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ABSTRACT

The actinide series is composed of fifteen elements with
atomic numbers 89 (actinium) to 103 (lawrencium). The principal
naturally occurring actinides are ?°2Th, 2%!pa, 2%y, and 2%°U.
Other actinides can be produced by irradiating heavy elements
such as uranium with neutrons in a nuclear reactor, by bombarding
nuclei with heavy ions in an accelerator, and by exposing heavy
elements to very high neutron fluxes generated momentarily in
thermonuclear explosicns. The actinide elements are separated
chemically by a combination of solvent extraction and ion exchange
techniques. The nuclides 2**Pu through 2°7Fm are produced by
thermal neutron captures in reactors; 2°°Md and higher nuclides
are produced by heavy ion bombardment in accelerators.
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I. INTRODUCTION

With the rapid growth of the nuclear power industry and
the specialized radioisotope production programs supported by
the U. 8. Atomic Energy Commission, relatively large amounts of
actinide radioisotopes are being produced by nuclear reactors.
Smaller amounts are being produced by nuclear accelerators and
by thermonuclear explosions. This report surveys the principal
methods of actinide production and separation, and outlines their
nuclear properties and uses.

The nuclides discussed are of special interest in industrial
or sclentific fields; have found practical industrial application;
are useful for characterizing chemical, physical, and metallur-
gical properties of elements; or have interesting nuclear
properties. The actinides are also important as targets for
producing the still heavier ''transactinide" and 'superactinide"
elements by accelerator reactions. These nuclides include all
those from 2%’Np (element 93) through 25%Es (element 99) that
have half-lives longer than 162 days (?%2Cm), and also the
longest-lived nuclides of elements of higher atomic number than
einsteinium,

IT. THE ACTINIDE SERIES

The actinide series is composed of fifteen elements with
the atomic numbers 89 (actinium) to 103 (lawrencium}; of these
elements, only actinium, thorium, protactinium, and uranium
occur naturally to any significant extent. The relationship of
the actinide series to the similar lanthanide series is shown
in the periodic table (Figure II-1). Also shown are predicted
positions for a '"transactinide series' from elements 104
(rutherfordium*) to the postulated element 121, a hypothetical
"superactinide series'" from element 122 to 153, and a further
hypothetical series from element 154 to 168.

* Suggested name, not approved by The Commission on the
Nomenclature of Inorganic Chemistry of the International
Union of Pure and Applied Chemistry,




Calculated electron shells for these elements are shown in
Figure II-2; some measured and predicted properties are listed
in Table II-1. Nuclear properties of the longer-lived isotopes
of these elements are listed in Table II-2.

Chemical properties of the actinides are similar to those
of the lanthanides, which are the rare earth series extending
from lanthanum (element 57) to lutetium (element 71}, Separa-
tion of the actinides from each other is difficult; a combination
of solvent extraction, ion exchange, and chromatography techniques
must be used (discussed beginning on page 35).
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Some Predicted and Measured Properties of the Actinide,

TABLE T11-1

Transactinide, and Superactinide Elements'®

Most Stable Melting Density, Tonic
Atomic Atomig . Electronig Oxidaticn Point, g,i"crn3 Radius,
Weight Number Element Symbol Configuration State °C at 25°C
89 Actinium Ac 6dl7s? 3 1100 1.11
90 Thorium Th 6d%7s? 4 1750 11.7 0.99
)4 Protactinium Pa 5F%6dt 752 5 <1873 15.4 0.96 [4)
92 Uranium ] Sfiedl7s? 6 1132 19.0 0.93 (4)
93 Neptunium Np 5F*6at7s? 5 637 20.5 0.52 {4)
94 Plutonium Pu 5£8752 4 640 19.7 0.90
95  Americium Am 5F77s? 3 995 13.6 0.98
96 Curium tm  5f76d'7s? 3 1340 7 0.98
97  Berkelium Bk 25:222752 3 986
98  Californium cf 50757 3 0.95
9% Einsteinium Es anl fyg? 3
100 Fermium Fm 5£i2742 3
101 Mendeleviun Md sFidzs?
102 Nebelium Na sEtY75?
257 103 Lawrencium Lw sfl4sdlrs?
272 104%  Rutherfordium  Rf  6d27s? 4 2100 18 0.78
105 Hahnium Ha  6di7s?
106 6d"“7s?
107 6d®7s?
108 6d®7s2
109 6d77s?
110 6d%7s2
111 647752
112 60752
287 113 7siipt 1 430 16 1.48
298 114 75272 2 70 14 1.31
115 75%7p?
116 7si7p®
311 117 7s27p® 450 2.3
314 118 7827t -1s
315 119 Tsi7ptas! 15 3 1.85
316 120 7s27pas? 080 7 1.t
121 8p's?
122 sglof®rdtas?
123 5glof'7d'8pss’?
124 sgleri7aaplas?
125 sglef’7d"8plast
Ay 1 lp.2
e
127 Sglefi7d'ss?
128 Sg'efi7dtes?
129 sgferi7dles?
130 sgbef?rdige®
131 5 76£17d%8s2
132 5ptsrl7dlas?

-8

a. All properties for element 104 and higher are predicted.



TABLE [I-2

»

Nuclear Properties of Longer-Lived Isotopes of Atomic Numbers 92-101

Falf-Life Principal Approximate Inergies of Neutron Thermal
Spontaneous  Mede of Major Radiaticns, Mev Cross Sections, barns®

Nuclide Total Fissien Decay? o B ¥ e b C Jf
232y 72 yr 8x10%? yr o 5,32 0.058 0.050 78 72
23y 1.59x10° yr a 4,82 ¢.042 0.023 47 551
ERe] 2.47x10% yr 2x10%% yr o 4.77 0.053 44 <5 mb
225y 7.1x10% yr 1.9x10'7 vr o 4.16-4,60 0,19 ug 580)
23sy 2.42x107 yr 2x10'€ yr a 4,48 0.05 0.032 5.5
z3By 4.51x10% yr 6.5x10'° yr @ 4,20 0.048 0.030 2,73 <0.5 mb
2350 410 days € 4,37-5.10 0.026
236Ny »5x10° yr g - - 2800
2I7p  2,14x10% yr >10%7 yr o 4,52-4.87 0.029-0.24 0,009 169 0.018
236py 2.85 yr 3.5x10% yr a 5.77 0,047 0.028 150
238y 87.4 yr 4.9x10'° yr 5.50 0.044 0.024 540 17
#3py 24,390 yr  5.5x10%° yr o 5. 16 0.052 0,008 271 742
240y 6600 yr 1.34x10 yr o 5.17 0.045 0.026 280 <G08
Zhlpy 14.3 yr 3" 4,90 0.021 0,149 364 1605
2%2pu 3.87x10° yr  7.1x107° yr o 4,90 0,04 20 <0.2
2hipy 8.3x107 yr  2.5x10'% yr o 4,59 1.8
%1am 433 yr 2x10%* yr & 5,49 0.060 0.022 710 3
I4IMam 152 yr 9.5x101 v 1T 5.21 4.042-0.206 0,028 1500 6500
*3am 7370 yr 3 5,28 0.07s ¢.01I 100 <007
2oy 163 days 7.2x10% yr a 611 0. 044 0.022 25 <5
43 em 32 yr @ 5.78 0.043 0.022 13 1
245¢m 8300 yr 1.31x107 yr o 5.36 0.173 270 2000
24ben 4710 yr 1.7x167 yr a 5,39 9
2e7em t.ex107 yr @ 180 108
248cm 3.52x10° yr  4.6x10% yr o 5.08 7
S9om 1.1x10% yro 1.9x10% yr SF
1 1400 yr o S.52 0.084
7t 8pk >89 yr o
ERRE-TY 311 days N 5.41 0,125 0.33 800 6
ey 350 days >1.5x10" yr “ 6.27
et 352 yr 1.5x10% yr o 5.81 0.388 270 1650
238cf 13.1 yr 1,710 yr o 6.03 0,043 0.023 1500 <350
2Eley 900 yr o 5.07 0.18 3000 1500
2oy 2.65 yr 85 yr o 6.1l 0.043 0.022 20
Biepa 270 days 7x10% vr o 544 0.063 0.011 <40 3060
25 80 days 100 vy @ 6.52 0,002 0.037
58y 34 days o 6.73
25580 3 min . 5.08
258w 35 sec o 8.4
Eipr 1 min " 5.2
EARNTEY 0.1-3 sce a2 8.4
a. =, B, yv: alpha, negatron, gamma emission cnergy in Mev.

[T: isomeric transition - decdy from an cxcited metastable state to u lower state.
b, e7: conversion electron emission energy in Mev.
@ Ce, Uf: thermal newtron capture and fission cross sections in barns.
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ITI. PRODUCTION OF ACTINIDE ELEMENTS

The grincipal naturally occurring actinides are 2?7Ac,
232Th, 2%lpa, 235, and 23%U. Other actinides can be produced
by irradiating heavy elements such as uranium with neutrons in

a nuclear reactor, by bombarding nuclei with heavy ions in an
accelerator, and by exposing heavy elements to the very high
neutron fluxes generated momentarily in thermonuclear explosions.

The neutron irradiation routes have the advantage of lower
costs, primarily because the uncharged neutron needs no energy
to penetrate the repulsion forces of the target nucleus.

Reactor irradiation of uranium is a well developed tech-
nology. Large quantities of relatively stable actinides through
25k - :

Cm will soon be available as byproducts of nuclear power
reactor operation. Heavier nuclides through 2°7Fm are being
produced in smaller quantities by special irradiations in AEC
reactors.

The technologies of charged particle irradiation in an
accelerator and neutron irradiation in a thermenuclear explosion
are less developed than that of neutron irradiation in a reactor;
however, these two processes may be competitive with reactor
neutron irradiation for producing some heavier nuclides. Further-
more, it is theoretically possible, although undemonstratedi that
thermonuclear explosions may yield nuclides heavier than 2°’Fm.
Moreover, since not all desired nuclides can be made by successive
neutron capture, heavy-ion bombardment in an accelerator is the
only practical route to elements from fermium (element 100)
through hahnium (element 105) and to neutron-deficient isotopes
of the lower actinides.

Table III-1 compares the cost of making **?Cf by each of
these three methods:

o The High-Flux Isotope Reactor (HFIR) at Oak Ridge National
Laboratory (ORNL) was chosen to illustrate a high-flux
reactor because production and cost information has been
published in unclassified literature.??® The operating thermal
flux in the HFIR flux-trap region is about 2 x 1013 n/ (em?-sec)
with a target loading of 300 g of **2Pu. Assuming continuous
operation of the reactor for a year, an annual operating
budget of $4 million, and a 20-year writeoff of the initial
capitalization, the cost per mole of neutrons produced per cm”
is $45 million.

