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Abstract

A method for the simultaneous elemental anslysis of the Rare Earths is proposed and
empirically verified. It is based on the snalysis of the escape pesks, generated by the characteristic
X—Rays of these elements in a Xenon Proportional Counter. The peaks are well resolved and intense,
n contrast to the photopeak which is lost in the background.

The specira are generated by a radioisotope such as 0057. and the equipment is
simple, portable and low cost, although resolutio) challenges that of the best solid state detectors.

Since X—rays are utilized, matrix, granulometric or mineralogical effects are minimal,
and the method is rapid, sensitive, non-destructive and requires little or no sampie preparation. The
resuits are preliminary and an improvement in resolution of up to fourfold seems possible; precision
is better than 0,1% in concentrated samples and sensitivity is sbout 20 up.

* Based on pert of & Fres-Docency Thasis work conducted at the Chemistry Dept. of the Instituto de
Ciéncias Exatas da Universidade Federsi de Minas Gerais.



- INTRODUCTION

The elemental analysis of the Rare Earth Elements (REE) is a complex and difficult
problem, given their great similarity in chemical, physico-chemical and nuciesr woptniﬂ"'zs,.
Chemical methods {ion-exchange chromatography, recrystatiization, etc.) are complex and tedious.
Atomic methods (atomic absorption, atomic emission, X—Ray spectromatry, etc.) are either limited
or demand complex and expensive instruments or sampie preparation techniques snd sre very subject
1o interference. Nuclear Activation Methods, besides requiring access to a nuclear resctor, is of
complex interpretation and subject to interference, besides normally requiring chemical sepasation
since the spectra are complex and very similar,

The method developed in this work has several sdvantages over more conventional
ones, 10 wit: it is non-destructive and capable of the simultaneous analysis of all the REE; it is little
subject to interference, 2nd relatively free of matrix, mineralogical, granulometric, ssmple preperation
or solvent eftects. It is instrumental, low cost, rapid, simple to interpret and to implement in routine
and requires liltie or no maintenance, such as gases, refrigerants, etc. The equipment is compact and
rugged being ideal to industrial or field uses, such as on-line momitoring, since it is remote sensing and
results are accessible almost immediatcly. The only compureble technique is fiuorescence analysis
with a small area Ge/!.i detector of very high resolution, which is difficuit to implesnent due to the
high cost and fragility of the equipment; the requiring of fraquent maintenance and supply of liguid

Nitrogen, and the much smaller sensitivity.
Il - DESCRIPTION OF THE METHOD

The method is based on the detection of the K X—Rays of the REE excited by
radioisotopes or X—Ray tuves. It is similar 10 the conventional X—Ray fluorescence analysis excited
by radioisotopes, but it differs essentially in the mthod of detection of these characteristic X—Rays.
In the conventional method the selectivity is obtained via K-edge liluu“’, the use of high-resolution
counters such as solid-state detectors!d! or, as in the X—Ray Spectrometer, by means of Bragg
Dittractionin a Crymlw’.

More usual detectors, such as Scintillstors and Proportional Counters lack the
resolution to separats neighbouring siements. K-edge filtering utilizing the Ross filter technique is
capable of analysing only one element st 2 time and is imprecise and unsemitive, since the result is
the ditference of two large and proximate numbers. The conventional X-Ray Spectromster is an
sxpensive and compliex instrument, and is limited to the analysis of the LX-Rays for the REE, since
the Bragg angle for the KX-Rays of the REE is below its capability. Due 10 this, and given tha low
penetrating power of the LX-Rays and the fact that their spectra is comiderably more complicated
than the KX- Ray Spectrum, this analysis is very subject to interferences arising from matrix and
sample preparation effects. rmong others.



In the method, object of the present work, the detection of the K-X-Rays of the REE
is done with a Xenon Propostional Counter, with the sssential difference that the Escape X-Rays are
observed. With this, the resolution is much improved over that obtainable for the full absorption
peaks.

