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Abstract

An extended multiple structure of the & X-ray absorption spectra of the metallic
elements Cr, Mn, Co, Fe, Ni and Cu has been photographed.

Some of them extend over an energy range of more than 400 volts.

Throughout the work, the absorbing media were pure metallic elements.

They were prepared by the method of electrodeposition and in the case of
manganese the evaporation method was chosen, with a specially designed apparatus.

For copper, in addition to the plates taken with an extra metallic screen, a single-
crystal of copper served as the analyser and also as the absorber.

The spectrograms and the microphotometer curves of them are shown.

Several views to account for the origin of the extended multiple structure have
been proposed by investigators, but here two hypotheses were taken into consideration
and compared with the experimental data.

The first hypothesis considered was that of multiple electron transitions due to
the absorption of a quanttum of Xe-rays.

The second was that of the ejection of a K-electron from the multiply ionized
atom in various shells.

In accordance with the frst hypothesis, the energy level diagram for multiple
X-ray ionization was constructed on the assumption that the {77} coupling of electrons
holds. The intersections of the curves of multiple ionization of different degree are
interesting compared with the experimental cnrves. Of course some discrepancies
between the calculated and observed value may be expected owing to the change in
electron coupling from {77} to {£S}.  This point is discussed, use being made of
the recently published results of S. Goudsmit.

In accordance with the second hypothesis, some calculations were made by extend-
ing Weatzel’s work. The experimental fact thatithe slow change of the vaule of
~%\)~ with the atomic number of the corresponding lines of similar intensity and

structure are favourable to this view. But there remains a theoretical question of the
new quantum mechanics as to which of the processes suggested by the two hypotheses

most [requently occurs.
As a whole, the most probable explanation seems to be that two such phenomena

occur in the process of absorption of X-rays.
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Introduction

DURING the last few years a very complicated, * fine structure ”
or * multiple structure’ of the short wave-length side of the edge of
the X-ray absorption spectra has been investigated.

In an investigation of the absorption spectra of calcium, using
a crystal containing the element both as a diffracting crystal and as
an absorbing medium, Lindsay and Van Dyke' obtained four secondary
edges.

But the explanation of this was not satisfactory. In the case of
clements of low atomic number, the valency of the element affects
the position of the absorption edge, and we have no sure knowledge
of the terms of lower levels. In consideration of this, I chose a copper
single-crystal® as an analyser and an absorber, and obtained as many
as five secondary edges, as shown in Fig. 2 (A) (Plate), and put
forward the explanation® that these were the absorption edges corre-
sponding to the simultaneous removal of the X and A7 eclectrons of
copper. At about the same time, Nuttal* got similar results for
potassium and chlorine in chemical compounds.

Later, many researches were made in the same direction.

For example;

Iindsay and Voorhees® (Iron: metallic clement, and many of its

chemical compounds)

Meyer® (Bromine : Bromate)

Coster” (Copper : metallic element)

Lindh® (Copper and nickel: metallic element)

Recently B. Kievit, and G. A. Lindsay’ obtained many secondary
cdges for the metallic elements Zn, Cu, Ni, Fe, Co, Cr, and Ca and
also for Mn-alloy. And on the basis of multiple ionization the probable
transitions of the electrons have been determined to account for them.

I. G. A, Lindsay and G. Van Dyke, Phys. Rev. 27, 508 (1926)
2. This sample was kindly prepared in the laboratory of DProf. Yoshida by Mr. S.
Takeyama,
3. M. Sawada, in a paper read at the meeting of our seminary.
J. M. Nuttal, Phys. Rev. 31, 742 (1928)
G. A. Lindsay and H. R. Voorhees, Phil. Mag. 6, 910 (1928)
H. T. Meyer, Wiss. Verdt. a. d. Siemens-Ionzern VII 2, 101 (1929)
D. Coster, Nature 124, 652 (1929)
A. E. Lindh, Zeits. fiir Physik, 63, 106 (1930)
9. B. Kievit and G. A. Lindsay, Phys, Rev. 36, 048 (193°)

o ou e
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I have studied the same range of elements and their compounds since
1928, and the part of my investigation dealing with the metallic
clements from Cu (29) to Cr (z4) inclusive will be here described.

