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THE QUENCHING ACTICN OF FPLUTONIUM

HND TRON CN TEE FLUQRESCENCE OF TURANIUM _IN

SOOIUM  FLUORIDE PHOSSHCRS

by

Go N, WALTON
G, HUTTON
Je_dfie We DALZIFL

AE.R.E. G/R 966"

ABSTRACT

The effect of plutonium and iron cn the fluorescence of uranium in
sodium fluoride melts illuminated by UV light, has beén measured over a
wide ronge of conoentrations,

The tronsmission of sodium fluoride to UV light at different wave-
lengths shows thot sodium flucoride alone, and also when conteining iron,
has no tbsorption bonds, Sodium fluoride containing ursnium hes a wide
obsorption band in the UV, Iron, however, has & strong quenching action
and it is proved that iron docs not quench by light obsorption, It is
also shown that the spectrum of the enhanced flucorescence of uranium does
not change in the presence of small omounts of iron and it is concluded
" that the initinlly excited states of urcnium, and not the netastoble
fluorescent state, are subject to quenching by iron.

JMerritt!s theory for uronium flucrescence is amplified with reference
to FPorster's theory of resonance *+waonsfer, and the cxperimental gquenching
curves are interprcted on the basis of energy transfer and light
absorption, The disience of crergy transfer is coalculated to be of the
order 10010, Forster's theory is criticised in that it fails to predict
sclf-quenching,

The ebacncc of detectable fluorescence in plutoniunm compounds is
discussed,

4,E.R.E. Horwell
30th July, 1952
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INTRODUCTION

The purposc of this rep?v-t is tc study the flucrescencc of uranium
in a flux of sodium fluoride(1) contain ing plutonium, Ircn was found
to simuiatc plutciium, =n? this was used for more exteaded moosurcments,

(a) Absorption end Flucrescent Spectra of Ursnium

The absorption and cmissicn spectra of urenyl compounds has becn
attributed to the U=~0 bends in the UOE'" ion and the spectra of certain
crystallinc wranyl saits ?t low temperatures has been worked out in
full detail on this basis 2). Absorption lies in the region 3400 =
5000 A cnd arises fram electronic excitations from the vibrational
levels of thc ground state to thosc of several higher statcs, Emission
lies in the recgion 4700 to 6000 A and arises from a single electronic
shift from bond vibrational levels in the first cxcited state to those

_of the ground state, After remcving the exciting light the emission

shows phosphorescence and decays exponentinlly with time constants of
the order 10~k sces, Dicke (2, pgel2) points out that "the mechanism
of the change from the various excited levels to the initinl stote of
the fluorescence has never been studied in detail, There is little
doubt thot it is coused by interaction with the erystalline field,"
The excess energy is probably transformed into heat and the tronsfer
must be rapid in comporison with the time of fluorescent decay of the
metastahle state,

(b) Comperiscn of Plutonium and Uranium

The plutonyl ion ﬂo"é"' s opart from nuclear differences, only differs
from *he ur nyl ion UQs in possessing two additional électrons which
it is wually suggested lie in the inner 5f shell, As pointed out by
Kroger (3 s Pge 52) it might be expeoted that fluorescent effects would
arise from the plutonyl ion itself, both by analogy with the uranyl
ion, and by analogy with rare earth ions which have Uf eleotrons, In
solution, plutonyl compounds oksorb light over a similar spectral
region to uranyl compounds, This absorption has becn at&:j‘.buted to
PuC~bond vibrations arelogous to the U=0 bond vibrations‘\*/, There
is for plutonium an additional high absorption peak at 8300 A which is
attributed to excitation of the 5f electrong, by an anslogy with the
4 abscrption peoks in rare earth solutions&-). However no fluorescent
emission spectrum onalogous to that for uranium has been found for
solutions or orystals of plutonyl c?mszounds s although an extensive
search has been made by G, R, Pricel?), Conditions investigated
included those of fluoride and carbonate melds similoar to those in
which the enhanced fluorescence of ursnium is observed, The UM ion
shows no fluorescence and in fact appears as a quencher of UOp
fluorescence, ond the stable form of plutonium under some conditiona
is Pul*, However Price took account of all the common forms of
plutonium including P|102'M during his measurements, JAgain no
fluorescence due to plutonium has been observed in the experiments
here reported, clthough no secrch has been made under conditions
different from thecse under which uraniunm can be measured,

Recently J. K, Dawson(G) has found thot mognetic susceptibilities
of certain PuO,** compounds favour the 6d arnd not the 5f configure-
tion for the extra clectrons, This destroys to some extent the
similarity between U0,** and Pu0,**+, and between plutonium and the
rare earths, end mokes the absence of fluorescence less unexpected,
The obsorption peok at 8300 L however remains,

The absence of fluorescence suggests that excited states of
plutonium icns are not metastoble, cr that they can transform their
energy into heat more rapidly than they can transform it into light,
As shown below plutonium is a highly efficient quenching agent for
uranium fluorescence (it falls into the "strongest interference"
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class in the clussification suggested by Zebreski end th'rton(7)), and
this moy be preciscly becouse it can transferm chsorbed light inte
heat rapidly,

(c) The Comparison of Urcnium Phosphors with other Phosphors

Pringshcim(B) places fluorcscent nelts containing treces of
uronium "rather in the class of impurity sctivated phosphors." The
latter include the fluoresczent coffcet of thallium in potassium chloride
erystals, of traces of chromiim on thc colour developrent of rubics
and other gems, and the effect of dmpurities on the "short" flucrescence
of zine sulphide; This onelogy has not peen furmerly cmphasiscd, but
many similerities appcar,

. The outstandirg sinilarity is that o very small trace of impurity
couses o narked effect throughout the whole of the base materinl, The
colour of natural rubies is due to chromium or manganese in apounts of
the order of 1 p.Dele in otherwise oclourless alumine, 4 sccond
similority is that the effect becomes less morked as the concentrotion
of the impurity becomes apprecianble, The linear relationship betwe=n
fluorescence ond ureniun content of melts ceases to held for cnounts
greater than obout 20 p,petaes and fluorescence decrenses above about
% (sec Fipgure 12 ond Ref. 17)s Similorly the linearity of fl.orescent
quantum yields of thallium in potassium chloride drops above concentra-
tions cf 1%, and of the fluorescence of bismuth in calecium sulphide
obove 50 p.pem. (Ref. 8, pgs. 589, 591). When the base matericls are
removed and only the pure salts are considered the fluorescence per
atom becomes relatively small i UGoFy and T1G1 and almost nil in
chromium and bismuth salts,

