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CALORIMETRIC DETERMINATION OF THE TRANSITION ENERGY OF URANIUM-235m 

BarQara Ellen Bailey Culler 

Lawrence Berkeley Laboratory 
University of California 

Berkeley, California 94720 

August 1971 

ABSTRACT 

The isomeric state of uranium-235 decays by internal conTersion, 

emitting electrons of extremely low energy. Hence, the transition energy 

is difficult to mea6~e by conventional means. A microcalorimeter was 

designed and constructed to measure directly the heat'produced by the 

decay. The value obtained for the transition energy was 572 ± 33 eV. 

The half life for alpha decay of the isomer was calculated to be 

8 
5.9 x lO years. In addition the probability of Coulomb excitation of 

the isomeric state by interstellar protons was estimated and found to 

be negligible. These two results eliminate a possible uranium-235 

removal mechanism in space, and SUbstantiate the use of the ratio 

235u/ 238u to determine the age of the galaxy. 
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I. INTRODUCTION 

For several year.s a puzzling anomaly appeared to exist in the 

alpha decay of plutonium-.239 to uranium-235. Favored alpha decays of 

odd-A nuclei such as plutonium-239 populate levels in which the spin of. 

the unpaired nucleon remains unchanged. Since plutonium-239 has a ground 

state spin of 1/2+, one'would expect alpha decay to a 1/2+ state' in 

uranium-235. However, ,the ground state of uranium-235 is 7/2-, and there 

. + -
is no obvious gamma transition between a 1/2 level and the 7/2 ground 

state. This suggested that plutonium~239 decayed tOM excited state of 

Uranium which had .either-a very long half life or very low energy. But . 

. an E3 transition inan:.actinide is unlikely to have a long half life. 

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

of uranium-235 separated from a ten-year old sample of plutonium-239 

with that of normal uranium. They were able to set an upper lilllit of 

four months on the transition half lire'-

Shliagin, in 1956,2 found 2 keV conversion electrons, and in 

3 . 
1957 Asaro and Perlman reported conversion electrons of less than 1 keV 

with a half life of 26'-5 ± 0.2 minutes. Nearly silllultaneously, Huizenga 

4 et al. determined a half life of 26.6 ± 0.3 minutes for very soft con-

version electrons. 

Using an integral single-retarding-field eiectrost~tic'analyzer, 

Michel et al. 5 reported the electron spectrum shown in Fig, 1. The 

source was prepared by collecting recoil nuclides from a thin plutonium-

239 deposit. The samples were collected on foils of several different 

metals, using various negative potentials to deposit the ions which had 

dissipated their recoil .energy in air. 

o , 
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UU5 INTEGRAL ELECTRON 
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XBL 718-1310 

Fig; 1. Integral epergy spectrum of soft electrons accompanying 
isomeric transition of U235m 
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The uranium-235m conversion electron energy was also investigated 

by M. S. Freedman et al., 6 using both electrostatic and magnetic spectros-

copy. The source preparation, using 8 DIg of plutonium":239, was basically 

similar to that of Michel ~ al. The upper limit of the transition ene;rgy 

was reported to be 23 eV. 

More recently, Mazaki and Shimizu, 7 also uSing the electrost!).tic 

retarding method on a sample of uranium-235m prepared by recoil collection, 

obtained a transition energy of 30 ± 3 eV. 

Finally, Neve de MeVergnieS8 has repeated the experiment with a 

more active source than those used by Freedman 2'.!!!.''' and by Mazaki and 

Shimizu, and has observed a cut-off near 65eV. Adding the work function 

of platinum, on which the sample was collected, and the probable electron 

binding energies, the transition energy is calculated to be 73,± 5 eV. 

Several points should be noted concerning these four results. 

First, all four depend upon a mass-free source of uranium-235m from which 

the electrons can escape without serious energy degradation. Since most 

of the electrons observed in these experiments had energies less than 

1 eV, this condition has not been met. Furthermore, Michel ~ al. noted 

that the shape of the curve in the medium energy region could be changed 

slightly by varying the conditions of recoil collection, particularly the 

surface treatment of the collection foil and the accelerating vqltage, a 

further indication that sample' perparation is a crucial factor in the 

results. 

Secondly, the higher end points observed by Michel et al. 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 

-4-

the actual end point of the spectrum perhaps has not been seen in any 

of these meastirements--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 70 eV cut-off. These points were attributed 

-at the time to instrumental noise. 

No further refinements in instruments, however, can all~viate 

the fact that determination of the transition energy of uranium-235m by 

direct measurement of the electron energy is limited by the inability to 

obtain in sufficient quantity electrons undegraded in energy. 

The very' fact that so much of the electron energy is absorbed 

within the sample suggests a totally different means of measuring the 

transition energy--calorimetry. Here, th~ experimental difficulties 

of the spectroscopic method may be utilized in a positive manner. 
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II. CALORIMETER 

A. Introduction 

1. Fundamentals 

Calorimetry has been used extensively in the study of nuclear 

phenomena. It has the advantages of high accuracy, direct interpretation 

of data and versatility; it is possible to measure activity, half life, 

disintegration energy or mass of the sample. However, conventional 

calorimetry is obviously out of the question for the determination of the 

transition energy of uranium-235m, since the amount of heat produced by 

the decay of the isomer is so very small. Assuming a ·transition energy 

of 70 eV, a sample containing 1012 d/min (the expected yield in .this 

) -6 / -7 experiment will produce 2.7 x lQ cal min, or 1.9 x 10 watt. 

An exceptionally sensitive calorimeter is required, one 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:bridge calorimeter was chosen for the measurement. 

In this type of cal.orimeter one or two arms of the bridge are devices 

,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 readily caiculated. 

2. Wheatstone. Bridge Calorimeter 

The calorimeter designed for this experiment basically consists 

of four precision resistors of known value and two thermally dependent 

resistors arranged in a Wheatstone bridge circuit with a galvanometer 

-6-
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connected across it. A variable precision resistor is placed in paral-

leI with two of the known resistors to compensate for small differences 

in resistance. Figure 2 illustrates the basic circuit. 

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

tive resistors, the self-absorytiop of the soft electrons within the 

sample and resistor will change its temperature and therefore the 

resistance of that arm of the bridge. The bridge must then be rebalanced 

by the variable resistor. As the activity dies away with its 26.5 minute 

half life, the resistance of the sample-containing device will change 

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

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

sample. 

3. Thermistors 

Thermally dependent resistors, 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, a senuconduc"tor 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 

instance, a typical metal, starting from room temperature, will double 

its resistivity if the temperature rises about 300°C. However, semi-

conductor materials can. be prepared whose resistivities will decrease to 

half their initial values if.the temperature rises only l8°C. 9 
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B. Calorimeter Design 

1. Early Designs 

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

was constructed. RI and R2 were wire-wound resistors of 21. 5 K,R
3 

and 

R4 were wire wound resistors of 2K, and the, variable resistor was a 

20 K.Q Helipot. The galvanometer was used to detect, the imbalance of 

the bridge due to the decaying uranium-235m and to feed, back an appropriate 

20KHz signal to the sample-holding thermistor. In this way the thermistor 

would be heated sufficiently to compensate exactly for the decaying power 

output of the sample. The amount of radio frequency power needed, to 

balance the bridge was meas~ed as a function of time. The responses 

of several different designs of this type were very slow and none too 

SIIlOoth. 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 the calori~ 

eter. as indi'cated by a very erratic recorder tracing of power vs. time. 

It was shown that the problem was ,related to the temperature sensitivity 

of the thermistors. since a smooth tracing was obtained if the thermistors 

were replaced by metal' film resistors. Walking near the apparatus, when' 

the power to the bridge was turned on produced major deflections. Since 

'static electricity did not affect matters. it seemed likely that radio 

frequency fields, were being picked up by some part of the apparatus and 

power was ,being dissipated in one or both thermistors. A'sensitive 

radio receiver coupled to the bridge showed the presence of strong FM 

and television signals. The local educational television'station" 

at 186 - 192 MHz was strongest and was of the order of 1 mV on 

-8-

XBL718- 4041 

Fig. 2. Basic circuit for Wheatstone bridge calorimeter. 
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-:c.e 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 allowing the light beam 

reflected from its mirror to impinge on a cadmium-selenide photocell, 

which functioned as a variable resistor between the galvanometer and a 

battery, allowing just enough current to flow through the galvanometer 

coil to keep 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 bf the calorim-

eter is shown in Fig. 3. 

a. Thermistors~ The arrangement and function of the, components of this 

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

are the two thermistors. 

Thermistors may be made in a 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 

instrument. The thermistor chosen is described in Fig. ,4. 

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 

the leads, radi.ation from the bead and leads and by convection. 

-10-
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Fig. 3. Circuit, diagram of Wheatstone bridge calorimeter. 
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~ .1-
-I -i---41~ r- IT 0.26 mm 

0.41 mm 

XBL718- 4038 

Leads are 0.025 mm platinum-iridium wire, about 1 cm long 

3 density: 2.5 g/cm 

mass: 3.6 x 10-5 g 

heat capacity = C 

-3 3 . 
area of bead = ~ 3.0 x 10 cm (assuming ellipsoidal 

-6 2 cross-sectional area of each lead = Al = 4.9 x 10 cm 

bead) 

Fig. 4. Description of thermistor bead, Veco 31A7, Victory Engineering Co .. 
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Conduction and radiation from the bead predominate. Radiation from the 

leads is negligible because their surface area is much less than that of 

the warmer bead. Convection losses are also negligible because the 

system is evacuated. The total rate of heat loss is thus 

where Hc is the rate of loss by conduction and HR is the rate of loss by 

radiation. from the bead. 

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

leads. 

where thermal conductivity of platin~iridium alloy 

e temperature above ambient in °c 

L length of lead 

. -5 
4.1 x 10 e cal/min -6 2.9 x 10 e watt 

~. follows from Stefan's Law and may be expressed: 

emissivity .of glass (the bead is glass-coated) 

Stefan-Boltzmann constant 

temperature of bead 

To ambient temperature 

T + e 
o 
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A e a (T + 8)4 _ T 4 
o 0 0 

Since 8 « To' terms of second and higher order in 8 are negligible in a 

binomial theorem expansion. 

4 -5 2. x 10 e cal/min -6 1.9 x 10 8 watt 

The combined effects of conduction and radiation losses thus follow 

Newton's Law of Cooling. 

k 8 

where 

To find 8, the rise in temperature of the thermistor bead at any 

time, one must consider the heat being dissipated in the bead by the 

radioactive decay of the sample and the heat losses from conduction and 

radiation in the differential equation: 

,d8 rate of heat production 
dt = C 

rate of heat loss 
C 

where C = heat capacity·of the thermistor. The rate of heat production 

at any time, t, is given by the initial amount of heat produced by the 

sample times the fraction of the sample remaining at time t. The rate 

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

-14-

ail 2.7 x 10-6 -At k8 e -= 
dt C C 

The general solution is 

2.7 x 10-6 _'!'t k 

& (e C e-At ) e 
- C t 

- + e 
C(A - .!.) 0 

C 

where 8 is the difference in temperature between the thermistor and 
o 

ambient at t = O. 

6 

The first term in th~s equation for 8 describes the effect due to the 

power dissipated within the thermistor by the radioactive decay of the 

sample. The second term shows the thermal behavior of the thermistor 

as a result of an initIal temperature difference, 6
0

, at t = o. 

The response time of the thermistor may be evaluated by calcu-

lating the time required for 6 to decrease by a factor of 10. In the 
o 

absence of any heat source the first term in the equation for 8 is zero. 

. Then, 

e -6.5t 
6

0 
e 

Solving for t, 

t 0.354 minutes 

Thus, an initial temperature difference between the thermistor and 

ambient will decrease a factor of 10
10 

in 3.54 minutes, 
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An estimate of the maximum temperature rise due to the decay of 

the sample may be calculated by neglecting the term in eo' Differen­

tiating and setting the resUlting equation equal to 0, the maximum tem-

perature rise is found to occur at 0.85 minute and is equal to 0.04°c. 

Two Veco 3lA7 thermistors were used,in the calorimeter circuit 

as two arms of the bridge--one was the sample holder, the other was a: 

re'ference thermistor to 'cancel out temperature ef'fects or any effects 

due to the semiconductor nature of the sample-holding thermistor. 

It is desirable to match the two thermistors as closely as pos., 

sible in resistance to make the brid8e more easily balanced. Small 

differences in resistance ~ be compensated for by the variable 

resistor. The resistances of the thermistors were measured at the 

operating temperature .of the calorimeter, and a null method was employed. 