Besides, the detection of full absarption peak would require a very high pressure in the
counter, to avoid the loss of resolution resulting from wall eﬂncts”’, but such s counter requires sn
exceedingly high voltage and is of poor performance and impractical.

In the usual case of detection by a proportional counter the photon impinges in an
atom of the gas and extracts the K electron, the cross section for other effects such as higher orbit
photoetfects, Compton and Rayicigh scattering, etc, being negligible. The photoelectron has a kinetic
energy of E = Ei - Eko' where Ei is the incudent phonon energy and Eko the extraction energy of the
K electron of the detecting gas. This photoelectron then causes ionizations in the gas and the number
of ions formed is proportional to its kinetic energy. These ions are multiplied by an avalanche process
and genercte a current pulse in the anode, of a value proportional to the photoelectron energy E. The
excited gas atom releases its energy by generating a cascade of X, L, M, N, etc. X-Rays, unti! it returns
to the ground state. For Xenon, the Auger electron contribution is negligible at the energy of the
REE K X-Rays, given that the K fluorescence yield is larger than 95%, but it is considerably larger for
lighter gases(a).

In a typical Xenon Proportional Counter, the detection efficiency for the energetic
Xenon K X-Rays is small, since the cross-section has a pronounced minimum at this characterisiic
energy, and the density is relatively little, with the resuit that the escape probability is large. f or the
other L, M, N, etc, X—Rays in the cascade which have a much lower energy, the situation is | cversed
and absorption is practically total. When the K X-Ray of Xenon, generated in the photodetection
process, is reabsorbed in the ges together with the rest of the cascade, the generated signal
corresponds to the full incident energy and gives the photopesk (or full energy peak) in the spectrum.
It the K-X ray escapes, the signal detected is proportional to E; - E, where €, is the energy of the
K-X Ray of Xenon.

Bv varying pressure and diameter of the counter, conditions can be optimized for the
detection of the escape X-rays and for the REE and a Xenon counter the optimum for a 2 diameter tube
occurs at around 1 10 2 atmospheres, the usual filling pressure. The dstection efficiency for escape

X-Rays is given approximately by:
n=(1-eFo*)eP1?

where the first term gives the probability of detection of the incident X-Ray and the second one that
of escape of the Xenon K X-Ray Here kg and 1y are the cross-sections and x the thickness of the
detecting gas. The resulting curve is displayed in Fig. 1 and shows a broad maximum. Furthermore, the

ntrinsic detection efficiency i high, being around 40% for this situation, with conseguent good



sensitivity of analysis. By comparison, the full energy intrinsic detection efficiency is only around
about 3%

The resolution of Proportionsl Counters is given approximately by R - 0,40V E.
where R and £ are in KeV!®, wud E is the energy dissipated in the gas. For the REE the K X-Ray
energy varies from 33 to 54 KeV wheve the resolution of Proportional Counters is abuut 6%, while
the energy separation between adjacent REE is only about 4%. These counters ae, thirs, napeble of
resolving these elements.

For the escape peaks, however, the 1esolution, by the formula sbove, betuims:

R-040V E E,

ammounting to only 1% to 3% as the incident energy ranges from Lanthanium to Lutetium, and since
the energy separation is the same as above, the resolution is sufficient to separate adjacent REE. We
should remark that the escape peak height cosresponds only to a few KeV, but the Proportions)
Counter is perfectly able to handle energies above a few hundreds of eV and this poses no problem st
all.

For comparison’s sake a good Ge/Li Low Energy Photon Deteclov“o’ with
state-of-the-art performance would have an energy resolution in this range of sbout 2%, being about
#s adequate to resoive the REE, but would cost some ten thousand dollars, require weskly liquid
nitrogen filling, be very delicate to operate and would have an effective area of only 0,3 cmz, while
the proportional counter would have an area (and, hence sensitivity for large samples) sbout 300
times larger. This is about the only alternative detector for REE analysis, since scintillation counters

have inadequate resolution and Si/Li detectors cut-off above 20 KeV.

