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CALIFORNIUM-252: STATUS AND PROSPECTS 

P. H. Permar and D. G. Karraker 

Savannah River Laboratory 
E. I. du Pont de Nemours & Co. 

Aiken, S. C. 29801 

INTRODUCTION 

This ~aper reviews the development and present status of the practical applications 
of 25 Cf and considers their future prospects in the period 1975-1980. 

In 1952, traces of 2 52Cf wer'e first detected in the debris of a thermonuclear test 
at Eniwetok Atoll. 1 During the next six years (1952-58) the U. S. Atomic Energy 
Commission (now the Energy Research and Development Administration - ERDA) pro
duced about 30 µg of 252 Cf by the irradiation of plutonium in the Materials Testing 
Reactor in Idaho. The demand for research quantities of 252Cf greatly exceeded the 
supply, and the next ten years were spent in irradiating 239 Pu at the Savannah 
River Plant at Aiken, South Carolina, to develop an inventory of higher isotopes 
and in constructing the High Flux Isotope Reactor (HFIR) and Transuraniurn Proc
essing Plant (TRU Facility) at the Oak Ridge National Laboratory (now the 
Holifield National Laboratory at Oak Ridge, Tennessee). The higher isotopes.were 
irradiated in the HFIR and separated in the TRU Facility to produce mg amounts of 
2 s 2cf. 

In October 1968, the rapidly developing technology of 252Cf was reviewed in a sym
posium sponsored by the American Nuclear Society. 2 At this meeting, the properties 
of 252 Cf were summarized, and a number of applications for 252Cf neutrons were 
proposed, such as cancer therapy, nuclear safeguards, neutron radiography, mineral 
exploration, activation analysis, and production of short-lived nuclides. Chairman 
Seaborg of the United States Atomic Energy Commission announced the sale of limited 
quantities of 252Cf at a price of $1000/µg. 

In 1969, a major production effort at the Savannah River Plant produced about 2 g 
of 252 Cf in 15 months of operation in a special high-flux irradiation. 3 This 
material was made available for public sale by the USAEC at a greatly reduced price 
of $10/µg on November 1, 1970, and at that time 252 Cf became a commodity in the 
world market. 

PRESENT PRODUCTION 

The U. S. Energy Research and Development Administration continues to produce 
2 52 Cf. The supply of 2 52 Cf for research in ERDA laboratories is obtained from the 
HFIR and TRU Facilities at the Holifield National Laboratory at Oak Ridge, Tennes
see. The public sale of "bulk" 252 Cf for encapsulation and resale is handled by 
the Savannah River Operations Office of ERDA at Aiken, South Carolina. At present, 
sales are made from the ~2 g of 252Cf that were produced in the 1969 irradiation. 
Additional production will be scheduled as required to assure a continuing supply 
of the nuclide. For the foreseeable future, the base price is expected to remain 
at approximately $10/µg. 

The information contained in this article was developed during the course of work 
under Contract No. AT (07-2) -1 with the U. S. Energy Research and Development Admin
istration. 
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PROPERTIES OF 252 Cf AS A NEUTRON SOURCE 

Californium-252 emits 2 .34 x 10 6 neutrons/ (sec-µg) by spontaneous fission; the 
effective half-life is 2.646 years. The outstanding attributes of 252Cf compared 
to other neutron sources are its high specific activity, its low heat generation, 
and the absence of any technical limit to the neut.rnn output of the source. The 
neutrons have a calculated average energy of 2.3 MeV~ and a measured modal energy 
of 1. 5 MeV. 5 

PROPOSED APPLICATIONS OF 252Cf 

Investigations and applications of 252Cf have increased rapidly in the past 10 
years. lf the number uf technical papcr5 on 252Cf published each year is used as 
an index of interest, the interest increased rapidly from SO papers in 1967 to 180 
papers in 1972 and has now leveled off at about 180 references per year. The pro
portion of papers that originate outside the USA is increasing each year. 

