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Experiments on the sputtering of single-crystal gold by fast neutrons at temperatures less than 40 K are
reported. Prior thermal-neutron activation of the gold crystals permitted a determination of the spatial
distribution of sputtered atoms by autoradiography. Sputtering yields were determined by 7 counting. The
neutron flux and energy spectrum were determined and damage parameters were calculated for gold. An
average sputtering ratio of 8.0 X 107% sputtered gold atoms per incident neutron (E > 0.1 MeV) was found
with an uncertainty of 434%. The spatial distribution of sputtered atoms was found to be very nearly
random. The present experiment is compared in detail with other fast-neutron sputtering experiments and

theories.

I. INTRODUCTION

The sputtering or ejection of surface atoms by
high-energy-particle irradiation has been the sub-
ject of considerable experimental investigation
for about 20 years. The majority of sputtering ex-
periments have involved the bombardment of metal
surfaces with energetic ions. The basis for much
of our interest in sputtering has been the recog-
nized close connection between the physics of sput-
tering and the physics of radiation-damage phe-
nomena in the bulk. The recoil cascade that pro-
duces a distribution of vacancies and interstitials
in the bulk can also produce sputtering when that
cascade occurs near the surface. The experi-
mental investigation of sputtering is a unique tool
with which to study the physics of defect cascade
formation, a process of very short duration
(1071310 sec). ‘

Very little previous work has been accomplished
on the sputtering of solids by fast-neutron bom-
bardment. Recently, however, a number of sput-
tering experiments have been performed with 14-
MeV neutrons in order to gain insight into poten-
tial technological problems associated with the
containment vessel wall of future nuclear-fusion
reactors. The lack of agreement among previous
experimental results on both fission- and fusion-
neutron sputtering, and the limited accuracy of
individual measurements, have been discouraging.
The experimentally determined sputtering ratios
(number of sputtered atoms per incident neutron)
for gold, a widely studied metal, have ranged over
three orders of magnitude. The major factors that
interfere with the accurate determination of sput-
tering yield in a neutron-radiation environment
are the low signal-to-background ratio and the con-
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tamination problems associated with the measure-
ment of extremely small quantities (10*°-10*3
atoms) of an'element. These problems have been
especially severe in sputtering experiments with
14-MeV neutrons, where the neutron-source
strength (and hence sputtering yield) is typically
two or more orders of magnitude below that of a
fission-neutron source.

We are primarily interested in sputtering as a
means to investigate mechanisms of radiation-
damage production during fission-neutron bom-
bardment. We have investigated focused collision
sequences and other possible mechanisms for di-
rectional sputtering; the intersection of high-en-
ergy recoil cascades with the surface as a mech-
anism for direct sputtering, and the contribution
to sputtering of the so-called thermal-spike mech-
anism.

Single-crystal gold was chosen as the material
for the present study for several reasons. Single
crystals were used to detect sputtering that might
take place along major crystalline directions.
Gold was chosen because it lacks a significant
oxide layer and because it has been used in most
previous work on neutron sputtering. Gold pos-
sesses convenient nuclear properties for the ap-
plication of neutron-activation analysis techniques.
The techniques employed in most previous neutron
sputtering experiments involve neutron activation
of the sputtered and collected atoms along with the
collector material during or following the sputter-
ing irradiation. However, high background levels
from the activated collector can give misleading
results and make a determination of the spatial
distribution of sputtered and collected atoms vir-
tually impossible. This was found to be the case
in our earliest published work on the neutron sput-
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tering of gold.! For these reasons a technique of
preactivation of the gold crystal was developed.
This method permitted a far more accurate deter-
mination of the sputtering yield and resulted in
good autoradiographic data on the spatial distribu-
tion of sputtered gold atoms. An important and
unique feature of the fast-neutron facility is the
extremely low thermal-neutron flux, which results
in sputtering with a minimum amount of background
neutron activation. This has led to the first pic-
ture of its kind illustrating the spatial distribution
of atoms sputtered by fast neutrons. Some of this
work has already been reported in a preliminary
form.?

