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CALORIMETRIC DETERMINATION OF THE TRANSITION ENERGY OF URANIUM-235m-
Barbard Ellen Bailey Culler
Lewrence Berkeley Laborsatory
University of California

Berkeley, California S4720

August 1971

ABSTRACT :

The isomeric state of qranium—235 deéaYs by internal conversion,
‘emitting eléctrons.of extremely low energy. Hence, the trensition energy
isbdifficult tﬁ»measure by.conventicnal means. A microcaloriméter was
designed and conﬁtructed to measure directly the hegtfpfoduced_by the
decay. The value obtaihed for the transition energy was 572 * 33 eV.

| The half life for alpha decay of the isomef was-calculatéd_to be
_5.9 X 108 yéars. In addition £he prébaﬁility of Coulomb excitation of'
the isomeric state by interstellar protons was éstimatéd and found to
be negligible. Theée two results eiiminate a poséible uranium-235
reﬁqvél mechanism in space, and substihtiate the‘use.of the ra@io

23-SU/.238U to determine the age of the galaxy.
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I. INTRODUCTION
For several years a puzzling anomaly appeared to exist in the
alpha decay of plutoniuﬁ~239 to uranium-235. Favored alpha_decays of
odd—A_nuclei such as plutonium-239 poﬁulafe levels in which the sbin of
the unpaired nucieon remaihs unchanged. Since plutonium—23§ has a_ground

state spin of 1/2 , one:would. expect alpha decay to a 1/2 state in

uran1um—235 . However, the ground state of uranlum—235 is 7/2 , and there

is no obvious gamma tran51t10n between & 1/2% level and the 7/2 ground
_statea This suggested that plutonlum—239 decayed to an excited state of
uranium which had either-a very long half life or very low energy. But

‘an E3 transition in-.anvactinide is unlikely to have a long half life. .

This was confirmed by Huizenga, gz_gi.,l who compared the optical spectrum

cf uranium-235 separated from & ten;year\old sample of plutonium—239
with tﬁat of normal uranium. They were able to set an upper limit of
fOur months on ﬁhe transition half life;

Shliagin, in 1956,2_found 2 keV conVefsion,electrone, end in
1957 Asaro and Perlman3 reported conversion electrons of less than 1 keV
vith avhalf life of 26.5 * 0.2 minutes. Nearly,Simﬁltcneously, Huizenga
ﬁg&.h determined a half life of 26.6 * 0.3 minutes for very soft con-
version electrons. ' |

Using an integral single-retafding;field eiectrostgtic'analyzer,
Michel et al. 2 reported the,eiectron spectrum shown in Fig. l.' The
source was prepared by. collecting re001l nuclides from.a thin plutonium-
. 239 deposit. The samples were collected on foils of several different
metals, using variouS"negafive potenﬁials to deéosit the ions which»had

dissipated their recoil energy in air.
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The urahium-235m conversion electron energy was also investigated -
. ¥
by M. S. Freedman gglgi.,s using both electrostatic and magnetic spectros-

copy. The source preparation, using 8 mg of plutonium-239, was basically

similar to that of Michel et al. The upper limit of the transition enérg&
was reported to be 23 eV. » |

More rééently, Mazeki and Shimizu,7 also using the elecfrostatic
retarding methoa on a sample of;uraniuﬁ-235m prepared by recoil cdlléction,
obtained a transition energy of'30 + 3 eV.

Finally, Neve de Mevérgniesa_has repeated the experiﬁent wi@h -1
morebactive source- than thoée used by Frieedman et al. and by Mazaki and
Shimizu, and has ébserved 8 cut-off near 65-eV. Adding the work function
of platinum, on which the sample was.coilected, and the probable electron
binding energies, the transition erergy is calculated to be 73 % 5 ev.

. Several poihts should be noted concerning these.four results.
First,‘all fbﬁr depend upoﬁ'a mass-free sgurce_of uranium—235m from'which‘
the electrons can escape withou£ serious energy_degradétién} Since most
of the electrons observed in these experlments had energies less than.
1 eV, this condition has not been met Furtherumre, Michel et al. noted
that the shape of the curve in the medium energy region could be changed
slightly by varying the condltlons of recoil collectlon partlcularly the
surface treatment of the collectlon foil and the acceleratlng voltage, a
further indication that sample perparation is a crucial factor in the
results. - . .

V 'Secondly,vthe-higher end_poiﬁts observed by‘Michel et é;..and
de Mevergnies.were obtained from much more active sources than those used

in the two experiments which resulted in a lower energy, suggesting that

..

the actual end point of the spectrum perhaps has not been seen in any -
of these measurements--that electrons of higher energies are simply too
few in number to be detected.

This hypothesis could also be inferred from the third point,

namely that the spectrum of Michel et al. had several data points of

low intensity beyond the TO eV cut-off. These points were attributed

" .at the time to instrumental noise.

No further refinements in instruments, however, can ailqviate
the fact that determination of the tr#nsition energy ofruré#ium-235m‘ﬁy
direct measurement of the electron energy.is limited by the‘inabilify to
obtain in sufficient quantity‘electrons undegraded in energ&.

The véry;fact that so much of'tﬁe electron energy is absorbed
within the sample suggests a totally différentvmeans of measuring the -
transition eneréy-—calorimetry. Here, the experimental -difficulties-

of the spectroscopic method may be utilized in a positive menner.

-



II. CALORIMETER
A. Introduction
1. Fundamentals |
| Calorimetry has been used extensively in the study of nuclear
phenomeﬁa. It has the advénﬁages pf‘high accuracy,_direct'interbretation
of data and versatility; it is possible to measure activify, half life;
disintegration energy .or mass of the sample. Howevér, conventional'
calorimetry isvébviously out‘of the ques£ion for the determination of the
transition energy of uranium-235m, since the amount of heat produced by
' fhe.decay of the isomer is so very small. Assuming.a transition energy
of 70 eV, a sample co,ﬁtaining_lolz d/min (the. expectéd yield in this
'experiment) will pz;_oduce 2.7 % 10"6 cal/min; or 1.9 x 1of7 watt. |
. An exceptionally sensitive calorimeter is required,'oﬁe whose .
heat capacity. is kept. as low as possible. In the limiting case the heat
detector may be made to ‘function as the ‘calorimeter vessel itself.
A Wheatstone:ﬁridge calorimeﬁer was chosen for ﬁhé.ﬁeasurement.
In this type of calorimeter one or two arms of the bridge'are deﬁices

whose resistance changes with temperature; the imbalance of the bridge

may then be measured and related to this temperature difference, and if

- the heat capacity of the system is known or can be calibrated, the total

amount of heat produced in the radioactive decay is réadily calcplated.

2. Wheatstone.Bridge Calorimeter
The calorimeter designed for this experiment basically consists
of four preciéion'resistors of known value and two thermally dependent

resistors arranged in a Wheatstone bridge circuit with a galvanometer

connected across it. A varisble precision resistor is.placed in paral-
lel with two of the known resistors to compensate for small differences
in resistance. Figure 2 illustrates the basic circuit.

When & sample of uranium-235m is placed on one of:the heat-sensi-

.tive resistors, the self-absorption of the soft electrons within the

sample and fesistor will change its tempefature and thefefore the
resistance of that arm of the bridge. The bridgé must then be rebalanced
by the varisble resistér. As the activity dies away with its 26.5 minute
half life, the resistance of the sampie—containing device will .change

accordingly, and the resulting imbalance of the bridge may be measured

. as a function of time, and related to theuenergy dissipated within the

sample.

. 3. Thermisgtors

Thermally dependent resistoré, or thermistors, are devices which
make use of the large temperature coefficient of resistivity of semi-

conductors. Whereas the resistivity of a metal rises with increasing

' _temperature, s semicondudtor has a negative coefficient of resistivity,

or a decrease in resistivity with increasing temperature. Moreover,

semiconductors are much more sensitive to temperature than metals. For
insﬁance, a typical metal, starting from room temperature, will double

its resistivity if the temperature rises about 300°C. However;'seﬁi-.

conductor materials can be prepared whose resistivities will decrease to

half their initial values if the temperature rises only 18°C.9‘



'B. Calorimeter Design

1. Early Designs

a. A.C. feedback bridge. A bridge similar to that described in fig. 2

was‘cbnstrucﬁéd. Rl and R2 were wire-wbund»resistors of 21.5 K,.R3 and

Rﬁ were wire wound resistors of QK, and the variable resistor was a

20 kﬂ-Helipot. The galvanometer was used to detect the imbalance of.

:‘the bridge due to the decaying uranium-235m-and to feed back an appiopriate
20 KHz signal to the samble-holding'thermistor. In this way the thermistor
would be heated éufficiently to compensate exactly for the decaying power
output of the sample. The amount of radio frequency power needed.to
baléﬁce the bridge Qas'measured as a function of tiié. The responses -

of several different designs of this type were»#ery slow and none‘tdo'

smooth, and all were inadequate for the measurement.

b. "KQED effect”. In the course of these tests it became apparent that
certain unknown factors were causing a severe instability in thé calorim~
eter, as indicated by a very errétic'recorder tracing of power vs. time.
It was shown that the problem was related to the.temperattre sensitivity
of the thermistors, since a smooth tracing was obtained if the thermistors
were replacgd by metel film resistofs. Walking near the appératusiwhén
the péwer to the bridge was turned on produced majpr_défleétions; Since
‘static electricity aid notlafféct matters, it seemed likely thet radio
>ffequency fields were being picked up by some éart of the apparatus and
power was .being diésipﬁted ih‘one or both thermistors. A sensitive
radiovréceiver éoupled ﬁd.the bridée showed the presence bf_strbng M
gndvfelevision signals. The local educational television: station,.

at 186 - 192 Mz was strongest and was of the order_éf 1 mV on

=

8-

XBL7I18-4041

Fig. 2. Basic circuit for Wheatstone bridge calorimeter.

s

-
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the left thermistor. The trouble was eliminated by more careful
grounding of the double-shielded cables connecting the galvanometer and

the thermistors to the rest of the bridge;

2. Final Design and Circuit Diagram

It was decided to make the measurement in a completely different

fashion. No attempt was made to keep the bridge balanced, but the_mirror—

- type galvanometer was kept in a null position by allewing the light beam

reflected from its mirror to impinge on a cadmium-selenide photocell,
which functioneéd as a variable resistor between the galvanometer and a
battery, ailowing Just ehough current to flbw through thé galvanometer

coil to keép the. galvanometer beam in a fixed position very near its

 Zero point. 'The magnitude of this current was proportional to.the -

bridge imbalance, and was recorded as the calorimeter output signal.
This system worked very.well. The final circuit diagram of the calorim-

eter is shown in Fig. 3.

a. Thermistors: The arrangement and function of thé_components of this

circuit will now be considered in more detail. In the block marked "1"

are the two thenmistérs.

Thermistors may be made in & variety of sizes, shapes and

electrical properties. A very small bead thermistor is required for the

- Wheatstone bridge calorimeter to minimize the heat capacity of the -

insﬁrument. The thermistor choéen is described in Fig. k.
If such a thermistor is placed in an evacuated vessel and is at
a temperature higher than ambient, heat will be lost by conduction along

ﬁhe leads, radiation from thé bead and leads and by convection.

-10-

Fig. 3. Circuit diagram of Wheatstone bridge calorimeter.

YEL 71I-4077



Fig. b,
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0.4l mm

XBL718-

O 26mm
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Leads are 0.025 mm platinum~iridium wire, about 1 cm long

density: 2.5 g/cm3

mass: 3.6 X lQ_5 g ‘
heat capacity = C =1 x lO_5

3.0 x 1073

4

area of bead = Ab

cross-sectional area of each lead =

Description of thermistor bead,

cal/®C

emS (assuming eliipsbidal bead)

A= h.g x lQ-6 cm2

Veco 31AT, Victory Engineering Cd._-

" system is evacuated. The total rate of heat loss is thus - ] *

=12~

Conduction and radigtion from the bead predominate. Radiatiocn from the
leads is negligible because their surface area is muchiless thah that 6f

the warmer bead. Convection losses are also negligible because the

Hp =Hg+ 8z - ' - B

where Hc-is the rate of loss by conduction and H_ is the rate of loss by

R

radiation from the besad.

HC is given by twice the usual equation, since there are two

leads.
=2 KPt Al /L s
where'KPt = thermal conductivity of platinum-iridium alloy

8 = temperature above ambient in °C

=
f

length of lead

Hy = 4.1 x 107 0 cal/min = 2.9 x 1076 6 vatt
HR followS from‘Stefan's Law and may be expressed: ' *
N . -
Hy= Ay eo (Tb - T ), , ; g ) -

-

where ‘e = emissivity of glass (the bead is glass-coated)

o] = Stefan-Boltzmann constant
Tb = temperature of bead = TO + 6
T = amBiént temperature
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S il it
HR —.A.b e 0 .(‘To +8) - To

Since 6 << To,vterms of second and higher order in 6 are negligible in a

binomial theorem expansion.

H

R hAb e o To /6

) :
HR 6 watt

2.4 x 10779 cal/min = 1.9 x 10

The combined effects of conduction and radiation losses thus. follow

Newton's Law of Cboling.
HT=k/9

where

i

6.5 1077 cal/min-°K
6

k= (b1 x 1of5) + (2.4 x 107)

watt /oK

4.6 x10°

To find 6, the rise in témperature of the thermistor bead at any:

-time, one must consider the heat being dissipated in the béad,by_the
radioactive decay of the sample and the heat losses from conduction and
‘radiation in the differential equation:

- rate of heat loss
C C

1d8 _ rate of heat productionr
dt : '
where C = heat cepacity of the thermistor. The rate of heat production
at any time, t, is given by the initial amount of heat produced by the
sample'tihes the fraction of the sample remaining @t'time t. The rate

of heat loss has been derived in the previous calculation. Thus,

~1be

a8 _ 2.7 x 1070 At _ k8
at C _ c
The general solution is
. K, k-
: -6 -=t : -=t
p o 20 X2070 (TCT Aty o TCT

-k
c(x - E) ,.

where 60 is the differehcé in temperature between the thermistor. and
ambient &t t = 0.
2 o6-5t

6.5t _ e-o,026t) + 0

8= -4.15 x 107° (e~
The first term in fh?s‘equation for 0 describes the effect due to the
powér dissipated within the thermistor by the radioactive decay of the
sample. . The second.férm-shows the thermal behavior of the thermistor
as a.result of an initial‘temperature.difference, 60, at t = 0.

The response time of the thefmistor may be evgluated by calcu-

lating the time required for'eo to decrease by a factor of 10. In:the

absence of any heat source the first term in the equation for 6 is zero.

-Then,

Solving for t, .
t = 0.354 minutes

Thus, an initial temperatﬁre difference between the thermistor and

10

ambient will decrease a factor of 107 in 3.5k minutes.
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An estimate of the maximum temperature rise.due to the decay of
the sample may bg calculated by neglecting the term in eo.».Differen-
tiating andvéettiﬁg the resulting equation. equal to O;vthe:maximum tem-

‘pérature rise is found to occur at 0.85 minute and is equal.to 0.0Lk°cC.