The circuit used to measure the resistance of the thermistors is shown 

in Fig. 5. The resistance of the thermistor is given by 5110 plus the 

setting on the variable resistor. Each matched pair of thermistors used 

in the experiments is mounted in a Dural holder shown in Fig. 6. The 

interior of an Amphenol 14s-1 connector is centered in the holder so that 

the three terminals are abo.ut 1/4 inch above the top of the holder and 

then held in piace by' epoxy resin. The thermis~ors are soldered to the 

terminals with low thermal emf solder. Any thermistor mount can',be 

quickly inserted into the calorimeter circuit by plugging .it into a 

matching connection in the calorimeter vessel. A small aluminum cap 

screws on over the thermistors' (this will be discussed further in Sec. C, 

Operating Procedure) and a large copper cover screws over this to make a 

vacuum tight seal with the rest of the calorimeter vessel. An exploded 

-16-

, II 

1- V 2 

XBL 718- 4042 

Fig. 5. Circuit for measuring the resistance of thermistors. 
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Amphenol 
plug 145-1 

Epoxy 

XBL 718-1297 

'Fig. 6. Thermistor holder. 
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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 thermistors were cemented to the 

side of theeight~inch long vacuum connection and soldered to pins that 

protrude throUgh a brass plug at the top. This plug and the terminals 

are made, vacuum tight by a layer of Apiezon-W vacuum wax. 

The signal from the the:nnistQl['s is brought from the terminals in 

the plug of the calorimeter vessel tQl the rest of the bridge circuit by 

a two-foot length of doubly-shielded twin lead cable, Amphenol RG 22 B/U. 

b. Fixed resistors and associated circyitry. Block 2 represents a brass 

tank in which is arranged the remainder of the bridge circuitry. The 

tank is also immersed in the constant temperature bath. Four shelves 

inside the tank hold the various components, as shown in Fig. 8. 

There are refinements on the basic bridge circuit of Fig. 2, 

which will be considered individually. 

The battery is equipped with a switch which allows the bridge to 

operate at 1/100, 1/30, 1/10, 1/3 or full voltage .for different degrees 

of sensitivity. 

There is a2K resistor in series with each fixed resistor of· 

21.5K, with the end points of the 20K variable resistor attached between 

them. These serve to reduce the sensitivity of the 20K variable resistor 

so that fine adjustments in the bridge balance may be made more easily. 

The 0.1 and 0.01 ~f capacitors going to ground from this junction bypass 

any A.C. voltage which may be present. 
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XBL 718-4083 

Fig. 7. Exploded view of calorimeter. 
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The points labele9- "audio osc. (A)" are points at which a 20 KHz 

signal from an audio oscillator (Hewlett-Packard model 200 AB) may be 

'applied to the thermistors. This will be discussed in more detail in 

Sec. e, 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 signals from affecting 

the galvanometer. 

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

it contains the light-sensitive portions of the circuit, namely three 

cadmium selenide photocells--Clairex type eL 3. These are arranged in 

series with a 1. 35 V mercury cell and the mirror type galvanometer, and 

function as variable resistors which govern the amount of current reaching 

the galvanometer. The central photocell is three meters from the galvanom-

eter mirror and in such a position that the beam from the mirror must drift 

past it to reach its zero point. An imbalance .in the calorimeter bridge' 

will also cause the b~am from the galvanometer to move, of course. As the 

beam impinges on the photocell, its resistance drops from about 100Mn to a 

value which depends upon the intensity of the light beam and the area of 

the photocell which is in the light beam, thereby allowing current' from 

the 1.35 V c.ell to flow through the galvanometer coil and deflect it in 

the opposite direction. This current is thus a function of the imbalance 

of the bridge, and may beineasured accurately as a function of time. 

Since the intensity of the beam must be as nearly constant as possible, 

the light source is supplied by a constant voltage regulator, Sorensen 

-22-

type 1000S. A variable transformer controls the actual level of the 

light. 

The other two photocells are positioned one on each side of the 

galvanometer beam about halfway between the central photocell and the 

galvanometer. They are convenient centering devices which prevent the 

galvanometer beam from swinging too far from the central photocell. The 

points marked "N" and "s" are terminals; either of which may be shorted 

to the ceptral terminal "e" by the fingers in order to deflect t~e 

galvanometer beam one way or the other. thus permitting quick manual 

centering of the beam. 

In order to determine the sensitivity.of the calorimeter with a 

given galvanometer, consider the bridge circuit shown in Fig. 9 with the 

currents as labeled. The resistances labeled Rl are the large fixed 

resistances, Rr is the reference therll!istor resistance, R is the sample-

holding thermistor resistance, R is the resistance of the galvanometer, g . 

and E is the applied voltage. 

Then, 

E ilRl + (i l - ig)R (1) 

E ilRl + i R + (i2 + i )R (2) g g g r 

E i 2Rl + (i 2 + ig)Rr ( 3) 

Solving (1) for i l and substituting in (2), then solving (3) for i2 and 

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

finally substituting 

i , 
g 

ahd 
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Fig. 9. Bridge cfrcuit. 
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R=R+llR ;.". r .. ~' ',' 
.... ' 

we hav~'the'curr~nt in thegalv-anometer to first order: in M. 

EM 
i = ----,-2::===------

g 2R1R + 2R + R.R+ 3R R r -~ g r g 

The voltage across the galvanometer is' 

E = i R 
g g. g 

Subst:iitutihgin nlliIierical values from Fig. $, 

R= 23.5Im ,,1 ' . 

R'=lK.Q r ' 

R= 0.8Im 
'g ; 

'we have that 

-3 
Eg = EM x 2(23.5),h> + 2(1)1~(/(23.5Ho.8) + 3(1}(0.8) 

E = 1.33 x 10-5 E~ 
g 

We know that llR,= ctRLl8 'where (l is the temperature coefficient of resis",: 

'tivity of the thermistor, in this case,0.o4/8c. So 

E = 0.00053E1l8 
g 



.. 
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The calorimeter normally operates at 1/3 voltage, so E 

Thus, 

E 
g 

0.00024 fie 2.4 x 10-4 M 

1. 35/3 0.45 v. 

The sensitivity of the ,Leeds and Northrup HS type 2290 galvanometer is 

-11 10' amp/mm at 1 meter,and its coil resistance is 800n, ·so its sensi-

tivity is 8 x 10-9 V/mm'. The expected temperature rise has already been 

calculated in Sec. C2 as 0.04°c, so 

-6 ' 
E = 9.6 x 10 V 

g 

The deflection of the galvanometer beam with this rise in temperature of 

the sample-holding thermistor is therefore 

c5 
9.6 x 10-,6 V 

8 x 10-9 V/mm 
1. 2 x 103 rum = 1. 2 m 

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

at the position of measurement was three times the value of c5 above. 

c5 ' 
effective 3.6 meters 

Of course there was no actual galvanometer deflection, since the photo-

cell circuitry supplied an equal but opposite current to maintain the 

null position. 

It is obvious from these calculat,ions that the galvanometer in 

question is sufficiently sensitive for the measurement. 

The physical arrangement of the photocells and galvanometer is 

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

Copper 
cover 

Styrofoam 
box 
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Constant temperature 
water pipes 

Central (main) 
, photocell 

~ - AUxiliary 
(guard) , 
photocells 

3m----------------~~ 

XBL 71c-4C04 

Fig. 10. Arrangement of photocells and galvanometer. 
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The central photocell is housed in a brass cylinder 18 inches 

lOIl8 to prevent any l~ght. from affecting the galvanometer when the dark-

room door is open. The room was kept dark while operating the calorim-

eter. Likewise, the two auxiliary photocells are at the rear of two 

tUnnels about two inches apart drilled into an aluminum block about 5 

inches long, with a groove, between ,them which is lined up with the central 

photocell. 

The galvanomet~r is supported i~ a stand on a sylphon bellows to 

prevent the ,tipping of the building (a few seconds of arc) from altering 

the zero point. A plate mounted below the galvanometer is immersed in 

oil to provide some, damping for the suspended galvanometer housing. 

Covering the g'alvanometer and stand is a copper housing with about five 

turns of copper tubing soldered to the outside, through which circulates 

water from. a constant temperature bath. A styrofoam box fits over the 

copper housing. 

d. VTVM and recorder. Block 4 contains the portion of the circuit which 

measures and records the signal from the battery which keeps the galva­

nometer centered. The switch and the series of three 2Mn resistors is 

a means for applying different time constants to the signal and smoothing 
. / '-

out small very short term fluctuations. The D.C. vacuum tube voltmeter 

is a Hewlett-Packard model 412 A. The recorder is a Leeds and Northrup 

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 mer~ury 
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diffusion pumps, and a liquid nitrogen trap was used. Th;is system was 

1 
-6 capab e of evacuating the calorimeter vessel to 10 .Torr in three to 

four minutes. 

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

perature medium must surround the temperature-sensitive components of 

the calorimeter. A temperature controller basell on the Wheatstone bridge 

was designed and constructed and used to regulate the temperature of a 

34 liter water bath. The bath vessel was a glass battery jar contained 

in a large cardboard box with about two inches of thermal insulation 

between box and jar to insulate the bath from fluctuations in room tem-

perature. The bath was kept in continuous vigorous motion by a mixer. 

Cooling was proVided 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 according to the amount of cooling needed. Heating was 

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

jar onto an aluminum deflector plate inside the water bath. The aluminum 

plate thus served as both,a heat source for the bath and a thermal shield 

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

lamp. The temperature control circuit used varied the output power of 

the heat lamp continuously as required tomaintairt the operating tem-

perature rather than simply turning the heat lamp on and'off at full 

power. The temperature sensing element used was a resistance thermom-

eter--Hallikainen model 1l06A. With this control system the operating 

temperature of the water bath could be held to 25.005 ± O.OOloC, as 

measured with a calibrated Beckman thermometer. 

.. 

... 
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C. Operating Procedure 

The evolution of the operating procedure for the calorimeter was 

not especially straightforward. Initially, when a matched set of therm-

istors in a mount was plugged into the conp.ector in the calorimeter ves-

sel, the outer copper cover was screwed on directly over the thermistors. 

The vessel was lowered into the constant temperature bath and the system 
-6 ' 

was evacuated to approximately 10 Torr. The bridge was then turned on 

to 1/3 battery voltage and the recorder was started. Typically, about 

80 minutes were required for a straight base line to be reached. This 

delay was intolerable, in view of,the 26.5 minute half life of the 

isomer. In order to determine the factors responsible for this result, 

the vacuum was left undisturbed, but the calorimeter vessel was raised 

out of the constant temperature bath for several minutes. When the 

bridge was turned on again, 80 minutes were required to ,reach a straight 

base line. Next, the ve,ssel was left in the bath, and let down to air for 

several minutes. When a vacuum was re-established and the bridge was 

turned on, only twentymi'nutes were required for a flat base line to be 

reached. Simply turning the bridge off, then on again, under normal 

running conditions produced almost no effect on the base line. Thus it 

was shown that the instability of the calorimeter was not due to slowness 

-6 ' 
~ of the vacuum system in evacuating to 10 Torr, but was a temperature 

effect of some sort. 

In add:j.tion,a wild deflection of the galvanometer beam occured 

when an ice cube was held against the outer copper cover, even though the 

apparatus was in the constant temperature bath and the pressure within 

-6 the calorimeter was down to 10 Torr. This was a most surprising result. 

, -30-

It demonstrated the need for a heat radiation shield arcund the therm'::' 

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

such an effect. Accordingly, a s~l aluminum cap, shown in Fig. 7, 

was constructed to fit directly over the thermistors. As expected, the 

addition of this cap eliminated the large deflection produced by the 

ice cube treatment. 

1. Use of Helium 

The problem of the large thermal inertia of the system which 

produced the initial delay in reaching a flat base line was eliminated 

by admitting a small amount of helium into the calorimeter for several 

minutes after the fore pump vacuum, had been established. Only then was 

< -6 the diffusion pump used to 'evacuate the calor,imeter to 10 Torr. This 

procedure speeded the attainment of thermal equilibrium 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 in the high vacuum, 

so a circuit was devised whereby a 20KHz signal from an audio oscillator 

might be fed into both thermistors in order to heat them to about 70°C 

while they are in the calorimeter ~essel under high vacuum. This heating 

circuit is shown in Fig. 11. The A.,C. signal is applied at the points 

marked "audio osc. (A)" in the circuit diagram, Fig. 5. A vacuum tube 

voltmeter (Hewlett Packard, model 400 D) monitors the signal at points 
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G810n 

XBL 718-4040 

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 70°C have previously been measured, the amplitude of the audio oscil-

lator may be adjusted upward until these resistances are-obtained, thus 

preventing the overheating of the thermistors. 