Part I. Experimental
(I) The X-ray Apparatus

For obtaining spectrograms of the absorption cdges, a Scemann’s
“odge” vacuum spectrograph was used. The X-ray tube attached
to it was a modified large electron tube of Siegbahn type, constructed
in this laboratory. A calcite crystal served as a reflector and was
continuously rotated through an angle of about 2.5° around the wave-
length in question. The current through the tube was about 20
milliamperes, the time of exposure' varying from 50 to 100 hours.
The voltage applied to the tube was supplied by a large induction
coil and was regulated so as to prevent the excitation of second-order
emission lines in the region under investigation.

The X-ray tube was evacuated by a Gaede three-stage steel pump,
preceded by an oil pump. A thin aluminium foil covered the window
of the tube, and separated it from the vacuum spectrograph, which
was evacuated by the oil pump alone.

(I) The Preparation of the Absorbing Screens

The problem of obtaining absorbing screens of suitable thickness
(thinner than o.o1 m.m.) for the best photographic impression of the
multiple structure of the absorption lmit is experimentally a difficult
matter. ,

In the investigation here reported they were prepared by the

method of electrodeposition or evaporation.
1. NickiL. The solution of electrolyte which was used had the follow-
ing composition : nickel sulphate 125 gms., ammonium chloride 17 gms.,
bhoric acid 15 gms., and water 1000 c.c. This was used at a tem-
perature of about 23°C, with a current density of 0.7 amps. per dm®
A thin copper plate was immersed in the K;Cr,O; solution, then within
quite a short time an imperceptible film of oxide was formed, and
this plate was then coated with nickel. Stripping was most likely to
occur, and it occurred very markedly.

I. Only 20 hours in the case of copper single-crystal.
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2. Coparr. To a solution of sulphate of cobalt (cryst.) containing
25 gms. of the salt per 50 gms. of water, 0.85 gm. natrium chloride
and 2.235 gms. boric acid were added and dissolved. A current density
of 1.1 amps. per dm® and a temperature ranging from 20° to 25°C was
used. The deposit from this solution on a chromium plated copper
clectrode was very bright, and of a brilliant white colour.

The deposited cobalt film could be stripped from the clectrode
by heating it gently.
3- Iron. The electrolyte was composed of 6oo gms. ferrous chloride -
and 670 gms. calcium chloride per liter of water. A temperature of
about 100°C and a current density of 10 amps. per dm’ was used.

The anode was of platinum. Iron was deposited on zine plate
and after slightly heating it could be peeled off, vielding smooth,
dense films that could be handled without danger of breaking.
4. Caromium. In this case the eclectrolyte was a solution composed
of 200 gms. chromic acid per liter of water used at room temperature
with a current density of 30 amps. per dm®.  The method of deposi-
tion on copper followed by removal of the copper by dissolving it in
dilute nitric acid was only partly successful, the thin film of chromium
being broken by the weight of the residual copper itself, on account
of the irregular etching of the copper by the acid. The next method
tried was one in which a very thin sheet of copper was thinly chromium
plated and after rinsing in water, this was again dipped into the
copper plating vat, and received over it a thin coating of copper.
This was followed by slight annealing and then the copper was dis-
solved in dilute nitric acid. TFinally a very good brilliant chromium
screen was obtained.
5. Mancanese. The production of uniform manganese screens of the
required thickness was difficult. Many attempts were made; (1) by
cathodic sputtering, (2) by clectrodeposition on Wood’s alloy, and so
on. Tinally the evaporation method was chosen as the best one.

The essential feature of the evaporation method of obtaining a
film is the moving of two aluminium foils back and forth one above
and the other below an eclectrically heated filament of the metal under
investigation. The particles of metal given off by the hot filament
adhere to the foil, giving uniform film. The details of the evaporation
apparatus are shown in Fig. 1.

Two sets of two steel rails are fitted into a brass disc’and a
water-cooled conical brass ground joint. Two brass frames, which can
" hold an aluminium foil, constitute the carriage.” Through the centre
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Fig. 1

The cvaporation apparatus.

of the conical ground joint, a steel wire protrudes and serves as an
clectrode and also a holder of a tungsten filament, upon which manga-
nese was coated by electrodeposition®.

The electromagnet turns around the glass tube. The small picce
of iron turns with the magnet. By means of a small capstan, the
carriage is drawn along the rails. Thus the carriage moves back and
forth along the rails.

The tube was connected to a Gaede three-stage steel pump, with
an oil. pump as fore-pump. The minimum distance of the wire from
the aluminium foil was less than the mean free path of the gas
molecules.

