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"RADIO-FREQUENCY ELECTRODELESS DISCHARGE LAMPS
FOR USE IN MAGNETIC FIELDS*

- D. A. Church, T. Hadeishi, and W Berlund

Lawrence Berkeley Laboratory
University of California ’
Berkeley, California 94720

December 1973

ABSTRACT

There is a demand for radio-frequency-excited electrodeless dis-
charge lamps, for research or instrumental purposes, which operate
well in strong magnetic fields. The characteristics and operation of
such lamps are described. Magnetic scanning measurements using the
resonance r.é.diation of Hg, Cd, and Pb lamps are dis'cussed in some
detail, but the lamp design and excitation configuration employed appear
to be applicable to a much wider range of elemen}ts.v “An excitation
arrangement which reduces the deterioration of the llamp envelope by the
discharge is discussed. Further lamp life enhancement is achieved by
a rejuvenatibn procedure. The ia.mps are particularly suited for use in
a background-c\orrecting atomic absorption spectrometer, or as a

polarized light source tunable near a resonance line.
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I. INTRODUCTION

Electrodeless discharge lamps offer advanfag-eous properties for
atomic spectroscopy research, and are often so.employed. | These
properties include intense resonance lines, absence of self-reversal,
and stabilitsr. 1 Particular virtues of the electrodeless discharge are
its ability to operate with an extremely small qqantity of metal or isotope
and its applicability to many elements. Conseqﬁenfsly, the electrodel_esé
discharge is pé.rticularly suited to the Zeeman scai‘ming technique.
Zeeman scanning is accomplished by shifting Zeéman components of an
isotope lamp with an external uniform magnetic field, and selectihg
particulér" components with characteristic polarization. This efféctively.
produées a tunable polarized light sdurqe, with é useful tuning range.
near an atomic resonance line. Electrodeless diséharge lamps for such
research uée are genef'ally operated at microwave .'ffequencies, \&hich
are claimed to favof long lamp life and discharge stability. 3 Howe';rer,
for resezirch4 or instfumentalS-_S purposes it is 6ftén desirable to use
fadio-fréciuéﬁcy gxcitation. Lately we have developed a trace-element
detector, the Iéotope-éhi'ft Zeeman—effect._Ator.nic' Absorption (IZAA)
spectrometer, 6-8 based on atorﬁic absorption (AA), which does not suf-
fer the inability of rriany conventional AA spectromeﬁers to ciistinguish
resonance absdrption from broad-band absorption. IZAA detectors re-
quiré lamps which produce intense non-reversed resonance lines which
are in some cases emitted by isotopes of elements. .These lamps must
be long-lix)ed and must be opgrated_in strong magnetic fields. It has |

been demonstrated with alkalai-metal lamps that l_ong life and stability
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are not incémpatible with radio-frequency excitatic’m. > Since a radio- |
frequenéy éxciter is smaller, lightef, and less éxpehsive than one oper-
ated at rhicrowave frequencies, we chose to invers.f::i‘gavte this alterﬁative,
’ D1ff1cu1t1es in operating rf d1scharges in magnet1c fields have been
reported. 4, 9 These difficulties include 1nstab111ty, large self reversal
and -orders-of'-magmtude loss of intensity in the r_esonance lines when
the ma'gnebtic‘ field was applied. A radio-freqxiehéy"-eXcit‘ed potas sium
reéonance lamp has been operated ‘at kilo_g'aués f‘ie.:vld.s, but its pfoperties
depend strongly on the geometry of the lamp, the exc-itiﬁg coil, and the
amount of inert gas and metal used to fill the lamp. ? A sodium lamp,
with a modulafed'light intensity, has been operated,;in a magnetic field
at véry’ low radio-frequencies.“}. We have also fc_mnﬁ’ that a mercury
la;mp, constructed and excited in the manner suggééted by Shernoff, 10
operates 'vs)e_ll in high magnetic fields. However, "s‘.uch a small spherical
lamp was found not to be satisfactory for other el'er."nent's.; A pfdgram
was then init:ié,'ted to inveétigate the success ‘of rlf' discharge of several
elefn'ehts':'in' '_hi'gh field strengths as a function of lamp envelope shé.pe' .
~and .rf excitation mode. Our initial interest has vbe_'e'n direcfed towafd'
the elementé mercury, cadmium, and lead. T'hes,é metals are of priméry
environfnental concern due to their hasardous potential even in trace
quantities. _The IZAA detectors which use'these Iamps operate on the
principle outlined below. 6-8 |
.Consider a discharge of a single (even) isotopie of an elernént whose
excited (resonance) level is spiit into a classical Loréntz triplét by an