Two Veco 3lA7 thermistors were used.in fhe calorimeter ciréuit,
as two arms of the bridge--one was the sample holder, the other was a
reference thgrmisﬁor to cancel out temperature:effects or an& effecfs
due to the semiconductor nature of the'sample-hélding.thermistor.

It is‘desirable to match the tﬁo thermistors as closely as poé;
sible in resistance to make the bridée more easily balenced. Small
differences‘in resisﬁaﬂce may be compensated for by the variéble
resistor. The‘fgsistances of the thermisfors were measured at the
operating fémperatureiof thé'galorimetér, and 8 nﬁll method was employed.
The circuit used to measure thg‘resistance of the thermisfors is shown
in Fig. 5. -The‘resistance éf the thermistorvis given by 5110 plus the
setting on the variable résistof.» Eéch.matched pair of thermistors used
in the expefiments is moqnted'in a Dural holder shown in Fig. 6. The
interior of an Ampﬁenol 145-1 connector. is centered in the holder so that
the.three terminal§ are about 1/4 inch above the top of the holder anq
‘then held in piace by'epox&'resin. The thermistors are soldered to the
términals with low thermal emf solder. Any thermistor'mount'céntbe.
quigkly inserted info the calorimetér circuit by_plugging.it iﬁto a
matching connecﬁion in the calorimeter vessel. A small aluminum cap
screws on o}er the therﬁistorS'(this will be discusséd furfhér in Sec. C,
Operating Procedure) and a large copper - cover screws over this tobmake a

vacﬁum tight seai-with the rest of the calorimeter vessel. An.exploded

-16-
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Fig. 5. Circuit for measuring the resistance of thermistors.
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AN

| ThermisiOrs

Thermistor holder.

XBL 718-1297

s

view of the apparatus is shown in Fig. 7. All of the parts except the

thermistor holder and the small protective cap were made of copper. for

~optimum heat conductivity. The calorimeter vessel is immersed about six
inches in a constant temperature water bath which will be discussed in

Sec. B2. The insulated leads from the therﬁistors were cemented to the

side of the‘eighf—inéh long vacﬁum connectioh and soldered,to_?ins that
protrude through a bras§ plug at the top. This plug and tﬁe terminals
afé made;vacuum tight by,a layer of Apiezon-W vacuum vax.

The signal from the thermistors is brought from the téminals in

the plug of the célorimetéfivessel t@ the rest of the bridge circuit by

a8 two-foot length-qf doubly~-shielded twin_lead cable, Amphenol RC 22 B/U.

b,' Fixéd resisto#s and éséggiated circmitry. Block 2 represenﬁs a brass
tankiih whiéh is_arranéed‘the remaihdgr of the bridge circuitry. The
tank is also immersed in the constant temperature bath. Four shelves
insiée the tank hoidvthe various pomponents, as shown in Fig. 8.

Thefé are refinements on the basic bridge circuit of Fig. 2,
whichvwill be considered individﬁaily;

Thé batfery'is equipﬁed with a switch which allows the bridge to
operate at 1/100,1/30, 1/10, 1/3 or full voltage for differentvdegrees
of sepsitivity. .

4Thé:e is a 2K resistor in series with each fixed resistdr of
21.5K, wifh the end points of the 20K variable resistor attached between
them. These serve to reduce the sensitivity of the 20K ?ariable_resistor
so that fine adjustments in the bridgé balance may be made more easily.
The 0;1 and 0.01 uf capacitors going to grouﬁd from this junction bypass

any A.C. voltage which may be present.
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’ Copper i‘u'be carrying
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Fig. 7. Exploded view of calorimeter.
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The points labeled "audic osc. (A)" are points at which.a 20 KHz

signal from an audio bscillator (Hewlett-Packard model 200 AB) mey be

‘spplied to the thermistors. This will be discussed in more detail in

Sec. C, Operating Procedure.: The point marked "audio osc. (B)" is where

a 20 KHz signal is applied to the left thermistor for calibration pur-

~ poses. 'The choke prevents any of these 20 KHz éignals from éffecting

the galvénometer.

c. Photocells and galvancmeter. Block 3 is located in a darkroom because

it éontains the light-sensitive portions of the cireuit, némely three -

" cadmium selenide photocellé—-Clairex type CL 3. These are>arranged in .

series with 5_1.35 V'mercury cell and the mirror type galvancmeter, and .

function as variable,resistors,which-govern the amount of current reaching

the galvanometer. The central photocell is three meters from the galvanome.

eter mirror and in such a position that the beam from the mirror must Qrift
past it to reach its zero péint. An imbalance in the»calorimeter bridge
will also cause thevﬁgam from the galvanometer‘to move, of.coursé. As the
beam impinges 6n the photocell;.its resisténce.droﬁs froﬁ about iOOMD to a
value which’dependsrupon the'inteﬁsity_éf the'liéht beam and £he.area of .
the phbtocell which‘is in the light beam, thereby ailowing currenf’from
the 1.35 V cell to fiow through the galvanometer coil and deflect %t in
the opposite direction. This current is thus a fﬁnctioﬂ of thevimbaIang
of the bfidge, and Qa& Be'ﬁeésured accurately as a'function.of time.

Since the intensify of the beam must be asbnearly constant as posgsible,

the light source is supplied by a constant Qoltage regulator, Sorensen
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type 1000S. A variable transformer controls the actual level of the

1ight.

The other two photocells are pbsitioned one on each side of the
galvanometer beam about ﬁalfway betwgen the central photocell aﬁd the
galvanometer. They are convenient centering deviqes which prevent the
galvanometer beam from swinging.tooﬂfar from ﬁheicentral photocell. The
points marked "N" and "S" are terminals, either of which may be shorted
to the ceptral.terminal ﬁC" by the fingers in order to defléct the

galvanometer beam one way or the other, thus permitting quick manusal

centering of the beam.

In.qrdér to determiné the sensitivity.bf the calorimeter with a
given galvanémeter, consider the bridge circuit'éhown in Fig. 9 with the
currents as labeled. The fesistances labeled Rl_are the large fixed
resisténceé, Rr is the reférence thermistor resistance, R is the sample-

holding thermistor resistance, Rg is‘the resistance of the galvanometer,

and E is the applied voltage.

Then,

E=1R + (i.l - iR | 1 (1)
E= 4R 4 igRé + (i, + 1R o | \ (2)
E.= iR+ (i, + ig)RI". - S (3)

. Solving (1) for i, and substituting in (2), then solving (3) for i, and

1 2

substituting in (2), then solving the resulting equation for ig’ and

finally substituting
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‘we haﬁé;ﬁhéf¢ﬁirén€ in the,galvaﬁometer:tg first order,in AR.

s EAR .
lg_— D L. ) :
2R|R_+ 2R + RR_+3RR_ S » L

“The voltage‘acfoss the galvanometer is’

I S 'Subgtitutihg~in numerical values:from Fig. 5, =

23.5KR

.-
il

-]
[}

K
. R = 0.8KQ

“we.have that

2 0.8-x 1073‘,

¢ = R X ST T R0 7 (555008 T I(I0.)

e
1

< 1.33 % 10‘5 EAR-

I
TS

' . R We know that AR = ORAB where o is the temperature_coeffiéiént‘of resis- -
XBL718-4039 : o T '
I . » tivity of the thermistor, in this: case, -0.04/2C. Seo
Fig. 9. Bridge circuit. ’ _:
‘ Eé = 0.00053EA8 .

i
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The calorimeter normally operates at 1/3 voltage, so E = 1.35/3 = 0.45 V.

Thus,
Eg = 0.0002k A8 = 2.4 x 10'“ AB

'The sensitivity of the Leeds and Northruﬁ HS type 2290 galvanometer is
10'11 amp/mm at 1 meter, and its coil resistance is 8008, so its sehsi—'
tivity is 8 x 1077 V/mm. The expeéted temperature rise has already been

\

calculated in Sec. C2 as 0.04°C, so

= g, X]_-
Eg, 9.6 0

6 -
v
-The deflection of ‘the galvanometer beem with this rise in tgmperature of

the sample-holding thermistor is therefore

. =6
= Q;ELlL%g___lL_ =1.2x10°m =121
"8 x 107 V/mm :

§
The actual path length was three meters so that the effective deflection

‘at the position of measurement was three times the value of § above.

§effeétive = 3.6 meters
Of course there waé no acfuai galvanometer deflection, since the photo-
A éell_circuitry supplied an equal but opposite curfeﬁt to maintain the.
~mull position. :

It is obvious from theséfcalculations that the galvahométer in
question is sufficientiy senéitive for the measurement. .

The physical arrangement of the photocells and galvanometer is

similar to that shown in the circuit diegrem and is shown in Fig. 10.

D6

Central (main)

Constont -temperature ~ .. photoceli
water pipes

Budilary
{gaard) *.
photocells

3m

XBL 718-4084

Fig. 10. Arrangement of photocells and galvanometer.
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- The central photocell is housed in a brass cylinder 18 inches
long to prevent any light.from affeeting the galvanometef when the dark-
room door is open. . fhe room was kept dark while operating thebcalorim—
eter. L1kewlse, the two auxallary photocells are at the rear of two
'tunnels about two 1nches apart drilled into an aluminum block about 5
inches long, with a groove,between.them wvhich is lined up with the central

.

photocell.

The galvanoieter is_supported in a stand on a sylphon bellows to
preventAthe.tipping of the building (a few seconde of arc) from_alterieg.
the zero‘poiht. A plate_moupfed below the galvaﬁoﬁeter is immersed in
0il to provide some-demping for fhe’suspended galvanémeter housing.
Covering.the galvanoﬁeter and stand is a copper housingkvith aﬁout_five
turns ofveopper tubihg‘solaered to the outside, through which circulates
water from a constant temperasture bath. A styrofoam box fits over the

copper housing.

d. VTVM and recorder. ’Bloek L contains the portion of the circuit.whicﬁ
measures and recerds the Eignal ffom the batfery'which keepe the galva-
nemeter centered. The switch and the series of three 2M2 resistorebis

a means for applyiné differénf tiee constants to the signel and smeotﬁing‘
~out small very short term fluctuations. The D.é. vacuum tube voltmeter.
is a Hewlett-Packard model 412 A. The recorder is a Leeds and Northrup o

recording millivoltmeter, Speedomax model G.

e. Vacuum system. The calorimeter must operate at a high vacuum to-
prevent massive heat losses from the sample-holding thermistor by air

conduction. A vacuum line with a mechanical fore pump, three mereury
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diffusien pumps , end‘a liquid nitrogen trap was -used. Thjs systemvwas
capable of evacuating the caiorimeter vessel to_1076.Torr in three to

four minutes.

f. Constant tempersture bath. For maximum stability, a constant tem-

perature medium must surround the temperature-sensitive compohents of

the caloriﬁeter. " A temperature controller based on the Wheatstone bridge
was designed and constructed and used to regulate the temperature of a

3L liter water bath. The bath vessel was a glass battery Jar contalned
in a large cafdboard box with about #wo inches of_thermal 1nsulat10n
between box-end Jar to insulate the bath from fluctuations ih room tem-
perature " The bath was' kept in contlnuous v1gorous motion by.a mixer.
Coollng was prov1ded by about 10 feet of plastic tubing coiled on the
bottom of the jar,‘through which tap water circulated at a rate which

could be varied accordiﬁg to the amount of cooling needed.. Heating was

provided by a 250 ﬁatt heat lamp directed through the side of the battery

Jjar onto an aluminum deflector platé inside the water bath. The aluminum

plate thus served as bothka'heat source for the bath and a thermal shield

' to prevent the calorimeter vessel from being heated directly by the heat

lamp. The tempereture control circuit used veried the outpuf power of
the heatblamp continuously as reeuired to~maintaiﬁ the operating tem~
perature rather than simply turning the heat lamp on and off at full
power. The temperature sensing element used was a resietence the;mom—
eter--Heilikainen modei‘llO6A. With this control system the operating
temperature of the weter bath could be held ﬁo 25.005 * 0.001°C, as

measured with a calibrated Beckman thermometer.
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C. Operating Procedure

_ The evolutioﬁ.of the operating procedure for the calorimeter was
not especially straightforward. Initially, when a matched set of £herm—
. istors in a mount was plugged into ﬁhe connector in the calorimeter ves~
sel, the outer coppér cover was screwed on directly over the thermistors.
The vessel was lowered into the constant temperature bath and ﬁhe system
vas evacuated to approximately 10_6 Torr. The bridge was then turned on »
to 1/3 battery.voitage and the recorder was started. Typically, about
80 minutes wvere required for a straight base line to be reachedQ This
delay was intolerable, in view of.the 26.5 minute half life»of.the
isomer. In order fo détermipe the factors responsible for this result,
the vacuum-waé'left undisturbed, but the calorimeter vessel was faised
out of the constant temperature bath for several minutes. ’Wheq the
bridge was turnea on again, 80 minutes were required to .reach a straight
" base line. Next, the vessel was left in the bath and let dqwnbto air for
several minutes. When a vacuum was're—establiéhed and the:bridgé_was
turned on, only twenty minutes were required fpr a flgt base line to be
reached. Simply turning the bridge éff; then on again, under normal
running conditions produced almost no effection the base liné; Thus it
was shown that,thé instability of the céloriméter was no£ due to sléwness
. cf.the vacuumtsystem in evacuaﬁing to 10-6 Torr, but was.a temperétdre
effect of some sort.

‘ In addiiion,'a wild deflection of the gaivanometer beam occured
when an ice cube was held against the'outér copper cover; even though the
apparatus was in the constanf temperature bath and the pressure within

the calorimeter was down to 10_6‘Torr. This was g most surprising result.

It demonstrated the need for a heat radiation shield arcund the therm-

_ istors, since conduction of hest along the leads could not account for

such an effect. Accordingly, a small aluminum cap, shown in Fig. T,
was constructed to fit directly over the thermistors. As expected, the
addition of this cap élimihated the large deflection produced by the

ice cube treatment.’

1. Use of Helium ' ' ' o .
-The:problem of the largé thermal inertia of the sfstem which
préduced the inifial'delay in reaching a flat base lihe was eliminated
by admitting a émail amounﬁ of helium into.the calorimeter for several
minutes after the fdre pump-ﬁacuum,had been established. Omly then was
the“diffugion pump used to evacuate the calorimeter tozlo-GTorr. This
procedure speeded the attainment of thermal eqﬁilibrium between calorim-

eter and water bath, and the flat base line could be obtained in only 20

‘minutes. Helium was shown to be far superior to air for this purpose.

