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I. ABSTRACT 

A oonaave graiing inci(ienc@ spectrog.,:aph £or the long 

-wave x ... rs.y :re.gion 40-400 Ao if.£ d.eaori bed, togethe :r 'Wi tb the 

technique of operation til.nd sorne prelimina..ry results of ite 

use. Thia includes trials of three types of targets, bulk, 

evapo:tated and el~ctro-pl a.ted, as well as a study of tba emis­

sion cba.racteri atios of four types of ox.1 de-coated dull emit­

ter. A solili nickel box, coated by ep.raying and indirectly 

heated by a tungsten helix, waa foun,i to operate most satie­

faetorily. 

A di aousaion of the di fficu.l ties of obtaining vacua. 

-6 
better than lO mm. Hg • .in n demountable metal x-:ray tube 

is g:1-ven, together with some devices for obtaining such 

va.cu.a.. Ui.ie of' an ionization gauge of speoial design :re-

si ti ve to preasure of r~~idual gasei. 

tiu.m and barium were obtain~d, togeth (er with microihotometer 

curves o.t' tb!lir contou.x·s, which in the case of barium reveal­

ed the charaote:ri sti.· ~ymmetry of a t::ransi tion between non­

conducting atom shells. The tb~oretical aign1 fico.noe of 

these contours is briefly discu:ised, together wi'th an out­

line crf the quantum machanioal method involvin.g the use of 

Brillouin zones and tha method of self-consistent fields 

for calculating energy level distributions for both loose-

l y and tightly bound electrons. 



II. INTRODUCTION 

a). Historical: 

The spectral region .vi th which this work is 

concerned, from about 40 to 400 Angstroms, formed a gap 

between the optical spectrum and the ordinary x- ray s peot rum 

which hae only recently been closed. Spectra. in this range 

are accessible only by me ans of a vacuum spectrog raph, as 

most radiation from 1800 A0 down to about 3 A0 is strongly 

absorbed in air. Schumann
1 

first observe d wavelengths as 
0 low aa 1200 A, using a fluorite prism in vacuum. He also 

first devised the indispensable non-a.bso:rpt1 ve photographic 

materials which have high sensitivity to these radiations. 

Using a concave grating at n ormal incidence, Lyman2 next 

maa.sured lines at 500 Ao. Millikan and Bowen3 then used 

the "hot-spark• source, which nrovided l i nes in a normally 

barren apeo·~ral region, and pushed the limits of optioa.l 

0 spectra down to 150 A. During thib time, the maximum x-ray 

wave l ength observable with crystal spectrometers was of 

the orde r of 15 A0
, limited by a.paorption in the crystal 

and t he difficulty of getting crystala with a large lattice 

spacing. Finally Tbibaud4 in 1926 closed the gap between 
0 

l5 and 150 A, uaing a plane grating at grazing incidence 

(1 ° to 2°). 

The use of highly oblique incidence makes it 

possible to U$e ruled gratings in wh ich the grating space 



is large compared with the wavelength, and in addition in­

creases the reflectivity of the grating, since glass has an 

index of refraction slightly less than unity for x-rays in 

this region and total external reflection may be secured at 

glancing incidence. Compton5 wa.s among the first to use this 

d.evice for totally reflecting x-rays, which makes possible 

the use of optical gratings in x-ray spectroscopy. Since 

1926 a large amount of work has been done in this region by 

Siegbahn., Magnusson, Sodermann., Prins, Osgood., and many 

others, the results of which are tabula.ted up to 1931 in 

Siegbahn' s book6 . Concave gratings, introduced by Osgood7 , 

are frequently ueed in the later work, combining speed with 

high resolving power. 

b). Line Contours: 

The structure of x- ra.y lines, that is, varia­

tion of intensity with wavelength a.cross the width of the 

line, is of particular interest in the case of soft x-- rays 

from solid targets, as will be discussed in detail in a 

later section. Theoretical discussion of this structure is 

limited to the original calculation for the shape of Be K 

by Houston8 , and a few more recent and detailed pa-pera by 

Jones., Mott &: Skinner9 ., Prins10 , a.nd Kronig11 • The earlier 

experimental work was on the structure of carbon K by 

Renninger12 and of K radiation from B, Be, C, 0, A and 

CU by Sodermann13• Later Glocker14 and Siegbahn15 1na.de a 



rather ex.tens! ve investigation of the effect of the various 

compounds of carbon on the structure of the~ K line. More 

recently Hautot16 and O'Bryan and Skinner17 have investi­

gated a number of the light elements from atomic numbers 

3 to 14. 0' Bryan and Skinner• s work is noteworthy in that 

the targets used were f:requentl y :re-coated with clean metal 

by evaporation,. a. most important detail whe.re easily absorbed 

ra.diatione such as these are concerned. O'Bryan has also 

'bl. h d 18 th b ti dg f Li • "' pu 1s e a paper on ea aoro one es o anu ~g 

in tbe soft x-ray region ·whict1 is of interest for structure 

data. More recently Skinner19 has extended this work. 

c). Objectives~ 

Up to the present, most work on line structure 

has been done with the strong K or L radiation of elements 

l-17. For elements 18-35, the radiations which fall within 

the "soft" x-ray range are ·those of the M and li series which 

are much weaker. It is the objective of the program of re­

search of which tl1is particular investigation is the begin­

ning, to photograph as m.?,,.:ny a.s possible of the lines--more 

p roperly band.a--whoae wavelengths lie between 40 and 400 

A0 of elements 18 to 35, tha t is of the first long period 

of the p 1;:Lriodio table. 

The structure of these lines would be of in­

tere:a t as would be a confirmation of the existence of the 

M ii.md N series for the first long p1~.riod. So far as the 
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~, rt ter has been able to ascertain., they have never been 
20 unambi guously photographed., al though di agram line s ( the-

oretically possible one s) exist. It is entirely possible 

that the hi gh absorbabi lity of these lines., which makes 

them very susceptible to target surface impurities., to­

gethe r with a. .relatively ama.11 transition probability com­

pared to the K and L r adiati on ., and even perhaps some me-
21 chanism like the Auger effect., combine to make their in-

tensity exceedingly fee bl e. The structure of these bands 

if obt a ined., might provi de a starting po int for the t heo­

reti cal calculations of line shapes., and in particular the 

discrimination between t he ene r gy level di s tributions of 

conductors., semi-conductors , and 1nsulators22 . 
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III. DESCRIPTION OF APPARATUS 

a). Spectrograph : 

A 2 mete r radius concave grating mounted. on a 

Rowland circle and eet at 6°14 ' incidence was used., the 

whole being mounted in a long steel cylincrical vacuum cham­

ber bolted and sealed with a. rubber gasket., an a r rangement 

similar to tha t of Siegbahn23 . The aobamatic diagram of 

the instrum\';;nt is shown in f i gure l. Th~ gl a.s e grating, 

l'Ule d by Mr. Julius Pearson at Cal ifo rnia. I nstitute , ha.d 

Be-O lines/mm and an effective opening of a.bout 4 c m. The 

slit was used at .25 mm. aporture in an effort to obta in 

s ho :rt expo sure times, and a:t the gl ancing angl e uaed, t his 

pe rmitted a resolving porier of only 2 mm on the plate (2 

to 4 angstroms). However ,. a s the bands b e ing looked f or we re 

f th d f lo. 0 o e or er o- A broad, this was adequate for a. p re-

liminary survey to deterrnine the:ir exi s tence. The spect­

rograph was very ri gidly built upon a hea,v y steel girder 

a s a. foundtiti on cind was capable o f resolving sharp lines 

0 oeparated by .03 to .04 A. It had been adjusted to criti-

cal focus by Prof. I. S. Bo wen, who had previ ously used it 

fo1· a much more exacting inve s t i gation24 , anci the writer 

did not change t his adjustment, using the gr ating in situ. 

Schumann p l ates on thin (½ mm) glass were used 

because of their sensitivity to radiations in this wave­

length range, al.though they are very uasatisfactory for 



photometry as Farinea.u25 has recently shown. For more quan­

ti tative work, it may be possible to overcome the marked 

surface irregularity and lack of uniformity of the Schumann 

plates (due to the ecanty proportion of gelatine in the 

emulsion) by the use of Ilford Q or some similar type plate. 

These have a gelatine layer of normal thickness, but speci­

ally rich in silver bromide at the surface. The plates ars 

protected from fog by a. system of numarous baffles, arranged 

to cut out any direct li ght from the slit or the central 

iir,a.ge and abate reflected light. Only one test for fogg ing 

,H:1s made, and tha.t did !1.£1 p1•ove that t he light from a simple 

tungsten filament prohibited its use, but tungsten filaments 

were abandon,ad for other rea.s ,ms stated later. Thoraeua26 

mentions an interesting device for elimina•ting fogging by 

sending tha electrcns through an aluminum foil before they 

reach the target. 

b) • X-Ray Tube: 

The target was a 3" x J" diameter coppe r rod, 

drilled out for water cooling and cut with an obli que plane 

surface ae shown in fi gure 2. This .surface was coated with 

the substance being investi gated and was subject to electron 

bombardment. The copper section was silver soldered. to a 

long nickel tube , thus me.king it possible to h,3at the entire 

copper block to redness wi tb01.1t c onducting too much heat 
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to the point o f sunport of the anode. At the supporting ;3nd, 

thi~ nickel tube was p rovided with a brass to brass conical 

gr ound point, allowing th e target to be rotat ed freely. 

The entire assembly [las water c ooled and mounted on a syl­

phon, thus providing pr a,ctically four de gr ees of f ree(lom 

f o r the t a r ge t., a great conveni ence in ma.k ing adjust111ents. 

Tl1i s manner cf making th,ase adjust men t s may be seen fi•om 

fi gure 2. 

The cat hode mounting was water cooled and ad­

jus t ed in a manne r similar to that of the anode., save that 

no gr eased cone was used. It provi ded f or two filaments, 

one a pl a.in tungsten spiral., with radi a tion shi el d for use 

in out- gas s ing by electron bomba1·dm13nt ., and one an ox.ide 

coa,ted dull- emitter. Thi s low t smpe ra,ture em i t t e r was ad­

opted. a fter extensive trials we re made wi th three other types 

of emitte r. It consi s ted of a sma ll box of .022" Ni, coat-

ed on one face with a mixture of Ba and Sr carbona tes, and 

i n-di rectly heat e d by a tungsten spiral i nsi ;:i.e . The details 

of the emi t t e r, a s well as its pos ition rel l:i,tive to the 

anode» a.re shovm. in f i gure 3. No att;:Hrmt was mEu.ie to fo-

cus t he electron beam., the spacing of box and targe t being 

such tha t e l e c t r on s move d in p r actically stra i ght line s to 

the tax-ge t and covere d an aree, ab out e qual to t ha,t of the 

coa ted face of the box. Thi a a rea was chosen such a size 

that the aperture of the grating was juiS t fill e d. The 



target face ha d a slope of about l: 11 with respect to the 

tii rection toward the g rating and this made a n focal" spot 

of ab out ll x 7 mm . The oxide emitter was ch osen because 

it produced very little actinic l i ght, and under p rope r 

operating, conditi ons should give a hi gh emi ssi on with but 

small evaporation. Tungsten filaments a.re not only exceed­

ingly brilli ant, but at temperatures where copious emission 

i s obta inable e vaporat e a dense absorbing layer of tungsten 

on the target, masking the original surface. Thoriated 

fil aments we re not tried, but might operate at sufficiently 

low tempe r·a tures to be usabl e. Both thoriated and oxide 

e mi tters are exceedingly auscepti ble to " po1 son1ng", and 

require vacua of 10-6 mm Hg or better to operate efficiently 

&Hi with out pe rceptible evapora tion. The writer did net 

find it possible to obtain emi ssions of 4-00 ma from the se 

oxi de emitters, as was mentioned by Sk & 0 1 B27 , but th i s 

may have been due to insufficiently low pressures or small 

active areas. 

