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MEASUREMENT OF CARBON GRADIENT IN STAINLESS STEEL
BY 3He ACTIVATION AND AUTORADIOGRAPHY

Jack L. Parker and Dale M. Holm

ABSTRACT

A method combining activation by 3He irradiation with autoradiographic

techniques has been demonstrated to give good measurements of both carbon

concentration and carbon gradients in stainless steel.

surface of the sample is first activated by the

(3He energy of =6.5 MeV).

Carbon in the

12,3, 4

C(“He, He)llc reaction

Autoradiographs of the activated surface are

then made, the exposure being mainly by the positrons from the decay of

11 11, 20.4 min 11

the ~°C (T°C B+B++\)).

radiographs together with a measurement of the

Densitometric analysis of the auto-

llC activity induced in the

sample and a knowledge of reaction cross section, particle range, and other

parameters are used in the computations.

The technique is applicable to the

determination of carbon distributions in matrices with Z > 25.

INTRODUCTION
Acllvation analysis with 3He ions has been

1,2 to be a

demonstrated by Markowitz and Mahony
very sensitive method for measuring the concentra-
tions of elements of low atomic number in matrices
of high atomic number. Carbon is among the ele-
ments casily and conveniently detected by this
method. The short range of the 3He ions in solid
samples and the strong energy dependence of the
cross sections confine the activation to a thin
surface layer (which is typical of the Lulk uf the
sample if surface contamination is negligible). By
combining fhé techniques of autoradiography with
activation analysis, a map of the carbon concentra-
tion in the surface of a sample of steel (or any

other appropriate matrix) can be obtained.

3He activation 1s currentiy under investigation
at the Los Alamos Scientific Laboratory as a means
of determining carbon concentrations and gradients
in stainless steel cladding for carbide reactor
fuels.

3,4

Basically, the method™’" consists of first acti-

vating a fraction of the carbon in the surface of

12_.3, 4

the sample by the C("He, He)llc reaction. Then

~N

one or more autoradiographs are made by exposing
nuclear track plates to the irradiated sample.
Positrons from the decay of llc (20.4-min half-life)
pass through the photographic emulsion and deposit
a small amount of energy in transit. This energy
deposition makes the emulsion grains developable.
The decay curve of the activated sample is obtained
concurrently with the photographic exposure by
counting the coincidence pairs of 0.51-MeV gamma

rays from positron annihilation.

The decay curve, together with knowledge of
beam current, reaction cross sectionm, irradiation
time, and the range of 3He in the sample, gives the
average poncentration of carbon in the irradiated
area. The autoradiographs, when interpreted by
means of photographic density measurements and an
emulsion calibration, give the relative carbon con-
centration as a function of position. Combining
the results from the decay curve and autoradiographs
gives absolute concentration as a function of posi-

tion. Absolute concentrations can also be deter-

mined by comparing autoradiographs from samples of

known carbon content with those from samples with

unknown carbon distributions.



THEORETICAL

Since the electronic repulsion (Coulomb barrier)
of a nucleus increases with increasing atamid num-
ber (hereafter designated by the usual notation, 2),
charged particle activation analysis can be used to
detect elements of low Z in matrices of higher Z.5
The energy of the activating particle must be’
chosen so that it :is greater than the Coulomb bar-
rier of the low-Z element under analysis but less
than the barrier energy of the higher Z matrix e}a-
ment (or elements). Because of the barrier, the
bombarding ﬁarticles rareiy come close enough to .
the matrix nuclei to interact with thém, and thé‘
low-Z nuclei are preferentialiy activated to a V
degree depending on the difference in Z. The qaan-
tum mechanical tunneling effect (whe;eby”a particle
with less than barrier energy has, nevertheiess, a
small probability of penetrating the barrier) and
the concentration of the eiemenﬁ to be analyzed
determine the minimum difference in Z for which
activation analysis may be carried out without un-

due interference from matrix activation.

The magnitude of the Coulomb bartier is given

Vg = TR 1)y

where Z1 and 22 are the atomic numbers of the pro-
Jectlle and target, respectively, and e is the

charge on the electron. R is the effective nuclear
radius (the separation distance to which projectile

must. penetrate in order to interact), given by

R = 1.5 x.lO_la(AiB + Ag/é) , ' (2
where AlAand A2 are the respective atomic weights

of projectile and target nuclei.

A1 << A2 and 22

‘energy is roughly proportlonal to z

In general,

= A /2, and therefore the barrier
2/3

Many of the reactions of 3Be with low-Z ele-
ments produce energy (i.e., are exothermic reac—

12,3

tions). For example, in the C( He, He) C reac-

tion, 1.85 MeV of energy is produced. -Therefore,
if the bombarding ion can penétrate the nucleus by
tunneling or surmounting the -barrier, there is a
high probaBility that tha reaction will take place.

Figure 1 shows that tunneling is not vety important

because the cross section becomes significant just
above the Coulomb barrier energy of 3.1 MeV. The
cross section rises rapidly for several MeV to a
maximum value. .The decline from the maximum is
also typical and is caused by increasing competi-
tion witlh other reactions whiéh become more prob-

able at higher e energies.