Il - STRUCTURE OF THE ESCAPE PEAKS

The K X-Rays consisting of multiplets Ku" K"Z’ Kal’ sz, K"S’ el , fur both the
incident and the escaping photons, the escape peaks would be very complicated indesd Fortunstely,
the lines beyond Kﬂ' are of negliyible intensity and, as can be easily venfied by calculation, the lines
due to Kuﬂ - Ka‘,; KuQi - Ku‘c and Ka‘i . Kazc are sufficiently close to such other 1o overlap
within the resolution of the counter, resulting in 8 single peak, which we call K, Similarly, we call
Kﬂa the peak resulting from Kﬂ‘i : Ka,e' and Kuﬁ the one resulting from Ku,i : K“', In the abowve,
subscript i refors 10 the incident K X-Ray from the REE and ¢ refers (0 the escaping K X-Rays of
Xenon. The spectra will then consist of tripplets Ko K"ﬁ, and Kﬂu of spproximate intensitiss 200%,
16% and 15% respectively, resulting from the compusite probabilities of detection end wscaps. The
corresponding energies will be the difference between incident snd emergsnt snergy. The peaks

correspunding to values of E; less than E, will of course be sbsent. This is the case here for all of the



La lines except uxﬂ‘ - XcKa‘ and a small second order pesk corresponding to hKﬂ' - Xn&p'.
The line K o, - K, o is missing for Carium, being also energetically impossible.

1V - CHOICE OF THE RADIOISOTOPE

Although €07 was used in the experiments 8 hos: of other radioisotopes sre
adequatel ).

They have 10 have an energy larger than the K-sdges of the REE (that is, 63KeV), but
as low as possible for maximum excitation etficiency.

Gamma emitters are normally used, but beta smitters are scceptable, sithough they give
# higher background due to Brehmssthralung. Source-target combinations are 3iso very Mn&‘ 12
and can be adjusted to discriminate sgainst REE above desired energies, to eliminate interferences, or
to simplity spectra. Other desirable properties are 3 long-life low-cost. A few milliCuries are more

than adequate and about 10 m(Ci is usual. Good choices are C057, Amz" {except for YD and Lu) and
153
Gd" .

V -- EXTENSIONS OF THE METHOD

Since resolving power improvement derives from the proximity of incident and
escaping characteristic X-Rays, many interesting combinations are possible by the choice of
detector-sample combination. Scintillation Counters are poor resolution detectors to start with, snd
are normally unsuited for this application, although the gain in resolution would be comperable to
that obtained with Proportional Counters. Solid Stste Detectors are probably also inconvenient since
they are made of light weight slements; their escape peaks would be very low energy, snd be lost in
the noise.

Thus, the only sttractive choice st present appesrs to be Propostional Counters, which
can be made out of & wide variety of gases and sre almost noiseless devices, both rugged and of simple
operation. For instance, with a counter of Krypton we could snslyse Rb, S, Nb and Mo, its
neighbours, and calculation shows resolution improvements of 2 to 4 times, enough to resolve these
eiements, which is impossible conventionally with Proportions) Counters. Other interesting gases
would contain Pb (say, lead tetrasthyl) and wouid sliow the anaelysis of Bi, Th and U with an
improvement in resulution ample enough to resvlve themn, and possibly resulting in an instrument

adequate tor tield snalysis.

VI - EXPERIMENTAL



The apperatus used is shown schematically in Fig 2. No grest care was taken in
optimizing the geometries of excitation or detection, and no auxilisry X-Ray filtering wes used to
reduce back-ground and interference. The block diagram of the electironics is shown in Fig. 3. The
Proportional Counter is a standard Reuter-Stokes RSG-61, filled with 2 atm. Xenon; with Swinless
Steel walls and Beryllium windows of the sesled type. The windows are not requited, except for
calibration of the low-energy region, since the K X-Rays of the REE are negligibly attenuated by the
wal's. The REE utilized were of P.A. grade and sample holders were thin-welled plastic cups. The
samples were diluted in water. The source used was 8 10 mCi Co® made by Amersham.