The x-ra y tube elements were mounted in a hol­

low brass cube about 2-t " on an edge, drill ed for water cool­

ing a nd p rovided with large circula r apertu res in each of 

the s ix f a ces of the cube. Two of these, 7/8" in d iame ter, 

led to pu mp.a., t ·~~o held porcelain supporting insul a;tora for 

a node and cathode , s ee.ling- waxe d into cones, and the remain­

ing t wo led to ionizati on gauge arni spectrograph sl it res-
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peoti ;rely. Tba ra wera four joints of beeswax- ro ain in the 

complet -., t ub e assembly., since the va rt ous parts of necessity 

h ad to be quite demountable. These j (.l inte were a source of 

coneid.erable troubl e because of their lack of mecha..viical 

at re ngth. and we re a.lways th<~ fi ret susspects in case of leaks. 

It we,a necessary to insert a shu·tter across the 

spsct rograph sl it, to avoi.d fogging whe n the bombarding fi­

lament was in use. Thi s c c: nsistad of a brass cylinder bi­

sected diametrically by a sma.11 aoft i:ron vane, to wh ich a. 

ligh t shutter of nickel foil was att:a,che d by a stiff but 

li ght tungsten wire. Tha whole was mount ed ins ide one pump­

line and ope.rat ,ad from outside the evacuated system by means 

of a magnet ., ae shown schematically in fi gure 5. In subs~ 

quent modifications ot' this x-ra.y tube it would be very ad-

11ant a.geous to provi de more ri gid mechanical support for the 

e l ements of the tube to supplement th:~ pr esent besswax j o ints. 

As no w designed, th e tube c ould be r eadily ada1) t ed to evaporat­

ing techni que b y substituting an evaporating unit in th.e 

apertu :t·e now occupi e d b y th<; i onization gauge. I t mi gh t 

thnn ba desirable to a r :ra,nge a magne tically op~? r a terl shut-

te r in t lL~ int~rio :r e,f the speotrog.1:·aph itself., ,'.1,S the pre-

1:')en t ... hu'tt (3l' is frail, t -~i di ·:ra s to a,dju !:3t, a nd su acept i b l ,a 

t o gu mm i ng by vapors and eva:porateit or sputtered mat e rials. 

c). Vacuum System: 

The x-ra y chc::.mber ani the spectrograph were 
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evacuated . by sepa,rate Hg pump s, l eading into a. common Hg 

pump which acted as a 1st stage,. an d thence to an ordinary 

rotary fore-pump (Hyvac). The pumping line t o the x- ray 

tube was o ft . of 1u gl a s s tubing, wh ich consequent ly formed 

a r at he r slow syst em and had to be supp l emented by a char­

coal t r ap open.i.ng into the oppoiai te si de o f the x-ra y tube . 

This addition reduced the minimum pressure obtainabl e from 

a.bout 10-5 mm Hg to below 10-6 mm Hg. The charcoal trap 

waa provi ded with a plane sur face wh:i ch serve d ae a wind.mi 

to obse rve the pos i tion of the tube elements when adjusting. 

While the use of cha rcoal p rovides very .f a.st 

pumpi ng, i t t1a a a number of disadvantag{i s. Charcoal must 

be kept compl e t ely covered wi th liquid air or it re gurgi­

t a,t e e air i nto t he system, and must be baked out to 400°c 

after each ex posure to any n ressu r e h i gher than l mm .Hg. 

With charcoal . it i f) i mposs i ble to teat for leaks by allowing 

the system to stand a s the charcoal ei ther abso rbs or out­

gassas, and cannot be held stationary., It wa s thought that 

duri n g the bs,ke-out process c ondensed vapors emanating from 

thQ charc oal mie.;ht be depo s i ted t h r oughout the x-ray tube, 

but in two runs made specificall y t o test t h:i.s point no ef­

f e c ts o:f vapor c ould be f ound. 

0
- ec· Attaining t he ne ces:,;a ry •)l'e s su re s of l · or 

lower p rove d t o be one cf the majo r d i fficulti es of the 

expe rimental i•ork, and at l ~ast on~- t h ird of all the t i me 

spent in the l aboratory was user! i n hunting f ox l eaks or 

wai•ting for resi dL1.a.l gs.see a,m1 vapors to pu rsue their l e i-
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surely an ,i S'ta.tistically random course into the limbo o:f 

pumps an d. traps.. S"me t.roubl~ was ex pe :ri enced with ground 

braes anode cone, on four different occa.si c1ns rota tion of 

t h i s joint ctmsed l a rge l ,s a!{s. It w,ra,s finally reground a,nd 

lubxicated. with Apiezcn L, a apecial low vo..por p ressure va­

cuum grease. 

If the system was tight, pumping for 12 o:r 15 

hours was sufficient to bring the pressure in the x- ray tube 

ciown to slightly less than 10-6 
riu1.1 Hg. It was fo1mct. possible 

to reduce the presBu.re in the x-ra y tube to a few mul·tiplea 

of 10-7 mm Hg by separating it from the speot1•ograph. The 

pressure in the spect :rograph was undoubtedly much higher 

t ' h •• t 1· o-4 o-5 . nan in ·t a x-1'"ay tube., probably oe ween and l · • .9,t 

ber.rt . Howeve r the small slit area (l-;\ sq mm) prevented. any 

excessi v.r, flon of gas betwaen the two ohambere* at low pres­

sures. In order t o facili 1;a·te long ( overni ght ) periods of 

pumping with out att(:m da.nc~ on the Hg pump., a l1eater swi tcb 

wh :i.ch opened automatica,11 y when the ¾' at~r circul a,tion stopped 

~a s ins tall e d. Thi $ c -.Juld be 1·~nd.e red more reli able by the 

ins tilll a.'t ion of a s t.Hiimertt filter in the intake sid.e of the 

wate r system. A l a rge 1 cm br) r rt. cutoff mercury s eal $top-­

cock was inserted between the sr,:ie ct:rog r ar,h and. the first 

sta.ge Hg pump., a ve ry useful adjunct in t e st ins for l e alcs . 

* See sample calculation in a ppendix. 
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d) o Manometers: 

Any experi ments involving th e use of oxide 

coa.ted cathodes require ve ry caI•e ful cont rol of the p ressure, 

hence a manometer wh ich will d i s criminate de finitely betwee n 

- 5 6 10 and 10- • mm Hg is an essent i a l part of the apparatus. 

At first the necessit y for absolutely optimum p1·e s sure con-

di ti oris was not r ea l ized, and ,). Pi.rani 28 type of hot-wire 

manometer was built, having a u seful range :from 10-1 to 10-5 

mm Hg. This gauge, while qui te· inadequate to indi cate dif­

f e:rences between p ressures of 10-5 and 10-6 , was s till of 

great util ity in hunting l ea.ks and indic e,t ing when condit i ons 

W;:; re safe to use the del icate ionization gauge. The wiring 

diagr am and c onstruction data of the Pirani gauge is ? iven 

in fi gure 6 . A and B a r e two or dina ry ten-watt bulbs, one 

of which is tubul at ed and open to the regi on to be measu r ed 

while the other is left sealed. The sealed bulb tends to 

balance out errors due to tempe rature changea. Actually, 

when standard light bulbs we re used, r andom flu ctua tions 

in tempe r atu re due to irregul a r thermal c ontact between fi­

lt;l.ment and metal supporting hooks produc ed erro rs amounting 

to 10% of the tot al chan ge in resi$t a nc-e of tht; filament. 

Th i s greatly reduced the r eli ability ~.nd r ange of t he gauge , 

for between 10- 4 and 10-6 the change in fil ament resi stance 

is very small. A discus si on of the me rits of 'th is gauge is 

given b y DuMond29 • 
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After it was realized that barium oxide emitters 

operated. inefficiently and evaporated badly at pressures 
-6 greater than 10 , an ionization gauge was installed. This 

gauge, of which the elements are shown in figure 7, is an 

adaptation of one by Huntoon and Ellett30 , and is arranged 

so that all the e lements can be baked out ~, i thou t the neces­

si ty of e lectron bombardment, thus reducing wear on the 

filament a.mi speeding up the operation of the gauge. The 

filament was run at 5 millia.rtrpe:re a e roi ssion for the sake of 

high sensitivity. The remaining ope rating voltages and 

conditi ons are given in the wiring diagram, fi61Ure 8. 

By a fortuitous ooincidauoe, another gauge iden­

tical vii th the writer• s was built by D:r. Dunnington in this 

laboratory and calibrated approximately against a McLeod 

gauge. This calibra tion has been adopted by the writer as 

being roughly correct for his own gauge, a s the gauges a re 

n ot very critica.J.31 as to exact electrode spacing, etc. 

The shape of the calibration curve me rits some a t t ention. 

In the cuatomary32 ionization gauge using a solid plate for 

a collector, the graph of ion current against 1) reesure is 

linear, of the form i Kp. I n th.is gauge, where the only 

departure from the classical ccnstruc t ion is in the uae of 

a wi r e helix instead ()f a plate for collector., the graph 

is distinctly non-linear, as the slope of the loga.rith.mic 
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plot of i against p i s defi nitely not unity. I t is d i ffi­

cult to see a r a.sonable me chanism to explain thi s pecul i ari­

ty, but if Dunnington • s c al i bra tion curve is vali d, it i s 
27 

possible tha t H & E' s suggested calibrat ion may be, entirely 

- 4 - - 6 incorrect in the pressure range 10 ' to 10 . 

Al tbou gh 'the ion our:rent was not linear with 

pre ssu:re , it 1as reasonably linear with electron emission 

c-urrent . The result of tests on this point at two different 

sens i ti vi ties are given in figure 9 . Curves ( a.) and ( o) 

were t a.ke n 40 .mi nutes apart , and a re as nearly ide nt ic al 

as could be expected in vi aw o f the fact t hat no special 

at t empt was made to keep the pres i:mre constant . I n gene r a l , 

readin >·s of the ioni zation gauge taken a t consecu tive brief 

i nterv"1:-ls agx·eed to within l'J{, . The s-ensi ti vi t y as such 

that a de fl e-c-tion of l cm on t he galvanomete r used corres­

ponded to a nominal p ressu :re of a.bout 5 x 10-7 mm Hg. 

The principal r andom uncertainti es involved in 

the u se of the gauge we re a.) t he leak,ige current through 

the in ulation, and b) unsteady emi ;;;sion from the.~ fil ament. 

Leakage currents we re of t ·he order of 10-8 amps, suffi ci­

ent to give a leaka,ge current l a r ge r than th e ion current 

at t he lowe st presBuz·es. However the leakage was f ound to 

be" l'a t her steady, any vari at i ons occurring smoothl y an d 

slowly over periods of several hours ., so corrections could 
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could a l wa ys be made. The irregul ar emi ssion wa.s finally 

tre,oed t o an i mpe rfect the r mal contact be t ween the hai rp in 

fil ement and its supporting hook. This caused random ( some­

t i mes periodic) t empe rature fluctuat ions to wh ich of c ourse 

t he emiss ion was exponentially sensi tive . I t is suggested 

that in future mod.els of the i on ga.uge a spring be inse rted 

to put the fil ament under ~efinite tension . I t is also en­

tirely possible to trace down and eliminat e t he l eakage 

currents , although such a course did not seem necessary to 

the wt-rter . 

e ) . Powe r Supnly: 

Ae a source of oten.ti al for the x-ra y tube 

2000 volte of unfil te red,. but fully r e ctifi ed A. C. we re 

used,. the output of t wo RCA 866- A mercury rectifi e rs and 

two commercial power transforme rs wi th t ha ir secondaries 

i n sexiea. The tube voltage was r egul a:ted by a va riable 

voltage divider in the trans f ormer pr i mary. Such regul ation 

was found indispens i ble i n controlling the ac t i vat i on of 

the oxide emitter~. A bank of 15 2fi- watt l amps was i nse rted 

in series wi ·t;b the anode ., thus prevent i ng large acci dental 

r:.'U r ges of current due -to sho rt- circui ta or gaseous a rc s i n 

t h e x- r e.y tube-. Thi s lamp bank a l s o served to some extent 

as a, re gul a tor fo r the x- r ay tub e_. t he voltage d rop across 

i t decr·easing as the current through the lamps increased. 



