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THE HOLLOW CATHODE SOURCE
CHAPTER I
INTRODUCTION

The hollow eathode glow wus discovered by Paschen
in 1916, He recognized its value as & source for gen-
eral high resolution spectroncopy and did considerable
woric with it, 8ince his original work, many modifica-
tions in the detalls of the hollow cathode source have
been made, btut the essential dimcharge comditions as
first found by Paschen remain urchanged, Schitler's
change in the erperimental arrangement to pernit drastic
cooling iz the most important of these modificstions.
He wez first to apply the.suu?cu intenaively to the
study of hyperfine structures, The Schifler type source
has contributed much to the rapid developnent of hyper-

fine structures.
Choice of = Source for Spectroscopic Study

The nature and rarity, atomic weight, vapor pres-
sure, boiling polint, ensme of sputtering, chemical activ-
1ty,; region in which the spectrum lies, excitation and

ionization potentials, and other factors concerning the



material to be studied have considerable influence upon
the choice of an appropriate source. The discharge should
be stable and constant over reasonably long periods of
time so that study can be critical or a photograph of

the spectrum can be taken with & spectrograph., The

ideal light source should produce lines which are sharp,
intense, and of constant brilliancy. The two main causes
of the broadening of gpectrel lines in a 8aseous dis-
charge are the Donpler effect and the Stark effect.

The Doppler effect is due to the random motion of
the enitting atoms., Neglecting other effects, 1f the
atoms were at rest, the emission would be quite monochro-
natic with a frequency f. If v is the velocity of the
atom and & 1s the angle between the direction of v end
the direction of observation, the frequency of the light
will be changed by an amount df given simply by the

classical exprescion

gf = f-fo zvecos8=u
fo fo & c

vhere f, is the frequency at v = G, f is the observed
frequency, u = v cos 8 is the component of the velocity
in the direction of observation and c the velocity of
light., Assuning a Maxwellian distribution of the velo-
cities and that the intensity probability varies as the
velocity probability, it cen be shown that the half-
intensity width will be given by the epression®

a. See Appendir, n, 29,



) -6 -1
ve 71x10 Vg fo om

where T is the absolute temperature, i i1s the molecular
welght and £, is the frequency at v = O, This equation
shows that the Doppler broadening is (1) proportionasl to
the squere root of the absolute temperature, (2) propor-
tional to the frequency f, and (3) inversely proportional
to the square root of the molecular weight,

The Stark effect is the splitting of the energy
levels of an atom in an electric field, This splitting
of the energy levels of an emitting atom results in a
gplitting of the spectral line, However, in an actual
experiment using a paseous discherge source, a broadening
is ususlly observed since the various emitting atons ere
in regions of different electric fielrd strengths and the
splitting for any given atom is dependent on the field

strength.
Fropertiens of the Hollow Cathode Source

The hollow cathode source 1s probably of more inm-
portance than any other for large scale anplysis of the
hyperfine structures, It 1s capable of yielding very in-
tense and extensive spectra in which 1line wldths ean be
reduced to nodermtely amall volues.

This source is also usefill in the study of scarce




or rare samples since only a small amount of the solid
sample is placed on the walls of the cathode to produce
the emission lines of the sample., After studying the
sample, 1t can be recovered from the cathode.

The mechanics of the dischirge can be studied to
explain why the hollow cathode souvrce 1is guite free
from the Stark effect. Cathode electrons, which have
passed tlrough the cathode drop in potential, continu-
ally create rsre ges lons., These electrons being much
lighter then the positive lons will have higher rmobllity,
thuc causing a resultant positive charge to remzain in
the region of the cathode. Therciore, this sositive
charge, the cathode drop of potential, and the mean free
path of the cathode electrons are quite interdependent.
In the hollow cathode dischierge, the space cherge is
created by electrons from all azimuths, causing the re-
sultant cancellation of the 1rmpressed field to be more
uniform, giving & large field free space. This result
has been found to exist experimentally by Schiiler. Since
there 1s a large field free space, the discharge results
irn emlssion lines which czre almost entirely free from
Stark hroadening.

