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Analytical Chemistry in Atomic Energy
By L. E. Smytlle*

The requirements for analytical chemistry in atomic energy are outlined and the impactof increasing instrumentation is discussed. Some recent developments in analytical chemistry
instrumentation are reviewed and their possibilities and uses in the atomic energy field are
assessed. These include automatic coulometry, square wave polarography, gamma
spectrometry, low background beta counting, infra-red spectrometry, mass spectrometry,
emission spectrography, X-ray spectrography and vacuum fusion analysis.

INTRODUCTION is required for th_e development of new methods
The terms “analyst” and “chemical analysis” °f 9J1a_lY$15- This may apply 19° as many 9-5

still conjure up visions of rather boring repetl- °ne-third Of the problems, and consequently
ve laboratory work in the minds of many the boredom of routine and unmteresting work
scientists. This is indeed to be expected upon is Se1d°m met in this eld-
reection of their contact with chemical analysis ANA|_Y-|-|¢A|_ R5QU|R5M5N1-5
m various courses of instruction The con- I t . t i d.m 1 t. ,, ,, ' n a omic energy i s l cut o give ex-
gag? wlthd °°°ke.g; €i°°k h°°n.ve‘}ti°na11qi:aHjs amples of research projects in chemistry,
9' we 3'“ qua” 3‘ V8 ° elmca‘ am‘ Y5 chemical engineering metallurgy or of reactor

often quite enough to daunt any but perhaps control where exacting chemical analysis isa few apparently misguided individuals with a t ’ -

liking for precise and accurate measurements. :gdre§g:g§g;Ia11?'eZi;%:1€:f;’ elfgergiagfgratgz
HOWel/er, E new 0l1l?lOOk 01'! ellalylleal Ohem- tolerate only extremely minute traces of im-istry closely associated with the renaissance purities,

of inorganic chemistry has developed overseas. D t . t. t f
noon we clearly Ins the son Progress no80‘i§ét““§;é°‘ifs€§ Jimfé“ étspiémtiim morganic chemistry with the development aalyéis of mum_component' ssion product
of atomic energy, and there is little doubt that - - .this in tum has inuenced the need for rened mixtures m the development and testmg of fuel

. . elements, or the determination of traces of?;l§th°ds °f gngcal 3'l§;‘1ysg" It? 15 h°pedft?€‘l' ssion products in biological materials, _may in-
ls paper raw a’ en °n ° some ° e volve analyses by remote control manipulation

deve1°pments' or concern the estimation of sub-microgram
UTERATURE 8,lIlOlll'll}S.

Mlgdgr? alzalylical cihemistry’ p:'I1;tic:1a‘r1€;_°:s The scope for developing new equipment and
app e O 8‘ omlc ene g-Y’ covers e cep ' for automatic instrumentation is almost un-
?ég%u1ra:ge 12;“ ;1;;?enE'1:g)yrt:£g dggiligg g; limited. In recent years it has been found pos-

,, 1 sible to determine simultaneously several com-science. While “conventional methods 0 . .

“beaker, burette and test-tube chemical analysis" ggggg ofailgicgctiv: ggggrgtgsmgvgitrguégg
are by no means discarded many complex in- . g . 7 P '' . availability of high ux reactors of the Aus-struments and a mastery of basic theory are tmlian Atomic Energy Commission?) “Hm-arc
reqmred t° meet th‘? multitude °f chauengmg type the extreme sensitivity of radioactivation
1°1§°b1?“t‘s' The “Pm grgmh °f a“"1Y“.°”g analysis reviewed by Jenkins (1956), meritsc emis ry may be gauged rom surveys carrie
out in 1946 and 195.5 and reported by Fischer ““'i§‘“‘;’n- b ‘t*dd‘r";°““1 ‘llfwglnfnm ltelfmuqflsuc s ea yspecro ery,apapue
sis;-...ln °X§§t§Zé;"3Z‘;1€’“,‘3§€l§ an mm of an
analytical chemistry. This represented nearly acvll decay mlles.9‘re n°w extensively used in
5,500 papers and compares with a ratio of one chenncal analysls m this eld‘
in 26 fO1‘ 1946. LABORATORIES

