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I_ _ This report is concernsb with the hi&-diepereio~‘epectr+L chkacterieticr of t&o devices 

- _ iid& at Operation Ivy and the comperieon of therm duacterietice with thoee of other nuckrr 
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All the work reported here we8 4one et the request of the Los Alamoo Scienuiic Leborabry- 
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A. Curcio, who, with Loui F. Drummeter, wee a@!3 reepoeeible for.the original ideetificatiors 
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The obeervatlon~ and the preliminary date reduction at Tumbler-Snapper aad Ivy were . I 
made by Carl A. Beck aad John H. Campbell, 
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CHAPTER 1 

INTRODUCTION 

1.1 OBJECTIVE 

The primary object of this report is to present the results of measurements of high- 
resolution spectra photographed for the Mike and King shots at Operation Ivy and to compare 
these results with similar data from previ,ous operations. 

1.2 BACKGROUND 

Optical spectra at dispersions ranging from 2.5 A/mm to 8.3 A/mm have been photo- t 
graphed for most of the explosions at Operations Greenhouae, Buster-Jangle, Tumbler-Snapper, 
and Ivy. The wavelength region covered is from about 3000 A, where the rpectrum ie cut off by 
some absorbing process, to an indrumental limit near 7800 A. The spectrograms vary in ex- 
posure time and wavelength coverage. They also vary in the time during the life of the fireball 
at which the exporure wan made. Table 1.1 giver information pertinent to the shots discussed 
in this report. It includes for each rhot the yield of the weapon in kilotons of TNT, the spectral 
region photographed, the spectral region measured, the time limits of the exposure, and the 
prominent atoms and molecules observed in the spectra. 

Ln most of the spectra considered here, the exposure at a particular wavelength is the re- 
sult of the integration of light on a photographic plate over a relatively long period of Ume and 
from a wide region of space. The degree of rpace and of time integration is determined by the 
exposure technique med. 

The bomb spectra which have been photographed always show a continuous background, as 
in the case of the photosphere of the sun. This serves as a background for absorption spectra 
due to excitation of certain atoms and molecules near the surface of the fireball. In some 
cases the emission spectra of certain atom8 and molecules have been obtained. 

Thlr report includes a table of the wavelengths and the estimated strengths of the lines 
and banda obrerved between 3000 and 5000 A on some of the spectrographic plates obtained at 
Greenhouse, Buster-Jangle, Tumbler-Snapper, and Ivy (eee Appendix A). 

Most of the measured wavelengths have been identified as to the atomic or molecular 
agents responsible. The intensity ertimates are included because intensities can give indica- 
tions of the amount of an agent present and the degree of its excitation. 

1.3 THEORY 

In general, an electronic molecular spectrum can be either of a broad continuour nature 
or have structure, i.e., consist of sharp rotational lines, or bandr which may or may not show 
a resolved rotational rtructure. A spectrum which inherently consists of sharp separated 

. 11 



Table l.l-COMPILATION OF DATA ON THE COMPARED SHOTS 

Shot 

Spectral Spectral Prominent 
Yield, Exposure region region components Iron Burst 

ki time photographed, A meaeured. A* obaerved appearance location 

Greenhouse 
Dog 

Buster-Jangle 
Charlie 

Baker 
Tumbler-Snapper 

2 
3 

7 

ivy 
Mike 

King 

Total ’ 

14.0 O-20 
maec 

3.49 Total 

1.17 Total 
30.7 Total 

19.2 0.6-5 
WC 

14.6 o- 100 
ssec 

10.000 Total 

540 Total 4000-1600 

1.0-1.1 

set 
let max. 

3000 - 5000 

3000 - 5000 

3000- 5000 

3000 - 5000 
3000 - 5000 

4000 - 6000 

3000- 5000 

3000-7100 

3000 - 5000 

4300- 6000 

4350-4950 

3200- 3950 

3000 - 5000 

3200- 5100 
3150- 4670 

4000- 5000 

3000 - 5000 

4000-4500 

3950- 4020 
4060-4700 
4900-5100 
3260-4410 
4900- 5000 
4330-4960 

Ba. 02, Nj 

N4, BN4.4 

Bn, Al, Al0 

Ba, Al. Al% 
Ba. Al. AlO( Nj, 4.0 

Batem). Al. AlOtem). Ni (em). 4 

N$. BN4. Ni. 4 

0, N. N4.0, 
Nj (drfficutt region to See) 

0. N, NC+, N2.02 

Absorption above Tower 
4200 A 

‘ 
Not present Air 

Prominent abeorptlon Air 

Prominent absorption Atr 
Emisatoo above 

4000 A 
Emission Air 

Not present Tower 

Not observed Surface 

Not observed 

Not observed 

Air 
. 

Not observed 

l Please note the spectral regions measured so that, in the use of the table III Appendtx A, a blank region ~111 not be mrsconstrued. h some regtona 
it is difficult to decide between absorption and cmrssion. 



liner will appear as such if the spectrograph is of sufficiently high resolving mr. sometimes 
rOWiOIUi lines are so close together that they are not inherently resolved hecam ai w ffiritb 
width of the individual lines involved. As is well known, line broadening csn bs attribntsd not 
only to the nature of the molecule but also to external causes such as tsmpsrature, pressure, 
and externgl electric or magnetic fields. 

tJr of a spectrsl line depends on both the population of the initial energy level .- 
the optical transition and on the transition probability. This holds for emission 

absorptifin. 
an, the initial state being of higher energy in emission and of lower enerw in 

In an ideal case, two intensity distributions can be obtained from molecular spectra--t 
of the intensities of the rotational lines in a v-v, or vibration band, and that of sums of these 
rotational line intensities taken for many v-v transitions. The first would give an effective 
rotational temperature and the second an effective vibrational temperahare. These tempera- 
tures have little meaning if equilibrium conditions do not exist. They also lose significance if 
the intensities or the sums of intensities represent averages taken over too much time or spsce. 
This is the situation in nearly all the experiments described in the present report. Conse- 
quently, intensity distributions are given which cannot always be interpreted in terms of tem- 
perature. l 

However, by using intensity distributions of certain oxygen band sys~ms, approximate 
values of the rotational temperatures were calculated for three of the shots in two ways: 

1. In a particular band, the line of maximum intensity was found, and the corresponding 
totsl angular momentum of the initial quantum state (J value) was noted; An approximate 
theoretical expression for line intensity in terms of J and T (temperature) was msximized so 
that by substitution of the J value of the line of maximum intensity the value of T wss four& 

2. Temperatures of the same shots were calculated also from the slops of the graph of 
log, [I/MJ + I)] vs the rotation energy E, where I is the intensity of the line, (W + 1) is the 
degeneracy factor, and E is the rotational energy appropriate to the value of J of the initial or 
lower level in absorption. The slope of this graph is l&T, where E is t&e Boltzmaan factor 
and T is the temperature. 

Spectra at high dispersion are not well suited for measurements of ths frequency dlstribu- 
tion of a continuous spectrum; hence such distributions are outside the scope of this report. 
The transmission of the atmosphere is not considered in this report since it does not affect 
the relative strength of absorption lines or bands, nor does it affect appreciably the relative 
strengths of observed emission lines. 

13 



CHAPTER 2 

EXPERIMENTAL PROCEDURE . 

. 

2.1 RECORDING OF SPECTRA . 

The shots at Greenhouse, Buster-Jangle, and Tumbler-Snapper, as well as the King shot 
(1.0 to 1.1 set exposure) at Ivy, were studied with a Baird a-meter, concave grating spectro- 
graph. The first-order spectrum, at a dispersion of 8.3 A/mm, was photographed in each case 
in the 3000 to 5000 A wavelength region. The slit width was always 0.030 mm, and the average 
aperture of the spectrograph was f/24, which in most cases included a large enough solid angle 
of space to see all of the fireball. 

A Jarrell-Aah, al-ft Wadsworth-mount, grating spectrograph was used for the Mike and 
King shots at Operation Ivy. This instrument had two gratings, one directly above the other, 

t 

each having 15,000 lines/m. The grating in the upper deck illuminated one set of plates and 
was used in the first order to cover wavelengths from about 4000 to 7000 A with a dispersion 
of 5 A/mm. The second-order spectrum was photographed in the lower deck on a second set of 
plates so as to cover the 3000 to 4200 A region at a dispersion of 2.5 A/mm. Eastman II-O 
spectroscopic plates were used for the second order, and Eastman II-F and I-N plates were 
used in the first order. Each deck of the spectrograph had an average aperture of about f/40 

and wan pointed somewhat above shot center in order to include as much of the fireball as 
possible. 