2. Heating Phase
It seemed that much of this residual delay of twenty minutes

might be due to a slow outgassing of the thermistors iq the high vacuum,
so a circuit was devised whereby a 20KHz signél from an audio‘oécillgtor
might be fed into both thermistors in order to heat them to about T70°C
while they are in the. calorimeter vessel under high Vacuqu This heating
circuit is shown in Fig. 11. The A.C. signal is applied at the points
marked "audio osc. (A)" in the circuit disgram, Fig. 5. A vacuum tube

voltmeter (Hewlett Packard, model 400 D) monitors the signal at points
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Fig. 11. Heating circuit for thermistors in the calorimeter.
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"I" and "E" to obtain the current and voltage, respectively, flowing
through the thermistors. From this information their approximate

resistances may be calculated. Since the resistances of the thermistors

at T0°C have previously been measured, the amplitude of the aﬁdio oscil~

lator may be adjusted upward until these resistances are obtained, thus
preventing the overheating of the thermistors.

When the thermistofs were heated in fhis‘way during the lést few
minutes of the helium trestment and for several minutes after the'helium
had been evacuated,.a flat base line cou;d be obtained ip about -1k
minutes. o

One?further refinement was made when it becamé apparent that the

galvanometer beam could not be contained by the two auxiliary photocells

. whenever the thermistor mount was removed. The 1K resistors with a wire

between them leading to ground were soldered to the terminals of an
Amphenol 83-22SP connector, and this was inserted at points "A" before

removing the thermistors from the circuit.

D. Calibration of Calorimeter

fhe calorimeter was calibrated by passing a ZOKHZ signal from the
audio oscillator into the left thermistor (the sampie-holdiﬁg thermistor)
at the point marked "audio osc. (B)" in the circuit diagram and measuring
the deflection produced on the chart.- The #oitage of the signal applied )
to the thérmistor was measured by the A.C, volimeter. The resistance of
the thermistor was meésured to the nearest ohm by comparison to a decade
resistance box in a Wheatstone bridge circuit. Knowing the resistance of

the thermistor and the A.C. voltage across it, the power dissipated in it
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may be ca;cﬁlated. Thus, chart deflection as a function of power dis-
sipaﬁed_in the sample-hbldipg thennistor is readily obtaihed,

» ngeral tests were made to insure the suitébility of‘this cali-
5ratién procedufe. First, the.A.C. vbltége across the reference;(right
hand) therﬁisfé? was measurednwhilekthe A.C, calibration signélfwas being
applied to ihelleft thermiétor, There éhould be no leﬁkage, énd, indeed;
no voltage cou;d be detécted with a>system cap;ble of detectiﬁg 1 pv..

Second, the frequency of the calibration signal waé varied while
the amplitﬁde was'ﬁéld constant. "The chart deflection'did'not change.
with changing frequency, tﬁus sﬁowing.thét éll A.C, shunts Vére_working
properly, and the system was insensitlve to freqneney changes.

Third, the D.C. voltage of the brldge was measured with and with-
out the presencg of the A,C._callbratlon slgnal., It'remgined constant,
éliminating the possibility that the calibrafion signal ﬁas being paﬁ-
_.tially rectified in passing fhrough the thermistor or any otﬁer part of.'

the circuit.
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ITI. CHEMISTRY

A. Sol#ent Extraction

1. Theoretical @Qnsideratigﬂs

a. Introduction. The solubility of uranyl nitrate in ofganic solvents
has_iqng been recognized, and the ability of diethyl ether to extract

this salt has been used in systems of analysis for many years. In 1842

Peligotlo found that uranyl nitrate dissolved readily in diethyl ether, .

end he used this solvent in thé'purification of uranium from pitchblende.

Moré recently, separation of ﬁranium from other elements by orgamnic

,extractants has assumed great importance in connectlon w1th the develop-

ment of atemie ene;gy., Extractlon of uranium from water solutions is
smell, however, unless the concentration of-uraniqm is large or unless -
the composition»ofithe:aqueous‘phase isbalter;d in such a way as to render
the ursnium more soluble iﬁ the organic solvent.lz' .
Because wranium has vacant d and f orbitals in its electronic
structure, it will accept a certain number éf electroglpairs and form
qo—ordinationrcomplexes with Lewis bases, notably water and other oxygen-
containiqg_solvent molecules. Thé usﬁnl number of co-ordination positions
arpdnd the uranyl cation is six, and it is hexahydrated in pure vater.l3»
In the extraction of uranyl nitrate from an aqueous medium by an
organie solvént, the complex most easily soluble in the organic.phase is

the di-nitro tetra-hydrate, U02(NO3) 2('}120) ) rather than the hexahydrate,

since water molecules, being highly polar, are not compatible Vith a non-

polar orgénic phase.

" A distridution constent, KD, may be defined for this complex:

W0, (H0,),(H,0)), ._..,UO (0, ,(8,0),

aquecus : organic
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" A'better measure of the overall success of the extraction is the
distribution ré_.tio, b, defined as the ratio of the uranitm cé.nce_nt;r'a.tion
in the organic phase to that in the aqueous phase:
[v]

D= — orgahic
[u]

'aqueous

This is a stbichiométfi'c ratio, incimi"ing‘ all specie’ti on tli'e uranivn 1n
the respective pﬁases’, and a.é such is ‘d'ifficultj to prédi;t, s.in;:e th_é KD '
of_each séecies must be known,

A simpler and quite adequate 'a.nalysis‘of i:he extraction may be
made by' assumi_;ig that -the 1102(N03)2(HQO),,‘ complex is the enly extracted
species.v Since KD mnst’by definition remain constanf,-an increage in the
concentration of the éomplex in the agqueous phase will result in a greater
extraction into the o;'ganic phase; -and Qi:mila.rly if the cemplex,.is altered
in the organic;éhase,~ﬁy replacing co-ordinated wat¢£ with solvent mole-
cules, for instance, m;re of the‘original speqies must be extracted from

the aquecus phase to maintain the KD'

. b. Agueous 'ghase. ' Reactions in the agqueous phase which lead to greater
concentration of U0,(NO,),(H,0)), will be considered first.
In a solution of low to moderate ionic strength the uranyl hexa-

hydrate is the predeminﬁnt species:

.nitrate ions.held to the complex loosely by simple electrostatic
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++4 -
U02(H2O)6 + 28O

3 ’=;(U02(H20_)6,2N03) . (1)

vhere (UOZ(H20)6,2N03V) represents -a uranyl cation with water molecules

occupying the six co-ordination positions of the uranium atom and two

attraction.
"If', however, the activity of the water is low and the nitrate
concentration is high the reaction is:

i

-U©2(§20)6 + 2No, séa;upz(no3)2(320)h + zgzo . (2)

.Bwo nitrate ions have replaced two water molecules im the co-ordination -

sphere. The law of mAss action pr'edif':'tsbtvhat addition of nitrate ioﬁ to
the agueous phase will shift the equilibrium represented by Eg. (2).to
the right, with ;:he forma.tion‘ of more of the extracteble nitrate cpmplex.‘
In addition, the aistribution iatiosff&f urenium very with the nature of

. ) . b
the nitrate used, as well as with total nitrate concentration.1 The

ability of various nitrates to "salt out" uranium--that is, to force

uranium into the org'a.:rxic phase-~has béen related to the hydration of the
<:’a.‘(:ion,15 the activity coefficient of the pure nitrate s'alt;,l6 and the
radius and cha.rge' of Vthe cation.l,? It would seem that the p_rincipal
effect is the binding of water around the cation in-é. shell of oriented
water dipoles, thus lowering the vafer activity, and shifting the équi—.
1ibrium of Eq. (2) toward formation of the UDQ(N63)2(H20)h complex.

Specifically, .ca.tions of small ionic radius and large charge, such as

2ot Mg ', and 1T, are powerful salting-out agents as nitrates.
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Anions qther than nitrate that complex uranium in the agueous

phase may seriously interfere with the extraction, notsbly chloride,
.. : 18 . ) :
fluoride, sulfate,vand phosphate. The adverse effects of these anions

may be eliminated by removing them. from solution prior to the extraction,

or minimized by complexihg the aﬁions Vith cations of salting-out agentsb

or by simbly using an excess of an éfficient salting~out agent to over-
ride the anion interference. Fluoride ion is complexed by_al;minum and
calcium} sulfate.and cﬁloride ions are comp;exed by ferric ion; phosphate
ion is complexed by,ferric and'a;ﬁpinum ions.

| The addition of nitric acid fe,the @queéus pggse praﬁotes_the

extraction of urenium by preventing the hydrolysis of uranyl ion and by

increasing the concentration of nitrate.  An acid medium is also essential

239

_ to the stability of the *~ Pu stock solutien.

c. Organiq-extractént, The se;ection of the most‘suitable organic
exfracﬁant'is no less imporfant than fhé treatment of the_aqﬁeous ﬁhase.
Sincekthe organic phase must undergo subsequent.treatmené to obtain the
. uranium, howeve#, adaitional factors such.as speed_aﬁd ease of handling
must be considéred, in gdditioﬁ to the central question of éxtractién
efficiency. 'Thué’ the highly effectiverorganofphosphorus compounds ,
notably tri-futyl phosphate (TBP) and tri-octyl phosphipe.oxide (iOPO),
.do not al}ow the very rapid recovery of virtually mass—free'uranium
which is esseﬂtial io thébsuccess of the exffaction. Attention must be
confined to the mofe volatile organic solvents.

In principle,'uraniﬁm may Be back-extracted from the organic
phase into_é highiy_dilute acid phase. In éractice, however, the yield

» wes. not. good, and the resulting volume of solution was too large.

-38-

Returning to the equation

i [UOQ(NO3)2(H20)h]°rgV‘
' [mz(NO3)2(H20)h]aq

%

it may be seen that'any reaction of the  extracted species in the organic

phase, such as polymerization, dissociation, or chemical combination with

- the solvent itself, tends to reduce the activity of the extractable

species in the organic phase, &nd the overall extraction equilibfium is

. B : U,
‘shifted toward & higher distribution ratio, D. (D= 3955).
_ aq

Oxygen~containing organic liquids will serve as solvents for a

‘number of metal salts because the basic'(electron—donatiﬁg) character of

the oxygen'atom promotes the'incorpdration of -solvent molecules into the
co-ordination sphefé of the metal ion. This results in a éomplex which
bears a closer structural resemblance to the organic liquid and which is
thereforé'mcfe solubie in that liqu;d'fhan is the aqueous metal salt
complex. Alcohols, ethers, and ketones in which the oxygen atom has a
higﬁ electron density and is unhindéred by bulky hydrocarbon groups

should be effective solvents for uranyl nitrate. In order to estimate -

" the metal co-ordinating ability of various oxonium solvents (and thus

their effectiveness as solvents), Katzin, Simon, and Ferrarolg have made
a study of the ﬁeats of solution of uranyl nitrate in some of theée
oxonium solvents. Théir resﬁlts indicaté that diethyl ether is the
strongest base of the ethers tested and compares well with the alcohols.

It may be evaporated very rapidly to a small volume, an important factor.



2. Experimental Extraction Work

a. (Choice of salting-cut agent. Since aluminum nitrate had previously

been used in this leboratory as a salting-out agent for the ether extrection

of uranium, it was assumed that it would be a suitable salting-out agent for -

the present work. However, it became apparent when the extraction yieldé
were closélyvexamined that such was not the case. The yields ﬁere
erratic aﬁd seldom as high as the 90$»vhiéh was expectéd, They avefaged
T2 # 25$,>which is much too low for such a straightforward procéSs.

This and the following extraction yield studies were made by
shaking 125 ml of the appropriate aquecus salt solutions, vhich were also
1M in nitric acid.ané contained tracer uranfum-233 a;& ferrous'sulfhmste,
wifh an eqnal’vblume of diéthwl‘ether which had been pre-equilibrated
with the same salt. '(Seekdiseussion in Sec. 2e.) All.extractions-were
done at room temperature. Aftef theiextraction the ether was scrubbed

once with a fresh solution of the salt in 1M nitric aéié; evsporated to

dryness, taken up in concentrated nitric acid and run through the nitric-

hydrochloric acid anion gxchange column described in Sec. B2?.ion
exchange. Uranium yields_yere determineﬁ by alpha counting. The yield
of this column is 88 2 2;2%, and the extraction yields'hafe been cor-
rected for this factor:

20

Hyde ~ and Kuzhetsova, g£=5;.21 recommend magnesium nitrate as a

salting-out agent for wranium. Hyde reports 99% extraction from e solution

2.5M in magnesium nitrate and 0.5M in nitric aeid and 38%(ex£raction.£rom
a 1.55M magnesium nitrate-0.5M nitrie acid solution, while Kuznetsova,
et al. report a:90% yield Afrom a 0.3M magnesium nitrste sclution. With

this wide discrepancy in results, perheps it is not surprising thet
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neither was duplicated in this work. Yields for the extraction from

‘magnesium nitrate-nitric.acid were 76.1 * 6.6%.

22 / '
Furmen, et gl. noted that the distribution coefficient from a

_saturated solution of zinc nitrate was the highest that was observed in

an extensive study of salting-out agents for the ether extractiom of
uranium-~99.6%. This excellent yield was confirmed in the present work,
extraction yields averaging 93.6 * 10.2%.

1

b. Reducing agent for plutonium. A diethyl ether extfaction from an

agueous plutonium phgse saturatéd with zipe ﬁitrate'was therefore‘chosen'
to obtain the uranium-235m. Since both plutonium(1y) and plutonium(VI)
are aiso.éxtracted under these conditioné, the basis for’the.sebaration
is the fact that Pu(III) is'practically'inextfactable at any nitrate
concentiation. This is undoubtedly dﬁe to its much lower iendency to
form nitrate complexes. There is & widg choice of reducing agents to

3

effect the reduction of Pu(IV) to Pu(III). (Hin@man™> has found the

Pu(III)--Pu(IV) potential in 1M nitric aecid at 25 + 3°C to be

~0.916 * 0.006 volt.) In the Redox process, which is & solvent extraction

process for the recovery and separation of U and Pu from irradiated

reactor fuels, ferrous sulfamate, Fe(SO3NH o> is used to reduce Pu(IV).

5)
It has advantéges over other reductants, namely, stability, ease of
preparation, fast rate of reduction and minjmum interferences with. sub-
sequenf recovery operations. It was chosen as the reducing agept for
this extractibn, and it waé‘prepared by dissolving iron powdgf in an

agueous solution of sulfamic acid and drying the product under a nitrogen

atmosphere to prevent oxidation to ferric sulfamate.
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.¢. Plutonium chemistry. In practice it was found that the optimum Latimer25 states that "concentrated nitric acid is a rapid and
conditions for the extraction of u:anium were not compatible with powerful oxidifihg agent," wthe oiidation potential rises rapidly with
preservation of a stable solutibn‘of-Pu—239 in the iII state. Specif- increasing acid concentration. 7
ically, after several ether extractions were made frbm a Pu(III)fstock ,' | ) The initial étébility of the stoék solution was attrihuted to
SOIuiiOn M iﬁ nitrie écidﬂand saturated wiﬁh zinc?nitratéi tée . o the prgsence of the sulfamate ion, BH2S03-’ which may be oxidized by
stock solution chaenged in color from the royal blue of the Pu(III) to - nitrous acid; thus rémoving thé oxidant and preserving the Puf{III).

