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2 PART II
URANIUM METAL

Chapter 4

EXTRACTION OF URANIUM FROM ORES AND PREPARATION
: or URANIUM METAL ,

1. Extraction of Uranium from Ore
2, Metal Preparation _

| Chapter 5 |
~ PHYSICAL PROPERTIES OF URANIUM METAL

1, Structure and Mechanical Propertiss of Solid Uranium
2. Mechanical Constants of Uranium . .
3. Thermodynamic Properties of Uranium

4, FElectronic Properties of Uranium

5, Radlation Effects

Chapter 6
~ CHEMICAL PROPERTIES OF URANIUM METAL -
1. Reactions with Nonmetallic Elements
2, Reactions with Compounds of the Nonmetallic Elements
3. Reactions with Aqueous Acid Sclutions
4, Reactions with Aqueous Alkall Solutions
5. Reactions with Heavy Metal Salt Solutions
6. Miscellaneous Reactions
Ghapter 7
INTERNETALLIC COMPOUNDS AND ALLOY SYSTEMS OF URANIUM
'1Q Preparation of Alloys and Intermetallio Compounds
2., Mutual Solubility of Uranium and Various Metals
3. Intermetalllic Compounds _
| | 'PART III

: BINARY COMPOUNDS OF URANIUM QTHER THAN HALIDES

Chapter 8
THE - URANIUM-HYDROGEN SYSTEM

1. Solubility of Hydrogen in Solid and Liquid Uranium Metal
2, Uranium Hydride
3, Uranium Desuteride
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 '1o Phase Relationships in the Uranium-Oxygen System

Chapter 9

URANIUM BORIDES, GnRBIDEuD AND SILICIDES

1, Uranimm»Boron Systenm
2, Uranium-Carbon System
3, Uranium-Silicon System

Chapter "10
URANIUM NITRIDES PHOSPHIDES ARSENIDES, AND ANTIMONIDES

i. Uranium.Nitrides
2, Uranium Phosphides
3. Uranium Arsenides and Antimonid@q

fChapter 11
URANIUM OXIDES, SULFIDES, SELENIDES AND TELLURIDES

2. Physical Properties of Anhydrous Uranium Oxides

3. Phase Relationships and Physical Properties in the
Uranium-Oxycen-Water System

4, Oxidation and Reduction of Uranium Oxides and Hydroxides

5, Conversion of other Uranium Compounds to Uranium Oxides
and Hydroxides

6. Conversion of Uranium Oxldes and Hydroxides to other

- Upanium Compounds i
o Uranium-Sulfur System
. Uranium Selenides and Tellurides

| PART IV
. URANIUM BALIDES AND RELATED COMPOUNDS

Chapter 12
' THE NON-VOLATILE FLUORIDES OF URANIUM

T O T S

1. Uranium Trifluoride
2, Uranium Tetrafluoride
3., Upranium Pentafluoride and the Intermediate Fluorides,

UgFg and UF,,

Chapter 13
' 'URANIUM HEYAFLUORIDE
Preparation of Uranium Hexafluoride

Physical Properties of Uranium Hexafluoride -
Chemical Properties of Uranium Hexafluoride
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Chapter 14
URANIUN-CHLORINE COMPOUNDS

Uranium Trichloride
Uranium Tetrachloride
Uranium Pentachloride
Uranium Hexachloride
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Chapter 15
BROMIDES, IODIDES, AND PSEUDO-HALIDES OF URANIUM

1. Uranium Tribromide

2, Uranium Tetrabromides

3. Uranium Triiodide and Uranium Tetralodide

4, Mixed Halides of Tri- and Tetravelent Uranium
5, Uwranium Boronydrides .

6. Uranium Carbonyl

Chapter 16
OXYHALIDES OF URANIUM

Uranyl Flueride

Uranium (IV) Oxyfluoride
Uranyl Chloride

Uranium (IV) Oxychloride
Uranyl Bromide

Uranium (IV) Oxybromide

Uranyl Iodide
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GHAPTER I

NUCLEAR PROPERTIES OF URANIUM

In its full gense & chapter on tﬁe nuclear properties of uranium

should include all data on 1éotope separation, natural andbartificial

radioactivity, and fission. Therefore, in addition to other'materials

most of the work done on the Manhattan Projec¢t should be included. It ia
oﬁviousiy impossible to present ﬁere-qven a ahortvpummary of ali thege sub=
Jeets, On}y a few fundamental data will therqfore be given, particularly
thoee-pertaining %o tholiaotopiq_compoait;on and atomic ﬁeight of natural

uranium, '

1. Isotopic COmgdsition
k Nétural uranium contains the three Isotopes 0238 (ux), 0234'(011),‘

and 0235 ("actino-uranium,"” AcU). Several comperatively short-lived iso-

topes have been obtained artificially by various nuclear reactions in-

‘volving Ac, Th§ Pa, or stable U-isotopes as initial materials., The

radioactiQe constants of the naturally occuring isotopes are given in-

- Table 1.

TABLE 1
RADIOACTIVE CONSTANTS OF NATURAL URANIUM ISOTOPES

: e . ;'“”"' - e
‘Mags Number Radiation Half-1ife Per cent in
Typs Energy ~ (years) . Natural
. ' (Mev) - Uranium
R ===
234 (uI1) - . 4,75 2,69 x 100 - 0,006
. . 0 .
235 (AcU) oA 4,31 7-8 x 108 0.7
238 (UI) . 42 i 4,51 x 107 99.3

o -
See below page 7




The isotopes y238 (UI) and U234 (U11) are members of a radioactive decay

series, the so-called 4n & 2 geries. (UIJD‘ v UXy 2 )szfx' ' 01X 2. Yo
They mvet therefers be presont in a constamt ratio equal to the ratio of
their half-lives in all uranium sources in which radioactive equilibrium
has been established.

According to Table 1, the equilibrium ratio of the isotopes UII and

~ UI must bes
.
lu23 2692105 _ 1 _ 5.9x107F
[0238] 451 x209 16900

In other words, the percentage of 0234 §pn patural ﬁranium must be about
6 x 10™3 per cent, This is confirmed by mass specﬁograph analysis,

The result of the isotopic analysis of uranium by Nier (1939a) is
illuatrated by Fig. 1. The 0234 poak is 80 low that only an approximate
determination of the ratio; 0239' Ep23t§ is possible. A series of compari-
- sons,gave values betwesn 13.0 x 103 and 1804 x 103 with an average of
17,000 3 10 per cent, which is in good agreement with the theoretical val-
ue, A n;i determination gave the same result and narrowed the limits of

errors

B4

3%

Actino-uranium, 0235, i8 not a member of the 4n'¢4 2 series and its

iu235] 0234] 2130 £ 4, leading to \02381 , [1_1234j = 17,000

origin in natural uranium is open to speculation, Hoasuremepts show that
ite concontration is remarkably‘constanto

The first mass spectographic Proof of the. presence- of-Bﬂéé‘in*h&tural

et oo .

uranium was given by Dempster, (1935), who estimsted the concentration as
less than 1 per cent. An exact determinetion was first made by Nier,
(1939a). The following table shows the results obtained by Nier with dif-

ferent ursnium minéralso

esevoo s
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ION CURRENT (ARBITRARY UNITS)

-POSITIVE

u238
?3—5= 139.0

238
k ‘32—34 17,000

——

1

240 238 236 234 232

ATOMIC MASS UNITS

FIG. . 1SOTOPES OF URANIUM -
(FROM A.O.NIER, PHYS. REV.,, 55, 151(1939)).