VI! — DISCUSSION

Energy calibration and resolution measurement were done using the 6.4 KeV (Fe Ka)
from the source and its 14.4 KeV gamma line. Resolution measured 40% at 6.4 KeV and 14% at 14.4
KeV while the manufacturer’s ty pical values for this counter are 15.6% and 10.5%.

The poor value was later verified t0 be due to the broad geometry and could be
improved by better collimation, but this was not done, since previous measurements were done in
that geometry. Also, the count rate was so high as to spoil the resolution. Improvements cou!d also be
obtained by reducing the count-rate, using a window'ess counter of better field geometry, optimizing
puise shape, using a longer and thicker tube, optimizing the high voltage, using a lower pressure tube,
50 as to nperate at lower voltages, using a lower Z cathode material such as aluminium to give less wall
fluorescence nterference and & better, poorer geometry arrangsment for the soirce and the sample.
The resolution for La measured 21.5%, while prediction gives 13%. With the best construction
technigues resolution improvements of up to fourfold seem possible and have been obtained by other
workers”:”. The samples were of large extent and essentially infinite thickness, which ammounts to
about 1 cm for the REE and 10 cm for water. Note that the high penetrating power, compered to
that of L X-Rays, atlows the uss of large samples, thus reducing sample inhomogeneity effects znd
relaxing positioning and sample-surfacing tolerances.

Count rates for » 1 g samplss were about 2.7»103 cps in the escape peak and the
background (measured at the shoulders) was sbout 1.4x10 cps

Sensitivity at the 10 level was computed“‘) @ about 20 ug for a counting time of
IO‘ seconds and is roughly constant for all REE, excepl L and Ce, where it is about is 80 1ig.
Precision computed from Poisson Stetistics, was sbout 0.02%, snd the measured valus was 0.1%,
probably due to positioning errors and temperature drifts, since no great care was taken in that
regards.

A gquilitetive study of interferences was made end results compered very favorably

with other techniques such as X-Ray spectrometry and Atomic Absorption. In particular, the sffect



of different chemical combinations of the REE, and the addition of light elements 10 the sampie had
small effects, restricted mainly 10 an increase in background and reduced sensitivity, without
practically any effect on the peak shapes or net peak counting rates.

Figure 4 shows the measured resolution of the counter for the 6.4 snd 14.4 KaV lines
ot the Co®7 source.

Figure 5 shows the background obtained from an infinite pure water sample, which is
mainly Jue to Compton Scattering of the 122 and 137 KeV gamma-rays. The Compton
heckscattering peak occurs theoretically at about 80 KeV: and the observed pesk st 27 KaV
resuits from the counter cutting-off higher energy photons.

Figures 5 t0 9 show the spectra of several REE Chlorides in 8 10% water solution.

In Fig. 9 and 10, plotting was limited to the low energy region o save printing time,
but the Compton region was essentially identical to that of Fig. 5, and gain settings were all identical,
10 permit fair comparison among the plots.

Figures 5 and 6 displa, the lack of the lines of La and Ce energetically impnssible, in
accord with the theoretical discussion above, but the other elemenis show the clearly resolved Kq,,
Kaﬁ and KBa lines predicted.

Remarkable is the similarity and simplicity of the spectra, the excellent resolution and
the low background (which is the ordinate value at the extreme right) for all the 11 REE available,
out of the total of 14 existing ones.

in Figure 10 a faithful superposition of spectra is made to show the excellent

separation obtained for samples simulating naturally occurring combinations.

Vilf — CONCLUSION

The method proposed is capable of analyzing naturally occurring samples of REE with
excellent rapidity, «: sitivity, precision, sccuracy and lack of interferences and artifacts, and has
distinct advantages over all other usual methods of anslysis. It requires practically no sampis
preparation, is insensitive to chemical form and to mineralogical granulometric and geometrical
effects.