When the thermistors were- heated in this way during the last few 

minutes of the helium treatment and for several minutes after the helium 

had been evacuated, a flat base line could be obtained in about 14 

minutes. 

Onei'further refinement was made when:i.t became apparent that the 

galvanometer beam could not be contained by the two auxiliary photocells 

whenever the thermistor mount was removed. The lK 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 

The calorimeter was calibrated by passing a 20KHz signal from the 

audio oscillator into the left thermistor (the sample-holding thermistor) 

" 

at the point marked "audio osc. (B)" in the circuit diagram and measuring .. 

the deflection produced on the chart. The voltage of the signal applied 

to the thermistor was measured by the ·A.C. voltmeter. The resistance of 

the thermistor was measured 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 calculated. Thus, chart ·deflection as a function of power dis-

sipated in the sample-holding thermistor is readily obtained. 

Several tests were made to insure the suitability of this cali-

bration procedure. First, the A. C. voltage across the reference (right 

hand) thermistor was measured· while the A. C. calibration signal was being 

applied to the left thermistor.. There should be no leakage, and, indeed, 

no voltage could be detected with a system capable of detecting 1 ~v. 

Second, the frequency of the calibration signal was varied while 

the amplitude was held constant. The chart deflection did· not change 

with changing frequency, thus showing. that all A .. C, shunts were working 

properly. and the system wasi<flsensitiveto frequenc~ ch~es. 

Third, the D.C. voltage of the brid8e was measured with and with-

out the presence of the A.C. calibration signal. It remained constant, 

eliminating the possibility that the calibration signal was being par-

tially rectified in passing through the.thermistor or any other part of 

the circuit. 

III. CHEMISTRY 

A. Solvent Extraction 

1. Theoretical !t9nsiderations 

a. Introduction. The solubility of uranyl nitrate in organic solvents 

has long been recognized, and the ability of diethyl ether to extract 

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

pel:l.gotlO \t'olipd that uranyl nitrate dissolved :Madiq in dietbyl ether, 

and he used this solvent in the purification of uranium from pit-chblende. 

M:>re recently. separation of uranium from other elements by organic 

extractants has assumed great importance inconhection with the develop-

. 11 . 
ment of atomic etlergy. Extraction of lU'aIlium from water solutions ~s 

small. however, \Ulless the concentration of- uranium is large or unless 

the composition ·of the aqueous phase is altered in such a w~ as to render 

. . 12 
the uranium more soluble in the organic solvent. 

Because uranium has Vacant d and f orbitals in its electronic 

structure, it will accept a certain number of electro.n pairs and form 

co_ordination complexes with Lewis bases, notably water and other oxygen-

containing solvent molecules. The usUal number of co-ordination positions 

13 
around the uranyl cation is six, and it is hexahydrated in pure water . 

In the extraction of uranyl nitrate from an aqueous medium by an 

organic solvent, the complex most easily soluble in the organic phase is 

the di-nitro tetra-hydrate, U02(N0
3

)2(H20)4' rather than the hexahydrate, 

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

polar organic phase. 

A distr.ibution constant, ~. may be defined for this complex: 



Abetter measure of the'overallsuecess of the extraction is the 

distribution ratio, D, defined as the ratio of the uranium concentration 

iii the organic phase to that in the aqueous phase: 

D= 
[tJ]orgai:lic 

[U]aqueous 

'l'b:is is. a stoichiometric ratio, including' all· specie~ o:f" tlle uranil#! in .. 

the respective phases. and as such is difficult to predict. since the ~ 

of. each species must be known. 

A simpler and quite adequate analysis of the extraction may be 

made by assuming tha.t the U02(N0
3

)2(H20)4 cOlllpl.ex is the only extracted 

species. Since ~ must by definition remain constant.· an increase in the 

concentration of the complex in the aqueous phase will result in a greater 

extraction into the organic phas·e; and sWlarly if the complex is altered 

in the or-ganic .phase. by replac.ing cO-Eilrdinated water with solvent mole-

eules. for instance. more of the original species must be extracted from 

the aqueous phase to maintain the Kn' 

b. Aqueous phase. Reactions in the aqueous phase which lead. to greater 

In a solution of low to moderate ionic strength the uranyl hexa-

~drate is the pred0minant spec·ies: 

where (U02(H20)6,2N0
3
) represents .. a uranyl cation with water mol.ecules 

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

nitrate ions held to the complex loosely by siJaple electrostatic 

attraction. 

If'. however. the activity of the water is low and. the nitrate 

concentration is h~gh the reaction is: 

(2} 

Two nitrate ions h(l.ve repla.ced two vater molecules in the co-ordination 

sphere. The law of mass action predicts that addition of nitrate ion to 

the aqueous phase will shift the equilibrium represented by Eq., (2). to 

the right·, with the formation of more of the extractable nitrate complex. 

In addition, the distribution ratios for uranium vary with the nature of' 

the nitrate used. as well as with total nitrate concentration.
14 

The 

abili ty of various nitrates to "salt out" uranium--that is. to force 

uranium into· the organic phase--has been related to the hydration of the 

cation,l5 the activity coefficient of the pure nitrate s8.lt .16 arid the 

radius and charge of the cation .11 It would seem that the principal 

effect is the binding of water around the cation in a shell of oriented 

water dipoles. thus lowering the water . activity • and shifting the equi-

librium of Eq. (2) toward formation of' the U02(N0
3

)2(H20)4 complex. 

Specifi?a.lly, cations of smatl ionic radius and large charge, such as 

++ ++ +++ .• Zn ,~ , andAl • are powei':f'ttl salt1Ilg-Dutagents as nitrates. 
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Anions other than nitrate that complex uranium in the aqueous 

phase may seriously interfere with the extraction, notably Qhloride, 

18 
fluoride, sulfate, and phosphate. The adverse effects of these anions 

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

or minimized by complexing the anions with cat.ions of salting-out agents 

or by simply using an excess of an efficient salting-out agent to over­

ride the anion interference. Fluoride ion is compJ,exed by aluminum and 

calcium; sulfate and chloride ions are complexed by ferric ion; phosphate 

ion is complexed by ferric and a,luminum ions. 

The addit~on of nitric acid to the ~queous ~6Se promotes the 

extraction of uranium by preventing the hydrOlysis ot -uranyl ion and by 

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

t tli' 't b·l· 239 -o e s a ~ ~ty of the' Pu stocksolutien. 

c. OrganiC extractant. The selection of the most suitable organiC 

extractant is no less important than the treatinent of the aqueous phase. 

Since the organic phase must undergO subsequent treatment to obtain the 

uranium, however, additional factors such, as speed and ease of handling 

must be considered, in addition to the central question of extraction 

efficiency. Thus, the highly effective organo-phosphorus compounds, 

notably tri-butyl phosphate (rip) and tri-octyl phosphine oxide (TOPO), 

do not allow the very rapid recovery of virtually mass-free uranium 

which is essential to the success of the extraction. Attention must be 

confined to the more volatile organic solvents. 

In principle,' uranium may be back-extracted from the organic 

Phase into a highly dilute acid phase. In practice. however, the yield 

vas, not good,. ~ the result iug volume of solution w~ too large. 

Returning to the equation 

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, and the overall extraction equilibrium is 

shifted toward a higher distribution ratio, D. (D = Uorg ) • . Uaq 
OlI:'ygen-cont~ing organic liquids will serve as solvent.s for a 

number of metal salts because the basic (electron-donating) character of 

the oxygen atom promotes the incorporation of·solvent molecules into the 

co-ordination sphere of the metal ion. This results in a 60mplex whicb 

bears a closer structural resemblance to the organic liquid and which is 

therefore more soluble in that liquid than is tbe I:I,queous metal salt 

complex. Alcohols, ethers, and ketones in which the oxygen atom bas a 

high electron density and is unhindere.d 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 Ferraro19 have made 

a study of the heats of solution of'uranyl nitrate in some of these 

oxonium solvents. Their results indicate 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. 
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2. Experimental Extraction Work 

a. Choice ofsalt;!.ns,;,out a.ent. Since aluminum nitrate had pr~viously 

been used in this laboratory as a salting-out agent for the ether extracti'on 

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 yields 

were closely examined that such vas not the case. The yields were 

erratic and seldom as high as the 9~which vas expected. They averaged 

12 ± 25%, whicb is much too low for BUcha straightforward process. 

This and the following extraction yield studies were made by 

shaking 125 mI of the appropriate aqueous salt solution$, which were also 

1M in nitric acid and contained tracer uranilll1-233 ~dferrous sultainate, 

vith an equal volume of diethyl ether which had been pre-equilibrated 

vith the same salt., (See discussion in Sec. 21:.) All extractioDSvere 

done at room temperature. After the extraction the ether vas scrubbed 

once with a fresh solution of the salt in 1M nitric aCid,e.vaporat.ed to 

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

hydrochloric acid anion exchange column described in Sec. B2, ion 

exchange. Uranium yields were detertnined by alpha counting. Theyield 

of this column is 88 ± 2.2%, and the extraction yields have been cor-

rected for this factor. 

20 21 
Hyde and Kuznetsova, ~~. recommend magnesium nitrate as a 

silting-out agent for uranium. Hyde reports 99% extraction from a solution 

2.5M in magnesium nitrate and 0.5M, in nitric acid and 38%, extractiontrom 

a 1.55M magnesium nitrate-O.5M nitric acid solution, while Kuznetsova; 

~ al,. ~eport at90%tiel,d ,'from aO.3I!f magnesium nitcrate' sOlution. With 

th:is wide discrepanc;y in results, perhaps it is not sUrprising that 
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neither was duplicated in this work. Yields for the extraction from 

magnesium nitrate-nitric ,acid were 76.1 ± 6.6%. 

Furman, et al.
22 

noted that' the distribution coefficient from a 
. --- . 

saturated solution of zinc nitrate was the high~st that was observed in 

an extensive study of salting-out agents for the ether extraction of 

uranium--99.6%. This excellent yield was confirmed in the present ,work, 

,extraction yields averaging 93.6 ± 10.2%. 

b. R~duCW agent for plutonium. A diethyl ether extraction from an 

aqueous plutonium phase saturated with zinc nitrate was therefore chosen 

to obtaj,n the uraDium':"235m~ Since both plutonillD1Ct,t} and plutonium(VI) 

are alSo, extracted under these conditions, ~e basis for the separation 

is the fact that Pu(III) is 'practicallyinextractable at any nitrate 

concentration. This is undoubtedly due to its much lower tendency to 

form nitrate complexes. There is a vide choice of reducing agents to 

effect the reduction of Pu(IV) to Pu(III). 
23 ' 

(~tbaman has found the 

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

-0.916 ± 0.006 volt.) In the Redox prOcess, which is a solvent extraction 

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

reactor fuels, ferrous sulfamate, Fe(s03NH2) 2' is used to r,educe Pu( IV). 

It has advantages over other reduct ants , namely, stability, ease of 

preparation. fast rate of reduction and minimum interferences with s,ub-

sequent recovery operations. It was chosen as the reducing agent for 

this extraction, and it was prepared Qy dissolving iron powder in an 

aqueous solution of sul'famic acid and drying the product under a nitrogen 

atmosphere to. prevent Qxidation to ferric sulf&$te. 



c. Plutonium chendstN' In practice it was found that the optim~ 

conditions for the extraction of uranium were not compatible with 

preservation of a stable solution of Pu-239 in the III state. Specif­

ically, after several ether extractions were made from a Pu(III) stock 

solution 1M in nitric acid. and satura.ted with zinc: hitrate;; t~e 

stock solution changed in color from the royal blue of the PueIII) to 

a muddy green, and a tan precipitate formed on the walls of the. con .... 

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

A solution of Pu(lIl) in 1M RN0
3 

is quite stable, however, Which 

indicates that the problem lies with the addition of aluminumnitnate 

or the ether extraction. It was felt that both factors contributed to~ .,:, 

the deterioration of the Pu(lII) stock solution. 

The Zn ++ ion is very strongly hydrated in aqueous medi'a because 

of its large positive charge, and because it b~ds so many water mole-

culea to itself, it will. greatly .lower t~ activity efthe wat~ in sueh 

a system. In the Pu(III) stock solution, the effect of the lower vat:e;r , 

activity is to raise the effective concentration of nitric acid. A high 

nitric acid concentration is a source of oxidant (probably nitrite) which 

tends to reoxidize Pu(III) to Pu(IV). The observation that the stock 

solution remained stable for several days and then deteriorated rapidiy 

is consistent with the autocatalytic mechanism proposed by Brunstad for 

. 24 
the oxidation of Pu(III) by nitrite impurities in nitrate solutions. 