- 11 -




TABLE III-1

Cost Comparison for Synthesis of 252Cf

Nominal
High Flux Isotope Heavy Ion Thermonuclear
Reactor (HFIR) Accelerator Explosion

Flux 2 x 10*° n/(em?-sec) 1 x 10'% ions/sec® 6 x 10%° n/1077 sec
Irradiation Time 1 yr 1 yr 1077 sec
Exposure 6 x 10%% n/em? 3 x 10°? ions 6 x 1023 n
Duty Factor, % 100 100 -
Initial Capitalization, $10° 15 50 80
Annual Depreciation, $108 0.75 {20 yr) 2.5 (20 yr) 8 (10 yr)
Annual Operating Cost, $10° 4 5 3
Cost per mole of Particles, $10° 45 (n) 15 (ions) 9
Amount of 232Cf Produced 8 mg 0.1 mgb 1-5g°
Unit Cost of 2%°%Cf, $/ug 6-10 6 x 10" 1-4
a. Beam area is approximately 0.1 cm?.
b. Assumes 1 particle in 1000 will form compound nucleus, and 1 in 1000 will -escape fission.
o. See Table I1II-12, Cost based upon recovering 30-150 g of 2°2Cf from 30 explosions

over a 10-year period.




o For comparison with the high-flux neutron reactor route, costs
were estimated for a Heavy-Ion Linear Accelerator priced at
about three times the HFIR initial capitalization, and pro-
ducing an ion beam of 1018 particles/sec. The accelerator
beam area is about. 0,1 cm?, which — unlike the reactor —
represents the total area available for reactions. With the
same depreciation time and equipment utilization used for
HFIR, the annual cost per mole of particles produced is about
1/3 that of HFIR. In the case of the accelerator, however,
only an estimated one particle in 10% is captured to form a
compound nucleus that escapes subsequent fission. Because of
this, the accelerator heavy-ion irradiation is not competitive
with neutron irradiation for synthesizing those nuclides that
are accessible by reactor irradiation. However, accelerators
do provide the only route now available to elements beyond
fermium and to neutron-poor actinides.

¢ In the case of a thermonuclear explosion, approximately 1 mole
of neutrons is produced in less than a microsecond. If a
heavy element target such as 2°°U is included in the shot,
very heavy uranium isotopes such as ?°7U are produced by rapid,
successive addition of neutrons; these uranium isotopes then
undergo almost immediate beta decay to form nuclides from
257Fm downward. With "Gasbuggy''®’ costs as a guide, the $9
million cost per mole of neutrons produced is competitive with
neutron costs in high-flux thermal reactors, and the high
efficiency of conversion to the higher nuclides such as 2°2Cf
makes this technique attractive. However, processing large
volumes of rock and recovering the isotopes would require
large, expensive plants,

The sales prices of a few heavy isotopes, as described by

Oak Ridge Naticnal Laboratory and Amexsham/Searle, are given in
Appendix A, page 68.

- 13 -



A. PRODUCTION OF ACTINIDES BY REACTOR IRRADIATION
1. Power Reactors

Commercial power reactors are expected to become the primary
source of plutonium, neptunium, americium, and curium isotopes
within the next few years. The principal types of power reactors
predicted for installation through 1980 are the Beiling Water
(BWR)} and Pressurized Water (PWR) reactors operating with pri-
marily thermal neutron fluxes of about 2 x 1013 n/(cm2—sec), and
the Liquid Metal Fast Breeder reactors (LMFBR) operating with
primarily fast (unmoderated) neutrons. Typical examples of these
reactors are listed in Table III-2.

Using these reactor types and the AEC's prediction that
150 x 10? watts of nuclear generatlng capacity will be installed
by 1980, a Richland study group17 calculated the amount of fuel
to be discharged from the reactors and their plutonium recycle
capability; these results are listed in Table III-3.

Of the cases listed in Table IIT-3, two are detailed in
Table III-4. The first has all generating capacity satisfied
by light water reactors (PWR's) without plutonium or uranium
recycle; in the second, the generating capacity is satisfied by
PWR's with uranium and limited plutonium recycle plus fast breeder
reactor additions beginning in 1980. For these two cases, the
annual availability of 2%°u, 2®7"Np, 2%%pu, %*'Am, %"*Am, and
2#4Cm was calculated. No nuclides above i‘“‘Cm will be obtained
from power reactors.

Table III-5 lists the production of high-mass nuclides

obtained by irradiating power reactor americium (50/50 mixture
of 2*1am and 2*°Am) at a flux of 1.75 x 10'* n/(em?-sec).

- 14 -



TABLE III-2

Typical Power Reactors

Electrical
Reactor Type Power, MW Manufacturer Name Location Qwner
Boiling Water (BWR) 1065 General Electric Brown's Ferry  Decatur, Ala. TVA
Pressurized Water 1060 Westinghouse Diablo Canyon  San Luis Obispo, Pacific Gas
(PWR) Calif. and Electric
Liquid Metal Fast 1000 Westinghouse 1000 Mw(e) Study - -
Breeder (LMFBR)
TABLE ITI-3

Installed Capacity,

Power Reactor Capacity!”

Annual Fuel Discharge,

Plutonium Recycle Capacity Installed,

Calendar 10° electrical watts metric tons/year® 10? electrical watts
Year Case A Case B Case A Case B Case B
PWR PWR

PWR  PWR FER PWR  LWR-U/Pu & FBR 4p? 10 PuP  FBR

1970 12 12 0 100 100 0 ¢] Q

1975 70 70 0 1830 1850 0 5 0

1980 150 148 2 4280 4270 8 13 2

1985 296 268 28 10700 10100 14 13 28

1990 500 390 110 20700 17700 16 13 110

a. PWR - Light Water Reactors includes Boiling Water Reactors and Pressurized Water Reactors
FBR - Fast Breeder Reactor includes Light Metal Fast Breeder Reactors (ILMFBR's)

Case A:

plutonium or uranium (

Light Water Reactors (PWR) fueled with slightly enriched uranium without
Both cases assume 150 x 10® electrical

U) recycle.

watts installed by 1980,

Case” B:

Light Water Reactors with 50%
maximur Fast Breeder Reactor (FBR) additions beginning in 1980.

238y recycle, limited plutonium recycle, and

b. 4 Pu denctes reactors operating on Pu recycle for 4 years.
10 pPu denotes reactors operating on Pu recycle for 10 years.

PWR-U/Pu and FBR.



TABLE 1I1I-4

Power Reactor Nuclide Availability!”

Cumulative Annual Availability Total Annual 2%°Pu  Annual Availability
Calendar Pu Stockpile, of **fy, Annual Availability Availability from of 2%1an in
Year metric tons/yr metric tons/yr of 2*"Np, kg/yr All Sources, kg/yr Am Mixture, kg/yr
Case A Case B Case A Case B Case A Case B Case A Case B Case A Case B
LWR-U/Pu, LWR-U/Pu, LWR-U/Pu, LWR-U/Pu, LWR-U/Pu,
LWR FER LWR FBR LWR FBR LWR FRR LWR EBR
1970 2 2 34.15 4,15 15 15 o 6 1 1
1975 25 8 3.6 3.7 376 358 78 75 38 39
1980 130 2 1.0 11.8 1220 1180 515 500 122 225
1985 383 15 24,6 29,2 2580 2720 675 791 237 568
1990 Q07 1 36.4 57.2 4520 4870 1370 1690 377 695

Tetal Annual Availability

Annual Availability of *““Ca from Foth Spent Annual Availability
Calendar of **%am in Fuel and Am Target of **'Am from Processing
Year Am Mixture, kg/yr Irradiation, kg/yr pu Stockpile, kg/yr

Case A Case B Case A Case B Case A Case B

LWR-U/Pu, LWR-U/Pu, LWR-Uy Pu,

LWR EBR LWR FER LWR FRR
1970 2 2 1 1 i0 10
1975 50 53 4 4 118 119
1980 167 384 44 74 823 806
1985 312 913 117 428 2560 2510
1990 462 645 203 603 6290 6210



Production of High Mass Nuclides by Irradiation of Power Reactor

Americium at a Flux of 1.75 x 10 n/{cm?-sec

TABLE III-5

)a

Atoms Produced per Single "Average Atom"
of **'Am and **?Am Irradiated

@. Exponents are powers of ten by which the number is to be multiplied.

- 17 -

Fluence,

1022 n/cmz DB}/S 235Pu 239Pu thpu Zklpu ZHZPU. ZHIAm ZHZHIAm
0 1.000
0.2 132 0.8417 0,1827% 0.2787% 0.6437% 0.702°' 0.356  0.68572
0.4 265 0.150 0.540"" ©0.1327' 0.4377% 0.906"' 0.124 0.2457 ¢
0.6 397 0.152 0,6937% ©0.2467' 0,939°% 0,960°% 0.4267% 0,8497°
0.8 529 0.122 0.640"Y 0.307°Y 0.1277' 0.978"' 0.147°%' 0.293°°
1.0 661 ©.870°' 0.497°' 0,309"' 0.,137°' 0.989"! o0.5147% 0.1027°
1.2 794 0.5757% 0.348°' 0.2727% 0.1297' 0.993°%! 0.190°% 0.377°%
1.4 926 0.3627' 0,2287' ©0,2247' 0,1127% 0.985°' 0.7847% 0.1547"
1.6 1058 0.2217' 0.1437' 0.1817' 0,0407% o0.965°! 0,385"% g.741-%
1.8 1190 0.132°% 0.872°% 0.148"' ¢,781°% 0,935"' 0.229"% 0,4357°
2.0 1323 0.7717% 0.5197% 0.1257% G.663°% 0.897°% 0.1617% 0.3007°

Atoms Produced per Single "Average Atom"
Fluence, of 2*'Am and 2*%am Irradiated
1022 n/em®  2%3am oo 2430y 244 2¥3em 2880y 2670 2480y

0 1.000
0.2 0.833 .304 0.3497% 0.189 0.1757% 0.4887°% 0.1967° 0.59877
0.4 0.687 0.277 0.50877 0.341 0,305°2 0.18872 0.1497" 0.9847°
0.6 0.561 0.191 0.433°% 0,459 0.399°% 0.3887% 0.4407% 0.4557°
0.8 0.457 0.119 0.300°% 0.546 0.4687% 0.631°% 0.902"" 0.1297"
1.0 0.371 0.701"* ©0,189"% o0.616 0.518°% 0.905°% o0.152°% 0.279°"
1.2 0.301 0.403° %' 0.112°% 0¢.664 0.5547° ©,1207' 0.2287*% 0.5157"
1.4 0,244 0.2297' 0.6517% 0.696 0.578 % 0.15i"' 0.316"% 0.849""
1.6 0,199 0.129°% 0.371"% 0.716 6.59472 0.182°' 0.4127% 0.1297°
1.8 5.162 0.727°% 0.2107% 0.727 0.6027% 0.2147' 0.5147% p.1857°
2.0 0.132 0.409"% 0.1197% 0.730 0.605°%2 0,246"' 0,621 0.253°°



2. High-Flux Reactors

Since PWR's and LFMBR's are not capable of large-scale
nuclide production above 2%%Cm, high-flux AEC reactors are now
the major route to the heavier nuclides through %°7Fm,

The yield in the production of higher actinides can be
improved by carrying out the irradiation of plutonium in two
stages. Most of the 2%%Pu is burned out during a preliminary
irradiation in a Savannah River production reactor at an average
flux of about 10'* n/(cm®-sec) (Table III-6), The first irradi-
ation is stopped at an exposure of 0.3 x 10%% n/(cm®-sec) (dashed
line, Figure I1II-1) when not enough fissile %3°Pu remains to cause
heat removal problems during the second irradiation at about a
tenfold higher flux.

Production of some of the longer-lived isotopes of the
heavier elements in the actinide series using 2%?Pu as a target
is shown in Figures III-2 and III-3. For this second stage,
flux levels up to 6 x 10'°® n/(cm -sec) are available in high-flux
lattices at Savannah River, and up to 3 x 10'5 n/(em®-sec) in the
HFIR at ORNL. 1In Table III-7 exposures up to 2 x 10%% n/cm?® at
an average thermal neutron flux of 3 x 10'° n/(cm’®-sec) are given.
Production of 2°7Fm and 23°Md are order-of-magnitude estimates.