" a muddy green, and a tan precipitate formed on the walls of theacohé

0L - (&Y

HNO2 + HH2803 - N2 + Hsoh,-+ H

tainer. There was also some evolution of gas from the solution.

1

A solutiop of Pu(III) in 1M HNO3 is quite stable, howgver, whigh» When the sulfamate is exhausted, the>g§ida§ion proceeds as in Bgs, (1),

indicates that the problem lies with the addition of aluminum nitnate - (2), and (3) This mechanism was sug#grteﬁ by the observation of bub:
] . N - s & +HIo lets el . aH =t 4 "y } =

or the ethe? extraction. It was felt that both factors contributed téﬁ““fr bliﬁé (hzy) in the stock solution of Pu aftér’lfﬁvés setureted with

t deteri i - ] ion.
he deterioration of the Pu{III) stock solution alumimm nitrate.

++ . p . . . - : . .
The Zn' ' ion is very strongly hydrated in aqueous media because Assuming that the Pu(III) is oxidized to Pu(IV), the ether

f its 1 iti it bi many - : . . .
of 1ts large positive charge, and because it binds so water mole extractions performed on the stock solution become important. It is

to i i ill. ? etivi i e . R i I
cules to itself, it will greatly lower the activity of the watew in su¢h . well known that ether will extract significaat amounts of nitric acid

a system. In the Pu(III) stock solution, the effect of‘the lower watep from aqueous medim, and it is likely that the pH °f the stock solution

activity is to raise the effective concentration of nitric acid. A high was raised to the extent that the Pu(IV) hydrolyzed Successivé hydroly-

itri i d t t.’ . . . . i ) )
nitric acid concentration is a source of oxidant (probab}y nitrite) which sis reactions of Pu(IV) result in a colloidal polymeric form of quad~

t t o." ; , . . . .‘ -
ends to reoxidize Pu(III) to Pu(IV) The observation that thevStOCk: rivalent Pu, which is easily recognized by its emerald green color.

so}ution remained stable for several days and then deteriorated rapidly . Whenever the acid concentration is less than 0.1M the presence of . poly-

- Iy . t P 3 . 3
is consistent with the autocatalytic mechanism proposed by Brunstad for meric Pu(IV) should be suspected. High Pu concentration and elevated

the oxidation of Pu(III) by nitrite }mpurltles in nitrate solgtlons. temperature result in -polymerization at even higher scidities.

. . : 26
pu(1II) +_N02 > Pu(IV) + N02 (1) Polymerization is thought to occur as follows.
C oL : +
> /K0, (2). yPu(Iv) + (x + ew)HQQ“—ﬁ-f(Puog)y © 0+ bypt . (5)
B , -
HNO, + H' +NOj° + 2NO, + H,0 . (3).
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Other authors give the reaction as

Pu(N03)h + hHZO &-,Pu(oﬁ)h + lumo3 s _ (6)

but Brunstad later cites X-ray diffraétién dgta}wﬁich indicate that_
quadrivalent plutonium "hydroxide" is really'ﬁydratéd plutonium |
dioxide.? : i
Thevpolymer.is extremely stablé, and Eq. (5) proceeds until the
acidity of the supernatant solution is high enough to stabilize the
monomeric Pu(IV) in‘solutibn. The asspciation‘constant for the Pu(IV)

polymer is not known, but both Miner 0

gnd»Costahze and Biggers3l repbrt
that neither fluoride nor sulfate ions, both of‘wﬁich‘comflex Pu(IV)
strongly, will prevent polymefization. 'Campiex formation and h&drdlysis
~aré compétiné reactions and may'be Jooked upon as the displacement of the
water molecules from the hydration sphere by the anionic ligand or by
OH-, respéctively. The assoeiatiop'conétant for the Pu(IV) pd;ymer must,

therefore, be greater than that for the fluoride complex,

‘ +44 +
Pu(IV) + HF > PuF  + H. ,

’ o ok e 32
which is given by McLane as 1.7 X 10 in 1M nitric a01d.3

A further indication of the stability‘of the poiymer is éiven by
the observation that leymef is formed and persists when sélytions of
Pu(IV) are diluted witb:water, because of transient regions of high pH,
even though the final Acidity may be high enough to prevent polymer for-
mation. ‘ -

It ié not 3nown»wheth¢f7uranium formed from polymeric Pu-239 will

escape from the polymér matrix, and almbst certainly that formed,frcm_

Lyl

solid Pu02 will not enter solution. Ether extractions done on Pu stock
solutions containing appreciable amounts of either substance wili'surely
give a low yield of.uraﬁium. Thus it was neceséary fo destfoy the poly-
me? and the PuO2 ﬁhich»were preéént. Depolymerization is.very slow at
room temperaturé in mbdgrate‘acid concentrations. The rate may be
increased by héating, stfopger acid ‘concentration and the addition of
strong complexing ageﬁtg such #s fluoride or sulfate. Both Miner33 énd
Costanzo and Biggers3h report a 50% cbnversion time of several minutes
at 25°C with an acid solution conteining 0.05M F~ and 0.2M AL(NO,) 5.
PuO2 which has' not been strongly ignited may be dissolved in hot con-
centrated nitric or sulfuric acid. Since sulfate is added to the Pu
stock solution ip'thé-perdxide frecipitation’step of pﬁrificatioﬁ-and
concentration, it was deéided to 'use fulfate as the complexing agent in
-‘destroying the polymer. Both éulfate and fluoride interfere with the
extraction of ﬁranium, but any sulfate which remains after peroxide pre-
cipitation will be complexed by ferric ions, which are present after
Pu(IV) has been reduced to Pu(III) by ferrous sulfemate.

The procedure for conversion of the polymer to Pu(IV) was the
following. Polymeric and precipitated Pu were evaporated to dryness by
a "Cal Rod" ﬁeatiné unit placed in the solution. The temperature of the
liquid was maintained between 80 and 90°C by a Variac placed between the
heater "and the line;voltagé. Nitric acid at 10 -~ 12 M was added to the
reéulting solid; along with several ml of 12M stoh per 500 ml of HN03,
and the mixturé was heated at 76 - 80°C for a few days. The bright green
appearance of the sdlution caused some'éonsternatipn until it was found

- that dilution to 4 - 5M in HNO3

resulted immediately in the usual brown
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“color of Pu(IV). A small amount of brown Pu(IV) placed in concentrated

HHQ3 turaed bright green, the brown coler returning‘upon_&ilutioné‘ Thé
'féelor'cheﬁge f:omagreen‘tb brewn;oecurfed far too rﬁpiﬁly.ﬁb*invo;%e the

- polymer, and-in eddition the;pglymer sheuiﬁznef‘ferm.ineconéeetratedvacid.
The<green sé&ﬁtieﬁzobtaiﬁéd*iﬁ!cbﬁeeﬁtretéﬁAQEDELQQS;ﬁheéefbﬁe attfibﬁted to

the formation of aﬂgreenIPu(IvlénitrateAcomplex»at high nitrate concentration.

4.

Plﬁtoniuﬁ'geroxide precipitations.” In order to reduce the volume of

239

the Pu stock solution obtained in this procedure and to eliminate con-

.taminants, peroxide preclpltations were then done. This procedure must
be undertaken with great care, as the pluteniumyper@xide prec;pitated
from the nitrete stock solutiop used in this~experIment_is>unstable.at
rocm temperature. Ihe decomposition is autoecatalytiec, occurring rapidly
and with consiEErable'foaming'if conditions are‘not carefully coﬁtrolled;
hence the careful chilling of the reecﬁants;-the chilling of the peroxide '
after ﬁrecipitation,.and fhevnecessity to cemtrifuge fhe mixthre at the
full speed of the centrifnge'se-that the supernatant may be removed
before the plutonium peroxide_warme up enoﬁgh to decompose.

.Not more than 10 cc of the plutonium sfock solutIon are placed
in a 40 ce centrifuge cone Qith about 1/2 ce concentrated'H SO& and
heated in a hot water bath at 65°C until any precipitate ‘is dlssolved
The plutonlum solutlon is then chilled in ice water for thlrty to forty—
a8 1s 15 ce of H 0

2°2°
plutonium solutiqn, the resulting precipitate is stirred briefly, .and

five minutes, The perqxide is poured ipto ;he

the tube is set back into the ice bath for three minutes. Then the .tube

is covered with parafilms and centrifuged at top speed for two minutes.

Zhé-

It is removed from the centrifuge immediately and the supernatant
liquid is decanted.. The‘decomposition of the plutonium beroxide'wiil
begin as the precipitate warms up, and it must be quenched periodically
by placing the tube back into the ice bath until the foamlng subsides.
When the olive green perox1de has decomposed into the dark blue III
state or the brawn Iv state solutlon, the reaction is complete
Obviously; a-method must be found for maintaining & stable Pu(III)
stock solution from which many etherleitrabtiens may be made without
deterioration.1 Acid and salt extraefion by the ether, with attendant
polymer formation by Pu(IV), may be- prevented by pre—equlllbratlon of the
ether with an aqueous selutlon wh1ch is as close as possible to the
composition of tpe'Pu stoek, that}is, 1 - 2M in_HNO3 end saturated with
zine nitrate. The ether will befsaturated with acid and Zn(N03)2 before
it reaches the Pu solutionvandAwill be unable to extract any additional
acid or salt. o |
' The ‘pro'blem» of préveﬁting the oxidation of Pu( III)_ to Pu(IV) was
not so easily solved. The sulfamate ion was not sufficient as a holding
reductant, and it was impossible to re-reduce the Pu stock to Pu(III)
with any of a nmumber of reducing agents (ferrous ion, ascorbic acid,
hydroxyl amine, hydrazine, hydroquincne, HI), once deterioratioe had
begun. Peterson and Wymer35‘suggest hydroxylamine and ferrous sulfamate
as‘h'o'ld-ing ‘reductants, but addition of hydroxylamine to the Pu(III) stock
had little effect.on its keeping properties. After a process . which might
best be described as triasl and error, the following sequence was. devised.

To a Pu(IV) solutlon lM in HKO ferrous sulfamate is sdded in small

3

* increments w1th;ag1tatxon for a minute between additions until the Pu(IV)
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is reduced to Pu(III). The solution is made 0.3M in sulfamic scid and
0.05M in hydréxylamine bf adding the solid reageﬁts. Finally the selu-
»tion is satnrgted with zine nitrate. " After sbout fen da&s,severab_grams
each of ferrous sulfamate_aﬁd hydroxylamine are added.a In tén mofe days,
.or whenever the PQ(III) étﬁck solution begins to depart from its rofal
blue color, severﬁl grams each of  ferrous sulfamaté, hydroxylamine, and
sulfamic acid may be added. The useful life of a Pu(IIT)-zine nitrate'
solution treated inAthis manner is limited mainly by the volumé incréase
after each ether extraction. After four eitrgctiohs it was necessary to
sﬁbject the plutonium stock solution té a serieé of peroxide_precipita-

tions.

e Ether—associatea peroxides. Very early in the preliminary extraction
work it was repeatediy and vibléntly demonstrated that unstable substénéés
were presgnt in the ether after contact with the nitric acid--salt solu-
tions.  As the ether was evaporated to a small volume in the hot water
bath it became red-brown in color ana exploded, with evolutién of nitro-
gen dioxide. The Qarkening in color was rapid and usually occﬁrred when
the volume reached one or two ml. This state of»affai;s was obvioﬁsly
intolerable, both frqm-fhe sfand@nint of greatly reduced yields and of
the danger involved when the ether contained piutonium_and uranium. The
ether used in the experiment was "Baker An;lyied" reagent g}ade énhydrous
ether. Samples .of this. ether that had beeﬁ stored in darkness and in
rﬁom lighting wefe evaéorafed to dryness without any explosion, raising
the likelihood tﬁat explosive peroxides were formed during contact with

the aéueoué stock solution. Feinstein36 reported a process for removing

48—

peroxides from ether, which consisted of contacting the ether with a

strong base anion exchanger in the free base form. Peroxides were

. absorbed by the resin.

Three grams of Dowex AG-1 X-8 resin were converted to the free
base form by washing with several liters of LM NaOH until a negative
test.for'chlofide‘was obtained from the washings. Then efhgr which had.

been shaken with IM HNO, - salt solution was mixed with the resin to

3
effect removal of peroxides. qun_évaéofation to a small volume, this
ether also exploded. - . -

‘Red fﬁmigglHNOé‘wagjad§§d_t§2fh§ ether at a point before the
explosion oceurred in an attempt févﬁéstroy;the imistable compenent, bt
this, too, resulted in an explosion. ‘

Hydfiedic acid vas sdded to the ether during the evaporation.
Ffee iodine was formed ané the expiééive reaction,'though it still
occurred, was mucﬁ subduedm- It was fogﬁd tﬁat addition of.i ml of SSZIHI
to the ether after it had been evaporated to 10 ml was suffiqient to

reduce the explosion to a vigorous bubbling and evolution of nitrogen

dioxide.

“B. Ion’Exchggge
A'sample of ursnium prepared by an ether extraction of the
Pﬁ(III)'stock solution and evaporation of the ether to dryness with HI
was placed on one of the thermistors in the calorimeter. A very 1a&ge
imbalance of the bridge was observed, and seferal hours were required‘for
equilibrium to be éstéblished. The'sémple placgd»on the.bead was not

mass-freé,'and the bead@ was liberally coated with the material, which
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must have lncreased the thermal inertia of system greatly. Since -the
performance of this set of therﬁistors was normel in subsequent tests
after removal of the sample, it was assumed that the .long time requlred
for equlllbrlum to be establlshed was a direct result of the sample
material on the bead‘and not due to & defeet induced in the thermistcr
itself. The main constituent of the mass was undoubtedly iron, due - to
the use of ferrous sulfaﬁate as a reductant for the Pu(IV) and the extrace
btion of ferric ions by the ether.‘ It seemed appropriate, therefcre, to
aevise a procedure for rémoving iron from the uranium. A method which
nas been widely used for micxo—chemicalsseparcticns_of‘tﬁis sort is aniom

or cation exchange.