Details of the spectral bands olso show gimilarities. The ruby
absorption and emission spectra have the some appearance as those of
uranyl salta, They both have o long sbascrption spectrum with a short
overlopping fluorescent spectrum which appears mirrored round o high
pcake Spectral bends shift radically in intensities at different wave-
lengths from those of the pure salts to those of fuscd melts, Jds
atated cbove the emission of uranyl solutions is mainly between L4700
ohd 6000 while that of uranium in sodium fluoride does not extend below
5300 ond continues into longer wavelengths (8 pge 498), For thellium
chloride, vnile the absorption bands for the pure solt, for the solution
in concentrated halide, and for the crystal phosphor, are all in the
sanc region (3 pg. 55), the fluorescent emission shifts from a vague
mexinum at 3700 A from the pure material to the region of L4500 ond
4900 A in the alkali halide phosphor, =

(d) Mirretion of Excitation Encrgy

N. Riehl (Ref 11, pg. 135) in his paper on "New Results with Zino
Sulphide" shows that activation energy can be tronsferred from atom
to atom in a luminescent material, In zinc sulphide activated by 100
PeDelle Of copper ond irradiated by a particles,nearly 1007 of the
kinetic energy of the a particles is finelly converted into light
which hos the copper atcm spectrum, while most of the kinetic energy
mist have been delivered initially to the zinc and sulphur atoms in
the path of the ¢ perticls, Similarly in excitation with ultra
violet light the f1t10§e30ent quantun yield is sometimes claimed to be
nearly quantitative 8), Riehl states "the energy sent in is abscrbed
by the whole zinc sulphide iattice; and only after this is it trans=-
ferred to the bodies which are capable of shining, i,c, to the
activatirg atoms",

i)  Excitation of Bese Moterials

In rccent literature it cppecrs that two theories for the
nigration of excitntion energy are being developed, The car ie{
is called the exciton effuct as discussed by Frenkel in 136(12}

Do
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by Geodeve (11, pg. 135, 1} anu more rceently by Seltz( )
apker and Taft and others \éé 27) have rccently claimed d:.rect
evidence for the exciton cffect in the irradiaticn of alkali
halide crystels with U.V. light, The energices of the photo
electrons produccd have been measured and they appcar in two
groups, one attributed dircctly to U.V. light quanta, ond the
other atiributed to excitation of the crystal lattice, i,c., to
"excitons", It might be expected that this effect in adkaii
halides would be very reclevent to uranium flucrcescence in scdium
flucride, The sclids usecd by Jjpker ond Taft, weprc potassium and
rubidius bromide and iodide ir which "F" centres(217 had been
specially induced and wnich show light absorption bands in the
TV,

Experiments have been made tc find ocut if purc scdium
fluoride melts prepared as in measurcments of uranium fluorescence
show any light absorption bands, The light from an ircn spark
was transmitted through o floke of fused sodium fluoride held
agoinst the slit of a spectrogroph, The intensities of the lines
transmitted compored with those of the spark direct (as described
in the experimental scction belcw), are plotted in Fig, 1, The
sodium fluoride was almost opaque and the exposure necessary for
the tronamitted light was obout 200 times longer than that for
the untronsmitted light., Nevertheless Figure 1 shows that there
are no absorption bands, The light is evidently reduced by
scattering i,e, multiple refraction and reflection in the mass of
crystals, and only a smoll froction diffuses through, &4t lower
wavelengths the multiple refraction would be expected to be
greater than ot higher wavelengths and this would give rise to
the small apparcent absorption at low wavelengths as showm in
Fig, 1. Thus there is no mechanism ty which the light ocon cause
excitation of the sodium fluoride lattice by itself, When wranium
is present it might be supposed that the light cnergy is fed into
the lattice via the wrenium ions as "octive centres", If cnhance-
ment were due to such a "feeding" effect it should over scme raonge
be dependent on the uronium concentration squared, and it is
difficult to se¢ how the linear relationship observed experi-
nentally, (Fige 12) arises, Also if enhancement wos associated
with excitation of the base material itself'y, it would be cxpected
to be very dependent on the type of base material, whereas in
faot it is not restriocted to sodium flucride melts but also occurs
in borox beads, phosphate and corbonate melts,with relatively
minor alterations, We conclude that cxcitation effects in the
base materiasl are not rclevent to uranium fluorescence,

Resonanoce Transfer

Merritt in 1926(17) suggested that enhanced flucorescence of
diluted uranyl ions is due to the fact that the wranyl ion is
isolated in the fluoride lattice eand does not lose excitation
encrgy except by fluorescence or by transfer to a neighbouring
quenching atom cor ion. A recent thecry called "resoimnc? 14)
transfer" has }egeq reviewed by J. Franck ond Livingstonec ond
by E, J, Bowen e« Direct evidence is found in the flucrescent
light from mercury vapour containing small smounts cf sodium
vapour, where it is the latter that emits light absorbed by the
former, A similar effect is observed in anthrocene crystals
containing smell amounts of naphthacenc, Further evidence is
obtained fram the concentration depolarisation of pelorised iight
by fluorescent dyes in soluticn which eppears tc be expliccble
only by supposing that the energy has migrated through several
nolecules randomly distributed, The effect is distinguished
experimentelly from the mere absorption and re-enission of
fluorescent light by a study of the extincticn ccefficients
invclveds

o
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It does not yet appear whether "excitons" and "rescnanoe
transfer® arce twec aspects of the same phencmencn, In the
theoretical treotment fhe, former is regerded according to o very
recent peper by Heller 27) as an interaction between the excitea
zentre and clectrons in the lattize surrounding it, whercas the
latter is an interaction between different centres with matched,
or ncarly metched, cnergy levels,

F'c';rstcr(16’19) hes discusscd the resononce transfer cffcct
theorctically, His theory has not been published outside the
Germon litercturc, and a brief summory is given in Appendix 1,

Experiments have been made te find out if such a thecory is
rclevent to the quenching effects observed in uranium fluorescence.
Figurc 6(a) compares our results for the apparent self quenching
by uranium, with the quonching by iron. Quenching sets in over
the same concentration range but the initial slope shows that
iron is more efficient at guenching thon is wranium. Figure 2
shows different exposures of the iron spark spcctrum, first alone,
then through sodium fluoride containing 830 pepem. of urenium
(0,01 Molar) ond again through sodium fluoride contrining an
cqual weight of iron (0,04 Molar), The uranium melt spectrum
shows high nbsorption in the U.V, below LOOO0A® (together with
some cnhoncement in the visible at 5500 A° due to fluorescence)s
While it was not possible to obtain obsclute values for the
extinction coefficient it does appear that light absorption by
uraniun might be sufficient to explain the self quenohin s?ovm
in Pigurc 63 which is the conclusion reached by Merz'itt&? .