external uniform magnetic field. By choosing the correct isotope, one

Zeeman component of the resonance line, with characteristic polarization, .
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can be centered on the Lorentz-broadened and .:- shifted absorption pro-
file of atoms in air, while other Zeeman components, with different
po'lariza.fion, can be shifted to the wings of this a-bé'o.i‘ption profile. With
this cbnfiguration, one component monitors both'feSonant and nonresonant
(broad—Bahd) absorption produced by molecularvintévl_'ferenvces, while the
other compoﬁents monitor this nonresonant absofption alone. The moni-
tor and i‘éferéxice beams are distinguished by the.ir ﬁolarizationsi, which
are characteristically associated with the Zeerﬁén gffect. The difference
in absorption, normalized to the incident light level, provides a measure
of the true atomic absorption.

Clearly, the requirements set by this detection technique on ‘the |
characteristics and operation of the light sources are substantially
identical to those found in atomic physics research, and noted above.
Additionally, itis ciesirable in an instrument which uses multiple light
sources to have lamps similar in size and shape’f‘ovr each element. ‘For
a 'l_arge i'a_.n'ge"‘of linearity, as well as high sensitivity, the lamps should
e.mit'i_ntens.e resonance lines with oscillator strerigt.h.'s f in the range .
10-3 to 1. | The life of the .lamps should i)e as long as possible, the con-
struction of the lamps should not depend criticallyl on any parameters, .
‘and the lamps should be stable and have low rléise, _Most, if not all, of
these requirements are met by the lamps deSCribed .b_elow.

II. LAMP CONSTRUCTION

Our invéstigations show that for good operatiolﬁ 1n high magnetic

fields, the si'lape of the envelope, the mode of excifation, and tempera-

ture control are of far more importance than any novel procedures of

lamp construction. The quartz envelope of each lamp is pr.epared and
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1,11,12 After the énvelope is blown,

filled in a conventional manner.
it is sealed to an oil-diffusion-pumped vacuum syst.em and baked at

1000°C for 4 hr. After cooling, argon is dischai‘ged' in the envelope and
then pumped out, to further clean the walls. 1 ].;)is;cilled elements like

Pb and Cd, When used in natural abundance, are driven with a flame |
into the envelope until an opague coating covers about one-sixth of the
surface area (see Fig. 1). The quantity of meta.l'is'v,not at all critical;

the amount can be reduced rﬁore than an order of rﬁagnitude-, but relatively
large amounts are currently used in the hope of enhancing lamp life, since
some of the rhetal is eventually embedded invthe quartz envelope. Isotope
lamps are filled with a small measured quantity of the isotqpe, using a
procedure similar to that outlined by Shernoff. 10 Both Cd and Hg are
discharged in elemental form. The vapor pressﬁi‘e of Pb is relatively

low at moderate temperatures, so iodine is also .a.r_iven into the Pb lamp
and reac.ted with the metal until a color change is observed. The remaining
free iodine is then driven from the lamp. Each iaz_hp is filled with 2 Torr
of research-grade argon, Qsed as a carrief gas. " Although the lamps
function best when some of the parameters are optimized, and care is
required during the filling process, we have not found either detailed

9’co be

envelope pre'p'aration13 or precise control of the 'fill'ling material
necesséry. After standardization of the préceduf_é évery lamp constructed
has been successfully discharged. o

