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RADIATION DAMAGE BY 252 Cf FISSION 
FRAGMENTS AND ALPHA PARTICLES* 

' 

T. H. Gould, Jr. 
W. R. McDonell 

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

Aiken, S. C. 29801 

ABSTRACT 

Rates of atom displacement and helium injection in mate
rials exposed to 252Cf fission fragments and alpha particles 
were calculated to establish the potential for use of 252Cf 
sources for radiation damage studies. Maximum displacement 
rates of about 10- 6 dpa/sec at the surface of typical targets 
exposed to a 252Cf fission fragment source were comparable to 
those experienced by materials in a fast breeder reactor or 
in a controlled thermonuclear reactor (CTR) first wall, though 
much lower than the displacement rates achieved using particle 
accelerators. Helium was concurrently accumulated at a rate 
of 3 x 10- 4 atom ppm/sec at the target surface, yielding a 
He/displacement ratio 10 3 times that produced in the fast 
breeder reactor material~ but only about 20 times that pro
duced in the CTR materials. These comparisons suggest that 
252Cf fission fragment sources may find useful applications 
in studies of effects of high-He conte~t on radiation damage 
in CTR materials. 

INTRODUCTION 

Accelerator-generated charged-particle irradiations have proved 

effective for simulating fast-neutron damage in materials for fast 

breeder or controlled thermonuclear reactors (CTR). 1 The intense beams 

of high-energy particles that can be generated by the accelerators pro

duce in a few hours effects that are equivalent to several years of re

actor service. Intensities of charged particles such as alpha particles 

*The information contained in this article was developed during 
the course of work under Contract No. AT(07-2)-l with the U. S. 
Energy Research and Development Administration. 
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from radionuclides are generally too low for practical use in such 

damage-simulation studies, .although fission fragments produced during 

neutron irradiation of fissionable 235U have been employed in some 

studies. 2 

During studies of effects of 252Cf radiations on neutron-source 

capsule materials, it became apparent that 252 Cf fission fragments could 

cause significant atom-displacement damage to adjacent materials. The 

displacement damage produced by the fission fragments would be accompan

ied by injection of high concentrations of helium resulting from 252 Cf 

alpha decay, indicating that the 252Cf sources might prove useful in · 

simulating radiation damage in high-helium generating environments, such 

as the CTR. 

RESULTS 

Californium-2S2 decays with a half-life of 2,65 years by competitive 

alpha emission (97%) and spontaneous fission (3%). 3 '~ Of the 1.28 x 10 1 ~ 

fission fragments produced per gram per second, half (light group) are 

emitted with average kinetic energy of 104.1 MeV, average atomic number 

of 42, and average mass of 106.4. The heavy group of fission fragments 

are emitted with average energy 79.2S MeV, atomic number SS, and mass 

141.7. Like other heavy particles, the 252Cf fission fragments displace 

atoms in materials in which they are absorbed, forming vacancies and in-

. terstitials which agglomerate at appropriate temperatures into micro

scopically observable voids and dislocations. 5 Alpha particles also pro

duce lattice damage and leave implanted helium atoms that promote forma

tion of voids at intermediate temperatures and form gas bubbles at high 

temperatures. The ultimate consequences of these effects are a potenti

aiiy deleterious swelling of the exposed material and changes in other 

properties such as mechanical strength. Quantitative assessments of 

the damage produced by the 252Cf fissiop fragments and alpha particles 

are made in the following sections. 
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Displacements Produced by Fission Fragments 

The rate of target-atom displacement produced by 252 Cf-source fis

sion fragments was calculated using a modification of the method of 

Kulcinski, et al. 6
'