- The sodium fluoride containing iron, however, shows no such
camparcble absorption in the U.,V. or in the visible. Thus while
ircen quenching is initelly grester than wranium self guenching,
iron light obsorption is much less thean uranium light absorption,
end this is proof tSm.t iron quenching is not due, as was formerly
supposed by Price(1 , to light absorption,

Ferric chloride ond sulphate in solution show very high
absorption in the U,V, below 3600 4°, Fluoride ions, however,
camplex iron and decolourise ferric solutions, PFigure 3 shows
a comparison of the obsorption in ferric sulphate solutions at
a concentration of C,018M as obtained in a spectrophotometer,
with and without added sodium fluoride solution, The latter
suppresses the U.V. absorption (prior to fluoride precipitation)
to very low wavelengths and this supports the evidence of Figure
2 obtoined with the spark spectrum tronsmitted through fluoride
melts, -

Figure 6 is ogain significont in that increasing concentra-
tions of both plutonium and iron quench some of the fluoresoence,
but not all of it, If the gquenching were due to a mechanienl
effect such as increosed light scattering by crystal size
reduction, or to a chemical effect of o compound formation, no
such sherp-shonge in slope in the concentration quenching curve
would be expeoted, A possible explanation is that the meximum
solubility of the iron in the flux is rcached at the point of
inflexion. However the melts only began to appear inhomogencous
during fusion at very much greater concentrations of quencher,
No inhomogeneity could be seen at the lower concentrations when
melts were cxanined between slips of quertz in a polarising
microscope, (which might be expected to show up any non cubic
erystalline phase), We propose the explanatior that sonme
cxcited atates of uranium arc quenched, while others are not
quenched, Figure 4 shows the spectrum of the mercury lemp used
in the fluorinmeter ond Figuwre 5 shows the transeission curve for
the U,V, filtcr used, These shcow thet several wavelengths may
be involved in the initial cxcitations between 3000 and 4000 AS,
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Experiments weére made tc see if the quenchablc statcs ccould
be identifiecd, Quenching must ococur either during the lifetine
of the initially excited states, or during the lifetinc of the
fluorcscent states, If it is some cf the latter transitions
that ore quenched and some that are not quenched, then the
gquenching agent must alter the fluorescent spectrum effect
that has previously been rceported for some clements
Figurec 7 shows the flucrescent spectra of 100 pis of uraniunm
in sodium flucride meltsy, in the absence of iron and in the
prescnce of 25,7100, and 1,000 Mgs cf iron. No significont
alterations in linc positions or intensity could be proved using
a densitometer, spart from alterations in cverall intensity
which oppecr in Figure 7. Figure 8 showrs superimvmosced densitometer
records fronm ciosely motched exposures, There nay be o slight
reduction in the green end of the spectrum rclative to the red
when very large smounts of iron are present, but it is a
negligibtle effect in comparison to the overall reduction in
intensity, We conclude that iron quenches by encbling scme of
the initially excited states of uranium to drop dovm to the L]
ground state by energy tronsfer without stcpping at the metow ¥
stoble state, while other initially excited states connct so
readily trensfer their energy, if ot all, and continue to give
rise to the metastable fluoresccnt state,

== 1 R

QUANTITATIVE TREATMENT OF FLUQRESCENCE AND QUENCHING IN URANIUM PHOSPHORS

Normolly uranium fluorescence F is interprcﬁd u 1 cer function
of the concentration G,; of uranium atoms present 751 The
starting equation is of the form

F = Iog ¥y 9, - (8) y

where I as o proportionality factor depending on the intensity of
incident light, ¢q is o quenching coefficient arising from the inter-—
ference of neighbouring uranium atoms with each other, or with quenching
otoms, and ¢, involves the light obsorption of the melt as the wanium
or quencher concentration 0q varies,

ot
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For instanoce Bruningho.ua(18) hos

A

¢q = e"ktcu ?

ond Merritt(17) hos i
¢q = e"'krcu i:

4

ba = s f

k' + C, :

and Price“) who was the first tc consider theeretically gquenching by
ions other than uranium, hos

®q

1

1 (for the ronge of concentration he considers) ‘

g = Aok (G +Cq)
It (G + Gg)

These outhors moke no allowonce for differcent effects at different
wavelengths and in f£itting these equetions to experimental curves for
the dependence of flucrescence on concentration they conclude that the
factor ¢, due to abscrption is the important effect cver the range

10 to 2000 p.pems ond ¢q the interference effect is only operative
obove 2000 p.pets The eéquaticns also predict complete quenching as
Cq risecs (scc Figs G6c¢)y In view of the transmission evidence

st ed L.
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deseribed sbove, these conclusicns arc not corrcct. Eloborating
Mcrritt's cquaticns by o2llowing for different cffects at different
wavelengths, and by inecluding absorption and guenching by other ions
as well as wraniun, 2 genersl cquetion may be derived as follews; -

Let us consider a singic exeited uranyl ion in o melt centcining
a concentration Gy of uranyl icns and C, of quencher icns., Jccerding to
Forster's theory if a quencher ion is within a radius R, of the uronyl
icn encrgy tronsfer nmoy te frequent, ond if outside, infrequent. To
sirplify (in accordonse with Merritt) it may be supposed thot o
qucnching ion inside o sphere of volume ,v  surrounding the uranyl ion
will couse complete loss cf excitaticn o} 3avelongth A, cnd no loss
will occcur if the gquenching icor is cutside,

In unit volume the probability of one ion of g being outside a
volune \Vvq is

and the probobility of all quencher ions in a concentration Cc1 being
outside is for a single sphere

G
(1 - ’}‘,vq) 1

=G AV
= qA'q
=c when Aaq <<
Similorly the probability of other uranium ions being outside o sphere
of volume ,v, is

e-c‘l 7\.vu

and the probability that neither uranyl ions nor quenching ions
influence an excited wranyl ion is

=0,  V,, =04 .7V
e BAU _TYGATG

The number of uranyl ions in unit volume capeable of fluorescing is
therefore

c, e &

u
(7)
where o = Gy Wu * C(1 qu

Next consider the incident U.V, light I of diffcrent wove-
lengths A, JAssuming that the light is attenunted exponentially
through the melt, thc amount theot penetrates to a depth r in the melt
is

T, e-‘b;@:

vhere by, is the ccefficient of ebsorption of the melt to U.V. light
of wevelength A, The fluorescence will be proportional tc the anmcunt
of light abscrbed by cech uwrcnium ion i,e, to
by T
2Su I?\ c P (8)
chrg Afyu 15 the coefficient of absarption by uraniun,
I, ; The flucrescence HF, frcn a thin
layer dr thick of oreo s is then
/ / // // A= the rroduct of the cmount of light
’d:c ebsorbed per ion (Equation 8) ond
the nunbar of ions copable of

e



fluorcscing (Bquation 7) i.e.
. : o -
BFc =198y L’\' € X adre ¢

The fluorcscencc nay be absorbed in its passage through the melt to
the surface with a ccefficient be ond the final flucrescent intensity
dF is given by