As in any scientic eld, it ls dilcult to Rapid developments are also taking plaos
keep pace with the literature and, in analytical ill the design and ¢°I1$li1‘11Otl0I1 Of 9118-lyliieel
chemistry particularly, it is important that 3, chemistry laboratories in this eld. In the
rapid assessment of past work be made prior early Stages Of the nuclear energy P1'OE1‘e-mme,
to commencing work on a problem. In the fairly simple shielding or glove boxes provided
A.A.E.C. Research Establishment, the Analytical adequate protection of personnel oorryins outChemistry Group uses a comprehensive punched the ellemieel analysis Of the alpha and belie
card system as a key to work im this eld. active samples which comprised the majority
Often in the eld of atomic energy it is found Of Samples-
llht ‘DO ready-made $Oll.1l?l.OI1 t0 an analytical Current, ingreages in the neutron ux of re-
ohemistry problem is available m the l1toro- actors with a. consequently greater build-up ofture. As a result, a proportion of research efort ssion products and gamma activities has re-

., sulted in increasing analyses of samples with
scsniiuiiiilillé illlligghiciifzniliggzll commission’ Manu high gamma activity. Furthermore, there is
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the present tendency towards processing spent FACILITIES
fuels with short cooling periods in order to The more important fooiiities required for
reduce inventories of ssionable materials. onemioei onaiysis in this eio are as foiiowe.

The problem of analysis of fuel elements spectrometry (emission, infra red, mess and
and similar materials thus concerns samples X_i.ey); eieetroeneniistry (noiaroerenny eoui_
with high concentrations of ssion products ometry, titriinetry); oitie vioiet and ’viSibie
and correspondingly lower concentrations of soeoti-oonotometi-y; ohi-oinetoeroony (ineiooing
1ll”enl11m- Dilution of semples in Order to gas chromatographv); radiochemical counting
reduce activity prior to analysis is now less equipment (eonventionot pins eiona beta and
feasible and the present situation tends to be genome Spectrometry’ sneeiei iow oeekgmund

ene requiring eemplete shleldmg by fem‘ e beta counting equipment for strontium 90 ]

- 1

eight inches of lead or two to three feet of con- anoiysis, em); gas analysis equipment (includ
erete with analysis eempletely by remote eon" ing vacuum fusion analysis of gases in metals)
trol. Analyses of solutions with activities of and instrumentation associated with techniques

ene er We euries Per m1~ are becoming more of solvent extraction and ion exchange.
e°mmen- Basic equipment for these facilities costs more

Many of the earlier (1945-1952) rad1o- than £100,000’ assuming no demands by indus_
chemical laboratories, while suitable for alpha, trial atomic energy processing or fabrication
beta and 10W gamma Work’ ere net eneirely In the latter cases, requirements would be
suitable for high gamma cell work as pointed ereeten

eut by Spence (1956)' High gamma’ analymcal Some recent developments in analytieal
cells are often miniature laboratories in them— chemistry are outiined and their possibiiitiee
selves, and what is rcquired is not conventional and uses in the eld of atomio energy are now
benches and fume cupboards, but open floor assessed

zzazzaiaziwiz ;2;i;:ar*;$;se::l1:.;;% ~~ T=¢H~|Q~Es
chemical laboratories is detailed in many papers, Aufomdiic coulomehv
of which those of Folds (1956) and Dykes Coulometric analysis, reviewed recently by
(1956) are typical. Smythe (1957), is now widely employed as a

F _
_

7/,‘ V \i ,
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l ~ :

FIGURE l:—lni'e-grated current source for outomotic coulometric titroiions.
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I highly sensitive and accurate electroanalytical built at AE.R.E. Harwell is now available com-e method. The large conversion factor from mercially. Its sensitivity and accuracy are
e

E

chemical equivalents to coulombs and the ease illustrated by the fact that reversibly reducedof measurement and interpretation of elec- metallic ions in the range 10-‘ to 10-" M cantrical and time-based phenomena, with which be estimated with an accuracy of from 0.5 tocoulometryis concerned, have led to the develop- 2.0 per cent. This polarograph is at least 200ment of highly accurate automatic coulometric times as sensitive as a conventional polarograph; analysis apparatus similar to that described by for reversible reductions, and the resolving3 S th
'a

my e (1957). power compares favourably with that of otherIn coulometric titrations with electrogener- aiternatmg cmirent m°th°qs' Mime’ (1957)ated ferrous ions using an integrated current gives some details of its applications. A squaresource and a mm current range, Smythe (1957) wave polarograph costs approximately £2,000.showed that the registration of 1.0 count on Gamma spectrometryiiiae °<;1111tF1' W9-5 eql-livaleliii 15° the 114311151011 °f The gamma ray scintillation spectrometer has_ . m. o an N/17,000 ferrous solution. The found wide acceptance in the eld of radio-

