
O10F
0110
0111

olie
0113
clia
0115
0lleé
0117
0118

0119

0l11a
011B
ollic
01lD
Ol1E
Cl1F
cl20
0121

piez
0123
0l24
glzs
0lz26
6127
oies

ole9

49C6
F601
SAC6
2843
C704
9Al0
0110
9A0D
F206
1350
S9A0a
1351
8A08
SAQ07
0110
I1BO3
8404
DAO4
Fe09
F7l4
0000
0000
0000
0000
Gooo
0000
0000
G000
G000
FOlD
0000
0000
0000
0000
0000
0100
o000
goco
0000
0000
FFF2
0000
0000
0000
Goo0

M1

M2

MSK1
MSKE
CNT
DIR
DCT
VAL
CuT!
GiIT2
CNT3
ZCT
MASK!]
MASK2
SCT
IB
iBP
H256
CNT4
CNTS
ENTE
CNT7
HM 14
IBD
IBE
bCT2
@FFSET
MASKO
IBC
MASK
BIPT
gTT
@TL
IKB
CRLF

SEN
JUP
INK
JAZ
L A
STa
Z AR
5TA
JMP
LLA
STA
LLAa
ADD
STA
Z AR
LLL
ADD
IMS
JI1P
RTH
DATA
DATA
DATA
DATA
DATA
DBATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
baTA
bATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DPATA
REF
REF
REF
REF
REF
REF
REF
REF

: 6
$-1
: Gé
=3
g

CNT

MSK2
M2
1
MSK2
2
MEK2
MSK2

4
MSK2
CNT
M1

MBN S

4080

cooolooocomvmoovooo loooocooo0oo o
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0303
0304
0305
0306
0307
0308
0309
0310

0311
0312

0313

0124~
0i2B~
ciac
clep
0.12E
OleFr
0130
0131
0i32
0133
0134
0135
0136
0137
0138
0139
013a
0138
013C
013D
013E
013F
0140
0lal
0142
0143
Olas
0145
0lze
cla7
0148
0149
0las
014B
0tac

0000 ERRBRS

0000
0009
OFFQ
0000

" 0000

8D3a
C&CF
pani
clp2
CAAC
gacl
C3CsB
D7C1
D2C4
ACCF
D2A0
C2CF
D4C8
BFAQ
8D3A
CeD2
CFCD
AOCD
CFCE
D3C1
GCED4
Cra0
CFD2
AQCH
D2CF
CDhao
Dacil
DOCS
BFAD

ERR

TETR
TEDA
TCT1
DIR!
TEMT
DI RE

MaTA

REF

DATA
DATA
DATA
DATA
DATA
DATA
TEXT

DATA
TEXRT

g
=

0

0

4080

0

0

:8D3A

" FERVARD, BACKVARD, BR BBTH? '

:8D3A
'FROM MONSA&NTH BR FRGOi4 TAPE?!
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0001
0002
0003
0604
0005
0006
0007
0008
coos
0010
0011
ool2
0013
0ol4
0015
0016
0017
0G18
co19
coz20
o021
0022
0023
CGz24
0025
0026
0027
0oz28
0029
o030
0C31
0p32
0C33
0034
0035
0036
0037
0038
003%
0040
0041
0042
0043
0044
0045
0046
0047
0048
0049
0050
0051
0os2
0053

0000
0001

cooe
0003
0004
0005
0006
0007
0008

0009

GooA
000B
000¢C
000D
000E
000F
0010
0oll
Qole
0013
0014
0015
0016
0017
0018

0019
0olia
Q01B
colcC
001D
OClE
001F
o020
goz21
gozeg
0023
0024
goz25
0026
Goz7
pozs

0029
0oz2a
0028
cozC
Go2b
00Z2E
oozF
0030
0031

o032

03 00
C6EF
FB63
0067
FE71
CoCe
F205
coiz
r208
COCF
Fa2oa
FB6C
C71E
2A73
01038
0408
F207
C71E
DAGE
0108
F203
C70F
9A6A
0353
EA6OQ
B260
9460
E25B
EASF
0110
9C00
0128
pasa
Fe03
Sa6!l
0210
9 ASE
C7F5
24a58
CTFF
9A55
FAl9
Fa23
SAaS4
B24cC
COO01l
F203
D24D
Fa32
F231
B24D

DATUM

FERD

BACK

BETH

PKF

CLR

NEXT

5T@

N AM
EXTR
ENT
LabP
JST
DATA
J 5T
Cal
JMP
CAL
JMP
cal
JMP
JST
L AM
STA
ZXR
CKE
JMP
L Al
STA
ZXR
JMP
L A
STa
BXP
S5TK
Lba
STa
L BX
ST
Z AR
5TA
IXR
I4s
JMP
STA
CAR
5Ta
L aM
5TA
L A
STa
J ST
J ST
STA-
LDAa
Cal
JMP
CMs
JMP
JMP
L DA

DaTU4, RTDA
DISD

‘?I
£0TL
DIRE
*IKB
lFl
FGRD
IBI
BaCK
lg'
B3 TH
*# ERR
30
INT2

PKF
30
oNT2

PKF
15
DNT2

DIRI
ZCTl1
CT!
I18C
IB

eo

CT1
CLR
REN

DIRO
245
DDT2
255
pDT
DURN BN
DENS
DAT
DIRI
l
ST@
DIRO
DLP2
DLP2
DAT
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0054
0055
0056
0057
0058
0059
0060
0061
0062
0063
0064
0065

0066
0067
0069
0069
0070
0071
0072
0073
0074
0075
D076
00717
0078
0079
003 0
008 1
008 2
003 3
008 4
005 5
008 6
0087
0088
0089
009 0
009 1
009 2
009 3
009 4
009 5
009 6
0097
0098
0099
0100
ol'o.1
0102
0io3
0104
0105

0033
0034
0035
0036
0037

0038

0039

003Aa
003B
003C
003D
003E

003F
0040
004l

0042
0043
0044
0045
0046
0047
0048

0049

0044
004B
004cC
004D
004E
Q04F
0050
0051

0052
0053
0054
0055
0056
0057
00538

005%

005A
005B
005C
005D
Q05E
005F
0060
0061

0062
0063
0064
0065
0066

E248
9Ccoo0
DAL
DA4S
Fa2ol
4007
Daasg
Felo
Da4ys
B247
2101
F100
0000
B23D
Daao
FolE
Fia2
0800
4006
43C1
Fe0l
OEOQO
49C1
¥eol
QF00
40Ca
4005
F704
0800
49C6
F60l1
5AaC6
2843
C704
SAZD
oll10
9A2C
r206
1350
9A29
1351
g A27
S ARG
0110
1B0O3
8A23
Da2-l
Fe09%9
F1l4
DAlA
F63a
F629