1. Theorctical.Conslderations

a. History. Ion exchange as & chemical tool hes a long acd.interesting
history, with scattered references extending from the 01d Testament tcA
the dlscovery of ion exchange in soils in 1850 The spectacular modera
day evolution of ion exchange methods began in 1935 when Adams and Holmes
' found that crushed phonogrgph records exhiblt ion exchange propertxes.37
Eeerly all the lon exchange media in current laboratory and industrial
: cse are orgacic.resins whose subsequent development wes due to these

early experiments with this most unlikely material.

b. Description of resin structure. Ion exchangers are insolcble solid

materials whicﬁ cerry mobile cations or anions that mey be exchanged for
a stoichicmetricelly equivelent amount of other ions of the same sigﬂ
when the ezchanger is in contact with an electrolyte solution. They owe

this characterlstlc feature to their. rather unique structure ‘which
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consists of a framework held together by chemical bonds, and carrying

a positive or negative charge. The surplus charge is compenpated by

_1ons of the opp051te charge which are free to move throughout the frame-

work and exchange with other 1ons of the same sign. The framework of

a cation exchanger may be regarded as a macromolecular polysanion, that

of an anion exchanger as a polycatlon.b Organic ion exchange resins
consist of a.polymerized cross—lihke§ hydrdcarbcn'matrix, such. as
styrene—divinylbenzene or a polyacrjlate; to which have been affixed
ionic groups. Examples of sgch groups are’sﬁlfcnate or carbox&late ions -
for cation exchange and substitﬁted'ammonium?iong far anion exchange.

If &jmetai;iOn“is‘to'be'abgbzﬁed on an iﬁn”éxcﬁange resin, it

must, of course, have the same sign as the mobile ién it will repléce.

A catlon such -as the uranyl iom, UO2 » mAay be absorbed on an aniom
exchange resin only if it fo:nm an anionic complex in the solution used
on the cclumn. Thus the uranyl ion will be absorbed by such & resin frqm>
both hydrochloric acid and nitric acid solutions at‘high acid molarity;
vhere it forms the cozgpléx [er(No3)3]’.38‘ In HC1, of course, the c1”
complex is formed. - Other workers 'proéo‘se that '[‘Uog(no3)h]“ is the
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ebsorbed specieé._ The ferric ion.will be absorbed from hydrochlorie

acid, where it forms an anionic complex, but not from nitric acid.

c. Mechcnism of . exchange. The question of Just wﬁy certain ions should
replace the mobile anlonsior cations of exchgngers still remains, however.
It has'been prOposedho'that the selectivity of iQn.exchangers is related
to the degree'o,f hydration of the exchengeable ions, rather than to a

surface phenomenon or a chemical reaction. A small, highly charged‘ion

. will be strongly hydrated in & dilute aqueous medium, It will, therefore,
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prefer the aqueous phase, since its transfer into the organic resin
phase involves stripping,aﬁay'its sphere of oriented water molecules,
which is an éndothgrmic‘bro§ess. A large co§plex ion such as UO2(NO3)3?
is less hydrated, and therefore less energy is needed to'remove its

: assopiated waters when it passes into'the‘resin phﬁse. Thus, in an
exchange process, the larger, less hydrated iog is pushed into the
resin phase so -that the smaller ion caﬁ achieve maximum ﬁydration in the
dilute external phase,

‘A related factor is.the differgnce betwéen ﬁater—water inter-
actions in the resin phase and in the aqueous phase. The dilute exfernal
aqueous phase has essentiaily the same hydrbgen—boq&;d'structure as pure
water, aﬁd ag such it tends to oppose the entrance of a large ion which .
breaks up a large volume of vater. structure but does not have sufficient
charge aensity to bind and reorgani?e the water molecules. A small ion
is able to orient water molecuies around itself, essentially preserving
the ﬁater structﬁre. In the resin phase, however, the water.structure is
so badly disrufted that it offers less resistance to the intrusion of a
largeAion. Ip the éxchange précess, the larée ion_is elected from the
external aqueous phase into the less structured resin phﬁse, with the
limitation that thé size of the ion must not be gfe;ter ﬁhaﬂ the openings
in the resin matrix.

'Having proposéd an explanation for the ﬁptake of metallic ions by
an exchange reéin, one might now wondér how these ;ons are removed from
the resin. Tﬁis.is usuaily accomplished by destroying thé complex ion
to which the metal dwgé its.absotption. Uranium, for example, is removed

from an anion exchgﬁger by dilute hydrochlorie or nitric acid due to
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the dissociation of the anionic complex when the anion concentration
drops. Conversely, uranium is removed from a cation exchanger by con- -
centrated acid, since the anionic complex is formed under these con-

ditions; and it will not be rétainéd by a cation exchange resin.

2. Experimental Work

a. . Description of materials and procedure. The columns used in these

experiments were all of the following type. They were cohstruct?d of
Pyrex glass tubing. The overall length was 13 centimeters, this length
béing divided ipto two portions--the lower pbrtion? 5.5 cm; was con- B
stricted to a narrow tube spproximately 2.5 ca is diemeter which con-

tained the resin; the upper portion, 7.5 cm in length, was wider,

approiimately'l cm in diameter, and served as a reservoir for the solu~

tions paséing through the resin bed. To the bottom of the column was

fused a small platinum tube, 6 mm long, with an inner diametgr of about

.0.2 mn. The drop volume was quite constant for the different columns,

ranging from 0.013 cc/drop to 0.015 cc/drop.
A1l resine were supplied by Bio Rad Laboratories.of Berkeley and

were used without further purification except-for conversion to various

" anionic forms as indicated.

The columns were loaded by inserting a glass wool plug into the
column and washing a slurry of resin in the'apprqpriate acid through the-

column until the resin level reached a mark sbout 0.5 cm below the con-

- gtriction of the tube. A glass wool plug was placed on top of the resin.

The drop rate was controlled by pressure from a compressed air

source applied to the top of the column through & tube inserted through
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a cork stopper. A screw ciamp on a second tuoe through the stopper was
used to vary the air pressure.
A1l work was carried out at room tempefature, due to the irrep
tersibie hydrolysis of. the fer?ic ion atjeleieted_temperetures.
vIn»order to assess the eeparatfon properties of the various column
.materials, the samples placed on the colqmns were es similar as_possiole‘
to the samples_which'woﬁld be obtained fnon ethef extractidn of the
plntonium stock; Tney vere-prepared in the»followiné.manner. To 100 ce
of a so}utioh 1N in m3 and ‘saturetedeith Zn(NO,) or some other
finorganiclnitrate vas added several gxams Qf.solid ferrous sulfamate.
This mixture was'spikedfwithtlox.of a,uxgnipg-23é trecer.eolution-and
sheken with 100 cc of ether for one minnte:_ATne etner portion was with-
drawn and fapidly:evaporated down to 10 ce in a hot water bath,'tnenr_
"scrubbed” with & few ce of the 1 ‘N.HNoa—eatur:e.ted salt solution to
- which had been added e few grams of féerrous sulfamate. After centri-
. »fuglng, the ether portlon was withdrevn. and evaporated dovn to about
2 ce, at which point 6 to 8 d;ogs of 55% HI was added-in»order to destroy
most of the explosive peroxides which caused spattering of the solution. .
Etaporation was continued over a bunsen- burner until the,volume»was‘
'172 cc. The éanple was then cooled and placed on the.column. More exact
determination of column yieldsveefe made By.placingilok of the U-233
'tracer in' the appropr;ate solution directly onto the column. In this
way, column yields were rendered 1ndependent of the extraction yield.
Solutlons coming off the column were collected on platinum discs,
eteporated andiflamed..‘Inorganic mass was determined by inspection.

Uranium yielde were determined by alpha counting.

- after going through & minimum at an acid mplerity of §. M2

5k

b. Cation exchange: Dowex 50W X-l4 resin, 100-200 mesh was used. A

chloride cation exchange column could be expected to separate iron from

uranium in a concentrated hydrochloric sacid solution, where uranium has -

little or no affinity for the resin, being found‘mainly as an anionic

complex in these circumstances. ([¥__ . 1/[U ] <1 for

resim agueous

. K K . . . :
molarity > 6.) 1 . At these higher acid concentrations iron would not be
expected to remain on the_resin either, since the ferric complex which

exists at higher chloride concentrations is also negatively charged.

-Contrary to‘ékpectations,’howeven, the digt:ibution constant rises again

In practice
it'vas fousdthat the iron is not quantitatively held ’cm the resin at

molaritles of 10-12, and that although a relatively hlgh yleld of uranium

_ was obtained, it was always contamlnated with iron.

c. Zeo;ite, Zeolites were among the earliest materiels used for ion
echange work, -but the usefulnese'of these materials alone is guite
limited, since they afe stable in only a narrow range of pH. If,_however,
the zeolite is impregnated ‘with tri-butyl phosphate, a basic extractant
which has e notable affinity for the ectinidedelements, a useful column
materiai results. When a nixture of ferric and uranyl ions dn 6 molar
ndtrlc ec1d is passed through such a column the uranyl ions w1ll be
retained by the TBP-zeolite phase and the iron will not. The uranium
may then be eluted by a mixture of 0.5 M nitric acid and nydrogen iodide,
which reduces the uranyl to Uh , allowing it to be removed from the TBP.
Although there was a clean separation from iron with this ~column
and the uranium yield was 83% to 85%, the plates containing the uranium
were consistently contaminated with inorganic mass from an unknown source,

thus rendering the method useless &8s. a cleanupfof uranium.
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d. Anion exchange: Except where stated otherwise, Dowex AG 1 X-8 resin,

100-200 mesh was used Anion exchange res1n may. be converted to the-
acetate form by pessing through it a concentrated acetate buffered solu-
tlon._ This resin may then be used to effect‘a seperat;on of uran;pm from
iron.h3 ‘When the sample is loaded oneo the column in a solution 0.01 M
in acetic ecid-and 0.01 M}ih~scdiuﬁ‘acetate; the iron will pass through
the column. Several column volumes of 8;7 M acetie adid are then passed
through the column to.remove the sodlum acet&te whlch would, of course, .
be a source of mass, and the uranium is eluted wlth 0 8 M hydrochlorlc
acid. The yields from this method tended to be rether low——typically
70’-—and the plates conta1n1ng urenium were contamlnated with small.
amounts ‘of iron.

.It-should be possible to separate uranium from iron using a
chloride anion exchange column with & mixture of HCl and HF._hh Iron will
not be absorbed by the resin at HC1 molarities_belew 1.0 (the.HF con-
centration ie 1.0 M), whereas uranium will be absorbed un@er these con-
ditions. The uranium may then be eiuted with O.§.M HC1. .

The results wiph this'column were unpredicteble and &ields were
generally low.

If the ferric ions can be reduced to ferroﬁs; it is possible to.
separate uraniﬁm_from‘iroh on a chloride anion exchange column. vFerrous
ions in an 8 M HCL solution do not form an anionic compiex which can be
absorbed by the.resic,.whereas uranyl ions do. The:choice ef'reducing
agents is quite limited; being confined to those which will not con-
tribute to the mass of the uranium fraction. 1In addition, the reduétion
must oceur within'seceral minutes, .as ﬁime is of the essence. Hydroxyl

amine, oxalic acid, and hydrazine, for example; were far toq slow. HI
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and ascorbic acid reduced ferric to ferrous almost instantly, so columns

were devised using these reductants.

When HI was used as & reducing agent, the sample was placed on

- the column in & solution 12 M in HCl and 7% in HI, washéd with the same

solution, and the uranium eluted with 0.1 M me1. b5

The separation from
iron. was good but the_yielde‘were very‘low, ranging between 201.and_50%..
Ascorbie acid was then tried as a reducing agent for the ferric
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ions. 6 The best procedure for the separation was the following. The

sample from the extraction was evaporated to dryness, and then dissolved

in 0.25 ec cf 4 N HC1, giving a pale yelloﬁ solution. - Solid ascorbic

acid wag added until the solutioc became colerless (not more than

2 g/100 mi), and the sample was then placed on the column. The column
was washed wlth a h N HC1-2% ascorbic acid solutlon, and the uranium
eluted with 0.1 N HC1. With this method, column ylelds con51stent1y
above 80% were obtained, and the plates containing the uranium were quite
free of any mass. However, wheh-this column was used onva sample from »
an actual extraction from the plutonium-239, the resulte were erratic.
This mey have been due to the presence of impurities e#tracted from the
stcck solution of plﬁtonium, since the initial addicion of ascorbic acid
resulted in derk-coiored precipitates which could not be dieeolced.

The seerch for a good c1een-up column was resumed, the moet
promising prospect being a nitrate anion exchange coluﬁn which had been.
tried previously with only moderatevsuccess. The uranyl ion forms an
anionic complex in- nitrate solutlons Iron ‘as ferrous or-ferric, forms
no nitrate complexes of this sort and thus is not absorbed at any nitrate

concentration.
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Previous columns gave good separation of uranium and iron but low
yields, so attempts were made to improve the yield.

1) The anion exchange resin Dowex AG 1 X—8 100—200 mesh Wthh

- had been converted to the nltrate form w1th 8 N HNO several months

3

before gave poor results. Cglumns-made of the same resin freshly equili-
brated.wiﬁh th HNO3 gave yieids}ef 67%:f 72% eonsisteetly. ‘

2) Higher yielde were obtained with a slower.drpp-rate (15-20
seconds per drop) than with a fast rate (10 seconds'per drop). A balance
-must be strﬁck here befween the yieid andlthe.time'reQuifed to run the
column, which must be m1n1m1zed ‘ |

3) Two resins of lower- cross linkage, Dowex "AG 1 X—2 and Dowex
AG 1 X-k, were tried, and the yields were belov,60%.

4) It was then re&soned'that.since-the active sites of ihis

anion exchange resin heve‘a greeter affinity for chloride than for nitrate

ions, perhaps a dilute HCl solution would prove to be a better eluent'

than 0.8 M HNO,. Results of this reasoning with the Dowex AG 1 X-8

3"
mentioned above were erratic, but prpmising,'the average yield being
80.5% * 7.9%. An anien resin of hiéhef cross lihkage and smaller par-
ticle size, Dowex AG 1 X-10, minus 400 mesh was eqﬁilibrated with 4 N
_HNOS and used iﬁ the same columh operetion. Yields fenged from 87% to
92%, and thevhranium-bearihg.plates, a tota; of 25 drops, were gquite

free of mass. The reeults'were consistentiy good, and the uranium always
appeared in the l9th'to 33rd areps after,tﬁe d.l M ﬁCl wes added to the
column. The average yield_waev88.8% + 2,2%. This colimn had all the
attributes needed for the separation, inclu@ihg a fairly short running
time ofe20—25-minutes. When an extrectiog of the plutonium-239 etock

solution was prepared and used ‘on the column, the results continued to

be good and depeﬁdeble.

sge

IV." EXPERIMENTAL PROCEDURE

A. Extractlon and Other Gloved Box Operatlons

Spec1al gloved boxes were required for this experlment to reduce
the danger of an explos1on'dur1ng the ether extractlon of the plutonium.
Two extra-large boxes were JOlned by a pass-through door, the prlmary
extraction belng carried out in one box, the clean-up of the sample in
the other, less\re@;oactlve box. Prov1s1ons were made:to flush the boxes
with niﬁrogen‘during an ex%raction. With an initial‘qitregen flow of
10 cfm for three minutes and a continuing flow of 1 eﬁm,_the oxygen level

could be reduced to three percent for the duration of the work in the

- boxes.