ISOTCPIC RATIO [0238_}} [_023‘5._{

Mineral | Age (years) ngt1o2023é7albz35] ®

' . _ , Limits Average

Koln (Sweden) 4 x 108 1375 - 140,17 | 139.0
Uraninite (Ontario)| - 1.0 x 107 135.3 - 140.8 | 138.9
Dakeite | 1x100  [136.6 - 141.3 138.8

s e oo Y

1 " K
Using UCl, and UBr, as ion sources.

1.3

Thblewadahowa no noticeable effect of the age of the mineral, 'Th@-_

{1 . .
ratio {70238] 3 L0235J. has been redetermined (SAM Columbia / ). They

uged UFS% and UF6%-ione from UFg 4n a Stangard source and*U? ione in a

‘surface ionization-source., The rgéults are shown in Table 3.

" TABLE -3

ISOTOPIC RATIO [u238} s lu2'35 ] DETERMINED WITH TWO

DIFFERENT SOURCES

. I Limits - Average
‘Standard C 1 135.0 - 138.6 | 137.0'- % 0.7
Surface 113749 - 139.0 | 138.0 2 0.3

A croeés check of tﬁo African ores, one Canadian ore, and a Colorado car-

notite showed differences of no more than 0.03 per cent.

The vaiues oﬁtained with the two sources are barely reconcilable, if

a ratio of 137.7 is assumed; this value is elso just within the limits

given by Nier (1939) ilper cent. Perhaps an isotopic discrimination gf-

fect occurs in surfacse ionization due to different volatility of the two

isotopes.
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The constant content of 0235 in natural uranium minerals of varying
y235

age'can be explained in two wayea One 23 to assume that " was proeent,

in the natural isotope mixture as it exieted at the time of formation of

the "earth," in considerably large quantity relative to U 38 than it ia

found now, and that its preeent concentration is in the nature of a resi-

due from this initial "endowment .” The other hypothesis is to assume that

U235 nas been formed (and may estill be forming) from U 38, for example by

’ 2
the "pile reaction"” U238 %’n 0239 /('Pu239-—~—-0235

The first- hypotheeie can be checked by the determination of the ratio
of uranoelead (RaG) and actino=lead (AcD) in uranium minerals of various

age. This ratio is considerably higher than the present-day ratio of

.U235 to U238 (leading to a concentration of 5=10 per cent against 0.7 per '

cent) and increaeee with the age of the mineral. The valuee found by Nier

8 years could ‘be fite

.(1939b) for minerale of age 2 x 108 years to 13 x 10
ted on a theoretical curve constructed with the values 0.046 for the
preeent ratio of activities of the actinium series and the uraninﬁ-eeriee
and 139 for the present ratio of’concentretione of 0238 and 02359' Ueing
theoe constants Nier calcnlated the valnes which these ratios had in past
'geological periodes- .

- TABLE 4

u238/y235 RATIO IN THE PAST®

o —— = By oy = e

';;a;;““ N ’fﬁ‘": Activity of Ac-Series
ago | ©2825 | Thctivity of U-Series
0x18 | . 139.0 0,086
a 11108_ 100.2  § © 0.065
8 x 198. | 2.2 |  0.089
12 x 10° 52.1 0.123
16 x 108 375 - 0.171
20 x 108 26.9 .. 0,238

Arter Her, 1939, o R —
" . e s SO, ,g.q
Sl eticE T i G -




The values in the last column of Table 4 are not as large as the
figures obtained in'eome.earlier eetima@ea, which were besed on a higher
- value for the present ratio'0238,iﬁU235 and a lowsr valug forlthe relative
-gctiviﬁy of the actinium series., This indicates decrease in the importance
of the actinium series in the thermal history of the earth, |

In ord;r to account as closeiy as possiﬁle for the E?bzozj/ {%bzofi
ratios found by Nier in minerals of various age, he'had to choose a value
of 0,046 for the ratio of activities of the actinium series and the uran-
ium series at the present time. (Fig. 2) ' Combining this figure-with
Nier’s concentration ratio [0235_f / ,f9238j £ 1/139, and using a half-life
of 4.5; x 109 years for 0238, one obtains for U235 a half=1ife of about
T =z 108 yeare; Direct méasgrements of the'activity ratio, on the other
~hand, gave values close to 0.040, leading to a half-life of 8.1 x 10°
years for 23, As shown 1n Fig. 2, the observed values of the ratio
inZO?J / £?b2°6g are about 20 per cent'highef than those calculated for
an activity ratio of30.040; ‘The reason for this discrepancy, which can
be interpreted either as an e#qesa of actino-lead or as a doficiéncy of
urano-lead, is as yet unclear. Nier's suggestion in 1939 was tﬁat the
experimental value of the activity ratio might be too low.

In Table 1, 7 - 8 x 108 yeurs was given for the half-=1life of U235
as the seat éstimate available in 1939. Since, on the whole, the results
of the mass spectfograph analysis of U and Pb agree with‘the hypothesis
of an initial 0235 “endowmént," the poésibility of additional-0235 for=.
metion during fhe life time of the earth remains-an open question. This
fofmation ié inevitable whenever U238 atoms are exposed to neutronsj neu-
trons are always preéent in the eartﬁ from cosmic rays, spontaneous

fission, andr:C-9 n reactions. Thers seems to be no roason why the 0235

S
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AGE OF MINERAL X 10~8 YEARS

F1G. 2. Pb207, pp206 (CORRECTED FOR GOMMON LEAD
IMPURITIES) AS A FUNCTION OF THE AGE OF
THE MINERAL FROM WHICH THE LEAD WAS
EXTRACTED. THE CURVES ARE PLOTTED . ACCORD-
ING TO THE FORMULA IN THE DIAGRAM . FOR
VARIOUS ASSUMED VALUES OF R ( THE RATIO OF
AGTIVITIES OF THE ACTINIUM .AND URANIUM SERIES).
THE GIRCLES ARE EXPERIMENTALLY DETER-
MINED POINTS. ( FROM A.O.NIER, PHYS. REV., 585,
157 (1939)). -
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formation caused by these neutrons ahbuld_ba the same for uranium from

various sources., Therefore, evidence of the production of 0235 from 0238

after the solidificaticn of the earth’s crust can be gought in small &aria='

tions of the U235 conient of varioue samples, rather tﬁnn in the presence

of an approximetely constant amount of about 0.7 per cent im all of them.
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2. Atomic Welght