é

,-

I54?
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'n.
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counter could be_ read to 10.01 count. In the chemical analysis in the past four years. con-anaiysls of rodloactlve Solutions the control nally (1953, 1956) reviews this method, whichequipment mi?-Y be $1? "P $9111‘? dista-11°° _f1'°111 is both speedy and specic and suitable for thethe toulometrlc cell Itself wnwh is approprlotg-rly analysis of gainma-emitting radioisotopes. ItSh191ded- The Whole t1t¥at1Qn is_ then Carried is often pgssible to analyse up to 5..co1nponentout autpmtttloally by equipment slmilar to that mixtures without recourse to preliminary51'1°w11 111 F1511-1‘° 1- chemical separations and in the majority ofExamples of such detenniziations are the cases the samples are recoverable in theircoulometric titration of chloride and of ch.ro- 01'igina1¢0nditi0n-niium in homogeneous reactor solutions reported 11 ti ' 1.; b
b Qua ta ve analysis may be underta en yY S 3'11 °111a$°11 (19§5)» the °°111° canying out a gamma scan with suitable eqliip-metnc deie1'111111ai1°11 °f P111i7°1111111'1 111 the 31’ ment and locating the full energy peaks on theto 10mg range by Carson et al. (1957), and the energy axis If necessary, the location of 8,determmation of cerium in the presence of1 t' 111 ak b nrm d buranium b Smyth (1957). par 1c ar energy pe can e co e y

Y 6 following with the scan of a standard sample.A versatile instrument for automatic con- When ’W0 01' more energy Peaks <30 not differtrolled potential analysis and precision coulo- by Sniciont nmgnitufie to be resolved, 01‘ Whenmetric integration described by Booman
o (1957), 9- full Energy Peak is Obsllred by the Cnmpiwncontrols electrolysis potential within 3mV with Continuum Of the m01‘B onergetic gamma Pho-response to changes occurring in as short a $0118, Preliminary chemical Separations aretime as 10 micro sec., for the range 10 /LA to I1e¢e$$m’y-

mom-A Quantitative radiochemical analysis byControlled potential methods of analysis have so-mmo spectrometry presents some dioultiesi not yet been used to the extent merited by their When applied on =1 routine basin The measure-versatility and selectivity, but such equipment ment and interpretatlon of peaks can be carriedopens up a wide range of applications. out by different methods, as described by Con-Basic equipment for automatic coulometric nauy (1956) and M°Isaa'° (195-’6)' These aretrations costs approximately £200’ while that based on the fact that the net area under eachfor controlled potential ooulometry, approxi- ph°t°Pea'k is directly pr°p°rti°na'1 t° the 939°mately £400_ lgieorggmma emission rate of the correspondmg
* Square wave polarography Gamma spectrometry can be undertaken withSquare wave polarography, conceived and 9» Variety Of equipment. ranging from Singledeveloped by Barker (1952) and recently re- Crystal Single Channel analysers, double Crystal* viewed by Milner (1957), is a development of anti-coincidence gamma SPe¢tI'0mei5eI'$, as de-‘ the alternating current polarography of Breyer scribed by Pierson (1957), multi-peak analysers,and Gutmann (1950), and has played an im- or 20-, 100-, and 256-multi-channel analysersportant part in chemical analysis in U.K.A.E.A. with provision for automatic analog readout.

.1 laboratories. The choice of equipment requires some experi-In this method’ a small alternating square ence, but a great deal of work can be under-wave voltage is superimposed on the usual taken wlth 9’ single aystal smgle channelslowly changing D.C. voltage and _the amplitude spectmmeter wstmg appr°xinfa'te1y £1500‘of the resulting A.0. component of the cell clu- The accuracy (standard deviation) Of gamma.1 rent is measured shortly before each change in spectrometry is approximately 5 P91‘ ¢°11t- withsign of the alternating voltage. A greatly in- a precision ranging from 1 to 5 per cent.,ii creased sensitivity, particularly for reversible depending On the equipment 115611 The m@i?i1°dreductions, results and the square wave polaro- is extremely sensitive and -y to microgramgraph has found wide applications in the deter- quantities of gamma emitters can be deter-“: mination of trace amounts of substances in mined in a variety of samples 8-8 detailed bYinorganic analysis. This is reviewed by Milner» Iredale (1957).(1957).