Evaporated manganese was found to be very bright and uniform
in thickness. This served as an absorber and as a window for the X-
ray tube.

(IlI) Measurements

In measuring the absorption edge of the spectrogram Dby the
comparator the cross hair of a microscope of low magnifying power
was brought up to the points where the blackening begins to increase
and also to disappear. This was very difficult, and especially for the
faint and diffuse edge comparatively large errors might be introduced.

The width of the slit was 0.025 m.m. and no correction due to
it was made. The computation of the wave-length of edges or lines
was as follows :

1. Handb. d. exp. Phys. Bd. 1, 463 (1926)
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Iet a be the separation between two reference lines 2, and /4,
and A« that between the required wave-length 4 and 4; and let the
¢lancing angle of wave-lengths 4, 4, 4 be 6,, ¢, 6 respectively; then,

we have

A

tan f=tan 6,— (tan f,—tan 6,).

The evaluation of wave-lengths is accomplished by means of
Bragg’s formula.  But in using the preceding formula the reflecting
crystal and the X-ray plate must be perpendicular to cach other.

(IV) The Microphotometric Records

The curves shown in Figs. 3 (A)~(K) are microphotographs taken
with a Moll-microphotometer!.  They served as the check for the
wave-length determination and also for showing general views of the
spectrogram. Figs. 3. (C), (E), (G) and (K) were taken with a some-
what narrow slit than the others.

Fig. 3 (A)—(®)

Microphotometric records of the multiple structure in the K absorption spectra.

1. The author wishes 0 express his thanks to Mr. E. Kasai for his kind help in prepar-
ing the curves.
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Fig. 3 (C)—(E)

Microphotometric records of the multiple structure in the K absorption spectra.
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Fig. 3 @®)—m

Microphotometric records of the multiple structure in the K absorption spectra.
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Lig. 3 (D—(®)

Microphotometric records of the multiple structure in the K absorption spectra.
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(V) The Spectrograms

Reproduction of the spectrograms are given in Fig. 2 (Plate).
The materials of the anticathode and the cathode and the wave-

lengths of the reference lines are given in Table I.

Table I
qgfrc“t:lo' Element]| Anticathode Cathode Reference Lincs
Fig. 2 (B) | Cu (29) | Tungsten Tungsten WZin 7\=I4Ié.10, WZB A= 1270.17
. (C) | Ni (28) Silver An oxide-coated CuA"oc? N 154116, ZnK#, Ne=1432.06

platinum filament

(D) | Co (27) | Tungsten Tungsten WL *=1675.00, CuXe, A=1537.20

(E) | Fe (26) | Tungsten Tungsten WL/ h=1675.00, FeXB, 2=1753.01

An oxide-coated

»  (F) | Fe (26) | Molybdenum platinum filament Culke, A=1537.26, FeXB, *=1753.01
,  (G)|Mn(25)| Tungsten Tungsten Feko, A=1932.08, FeAB, h\=1753.0f
. (H) | Cr (24) | Tungsten Tungsten MnZKe, A=2097.51, FeAa, A=1932.08

(V) Data and Results

The results obtained have been collected in Table II.
The long wave-length side of the white line is denoted by the
letter #, and the short wave-length side of the same white line

S

by # (/=1, 2, 30cueeuneins).

The wave-lengths are followed by the values of ;) and A/ 7”;
AY AY
In this table may also be found the separation from the principal

- . . ] . .
K-edge, expressed in wave-lengths, in -7;—umts and also in volts.
AY

Here the following physical constants were used.
log 2d=0.7823347 (d=2814.47 X.U. for calcite)
log Y =5.050646 —log 2
7 59599409 f
P(volts)=13.56 x A—2—.
(volts)=15.56 % A~

From the values of A-;—e— in this table, the curves of Fig. 4 are

constructed.
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Diagram of the multiple structure of the & absorption spectra.
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In their general features, the results were nearly the same as
those of B. Kievit and Lindsay,' although they did not give the results

of measurement of the lon
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g wave-length side of the multiple structure.

The main new results here obtained are as follows.

Nicker (29):
edge reported by Kievit and Lindsay could not be found. But a new

faint edge (&) and a fairly strong edge (%;) were observed.

II. CosarLt (27):

Due to the appearance of the ZnKe«; . lines one

L

S0 more

» radiations were very faint,
an by Kievit and ILindsay.