The 1nter10rs of the boxes were coated with epoxy palnt to provide

. addltlonal sealing at all 301nts and other metal 1nterfaces The half

ineh thick plastlc front plate was attached to the box by angle brackets
insteed of screws to attempt to preserve the 1ntegr1ty of the box in the
event an exp1051on did occur.

The stock solution for various runs consisted of from 10 to 20

"grams of plutonium in a solution 2N in HNO3 and saturated with'zihc

‘nitrate. Volumes ranged from 250 cc to 400 cc. The isotopic composition

was: .

3%y 95.89 atom %
2h0§u 3.93 atom %
ey 0.172 atom %
2hePu 0.00959 atom %

The plutonium was reduced to the Pu(III) oxidation stete by ferrous

sulfemiate, &rith sulfamic acid and hydroxyk anine as heldifig reductents.
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Appfo#imately 200 ‘cc of anhydrous ethyl ether were,pleced in a
separatory funnel with an eauei volume of-an aqueous solution 2N in HNO
and saturated with zinc nitrate and shaken for st lesst two minutes to
insure complete eﬁuilibratienvof'the ether with the aqﬁeous phase. .Tﬁe
ether was drawn off and péssedvihto the g;oved box, as was 100 A
of uranium-232 in aqueous solution, which served as a tracer.to.detehmine
the chemical yield of ufan{um. All the tracer and £hen half of the ether
were added to the plutonium stock splutiog ie a ;arge'separatory_funhel.

They were shaken vigorously for two minutes. The éther ﬁas withdrawn and

placed in a beaker in a hot‘vater bath..‘whiie thie'ethef was evaporating,

the second poftio#iof:ether.was added to the stock solution and another
extraction carried out in the same manner as-the first. This ether_ﬁae
added to the-first'portion end>was evaporated until the total volume

reached approx;matel& 30 cc, when it was removed from the hef water bath

"

‘and placed in a large test tube for the "scrubbing" procedure.

In this operation a wvolume of 1N HNO3

sbout half that of the
.ethef was added to the ether,Aalong:with a few'grams of solid ferreus
sulfamete, and the test tube was shaken for 1 mipute to reduce. that
PulIV) which had been extracted iﬁtb‘thevether to the PulIII) state.
Then sufficient zinc nitrate to saturate the aqueoﬁs bh&se was added,
and the test tube was shaken-vigopously fog twd'miputee_to extract the
) Pu(IIi)-baCk‘info the(aqueouS'phase.g Fiﬁally'the mixture was centri-
fuged.and the. ether ﬁhase drawn off.”” Two such scrubs were -performed oﬁ
the sample in the first éloved'box; the sample was.then paésed into the’
second box where three to five additioﬁal scrubs were done. Since the
amount of plﬁ?énium.extfacted'by the ether varied, the number of scrubs

vas determined by reguiring that the aqueous portien ef~the lagt three

3.
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be free of the blue color of Pu(III) In this way no. more than

' lO6 dpm of plutonlum were removed from the gloved box. After the final f 

scrub the ether was evéporated in. a hot water bath to 8 or 10 cc. At
this point 1/2 fo 1 ce of HI was added in order to destroy most of the
exploéive peroiides:in the sample, and the‘evaporetién was continued

until the evolufioﬁ of nitrogen dioxide ceased and the sample was about

- 1/2 ce in voluhe. The sample was passed out 6f'the.glqved box and placed

in a hood, where all subsequent chemical opérations_were‘carried out.

B. ‘Column

Evaporation was continued over a micro burner until the'volume of

the sample was 1/U cc or less. An equal volume of 8 ¥ HNO, vas added to

3

insure the proper normality, between 4 and 8 N, and the sample was placed

on an anion exchange column to eliminate the Zn and Fe wﬁiehvwere also
extracted by the efher. The resin was Dowex AG 1 X-10, hOO-mesﬁ, which
had been converte@ to the nitrate fofm'by successive washings with 1N to
LN HN03. The column arrangement has: been described in Sec,*III-B?..AThe

drop rate was meintaihed ‘at about 15 seconds per drop while the sample

vas loaded. The column was washed with about 5 cc of MN HNO, at the

.faster drop rate of 10 seconds §er drop. Drops -1b to 32 were taken on

a small platinum plate, and evaporated under & heat lamp. The plate was
lightly flamed to dispose of organic mass and also to serve as an
additional_uraniﬁm purification'factpr, sine¢e plutonium is not easily

removed from a flamed plate.

c. Preparation of Sample

«

‘ The uranlum was removed from the plate w1th hot 2N HNO3, placed

in a glass microcone and evaporated to 1 A under & heat lamp. The
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sample was then taken up with a glass-tipped polyeth&lene micro-pipette . ’
thch was inserted in a:micfo-manipulator for transfer to the left therm-
istbf. It was necessary to perform this delicgte énd>criti§al operation
ﬁpder a 20.power stereo.micr6sc6pe; To hasten the samfle deposifioh,
the thermistér‘was Heated.electrically to 70°C. Fiéure 12 shows. the
"heatiné éircuit which w@s hsedf

The 1 K helipot.sefvgs és.a coﬁparisoﬁ résistqr tcbthe thennistof.
By setting it to the resistance value of the thermistor at T0°C, which
. has‘bgen measured previously, and adqusting the 5K heiiéotkuntil:the
'reéding on the volt metervin position "A" is the sgﬁe as that in pésition
"B";‘the température of the thermistor is set te;70°¢4 Néfé'that since
the resistance of fhe thermiétor_vafiés with its témperature? setting it
to 70°C reqﬁires changing the;ﬁower applied to it. Varying the 5K helipot
aoes this, with the residuél resistance ofvthebhélipqt sérving as a bal-
last resistancé to pfeﬁeﬁt,overheating the thermistofiv_This operation;
was always done by reducing the resiétancevof-the 5K helipot from its
maximum so that the temperatu?e of the thermisior never exéeeded TO?C.

Before iﬁsertion into the calorimeter, the thermistor mount was
placed in a vacuﬁm desiccator ‘and the house vacuum was qpplied as a

preliminary'degassihg operation.

D. loperﬁtion of'Cglorimeter
The proteétive aluminum cap was scfewed on the thermistor mountv
and the mount wasAplugged into the calorimeter. The outef copper'vesgel
was écrewed on -and the entire assembly lowered into the constant tem~
perﬁturé bafﬁ; ‘Aﬁmechanical*pump was used to évacuaté the system.

Several Torr of helium were let.into the calorimeteriin order to hasten

62—
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.Fig. 12. Circuit disgram of apparatus used to heat thermistor as sample

is deposited. -
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thermal equilibrium wifh the constant temperature bath. Three minutes
after the helium was admitted, the thermistof heating circuit was cén;
nected to both thefﬁistors, the ampliiudé of the audio oscillator set at
T70. After five minutes of heating (eight minutes after the heiium was
admitted) the helium was pumpéd out and the amplitudé of the audio oscil-
lator was reduced to 40. This'amplituQe corresponds to a higher tem-
persture of the-tﬁermiétors than does aﬁiﬁmplitﬁde'of TO in the presencé
of helium. The diffusion pumﬁ was used to evacuate the calorimeter ves-
selrto below 10_6 Torr. = At this pbint the_éufrent and volfage through
the left thermistor were méasureq and its resistance calculated to verify
that it was still intact. Four or five minutes after the helium was
pumped out (nine or ten minutes of heating) the heating circuit was dis-
connected.. Afterloné minute the calorimete? bridge was turned. on to tpe
least sensitive setfing, 1/160 battery.voltage, gnd gradually increased
to the 1/3 battery seiting, with adjustments maae on the helipot as
necessary to keep the Speedomax recorder on scale. Typically, fifteen .
to eighteen minutes from the time thax‘thevthefmistor mount was put in/
place were reQuired for the calorimeter to feach equilibrium and permit
measurement of the heat produced by the isomer in its décay.

The measurement wés continued for at least two hours, at which )
poiht the>sample had decayed sufficiently tpat a straight base line could
‘be determiped. Then the calibration was made andvthe-resistance of the’

thermistor was measured, as described in Sec. IID.

E. Determination of Yield
The chemical yield of uranium from the sample—preparation pro-

cedure was determined by a tracer technique. Ufaniuhb232 was geiected

_6li=

because its principal alpha decay mode, at 5.32 MeV, is greater in energy

than that of plutonium-239 at 5.15 MeV. Thus an accurate determination

of uranium-232 is possible without interference. from the lower energy

"tail" of the plutonium-239 which is & contaminant of the sample. The

3 and placed

on a 1 inch platinum plate for alpha counting. Alpha counting was done

sample was compietely removed from the bead with dilute HNO

with a silicon surface barrier alpha detector and ahalyzed by a four

.hundred channel pulse height analyzer, RIDL 3412B. Standard plates of

a known aliquot of the tracer solution were prepared such that the
counting rate of the standafdiplate was approximafely the same as that .of
the sample to which it was compared. Counts of standard and sample
plates were of ten hours duration. B |

Peak heights of the principa; uranium-232 peak at 5.32 MeV were

compared for the chemical yield of uranium. Minor corrections (less than

. 10%) for the contributions of the neighboring thorium-228 pesks were

required for the assay plates. This correctioﬁ was not required for the
sample plates, since the thorium-228 present in the tracer as a décay
prbduct is not extracted with uranium by the ether in largé enough
amounts to interfere.

The amount of urenium-235m actually pfesent during the period of
measurement in the calorimeter was calculﬁted by multiplyiqg the  amount
of uranium-235m présent in the'plufonium stock solution by this chemical

yield factor, and correcting for the decay of the isomer during prepara-

"tion of the sample.

Immediately after each experiment another ether extraction was
done on the plutonium stock solution to remove any uranium-232 tracer

that may have remained after the two ether extractions used to obtain
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the sample. The three extractions removed over 99% of the tracer. The
uranium-235m was allowed to grow into the stock solution overnight. -
Hence, the initial amount of the isomer present in the stock solution at

the beginning of the experiment was taken as the -equilibrium value.

" ~66-

V. RESULTS AND DISCUSSION
A. Introduction |
The data from the éaloriméter was ‘in-the form of a trace of power
Qersus time recorded as the_expériment~w§s’in pfogréss by the Speedomax
reco:der. The‘points were then replotted on linear grapﬁ paper. to cam—

press the time scale. A straight line would be anticipated in the absence

of ‘a sample on the left thermistor, but this was not the case. Rathér,ﬂa

straight baselinebwas obtained only after a sharp initial curve.which

was not exactly duplicated from run to run. Thus & simple subtraction
of the curve obtained without a semple from the curve.obtained with a

sample in place was not possible.

The succeésful anAleis of the data was due to the observation
thaf the sharp initial curve'was exponeqtial ih form. Once it was recog-
nized that the half life of this exponqntial,ias nearly the éame from run
to run for a giﬁen_set of thermisforé in & mount, tﬁe analysis of the
data became quite,sfraighforward. Thus, when the straight baseline valpe
(which is a function of the setting on the 20KR helipot) was subtracted
from the data:obtained with a sample of uranium-235m on the left therm-
istor the cuf&é whiéh remained was a composite curve of the 26.5 minute
hal? life isomer and the shorter half life thermistor curvé.r This cémﬁ
posite cufve was then anélyzed in the same ﬁay as a radiocactive decay
curve involving two components. - ‘

The half lives of thermistor sets tested in ﬁhe calorimeter
ranged from four to eleven minutes. Since the energy dissipated in thé
sémple—holding thermistor by the uranium-235m decays with 3_26.5 minute

half life, the thermistér sets chosen for these runs were those with the
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shortest éha:acteristic lifetiﬁes in order to avoid any'ambiguity in the
interpretatioh of the data. |

. Some further restrlctlons were placed on the experlment The
set of therﬁlstors used- in a measurement was requlred to show the same
characterlstlc half life before the sample was placed on the left therm-
istor during the measurement, and afte? the activity of the isomer had
decayed avay. This provided assurance £hat the_ﬁhermiStdr seé (andfthe_

rest of the system, as well) was perfofming properly at all times.

B. Ura.ni@—235m Runs

The dat;.from two uianium;235m’measurémgnté are presented in the
following’figuresuand tables. In Figs. 13, 15, 16, 18, 21, and 23, the B
points are multlplied by 10.: .

Flgure 13 shows the behavior of the thermistor set used in Run
#1 before the actual run. Note the half life of six minutes, obtained
by subtracting the baseline of 56.7 from_tﬁé rest of the curve. The
data from the first.uranium-235m run is sgown in Fig. lhf In Fig. 15 a

smooth curve has been drawn from the points in Fig. 14, and the baseline

of 12.5 has beén subtracted from this curve to give a second curve, which

is:représented by the solid points. This is the composite curve of the
isoﬁer's decay- and gharapﬁeristic behaviorzof the thermistor set. The
1qwer portion of this curve is seen to be & straight line with a hq;f
life bf_26.5 minutes; this represents the power dissipated in the therm-
.istor bead by the decay of the urahnium-235m. When the. values of thls
line extrapolated back to time O on the chart are subtracted from the
first part. of the curve, another stralght llne is obtalned The halfp

life of thls 11ne is four minutes, close to the valué of six minutes
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© previously obtained for the Qharacteristic half life of the thermistor
set. Figure 16 shows the behavior of the same thermistor set with the
sample of uranium still in place, but after a sufficient time has elepsed
so that the isomer has Aecayed away comfletely._ Note that there is no
26.5 minute component. - When the baseline of £2 is subtracted from the
curve, é sfréighf liﬁe résults, aisimple exﬁonential with a‘half life of
7.7 minutes. '

In Fig.rl7 is:shqwn the calibration of the.calorimeter._:Each
chart division.(the abscissa in Figs. 13-16) thus representé 4.9 ><,10—lo
watt or 3.06 x 107 eV/sec. ' |

The calculation of the decay énergy of uraniuﬁ-235mvproceeds as
follows: ‘

The -ether extraction was made from 10.9 g of flutonium—é39. The:

number of atoms of plutoniﬁm—239 was thus

23 22

' (10.9)(6.023 x 10

y
539 = 2.74 x 10

Simece the half life of plutonium 239 is much longer then that of uranium- -
235m, and since the uranium was allowed to grow into the stock solution

for an interval very long compared with the half life of the uranium-235m,
d/sec(Pu239) = d/sec(U235m) ,
at time t = O (whén the separation from the plutonium is completed).

S 22
a/sec(Pu239) = (NA)Pu239 = (9'623)(2';h x 10°%) T
" (3.16 x 10'){(2.44 x 107)

2.47 x 100 a/sec(U235m) at time t = 0 .

~Th-

The graphs of Figs. 14 and 15 begin 139 minutes after extraction was
completed; faking 2615 minutes as the best value of the half life. of
the decay, six half lives, or 159 minutés, willbhave elapsed'at:t = 20
minutes on the graphs.