A circuit di agram of the arrangement is shown in figure 

10 . When in use , the x-ra.y tube tu1s cove red with a fiber 

h ood as a safety measure. 
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I V. TECHNI QUE OF OPERATI ON 

a). Preparation of Emi tters 

( l ) o Hea.te rs: 

f/:17 

A large number of different emitters were tried 

i n an ef:fo1·t to ge t one wh ich w•:uld operate efficiently. 

They can be classi f i ed as d i rec t or indi rect with respect 

to me t hod of hea·ting, and as waxe,i, brushed , di pped, sprayed 

or e l ectrolytico.lly ,i eposi ted a cc<, rd.ing to the manner of 

coa t i ng. The heating methods will be discussed first . 

A simple flat spiral of the type used in ordi­

nary hi gh voltage x- r a y tubes was first tried, but had in­

ad.e<J.uate emi t ting area, flho,ved a. strong tendency to arp 

since it Hus fastened rigidly at both ends, and was ~iffi­

cul t ·to install 1 as each indivi dual fil ament 'had to be cut 

and bent by tri tl to fit . Mounting it inside a cylindrical 

foc.,using sb.ield with small cl earance was a tedious job • i th 

ccmsiderablJ p robability of a i:;ho rt ci roui t after warping 

occu1°re d.. Both Ni an d tungsten wire were used. 

To obtai n larger effective emitting a rea, a 

flat Ni foi l disc was fast ened by lugs over a dished tung­

sten spiral aa shoivn in ( b) , f i gure 11 . Thi ~ bad, in ,::".d-

di t: ion to a.11 the difficulties of the p re ce,iing type 'the 

disadvantage tha t it was thermodynamically poor in design, 

tha tungsten s pi r&l having to be heated to a brilliant ivhi t e 
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to bring the Ni to a dull orange, with the resultant danger 

of foggin g and unne-0.essa:ry di sliipat ion of heat . An attempt 

was made to overcome the war ping of these filaments by con- it~._. 

necting one end with a fl exible lead wire ( see ((o)) figure 

ll) but t h is failed for laok of a flexible material :vi th 

suffic i ently high mel ting poi nt . 

A more bUCcessful type of -emi tter is shown in 

( d ) figure 11, i n which a nickel strap 1} mm wi de and . 006" 

t h ick was wr apped around tv,o "Ueal i teu• c er ami c tubes held 

on a t ungsten \ ire frame . Th i s emi tte:r ha.d a large surf ace 

and could be shaped concave so aa to give a line focus , but 

was not of uniform ternperature due to cooling at the ends 

of tha nickel st r ap. Even a fter the ~nds of the strap we re 

cut through 80% of the i r cross section the ccol .ing was still 

visibly e vi d.en't. .A flexible connec tion wae successful l y 

i nco1·porated in these emitters becau de of their low tempe­

rature of operat ion, and appears in the photograph of figure 

12~ The d i fficulty which fina l ly eliminated this fil .wnent 

wa,$ the fact that afte r aeti vat i on, emission would tend to 

build up from one loop of the filament , whereu pon this loop 

would heat up i no.rdinatel y ( proba.bl y due to 12 R losses in 

t he high :resistance coating) Eri1a.poration would occur, and in 

addition the remaining loops wouJ.d not contribute to the 

emi~si on~ due to the ir much lower temperature . 
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An emi•tting surface of one piece of r ather heavy 

metal would :orovide more uniform tampera.ture condi ti ems, so 

recourse to indirect heating seemed expedient .. The emitter 

finall y adopted, which has given sat isfact ory and convenient 

service , is sho~n in { e ) of fi gu re ll .. I t consists of a 

bo.x.o<!if 0020" nickel, 8 x 12 .x 6 rr-..m , held in poei tion by a 

single 80- 0 scre11v . The heater fi l ament ., which is also clamp­

ed by a acre -vv ., ls a. 2 mm. diam. helix o:f' l6 turns of 15 mil 

tungsten wire ,. Th,~ relative a :r.ra.ngement of parts is clearly 

shown in the fi g,uxe. I t was found very advantageous to have 

all parts demountable,. as frequent repl acement i s necessary. 

An a rraggement immedis,tely preceding tt'lis one in which the 

box was s prung between nickel lugs inet ,ea.d of clamped» and 

t he filament epot- wel ded in place, wa.L:3 f und very inconveni­

ent and b.a,rd. to adjust e Ti:'¥0 of the screw-clamp b oxes were 

made and used e.l terna.t ely, one being coatec! whil e t he othar 

was in ust:o A pi eoe of Usa.l i te tubing waa used to insul~\'te 

the heat er fil ament lead, m:lar one end where it was :relative­

ly cool 1 and di<.l not melt or 1;>rova gassy, as the box arrange­

ment waa ao efficient that it could be heated to a, bri ght 

red 'Then the interior fil ament inas st ill onl y a t yellow 

ht~e.tQ An e ffort to measure the t~.ctua.l temperature of the 

bOK with n optical peyrometer c ould not be c arried out 

accu1·atel y be cause the a.mound of absorotion by condensed 

barium on the ob serving window was not measurable . However 

theee observations ge.ve a. lower limit to the apparent tem-



perature , while calculations using the Hattage i nput 1;0 the 

heate r and assuming all hea t lost by radi ati on gave an u:ppe.r 

l i td t., between ,hich limits the true temnerature mu.st fa,11 . 

Estimates to the nearest 50 degrees could. be made this way 

which were consi stent With the uaual34 "color temperature11 

estimatee . 

( 2 ) Coati!)f£: 

The active surfaces of nearl y all low- tempera­

ture emi tte rs contain the alkali earth me t als or their 

compounds, particularly barium and s trontium, and thore are 

num1:Jr ous :references• concerning the coating mix tureso Ou.r 

first attempt at coat i n g ~,n emitt e r ,vas to melt Denni son • s 

white sealing wax on it and t;hen heat in air to burn away 

the organic ma.tter. Th i s metbod is d.tie to Siegbahn33 . I n 

our case the filaments so p repared we re not suffi ciently 

uniform. The same diff iculty was found when coating su&­

pensions we.re mi xed in t he laboratory fol lowing the 1·e cipe 

of Wagne r35• The mi xtures ~vere not suffici ~Hl 'tly smoo·th 

and the drL~d su:rfa.ce would exhib i t a lumpy appearance under 

magnification. These l umps a.re inevitable loosened when 

subject t o fields of 1000 volts/ mm s i multaneoui.Jly with 

heati11g, and cause t r oubl e in the x- ray tuue by produc i ng 

bursts of current and glowing im:purities on the t arget . 

* See Bibliography. 
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Consequentl y an absolutely smoo·th e,nd firmly adherent coat­

i ng i s essent i al . Coating by cli pping or b rus hing has the 

disadvantage that surface tension e f !ecta during drying 

cause the coating to v a ry greatly in thickness from center 

to edge of the emitter. When operating, the outer surf ace 

of' such d.eposi ts is cool e r at the thick places than at the 

thin ones, and hence cannot be p ro: ~rly II activated" ( made 

to emit ) vei thout overheating the t h in portL.-mso Some v,orkers 

3c 
suggest .sinte.r.lng c, t h., coat ing in an inert a.tm.,,sphere of 

CO ..... to make it firmly adherent. The wri ter bu ilt two d i f ­
(; 

fere:n t CO,.., fu rnac es but was unable to heat the em:i tte rs 
t:'> 

w:!. thou t d i acolo1·a.ti on due to some fonn of undete r rd ned i m-

pu ri ty. Si ntering did not Sceem to be essent i al to adhe rence, 

so it was not pursued furtherQ The electxo:.ohoresis ( elec­

troJ.ytic depoei tion from a colloid) -procasa o:f Pat a i and 

37 T oma.schek produced. smooth and f i r mly adh:31•ont coats whi ch 

worked well, but was very compli oated and unre11abl•3, hence 

was abandoned a fte:r a few tri alsQ 

The most r a.:.c id and generally aat i s f acto1·y coa t ­

ing method was s pr aying . Since this was the technique used, 

1 t will be described in detail. The coa:ting mater1al use d 

was a comme rci ally prepar ed m1spension of Baco 3 and SrC03 
mixed crystals in amyl acetate and co l l o dion Q A consider-
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abl e q,uant i ty was supplied g:ratis through the courtesy o:f 

M.1·. Shaw of Radi o Corpo r at ion of America. Be fore sp raying 

i ·t we,s well shaken, diluted with twice its volume of amyl 

acetate, and twe lve drops of eollodion a dded to 2 cc of the 

diluted suspension. Thi s :mixture ~~aa allowed to settle at 

least three minutes before use, otherwi se lumpy coatings 

were fo rmed. The atomizer used, shown in fi gure 12., was 

de~i gned with small -u-olurue to a voi d waste. The suction ·tube 

was a. gl a.ss capillary 30 mrtl. long and . 2 mm bore. 

I n actual oper a tion, a j e t of comp ressed air 

a.t two atmospheres gauge pressure (measured on a closed 

tube me r cury manometer) was maint a.i:ned th:r ugh the nozzle , 

a sruall cup of su~pen.sion. mixture wa s brou ght up a:r u11d the 

e nd of tbe suction tube \ i t h one hand., a,nd jus t a fra;.ction 

of a aecond later a gl a sb acre~ n was inse rted before the 

nozzle wi th t b.e ot he r hand to cut off both a ir and solu•tion 

s i multa neousl y. Unle ss .Q.£.!h air and sol ut ion are out off 

together in t h is manner the coating drles too rapidly and 

is une ven. Witb p.r,tc•tise sp1:ay " shots" of as short dura.ticn 

a s l/ lO second oan b e p :rod.uced. U sue..11 y one II shot" of l /10 

to l/ 5 sec. l ngth wae made and allow "'d to d.r y, and then 

a nothe r longer one o:f ½ to ¾ sec,)nd, which spread evenly 

and ;'1i th leas su rface tension deformat i on because of the 

presence of the f i rst one . It was necesaary to level the 

sprayed surfaces fr om their vertica l receiving position at 



once , in order that se tt l i ng un(ie r gravi ty not cause the 

c oating t o be thi c k a.t one edge . 

The spr ay cone was cf such a si ze that the 

emi ·tter ar ea of 8 x. 12 mm was f a 1 1·ly u:ni fox,nly cove r ed at 

1 a. i ste .. noes of 5~ to 4 inches . Sp r aying n ear e r ma.de the coat -

ing s too we t and st~ti.iment a.ry, longer di .st ance s tende d to 

raake them du $tJ and gr anul a r, with poor adheei ono Natu_ra.ll y 

d.egxt1, o.f dilu·t i on, tinw of settling~ thoroughness o f st ir-

ring, a ir preli:isur 11 , and llumi di t y were) also facto r s i n det e r­

mini ng the natu.re of the coa.t i n0 , and it was often n ~cessary 

to mak'3 seve1·a.l t.ri a.le be f ore tl e opt.i mum condi t i ons we re 

foun ' . To do ·chis ~- r emovabla glass ~hiel d was set up be­

fore the emitter on wh ich tri al sp r -~ys could be ins_pect ,ad . 

