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ABSTRACT

The damage function, the average number of Frenkel pairs created as a
function of lattice atom recoil energy, was investigated in Cu and Ni using
in-situ electrical-resistivity damage-rate measurements in the high-voltage
electron microscope (HVEM) at T < 10K. Electron and proton irradiations were
performed in-situ on the same polycrystalline specimens using the Argonne
National Laboratory HVEM-Ion Beam Interface. Both Ni and Cu exhibit a sharp
rise in the damage function above the minimum threshold energy (~- 18 eV for Cu
and - 20 eV for Ni) as displacements in the low-threshold energy regions of
the threshold energy surface become possible. A plateau is observed for both
materials (0.54 Frenkel pairs for Cu and 0.46 Frenkel pairs for Ni) Indicating
that no further directions become productive until much higher recoil
energies. These damage functions show strong deviations from simple
theoretical models, such as the Modified Kinchin-Pease damage function. The
results are discussed in terms of the mechanisms of defect production that
govern the single-displacement regime of the damage function and are compared
with results from recent molecular-dynamics simulations.
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INTRODUCTION

Analyses of irradiation effects experiments often require knowledge of
tha number of point defects (Frenkel pairs) produced in a particular irradia-
tion, I.e., the total cross section for Frenkel pair production or displace-
ments per atom (dpa). A fundamental quantity in dpa calculations is the
damage function, the average number of stable Frenkel pairs created as a
function of lattice atom recoil energy. The damage function is important for
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prediction and correlation of damage production in various irradiation
environments, e.g., fission or fusion reactors, yet, in general, the damage
function cannot be measured directly by experiment. The total cross section
for Frenkel pair production is an experimentally measurable quantity that for
electron irradiation is related to the damage function by:

• { ' • " '
od(E) -j v(T) ̂ d T (1)

where E is the electron energy, do/dT is the Mott differential scattering
cross section [1], T is the recoil energy, Tm(E) is the maximum recoil energy
transferred in a head-on collision, od(E) is the total cross section for
Frenkel pair production and v<T) is the damage function. In order to
determine the damage function from experimental measurements of the total
cross section for Frenkel pair production, a deconvolution of Eq. (1) must be
performed.

Because there is no comprehensive experimental determination of the
damage function for any material, a great deal of emphasis has been placed on
the Modified Kinchin-Pease [2j model (MKP) damage function which is given by:

0 for T < Td,eff

1 for Td,eff * T < 2'5 T d.efff

°'8 E for T > 2.5 T,
2Td.eff d'eff

where E is the corrected mean damage energy [2] and T^ -£ is the effective
threshold energy. Evidence of the inherent inadequacy'or these models has
appeared in the literature (e.g. see Ref.3) Indicating the need for a detailed
experimentally determined damage function. Such a damage function would
provide more accurate predictions of defect production than the Modified
Kinchin-Pease model. Further, the "real" damage function would also carry
information on basic defect production mechanisms.

In the present work, electrical-resistivity damage-rate measurements were
carried out in-situ at T < 10 K in the HVEM. Polycrystalline samples of Ni
and Cu were irradiated with HVEM electrons in the energy range 0.4-1.1 MeV and
with protons in the energy range 0.1-1.0 MeV using the HVEM-Ion Beam Interface
at Argonne National Laboratory. Using a fitting procedure, Eq. (1) was un-
folded to yield damage functions for both Ni and Cu.