'Precieion'measuremenis of the atomic weight of uranium have been car-
ried out by H&nigschﬁidt énd co=workere, Thes® measurements were based OHl
the determination of the ratios UHal, s Ag and UHal, s 4Ag Hal, with Hal
being either Br or Cl, Thelearliér determinztiona (HSnigechmidt 1915, 1916,
1928) gave for the atomic weight of uranium valuss betweem 238.13 and'238°135'
A value of 238.14 was adopted es the ﬁoat_probabla one by'the International
.Cbmmittee for Atomic Weights in 1928, However, this value appeared %00
high in cdmparison with the independently known atomic weight of radium,
and the newer dotermination of HBnigschmidt and Witner (1936) confirmed
~ that it was érroneouao'7From eighteen determinations of the ratio UCl, 3
>4 Ag end twenty determinations of the ratio UBry s 4 Ag (obtaiﬁeq by
nephelometric titration), the two average values U = 238,073 and U 2
238,076 were calculated, and a valus of 238,07-wus therefore gonerally
adopted in 1936,

_ Since natural uranium conteins 0.7 per cent 0235, an average atomic
weight of 238.075 indicates that the atomic weight of the isctope U230
ie 238.095.. For the calculation of the packing fraétiong thie “chemi-
cal® atomic weight (related to natural oxygen = 16) must be multiplied
by 1.,000272 for.converaipp into “phyeical atomic weight,® (related to

016 = 16). This leads to’ui38 s 238,16 snd gives for the packinmg fractioms
. pnys :

-

P = 0,16 = 0.00067.
238

Dempeter (1938) constructed a curve of packing fractions bassd, im

the region of high atomic weights, on the known energies of radioactive
206

\

disintegrations and on the assumption that the pecking fraction of Pb

ie 0,00023. This curve indicates a.value of 0,00055 for 0238 (eee Fig.

3). Comparison of this value with the empirical yhlue'calculatéd above
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PACKING FRACTION

| I |

210 220 230 240

MASS OF RADIOACTIVE NUGLEUS

FIG. 3. THEORETICAL PACKING FRACTION CURVE FOR

THE RADIO-ACTIVE ELEMENTS, COMPUTED FROM
THE ENERGY OF DISINTEGRATION AND THE
MASS -OF HELIUM 4.0039, ASSUMING A VALUE.
FOR LEAD EQUAL TO 2.3 x 10°%

( FROM A.J.DEMPSTER, PHYS. REV., 5_3, 872(1938)).
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ey 0
(0.00067) shows that the accepted atomic weight might still be somewhat

226

high. Since the empirical P-wvalue for Ra fits well on’,Dempster“é

238

curve, the experimental atomic weight of U is also somewhat high com-

pared with that Of‘R&226c Homigachmidt®s latest determimation of the

atomic weight of radium gave Ra226 3'226,050 By mdding the mass @quiva=.
lents of the energies lost by radiation in the traﬁeportation of U238

Rm226’ ona obtains Uiggﬁ E 238.07; the corresponding packing fraction isg

= 000057,
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CHAPTER 11X

PROPERTIES OF 'fHT, URANIUM ATCM

l. X=Ray Specﬁrum

Uranium being oﬁe-of the heavi@ét eleménts, hés'a most complex
X-ray spectrum. The neutral uranium atoﬁ containsg thé fully occupied
electron‘shélls K (2 electtoﬁs), L‘(B électrbns)B M (18 ele@tfons},
- and N (32 ele@trons); and the.partiaily éccubied shells O (probably
Zi electrons), P (probably 9 ele@trbné) apd Q (2 elesctrons). ‘The
distribution of the six ouﬁermost electrons between the gr;ups 50
| (OVI=VII)9'6d (Pivav).and.7s (c§3-is.n9t'y§t definitely known., Thesg
six electrons are the valence electrons of uranium and thei; excitation
produces the_Optiéal spectrum, The other 86 electrons are "inner
_ _ele@ﬁ;x‘ons" and their e_xcitc;t_tion produceé the x@raj spectrﬁmp ‘which
éhould thus contain the series Ky, L, My, N, O, ahd Po HOwevergrlines
belonging to the last two “ultra=soft® series have not yet beén
observed, . . |
lgl-Aggprtionn Table-l g;ves a summary of thé ﬁost regemt{mea'ls,mz'e.=
-ments-of the wave iength of the'abscrption edges of uranium, made
Qartly with uranium metal ppwer and partly'witb ur#nium oxide as

absorber. No effec£ of chemicai binding has been notedo

XYY YY)
EX XX
.
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TABLE 1

ABSORPTION EDGES OF URANIUM,

bo?

Designation ‘Position of the Edge _ Width Reference
X.U. VIR
- (X.U)
K © 106.58 8550 - Mack und Cook
' ' : (1927)
L A s68.0 | 1604.3 4.5 | sandstrom(1930)
1 Y- 568.2 1603.7 -- Cauchois and
: ' - Menescu (1940)
Ly 591.3- 1541..0 bo3 Ssandstrom (1930)
—. 59007 . 153905 . v
Ly 720.8 1 12642 ho2 Sandstrom (1930)
" 720.7 1264.3 ] Cauchois and-
. Menescu (1940) -
My 2228 .  408.9 o= Coster (192la,
: ; 1922a,b)
| HIII g‘ 2873 - ) 31713 SR e ) Stenétrgm (1919) .
) Tl BTT 316.7 - == Lindberg (1929)
My 3326 273.99 - Stenstrom (1919)
v. - w{ 3327 : 273.9 == Lindberg (1929)
3326 ; 273.99 g Polaczek (1939)
M, 3491 261.03 S Stenstrdm (1919)
. 3L91 | 261,03 - Lindberg (1929)
) o 3491 261.03 o 1355 Polaczek (1939)
. | ) . : {' .
| #3322-3331 X.U | | | **3L87-3500 X.U.

Earlier measurements of the abcorptlon edges. were carried out by Duane and
co-workers -(1920a;b,c: 1921), Siegbahn (1919), de Broglie (1916 a,b; 1919),

» Stoner and Martin (1925), and Dauvillier (1927).
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L.3

The fine atrﬁcture of the absorption edges, which depends on chemical
combination and the investigation of which is a means of analysis of the
valence electron bands in crystals, has not jet been closely studied in
the case of uranium. Dauviliier (1921&) reborted the presence of a "white

line" in the L edge! Cauchois and Menescu (1940) saw a similar line

III

117 and the L _ edge of uranium metal (at 720.4 and 590.4

X.U, respectively); no white line was noticeable in the L édgeu Polaczek

in both the L

(1939). could see no fine structure in the My, and Mv.edges of uranium oxide.
vThg absorbtion coefficients of ufanium_for monochromapic X-rays of

different wave lengths were messured by Stoner and Martin (1925) in the

| region of the Laabsorption-edges, énd by Allen (1926) in the regions of the

K=and Mwabso:ptioh edges. TaBle 2 gives the results,

-
o O AN L e
£ NEET ;\I;,),n s e 88 % ses

o e
-
toee

.
°
e’ o ¢« e 0 . e .
. » 2




TABLE 2

MASS ABSORPTION COEéFICIENT'JUQQ§f9

_ OF URANIUM METAL FOR X=RAYS

Lk

o N ——rt

Py

A : A VL
{(X.0.) (em?/ghs. (X.U.) (em=/g}oee
6ly .80 1108 150
72 2,25 124, 1190
98 3.90 U5y 285
©107.5 4,65 K-edge 154, 360
107.5 1.62 | 180, - hb2
130 2.10 193, 470
17 3.95 197, - 185
200 5.40 206, 495
' a8, 516 w, adge'
A Ple | 224, 525
(X.0.) (relative unitgi®s 235, 5,0 Mpq edge
400 0.34 249, 560 |
1450 0.45 260, 570 Mppq edge
500 - 0.59 297 600
550 0.77 Ly 17 edges 30%,, 600
600 0.6k 318, 600
631 0.73 322, 600 Mpy edge
708 1,00 Lyyr edge | 337, 580
750 0.8 3hiig 56l 4y edge
800 0.56 366, 410
I 42l
39% 490