232

The chemical yield was determined by the ﬁse of U, as described

earlier, and was 22.6%.

‘The disintegration rate ;f the 23°My ot ¢ = 159 minutes (20
minutes,.éhart time) is found by multiplying thé ofiginal numbe% of
disintegrations of the isomer éer second, 2.4T x 1010, by the.chemical
yield and by 1/64 to correct for the six half lives which have elapged

39

since the separation of the 235mU from the 23y stock.'

(2§h7 x.iolo)(o.zéG)(l/sh) = 8.72 x 107.d/sec .

The solid points in Fig. 15 represent the 26.5-minute half life
component. At cﬁart time=20 miﬁutes the power intercept is seen to be
15 chart divisions.

It has béen previously calculated from Fig. 17 that each chart

9

division represenfs 3.06 x 10 eV/sec. Thus the power corresponding to

(15)(3.06 x 107) = k5.9 x 107 eV/sec

The number of disintegrations occurring at this time has been calculated

above to be 8.72 x lOT d/sec. Therefore each deéay_dissipates

45.9 x 169 eV/sec
8.72 x 107 d/sec

= 526 eVédecgg

The date from Ruh #2 may be analyzed in a similar manner. Figure

18 shows the behavior of the thermistor set prior to the run; Fig. 19
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shows the data from the run. The data are analyzed in-Fig. 205 and Fig.
21 shows the behavior of the thermistor set after fhe run, with the |
sample ;till in place. |

" The ether extrac£idn for'this run was ﬁade froﬁ 9.9:grams of.

plutonium-239, or

: 23 o v
(9'9)(6'g23 x 10 ) =.2.50 X 1022 atoms of 2y .
39 Bl
At time t = 0,
= d/sec(UEBSm) = (NA)Pu239

d/sec(Pu239)

- _(0.693)(2.50 x iozz)
(3:16 x 107)(2.4% x 10%)

= 2,25 X 1610 d/se¢(0235m).l

The graphs of Figs. 19 and 20 begin 152 mihutes after the separation was
completed (time t = 0). Thus, six half lives (159 minutes) have élapsed
at t = 7 minutes on the graph.
. _ 235m,; e .
The disintegration rate of .U at t = 7 minutes, graph time,
is found by multiplying the disintegration rate at t = 0, calculated

above, by the chemical yield, which was 13.5%, and by 1/64.

(2.25 x 1010)(0;135)(1/6h) = L4.75 x 107 d/sec .

At t = T minutes, graph time, the power intercept of the 26-minute
component (the straight line drawn from the solid points) is 9.5 chart
divisions.

Figure 22, the calibration of the calorimeter, indicates that

each chart division gofrespoﬁds to h,95 X 10-9 watt,'or,3;09 x 109 eV/see.
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At seven minutes, graph time,

(9.5)(3.09 x 10%) = 29.3 x 107 ev/sec

'is being dissipated in the thermistor by M.TS'X 107 d/sec. The decay
energy is thus:

29.3 x 109 eV/sec
L.75 x 197 d/sec

= 617 eV/decay
The mean value fdr the decay energy of'uranium—235m is .

(572 + 33) ev

vhere 33 eV is the standard deviation of the mean.

Tﬁe two tyﬁe; of errérs'are involved iﬁ the measurement: randoml
" and systematic; In the class of random erforsiﬁre thé>precision-0f the
assaying techniques used and the accuxacy with which the preparation time
was measured. Two assays are performed in the course of sample prepafa—

tion: one to determine the amount of-plutonium—239 from which the

extraction was made, the other to measure the aliquot of uranium-232 used

as the tracer. Thé more diffigult-and involved of the two was the assay
6f the plutonium—239.§tock solutién,'bécause it required abprimary
aliquot of 10X, a dilution in a voiumetric flask, and fhen a second
aliquot which‘was_plaéed oh a. platinum platé’for’éounting. In addition,
this procedure was necessaril& performed in -a gloved box, which further
compounded the airficulty of the eperatipn. Tbnmeasure the practical
limit of precisioﬁ of this assay, nine aséays were made over a ﬁwo day

peripd. The fractional standard deviation: of the results was 0.9%.

-
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The measurement of the 100A aiiquot of the granium—232 plgced iﬁ
the plutonium-239 stock solutioh was a much less difficult operation, .
since‘it involVed only oné aliquot, and was performed in & hood rather
than the gloved box. The major uncertainty involved in the uranium-232
assay is that associated withrtﬁe'intefpretation of the :alpha particle
spectrﬁm.» As previously noted in Sec..IV E,.a correction must be made for
thg présence of neighﬁoring thorium—228'peaks. Thg overéll error intro-
duced in the uranium-232 assay was estimated‘at not 6ver 10%.

The alpha counters used in the experiment were checked with

- standard sources of.known activity to determine geometry factors; and a

Chi-square ‘test- applied to the date indicated that they were functioning
properly. The,erfor-introduced by the counters is included in the-gssay
error estimates.

The measurement of'sampiévpfeparation time and chart timerwas
éone—by a standard eiectric clock. The main difficulty here was in
deciding upon time t = 0, the moment when the second ether extraction of
the plutonium-239 stock was completed. When the shaking was stopped,
gbout half a minuté-passed before the ether and the plutonium-239 solu-
tiqn separated into two distinct phases, during which time some uranium
was still being extraétea, although to a lesser extent than during agi-
tation. An uncertéinty of +30 seconds introauces an error of +1%.

"The statistically combined effect of these uncertainties is
10.1%. This estimﬁte of tﬁe error in a single measurement leads to a
standard deviation of the mean of 7.1%, which is in good egreement with

that calculated directly from the measuredjvalues of the decay energy,

(572 + 33) eV ‘or

572 + 5.8%
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The possible systematic errors in the measurement--érrors of
constant magnifude which recur during each run--are m§re difficult to
e%aluate. The limits of accuracy of the numbers for the half lives éf .
Pu—é39'and U-235m are sources of systematic error. The half lifé of
Pu-239 is knéﬁﬁ qﬁite accurately. Thé half lifé of U-235m has been -
;éported as 26.5 t 0.2 minutes,3 26.6 t O.3kniinutes,h and 26.16.* 0.03
ginutes.G_ The helf life used.in the éalculatioh»was 26.5 hinutes.‘_If
26.16 minutes is chosen iAstead, the values obtained for the_energy.éouid
be 5.7% greater. . |

The most serious possible systematic error would be some unknown

bias in the calorimeter itself which .would lead to afaulty calibration

cf the instrumént. Section II D, Calibration, describes the precautions

taken to insure the accuracy and suitebility of the calibration.’

. EVeh so, it would be deéirable fo use fhe calorimeter to meésure'
the decay energy of a knowﬁ transition in order to e;iminate the pos-
sibility of a significant systematic érrbr in the instrument. There are
nb‘other similar low energy, highly'converted gammsa. transitions whose
energy is known. Beta transitions are.too high in»energy for the néées—
séry qualifiéation that virtually all the transitibn energy be dis;ipated

within the sample.

C. Bismuth-212 Run

of t#é very few alpha emitters with suitable hﬁlf lives, bismuth-
212 with a helf life of 60.5 minutes is‘easily prepared from thorium-228.
10J to 108 d/m of thorium-228 were placed'on a cation éxchange resin in
0.1 M HCl. LElutiQn of'iead-212 and bismuth-212 proceeded with 2 M HC1.

The lead-212 wag eluted first ané discarded, since its 10.6 hopr'half

~8l-

1ife is too long for the calorimetric measurement. The bismuth-212
sample, which was free of all detectable 1ead-212, was taken_from the
column and placed directly onto a thermistor béad. The célorimeter_was
operated in the standard manner to obtain a power vs time curve as in the
uranium-235 runs. -The interpretation of this curve.was nét as straigpt-v
forward as in thé'uraniﬁm—ESSm measurement for.fwo reasons. »First, only
36% of the bismuth—212'décays by alpha emission;-fhe remaining 6&% decays
by beta emission to polonihmr212, which théﬁ decaysAby alpha emission
with a 30k ng helf 1life. Since the energies of these two alpha transi-
tions are different, an averagé elpha energy must Be used in the calcu~
lation. If the'alpha,rarticle energies are ﬁultipiied by fheir respective
percentages. and.addeé, an average alpha energy of 1.9 MeV is obtained.- -
The exceedingly short haif life of -the poioniumy212 means .that its alpha

decay will proceéd with the haif life of the parent bismuth-212, so no

- half life correction is necessary.

Secohdlj; not -all the alpha particles are absorbed within the
sample. . This factor is‘difficult to evaluate with precision, but an
estimate may.be:made, The range of a 7.9 MeV alpha particle_iﬁ air is
75 mm. Using the Bragg-Kleeman rule,

x 107 \-,—pi:_iR

R = 3.2

air

and values of 50 for the atomic mass, Al’ of the thermistor and 3 for
its density, Pys the ?ange of an alpha particle in the thermistor beed
is calculated to be 0.056 mm. The bead ié'an ellipsoid whose minor axis
is 0.41 mm, or over T times ﬁhe range &f a 7.9 MeV alpha particle. In a

crude analysis, then, slightly under half the alpha particle energy will
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be dissipated within the bead, assuming an isotropic distribution of
alpha particles. In addition, there is some mass associated with the

sample, and this has §he effect of increasing the number of alpha paf— '

ticles absorbed within the bead and sample. It was impossible to measure

the amouﬁt of'this méss, except‘tobhote that it vﬁé distributed fairly
evenly over'thé whole head énd was aboﬁt 0.02 mm thick, It seems -
reasonable, then, torgssume tﬁat bgtwéen 50% and T5% of the total alpha
particle energy is detected by the calorimeter.

‘The data from the bismuth-212 run are bresented in the same way
as that from thé ﬁranium—235m’runs. Figure 23 sho{.y_s the bahavior of the
»thermistor‘set beforé the run. ihe éharactéristic hélf life df.the_set
‘is eleven minutes. Figure 2h-shoys the data from the bismuﬁh-212 rﬁn,
énd Fig. 25 shows the analysis of these points.

The straight‘baseline'has nét quite been reached, due to the
necessityvqf femovipg thebsample ffom the thermistor bead while there.is
s£ill sufficient bismuth-21é albha'acéivity to be counted for the yield
determination. Theé following reasoning was used in detefmining the
eventual baseline of 25. Utilizing that portion of the curve after the
initial shért half life associated with thé thermi#ﬁors has disappeared,
it may be séen that in the intervdl between 120 minutes and 180 minﬁtes>‘
»(aﬁ?ut one;half life) the curve has dropped three divisionslto 28.6. In
the interval'betweén 180 minutes énd 240 minutes, it will drop-l;1/2
divisions to 26.5, and so forth, converging to a sefies limit of 25.0.
The curverwhich results from subtracting the baseline of 25.0 from the

 data curvé is represented by the solid points. This line may be resolved
in%o two Qomponents,‘one with a half life of 60.5 @inutes, which is

exactly the haifAlife of the bismufh-212 alpha decay. The shorter

(pdwé r)
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component has a half life of 1k minutes,Awhich is close to the eleven
'minute half life previously noted for the thérmistor‘set..

Figure 26 sh&wé the behavior of the set after the bismuth-212
rum. The half life.is 11.5 minutes.

. The analysis of'fhg data of the bismuth-212 run proceeds as fol-

The'bismuth-2l2 and polonium-212 activities were,removedjfrom the’

- * ) .
bead and counted at b:11, P.M. - The counting rate was 24,049 c¢/m. The
alpha counter used had a geometry factor of 51.5%, so the disintegrétion
rate was . '

' b ‘ : .
(g:gg§§(ég sZé7ﬁin)b= 7;77 X 102 d/sec at k:11, P.M.

‘Four half lives, or 4 hours, 2 minutes, earlier (12:09, P.M.) the disin~

tegration rate was

(7.77 x 10° d/sgc)(iG) = 1.24 x 10% a/sec .

Assuming 7.9 MeV per alphe decay, the energy'dissip&ted in the thermistor .

bead at 12:09, P.M., is

(1.24 x 10h d/sec) (7.9 Mev/d) = 9.8 x 10h MeV/sec

Prom Fig. 27, the calibration of the calofimeter, it may be,seeﬁ that

ome chart division corresponds to 6.4 X 10710 3

watt, or 3.99 % 10
The time t = O of the chart -occurred at 11:26,.A.M. 12:09, P.M., then,

is 43 minutes into the chart. - At t = 43 minutes, the power intercept of

R .
CEock times are used here in order to simplify the discussion.

MeV/seE.

-se-

the 60.5—minute component was 15.9 divisions, or a power of

3

(15.9 div.)(3,§9 x 10~ MeV/div.) = 6;33 X 10h MeV/sec

At 12:09, P.M., then, 6.33 X_loh MeV/sec was being dissipated in v
the thermistor bead. Xs calculated above, 9.8 X th»MeV/sec was being
prodﬁced by the decéy ét 12509.. However, it was previbuslytestimﬁted
that only 50% to T5% of the power produced by the decay is actually

being absorbed within the thermistor and detected by the instrumeht.

}

Therefore, between 4.9 x'1oh MeV/sec and 7.3 X 10 MeV/sec would be

expected to be detected by the éalorimeter. The answer obtained, namely

L

6.33 X 10' MeV/sec is within this range. Thus, the liklihood of an unknown

sysfematic error in the uranium-ESSm:meaéurement is eliminated.
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"bidge, Fowler, and Hoyle.%7

. and their half lives are kqown. Thus, the ratio

in the galaxy. _In subéequent-inﬁeétigations Fowler and Hoyle
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VI. ALPHA DECAY HALF LIFE OF THE ISOMER AND COSMOLOGICAL CONSEQUENCES

A. Uranium Cosmochronology

The age of our.géléxy hés been the squect of:much discuSSion and
calculation.  One well—eStablishedbobservétional teéhnique-for.détér_
mining the age of the galaxy was introduced in 1957 by'ﬁurbidge, Bur-
Radioactive species of very long:ha;f

lives, neamely uranium-235 and uranium—238, occur naturslly.. The present

48

abundances of the;e isotopes in od}_solar system hqve been estimated,
o ’ 235. 238 '

as a funqtibﬁ of time. .Accbrdipg.£9 the medel for hucléosynthésis
proposéd'bvaurbidge, et al,, now widely accepted, therhgéviest eleméntsf
were formed‘by a rapid’neutrbn capture process in supernovae, and the
production ratio of these two isqtoﬁes‘ﬁay be'galculﬁtéd éuite simply;'
The time"intercept at which thiS»rgtiovoécurs is taken to be theAage of v
the material invour'solar'system.- The ‘age of thevgalax& is then obtained
by adding'tq this.number the mean time required for étaré to e&oiQe to
the supernova stage in which the‘;adioactive nucléi are formed. -

Using this method; but assuming a rapid evolution of the star to.
thé supernova stage (IO8 yeqrs), Burbidge, gﬁ_gi. obtained 6.6vx 109 |
years for fhe age of thé-élements if they were producéd in a sinéle
event, or 6.6--11.5 x 1Q9 jears for a éonstént.rate of element production
k9 assumed
an exponentially;decreasing rate of element synthesis over the lifetime
of the galaxy and-in-édaition hypothesigzed that the stars which evolve

9

to the sppernovaé require-3-=-4 x 10 years to do so. They caléulated

the age of the galaxy to be 15 X 109

50

‘years. A further refinement by

Fowler and a calculation by’Clayton,Sl in which he introduced Re-187

as a chronometer, -substantiate this number.