After much experimentation we settled on a " dumbbell" shape for
the quartz envelope of the lamps,. This shape is .one of those discussed

by Tola.nsky14 and has been found satisfactory for the six elements we

have investigated to date. Since the lamps were to '.be situated in a
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narrow gap of a permanent magnet (field strengfh's to 19 kG have been
used), and an unreversed line shape was desired; the portion of the
lamp emitting the useful light was made small in cross section. It is
difficult to maintain a stable discharge in a capi‘lla'.‘ir_.y due to local pres-
sure build-ﬁp, so bulbs were placed at both ends_'to serve as e;.{pansion
chambers‘. -The frée movement of the metal in a iairhp with a single bulb
at one end wé.s found to be inhibited. The except_ionr, mercury, was dis-
charged 's'ucbcessfully in every envelope shape tested. Discharge uni-
formity follows from the cylindrical syrhmetry of the lamps (see Fig. 1).
The discharge can be made relatively strong in fhé-capillary tube. Di-
mensions again are not critical, but the lamps in Fig. 1 have a éapillary
made of 3/32-in. inside diameter tubing about 1 in. ‘long. The discharge
continues into the bulbs, where it spreads to fill the whole cross section.
The bulbs are 1/2 in. or more long and 1/2 in. in diameter. The tip
left by s'eal-'-qff serves asa reservoir for the n'letnal;-
| II. LAMP OPERATION

Thé 1é.mps haire been 'sucéessfully éxcited at 'rnliévr‘owave fréquencies,’
but for our purposes a rad'io-frequency discharge -wé_s desirable. Figure
2 shows the éxcitation and heating arrangements curréntly used fox_' the
lead and cadmium lamps; the mercury discharge is excited in the same
manner, but no heating is required. The oscillator 1s a conventional
push-pull'tyée based on transistors or electron tubje:..s; the higher power
tube version operated at 300 V and 80 mA per electron tube. The mer-
éury iamp ﬁas also been operated with lower power dual transistor cir-
cuits. The single-ended excitation circuit illustfatéd in Ref. 10 was

also adequate for Hg,. although discharge stability was less satisfactory.



-6~

The frequency of excitation is not at all c.ritical, ‘discharges having
been struck over the f‘requer.lcy range '50_120 MHz; :-However, some
care in de'c'oupling- the lamp heating coils from _til_e excitation coils is
necessary..: The arrangement shown in Fig;. 2 has proven satisfactory.
This decoupiing scheme is a?ded by the basic symmetry of the exciting
systém.. With insufficient de coulﬁling,' or operation at very low power,
the discharge is extinguished at the center of the éépillary, i. e., in the
magnet ga&), if a magnét is-used. | ;
It was possible to approximately as ceAr.tain lamp envelope tempebra-
tures after some pervi'o_d of operatibn in the case .of_. Hg, which 'requireé
no external heating. The capillary was found Xto. be near room tempera-
ture, while the bulbs will severely bﬁrn the skiﬁ, 1f fouéhed. The
_heating"of the bulbs could occur through rf heating of the quavrtz' or ioﬁ |
bombardment of the enyeiope': thei latter is suspected. This is borﬂe
out by obsérving the darkening of the Hg lafnp enire:ic)pe following long
cdntinuous o‘pera.tioﬁ. Such dai'kening occﬁ.rs oﬁly iﬁlthe' capillary,
| 'vusin_'g the excitation method of‘Fig. 2. We interzl.o_xz"e"t the vrelative clarity,
and high tempe-i'ature, of the bulbsv‘ to indicate éleé.n.—'up by ion bombard--
ment sputtering, 15 whigh might be iess effective.:' in the capillary dueit.o
the distance bf.rom the rf coils, and fo the presence of the magnetic field.
Further, the metalltends' to migrate to the coolest portion of the Jamp.
 . The discolor.ation is not dependept on the quality' (i. e., ultraviolet traﬁs-- :
mission) of the quartz, so the formation of color centers is not the