““bfl‘

e

i

QF = GFc
HF = Aoy 18y In 02 67O gp
S S F A% Tu
vhere b = by + bp
If the sarmles ore effectively infinitely thick

o«
-~

O 4 bz
R A A =
s

» -
4#ey, Ay L}\. e

b

Now the absorption coefficient b will be the sum of that Gue to the
soattering by the sodium flucride P (proctically independent of wovee=
length in the relevant region), that due to the concentration of uranium
(3&y + p€y)0, ond that due to the concentration of gquencher (A8q * ¢& q)cq«
where the pe's are the absorption coefficients for the fluorescent

light (independent of the wavelength of the exciting light)e Fcr our
finel equation the total fluorescence F from all the different exciting
wavelengths is therefore

F

I

Aoy % 2o L _g;;'a (9)
where a = o, 9Vy + C(1 AVq

b

P+ (a8y + p64)0g + (-A.aq + fsq)cq

Values of the absorption coefficients £ may Ye read from appropriate
obsorption curves, Values of 4v can only be surmised from the spectral
regions in which the ions concerned are known to absorb end to lose
excitation. This may be expressed by adapting Forster's theory:=

3 é
Aq = _%J\'-Ro PR, «TF «8y 7\'8:1 (See Appendix 1)

— k4
or AVq = Kq /')\.Su ,}\’eq

AWVu = Ky afu

where the K's ore ccastonts for the icns concerned

10

Our transmission experiments suggest that when q represents iron

e = &g = 0

e
Ag T
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vq cannot hcwever be zero for all vaortues of A ond we can only conclude
thet while the fluoride ions prevent the ferric icns ebscrbing light,
they do not prevent the ferric ions absorbing < xcitation from neigh-
bouring uranyl ions in a fluoride lattice, In equation 10 e} will
therefore be given voalues conparable to these for the anbsorptidn cf
light in the cbsence of fluoride ions i,e, as in ferric soluticns.

In these circumstonces equaticn 9 reduces to the fellowing
cquations with the conditions showm:-

- 4 1
P g Cufleu I, c, & i (11)
A u
Gy % B
_ gy
Cq_ = 0

ise, proportional to G,, wherc conditions shown hold for all volues of Aj

P :AXI 32&01132;'7_ (12)

n A €u u
Og = O
ises indcpendent cf G;
F =0 c, 5 L
. u”? T,
o AP
\_’11 —
€u

i,e, complete quenching at high uranium concentrations;

F % 0 if ony value of .5 or = 0

A%u T aVu

i,e, incomplete quenching =t high uranium concentraticns,

'Fractional quenching ¥, by uraniun at high concentrations is
given by:=

Yy = € 2w - Ke ' Bne Su
u LzluIlP quP""AeuGu u]‘hP
Aq
X Oy << 7
— fad u
Vu = A%u B A%l Z'.\.eu o
s P+W¢:uCu 1S .
Gq =
Similarly fractional quenching by q is given by:-—
“’1 h
2\ o (1=ec quq), Cy << 1
: = A u T
Y1 A D (1)
% 7\.8;11 I?t. Gu KL p—

i.ee independent cf Gy

:
'
i
!
i



3

Equetion 14 reduces toi=

G L E ] h'i N 1
‘ﬂf QQ')\.‘CII?\.?\.Q_ c <<v (15)\

14 3. 1T

A Ahu I‘A.
i.es proportional to Cq
' A
Vg = 1 Cq >> 1
Vg

i.e, complete guenching

¥q # 1 if some values of yvg = 0
i, es incomplete gquenching.

Equetion 9 thus moy predict the flucrescence in all our experimental
conditions, Some measurcments have been made where both the uranium
and the quencher concentrations arc high, (i,e. outsido the conditions
of 14 ond 15 when ¥, is no longer independent of C,) and ogain as
-shown below the epproximate values predicted by ecuation 9 are obtained,
By fitting the various curves, arbitrary values of 4, an instrument
proporticnality focteor involving the area of sodium fluoride cxposed,
P the light scattering of sodium fluoride releotive to sbsorption by
wenium, ond the K factors of equations 10 moy be evaluated, From

the K factors the actual distence R, in the sodium fluoride over which
energy is transferred, may be calculated,

EX3ERIMENTAL , i

(a) The Fluorimeter

The measurcments of the fluorescence of the uranium melts were
mode in o lu?rimeter type 1080A which hes beoen fully described
previously 23), 1t consists of a U, V., lomp followed by a block

- filter (blue green) No, Chance 0X1,

The light is focussed on to the sample ond the fluorescent
light ofter a further filter to remove refleoted U.V, light, is
meosured in intensity by the response of a photomultiplier tube,

(b) Sempic Troys _

Somples were mounted in small platihum trf,gs 1" dipmeter and "
decp which have also been previously deseribed 5), .

(o) Phosphor

Sodium fluoride was used for the phosphor, This has the dis-
advantoge that it requires a high temperature for the fusion, Mixtures
of elkali corbonates have a lower tempcr?tt%*e of fusion but they tend
to give a lcwer rosponse in fluorescence 2 s they ore not easy to
moke homogcmfous, £ factor upon which precision has been reported
to depend 2 s and they %SLIF')'Lquesce fo give a varicble response if

L

~ cooled in the atmosphere

Many bronds of sodium flucride give a high fluorescence when
fused in the obsence of ndded ursnium, This appears due to (a) the
presence of minute quantities of ursnium in the fluoride and (b) to
"anite® fluorescence the cause of which is not yet clcor although it
ocon be seen with the noked cye, Brands that gave particularly low
blanks were "Merck" brand Rahway N,J, (U.S.A,% ond Boker ond Adomson,
Allied Chemical and Dyc Corporation, NoY. (U.S.A.) and these were
uged in a1l the experiments here reported, Varied senaitivity weos
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cbtaingd for wroaniwnm fluorescence fron different batches of sodiun
fluoride and figures were only comporable when nmeasured with the sanc
batch under the semc conditicns, The low blanks given by scme bronds
nay be due not cnly to low urcnium content but also to & high quencher
content which reduces the overall sensitivity in their use,

(4) Mcthod of Heating

Where possible the fusions were dene cver o bunsen flame in o
fume~hocd, The sodium fluoride (600 mga) was roughly measured onto
the troy ond heated until a cleor nelt was ohtained, it was then set
aside to ccol on an asbestos bcoard,

The fusion of high plutonium beering melts in open trays is a
heelth hazord which was overcome by using a muffle furnace in on
enclosed glove box, The furnace consisted of two ccncentrie silica
tubes, the inner wound with Nichrome V resistance wire and the outer
heavily lagged with asbestos.