Pu(III) + N02 -+- Pu(lV) + N02 

RN02 + H+ +NO ~ -+- 2NO + H 0 
322 

(1) 
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Latimer25 states that "concentrated nitric acid is a rapid and 

powerful oxidizing agent," whose oxidation potential rises rapidly with 

increasing acid concentration~ 

The initial stability or the stock solution was attributed to 

the presence of the sulfamate. ion, BHfl03 -, which may be oxidized by 

nitrous acid, thus removing the oxidant and preserving the Pu(IIl). 

(4} 

:when the sulfaJ'll&te is exhausted, tbe~da~i-on proceeds as in ~s, ('1), 

.(2). IUld (3). This mecliani~ was sllJPilrte~ ~ the,opservation of bub­

bling (N
2

?) in the stock solution of' Pu af'tier It' wasse.turated nth 

aluminum nitrate. 

Assuming that th~ Putln) i~ oxidized to Pu(IV), the eUler 

extractions performed on the stock s.olution becollle important. It is 

'. well knoWn that ether will extract sittnrfi.eaitt amounts of ni tri~ acid 

from aqueous media, and it is likely that the pH of the stock solutioJl 

was raised to the extent that the Pu(IV) hydrolyzed. Successive hydroly-

sis reactions of Pu(IV) result in a colloidal polymeric form of quad­

rivalent Pu, which is easily recognized by its. emerald green color. 

Whenever the acid concentration is less than O.1M the presence of poly-

meric Pu(IV) should be suspected. HighPu concentration and elevated 

temperature result in 'polymerization at even higher acidities. 

26 
Polymerization is thought to occur as follows. 
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27 28 . Other authors ' glve the reaction as 

(6) 

but Brunstad later cites X-r~ diffraction data which indicate that 

quadrivalent plutonium "hydroxide" is really hydrated plutonium 

dioxide. 29 

The polymer is extremely stable, and Eq. (5) proceeds until the 

acidity of the supernatant solution is high enough to stabilize the 

monomeric Pu(IV) in ·solution. The association constant f'or the Pu( IV) 

polymer is not known, but both M:i.ner30 and· Cost$ze Ql'd B1ggers31 report 

that neither fluoride nor suJ.fate ions, both of which complex Pu(IV) 

strongly, will prevent polymerization. . Complex formation and hydrolysis 

. are competing reactions and my .be looked upon as the displacement of the 

vater molecules .from the hydration sphere by the anionic ligand or by 

00-, respectively. The association constant for the Pu(IV) polymer must, 

therefore, be greater than that for the fluoride complex, 

Pu(IV) + HF -+ PuF+++ ... H+ 

which is given by McLane as 1.7 x 104 in 1M ~itric acid. 32 

A fUrther indication of the stability of the polymer is given by 

the observation that polymer is formed and persists when solutions of 

Pu{IV) are diluted with water, because of transient regions of high pH , 

even though the final acidity niay be high enough to prevent polymer for-

mation. 

It is not known whether Uranium formed from polymeric Pu~239 will 

escape from the polymer matrix, and a.lm9st certainlY,t1:Iat formed. i"rom 
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solid Pu02 will not enter solution. Ether extractions done on Pu stock 

smlutions containing appreciable amounts of either substance will surely 

give a low yield of uranium. Thus it vas necessary to destroy the poly­

mer and the Pu02 which were pres~t. Depolymerization is very slow at 

room temperature in moderate acid concentrations. The rate may be 

increased by heating, stronger acid ·concentration and the addition of 

33 . 
strong complexing agents such as :fluoride or sulfate. Both Miner and 

Co t d B · 34 rt r:nII . . sanzo an . 19gers repo a JV~ conTersion time of several minutes 

at 25°C with an acid solution containing 0.05M F- and 0.2M Al(NO ) • 
3 3 

Pu02 which has'not been strongly ignited m8¥ be dissolved in hot con-

centrated nitric or Sulf"uric acid. Since sulfate is added to the Fa 

stock solution in the peroxide precipitation step of purification and 

concentration, it was decided to ·use Iulfate. as the complexing agent in 

·destroying the polymer. Both sulfate and fluoride interfere with the 

extraction of uranium, but any sulfate which remains after peroxide pre­

cipitation ~ill be complexed by ferric ions, which are present after 

Pu( IV) has been reduced to Pu( III) by ferrous sulfamate. 

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" heating unit placed in the solution. The temperature of the 

liquid was maintained between Bo and 90°C by a Variac placed between the 

heater and· the line. voltage. Nitric acid at 10 - 12 M was added to the 

resulting solid, along with several ml of 12M H2S04 per 500 ml of RN0
3

, 

and the mixture was hea~ed at 70 - Booc for a few days. The bright green 

appearance of' the solution caused some 'consternation tintil it was found 

- that dilution to 4 - 5Min RN0
3 

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

~3 turn,ed bright green, the brown color returni~,upon diIlftion; The 

c-ee1cr eh~ge frol\lr, green to brown,oecurred far t,l;lo rapi;m.y:to -involVe the 

polper,,' and, ip addition the .pcJ.wmer shElUl:d, not' form in, copeentrated acid. 

It is removed from the centrifuge immediately and the supernatant 

liquid is decanted. The decomposit~on of the plutonium peroxide will 

begin as the precipitate warms up, and it must be quenehed periodically 

by placing the tube back inte the ice bath until the fOaming subsides. 

~"'green s'oa=ution obtai~~·tn!cotreeatrlite:d:803,wlWifueJi.efO* att,rlbuted to When the olive green peroxide has decomposed into the dark blue III 

the formation o,t a,green_Pu(iV),~nitrate, complex 'at nigh nitrate concentration. state or the bl'OW'n.IV state solution-" the reaction is complete. 

d. Plutonium peroxide precipitations. In order to reduce the volume of 

the 239Pu stock solution 'obtained in this procedure and to eliminate con-

taminants, peroxidep!ecipitations were then done. This p~edure must 

belPldertJi4en with great care, as ~e plut~:I,~~~~ precipJtated 

:from the nitrate stock solution used in thise:x.perill\ent is unstable ,at 

room temperature. The 'decomposition is autoeatalytic, occurring rapidly 

and with considerab1e foaming if conditions are not care1'i.1lly controlled, 

h~ce the careful chilling of, the reactants,: the chilling of the peroxide 

after precipitation"and the necessity to centri(uge the mixture at the 

full speed of the centrifuge so that the supernatant may be removed 

before the plutonium peroxide w~ up enough to decompo'se. 

Not more than 10 cc of the plutonium stock solution are placed 

in a 40 cc centrifuge cone with about 1/2 c9 concentrated H2S04 and 

heated in a hot water bath at 65°C until any precipitate is dissolved. 

The pluto!l:i.um solution is then chilled in ice water for thirty to forty-

five minutes, as is 15 cc of H
2

02 . The peroxide is poured into the 

plutonium soluti<?n', the resulting precipitate is stirred briefly, .-and 

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

is cov~l'-ed .wi thparafil1n$ and centrifuged at top speed for two minutes. 

Obviously; a,method must be found for maintaining a stable Pu(III) 

stock solution from which many ether, eXtraetions may be m6.de without 

deterioration. Acid and salt extraction by the ether, with attendant 

polymer fon,oat.iQn by Pu(IV), lIIa¥be prevented by. pre-equilibration of the 

ether with an aqueous solution which is as close as possible to the 

composition of thePu stock. that is. 1 - 2M in HN0
3 

and saturated with 

zinc nitrate. The ether will be 'saturated with acid and Zn(N0
3

)2 before 

it reaches the Pu solution and will be unable to extract any additional 

acid or salt.-

The problem of preventing 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(rII) 

with any of a number of reducing agents (ferrous ion, ascorbic acid. 

hydroxyl amine, hydrazine, bydroquinone. HI). once deterioration had 

begun. Peterson and wymer35 suggest hydroxylamine and ferrous sulfamate 

as hoidlngreductants j but" addition of hydroxylamine to the Pu(nI) stock 

had little effect on its keeping properti-es. After aproc~ss,which might 

best be 'described as trial and error, the following sequence was. devised. 

To a Pu(IV) solution 1M in HN0
3 

ferrous s.ulfamate is adqed in small 

- increments withagi~ti'on 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 acid and 

0.05M in hydroxylamine by adding the solid reagents. Finally the selu-

tion is saturated with zinc nitrate. ' Af'ter about ten days. several'grams 

each of ferrous sulfamateand hydroxylamine ar~ added •. In ten more days, 

.or whenever the Put!II) stock solution begins to depart from its royal 

blue color, several grams each of ferrous sulfamate, hydroxylamine, and 

sulfamic acid may be added; The use:ful lite of a PuC III )-zinc nitrate 

solution treated in this manner is limited mainly by the volume increase 

after each ether extraction. After four eXtr~ctions it was.necessary to 

subject the plutonium stock solution to a series of peroxide precipita-

tions. 

e. Ether-associated peroxides. Very early in the preliminary .extraction 

work it was repeatedly and violently demonstrated that unstable substances 

were present 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 and exploded, with evolution of nitro-

gen dioxide. The darkening in color was rapid and usually occurred when 

the volume reacbed one or two ml. This state of: affairs was obviously 

intolerable, both framthe standpoint of greatly reduced yields and. of 

the danger involved when the ether·contained plutonium and uranium. The 

ether used in the experiment was "Baker Analyzed" reagent g~ade arihydrous 

ether. Samples of this. ether that had been st~red in darkness and in 

room lighting were evaporated to dryness without any explosion, raising 

the likelihood that explosive peroxides were formed during .contact with 

the aqueous stock sol~ion. Feinstein36 reported. a process for removing 
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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 A~l x-B resin were c6nvertedto the free 

base form by washing·wiiliS6-1er&l lit.ers of 4M NaOH until a negative 

test for chloride was obtained ~~ the washings. The~ ether which had 

been shaken with 1M HN03 - salt solution was mixed with,the resin to 

effect r.emoval of peroxides. Upon evaporation to a small volume, this 

ether alsoexp16ded. 

Red rU¢I)g, HN0j. waB 'a.d~ed to, tb.e ether at a point before the 

explosion occurr.ea in· an attempt t'odf!stz.oy the unstable component, but 

this, too, resulted in an explosion. 

Hydriodic acid was added to t~ ether duriDg the evaporation. 

Free iodine was formed and the explosive reaction, though it still 

occurred, was much subdued.. It was found that addition of 1 ml of 55% HI 

to the ether after it had been evapo~ted to 10 ml W8B sufficient to 

reduce the explosion to a vigorous bubbling and evolution of nitrogen 

dioxide. 

B. Ion ExChange 

A sample of uranium prepared by an ether extraction of the 

Pu(III) stock solution and evaporation of the ether to dryness with HI 

was placed on one of the thermistors in the calorimeter. A very large 

imbalance of the bridge was observed, and several hours were required for 

equilibrium to be establishea. The sample placed on the bead was not 

, mass-free, and the be~d was liberallY coated with the material, which 

-. 
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must have increase.d the thermal inertia of system greatly. Sincethe 

performance of this set of thermistors was normal in subsequent tests 

a.1"ter removal of the sample, it was assumed that the long time required 

for equilibrium to be established was a direct result of the sample 

material on the bead and not due to a defect induced in the thermist.er 

itself. The main constituent of the mass was undoubtedly iron, due to 

the use of ferrous sulfamate as a reductant for the Pu( IV) and the extrac-

tion of ferric ions by the ether. It seemed appropria.te, therefore, to 

devise a. procedure for removing iron from the uranium. A method which 

bas been ridely used for mic;ro-chemical.'separations Of. this sort is ani911 

or cation exchange. 

1. Theoretical. CoD$iderat~ons 

a. History. Ion exchange as a chemic;al tool has a long and interesting 

history, with scattered references extending from the Old Testament to 

the discovery of ion eXChange in soils in 1850. The spectacular modern 

day evolution of ion exchange methods began in 1935 when Adams and Holmes 

found that crushed phonograph records exhibit ion exchange properties. 37 . 

Nearly all the ion exchange media in current laboratorY and industrial 

use are organic resins whose subsequent development was due to these 

early experiments with this most unlikely material. 