More than one hundred applications· or uses for 252Cf have been proposed ranging 
from neutron sources for activation analysis of the ocean floor to sterilization 
of the Sugarcane Borer, Diatraea Sacharalis. 

MAJOR APPLIC/\TIOMS OF 252rf TN llSA 

The nuclear power industry is one of the major industrial users of 252Cf. Three 
reasons for the acceptance of 252 Cf by the nuclear industry are: 1) the principal 
material, uranium, has useful reactions with neutrons; 2) immediate economic bene
fits were obtained; and 3) the industry was familiar with neutrons arid did not re
quire an extensive educational program before accepting 252Cf as a working tool. 

NUCLEAR MATERIALS ASSAY 

Californium-252 is an excellent neutron source for active assay of nuclear ma
teria.ls in fuel element fabrication. In October 1969 at ·a symposium on Nuclear 
Safeguards held at Los Alamos, New Mexico, 252Cf was proposed as the possible key 
to industrial applications of active assay techniques for nuclear safeguards be
cause it provided a dependable, intense source of interrogating neutrons. Within 
four years, commercial fuel. rod inspection systems were on the market, 6 and the 
major U. S. fuel element producers were using 252Cf-based systems for quality con
trol. In these nuclear materials assay systems, the fue1 rods are moved·past a 
moderated 1- to 3-mg 252Cf neutron source and into collimated gamma-ray detectors. 
The fissile content is measured by counting the delayed gamma rays resulting from 
the induced fission reactions. The· devices measure the fissile content pellet-by
pellet, as well a5 providing an integrated count of the entire rod (Figure 1). 

REACTOR l'KIMARY !iTART-UP SOURCES 

Californium-252 has also proved to be an excellent primary start-up source for 
nuclear reactors. During the initial start-up of a nuclear reactor, some source 
of neutrons is deliberately inserted into the reactor to assure that all neutron 
detection instruments are functioning during the initial approach to criticality. 
A reactor may contain from one to six primary start-up sources containing from 0.3 
to several mg of 252Cf. The start-up source generally resembles a fuel rod in 
a~~earance and construction. The low cost, small size, and high neutron output of 
2 Cf have made it the preferred primary start-up source. 
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FIG. High-Speed Fuel Rod Scanner 

NEUTRON RADIOGRAPHY 

Neutron radiography is rapidly gaining acceptance as a standard nondestructive 
testing method, along with other techniques such as X-radiography, ultrasonic in
spection, and eddy-current inspection. Neutron radiographs are particularly valu
able because they detect hydrogenous materials within or behind metallic components. 
For example, explosive charges in pyrotechnic hardware, "0"-rings and seals in 
pumps, grease in bearings, and hydrated corrosion products in aluminum aircraft can 
be detected. Although nuclear reactors provide the best high-resolution neutron 
radiographs, many objects, such as an aircraft, cannot be taken to the reactor 
to be inspected. 

Large (l to 10 mg) 252 Cf neutron sources will provide satisfactory radiographs 
for many applications. Field inspection of aircraft has been demonstrated with a 
field camera weighing about 450 lb containing a 3.4-mg 252 Cf neutron source (Fig
ure 2). 7 Corro<le<l ai·eas in ~i rrr•ft wing ~tri 1C'.t11rfls have been detected by the 
field camera and confirmed by subsequent disassembly and inspection. A commercial 
neutron radiography system containing 10 mg of 252Cf (Figure 3) has been used suc
cessfully to inspect helicopter blades, phenolic honeycomb structures, and other 
components that could be removed from the aircraft. 8 

ON-LINE ANALYSIS FOR PROCESS CONTROL 

Of the many possible process control applications of neutron activation analysis, 
the measurement of sulfur in coal has received the greatest attention. The thermal 
neutron capture gamma technique has been adapted to the measurement of sulfur in 
metallurgical coal, which c.ontains approximate ly 2% sulfur. The device contains 
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FIG. 2 Neutron Radiographic Camera Containing 3.4 mg of 25 2 Cf 
Positioned Underneath Wing, with Electronic Imaging 
System Above Wing 

FIG. 3 CFNR-10 Californium Neutroscope Showing the Camera, 
Imaging System, and Beam Stop 
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80 µg of 252Cf and has been tested under industrial conditions by a major steel 
producer. Results are .available within two minutes, and precision and accuracy 
are comparable with chemical ·analysis. Under industrial conditions, the precision 
of the instrument was ±0.05% sulfur. 9 Although not yet commercialized, the sulfur 
meter has generated much interest·because of its possible application in blending 
coal to close specifications. 