BASIC PRINCIPLES

Experimentally we measure the damage rate, dAp/d<t>, where Ap is the
Irradiation Induced resistivity change and $ is the particle dose. Correction
of the measured damage rates for the so-called "saturation" effect yields the
damage rate in the undisturbed lattice or the initial damage rate. These
initial damage rates are proportional by the Frenkel pair resistivity, pp, to
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the total cross section for Frenkel pair production. The Frenkel pair
resistivity clearly plays an important role in deconvolution of Eq. (I) to
extract the damage function. Because the Frenkel pair resistivity is a
scaling factor, unless it is known e.g., from Frenkel pair concentrations
determined by diffuse x-ray scattering experiments or frosa analysis of
threshold energy anisotropy experiments, only the quantity PpV(T) can be
determined [A]. Since Eq. (1) cannot be unfolded analytically to determine
the damage function, a trial and error fitting procedure was employed to
obtain an optimum fit of total cross sections calculated from Eq. (1) based on
a trial damage function to the total cross sections measured experimentally.
Two approaches to the fitting procedure are possible. First, if the Frenkel
pair resistivity is known, v(T) is v ried to obtain a good fit to the
experimental data. Second, if v(T) is known but pF is not, pf can be adjusted
to give a good fit. In Cu, the damage function and Pp have been determined
from threshold energy anisotropy experiments [5,6]. In such experiments, the
damage function is less susceptible to systematic errors than pp, therefore,in
the present analysis the damage function was fixed and optimization was
carried out with respect to Pp. In the case of Ni, diffuse x-ray scattering
experiments [7] have given the best estimate of pp which was used to derive
v(T).

EXPERIMENTAL

The experiments were carried out at the High Voltage Electron Microscope-
Tandem Accelerator Facility at Argonne National Laboratory which consists of a
1200 keV KRATOS-AEI EM7 high voltage electron microscope coupled via the
Argonne Ion Beam Interface to a 300 keV and a 2.0 MeV ion accelerator. Speci-
mens were located in a side-entry type, helium-temperature specimen stage with
the capability of making in-situ electrical resistivity measurements at T <
10 K. The Nl and Cu specimens used in the present investigation were poly-
crystalline thin films ~ 2000 A thick. The Cu specimens were prepared by
vacuum evaporation onto a room temperature NaCl single crystal substrate
coated with a thin carbon film. Ni specimens were prepared by electron beam
evaporation onto a heated (250 C) single crystal NaCl substrate. All samples
were irradiated at ~ 30 degrees tilt with respect to the electron beam where
the effect of possible crystal texture on the measured damage rates was
confirmed to be negligible. The method of mounting the sample and producing
the shape necessary for four-point dc electrical resistivity measurements is
described in Ref* 8.

Experimental Procedure

Each specimen was irradiated at i.l MeV, the reference energy, with
electrons to establish the initial portion of the saturation c-irve- Following
this, damage rates were measured as a function of incident electron energy
between 0.4 and 1.1 MeV. Finally, the sample was irradiated at the reference
energy to approximately 0.5 of the saturation resistivity which we define as
the x-intercept of the linear portion of the damage rate vs. irradiation
induced resistivity curve. The experimental data was corrected for the
saturation effect and the electrical resistivity size effect as described in
Ref. 6 and 8 to obtain the initial damage rate.
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RESULTS AND CONCLUSIONS

Figure I shows a plot of the total cross section for Frenkel pair
production as a function of incident electron beam energy for Cu. The
detailed damage function of King et al. [5,6] was used in the energy range
< 30 eV and the Frenkel pair resistivity was adjusted to give a good fit to
the polycrystalline damage rate data. The procedure resulted in a value of
the Frenkel pair resistivity for Cu of 2.6 x 10" Il-cm [91 in good agreement
with that derived in the single crystal

experiments, 2.75(^2) x 10~ fl-cm [5,6]. The resultant damage function,

plotted in Fig. 2, exhibits a plateau at 0.54 Frenkel pairs, slightly lower
than the single crystal plateau. This damage function exhibits marked
deviations from the Modified Kinchin-Pease model. Although both experiment
and model show a sharp onset of defect production, the experimental result
Indicates that a plateau in the damage function exists at a value of v(T) <
1. This plateau at 0.54 Frenkel pairs is observed to extend to quite high
energies (- 7 T^ .R) when the high energy electron data of Wurm [10] and
Dworschak et al.'[Ill are Included in the analysis [91. Further experiments
in which samples are irradiated with both electrons, protons, and self-ions
are required before more firm conclusions can be drawn about the extent of the
plateau and the onset of multiple defect production.