The best coats showt~d no more unevenesz than a. care fu ll y 

seen under the mi ci·osoi)pe we:r·e of' the o r der of 1 or 2 1aide . 

The thi ckn~as of coating r econunended i n oomme r-
37 

c i al manual s i ~ a.\:,ou t 4-0- 70 {about 4 to 7 mg/ cm2 ) but 

t he wri ter f ound t h i nner coats of abou·t 20- 30 to be more 

uniform and ea sier to a ctivate .. Longevity rvae not a.n im-

30 hours 1 and the (-MYil tte:r of neoe:.;a i ty had to be rac oat ed 

a f t~.r eac 1 expo;i:;••u1·e to a.tmo sp e ric pressure- . While t he 

coati ng could of course b e weighed after ea.ob spraying» i t 
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was found much quicke r and still sufficientl y accurate to 

make a small v- shaped gr oove in tt1e coat at 45° with a 

specially ground razor blade , ( see f i gure 13) whence a 

measur ement of the hitlf width of t he groove on a compara­

tor gave its depth directly to an accuracy of about 1 5% . 

A s pr ay under the c onditi ons ment i oned above gave coa tings 

from 25 to 40 thick. 

b). Preparation of Targets 

I n a s tudy of a series of elements , eac h -tar­

ge t pr esents a pr obl em of its ovm, s ince the vapor pres&ur e , 

ma l. t ing po int, heat and eLectrical conductivity, ease of 
.. 

oxidat i on, etc ., must be consider'ed se 9aratel y in each case . 

Th i s i s especia lly true when it i s desi r ed to e vaporate the 

t arget mate ri al s . A r emarkabl y compl e te bibliography and 

d i acu ssion of the vari ou s me t hods of preparing x- r a y tar­

gets ( ex cluding evaporat i on) is given by M:uller39 . The 

ta,rgets ma y be classified under bulk materi a l s and films . 

l). Bulk Materials: 

Since the t arge t itself was or coppe r, numer­

ous runs were tried wi·th it alone , a fte :r poli shing it with 

4/0 French emery, rinsing v-11 th pu re absolute alcohol and 

heating to redness for l mino in vacuo . In almost every 

case an opaque film of barium from the emi tte :r c ondensed 

on the bomb a,rded surface, wh ich was wat~ r cooled, and a 



r -ally adequate exposu:te of the unmasked copper surface 

was not obta inedo I n many of the runs a barium line aP­

peared on the plate at about 167 AO
, which l ay so near the 

esti mated positi on of the copper M3N1 l ine ( l H4 A0) that 

it was very uncertain whether thay could be di stinguished 

even if the l atte r were present . For this re a son it was 

dec ided to use nickel for a target, for which t he M3N1 
line position waa est i mat ed to lie at 181 A

0
• 

The uee of soft solde r to provide good thermal 

contact between nickel and copper support was prohibited 

by the necessity for outgassing at red heat af·ter evacu;;;,­

tion . Without this purging the ga.ssy i'arget soon poi soned 

the oxide emitter. 'f o hard soldex t he Ni to t he Cu was 

not :feasibla since it was desirable to make subst1 tut i ons 

of targe t mate ri al wi thout injuring the plane face of the 

rathe r del i cate anode . Consequentl y a cylinde r of . 02211 

Ni was me rely wranped a r ound the Cu anode and clamped. 

When the attempt was made to heat it to redness by bombard­

ment beat conduction throu gh the relatively thin nickel 

was s.o poor that the cyl i nder melted and va:po ri zed at the 

point of bomba rdme nt before mo re re mote parts had become 

visibly hot . 

To eliminate thi s troubl e a heavi er block of 

Ni, 1/8 x ½ x l" , wa,a ocrewed at one point to the anode . 

Thi s c oul d be heate d to a f a irly uniform orange color by 



about 20 mils bombarding current at 2000 v ol t s.,. and 1 t was 

t hought that by maintaining t he Ni at thi s t empe r a ture con­

densation of barium upon it mi ght be avoide de However when 

activation wae actually attempted it was found t hat t he 

block was ve ry difficult to out gaas; moreover t horou gh out­

gas s ing was ll inde r e d by anothe r c omplication . When t he Ni 

was held at an orange or yellow color for longe r than a few 

minutes a da rk grey deposit, p resumably of evapox·ated nicke l , 

formed over the white surface of t he o.>eide and r endere d the 

emitter inactive. Con s dqu ently the excit ation of a.nodes of 

t he Fe-CO-Ni group a t tempe r a t u r e s greater than 700° C by 

me ans of oxide ern i ttera does not s e e m fea sible . 

The remaining possibility seemed to be running 

the target a s cool as po ss ible , s o tha t both gaasing an d 

evapora ti on .. -vou ld b e negli gible , and a.ttemr,,t to op-, rate t he 

e mitte r so effici ently tha t no eva;oorat ion occurre d fr-om it 

e i the r . To t his end a coppe r block was nickel plat0d and 

mounte d on t he t a r get. Th is block was canabl e of be i ng 

bomba rded wi t h 100 mil s indefinitely without being heated 

to r e dne s s , so long a a t he anode p rope r was water cool ed., 

al though ge ometrical l y it was identical wi t h t he solid Ni 

a,nod.e menti one d above . Th e Ni pl a ting d i d n ot peel off un­

de r the most inten se bomba r <"iment ., al t hough it s poli shed 

surfa ce be ca me g r anul a r . I n spite o f t he suuerior cooli ng 

of t h i ~ target, emi ss ion c oul d not be mai ntaine d agains t 



it from an ox i de f ilament ., and p ressure measurements sho ed 

that the target was gassy. No furtl1e r efforts with bullt 

targets \i 'ere made., al though it is poss i bl e tha t by baking 

the block s a t red heat in an a.t mo sph~1 re of hyd rogen for 

several hours the difficulti e s due to outgassi ng could be 

a voi de d. Experimemts on t a r gets were c onfine d to nicJce l ., 

but p r e sumably any method which succee ded for nickel could 

be applie d with but l i tt l e change to cobalt and iron. 

The only insulator used as a t a rget was bromi ne 

i n the form of KBr . 

40 
19 3 A0 by Siegbahn . 

For bromine a lin ~ is r ecorded at 

The fused KBr ( at 700° C) c oul d not 

be flowed upon a copp e r suppor•ting surface as it appar ently 

r eact ed ~•ith the copper wi t h r esulting re d di scolora tion and 

poor adhe sion. However it was possibl e to dip a strip of 

nicke l i nto a bath of molten KB r ~-1 ·thout undue oxi dat ion., 

then h eat the whol e until the KBr layer had flo wed off to 

the II p rope r" thickness, wh ich was s e t arbitra ri ly a t a,bout 

½ to ¼ mm . Tllicke r coa tings showed a tendency to cryatal-

li ze and crac k., and all coating s we re ve ry hygrosc opic. 

The reaul ti ng coated s trip was tinned on one side a:nd soft­

s oldered t o the co-ppe r anode , hence ba.'k ing nut to redne ss 

v~a.s not possible . Accordingly the r esult i ng t-arget was too 

gas s y for use with ox i de emitta r e and no run was obt a in -J d . 

Even if the outgas st ng of &·u ch a target were aucceeafu.lly 



acoompli shed, the bombarding currents would be limited be­

cause of the poor heat c0nduct i vity of the insulator and its 

ease of evaporation ( me l ting point KB:r 700° C}. Thi s 

troubl e with evaporati on was especial ly noticed he n an 

attemp·t was made to p repar e a KBr target by heating a Ni 

atrip covered with l oose KBr crystals in vacuo. The KB r 

evaporated with out app:recia,bl y wett ing the nickel . Even 

when an atmosphe re of 10-20 cm of H2 was suppli ed, t ar get 

pr epar a tion by thi s me t hod as exceedingly critical, and 

only one t a rget was compl et ed . A further difficulty which 

mi ght be antici pated wit h non- c onduct ing t a r gets i e the 

building up◊of surfac e cha1·ges which would reduce the ef­

fe ct ive potenti al of bombar dment . Possibly these difficul­

ties may be overcome by t he use of ve ry thin insulating 

l a ye rs or by f ormi ng compounds between '.the insulating ma­

terial a nd the anode surfa.ce i tself, whi ch wo l d be p re-ci­

p i tated on t he a.node in a thin :film. 

Z} . Me tal Fi lm s! 

Di still a tion of the target subst ance in a good 

v a cuum up on the coppe r anode has several desi rable f eatures . 

The met a l de posited i s gas-free a nd clea..n , and in addi t i on 

to giving a true spe ot ral l i ne , tends to inhibit gassing 

from the metal bene ath . Moreover it is well cool ed, being 

in i ntimat e c ontact wi th t he wat e r cool e d coppe r an ode ., and 

consequently does not of it se l f evaporate. By r enewing such 



surfaces at frequent i ntern,,ls., Skinner and O' Brya.n 41 ob­

te,ined very satisfactory line contours f or the l i ght ele­

ments. Th e write r att empt e d t o r eneat thei :r wci·k on beryl­

limn, but a t the time h a d not developed an anode which c ould 

be h ea ted to rednes s , v,nd fou nd that the beryllium di d not 

a.dher e well to c o:ppe: r unl e ss it h ad been t hoi(.O'ou ghl y out­

gassedo I n additi on no method of e va 1'.)ora tion by hi gh vol­

tage bomba rdment ., such a s th~~Y used, had bee n developed and 

the heat generated i n m.el ting and e va;po:rat ing small l umps 

of Be from a tungsten f ilament seri'>ously endang :red the 

steel radi at ion shi el d and nickel supporting rods, on two 

occasions en 'ti r t:ly fust n g them . 

At tempt s to make evaporated Cu adhe r e to the Cu 

anode v1h ich coul d not be outga.ssed al.:;o we re unsuc,}ess ful , 

t he e vapo r a ted fi l m poel i ng off under e l ectron bomba.rdmt~nt . 

Finally a Cu s trip was mounted in a c ompl etely 6(1par at e 

vacuum chamber, an d heat ed to redne s s e l ectrically. I t was 

found that a beryllium coat would adhe re when the coppe r was 

so :p1·e pa r ed, a l thou gh t he a ddition of a r emovab l e mic a screen 

to catbh t he f irs t " ci i .rty8 l a yer of Be was necessar y for 

really clean coat ings . The e vaporated l a yers p roduced in 

thi s way we re rather thi n; l e ss t han . OOl gm/ cm3. Howeve r 

an y atte mp ts at h ea v y de pos i ts resulted i n peeli ng and fl ak­

i ng o ff' o f the entire coa ting . One t a 1·get wa s pl'oduced in 

th i i::. mann ar and i:wl dered to the anode . I n spite of the ra-



#-30 

ther heavy overlay of barium from the emi 1;,ter., a, weg1;k BeK 

line appeared on the plate r1l ong with a stronge r Ba line-­

a test i mony of the intensity of the K r adi at ion of Be . 