Ky,

The Cu

New

edges (), (k) were observed th

a cobalt

edges (#s), (#s), (%) were detected. Besides this plate, using

screen made by pouring a mixture of powdered cobalt and zapon

enamel on a

The white

two spectrograms were taken.

glass plate,

lines given by this plate were narrower than those obtained with the

ge was very sharp. These changes

The main ed
might be ascribed to the oxidation of metallic cobalt in the powdered

metallic sheets.
form.

B. Kievit and G. A. Lindsay, loc, cit.

I,
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Table II

The wave-lengths (X.U.), the values of -[i; and A/ ~11,- Jor the mulliple structure of the
Y Y .

K i) & k&, & Iy &y by r 2
¢ » 13776 |1376.7 |1374.3 |1372.1 |1369.5 [1365.9 |1302.4 | 1357.4 [1353.2 |1350.1
AM o 0.9 3.3 5.5 8.1 11.7 15.2 20.2 24.4 | 275
Cuas) —}’c- 661.47] 661.930 663.08] 664.14 665.39| 667.14] 668.83 671.32( 673.41| 674.97
_— o} 0.46 1.61 2.67 3.921  5.67 7.36|  9.85] 11.94] 13.50
AV o 6.2 21.8 36.2 53.2 76.9 | 99.8 | 133.6 | 161.9 | 1831
\V% 2572 2853 2575 2557 25.80 25.83 25.86] 2501 2505 2598
A 1484.8 | 1482.9 | 1480.8{1477.9 | 1475.3 | 1473.4 |1472.4 |1469.8 | 1464.7 | 1462.1
AA o 1.9 4.0 6.9 9.5 11.4 12.4 15.0 | 201 22.7
Ni(zS){ o 613.73| 614.53 615.30| 616,59 617.69, 618.50, 618.92 619.99 622.17| 0623.24
A% o 080 1.66] 286 3.96] 477 519 626 S.44{ 9.51
AV o] 10.8 22.5 38.8 53.7 64.7 70.4 | 84.9| 1144 | 129.0
vV _}‘T 24.77| 24790 24.81] 24.83 24.85] 24.87| 24.88 2490 24.94 24.96
A 1608.2 {1603.2 | 1509.7 |1596.5 | 1592.5\1590.2 |1590.2 |1587.1 | 1582.3|1577.5
AX o 2,0 5.5 8.7 12,7 15.0 15.0 18.1 22.9 27.7
Col27) — | 567.69 568.30 560.65| 570.70| 572.23 573.05| 573.05| 574.19| 575.93 577.66
—- o 0.70 1.90 3100 4.54] 536 5.36 650 8.24|  9.97
AV o 9.5 266 | 420 61.6| 72.7 727 1 881 | 1117 | 1332
J/TV: 2383 2384 23.87] 2389 2392 23.04] 23.94] 23.06] 24.000 24.04
A 17401 | 1738.1 | 1735.2 | 1733.3 | 1731.0{1720.9 {1727.0 |1722.5 | 1719.3 |1715.7
ak o 2.0 4.9 6.8 82| 1o2| 131] 176| 208 244
Fe(zG){ Z’: 523.68] 524.29! 525.18] 525.750 §520.16] 526.79| 527.67| 529.03 '530.02 53;.13
- o 0.61 1.50) 2,07 2,48 311 3.99 5.35  0.34 7.45
AV (o] 83| =203 =281 33.6 | 422 | 541 72,5 1 86.0 | 1010
V2o | 2288 2290 2292 2293 2294 2295 2297 2300 2302 2305
A 1893.9 |1800.3 | 1887.0 | 1883.0 | 1876.7 | 1872.5 |1868.3 | 1864.2 | 1860.4 |1856.1
A\ o 3.0 6.9 1009 | 172| =214 256 297 | 335 378
-}Lr 481,17 482,09 483.01 483.940 485.38) 486.66] 487.74] 488.84| 489.83 490.96
Mn(zs){ A_}‘; o 0.92) 1.34 2,77 441 5.49 6.57 7.67 8.66| 979
AV o 12.5 2501 37.6 59.8 74.4 | 89.1| 1040 | 117.4 | 1328
J/‘_}’_: 21.94 21.96| 21.98 2200 22,04 2206 2209 2211 2213 22.16
A 2066.3 | 2062.4 | 2058.8 |2056.4 |2055.2 | 2051.9 | 2045.1 | 2040.1 |2036.4 | 20317
A\ o 3.9 7.5 9.9 IL.I 14.4 21.2 26.2 20.9 34.6
" | 44103 44186 442.620 443.14] 44340 444.10 445.59 446.68 447.50 448.53
Criz4) A,{r o 0.83 1.59 2,11 2.37 3.07 4.56 5.65 6.47 7.50
AV o] 11.3 21.6 28.6 32.1 41,6 61.8 76.6 87.7 | 10L7
\[/:}'; 21.00, 2102 21.04 21,05 21.06| 2107 211 2114 21.16] 2118
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separation from the principal K-edge {A)\, A—;\-;, AV (volts)}