The current work required a highly accurate de-
termination of the neutron flux and energy spec-
trum for the low-temperature fast-neutron-irra-
diation facility in which these studies were per-
formed. This was accomplished, and neutron
damage parameters based on the neutron spectrum
were also calculated for many elements of inter-
est. These damage parameters include the spec-
trum-averaged total recoil cross section, primary
recoil distribution, spectrum-averaged total dam-
age-energy cross section (with electronic losses
calculated and subtracted), and damage-energy
distribution. These data have proven valuable not
only for the analysis of the present sputtering
work, but also for the other irradiation experi-
ments performed in this facility. The results of
the neutron flux and energy spectrum determina-
tion, and the damage parameters calculated for
gold, are included in the present report. This
information has permitted meaningful comparisons
between the present work and many of the previous
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experiments at other neutron sources, and a more
detailed comparison with theoretical models than
was previously possible.

II. EXPERIMENTAL METHODS
A. Sputtering

Single crystals of gold were grown from high-
purity (99.9999%) starting material (Cominco
Electronic Materials) in graphite crucibles under
an argon atmosphere by the Bridgman technique.
The crystals were cylindrical (6.4 mm in diameter
and 6.4 mm in length) and grown with a tail to per-
mit mechanical connection to a crystal holder.

The cylindrical as-grown surface was heavily
electropolished, removing ~20 um, and the crys-
tals were then annealed in air at 900 K for 1-2 h,
The surface was examined by scanning electron
microscopy, and appeared smooth ona 0.1-um
scale, with slight vertical undulations on a 10-um
scale.

Schematics of the crystal holder, activation cap-
sule, and sputtering capsule are shown in Fig. 1.
All components were made of commercial high-
purity aluminum, chemically etched and well an-
nealed. All joints were electron-beam welded.
The design of the crystal holder and capsules al-
lowed evacuation, good heat transfer between crys-
tal and capsule, and remote crystal transfer from
activation to sputtering capsule without contact be-
tween the crystal and any walls.

Activation of the gold crystal took place in a D,0-
cooled core position in the CP-5 reactor at
Argonne National Laboratory. The total neutron
flux in this position is ~1 X 10'® neutrons/m?sec
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with a cadmium ratio of 3. The estimated crystal
temperature during activation was between 323
and 373 K. The activation period ranged from 13
to 20 days; this yielded >95% of saturation activity
with an active atomic fraction of 0.001. At the

end of activation, the gold activity was 1000 Ci (or
~10" R/h at the surface). This extreme radiation
hazard necessitated handling in heavy casks and
remote manipulation in a hot cell. Special cutting,
handling, and crimping tools were developed to
permit remote opening of the activation capsule
and transfer of crystal and holder to the sputter-
ing capsule. In the last of three runs (run C) the
gold crystal was annealed for 30 min at 723 K in
the activation capsule prior to opening, in order
to eliminate defect clusters in the radiation-dam-
aged crystal. However, this annealing apparently
had little or no influence on the results.

The sputtering capsule contained a single collec-
tor foil mechanically held against the inside cir-
cumference. This high-purity (99.99%), 2.54
%X 10"2-mm-thick aluminum foil (supplied by Good-
fellows Metals, Ltd., England) had lower gold-im-
purity level than other commercially available
foils. Smaller pieces of foil, from the same stock
from which the collector was cut, were packaged
and attached to the outside of the sputtering cap-
sules. These foils served as blanks for the deter-
mination of gold background in the foil activated
by the sputtering irradiation. After the transfer
of the activated crystal to the sputtering capsule,
the latter was evacuated to a pressure of ~107®
Torr (0.13 Pa), baked out at 373 K for 30 min,
and sealed by crimping and the use of a low-tem-
perature radiation-resistant epoxy.

The sputtering irradiation took place in the low-
temperature fast-neutron-irradiation facility in
the CP-5 reactor. The desired sputtering fluence
was achieved in about 4 days for all runs. Based
on the linear increase in sputtering yield (and col-
lection) with fluence and the exponential decay of
radioactive gold atoms (2.7-d half-life), 4 days of
sputtering irradiation gave the maximum yield of
sputtered active gold atoms. The fluence for each
run was measured by integration of a thermopile
voltage that monitored reactor power. The cali-
bration of this method (determination of neutron
flux and energy spectrum) is discussed below. The
temperature of the gold crystal during sputtering,
measured in one run, was <40 K. The vacuum
during irradiation was maintained at ~10~° Torr
(0.13 mPa), or, better, by cryogenic pumping.}
The y-radiation-induced outgassing may be a bene-
ficial effect in that it minimizes the amount of ad-
sorbed gas on the gold crystal. For the y flux lev-
el in this facility, approximately one gas mono-
layer is removed every 4-8 h.® With a c¢rystal