It was found that somples heated in the furnace gave a lower
fluorescence responsc than samples heated in an open flame., The
response dropped steadily with the time of heating in the furnace,
This effect was attributed to contamination by silicen from the silica
tubes, which repidly become corroded in use, It was overcome by
lining the inner tube internally with o welded tube of 5/1000"
platinum sheet, The temperature of the furnace wos contrclled by a
thermocouple and a veriac resistance, After heating up, the furnace
was allcwed to cool to a set reading corresponding %o asbout 980°C,
The samples were then heated one at a time for 2% minutes (or the
shortest time for homogeneous fusion) and cooled rapidly by atonding
the troays on an iron plate, By this means fair reproducibility wos
obtained,

(¢) Treotment of Sample

In the initial experiments the synthetic wranium plutcnium solu—
tions, as nitrates in 4N nitric acid, were pipetted directly on to
the cleened troys and evoporated to dryness, The sodium fluoride was
then added and fused, The resulting phosphors were of ten noticeably
brown in colour and had a greatly recduced fluorescence, on effect
which could possibly be due to attack on the platinum. Removal of
the nitric ocid by evaporating the stock solutions to fumes with
sulphuric acid before adding to the troy effeoted an improvement,
Reproducibility in the results wos further impraved by first fusing
the sodium fluoride in the troy snd then adding the aliquct of the
sulphated uronium solution on top, drying, and finelly refusing,

(f) Details of Tronsmission Experiments

Initial experimeénts were conducted using sodium fluoride melted
between quertz aslips; but the fluoride rapidly attacked the quartz and
made the results of doubtful values, Thin. films of potassiun carbonate
nelts could be nade in this way but the concentration measurements were
oll made in sodium fluoride and again comporisons would not have been
useful, It wos found that thin flakes of sodium fluoride containing
definite concentrations of heavy netals could be made as follows:-

The fluoride and ferric or uranium sulphate in definite quontities
were fused in o platinunm troy in the usual manner until honos
geneous, The melt was then broken up, A suitable piece of phospher
was melted on a thin picce of smcoth platinum foil of small orea
(~ 1/2 cm?), On cooling the foil could be peeled away leaving an
intact flake, nbout 1/2 trick, This was placed across a hcle
about 4 mms, dianeter in opaque photographic paper and its corners
fastencd down with cellophane tape, Care was taken that the expcsed
part of the flake was as uniform in thickness as possible and thet it

A Om




ccmpletely coverel the hole,

An ircn sperk wes run ot 2,5 amps and 150 velts A.C, The light
was Focussed onto the slit of o mediun grating spectrograph by a
quartz medium focus lens, The spcetra were photographed on fast
penchromatic plates, £xposures were of the order 1 to 30 sces, for
the spark alone and 1 to 30 minutes for the light ofter trenamission
through the soium flucride. The latter was placed right up cgainst
the slit.

after developing, the spectra were read in a Hilger sutcmatie
rceording Censitoticter, The plates wrerce oalibroted by cxpesing to
the light of the iron spark after tronsmission througha rotating
logarithmic sector, The line densities were then measured in $he
densitomcter under the same conditions as the densities on the seampls
pletes were neasured, The log of the intensity was plotted against
the densitometer rcadings for selccted lines along the spectrun,
Separate characteristic curves were made in the regioms €200 to 4000,
4000 tc 3000 and 3000 to 2500 A°. Spectra of different exposures in
vhich the unabsorbed perts were of about equal density were chosen for
conparison, The differences of the logoarithms of the intensities arc
plotted in Figures 1, 10 und 11, The log intensity scale is thc same
far coch grophg; but it is arbitrory ond has been adjusted in Pigures
10 and 11 so tnat zero corresponds to zero abasorption,

(g) Details of Fluorescence Spectra Measurcments

Platinum troys containing flucride with varying quantities of
iron and uwraniunm were prepored in the usuwal wey, The trays were then
clemped facing the slit of a small prism gpectrograph about 1 cm.
owey. s UVe Wocds glass lemp situated behind and et the side of the
slit was then shene onto the tray and the spectrum of the diffused
refleocted light exomined visually. The spectra were also photographed.
Densitometer reosdings of the spectra were obtained@ and by choosing
suitable exposures curves could be bracketed for the purpose of com—
porison s showm in Figure 8,

RESULTS
(a) Uronium alone

Table I shows o typienl set of readings taken for a coalibration
run to determine the variation of fluordscence F with the urenium Gy,
cf the melt, The readings were here tcken on 6 seporate trays, each
tray being reod twice in two different positions in the fluorimeter.
The blank was read twice before addition of the uraniun wnd subtrooted
in &1l ncasurcments, The mean F of the N results for cach quantity
of uranium together with the standord deviation o of the average of the
two observetions on ecch tray as given by

0‘2 _ \(F'-F)z
TN =1

is shom in Column 4, The veriance ¥, or root meon squerce fractional
stendard deviation is given ot the foot cof Colwsnk, Occesionaily (1 in
60 in Table I) readings were found which were greater thon 3 times the
expected stondard deviaticon from the meon and thease were rejected,

Teble IT shows o similer set of data taken throughcut o much
greater range at high and lcw sensitivitices, The detailed obscrvations
ere not harc recorded; but the standard deviations cniculated as for
Table I are shown,
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(b) Piutcnium Quenching

Tables ITT to VI show results sinilar to these given in Teble I
but here different cnounts of plutcnium are also present, The f‘igures
in Tobles IIT and IV werc chtained using the furncce with an exposed
silica tube, Thosc in Tables V an? VI wecre obteoined with o plat:mm
line? furnacc, Each figurc is again the nean of the obscrvaticns cn
6 trays. 1ln Tcble VI the low reading obtained for 200 pgms. of plu-
toniunm in thc absence of added uvranium shews that the plutonium was
not apprccicbly contonminated with uraniun, The same batch of plutcnium
was used throughout.

The figures in cach Table, incliuding the twc sets in Teble II werce
obtained at differcnt periecds cver severel nmonths ond as the sensitivity
of the instrument changed, eithcr by change of lomp or alterations in
its position or internsity, or by alteration cf the EHT to thc phcotc-
multiplier tube, the tables must be compared by referring to the
fluorescence of a fixed guantity of uranium in the absence of quencher.