A maximum flux level of 6.1 x 10'° n/(cm®-sec) was achieved
at SRP during a high-flux demonstration in 1965, with an initial
target loading of 0.52 kg of 2%2Ppu.?? The lattice volume of 230 ft?
contained 107 fuel elements and 7 target elements, all surrounded
by a D20 reflector. A schematic of the lattice is shown in
Figure III-4. Similar lattices have since been used for *°2Cf
production at SRP.

The HFIR, shown in Figure III-5, was designed to achieve a
thermal neutron flux of 3 x 10'5 n/(cm?-sec) in the flux trap
region with a target loading of 0.25 kg of actinides at a maximum
power of 100 MW. The reactor has been used almost exclusively
for producing berkelium, californium, einsteinium, and fermium.

The Advanced Test Reactor located at the National Reactor
Testing Station at Idaho Falls, Idaho, also develops a maXimum
thermal flux in excess of 10'5 n/(cmz—sec) in the target area,
but this reactor is used primarily for materials testing rather
than heavy element production.
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TABLE ITI-6

Composition_of Plutonium After Exposure
of 2°°Py to 3 x 102! n/cm?

Composition, %

239py 22.5
240py 51.0
2hlpy 15.0
242py 11.5
30 T 1 1
80 f=—End of First Stage
Il | Burnup of #*°Py
239Pu
70 | | 2a2p, —T
5 I
= 60 [~ I “—1
e
= 501 : .
©
5 LA
"9 40 | —
B
30 i 240
2 > Py B
20|} | —
24IPU
10 |
o IJ 1 —
0 .5 ' 1.5 2

Exposure, 022 n/cm?

FIGURE III-1. Yield of Plutowium Isotopes
from Irradiation of 232%py
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Atoms per Initial Atom of 242py
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[ -
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107"
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1072 {- ]
= 245Cm -
[~ 247Cm 1
242Pu
1073 |- —
| 243Am
o-% S T B S | |

O 2 4 6 8 o 12 14 16 8 20
Exposure, 1022 n/cm?

FIGURE III-2., Production of Americium and Curium
from Irradiation of #*2#Pu
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FIGURE III-3. Production of Californium, Berkelium, and
Einsteinium from Irradiation of **?Py
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Proc. U, N. Conf. Peaceful Uses At. Energy, 3rd, Geneva 7,
360 (1965).
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FIGURE III-5. (Continued)

C. E. Winter. 'The High Flux Isotope Reactor." MNuel. Sei. Eng.
17, 443 (1963).
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TABLE III-7

Production of High Mass Nuclides by Irradiation of 2%%Pu
at a Flux of 3 x 10'% n/{cm?-sec)

Fluence, Atoms Produced per Atom Irradiated

1022 n/cmZ %& 242Pu Zlﬂipu ZhlAm zuzmAm ZHSAm 2h2cm 2%3Cm zuucm zuscm ancm
0 0 1.00 0 0 0 0 0 0 0
2 77 0.566 0.17372% 9.54777 0,106"° 0.154 86877 0.1337% 0.226 0.2547% 0.6607%%
4 154 0.2%0 0.28472 0.1217% 0.2377% 0.113 43275 0.7467% 0.395 0.40072  0,25577
6 232 0.131 0.34972 (0.1397% 0.2747% 0,6467' 0.770°% 0.13877 0.421 0.4217% 0.4727°
8 309 0.5427' 0.3847% 0.1247% 0.243°°% 0.313°' 0.9357% 0.:70°7 0.358  0.374"% 0.6617"
10 386 0.21471 0.400°2 0.94177 0.185°% 0.1357! 0.9207% 0.170°7 0.265 0.206"% 0.707"!
12 463 0.8347% 0.4057% 0.64277 0.127°% 0.54977 0.7897°% 0.146°7 0.178  0.2137? 0.8747}
14 540  0.330°% 0.4027% 0.41077 0.808°% 0.2197% 0.614"°% 0.11577 ©.111 0.14272 0,901}
16 617  0,1347% 0.3977% 0.247°7 0,488% 0.8837% 0,445°% 0,8354°% 0.665"% 0.887° % 0.89077
18 694 0.5727° 0.3887% 0.14477 0.2857% 0.367°3 0.306°% 0©.5757% 0.385°' 0,5307° 0.8557"
20 772 0.2557% 0.3787% 0.8217% 0.1627% ©0.1597% 0.2027% 0.380°% o0.2187% 0.307% 0.8067"

Fluence, Atoms Produced per Atom Irradiated

1022 n/cmz Da)fS ZhTCm ZLH!CITI 2HBBk 2h9Cf ZSDCf 251Cf 252Cf ZSHES 257Fmb ngMdG
0 00 0 0 o 0 0 0 0
2 77 0,1007% 0,2707* 0.1647% 0.%057° 0.1257° 00,2887 0.142°% 0,1087F' p.17'% g.1-2°
4 154 0.5547% 0,3467° 0.2327°% 0.12377 0.1947° 0.4597% 0.4957% 0.8367%% 0.67'% 0,671
6 232 0.1167% 0.12077 0.8267° 0.45077 0.7107° 0.1697% 0.280°% 0.420°% .47 0.471°
3 300 0.1727% 0.2547% 0.1787% 0.981"7 ©.1557% 0.371°° 0.8157% 0.,1367% 0.17!'% p.1717
10 386 0.21572 0.4207% 0.207"% 0.1657° 0.261°*% 0.8257% 0.16977 0,2057% 0.37'3  p.3717
12 463  ©.2427% 0.598°2% 0.4267* 0.237°°% 0.3757" 0.901°° 0.2847% 0.5137% ¢.57'% q.5717
14 540 0.2537% 0.7697% 0.5507% 0.307°% 0.4867% 0.1177% 0,418 % 0.772°% qg.g"'® 0.87%7
16 617  0.2547% 0.9207% 0.6607% 0.3607% 0.5857% 0.141°% 0.557°% 0.10577  0.117'? Q.1171°®
18 694  0.2467 % 0.10571 0.7517% ©0.4217% 0.6687% 0.1607% 0.692°% 0.13277  0.137'% 0.137'%
26 772 0.233% 0.1147' 0.822°% 0.4617°% ©.7317% 0.1767% 0.814°% 0.156°7  0.167%% 0.1671%

«. Exponents are powers of
b. Estimated by assuming 1 x 107° atoms *°
e. Estimated by assuming 1 x 107" atoms 2°°Md produced per atom ?

ten by which number is to be multiplied,
’Fm produced per atom

ES%Es produced.
*7Fm produced.



B. PRODUCTION OF ACTINIDES BY ACCELERATORS

Production of actinides by accelerator-induced reactions has
been an essential feature of the discovery of most of the synthetic
actinide elements from neptunium (element 93} in 1940 to hahnium
(element 105) in 1970.* The 60-in. cyclotron and the Heavy-Ion
Linear Accelerator (HILAC) at the Ernest Orlando Lawrence Livermore
Laboratory of the University of California have played the most
significant roles. Some of the reactions leading to the discovery
and identification of these elements are listed in Table TII-8.

Other American high-energy accelerators useful for actinide
synthesis are listed in Table III-9. These accelerators are also
expected to find use in the production of superheavy eclements by
bombarding actinide targets with ions of calcium, argon, and
similar projectiles. Some costs for existing installations are
shown in Table I¥I-9. Projected costs for a typical proton syn-
chrotron, & Heavy-Ion Linear Accelerator, and the Intense Neutron
Generator (ING) proposed by the Canadians are shown in Table III-10.
The "typical proton synchrotron' is based on an approximate average
of the accelerators listed in Table III-9. C(osts for the Heavy-
Ion Linear Accelerator are based simply on constructing a machine
capable of accelerating a doubly charged ion beam of 10 milliamps.
The HILAC at the University of California ion beam current is
about 10 microamps, and is currently being modified to accelerate
ions as heavy as uranium to 8.5 MeV per nucleon. Data for the
Intense Neutron Generator were taken from AECL-2760.°° For this
comparison, it was assumed that the beam cross section for both
the synchrotron and the Heavy-Ion Linear Accelerator is 0.1 cm’
and that all of the neutrons produced by the ING would be available
for target irradiation; all machines were compared at 100% annual
operatiocn.

* Einsteinium, fermium, and 2°%Cf were discovered in the debris
of the 1952 thermonuclear test shot 'Mike'" at Eniwetok Atoll.
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Some Accelerator Reactions That Produce Transuranium Elements

TABLE ITI-B

Date
Atomic Reaction
Element Number Reaction Location Qbserved Accelerator
Np 93 2%Ru(n,y) Pty 5%%?’ T Univ. of Calif. 1940 60-inch Cyclotron
B3 zm, ET%?%F’ 2375p Univ. of Calif. 1942 60-inch Cyclotron
Pu 94 2390(d,2n) %% %Np E?%’?T’ 238py Univ. of Calif. 1940 60-inch Cyclotron
2391, y) 238y ZE-m 25’Np §§£—34—239Pu Univ. of Calif. 1941 60-inch Cyclotron
Am 35 2 amen,y) 24 2Am Argonne 1945 60-inch Cyclotron
¥ aAmn,y) 24200 Univ. of Calif. 1950 60-inch Cyclotron
Cm 96 9y ta,n) 2 %0 Univ. of Calif. 1944 60-inch Cyclotron
Bk 97 ' am(e, 2n) 24 ¥Rk Univ. of Calif. 1549 60-inch Cyclotron
cf 98 4 2em{a,n) 245cE Univ. of Calif. 1950 60-inch Cyclotron
Es 99 2320f(n,y) *PCE T%%;7T-25ats Univ. of Calif. 1954 60-inch Cyclotron
Fi 100 252cg(1ic,4p,4n) 5 7En Univ, of Calif. 1964 HILAC
Md 101 #33Es (o, 2n) 25 5Md Univ, of Calif. 1658 60-inch Cyclotron
283k 5 (@,n) 250Md Univ. of Calif. 1955 60-inch Cyclotren
252cf("c,zp,Sn)“’Mé Univ. of Calif. 1964 HILAC
228y (19F,5n) 25 2yg USSR - Dubna 1965 10-GeV Proton Synchrotron
No 102 2YECm(tRC, an) 2 *No Univ. of Calif. 1958 HILAC
23208010, 2p, 80) % No Univ. of Calif. 1961 HILAC
2E8(22Ne ,4n) 2 54No USSR - Dubna 1963 10-GeV Proton Synchrotron
22pu(t®0,4n) 4N USSR - Dubna 1963 10-GeV Proton Synchrotron
Lw 103 23 am(?%0,5n) 258 Ly USSR - Dubna 1965
250cr( B, an) 4% L Univ, of Calif. 1961 HILAC
25eprt g, 5n1 2% L Univ. of Calif. 1961 HILAC
2E2er1E,6n) 2% LW Univ. of Calif, 1961 HILAC
230er (%8, 3n) 25 T Univ. of Calif. 1961 HILAC
23 cp(1%8,4n)25 Ly Univ. of Calif. 1961 HILAC
D3 ep 0y 5n) 25 Ly Univ. of Calif. 1961 HILAC
RE 104 hiop(lic ypy237pf Univ. of Calif. 1569 HILAC
2eioreiic, an) 2%k Univ, of Calif. 1969 HILAC
ta 105 ZURCECIAN, An) 2P e Univ. of Calif, 1970 HILAC



TABLE III-9

USA High-Energy Accelerators®®:5?