No lens or mirror was used between the slit and the bomb in any of the described cases 
except in Tumbler-Snapper 8 and 7 and with the Baird spectrograph at King shot. Step wedges 
were used in all cases except Tumbler-Snapper 6 and 7 in order to obtain proper exposure. 
These were not always the proper ones to obtain a good plate characteristic curve; therefore 
an approximate H and D curve was used. This seemed justifiable for comparison of intensltles 
between different plates and also on the same plate. 

2.2 REDUCTION OF DATA 

A Mann comparator was used for measuring wavelengths, and two sets of readings were 
made on each plate. The wavelength determinations were accurate to about 0.1 A except in the 
cases of the Mike and the King plates, where a shift of the iron comparison spectrum occurred, 
and the case of Tumbler-Snapper 7, where the iron calibration lines did not touch the absorp- 
tion spectrum. In these cases the accuracy was about 0.2 A. Density traces were taken on a 
JACO recording microphotometer using a slit width of 0.015 mm. This was narrow enough to 
record all the structure observable on the plates. 

The total strength of any spectral line in emission is directly related to the area under the 
curve In a plot of intensity vs frequency. In absorption the strength, or intensity, is given by 
measuring the area under the whole absorption peak, provided the optical density due to the 



absorbing atom or molecule is plotted again& frequency. The absorption intinritier in the 
individual hbler were obtained by taking heighte off the microphotometer curve record& on 
logarithmic paper and correcting these heighte with a photographic charocterirttc curve to 
give very approximate value8 of the optical density aaeociated with the absorbing material. 
Thew valuer Can be used as an indication of the distribution of intensitier in a band. The 
aridth and height of the microphotometer s!it was kept the same for all tracee. I 

15 



CRAPTER 3 

RESULTS s . 
Wavelength measurements and microphotometer traces have been made for certain se- 

lected spectral regions rhown in column 5 of Table 1.1. It was not considered necessary for 
this report to measure the rpectra of aH rhots Ilready taken up to Ivy.- For example, 

are almoet exact duplicates, as are Tumbler-Snapper 1 
and 3. _iagreer well wlth Tumbler-Snapper 2 below 4000 A except that it doer 
not have as etrong Schumann-Runge ban& of oxygen there. 

The regions studied for the various plates 110, ln general, between 3000 and 5000 A. Mear- 
urements were not extended above 5000 A because of the great agreement between absorption 
rtructure observed there and the absorption spectrum of the atmorphere. An abeorption con- 
tinuum, porrlbly due to ozone, blotted out the spectrum below about 3000 A. t 

The bulk of the line and band structure appears lnabrorptlon (hence nearly ail mearure- 
ments concern abrorptlon), but emission 18 also present ln some cases. For example, the 
structure of the Tumbler-Snapper 4 spectrum at ltr long-wavelength end is llmost completely 
in emlrslon. Sometimea it was difficult to distinguish between emission and absorption since 
both seemed to exist side by side on the plate. 

Many wavelengths have been identified, and the materials contrlbutlng prominently to the 
observed structure are listed for the various shotr in column 6 of Table 1.1. The main con- 
tribution comes from the Schumann-Runge system of oxygen; other more or leer prominent 
molecules observed were NO*, HNO2, OH, and I$. Spectral llner of several atoms were found, 
iron being the one found most often. Its presence is attributed to the caring of the bomb or to 
tower materials and is not held to be of first importance ln thlr report. However, column 7 of 
Table I.1 gives an indication of the appearance of iron in the spectra for various shots. For 
example, iron lines are quite prominent in Buster Baker and Tumbler-Snapper 2 and not ob- 
served in Mike or King. 

Prints of the actual spectra in the 3000 to 4000 A region for several shots are shown in 
Fig. 3.1. With the exception of Mike, the spectra are positive prints; i.e., an emission line is 
bright and an absorption line is dark. The reverse is true for Mike. In some case6 a com- 
parison spectrum of iron is shown- as for Tumbler-Snapper a-to show coincidences. The 
wavelengths of the heads of selected bands are identified in order to facilitate visual com- 
parison of the strengths of the bands in various shots. 

Figure 3.1 shows that the S-R 3516 (O-15) band of 0, in Tumbler-Snapper 4 has about a 
dozen Ilnes. In Tumbler-Snapper 3 this band is considerably longer and somewhat stronger, 
extending as far as the head of the S-R band at 3673 A. 

A comparison of Mike and Tumbler-Snapper 7 in the reglon above 4200 A is also shown ln 
Fig. 3.1. The absorption peaks in Mike are broad and fuzzy compared with the other spectra. 

16 



) 
..* 

. 
..? 

.- 
i IJ 

; 
j’., 
I-; . 
: f .- 

.a
 

IV
{ . 

. ; 
. . 

. . 

_. 

. . . 
,,1 . 
.a? 

.‘.* 

-_ 
:_: 

2. 
-) 

_- 
. . 

-- 
. 

-r:, 
: . 

Y
 

. 

- 
. 

196s 
bt6C 

6
 

-. 
. 

. 
. 

‘F
i 

. . 
-._ 

. 
. 

. 
-_.’ 

- 
. . 

i- ‘T
 



This is at leant partly due to much rtronger abrorption by 0, and probabIy also by the rtrength 
/ of the NO, absorption rpectrum. Thir effect is eeen better on the original plater. 

- Appendix A ie a comporite tabulation of meamued wavclengthr for the variour shotr. The 
name8 of the shota head all but the firet and the lad columnr. The firat column containa idea- 
Uficatioru for each Schumann-Runge line. The branch and trandtion are derignated by “P or 
“IV followed by the rotational quantum number, J, for the finaI (lower) state.’ The true wave- 
length lad the member of the band ry&em are alr0 given. For other moleculer and for atomr, 
the true wavelengthr and chem+l aymbolr are given in the first column. Other Identificationa 
are made immedtabiy to the left of the melrured wavelen- for variour rhota, and rough 
virrual ertimater of the absorption or emirdon 6trengUm in many ca8ea 118 given immediately 
to the right of the mewed wavelength. Where there ir no lntenritg number given, it can be 
taken to mean that the corresponding line is relatively Weak. EmiO#iOn ir derignated by the 

letter@ “em”; all other rtructure i8 abrorption. For convenience, the last column to the right 
marked “Fe” giver true wavelengtha of iron II taken directly from the MIT Wavelength Table& 

A notation in Appendix A doea not necerrarily ertabliah a rrure identification rince there 
may be euperporition of something else, 6uch II) unreported line0 of Nat, at that porition. Of- 
the liner not identified, borne, no doubt, are liner of S-R 01 or NOa mirred in the prerent study 
or not reported in the literature. The extremely broad band@ around.3500 A attributed to HNO, 
(see Fig. 3.1) are not included in the table. The table can be used profitably in a negative 
manner to indicate the exclurion of a uurpected material. 

For completeneer Appendix B 18 given. It ir compri& of negative printe of all the origi- 
nal plates axpod at OperaUon Ivy. However, there is much in the origin& that ir lort in 
there prints since all region8 on the original6 give information except parte in Figs. B.l and 
B.4. 

The Baird spectrograph wa8 used at Mike to try to record the very early spectrum, but 
only a meager bit of information in the form of a line &owed on the plate. Thir may be the 
head of the 4378 A N$ band, but, since it ts not certain, it ir not indicated in the result& t 

. 
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CHAPTER 4 

c 

ANALYSIS OF DATA 

4.1 GENERAL COMMENTS 

There are several points of interest in the following discussion of tables and results. 
These are ultraviolet cutoff, certain compared strengths of absorption in the spectra, the vari- 
ous atom8 and molecules present in the several shots, and the rotational temperatures of the 
molecules. 

4.2 ULTRAVIOLET CUTOFF 

All the spectra studied for this report show a fairly abrupt cutoff of ultraviolet radiation 
centered above 3000 A (Table 4.1). This cutoff cannot be attributed, in any of the cases 

Table 4.1 --APPROXIMATE ULTRAVIOLET CUTOFF VALUES 

Exporure Yield. Cutoff, 
Shot time kt A 

Greenhowe Dog TOW 3600 
Buster B8br Total 3.49 3600 
Bueter Charlie O-20 meet 14.0 3450 
Tumbler-Snapper 2 Total 1.17 3450 
Tumbler-Snapper 3 Total 30.7 3350 
Tumbler-Snapper 7 O-100 cleec 14.6 3300 
wke Total 10,000 > 3600 

1.0-1.1 eec 540.0 > 3600 
(also total) 

rrtudW to the norm& atmosphere between the bomb and the spectrograph. It must be the re- 
*t of an attenuating m edium surrounding the weapon and created by the explosion; but, from 
Ule epcctra described in this report, the identity of such an absorber is not apparent. 