The onl y other attempt at using metal films 

:for th~ targets was by ni ck:l-9lat i ng the copper anode wit h 

a layer about . 0005" th i ck . This anode ~vae bombarded ·t o 

redne~s. On the plane surface the nickel was smooth and 

adherent; on the remainder., whe r e the surface had not been 

so care fully cleaned, mi nute blisters ( gaar) we r e formed 

over the surf ace . Diff icultie s with evaporation and gas 

p.:x-essure p r ev ented a run witll thi {;) t arget . 

o) . .fi, l i gnment : 

When target and emi tte r have been prope rly 

p repa,red for use , it i s necessary to al i gn them accuratel y 

·· ith r espect to sl i t and grating. The step s o f this pro-

cess occur in the. fol l owi ng order: a ) A squar e- ended metallic 

pointer i s insert ed i n the porcelain cone , normally ( see 

f i gu re 2) used for the cathode, and waxed in place. b). A 

l mm vertical sl i t i s p l aced a t the normal positi on of' the 

central i mage of the grating. c). A broad source of light 

i s placed b ~h ind this slit somewhere on the Rowl a nd a.re , in 

such a pos i t i on that the shadow of both the po inter and 

the horizontal ali t ca n be observed on ,3. groun1-l g l at>l.S •,hen 

l ooking a l ong the po rcelain tube whi ch normally holds the 

anode . d) • The pointer i s adj u sted so tha·t t he sh ado o f 



its square top falls in the center of t he r ectangle of li ght 

which represents the slit , thus: 

Becauee the i mage is enlar ged th$ pointe r may be set thus 

to about l/lO mm . 

e ). The anode i s inse rte d, taking care t ha·t the freshly 

pol i shed tar ge t surface is not s c ratched agains t the pointer, 

and a~usted so that i t just t ouches the tip of the pointer . 

Contact may be det ermine d e l e ctrica,lly wi t h hea.d9hones and 

a sou rce of low vol tage A.O. Th i s me t hod se ts the anode 

agains t the pointe r t o within 1 / 20 mm . I n fact, rne re f l e xu1·e 

o f the anode assembl y due to ou-t s ide forces is su:fficie nt 

to make or br eak the circu it . 

Thd anode is usuaJ. ly adjusted so that a de fi nite 

scratch on i ta s ide surface is oppo s ite the po i nter, then 

t he pointer i s r emove d and repl aced by the emi tter, wh ich is 

adjusted to have the same slo~ e as t he target eurf a c.e and to 

be centered on the aforement i one d scratch . The em1tte:,:• we.a 

n ormally ope r ated about 2 to 3 mm away f r om the target, the 

f a rt iieI' away ( without current limi tat:l on by space charge ) 

t he better. 



d). Outga.ssing 

Since p ressures of less than 10-6 du.ring: Cp,i11ra,­

tion were prerequi s ite for sat isfacto r y operat i on of th,a 

oxide erni tters ., it was ~ssential tna.t all res i dual ga.ses be 

removed from metal parts before beginning activat i on of the 

easi ly poisoned emitter. Natu rally the target., subj eot to 

intensf~ el\.'lCtron bombardment and dissi pat ing a s hi gh a..s 

three hund1·ed watts., recei V1:;d first attention. A special 

bombarding :filamen't., consi sting of 15 turns of 8½ mil tung­

sten in a 2 mm helix, was mounted in a Ni radi ation shi eld 

beside the emitter. When h e at ed with about 4 amperes i t 

woul d yield emissions of 20 to 30 mil s ., e,t 2000 volts., wh ic.h 

would suff i c e a ft e r 2 o r 3 minutes time to heat t he copper 

target to r edness . Naturally water cooling was di l!lcorm(..ot­

~d during bomb~rdment . Tl:ue s il ve r-sclde r joint betwe{;m Ni 

aup9orting tube and CO JYper tar·get; showed no s i gns -e,f soften­

ing or l eak i ng., a l though thie t arget ,was a.cc idently r:ra~ted 

to a rathe r tu•ight r e d at time s. The ,:the rma l cqnd.uct i vfts 

of the Ni •~s sufficie ntly poor t hat very little baat •-• 

conducted to the g:rease j oint , an d no special cool:iing of 

this cona w~,s necessary :t'f b ombardm,ent vas r e str1(c ti~d t o a 
very few m)nutes duration. 

This bombardment., a s \ieU.l a s the iXli ti4l ·.a¢t1-

va:tio!1' of the emi tter, was c-ar,ri.. .. d ou t on the back or c'ti.i'ved 

suxrf'a,ce of the target , in o~del' to keep the pl aner f'aca as 



clean and free from Ba and tun6s t en as possible . After 

they were completed the target was rot ated 180° i n its bras s 

ground j o int, whi ch was lubrice,ted with the special l o · 

vapor p ressure A.piezon L grease . Preasur e changes from 5 

-7 - 6 · x lO to 2 . 5 x 10 were observable at the first heating 

of the bombarding fil a.m~nt and a.ga,in at th~ :first a,yplica­

tion of the bombarding potential . About 15 minutes was 

rea.u i 1•ed for the p ressure to r ..,turn to normal after t he ces­

sat ion of the se heat ing and bomb a rding ac t ivi t i es. No pres­

sure change was observed u pon r otation of ground j oint , pr o­

vi di ng th i s was done c a r eful l y. The 1;m i tter gave off con­

siderabl e ga.s upon h ,3ating, both from decompos i tion of the 

c a r bonat es a,nd di :ffusion out from the box itse lf . Hea t i ng 

the emitter boxes to r edness in H2 before coating we.a tried 

in severa l cases , but so many other factors enter in the 

activation proce sB tha. t it was not p roved that saturation 

"' i th tbe H was useful . a 
The i oni zation gauge was provi ded with a cir-

cuit so that ea.ch element could. be out gassed . Heat ing the 

collecto1· 1 i t h 8 amps for 30 seconds e..nd the g rid wi th 6 

amps fOI' 30 aeoonds provided sufficient outgasbing. Hi ghe r 

01' longe r cu1·ren'ts than these \'1 oul d be liable to warp the 

elements o:r crack the sea.l s . As a. matt e r of fa.ct l ea.ks r,, ere 

found in both collector and gri d gl a.ss- tungsten seals even 

before the gauge was operat ed, and had to be sto?~ed with 
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gl yptal la.cquere The difference in a1.,parent p res su re before 

and aft .. r outgaesing 'lla,s slig.ht , not grea.te:r t han 10'% at 10- 6 

mm Hg, but mi ght become more i mportant at lowe r pressures. 

e). Activation 

The activation of the emitter was usually not 

begun until the pressure in the x-rr;. y tube wa.a considerably 

- 6 -7 l ess than 10 , say 5 to? x 10 , because considera le gas 

was alwa.ya evolved during a.cti vation ll an· it was desirable 

to ke ep the preeeu:re near 10-6 a t all times. The "breakdovm" 

or decomposition of the ori ginal carbonates into CO,., and 
{.j 

o ides, was accomplished by heating the emi t t er to a bright 

red or orange (this is about 1200° K or 5 amps heater cur­

rent ) for three to five minute s in the absence of any elec­

trical field. I t i a doubtful if thic3 amount of heating com­

pletely d.egasses the erni t ter, but more prolonged heating oc­

c a ·· i onall y tended to p roduce heavy e vaporation of barium, 

i n spite of "tht; statement of R•~ imann41 that barium does not 

evaporate from an una.cti vated f i lament below 1250° K. Pre­

vi ous n soaking" of th e emit te r box in H2 and l ater release 

of this reducing agent i n contact wi th BaO m;:tY part i ally 

explain this anomalous evaporation. 

When the pressure had returne d to equilibrium 

value a fter the " breakd.own" wae completed., a potent i al of 

200 to 500 vol ta ~~as g radually appli e d, the box being held 

at a dull red heat ( about 950° Kor 3.5 amps beater current). 
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I I' at any time duting this p rocess emi ssion set in., as in­

dicated b y currents of 3 to 5 M. A. in the hi gh voltage c i r-

cu.i t and a slight bluish surfa c e glow (usual l y local) on the 

target, further heating was stopped anct the emi ssion allowed 

to grew spontaneously. When the emiss ion had reached a value 

of a.bout 30 M. A. the tempez·a,ture wa,s gradually reduced to a­

bout 1000° K (3 . 65 amps heater current) and the voltage simul ­

taneously inerea.sed in such a way e.s to mc::..i ntain at least 

30 M. A. emi ssion. 

Usually thi s r ather i dea lized pr ocedure oou ld 

not be carri ed throu gh , an d it was necessary to ove.;:rh ea t to 

4 . 5 or 5. 0 ampe r es (1250° K) heating current , and then raise 

the voltage from 500 to about 1500 vol t~ or e ven the maximum 

o:f 2000 vol ts . Usually emi ss ion could then be started, al­

t hough un,ier these c ondi tions it built up very rapi dly an ti 

ca1·e had to be t-aken -to reduce the vol tage as soon as pos,-

ai bl e . I n general, it was necessa:r y to dra a current cf 

80 to 100 mils at some fa i rly hl gh emitter temperature for 

sev ral minutes be f ore the act ivation had spr ~Jad so that 

emiss i n c ou ld bra maintained at 20 or 30 mil s a t 1000° K. 

Often the po s,_,ibl e currents were limi ted to 10 

M. A. or less at 1000 ° K, even ' , i th 2000 v·ol ts E. M.F. , usual-

1 y becauad of gasey target condi tions. I t must also be borne 

in mind that in the act i va.tion p roc""ss BaO i s converted to 

metallic Ba at tb e surf ace of th0 coa t i ng , and in tb :.:: r e-

sul t ing l i berat i on of 0 4 the fi l ament may tempo rari ly " poi son" 



tf3 6 

it eel f o I t l as been shown by Reiman 42 that when t o oxide 

emi tte1·s are mount ed together it i s pos t; i ble for one to 

i'l poi sonn oI' deact ivate the other. Consequerl'tl y it is de­

sirabl e to carry out activation slowlyi so that toe high gas 

pres.sure s a re not built up. 

Any t i m-a th~t the --,ot ent i al s used were g1'ea.te1· 

than 1000 vol t s , th-~re was dangt;r of "burstraf' or s.udden 

surges of current due to a rcing betw~en emitte r and a."lode, 

,i t h conse~uent evaporat i on, fuoin g and di~integr~tio, of 

pe,:rt of the emitter surface . Thi;;1y ;•·e re usuall y preceded 

by the appearance of small glo·.ving sp~ck::.. of coat in:5 nate 1•i­

al ad.her-ing to the t arget and eom0t i rnes brilliantl y i n can­

descent . Thi;;se specks wer.e not always fol lo·.ved by bursts; 

bu:t th~ burst rarely occurred unlass preceded by glowinf; 

Pa,rtic1e s , a l though it 1 s true that tha tim,~ e l (1.using between 

the an: {~a r·ance of the specks 3,nd the burst was often only a 

second or two. 

These n spec ks0 and " bursts" which occur du.ring 

activation a r e most proba.blt when the voltage ancl tenroe ra­

tu:re a r e simul :taneou~ly hi gh , as then th:e efflux. of ga.s. is 

greatest and the coating adhesion is poo1•., st . They are es­

peciall y preval,')nt a t the begi nn i ng of act i vat i on., until 

all parts have had time to outgass and r each equili brium. 

Anoth~ r t i me that they ha,,e been noticed is when the ,,oltage 

i s high and. the c athode temperatu re very low. It is possible 



tha t at low- tempe r at ures the r 2R heat develoned in the coat­

ing is su:ffici nt to cause stron g l ooa.l heating and emi ssion., 

,hich builds -up cyclica l l y and causae a sma,ll e ruptive arc 

a t one point . Coatings a re scm-t i mes made with admi xtures 

of pon iered me tal 43 to a voi d t h is e ffect, wh ich i s due to 

the r apid ( e;-c:ponent i al 44) va.ri ati on tt i th tempe rature of t he 

coating resi~tance. 