-4
The damage function of Fig. 2 and Frenkel pair resistivity, 2.6 x 10 ft-

cm, are found to be in good agreement with the results of single crystal
irradiations of King et al [5,6]. The apparent disagreement at v(T) > 0.5
(see Fig. 2) arises from the lnsensitivlty of the single crystal experiment to
the high threshold energy regions of the threshold energy surface. Therefore,
detailed comparisons can only be made below the plateau [9].

Recently, King et al. [5] used molecular dynamics computer simulation to
calculate the threshold energy surface and damage function for Cu. Their
results also indicate that such a plateau exists in the damage function at ~
0.5 Frenkel pairs. This plateau was observed to extend to - 5 T. m i n, which
is considered to be in agreement with our analysis. Although the'low energy
portion of the damage function has been established with relative certainty,-
the rate at which the onset of multiple defect production occurs is somewhat
in question. When results from previous ion and neutron irradiation
experiments are used in conjunction with our results (see Ref. 9), multiple
defect production is observed to pccur quite rapidly compared with, e.g., the
damage function determined from molecular dynamics simulation [5]. This is at
variance with results from thermal neutron experiments [12] which in the case
of Cu give a measure of the damage function over a rather narrow range of
recoil energies (1.83 Frenkel pairs at 480 eV median recoil energy [13]).
This result is in good agreement with molecular dynamics simulation [5].
Further electron and ion irradiations are required to resolve this difference.

The total cross section for Frenkel pair production in Ni as a function
of Incident electron beam energy is plotted in Fig. 3. These experimental
results are in good agreement with the measurements of Lucasson and Walker
[14]. The damage function determined from this data is shown in Fig. 4. As
in the case of Cu, Ni also exhibits a sharp onset of defect production which
is followed by a plateau at 0.46 Frenkel pairs. The minimum threshold energy
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is ~ 20 eV. Preliminary proton irradiation data indicate that the plateau
extends to "- 80 eV before the onset of multiple defect production begins. As
in copper, the existence of such a plateau means that "• 1/2 of the threshold
energy surface is of low energy, <30 eV (most likely the regions surrounding
<10G> and <110>). The remainder of the threshold surface is of much higher
threshold energy, >80 eV.

Of course these results are strongly influenced by the value of pp that
is chosen. The value chat was used for Ni, 7x10" ft-cm, is from the diffuse
x-ray scattering work of Bender and Ehrhart [7] assuming a vacancy relaxation
volume of -0.22 atomic volumes and is felt to be the best available value.

Clearly the results suggest that the damage mechanisms in copper and
nickel are very similar. The threshold energy surfaces have regions surround-
ing the low index directions <100> and <110> that are within ~ 10 eV of the
minimum threshold energy. In these directions it is relatively easy to
generate a replacement collision, chain that will efficiently transport the
interstitial out of the recombination volume of the vacancy. On the other
hand, the remainder of the chreshold energy surface is of much higher thresh-
old energy (£ 5-7 T. _*„)• The corresponding plateaus in the damage functions
at v(T) -0.5 are a key feature of this work. Although the exact extent of
the plateaus have yet to be established, they extend to at least 5 T. _«„•
Further experimentation using proton and self-ion irradiation is expected to
elucidate the extent of the plateau and the onset of multiple defect
production.
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Figure 1. ToCai cross section for
Frenkel pair production as a
function of electron energy for
Cu. Present experimental results
are plotted along with those of Wurm
[10] and Dworschak et al. [11].
Calculated curve based on damage
function shown in Fig. 2.

Figure 2. Damage function for Cu
determined from the data in Fig. 1
along with the damage function
determined from single crystal
experiments [5,6].
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Figure 3. Total cross sections for
Frenkel pair production as a
function of electron energy for
Ni. Calculated curve based on
damage function shown in Fig. 4.

Figure 4. Damage function for Ni
determined from the data in Fig. 3.