k) ke leg #, 2, 7y ky I &y 210 ki’ 2y
1350.1 | 1346.1 |1340.7 [1333.7

27.51 351 369 439

074.97| 676.95| 679.71/ 683.25

13.50, 15.48] 18.24| =21.78

183.1 | 209.9 | 247.3 | 295.3

25.98) 26,02 2607 20.14
1461.0 | 1458.0 1 1453.3 | 1450.0 | 1440.3 | 1442.7 {1423.9 | 1415.3

23.8 | 268 3.5 34.8 | 385 | 4ea 6o.9 | 69.5

623.73| 625.02] 027.05| 628.48] 630.05 631.66] 639.96/ 643.86

10,00 11.29] 13.32( 14.75| 16.32| 17.93] 26.23] 30.13

135.6 | '153.1 | 180.6 | 2000 | 221.3 | 243.1 | 355.7 | 408.0

24.98| 2500 2504 25.07| 25.100 25.13 | =25.300 25.37
1577.5 | 1572.3 | 15068.4 |1564.7 | 1562.5 | 1556.9 |1553.0 |1545.9 |153L.4 |1522.1

277 32.9 36.8 40.5 42.7 48.3 52,2 59.3 73.8 83.1

577.66 579.57| s81.01| 5§82.41| 583.20, 585.30 586.771 580.49/ 595.07] 598.69

9.97| 11.88] 13.32| 14.52] 15.51] 1761 1008 =21.80 27.38] 31.00

135.2 | 161.I | 180.6 | 199.6 | 2103 | 238.8] 258.7 | 295.6 | 371.3 | 4204

24.04| 24.07| 24100 2413 2415 2419 24.22) 24.28  24.39] 24.47
1711.7 {1708.4 |1706.7 |1702.0 | 1695.4 | 1682.5 | 1679.7 | 1664.2 | 1655.9 | 1640.7 | 1632.1 | 1618.5
28.4 3L.7 33.4 38.1 44.7 57.6 60.4 76.0 84.2 99.4 | 108.0 | 121.6
53239 533.42| 333.93) 535.40] 537.51 541.01 542.53 547.60, 530.32 555.42 558.36 563.05
8.71 9.74] 1o.25 11.72] 13.83 17.03 1885 =23.92] 20.64 31.74| 34.68 39.37
118.1 | 1321 | 139.0 | 158.9 | 1875 | 243.1 | 255.6 | 324.4 | 361.2 | 430.4 | 470.3 | 533.9
23.07{ 23.00| 23711 23.014| 2308 23.27) 23.29, 2340 23.46 23.57) 23.63 23.73
1847.4 11841.3 | 1835.3 | 1820.6 | 1823.4 1 1817.8

46.5 52.6 58.6 | 64.3 70.5 76.1

493.28| 49491 496.53 498.08) 490.76 501.30

12.11)  13.74) 15.36| 16.91] 18.59] =20.13

164.2 | 186.3 | 208.3 | 229.3 | 252.1 | 273.0

22,21] 2225 22,28 2232 22.36 22.39)
2026.4 12020.8 |2018.2 |2000.9 |2004.0 | 1984.8 | 1979.5 | 1958.4

39.9 | 45.5 48.1 56.4 | 62.31 81§ 86.8 | 107.9

449.70] 450.94) 451.53] 453.38| 454.73 459.12 460.36] 465.32

8.67 9.91 10.350] 1235 1370 13.09] 10.33 24.29

117.6 | 134.4 | 142.4 | 167.5 | 1858 | 245.3 | 262.1 | 32094

21.21) 2124 2125 2129 21.32| 21.43] 21.46] 21.57
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III. Iron {26): With a tungsten anticathode, the strong WZ/ line
appeared in the structure, so another plate was taken with molybdenum
as the anticathode. But no new result could be obtained. New edgcs
detected are denoted by (k) and (/).