However, recent observations with low-dispersion spectrographs at Operation Upshot- 
‘nothole appear to have ertablished the existence of ozone in equivalent WCknesSes of several 
centimeters around the bomb during the time up to the minimum. It would be informative to 
UteWt to describe the cutoff in term8 of the intensity distribution of the ozone absorption 
‘Wctrum but the well-tiown wavy form of the spectral curve of ozone was not detected. This 
@y he die to the presence of many bands in the cutoff region, such as those of the S-R 
spetern. 
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the effective kilotonnqe of the bomb, the l tront2er are the abaorptioa linea or beadql.8.; for>;:,’ 
epectrs of comparable expoeure time+ This ie_wry,eMentiathr Schumana-Runge ryetem of .a; 
oxygeh from about 4600 A to the cutoff. Theee liner ere relatively rtrong in Mfke aad K&J. and. 

are coariderably weaher for bombr. of mailer yield. The linea are claw together, with moop 

overlapping8 at the dirpereion ured, and, of couree, mince the tnte~~itierof the individupi line& b 
a?? different for the different ehote, the appearancea of the rpectm are not ahaye the urna;, ,_, 

In order to rhor an important difference between total-time ihote and thoeo taken at 10 ._. 
early interval, Table 4.2 giver inteneiiy valuer for the Schumann-Runge O-13 band ryetem in 
Bueter Charlie and alao for the dame eyetem in Tumbler-Snapper S; Fig. 4.1 ehowrthe : . -. 
microphotometer tracer for thir region. [The Burter Charlie trace in Fig. 4.1 ti taken from 
the report by J. Curcio, Atlae of High Dieperdon &e&a Recorded at Burter-Jangle, NRL . - 
Report 4388 (RR 408), p. 20.1 The expoeure at Buatw Charlie cohered the flret 20 mrec of _$e-- ,. 
expiorion, qnd Tumbler-8napper 3 wa# a t&l-time expoMW. The rotational traadtioa . . _ 
number “J” indicated for each wavelength ir that of. tha R-bramck The peplc iatendty for Bwter t 
Charlie occure around J = 15 and for Tumbler-&tapper 3 at about J - 43. The intenrity dirtri:, . . 
bution of thir rotational etructure in Burter Charlie cqrrerponde b a much lower temperature ‘_ 
thaa it doer in the total-time Tumbler-Snapper 3, The effectivirotatioaal temperatures raage : 
from a few hundred degrees Kelvin in Buskr Charlie to #everal thoumad degrees ln Tumbler- ._ 
Snapper 3. . 

Table 4.3 ehowr a comparieon of intensities of the liner of &e SIR O-15 baod (head at’ . 
3516 A) found in Tumbler-Snapper 3 (total), King (1.0 to 1.1 HC), Tumbler-Snapper 7 (0 to 
100 peec), and Bueter Charlie (0 to 20 msec). A plot of intenriUer of the peti given in tbie 
t&la for King and Tumbler-Snapper 3 ia ehown in Fig. 4.2 In tbit plot no dirUncUon ir made ’ 
between P and R branches; however, one can eee that all pointr for King are abat twice Y *: ’ 
high on the intensity ecale II are correeponding poti,@ for Tumbler-Snapper 3.-The irregu- 
laritiee in the intenritiee for Klng around 3700 A are probably due to owrlappw by the S-R 
O-18 system. Microphotometer tracer ehowing the S-R O-15 band for the four shota are - 
preeented in Fig. 4.3. It is of lnterert to,nob that in comp&ng the two short-time expoeurer 
(Burter Charlie and Tumbler-Snapper ‘I), the very early Tumbler-Snapper 7 exporure ehowe- 
the band more etrongly than does the 200meet Buster Charlie exposure. Thir euggeete that the 
band wa8 excited by az~ early radiation surge. It s$ould be noted, however, that the clring ma- 
terial in Buster Char118 was aboW than in Tumbler-Snapper 7. The two large 
junqu in the Tumbler-Snapper 7 trace are due to RNOt abeorption. For the moat put, every- 
thing else seen in these four tracer ir due to S-R Or abrorptioa. 

From the Mike plater it ~~111 difficult to obtain good intensities for the rotitlonal dirtribu- 
Uon of any Schumann- Rung8 v-v transitton becaum of the euperporition of the NCe rpectrPm 
and the great breadth of the llliee. The latter fuzzinerr ir probably due to broadening coaditlo~ 

preoent in the explorion. In order to give aorne idea, however, of the way Adike compWeo with 
King (total), Greenhouee Dog, and Tumbler-Snapper 3, the intenritier of two eelected rpectral’ 
ranger have been compved for the four ehotr in Table 4.4.. Thek intenrity valuer ~0 only 
approximatu, mainly because of the owrloppinge of other M Mlcrophobmeter tracee of -- 
absorption band8 around thie region (4OOO to 4200 A) are ehowm in Fig. 4.4 for Mike, King, yrd 
Tumbler-Soapper 3. . 

20 



a. -- . . . t,.. . ’ 

I4 .4 - 

T&lo 4.20COMPARISON OF SPEjXRAL INTENSITIES FOR THE 
S-II 323j (O-13) BAND OF BIJSTEB CXARLIt (14 KT, 0 TO 20 bU3EC) 

AND OF TUMBLESbSNAPPER3~30.7KT, TOTAL) 

-. RohHmll 
tru8it1on 

2-R 3233 (O-13) band* ._ 

Bwtrr ‘cbulio 1 . . .- Tunbler-Borpper 3 

-. for H8Uur8d rnt8nmty MIUPtrd &t&y y 
R-brulok J lmvrlengtlb A (I_ ho. 2.2) - lmvdoq& A (Iam alo. 2.2) 

3 

s 

7 

9 

11 

13 

. 15 

17 

lB 

21 

23 

25 

27 

2s 
31 
33 
35 

37 
41 
43 . 
46 
47 

3232.8 ' 0.10 

33.5 0.12 

34.2 0.13 

35.4 0.15 

36.9 0.16 

38.8 0.18 

41.1 0.19 

43.7 0.17 

46.5 0.13 

49.8 0.11 

53.4 0.09 

57.0 0.08 -. - . . 

81.9 0.04 

66.3 0.05 
71.8 
77.1 

Tot& 1.70 

uu 

3232.7 
em_- 

33.8 ) 
--urn 

34.2 1 
e-m 

35.4 1 
_-- 

36.0 ) 
36.4 
31.7 1 

--1 40.8 
42.9 
43.5 1 

I --_ 

48.4 > 
40.3 
40.7 1 
53.1 
53.5 
57.2 

* 57.5 
01.5 
62.0 
66.7 
71.9 
77.4 
83.2 

89.5 
3303.3 
10.8 
18.6 
26.8 

TOW 

0.24 

0.30 

0.30 

0.42 - 

%3S 

0.43 . 

0.38 

0.46 

0.34 

0.39 

0.38 . 

0.44 ’ 

0.41 

0.39 
0.35 
0.41 
0.37 

0.36 
0.42 
0.32 
0.33 
0.39 

0.04 

*For& ~BuMw Cbullo~~d upto R - 27 of TuaubArr-&app~r 3, tha 
fntaaay uiuu lncludm tha fntenr1ty of ruporfnrgord P-bmnah membaro. 

._ .-‘I ‘.- , _, .,. 
.-. ._ ., . . : 

. -.*- : : -1 I’.., - ,. - Fe- 
_‘_ < ’ _ - - . . __. .” ._ _,. .-_- _ur’ : _._ . _. 