In combination with spectral analysis; K-edge filtering techniques, proper choice of
exciting radioisotope energy and after sn optimization of counting geometry and counter resolution
it is capable of largs improvements. It sesems also possible to extend the method by choice of an
appropriate counting ges to the snalytical isolation of aimost every neighbouring sequence of
elements, and to that of Ursnium and Thorium in particular.

The equipment is simple, conventional, low-cost, rugged, consumes no gases or
refrigerants, being thus adequate to industrial or fisid uses, especially since it is capsbie of ramote

sensing and operating through thick windows of almost any material,



FIGURE CAPTIONS

Fig. 1- Detection efliciency of the escape X-Rays of the REE versus the ges pressure for 8 2

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

diameter Xonon Filled Proportional Counter. Values for the other REE not shown are

ntermediate between the two curves.

- Diagram ot the Experimental Arrangement of the Apparatus.
- Block diagram of the Electronics used.

. Spectrum of the Co®’ lines at 6.4 KeV and 14.4 KeV

{a} Through the window; (b) Through the counter walls 0f 1 mm. thickness stainless steel.

- Beckground for an infinite HZO sample.

{a} with an Al filter of Tmm thickness
{b) without the above filter

{c) background without sample and filter

- Spectrum of a La sample - Observe the practical absence of the photopeak and the good

separation of the La peaks.

- Spectrum ot a Ce sample with the peaks indentified

{a) Expanded
(b} Normal Scale

- Comparison of Ce and La spes:tra.

- Spectra of the 11 REE available. All scales and counting times are identical and the spectra

have been displaced to svoid superposition. The peak structure and energy coincides precisely

with the celculated values. Observe the good seperation smongst the lines,

10 - Superposition of sorne spectra of Fig. 8, simuleting the main composition of {a) Apatite or

Monazite (b} Xenotime {¢) Equimolar mixture of Nd snd Sm (d) Equimolar minture of Dy
and Er. Otserve that resolution is amply sufficient to seperate the psaks of these simuleted

natural compositions of light and heavy REE minerals.



{1

{2)

{3)

{4)
(5)

{6)

n
(8)
{9)

(10)
(11)
{12)
(13)
(14)

REFERENCES

A.P. Vinggradov; D.]. Ryabchikov : Detection snd Analysis of Rere Elements - IPST - Jerusalem
(1962).

P. Pascal : Nouveau Traité de Chimie Minérale - Tome VII - Elements des Terres Rares,
Scandium, Yitrium - Masson et Cie. Paris {1950).

1.M.Kolthotf; P.J. Eiving : Anslytical Chemistiy of the Elements; Part I - vol. 8 - Interscience
Publ. - N. York (1963).

E.F. Kaelble : Handbook of X-Rays. McGraw.Mill - N. York (1987).

ILA.E.A. Panel: Radioisotope X-Ray Fluorescence Spectrometry - |AEA St/DOC/10/115 -
Vienna {1970).

L.S. Birks: X-Ray Spectrochemical Analysis. In: P.J. Elving; L. M. Kcithotf - Chemical Analysis
Vol. XI - Interscience Publ. New York (1963).

A.H. Snell: Nuctear Radiation Detection - Wiley-N. York (1962).

C.E. Crouthamel : Applied Gamma Ray Spectrometry - Pergamon Press - New York {1970).

C. Gatrousis et al : Recent Advences in Couting Techniques. in Progress in Nuclesr Energy ; Vol.
2, series IX (1961) - Pergamon Press, New York (1961).

ORTEC Inc. Catalog 1002.

Ref. (6] pg. 6 11,

Idem, page 9 ff.

Ref. (9).

A.N. dos Santos . Determination of Sensitivity for Counting Instruments {To be Published).



R A

/’ (4]

\
\\\\-\.\

R .'\— .