f The square wave polarograph designed and Nuclear explosions produce strontium 90, to
TECHNIQUES
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Low background beta counting
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gether with other ssion products, and there fundamental absorption band of HOD (0-H
is considerable interest in accurate estimations stretching vibration), which has a high ex-
of strontium 90 in soils, vegetation, animal and tinction coeicient, is used.
human bones and milk. The development of, A commeiciai continuous infra red hea
and requirements for, low background beta water monitor (Perkin Elmer ..Ti.ih°i.i,, Ah:
counting illustrate well the type of analytical iysei.) is also used in the chemiciii control oi
chemistry work which is now a feature of atomic heavy water moderated reactors of the limfargg

energy' type. An infra red spectrometer of the Gaunt
In 1953, the rst systematic sampling and type costs approximately £1,000.

tests...:°:...:1‘::*:tni.:2t:":S.f"‘;i::2;?%§.i.i: Mm
b - ' b M t B t Current WOl‘k CODCCTHS the use Of. 1113,55

3:5 ggtgrili {ii giitaish Sam iingryiggich was spectrometers for the analysis of gas mixtures
egim iii 1924’ and in this cage the ahaiyticai in reactor_contro1 o_r in connectionbwith irradia-
procedure is based on the separation of active mm stud1eS' preplse mass. “um. er measure‘
strontium 90, with added carrier, as nitrate in mentf the §iete1.”m1Pati°n °f 1§°t°p1‘§ abundance?
strong nitric acid solution. :f:€ie:,5s?t€ii’g°s1;1ig_:g°n a'na1ys1s- Dlbeler (1956)

th'§hT§?§_it%?i€sti$ i;g:?tt1:i%iii§;3.sisa!:thri.e:s;°s?: _The A.A.E.C. Research Establishment facili-
tion anti-coincidence counter in which the 51655 fol‘ mass spectrometry comprise the Metro-
backgroimd and two samples can be measured. p°ht’m Vlckers and M35. maiss Spectm‘
The counts are usually recorded on a printing gmPhS- The M53 ‘S used pnmanly f°1' 835

- t Th tin t h -th E_H_M_2 analysis associated with purity control of the

Io(:'gss;>gial tincowuilndoir cL;.1$/iialtiigés gain thir- “H1f*‘~1'" r°a°t°r gas blanket The M55» which
‘ incorporates a vacuum lock will be used in thteen G.M.5 glass envelope guard tubes arranged . ' . e

to 180°. The assembly is shielded with 2 11181’! ma-SS number range for precise mass num-
inches of lead. The normal background using her Iwswemqnt» 1S°t°_P° _ abundanfig deter-
the special G.M.4 tube is approximately 1 count mina't‘°ns and 15°t'°Pe dllutmn ana'1Y51$'

per minute, with an eciency for Y90 counting Mass spectrometry can also be applied to the
of about 25 per cent. determination o_f absolute ssion yields and

adi ti it d b B neutron absorption cross sections. Details are
(ig$re:§ifa2toima-'2 glrgrgge ltipocgnadg given by Dibeler (1956). A mass spectrometer

(1957) uses an ion-exchange separation which f°r gas analysis and 1°w mass number w°rk
is Said to he more rapid and eft~iciei.it_ The costs approximately £9,000, and one suitable

samples are also coimted in an anti-coincidence f°1' high mass w°1'k (with Vacuum 1°°k) appmxi‘
low background counter with a background of mately £20900-
il£?ttC(:1i1;15l3g)-p61‘ mmute, as described by Grum- Emissioiiispemogicphy

Facilities for the spectrographic analysis of
A special 1°W b9-°kg1'°1md beta _ °°1m'°ing both inactive and active samples are an essen-

laboratory is now available for a wide range tial in the eld under review While the
°f W°1‘k at the Au5t1'9'u9'n At°mi° En°1'gY C°m‘ steel and other large industries require the
mission's Research Establishment. A counting increasing use of almost tuny automatic and
set for low background beta work costs approxi- instantaneous spectrogmphsi similar to that
mately £1»2°°~ TW° sets are d_eSh'9'b1e f°1' described by Hasler (1953), research and con-
1'°‘-"me measulementi trol in the atomic energy eld tends to favour

the more conventional and versatile “research”
Infra red spectrometry insti.uments_ .