U/°7"U may be plotted ..

-9h-

52

Dicke,”” on the otker hand,

assumed .a rapid evolution to the supernova stage and a constant rate of

element. synthesis of 40% of the heavy elements, with 60% being formed

9

- im a single event, and obtained a galactic ége of T X 107 years.

The present ratios of these isotopes and their production ratios

.. are generally accepted qﬁantitiés. The variation in the" values obtéined

for the age of the gglaxy reflects:different'aséumptions concerning the

history of the_isotopes between their formation and their incorporation

into the solar system. Were they formed in one single supernova or were

-they formed in a continuous series of supernovae ocecuring between the’

formation of the galaxy and the condensation of the solar system? ' Has
the galaxy been an éutbnomous system since its origiﬁ or has it acquired
ney material from intergalactic space at various times?

' One other question presents itself in connection with the

abundance of uranium-235. As we have seen, the transition energy of the

. isomeric state is exceedingly low. Might excitation of the isomer occur

in the envelopes of stars or in hot portions of interstellar material?
And if so, are the nuclear decay properties of the isomer, specifiCally
the half life for alpha decay.significantly différent from those of the

ground state?

.B. Coulomb Excitation Celculation
- With respect to the first of these questions, interstellar space

conteins charged particles of high energies which may produce a nuclear

- transition by Coulomb excitation. Alder, Bohr, Huus, Mottelson,'and

53

Winther give a Coulomb excitation cross section:
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‘ Z (ogy* o) -
A=l '

Since the transition from ground state to isomer is an electric octupole
t;ansition,‘the cross section for magnetic excitgtion,-cMA; is not uged,
and only the electric excitation cross section need be considered..

= ¢, g(*?) (E-AE'

(A-1)
%ex T CE >

B(EA) fEA(ni’E) .

;‘;)"“ N

A =3, CE 9.298 x 10 (l + n Z—é—’z—h-‘_barns' .
1 2

2

vhere: E 1is the energy‘of the prdjectile

A

-} . _ .
ARE' = (1 + fl-)‘. AE, where AE is the transition energy ,
v -] T _ ‘

Alvénd A2 are the masses of the projectile a#d target nuclei in units gf
the prqton.mass; Zi and Z2 are.thg atbmic numbers of'projectile and target
nuclei; fEk(ni’g) megsurés the effectivé strength of the intgraction._ It
is obtained from.Fig._IIﬁ'in Ref. 7; B(EA) is the reduced transition
probablllty for the exc1tat10n of the isomer, glven in units of

o (1 -2h)x

This quantlty is best estlmated by substitutlng the experimentally

determined values of the half life and tran31t10n energy for the 1/2 > 7/2

urans1t10n in plutonium-237 into the following equation.

_g6m

*1oE 1> 1))
M(2n+ Dy R S

where the reduced transition probability B(EA; I. > Ii) for the decay is

—_ f
related by’
Hi+l,
B(EA I.> 1, ) Zﬁ;—f;—i B(EA; I, 1)

to the reduced transition prébability’B(EA' I,>1I )'for the excitation
cross section; T is the probablllty per unit tlme for the tran51t10n, or

1
=3 w= AR/, where AE 13 the tran51t10n energy. The data for plutonlum-

T
237 is as . follows: 5h )
AR =-145 keV
tl/z = 0.18 sec

.Conversion cqefficientbé 55

=1
|

76 x 1059 AT B(EA n-I ) Eii—i¥iA
£ 2T, +1 :

And B(EA) = 5.11 x lO_Ll Substituting this value for B(EA) in the

expression for G(EA), we get

S(EX) = 9.298 x 10° (1 + §§§ - (L )‘E(3-2) (x - AE.)(3-1)

x (5 11 x 10”7 ) (3.8 x 107 2y .

-



If AE' << E, then

=12 3

o(EA) = 6.02 x lO E” barns

The choice of E, the energy of the bombardlng proton, is not
clear-cut. Unfortunately, we cannot appesl to experlment--ve have no
direct access to hot 1nterstellar gas or stellar enveloPes. The_flux of )
protons in near space is the only measurement that has been ‘made, and‘ye
must assume that this is typical of‘the solar system over the past 109

years. The energy spectrum of these protons below 50 MeV is not certain,

due to solar flare activity, but.there aie'fewer particles in this -energy

“range than in the higher energy portion of the ebectrum. ‘Above 56 MeV
the number of pa;ticies variee_BS‘the -2;6 pover of the energy, with a
total flux of 1000 protans/mzsster-sec; + Sb%.ss ‘

A reasonable,approximation is to take the energy of the boﬁoarding

protons as 50 MeV, in which case

o(EA) = (6.02 x 1072)(1.25 x 10°) = 7.52 x 107! barns

The equilibrium ratio of isomeric state to ground state in such

a proton flux‘is»caiculated as follows.

Let the number of ground state uranium atoms per cm3 = NO

the proton flux = n

: . . . 3
the number of isomerie uranium atoms per cm” = N

n o(EA). The number of iso-

0

meric uranium atoms decaying to the ground state is’NAUQ35;. Under

The reaction rate of isomer formation is N

equilibrium conditions,
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oo O(EA) U235m “
and
o ' ' ‘ -31
%_ - no(EA) _ (1.2)(7.52 X 1g7 ) = 5.03 x 10°27
L.hh x 107 ' '

0 XU235m

This ratio is eiceedingly ‘small, indicating that virtually no excitation
of the isoper oecots in regions of space typified by our solar system.
Nevertheless‘one cannot pfec;ode the poésibility of .much larger proton
fluxes in stellar envelopes operetiné over millionsvof year to produce.

a significant excitation of the isomer. Unless the haif life for alpha

decay of the 1somer is very much shorter than that of the ground state,

235 /238

however, there will be no decrease in the ratio, U, even with

proton fluxes several orders of magnitude greater than those observed.

C. Calculatlon of the Half Life. fox Alpha Decay of 23SmU

The calculatlon of the half life for alpha decay of the isomeric
state is straightforward. Alpha transition rates exhibit an eictremely
sensitive exponential dependence on decay energy. A plot of the log of
the half life vs. the decay energy for ground state to groﬁnd state
transitions of even-even nuclei shows nearly straight iine behavior for
a giveo element. If the data from odd-N nuclei are placed on such a plot
they will hearly always lie.above their respective elemental lines
(longer half lives). These traneitions are said to be hindered. A
hindrance factor may be defihed‘for these nuclei as the ratio by vhich

their half lives differ from a line 1nterpolated betveen the nedrest

even-N isotopes. In these cages the orbital of the unpaired nucleon in.
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the parent and those of_the excited states in the daughter nucleus are
of utmost importance in determining the decay rate: Decays in which the
orbital of the unpaired nucleon remains unchanged have low hindrance
féctors.

A plot of the Unhindered‘half lives vs.‘Qu (alpha particle energy
plus reéoil energy) for the uraﬁium isotopes is.shown in Fig. 28. The
half lives are»calculated ﬁsing an equation due to Preston invoiviﬁg the
nuclear radius and half lives of neighbo;ing even—eveﬁ_nuclei;56 This
graph m;y be uéed.to determine'thé unhindered paft;al hélf lives of the
alpha érouﬁé of urénium—235m décajing to various states in thorium-231.

To calculate the actual alpha half life of the isomer, the unhindered

partial half lives for each &lpha group must be multiplied by the hind?ance

factor for that group. Since these are unkﬁown,.they muét be estimated.
The isomeric sﬁatg has been given the Nilssdn_assignemnti

(a1 anA) 1/2 + 1/2 631. As.wébhave seen, the unpgireq neutron in the
ground state of plutoniﬁm—239 has exactly the same configuration. It
would be expected that the alpha degay of the isomeric state of uranium-
235 would exhibit very nearly the same hindrance factors as plutoniﬁm— 

239. -This effect can be demonstrated in the case of plutonium-241 and

curium-243, whose grourd states are both 5/2 + 5/2 (622). The hindrance

>T

factors of their alpha groups are shown in Fig. 29. Similar correla-
tioﬁs of_hindrance factors.maY'be obgerved in several other pairs of
nuélei with the same grouﬁd state coﬁfigurations. Thus it'gppearé that
the use of plﬁtonium—239‘hindrance factoré with the unhindered half
lives for the alpha particlevgrgups of uranium-235m obtained from Fig.

28 is a valid approach for determining the alpha half life of uranium—

235m. Figure 30 shows the calculatienms.

Fig
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spin energy{keV) (Qy = Epn)  (est. from Fig. 29) - de?a¥ to state for alpha»group (yrs™)
5/2 327 354 1.3 x 10° 8.89 0.693 5. = 6.0 % 107
- . , (8.89)(1.3 x 10°). .
3/2 288 4.393 " 7.0 x 10° 11.9 0:693 g = 8.2 x 107
o , o - , (11.9)(7.0 x 10°)
1/2+,1/2 631 275 4.406 5.7 x 10° 2.9k _0.693 _é’ =lL.2 x 10710
, ' - (2.94)(5.7 x 107)
9/2 240 441 3.2 x 10° 75.4 0.693 = = 2.9 x 1071
S : S (75.4)(3.2 x 107) 3
- - - o
/2. 169 4.512 1.0 x 108 285 0.693 o = 2.4 x 10 0
. ' (285)(1.0 x 107) '
5/2 11k 4.567 4.0 x 107 69.1 0:693 —z 2.5 X 10710
- (69.1){4.0 x 10')
_ . o . : . 0.693 . - . . -11
3/2+,3/2 631 75 4.606 2.15 x 107 - 670 , 0.693 —= = 4.8 x 10
. L o _ (670)(2.15 x 10') :
9/2 234 ?
T/2 20k ?
5/2-,5/2 752 185 ?

(continued)



Estimated partial A

H.F. for Pu-239

E(MeV) unhindered'tl/z(y)
(est. from Fig. 29) <decay to state

‘ (Qa = ETh)

Levels in thorium-231

for alpha group (yrs‘l)

'enefgy(kev)

" spin

C=3.5.x 107

632

‘é.l'x 107

- hs8h

(632)(3.1

10")

9T

9/2

= h.7‘x 1ofll

0.693
(1170)(1.25 x 167)

k.639 1.25 x 107 1170

k2

T/2

'=1.8.x 10710

589

6.4 x 10°

h.681

5/2+,5/2 633

0.693
(589) (6.4 x 10°)

8.5 x 10719 + 32.5 x 107 = 11.8 x 1072
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Atotal

5 = 59 %10 yeers

0.693
- 11.8 %10

half life of uranium-235m = =

Calculation of alpha decay half life of urenium-235m. (Refs. 58 and 59).

30.

Fig.
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The partial decay donstents for the alpha groups are‘added'to

obtain the total decay conistant, 1.18 x 1077 year . The total half

llfe for alpha decay is thus 5. 9 X lO8 years.

It should be noted that this value depends very . strongly on the

. energles of the levels in- thor1um—23l If any of the levels are.lowered,

'by 1nteractlon due to COrlOllS forces w1th a lower energy state the

alpha decay half llfe for uran1um—235m would be smaller accordlngly
large effect would be unlikely, however, since the lowest thor1um—23l
levels, shown 1n Flg. 30, are all der1ved from dlfferent 51ngle partlcle

levels; and there is probably llttle Corlolls mixing.

D. Cosmolgg;cal Conseqnences
The value for the alphs decay helf 11fe of uran1um—235m, 5.9'X'108.

'»years, is qulte close’ to that of the ground state, 7.1 % 108 years., This

fact comblned v1th the very low probablllty of Coulomb ex01tation in

space renders 1t extremely unl1kely that there has been any: 51gn1f1cant

235 /238

change‘lp'the-ratlo U between the tlme of element synthes1s and

incorporation of the*meterial into the solar system.
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VII. SUMMARY AND CONCLUSIONS

The:decay eﬁergy of the isomeric state of uranium-235 has been
determined by means of a épecially-designed micro—caloriﬁeter capable
~ of detectiqg 10—9 watt. This instrument is a Wheatsfone_bridgg calbriﬁ-
eter ih whicﬁ two arms of the bridgé are matchedbthenmisfqrs. Oné ﬁherm—
‘istor serves as a sampléfholder;’the othér.is a refergnce resistaﬁce.
As the twehty—six—minute half life a;tivity»of thé isomer deéayé, the
temperature.and? therefore, the resistance of the’sample—holding therm-
istor change, c?eatiﬁg an imbalance in the bridge, which was.measured.}
The calorimeter was calibrated by an accurately méasured radio frequency
signal. | ‘

Uranium—235m is formed by the alpha decay of plutonium;239;»50
the sample of urﬁnium—235m was obtaine@ by a\diethyl ethgr-exﬁracfion'_

from a plutonium-239 stogk solution which wés maintained in the Pu(TII) .

oxidation state by ferrous sulfamate. 'Zinc nitrate was the salting-out =

agent. After evaporation to less ‘than 1/2 ce, the sample was run throuéh
an anion éxchangg column to éep#rate the uranium from'inérganic mass,
and it wasvthenvdebosited on the fhermistor. Thé curve'obtained fr&m”
the calorimeter was analyzed in a manner similar to that used.in analyéis
of compound radioéctivé decay cufves. The totai decay energy of urenium-
235m was found to be 572 * 33 eV. |

The nuclear properties of the isomeric state are of intergst
sincé it represents a possible loss mecﬁanism of uranium-235 in space,
which would affect the calculatioﬁ of the age of the galaxy by Hoyle and
others, using the ratio urénium¥235/uraniuﬁ—238. Hence, the half life
for alpha decay of the isomeric state was calcﬁlated, using the unﬁindered

half lives of the uranium isotopes to obtain an unhindered half life for
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the isomer. This value was then corrected by epplying .the hindrance
factors for the alpha decay of plutonium-239, which has the same intrinsic
spin state as urenium-235m. The half 1life for alpha decay of the iso-

meric state was'calculated to be 5.9-% 108 yesars, neérly equal to that

" of the ground  state.

Using'fhe expression for the probabiiity of Coulomb excitation
derived by Algder, Bohf, Huus, Mottelson, and Winther, it was founa that
the Coulomb excitatioanf urgnium—235m>by profons in regions of space
typified by our‘sélar systgﬁ is negligible.

It was'therefgre concludéd that the‘existence'of the isomerip

state poses no problem in the determination of the age of the galaxy.
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