IV. Mancanesk (25): A dozen plates were taken by various methods.
A powder screen gave three or four secondary edges. Very thick
screens gave no structure, and the main edge was very sharply limited
and corresponded exactly to (X). The diffuse edge obtained with
some other plates with no structure corresponded to {(£). Some dis-
crepancies were found between the multiple structure of pure manganese
here obtained and that of Mn-Cu alloy reported by Kievit and Lindsay.
V. Curomwm (24): Powder screens gave the same results as in the
case of manganese in powder form. Metallic screens gave a new edge
(k). Between (%') and (k) and also (%) and (4,), there are faint
discontinuities but these could not be precisely located.

Through this work, the gradual falling in intensity at the short
wave-length side of the hlack structure line (namely at the secondary
edge) is a very peculiar feature of the spectrograms and is shown
also in the microphotometric curves especially in cobalt.

Part II. Theoretical Considerations

Several explanations to account for the origin of the extended
multiple structure have been proposed by man investigators.

Here two reasonable hypotheses are taken into consideration.

The first hypothesis is that the multiple structure is the absorption
discontinuities due to the absorption of a quantum of X-rays, resulting
in the simultaneous cjection of many electrons from X-ray levels.

The second hypothesis is that the observed discontinuities arc
the A-ionization of an atom in which many clectrons are lost owing
to X-rays and photoelectrons from the same atom.

According to these hypotheses the following theoretical expecta-

. v . . .
tion for the wave-length or —;--values of the multiple absorption

R
edge can be made.

(I) The Energy Values by the First Hypothesis

If the validity of the {;/} coupling can be accepted, the energy
to remove two or more electrons simultaneously will be given ap-
proximately as follows :
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“onsider the change of state from a configuration...... st 2% ad
( ler the change of state f onfi t 385 3d"
...... to the doubly ionized state......3s5. 36 34°..... .for example. Vari-

ous modes of changing the state can be imagined: (i) a 35 clectron
is removed, and then subsequently a 3 clectron; (i) a 34 electron
35 electron is removed ; (iii) a 35 and
a 3p clectron are simultancously removed.  These modes ot ionization
are shown diagrammatically in the following figure. The long arrows

is removed, and subsequently a

indicate the processes of ionization through which one state may hbe
reached from another by removal of electrons.

35 385 3d"

’ N 3
2% 345 3[1{:0/ p 95 \K\ 35, 305 3d®
J Yap
\?\) 2 45 m/

25 387 307 3¢ 35

Merely the simultaneous ionization is in question here, but because
of its eomplicated structure this can not be directly calculated. But
if we assume that the energy difference is determined by the initial
and final states only as in Born’s cyclic process, the energy is equal
in these three cases, and the required one is most easily calculated
by taking case (i). Under such consideration, the cnergy required to
remove a A and an A7 electron simultaneously from.the same atom
will be approximately equal to the energy required to remove the A
clectron plus the energy required to remove an 47 electron from the
atom with atomic number one unit greater. Symbolically this is ex-
pressed as follows

K(Z)+ ML)y=KIM (L)< KM Z)< K(Z) + M(Z+1)=KM(Z)
(1)

where AA/(Z) means the energy required to remove a A and an 1/
clectron simultaneously from an atom with an atomic number Z, K(%)
and A7) the energies required to remove the A and A7 electrons
respectively, and KA/7(7) and KAM(Z) signify the probable lower and
upper limits of the energy in question.

Similarly the energy A/°(7) required to remove two A electrons
from ‘the atom will be given by ‘

2 Z)= ()< A Z)< M( L)+ M(Z+ )y=2(Z).  (2)

Following Wentzel', let 5y, fa, fseve--- be the number of electrons

1. G. Wentzel, Ann. d. Phys. 66, 437 (1921)
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in the /G L, 47......shell of the normal atom, then the cnergy of the

atom will be given as a function of 2y, pu, Aue..... .
Then we have
N(Z2)y=M{pi—1. pacere-. V=11 p1, pas yeenn.)
oM 1 N7 M
- - S 3
Opl + 5 !y 0/512 3 ! aﬁlg ( o] )
and
j’_[(Z): Il/’(fblr ?2, ﬁg"" ) PN )'— ”Ifr(ﬁl, ﬁg, ﬁg.’.....)
574 L 3777
- o 4T a1 Bl I . (4)