ANTASNUL

UTZTiUM

\ N

-
.

. ——.

}

s R
p
o

(%) AONZIOI443 NOILD L Z0

0.20

A~

\v
.
.

- ot

é

154
i8]

C

15

1”7y

N ({8

O

O



4

“Source O-ficve

- Co37 sunice

Samtt Cotapinn

Gnd ‘
Chorue oriatie (oo sontrce Shicl
ey (Lea:t)

- Lecad Celtimmaia,
Lo s
X - E ' }"O -
Preporfional Counier T
|
Supnorilg
Frome




13} COUMTS “‘"COND(arbnrury unifs)
I e

oy TS e
e e s et —d

© 5
z on
- N} A
"‘_“L Q™ — (]
e e e s+ L G e TR -
“1' (:‘ e T e
- ’J,) ‘¢
AT £
\
A A~ ~ .
1 a\ & "“:’5:’
— =
& J’ 2
N
: »
3 . x
s 2



http://cr.-rrr_.__

= I

O

- -

(o}

E

(¢ ]

S i

e —~ — ~ v
o L0 (&

> —~ ~ ~—

VA /

X

[~ _

N

l..,."

'

o o O
(shun  Li0a31q20) D30 /SLNNOD

V/7di.)

{27
i

£ -
vl



(

AMP/ZASLST) ATEENT

{ | . i i {

uf

m

% G 12=4— y
ch.Eoo\\ _
m

¢

t
(X 'y -0 '8y asy seeL— ¢

O

‘W-———-—-—-‘.t .
: v

o
s

of

45 /SANOD

(Kaps114D) O



ce

cum
7
o
rd
¥y

nzct
Smectr

(C) La and Ce sunerimnossd
-

U
t
' —~—
B o,
r ""’
" 1
- o~auii
3 .
2
[®) (®]
]
-J_] i I ] 1 L 1 | ) I J

(s41un A1D44194D) ANODJ3S /SLNNOD



(AIF/ASH &9 A2 INE
! ! RS [ { i ). ..!..?..\J).(I_/ 1 MVO
el V3 ._
- N o8
N i !
\/u\/w_ ; fq he ,,” ? b7 unmu
L , L >
e T ﬂ B a. .)md.mw
LY "w : | m
Vg TN S aE L~ f e
13 . | ;
J///\\_.;r :”W.?.\h ) L .” =9 r.h MIO mm
r.o ~ : |”| _.. \lll(l/l ».. l...d
. RSP VA 2
LY h \ 4 I\- - |
r. : #-C { ..— v J P .m
\Jp ’ g r f i ns
N L vb L ....rlO — M;, \JL.OJM
\ Vs 2CN C) VAN
g . |
.. _.h ﬂ_ m»/.\ »— ._ PN L



Lo L L1 i

T (spun AIDIgIp) DAS/SINNCD

-

S

aV/2iN)

5o e
PNRIIEAN

e vy e e e\ S
\ " ‘l‘"\‘ S
PR N L et

-
S



3

N (q)

]
w
| p |
I yCcedosoyd \ d
i {
; uoidwod—/

-

e
L S
-
o
.V
W
>
)
v
Y.
)]
&)
L
>
©
X
™

o ey,
- ——1t
et e et e e o - e W

I~ (o | i

Wey —Eyss)iney 16 ~__ i
. \1.1. ”L
AN 1T

A.u

T B

e

eyey Joweny+('Byax =20y AN O'G

/
e
/

(Aoapqin) 23S /SLNNOD



'
!
i
¢
i
|
H

Proportionai
Counter

. Prearplitier ' Filtsr Amoiifier
| ORTEC-109 PC| |ORTEC-436-A

r

Discriminator r_,.‘ Timzsr-scaier

| ORTEC-406-A | ?LOF!TE;'C -431-A

1

1

Multichanre:

bngiyser —1 X-Y Racorder

_—TTT
—_— e QNS I " !
—

Al