Annual Annual
Year Peak (Operating Uperating Facility Operating Rescarch
Started Energy, Lnergy, Flux, Cost, Cost, Lost,
Locition Name Up GeV GeV particles/sec Pulse/sec  §$10° $10° $10°
Proton Synchrotrons (B > 1 Gev)?
Argomne  L6ro Gradient ,g.; 5 g 12.7 5 x 100! 0.5 50 - -
Synchrotren
Brookhaven Cusmotronb 1952 2.96 2.85 2.5 x 10" 0.2-0.5 10.5 - -
Alternating
Brookhaver Gradient 1960 33 28 102 0.4 30.865 - -
Synchrotron
Lawrence Bevatron 1954 6.2 6.2 2.2 x 10*2 0.2 30 5 10
Princeton,
Princeten  Pennsylvania 1963 3 3 6 x 10'! 18.5 30 4,7 -
Accelerator
National
Weston Accelerator® 1974 200 200 1.5 x 1ot? 0.25 240 - -
Synchrotron
Electron Synchrotrons (E > 10° eV}
Cambridge
Cambridge  Llectron 1962 6.28 6 102 60 25 3.5 -
Accelerator
Caltech d
Caltech Electron 1952 1.53 1.5 2 x lo® 2 1.6 1.6 0.6
Synchrotron
Cornell Liectron 1864 2.1 2.1 5 x 1040 30 0.34 0.25 0.35
Synchrotron
Cornell Electron 1967 10 10 10! 50 11.5 1 1.2
Synchrotron
Hlestron Linear Accelerators (E > i0° eV}
Mark 111
Stanford | iectron 1950/52 Q.2 1 1.5 % 100® 60 7 0.8 1.6
Linear
Accelerator
Stanford
Stanford ~ -near 1906 RIONT 12 10° 360 114 11.3 1o
Accelerator
Center

Proton Limear Accelerators (£ » 500 MeV)

Los Alamos

Los. Alames Meseon Physics 1972 800 800 6 x 1013 120 55 - -
Facility®

a. Ge¥ = 10° cv.

b, Retired 12/66,

. Under construction.

d. Accelerator cost only.



TABLE III-10
Projected Annual Costs for Accelerators

Proposed

Typical Proton Heavy-Ion Linear  Intense Neutron
Synchrotron Accelerator Generator
Beam Intensity 5 x 10'? protons/sec 1 x 10'°% jons/sec 1 x 10'% n/sec?
Capital Cost, $10° 30 50 128
Operating Cost,
$10%/yr 5 5 16
Cost/Male Particles
Accelerated, § 2.5 x 1p1° 15 x 108 4 x 1p*

a. Neutrons generated by irradiating a Pb-Bi target with a 1-GeV proton beam,



C. PRODUCTION OF ACTINIDES BY THERMONUCLEAR EXPLOSIONS

Another route to the actinides is through thermonuclear
explosions. Heavier actinides are formed by nearly simultaneous
addition of many neutrons to uranium or other heavy element
nuclei forming nuclides as high as 2°7U. These decay rapidly by
beta emission to beta-stable isotopes as heavy as *°’Fnm.

On July 16, 1969, a target of 8.8 g of *?*Th and 17.8 g of
238 was exposed to a neutron fluence of 45 moles of n/cm?
(2.7 x 102° n/cmz) from an 1800-ft-deep underground thermonuclear
explosion ('Hutch'"). An estimated 40 mg of 25%m, 10 mg of 2%2Cf,
and 0.25 mg of 2°’Fm were produced. ?°%Cm cannot be made by
sequential neutron capture in a reactor because of the 64-min
half-life of **°Cm. No isotopes of mendelevium, nobelium,
lawrencium, rutherfordium, or hahnium were found; nor were closed
neutron shell nuclides such as “BAr, 35p, 3%si, or ®%Fe detected.

Calculated yields from a target containing actinium, thorium,
protactinium, and uranium, exposed to neutron fluences ranging
from 10 to 50 moles/cm?, are shown in Figure I1I-6. For comparison,
the explosion exposure of 45 moles of n/cm® developed in less than
a microsecond would require a high-flux reactor operating contin-
uously at a flux of 3 x 10'° n/(cm?-sec) nearly 300 years to
develop. '

Costs for preparing a site and detonating a thermonuclear
explosion are listed in Table III-11. These costs are based on
project "Gasbuggy," detonated on December 10, 1967, and are esti-
mated at $2.6 million for a 26-kiloton device, The test was made
to evaluate the feasibility of stimulating natural gas flow from
underground natural storage by thermonuclear explosions. The
costs do not reflect any research or experimental work, purchase
of land, or geological studies. The explosive cost is the AEC
stated price.

Table III-12 estimates the unit cost of producing 2°%Cf from
a series of 30 explosions over a period of 10 years assuming pro-
duction of 10 grams per shot and 50% recovery of the #°2Cf.
Although still highly problematical because of the need for
developing optimum shot conditions and nuclide recovery techniques,
the $1 to $4 per microgram of ?3%Cf estimate is competitive with
the current AEC selling price of $10 per microgram.

Current facilities at Ernest Orlando Lawrence Livermore
Laboratory can process up to 500 kg of shot-melted rock over a
period of 10 weeks, using the process shown in Figure III-7.

This is equivalent to only 3 tons per year. Larger rock processing
facilities would have to be constructed before production of heavy
nuclides by thermonuclear explosions would be practical. The
process consists of an acid leach of the dried and crushed rock
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using HF and HCl, liquid-1liquid extraction of the actinides into
di (2-ethylhexyl) pyrophosphoric acid, hydrolysis of the pyrophos-
phoric acid, back extraction of the actinides into an HC1-Fe(III)
solution, and concentration of the aqueous solution by evaporation.

LA L L T I B T
20 30 Neutron Exposrre, moles/cm2

50 (Hutch, 7/69)

Initial Amounts
2325¢ 9 x 10'8
2321 5x 07
238pg  1.5x10'®
233U 5 X Io2i

\

!
4
]

Number of Atoms
s}
-J

;
|

e

—_—i

105 10
(Vulcan, 6/66
Par, 10/64
IO]4 BUTbEH, IO/64)
|0|3
101211|n1tLIL1z4ll|1|l|zll_l|11||1

240 245 250 255 260 265
Mass Number

FIGURE I11-6. Calculated Mass-Yield Curve for a 238U, 238pa,
232Th, and 232Ac Combination Target in an
Underground Nuclear Explosion®®
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TABLE TIII-11

Costs of Project "Gasbuggy"
for a 26-Kiloton Device®?

Thousands of Dollars

Field Construction and Support 1,484
Logistical Support and Maintenance 215
Operational Support 23
Safety 326
Security 59
Nuclear Explosive 395
Administration 60

Total , 2,562

TARLE IIT1-12

Estimated 2°2Cf Costs from Thermonuclear Explosions
{10-year program producing 150 g of 2°2Cf)

30 Explosions at $500,0600 Each $ 15,000,000
Site Preparation and Monitoring 15,000,000
Mining and Ore Preccessing Equipment 10,000,000
Actinide Separations and Processing Plant 10,000,000
Mining and Separations Costs 60,000,000
$110,000,000
#52rf production
(10 g/shot, 10-50% recovery) 30-150 g
252Cf Unit Cost $1-§4/ug
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|
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| Hexone (1 &) Hﬁ Scrub product (2 &)
(10 min}
i S

N

Filter prgduct
j

L

Evaporate product
T

12M HCY (0.25 2)

Evaporator vessel

Distillate
(nh &)

Wash
¥

L Final product (.25 1}

a. PP - di

-ethythexyl) pyrophosphoric acid

L. Amsco - solvent similar to kergsene

FIGURE III-7. Flow Diagram of Lawrence Livermore Laboratory

Rock Processing Plant®®
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IV. SEPARATION OF ACTINIDES

The actinide elements are separated chemically by a combi-
nation of solvent extraction and ion exchange techniques; however,
a number of other techniques, including fluoride-volatility and
pyrochemical processes, are being developed. Mixed-actinide
separations have been required primarily in connection with the
reprocessing of irradiated fuel from nuclear power plants,
Existing fuel reprocessing plants include the AEC installations
at the Idaho National Reactor Testing Station, Savannah River,
Richland, and the commercial Nuclear Fuel Service plant at West
Valley, N. Y. All of these plants fundamentally use the Purex
solvent extraction process. All U. 5, commercial plants in exist-
ence, under construction, or being planned are listed in Table IV-1.

The primary purpose of these fuel reprocessing plants is to
separate plutonium, uranium, and fission products. Separations
plants for the higher actinides are being planned as additions

TABLE Tv-1

Y. 5. Commercial Plants for Reprocessing Muclear Reactor Fuels

Annual
Capacity, Startup
_ lLovation metric tons _late Process
Nuclear Fuel Serevices Plant 304 L9606 Purex precess. Fuel pieces are cut and disselved
West Vabley, NooY. Solution iIs decontaminated and separated into Pu
and Y streams by solvent extraction using pulsed
columys.  Pu is purified by ion exchange, concen-
irated, and shipped. |l is purified by second
wolvent extraction cyele,
teneral BElectric Midwest 300 1972 Aquatlor process. leald end is similar te Purex;
Fuel tecovery Plant Pu, Mp, and U are partitioned by anion exchange
Morris, 111. contactors; U is caleined to UQ;, fluerinated to
UFg, filtered, and condensed.
Allicd Nuclear 1804 1973 Modified Purex process using centrifugal contactors
tuel Reprocessing Plant and pulse columns for solvent extraction.
Barnwell, §. C.
Arlamtie Richfleld ARCO plant 2200 1876 Modified Purex process adapted to recover Np
Lowds, 5. C.
lligh Temperature Gas leactors - Study Graphite fuel elements. Fuel elements are crushed
.t Peach Bottom #nd burned in fluidized bed of alumina; products
Pelta, Penn, and Fort St. Vrain, Col. are leached with HX03; Th and U are separated and
decontaminated by ThoreX solvent extraction process
Light Metal Fast Breeder Reactors - Study Modified Purex; or
Volatility process. Fuel is declad mechanically
and converted to UF; and PuFg in fluerinator. Fuol

is decontaminated by fractional condensation, U and
Pu are separated by thermal decomposition of PuFg
and purjfied by fluorination and distillation; or
Fvrochemical process: Fuel is declad by dissolving
with liguid zine, U is precipitated frow molten
CaClz-Cala salt with Tiquid Cu-Mg alloy. FPu is
extracted from the Cu-Mg alley to a In-Mg slloy and
distilled to scparate Pu. U is removed from equip
ment by alloying with Fe.

ST



to the fuel reprocessing plants. Specific facilities for higher
actinide separations exist at Oak Ridge based on a tertiary amine
extraction (Tramex) process and are under construction at Savannah
River based on a pressurized ion exchange process.

A. SOLVENT EXTRACTION SEPARATION OF PLUTONIUM AND URANIUM

The Savannah River Purex process uses tributyl phosphate
(TBP) in kerosene to strip plutonium from uranium in dilute
nitric acid solution. The organic and aquecus phases are CcOn-
tacted in multistage mixer-settlers or centrifugal contactors.
The process, described in Figure IV-1, consists of several steps:

e The irradiated, cooled slugs are charged to a dissolver where
the aluminum jackets are removed with a solution of NaOH and
NaNO3, and the uranium is dissolved in nitric acid.

e The solution is clarified with gelatin and partially decontami-
nated of fission products by contact with a precipitate of
manganese dioxide in a 'head-end" treatment step.