DLPI

RTDA

DURN BN

DEN S

M1

M2

LP2

LK
s5TA
M5
iM5
JMP
SEL
iMs
JMP
IMS
LDA
J A7
JMP

LDaA
iMs
JMP
BTN
ENT
CID
S5
JiP
S8HM
SEN
JMP
S
SEL
CIE
RTH
BT
SEN
JMP
INX
JXZ
L aM
STa
Z AR
STa
JMP
LLa
STa
LLA
ADD
STA
Z AR
LLL
aDD
IM-S
JiMP
RTN
IMS
JMP
JMP
REF

IB
eo
I8
DDT2
S+2
24, 7
DDT
DLP
RGN
RON
S+ 2
DisSD

DIRO
INT2
NELT
DATUM

: C1
$-1

: Cl
G 1

DURNSN
1 C6

: C6
$-3
4

CNT

MSK2
112

)
MSK2
2
MSK2
MSK2

4
MSK?2
CNT
M1
DBN S
DDT
DLP

TLPI
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0106
0107

0108
0109
0110
0111
o1t2
0113
0lla
0115
0116
0117
0118
Qoll1g
n0lzo0
0121
0laz
0123
0i24
0000

0067
0068
0065
006A
0068
006cC
006D
C0BE
00s6F
0070
0071
gco72
0073
0074
0075
0076
0077
0078
0079
007A
0078
Q07C
007D
007E
Q07F
0080
0081
0082
0038 3
008 4

ERRARS

88 A
CeCF
D2D7
¢1Db2
C4AC
czcl
C3CB
D7CI
Dac4
AOCF
D2ao
c2cr
D4C8
BFa0

0000
FOOB
6000
o000
0000
0000
0000
00040
0000
0000
0000
0000

DIRE

CRLF
1IKEB
1BC
ERR
DIR1
ZCTl
CT1
1B
DI RO
bDT
DDT2
DAT
BNT2
CNT
MSK2
RGN

DATA
TEXT

REF

REF

REF

REF

DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
END

:8D3A
'F@RVARD, BACKWARD @GR B@TH?
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LoU

0001 N A IKB., IER, BIPT,XER

gooz N AM gTT, ERR, CRL. ¥

0003 N &M ZTL, FPA, SDEC

Q004 0O0CQO REL 0

0005 %

0006 % PANIC SWITCH

aoo7 ES

0008 0000 FROO JST * CMND

0po02 0001 CMND REF

0plio *

0011l =K EYBAARD INPUT

cplz *

0013 0002 0300 IKB ENT

0014 0003 40338 SEL 7,0 AUTG- ECHY

0015 0004 4039 SEL 751 KBD MEZDE

Gole 0005 5939 RDA 7.1 READ &l FLAG
0017 0006 403C SEL To 4 RESET

0018 Q007 F705 RTN IXB

0019 0008 0800 1IER ENT

Qo020 Q002 FEO7 JST 1KB

0021 000a GODF cal : DF BACK ARROW?
0022 000B TFFOA JST * CMND YES

0023 000C CO08a cal :8A LINE FEED?

0024 GOOD FFOC J ST * CMND YES

Q025 000Z F706 RTN 1ER NEITHER, RETURN
Qo026 *

oc27 * PAPER TAPE INPUT

Q028 # DSO = 0 FGR TTY

0029 % 1 FBR HSR

0030 *

0031 O0OCOF 0300 BIPT ENT

0032 0010 53801 BIP2 I15A READ SVUITCHES
0033 0011 13D0 LRA 1 D50 UP FGBR TTY
0034 0QO1l2 2204 JBS HSR DWN FE@R HSR
0035 0013 493B SEN 7,3 TTY BUSY?

0036 0DO0Ola F604 JMP BIP2 YES

0037 0015 403a SE. T+ 2 Ng, STEP READER
0038 00ls 4839 VT S&N Ts 1 FL AG?

D039 Q017 Fa203 JMP IT YES

0040 0018 0150 IAR N@., BUMP COUWNT
0041 Q019 2la9 J AZ B1P2 RESTART IF TIME UP
0oa2 001la F60z4 JMP wT ELSE CHECK FLAG AGAIN
43 0Q01B 5838 IT INA 720 INPUT FROM TTY
0044 001C F70D RTN BIPT & RETURN

0045 001D 4933 HSR SEN 653 HSRK BUSY?

Q0046 OQOIlE F60E JIP BI P2 YTES

0047 O001IF 4032 SEL 6, 2 . NO., STEP READER
D048 0020 4835 WH S S é6: 5 FL AG?

0045 0021 ¥203 JMP IH YES

Q050 0022 0150 IAR NG, BUMP COUNT .
Q05F Q023 2153 JAZ BIP2 RESTART IF TIME UP
052 0024 Fo604 JIiP " Wi ELSE CHECK FLAG AGAIN

053 0025 5835 1IH INA 6s 5 INPUT FROM HSR



0054
0055
0056
0057
0058
0059
0060
0061
0062
0063
0064
0065
0066
0067
0065
0069
0070
0071
0072
c073
0074
0075
0076
0077
0078
D079
008 0
608 1
00s 2
008 3
008 4
008 5
003 6
008 7
0083
0089
009 0
009 1
009 2
093
009 4
0095
009 6
009 7
0093
0099
0100
plo1
olo2
0103
0104
0105
0loeé

0026

0027
o023
0029
poza
D02B

002C
002D
002E
ooz2¥
0030
0031

0032
0033
0034
0035

0036
0037
0033
0639
0034
003B

003C
003D
Q03E
003F
0040
0041
ogaz
0643
0044
0045
0046
0047
0043

0049

004a
0C4B

F717

0800
FE20
coz D
F703
F603

08 00
403C
6D3B
49 3B
Fool
¥705

0800
C6DF
FEQO3
rFF34

08 00
Ces3n
FEOC
Cesa
FEQOE
F705

0300
8 AQF
9A06
9A09
E704
DEOS
B400O
11D7
FEIZ
cooo
F704
1157
FEIC
C0o00
F70E
0128

ORKHNAL_p . 181

UALmry
RTHN BI PT & RETURN
ke
=UAIT FOR E{ECUTE SIGNAL
K
XERQ ENT
JST 1ER INFUT
cal 18D CARRI AGE RETURN?
RTN XEQ YES, RETURN
JMP XEQ+1 N@s GET M@RE
*gUTPUT TG TTY
aTT =T
SEL 75 4 RESET INTERFACE
WRA 7, 3 WRITE @GN NOT BUSY
SEN 7, 3 DZNE?
JUP $= 1 N@
RTH grT YES
R
% COLIMAND ERRGR EXIT
¥k
ERR ENT .
LAP : DF PRINT ARROW
J ST gTT
J ST % CeIN D RESTART COMMAND
*
% CARRI AGE-RETURN.LINE FEED
. . :
CRLF ENT
LaP :8D CR
J ST GTT
L AP t8A LF
JST gTT
RTN CRLF
*®
#@GUTPUT TEXT FROM BUFFER
3
@TL ENT
ADD CAI MAKE COMPARE INSTRUCTIGN
sTa gT2 &SAVE IT
STA G6T3 i
LI %G TL GET TEXT PBINTER
IMS BTL SET RETURN ADDRESS
gT1 LDa &0 GET WORD
: RRA 8 PRINT FIRST BYTE
J ST gTT
gT2 cal 0 LAST GNE
RTN gTL Y ES, RETURN
RLA 8 PRINT SECZND BYTE
JST GTT
BT3 cal 0 LAST @NE?
RTN T @TL YES RETURN
IXR