LABORATORY NEUTRON ACTIVATION ANALYSIS 

Because of the available supply of 252Cf, the Savannah River Laboratory has in
stalled an ideal neutron activation analysis facility containing 15 mg of 252Cf. 1 0 

The facility (Figure 4) is used routinely for multielement analyses of a wide vari
ety of solid and liquid samples. To maximize sample throughput, a technique termed· 
automated absolute activation analysis (AAAA) has been developed which provides 
qualitative and quantitative ana1yses without simultaneously analyzing comparative 
standards, preparing working curves, or using flux monitors. 

FIG. 4 252 Cf Neutron Activation Facility 

Fully automated operations include the transfer of samples, selection of time and 
m~de of activation (single and cyclic exposure), data collection, ·and data proces
sing for up to 50 samples with the facility unattended. Elemental concentrations 
in samples are calculated on an. absolute basi.s, without dependence on reference 
standards, because the highly stable neutron spectrum from 252Cf permits the calcu
lation of specific neutron capture rates needed to convert measured photopeak areas 
into ppm for all detected elements. 

Specific neutron capture rates are calculated from tabulated 84-energy-group• cross 
sections (or 2-group if 84-group data are not available) and from the calculated 
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252Cf neutron energy distribution for the particular source/moderator/sample con
figuration. Analyses of standards and known samples indicate better than 10% ac
cura..:y for most nuclides in a wide variety of production and environmental materials. 

The 15-mg 2 52Cf source wil 1 soon be replaced by four 25-mg sources. 

NEUTRON MULTIPLIERS 

For neutron activation and neutron radiography with 252Cf, sources larger than 
10 mg (2.3 x 1010 n/sec) are frequently desirable. However, the initial ·price and 
annual decay cost of the 252Cf are often difficult to justify. A cost-effective 
answer is a subcritical neutron multiplier, now available commercially. 11 

A subcritical neutron multipli~r is a subcritical assembly of uranium zurrounding a 
2 52 Cf source·. The function of the uranium fuel is to multi ply the effective neu
tron source strength of the spontaneously fissioning 252Cf source. The device is 
suitable for installation in laboratories and plants where the operation of a 
reactor system would be either too costly or not feasible for other considerations. 
Performance and design characteristics of the system are given in Table I. 

TABLE I 

Performance.and Design Characteristics of 252Cf Multiplier 

252Cf Source 
2 35U Loading 
Uranium Enrichment 
Fuel Form 
Moderator 

Maximum keff 
keff Increase for 20-g 235U Samples 
Control Poison 

Shutdown keff 
Therma 1 Flux 
Fast Flux 
Thermal Flux Multiplication 
Equivalent 252Cf Source 
Radiography Collimator Ratio (L/D) 
Thermal Flux at Film Plane 
Dose Rate at Shield Surface 
Fission Power Level 

252 Cf RADIOTHERAPY PROGRAM 

1 mg 
1400 g 
93.4% 
Clad Alloy Plates 
Polyethylene 
0.990 
0.004 
Cadmium, Aluminum Clad 
0. 773 

4 x 108 n/(cm 2 ~sec) 

6 x 108 n/(cm2 -sec) 

33 
33 mg 
20 or greater 
1 x 10 5 for L/D = 20 
Less than 10 mR/hr 
3.8 watts 

'The 252 Cf medical evaluation pro~ram has aroused world-wide interest in neutron 
therapy in the 10 years since 25 Cf was first proposed for interstitial radiation 
therapy. 12 The program is advancing on many fronts. In summary: . 