® The clarified uranium solution is concentrated; then sodium
nitrite is added to reduce plutonium to the tetravalent state
to facilitate extraction into the organic phase.

e In the first solvent extraction cycle, the solution is con-
tacted with TBP-kerosene to extract the plutonium and uranium
into the organic phase; the organic phase is scrubbed to
remove fission products; and the plutonium and uranium are
stripped back into separate aqueous streams. The direction of
plutonium transfer is controlled by valence adjustment; the
direction of uranium is controlled by uranium and nitric acid
concentration.

e The plutonium and uranium streams are further decontaminated
from fission products by separately repeating the extraction-
scrub-strip process in second solvent extraction cycles.

e The plutonium is concentrated by ion exchange and precipitated
with hydrofluoric acid, and the dried precipitate is reduced
with calcium to plutonium metal.

o The purified aqueous uranium nitrate stream is concentrated
by evaporation, passed through silica gel for additional
decontamination and removal of suspended solids, dehydrated,
and calcined to the oxide.

¢ The aqueous stream from the first cycle solvent extraction
contains rare earths as well as fission products. Separation
of americium, curium, and heavier actinides is accomplished
by ion exchange (page 38).
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B. SOLVENT EXTRACTION SEPARATION OF TRANSPLUTONIUM ELEMENTS

Americium, curium, and rare earths are recovered at Savannah
River by the process outlined in Figure IV-2. 1In general, aluminum
jacket removal, dissolution of the actinides, and clarification
of the product solution is similar to that used in the Purex process

(page 36).

In the transplutonium recovery process, the aqueous stream
from the first solvent extraction cycle contained the actinides
and was concentrated by evaporation; a lanthanum carrier and
NaHSO, were added; the sulfate ion concentration and pH were
adjusted; and the double sulfates of the actinides were precipi-
tated by digestion. The sulfates were converted to hydroxides,
dissolved in nitric acid, and shipped to ORNL for processing by
the Tramex ion exchange process.

In later transplutonium recovery programs, the actinides
were extracted from the aqueous stream of the first solvent
extraction cycle with TBP and then were stripped with dilute
nitric acid. This aqueous stream was further purified, and the
actinides were separated by ion exchange, using either ORNL's
Tramex or SRP's pressurized ion exchange processes.

In the ion exchange purification, all of the elements in the
tripositive oxidation state are reacted with an organic polymer
that has exchangeable cations such as ''Dowex" 50W-X8* (copolymer
of 8% cross-linked divinylbenzene in polystyrene with sulfonic
acid groups). The individual actinides are sequentially eluted
by a solution of diethylenetriaminepentaacetic acid (DTPA), which
forms complex ions with the actinides. The elution sequence,
which depends on a balance between adherence to the resin and the
stability of the complex ion formed with the eluting agent, may
be correlated with ionic radius and atomic number.

Actinide ions in the III, IV, and V oxidation states can be.
adsorbed by other cation exchange resins and can be eluted by other
anions such as chloride, nitrate, citrate, lactate, da-hydroxy-
isobutyrate, or ethylenediaminetetraacetate.

The reverse procedure can also be used with anion exchange
resins where the actinides are present as complex ions., Resins
such as "Dowex'"-1 (copolymer of styrene and divinylbenzene with
quaternary ammonium groups) have been used.

* Registered trademark of Dow Chemical Co.
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C. TRANSURANIUM PROCESSING PLANT AT
OAK RIDGE NATIONAL LABORATORY

Currently, much of the chemical processing of transplutonium
isotopes is done in the Transuranium Processing Plant (TRU) at
ORNL. This facility, completed in 1965, contains nine shielded
process cells and supporting laboratories, as illustrated in
Figure IV-3. Four cells contain chemical processing equipment
for dissolution, sclvent extraction, and precipitation; three
cells contain equipment for the remote preparation and inspection
of irradiated targets; and two cells are used for remote analytical
operations. The Tramex process, outlined in Figure IV-4, consists
of:

# Dissolution of aluminum target jackets with NaOH and NaNOs,
followed by dissolution of the actinide oxides in HCI.

e Extraction of plutonium with di(2-ethylhexyl) phosphoric acid
(HDEHP) in diethylbenzene.

e Recovery of transplutonium elements by extraction with HDEHP,
after neutralizing the acid and stripping transplutonium
elements from HDEHP with HCI.

e Partition of americium and curium from transcurium isotopes
with LiCl-based anion exchange.

e Decontamination of americium and curium by repeated oxalate
precipitation, followed by calcination and fabrication into
targets for further irradiation.

e Purification of berkelium, californium, einsteinium, and
fermium by precipitation with NH,OH and separation with high-
pressure ion exchange using a-hydroxyisobutyrate elutriant.

e Separation of berkelium, californium, einsteinium, and fermium
by high-pressure ion exchange chromatography.
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D.  MULTIPURPOSE PROCESSING FACILITY AT SAVANNAH RIVER PLANT

The Savannah River Plant is constructing a Multipurpose
Processing Facility (MPPF) to process transplutonium elements

on a production scale.

The facility is being installed in five

of the "hot" process canyon modules in the separations plant, as

shown in Figure IV-5,
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Target slugs and target housing tubes from plutonium irradia-
tion programs will be dissclved and processed through the Purex
TBP extraction process in present plant equipment to separate
plutonium from transplutonium isotopes and lanthanides, as shown

in Figure IV-I.

Target slugs of americium and curium, however,
will be dissolved in the MPPF dissolver.

The aqueous actinide-

lanthanide solution will be transferred to the new MPPF area
where americium-curium fractions, berkelium-californium fractions
and other transcalifornium elements will be separated from the'

lanthanides and decontaminated
chromatography.

by pressurized ion exchange
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Americium and curium oxalates will be precipitated from the
ion exchange product fractions by addition of oxalic acid. The
americium-curium oxalates will be calcined to oxides and fabricated
into targets for irradiation to make transcurium isotopes.

Similarily, the transcurium elements will be purified by
sorption onto cation exchange resin and removal of DTPA with a
wash of dilute nitric acid. Further concentration and separation
will be accomplished by hydroxide precipitation with lanthanum
hydroxide as a carrier. The hydroxides will be dissolved with
dilute nitric acid and fed to a second pressurized ion exchange
system to separate californium, einsteinium, and fermium with
ammonium alphahydroxyisobutyrate (AHIB). The AHIB will then bhe
removed by cation exchange.

Interchangeable modular equipment racks designed for specific
process steps will make the MPPF a versatile new separations plant.
Sets of racks will provide for the following exclusive annual
capacities;:

e 2°2Cf up to 20 g/yr and the associated curium-americium
target material up to 25 kg/yr; or

e Am-Cm mixtures up to 23 kg/yr from plutonium burning; or

o 2*%Cm up to 10 kg/yr; or

L] zzfpu (<30 ppb ?*®Pu) up to 10 kg/yr from irradiation of
Am; or

e Fission product '*7Pm up to 6.5 kg/yr; or
® F[ission product palladium and rhodium up to 10 kg/yr; or
e Fission product '*’Cs up to 20 MCi and ?°Sr up to 5 MCi/yr; or

e Fission product fractions up to a total of 1 kg/yr of
dysprosium, holmium, thulium, terbium, and europium.

Berkelium, einsteinium, and fermium will be separated in a
two-step pressurized ion exchange method. 1In the first step,
four primary separations will be made: americium, curium,
berkelium, and californium-einsteinium-fermium. In the second
step, berkelium will be further purified, and californium will
be separated from einsteinium-fermium. A process for final
separation between einsteinium and ferium requires further
development.
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V. PRINCIPAL METHODS OF MAKING ISOTOPICALLY PURE ACTINIDES

This section is primarily concerned with the production of
nuclides from 2““Pu through *°7Fm by thermal neutron captures in
reactors, and with production of 2°°Md and higher nuclides by
heavy-ion bombardment in accelerators. Production by thermo-
nuclear explosions is indicated for a few nuclides.

A. PLUTONIUM-244 (8.3 x 107 yr)

Z4%py is chiefly produced by reactor irradiation of plutonium.
The best target isotope is 2*?Pu, for which the production sequence
is shown below. (The projected route from **?Pu to '°“Rf is given
in Appendix B.) Direct neutron capture is the primary source of

2%%py, although a very small fraction is formed by electron capture
(EC) in ?**Mam,

Zhucm

S'T 26 min

243 [N TN | S ——
m 555 AR =600
8™ Ts hr Eclo.oh%

242 243 e 2HMDY
Pr—s =z 2 Pu 5 =70 e

The measured isotopic composition of 23%py irradiated to an expo-
sure of 1.4 x 1022 n/sec is shown in Table V-1: a calculated
extension of 2"?pu irradiated to an exgosure of 2 x 102° n/sec is
shown in Table III-7. Irradiation of 2?°Pu yields primarily 2*2pu

and 2“%“pu.
TABLE V-1
Isotopic Composition of Irradiated 23°pu
242py Abundance, 4''pu Abundance,
Exposure atom % atom % 2uhpy 2hipy
0.4 x 1022 34.1 0.0018 0.53 x 107*%
1.1 x 10°? 96.3 0.037 3.84 x 107"
1.4 x 1022 98.8 0.052 5.26 x 107"
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Isotopically pure samples of 2%%py can be obtained by irra-
diation of 2**Am to form **“Pu via electron capture in *“*"Am,
followed by chemical separation of the americium, plutonium, and
curium isotopes. Americium from power reactors, however, will
be about a 50/50 mixture of 2*'Am/?*3Am, producing an isotopic
mixture of plutonium isotopes due to formation of 2%2Cm from
243am followed by alpha decay to 238py,  Smaller amounts of **%pu

gﬂd 249py will also be formed by the alpha decay of ?**Cm and
L
Cm.

2%%pu is also available in good yield from thermonuclear
explosions by successive neutron addition to °°U to form 2**U,
followed by beta decay to ?"“Pu., From Figure III-6, if a mixed
target contains 5 x 102! atoms of 238)), the production of 2%%py
is of the order of 2 x 10%! atoms. Recovery of the product
depends on efficiently processing large volumes of salt or rock.

Plutonium is separated from irradiated uranium through
solvent extraction and ion exchange processes as discussed on
page 36. Individual plutonium nuclides can be separated by
either electromagnetic or gas centrifuge methods. The shielded
calutron facility at ORNL is available for separating small
amounts of isotopes. A typical single pass in this facility
for example, separated 7.6 mg of plutonium containing 76.8%
from 30.2 g of plutonium containing about 0.6% 2*"Pu. The distri-
bution of other plutonium isotopes is shown in Table V-2. For
2%%pu, the feed contained 0.568% or 0.171 gram; the product con-
tained 76.80% or 0.0058 gram. The remaining 0.1657 gram is
collected as feed for a second pass.

iquu

TABLE v-2

Separation of Plutonium Isotopes in an
ORNL Electromagnetic Calutron

Feed Product
Total weight, g 30.2 0.0076
238y, % 0.002 0.0003
239py, 4 0.0045 0.0029
24%0py, % 1.7525 0.159
¢4lpy, % . 0.1031 0.020
42y, % 97.57 23.02
24%%pu, % 0.568 76. 80



2%%pu is of primary interest as a heavy, neutron-rich

accelerator target for the production of superheavy elements.

It is also useful for studying the physical and chemical proper-
ties of plutonium because it has the longest half-life of any of
the plutonium isotopes.

B. AMERICIUM-241 (433 yr)

2%1am is formed by beta decay of 2%'Pu, which is produced
by the irradiation of 2°%Pu, as shown in Figure I1I-1. Typical
composition after an exposure of 3 x 10°' n/cm® is shown in
Table III-6.