¥ Allen, after Compton and Allison (1935}9.)c ** Stoner and Martin (1925). x¥3% Allen (1926).
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.
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The absorption coefficient increases by a factor of 2.9 at thé K-edge

(Allen, in Compton and Allison, 1935) and by an_ovér=a11 factor of

3,52 at the three Lpedges (Stoner and Hartinpﬁl925;_Kﬂstner? 1932),

Kustner gave the factors 1.11, 1.31, and 2,17 for the absorption increase

at the three. individual edges Ly, Lyy, and Lyyy. Stephenson (1933) gafe

2027‘f6r the ébsorption Jump at the edge Llily,;nleolaczek.(l939) gave

2.4 for that at the edge Mp ' o o
According to Allen (1926)'£he absorption coefficient of uranium | |

is prOpoftional tOJA 2.92 in the N=region and ;4.206 in the M-region.
1.2 Emiasibnb, Liﬁes belonging to the four series K; L, M, N

have been measured in the X=ray Spectfum of uranium, Figo 1 shows the

intérpretagion of the most important lines of ﬁhe firstlthree sériés;

according to Siegbahn (1931)% Tables 3 ﬁo 8 céntain the wave_iengths of

_all the measuréd lines, | |

'

(a) K=Series,

LI} o o . .
LX) e eés 8 ¢ an oo

S




TABIE 3

K = LINES OF URANIUM

ot

R sty TS
—_—— e e et e

Cembination Line Wave Refarance
Designation Length ’
- (X-U.)
KL o W
I'11 2. 130,95
L
111 3 126,40
‘M . . '
II 111 - 1,3 111.87 ( Rechou. (1925)
N - . . N
I1,311 2 108 .42

(b) L=Series,

eessen

secses
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TABLE 4

1-LINES OF URANIUM

Wave Length (X:U.) aftars Relative Intensity
' ) : . aftars '
Term Line Schoer Friman Tdel Claesson| Alli- 1Alliscn |StepBens H
Cembin- Desig- (1928) | (1926) (1930) (1938) son and son.’ Wi
aticn nation {1928, |Andraws (1933} af-
1935) 1 -(1931) it
(1
L . .
IMII ,94 e = 7684 .4 746039 4018 = ! e 0o°
. (3.2)
Y111 p3 oo - 708.79 | 708,81 %gzg) e . 0ol
M : .
1ve £10 - = 685,53 686,15 | == e - -
N1y &2 - = 603.9 603.89 | .53 —— e ol
‘ (1.1)
Brrr | T3 - - 597.1 597 230 (§°§3 - - 0o
NIV” = | o = 589 ,.)7‘7 @ o= = =9
o .
N‘ L = e 5&8365 == e X Ses
0
II 1 == bl 57503 575045 s 3 = e P
e : ‘ : ;?0)
% | & - . 573.6 | 573,90 |1 . SR -
OIV,,V* _— . = s 571.3 o - e oo
P11,111] 13 -e - 68,9 | 569.4y | -- o - -
1%y h. == - 803.5 803.59 | 1.0 - . -
(0.83)
M : ,
& e, ' .
I £14 . - - 7434 | - - | e -
' 7
Myv 8: 718.55 718,51 | == 718.54 | 49.4; £6o7 | == 0ut
(4005) ’ '
Ng X5 -- == 634.2 | 634,25 |0 N e -
NIII oo e 621,58 | __ we o o=
N " ' .
v I 613,32 613,59 | == 613,50 %537) 1.9 == 0.2




“TABLE 4 (Crntinuéd)

4. Te.

Wave Length (X.U.) Afters

_Relati&e Intenaity

afters
Term Line Schuiz ‘f&iman Tdel JClansscn }Allisen [Allisen Stéphéne'nmgfﬁ
Cemhin- | Desig- | (1926) (1928) (1930) (1936) |(1928; ard son width
‘atien natien : | A 1935) Andrews| (1933) |after
' : - (1931) | | Willi-
jams
/ (1931
NVI . - T e 601 995 G == @ o
0y e = == 99,7 600400 | == - = ==
)] , .
III¢ e o ) =y 596 c04 = eoms =éq o
Ory ¥6 s = ~ | 593.4 593,61 | 2.2 - - 0.233
. :  b92.8% (1085 .
P11,1310 - - - 59169 | == - - -
PIVgV e e e 590081 e web oS oo
M Ve ' , '
1T 1 ~ = o= 1064.77 | 1064.89 % 4
- Boa) | - = e
H11e t e - 2082.9 | 1082.5,| == - . -
; ¥i11e “oe = 961.4 961.8 | oo - s e
¥y &2 . | 920.65 oo 920,62 | 920,56 - (1150 8:73 | 00494
My 1 908.91 9087 == - | 808.69 %&28)
: : 10.0)f 100 0,439
N L - - 786.8 786.98 | 1.6 e — .
1 0 (1-6)
By110 - = = 267-3g | -- e - -
\’ .
| Niva 15 —e o= 755.1 765,10 e - - o
“ N "' ' v ¥ . " . ) ,‘
v Fe2 753,23 763,07 oo | 753014 (gg) i 100" 10.389—
Y1,vite| 33 e - 737.3° | 737.07 ‘| - ps = on
0 % ' ) A
- I i"? Ll o= 734 06 734964 004
1 : ‘ - (0.4) o= == s
| O11e e o= - 731,74 | == e - o=
ﬁ 0
‘i III$ = o == 72903 = oo E =
ﬁ ' 6
; 0 -
i‘} IVQV :.5‘ == o= At e 00252
“ ?I x X e e e ) ; p)




TABLE & {Cen’ aved)

P * - . ) . . )
11,311 - e St R 722,7_ '} == o = ==

» These are "forbidden” (quadrupghs)iines (4@4{% i)g thny ere et shown ip
Figura 1. ) ‘

£ See alse Allison (1929) whe gave ) = 1,66 XUo fer the separation F2- p1so and
1131 fer the intensity_rati@ of thesg tﬁ@ lines,

"/ The PIV v electrens are valance slectrens; the intsrpretaticn ef the line
] .

720°90 ia thus uncertain (sinoe crnductances niveaus, as well as the terms

QVI Vi3 ‘and Qy, may al: be involved).