• Radiotherapy of humans is now in its sixth year. 

• Approximately 70 patients have been treated in England, Japan, and the U. S. 
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• • A protocol for the quantitative ~valuation of 252Cf for interstitial .implanta
tion in the treatment of cancer was approved by Radiation Th.erapy Oncologic 
Group of the United States National Cancer Institute. 

• Approximately 1600 medical 252Cf sources have been m.ade at Savannah River and 
distribut~d to 14 institutions in the U. S., England, and Japari. 

• Intense neutron sources (0.1 to 2.0 mg o.f 252 Cf). have been requested by hospitals 
in the U. S. and Japan. 

The contin~ing interest in 252 Cf for cancer therapy is based on the premise that 
neutrons will deliver a larger dose of radiation to the hypoxic areas of a tumor 
than will gamma rays. The preliminary qualitative conclusions are that initial 
tumor control is good and that no unfavorable late effects are observed in normal 
tissue. 

Interest is increasing in the use of .252Cf for treatment of gynecological cancer. 
For this purpose relatively intense neutron sources containin~ 0.1 to 2.0 mg 252 Cf 
will be compared to intense gamma sources such as 6 °Co and 1 3 Cs. The radioiso
topes. are loaded remotely via a previously placed catheter for treatment .times of 
approximately JS minutes. Four hospitals in the U. S. and Japan have expressed 
interest in these sources. 

<:;Al Fe:; OF 252r.f 

Sales of bulk 2 52 Cf to encapsulators have increased each y°ear since 1971. The 
encapsulator plays an important role in the growth of the market for 252 Cf as the 
essential intermediary between the producer and the consumer. European encap
sulators in Germany, France, and England have increased their sales each year and 
in 1974 sold approximately 4 times the quantity of 252 Cf handled by the U. S. 
encapsulators (Figure S). 
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FIG. 5 252 Cf Sales to Encapsulators 

- 7 -



• PROSPECTS FOR THE FUTURE 

Annual surveys of the U. S. market for devices using 252 Cf have been made since 
1972. The information is used by ERDA to assure that the supply of 252 Cf will 
be adequate to fill the forecast demand for the nuclide. 

The forecasts are based on interviews with informed individuals, using a pre-planned 
sequence of conversational questions. The 1975 forecast was based on interviews 
with 46 respondents representing evaluators of 252Cf, systems manufacturers, and po
tential customers for devices containing 252Cf. Twenty-two end uses (Table II) were 
included, and each respondent provided opinions on only those end uses that he felt 
competent to discuss. The results (Table III) are median values if 3 or more in
terviews were obtained, and average values if derived from only twu respu11tl1:m ts. 
Each-respondent provided data on expected U. S. sales at three probability levels: 
0.25, 0.5,and 0.75. A probability of 0.5 means that the real value has an equal 
chance of being above or below the indicated value. · 

.TABLE I I 

Description and CuJTnJlative Sunmary of End Uses 
(1975 U. S. Market Forecast) 

Pries of Devico, Including 
2 Uc[. ($ Thousands) 

End Use Accept<lbiezt Assuma(lb 

On-Stream Process Control 

U Ore Grade Control 100 100 
U .Mil 1 Feed Assay 100 100 
Sulfur in Coal 10-70 75 
Al 1 Other Ores 35-100 75 
Ordnance Gauging 200 200 

Subtotal 

Mineral Ex2loration 

Borehole Uranium 200 200 
Bore ho le Miner a I 25-120 100 
Underseas Mineral 140 140 

Subtotal 

Discrete SamE!lc Anallzer 

Cement in Soi I-Cement 10-20 25 
In-Place Concrete 5-10 20 
Wet Concrete 20-40 75 
Road Chloride 10-SO so 
Grain Protein 10-40 30 