If the cathode is cooled by liquid ailr, this will
lower thie Doppler width and sharp lines will be radiated.

This cocling can he accomplished efficiently when using



the Schiller type hollow cathode source since the metal
cathiode 13 part of the exterior jortion of the source
wnere it is zccescible to the cooling agent,

Molecular speetra are absent in the liquid aip-
cooled source due to rewoval of the molecule from the
Glscharge region timrough the process of adsorption at

e cold metal cathode. This is especially true for
the carbon monoxide molecules and to a limited extent
for other molecules, Of course, a reasonably tight
source ls a4 necessity.

Bagse in changing the cathode malkes it posslble to
study and corpare spectra of several difierent samples

without great loss of time and movement of egquipment,



CHAPTER II
PROBLEM

Since work is in progress at State College on the
isotope shifts in atomic spectrs it seemed desirsble to
construct such a source anl investigate some of its
proverties for the excitatlon of atomie spectra. The
problem wes to build the source and the associated
vacuun system to successfully opernte for the study
of sgpectral lines. To further checl: the opersmtion of
the source, it was used in the excitation of carbon
and especially for study of the transition of carbon II

- gl ¥

23 2p B -2p3 2D§%.' This transition was of interest

A
because aénz earlier study of the isotope shift in ca:r:bcn:l1
indicnted that it might not be produced in a hollow
cathode source., The lines that are expected from this
transition in carbon II fre-12509,11, 22511.71, and
A2512,03 A, The following energy level disgrem shows

the levels and poscsible transitions mestioned above.

l. Clyde H., Burnett, "Isotope Shift in the Atomic
Spectrum of Carbon,"” Physical Review, LIXX (November,
195(:'), }]u "i:"!&‘l
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CHAPTER III
EQUIPMENT AND OPERATION
Description of the Source and Systen

The project was to design, construct, anc test
the source and associated vacuunm system. The metal
parts of the system were drawn up and the machine work
carried out in the shop. The glass portion of the
equipment was made 1n the laboratory and the entire sys-
tem assembleds The glass portion of the system was
checked for small leaks by using the tesla coil, If
the pressure can be decreased sufficiently that a dis-
charge can be started inside the glass system, the
spar}: will follow any inlet of air so that a hole in the
glass 18 easily noticed. The metal portion of the system
wvas checked for leaks,in each section that was separated
by valves, by first evacuating and then letting stand
to see 1f air had leaked in. It was possible to detect
large leaks by the sound of the pump.

The diagram of the source 1s shown in Filgure 2.
The source has an aluminum cathode A which 1s held
against an iron mife edge B making a vacuum tight
connection. A pyrex glass cylinder C two centimeters
in diameter 1s inserted inside the iron cylinder D to
shield the iron from the discharge. The glass 1is

8



sealed at E with black Apiezonwhard wa: where vapor

6

pressure is of the order of 10~ millimeters of mercury
at room temperature. A quartz window ¥ 1s placed on
top of the glass cylinder and is also sealed with the
sealin” waxz., Since the light of t!ie source must pass
through this window for study, 2 quartz window is used
instead of a glass one so the ultra-violet light will
not be absorbed., The anode N is a small aluminun cylin-
der fitted inside the glass tube at about a centimeter
from the cathode, and a nichrome wire lead is brought
out of the source through the glass T at G and sealed.
Another glass connection H 1s used to connect the source
to the rest of the system.

Figure 3 shows the vacuum system. The coll of
glass I was used in order that the system would have a
greater fle::ibility without breaking. The three-way
stopcock J mekes 1t vossible to change catiodes with-
out subjecting the chsrcoal trap K to the atmosphere,
by evacuating the source through the by-pass line,

This feature saves time since it takes avout one-helf
hour to outges the charcoal. At low temperatures
charcoal has high absorption qualities. The small
tank L holds a supsly of helium, the earrier gas. A
systen of valves provides adeguate control of the rare

gas.,
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Vacuum Systen

As a general rule, vacuum systems for spectro-
scopic gsources are quite elaboriate so as to prevent
contamination of the source with other spectra. The
hollow cathode source uses a charcoal trap for this
purposeé. In cooling the source a purity of the spec-
trun was noted, since the clean-up effect of the dis-
charge 1s accelerated at low teniperatures of the
csthode,