- _ : . .-_ . . I . _.I 
__ ‘4’ 
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Table 4.2.COMPARXSON OF SPECTRAL mTMEITIE8 ?OR TBI: 
6-R 3516 (0-H) BAND 01 lU8TQ CRABLIE, 

TUMELER-6NAPPERS. TUKBL.lcB6NAPPQ7,ANDKXNO 
T 

6-R 3ilS to-16kad 
e \ 

ltouriorrrl - 
znknrlb (Ia@ 6.0. 2.2) 

/ * 
tmldtim Bustor ChU. Tunrbbr-8tupp.r 2 Tumblor-6aapp.r 7 

for wrTolrqrJk* 
RMach,J A 

(14 k (SO.7 I& (14.6 )6, 
O-20 Mae) to*, O-100 md 1.0~i.i 1~0) 

7 

8 

1 
13 
IS 
17 

25 
27 

35 
37 

4s 
47 

55 
57 

61 
67 

71 

3517.8 
19.0 
20.6 
22.6 
25.0 
27.8 
3x.0 
34.6 
38.6 
43.0 
48.0 
52.5 
50.9 . 
85.0 . 
70.5 
70.3 
84.7 
93.2 

3601.3 
09.8 
18.0 
28.4 
311.2 
48.7 
59.6 
70.9 . 
02.4 
95.1 

3708.0 
21.4 
35.2 . 
49.2 
64.6 

TOW 

0.09 0.31 0.24 0.42' 

0.09 
0.10 
0.06 
0.03 
0.12 
0.06 
0.M 
O.QI 
0.07 

0.70 

0.17 
0.15 
0.19 
0.19 
0.21 
0.17 
0.17 
0.21 
0.17 
0.22 
0.17 
0.22 
0.22 . 
0.46 
0.25 
0.24 
0.24 
0.25 
0.26 
0.20 
ihi4 
0.20 
0.16 
0.20 
0.26 
0.20 

0.22 
0.26 
0.20 
0.20 

6.46 

0.24 
0.24 
0.20 
0.20 
0.18 
0.15 
0.12 
0.06 
0.06 
0.05 

0.71 15.16 

0.39 
0.26 
0.35 
0.35 
0.35 
0.36 
o.i7 
0.36 
0.36 
0.41 
0.30 t 

0.41 * 
0.36 
0.4s 
0.50 
0.39 
0.62 
0.57 

. s 0.56 
$50 
0.61 
'0.52 
0.50 
0.57 
0.84 
0.40 
0.65 
0.76 
0.59 
0.50 
0.12 

l Thme w8doagtb8 ua t&m from th8 tab10 of rrforraae 1. Thooa dam m gim8 for the B- * 
b-k b\lr aotudy tb intauity rrl\w bavo a contrlbuth from tha ~-bmnoh booaum of over- 
b-6 
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Fig. 4.2- Relative lntearity VI wavelength for the S-R O-13 brnd 0, trr Turn- 

bier-Sapper 3 and King (0.1 to 1.1 eec). x, King. 0, Tumbbt- 
SoaQper 3. 

The foregoIng compartsona of intenritier center for the most part around the Schumann- 
Runge banda of 01. In rddltron to these, band8 of q, NOz, and the broad bandr of RNQ appear 
in the spectra for the vwous explorions. 

There ir an Lntcrcrtq behavtor of the NO* absorption spectrum. For the total-time ehota, 
it ir only in the Ylke rpcctrum that NOt appears prominently. King shows it markedly for the 
flrrt maximum exporurr. but the expwure conditions were not favorable to judge its strength 
in the total-time exporurr. The NO* band8 in the spectra of Mike and King (first maximum) 
apperu to be vew twg~At of the same strength aa in the early-time8 Tumbler-Snapper 7 spec- 
trum. The lower part of Ftg. 3.1 rhorr the appearance of N& in the spectrum of Tumbler- 
Saappr 7 and Mae. 

s The bkckenlng ia ti King (1.0 to 1.1 eec) expoeure was too great to judge the presence of 
N& effectively. 

The behavior of Ni h several rhob ir dercribed in Table 4.5. The intendty dirtribution 
in the 4278 A band of ?r; II ahown in Table 4.6 for King (total) and Tumbler-Snapper 3. N$ ia 
not evident ia Burter Chulle, but tha 3914 A (0,O) band ir prereet in Tumbler-Snapper 7 (see 
Fig. 3.1). Identificatlonr were mado with the help of a table by Faarbender.’ 
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4144.7 
R75 2-R&17 
R312-Rl-18 0.08 0.39 0.43 

42.2 Wl S-R l-12 0.06 0.35 0.38 : 
47.2 R48S-RO-18 _ 0.06 0.28 0.23 
48.5 7 0.07 0.14 0.12 . 
60.0 7 0.06 0.02 0.02 
52.8 1 0.12 0.36 0.30 --. 

. 64.2 P2a bRl-18 0.32 O.l@ 
. 52.7 RUSRO-17 . . 0.07 0.40 0.2s 

. ., IS.2 R32 bRl-19 0.07 0.31 O*l' _- t 

; ._ 

. . - . - 
Tllblo4.2-COYPABIBONO?ABSOBPTIONBY~ WVABIOVSSH~ .: -c. - ‘- 

* * . 
BUUU Tumbhr- Tumbler- 'TurnbIer- 

snappot 7. Mib ti =ul 
(14.6 &, (10 bat, (54Ok& 640 la, 

o-1OOruefJ) total) tot& 1.0-1.1 sea) 

4278 Notrrident NegJl@bh Ruauay NotevIdent Nqliglblo Maay P?Ob&Jr 
member8 rotational 8-w 

unrr -V . 
rthmd 

3214 tbtrrldrat Nogll@blo RUmsay Prorent Notroeordad Notrecordod Strong ~ _ , mmborr . . ‘. .=u 
y_ ._ -. . _. .t uhead _ 
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..I . o.ta;.. = L -. 

.-. ofbau&)._ , 55.1.- 0.w .I-'* .,'S O.ls= _a -. 

53.tr : :.' Q.OI.** . . .- 0.14 . :, . -_ 

18.5 40& o.o5..: - . 
_ .: o.le . - . 

1B.S 47.5 . 0.w _ -_ :. 0.1s : 

20.5 _ 45.2 o.os- 0.m. ;. - 
21.5 43.2 0.14& 0.2%' _ 

23.5 41.2 0.06 .._ . ' 0.25. ST _ . 

Total 1.08~ L :’ a.w 
* * - 

- a’ . . . - . - . , - . . I - __, .- - _.- _. -. . . - y_ -_ t ..- . _ 
4.4 DISCUSSION OF OTHER STRUCTURE’ 

. . . _.. ,_ - 
- _, - . . .- 

. - _ . _ - - 
I -. 

4.4.1 Generai 
. -- 

. 
It ir principally abeorptlon due to moleculer either produced or excited b the ~&ion of the 

bomb that giver the characterirtic feahtrer of tha l pectrs The co~plcuoua mohulor are &, 
N$, NOg, and ENO+ Theee we product8 sad by-products of the dirt&M air claw to Uw fire- 
balL In addition, molecular formed from the combination of atomx of the ca&n# and thoee of-. 
the atmorphere would he expected, erpkially when cw matow ara ob~rv& Indeed, * 
aluminum mon&de (AlO) aboorptlon bax& are obrwroed very prominently ln Tumbler-Snapper 
2 and weakly in emlsrlon in Tumbler-Snapper 3 and Tumbler-Snapper 4. Cyanogea (CN)‘ap- . 
pearr to be prereat la Tumbler-Snapper 4, and tt may be prerent in Tumbler-Snapper 3. When 
atomic lln?r of Mum, aluminum, and iron appear, they may be accounted for by the presence 
of them mate- in the high explorlve, the bomb care, or the tower. However, thew atomic 
Iines are not alwayr 5een though the material may be present. 

There YO many wavelengthr not yet identified, erpecially at both end8 of the table. Some 
of them Iiner may be due to molecular tranrltionr not yet recorded in the literature. Becauw 
of tb choppy nahte of the epectra near the ultraviolet cutoff, mea@urement8 and identificatiolu 
Tro vary difficult in thir region. There ir alro conMerabl0 rtructure at long wavelengthx: 

. ~efguui&nUtled at present 5 
-.“_’ WhoWr on0 ~yr the epectra of thi variow bombr & al- or not &panda on the polat 
of view taken. Many of the came wavelengtha will appear in different ahotr under correrpoad- 
lng conditiona of l p8ce and time. On the other bond, the general appeeraace can be quite dlt- 
fererrt from rhot to rhot Some of thir diiferenco. c-k attribubd h overlapping of W and 
chango~ in their tntensity. For example, an increrw of lntanai~ of abaorptian ta Mike giver a 

rpatrum which looks unusual below 4000 A, lx& even her@ the moieculas rpectrum agree@= 
roughly In contour with thorn of totaLtIme bomb of lower yield . 
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F&g. 4.s-Agreameat of &fib aad King (tota spectra with rb rpectrum in 
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4-4.2 bUe and King , 

Above about SiOO A, the obeerved abrorptlon ape&a of bombe can be accounted for almort 
eear*lY by the absorption of the normal aknorphere between the explorioa and the point of ob- 

’ wmuon. The abeorption structure ir mainly due to water vapor and oxygen moleculea. Tbls ‘-. 
lrWYeeenbye xamUng tbe plater with an eyepiece; but to make the comparieon more 
mtatlve, microphotometer tracer of the long~waoelength regioa (up to about 8500 A) of a 

. 

’ * W&u5 taken during the Ivy teata have been compared rlth Wcer of Mike (total) afd - . 
'4 (bhl aad firrt mndmum). Figure 4.5 rhowo how tber &car agree tn the regloa of I : 

: so22 A. Except for 101oe orpgen I line* at 5328, 8156, WS, and 6158, .777l, 7774, md ,777s A \ ’ 
. * v*rl probably nitrogen I liner at 5257, 5281, and 52a@.A 00 the Ivy platir, a compuUon of _:. 

the IV aad m plater rhowr them all b be the same in.thtr iegion.‘At about S460 +LF ap- 
-8 to have aa opn strucbra baad not found In the hip or King. . *_. . . . “.._ ,‘..‘_Y . 