7 to predict displacement rates produced by acceler

ator-generated heavy ions. The model, as described in the Appendix, 

employs the Lindhard, Scharff, and 'Schiott (LSS) theory8 to determine 

the energy lost by fission fragments in primary nuclear collisions, 

and the· Kinchin and Pease approximation 9 to determine the rate of dis

placement of atoms in a target lattice. The fraction of energy given 

up by the fission fragments in primary collisions which subsequently 

goes into the production of higher order displacements is determined 

by the method of Doran a.nd KuJ.dnsk.i. 7 

In contrast to the accelerator-generated ions, which are emitted 

as a monoenergetic, unidirectional beam, fission fragments from a 
252Cf source are generated within a discrete source volume and are 

emitted with variable energy and direction. This characteristic of 

the fission fragments require.that the displacement rate at a given 

. point in a target be determined by integration of effects of frag

ments originating at different points in the californium source. If 

the simplifying assumption that the range of the fission fragments in 

the source material is equal to their range in the target material is 

made, and a Gaussian distribution about the mean particle range is 

used for the spatial dependence of the rate of nuclear energy transfer 

in the source and target, the rate of atom displacement at a given pene

tration distance in a target material exposed to a 252Cf source is 

approximated by Eq. (1), as derived in the Appendix: 

where 

D(x) ~ NfET (1 - . ~) for x < R-2a 
4EdN R -

D(x) = rate of atom displacement at x, dpa*/sec, 

x = penetration distance into target, µm, 

(1) 

Nf = number of fission fragments generated in source/cm 3sec, 

ET= energy transferred to lattice atoms in nuclear collisions, eV. 

N =number of target atoms/cm 3
, 

* Displacements per atom (dpa) represents the fraction of total atoms 
displaced during irradiation. 
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Ed = displacement energy, eV, 

R = mean range of fission fragments in source and target 
materials, µm, 

a= effective range-straggling parameter, µm. 

Values for ET, R, and Ed that were used to calculate the displacement 

rate for aluminum and iron targets exposed to 252 Cf fission fragments 

are listed in Table 1. Since a is about 1/10 the range R, Eq. (1) 

_applies over about 80% of the total penetration distance of the par

ticles. 

For a source with a density of 10 g/cm 3 containing 20% 252 Cf 2 03 

(remainder impurities), the number of fission fragments (Nf) in each 

of the mean light (MLF) and mean heavy (MHF) groups ~s l. 2 ;x; l0 12 /cm 3 

sec. Exposure of a 0.3-cm2 target area to a source containing 6 mg 252Cf* 

would displace atoms at a maximum rate of about 9 x 10- 7 dpa/sec in 

aluminum and about 1 x 10- 6 dpa/sec in iron. The atom-displacement 

rates for the MLF and MHF groups are shown as a function of penetra-

tion distance into the aluminum targets in Fig. 1. Damage decreases 

approximately linearly from a maximum at the target surface to about 

50% at a penetration distance of 7 µm (40% of the particle range). 

The maximum displacement rates produced by 252Cf fission frag

ments at the target surface are comparable to those expected for mate

rials in EBR-II and a CTR first wall, 10111
'

12 as shown in Fig. 2, and 

are at least an order of magnitude higher than the displacement rates 

obtained in a thermal reactor. They are, however, several orders of 

magnitude lower than those typically produced with charged-particle 

accelerators. Irradiation of a highly enriched 235U source in a thermal 

reactor would be required to achieve the displacement rates obtained 

with a particle accelerator. 

He1ium Atom Concentrations 

Concurrent with fission fragment emission, 252Cf emits alpha par

ticles with average kinetic energy of 6.1 MeV at the rate of 1.92 x 10 13 

alphas/g sec,resulting in the deposition of helium atoms in an adjacent 

target. If, as in Eq. (1), equal range for the alpha particles in 

* The 6-mg 252Cf source, equal in thickness to that required for maxi
mum He concentration in an adjacent target, is about twice the thick
ness required to produce the maximum displacement rate. 
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source and target material is assumed, and the unidirectional deposi

tion of alpha particles is approximated by a Gaussian distribution about 

the particle range, the rate of deposition of helium atoms as a func

tion of penetration distance in the target is of similar form to Eq. 

(1): 

where 

Sv ( x) N(x) ~ 2 1 - R for x ~ R - 2a 

N(x) = rate of He deposition at x, particles/cm 3 sec, 

x = penetration distance into target, µm, 

(2) 

S = rate of generation of alpha particles, particles/cm 3 sec,· v 
R = mean range of alpha particles in source and target materials, µm, 

u. effective range-straggling parameter, µm. 