Infra‘ red spe°tr°m°try has kmg fmmd extem One important requirement is for a sensitive
sive applications in organic chemistry, but its and Speedy quaiiiative examiiiatioii of samples
inorganic analytical applications have, until - - - -

recently, been fairly_liniited. The availability whmh can offien P";‘i"“°i},‘s‘*“"i“§if°‘}'“”“”“fi‘i

z

7

»<

n c me o
of relatively inexpensive infra red spectrometers subseqpenp Onven ‘ma . 3‘ 3‘ Y .9‘ 5

. . . tt t t hi 1 , ftW mtg is; if . semis: as  

Pmassmm bro e presse ° 6° mque' in the exarmnation of reactor fuel elements.
descnbed by Kirkland 0355)’ him led to an structural materials and moderators.
increasing number of inorganic analytical

C it i. . i. d tr met . mental methods, it nds wide application in

5
-<.~

llitliux

9,pp1ica|;ions_ While it is not a substitute for other instru-
i

ii ‘Him; “Sis .° .1“ Yet SP°°en°i “iii ‘iii this eld because of its adaptability to the
° emlca’ am’ ysls m he 8‘ Mme ie gy e wide range of sample forms and of elements I
include gas analysis; t e analysis 0 ceramics covered The obvious advaiita -

. . . . ges of sensitivity
and other morgamc matermls’ and the deter' speed the detection of unexpected elements, and
mination of the isotopic purity of heavy water, ' .
as described by Gaunt (1953, i956)_ A xed permanent records, enhance its usefulnes.

wavelength (2.95;t) infra red spectrometer using With active 8311111165, handling techniques if-Te

a Merton-N.P.L. grating, provides a rapid and necessarily slow and diicult compared WW1

accurate method for the estimation of the Q1059 used T01‘ 1119-ctlve $a-lI1D16_$- The V9lPP1'153-'

isotopic purity of heavy water at concentrations ‘t10I1 Of Part Or all of an actlve Sample In an
greater than 99.5 per cent. W/W of D20. The arc may ne°e$$it9-198 Elove b0X twhniquest em‘ it :9
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, both inactive and active requirements. micro vacuum fusion is £3,500.
.£1??? V 5
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s‘Yies.Q»rre<@»‘*“

.
f%zi,.‘;_s};f;§.f, I ‘

til

.

cient arc vapour extraction and ltration, or _Complete equipment for vacuum fusion analy-appropriate shielding facilities, depending on sis 1S not available commercially, and the prin-the type of activity. Basic equipment for emis- cipal requirement is a 15kW induction heater
~ sion spectrography costs approximately £9,000, around which the apparatus is built. Thebut equipment may well requue duplication for approximate cost of a suitable apparatus for

X-ray speci-rogrcphy
X-ray spectrography provides a valuable non-

destructive method for obtaining analytical REFERENCES
data. The method utilises the characteristic
X-ray uorescence which is related to the atomic Atomic Energy or Canada Ltd. (1957)-—Renertnat1u'e of the constituent elements. It is par- °R°'688- Un°1“ss‘°d~er ' " ticularly valuable for metallurgical analyses BARKER» G- 9-» and -7ENK1N$- 1- (1952)-—A11*11Y5t-1 “I-é'~.;_s§I . .

1 ,associated with the development of new fuel 77 685elements and reactor materia1s_ BOOMAN, G. L. (1957).-—Anal. Chem. 29: 213.

Multi-wavelength X-rays are focused on to BOOTH’ E" at a1‘ (1957)'_Ana1ySt‘ 82: 5°‘the solid, pgwder or liqgiid sample, aadcthi chair C1,2X3€§c,§"11?§§4_DUYcHAERTs' G‘ (1954)"'An°‘1'ac em m _1-ay Spec rum ls em‘ e Y 9 BREYER B and GUTMAN F (1950)—A st .1atoms of the elements present in the sample. SCL Research 3: 558_ . u . .

"These characteristic X ray spectra are dispersed‘.,.,.;;_ BRYANT, R. J., et al. (1956).—U.K.A.E.A. Report.
1 by analysing crystals of known spacmgs, AERE HP/R. 2056.