The system mugt be of a static type--that is,
one which holds vacuum for long periods of time uith-
out constant puniping. It has been found that with a
reasonably tight system and a small charcecoal trap to
absorb the residual air, a clean discharge can be
naintained without forced circulation. The charcoal
trap 1s outgassed by heating it to a low red heat for
about one~half hour with constant punping to ronmove
the absorbed air which has been driven off by the
heating, This allovws more efficient absorption at
low temperatures,

The rare gas must be regulated, so that it passes
through the charcoal trap very slowly, in order to
best purify it and more accurately control the source
pressure. This regulation was accomplished by the

use of lioke needlec valves. The bellows type valve
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1s more desirable for regul:stion of the source pressure
because of less possibility for a lealc to the atmosphere
than in the packing type valve., The three-way stopcoclc
1s added to this simple system at the source entrance
so that the cathode can be changed and pumped through
the by-pass without exposing the charcoal trap to the

atxosphere.
Source Operation

The source operates best at two to three millie
neters of pressure and with a potential drop of 250
to 3CO0 volts. A current of 100 to 200 milliamperes
was generally used. When the current density in helium
is over thirty milliamperes per squere centimeter the
cathode potentisl fsll becomes "anomalous", giving
rise to the Starl: effect. The cathode arez can be rade
larger for using higher currents, A cathode with inner
area of about seven squsre centimeters would be needed
to use 200 milliamperes,

The glow 1s concentrated in the hollow cathode
space. Its brilliancy depends, in a critical manner,
upon the gas pressure, When the pressure is lowered
below the point of ma:imum brilliance of discharge,
the 1light intensity fells until the hollow cathode
suddenly stops glowing., At this changeover position

the cube resistance increases, the current falls to
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a small value, and only a feeble positive column glow
1s emitted from the ges-filled gpace between the cathode
ané the anode,

The glow wilithin the cathode 1s not uniformly
distributed, but has an outside ring kmowvn as cathode
glow, then a ring of Crookes dark space anéd a center
of negative glow. The negotive glow 1s brightest on
the axis and falls off slightly towards the dark gpace.

Helium was used as a carrier gas for the discharge.
To free the gystem of any impurities, the hellum was
filtered through the charcoal,which was kept at the
temperature of dry ice by placing the trap in a bath
of acetone and dry ice. The following table shows the
absorption qualities of charcoal f'or several gases at
0° end minus 1850 centigrade. Listed 1s the volune
of the gas at standard conditions of temperature and

pressure absorbed by a2 unit volume of charcocl.
TABLE I

ABSORPTION CAPACITY OF CHARCOAL®

o
GAS 0°¢, -185°C,
Helium.................. 2 15
HyQYOgeNecceececceracess W% 135
AVEOR. s doconsosccsnrenes AP 175
ﬁitrogen....'........... lg 155
OUPIENS 8 0 o opermae s s> 000 1 230
Carbon Dioxid€eceeecceee 21 190

2. John Strong, Procedures in Experimental Physics,
P 1050
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Chereoal purifies the heliw:z since 1t absorbs other
gases much more readily than it does helium. The source
was placed 1n a cooling bath of acetone and dry ice to
help with the absorption. When this is not done carbon
monoxide bands appear with considerable intensity.