These considerations give some insight into ghe

factors involved in 3He activation analysis; They

- imply that, in the detection of -carbon, concentra-

tions as low-as =10 ppm can be-measured in matrices
of Z >°25 with little interferencé from matrix

activation if the e energy is =6 MeV. A Van de
Graaff accelerator capable of ‘3:MV can give 6-MeV

3

energy to.doubly ionized Hezf particles.

The fundamental relation used in' determlnlng
the average concentratlon of carbon in the irradi-

ated area is

A
noRA-e

N = 3)

—At) ’

where

N =paverage number of carbon nuclei per cm3 ]
A = decay rate of Carbon at end of irradiation
N = number of “He nuclei striking sample’ each

» second (must be kept constant throughout
the irradiation if the relationship is.to’

hold)
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Fig. 2. Decay curve for stainless steel specimen aftcr irradiation.

Qal
]

average cross_section for the reaction
~ (function of “He energy)

R = 3He range in sample for the energy used
A = 0.693/1, He

t = duration of irradiation

= decay constant for

Several of the quantities in Eq. 3 need further
comment. The activity, A, at the end of the ir-

radiation,.is found by fitting the decay cutrve and
extrapolating to the end of irradiation. TFigure 2

is an example of a two-component curve.

In order to get the true activity, the effi-
ciency of the coincidence counting system must be
known. For simple one- or even two-component
curves, the fitting may be done by eye with reason-
able accuracy. Where accuracy is important and for
more complex curves, computer analysis, usually by

the method of least squares, becomes essential.

The average cross section is given to a good

approximation by6
€
aee) = (2/e%) /o(E) E dE , %)
0

where O0(E) 1s the differentiél cross section for
the reaction and € is the energy of irradiation.
For the lZC(3He,4He)llc féaction, G(E) and G(g) are
shown in Fig. 1. Because of difficulties in meas-—
urement, the uncertéinty in 0(g) is probably at
least +10%. The range, R, as a function of energy
may be found in various compilations.7’8 Because
of experimental and computational difficulties, R
may alse be uncertain by +10%. When all the uncer-
tainties are considered, N determined by Eq. 3 is

probably uncertaln by =20%.

EXPERIMENTAL
) A test sample was prepared by encapsulating
uranium carbide pellets and 2 g of sodium in a 1/2-

in.-diam, 0.063-in.-wall, Type 316 stainless steel



TANTALUM MASK

CURRENT
INTEGRATOR

STAINLESS STEEL
TUBING

POTTING

GROUND PLATE
Fig. 3. Schematic of irradiation geometry.

capsule. This capsule was heated in an inert at-

mosphere for 96 h at 750°C. After test; anaiysis
of the sodium showed that it contained 150 ppm car-
bon. Theltubing was cut at an angle of =30° with
respect to its own axis, potted,‘and.polished. It
was then mounted for irradiation, as shown in Fig.
3. A tantalum mask defined the 1.25 x 2.50 mm area
to be irradiated. Larger areas can be irradiated
uniformly by using two-dimensional beam sweeping
techniqqes, but the average beam density is
decreased. .

The sample was irradiated for 40 min in a Van
de Graaff generator with 20 nA of 6.5-MeV 3He2+
ions (machine energy 3.25 MV). As previously ex-
plained, the energy of 6.5 MeV was a compromise
dictated by the desire to have as high a.cross sec-
tion as possible four 11C production and by the
necessity of avoiding significant activation of. the
iron in the steel. Inasmuch as the sample was
known to have‘a maximum carbon concentration of
about 1%, 20 nA was adequate 3He2+ béam current to

give sufficient activation.

The decay curve (Fig. 2) was obtained by count-
ing in coincideﬂce the 0.51-MeV gapma pairs from
the annihilation of the positrons. The counting
systems consisted of two 3-in.-diam by 3-in.-long
l When the irradi-

ated area was covered by a Kodak NTB plate (0.065-

Nal crystals about 1.5 in.-apart.
in.-thick glass with 10-y emulsion),. all the gaﬁma
pairs came from what was nearly a poiht'source
because of the short range of. the positrons in
glass. The efficiency for this arrangement was =5%.
A counting interval-of 100 sec was used (=12 inter-

vals per half-life of 11 c).

“do not annihilate until they come to. rest. _The

“trons than to gamma rays.

Six autoradiograptis of‘tﬁe'staiﬁless'steel tub-
ing were made during the intervals in@icated in
Fig. 2. The "steps" in the curve are caused by the
escape of somé positrons ‘from between the Nal crys-
tals during 1ntervals .when no autoradlographlc
plate was on the sample The pos1trons have a

range of several centimeters in- air and generally

P

llO—min tomponent of the curve 1s from the decay of

18F from the reaction 0( He p) F. It is pres-

_ent mainly because ‘thé’ irradlated area contained a

, crack filled with oxygen- and carbon—bearlng ‘pot-

ting or grinding compound. Stainless steels also
contain randomly d1str1buted crystals of chromates
or 51licates which will cause black spots in auto-
radlographs and give a small 110-min eomponent to
the decay curve. Such spats from oxygen activation
are_seen in the autoradiegraph of plate 18 in Fig.
4. (The exposureoof,the’plates was heasuied by
counting for a predetermined number of gamma coin-

cidences.)