(¢) Ircn Quenching

o further set of figures was obtained using iron as a quenching
agent instead of plutonium. Solutions of ferric alum in aprrox.
0¢5N sulphuric acid were made up and pipetted with wranyl sulphate
in anounts of 0,05 to 0,5 mls, and measured os in the procedure given
for plutonium, Results obtained are given in Teble VII, Each column
represents a run and the figures are ecdjusted herizontally for
sensitivify by the readings of a standard soluticn measured with each
run, The percentage quenching caloulated from Teble VII is shom in
Table VIII,

(a) Saturation of Photocell

The monner in which the uranium flucorescence reaches o maximum
as concentration increases could be due to a saturation effect in
the photocelly, This was checked by cutting down the light from the
U.V. lemp with a pin-hole opague disc placed in front of it. The
total fluorescence was reduced by a factor of more than 10 but the same
fluorescence curve was obtained with altering uranium concentration
as that obtained with the full U,V, light, showing that the effect
was not duc to photocell scturaticn,

(e) Infinite Thickncss of Semple W

Irn the thecoreticol section we have assumed that the sample was
infinitely thick to light., This point can be checked experimentelly,
I there is no lcss of light witb increessing thickness of melt, the
fluorescence should be proportionel to the amount of uronium end
independent of the amount of sodium fluoride, If the melt is
infinitely thick to light, the fluorescence should be proportioncl to
the concentration of urenium, Figure 9 shows the fluorescence of 1pugrm
of uraniun in differcnt amounts of sodiun fluoride, The fluoresccnos
is nearly proportionel to the reciprocal of the amount of sodium
fluoride i.e, to the uranium concentration, This Zs not precisely
true and we conclude thot in scme ports of the tray e.ge at the edges
ond in the middle the melt is not elweys infinitely thick to light,
This wculd be a marked effeoct for small amounts ¢f sodium fluoride,
but it appeers that infinite thlckness may be assumed for the anounts
used in our cxperiments.

(f) Grophs ond Numcrical Deductions

The results in Tobles I and IT ore plotted in Figure 12 to show
the fluorescence in the abscnce of quenchere The red c+1on in

Plucrcscaence oftor the moximunm confirms previcus workh )c The
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values of Tebles V ond VII are plotted in Pigure 13 to show the reduc—
ticn of fluorescence with cifferent omounts of iron and plutonium,
Mthough the points for plutcnium are rather scettered they confirm
that at lew uron’om cencentraticns a linesr relationship between
fluarescence ond uranium ccntent holds in the presence of different
amcunts of quencher,

Pigures 6a, b and ¢ shows the percentage quenching by diffcrent
concentrations of quencher at fixed concentraticns of uranium,

In Figures 12, 13 and 6 the full lines are the thecretical curves
es given by Equation 9 using the velues for the various terns as set
out in Table IX, The rclative intensity cf the lamp at different
wavelengths (col, 2, Teble IX) has been obtained from the densitomecter
plot of Figure 4, using plate ceclibraticn curves os previcusly
described, The intensities were multiplied by the width of the lineca
measured in rms. on the densitomcter chort sc as to give the integral
of the total amount of light in ony wavelcength region, The continuum
in the region of 331 A° was measured in the sane woy and added to the
3341 A line intensity which considerably augmented the total light
in this regiong Thec percentoge transnission of the U.V. light filter
(cole 3, Toble IX) is obtained diregtly from Figure 5. The product
of colurnns 2 and 3 gives I in cclumn 4. Relative values of 7‘_8“

sol, 5.; are read direct from Figure {0, Absolute values of e
gool. 6) werc obtained from the sbsorption of ferric iron in solution
os given in Figure 3, To cbtoin the quenching curves the volue for

650pe hod to be reduced fram that of the full line to the value thmg
‘gy the dotted line. This reduction appears permissible because 3650 A
is at the skirt of the absorption peak and we are in any case extraw-
polating fram light absorption in aqueous solutions to energy trensfer
in flucride melts,

The poramcters used to fit the graphs are:w

A which is obtained from the limiting volue of the fluorescence
ot its maximum value (Pigure 12, Eqn, 12),

P which is given by the lineor slope of the curve in Figure 12
" before uranium absorption arises (Egn, 11).

Ky is obtained from the uranium concentration at which fluore—
escence drops off after the maximm (Figure 12, Eqne, 10 ond
12), on cffect that caonnot be dus-to light sbsorption.

Kpo is obtained from the initial slope of the quenching ~urve
(Figure 6b, Eqns, 10 and 15),

DISCUSSION

Merritt's theory cven cs elcborated ebove is clearly over simple
and no good agreement between thecry ond experiment can be expected,
The laws that hold for transporent media have been applied to a dif-
fusing medium where they oare unlikely to be true, In Equation 9, b
and in turn P depend on the light scattering properties of sodium
fluoride melts and it is olmost cecrtainly this factor that is respons-
ible for the very veriable results thot are cbtained for different
conditions of fusion,

&s shown in Figures 6 b cnd g, the quenching action of plutonium
is very similar to that of iron, exccpt that the initial slope is
steeper. This indicates that plutonium abscrbs encrgy over the same
renge as iron, but more rendily. The obsorption spectra of PulV in
aquecus solutions is suppressed by flucride ions, and in thc absence
of fluoride both PulV ond PuVI light sbgorpticn rises atccply in the
region of 3500 A” like that for ircnl<®J, Assuning that the transfer
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substituticn in Equaticns 9 and 10 pives the curve in Figure 6cs From
the values of Ky Kp,, and K, the calculated volues of Ry {Bquaticn

10) ore shown in Table X (echiverting fren litres per gram ncle tc

cubic cngstroms per atom), This is the distance at which removal cf
gctivetion from 2 uwranium ion by o neighbcuring ion becomes as probebie
as remcval by internal denctivaticn tc the metastable fluorcscent

state, The figures in Table X moy be compared with the veluc of 60 4°
for acriflavinc tc rhﬁlﬁ?ine('l 0151, 00 A® cr more" for tronafer between
chlorophyll mollc;cj,é.llszs and velues between 120 ond 400 A® for transfer
in mecroury vopo 0), 1t would be expected that transfer might occur
over greater distonces in o rigid erystol lattice than in soluticn, or
in organic crystals; wherce 1lcosely bounc cleotrons arise.

The low values for uranium transfer cre interesting, In Fcrster's
theory the neighbouring uranium atam would accept the activation cnecrgy
of the initislly activated atom and itself be flucrescent so that the
total fluorescence is not reduced, i.e, in Equation 3 (appendix 1)
where "1" and "2" are both wranium

Tyt My, =M

The suggestions of Goodeve and Frcnke1(13’12) appear nore adeguete
i,e, thet loss of energy occurs in the troansfer proccas itself, This
con erise if there is a change in the mean position cf nuclei in

excitation as indicated in -
Diagrom 1, tecausc some of the

EAN POSITIONS :nergy would be lost at each
OF NUCL.EIl. srensPer as kinetic cnergy of
doticn (heat), Then the preater

the number of tronsfers (TF in
EXCITED Forster's theory) the greater would
STATE. be the probability of quenching,
Forsterts Equations 3 ond 4 (in
Appendix 1) do not predict this,
OUND STATE.  v,ut reach a constont value as TF
increases, and therefore cennot
oredict self-quenoching, Thus our
values for R, suggest speculaticn
that self quenching only arises
when the distance between neigh-