Eq. (2) applies over about 98% of the alpha-particle range; since the 

range-straggling parameter a is about 0.01 R~ 3 The range in aluminum 

of the 6.1-MeV 252Cf alpha particle, as calculated from range data for 

protons! 3
'

14 is about 30 µm, or twice that of the 252Cf fission frag

ments. An aluminum target exposed over a 0.3 cm2-area to a 6 mg-

252Cf source emitting 3.5 x 10 13 alpha particles/cm 3 sec would be 

injected with He atoms at a maximum rate of 3 x 10-4 atomic ppm/sec 

at the target surface, decreasing approximately linearly to zero 

at the 30 µm particle range. The maximum concentrations of helium 

produced, compared in Fig. 2, are a factor of 30 times that expected in. 

the CTR first wall materials, 10 ' 11 ' 12 and 1000 times that in EBR-II~ 2 ' 15 

The ratio of He atoms to displaced atoms at the specimen surf ace is 

about 350 atomic ppm/dpa, increasing with increasing penetration due to 

the greater range of the alpha particle, as shown in Fig. 1. In iron, 

the relative concentration of He atoms to displaced atoms at the surface 

is about 225 atomic ppm/dpa. Californium-252 sources having thicknesses 

between the ranges of the fission fragments and the alpha particles 

would have lower He-to-displaced-atom ratios. 

The displacement damage induced in the metal target by 6.1 MeV-

252Cf alpha particles was estimated using the model derived by Kinchen 

and Pease for Rutherford collisions. 9 In aluminum about 300 displace

m~nts per alpha particle occur. If a damage distribution similar to 
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that defined by Eq. (2) is assumed, the alpha-induced displacement 

rate at the target surface _will be about 9. x lo-:- 0 dpa/sec or 10% of 

the number of displacements produced by the fission fragments. 

Radiation Damage Effects 

The radiation damage produced by 252Cf fission fragments and 

alpha particles would be manife.sted in several ways, depending on 

target material. Displaced-atom densities of 10 dpa can be realized 

in target materials exposed to a 6-mg 252Cf20 3 source for 120 days. 

At intermediate temperatures (0.3-0,6 absolute melting point), 

microscopically observed voids and interstitial dislocation. loops are 

furm~d in ptire metals after 0.1 dpa and produce volume changes ex

ceeding a few t.enths of a percent after 1 dpa. 5
·' 

16 Equivalent effects 

are produced in more swelling-resistant alloy~ such as stainless steeL 

at 10 times these exposures or higher. In the low-melting material~ 

such as aluminum, such damage is produced at just above room tempera

ture, but in higher-melting materials, such as stainless steel, damage 

is ob_served at temperatures of 500°C or more. 

The high He-to-displacement ratio provided by 252Cf sources, com-

pared to the ratio for other radiation sources in Table 2, should produce 

effects that are of special interest in CTR materials studies. Helium 

g~nerated dur!ng HFIR irradiations of·Type 316 stainless steel by the suc

cess:ive slow n&utron capture reactions 58 Ni(n,y) 59Ni(n,a) 66 Fe concurrent with 

displacement damage by fast neutrons produces swelling at intermediate 

temperatures that is considerably greater than that expected from void 

formation in the absence of helium. 12 The swelling, moreover, persists 

to high temperatures because.of gas-bubble formation. Concentrations 

of cavities generated in the high-helium environment are an order of 

magnitude greater than those expected for void concentrations in the 

absence of helium, and the cavities, like gas bubbles, form preferentially 

at grain boundaries and precipitate-matrix interfaces. Similar or more

pronounced ef:f;ects of high-helium content should be produced by 252 Cf 

fission fragment sour~es in a variety of target materials. 
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Atom displacements caused by fission fragments in non-cubic met

als such as orthorhombic uranium produce anisotropic growth effects 

as well as swelling. Such effects, due to preferred orientations of 

the defect agglomerates produced by vacancies and interstitials, are 

well known in uranium fuel elements. 17
'