probable cause. Also, the darkening is not necessarily uniform, un-

like darkening produced by light flux.
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It is noteworthy that the mode of lamp excitation has more e.ffect
on the envelope discoloration than the parameters of the lamps them-
selves. _With the same oscillator, the coil is replaced by capacitive
excitation if small loops at high rf potential afo mo_unted at the ends
of the capillary tube. This mode of excitation oausés black deposits to
rapidly build up near, but not under, the wire loop‘s.._,' This effect hoé
been discussed by Tolansky. 14 It is thought to al_so"v'be associated with
sputtering. ' During 2000 hr operation the deposits increased, and
eventualiy the diécharge shifted from Hg to a.rgon.. We interpret this to
mean that the dep'osi'ts are related to Hg embedded in tho quartz by the
discharge, which is excited by high electric field str_ength.s near the eiec-_—
trodes. These deposits could not be removed by éobsequently heating the
enveiope with a torch, even to the softening temp_erﬁét_ure. Similar black
deposits have b'ee‘n observed in Cd and Pb larhps, oofticularly if the motal
is not kept from the capillary region by a temperatufe gradient. The
interpretations of the various observations discussed above are not neces-
sarily inconsistent. The d.égree of ion borhbardfn'ehf'in the capillary and
in the bulbs, with the two different excitation rnethoci's, is markedly dif-
fei'ent, and in the latter case metal ions may play 'th_e dominant role.

The lampo pictured in Fig. 1a show envelope discoloration of a dif-
ferent magnitude, if not of a different type. The Hg lamp shows practi-
' cally no deterioration after 2800 hr of operation. During 550 hr of op-
eration, deposits formed in the capillafy of the Pb. lamp. Most of ‘these
deposits'were removed by subsequent heating of the onvelope with a
flame (Fig. 1c) to make the lamp re-usable. The cd lamp (Fig. 1a,

center) shows a different instance. This particular type of coating
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seems to be .associé,ted with failure to maintain a. jéu_.fficient temperature
gfadient t.o. the reservoir. The near-uniform br'owndeposit was a thin_.
layer of métél, which was later.completely driven off with a torch b.e-
fore lamp operatioh confimied. Figure 1b show‘s' th'e same lamp after
further discharge, with the metal again driven to "o_r.1e end.

It is oftén obs.érved' that the metal 'd-epositio‘nvo.c‘.curs in the capillary
primarily -Between the heater wires, despite thevs,e."\.;v'ires being near
ground potential. When the iamp is operated in a fnagne_t a I:elatively
cool é.rea ﬁéturally. occurs near the pole tips. One notes that the most .
persisteﬁt d_i.'SColvo'ra_,tion of the Pb lamp occurs in this area (Fig. 1c). - _
Additional insulation about the pole tips, heating of the éxposed area, |
‘a.nd a temperature gradient to ensure that the reservoir is the coolest
portion obf_ the envelope éu'rface should go far to alleviate this residual .
deferioration. |

Under optimum conditions of ope.ration the life of a mércury lamp
is demonstrably greater than 3500 hr. No light '-llo‘s.s or additional noise
in the resonance light was observed after ZOOO h_r_.v | We have di_échalfgedf
Cd and Pb l_amps usefully for 1000_hr without us1ngthe reyju\‘renation pro’_-‘
ceduré. | Neither the life of the lamps nor the ease of discharge is
appreciably affected by the presence of the magnetic field. This is in
strong contrast to the experiences gf others, who report substantial .
‘intensity loss when a field is applied to ofherwise.éatisfactory lamps of .

their design.
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IV. MEASUREMENTS
-,Figu_re‘3‘ is a diagram of an appar’atus used to obtain the absorption
prof1les of atoms in vacuum and in an atmosphere of argon. The

Zeeman scan of the ¢ components of the resonance rad1at10n was accom-

plished by applying a variable uniform field H0 to the lamps. 2 Unlike the

mode of operation pictured in Fig. 2, this field was uniform over the

~ whole larnp envelope. . A particular componeht of the radiation is selected

on the basis of its polarization. | The circularly polerized light of one ¢

component, émitted parallel to the field direction,._ is converted to linearly
polarized light by the quarter-wave plate. The 11ght then passes through
the absorption cell and is selected by the linear polarizer oriented to-

- pass light of this polarization to the 1P28 photomultiplier detector. By
changing the magnetic field applied to the lamp, the o eomponent is
scanned linearly across the absorption profile of the Iatoms in the cell.