For taking spectrograms of the carbon spectra
a thin coating of barium carbonste was packed on the
wall of the hollow cathode space. The syster was
evacuated and the helium a2llowed® to seep in slowly
untll 2 bright dischearge apnearec., The atoms which
enter the discharge are removed from the cathode wall
by ion bombardment, and to a much less e:xtent by evapo-
ration. A study of the maximum energy from cathode
atoms and lons and the rare gas atoms has been tradd
by Sawyer3. A process of secondary collisions 1s
generally assumec between rare gas atoms or lons and the
cathode atoms or ions. These lons entering the negative
glow suffer collisions with rare gas atoms., Tihe pres-
ence of rare gas ctoms in the metastable state, and
the transfer of the energles of the metastable rare gas
ions to the cathode atoms fi:: the limiting conditions of
excitation for the spectrum of the cathode material.,
In order for the exeltation of the cathode ions or atoms

to be possible, the avallable energy of the gas atoms

3. Ralph A. Sawyer, "Excitation Processes in Hollow
Cathude Discharge," Eéggigal Review, XXXVI (July, 1930),
De Ui,

STUTH DAKOTA STATE COLLEGE LIBRARY
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should be greater than the energy of the excited state
of cathode atoms 1f secondary colllsions are to cause
the excitatlon,

The energies from metastable states 2s 381 and
2s lSO of helium are 19.72 and 20,51 electron volts
respectively and the ionization energy is 2%.98 electron
volts. The ionization potential of carbon I 1is 11.26
electron volts. The energy of the excited state,
2p3 ZD’S% in carbon II is 18.56 electron volts. If
the ionized carbon were to colllde with the metastable
helium lons there would be enough energy to excite the
carbon II state. The chergy of the metastable hellunm
is not sufficlent to ionize and excite the carbon in one
process, since tils would take 29.82 volts. This
process 1s probably accomplished in two parts: first,
ionization, and second, excitation by secondery colli-

sions,
The Spectrograph

The spectrograph used was a medium quartz spectro-
graph manufactured by Bausch and Lomb Optical Company.
The lens 1s 50 mm. in diareter and has a focal length
which varies fror 498 mm, ata2100 X to 697 mm. ata?000 A.
The speed of the gpectrogreph is thus about £/10 at
22500 X. The speed of the source is /7. This allovs

a s:zall amount of magnification, which is limited because



15

of the desirability of a2 minimum loss of light.
The Photographic Frocess

Kodak spectroscopic plates of type II-0 and size
2 x 10 inches were used for recording the data., This
type of plate is zensitive in the ultra-violet region.
Plates were developed for three and one-half minutes
in Kodalr D-19 developer, then rinsed thirty seconds,
and placed in Kodak F-5 fixer for thirty minutes, This
fixer is an aclid hardening fixzing bath. The plate 1a

then rinsed in water for an hour and placed out to dry.



CHAPTER IV
DATA

Reproduction of the plates given in Figure L shows
the transition of carbon as comnared to the lron and
helium spectra. Measuraments were taken using the trav-
eling microscope comparator. Dispersion was found by
linear interpolation between Inowm iron lines. The
following table conpares the measurements taken from the

plates to the standard values,
TABLE II

WAVE LENGTHS F q'I‘l' m CAL}B T TRANSITION
2s 2p° °B ;-2p” “Dg
2’2

’

STANDARD MEASURIMENT AS

MPARED TO
2509,.11 2509, 22 2509.25
2511.71 none observed none observed
2512,03 2512,22 2512, 21

Discussion of the Data

Varintions in the eurrent. between 100 and 200 milli-
amperes ware tried with no apnarent difference in the
intensity ef the lines under congidersation. Emosure
times betwean ten and thirty ninutes were tried with

the longer exposnres heving the greater intensity.

16
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The source was wnter cooled and the charcoal trap
was not used Ior photographing the carbon spectrz, since
good results appeared withount it, In obtainiang the
heliumn spectra, it was necessary to pump out the source
for several houre and filter helium through the charcoal
trep, with the trap and the source at the temperature
of dry ice. If this procedure were not followed carbon
nonoxide bends would appear and the hellmwm line a2511.22 A
wonld not appear.

The carbon line a2511.71 & which was expected in
this transition Aid not seem to appear, Its brightness
wesg not sufficient to be nhotogranhed on this plate,
When epplying the sm mﬂ.e.«ab for line intensitles to
this transition the releative intensities for the lines
22509.,11, A2511,71 and A2512,03 A are found to be 5,

1, and 9 respectively. The plates show that the longer
wave length line 1s about twice as intenne as the shorter
wave length line., 8Since the middle line is mueh less
intense it is quite nossihle that it would not be visible
on the plate, The carbon line A2478 A was about fifteen
times, and the A2837 & line absut three times as intense
as the A2512.03 L line in the trensition beine studied.

b. See Appendix, p. 27.