I bouring uraniun atoms is
__-L—-_‘ sufficicntl 8.1
y small for very
DISTANCE BETWEEN NUCLEL frequent tronsfers to ocour,
DIAGRAM. I, hereas quenching by other ions
T — ocours at larper distances

when a single tronsfer cen occur
durine 4l life-tinc of the excited state,

Table X1(28) shows infarmation available cn the quenching ability
of other clcments, These have been arranged to shew the order of the
amount of initinl gquenching per atem, It might be expected that
factors other than those considered in this report such as changes in
mutual solubility, cnter in when the less sensitive clements after
say coppcr, ore involved. Foy ingtance, enhancement by aiuminium and
antimony has been rcported(zz'- « This report predicts that elecnents
with U,V, obsorption spectra spreading into the visible would tend to
produce nearly compiete quenching, whereas thcse with high U.V.
abscrption, but no absorption in the near visible; would give high
initial quenching, but inccmplete quenching as the concentration rosc.
At the bottem of Table XI the first 12 eclenents as for as the evidencc
suggests ore arranged in order of their obility to guench completel:r,
and it is notewerthy that the elements at the cnd of this list include
those with absorption thet spresds intc the visible, whercas silver
and lead which are colcurless in the visible, head the list,
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CONCLUSICN

Evidence has been produced ts prove that iron does not quench by
a light abscrption process. The alteration of fluorescence with
concentration ie explicable by assuming that ircn and plutonium quench
some excitations, but not others, by radiationless encrgy transfor,
while uranium ocouses self quenching initially by light absorption
and at higher concentrations by enerpgy tronsfer, Other clements may
quench by U,V, light abscrption, by fluorcseent light absorpticn, or
by energy tronsfer, and the original equation of .dcrrltt has been
developed to meet these pessibilities,
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APPENDIX 4
SUMMARY OF FORSTER'S THEORY OF RESONANCE TRiNSFER (16), (19),

Forster gives a occmplex mat! matical trectrent of the transfer of energy
between excited sentres, of which these are the main features,

The wave function §(w) of a molecule or ion_excited with energy Wy in
theory sprends to infinity and the probability ¥2(w) of finding the cnergy
decrenses os the distance from the excited centre increcses, In Firster's
theory, if there is another oentre which eon reccive excitation encrgy of
the some volue w, then the probebility of the excitation encrgy pessing
from one centre to the other is a function cf the mmount of overlap cf
the wave functions (i.c. of the distance betwrcen the two centres) and of
the degrec to which the energy levels of the two centres match cnch other,

}

vaw

The idea is applied to fluoresoence as follows:e

p (1-,) is defined os the prcbability of o fluorescent centre k
possesglng its activation at time t ofter activation; and Fiq as the
number of tronsfers of activation from centre k to centre.l in unit time;
Fyx 08 the number of transfers back again; and T the meen life of centre
ke In the obsence of transfer,

_d%%(t) - ,;pk(t) 0(0) = 1

o F

i

P, (+)

= ,} + L where ﬂ‘l’s is the probability of fluorescence

8 in unit time, and L is the probability cf
losing aotivation by radiationless processes,

S

In the presence of neighbouring atoms 1 the fundemental equation is

dpy (%)
dt

= % Fkl iPl(t) - Pk(t)} "‘l;" Pk(t)° Fkl = Flk (1)

" The three terms on the right in this equation represent the rate of arrival

of eotivation from neighbouring 1 atoms; less the rate of loss of astivation
to neighbouring 1 otoms, less the rate of loss by an internal process (as
flucrescence or heat), The summation is for all the 1 atoms surrounding
atom k., The fluorescent efficiency is given by

t = co

" = py(t) o (2)
t=0

In the simplc sase,cf an initizlly excited atom 1 in the presence of an
unexcited atom 2 Fcrster integrates (1) and (2) and obtains

I’I‘I+TF - ,"‘!«1 (3)
S Mo T’Z“n\um‘

\

-a1-=
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wthere m 1s the fluorescent efficiecncy sthen no transfer is possiblc, These
equaticns shov that when Tieed (fow transfers during the mean 1ifc) there
is low intcraction and thc cnergy cffcetively stays with cach contre, wvhen
TES»>1 the energy is with centrc 1 for pert of the time and with contre

2 for part of the time, and the flucrescent of cach is reduccd.

In applying Equation 3 he considers £ whkich is the average nunber of
1 atoms inside o small voiunc v,

vihere N' is Awogadros nuamber, ¢ is the concentration of 1 and V is the
total volume per moie, The probability cf an ctom of 1 lying outside a
voluie v is then

NY
(1 --:;') = 0-'g

Applying (3) the totel fluorescence quenching for all atoms is

: T 1+TP £
= | ———— c 7 & 4
n’l ‘5‘ 1 + 27F (&)

where the integration is for oll the different sized little vclumes ve

Now in Equation 4, F, the number cf transfers in unit time, is itself
o function of thc distance between k and 1 (i.cs of E)s This function is
worked out from wave mechanical considerations in which the following
appecr to be tne main steps. The probability of transfer is & function of
thc square of the combined wave function for the two centres

e ez

ety = [ L halie
=0

i 2
F dw

¥ (i’:k wﬁ) flcpends on the volume in which the energy is spread
i,eq ON £3° ond Forster eventually arrives at

F =.1_{39_>6

where Ry is the actual distonce and R, is o oritical distance "at which
the energy trensferred falls below the activation energy", This high
pcwer dependence on radius justifies the sphere of action pre-supposed in
Merrittis thecry of quenching. R, is a function of the energy levels
concerned ond is connccted with the extinction coefficients e(w) cof the
fluorescent and absorpticn spectra by an equation cf the type

W=

’ Ro6 " elw) e''(w) aw
L
W=0

(i.e. the greater the cverlap of the spectra at cach value of W, the grenter
the number of tronsfers),

Forster does not develop the theory for quenching in crystalline
natcrials, but applies it to quenching in sclution. He illustrates it by the
action of rhodsmine on the fluoresccnce of acriflevinc sclutions, for which he
eoleulates the valuo of Ry to be of the order of €0 A° from chsclute unitse