For :rlea_sdl‘ements in the variable field, the 'ex‘ci't_ationv was trans-
mitted fl'om the oscillator to the coil surrounding the lamp by a pi
coupling rletvk:/ork. Variation i'n'. resonan‘ce light intensity as a functiori

| of‘field strehgth in the renge 0-18 kG was typically less than a factor of

2; the normalized transmitted intensities for sc_a'.ns‘..of Hg, Cd, and Pb |

vapors are plotted in Fig. 4. Relatively large atorn' d.en'sities were used

to better show the stl’ucture of the absorption.
The sc';n of the natural Hg absorption in an etmosphere of argon

was made with a lamp containing primarily isotope 204; however, the

isotopic pul‘ity was at best 70% . It is clear that magnetic field strengths

in excess of 12 kG are needed to Zeemari—split the 0' ‘components of the

lamp to the wings of the absorption profile for use in an IZAA apparatus.
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The Doppler width at half max1mum is 2A(ln 2)1/2fo; the absorptién

_in vacuum, 'withr. A about 1 GHz, and the full width ‘at half maximum
(FWHM) .of the emission l.i;ne of an uncoo‘led' isotope lamp folded into the
v-absvorpti;on waé about 3GHz. The Cd 3261-A abs‘.orption w_aé scanned
with the natural mixture, since the isétope shift in_Cd is relatively small.
The Doppler ~wid'th for the a.bs_o'fpﬁon is 'expected to be about 1.9 \times
that-f_c)f Hg; the éombiheci FWHM for .the lamp emiésion and the ab-
sbrpti_on can be>es'tima',ted at ~ 4 GHz from Fig. 4b. Evidence of re-
versal in the Cd 22 88-A resonance line appeé.redb when the central poi'.tio'n
of the larn_p‘was,insufficientiy heated; substantial accumulation of the
mvetal in this region occurred under these condit-io_hs. With better rela- .
‘tive heating 1n the central region, the line Width of th‘e.emission was

still selfi—bl"oadened (.~‘7 GHz FWHM), based bn lyin'e'-cro's'si_‘ng measure-

16

ments.

The emission line of Pb at 2833 A also was :_beia’tively broad but
showed no s_igné of r.eve'rsal' either in line-crOSSivn’g_s'.. or in spectra ol#'-‘“
served in i'7th order on a 3-m .Tarrell-Ash spectr,o_mete'r. 17 Thé ab;ence
of,reve:rsal is no doubt due to the use of PbIZ;- the fesidual width may be
aftributed to pressuré-broadening by the vapor, vor'b';r free iodine re-

- maining in the lamp. .The emission width was ~ 65 ‘G‘Hz, compared witﬁ
the Doppler width constant A for the absorption: 1.F6':.GHz. The absorp-
tion scans of natural Pb and Cd in argon (Fig. 4b, c) show that fields of
about‘ 8 kG are adequate to transmit the Zeeman-spilit 0 components of -
the lamp. |

The détecté_d intensities of the resonance lines 'o_f Pb, Cd, and Hg in

an IZAA apparatus are comparable, and strong endugh to force the
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operation of the photomultiplier at substantially reduced gain to avoid
saturation. A crude estimate of the resonance-line power for the Hg
transition at 2537 A was made in the foilowing- way.  The light source
was a Hg lé'mp driven by a single-transistor oscillat_or operating at 4W
supply power. The detector was a shielded 1P2:8 photomultiplier tube,
1 m from the lamp, with an interference filter placed Befor'e’ the photo-
cathode. The transmission of the interference filter was 12% at 2537 A.
The light passed through a 1,—r'nm'-diamet'er‘pinhol'é placed before the
lamp. The absolute sehsivti\}it.y calibration of the 1P.28 was assumed.
On the basis of the detected phofocurrent and typical 1P28 parameters,
the power emitted from a 1/8-in. length of the capillary was calculated
to be about 1 mW, sufficient for optical pumping p.ur'poses. 1 For
normal opération, usihg the circuit of Fig. 2, 4‘(') W of supply power are
available.