BUIP PZINTER



0107
0108
0109
0110
0111
olig
0113
Olla
O1is
gilé
Ol1l7
0118
0119
olao
0121
Qlage
0123
0lea
0l25
gloe
0127
0l28
0129
0130
0131
D132
0133
0134
0135
0136
0137
0138
0139
G140
Olal
0la2
0143
0la4
0145
0l46
0147
0148
0l49
0150
0is1
0ise
0153
0} 54
0155
0lse
cis7
Q158
0159

ocac
0C4D

OC4E
004F
0050
0051
0052
0053
0054
0055
Q056
0057
0058
G059
0061

opé2
0083
0064
0065
0066
0067
0068

0069

006A
006B
006cC
006D
006E
006F
0070
007!

po72
0073
0074
0075
0076
0077

0078

0079

Fela
C000

0800
E701
DEO2
EAOD]
FBOE
0000
00359
0110
FEla
0059
r70A
0000

0500
EALS
CAaAB
30582
0310
ceoz
9415
0030
FEJE
B215
SAL13
C705
9410
B20E
C4AF
2 30E
o128
30C2
8BOB
9 AC8
0030
FE4B
DADT7
DACS

#@GUTPUT FLBATING PUINT

JMP
Cal CAl
%
¥
BFPA ENT
LIX
iMs
3TX
JST
8PT DATA
DATA
Z AR
JST
DATA
RTN
BUF RES
FAS REF
%

gT! .
0 -

*ATFPA
GFPA
GPT

* FAS

0

BUF

B TL
BUF
GFPA
8,0

LEgP
NUIiBER

GET PBINTER

SET RETURN ADDRESS
SAVE PBINTER
CONVERT T8 4SCII

SET END FLAG
PRINT NUMBER

* @DEC BUTPUT DECIMAL (+/-DDDDD)
%% @DEC CGNVERTS THE BINARY VALUE IN THE
#A REG AND PRINTS IT &S A SIGHNED ©

5 ¥ % % % W ¥ i

DEC ENT
ST
LXP
J AP
NAR
A1
STaA
TXA
J ST
L Da
STa
L AM
5TA
g1 LDA
’ LAP
SUB
IX
JaP
ADD
STA
A
J ST
IMS
IMS

LDA VAL AR =
S MUST BE IN WGRD MGDE
JST *@BDEC CALL ROUTINE

##%% RETURN XR UNCHANGED

VAL UR

S
I+I
$+3

gTT
STRT
PTR

: AF
*PTR

$= 2.
*PTR

gTT

" PTR

DIGIT DECIMAL NUMBER 6N THE TELETYPE.
AR AND OV ARE DESTRGYED. :

SAVE KRR

MAKE VALUE +

MAKE SIGN -~

SAVE VALUE

PR;NT S;GN
INITIALIZE TEL PTR
SET F@R 5 DIGITS

ZERE T@ -1

PRINT DIGIT
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0160
giel
0le2
0163
0le4
0165
0166
0167
0168

0169

0170
0000

007A
007B
g07C
Qo7Dh
007TE
Q07F
0030
003 1
poB 2
008 3
00K 4
COBS
coB 6

ERRERS

F60B
E201
F71la
0% 00
08 00
0800
03 00
pog 2
2710
03E8
0064
cooa
0001

PTR
STRT
TBL

JMP
L IK
RTN
HLT
HLT
HLT
HLT
DaTA
DATA

DATA

END

61
S RESTZRE KR
B DEC RETURN
TEMP FBR XR
VaL.UE
COuUNT
PGINTER
THL TABLE ADDR

10000, 1000, 100

10, 1
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G001
0002
Qo3
0004
0005

0005

0007
0008
0009
0ol0
0011

goli2
0013
0Cla
0015
0016
0017
colg
0019
00z20
oozl

0022

o023
go24

0025

0026
Qo27
0028
0029

0030
0031
0032
0033

0034
0035
0036

0037
0033
0839
0040
0041
0042
0043

0000
0000
000.l

goge

0003
0004
0005
0006
Qo007

ooos

0009

00o0A
000B
000C
000D
00GE
Q00F
0C10
QG111

golz

0013
0014

0015

0016
0017
0018
0019

001la
001B
001C
o0LlD

O01E
QOIF
0620

pozl
ooze2
0023
o024
0025
0026
0027

08 00
FS.00
0000
Fo 00
0000
cos0
F203
€0C7
F2o4
Fo 00
00060
E21F
BE2IlF
Fa2o4
B21C
BAlE
0048
B21B
g4al1C
ce8a
F9 00
cooo
F2 00
0000
214l
Fo 00
0000
Fo 00
0000
cose
Fz20l
F604
FS 00
0000
COFF
F201
F603
F9 00
0ogao
1357
9ACE
F9 00
0000
A200
8COO0
gcoo
0128
DADS
F609
F727

READ

REZE

RESI

RDLP

Rl

R2

R3

N AM
EXTR
REL
ENT
J ST

JST

cal
JAP
CAl
JilP
JST

LoX
L DA
JMP
LDA
ADD
Tax
L DA
STA
LAP
JS5T

JST

JAZ
J ST

J ST

CAl
JMP
JMP
JST

cal

JMP
JMP
JST

LLA
STa
JST

I6R
ADD
5TA
IXR
IMs
JMP
RTN

184

READ, PUNCH, CL EAR
IXKB, @TT, BIPT, 8TL, CRLF, Il ERs ERR

o

CRLF

IER

'O'
REZE
'GI
RESN
ERR

IBC
ZCTO
RILP
I1BC
SNO

ZCT1
CuT
:B8A
BTT

BIPT

-1
gTT

BIPT

192
R2
Rl
BIPT

HE N
R3
R2
BIPT

g
TEMP
BIPT

TEMP
el
€0

CNT

- R3

READ

ORIGINAL PAGE IS
OF POOR QUALITY

SKIP L EADER

READ TAPE

END BF LABEL
YES

N

READ TAPE

FILE MARK
YES
ND



0044
0045
0C46
0047
0048
0049
0050
0051
0052
0053
0054

0055

0056
0057
G038
0059
0060

0061
0062
0063
G064
0065
0666
0067
0068
0069
0070

0071
0072
0073
0074
0075

0076
0077
0078
0079
0080
008 |1
oog2
008 3
008 4
008 5
0038 6
0087
0088

coge
0090

0028
0029
Go2a
0oze
po2Cc
002D
002E

CGC2F
0030

0031

0032
0033
0034
0035
0036

0037
0038
0039
0034
003B
003C
003D
CO3E
003F
0040

0041
00a2
0043
0044
G645

0046
0047
G048
0049
004a
C04B
004cC

004D
004E
C04aF
0050
0051

0052
0053

FOLO
FFOl
GEFi
0000
0000
0000

08 60
F2 00
0000
F9 GO
0000
COBO
F203
CO0G7
F204
Fo 00
0060
EG6OF
B6OF
F204
Bel2
3ELQ
0043
B613
SEl2
FAOD
900
00G0
cos2
Faol
F603
C6FF
FO OO
0000
B400O
FalQD
0i28
DEID
F604
Faol
F71D