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

materials whi·ch carry mobile cations or anions that may be exchanged for 

a stoichiometrically equivalent amount. of other ions of the same sign 

when .the exchanger is in contact with an electrolyte solution. They owe 

this che.r~teristi6 featur-et~ their rather uatque structure, wh-ich 
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consists of a framework held together by cheinical bonds, and carrying 

a positive or negative charge. The surplus charge is compenl'lated by 

ions of the opposite charge which are free to move throughout the frame­

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

a cation eXChanger may be regarded as a macromolecular polyanion, that 

of an anion exchanger as a polyca~.~on. Organic ion exchange resins 

consist of a polymerized cross-linked hydrocarbon matrix, such as 

styrene-divinylbenzene or a polyacryiate~· to which have been aff+xed 

ionic groups. Examples of such groups are s1ufClnate or carboxylate ions 

for cation eitc~ef,Yld. suOstitui;ed ~niU)n ion~ for anion exchange. 

If amet~:i;on is tobe~~rbed on aA ftin*c1iaIlge resin, it 

must, of course, have the same sign as the ;mobile ieiln it will replace. 

A cation such as tlie uranyl ion. U0
2 

++, maybe absorb~d on an anion 

exchange resin only if it forms an anionic complex in the solution used 

on the column. Thus the ur.anyl ion will be absorbed by such a resin from 

both hydrochloric acid and nitric acid. solutions at high acid molarity, 

where it forms the complex [U02(N03)3]~.38 In Hel, of course, theCl-

complex is formed. Other workers propose that [U0
2

(N0
3

)4]-- is the 

absorbed species .39 . The ferric ion will be absorbed from hydrochloric 

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

c. Mechanism of-exchange. The question of just why certain ions should 

replace the mobile anions or cations of exchangers still remains, however. 

It h b 
.. 40 

as een proposed· that the selectivity of ion exchangers is related 

to the degree of hydration of the exchangeable ions, rather than to a 

surface phenomenon or a chemical ref:!.ction. A small, highly charged ion 

will be strongly hydrated in a dilute aqueeus medium. It will" therefore, 
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prefer the aqueous phase, since its transfer into the organic resin 

phase involves strippin~away its sphere of oriented wat~r molecules" 

which is an endothermiC, process. A large comple' 'h U ( )-, x wn su~ as 02 N03 3' 

is less hydrated, and therefore less energy is needed to remove its 

associated waters when it passes into 'the resin phase. Thus, in an 

exchange process, the larger, less hydrated ion ~s pushed into the 

resin phase so that the smaller ion can achieve maximum hydration in the 

dilute external phase, 

'A related factor is the difference between water-water inter­

actions in ,the resin phase and in the aqueous phase. The dilut,e external 

aqueous phase has essentially the same hydrOgen-bonded' structure as pure 

water, and as such it ,tends to oppos~ the entrance of a large ion which, 

breaks up a la.rge volume of water, structure but does not have sufficient 

charge density to bind and reorganize the water molecules. A small ion 

is able to orient water molecules around itself, essentially preserving 

the water structure. In the resin phase, however, the water structure is 

so badly disrupted that it offers less resistance to the intrusion of a 

large ion. In the exchange process, the large ion is eject.ed from the 

external aqueou~ phase into the less structured resin phase, with the 

limitation that the size of the 'ion must not be greater than the openings 

in the resin matrix. 

Having propose<J. an explanation for the uptake of metallic ions by 

an eXChange resin, one might ,now wonder how'these ions are removed from 

the resin. This, is usually accomplished by destroying the complex ion 

to which the metal ciwe~ its a'bsQrption. Uranium, for example, is removed 

from an anion exchanger by dilute hydrochloric or nitric acid due to 
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the disso,ciation 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 retained by a cation exchange resin. 

2. Experimental Work 

a. "Description of materials !¥ld procedure. The columns used in these 

experiments were all of the following type. They were constructed of 
I 

Pyrex glass tubing. The overall length was 13 centimeters, this length 

being divided into two portions--the lower portion, 5.5 cm, vas con­

stricted to a narrow tube aMlroximat~y 2. 5Cl'1l iii diameter which con-

tained the r~sin; the upper portion , 7.5 em in length, was wid~r, 

approximately 1 cm in diameter, and served as a reservoir for the solu-

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

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

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

ranging from 0.013 cc/drop to 0.015 cc/drop. 

All resins were supplied by Bio Rad Laboratories of BerJt,eley 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 appropriate acid through the' 

column until the resin level reached a mark about 0.5 em below the con-

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

The drop rate was controlledby'pressure from a compressed air 

source applied to the top ,of :the column through a. tube inserted through 
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a cork stopper. A screw clamp on a second tube through the stopper was 

used to varY the air pressure. 

All work was carried out at room temperature, due to the irre,. 

versiDle hydrolysis of the ferric ion at, elevated temperatures. 

In order to assess the separati'on properties of the various column 

materials, the samples placed on the columns were as similar as possible 

to the samples which would be obtained from ether' extraction of the 

plutonium stock. They were prepared in the following manner. To 100'cc 

of a solution 1 N in RN0
3 

and saturated with Zn(N03)20r some other 

,inorganic nitrate was added several g:x:ams of solid ferrous sulfamate. 

This mixture was spiked with 10)., of a 1.U'ani1J1ll-233 tra.cer solution' and 

shaken with 100 cc of ether for one minute. The ether portion was with-

drawn and rapidly evaporated down to '10 cc in a hot wate,r bath,' then 

"scrubbed" with a few cc of the 1 N HN03-saturated salt solution to 

which had been added a few grams of ferrous sulfamste. After centri­

fUging, the ether portion was withdraw and evaporated down to about 

2 cc, at which point 6 to 8 drops of 55% HI was added in order to destroy 

most of the explosive peroxides 'which caused spattering of the solution. 

Evaporation was continued over a bunsen burner until the ,volume was 

1/2 cc. The sample was then cooled and placed on the column. More exact 

determination of column yields were made by, placing 10)., of the U-233 

tracer in the appropriate solution directly onto the column. In this 

way, column yields Were rendered independent of the extraction yield. 

Solutions coming off the column were collected on platimnn discs, 

evaporated and flamed. Inorganic mass was determined by inspection. 

Uranium yields were determin~d by alpha counting. 
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b. Cation exchange: Dowex 50W x-4 resin; 100-200 mesh was used. A 

chloride cation eXChange column could be expected to separate iron from 

uranium in a concentrated hydrochloric acid solution, where uranium has 

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

complex ip these circumstances. ( [u .]/ [u ] < 1 for 
res~ll: aqueous 

molarity> 6.)41 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 char~ed. 

Contrary to expectations, however, the ¢i~:tribution constant rises again 

, " '. 42 
after, going thro~ a minilnwnat an acicl ~Iarit¥ of 4. In practice 

it 'was fQU).'9:d,'tha.~ the iron j;s notqw'uatitativelyhe-ld on the resin at 

molarities o~ 10-12, and that although a relatively high yield of uranium 

was obtained, it was alw8¥s cont~nated with iron. 

c. Zeolite. Zeolites were among the earliest materials used for ion 

exchange work, but the usef'ulness of these materials alone is qui~e 

limited. since they are stable in ,only a narrow range of pH. If, however, 

the zeolite is impregnated 'with tri-butyl phosphate, a basic extractant 

whiCh has a notable affinity for the actinide elements, a useful column 

material results. When a mixture of ferric and uranyl ions in 6 molar 

nitric acid is passed through such a column the urapyl ions will 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 hydrogen iodide, 

which reduces the uranyl to U
4
+, 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 cons1.stently contaminated with ino~ganic mass from an unknown source, 

tbus rendering the method useless as, a cleanup,' of uranium.. 



..,55-

d. Anion exchange: Except where stated otherwise, Dowex AG 1 x-8 resin, 

100-200 mesh was used.' Anion exchange resin may. be converted to the 

acetate form by passing through it a concentrated acetate buffered solu­

tion •. This resin may. then be used to effect a separation of Uranium from 

iron. 43 When the sample is loaded onto the column in a solution 0.01 M 

in acetic acid and 0.01 M irisodium acetat~. the iron will pass through 

the column.' Several column volUllles of 8.7 M acetic acid are then passed 

through the column to.· remove the sodium. acetate. which would, of course, 

be a source of mass', and the uranium is eluted with 0.8 M hydrochloric 

acid. The yields from this method tended to be ~ther low--typically 

70%-~and the plates containing uranium were contaminat-ed: with small 

amounts of iron. 

It should be possible to ~eparate uranium from iron using a 

chloride anion exchange column with a mixture of HCl and HF.44 Iron will 

not be absorbed by the resin at HCl molarities below 1.0 (the HF con­

centration is 1.0 M), Whereas uranium will be absor.bed under these con-

ditions. The uranium may then be eluted with 0.8M HC1. 

The results with this column were unpredictable and: yields were 

generally low. 

If the ferric ions can be reduced to ferroUS, it is possible to 

separate uranium from iron on a chloride anion exchange column. Ferrous 

ions in an 8 M 'H~l solut;ion do not form an anionic complex which c,an be 

absorbed by the resin, whereas uranyl ions do. The choice of reducing 

agents is quite limited; being confined to those which will not con-

tribute to the mass bf the uranium fraction. In addition, the reduction 

must occur within' several minutes, ,as time is of the essence. Hydroxyl 

amine, oxalic acid, and hydrazine, for example~ 'W'erefar too slow. HI 

and ascorbic acid reduced, ferric to ferrous almost instantly, so columns 

were devised using these reductants. 

Wben.:E:lI was used as a reducing agent, the sample was .placed on 

the column in a solution 12 M in HCl and 7% in HI, washed with the same 

solution, and the uranium ~luted with 0.1 M HCl. 45 The separation from 

iron was good but the ~ield~' were very low, ranging between 20% and 50%.-

Ascorbic acid was then tried as a reducing agent for the ferric 

. 46 Th Ions. e best procedure for the separation was th~following. The 

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

in 0 •. 25 cc of 4 N HCI, giving a pale yellow solution. Solid ascorbic 

acid was adde~ until the solution bec&IIIe colorless (not more than 

2 gllOO ml), and the sample was then placed on the column. The column 

was washed with a 4-N HCl-2% ascorbic acid solution, and the uranium 

eluted with 0.1 N HCl. With this method, column yields consiste~tly 

above 80% were obtained, and the plates containing the uranium were quite 

free of any mass. However., when this column was used on a sample from 

an actual eXtraction from the plutonium-239, the results were erratic. 

This may have been due to the presence of impurities extracted from the 

stock solution of plutonium, since the initial addition of ascorbic acid 

resulted in dark-colored precipitates which could not be dissolved. 

The search for a good clean-up column was resumed, the most 

promising prospect being a nitrate anion exchange column which had been 

tried previously with only moderate success. The uranyl ion forms an 

anionic complex in' nitrate solutions. 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 exchB4ge resin Dowex AG 1 x-B', 100-200 mesh which 

had been converted to the nitrate form with 8 N HN0
3 

several months 

before gave poor results. Columns made of the same resin freshly equili-

brated with 4 M HN0
3 

gave yields of 67% - 72% consistently. 

2) Higher yields were pbtained with a slower dr9p'rate (15-20 

seconds per drop) than with a fast rate (10 seconds per drop). A balance 

must be struck here between the yield and the time required to run the 

column,· which must be minimized. 

3) Two resi~ of lower cross linkage, Dowex 'AGl X-2 and Dow-ex 

AG 1 x-4, were tried,and the yields .were below 60%. 

4) It vas then reasoned that since the active sites of this 

anion exchange resin have.a greater affinity for chloride than for nitrate 

ions, perhaps a dilute HClsolution would prove to be a better eluent 

thanO.B M HN0
3

. Results of· this reasoning with the Dowex AG 1 x-8 

mentioned above were erratic, but promising, the aVerage yield being 

80.5% ± 7.9%. An anion resin of higher cross linkage and smaller par­

ticle size, DowexAG 1 X-10, minus 400 mesh was equilibrated with 4 N 

HN0
3 

and used in the same column operation. Yields ranged from 87% to 

92%, and the~anium-bearing plates, a total of 25 drops, w.ere quite 

free of mss. The results were consistently goo'd, and the uranium ,always 

. th rd th appeared 1n the 19 to 33 drops aft.er the 0.1 M HCl was added to e 

column. The avera~e yield wa~ 88.8% ± 2.2%. This colUmn had all the 

attributes needed for the separation, including a fairly short running 

time of 20-25·minutes. When an extraction of the plutonium-239 stock 

solution was prepared and u.sedon the column, the results continued to 

be good and dependable. 

IV.' EXPERIMENTAL PROCEDURE 

A. Extraction and Other Gloved Box Operations 

Special gloved boxes were required for tbis experiment to reduce 

the danger of an explosion during the ether extraction of the plutonium. 