I t was f ound exp~ rirnent ~tll y that when an ac­

tivated emi tte r ( in t r1 i ~ particular case the sinalle .I' of 

th,.:, t wo avai l able boxes) was hdated by 3 . 6 amperea ( ab out 

850° K) f'or twenty minutes no vi aibl e coat of ba rium wa.s 

fo rmed on the polished copper anode; but that whun 4 . 0 arn­

pel'es ( about 1020° K) we r e used r:L definitely opaque coating 

was formed aft er ten minutes . Both t ei.i3t s were made while no 

emi ssion was being dravm . Acording to Reimann45 Ba :i. s not 

e vaporated from a surface a t tempe r-a,tu:res less than 800° K., 

but the normal op ... r ati ng temperature of h i e ox i de cathodes 

i s 1020° K., whic h in ~ur a,ppa r atus would produce de finite 

46 e vapo Tati on. On the other hand Skinner "'nd O' Bryan s t a te , 

d i scus~ing effects of e ira;)orat ion, that "it was qui te possible 

by :paying attention to the vacuum to avo i , the barium lines 

compl etely." In the ~H:une article they at ate tbat cu.r1·ents 

of 400 M. A. w1,;; re used in m.:ik ing exposu res for Be, p:t(J aumably 

Wit h no aPpreciable e va '1oration. I n a J) ri vate communicati on 

from Mr. 0 ' Bryan an a·~'l'proxima·tley to scal e sketch 01' hi s 

emi ·tte r was included which wo _; L i. indicate that th..;; to t al 
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emi tt i ng a rea c oul d not exceed ebou t 2½ sq . ems., as compared 

t o about l sq. cm. in our own 8 I n view of i,he pt·e cediing 

state1r:dnts~ it is hard to unders·tand why our own emitters 

woul • give only about 20 M. A~ a:;. 800° K while those cf Skinner 

and O' Bryan ap-pa1·ently gave 400 A( . A~ at the sa.r:Ae tempera:-

ture o P~rl:taps our p ressure measurement e are erroneously 

calibra ted , or tho fila.rt1iant is being npoi s ,nedtt by one of 

a. m.iJ.ub1:;r of causes which will be discussed p r~aeD'tly. I n 

any event i t would be of i11terest in the future to make a 

di 1•eot cal i bration of the ioni :z.aticn gaug~ with a MC L;.,.od 

gauge , r1nd a careful reJ.ete rmination of the • ct 1 a l uppe r 

limit of emitter temperatul'eiil a:!. wh i ch evaporat i on oes not 

t ake place . 

A very inte:r~'Hsting type of s purious 11 non- the:r­

mi or;.icn emi s s i on could be obtain,d a t very lo w· emi t t~r box 

temp,;:;r t ures., p roviding th e pressure , a fj h i gh ., i$ e . ., t:.ome­

wh~ r~ in the :ra.nge 10- 4 to 10-5 • After ·this ,1mi s aion was 

onco established., it was ve ry i nsensitive to box tempera­

t1.ire., in fact it wotil:l. maintain it self even when 'the box 

v.a s at bai·oly vi sible .red heat (720° K) . However., it was 

ve ry sen s itive to vol tage, and above a c e rtain cri tical 

vol t,age the emis :5 i on very qu i ckly went beyond control and 

arce d. The emiss ion wa,s not stable, but 13uddenl y u pop pedu 

out when voltage or t emperature went below c ert ain c r i t i ca l 

tvalues ., a nd could not be i-e- establ i shed \'1 i thout greatly 

excee ·ing th e se values, vrhen it as suddenly began again. 



Two cha:t'acte:ristic features of thi s type emie~i on r,ere the 

definite a nd vi s i ble cooling of the e .. i tter box ( dul l I'Od to 

black} when emi esi on ceased, aw the ·t>lue col umnar space 

glcn1 between elect .rodes . Exaroi nat ion of this glov• s:pectro­

s c opi ca11 y revealed s trong red an blue lines, v)hi ch are 

a,l$o preoent i n t he spe ct rum of barium v a:90:r., bu·t no b ands 

c haracteri s tic of ~ir. Ro\ever the intansity ras t oo low for 

definite i dent ification to be made . When the electrode spac­

ing was j_ncree,se d beyond fi ve i i ll i u::?·t e :rs, emi s s i on could 

not be es t ai.bli shed . 

The wr i ter suggests as a. poss i bl e mechanism for 

this emi s ~1on the fol l owing process: ( a,) The overheated 

c athode ev aporates ba:ri um upon t he ano(t-;a . ( b) Eiu i ttad el e c-

t rans from tba cathode ~putte r barium i ons l ocae. ( o) Theae 

2000 ,ro l t ba..r.ium ions bombard the cati1od.e, 11.~ating i t and 

the reby inc r easing both emi ssi on and furthel' e v a ;1orat i on cf 

b a rium. ( d) The ~;)roces& c o:tT~inu , ... s in cyclic f ashi on., bu.ild­

i ng up unti l l i mi ted by tb_(j r a t e o f t r ansfer of bai· ium or 

reduction of a.pp:L i e d p otent i a l . It i s diff icul i; to s ee how 

t he air molecul as e-il<;ne could be r e spons i ble for the obse rved 

be ha.vi ous., because of the " poi aoning" e ffect of th;;; oxygen, 

al though they undoubtedly '!/)lay a rol e . 'fhe volt age sensiti­

vity of t he current., and the beat ing of the cathode , point 

~t r ongly ·to some i oni zati on nroce ss. 

Poi soning, or dea.ot 1 vat1cn of the emi tterJ ca.ri 
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occur from a numbe r of cause , chief among which is exposure 

to oxygen or wate r vapor . Since the active porti on of an 

emitter is a mon omolecul a r l a ye r o f met al , it ia easy ·to 

see how very small amounts of oxygen would suffi ce ~ Blanket­

ing of this layer wi th some neutral subst ance such ~1,s e va.po­

r ated nicke l would likew i s e reduce emi ssion, as waa di scu saed 

in tbe section. on bulk me ta.l target a. I mp-uri ties in the 

base me ta1 an d overheating are ali"llO possible snurcea -of 

trouble ., and a.:r,~ iacugaed47 b y various wo:rkers., as well as 

me·t.1.1ods of reaoti vation48 involving sputtering away of t he 

cont ami nated surfl:;',ce lay<er by ar gon or hyi:rogen . I n the 

only attempt by the r i "ter to u ·e hydrogen for .rl:.lac ·ti vat i on, 

t.h~ ,·rnl i t ter box was heatgd, consequently a ll the oxide r e­

duced t o me tallic barium,. ,;),nd moreove r b a rium was di f:fused 

throughout t he ~- ray tube . Evidently these methods a:ppl y to 

cat.bodes only when col d. In an e.nni tter hich h,~s been over­

hi$nted too long, the more V:'.:lla·tile barium has evar oxa.ted, 

leaving a preponderance of etx·ontium com~ounds , and the 

origi nal activity cannot be I'..:,b t ored. 

The shutte r actually us~d has been ouffici ently 

d.es c:ribed on page 9 a.nd in f i gure 5 . I t sh uJ.d b~ menti oned 

that two the :t types ware 't ri ed. The fir~t, and simpl est , 

in vhich an iron disc with a hole was pulled baok a:nd forth 
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in fron·t o.:f the ali t ., clid not wo rk because inducti on e ffects 

from the adjacent iron spectrog r aph cone weakened the field 

of the ext ~rnal magnet . A modific~.t icn of thi s in whi ch a. 

pi ece of iron was se t in an aluminum va.ne , designed to give 

greater effective torque., was inoperat i ·ve for the same re a­

son . The firs t model of the final cylindrica l type had a 

block of iron fastened to one side of the cylinde r instead 

of d.i amet rical l y., c onsequ ently the exte rnal magne t ex e rt e d a 

net translational f orce ae \1ell as a torque , and the re-

;;,ul ting friction rende r ed t he device unreliable. The p:re­

~ent modi.el c ould be rendered mo re pO:il i tive in acti on b y de­

creas i ng the external a ir gap in the magne tic circuit . 

g ) . Exuosure of Plates 

The amount of ex"9osure was consi dered propor­

t i onal to the product of the emi ssion curren-t by t he time 

of e:.irnosur e . Skinner and O' Bryan r eport adequate plate den­

a i t i e e of Be K with 100 M. A. hours exposure . The writer ' s 

best pl ate ( No. 14) of the B a. 0 - N band was ex posed f or 

300 M. A. hours. Th i s method cf estimating ex posure n egl ec ts 

such obvi ously i moor t ant f ac tors as sli ght inaccurac i es in 

targe t alignment ., s l i t >",; i dt h , amount; of surface i mpurity, ex­

a c t v ol taga of bomb a rding el ectrons ( oec~,e i onall y i t was ne­

cessary to use potent i als sl i ghtly belo~ 2000 V for t he sake 

of stab i lity) eff e ct of the u nfi ltered wave f o r m on efficacy 

of ex ci tation., and e ffect of change in e l ectrode a-pacing ., 



which would of course change the current density. I n f act 

pl a.te No. 14 mentioned above was more than three times a s 

dense as other plates ,nhich had 30% t o 50% more ex ·oosure . 

I n the case of transiti ons of low r elat ive p robability, such 

as the M N of nickel, it mi ght be necessary to gr eatly in­

crease the expo~ure , say to 1000 M. A. hours on a clean t a r­

get, befor~ th e l i ne would appear. 

Usually i f bombarding currents we re gr ,3ater 

than 50 to 70 mil s, they tended t o grow spontaneously a.mi the 

x-ray tube require d c onst ant at tendance and adjustment . Cur­

rents less than 40- 50 mil s would ordina rily remain s t able or 

dec line slightly over a peri oti of 3 to 5 hours . I t wa,s ne­

cessary of course to renew the li quid. ail" on the cha rcoal 

trap at simila r inte rvals, if the re ssu r e was to be kept 

a t opt i mum values. 

Due to the irregul a ri ty of the Schumann pl a tes 

there were Ub"Ually a considerable number of spots and dark 

a r eas occurring at r and.om posi•ti ons. 4 11 .x 10 11 p le.tes we re 

cut i nt o 1w x 10" stri ps , the t wo center stri ps being used 

v1hen greater freedcm f r om irregul a rity was i m-pe rati ve . 

They requ i re care ful de velopment , as t he y fog easily. I n 

one c ase ( plate #11 ) development in .va rm ove rconcent .ra ted 

solut i ons b l a ckened the pl a te to the uo i nt of e liminating 

al l t r aces of expo,-3urt~ . B~st r esul ta were obta.ined by de­

veloping for l i minutes at 0 c in East ma n ' s stanua.rd D-ll 



formula wh i ch had b•~en diluted wi th t wo volumes of wa:te r. 

Wavelengt hs on these pl ates ~ ere dete r mi ned fr om tba geo­

me try of the Rowland a rc and the known g r a ting s:pacin p.- ., since 

great accuracy wae not essenti a l in a prelimina.1·y survey. 

The coppe r anode howeve x was pr ovided with openings to cl~~P 

an a luminum el e ct rode , with wh ich spark compari s n l i ne s 

could be prod.uced whcrn n ecessary. 

h). Hunting L eaks 

When the entire system was prope rly sealed and 

v a.cuum ti ght, th 0 c ombined action of mercury and rota ry 

pumps ·rnuld z·educe t he p re ss11. r 0 t o l e s :.:; the.,n 10 cm. in 10 

minutes, a nd to a " b l a ck" vacuum ( lG Si;;, tha n 10- 2 cm) in a­

bout 45 minu-tes . It was then nece s sary to pum p for lZ or 

15 hours l onger to r emove a baoi·he d gases and vapors suffi­

ci ently t o lowe r the p ressure to less than 10-6 in the x- ray 

tube ., the cha rc oal trap being c ool ad meanwhil e . Even wben 

0 the charcoa l was bein g bake d ou t to 460 C or hi ghe r p r e-

par a t or y to a run., the pres su re 1 i th Hg pumps in ope1·a tion 

c oul d be kept bel o~ 10-2 ram . 