0ps - 21 0pd 3! 9pd

In general, let the notation A Z4 A% he the term values
equivalent to the energy of an atom which has had &, electrons re-
moved from the A shell, 4, electrons removed from the Z shell, and
dy electrons from the A7 shell and so on, then

[{”71 L‘ZQ‘[]V{‘YB ...... — T,"/r(]jl-—- ({Iv !ﬁ:z-——- [Z’.‘," ‘//)3"“ [273,. . .) - l,];’(‘,bl, ]ﬁ:’.v ]5:5- . -)
10 . . I
- [{i ¢, n (/i Z'g —
.Z dp; 2! >,1 “ 0p0pr
; R
_ & iy &y~ . 5
3 I % @y ()pﬁp,ﬂﬁl + ( b} )

Using this result I derived the simple expression,

0* I )+ wln—1) OV
0p0ps 2 ap

KM Z) = K(Z)+ (M( 7) +

(6)
-Q—ﬂ-/—:— —~Q~I/~V~ are unknown, this equa-
0pdps T 0’ C ’

tion serves to clear the matter to some extent.
The vertical lines in Iig. 5 give the separation for the clements

Although the values of

. .o . -
from Cu{zg) to Cr(26) in 7;—11111ts between the principal edge and
AY

the various secondary edges calculated according to the above principle.

‘ The value of the 47 levels in Fig. 5 are taken from the paper
by E.C. Stoner', who has calculated the term values using Thoracus™
data. The values for Ga(30) are calculated by interpolation from
Moseley’s diagram.

1. E.C. Stoner, Phil. Mag. 2, g7
2. Thoraeus, Phil. Mag. 1. 312 (1
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IHg. 5

Calculated energy level diagram for multiple Xeray jonization.
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(1) The Energy Values by the Second Hypothesis

This hypothesis regards the observed structure as due to the
ejection of a A clectron from the multiply ionized atom in various
shells.

Tet KUZ) be the energy required to eject a K electron from the
singly ionized atom in the Z shell, then we have as a first approxi-
mation.

KU Z)< KAL)= K(Z)+ L Z+ )= Z). (7)

Similarly let K77 bz the K ionization potential for the doubly
ionized atom in the Z shell,

KINZ)< RIZ)=K(Z)+ I(Z + 2)— (7). (8)
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TFollowing Wentzel', T have

R Z) = KT — 1= Kot 0
0p10p:

T.et the total energy of the normal atom be equal to

k-1 2
(Z— :‘7):2'"\?/;)
Z==] , C

W=~ 3 pw
A

where s, is a screening constant, and we obtain the formuli:

n-1
FIT _ 2 (['— ?;1 /h:‘“%) P Os, S D
Op0p, 2 7 e Op, B fF

(10)
For example,
I { Z=pl=sa P Osy _ 2p _ 2p } (1)
05104, 2 2 dp 3 R

for the atom of the’iron group ionized in the shell 25. Tlere p/ con-

tains the g of rs and 2s.
The first term of the right hand side of the equation is obtained

from the value of ~/ _,'/{7 of Zz(7Z) of the atom in question as a first
\$

approximation®.

. Osy . o e
The value of 0; -is 0.5 also as a first approximation. This is
9
correct for a spherical shell at least.
32 1T -
The values of W computed from this equation are respect-
1 2

ively

. v . g =)
2.06, 230, 2.45, 2.60, 2.74, and 2.77 in -—]w;-umts for Cr, Mn,
\

Fe, Co, Ni, and Cu respectively.

And these figures give the values of separation from the principal
A-edge.

The values (designated by A7~ A7) and the values of KlI—K and
RIF—K computed from cquations (7) and (8) respectively, are plotted
in Fig. 6. o

The term KZ (zs. 25% 24°) will be ' and 2.

Real value will exist between NZ-K and TC/-/\', or very close to
them.

1. G. Wentzel, L c
2. This point will he discussed elsewhere.
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Fig. 6
The A edge of an atom that has lost

The theoretical value of separation.
one or more 2p clectrons—The principal cdge.

K KK KK

(u(2g
KCK
Nig)| | // B
/ RCK
Colt
| /
G
5 a4 I; /;‘ 20

(1) Remarks

By the preceding line of argument, only approximate values can
ence the more detailed points

be secured for the energy levels.
which must be taken into consideration will he mentioned here.
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(1) Change of term values with the coupling between electrons

It has been assumed that the {y} coupling may hold true, but
this is not always the case.