‘Although the annihilation of each: positron pro-
duces a pair of 0.51-MeV gamma rays, the emulsion
used is much more sensitive to electrons or posi-

Thus, the autoradiograph

is not blurred significantly by the annihilation

radiation.

The resolution of detail obtainable in the auto-
radiographs is a function of 3He range in the sam-
ple, the positron range in both the sample and the
autoradiographic plates, and emulsion thickness.

The range of a 6-MeV ?He‘iog in iron is about .0.001
in., and the range of the maximum energy positron

is at least several times.that.
gy of the positrons from llC is 0.96 Mev, and that
150 is 1.74 MeV.)

expend only a small amount of energy in traversing

(The maximum ener-

from In general, the positrons

the nuclear emu151nn, and it takes about 10 posi-

trons passtng through a graln to render the grain

developable.

Figure 4 shows two autoradiographs and a photo-
micrograph of the irradiated area of the sample.
Note that .the irradiated area has been rendered
visible by the ion bombardment. Also note the

crack at the lower right of the irradiated area.
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Autoradiograph and photomicrograph of irradiated portion of stainless steel specimen.

The intense exposure due to the activated oxygen
and carbon in the crack is evident in the autoradio-
graphs. Qualitatively, the carbon gradient in the

stainless steel is evident in both autoradiographs.

For quantitative determinations of the carbon
gradient, densitometer traverses were made at about
the center of each autoradiograph in the direction
of the gradient. Figure 5 is a typical densitom-
eter trace.
by 0.015 cm.)

cutoff at both sides of the irradiated area is due

(The densitometer aperture was 0.0005

The lack of sharpness in the density

to the particle ranges discussed above. In addi-
tion, at the high-density side of the densitometer
trace, some positrons found long paths through air
from the unpotted edge of the irradiated sample to

the emulsion, thus making a more gradual cutoff.

In obtaining the relative concentration of car-
bon, one must know the relationship between photo-
graphic density (roughly the degree of blackening
of the plate) and the exposure. This relationship
is nonlinear and must be established experimentally.
Figure 6 is an example of this relationship for

182

Kodak NTB emulsion exposed to a Ta B source.

Because small differences in processing produce

differences in the calibration curve, calibration
plates and autoradiograph plates should be from the
same emulsion batch and should be processed togeth-
er. In this experiment, the calibration plate for
comparison with the NTB plates was made after the
actual autoradiographs were exposed and developed,
This was unfortunate but necessary, because appro-

priate exposures had to be determined by trial and
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Flg. 5. Densitometer trace of autoradiograph taken

from activated stainless steel specimen.



error. Thus, the calibration curve (Fig. 6) ap-
plies to the various autoradiographs with varying
degrees of accuracy because of minor differences

in exposure and development among them.

This approximate calibration curve, when ap-
plied to three of the autoradiographs, gives the
results shown in Fig. 7. Considering the varia-
tions in exposure and development of the autoradio-
graphs, the results are quite consistent for the
sample of Fig. 4. It is obvious that, for the rela-
tive exposures to be directly proportional to the
carbon concentration, the irradiation must be uni-
form over the irradiated area. Accurate determina-
tion of the average carbon concentration from the
decay curve was not possible because of the unknown
contribution to the decay curve from the irradiated
material in the crack. However, it can be con-
cluded from the data that the average carbon con-
centration is =1.77% and the maximum at the inner
surface of the sample is =5%. These values are

consistent with the carburization conditions.

The relative concentrations determined by densi-
tometry of the autoradiographs can be made quanti-
tative in at least two ways. If samples of the
matrix material with a known, uniform carbon distri-

bution are available, they can be irradiated
2.0 T
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Fig. 6. Typical calibration curve for Kodak NTB

nuclear track plates.

identically to the unknown samples, and calibration
exposures can be made from them. If such samples
are not available or can not be irradiated conven-
iently, the average concentration over the area can
be determined by the method used in the example

above.

CONCLUSTIONS

This exploratory experiment shows clearly that
precise measurements of carbon concentration and
gradients in stainless steel can be obtained by the
technique described. The carBoﬁ gradient measured
ranged from about 500 to 5000 ppm, but concentra-
tions as low as 100 ppm should be easily measurable
under the conditions of these experiments. By in-
creasing irradiation time and beam current and by

3,10 the sensi-

using a more sensitive emulsion,
tivity could be increased by about a factor of ten.
The limiting factor is in obtaining sufficient B+
activity to expose the autoradiograph. Enough
activity for reasonable decay curves can be obtain-
ed at a much lower carbon level. The method can be
extended to obtaining gradients for two impurities,
if their half-lives are sufficiently different, by

comparing autoradiographs made at different times.
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