Uf:3
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Large quantities of 2%3Am and 2*3Am are currently being
produced by power reactors in an apgroximately 50/50 mixture of
these two nuclides. Production of **!Am from this source is
expected to reach over 100 kg/year in 1977 and to increase to
nearly 600 k%/year in 1983, as shown in Table V-3. Annual avail-
ability of **'Am and 2*°*Am from various reactor combinations and
from reworking the plutonium stockpile is shown in Table IIT-4,

TABLE V-3

Estimated Annual Production of Am From Power Reactors

Fiscal Year 2*1am, kg 2*3am, kg
1977 115 60
15878 180 145
1579 250 245
1980 285 295
1981 370 380
1982 473 485
1233 565 590
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Americium can be separated and purified by Purex solvent
extraction and ion exchange facilities available at Savannah
River, Richland, Oak Ridge National Laboratoryi and Rocky Flats.
At Rocky Flats, americium is available as a 24Py beta-decay
product from the normal plutonium rework stream. °"!'Pu beta decays
to 2%!am with a 14.3 yr half-life. It is convenient to set aside
a sample of plutonium with a high 2*!Pu content and periodically
"milk'™ it by chemically separating the americium and plutonium,
and recovering the plutonium for additional aging. For example,
as shown in Figure V-3, a 10-g sample of 2*!'Pu will produce about
4 g of 241am after about 10 years of decay.

Some estimated capacities and recovery costs quoted are
listed in Table V-4.

TABLE V-4
Americium Capability at Rocky Flats?®
Estimated
Work Schedule kp/yr Americium Cost?
5 days, 3 shifts 3.6 $140/gram
7 days, 3 shifts 5.0 -

a. Plutonium recovery costs are not charged

te the americium product. If all plutonium
rich in americium were sent to recovery for
chemical separation, the costs for plutonium
processing would then be charged to americium.
These costs are estimated at $500/g Am. The
variation is expected to be between $140 and
$700.

Figure V-1 shows a block diagram of the Rocky Flats ion
exchange process for the recovery of ®“'Am. After ion exchange
purification, americium is precipitated as the oxalate, calcined
to the oxide, and reduced with lanthanum at 1500°C. Americium
metal is distilled off at 1600°C. If the oxide is 95.5% pure,
the metal will be about 99.8% pure. This process recovers about .
93% of the available americium.

2%1an has important research and industrial applications.
The 60-keV gamma ray that accompanies its alpha decay is used as
a standard in nuclear spectroscopy for calibrating the energy
scale and geometry of counting equipment. Industrial uses
include measurement of fluid density, as a thickness gage, fuel
gage, and distance sensing device. Other uses are eliminating
static, detecting smoke, radiography, oil and water well logging,
X-ray fluorescence, and scanning thyroid gland functioning. The
isotope can also be used as a low specific power source producing
0.1 w/g. The specific alpha activity is 7.0 x 10'? dpm/g
(equivalent to 3.2 Ci/g). The 5.49-Mev alpha particle is useful
for initiating o,n reactions to produce neutrons via a 2"!Am-Be
source.
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C. AMERICIUM-242m (152 yr)

Irradiation of 2*'Am by thermal neutrons produces both
2%2MAm and short-lived **2Am. Only about one-eighth of the
neutron captures form the desired *"*™Am isotope.

0 p=6500
242mpm UC:lBQP
o
znpuﬂéé& 241 g IT| 152 yr
0,=620 0 p=2300

242 p ———

g= 8Lz EC 16%
16hr

Zhicm ZHZPU

Large~scale production of Z42Mpy 3 possible by the irradi-
ation of mixtures of 2*'Am and ?*3Am from spent power reactor
fuel. Figure V-2 shows that irradiation of a 50/50 mixture at a
thermal flux of 1.75 x 10** n/ (em?-sec) yields useful amounts of
242MAn together with larger amounts of **?Cm and ***Cm. The
yield of ***™An is a maximum at an exposure of only 0.5 x 102!
n/cm”; at this point, the americium mixture contains:

Atoms Atom, %
24 1am 0.777 44,4
242Mam 0.0134 0.77
25%3am 0.958 54,8

The 2*2MAm content can be raised to ~1.7 atom % by irradiat-
ing pure 2“!Am obtained by 'milking’' a plutonium stockpile
initially containing only 2*!Pu.

2428Wpn can be separated from irradiated %1am only by electro-
magnetic techniques. No volatile americium compound is known that
is suitable for gaseous diffusion or gas centrifuge methods. For
small-scale electromagnetic separations, the calutron facilitles
at ORNL can be used. A single calutron has a feed capacity of
about 1 kg/yr for americium containing 1.5% 2**MAm. Of the *"*Mam
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initially present in the feed, about 15% is collected at an iso-
topic purity of 35% in a single pass. Of the remaining feed
material, about 95% is recovered at its original isotopic purity.
A second pass on the 35% fraction will produce product containing
95% 2*2Mppm,  The throughput for the second pass is about 50%
higher, or 1.5 kg/yr.

If one assumes a capitalization of $100,000 for added shield-
ing to permit a calutron to handle radioactive materials, an
additional $50,000 to modify the chemical facilities to process
more americium, a 20-year writeoff, and a §100,000 average operating
cost per calutron, the average annual cost is about $107,500.
Distributing this cost over the first 2.25 grams of 2%?Mam sepa-
rated, the cost per gram of 2*2Pap separated (35% purity) is about
$50,000.

242Mam is one of the few fissionable nuclides containing odd
numbers of protons and neutrons and having a long half-life. It
has the highest known cross section for thermal neutron fission
(6000 barns), a high neutron yield in thermal fissions (3.24
neutrons/fission), and a low thermal neutron capture-to-fission
ratic of 0.3,
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D. AMERICIUM-243 (7370 yr)

This nuclide is the longest-lived americium isotope, with a
half-life about 17 times longer than that of 241 am.  When recovery
facilities become available, the principal source of 2*3Am will
be spent fuel from power reactors. Projected production of 243 Am
is shown in Table V-3, assuming that recovery starts in 1977,

The nuclide is formed by irradiation of 2"?Pu as described
in the ?“?pu section (Table III-7) and by irradiation of 2*!Am
as shown in the 2*2MAm section. The plutonium-burning programs
at Savannah River will produce nearly isotopically pure 2*°Am by
irradiating 2%*2Pu. Table III-7 shows %*°Am production is a maXimum
after exposure of 2%2py to 1.7 x 10%2 n/cn? at an average thermal
flux of 3 x 10*° n/{cm?-sec). About 0.16 atom of 2*’Am are pro-
duced per atom of 2"?Pu irradiated.

The principal reaction obtained by irradiating **?Pu is:

2u3 ———
A =100

242 _ﬁ__...___;_zhipu JRU— -
Pu gczQO UC=TO

l 0p=180

Some 2*°Am is also formed when 2“'Am is irradiated with thermal

neutrons by the sequence shown below. Although power reactors
will also make large amounts of 2*%Am, it will always be mixed
with zulAm, as shown in Table V-3.

ZHZPU ZMZCm

16 h )
EC (16%) B (8L%)

B9Ipm = G =2300

ZHIAm

l 5o=90

op=3 2L2m — — e 2Y AN e
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04=6500
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2%3am is separated as described under ?*!Am. The relatively
low specific alpha activity of 2%3am facilitates chemical studies
of americium,

E. CURIUM-242 (163 days)

Production of the nuclide is by extended thermal neutron
irradiation of 2*'Am or of #**°Pu. Data on irradiation of a 50/50
mixture of 2*'am/?%%Am at an average thermal flux of 1.75 x 10%*
n/cm? is shown in Table III-5 and illustrated in Figure V-3. For
this target, optimum exposure occurs in 172 days, producing about
0.31 atom 2*2Cm per atom of 2*!Am-2*%Am irradiated. ' The thermal
neutron capture sequence is:

ZHZmAm* Zlo?_cm
A
0,=90 16 hr (87 (84%)
2910 2uzpy Ue=2300
g =620 > >
8~ Tlh.S yr 16 hr (16%)

*EC
Qg 2'+1pu ZHZPU
Pz Gom36E

0 p=1005

243

* See previous section on Am production.
Y 8
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The solvent extraction and ion exchange methods are described
under 2**Cm. 2%2Cm is particularly difficult to process because
of its intense alpha radiation. New separations methods will be
required to separate this material directly rather than allowing
it to alpha decay to 238py with a 163-day half-life,

2%2cp is potentially one of the most important isotopic heat
sources because of its high power output (120 w/g), minor shield-
ing requirements (principally Pu L-X-rays), and moderate half-life.
It is useful as an extraterrestrial power source, because 2“%Cm
and its daughter 2°°Pu are man-made, so their existence as con-
taminants need not interfere with analytical studies to determine
lunar (or other) compositions. Chemical analysis using alpha
scattering techniques from 24%2Cm were used in recent lunar explo-
rations, with alpha particles from 2°"Es serving as an energy
standard.

2%2Cm is compared to other heat sources in Appendix C. The
relatively high specific power of 2*%Cm (120 w/g) is exceeded
only by the specific power of Z3*Cf (11,000 w/g).

F. CURIUM-244 (18.1 yr)

The principal method of production is by thermal reactor
neutron irradiation of plutonium, the later stages of which are
shown below. The resulting mixture consists primarily of 242py,
2%3am, and 2“*Cm, because adjacent isotopes either decay rapidly
or have high cross sections.

0Us=13
10 hrl B
243 244 Am
Go=100
B” |5 hr
g g=2000

242 243
i e Pu
Pu 5520

Production via irradiation of 2*?Pu is described in Table III-7

for a high-flux reactor operating at 3 x 10%° n/(cm?-sec). Optimum
production is achieved in about 5.4 x 10%2 n/em (208 days) at a
concentration of 0.425 atom 2**Cm per atom 2*!Pu irradiated.
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Irradiation of 2*'Am and 2**Am from power reactor fuel
residues is described in Table III-5. Optimum production is
achieved at an exposure of about 2 x 1022 n/cm® (1323 days).

At this exposure, the concentration of 2**Cm is 0.73 atom per
atom of ?**Am and 2“%Am irradiated. 2*“Cm is expected to be
available in tonnage quantities in spent power reactor fuels by
1990 or earlier.

Curium has been separated by the ORNL Tramex process,
which is diagrammed in Figures IV-3 and IV-4 and discussed in
Section IV(C).

The process has been modified at SRL with the introduction
of pressurized ion exchange, described in Section IV(D). CmO;
produced by this process is reduced to metal by heating with
magnesiun and zinc at 900°C for 2 hours. The MgF; and MgCl, are
removed by dissolution in water, and the residual magnesium and
zinc are vacuum distilled at 750°C.

2%%Cm is important as a long-lived compact power source
because of its moderate heat output (2.7 w/g), minor shielding
requirements (principally Cm L-X-rays), and long half-life of
18 vears.

G. CURIUM-248 (3.52 x 10° yr)

248cn is made by irradiating 2?°%U and higher isotopes by
thermal neutrons in a reactor. Production of ?*8Cm is shown in
Table III-7 and in Figure III-2, for irradiation of 2%2py in a
high flux of 3 x 10!'% n/(cmz—sec]. Production at an exposure of

2 x 1023 (772 days} is 0.011 atom per initial atom of 2% 2py,

Irradiation of a 50/50 mixture of 2*'Am and 2"%Am at a flux
of 1.75 x 10* n/(cm?-sec) is shown in Table III-5. At an exposure
of 5 x 10%! n/cm2 (331 days) the atom concentration is 0.18 x 1073,
Production of this isotope in relatively low flux power reactors
is not attractive.