temperature of 40 K and a capsule temperature of
5 K, this outgassing would increase the probability
of recondensation of gas atoms on capsule sur-
faces. The capsule was slowly cooled from 100 K
with the reactor operating (crystal simultaneously
cooled from ~140 K) at the beginning of each sput-
tering irradiation to take advantage of this effect.
Following the sputtering irradiation the gold
crystal was removed from the sputtering capsule
through the stem. The sputtering capsule was
opened and the collector foil flattened and mounted
between two developed film emulsions. About 1
month later a piece of the crystal tail was re-
moved for precise determination of the fraction
of active atoms.

B. Autoradiography

Autoradiographs of the collector foil were made
with Kodak Medical No-Screen (MNS) and type-AA
films. The collector-foil package and unexposed
film were sandwiched between lead sheets and
held tightly together in a film cassette. The major
background radiation was due to *Na (produced
by the Al(n, a) reaction), which has a 15-h half-
life. Good resolution of the *®Au (2.7-day half-
life) distribution was usually obtained with rea-
sonable (12-48 h) exposure times between 4 and
8 days after removal of the foil from the sputter-
ing capsule. Beyond about 8 days, radiation from
198Au became too weak for adequate exposures
even with the faster film (MNS), and foils were
then analyzed by vy counting, as discussed in Sec.
IIC.

Figure 2 shows a positive print of an autoradio-
graph from the collector of run A. This radio-
graph was one of the best obtained, but was also
typical of all three runs, except that in run A a
longer shield was present near the crystal in the
sputtering capsule (see Fig. 1). The asymmetric
shadow effect of this longer shield can be observed
in the radiograph and in the corresponding densi-
tometer trace (Fig. 3). This shadow effect displays
the distinctly geometrical nature of the sputtering
and collection of sputtered atoms, and indicates
that the sticking coefficient of the sputtered gold
on the aluminum collector is nearly unity. Se-
lected-area ¥ counting (discussed in Sec. IIC)
showed that the central stripe and small bright
spots in Fig. 2 were due to **®Au radiation.

Autoradiographs from run C were similar to
those from run A; again, a few small spots of
contamination were observed. However, the gold
distribution in run C fell off evenly above and be-
low the central strip because of the shorter shield.
The autoradiographs from run B revealed the
same central stripe of *Au seen in the other runs,
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FIG. 2. - Positive priﬁt of autoradiograph of collector
foil from run A (cylindrical axis is vertical).

but showed more contamination. A blank run was
also performed in which all procedures were car-
ried out as in runs A-C, except the sputtering ir-
radiation was omitted; the sputtering capsule and
crystal remained in the hot cell for 4 days at
room temperature. Autoradiographs from this
control run revealed no central stripe of *%°Au,
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FIG. 3. Microphotodensitometer trace of autoradio-
graph from Fig, 2 (collector distance is along cylinder
axis). The solid (theoretical) curve corresponds to
directionally random sputtering.

but the large amount of contamination present on
the collector prevented meaningful ¥ counting.
These results showed that the '°®Au central stripe
was due to neutron sputtering and the small spots
of '®Au were indeed due to contamination, prob-
ably produced by the handling and crimp-sealing
operations. In most runs this contamination was
minimal; in runs A and C it amounted to no more
than 10% of the total yield.

Scanning microphotodensitometry was performed
on the autoradiograph of Fig. 2. A set of scans
covering the entire autoradiograph was performed
in a search for a sputtering-spot pattern that
might not be discernable to the naked eye. No such
pattern was found. A typical single scan through
the central stripe is displayed by the data points
in Fig. 3. The solid line in Fig. 3 shows the ran-
dom- sputtering distribution expected for the ex-
perimental crystal and collector geometry used
in run A. This theoretical curve also takes into
account the asymmetric shadow effect shown by
the data and caused by the long shield. The back-
ground was estimated as a straight line to an ac-
curacy of 5% in gold density. These data indicate
that at least 85% of the sputtering was approxi-
mately random. Since the film-darkening and
densitometer response were carefully calibrated
to '%®Au radiation, the slight deviation of the ex-
perimental distribution from randomness is evi-
dently a real effect.