These velues wers corrcoted by extrancletion to infinite excit1ng veltagep
} _ the actual values measurad at 52.8 kv are in parenthesasu
Y Line feound by Cauchiis and Allais (194o)u

\(Xinterpretaticn by Hulubei (1937).

s A?anrescénoe Spectrum,

T
®
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In addition to the "diagram lines" listed in Table 4g-severuilsatellltes

have been observed, which are usually interpreted as "spark lines"

(transitions following double iomization).

TABLE §

SATELLITES IN THF. L-SERIES OF URANIUM

Classsen (1936)

:/4 '1

Designat ion Wave Longth‘ (X.To) aféerg
Idei (1930) Richtmyer and
C Kaufman (1933)
o3 905,56 905.35 ( O(1X) ' 905.45
- pen 750.0 749.92 . 749 .89
ger 748,9 748,93 . 748.93 -
- - - 723,73
601.5 - .

Earlier,ﬁeasurements of the L-emission lines were -made by Coster

(1921a,b; 1922a), Dauvillier and co-workers (1921_bocg 1923) Siegbahn and

" Friman (1916 a,b,c) and summarized. by Duane (192003 1922),

" The width of. L-emission 1lines of uranium was measursd by Williams

(1931).  The results are shown in the last column of Table 4.
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(¢) M-Series. The M~S.ries Is nol us well known as the L-series.

The best available data are collected in Table 6.

TABLE 6

M-LINES OF URANIUM

4.9

Term Line wave Length {(X.0.) after: :
Combination . |} Designation Hjalmer Lindberg Purdom and Hirsch
- - {1923) (1928,1931) Cork{1933)} (1931)
MINpy -— 2909 — — =
NLEI > 2750 2745 e o
o__ - 2299 e - =
vy _
Pi1x - 28 - - "
MoNy - 3321 3322 | — —
Noy s ?815 2813 - —
OIV' = 2439 2440 == ==
MIIIN'{ = == l+322 ==" ==
Nyy -~ - 3514 wen -
Ny — 3472 3473 - -
0y - 3107 3114 - -
Oy, v - 2927 2941 — ——
Mylvr - - 2040 - -
Nyrp - - 4615 . -
N 70 708 . 08.0 3708.0
VILVII 3709 3 ) 3? 37
011,111 — 3570 \ 3570 — —
¥Ni1x - - 937 — =
Ny1 2 3913 3916 3916 | 3914.6
- 1 3901 . 3902 3902 3901.0
PIII , - . 3514 - —= == =

'#Glass grating

essces

(XXX L]

XYYy
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Earlier wave length determinations by Hjalmar (1923) and Stenstrom

(1918) were summarized by Duane (1920c 1922),

Satellites (sparklinea) were measured in the M=ser1es by Llndberg

'.(1928 1931) and Hirsch (1931)..

TABLE 7

SATELLITES IN THE M~SERIES OF URANIUM

Désignation

Wave Length
(X.U,)

Reference

S o =

3886
3698
3463

'} Lindberg (1928,1931)

ed Pt fed 4
=t <<

[ o]

3892.2
38843
13869.0
37011
3693.3 -
3683.1

Hirech (1931)

A Q | WmQRY | cyet

3 =.3 3 =3

3885
- 3684
3696
3700
3459
3466

Hjalmar (1923)

-

Parratt (1932) has used six uranium M-lines in the measurement
of half-width of lines reflected by a calcite crystal.
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N-Series. The available measurements of Hjalmar (1923) and Dolejsek
(1924) are rather uncertain, and the interpretations of the two investi-

gatqra.disagrée'in'several.caseso_ Siegbahn and Magnusson (1934) measured

several "ultra-soft" lines in the region Y 30A.

TABLE.S
N-LINES OF URANIUM ' - .
Term Combination o o . '
after Dolejsek ' Wave Length (X.U.) after:
(HJalmdr“s interpretation ' '
in parentheses N Hjalmar Dolejsek Siegbahn and
o (1923) (1924) - Magnusson(1934)
NOry (NII v I e -
III(NIOIII) | - 9619 9873 ™
PIII e . .8605 we
1% oo SR B | % | -
Oy ' | = 1008, . -
Nrybyy | N L 3178
R == = 3481,
Ny1Ory - | - — | 4208,
| NVIIOV o == -
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(e) Fluorescence. The fluorescencs smission of L~ and M-1ines in

" the .uranium x-ray spectrum was studied by Stephanson (1933) and Hevesy

and Lay (1934a, h). Stephenson found, for absorption in the LIIIgniveagg

a value of 0,67 for the yield of fluoresoenooo The ratio of intensities

of the lines Ldl 9 and Lf}z in fluoresc@noe was 3,73 in agreemcnt with

the value found for the characteristic emission °oactrumo Havesy and
Lay (1934 a, b) found a lower ylald of fluoreacenca (0 45 1n the LIII

niveau and 0.06 in the Mnnlveaus)a




groups'of uranium?

_ _ - TABLE 9 , -
PHOTOELECTRIC EMISSION OF U-OXIDE IRRADIATED WITH ‘Tu ..o/ X-RAYS¥*

1.3 Photoelectric Effegﬁh The electron emission from uranium

under x-ray irradiation was observed by déBroglie (1922) and b -

by ur&nium oxide irradiated by CuK radiation. He found ten’

: Robinson (1925). Robinson analyzed magnetically the electrons emitted

electron grbups attributable to the photoeiectric effect in various glectron

' Eﬁérgy ioaa

: 'Ihtensity T Eléciféﬁ . CofreSponding
Group (1-6 Energy (592.8- . X=term
scale)’ (¥/R) Y/R '
1 3 276.9 315.9 My 317
2 | & 318.8 27.0 | Mgy 27
3 5 332.4 260.4 ﬁv 261
~. 4 2 486.8 106.0 N, 106
6 |- 17.3 . 5. N 6
5 517.3 75-5 7T 7
7-. | 6 | 540. 4 . 52.1, NIV,V 57f.- 54.
8 2=3 555.8 37.0 Oxygen X ?°
? 3 566.8 26.0 Myp vrrs 27
10 2 oL > o 18
| 577 }5 7 OII»III 015
11 Z=3- 589.9 2.9 7-2

Oy, v

’*Energy-ig/R = 592.8
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1.4 Term Sgstémo Since the x-ray absorﬁtion edges are not sharp,

the usuﬁl way of calculating x-ray terms consists of selecting one or a

few preclsely known abserption edgee and combining them with the much

more sharply defined frequencies of the emission llneso Vzlues
obtained in this way by Bohr and Coster (1923), Dolejsek (1924),
Lindberg (1931), Siegbahn (1931&), Cldésson (1936)g'and Ceuchois. (1940)

are listed in Table 10, The basic values taken from absorption

‘measurements sre framed. Those taken from previous 1nvest1gatlons and

used as a-basis for new calculations are bracketed. The two last

columns contain term values calculated by Monk and Allison (MP Chicago 1)

~ from general term equations, using the screening constants shown in

Table 11, and the term values 4in ele¢tron volts derived by Ruark and

Maxfield (1935) from a combination of xpvayuline frequencies with optical

term values. #hat optical values have been used in the case of uranium
-is not clear. The K=term in the last column is calculated from the

absorption edge, since in this case the discrepancy between the result

of direct absorption measurements ('77?.: 8550, Table l)“and the value
calculated from the L-2dge and the K-emission lines (2J /R = 8477) may be

atiributed to errors in the X-line measurements.