The neutron capture route from Z4%cn is inefficient because

of the high fission cross section of 2*°Cm and the low capture
cross sections of 2**Cm and 2*SCm.

244 245 248 2470 — e Z4Erp
3 1? 5 =270 =55 2 i Go=L80 oo=T

0 p=2000 op=108
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The nuclide is also available as the daughter product of ?°*Cf
algha decay. The californium fraction consists of the isotopes
2¥3¢f through 2°2Cf; however, most of the alpha activity is due
to 2%2Cf and 2°°Cf, so the daughter products are principally
248Cm and 2*fCm.

Chemical separation of curium isotopes is described under
the section on 2**Cm. *“®Cm presents no special processing
problems because its specific alpha activity is low,

248y is useful for chemical studies of curium because its
long half-life minimizes analytical problems caused by alpha
irradiation.

H. BERKELIUM-247 (1400 yr)

The nuclide is prepared through cyclotron-induced reactions
using alpha particles with a target of mixed curium isotopes,
since it cannot be prepared through the usual neutron addition
to 2%%U. 1In the neutron addition sequence, 2%7Cm is beta stable,
and the addition proceeds to form 2°fCm. Furthermore, 2%!Es is
also not on the neutron addition route, and its alpha decay is
only 0.53%; finally, the electron capture Toute through ?“7Cf is
also not on the neutron irradiation path. Typical cyclotron
reactions are:

24y 247 EC 247
Cm(a,n) cf W Bk

2uucm(a,p)2k78k

245 257 EC 247
Cm(OL,Zn) Cf W Rk

2”5Cm(a;p,n)2“7Bk

246 247 EC 247
Cm{o,3n) Cf W Bk

2%8Cm(a;p,2n) 2" 7Bk

The target curium isotopes are made by successive neutron irradi-
ation to plutonium and would be available from the Savannah River
252Cf production programs.

The recovery and purification of berkelium isotopes is
described under %%°Bk.

Z47pK is useful for chemical and physical studies of the
element because it is the longest lived of the berkelium isotopes.
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I. BERKELIUM-249 (311 days)

2%9Bk is produced by neutron irradiation of plutonium,
americium, or curium in high flux thermal reactors. Because
curium isotopes 242 through 248 are beta stable, a beta decay
path exists only at 24%9cm.  This route from 2*®Cm is shown below.

A
?cf—“l650 ch<350 ag=3000

251 252
2880 5o=ETo 250CF Uc=1500%‘ Cf“___“’a'gcﬂsoo Ccf

B_T 311 days B~ | 3.2 min

208 250 O o= 0
B"Tﬁh min
248 249
Cm——E;;?——a- Cm

Table III-7 shows that as 2*2Pu is irradiated at a flux of
3 x 10*° n/(cm?-seg), the berkelium content increases steadily.
At an exposure of 2 x 1023 n/cm® (772 days), the 2*9Bk concentra-
tion is 8.2 x 107° atoms per atom of 2"2Pu irradiated. Withdrawal
of 2“°Bk from the Savannah River 2°2Cf program (at some 10ss in
252cf production) is likely to be the best source of berkelium
for the next few years.

Berkelium, einsteinium, and fermium can be separated in the
ORNL Transuranium Processing Plant (TRU) and in the Multipurpose
Processing Facility {MPPF) under construction at SRP. SRP's
process is outlined in Figure V-4 and is described in Section
IV(D); it is a part of the process designed primarily for the
recovery of 252Cf.

Because 2"?Bk can be made in much larger quantities than
2%7gk, it is useful for chemical and metallurgical studies of
berkelium. Its 31l-day half-life, although much shorter than
that of **7Bk (1400 yr), is satisfactory for some studies.
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Dissolution
of Targets

Pu, Am, Cm, Bk,
Cf, Es, and Fm

TBP Solvent

!

Am, Cm, Bk, Cf,

Il

Extraction
Es, and Fm
Recycle
: N
Fractions , n Primary
Bk-Cm Pressurized
Cra- Am-Eu Ion Exchange“
Bk

Cf, Es, and Fm

Berkelium ¢ .

Secondary
Pressurized
Ion Exchange

1N

a. Displacement development chromatography with
diethylenetriaminepentaacetic acid

b. Elution development chromatography with

ammonium a-hydroxyisobutyrate

Plutonium

Curium

Americium

Einsteinium
and Fermijum

Californium

FIGURE V-4. OQutline of Savannah River Plant Process for
Recovering Transplutonium Nuclides

- 50 -



J. CALIFORNIUM-249 (352 yr)

The nuclide is produced by extended necutron irradiation of
plutonium and higher actinides, as shown in Table III-7. The
principal route from 2*®Cm is:

gp<350

TUf:lt@BO
2u9 _— e 3 250

cf Ga=2T0 Cfoc=1503
BT | 311 days g7 | 3.2 nr
ZQSBk ZSOBk

0 ,=800 l

87| bh min 0p=1000

ZHSCm » ZHSCm
Ge=T

Irradiation of 2"2Pu to an exposure of 2 x 1023 n/em? (772
days) will produce 4.6 x 1077 atom per atom of *“?Pu irradiated.
2%9Cf made by neutron irradiation of 2%8cm will always contain
some 2*°Cf. To obtain isotopically pure **%Cf, a chemical sepa-
ration of curium, berkelium, and californium made after almost
all of the 25°Bk has decayed to 2°°Cf will isolate the %*%Bk
fraction.

24%3Cf is obtained by making a second chemical separation
after the ?*®Bk has beta-decayed with a 314-day half-life.

Californium isotopes are separated from americium, curium,
berkelium, etc., as outlined in the 2“?Bk section. Because of
its long half-life and the absence of spontaneous fission
neutrons, °*?Cf is useful for the study of chemical and physical
properties of californium.

K. CALIFORNIUM-250 (13.1 yr)
230Cf is prepared by extended neutron irradiation of plutonium

and higher actinides. Table III-7 shows that exposure of *2py to

2 x 10%* n/cm® at a flux of 3 x 10'® n/(cm®-sec) produces 7.3 x 107°

atoms per atom of 2%2Pu exposed. Isotopically pure 2°°Cf can be

chemically separated from the parent 2°“Es.
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? 0=1650 T 0 <350

ZHBC 50

f__ e 2SICF

f 2
[P—.
0=1500

0o=270

B-TBIl days R™ T 3.2 br

ZHBBk » ZSUBk
0.=800

l 0¢=1000

The isotope emits 1.2 x 10'% n/(sec-gram), and delivers
power at 4 w/g. The nuclide could satisfy a need for a long-
lived source with a neutron activity comyarable to 21%po-Be
(138 days at 1.1 x 10'% n/(sec-g) or to *2*sb-Be (60 days at
2.8 x 10'° n/(sec-g).

L. CALIFORNIUM-251 (900 yr)

The nuclide is prepared from continued neutron irradiation
of 2%°Cf as shown in Table III-7 and Figure III-3.

SO f e g 251pf e w252
S5 Sis00 Cf “5.=1500 of

5<350 0=3000

Irradiation of 2%?Pu at a flux of 3 x 10'° n/(cmz—sec) to an

exposure of 2 x 10%® n/cm® (772 days) produces 1.8 x 107° atoms
of 2°1Cf per atom of *"?pu irradiated.

Z31Cf has the longest half-life of the californium isotopes
(900 yr), so it is the primary candidate for chemical and physical
characterizations of the elements. Calutron isotopic separations
are required to obtain it in pure form.

M. CALIFORNIUM-252 (2.65 yr)
This isotope is one of the most useful actinide nuclides

because it emits large numbers of neutrons by spontaneous fission
[2.3 x 102 n/(sec-g}], and has a reasonable half-life (2.65 yr).
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252¢f is prepared by prolenged irradiation of plutonium, followed
by recovery and refabrication of the americium and curium inter-
mediates into targets for high-flux irradiation. Overall, 8.6 x
107" atoms of 2°2Cf are produced per atom of 2%?Pu irradiated to
an exposure of 2 x 10%® n/(ecm®*-sec). The high-flux *°*2Cf programs
at Savannah River and at Oak Ridge are directed toward an annual
production of multigram quantities of 2°*Cf.

Composition of the californium fraction after an exposure of
2%2py to 2 x 102% n/cm? is shown in Table V-5. Production of
californium and other isotopes is shown in Table III-7 and
Figure III-3.

As discussed earlier, 2°2Cf can also be produced in acceler-
ators and in underground nuclear explosions, but these methods are
not currently used to make californium.

282¢F is finding increasing use in medicine; in industry; in
mineral, hydrology, petroleum, and space programs; in civil engi-
neering; in agriculture; and in research. Expanded evaluation is
continuing under the AEC loan program.

TABLE V-5

Distribution of Californium Isotopes
After Irradiating 2*?Pu to an Exposure of 2 x 10%° n/cm?

Atom %
Zhicr 0.05
250ce 7.83
28lcr 1.88
252 89,32
283cy 0.84
23%cE 0.08

N. EINSTEINIUM-254 (276 days)

Continued neutron irradiation of californium yields **“Es as
shown in Table III-7 and Figure IIi-3.

Chemically pure samples of einsteinium are obtained by
permitting a californium fraction rich in *°°Cf to decay by the
18-day beta-decay route, and performing a chemical separation.
Neutron irradiation of ?°%Es produces two isomers - 2°*"Es, which
decays by beta emission with a 39-hour half-life to 2°“Fm, and
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2‘090{: 25'<Fm

0 <60
g | 311 days B 39 hr

249 & 253
Bk 50.5 days Es

g p=3000

_E'—_,._h:?ﬁﬂcf

3.2 min

25%Es, which decays by alpha emission with a 276-day half-life
to 2°9Bk. Thus, the irradiation of 2°Es produces products that
are chemically separable.

Because of the absence of ?°YEs in terrestrial areas, the
isotope finds use as a reference energy marker for activation
analysis. It was used for this purpose in Surveyor V's chemical
analysis of the lunar surface. Because it is the longest-lived
isotope of einsteinium, 2°“Es is the prime candidate for chemical
studies of this element.

0. FERMIUM-257 (80 days)

257pn appears to be the heaviest nuclide that can be prepared
by slow neutron irradiation of heavy actinides in a reactor. The
capture sequence illustrated below starts with irradiation of
253Fg, Irradiation of **2Pu produces about 2 x 10°'® atoms 2°7Fm
per atom 2*2pu initially irradiated. Production data are shown
in Table III-7.

ZSOC.F ZSle 252Cf
OLTB.Ehr OLTRO hr aT2.6hr
2H9Bk 2S¢|Fm 255Fm s ZSSFm
I 26

CY.T 20 days g~ T 3% hr

2 5 41,
PEIE. e g N, B B .
Es Gom180 op=1840 87| 38 days B 29 min
BohEe L 255pg 2565
o.<ko T,CZI.E“_’"
6£=3060 Né days
ZSOBk



Processing of berkelium, californium, einsteinium, and
fermium have been described under **°Bk. In the process used
at SRL, four successive elutions with ammonium alphahydroxy-
isobutyrate are required to separate einsteinium from fermium
held on columns of '"Dowex'"-50, Other sites have used elution
with dilute nitric and hydrochloric acid from actinide mixtures
held by di-(2-ethylhexyl)-orthophosphoric acid adsorbed on
diatomaceous earth.