Subtotal 

Neutron Radiosraehl 

R 6 0 (1 rog) 20-SO 60 
Field (S mg) 50-140 ISO 
Commercial (10 mg) 80-200 200 

Subtoul 

Neutron Multielicr 

Radiography 50-225 210 
A.i·tivllf;on An.al;t.,;., 50-1~0 :no 

Subtotal 

Nuclear Materials Assnl 

Fuel Rod Scanner 200 200 
Dulk Asny 30·60 3S 
Pellet Assay 30-60 45 

Subtotal 

Reactor Start-Ue 

Primary Start-Up Source 25 lS 

Subtotal 

Total 

Cost of Total. Business 
2ncf, $10' Vatuo of Devi.cs, 

10 90. 
10 90 

1 74 
s 70 

so lSO 

10 190 
I 99 

10 130 

l.S 24 
.4 20 

10 6S· 
I 49 
I 29 

10 so 
30 120 

100 100 

10 200 
10 200 

IS 18S 

-- 35 

" 

--

a. Acceptable is price that respondents believed 1o:ould be accepted b}' a bu}·cr. 

"-" ... J•& ,~ •• "il'!l!'l&l'b' 
CJ 19'15-1980 1 0. 5 ProbabitiEJ. 
Nwnber Of· Business 

$10> 061)ic8S Value, $10' 

30 2.7 
26 2.3 

,61 4.S 
3S 2.S 

--1. .J!d 
lSS 12.S 

18 3.4 
10 1.0 

--1. ~ 
31 4.8 

19 .s 
37 .7 
18 1.2 
19 .9 

___!l ___,! 

106 3.7 

19 l.C 
15 I.& 

.J2. ...!.:1 
SI 4.S 

12 2.4 
~ . .l.:..9. 

17 3.4 

ll 2.J 
12 ,J 

J ' 
29 3.0 

.E. .J..:.!_ 

.E. _!_:.!... 

.in· 33. 7• 

h. Afi~umed i:I prh:e that v.uthor or ~YH~~ !f!.Bnufacturcr believed necessary to market the device. 
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TABLE Ill 

1975 U. S. Market Forecast Sunvnary By End Use, 0.50 Probability 

On-Stn.•;un Proccs!i l:ontrol 

U Ore Grade Control 
U Mi 11 Feed Assa)' 
Sulfur in Coal 
Al I Other Ores 
Ordnance Gauging 

Subtotal 

Mineral Exploration 

Bnrr.hnl~ llrnninm 
Borehole Mineral 
Underseas Minera I 

Subtotal 

Discrete Sample Analy:cr 

Cement in Soi I-Cement 
In-Place Concrete 
\~ct Concrete 
Road Chloride 
Grain Protdn 

Subtotal 

~-e·u-~rg.n ~~diolr~ 
R&U {lmg) 
Field (3 mg} 
Commercial (IO mg) 

Subtotal 

Neutron M\lltiplier 

Radiographr 
Acthation Anair:>is 

Subtotal 

Nu\;lcar Materials A:;sar 

Fue 1 Rod Scanner 
Bulk Assay 
Pellet Assay 

Subtotal 

Real.'.:tor Start-Up 

Primarr Start-Up Sour.:c 

Subtotal 

Total U. S. 

Nu.mb.:1• 
or 
R..::1p,;m.1.:11ti; 75 76 77 78 

c'"" 
79 so 75-80 

s 10 15 
6. 6 6 
9 16 31 tl 

0 
___!_ 

.i 10 10 10 
_!_Q_Q_Q 

13 30 42 62 

6 6 
I I 

___Q _! _E. . _!. _Q --2. 

0 
0 s 
0 0 I 
0 0 0 

___Q _Q ___Q 

I 
I 

___!_ 

l:! 12 
s 10 

IS 

-2 -2. 
16 30 .i7 

0

8 10 13 I~ 

30 
26 
61 
3S 

---1. 
ISS 

IS 
10 

---1. 
31 

19 
37 
IS 
19 

_!l 
106 

19 
IS 

...!2. 
SI 

Huaineos Val1w $10' 
Ca 1.endar Year 
75 76 77 78 

0 0 
.36 .36 
.07 .30 

0 .07 . 28 

.-:..!2...-:..!2.~ 

.4S 

.S4 

.67 

. 70 
_o _ 

79 

.90 

.S4 
1.18 

. 70 
_o _ 

80 

l.3S 
. S4 

2. 29 
. 70 

_o_ 
.2 .6 1.1 2 • .S 3.3 4.9 

.19 .38 . S7 1. J.S 
.• .20 .20 .20 .10 

l.l.S 
. IO 

_o_ ....:..!.! _o_ ....=..!.! o ....:..!! 