0800
C732
SE22
0Iil0
Fo 00
0000
DE25
Feoe2

IBC
ZCTO
ZCT1
SN0

CaT

PNT
TEIP

F 3

* PUNCH
PUNCH

BFNZ E

Fu SN

PNL P

Pl

P2

P3

* PUN CH
LEAD

Lz

REF

DATA
DATA
DATA
DATA
DATA
DATA

ENT
Jd5T

JST

Cal
JMP
CAl
JMP
J 89T

LIX
LDAa
JiP
L Da
ADD
TAax
L Da
STA
J 5T
J ST

CAl
JitP
JMP
L. AF
JST

L DA
JST
IXR
IMS
JMP
JST
RTN

5™ @F LEADER

ENT
L Ai4
STA
Z AR
JST

IMS
JP

-4080

~255
3325

CRLF
IER

‘0‘
PNZE
'G'
P SN
ERR

IBC
ZCTO
PNLP
I1BC
SN0

ZCT1
NT
LEAD
IKB

192
P2
P1
:FF
aTT

€0
aTW

CNT
P3
LEAD
PUN CH

50
PNT
8TT

PNT
Lz

ORIGINAT, PAGE IS
OF POOR QUALITY

ECHE L ABEL

CTR.L/TAPL

YES

Ng

PUNCH FILE MARK

PUNCH BITS
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0091
0092
009 3
009 4
0095

009 6
005 7

0098
0099
0100
0101

0102

0103
0lo4
0105
0l06
0107

0108
0109
0110
0111
g1tz
0113
0114
0i15
Olle6
0117
0118
0119
0l20
0lz21
gizez

0000 ERR@RS

0054

0055
0056
0057

0058
0059

00s5A

0058
005C

0G5Db

00SE
OO05F
0060
0061
coez

0063
0064
0065
0066
0067
0068
00e9
0Cea
0CeB
006C
0CeD
0C6E
006F
0C70

F707

0300
11D7
Fo 00
0000
1157
Fo 00
Q000
F705

0800
Fo 00
0ooo
Fo oo
0000
CORO
F203
ceC7
F204
Fo OO0
0000
£63B
B63B
F204
B63E
8E3C
0048
B63F
SE3E
o110
SCOo0C
0128
DE4Z2
F603
F715

aTv

* CL EAR
CL.EAR

CLZE

CL SN

CLLP

CR

RTN
ENT
RRA
JST

RLA
JST

RTH

PRBGRAMY

ENT
JST

J ST

Cal
JHUP
Cal
JiP
JST

L DX
LDa
JMP
L DA
ADD
TAA
LDA
STA
Z AR
5TA
IXR
IMs
JMP
RTN
IND

L EAD

BTT

BTT

gTw

CELF
IER

I'O'
CLZE
IG‘
CL SN
ERR

IBC
ZCTO
CLLP
IEC
SN O

2G0Tl
CNT

€0
CNT

CR
CL EAR

186



0001
0002
0003
0004
0005
0006
0007
0008
0009
0010
0011
oole
0013
0014
0015
0016
0017
0018
0019
0020
0021
0022
0023
0024
0025
0026
0027
00238
0029
0030
0031}
0032
0033
0034
0035
0036
0037
0038
0039
0040
0041l
0042
0043
0044
0045
0046
0047
0048
0049
0050
0051
0052
0053

0000
0000
0001

0002
0003
0004
0005
0006
0007
0008

0009

Gooa
000B
000C
000D
000L
000F
0010
0011
golz
0013
00t4
0015
0016
0017
0018

0G19

0cla
0018
golc
001D
001E
00!lF
0020
0021

goe2
0023
0024
0025
0026
6027
0028

0029

0024
002B
0gzcC
002D
002E
002F
0030
0031

0032

0500
C70F
9 ABB
B2DO
9 ABA
0108
FBCF
FBD!
CO0BO
Fezl
CoBl
Fa2z22
coB2
rFagea
COoB3
Fzaa
COB4
Fa222
COBS
Faaz
COB6
raza
coB7
reze
coBs
¥aa2
COE®S
raza2
CoCl
rFazaza
coce
razae
COC3
razez
COC4
raze
COCS
rezz
COCo
regez
coc7
Fzea
FBAF
0110
SA9C
Faz24a
€60l
F21E
GCel2
F21ce
€603

N At
REL
FPLOAT ENT
L AM
STA
L DA
STA
ZXR
J ST
J 5T
cal
JHUF
Cal
JUF
CAl
JMP
CAl
JITP
CAl
JMP
Cal
JHP
cal
Ji4P
CAal
JMP
cal
JMP
cal
JMP
CAl
JHMP
Cal
JMP
gAl
JMP
GAal
JItP
cal
JMP
cal
JMP
cal
JMP
J5T
FZRG Z AR
STA
JHMP
FONE LAP
JHP
FTVa L AP
JMP
FTHRE LAP

FPLBT
0

15
NREUW
1BC
1B

#CRLF
* I ER
LV
FZRG
I'll
FENE
ror
FTUG
T
FTHRE
LI
FFGUR
|5'
FFIVE
'6'
FSIX
T
FSEVE
g
FEIGH
19|
FNINE
'A—I
FTEN
rQe
FELE
o
FTWVE
tpt
FTHAD
IEI
FFRTN
tEr
FFUTN
lGl
FSXTN
% ERR

CaLL
Fagpl
1
FSTO

2

F5TY
3
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0054
0055
0056
0057
0053
0059
0060
0061
o062
0063
0064
0065
0066
0067
0065
0069
0070
0071
0072
0073
0074
0075
0076
0077
0078
0079
00% 0
003 1
008 2
008 3
008 4
008 5
008 6
008 7
0088
0089
009 0
009 1
009 2
009 3
009 4
0095
009 6
0097
0098
0099
-0100
0101
0102
0103
0104
0l 05
gloé