CHAPTEH ¥V
SUGGESTED IMPROVEMEWTS IN SOURCE

After experience with this source, 1t appeers that
chanres in the design of the system would provide ade
vantages in checlting for lerks., If the metal system
could be pressurized to checlt for leska, one metal to
glass connestion used instead of two, gnd if this con-
nection were nlaced farther from the chercoal trap where
it would not become heated when outgassing the charcoal
‘trep, the system would We more effieclent. This could
be mccomnlighed Yty using metal +H-Ting to a point above
the source. In this way by disconnecting the syzten at
the metal to glass connection, the metal part of the

4]

systen could be surizad and checked for lesks by

3
H

painting it with a soap solution.



CiIAPTER VI
SUMMARY AND CONCLUSIONS

1. The hollow cathode source and the nssociated
vaculn systenm was »lanned snd comstructed.

2, The systen was checked for leaks,

3. The source was operated with barium carbonate
in the eathode to produce the carbon lines to be studled,
Heliun and iron spectra were photographed on the plates
next to the carbon spectra for comparison of wave lengths.

L, lMeasurements were nade by comparing the carbon
lines to heliwn and iron lines =2z standards.

5, This deta shows that carbon lines of the tran-
sition 25 2p2 FR, -2n3 2

2]
hollow cathode source,

D§i cen be prodiced using the

| S
O
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a, Carbon spectrum showing the carton transition 2s 2p2 °p ~2p3 ) ,iwith lines 22509.22 X
and A2512.22 &. Also carbon lines A2U78 % and 22837 X ‘are marke& Exposure time is 15 minutes.
b. Iron compsrisoun spectrum,

2uig 2ang .22 2512.22 2837

a
b
c
d
e
c. Carbor spectram, 25 minutes e sure.
Iron comparison spectruam.
farbon snectrum, X .
€. Helium comparison spectrum A2511.22 & marked.
Cerben spectrum.
h. Helium comparison spectrum.
i. Cerbon spectrum.
Heliem comparisou spectrum.
f
g
h
i
d

Figure 4 SPECTROGRAMS
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B
The Theory of the Doppler Mrondening

If v is the velocity of the atom and & 1 s the angle
between the directlon of v and the dlirection of observe-
tion, the freguency of the light willl be changed by an

anount df given simply by the classieal expression

o Sgfo - 1oatey

where £, is the frequency at v =z O, £ is the observed
frequency, snd u = v cos & is the component of the
velocity In the direction of observation and ¢ the
velocity of light.

Assuning & Maswellian distribution of the veloci-
ties the probabllity that the veloclty will be hetween
uand u + du 1o given by

- P
dun-‘/;g;fe du

where M is the moleculer weight, R the universal gaos
constant, and T the absolute temperature,

The probabillty of the observed frequency being
between f end f + df will wary as the probability of
the wveloecity and can be written as the intensity

! 5

I = const, € du



26

Substituting u = ¢ (£f- gives the intensity as a func-
; i
tion of frequency f.

__Mc? éf-gg)z
I (f) = constant e 2RTL,

To find where intensity falls to half 1its meximum value
the exponential tern 1s set equal to one-hslf, Solving
this for f-f, and multiplying by two we get the half-
intensity width,

Mc2 (f-f

(3 1% 2

Me® (£-£0)° , log 2
2RT £,

2\/1022 gﬁ: f, om

Substituting for known constants gives

w = I7IXJ-O T 3¢ onm
VH (o]

-1
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b.
The Sum Rules

(1). The sum of the intensities of all lines of
a nmultiplet which steart from & common initial level is
proportional to the quantum weight (2J + 1) of the
initial level,

(2). The sum of the intensities of all lines of
a multiplet which end on a common level is proportional

to the quantum weight (25 + 1) of the final level.
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