§°9é1§i;‘gr‘Z3; sf lzggtfganzgctgéciggertgi CARSON, w. N., et al. (1951) .—Anal. Chem. 29: 213.
‘E proportional or scintillation counter detectors Aca?Ng§LLY' 3‘ E" and LEBOEUE M‘ 3' U953)‘-25 10 5are nding increasing use) and recorded auto- n em 91,1, maticalm OONNALLY, R. E. (1956).-—Anal. Chem. 2s: 1847.g; DIBELER, V. H. (1956).—-Anal. Chem. 28: 610.
» 3 X-ray spectrography is an essentially rapid nvxas, 1-1. w., et al. (l956).—Anal. Chem. 2s: 1084.,. ;‘1 1 '
,1 m°".h°d °f ?‘na1Ys1s' Wm?!‘ b°°°m°s .°v°n.m°r° FIELDS, P. R., and YOUNGQUIST c H (1956)-gea rapid as a librar of t l s t b iltmi’ .1 Y YD!-99' P93 1'3'_1$ 11 11D- Proc. Internat. Conf. on the Peaceful. Uses of AtomicThe accuracy ranges from approximately 0.5 Energy. Geneva. 7: 44-

-
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1»

:15!-'-§

1t

Xi.

at

it and ceramics is important in the atomic energy MARTELL, E. A. (1956).—U.S.A.E.C. Report. AECU-

.3; to 1 per cent. in the range 1-100% of many FISCHER, R. B. (1956).-—-Anal. Chem. 28: 9A (De-elements to 5 to 10 per cent m the ppm °°mb°1”)
range. The sensitivity is such that in favour- GAUNT. J. (1953. 1956). - U.KAEA Report

1!

. able cases one part of the element in ten million ‘Q-_-E5?-E~ C/R 1264 Un°1”'§sm°d¥ SP°°"°°mm- 5°“-
"*1?i”~’.r*'i 5%; ? , ' '

. §§J§§w§fe§h§hia§§§1j§eta§ykiiieiifziig (lgggfufrlild; 34GB-UMIMITT, w. E., et al. (1956).—Canad. .1. chem.
others are available, and the applications which 206extend to adaption to spot tesit tech_ HASLER, M. F. (1953).—Spectrochim. Acta. 6: 69.

niques, as described by Pfeier (1954), are IREDALE P" and HUMPHREYs' D‘ L‘ H957)‘-
numerous. Basic equipment for X-ray spectro- §T.K.AiIi:;\.1:.s6Pf;‘,t, A.E‘.iR.1gi/f:AI;J/I1;i;23L;6. Iinclalsséiied.

, graphy costs approximately £5,000. QuaENrt_KR -_ H-L N-»' all - - - ( F--'
$15.: e evs o 1

Vacuum fusion analysis of gases in metals

en-we

‘Xe KIRKLAND, J. J. (1955).--Anal. Chem. 27: 1537.
an ce'°m'“ LIEBHAFSKY H A., and WINSLOW, E. H. (1956).

»,§,,i§1 A knowledge of the gas content of metals —Ana1. Chem. is: 587.

tr

Q

\ .

lium, and uranium, as well as to alloys, ceramics SCHULTS, w. 1)., and THOMASON, P. F. (1955).-; or cermets developed from these elements. Booth U-5-A-E-Q R°P°"= °RNI-"1346- U“°1“$$1°°1-
’i (1957) gives details of some of this work and SLOMAN. H. A. (1935, 1937. 1945)-—The Iron and

programme. The vacuum fusion technique has 3262- Un<=1§e1ed-
been the subject of considerable attention dur- McISAAC, L. D. (1956)-—U-$- Navel Redleleeleelmg the past Six years, and it owes much to the Defence Laboratory TR 72 Unclassied*7§1*§iL

_ ' 'work of Sloman and co-workers (1935, 1937, MILNER. G. W. 0-. and SLEE. 1-- J. (1957).-The
194s> at the National Physical Laboratory some 1n'1‘“"“‘1 °h°m‘s"- 33- 494-20 years ago_ (SNYI-I(€1';l\¢|El,9§ié.) S.p (31956).—The Times Science Review

The Drain: 13;°1'g lt’;§u1F!;t{"$i°1;€;11etha?d 13:5 N1;FEIF'1;‘%1R,:,g-‘I17. c+., and ZEMANY, P. D. (1954).-
,.§~i?>§ Q G611 app 1 O € G H111’! 101'). O 9 g S C - 8| HIE. S .

tents Of boron. 00111161‘. ehwmlllm, $i11<=0!.1, Steel, PIERSON, 1:. 11., and IREDALE, P. (195’7).—Br.titanium, zirconium, thorium, tantalum, beryl J Appl Phys B 422

states that it is also likely that determinations s'°°@1§ns*--L°;“d-'§1?°?“§R‘1P°’§§;1§°,f-.}’i."§gf'P°°‘“‘
on molybdenum vanadium niobium and tung- Rep“ No‘ 1 ’ P‘ ' ' ns ' e 8' ' ' '
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