- - ‘,._ . .-*‘- 
There ir a group of absorption linea in the &hborhood of 504 A wbichqpour~~ ii. 
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fled at present. It may be due to an unreported band of water vapor or NOs. It does not, how- 
ever, have the appearance of a typical Na section of spectrum.. 

_ With regard to atomic spectra present in Mike and King, no atomic lines are prominent 
below 4800 A. However, since every single line in thl8 region has not yet been identified, some 
might bs present. The three atomic oxygen line9 at 7771, 17774, and .7775 A, observed in the 
total-King and in the King first-maximum spectra, are very broad. A further study of their . 

appearance is suggested. This region in Mike was blackened by accident, and measurements 
were impossible. 

Sodium lines at 5890 and 5898 A are observed in Mike and King but are of no special 
interest here. 

4.5 ROTATIONAL AND VIBRATIONAL TEMPERATURES 

Information on temperature is rather meager, especially for the Ivy shots. It was not pos- 
sible to obtain any value from the Mike spectra and only one value for King. 

Rotational temperatures were calculated by both the maximum method and the slope method 
using the measured intensities and J values for the R-branch of the S-R O-13 and S-R O-15 

Table 4.7-APPROXIMATE ROTATIONAL TEMPERATURES 

Yield, Exposure S-R 0, Temp. by max. Temp. by slops 
Shot kt time band Jmu. method, X method, X 

Buster Charlie 14.0 O-20 msec o-13 11 700 600 
Tumbler-Snapper 3 30.7 Total o-13 37 6,000 2,500 
Buster Charlie 14.0 0 - 20 msec o-15 9 400 t 

Tumbler-Snapper 3 30.7 Total o-15 40 10,000 5,000 
Tumbler-Snapper 7 14.6 O-100 jlsec o-15 11 700 
KM 540.0 1.0-1.1 set o-15 40 10,000 10,000 

bands as given in Tables 4.2 and 4.3. These temperatures are listed in Table 4.7. The graphs 
of log, [I/W + l)] vs E from which the “slope” temperatures were determined are shown in 
Figs. 4.6 and 4.7. In these graphs the rotational energy is that of the lower stats and is plotted 
in wave numbers (cm-‘). (See Sec. 1.3 for comment on the maximum method.) 

TheoreUcalIy, the same temperature should be arrived at by both methods for a certain 
shot; but, as seen in Table 4.7, the O-13 S-R band of Buster Charlie gave about 6OO“K by the 
slope method as compared with 700% by the maximum method. Similar variations were ob- 
tained for the other shots, except in the case of King where both methods gave roughly 
10,OOOoK. The slope method is considered more reliable for obtaining rotattonal temperatures 
since more points were used in the determination. Both methods are affected by large error 
due to overlapping of branches and rotational components themselves. 

The vibrational temperature of the early-time spectra is very high in comparison with the 
rotational temperature, as is evidenced by the existence of transitions from a very high vibra- 
tional level (v ranging in 01 from 21 or so, upward). CalculaUon of this type of temperature is 
not possible at present because of lack of good data on transition probabilities, and, also, the 
experimental data which are measurable do not cover a wide enough energy range of the 
initial quantum state. Although it is true that thermal excitation does not produce these high 
vibrational levels at the early stage, it does seem that the levels could bs thermally excited in 
the later stages. Before this can be verified, reliable transition probabilities over a wide raw 
of observed frequencies should be determined. 

An electronic temperature for 4, for example, cannot be calculated because of lack of 
observation of different electronic levels from which transitions take place. 
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The excitxtioa of atomic oxygen to the hlgh electroaic level aecerrary for rbaorptioa w . 

the triplet at about 7770 A ir very large ti may involve mecbxairm different from therm& 
excitation. However, thew liner may have a relatively large Lntrtnrk trvlritioa probability. . 

4.6 AMOUNT OF ABSORPTION 

As already presented, Tables 4.2, 4.3, 4.4, and 4.6 give comparison of the strengths of 
absorptioa for various molecules, and, by totaling the intensities given, it is possible to com- 
pare the amounts or yields of absorbing materials excited to the initial vibrational and rotational 
levels for. the v~ious shou, 

4.6.1 oxygen . 

,. Table 4.2 showr the much greater. yield of abxorbing Q fir a tot&time ahot like Tumber- 
Snapper 3 compared to the early-timed Buster Charlie. Table 4.3 rhowr that Xirq frou&O to=. . 
1.1 8ec produced more than twice a8 much abxorbiag. & La the O-15 band u did Tumhlery- - ‘-. _ 
Snappes 3 over the life of the firebalL. kr Table.4.4, if the rough LzbMrptioa valuer for three 
shot8 are compared for the same J value, it 18 rhown that la MW the vaLuer are greatert 
where- ln Tumbler-Snapper 3 they are the least,. 

j, : . _ ---- ‘.., ‘_ -. 
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4.93 Nitrogen Dioxide 
. 

N& is kllOWn to be produced early in the life of an explosion. Thin 18 .evidenced by ib 
,,&ed prerence in the 0 to 20 msec plate from Buster Charlie and by its presence in greater 
strength in the 0 to 100 Clsec plate from Tumbler-Snapper 7. The spectrum of Tumbler- 
saapper 7 from about 4000 A higher 18 eseentially’that of Not, and below 4000 A there is a 
Npcrporition of short S-R bands on the NQ plus broad bands of HNOz. NO8 appears fairly 
prcminently in the Mike spectrum. It is interesting to note that N& doer not appear measur- 
aUe in Tumbler-Snapper 3 or loom prominently in Tumbler-Snapper 3. A value of about 4 mm 
at gIP has been roughly calculated for NOr in Tumbler-Snapper 7, and a value probably not 
m much in excess of this holds for Mike. 

4.6.3 Ionized Nitrogen 

At prerent there ia no explanation for Jh e spectral behavlor of a. It is not easy,to observe 
iU presence in Mike, but in King (total) it id quite evident, a8 it ir in Tumbler-Snapper 3. In 
the early-time shots, its presence in Tumbler-Snapper 7 and it8 abrence in Buster Charlie 
UC noteworthy. In Tumbler-Snapper 7 it ir only the 3914 A band which appearr; this ie the 
O-O hand due to a tranrition in which the molecule ie initially in the vibrationless ground state. 
This points to a correspondingly low vibrational temperature. The rotational temperature for 
the rune band was roughly calculated to be 4000%, and ln view of thin high rotational tem- 
perature, it is hard to underrtand why the 1-O transition band at 4278 A ir not also ln Tumbler- 
Saapper 7. Thir behavior differ8 from that of early 4 for the 8ame plate. The 01 rotational 
Wierature was only about 400%, and yet 80 many high vibrationsl state8 are present. 

Table 4.6 shows for the 4278 A bsnd that there is a greater Nt production in King (total) 
thpn in Tumbler-Snapper 2 (total). The 3914 A band occurs in both of there rpectra also, but 
~rlappingr prevented intensity measurements of any value. It ir difficult to say whether the I 
roWonal temperature for the Nr shown in King (total) is higher than in Tumbler-Snapper 7. 
2 is Wrerting that in the early first-maximum exposure for Klng the l$ does not definitely 
War. The foregoing statement8 give the observations, and, for lack of more detailed data, 
no cxPlznztion can be given here. 

The appearance of iron is noted very briefly in Table 1.1 a8 well a8 in the composite 
~Pci%th table (Appendix A). It8 presence or absence and its approximate cutoff value are 
Oiveii. The &off ir an interesttng and currently inexplicable phenomenon. It may be due to 
Uie e”lWo8ition in time of many spectra to give a cutoff effect. 

There i8 a marked difference between early or first-maximum exposure8 and later or 
bbl-Ume exposures The first-ms,xtmum spectrum 
‘*ly *imPler than thatof the 8econd maxi 

in the 3000 to 4500 A region 18 consid- 

hpdr liave fewer rotational line8 
mum smce no casing material shows and the S-K 

It can be Conridered in this r’eport that four order8 of magnitude of yield are being treated: 
‘Qbler-SnaPper 2 (yield 1 17 kt) Tumbler-Snapper 3 (30.7 kt), King (540 kt), and Mike . 

ar ’ e material observed, amount8 of absorbing material, the 
cubff frequency, and temperatures. The spectra of these four shots plus that of Tumbler- 
+9e r 4 are summarized here. 

l-7.1 
TQbler-gna pper 2 (1.17 kt, Airdrop, Total Time) 

*o’er the whole 
*t ehow8 aluminum and barium in absorption aleo A10 Iron in absorption i8 Very Promi- 

range . in fact f the S-R spectium of Oz’ie masked by the presence of the 
. 
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iron liner. The rpectrai cutoff is given aa 3450 A. No intenmtier or temperatures were 
measured here because of overlapping. (Tumbler-Snapper 1 ir easentlally the rune.) 