L.13

¢
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4.18
TABLE 10
X-TERMS OF URANIUM +
Quantum . . Perm Valuas (L//R) The o~ XEleotron
ﬁmbgi ° Calsulated from X-ray Absorption Limits and retical [Volts
° ¢ ' Emission Line Frequencies bys Valuas (from
Torm| Misse - - by Monk | Optical
B ni{if j Bohr and | Dolejsek |Lindberg Sieg- {lacsson | Cauchois|and Terms anc
£35.- Coster | (1924) | (1931) bann | (193¢) | (1940) !Allison,|X- lines
tron (1923) (1931a) (MP Chi - Ruark .’
cago 1) | (1935)
u N I
i 1s J1|0 ] & |8477.0 |-= - BL74 = o= 8490 || 115790 !
; Ly | 29 0% |wos.s | -- -~ |1evz.6 | -- e 1596 | 21781
Rk Nep (il 3 |1se3.7 | - —e  |1542.7 - 1542.731 1535 20900
<
Ly :5/2  |1264.3 - -= |l1284.2 | |[1764.2 || 1264.32! 1264 17128
, l o
R : ‘ ‘
¥y 13 J{lo] 3 408.9 - == 408.5 408.7; | == 408.5 | 5537
‘ ;i 40805
Ty |l 11‘ 1 | 382.1 - - 381.5 381,75 | -- 379.5 | 5172
) P 81,
! 3816
CMagrd 3/ | 317.2 - 236.7( 316.8 317.0 | = 317.5 | 4296
I \ 317-0
|
Moy (132 | 274.0 - 273.9|| 274.2 | 274.5; | ~= 273.9 | 3721
| 5d 2 274.3 o
|, _} i 11s/2 | 261.0 . 261.0|! 261, 2 261.7; | - 260-4 | 3546
J ‘ 261.4
S i
N | 4s o|% (1066 fl107.1] | 105.8| 2060 | 195.9: | - .- 1439
| ' : - . 10,0
| . )
g b ! 95.7 l:?efé:] 93,1 93.5 lf 93.8; | - - 1273
| {4p Hesll : 4 93.6
Ny { 4 3/2 77.1 [:?76::] 76.4 76.6 § 76,8 | - e 1042
| ! | - 76.6
[ . .
A 3/2 56,3 = 57.3 | 57.5 'f 57.5; o o 783
\4d 5703
|
¥y J 2{is/2 | 53.6 - 54,2 | 5.3 || 54.5; | == . 739
‘1 5402
'y 3(15/2 | 28.4 - 28,1 | 28.5 28.8; 391
4af , il 28,9
TR \ 7/2 | 27.6 - 1 27.4 127.3 g “Sh g oo . 382
- e By . T - r-,';».- S traeem o,
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' #llargely based on the values of Idei (1930).

* 7.6 fromy g, 7°OB-5,§ probably one value oorresponds to OIV and
.one to:Qvo | \

@$Although all PIiBIII lines are weak, the term valus is definitely 2.’

®Line interpretation as'LIIPiV,,V.and .LI.IIPIVDV uncertain. .

FThe table given by Russell (Los Alamos 1) is a combination of Siegbahn’s S
values for the E-and L-terms, with Cleesson’s values for the M=N-0 and

P-terms, with the addition of Cauchbi-s“ value for the P1=termo

Y




TABLE 11

SCREENING CONSTANTS OF URANIUM3

g 2 2.0 3.49 6.8 8.5 . 13.0
61 S22l | 22.4 38.9 40.7 . - bhe2
#*  After .Monk and Allison (MP Chicago 1),
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Russell (Los Alamos 1) tried to use the term values given in Table 10

© to find out which valence electron group, Py y or Oyy,yix, has the lower
. . - . } b4 ]

energy; in other words, whether. the 6d or the 5f electron group is filled

- first in the uranium atom. He saw two arguments in favor of the assumption’ |

that in elements beyond thorium, the 5f electrone are bound stronger thén

the 6d electrons. In the first place, the term sépaf&tion OI»OII(Ss=5p)

is only slightly larger in uranium than in thorium (& (¥/R) = 4.9 for Th

and 5.0 fbr_.u)0 In the preceding period of the periodic sy$tem» the'iﬁcrease in
the separation Nx““tl (hs-= Lp) is scmewhat larger.and approxi@ately éonstant
(about ZQQ?R units per. element) in the series Hf to Pt/‘where the 5d groﬁp

is filled ifi,, and is near zero and changing irregularly in the rare eafth

.seriéab where the 4f group is completéd° The inference is that the Th to

U elements-resemble the rare earth series more than the Hf to Pt sequence
of elements. However, the data presented are quite insufficient to maké
this conclusion convincing.

| The second argument is slightly better. Tablello shows that the‘

iy and M, absorption edges (273.9 and 261.0) are smaller by about 0.5 MR

units than the MIVIand.Mv terms calculated from the L, . limit and the

11X
l~emission lines (274.5 and 261.6). The'interpretation of - this difference

suggested by Russel is that the absorption in both the Lyrp and the Mo v
: . . sy

.levels leads to electron tranafer into the iﬁqomplete.valence groups, rather

than to complete ionization. According to the ;@séelection r'ul'e,,dfg': 'g‘lé, .
L111 (2p) electrons (4?31) can be tranéferréd into the Pyy,y Valence group
(6d,2§ 2), thle the Miv;v electrons(jd electronasizz 2) can be transferred
only into the valence group OV19VII (group 5¢,€= 3).

If electrons in the latter'group are'ﬁound more stroﬁgly (vy éboﬁt :
5 electron volts) than thoselig the 6d group, the absorption in the M

v,V
group must require less erergy than that calculated from the difference

roup and Lhe energy of the I M
LA TR STTE 08 B by,
pi, b

between the zbsorption emergy in the LIH E
:

v’gq/& |

L




~nission line. Thus the above-mentioned differéncé betweer the calculated

and the obsgrved MIV,V term vglue can be explained, |
However; even if this differenée appears to be beyond the limits of

experimental error; its interpretation is by no means certainol An

analysis of the electron levels of a erystal, particularly a metallic

.cfystalg on the basis of the elegtronic states of free atoms cannot carry

much weight, because of the weli=known transformation of these levels into
"conductance bands" which belong to the crystal as.a whole rather than to
individual atoms. |

It may be noted that the width of the M-absorption edges (Table 1)

is such that the discropancy between the calculated and the obsefved MIV

. and MV terms practically‘disappegrs if the term value is determined from the

wave length at which the absorption reaches its maximum rather than from

that at which the absorption begins to increase, or from the center of the

‘édg:e° (see Polaczek, 1939).