_o_ 

.s 

.OS 

.04 
0 
0 
_o _ 

.I 

.b .9 1.2 l..S 

.11'." .10 . 12 

. 10 .12 . 24 

.07 .13 .33 
0 .10 .10 

!!..__ ~ _:..!.?.. 

.12 
• 2.1 
.6S 
• 74 

~ 
. S l.O 1.9 

.OS .OS .10 .IS .3S .2S 

.12 .2.S .36 .36 .36 .36 
....:...!,2....:2Q~~....:1Q~ 

.s .s .s .9 J.O 'i.o 

2.7 
2.3 
4.S 
2.S 

__.;.§. 
12.S 

3 . .S 
1.0 

_._4 

4.8 

.s 

., 
1.2 
.9 

~ 
3. 7 

1.0 
l.S 

_u 
4. s 

I I 
_Q. ____!. 

12 .20 .20 . .so . .io .60 .60 2.J 
_Q, ____!. I _2, Q_ ~ ~ _O_ _;lQ ....:1_Q ....!._& 

.4 .s .4 .s .s 

.37 .3'." .Sb ,,,, .37 ,37 

.M .~ .~ .~ .ITT .C 
~ -.:.Q:!. ....:..!!:!. --=...Q:.. ~ _o_ 

.4 .5 .s .; .4 

10 IU ~ ~ _!2. ~ 

21 :l'." SS 83 117 157 1.5 2.9 J . .J S.9 S.2 10.S 

3.J 

2.J 
.4 

3.0 

33. 7 

The survey results indicate a bright future for devices containing 252 Cf in the 
next five years. A cumulative U. S. total of 473 devices having a business value 
of $33. 7 million (1975 dollars) are forecast at 0.5 probability. It is assumed 
that the European Market will at least equal the U. S. Market. 

Tho moGt lu~l'11tivo mg,l'k~t &ogmont iG fol'OQO.Gt to be pl'ooooo oontrol 1 follo11od b>· 
mineral exploration and neutron radiography (Table IV): The market is in great 
need of prototype instruments and systems that can be used to demonstrate applica
tions to potential customers. Only by the development of these prototypes can the 
forecast markets be achieved. 
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TABLE IV 

Potential U. S. Business Value By Market Segments, 0.5 Probability 

Market Segment 

On-Stream Process Control 

Mineral Exploration 

Neutron Radiography 

Discrete Sample Analyzer 

Neutron Multiplier 

Nuclear Materials Assay 

Reactor Start-Up 

Total 

a. Details in Table III. 

Cwnul.ative 1975-BOa 

Business 
$10 6 

Value, 

12.5 

4.8 

4.5 

3.7 

3.4 

3.0 

1.8 

33.7 
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Devices 

155 

31 

51 

106 

17 

29 

84 

473 



CONCLUSIONS 

1. Californium-252 has had a remarkable history of industrial development since 
the isuLope was first isolated in 1952. 

2. The United States Energy Research and Development Administr;<1tion expects to pro
vide a continuing supply of 252Cf for sale on a world-wide ·basis. 

3. The nuclear industry, neutron radiography, process control, and neutron multi
pliers have the greatest near-term potential, but many more applications can 
be foreseen for the unique properties of 252 Cf. 

4. Rea 1 i zat ion of the full industrial potential of 2 5 2Cf wi 11 depend on the· devel
opment of prototype instruments and systems for evaluation by futur~ us~rs. 
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