4.7.2 Tumbler-Snapper 3 (30.7 kt, Airdrop, Total) 

A10 appears in emission. Barium and aluminum appear in abeorpt!on. One of the barium 
lines (4034 A) appears to ahow self-reverdal with a broad emlsrion shape. Iron beglnr at 
4000 A and appears above this in emission, CidXlltlOnS of the quantity of vlbratlonaily excited 
0, and N$ are given in relative terms. From a comparison of thir with other shots, there ir an 
indication of the scaling of the quantity of there with variance of yield. Rotational temperature8 
were calculated, and the best value aeema to be about 2500%. 

4.7.3 Tumbler-Snapper 4 (19.2 kt, Airdrop, 0.6 to 5 Set) 

Iron covers the whole 4000 to 6000 A region ln emission. Barium appear0 in emission u 
doer AlO. Thlr was not a good plate for line mealuiementr; thu# no temperature8 or quantities 
of abrorberr were calculated. G and probably NG are reen in abeorption. 

d 

4.7.4 Mike (10,000 kt, Surface, Total Time) 

O(1) and N(I) appear in absorption. No caring material rhowr. N$ lr rurprirlnglp not very 
evident, but the production of excited 0, molecules for the S-R abrorptlon lr bread beyond 
that in the lower yield shotr. NO2 appear8 falrly prominently. The hlgh cutoff value here 
could not be meuured accurately because of plate fogglng, but it can be &ted that it 16 at a 
higher wavelength than for any rhot memured up to the prerent. It reemr to 110 around 
3800 A. 

4.7.5 King (540 kt, Airdrop, First Maximum and 0.1 to 1.1 Set) 
t 

Casing material doer not show here. O(1) and N(I) appear in abaorptlon. The wavelength 
of the cutoff in King (1.0 to 1.1 set) meem higher than ln Tumbler-Snapper 3, an exact mea+ 
urement being impoarrtble. A higher cutoff would be conrietent with a greater production of 
abrorbing material. From the data for King (1.0 to 1.1 set), a rather high rotltlonal tem- 
perature of about 9000°C was obtalned from an S-R band. This ir a very rough value. Thlr 
temperature seems high for this time which is beyond breakaway. Some calculatlonr of the 
relatlve amount of absorbing material were made, and these show the trend of a moderate rice 
with increase of yield. * 
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The rpectra rtudied ehow; in a general way, what pattern of l pectrum ir to be ex$ected. 
There ir a hope of ecaling the detailed spectrum in time and #pace m a functton of the rize of 
bomb. Thlr will require many expoclurer taken at a great reeolution and at relatively ehort 
Intervale of time. At the came time the whole “volume” of the bomb and ita eurroundingi 

. . rhc&d he rcanned. Thir wae the aim for Cartle. From there meaeurementr lt would be hoped 
that quantitative valuer of the production and excitation of molecular and atom rerponeihle ’ 
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APPENDIX A 

COMPOSITE TABLE OF WAVELENGTHS MEASURED 

This composite pravelength table covers the wavelength region from the ultraviolet cutoff 
of the spectra in question up to approximately 5000 A. Thia limit was set because at the time 
it was concluded that practically all the characteristic parts of the spectra of atomic explosions 
were found below this value. Data for all explosions prior to Operation Ivy are not included 

’ but only those which were considered to be fairly typical. 
The “iron” spectrum is given in detail for the Buster Baker shot. The values for iron are 

not given in all possible situations. They are not given above about 3500 A for Tumbler- 
Snapper 2 except in some cases where the notation “CO” for coincidence (with standard iron 
spectrum) is used. The absence of wavelength values in Tumbler-Snapper 3 above about 4600 
A indlcatea that only some very weak coincidences with the iron comparison spectrum are 

t 

detected. (Please refer to the text for the regions which have been measured.) 
The presence of an identification does not always mean that it is Ken to be certain that 

the line is due to this material. A line of another material may be SUpSriIWOSSd at this point. 
This may be true of OH, which was identified only by wavelength coincidence. 

There are gaps in the identifications due partly to incomplete original research data, e.g., 
in be case of the S-R OI bands and NO* bands. 

“Em” stands for emission, and “Br” or “Brd” either before or after the number 8tandS 

Ior had. “Dv” and “dr” mean degraded to the violet and red, respectively. 
The numbers after the wavelength values are very rough relative estimates of the ViSual 

Intensity. If no numbers are given, this indicates a rather weak intenaity. 
Bra&eta include a region of broad spectral absorption, or emission if SpeCifiCallY marked 

“em,” and the intensity numbers generally refer to the region as a whole and ahould not be 
read Wnrately. 

All pealta have not been measured. Some wavelength values of weak lines hence are not 
given, e.g., in King (Baird) where measurements were not easy. The microphotometer traces 
Of a forthcoming atlas will then be particularly useful. 

Some irregularities have crept into the typing. 
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44.466 

* 44.66 

., 46.10 3 
465553 . 

44.00 3 

4ball 10 

4uo3 

44.053 

47.2610 

41.46 10 

48.46 3 

. 
6111 C-60-12 61.66 3 

\ 
62.46 IO 

Fe 63.208 \ 
1 

. I 

41.62.t 

42.46 .I 

w _. 

43.24. 

1. 

43.66 
. : . 

44.46 

44.14 
46.06 ' 

46.61 

a.47 

46.74 

4116 ~ 

4x46 . 

4l.W 

46.41 ., 

u.61 

42.64 
*' 1: 

’ b1.w 
baw 
baw 1” 

i b3.30 ! 

m.14 '.', 
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-- __.-__ _-_____.__ ___~ -- _______--- ..,d TCT.., 

3 GD. i 7 UV UW MlkC PC 
Nz P . . 

20.00 

m?o.70 

10.81 Fe 

Fe 

10.80 

20.58 5 

20.70 6 

!a,26 1 

21.66 2 
22.10 4 

22.80 2 

23.40 2 

Fe 23.80 1 
CS 24.26 2 

24.96 1 

Fe 

CO 

Fe 

Fe 

25.25 4 
26.56 4 
25.60 4 
28.05 I 
26.50 4 
26.60 2 
27.10 2 

27.80 

26.30 6 
28.75 3 

20.10 3 

30.15 10 

30.60 5 

863 20.46 S-I c-:2 

1163 20.7 s-1 o-12 

21.13 OH 

21.627 OH 

22.76 OH 

21.32 Ihp 
21.76 shp 
22.u chp 
22.66 
22.90 

23.46 ahp 

21.93 

22.06 

3222.93 0 
3223.4 23.26 

23.45 
23.64 

23.37 oH 

23.76 OH 23.80 

24.26 24.46 24.46 

24.66 24J3 24.88 OH 
2s.09 on 
25.16 OH 
25.25 OH 26.36 

25.80 26.76 
26.02 
26.36 
20.72 
27.06 

26.25 
26.55 2 
26.95 2 

27.25 2 
27.60 I 
27.95 1 

26.443 OII 
6 

. 
26.65 I 

26.09 OH 

27.44 Ott 

27.2 03 

ml 2E.16 S-R O-12 27.74 

27.60 

27.90 

3226-3249 

F81 26.42 S-110-12 

26.69 on 

26.40 
28.66 

28.25 
26.50 

. 26.90 
26.76 0 

30.0 OH 

19.12 
2959 . 
29.79 
2D.67 
20.99 
30.21 

2*.‘10 

26.70 

iI56 36.03 s-no-12 

255 30.26 S-P O-12 

30.73 on 

36.10 2 

30.15 2 

30.26 brd l 3oas 

. . . . 



m 

a6 
. 

a7 

F6 

r6 
19 

0” n 
I 

( 111 

31.m oil 
31.47 OH 

32.74 c-a O-13 

32.91 OH 

33.22 s-1: o-13 

II3 

n3 

33.95 011 
33.‘16 011 

33.06 OH 
34.0 S-8 a-19 

&lo s-11 o-13 

36.18 S-l o-13 

36.20 al 

3.60 s-1 o-13 

36.73 L-L o-13 

w.03 on 
37.61 cw 
36.41 s-act-23 
33.Mon 

38.63s-a o-13 

36IDoH 
s&l7 on ’ 

30.00 c-l; O-11 
40s L-R o-13 
a007 L-l o-13 

e.7a S-8 0 -l3 
a.74 OH 

41.46 OH . 

42-61 OH 

43-u L-6 0-Q 

43.m a( 

. . 