The possibility of a measurable effect of nuclear spin on the x-ray
terms of the heaviest elements was suggested by Breit (1930) who calculated
that if uranium had a nuclear spin of 9/2 units, its K-level should be

split into two components with a separation of 22.5 ev and its L__ level

11 .
into components with a separation of 4 ev. Williams (1931) remarked that

~ the natural breadth of the L_ line of uranium is much" too large to reveal a

I
splitting of this order of magnitude. . The atom 0238 whose atomic number

and atomic weight both are even, probably has no nuclear nzgnetic moment; but
the odd atomic weight nuclqua U235 has a moment and poséeSseé hyperfine
structure, which has been resolved in somé optical lines (p. ) and may
becéme.apparent also in the x-ray spectrum.

Figures 1 and 2, taken froﬁ Siegbahn's monograph, show a scheme of the
uranium terms and lines, on an arbitrzry uniform scale in the first‘figureg

and on the correct logarithmic scale in the second figure.
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2. Optical Spectrum

2.1 Line Meaéurementso Table 11 shows the most important wave

length measurements in the arc and spark spectra of uraniunm.

TABLE 11

WAVE LENGTH MEASUREMENTS IN TRANIUM SPECTRUM

L.19

Observers Wave Length Range Number of Lines
Measured |
Are Spectrum |
Ider and Valenta (1910) L6L2 = T130 A7 600 |
Hasselberg (1910) 3583 -~ 5871 2200
" Exner and Haschek (1911) 226k - 6827 1960
Meissner (1916) 8223 = 8758 17
Kiess and Meggers (1921) 5500 = 9530 67l
Harrison and co-workers (1939) 2000 - 10000 e
~ Kiess and co-workers (Nat.Bur. 3000 - 9000. 7600
Standards 1)
—4
Spafk Specﬁrum
Exner and Haschek (1911) 2195 = 6449 5632
Lang (3924) 378 ~ 2009 93
Harrison and co-workers (1939 2000 o_l0,000 -

Reproductions of the uranium arc and spark spectra are found in

Eder and Valentats atlas (1924).

A hyperfine structure, indicating a nuclear spin of §/2, has been observed.

in British neaéureméhts (British 1) in the spectrum of the isotope U2 o

35
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2.2 Zeeman Effect. Stark Effect, Pressure Effect. The first
meésurements of the Zeemun effecﬁ of uranium spark-lines were made by
Ross (1910); The MIT Spectroscopic Laborétory'(MITal) has described
Zeeman patterns for the lines 6876,75%; 5915,398, 5315.279, 5234.164,
5027,398, 4965:375, 4955.775, L933:063,4910.339, L856.6755 1393.598,%
3620,085% 3566,598,%3500.0775 3439.4345 3418.39%, 3&00;h67*9 31750358: and

:26090258Ao The lines marked by asterisks may possibly be UII lines; the
othners belong'to bhe UI spectrum.

Kiess and co-workers (lut. Bur.Standards 1) have determined the
Zeeman ﬁatterns oflseveral thousand lines_of the UI spectrum, but the
results are ﬁot y.et.publis'hedu | |
| | The Stark effect-of some uranium aro-ilines was measured by

Nagaoka and Sugiura (1924); the pressure shift by Humphreys (1897).




.21

2.3 Sensitive Lines. Several tables of the most persistent

uranium lines have been given.

TABLE 12

PIRSISTFNT LINES OF URANIUM

| Meyer ] Kiess . Fred (MP
Hartley | and Harrison 1939 (Nat.Bur. [Chicago 2)
(4) | and Greulic Standards 1
Moss (1921) [Arc |Sparkj Int. j. Order of |Order of
(1912 {Spark) | Int. | Intd Appear- Appear-
ance _lance

3019 X - S o - e —
3090 X - - - — - -
3102 X v »m e == aE cocn e
3552.172 | == — g |12 - — —
3672.579 | = - 15 - _— -
3859c58 e Rilad mas sazs - == (5) '
3932@02 o emes == e e P (l)
3966.57 == - o= - —— - (h)
4050.14 - X - s - - 2)
L2U1.669 | == — 40 50 —— _— -
4341.69 | == == - - - e (3)
4620.22 | - - — j-= le0 | (5 -
5027.38 | — — |- = Juwo | @ —
5915.40 | == - e 500 (1) —
5919 o 61- o v x ' = = omem esep cnem
6395.42 | -- - e 200 (3) —
6449.10 = - = = 300 (2) -
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2.5, Analysis of the UI Spectrum, Only preliminary.report; are
available on the énalysis of the UI spectrum at the National Bureau of
Standards (Nat.Bur.Standards 1,2), They give a list of low odd levels,
which correspond to the valence electron configurations 5f36d782 (155
terms, 377 componehts) and 5f36d27s (1122 terms). Tﬁe terms shown in
Table 13 have been giﬁen ten@ative designations on the bésis of g-values ’
dérived from Zeeman pa.ttérns° They»inclu&e thé stable and the most
important low metastable terms of the free u:anium aton, |

A second .list, Table 13? giveé.a gserles of even terms which
correspond to the valence electron configurations deps,prs2 and f3d2pc
. Aﬁout 300 ﬁerm components havé been détermined so far and identified by
arbitrary numbers with the addition of the quantum number J deterﬁined'
from combination rules.

TABLE 13 A

LOW ODD TERMS OF UI

o
e ——

Vaiue Value

(em=1) Term (em=1)
5. i - | Ay 3868.4
6 0.0 f B 5762.0 |’
5 7 ' B | -
Ly 3800,8 K¢ 70055 3 | 1o03.9
5 ' 7
L | qeus.6 | & ho3w7.3
5 . 7 .A. .
Ky 620.3 Y, 624,9.0 A 530
5 A - :
6 5275.7 | Mg 8118.6 B, | 59913
b
K7 | 7326.1
Ke  1106e5.7

.
.
ssesse




TABLE 13 B

GVEN THRMS OF UI

Term Symbol*

TEASEETRE

Term Symbol¥® Term1Value Term_Value
~ {em™) (eni=1)
179(3) 17968.7 156(7) 15631.9
185(3) 18530.8 169(7) 16900.4
227(3) 2277h.1 199(7) 19885.5
- 204(7) 2046405
161(L) 116121.9 1 207(7) 20766.5
174(4) 174,68.2 223(7) 22368.4
191(4) 19192.4 226(7) 22633.2
197(4) 19740.7 229(7) 22918,6
205(4) 204,69.2 231(7) 23197.0
215(4) 21545.1 235(7) . 23543.5
220(4) 22038.0 240(7) 24,066, 6
225(4) 2258k.5 261(7) 2,185.8
231(4) 23186.9 243(7) 24,333.8
256(4) - 2565303 - 245(T) 245604
k - - 262(7) 26208, 8
116(5) 11614.0 266(7) 26608.5
134(5) 13463.4 278(7) 27887.,0
- 157(5) 15720.7 282(7) 28285.8
169(5) 116929.8 .
179(5) 179082 194(8) 19489.0
18L(5) 18406.2 205(8) 20528.9
189(5) 18932.8 227(8) - 22789.8
196(5) 19647.5 239(8) 23926.7
210(5) 21078,7 245(8) 24581.2
-216(5) 21637.0 253(8) - 25388.9
233(5) 23325.2 - 1259(2) ~ 25918.1
235(5) 23486.7 264.(8) 2645401
252(5) 25255.4 265(8) 26597.0
: o 269(8) 26979.3
146(6) 14,643.9 271(8) 270864,
156(6) 15638.4 274L(8) 274776
1.65(6) 16505.8 278(8) 27818.5
170(6) 17070.5 309(8) 30986.3
173(6) 17361.9 :
187(6) - 18759.2 238(9) 23843.7
197(6) 19783. 4 295(9) 29550.3
202(6) 20218.8
206(6) 25661.5
212(63 212651
215(6 2158L4.7
218(6) 21768.0
- 220(6) 22056.3
22!5(6) 22‘06‘5-0 3
227(6) 2275401
235(6) 23572.0
253(6) 25349.0
. 267(6) : 26715.5

* Figures in parenthesis are J-values.