V. SUMMARY"

The characteristics and operation of gene‘ral-'pujr.pose radio-fre-
quency eié'gtrodeless discharge lamps, which 6pef_a'te well in strong
magnei.:ick.fields, ha\}e been described. -Préparation and fiiling- of the lamps
ié performedv‘in a conventidnal manner. The shapé'of the lamp envelope,
the manner of excitation, and temperature contrvol were found to be the
main factors for operational success. The resonar.:.tcv,e radiation has been
found to‘ be fairly intense, unreversed, and stable when the lamp tempera-
ture is adequately controlled. Observed long-ter_m:envelope deterioration
has been arrested by a rejuvenation process. Recent progress indicates
that further i.mpr.ovements in lamp life and stability should be forth-

coming. Current plans include further research on lamp envelope and
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filling characteristics, and extension to other el'eménts. The method
appears applicable to many elemehts; at this time six metals have beeAn
s_uccet.ssfullvy‘discharged:' Hg, Cd, Pb, As, Se, ;nd Zn. The behavior

: .of the lamps in. a magnetic field is similar, and thé field may be uniform
over the whole lamp envelope or be applied only to the central portion

of the la,mp_'. _ | |
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Figure Captions
.Fig. 1a. Pairs of Hg, Cd, an.d Pb electrodeless discharge lamps (left
to right). In each pair the lamp at the left has not been operated,
while the lamp at the right has been di‘scha-rg"ed‘ for a measured
time i’ntérval. The lamps have been chosen t6 illustrafe different
forfnsv of envelope deterioration. The Hg lamp was discharged for
ZSOO hr, the Cd lamp for 250 hr, and the PE .1ai‘n‘p for 550 hr. The
discoloration of the lamp envelopes is exaggerated by the back-
lighting used in-the photograph. Figure i1b shows the same pair of
Cd lampé- again., The discharged lamp (borttom')"has been rejuvenated by
heating with a torch, to d'rive. the metal to one end. It was dis-'
charged again for 125 hr. (375 hr total) and agé.in':hea-ted with the
torch. Figure 1c pictures the same pair of Pb lamps, 'fol'lowing
the torch heating procedure, but without furthér discharge. The
scale in each photograph is célibrated in cm.
' Fig. 2. An excitation circuit and heating arrangément ﬁsed to discharge
| the lamps. The heater coils are used for C_ci and Pb, but not for Hg,
lamps. The leads labeled A-A, B<B vgo to dcvhe.a_ter supplies. The
chokes labeled C are wound on Teflon forms. They serve to isolate
the heater coils from the rf ekci_tation coils of the oscillator tuned
ciréuit. The inductance of this circuit is the coil around the 1amp.
The oscillator is c.onventional,‘ with a typical excitation frequency
" of 85 MHz.
Fig; 3. A diagram of an apparatus used for Zeel;r.lanv—scanning measure-
ments on atoms in vacuum, or in an atmosphere of argon. The

lafnp is discharged in a uniform variable magnetié field HO. The
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quarter-wave plate is é. slab of stressed quva'..x;tzv_.' .

Fig. 4a. An ab's;or_ption profile of natural Hgvin.a,n, atinosphere of argon,
made with a 204Hg isotope lamp scanned with the api;arétus of
Fig. 3. The transmission is hormalized to the light intensity in
the absence of the cell, which varied sli'ghti'y with magnetic field
strength. The 2537 A tra.nsitiZ)n was used.

Fig. 4b. Zeerné.n scan of the absorption profile of‘natu'ral Cd in vacuum,
and in approximately one atmosphefe of argoh, madé with a natur.al
Cd lamp_using the 3261-3 intercombination line. |

Fig. 4c. 'Ze'éma.n scan of the absorption profile of na_tﬁral Pb in_argpn,
using resonance radiation at 2833 A from a 204-Pb isotope lé.fnp.

Again, the argon pressure is only approximate.
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.




.o~

- T

TECHNICAL INFORMATION DIVISION
LAWRENCE BERKELEY LABORATORY
UNIVERSITY OF CALIFORNIA
BERKELEY, CALIFORNIA 94720