Two extra-large boxes were joined by a pass-through door, the primary 

extraction being carried out. in one box, the clean-up of the sample in 

th~ otber, less radioactive box. Provisions were made. to flush the boxes 

with nitrogen during an extraction. With ~ initial nitrogen fl?w of 

10 cfm for three minutes and a continuing flow of 1 cfm, the oxygen level 

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

boxes. 

The interiors of the boxes were coated with epoxy paint to provide 

addi tional sealing at all joints and other metal interfaces. The half 

inch thick plastic front plate was attacbed to the box by angle bracketB 

instead of screws to attempt to preserve the integrity of the box in the 

event an explqsion did occur. 

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

gralns of plutonium in a solution 2N in HN0
3 

and saturated with zinc 

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

was: 

239Pu 95.89 atom % 

240
Pu 3.93 atom % 

241Pu 0.172 atom % 

242Pu 0.00959 atom % 

The plutonium was reduced to the J>u(III) oxidati"0n state by ferrous 

siUf'aIi\ate ;'i';Wi tlt.Su1famie aci't'l.' and hydrOxyl' aliI:itne &s. held:i.rig reductants. 
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Approximately 200 cc of anhydrous ethyl ether were placed in a 

separatory funnel with an equal volume of-an aqueous solution 2N in HN0
3 

and satUrated with zinc nitrate and shaken for' at least two minutes to 

insure complete equilibration of the ether with the aqueous phase. The 

ether was drawn off and passed into the gloved box,' as was 100 A 

of uranium-232 in aqueoUs Solution, which served as a tracer to, detennine 

the chemical yield of uranium. All the tracer and then half of the ether 

were added to the ,plutDnium stock solution in a large'separatoryfunnel. 

They were shaken vigorously for two minutes. The. ether was withdrawn, and 

placed in a beaker in a hot water bath. ' while this 'ether was evaporating, 

the second porttop. of ether was added to the stock solution and another 

extraction carried out in the same manner ,as the first. This ether was 

added to the firstport.ion and_was ev~orated until the total volume 

reached approximately 30· cc', when it was removed from the hot water bath 

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

In this operation Ii. 'Volume of IN HN0
3 

about half that of the 

,ether was added to the ether, along with a few grElJllS of solid ferrous 

sulfamate, and the test tube was shaken for 1 minute to reduce, that 

PufIV) which had been extracted intii-the ether to the Pil~III) state. 

Then sufficient zinc nitrate to saturate the aqueous phase was added, 

and the test tube was shaken vigorously for twO minutes to extract the 

Pu(nI) back into the aqueous ·phase.·, Finally,the mixture was centri­

fUged and the ether phase drawn off. Two such scrubs were performed on 

the sample in the. first gloved box; the sample was then pa-ssed into the' 

second box wh~re three to five additional scrubs were done. Since the 

amount of plutGniumextracte,d by the ether varied, the number of scrubs 

was determirledby requiring that the aqueous portion crr·the la~t three 
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be free of the blue color of Pu(III). In this way no, more than 

6 10 dpm of plutonium were removed,from the gloved box. After the final 

scrub the ether was evaporated in'., a hot water bath to a or 10 cc. At 

this point 1/2 to 1 cc of HI was added in order to destroy most of the 

explosive peroxides in the sample, and the evaporation was continued 

until, the evolution of nitrogen dioxide ceased and the sample was about 

1/2 cc in volume. The sample was passed out of the gloved box and placed 

in a hood, where all' subsequent chemical operations were carried out,. 

B."~ 

Evaporation was continued over a micro burner until the volume of 

the sample was 1/4 cc or less. An equal vOlume of aN HN0
3 

vas added to 

insure the proper normality. between 4 and aN, and the sample was placed 

on an anion exchange column to eliminate the Zn and Fe ~ich were also' 
I 

extracted by the ether. The resin was Dowex AG 1 X-10, 400-mesh, which 

had been converted to the nitrate form'by successive washings with IN to 

The 4N HN0
3

• The column arrangement has been described in Sec. III-B2. 

drop rate was maintained at about 15 s,econds per drop while the sample 

was loaded. The column was washed with about 5 cc of 4N HN0 3 at the 

faster drop rate of 10 seconds per drop. Drops 14 to 32 were taken on 

a small platinum plate, and evaporated under a heat lamp. The plate was 

lightly flamed to dispose of organic mass and also to serve as an 

additional uranium pur.ification factor, since pllltonium is not easily 

removed from a flamed plate. 

C. Preparation of Sample 

The ur!Ulium was removed f~m the plate with hot 2N HN03 , placed 

in a glass micro cone and evaporated to 1 A under a heat lamp. The 
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sample was then taken up with a glass-tipped polyethylene micro-pipette 

which was inserted in a micro-manipulator for transfer to the left therm-

istbr. It was necessary to perform this delicate and critical operation 

under a 20 power stereo microscope. To hasten the sample deposition, 

the thermistor was heated electrically to 70°C. Figure 12 shows, the 

heating circuit which was used. 

The 1 K helipot serves as a comparison resistor to the thermistor. 

By'setting it to the resistance value of the thermistor at 70°C, which 

has been measured previously, and adj:usting the 5K helipot until the 

rea:ding on the volt meter in position "A" is the same as that in position 

"B", the temperat1.lXe of the thermistor is set te 70°C: Note that since 

the resistance of the thermistor varies with its temperat1.lXe, setting it 

to 70°C requires changing the power applied to it. Varying the 5K helipot 

does this, with the residual resistance of the helipot serving as a bal-

last resistance to prevent overheating the thermistor. This operation 

was always done by reducing the resistance of the 5K helipot from its 

maximum so that the temperature of the thermistor never exceeded 70°C. 

Before insertiOn into the calorimeter, the thermistor mount was 

placed in a vacuum desiccator and the house vacuum was applied as a 

preliminary degassing operation. 

D. Operation of Calorimeter 

The protective aluminum cap was screwed on the thermistor mount 

and the mount was plugged into the calorimeter. The outer copper vessel 

was screwed on and the entire assembly lowered into the constant tern­

perat1.lX€ bath~ A mechanical' pump was used to evacuate the system. 

Several Torr of, heli~ were let into the calorimeter'in order.to hasten 
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Fig. 12. Circuit diagram of apparatus used to heat thermistor as sample 
is deposited. 
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thermal equilibrium with the constant temperature bath. Three minutes 

after the helium was admitted, the thermistor heating circuit was con~ 

nected to both thermistors, the amplitude of the audio oscillator set at 

10. After five minutes of heating. (eight minutes after the helium was 

admitted) the helium was pumped out and the amplitude of the audio. oscil-

lator was reduced to 40. This amplitude corresponds to a higher :tem­

perature of the thermistors than does an amplitude of 10 in the presence 

of helium. The .?iffusion pump was used to evacuate the calorimeter ves-
-6 . 

sel to below 10 Torr. At this point the current and voltage through 

the left thermistor were measured and its resistance· calculated to veri~ 

that it was still intact. Four or five minutes after the helium was 

pumped out (nine or ten minutes of heating) the heating circuit ~as dis-

connected. After one minute the calorimeter bridge was turned on to the 

least sensitive setting, 1/100 battery voltage, and gradually increased 

to the 1/3 battery setting, with adjustments made on the helipot as 

necessary to keep the. Speedomax recorder on scale. TypiCally, fifteen 

to eighteen minutes from the time that the thermistor mount was put in 

place were required for the calortmeter to reach equilibrium and permit 

measurement of the heat produced by the isamer in its dec~. 

The measurement was continued for at least two hours, at. which 

point the sample had decayed sufficiently that a straight base line couId 

be determined. Then the calibration was· made and the· resistance of the 

thermistor was measured, as described in Sec. rID. 

E. Determination of Yield 

The chemical yield of uranium from the semple- preparation pro-

cedure was determined by a tracer technique. Uranium:-232 was selected 
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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 a contaminant of the sample. The 

sample was completely remove~· from the bead with dilute HN0
3 

and placed 

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

with a silicon.surface barrier alpha detector and analyzed by a four 

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

a known aliquot of the tracer solution were prepared such that the 

counting rate of the standard plate was approximately the same as that of 

the sample to which it was compared. Counts of standard and sample 

plates vere of ten hours duration. 

Peak heiShts of the principal 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 peaks were 

required for the assay plates. This correc~ion was not required for the 

sample plates, since the thorium-228 present in the tracer as a dec~ 

product is not extracted with uranium by the. ether in large enough 

amounts to interfere. 

The amount of uranium-235m actUally present during the period of 

measurement in the calorimeter was calculated by multiplying the amount 

of uranium-235m present in the plutonium 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 reIiloved 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. 
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V. RESULTS AND DISCUSSION 

A. Introduction 

The data from the calorimeter was in the form of a trace of power 

versus time recorded as the experiment was in progress by the Speedomax 

recorder. The points were then replotted on linear graph 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. Rather.'··a 

straight baseline was obtained only after a. sharp initial curve, 'Which 

was not exactly duplicated from run to run. Thus a simple subtraction 

of the curve obtained without a sample from the curve obtained with a 

sample in place was not possible. 

The successful analysis of the data was due to the observation 

that the sharp initial curve was exponential in form. Once it was ·recog­

nized that the half life of this expon~ntial was nearly the same from run 

to run for a given set of thermistors in a mount, the analysis of the 

data became quite straighforward. Thus, when the straight baseline value 

(which is a function of the setting on the 20Kn helipot) was subtracted 

from the data obtained with a sample of uranium-235m on the left therm­

istor the curve which remained was a composite curve of the 26.5 minute 

half life isomer and the shorter half life thermistor curve. This com­

posite curve was then analyzed in the same way as a radioactive decay 

curve involving two components. 

The half lives of thermistor sets tested in the calorimeter 

ranged from four to eleven minutes. Since the energy dissipated in the 

sample-holding the~stor by the uranium-235m decays with a 26.5 minute 

half life, the thermistOr sets chosen for these runs were those with the 
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shortest characteristic lifetimes in order to avoid any ambiguity in the 

interpretation of the data. 

Some further restrictions were placed on the experiment. The 

set of thermistors used· in a measurement was required to show the same 

characteristic half life before· the sample was placed on the left therm-

istor dUring the measurement. and after the aci<ivity of the isomer'had 

decayed away. This provided assurance that the thermistor set (and the 

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

B. Uran:i.1Jl!l-235m Runs 

The data from two uranium-235m measurements are presented in the 

following figures and tabl-es. In Figs. 13,15. 16. J.8, 21, and 2·3, the • 

points are multipl:t~d by 10 •. 

Figure 13 shows the behavior of the thermistor set used in Run 

I/l. before the actual run. Note the hal~ life of six minutes, obtained 

by subtracting the baseline of 56.7 from the. rest of the curve. The 

data from the first uranium-235m run is shown in Fig. 14. In Fig. 15 a 

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

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

isrepr~sented by the solid points. This is the composite curve of the 

isomer's decay and characteristic behavior .of the thermistor set. The 

lover portiol! of this. curve is f;een to be Ii straight line With a half 

life of 26.5 minutes; this represents the power dissipated in the therm-

istor bead by the decay of the urahium-235m. When the. values of this 

line extrapolated back to time 0 on the chart are subtracted from the 

first part of the curve, another straight line is obtained. The half .. 

life of this line is four minutes, close to the value of six minutes 
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Fig. 13. Behavior of thermistor set before uranium 235-m run #1. 
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Analysis of data from uranium 235-m run #1. 
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~reviously obtained for the characteristic 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 elapsed 

-" so that the isomer has decayed awe:y completely. Note that there is no 

26.5 minute component. When the baseline of 42 is subtracted from the 

• curve, a straight line results, a simple exponential with a half life of 

7.7 minutes. 

In Fig. 17 is shown the calibration of the. calorimeter. Each 

chart division (the abscissa in Figs. 13-16, thus represents 4.9 x 10-10 

watt or 3.06 x 109 eV/sec. 

The calculation of the decay energy of uraniuin-235mproceeds as 

follows: 

The ether extraction was made from 10.9 g of plutonium-239. The 

/' 
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The graphs of Figs. 14 and 15 begin 139 minutes after extraction was 

completed. Taking 26.5 minutes as the best value of the half life of 

the decay, six half lives, or 159 minutes, will have elapsed'att = 20 

minutes on the graphs. 

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

earlier, and was,22.6%. 

The disintegration rate of the 235mu at t = 159 minutes (20 

minutes, chart time) is found by multiplying the original numbe~ of 

10 
disintegrations of the isomer per second, 2.47 x 10 ,by the chemical 

yield and by 1/64 to correct for the six half lives which have elapsed 

since the separatio~ of the 235~ from the 239Pu stock. 