0033
0034
0035
0036
0037

0038

0039

003Aa
Q03B
003C
Q03D
003E
OO3F
0040
004t

o042
0043
0044
0045
0046
0047
0048

0049
0044
oo4B
QG4C
004D
O04E
004F
0050
0051

0052
00353
0054
0055
00586
0057
0058

0059

005Aa
005B
005C
005D
005E
005F
0060
Qoel

0062
0063
0064
0065
0066
0067

F2la
Ce04
Fa218

C605
F2l6
C606
F2la
C607
rale
Ce03

F210
ce09

F20E
Cela
F20C
CelB
F20a
C60C
F208

Cs0D
Fz206
C&0E
F204
CeCF
raoz
C610
Fz200
9ATA
0310
9ATS

B26D
DATT
F201
F202
8A75
re04
9A67
B270
2101
rat4a
B26C
0150
9A63
F203
C7TFF
0150
QASF
B25C
9A5E
B35D
SASE
DASB
B35A

FFBUR
FFIVE
FSIX
FSEVE
FEIGH
FNINE
FTEN
Fi. o
FTWVE
FTHD
FFRTN
FFVTN
FSXTN

FSTB

FRONG

FggPl

LagP2

JMP
LaP
JMP
L AP
JMP
LAP
JMP
L AP
JMP
L AP
JMP
L AP
JHP
L AP
JMP
LAP
JMP
LAP
JMP
L AP
JMP
L AP
JMP
LAP
JMP
LAP
JMP
STA
NAR
STA
LDA
IMS
JMP
JMP
ADD
JMP
STa
L DA
Jaz
JMP
LDA
IAR
5TaA
JMP
L At
IAR
STA
LpAa
STh
L DA
STA
IMS
L DA

FST3
F5T@
FSTO
F5T@
FST@
FSTo

FsTad
10
FSTO
11
F5T8@
i2
FST
13
FSTH
14
F5T@
15
F5TY
16
FS5TO
CALL

FRGBW
IB
FRGW
5+ 2
3+ 3
H255
FRENG
1B
CALL

<3+ 2

$+5
ZCT

CNT
$+ 4
255

CNT
iB
I1PBi
*IPBI
M AX
IPB1

"% 1PBI
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0107
0108
0109
0110
0111
o112
0113
0li4
0115
0116
0117
0118
0119
0120
0121
olez
0123
0124
0125
0126
0127
0128
0129
0130
0131
0132
0133
0134
0135
0136
0137
0138
0139

0140
0141
0142
0143
0144
0145
0146
0147
0148
0149
0150
0151
o152
0153
0154
0155
0156
0157
0158
0159

0Ces
0069
0064
0C6B
0060
Q06D
006E
006F
0070
D071
o072
0073
0074
0075
0076
0077
0078
0079
0074
0078
007C
007D
007E
007F
0080
0Cs 1
062 2
008 3
008 4
0085
0086
0037
00388
0089
0034
005 B
008 C
003D
0OBE
008 F
0090
0091
cog 2
0093
0094
0095
0096
0097
0098
0099
o094
009 B
009 C

D25B
¥201
9ASY
DASS
F606
Q350
9A56
SA56
B256
D252
rzoz
Feoc
F20B
B24E
0108
9 24F
o1e8
3ic2
EaqA
1200
1188
3201
gleg
EA4LE
rB53
FB5S4
CekDh
FB54
00CD
C6Aa0
FBS50D
B23D
FB4C
Co01
9Aa4]
FBaA
FB45
B23E
FB43
C7rF
9ABF
B22D
Sa30
FB4z2
B32E
FB3F
CeAl
FB3F
C6BO
FB3D
B323
2198a
0108

LBEP

L@gP1

s
JIIP
5TA
I s
JHP
ARF
STA
STa
LDa
Cis
JMP
JHP
JMP
LDAa
ZXR
suUB
IXR
J AG
5TX
RGV
RRAX
JOR
IXR
STX
J ST
J ST
LAP
J 5T
DATA
LAP
J ST
LDAa
J 8T
LAaP
STa
J ST
J ST
LDAa
J ST
L AM
STA
LDA
5Ta
J ST
LDa
JST
LaP
J ST
LaP
JST
L DA
J AL
ZXR

MAX
5+2
M A
CNT
L@gP2

SCALE
RGUND
H50
MAax
$+3
LBGBP
LGgP
M ax

H50

§=2
SCALE

1
3+2

RGEUND
*CRLF
*«CRLF
t ¥
FOTL
SF

1
£GTT
SCALE
*BEDEC
1
RENG
*CRLF
#CRLF
RENG
k@ TT
255

N COL
1B
I1PB2
# CRLF
*x1PB2
#*FDEC
T L
£GTT
|0'
EGTT
*IPB2
CLOSE

18
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0160
0161
0162
0163
0164
0165
0166
0167
0168
0169
0170
0171
0172
0173
0174
0175
0176
c177
0178
0179
0180
018 1
0182
0183
018 4
0185
0186
0187
0188
0189
0190
0191
0192
0193
0194
0195
0196
0197
0198
0199
0200
0201
0202
0203
0204
0205
0206
02,07
0208

009D
009 E
009 F
00AQ
00al
0oag
0043
00A4
0045
00A6
coaT7
00AS
00AS
00aA
00AB
00AC
00AD
O0AE
004aF
GOoBO
00Rl1
00B2
O0EZ3
00B4
00B5
00B6
00B7
COB8
00E%
00BA
00EB
GOBC
00BD
O0BE
0O0BF
0oco
00C1
coc2
00C3
00Ca
00C5
00C6
0oCc7
00oC38
00Ce
00CA
00CB
00CC
00CDh
00CE
00CF
0oDo
coDl

o227
0128
31¢c2
8AZ24
00A8
D223
raoz2
0000
0128
0030
2186
Ceaa
0508
EAlG
FBE2E
DAl 4
Feo2
DAl4
0000
DAOF
F6lE
FB23
B21l5
2101
Faoe
C6FF
ZA07
9406
bal2
DADS3
reesg
FEI19
F7BD
06000
0000
0000
0000
0000
nlelele;
0000
0000
0000
0032
Fl0F
0000
0000
00F¥F
o000
D3C3
CiCC
C5A0
CeCl
C3D4

CLgSE

7S

NR&W
IB

N CGL
CcuT
1PBI
1PB2
MAx
SCALE
RGUND
H50
ZzCT
CALL
FRBW
H255
RGNS
ST

5UB
IXR
JAG
ADD
DR
c15s
JIHP
NGP
IXR
TXA
J AL
L AP
NXR
STX
J ST
IMs
JHMP
IMS
N@P
IMNS
JIIP
J5T
LbAa
J Az
JMP
LaP
ADD
STa
M5
IMS
JMP
J ST
RTN
baTa
DATA
DATA
DATA
DATA
DATA
DATA
DaATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
TEXT