18
' 19 Typical consequences 

include external changes in shape and surface roughening indicative 

of severe internal grain distortions at low temperatures and large 

irregular cavities due to related intergranular stresses at· inter

mediate temperatures. Such effects are pronounced in uranium after 

burnups that produce about 3 x 10 19 fission fragments/cm 3 , which is 

approximately equivalent to 1-1/2 years' exposure to a 252 Cf source. A 
25 2Cf source could thus be employed to characterize the anisotropic 

growth effects expected during reactor exposure of nonfissionable 

hexagonal metals such as magnesium, zirconium, and titanium. Effects 

of' high-He content on the damage sustained by these metals are also of 

interest. The gas-to-displacement ratio produced by 235U fission frag

ments is included in Table 2 for comparison with the ratio provided by 

a 252Cf source. 

LIMITATIONS ON USE OF 252 Cf SOURCES 

Limitations on the use of 252Cf fission fragment sources in radi

ation damage studies do not appear to present insurmountable difficul

ties. The 252Cf must be employed in relatively large quantities (3-6 mg) 

for maximum effect. However, inventories of the nuclide that would ac-. 

·commodate use of these quantities are available. The 252Cf must be 

handled behind relatively thick neutron shielding, typical of that em.

ployed during source preparation. 3 

Since the ranges of the fission fragments and alpha particles are 

limited, only thin sections of target materials exposed to 252Cf radia

tion would 5uffer damage. Thin foils would be best suited as target 

specimens. Special fission fragment source designs that would allow 

close proximity of source and target would be required, and provision 

for removal of heat generated in the target would be necessary. Micro

scopic examinations and volume measurements of target foils could be 

performed by using techniques that were developed for specimens irradi

ated with accelerator-generated cha~ged particles. 
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Sources of radioactivity in the exposed target include 252 Cf 

contamination, neutron-induced activities, and residual fission 

products. Contamination could be eliminated by appropriate cleaning. 

The neutron-induced activity levels would depend on cross sections of 

the target material and its impurities. Calculations of activity 

from residual fission products indicate that dose rates of less than 

10 mr/hr at 1 meter would be encountered from the targets after 120-

day exposures. 
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APPENDIX 

Displacement Rate Calculations 

To reduce the complexity.of calculating the atoms displaced by 

fission fragments emitted from a source of finite volume, the follow

ing two assumptions were made: 

1. The ranges and rates of energy loss of the fission frag

ments are equal in source and target materials. 

2. The nuclear energy transfer function, Sn(r), calculated 

by the method of Ref. 6, can be replaced by a Gaussian 

distribution about the mean range R of the fission frag

ment g~oup (see Fi~. A.l).· 

The first approximation (equal fission fragment ranges in source 

and target) slightly overestimates the damage rate in aluminum, since 

the calculated ranges of the MHF and MLF fragments in californium ox

ide (taken as Cf 20 3 ) are about 20% less than those in aluminum. For 

an iron target, the damage rates calculated by this model are slightly 

underestimated. 

The second approximation greatly simplifies the spatial integra

tion over the product of flux and energy transfer.function Sn(r). The 

energy transferred in primary collisions can be expressed as 

where 

S (r) = ~ exp - !.::__ E [ ( R)2] 
n a {'ii' a 

Sn(r) =nuclear energy transfer function, eV/µm, 

r = distance along particle track in source or target 
material, µm, 

E = total energy transferred in primary collisions, eV 
(integral of Sn(x), Fig. A.l), 

a= effective range-straggling parameter, µm, 

R = mean range of fission fragments in source and target 
materials. 

(Al) 
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The effective range-straggling parameter a was estimated from 

a 2 = aL 2 + aE 2 where aL represents range straggling from LSS theory,8 

and aE, the range dispersion associated with the group's energy dis

tribution. The range-dispersion parame.ter aE, which is the dominant 

term of this equation., was determined from the experimental energy 

distribution of 252Cf fiss1on fragments measured by Schmitt and 

Pleasonton. 21 Conversion from energy dispersion to range dispersion 

was made with the aid of energy-range relationships derived from LSS 

theory. Values. of effective relative straggling for the MLF and MHF 

fragments are given in Table 1. 