D
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TABLE TT

FLUORESCENCE AND URANIUM CONTENT

L ; . . Mean
prosont |of rays Pluosineter|Siendard | fC [Fluori-| Stendara
ugrms |measured| Readings Imea.sured: Reading
F x 10% o 2 104 ¢
05! 6 .208 025
A0 6 ATh .030 i
51 6 .607 0L6 |
20| 6 .881 .096
25 6 1,03 o122
0.5 6 1454 <164 6 0,0627
10 6 3,61 .39 6 |0.0978
1.5 6 5.57 «76
2,0 |+ 6 7456 34
2.5 | 6 9453 33|
5,0 | 6 17,7 | 2.4 6 |0.528
10,0 | 6 1.8 - 6 10,99
15.0 6 “45.9 4.5
20,0 6 550 6.5
25,0 6 6143 ko 6 1,70 +28
50 0 3,22 25
100 b k56 .21
200 b |6.49 6
500 8 |[8.02 .68
640 | 10 |9.24 40
800 10 |9.37 | .59
800 6 (%10 1 .8
900 | 6 |9.6" i 1,0
1000 ' 6 19.0 | .6
2000 K 6 16 ! .8

. ' 106 : .082




TABLE ITT

QUENCHING BY PLUTONIUM (Silica Furnage)

Urenium Readings in the Presence of Plutonium x 104
Present
HEms, Oy gms, Pu | 5u gms, Pu | 10y gms, Pu | 20y gms, Pu
0.6 1.41 £ 0,21 0.93 £ 0,28 | 0,811 X 0,13
1.2 2.79 io«;zll- R 2'67 :'-. 0.27 2.50 10017 1. 3 i001l|'
2.4 5:51 2 0.75 1 549 £04 3| 4e50 £ 040 | 3437 £ 0,31
¥y = 0.137
Result on ane tray outside 3y and rejected.
TABLE IV
QUENCHING BY PLUTONIUM (Siiioa Furnace) ‘
Uranium Readings in the Presence of Plutonium,pgms. of Pu x 10%*
Prosent :
ugms. ) 5 1 10 20 30 40 e
2,0 F.YO X 1,20{5.,47 £ 14143430 £ 1,27|4,00 £ 0.7] 3,20 £ 0,43 [3.30 £ 0,35 E
, :
v = 0,22 {
11
i
TABIE V  ~

QUENCHING BY PLUTONIUM (Platinum Furnace)

Uraniun Readings x 10% pgms. of Plutonium
- i R 0 10 20 s
' 0,50 2.6 20,1 2.0 0,1 1.5 £0,2 ’
0.75 307 £0.3 2.4 % 0,2 244 £ 0,2
1,00 4.6 £ O3t 3.5 £ 0.2 3.6 % Ouk
' 1.25 6.5£0.3 | k210 3.7 £ 0.3 |
7.9 £1.6% | 49 £01% | 3.1 0.5 |
8,3£0.6 | 5.9 £04% | . k5 £ 0.8 -
0.15 010 0417 ! ;

*Chenge in U.V, lamp. Alteration in |
sensitivity allowed for, '




TABLE VI

QUENCHING BY FLUTONIUM (Platimum Furnace)

g:ear;i;{ltl Readings x 10% ygms, of Pu 5
|_pugns, 0 50 80 200 1000
0 0.043 * 001
1:0 boly approX, 2
) 2,0 5.4 ] 2,55 £ 0,4 -
2.4 6.5 2,88 % 0.3
2.8 7.6 3.18 £ 0,85
3.2 | 8.6 3.32 £ 1,2
3.6 9.7 3432 £ 0,73
TABLE VII
QUENCHING BY IRCN
- Readings by 103
We;i*:egm Weight of Urenium pgns,
pgms, 0,5 1.0 10 100
0 0,580 £ 0,27{1.11 £ 0,09 [10.0 £ 1.5 |46.0 % 5.3 Normalised
5 0.525 £ J041]0. 949 2 0,096| 8,27 £ 0u55|11.8 £ 3 B
‘ 10 0,430 % ,025{0,778 £ 0,120| 7.99 & 0.77|38,0 # 2.8
25 0,385 X ,05310,675 £0,092] 5.46 * 0.42 3he? X 542
56 04272 £ 4016|0553 £ 0,060 4e98 £ 0.37|32.,9 £ 2.4
100 0,246 % JO4BI 0,462 £ 04059| 475 % 0.40|26,3 % 2.1
500 0.160 % ,023(0,322 £ 0,026 3.94 # 0,10[24.0 + 3.0
1000* 0,242 + 0,060 21,1 % 2.5
N “Separate

phase of iron oxide beginning to appear




TABLE VIIT

PERCENTAGE QUENCHING BY IRON

Weight of Weight of Urenium pgrms.
Iron Present p 1
LETS o 0.5 «C 10 100
5 - 9,48 14,8 17.3 9.1
10 25,8 3044 20,3 1744
25 3345 3845 44,0 245
50 53,1 5241 50.2 28.3
100 5746 58,6 5246 42,8
- hoo 1242 71,0 60,6 47.8
1000 7843 S5he2
TAHELE IX
NUMERICAL TERMS FOR EQUATIONS 9 AND 10
Relative '
Intensity | % Transmission I 2&q A%Fe
Ao |of light |of UV, Filter| "M | p 40y | (Fig.3)
A” | from Lamp (Fig. 5) (Ref, 20)
(Figné-l
3021 | 0,19 1 0,20 1.3 2500
3311 0.296 30 8.9 0.8 300
3650 0.560 55 30,8 0.28 +003
LOL6 0.520 1 0,52 0.15 0 |

A = 0,26 x 10l (Instrument Factor)

P = B,4x 10~4 (Extinction of sodium fluoride
relative to g,, calculated
for molar concentration of
uranium),

K, = 11 (litres per gram molecule of
uranium),

Kpe = 45 (J..itres per gram molecule of

iron ).

Weight of melt 0,6 grams

Volume of mwelt 0,21 mls,




TAEBLE X

DISTANCE OF ENERGY TRANSFER CALCULATED FROM QUENCHING CURVES

(Equations 9 and 10)

A Ro in Anstrlm Units |
A° Ureniunm - Uraniun | Urenium - Iron | Urenium - Plutonium
3021 18 100 160

3125 17 oL 150

3341 15 65 105

3650 10 16 26

LOL6 6 < 55 <9

Distance N& - F in ionic cubic lattice 2,3A°



TABLE XI

QUENCHERS (Reference 28)

dmount nccessary | Amount neocasary | o .. oo
I
Ag 0.1 20 200
b 0.1 5 0
Co 0,2 2 10
Ni © oz 20 100
or 0.2 2 0
Pu 0.2 b 20
™ 0.25 75 X
Pt 0.25 2 “
Mn Ok 2 >
h 0.75 745 10
Fo 1.0 20 20
Cu 1.6 —
n 4,0 20, 5
T 10 100 10
Mg 20 260 13
W 25 |
NOZ5 50 300 ¢
€107, %0 1% ’
Mo 100
Sp 110
ca 230 34,00 15
510, 350
Ba 360
BO#!5 1400 9800 !
1 3000

4th Column Order Ag Ni

LU

it

Value 500 100 50 30, 20 20 20 10 10 10

Pb Au Pt Pu Fe Th Co

Cr ¥Man Cu

5 5
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