3Llo 0 

32.70 0 

aa4 1 h 

33.95 

36.261 

36.70 1 

k 

36.30 

k 

3&w 1 

38.10 

40.86 

43.46 1 

k 

44.76 

41-56 

42.16 

U-36 

32.66 3 

33.16 

3330 e 

33.64 4 

34.66 6 
34.66 I 
36.206 

36.661 

36.261 
Y-656 

36.666 

3s.063 
36-363 
m.70 3 
a.16 3 
40.7. b 

u-46 1 

-68 

43s 10 

~-~ q 

33.46 2 

36.363 
‘. 

. 

9.76 I 
. I 

37s 1 

37.n I 
a-461 

W-WI 

w&61 .’ 

3awI 
¶o.oot 
WSI 
Y.wwo 

, . 

, 

a. 
, 

4 ‘,. 

(! ‘:; . 
- , 

I 

? 

!: 
:* 



ass.-nr* 
u..uryI 

U.M OH 

nr u.lo s-u O-13 
RI3 42.27 3-n o-13 
RI8 43.37 S-I 3-13 

47.41 al 

CII 48a3 S-II O-l? 

r66 4&M s-n O-13 
rlr 43.4 3-10-13 
121 43.46 L-l o-13 
ml 4sn 3-R O-13 

3260~32@8 
me 66.42 s-m O-12 

Isi0 b6.73 s-1 O-12 

bls OH 

9 bIJ4 OH 

62.W OH 

no b2.H s-11 o-13 
nr 63.04 s-u O-13 
rw 63.23 s-a o-13 
llzs b3.3b S-R o-13 

64.08 OH 

66.40 al 

66.02 OH 

n1 b&s7 S-R o-13 

rzl 69.01 S-R o-13 

ma 67.28 S-l O-13 
mb 67.41 S-LO-13 

44.s re 44.300 

u.w 1 

46.26 

u.361 40.40 10 

CM 47.56 10 

4e.60 

48-U 

u.bb 

was 
blab 

61.76 

62.60 

63.24 1 

PC 
Fe 

Fe 
64.80 

b4.26 4 

b4.10 1 

6646 bb.70 1 

60.10 bb.00 3 

bl.80 I 

67.46 Fe b7.36 4 

48.600 
IO.44 6 

4I.66 b 

66.66 4 

b6.70 6 

61.34 4 

WdO 
bo.10 3 bO.62 

b1.23 
61.60 3 

I . 

62.10 3 

b2.43 

62.76 2 b2.02 
63.10 2 

61.96 4 

62.6b 4 

63.00 6 

63.366 

63.70 1 

63.Y 4 

67.06 4 

67.96 3 

44.40 asp 

u.:c 1 

46.16 1 46s 

4a.m 3 46.48 
a.06 ‘A 46.n 
47.bO a 4l.ll 

41.21 

47.27 
47.3# 

47.10 2 4L20 

48.60 3 40.03 
9.30 3 4n.m 

49.70 3 4e.w 

40.86 

63.66 2 

63.60 

64.10 1 63.03 

63.04 

64.44 1 M 

64.86 ‘A M.73 
66.30 ‘A 
6b.66 1 

bb.u 

66.46 1 66.m 
67.16 2 b7.ll 

67.W 2 * b7.24 
\ 37.32 

b&lb 3 s1.m 
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3270-3266 
87.29 OH 
S7.73 OH 
66.12 OH 

F33 66.73 S-PO-13 
P33 98.66 s-10-13 

S6.66oH 
931 SB.32S-IO-13 
9137 89.6 s-no-13 

3220-3209 

91.26 OH 
91.Sl Ott . 
91.61 OH 
92.56 OH 

93.67 on 

IQ6 1.37 s-110-13 
P36 w.51 s-It0-13 

90.62 OH 
339 @6.11&P0-13 
a39 96.2%RO-13 

96.24 OH 
S6.32 OH 
86-37 OH 

OS.32 OH 

98.7 g 
99.39 OH 

00.96 OH 

67.2bl 
67.70 67.70 1 

88.24 SS.201~ 

66.80 66.6010 

ea.46 89.40 10 

WA6 

92.bb 

04.06 

90.36 

91.0s 
91.30 
91.66 

Fe 92JO2 
PC 92.652 

93.bO 2 

93.8&s 

96.4s 96.60 s 
S6.06 

96.20 9630 

96.46 99.66 6 

96.80 26.602 
tW.lO 
97.461 

97.m 07.w 
96.10 OS.201 

tM.601 
98.76 1 

Mt.25 am.60 1 

. 
67.461 
87.m 1 

86.903 

e&s63 

SO.6bl 
m.S61 

91.50 1 
wSo 1 

92251 
92Aol 
33.10 1 
33.a1 
tn.10 2 
M-701 
36.10 1 

66.66% 

as.302 

SO.10 

. 

08Asl 
m.mi 
w.46 . 

3300.00 
00.40 
aoQJo1 

87-u 
an.67 

. 

SS.66 
66.91 
Sa.36 
66.63 

SOAM 
SO.71 
SO.96 

32.02 
S2.6tl 

93.14 

Sb.62 
t&u 

664 

OS.66 

37&S 
e&la 

WA9 



. 

_ .._-._.__ _.- ____.-__ _________.-. ‘___ _~__.__. _. _ _.___. - . . . . - ._ - -- maa TOI., 

1 ” 3 G.D. l ‘1 Luke Fe 
E )“a ML 

01.20 2 
01.40 
01.901 I 

02.66 10 

03.2610 
04.06 
04.30 1 
04.66 I 
OS.26 1 
OK.70 6 

Fe 06.a55 

Fe 06.40 5 
FC 08.55 5 

06.65 
07.20 1 

3290 -2309 

3301.2S 

01.00 
02.46 Na 
02.66 

03.36 

01.26 1 01.22 
01.42 

02.25 
02.60 3 62.66 

oz47 
63.363 03.66 
64.06 'A 
04.45 v, 3364.36 
64.s61 
OS.361 06.13 
00.101 
06.061 06.97 
66.12 1 
06.45 1 06.36 

06.16 1 

01.66 OH 
P37 02.30 S-lo-13 
P37 62.66 S-IO-13 
1141 03.u s-EO-13 
1111 03.20 s-110-13 

04.14 OH 04.66 
05.36 

OS.64 on 
06.60 OH 

06.72 OH 
07.36 01.01 

07.14 
01.23 

01.10 01.55 0 

01.960 
06.20 2 
06.66 
ou.360 
09.66 2 

on.0 y 

08.10 otl 

06.34 OH 
01.95 1 

06.40 

08.6 

06.74 
09.50 
09.90 

09.45 3 
09.90 3 

Pm 09.79 S-10-13 
P30 09.66 S-lo-13 

3310-3328 

R43 10.6 S-IO-13 

R43 10.76 S-110-13 
R43 11.14 OH 

11.0 OH 
12.05 on 

10.00 
IO&i 

10.76 
11.20 
11.66 

10.66 2 
Fe 10.663 10.34 

10.46 
10.75 2 
11.26 1 
11.651 

12.10 0 
12.56 

13.66 0 
13.66 1 
14.65 0 
14.46 0 

11.10 1 
Fe 11.46 1 

11.10 'A 

Nl 12s 1 

11.46 

12.35 12.x 12.22 
. 12.70 

13.12 1355 61 

14.46 

13.46 



o&d TomI 
oc 2 66 3 G.D. 4 7 WI hs UIke Fe 

3310-3329 

14.90 14.05 1 

1 

14.115 2 
16.46 I 

16.40 1 
16.66 1 
17.10 1 

11.10 3 

16.55 3 

16.30 I 
IS.55 I 
16.65 I 
24L201 
20.661 
20.661 

21.60 1 

22.50 b 

22.86 2 

23.10 2 

24.SO2 

24.601 
26.10 1 
26.4Sl 
26.95 6 

2B.606 

27.451 
26.00 
26.361 
26.603 
26.462 

14.01 
14.u 

14.66 2 14.74 
15.46 on 
1660 

16.60 

16.06 
16.4 
16.65 1 

17.m 3 
ll.65 3 

. 