257pm is the longest-lived isotope of fermium and, therefore,
is the principal candidate for chemical studies of the element.

P. MENDELEVIUM-258 (54 days)

Synthesis of nuclides by neutron irradiation above atomic
number 100 appears unlikely because of the beta-stability of
fermium, at least as far as 25°Fm. In addition, the half life
of 2%8pp appears to be of the order of 400 us, effectively mocking
the neutron addition route. Mendelevium isotopes, for example,
have been made by irradiation of uranium and transplutonium
isotopes with alpha particles and heavier ions. Typical reactions
are:

233Bs + 3He ~ 2%°Md

+

2n (28 min)

253 Loy 256

+

n (78 min)

238 22 4 258
g0+ gNe Md + 3n + p

+

252cf + '3C + #57Md + Sn + 3p (%5 hr)

Mendelevium may be separated by ion exchange chromatography
similar to that described under 2*%Bk. Typically, it would be
adsorbed on a '"Dowex'"-50 x 12 cation resin column from a 0.05 M
HC1l solution and eluted with ammonium alphahydroxyisobutyrate or
with ammonium lactate. Mendelevium can be separated from fermium
by sequential elution.

258%d can be used for experimental tracer chemistry.

Q. NOBELIUM

Production of nobelium, like mendelevium, requires acceler-
ator bombardment of transplutonium targets. Typical reactions
using transplutonium targets are:
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Half-Life,

Isotope Reaction Used sec
251N, 2%%cm o+ 12¢ > 251N 4+ 5n 0.8 £0.3
252N9 24%cm + 12¢ > 292No 4+ 4n 2.3 0.3

2%%cm + *3Cc > 2°2No + 5n A2.5

239Pu + 180 > 252NO + 51

253Np 24bcm + 13 > 253Np + 4n 105 £20
248cm + 12¢ » 253No + 5n ~100
2%2py + %0 5 293N + 5n 95 +10

233Pu + 130 . 253No + 4n

23%0 2%6Cm + 12¢ > Z3%No + 4n 55 £5
24%6Cm + 3¢ > 2% + bn n50
2h%Cm + 3¢ +» 2%%No + 3n n50
24300 4 15y o 254G 4 4p
238 4+ 2%Ne > %5"No + 6n 50 110
Z4%2py + 180 > Z%"No + 4n 75 *15

2530 2%6cp + 3¢ o+ 235Np + 4n 185 *20
248cm + 12¢ » 295N 4+ 5n 180
238y 4+ 22Ng + 255Ng + 5n 120
Z4%2py + 8% > 255Ng 4 5n 180 +10

*5%No 2%8cm o+ 20 > 238NG + 4n 2.7 *0.5
248cm + 3¢ > 2%fNp + 5n 3.2 0.2
2086cm + 3¢ > 256N 4+ 3n w3
238y 4+ 22Ne » 258Np + 4n 6 2
282py 4+ 18 o+ 236Np 4 4p 9 13

257No Z%8cm 4+ 3¢ > 237No + 4n 23 +2
2%8Cm « 12¢ > %%7No + 3n "20

Appendix D gives the energy levels and decay schemes for
some of the principal isotopes from ?*!'Am to 255No.
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R. LAWRENCIUM

Lawrencium, the last member of the actinide series, has so
far found use only for experimental tracer chemistry. Typical
accelerator reactions that produce lawrencium are:

2’-!3Am + lgo - 255Lw + 5n
ZLI-BCm + 15N - 259Lw + 4n

ZHBCf + 12C > 258Lw + p,2]’1

249 o+ 13¢c o 258, 4 p,3n

80cf 4n
231cf >+ B > %Ly +< 5n
2s2cr én
250ce 3n
2RIcf >+ 1B > 237Lw 44 4n
282¢f 5n

S. RUTHERFORDIUM

Rutherfordium, the first element of the "'transactinide"
series, behaves chemically like hafnium and zirconium, falling
into the group IVB elements in the periodic table. Typical
accelerator reactions that yield rutherfordium isotopes are:

282py 4+ 22Ne > 280Rf 4 4p
2%cm + %0 > 2°0Rf + 4n
2480 4 185 4 281pg L oo
249Cf + 12C e ZBORf + 1

250Cf n 13C > ZSDRf + 3n

T. HAHNIUM

Hahnium can be synthesized by bombarding americium, berkelium,
and califernium with heavy ions:

2%3am + ?2Ne ~+ 2%'Ha + 4n

252¢f 1SN > 2%lps 4+ 6n

+
280ce 4+ 35N > Z%1Ha + 4n
249pk 4+ 180 > 281hy 4 up
ZHBBk + 180 3 262Ha + 5n

- 66 -



U. SUPERHEAVY ELEMENTS

The shell model of the nucleus developed by M. Goeppert-Mayer
and others, provides for regions of unusual stability under
specific combinations of neutrons and protons. The magic numbers
of protons are generally recognized as 2, 8, 20, 28, 50, 82, and
114. The corresponding numbers of neutrons that form unusually
stable combinations with these protons are 2, 8, 20, 28, 50, 126,
and 184, Efforts to synthesize an element of 114 protons and 184
neutrons have been made by bombarding targets of transplutonium
isotopes with ions of argon and calcium, for example,

24k LX:] 288
9,+Pu + zuca s 114){ + 4n

248 W Q 282
ggCm + JgAr -~ 174X + 6n

284
> 1sX * 4n

To date, the efforts have been unsuccessful. Theoretical
estimates for some of these elements show spontaneous fission
half-lives as high as 10'® years and total half-lives of 10°
years.

When superheavy elements with atomic numbers in the range
Z = 110 to 114 undergo spontaneous fission, they emit about 10
neutrons with kinetic energies from 0.5 to 7 Mev. This relatively
large emission of neutrons with each fission event is an indicator
of the presence of a superheavy element. Searches made for heavy
element 25X (with a spontaneous fission half-life of 10'! years
and a total half-life of 10° years) in old (5 x 107 yr) platinum
ores containing chemically similar elements, such as osmium,
iridium, and rhodium, were inconclusive. Either the concentration
of 334X was less than 1 part in 10'° relative to platinum, or the
total half-1ife was less than 10° years.
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APPENDIX A

SALES PRICES OF SOME ACTINIDES“

Effective
Isotope Price Date Available From
237Np $225/g; $0.25/mg for quanti- 4-19-69 ORNL
ties <1 g
238py $700/g, 80-89% enriched 8-26-70 ORNL
$1250/g, >50% enriched, 8-26-70 ORNL
with <0.3 ppm 236py
241 Am $150/g §-26-70 ORNL
$60/uC1 Amersham/Searle
$125/10 mCi Amersham/Searle
$35/1 mCi Amersham/Searle
. Americium oxide 1970-71
$45/2 mCi in 3N HNO (5 ml) Amersham/Searle
$75/5 mCi Amersham/Searle
$125/10 mCi Amersham/Searle
2%3am $100/mg (supplied as oxide in 1-1-69 ORNL
quantities up to 10 mg, plus
$250 technical service charge)
2420y $30/1 mCi Amersham/Searle
; In 3N HNOj;
$35/5 mCi }> (5 ml) Amersham/Searle
$40/10 mCi Amersham/Searle
2%%Cm  $100/mg (supplied as oxide in 1-1-69 ORNL
quantities up to 10 mg, plus
$250 technical service charge)
2520f  $10/ug (up to 1 ug is available Early '71 SRP

without AEC approval)

(Shipping charge $1600 for
10 ug - 1 mg)

a. 2%8cm, 2*pk, 2%%cf, *°%Cf, 2°%Es, and *°7Fm are available in
""research quantities' on transfer from the ORNL research pool.
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APPENDIX B

PRINCIPAL PRODUCTION ROUTES FOR
TRANSPLUTONIUM NUCLIDES FOR *%*Pu

28904
265 | 266
Lw—=""0w
; 8
B 4 265
{ 260N 28'Ng —28ZNo —2E°No 22 No - 22°No
: 8
259 260
2500 g 22cp 283 Md —£0Md
-
32h 20h 2.5h 804 400ps ¢
a a & @ .
2540, 255m, 256 257Fm ZSBFm 259Fm
w100 'y g 26 oc-20 -0
39hTB
254mE 504 394
. 52508k |39
74760 g0 a 2760 |8
i
249g;, o 2 ;0d253E5 |425455 cfigES
276d|a
: =3060
88 asop, b
253 254y 2 250
¢ o165 Cige om
71650 o¢<350  w¢r3000
249, 250, 251 252 253
Cf =270 Cfo'[fISOO Cfac=|5oo C1ac=20 cf
3dy 8° 3.2n| 87
249g, _ 250q)
76800
sam| 8 ¢ =10C0
294 245 246 247, 248 299
Cmc-c 13 Cm = 270 Cm_—s =9 tm o =i80 Cm_* o T Cm
1oh| 8
243Am 102;4Am
o¢=2000 =108 2.65y
S 422000 *
242 243 244
F’uo,c o5 PU—==T P
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APPENDIX C

CHARACTERISTICS OF RADIOISOTOPIC HEAT SOURCES

Taken from C. A. Rohrmann, Radioisctopic Heat
HW-76323 Suppliement, Battelle-

Sources.

Northwest Laboratery, Richland, Wash.

Specific Power, w/g
(L0O% basis)

Half-Life, years

Istimated Isotopic Purity, %
Compound Forn

Melting Point of Compound, °C
Active [sotope in Compound, %
Specific Power, w/g compound

Density of Compound, gfcm’,
actual or %0% TU

Power Uensity, w/cm® compound

Uimension of Capsule for
50 w(t), conf

Availability

lype of Radiation (Major)d
Shiclding ]iequirudh

{Mev of significant B or v]

Biological lazard, Ci/m?
MPC, Air, w/m®
Lontinugus Lxposure, pim’

Estimated Future Price,
$/g (Pure}[Present price]

Estimated Future Price, §/w
Speclfic Activity, Cifg
£100% basis)
Specific Power, (i/w
Total kwh(t)/initial p
for l-year missien

Minimum Cost, $/kelilc}
for l-year missiont
Spontanecus Fission
Half-Life, yeurs
Estimated Recovery from
Power Reactor Fuels,
g/tonne ar 25,000 MWh/T
Power Reactor Production,
kg/ 1000 MWY (e}
Availability §n 1980, kw(t}™

(1968).

EDCO 3051. 10Eg, li?cs 7”‘1‘@ lh?Pm ]'WTm ZWPQ ZaBPu Z»ZCm ZHNCm
17.4 0.596 33.1 0.42 25.0 0,33 13.6 141 0.56 120 .65
5.24 28 1.0 30 0.78 2.6 0.35 0.38 87.4 0.45 16.1
102 55 3.3 35 458 95 104 93 50 2 45
Metal 3110 Metal CsCl Cea0y Pingl? 3 Tma0y Metal PuQy Onz0y Ciey 05
1480 1910 2310 046 2190 2130 2378 255 2250 1950 1950
10 23 3.3 28 3.8 82 g.8 95 70 82 86
1.7a 0.22 1.1 0,12 N .27 1.2 134 0,39 98 2.27
8.8 4.6 12,4 3.2 6.2 6.6 3.0 2.3 1¢ 9 9
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APPENDIX D
ENERGY LEVELS AND DECAY SCHEMES OF SELECTED ACTINIDES

Reprinted by permission from C. M. Lederer,
J. M. Hollander, and |. Perlman. Table of Isotopes.
6th ed. John Wiley & Sons, Inc., New York (1968).
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