SCALE

5-2
SCALE

ROUND
5+ 3

CLEGSE
l'*l'
CNT
*@BTT
CNT
$-2
IPB2

N CEL
LOBPI
*CRL F
CaLL
5+ 2
FSH
255
IB

IB
ROING
NRAV
LEgP1
% CRL F
FPLGT

UoOoOCOOoOOOoCCOO0

ool
wWo
s
8]
wn

255
0
'SCALE FACT@R="
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0209
0210
0211l
o2iz
0213
0214
0215
ozle
0000

00Db2
00D3
00Dy
ooDs
00Dho6
00D7
00D3

00D9

00DA

ERRORS

CFD2
BDAO

IBC
@DEC
CRLF
8TT
#TL
IER
ERR

REY
REF
RLF
REF
REF
REF
REF
IND
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0001
Qoo2
0003
0004
0005
0006
co07
0008
co0%9

0010
oolil
pole
0013
0014

0015
00.lé

0017
0018

0ole
0020

0021
poze2

0023
ooz4

0025

0026
ooz7

0023

0029
0030
0031
0032
0033
0034
0035
0036
0037
0038
0039
0040
0041
0042

0000
0000
0001
ooo2

Q003
0004
0005
0006
0007

0008
0009

000a
000B

000C
0QoD

000E
000F

0010
0011

ooiz

0013
Gola

0015

0016
0017
o018
o0l9
001a
0otB
001C
00LlD
00lE
001lF
0020
0021

ooz2
0023

08 00
C70F
2900
0112
49C4a
F601l
4007
Qlio
9900
0113
Ce0!
9900
0lle
3106
BIODQ
0ize
8900
0133
2200
0lla
0lio
9900
0117
F25F
BioO
0133
9900
0114
0103
F9 00
8133
FS 00
8134
COBO

Fazl

coB!
Fezz2
coB2
rea2z2
coB3
razez
COB4
Fa222
COoBS
Faz22
COBé
rFaz2

CRT

DI 5P

N A
N A
N AM
EXTR
TR
REH.
ENT
L AN
STA

SEN
JHP
SEL
Z AR
S5TAa

L&aP
5TA

J AN
L DA

ADD
5Ta

Z AR
STa

JMP
LDA

5TA

ZX
JST

JST

Cal
JMP
CAl
JLP
cal
JIp
cal
JMP
Cal
JMP
CAl
JMP
cal
JMP

CRT
DI SP
DI SD
RTDA
RTTR
0

IS
NRGY

24, 4
G=1
24, 7

BFFSET

TR1

S+ 7
AD1G

IBC

IB

CALL

MAMI
IBC

IB

#*CRLF
+IER

Qv
ZERD
Tty
gNE
Tor
Two
LR
THREE
LA -
FgUR
TG
FIVE
JdatrT
81X
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0043
0044
0045
0046
0047
0048
0049
0050
0051
0o52
0053
0054
0055
0056
0057
0038
005%
0060
00e1
0062
0063
0064
0065
Qo066
0067
0068
0069
0070
0071
0072
0073
0074
0075
0076
0077
0078
0079
0080
003 1
003 2
003 3
008 4
003 5
00s 6
0C8 7
0088
0089
0090
0G9 1
ooe2
009 3
0Cc94
0025

0024
0o2s
0026
o027
00e8

0029

00zA
002B
002C
002D
002E
002F
0030
0031

0032
0c33
0034
0035
0036
0037
00338

0039

003a
003B
003C
003D
003E
QO3F
0040
0041

0042
0043
0044
0045
0Caé
0Ca7
0Ca8

0049

0044
0043
004cC
004D
0Cak
0oaF
0050
0051

ges2
0053
0054
0055
00Ss6
00357
0058

coBY7
raaz
coB3

rFeaz
coBo

Faa2
CocCl

F222
cocz
Faz2
COC3
ra222
Coca
raaz
COC5
raza
COoCso
F222
C0GC7
Faaz
FBFC
0110
9ADC
F22E
Ce0l

Faez
cel2
Fa2z20
C603
F21iE
C604
Fa21¢
C605
F2zla
Ce06
Fais8

C607
F2lé
Cel03

F2lsg
C609

Felz
Ce0a
F210
Ce60B
FeOE
Ce0c
F20C
Ce0D
Fa20a
C60E
F208

C60F

Z ERf#

N E
TWe
THREE
FBUR
FIVE
SIX
SEVEN
EIGHT
NINE
TEN
ELE
TWVE
THD
FRTN

FUTN

Cal
JIUIP
Cal
JidP
CAl
JMP
CAl

JMP

cal
JMP
CAI
JMP
cal
JIMP
CAl
JMP
Cal
JMP
CAI
JMP
J ST
Z AR
5Ta
JMP
L.AP
JMP
L AP
JUP
LaP
JHMP
LAP
JMP
LAP
JIiP
Lap
JMP
Lap
JMP
L AP
JMP
LAP
JMP
Lap
JriP
LAP
JMP
LAP
JMP
1.AP
JMP
LAP
JMP
LaP

|7|
SEUVEN
!8!
EIGHT
lgl
NINE
lAl
TN
IB!
BLE
ICI
TUVE
TD"
THD
IEI
FRTH
IF'
FUTN
YGY
ST
= ERR

CaLL
L@@Pl
1
STURE
2
STGRE
3
STEGRE
4
STEGRE
5
STBGRE
6
STBRE
7
ST@GRE
g
STGRE
9
STGRE
10
STGRE
11
STORE
12 -
STBRE
13
STBRE
14

- STARE

15

S
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009 6
o097
0098
0099
0100
0lo1l
D102
0103
D104
0105
0106
0107
0108
0109
olio
0111
0i12
0113
0lia
pils
0115
0117
0118
o0ii9o
0120
plal
gizz
0123
Ola4
gi2s
0l26
0127
0128
0129
Q130
0131
plgae
0133
0134
0i3s
0136
0137
0138
0139
0i40
Olatl
0142
0143
olq4
0145
0las
0147
0148

0059
0054
005B
005C
005D
005E
005F
0060
00561
0062
0063
0064
Q065
0066
0067
0068
0069
00sa
OC06B
00sC
006D
Q0&E
0o06F
0070
0071
0072
0073
0074
0075
0076
0077
0078
0079
0074
007B
007¢C
007D
007E
007F
0080
0081
o082
0083
008 4
0085
0086

008 7-

0088
0089
0084
008B
008 C
008D

F206
C610
F204
0108
EABS
E2D4
EAB4
QARG
0310
9 ARS
B2BO
DAB3
F201
Feo2
& ABB
F604
S AAA
B2AC
2101
F203
B2AC
9AAC
F202
C7FF
9 8489
B2al
9445
o110
9 AAS
9-AA8
R344
D246
F202
9aAL
F203
D2al
9440
0000
DA9 G
DA9 A
F60a
0350
9A9C
9A9C
B299
9297
9.49-7
B28D
2106
B2% G
2101
F203
B29 4