¢ ® o
8 gbé ep
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TARLE 14
' SOMF CLASSIFIED STRONG LINFS CF THE UI SPECTRUM:
Wave E! ‘
Inten- Wave Term ’ Wave Intens Wave Term

~ Length sity " Rumber 8ombination Length sity Number Combinatien
3710.78 40 11476.91 | Byg-174(4) 7631.727| 260 13099.61 | 5y.-169(7)
3607.96 600 11613.97 | 5,.-116(5) 7619.34 | 300 13120¢89 | 51 -207(7)
8574.59 | 30 59.17 | Tygo179(5). 7609.16 | 100- 38,44 | bg,-204(7)

- 857C.52 120 64,70 TH7=197(6) 7533.91 250 13269.68 | 51.-170(6)
8567, 40 68,53 | A4-161{4) 7425,50 | 150 1346341 | b1.-134(5)
8557 32 P 82,70 | B5rg=223(7) 739€ .98 40 13515,33 | A4-179(3)
8540.19 100 1170€:15 Trg=174(4) 7130.05 40 14021.28 | 7gg-197(6)
8496.09 100 66.89 | Tyo-199(7) 7128.89 | 200 23,57 | 5gg-146(6)
8450.02 400 , 11831.04 5147-156(7) 7074.78 80 14136.53 | 5gg-184(5)
8445,37 400 37.56 | 51,-156(6) 6826.91 | 400 | - 14643.88 5L69146(6)
8441.20 80 43.41 | 5;5-194(8) |i 6820 .76 80 57.09 | 5ge.-189(5)
83R9.16 40 11916.87 | B4.179(5) 6818.29 50 . 62.39 | A3z-185(3)
§381.86 120 27.25 | Tgg=189(5) 6741.36 50 14829.73 | Ty _210(5)
834575 80 _T7.43 | Bg=179(3) 6683.38 40 14858.38 | 51,-187(8).
8262.05 150 1210021 | - 715,-202(6) 66°0. 52 50 15360-39 | 5E.-157(5)
8230.83 40 . 4611 | g _179(5) || 6518.94 80 15335.70 | Twg-215(6)
8223.09 200 57.54 | 7 . i

. - Mg-184(5) 6464.97 | 150 1£463.,72 | 5R7=227(8)

817430 250 12230-11 | 5g.-165(6) 6449.16 | 300 15501063 | by ~161(4)

- R137.21 30 85.85 | TK7-226(7) 6895.42 | 200 1683188 | 5. _jge(7)

] | _ 6

R097.61 40 12345594 | - Ty -204(7) 6392, 74 80 1563843 | 6, _)g6(6)

. + . 6 .
8034 ,79 40 12442.46 | 7 g,-227(8) || 6389.77 80 45-69| B, -216(5)
7991.:30 40 = 12510017 7?\ﬂ6=187(6) ] 6372.43 200 - - 88527 51‘7_—_194(8)
7970.46 100 42.88 | 7),,-206(6) || 6359.28 | 100 15720.71| 6y,-157(5)
7918,79 - 50 12624.73 5K64169(7) 6298,53 40 15872.34 Az=197(4)
7900, 39 40 54.13 | 5Kg=169(5) {| 6293.32 | 60 35.47

55( =-165( (é)
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' TABLE 14 (oontinued)

P B L e

" Wave

Wave Intan- Wave Term Inton= Wave Term
length  sity Number Combination  Length sity ~ Lemgth - Combinatior
7881.91 400 83.80 7M6c189(5) 6268.66 50 15947.97  Tuq=240(7)
- 7868.73 100 12705.08 SL,-165(6) 6215.37 100 16084.71  57,,-199(7)
7784.13 500 12843.13 535*134(5)' 6175.38 200 16188.86  5g._204(7)
7761.84 50 80.01 TRg=199(7) 6174.37 60 91.52 7K6=231(7)
7639.52 200 1308622 5K6=i73(6) 6171.85 250 98,12 5L8=238(9)
616450 80 16217.43 5K =235(7) 5297 .44 150 (71,81 A4=233(5)
: , ; K, _ .
6163.66 50 46.00 5K7°235(6) 5280.38 300 18932.78 5L6a189(5).
6152.25 60 49,73 7K?=265(8) 5272.,01 © 100 62.85 5; =266(7)
6129,72. 100 16309.47 5K5=169(5) . 5270.62 300 . 67.82 7w7°271(8)
607729 200 16450.15 5K5=17o(6)' 5259.90 80 . 19006.48 7wg*252(5) _
6062.30. 80 90.8%4 5x6°207(7) 5234.16 = 120 99.95 7M6=253(6)
5997 .51 150 16669, 54 Thig=228(7) 5216.92 80 1916306  5x.-197(6)
5986 .10 150 16700.75 'A3=205(4), 5164.14 200 19358.93- 7M7=274(e)
5976 .32 200 28,07 5L79205(8) 5088 .29 i20° 19647.,52 5£6=196(5)
5971.60 250 41.58 SKk-175(6) 5063.77 150 19742.66 5, -235(7)
5956 .66 60 '82.74 B4~-227(3) 5027.38 400 18885.54 5L6=199(7)_
5933.82 60 16847.90 5K5m174(4) 5011041 120 19948.90  5y.=205(4)
5215.40 600 16900.36 5L6=169(7) 4967.33 120 20125,93 5L7=239(8)
5898,78 80 47.96 7“6“231(7) 4955.78 120 72,83 518m278(8)
5836.03 80 17130019 Tx,=274(8) 4944.52 80 20218.80 5y ~202(6)
5780.59 100 17294 .49 7M6a235(7) 4928.44 100 84.74  ©g,-245(7)
5768.14 40 1736194  151,,-173(6) - 4910.36 120 20359049 7“6;266(7)
564030 40 © 17724.63 Tgg-235(5) 4885.15 120 20464.51  51.-204(7)
5634038 80 43.26 514-253(8) 4842.48 80 ~ 20844.82  5g,-212(6)
- 5621,51 100 83.89 5L7a215(6) 4810.90 100 20780.36 5y -245(8)
5620.78 200 86,21 5x5-184(5) 4777.6T 80 20924.86 5K5=215(4)
5616458 80 99,51, 7M7=25§(8) 4756,81 120 21016.64 '5K5=216(5)
5610.89 150 1781756 Tig=240(7) 4715<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>