When the pre ssure di d not f a.ll at t he above 

r ate ., a. l eak was sus pe c ted . A small l eak in the x- r a y tube 

c oul d be traced with the help of the i onizat i on gauge , wh ich 

r esponds i mmedia.te ly to the eha.n ge in n rest>ure when the 

l eak i s plugged. La r ge r leaks in the x- ray tube me, y be 
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checked by the emi ssion of the ion gauge, which a t the re-

commended voltage s ( see figure ) emi ta 5 mi ls at a reading 

of 1 .10 amps on the ammet e r if the pressu re is 5 x 10-6 

l h 1• o- 5 . and requires l o 5 amps o r more if t e nressure is 

Lea.ks in the spe ctrog raph are best located b y closing the 

large stop-cock ( let pumps run) a nd observ i ng the Pi r ani 

gauge over e. pe riod of 3 to 12 hours . When the s pectrog raph 

i s tight it should remain belo·N tb.e II black" vacuum point 

( 470 ohms on Pi r a.ni) for several hours a t least . The maxi­

mum reading on the Pirani i s abou t 525 4 ohms. In case 

of a s tubborn l eak in the x- r a y tube system, it i s possible 

to r emove the cha.rcoal trap and i mme rse the suspected parts 

in a CO2 bath, when the discharge tube will show a characte­

ristic wh itish color if a ppreci ab l e co2 l eak rs into t he systemo 

The •:rri ter finds this me t hod rathe r uncertain, but it might 

poss i bl y be made more sensitive by inse rting a discha,rge 

tube on the outlet side of the me rcury :pumps. "Plast icene," 

a specially r e fined modelling clay , has b een suggested as 

a p o fa s ibl e conveni ent substance fo r covering suspected l eaks . 

Th,::! mos t fre quent sources of leaks are in the 

beeswax- rosin joints, particul a rly those to tbe me rcux·y 

pumping line e.nd the s pec t rograph . Other pl ac e s where 

l eaks have been f oun cl a re the brass t o brass gxound joint, 

gl a.es s top cocks, ( degreasing) i onizat ion gau ge, tungsten 

seals , gl assware cracks due t o strains neax· the brass t o 
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gla,.sa pump connect i ons and large stop cocks., and in the 

Pice in tiaX j oints. The spec t r ograph rubber gaske t also meri t s 

att ent i on in this r rj spect. Good seal i ng wax joints have 

never given troubl e. 
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V. RESULTS AND CONCLUSI ONS 

X- ray l i ne s in the 40- 400 A0 range have actu­

a11 y been photographed ., and the techniq_ue and equi pment for 

producing the requ i r ed va cua and sources of electr ons deve­

loped . I t i s bel i eved by tho wr i ter that the possibility 

of p ro,iucing lo\ p r essures and hi gh emi ssi on currents wi th 

a Siegbahn type metal x.-ray tube has been shown . The re 

still r emains to increase the relis,bili ty of vacuum produc­

tion and t he effici enc y of the emi tters . Wh il e oxide emi t ­

t ers have been highly developed commercially., most of this 

informat i on is not ma de public: to i mprove the ir effi cw ency 

will be no mean task . 

Six plat es were obta.ined wh.i ch showed the ba­

rium ON line., of wh ich tb e most den se ab.owed t wo b axium and 

two stront ium. lines . One pl a 't e each ' '3.S obtained of' Be and 

C aswell . Some of these plates are shown in figures 14-

16. Figure 14 show s thxee plwtome terings of the heavy Ba 

and Sr lines on pl ate #14, wh ile fi gure 15 shows three auc­

eesive sections o f the Ba line on pl a te #=19 . Finally f i gure 

16 shows a trace of the faint Be line on plate #12 . The 

Ba lines sl:1ew no trace s of aay,:rfrnetry ,hich are 1.->i gnificant; 

in thi s r e spect they confi rm the wo rk of O' Bryan and Ski nner. 

However., the irregularity of the Schumann plates is grea t ., 

the resolving powe r is lo\ (2 - 3 A0) and the purity of the 



surface uncertain, so these curves canno t be regarded too 

seriously. The Be line curve #6 ( d) shows much struc·ture, 

e>.S d.id t hat of Faust49 , but its structure shows no parti­

cularly definite correlation with that of Faust ' s line and 

di sagrees compl etely with that of Skinner and O' Bryan, as 

would be expected from the evident cont aminat ion of the 

surface. 

The negative results obtained in the case of 

CU, Ni a nd KBr are believed adequately explained by eva.po­

ra.tion and pressure diffi culties, although the Cu and Ni 

lines ma.y be inherently weak, as mentioned by Ski nne r 50 . 

Br has been successfully nhotographed by Siegbahn51 in the 

form of Rb Br ., wh ich nresmnabl y is an i nsula tor., but his 

method of p roducing targe ts is not described. 

The i ndicated steps in continuing wo rk on t h i s 

problem will probably include the follm ing: a) consi s tent 

cont rol of pressur·e , b ) increase in emitter efficiency, c ) 

survey spec tra of t he (c ontamina.ted) c onductors of the f i rst 

long peri od., d) development of e vanorat i on technique for 

the se conductors., e ) spec t r a of the pure metals ., a nd f ) 

spectra of insulators and compounds. 



VI. THEORETICAL DISCUSSION 

a ). ?hyaical Pl,c ture 

l). Energy Levels! 

f48 

Since the spec tra. from soli d metals consist of 

broad linea, while the same metals when in the form of i s-o­

l a.tGd atoms ( spark spectra.) give sharp l ines, the inference 
- lrl'J 

i s clear that bring atoms t ogether in the sol i d c rystall i ne 
A 

sta t e in some way .spreads the numbe r of ava ilable ene r gy 

levti;l.ls into a virtua l cont i nuum. Cl assically th i s i s anala­

goue to the multi plicat i on of f' requeno i es ( normal modes) 

upon c oupli ng of identical harmonic ofuci lla.tore. From the 

wave nechanica.l point of vie , t he cr yst al may be rega.xded 

a a singl e syst em VIh i ch 10uld have as many ways of reali z­

in a given energy as the r e were atoms in the crystal ( say 

N), in other wo rds wh i ch v oul d be N- :fold degenerate, if it 

were not for the separa,tion of its energy levels into be,nda .. 

These bands actually consist of a l a rge number of di screte 

l e vels, o.nd as ca.lculations will later show, there is one 

l evel fox· ea.ch atom i n the crystal , so that for pr actical 

purposes the bands a r e continuou s . According to Sla.ter52 

thi s may al so be regarded in thi~ l i ght of He i senbe r g ' s un­

certainty p rinci pl e . Since the l ifet i me of an electron in 

any o;ne s t a.te i s fin1 ·te ( due t o it s :1robabi l i ty of trans­

f erence from atom to atom i n a metalli c l s,ttice) then its 

conjugate energy cannot be determined a.ccu:ra:tely~ accordi ng 



to the well :. nown r e l at ion L1E 1L17:~ h .. The actua l emergence 

of these bands in t bs cetlculation of solutions of th •. Sc ltro­

dinger equati on i s parha.ps more c onvincing than t he pre ceding 

gene:c-a.l i zat i ons. 

The magni tucte of the b1·0.a.dening of a 

given a:tomic energ y l e vel depends on t he degree to which it 

i s perturbed by the presence of other atomsi henc e low-lying 

levels such as K and L a re but li ttls broadened in l1eav y a toms . 

I n atoms for which the L level i s the exterior one such a s 

Li and Be conside rable broadening, of the o rder of 10 e V, 

may occur. Since each lvvel i s split int o N parts, this 

means that the densi ty of st ates in the interio1· bands i s 

very gr eat. On ·che other he,nd two adjacent exterior bands 

may be spr ad. out unt il they ov:arl ap, as is 'the case wi th t he 

Lr I and L111 l e vels of Mg. Such fi s ituat i on will reveal 

itself in ·the form of the emi.::.s i on bands beginning on these 

l e ve ls. Spec ! fie ex ampl es are gi V t.'ln by Frohl ich53. 

On the bas.i a of these bands i t now b e comes 

possible to d.i st ingui ah bet .. ,een conductors and insul a,t o:rs . 

I n the words of Sk inne r and o •Bryan54 , "A good c i::mductor 

is a substance wi th a l a r ge number of unoccupied levels with­

i n a smal l ene r gy range above the h i ghe st occup i e d level . n 

Thi a means th.at an electron ma y easily absorb momentum from 

a n externally a pplied fi el ct , whi ch i s the phenomenon of 

con(uction .. 
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If, however, the band i s completely occupied wi·th 

electrons, and no other unoccupied bar1d is adj aoent or over­

lapping to it, then the electrons may not absorb mom®ntum 

i n very small amounts , since they may not increase their 

energies by small amounts, and no current flows . 

Se~il-conductors are spec ial cases of conduc­

tors in which the denei ty of unoccupied levels is so small 

that only a small fraction of the avail a,ble electrons may 

tra,nsfe:r to them. The w-a.y in which these various band con­

figu1·ations affect emi ssion speotra will now be discussed. 

2) $ Etni aBion of Radi.at i on: 

The typical x- ray emi . sion line results from 

the jump of an electron from an outer occup i ed level of the 

a.tom to one of the i nner levels from which the t e nant elec­

tron has recently b een ejected by a photon. The typical 

optical l ine occura whe n an electron whioh has beer1 excited 

to a vi:rtua.l l evel outside the atom falls back to its nor­

mal position in the valence al1elL The distinct ion between 

opt ical and x-- r ay spectra is one of degree, and discuss i ons 

have been given of inte rmediate54 types. 

l11:en an electron fsJ.la from one of the energy 

"banctsn of a c rystall ine target to an inner level 2 the wave­

l ength emi t t ed may have any of a, range of values~ depending 

on the width of the band.. Thi s produce s a broad line .. 
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For radiation of a.b out l A0 ( 12 ., 000 e Ve ) the 10 e V " i dth 

of the band produces no appreciable broadening of the line . 

However for 11 soft11 x- rays of 100 AO or so the broadening of 

10 e V results in a wavel ength spread of 10 A0 or so, and 

wi th t he resolving power of the ap~ctrogra~h previously 

described ( l A0 / mm) stract ural detail is easily measur abl e . 

Thi s 1 s the r oas on why soft x- r ay investiga.t ions are of su­

pe rior worth in exami ning conduct ion p roperties., in api te of 

the great e x.pertmanta.1 1Uff icu lties involved. 

The actual contour of the line will depend both 

on the density of levels and the proba.bili ty of tra..nsi tion. 

That is 

IE = ,nc fE 
whe re I1: is the intens 1 -t;y of 1.·a.di ation of energy E , Je i a 

the number of tra.nsi ti ons per unit t i me to some level ( sup.. 

posed shar p) ., .:-ind hE is the numbe r of levels pe r uni t ener­

gy range .. According to F rolicb56 _/2. i s a smooth slowly 

,..? [ 
varying func tion of E . Houston° calculated TF for Bek(, 

as'rvj, using tha fr-ee elect ron model, whi le J ones, Mott 

and Skinne r 58 ee,lcula ted f E for both SeK and M:; L .zrJm. , 

using the me t hod of Bloch and Brillouin,. to be described 

l ater. The a ctual cal cul at ion of k i s somewhat i nvolved 

a.nd requ ires knowl edge o f wave fun.ctiona a:opropriate to 

the par t icular substance . Frohlicn59 has given some details 
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of such a c alcul a tion. starting f rom the fundamental defini­

tion60 tha t transi tion probability per unit time i s -pro or­

tional to the aqua.re of the ma:t r i x ccrnpcn"-'nt of the inte ra.o­

t iori energy between the fielil. and the el ,?ct ron .. Th ,~,t co.m­

ponen t i s used whose initi al inc'iices speci fy the i nitial 

state and whose final indices specify tbe final st~te. 