(2.47 x.IOIO )(0.226)(1/64) 8.72 x 107 d/sec 

number of atoms of plutonium-239 was thus The solid points in Fig. 15 represent the 26.5-minute half life 

• 

(10.9)(6.023 x 1023 ) 
239 

2.74 x 1022 

Since the half'life of plutonium 239 is much longer th~ that of uranium-

235m, and since the uranium was allowed to grow into the stock solution 

foll' an interval very long compared with the half life of the uranium-235m, 

d/sec(Pu239) d/ sec( U235m) 

at time t- 0 (when the separation from the plutonium is completed). 

d/sec(Pu239 ) (NA) Pu239 

2.47 x 1010 d/sec(U235m) at time t = 0 • 

component. At chart time=20 minutes the power intercept is seen to be 

15 chart divisions. 

It has been previously calculated trom Fig. 17 that each chart 

division represents 3.06 x 109 eV/sec. Th~ the .power corresponding to 

45.9 x 109 eV/sec 

The number of disintegrations occurring at this time has been calculated 

above to be 8.72 x 107 a/sec. Therefore each decay dissipates 

45.9 x 109 eV/sec 

8.72 x 107 d/sec 
526 eV/deca;y 

The data from Run #2 may be analyzed in a similar manner. Figure 

18 shows.the behavior of th~ thermistor set prior to the run; Fig. 19 
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Fig .. 21. Behavior of thermistor set after uranium 235-m run #2 . 
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shows the data from the run. The data are analyzed in Fig. 20; and Fig. 

21 shows the behavior of the thermistor set after the run, with the 

sample still in place. 

The ether extraction for this run.was made from 9.9 grams of 

plutonium-239, or 

(9.9)(6.023 x 10
23

) = 22 239 
239 ·2.50 x io atoms of Pu 

~20 
At timet 0, 

0 
If) 

> d/sec(Pu239) = d/sec(U235m) (N)')Pu239 .-
"'0 

10 - 8 ~ 

0 
.r= 
U 

4 The graphs -of Figs. 19 and 20 begin 152 minutes after the separation vas 

completed (time t = 0). Thus, six half lives (159 minutes) have elapsed 

at t = 7 minutes on the graph. 

The disintegration rate of 235mu at t = 7 minutes,graph time, 

is found by multiplying the disintegration rate at t = 0, calculated 

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

(2.25 x 10
10

)(0;135)(1/64) 4.75 x 107 d/sec 

X BL 718-4070 At t = 7 minutes, graph time, the power intercept of the 26-minute 

Fig. 22. .Calibration of calorimeter for uranium-235m run #2. 
component (the straight line drawn from the solid points) is 9.5 chart 

divisions. 

Figure 22, the calibration of the calorimeter, indicates that 

" . -9 . 9 
each chart division corresponds to 4.95 x 10 watt, or .}.09 x 10 eV/sec. 
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At seven minutes, graph time , 

29.3 x 109 eV/sec 

is being dissipated in the thermistor by 4.75 x 107 d/sec. The decay 

energy is thus: 

29.3 x 109 eV/sec 

4.75 x 107 d/sec 
617 eV /decay 

The mean value for the decay energy of uranium-235m is 

(572 ± 33) eV 

where 33 eV is the standard deviation of the mean. 

The two types of errors are involved in the measurement: random, 

and systematic. In the class of random errors are the precision of the 

assaying tec~iques used and the accUracy with which the preparation time 

'WaS measured. Two assays are performed in the course of sample prepara-

tion: one to determine the amount ofplutonium-239 from which the 

extraction was made, the other to measure the aliquot pfuranium~232 used 

as the tracer. The more difficult and involved of the two was the assay 

of the plutonium-239 stock solution, because it required a primary 

aliquot of 'lOX, a dilution in a volumetric flask, and then a second 

aliquot which was placed on a platinum plate for counting. In addition, 

this procedure was necessarily performed ina gloved box, which further 

compounded the difficulty of the operation. To measure the practical 

limit of precision of this assay, nine assays were made over a two day 

perWd. The fractional standard deviation: of the, results was 0.9%. 
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The measurement of the 100A aliquot of the uranium-232 placed in 

the.plutonium-239 stock solution was a much less difficult operation, 

since it involved only one aliquot, and was performed ina hood rather 

than the gloved box. The major uncert!l-inty involved in the uranium-232 

assay is that associated with the interpretation of the ,alpha particle 

spectrum. As previously noted in Sec. IV E, a correction must be made for 

the ,presence of neighboring thorium-228 peaks. The overall error intro-

duced in the ur,anium-232 assay was estimated at not over 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 data indicated that they were functioning 

properly. The error introduced by the counters is included in the assay 

error estimates. 

The measurement of sample preparation time and chart time was 

done by a standard electric 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, 

about half a minute passed before the ether and the plutonium-239 solu-

tion separated into two distinct phases, during which time some uranium 

was still being extracted, although to a lesser extent than during agi-

tation. An uncertainty of ±30 seconds introduces an error of ±l% • 

The statistically combined effect of these uncertainties is 

10.1%. This estimate of the error in a single measurement leads to a 

standard deviation of the mean of 7.1%, which is in good agreement with 

that calculated directly from the measured values of the decay energy, 

(512 ± 33) eV 'or 

572 ± 5.8% 
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The possible systematic errors in the measurement--errors of 

constant magnitude which recur during each run--are more difficult to 

evaluate. The limits of accuracy of the numbers for the half lives of 

Pu-239 and U-235m are sources of systematic error. The half life of 

Pu-239 is known quite accurately. The half life of V-235m has been 

reported as 26.5 ± 0.2 minutes,3 26.6 ± 0.3,minutes,4 and 26.16± 0.03 

minutes. 6 The half life used' in the calculation was 26.5 minutes. If 

26.16 minutes is chosen instead, the values obtained for the energy would 

be 5.7% greater. 

The most serious possible systematic error would be some unknown 

bias in the calorimeter itself which would lead to a 'faulty calibration 

of the instrument. Section II D, Calibration, describes the precautions 

taken to insure the accuracy and suitability of the calibration. 

Even so, it would be desirable to use the calorimeter to measure 

the decay energy of a known transition in order to eliminate the pos-

sibility of a significant systematic error in the instrument. There are 

no other similar low energy, highly converted gamma. transitions whose 

energy is known. Beta transitions are too high in energy for the neces-

sSry qualification that virtually'all the transitiori energy be dissipated 

within the sample. 

G. Bismuth-212 Run 

Of the very few alpha emitters with suitable half lives, bismuth-

212 with a half life of 60.5 minutes is easily prepared from thorium-228. 

10'1 to 108 dim of thorium-228 were placed 'on a cation exchange resin in 

0.1 M HC1. ,Elution of lead-212 and bismuth-212 proceeded with 2 M HCl. 

The lead-212 waQ eluted first and discarded, since its 10.6 hoUr half 
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life is too long for the calorimetric measurement. The bismuth-212 

sample, which was free of all detectable lead-212, was taken from the 

column and placed dir.ectly onto a the~istor bead. The calorimeter 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 not as straight-

forward as in the uraniUm-235m measurement for two reasons. First, only 

36% of the bismuth-212 decays by alpha emission; the remaining 64% dec~s 

by beta emission to polonium~212, which then decays by alpha emis~ion 

with a 304 ns half life. Since the energies 91' these two alpha transi-

tions. are different. an average alpha energy must be used in the calcu-

lation. If thE! alpha particle energies are multiplied by their respective 
, 

percentages and added, an average alpha energy of 7.9 MeV is obtained.' 

The exceedingly short half life of the poionium-212 means .that its alpha 

decay will proceed with the half life of the parent bismuth-212, so no 

, half life correction is necessary. 

Secondly, 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 in air is 

75 mm. Using the Bragg-Kleeman rule, 

-4..p::; 
R= 3.2 x 10 -'-R. 

Pl a1r , , 

and values of 50 for the atomic mass, ~, of the thermistor and 3 for 

its density, PI' the range of an alpha particle in the thermistor bead 

is calculated to be 0.056 mm. The bead is an ellipsoid whose minor axis 

is 0.41 mm. or over 7 times the range of a 7.9 MeV alpha particle. In a 

crude analysis, then, slightly under halt the alpha particle energy will 

• 
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be dissipated within the bead, assuming anisotropic distribution of 

alpha particles. In addition, there is some mass associated with the 

sample, and this has the effect of increasing the n'umb.er of alpha par-

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

the amount of this mass, except to note that it was distributed fairly 

evenly over'the whole head and was about 0.02 mm thick. It seems 

reasonable, then, to assume that between 50% and 75% of the total alpha. 

particle energy is detected by the calorimeter. 

The data from the bismuth-212run are presented in the same way 

as that from the uranium-235m runs. Figure 23 shows the behavior of the 

thermistor set before the run. The characteristic half life o'f.the set 

is eleven minutes. Figure 24 shows the data from the bismuth-212 run, 

and Fig. 25 shows the analysis of these points. 

The straight baseline has not quite been reached, due to the 

necessity of removing the sample from the thermistor bead while there is 

still sufficient bismuth-212 alpha activity to be counted for the yield 

determination. The following reasoning was uSed in detennining the 

eventual baseline of 25. Utilizing that portion of the curve after the 

initial short half life associated with the thermistors has disappeared, 

it may be seen that in the interval between 120 minutes and 180 minutes 

(about one, half life) the curve has dropped three divisions to 28.0. In 

the interval·between 180 minutes and 240 minutes, it will drop 1-1/2 

divisions to 26.5, and so forth, converging to a series limit of 25.0. 

The curve which results from subtracting the baseline of 25.0 from the 

data curve is represented by the solid points. This line may be resolved 

into two components, one with a half life of 60.5 minutes, which is 

exactly the half life of the bismuth-212 alpha decay:. The sh~rter 
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component has a half life of 14 minutes, which is close to the eleven 

minute half life previously noted for the tnermistor set. 

Figure 26 shows the behavior of the set after the bismuth-212 

run. The half life is 11.5 minutes.' 

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

lows: 

The bismuth-2l2 and polonium-2l2 activities were removed from the 

* . 
bead and counted at 4:11, P.M. The counting rate was 24,049 c/m. The 

alpha counter used had a geometry factor of 51.5%, so the disintegration 

rate was 

4 2.40 x 10 c/m. 
(0.5l5){60 sec/min) 

.2 4 7.77 x 10 d/sec at :11, P.M. 

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

tegration rate was 

2 .' 
(7.77 x 10 d/sec)(16) 4 

1. 24 x 10 d/sec 

Assuming 7.9 MeV per alpha decay, the energy dissipated in the thermistor. 

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

4 (1.24 x 10 d/sec)(7.9 MeV/d) 4 9.8 x 10 MeV/sec 

F'nlm Fig. 27, the calibration of the calorimeter, it may be seen that 

-10 3' one chart division corresponds to 6.4 x 10 watt, or 3.99 x 10 MeV/sec. 

The time t = 0 of the chart occurred at 1l:26, A.M. 12:09, P.M., then, 

is 43 minutes into the chart. At t = 43 minutes, the power ~ntercept of 

• crock times are used here in order to simplify the discussion. 
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the 60.5-minute component was 15.9 divisions, or a power of 

(15.9 div. )(3.99 x 103 MeV/div.) 
4 6.33 x 10 MeV/sec 

4 
At 12:09~ P.M., then, 6.33 x 10 MeV/sec was being dissipated in 

the thermistor bead.. As calculated above, 9.8 x 10
4
, MeV/sec was being 

produced by the decay at 12 :09. However, it was previously .estimated 

that only 50% to 75% of the power produced by the decay is actually 

being absorbed within the thermistor and detected by the instrumeht. 

4 4 / d 7 3 x 104 MeV/sec would be Therefore, between .9 x 10 MeV Sec an • 

expected to be detected by the calorimeter. The anSWer obtained, namely 

6.33 x 104 MeV/sec is within this range. Thus, the likiihood of an unkriovn 

systematic error in the uranium-235m measurement is eliminated. 

., 
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VI. ALPHA DECAY HALF LIFE OF THE ISOMER AND COSMOLOGICAL CONSEQUENCES 

A.Uranium Cosmochronology 

The age of our galaxy has been the subject of much discussion and 

calculation. 

mining the age 

bidge, Fowler, 

One well-established observational technique for deter-

of the galaxy was introduced in 1957 by:Burb:ldge, Bur-

47 and Hoyle.' Radioactive species of very long half 

lives, namely uranium-235 and uranium-238, occur naturally. The present 

abundances of these isotopes in our ,solar system h~ve been estimated,48 

and their half lives are known. 235 238 Thus, the ratio U/ U'may be plotted 

as a function of time. According to the model for nucleosynthesis 

proposed by Burbidge, ~,&., now widely accepted, the heaviest elements 

were formed by a rapid neutron capture process in supernovae, and the 

production ratio of these two isotopes may be calculated quite simply. 