17.12 

16.4 OH 

11.10 
11.66 
17.60 
16.00 

18.45 

lU.10 

PII 

PI1 
17.61 S-60-13 
11.16 s-90-13 

18.37 011 

645 16.44 5-SO-II 
645 lll.d4 r.llo-13 

1Y.05 au1 
16.60 3 
19.15 1 
16.45 1 
10.66 I 

lM.JO 

10.60 
19.24 

20.16 1 
20.560 
26.16 1 
11.200 
2l.60 
22.200 
11.663 

20.06 I 
rn.l? 

22.4v 

20.70 

21.55 4 2l.05 

22.46 OH Fe 

22.65 4 

23.75 Fe 

24.56 Fe 

25.50 
25.64 
26.05 
26.60 
26.65 
27-&l 

Fe 

26.6S 
29.50 1 

N&Fe 
Fe 
CI 
Fe 
NlCo 

23.10 1 
23.661 
24-001 
24-661 

26.001 
26-2001 
26.601 

s-063 

23.00 

23.73 

24.36 
a4-63 
24.76 

26.46 
. 

24.601 

P43 26.63s~RO-13 
P43 26.03 S-RO-13 
R47 26.?3 S-llO-13 
341 26.64 s-uo-13 n.00 26.w3 

naa1 27.46 
m-061 n.os 
26A 26.66 
26.062 26-06 
26.662 26-63 26.64 OH 



____ 
_____ _ - -- - - .-. - - - - 

hla4 Total 

” s G.D. -4 1 
0 

J-6 Km Luke F4 

I; 

30.34 1 
3330.00 

aQ.aQ 

90.66 

333Q.001 

30.66 ' 
JL.lQ ? 

21.66 1 
au61 

32.461 
a2361 
33.66% 

a4.2Q2 
24.6Qa 

a6361 
56.663 

aS.162 
a6.7bI 
37.10 1 
37.66 1 

22.661 

SS.2Ql 
SmQl 
59.101 
4Q.2Q 
4Q.261 
41.m 1 
42.261 

42.6Q 
U.103 
44.u 

44.wa 

46.663 

46d61 

46.263 

30.31 

aQ.rnl 
aQ.Q6: 
a1.aQ 1 

31.m 1 
31.70 Fe 31.10 31.61 

al.77 
32.26 

22.602 
2u62 a2.w 

Sam 
aam 
a4.2Ql 

a4.663 

aal Fo 

sub 
34.w 
&lb 
sub 

w6 34.44 S-IQ-la 
w 34.66S-RQ-13 
RIO a6.42S-IQ-la 
MS a6.66 S-lo-13 

36.22 on 
26.74 on 

36.16 36.61 
a6.16 

51.26 

26.70 3 
aS.QQ 1 
3.262 
as.2Ql 
37.30 1 
a7.661 
&lb 1 
26.6Ql 
a6.2Ql 

36.aQ FC 
w.10 

4 
4 36.00 OH 

37.6b Fo Fe . - 37.66 

3s.w F4 Jl.61 
51.62 
as.19 
as.66 
a2.62 

16.66 
41.m 
423 
42.22 

SlUb Fo 
sub Fe 

CC0 
22.661 
se.261 
IO.=1 
UAQI 
u.661 
42.461 

Fen 
77 
Fe 

um NH 
N7 
N7 

161 
1161 

43.81 S-R Q-13 
42.70 S-20-13 

U.64 S-20-1s 
44.77 s-20-1s 
U.uOH 

43956 
13.7Q 

44.w 
’ 44.76 

um a 4a.4 1 u.24 
U.67 

44.6 1 

uma 

46.661 
46.261 
44361 
U.76 1 
47.Q6 1 

4b.MR l wm 
46.81 ’ 

46.6 OH 46.70 
47.QO Fe 

4.7 1 
46.2s 



49.62 OH 

3350 -3369 

51.13 OH 

653 54.OY S-R o-13 

a53 64.32 S-20-13 

56.112 on 
56.63 0 

57.29 0 

66.19 1 

59.23 I 

59.88 on 
60.01 OH 
60.60 on 

61.06 1 

41.60 Fe 

49.05 
40.45 

Fe 

Ti 
Ti 

47.u I 
47.lb I / 
46.00 2 

46.302 
4s.10 3 
40.55 1 

50.40 1 
51.25 

46.30 1 

4s.10 1 

60.30 50.40 1 
51.20 1 

61.45 
51.65 51.10 I 51.65 1 

52.25 1 

53.15 3 

53.1b 1 
54.05 
84.35 
64.65 

52.30 1 
SJ.U5 3 
5u5 3 
53.55 I 

53.60 
54.14 3 
54.35 3 
64.15 1 

55.30 1 
55.55 I 
65.25 1 
56.35 1 

54.30 3 
54.60 1 
M-25 1 
65.50 
56.602 

56.40 

56.45 56.45 2 
Fe 56.15 1 

56.20 
b7.25 1 
57.70 1 
56.10 2 

56.65 1 
b7.35 1 
51.60 2 
56.10 2 

b&60 1 
56.36 
59.30 

60.05 

59.25 2 

89.80 2 
60.15 2 
60.6b 1 

59.75 
60.25 2 
60.10 

61.05 
61.20 

61.10 I 
61.25 2 

61.@0 0 61.85 1 

61.45 I 
6130 I 62.0 61.01 

47.6 1 41.60 1 47.60 
47.22 

42.65 i NH 

49.7 2 43.73 ~ 

m.28 

bl.11 
b1.B 0 51.52 

51.14 

02.93 
53.26 

53.9 3 

b5.25 2 
55.4 0 

06.9 2 
51.3 

I 59.6 

60.3 

61.3 i 

51.05 

54.06 

b&22 

b6.26 
56.40 

56.60 

57.56 
06.25 

. 
56.90 
59.49 
59.61 
60.10 
60.31 
60.92 



____ ______ -- - __.__-- hIId TomI 

33504989 

P5.1 62.64 Ott 
P5: 62.66 S-RO-13 
F5I 63.06 s-10-13 

. 

63.62 OH 
656 64.08 s-ito- 

1156 64.32 S-RO-13 

Pll 66.00 s-u2-16 
RI5 65.33 s-rt2-1s 

P13 67.71 S-R2-15 
2l7 66.11 S-R2-15 

zl 

69.36 OH 
. 

It3 69.92 S-60-14 

3370-3369 

R6 

PI6 

rrl 

ss 
P6 

Fs3 
P53 
2ll.P7 

Rli? 

70.4 s-no-14 

70.62 S-R2-15 
71.17 s-no-14 

72.46 S-lo-14 
72.42 S-20-14 
72.59 OH 
73.16 S-110-13 
73.4 s-no-13 
73.97 S-60-14 

74.66 S-60-13 

63.621 

66.20 1 

66.05 0 

67.05 00 
67.65 
66.05 

67.70 2 
66.15 2 

Fe 69.50 69.55 2 

70.00 
70.35 

70.60 

71.30 

72.45 1 

74.10 

62.260 62.25 1 62.21 

/ 62.66 i 

62.85 2 
63.062 

64.302 

63.063 
63.46 1 
63.66 
63.001 
64.303 

64.76 
65.00 
66.36 

66.16 2 
Boa62 

64.76 1 
66.661 
66.351 
66.861 
66.301 

Fe 66.663 

69.85 69.00 2 

70.40 2 
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Fig. B.1 -Mke, JACO epectrograph. 21 ft. upper deck, h&b wavelength ragton 
(6490 to 7785 A; t&al, I N). 

. 
6aoA 

Fig. B.2- Mike, JACXI l pectrcgrapb, 21 ft. upper deck, mtddle W8Vehgt4 region 

(6196 to 6420 A; total, II F). \ 
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519s A PI& B.3- Mlke. JACO spectrograph, 21 R, upper deck, low wavelength region 
(3900 to 519s A; totlll. n F). 

_. ., 

FL& B.I- Mike. JACO epectrcgraph. 21 ft. lower deck, high wavelength regton 
(3495 to 4120 A; second order; total. II 0). 
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Fig. B.6-Ktng, JACO epectrogrPph. 21 ft. upper deck, II&# wavelength region 
(6490 to 7765 A; total, 1 N). 

6490 A Fig. B.9- King, JA(30 spectrograph, 21 ft. upper deck. middle wavelength region 
(6195 to 6490 A; total, U Fb. 

5195 A 

6106 A Fig. B.lO- KU. JAW w?ctroqraph, 21 ft. upper deck, low wavelength regton 
(XI00 to SISS A; total, U F). 

. 

2SOOA 



8246 A Ftg. B.ll-Ktng. JAOO l pectrcgraph, 21 ft. lower deck. II@ wavelength regtco 
(6S70 to 6246 A; fht mulmum, I N). 
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Fig. B.lZ-Ktng. JACO spectrograph, 21 ft. lower deck, mlddle wavelen6th 
region (6696 to 6970 A; flrat mulmum. II P). . 

:**a - , 1 t. :I i I 

6696 A 

695 A 
Fig. B.13-Khg. .JACO spectrograph. 21 ft. lower deck, low wavelength region 

(4316 to 6596 A; Clret maxhnum~U F). 
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