DI SD

STARE

REVING

LBIP]

MXMI

Lggp2

JHMP
Lap
JHP
ZXR
5TX
LK
STH
STA
NAR
STA
L DA
IMS
JMP
JMP
ADD
JHMP
STA
L DA
J A7
JMP
L DA
5TA
JUP
L At
STA
LDA
5TA
ZAR
STa
5Ta
LDA
oM S
JiiP
STA
JMP
CliS
STA
NGP
IMS
I14S
JMP
ARP
5TA
5TA
L DA
SUB
STAa
LDA
JAZ
LDA
JAZ
JiP
LDA

STBHRE
16
STEBRE

TR1
IBC
1B
CaLL

ROWVA
IB
REWvA
$+2
5+ 3
H2355
REWNG
1B
CaLl
s+ 2
5+ 4
zCT
CNT
3+ 3
255
CNT
IE
1BP1

MIN
Max
#*I1BP!
MEX T
$+ 3
MAX
5+ 4
MIN
MIN

IBPI
CNT
LaEP2

SCALE
REUND
Max
MIN

TAax

TR1
S5€A
CaLL

$+2

S+ 4
H%OO
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0149
0150
0151
0152
0153
0154
0155
0156
0157
0158
0159
G160
O0ls1
0le2
0163
0lés
0165
0166
ole7
0168
0169
0170
0171
ol72
0173
0174
0175
0176
0177
0178
0179
0180
0ig 1}
0182
0183
013 4
0185
0186
0187
0188
0189
0190
0191
Dige
0193
0194
0198
0ios6
ore7
0198
0199
0200
0201

0CBE
ces ¥
0020
0091
ooe 2
0093
009 4
0095
0096
009 7
0098
0099
009 A
008 B
009C
Qoe D
Q09 E
009 F
00Aa0
00Al
00a2
00A3
0044
(0107235
GoAab
00Aa7
0048
0049
00AaA
00AB
oeac
00AD
O0AE
00AF
00RO
00B1
coB2
0083
00B4
0085
00B6
00B7
00B8
00EB9
00BA
00BB
D0BC
00BD
OOBE
GOBF
00COo
00C1
goce

9A98
F202
B2% 3
2AG5
B29 4
D26 B
Fapz
Feoc
F20B
B23 7
0108
28D
0128
31¢2
E£8 3
1260
11838
3201
0128
EATF
B273
2108
FB9 3
FE92
CEeBD
FBSF
0i2C
Cea0
FEEB
B274
FBEC
FB3 A
FB39
B26E
0310
0108
926D
0128
31c2
8A6A
0048
D269
Feo2
0000
0128
EA6C
BE26B
9 AGE
C7FF
9AS%
3253
FASEB

5Ca

LBEP

MI

LBEP4

5TA
JMP
L DA
s5TA
LDbA
oS
JMP
JMP
JMP
LbA
ZXR
5UB
IXR
J AG
STX
RGOV
RREX
JBR
IXR
STX
Lba
J A7
J ST
J ST
LAP
J ST
DATA
LaP
J ST
LDA
J ST
J ST
J ST
LDAa
NAR
ZaR
5UB
IXR
J AG
ADD
DXR
C1s
JUP
NGP
IXR
STA
Lba
STA
L a1
STa
LDA
sSTA

B250 L@EP3 LDA

TETDET
S5+ 3
H200
TETDBT
TOTDET
MAaX
$+ 3
LpaP
LEGP

i ax

T@TDAT

5-2
SCALE

i
5+ 2

ROBUND
TRl
M1

% CRLF
#*CRLF
t—t
&G TL
SF

4 ]
HOTT
SCALE
2T DEC
#CRLF
#*CRLF
MIN

SCALE

5-2
SCALE

REUND
$+3

l
t

bl

255
N CalL,
1B

“LIBP2

BFFSET
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pzo2
0203
0204
0205
0206
0207
0208
0209
0210
0211
gziz2
0213
0214
0215
0216
0217
0218
c219
0220
0221
o222
0223
0224
0225
02286
0227
0228
0229
0230
0231
p238e
0233
0234
0235
0236
0237
0233
0239
0240
024l
oz42
0243
0244
0245
0246
0247
0243

0249 -

0250
0251
0252
0253
0254

00C3
COoCa
00¢CsS
00Cé
0oc7
0ocs

00Co

00Cca
0oCcB
0occeC
00CD
00CE
00CF
0oDOo
00Dl

ooD2
00D3
00Da
Q0oDS
00D&
00D7
00D8

QoD?

00bA
CODB
0oDE
00bD
00Dz
GODF
O0ED
OOET
00E2
0CE3
00E4
00ES
00E6
00E7
00L8

00E9

DOEA
COEB
00EC
COED
O0EE
OOEF
0OF0
00r1l

00F2
OC0F3
O0F4
Q0F5
OO0F6
00F7

8AGS
9A66
B357
1200
1150
2207
11DO0
0108
9254
0128
3lcz
8AS1
F206
1400
11D0
0108
8 A4C
0045
20062
9249
0048
D248
F202
0000
0128
0030
944C
E24C
49Ca
F601
49C2
F601
6EC2
8231
2108
B230
2101
F205
B240
8840
0043
6EC2
F20B
B23B
2109
3184
0043
0150
9A36
F615
0123
00DO
9432

NEG

DgT

PGS

ADD
STA
LDA
RBV
AL A
JBs
RRA
ZXR
SUB
IXR
JAG
ADD
JP
SBvV
RRA
ZX

ADD
KR
J Al
SuB
KR
CMs
JHP
NgP
IXR
XA
STA
L BX
SEN
JHP
SEN
JMP
T
Lba
Jd AZ
LbA
J AZ
JHP
Lba
ADD
TAX
gTX
JMP
L DA
J A7
JAG
O{R
TAR
STa
JUIP
IXR
DAR
sSTa

X
T@TEFF
xIBP2

1
N EG
1

SCALE
5_
SCALE
5+ 7

sg_m‘LE
5-2
SCALE

ROUND
$+3

DETNG
TBTGFF
24, 4
S-1
24, 2

S 1
2452
TR1
$+9
CaLL
5+ 2
5+ 6

DB TNG
TOTGFF

24, 2
DANE
D TN G
DENE
PBS

DB TNG
D3T

DITNG
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0255
0256
0257
0258
0259
0260
0261
0262
0263
0264
0265
0266

0267

0268
0269
0270
0271
tz72
0273
0274
0275
0276
0277
0278
0279
0280

023 1
o232
0283
028 4
0255
0288
0237
0238
0289
0250
0291
0292
0293
ca9 4
0285
029 6
0297
0298
0299
0300
0301
0302
0303
0304