For electrons of the same group in light eclements, the {Z.S}
coupling may occur. Under these circumstances, if a A-electron and
two My (34) electrons are ejected from an atom, there will be present
various levels deviating from the value KM ur(Z), because cven if
the coupling between A” and A7 clectrons may be {j/}, that between
two 24 electrons may be recognized as approaching the {Z.S} coupl-
ing, which will give rise to fairly widely separated energy levels such
as L5, ', and */P, 1. Recently S. Goudsmit' derived the expressions
giving the change in the positions of the energy levels with change
in electron coupling for the configuration p'. Applying his theory in
the case of X-rays, I attempted some estimations. As an example,

for nickel, the triplet separation must be equal to o.16 in —}}-units.
AY .

T.et the scparation between LS, and *2Zu 4. or ‘D, and */% 1. become
ten times this triplet separation, then the total separation will become
1.6. But the coupling strength cannot be accurately obtained and
this is only a rough estimation. But these values will deviate fairly
far from that of a single AAim term. Hence there is a possibility
that wany absorption edges will be ecxperzmentally secured from one
configuration of electrons.
(2) The end orbits of electrons in the process of absorption

In contrast to Kievit and ILindsay, in the foregoing discussion
I have assumed that the electrons are completely taken from the atom,
taking into consideration the fact that the ionization potential of the
metallic element is small. Actually in the case of a metal in the solid
state, there are free electrons present, and we cannot predict how
many and which electrons are free. Accordingly we cannot precisely
decide whether a metal consists of atoms or ions. IHence the de-
termination of the end orbit is especially difficult.  But this can be
“done in the case of gaseous atoms, using optical deta. - One word
more may be said in connection to this point. It is known that for
every valency electron i (i=1, 2, 3...... ) that takes part in the change
of state of the atom the selection rule for / is >'A/== =1, and not
Al;==1. In the case of X-ray spectroscopy, if 'we can obtain the
multiple structure of the absorption spectra in gaseous atoms, and can

1. S. Goudsmit, Phys. Rev. 35, 1325 (1930)
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accurately determine it, it will be interesting to test whether the above
selection rule holds or not also in the process of absorption in the
X-ray region.

(3) Tn constructing Fig. 6 only 3s and 34 electrons were taken into
consideration and ¢4 or gs clectrons were neglected.  This must cause
slight discrepancies between the caleulated and the observed values.

Conclusion

In spite of the presence of the above-cited difficulties, there are
some facts explained qualitatively at least. Comparison of Ifig. 4 and
Fig. 5 shows that coincidence of the value is frequently found. The

intersections of the curves AA/7 and KA7% ur, X A5 M v and 7\"—)714—; e
are interesting, and the irregularities that are found in the case of e
and Mn in Iig. 4 can be predicted.

The fact that a gradual decrease in intensity towards the short
wave-length side is often observed in many spectrograms, can be
interpreted by the idea of multiplets in the case of {Z.S} coupling.

In comparing Fig. a4 and Tig. 6, one of the edges (4s), (&) (%),
and (#;) is to be regarded as due to a singly ionized atom in Z shell.
The facts that the related black lines of similar intensity and structure
nearly fall into the same vertical lines in Ifig. 4 (that is variations
with the atomic number arc small), and that there is a gradual fall in
intensity at the short wave-length side, are due to the term multi-
plicities of LS and *$ for the configuration zs 25 24° and */2, */ for s
25% 2p° and so on. The precise theoretical determination of the cnergies
required for multiple ionization of the atom is difficult, but the probable
c>£planation seems to be provided Dby these two hypotheses to some
extent.  So on the whole, it is to be supposed that in the process
of absorption of X-rays these two different types of absorption reaily
occur, and that the spectrograms are the result of superposition of
suclh a complex process.

But here arises two questions of probability :

(1) The probability of multiple electron jumps owing to the absorp-
tion of a single quantum.

(2) The probability of the atom being brought into the state of
multiple ionization by X-rays and photoelectrons from the same atom,
and especially the length of stay (Verweilzeit).
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~ The problem should be solved by the new quantum mechanics,
and this is intimately related to the explanation of the spark lines in
the X-ray emission spectra.

In conclusion, the writer wishies to express his sincere thanks to
Prof. M. Ishino for his kind guidance and for the interest he has
taken in this research.
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Plate Figure

Fig. 2.  Multiple structure in the A& absorption spectra of metallic elements (A)—(H)
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