J ones, Mott and Skinner have calcula.ted. the 

dens ity of le vel s for the .first two Bri l louin zones of a 

typical t11eta.llic lattiC i91 and applie d the result to the 

special cases o:f BeK a nd l'1j L.11__,gr. The r esult of these cal­

cmla-tions i s sho~m qual itatively in f i gure 17 . 

r -t c an be seen that for Be the curve falls 

ra.pi dl y a f t e:r the maximum, but without a eha,1-p edgeo Thie 

is du e to the fa ct that hr: is al ready d creai:3ing (fi gure 17 e,) 

before the available electrons have been exhausted at E 

max . Al though the second z1,ne a:pparently overlap s the E 

max line, electrons in it ares eleotrons, and hence cannot 

make tranai tions to tht- K .level and d.o not contri bute to IE . 

Evidently we mu s t consider_. however, th•lt the ordinary se­

lect i on ru le s are somehow inval idated for sol id Be , and. that 

the outer elect r ons , in the first zone , ( ordinary s el ectrons) 

must have finite transit i on p:robabili'ty to the K level , if 

the existence of a line is to be accounted for . 

On the othe r hand, we may explain the Mg line 

by ~aying- t hat elieetrons from both zones may contribute to 

Mg LII,III/ s ince the t wo zones nou c ont a,in n s" electrons . 

• See Condon & Shortley. p . 317, for corre spondence between op­
ti ca l & x- ray notat i on. 



I t is apparent .from the diagram tha t be f ore E max is reached, 

and ~"illile 11E is decreasing , the introduction of electrons 

from the sec ond zone cauar.::e the curve to start sharply up.. 

ward again. I n '!;heir paper 60 J ones, Mott &. Skinner discuss 

th3se curves in detail , including the effects of vari at i ons 

i n fE • 
I t i s to be noted th.at the shape of the Ira 

line , givan i n experiruarital results, figure 14 ., i s charac­

teristic of an insulator» in that it is narrow and symmet­

rica,l .. Thie i s to be expect ed from the fact 'that the l ine 

r·e:present s an O ~ N transit ion, and. tbe O band i s cornpletel y 

f i lled a.nd sepa.ra:teci by a definite gap f1•om th1: conduction 

levels, although the O l e vel it self i s not very na.r r owo 

h ). Mathemat i cal T r ,;.at ment 

l ). Self-Consist ent Fi elds~ 

Schrodingers equation if appl i ed rigorousl y to 

the many- body prob lem of the motion of a ll the electrons in 

a crystal would lead to a wave equation of the form61 

+Jz= ¼c·-E]r~ o 
£-z_ 

G<..·K -= re.· K 

Tbi s equ,-a:t ion i a t 1.1 0 difficult to solve as i t stands so 1 t 

i s o rdina rily broken up into separate equations, one for 

each electron, as follows: 
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Wher@ a
1 1 

b1., c
1 

~1, z·e quantum n:umbers cha.raot.~xistic of the 

ene rgy of the i th e l cyctron, and [{ i s t h~ pot@nti~l of the 

i th electron in the field of the nuclei a..nd all t he other 

aleotr ns . 0 is then of the f<Jrm 

N 

(1) ½ = f.V.:, 1-j;-fG,,, f'<0,- - i/4----) f' ,J(-(a.h ----1'.k- ) cl'0,_ 

Tbe integral cari!lot be e valuated without knowl edge of the wave 

function , which i s the unknown variable0 Consequently a 

ze1·0 a.pp roxima.t ion .is t eJcen for 0 and substituted in ( 2) , 
/' 

··hich i s then solved fer the 1st .a;pp roxa wave function f;_- , 

which laada in (3 ) to a correc ted value ( first approximation) 

of u:, to use a.gai n in ( 2 }. When this cycl i c p roo~HlS leads 

to the same func t i on y{- as a so l ution of ( 2) as was used i n 

t he preceding cal cula tion of l{ i n ( 3) the equat i on i s sol ved. 

11.'h i s me t hod is known as the me t hod of self cons i s t ent .f ill d $ ., 

an cl is due to Ha1·t r ee. 

To actually solve ( 2) above it i s necessary to 

take spec ial oases wh ich invoke t he properti e s of the system 

c <:msidered~ The pe r i odicity of a crystal i s of great assis­

tance in finding a form in wh ich to wr i te ~ ., tho unknown 

funct i on ne ce ssary to the solut i on of ( 2).. Su'!')pose in ad-

di tion to thr::1e dimensi ona l periodicity, ~e asaume the e lec-



t1,on to be one of • low" ener gy ( etrongly bound).. Then so­

lutions of ( 2) can be found ae pa rtu rbations62 of the solu­

tion for the isol ated atom .. The potential wi ll have the 

property 

W.he1~e g t are integers · h ich locate a particul a r nucleus of 

t11e crystal l att ice.. The notation g1 g2 g3 follOii s Bloch63 

whose me t hod is hd:re outlined Q The at omic wave function 

¢ glgzg3 i s used a.a a zero order .~pproximation, and 1;he 

e ne r ,Y writ ten £=- c~ + E where E is a small pe rtu rbat ion 

term .. Ca:n·yi ng through this approx. i mation le ads to the 

perturbed set of e ne rg i e s 

Where Gi are the ma ximum va lues of gi and k , 

l i mare integers. o( i s a cons~~nt addition to the ene rgy 

due to the p resenc~ of ne i ghboring nucle i.11 wh il 1:i ;a1 the 

11 exchan ge " i n tegral , i s a measu r e of the interference of the 

e lectron• s p wave with those of al l the othe r elect :rons . 

I t s magni tude i s small in the c ase c .f low lying el ectrons , 

which sho w but l i ttl e coupling with e l e ct r ons in ot he r atoms . 

An e xcell ent 1 llust 1·2,, titr e exampl e of t he excha,nge ( Aus tausoh) 

i nteg r a l i s given by F r oh lich, P • 33 ., 



(j) 

f5S 

3) o Loosely Bound Model : 

I n this model the electron is thought of a,s al­

mo s t free, mov i ng th:rough a fi -a.ld in which t he perturbat i ons 

due to a.toms a r e amall . Since t he pot ential i s periodic _. 

i t is convenient to expand in a, Fourier seriese Ret ·rning 

to the notation of raf.e r ence ( 10) and equation (1 ) l e t us 

set 

if, 
l-

''l 
Bloch63 and Brillouin° have shown that each s tate of an 

electron in a meta,l is denoted by a vec to r q- (cal l (~d ~,;' in 

later work). The di. r action of ac• is the direct ion of motion 

of the e lectron, and 2:$_&. 1 i s it.ts de Broglhi e wave- l ength . 

Bloch has ~hewn {ref. cit . ) that tbe wave function for each 

indivi dual electron takes t he form 

h~re f!<0x ) i s pe r iodic with the ·oe:ri od of the l a ttice . The 

;;.ne :rg·y is a function of a .. • for the ve,lue s o:f n, b· c • corres-' ....,.) {,) (, 



ponding t o Bragg .reflec t i ons of the y?" wave s f :rom the latt ice 

points of the crystal. 11 a. discontinui ty i n the ene rgy occurs . 

Thu s t he st a tes o f an e l ect r on i n the me t all ic l a ttice ma y b e 

di vided i nt o zone s i n a~ space , called Brilloui n zone s , s e-

pa.r a ted b y pl an es ( i n Q,· spac e) ac r oss i h i ch the ene r gy i s 

di scontinuou s . Since A in (7) i s oe r i cdi c in tba l at t ice 

spe,cin g, we . may al Bo exnand 1t ;,,, s f ollows: (~ (3, ~ ~ ) 

R {~·; x,-) =-2- R cr,13 , -r, (a,· be-· c"•) 
IX, (3, 'J-, I 

e 2 ::I~- r qr, x +-/3/ v + d"; -:r) 

Sub .sti tu•t i ng {8 ) in ( 7) and the r e sult o f t his comb i nat i on ., 

al ong wi th potential ex pansion ( 6), back i nto the ori ginal 

wave equati on ( 2), and equa t i ng coef:fic1ents o:f ex-ponenti al 

t erms 11 t he r e r e su l t a r e l a t i on b etwe en t ha f{- coeff i c i ent s 

and 'the [{ coeffi c i ents 

2-~ f Ql,· + j) l+-(P/+- ~ ) L+-(c~· + ; ) ] R q\61 di 

+ .2- E ;r Ile<'- qi A - /.l 'r- J-; 'f3Y i - ',)( - / ~,.) / 
0 

I f '[{'r'i}) is nea r ly cons tant ~ we ma y choose 

f?oo = 0 a n d the ~-;r- wi l l be small . Th i s i mpli e s t hat 

t he el e ctrons ~r e almost f ree , and tha t t he atnpl i tu.de o f JP 
i d almost con$tant; hence 

The nor mali za,t i on o f p; t e l l s us i n thi s ca s e tha t 

0 I 
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Th.e s et of equ · ti ons (9 ) for the case o( = f], ::: ~ - a 

give s 

E· l. 
( Q ~ + b _2. + C 2: ) ' (, /., 

#58 

s,s an app .roxima.tion to t he energy f or smal l value s of a,:.- • 

I f thi s energy is u sed in ( 9 ) to Ocilcul a te a second app roxi­

mati on , there r esults 

The Fl4:13, di are small unl ,~s~ the d .... nomine.tor ar,pro· ches 

zer o, at wh ich poi.nts -pe rturba:cions t o t he "ri·e e e l ec t ron" 

ene rgy given by ( lO ) occur. The denominator approaches 

~ero, for exampl e , when 

_ /_ 

zd 

When (1 2) i s subati tuted. in the se t (9 ) and we take the 

and b • = £. 

, the r (::} .re~n1l ts an ex-p 1'<:HlS i on for t he ene rgy 

E i n the vicinity of ·the disccmtinui ty as f ollmls 
0 0 0 
II h 2. ( vi. ,, " 

~31 r:::- = v +- - _, - + lf~ --n 2-1-b.._+ cL) +-- V-?J 2.,_; o I -z. 
i::. '"'" 0 z.//h 4 dz.. h '+ '/ / '-'" 0 

~ -' 

A plot of ene r gy agQ),ins t q__- for t he on,J- di r1e n si ont:\li c a.ae 

i s ~ho n in figu1·e 18 ., allow i ng discont i nui t i es i n E. 

A generf'.J. c alcul at i on of the energy c a n be obtai n ed f o r mall y, 

a.r e known from thd ordinary qus,ntum-_, 
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m.Jchanical method a.e follows : 

4). I ntermediate Energies: 

Frolicb64 discusses calculation of energy l evels 

for cases intsrm~ediate bet11veen the loosely and tight l y bound 

modelso The mathod used i s a combinati n of these t wot the 

e lectron being treated a s ti ght ly boun .. •·hen i t is within 

a. ce:rt a.i n sph e r·e o! critical rad: 1ia about the nucl eus (At om­

rumpfe ) and as l QO~ely bound at othar points. Th~ g~neral 

resul ts a.re shown in figure 19 ., wher-J ene:rgy l e ve l den s ities 

a r e sh.own for a ) low lying el ectrons, b ) in·termedi s.te elec­

t rons, a,nd c) a l most free el '-"ctrons. 

TlH:1$0 cu1·ves have al r e ady58 been successfully 

r-·4 
a/Ypl i e d to interpre t the results0 of ex ue ri ment a.1 work. 

F :rofu ic:h rem,l rks65, "Durch diese Expe r i m0nte wird unsere 

Theorie der Leiter und Nichtlei tar sehr schon besta,tigt ~ u 
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