The source geometry considered by this model is shown in Fig. A.2'. 

The fission fragment fiux at a distance r from a small voh1me ele

mentdV in the source is Nf·dV/4'1Tr 2
, where Nf is the source.density 

(fission fragments/cm~. The displacement rate D(r) (in dpa/sec) at r 

due to fission fragments emitted from dV can be approximated by 

NfdV wSn(r) 
D(r)dV - • for dV - 2Tir 2 sine drd0 - 4'1Tr 2 2EdN - (A2) 

where w is a correction factor to account for energy lost to electrons 

by primary and secondary knockons, Ed is the displacement energy, 

(in eV), N is the number of targ~t atoms/cm 3
, and 0 is the angle of 

fission fragment track in target (Fig. A.2). Integrating over the 

effective source volume gives 

where 

2 
-wE 11 f Rm Nf . 

D(x) = ZE N 2'TT r 2 dr --2 • 
. d ~r. 

1 ( r-R) -- exp --.-
av'TI a 

x/Rm x/µ 

D(x) ·= rate of atom displacement at x, upa/see, 

x = penetration distance into target, µm, 

µ = cos 0 (Fig. A.2), 

Rm = maximum projected range of fission fragment, µm. 

(A3) 

The upper limit on the second integral can be extended to infinity 

without changing the value of the integral. Carrying out the inte

.grations in Eq. (A3) as far as possible in closed form gives 
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(1-x/R) + 

R-x 

axf a erf(v)dv 
(R-av) 2 

R-Rm · 
a 

(A4) 

1 where v = a(R-x/µ) and ET = wE. For practical purposes, the maximum 

range can be set equal to the mean projected range plus twice the strag

gling parameter, that is Rm = R + 2a. If this substitution is made for 

Rm, Eq. (A4) can be approximated by 

D(X) for X<R-W. 

or 

(AS) 

for a of the order of O.lR or less. Thus, the atom displacement rate 

is expected to decrease almost linearly with the depth of penetration 

of the fission fragments. 
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Table 1. Parameters used to Calculate Displaced-Atom 
Densities in Aluminum and Iron 

Aluminum Iron 

Parameter MLF MHF MLF MHF 

Energy Transfer, 2.0 3.0 2.6 3.8 
Er(MeV) 

Range.a R (µm) 16 13 8.0 6.3 

Displacement Energy, 30 30 25 25 
~d f eV) 

Range-Straggling Parameter 0.08 0.11 0.08 ·0.11 
Ratio, aiR 

·a. Calc1,1lated from LSS theory. 8 

Table 2. Rates of Displaced Atom and Helium GeneFation 

Generation Rates 
Source dpa He(ppm) 

EBR-Ila GO 12 
235U fiss. frag. (0.03 a/o bu)b 60 90(Xe + Kr) 
CTR (Wisc)a,a 18 285 

HFlRa 60 1,900 
2s2cf fiss. frag. + alpha (6 MeV) 28 8,300 

a. Ref. 12 

b. Assuming 200,000 displacements per fission (Ref. 20). 

a. Ref. 10 and 11. 

~Eer l:'.:ear2 
He (pplJl)/dpa 

0.2 

1.5 

16 

32 

300 

d. Assuming exposure over 0.3 cm2 area to 20% pure Cf20 3 source 
containing 6 mg 252Cf. 
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FIGURE LIST 

Caption 

Fig. 1. Atom Displacement Rate and He Generation-to-Displacement 
Ratio Prpduced in Aluminum by 252Cf Radiation~. · 

Fig. 2. Rates of Displaced Atom and Helium Generation Produced 
by Several Radiation Sources. 

Fig. A.l. Energy Loss Rates for the Mean Heavy Fission Fragment 
in Aluminum. 

Fig. A.2. Source-Target Geometry. 
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. e:. a The solid curves designated ( £f )e and (~~)n represent the energy 
loss rates in electronic collisions and whole-atom or nuclear collisions, 
respectively. The dashed curve, Sn(r), represents the nuclear energy 
loss rate after straggling effects are account~d £or. 
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