The time intercept at which this ratio occurs is taken to be the age of 

the material in our solar system. The age of the, galaxy is then obtained 

by adding to this number the mean time required for stars to evolve to 

the supernova stage in which the radioactive nuclei are formed. 

Using this method, but assuming a rapid evolution of the star to 

( ,8 ) , 66 9 the supernova stage 10 years , Burbidge, et al. obtained • x 10 

years for the age of the elements i,f they were produced in a single 

·9' event, or 6.6--11.5 x 10 years for ,a constant .rate of element production 

in the galaxy. In s,ubsequentinvestigations Fowler and Hoyle 49 assumed 

an exponentially-decreasing rate of element synthesis over' the lifetime 

of the galaxy and in addition hypothesized that the stars which evolve 

to the supernovae require'3..:-4 x 109 years to do so. They calculated 

the age of the galaxy to be 15 x 109 years. A further refinement b~ 

Fowler50 and a calculation by Clayton, 51 in which he introduced Re-187 
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as a chronometer, ,substantiate this number. Dicke, 52 on the otter 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 

in a single event, and obtained a galactic age of 7 x 109 years. 

The present ratios of these isotopes and their production ratios 

are generally accepted quantities. The variation in the' values obtained 

for the age of the galaxy reflects different assumptions concerning the 

history of the isotopes between their formation and their incorporation 

into the solar system. Were they forme4 in one single supernova or were 

they formed in a continuous series of supernovae occuring between the 

formation of the galaxy and the condensation of the solar system? Has 

the galaxy been an autonomous system since its origin or has it acquired 

new 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 different from those of the 

ground state? 

. B. Coulomb Excitation Calculation 

With respect to the first of these questions, interstellar space 

contains charged particles of high energies which may produce a nuclear 

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

Winther53 give a Coulomb excit~tion cross section: 



00 

a = L (OE>..+ °MA) 

A=l 
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Since the transition from ground state to isomer is an electric octupole 

transition, the cross section for magnetic excitation, OM>..' is not used, 

and only the electric excitation cross section need be considered •. 

ror 

A = 3, <;; = 9.298 x 10
2 

( 1 + ~)~ -z-"-;':::'z--'-4 barns 
1 2 

,. 

where: E is the energy of the projectile 

~E' ( '\ )_4 
- 1 + A2 . ~E, where ~ is the transition energy 

'\. and A2 are the masses of the projectile and target nuclei in units of 

the proton mass; Zl and Z2 are the atomic numbers of projectile and target 

nuclei; fEA(ni,s) measures the effective strength of the interaction. It 

is obtained from.Fig. 114 in Ref. 7. B(EA) is the reduced transition 

probability for the excitation qf the isomer, given in units of 

e2(10-24)A. 

This quantity is best ·estimated by substituting the experimentally 

determined values of the half life and transition energy for the 1/2 +·7/2 

transition in plutonium-237 int.o the following equation. 

-96-

where the reduced transition probability B(EA; If"" Ii) for the decay is 

related.by 

to the reduc;ed transition probability B(E>"; Ii + If) for the excitation 

cross section; T is the probability per unit time for the transition, or 

1 :r ; W = ~/h, Where Mis thetransitic:in energy. The data for plutonium-
. 4 

237 is as follows:? 

b.E ='145 keV 

t l / 2 = 0.18 sec 

Conversion coefficient = 55 

Thus, 

T 

-4 And B(EA) = 5.11 x 10 • Substituting this value for B(EA) in the 

expression for O(E>") , we get 

o(Ei) 9.298 x 102 (1 + 2~5)-4 (2:54) E(3-2) (E _ lIE,)(3-1) 

4 . 
x (5.11 x 10- ) (3.8 x 10-2 ) 

). , 



c 
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If· ~E' « E, then 

a(E>..) 

The choice of E, the eriergy of the bombarding proton, is not 

clear-cut. Unfortunately, .we cannot appeal to experiment--w~ have no 

direct access to hot interstellar gas or stellar envelopes. The flux of 

protons in near space is the only measurement that has been made , and we 

must assume that this is typical of the solar sYst~ over the past 109 

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

due to solar flare actiVity, but there are fewer particles in this energy 

range than in the higher energy-portion of the spectrum. ·Above 50 MeV 

the number of particlee varies as the -2.6 power of the energy, with a· 

total fl.ux of 1000 protons/m2-ster_sec, ± 30%.55 

it reasonable. approximation is to take the energy of the bombarding 

protons as 50 MeV ,in which case 

a(E>") 7.52 x 10-7 barns .. 

The equilibrium ratio of isomeric state to ground state in such 

a proton flux is calculated as follows. 

Let the number of ground state uranium atoms per cm3 NO 

_r 

the proton flux = n 

the number of isomeric uranium atoms per cm3 N 

The reaction rate of isomer formation is Non a(E>"). The number of iso-
. . 

mericuranium atoms decaying to· the ground state is N>"U235m' Under 

equilibrium conditions, 
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and 

N na(E>") (1.2)(7.52 x 10-31 ) 

NO = \r235m = 4.44 x ro-4 2.03 x 10-27 

This ratio is exceedingly small, indicating that virtually no excitation 

of the isomer occurs in regions of space typified by our solar system. 

Nevertheless one cannot preclude the possibility of much larger proton 

fluxes in stellar envelopes operating over millions of year to produce. 

a significant excitation of the isomer. Unless the half l;i.fe for alpha 

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

235 238 . however, there will be no decrease in the ratio,U/ U, even Wlth 

proton fluxes several orders of magnitude greater than those observed. 

C. Calculation of the Half Life for Alpha Decay of 235~ 

The calculation of the half life for alpha decay of the isomeric 

state is .straightforward. Alpha transition rates exhibit an extremely 

sensitive exponential dependence on decay energy. A plot of the log of 

the half life vs. the decay energy for ground state to ground state 

transitions of even-even nuclei shows nearly straight line behavior for 

a given element. If the data from odd-N nuclei are placed on such a plot 

they will nearly always lie above their respective elemental lines 

(longer half lives). These transitions are said to be hindered. A 

hindrance factor may be defined for these nuclei as the ratio by which 

their halr lives differ from a line interpolated between the nearest 

even-N isotopes. In these cases 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 

factors. 

A plot of the Unhindered half lives vs. Q
a 

(alpha particle energy 

plus recoil energy) for the uranium isotopes is shown in Fig. 28. The 

half lives are calculated using an equation due to Preston involving the 

nuclear radius and half lives of neighboring even-even nuclei. 56 This 

graph may be used to determine the unhindered partial half lives of the 

alpha groups of uranium-235m decaying to various st'ates in thorium-231. 

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

partial half lives for each alpha group ~ust be multiplied by the hindrance 

factor for that group. Since these are unknown, ,they must be estimated. 

The isomeric state has been given the Nilsson assignemnt 

(nwI Nn A) 1/2 + 1/2 631. As we have seen, the unpaired neutron in the 
z 

ground state of plutonium-239 has exactly the sam~ configuration. It 

would be expected that the alpha decay of the isomeric state of uranium-

235 would exhibit very nearly the same hindrance factors as plutonium-

239. This effect can be demonstrated in the 'case of plutonium-24l and 

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

factors of their alpha groups are shown in Fig. 29. 57 Similar correla-

tions of hindrance factor!? may'be observed in several other pairs of 

nuclei with the same ground state configurations. Thus it appears that 

the use of plutonium-239 hindrance factors with the unhindered half 
/' 

lives for the alpha particle groups of uranium-235m obtained from Fig. 

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

235m. Figure 30 shows the ,calculations. 

II) ... 
108 >. 
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0 
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4.6 
Qa (MeV) 

4.8 

XBL 718-40~7 

Fig. 28. Unhindered half life vs. Qa for the isotopes of uranium. 
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Levels in thorium-231 E(MeV) unhindered t l / 2(y) H.F. for Pu-239 Estimated partial A, 

spin energy(keV) (Qa -ETh) (est. from Fig. 29) decay to state for alpha group (yrs-l ) 

5./2 327 4.354 1.3 x 109 8.89 0.623 6.0 X 10-11 

(8.89)(1.3 X 109 ), 

3/2 288 4.393 7.0 X 108 
11.9 0.623 

(11.9)(7.0 ~ 108) 
= 8.2 x 10-11 

l/2+,l/2 631 275 4.406 5.7 x 108 2.94 0.623 

(2.94~(5.7 X 108) 
4.2 X 10-10 

9/2 240 4.441 X 108 
75.4 0.693 -11 

3.2 
X 108) 

= 2.9 Xl0 
(75.4)(3.2 I 

f-' 
0 

8 285 0.623 2.4 x 10-11 I\) 

7/2 169 4.512 I 1.0 X 10-
(285)(1.0 x 108) 

= 

5/2 114 4.567 4.0 x 107 69.1 
·0.623 -10 

107) 
= 2.5 X 10 

(69.1)(4.0 x 

3/2+,3/2 631 75 4.60/5 2.15 x 107 • 670 
0.623 ;. 4.8 x 10-11 

(670)(2.15 x 107) 

9/2 234 ? 

7/2 204 ? 

5/2~.5/2 752 185 ? 

(continued) 
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The partial decay constants for the alpha groups are ,added to 

8 
-9'-1 

obtain the total decay constant, 1.1 X 10 year, .,The total half 

life tor alpha decay is thus 5.9 X 10
8 

years. 

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

energies of the levels in thorium-231 ~ If any of the levels are .lowered 

by interaction ,due to Coriolis forces with a lower energy-state, the 

alpha decay half life for uranium.:.. 235m would be ~ma,ller accordingly. ' A 

large effect would be unlikely, however, since the lowest thorium-231 

levels, shoWn in Fig~ 30, are all derived from different sirtgle particle 

levels, and there is probably little Coriolis mixing~ 

D. Cosmological· Consequences 

The value for the alpha decay hal'f life of uranium-235m, 5.9 X 10
8 

8 
years, is quite c1oseto that of the ground state, 7.1 X 10 . years •. This 

fact combined with the very low probability of Coulomb. eXcitaHon in 

space renders it extremely unlikely that there has been any significant 
. /' . 

change, in the ratio 235u/38u between the time of element synthesis and 

incorporation of' the material into the solar system. , 

" 
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VII. SUMMARY AND CONCLUSIONS 

The decay energy of the isomeric state of uranium-235 has been 

determined by means of a specially-designed micro-calorimeter capable 

of detecting 10-9 watt. This instrument is a Wheatstone bridge calorim-

eter in which two arms of the bridge are matched thermistors. One therm-

'~ istor serves as a sample-holder; the other is a reference resistance. 

AI; the twenty-six-minute half life activity of tlie isomer decays, the 

temperature and, therefore, the resistance of the 'sample-holding therm-

istor change, creating an imbalance in the bridge, which was measured. 

The calorimeter was calibrated by an accurately measured radio frequency 

signal. 

Uranium-235m is formed by the alpha decay of plutonium-239, ·so 

the sample of uranium-235m was obtained by a diethyl ether extraction 

from a plutonium-239 stock solution which was maintained in the Pu(UI) 

oxidation state by ferroussulfaiDate. Zinc nitrate was the salting-out 

agent. After evaporation to les.sthan 1/2 c~, the sample was run through 

an anion exchange column to separate the uranium from inorganic mass, 

and it was then deposited on the thermistor. The curve obtained from . 

the calorimeter was analyzed in a manner similar to that used in analysis 

of compound radioactive decay curves. The total decay energy of uranium-

C 235m was found to be 572 ± 33 eV. 

The nuclear properties of the isomeric state are of interest 

since it represents a possible loss mechanism of uranium-235. in space, 

which would affect the calculation of the age of the galaxy by Hoyle and 

others, using the ratio uranium;..235/uranium-238. Hence, the half life 

for alpha decay of the isomeric state was calculated, using the unhindered 

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 applying .the hindrance 

factors for the alpha decay of plutonium-239, vhich .has the same intrinsic 

spin state as uranium'-235m. The half life for alpha decay of the iso-

8 meric state vas calculated to be 5.9 x 10 years, nearly equal to that 

of the ground state~ 

Using the expression for the probability of Coulomb excitation 

derived by Alder, Bohr, Huus, MottelsQn, and Winther, it vas found that 

the Coulomb excitation of ur~ium-235m by protons in regions of space 

typified by our solar system is negligible. 

It vas theref.ote concluded that the existence of the isomeric 

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