0OF8
0CF9
00FA
O0FB
QOFC
00FD
00FE
OGFF
0100
glol
pioz
0lo3

0104

0105
0106
0107
0l1C3
0109
0i0a
0loB
010C
0i0D
010E
CloF
0110
0111

o1i1a
0113
0l1a
0115
0lis
0117
0118
olle
0lla
0liB
01l1cC
0llD
0OilE
OllIF
olzo
olztl
plez
0l23
cie4
0125
0iz2é
0127
0128
0129

F619
B22F
8A2A
942D
DA20
DA1B
F63C
B216
3104
B215
2101
Floo
0000
Fl00
0000
B211
2101
Fa2eos
Cs0Aa
8409
9A08
Bz217
8A07
9A06
BAaO3
F653
FB27
Fl00
g 000
0000
0000
0000
G000
0000
0000
0000
0000
FIOE
0000
0000
0000
0000
0000
0000
0000
0064
O0FF
oocs
0100
CEF1
0000
0000
0000

DBN E

FIN

NREW
gFFSET
IB
i1sQ
TRI
calL
REWVA
N CBL
ZCT
CNT
IBPI
IBP2
MIN
rax
SCALE
RAUND
HI100
H255
H200
Hesé
ADlé
TETDAT
x

.

JMP
LDa
ADD
STA
IMS
ins
JHP
Lba
J AN
LpA
J Az
JMP

JIIP

LDA
JAZ
JHP
LaP
ADD
S5Ta
LDA
ADD
sTa
IMS
JMP
J 5T
RTN

DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DAaTA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA

GE I8
RIGINAL P4
%m‘POOR QUALITY:

DgT
X
H256
A
1BP2
N CBL
LGB3F3
TR1
$+5
CALL
S+ 2
RTDA

RTTR

CALL
$+2
FIN

10
gFFSET
@FFSET
H255
iB

IB
NROV
LBBF4
#CRLF
CRT

3826

covCoooot'ocoOoOOODOOO

D o=
[ 62 0 i)
|2 )

200
256"
3825
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0305
0306
0307

0308
0309
0310
0311
03l2
0313
0314
0315
0000

Glaa
0l2B
olac
oiz2p
0-12E
olizF
0130
0131
0132
0133
0134
0135
0136
0137
0133
0139

ERRBRS

0000
0000
D3C3
Cicc
Cc5A0
Cecl
C3D4
CFD2
BDAO

DETNG
TOTBFF
SF

IBC
1ER
ERR
BTT
8TL
CRLF
BDEC

DATA
DATA
TEXT

REF
REF
REF
REF
REF
REF
REF
END

0
0
*SCALE FACTGR="'
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PAGE

0001
oooz
0003
0004
00065
0006
0007
0008
0009
0010
0011
pola
0013
00l4
0015
0016
0017
0018
0cle
0020
o021l
Qoze
0023
0024
0025
0c26
0027
0028
0029
0030
0031
0032
0000

0001

0000
0000
0001

ooo2
0003
0004
0005
0006
Q007

00038

0009

(010707
000EB
000C
000D
000E
000F
0010
0011

ooi2
0013
0014
0015
gote
0017
ocils

goie

00la
00lB
001G

ERRORS

0001
6001
0001
0001
FFF¥
000!
FFFF
0001
0001
FFFY
FFFF
0001
FYFF
FFFYF
FFFF
0001
o000l
ocol
0001
FFFF
0001
FFFF
00G!t
0001
FFFF
FFFF
0G01
FFFF
FFFF

MASKO

N AY

REL

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
DATA
DATA
DATA
DATA
END

MASKO
0

‘I'H 3. l'o—-l-q 1 — I-n—o—-g_.;--
— — —

|
[ ol S

T oam f0 boes = b | JPUVAR O |
. e p— et " - —
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0oo1
0on2 000D
Dpon3  0H0D
0204

DDO0 ERRURS

0092

IBC

NaM
REL
DATA
END
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Io
20
25
26
30
40
50
60
70
75
g0
85
g0
95
166
105
110
115
120
125
130
140
150
160
170
130
200
210
220
230
240
250
260
276
250
290
300
310
320
330

APPENDIX D ORIGIN
ODIGINAL, PAGE g3

DEF FNRC(XD)=INTCI0D%X+06.5)/100

DIM B(E55),F(255).X(255%)

PRINT "SFLCTRUM CZRRECTED FBR NEGETIVE DIP™
PRINT

PRINT

CALL (200

CaLL (5,0C0y, 256,27

LET FCO)y=3(0

FPR N=1 T@g 255

LET I1l=N-1

IF 110 THEN E5

LET 1I1=255

LET I28=N+1

IF I2<256 THEN 100

LET 12=12-£255

LET I3&EnN+24

IF 13<256 THEY [1iS

LET 13=]13-255

LET 14=W+25

IF I4<256 THEN 130

LET la=I4~255

LET C=(0(I3+0C14)-BCI1)-AC¢123>)/20
LET F(NX»=B(NX+C

WNEXT N

FRINT "Ar 1 F@R DISFLAY, 2 F@GR GRAPH., 3 FBR TAPE™
PRIWNT "B: 0O FBR ERIGINAL, ! FZR FlnaL"
PRINT

PRINT va=";

INPUT a

PRINT "B="'"

INPUT B

PRINT "“RESGLUTIEN D='73

INPUT D

PRINT "INITIAL WAVE LENGTH LO='
INPUT LO

PRINT

PRINT

I¥ &3 THEN 730

 LET 2=0

LET M=1E10
FBR N=1 T8 255
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350
360
370
400
alo
4290
430
440
450
460
470
450
420
500
510
520
530
540
550
560
570
530
590
600
620
630
635
636
640
650
660
670
715
730
740
750
760
770
B0
790
800

IF B=1 TdEN 400

LET X(4I=3(N>

GaTe 410

LET X(H)=FN)

IF X¢(N)>=,1 THEN 430
LET M=X(N)

IF X(WNiX<=Z THEN 450
LET Z=X(N)

NEXT N

1F it>=0 THEN 510

LET S0=255/(2-M1

LET S1=48/¢(Z-M)

LET YO=-M%S

GBTE 540

LET 50=255/2

LET Sl=48/2

LET YO0=0

PRINT "M&{='3Z;"4IN=":5u1
IF A=2 THEN 630

PRINT "SCALE F&CT@R='; SO
FBR N=1 T@ 255

LET E=INTCS50%X(N)+0.5)
CaLL (3:0,YGs 2, E)
NEXT N

G8TE 1560

PRINT "SCALE FACT@R="; &l
PRINT

PRINT

FBR N=1 T® 255

LET E=SINT(S1xX N+ 0. 5)
LET L=LO0+(N-1)%D
PRINT FNRC(L);TAB(EYI X
NEXT N

IF B=0 THEN 760

IF Bl TAIN 780

GBTs 200

CALL (6. 30, 256, 2)
GaTa 790

CALL(6,F(0)> 256, 2)
CaLL (6, 0,0, 3

STGP
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