C. Decay-y counting

Following the autoradiographic work, the col-
lectors and blank foils were analyzed for decay v’s
by the Dosimetry Group of the Chemical Engineer-
ing Division at Argonne National Laboratory. Cal-
ibrated full foil counts were made with Ge(Li) de-
tectors to determine '%*Au concentration. Usually,
three or four counts were performed over several
198Au half-lives, with count times sufficient to
produce <2% statistical error in '°*Au disintegra-
tion rates for the 411.8-keV peak. Peak integra-
tion and Compton-background subtraction were
done by computer.

The '*®Au background caused by the activation
of gold impurity-in the aluminum collector foils
during the sputtering irradiation was determined
from the blank foils and subtracted from the col-
lector-foil activity. The remaining *%Au activity
on the collector was calibrated to yield total gold
atoms sputtered. For this calibration a small
piece of the crystal tail was flattened to reduce
the v self-absorption correction, and accurately
weighed to determine the original fraction of acti-
vated atoms. The thermal- and resonance-neutron
self-shielding correction for this piece was calcu-
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TABLE I. Experimental sputtering yields, neutron fluence, and sputtering ratios for gold.

‘Yield
Run (gold atoms)

Fluence Ratio
(neutrons, E>0,1 MeV)

(atoms/neutron)

A 7.09 x 10!2 (+18%)
B 2.63 x 1018 (+11%)
c 4.67 x 1012 (£13%)

6.8 x 1017 1.1xX 10 (+31%)
. 1.0 x1018 2.5 x10"% +27%)
7.0 x 1017 6.7 x 10-6 (+28%)

lated to be £20%. However, this correction was

approximately offset by a somewhat larger neutron -

flux calculated to be present in the location of the
small piece of the crystal tail. This is a result of
self shielding by the bulk of the gold crystal. The
uncertainty in these corrections yields an addition-
al uncertainty in the calibration of the active frac-
tion of gold at the sputtered surface of +10%. The
sensitivity of this experimental determination of
sputtered gold atoms was limited by the gold-im-
purity background in the collector foils. This
background level was always approximately one -
order of magnitude less than the activity due to
the sputtered radioactive **®Au.

The total yields of sputtered gold atoms for all
three runs are shown in Table I. The yield for
run A has been corrected by 20% for the shadow
effect previously discussed.® The uncertainty
quoted for each run is the cumulative error of
the counting, peak integration, and Compton-back-
ground subtraction for three sources (collector,
blank, and crystal piece), weighing of the crystal
piece, and neutron self-shielding effects. All
yields include the small spots of contamination
evident (for example) in Fig. 2. For run A, counts
of selected areas with Nal detectors showed that
the central portion of the stripe contained 85% of
the total *°®Au, and the major contamination spots
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FIG. 4. Simplified schematic of the cryogenic fast-
neutron-irradiation facility in CP-5.

<10%. An estimated 290% of the yield in run A4 is
due to sputtering. Similar results were found for
run C. However, run B had considerably more
contamination than the other runs based on the
autoradiographic evidence, and contamination ac-
tivity for run B, could not be separated from sput-
tering activity. This, of course, could account
for some or all of the differences in yield between
run B and the other runs (Table I).

Also shown in Table I are the sputtering neutron
fluences and resultant sputtering ratios. The er-
ror in sputtering ratios is the relative error based
on the yield determinations and crystal surface
areas. The absolute error would include the error
in fluence which is not relevant to a comparison
of these three runs. The fluence determination
and its error are discussed in Sec. IID.

D. Neutron flux and energy spectrum

The interpretation of fast-neutron damage ex-
periments, and comparisons between experiments
performed at different irradiation facilities, re-
quire accurate information on the neutron flux and
energy spectrum for each facility. Therefore, the
present work includes a more precise determina-
tion of the neutron flux and energy spectrum than
was previously available® for the low-temperature
irradiation facility at CP-5. This information
makes it possible to calculate with reasonable ac-
curacy the spectrum-averaged total cross sections
and distributions of primary recoil events and
damage energies for various materials irradiated
in the facility. The results of these calculations
for gold will be discussed in Sec. III B.

Figure 4 shows a simplified schematic of the low-
temperature fast-neutron-irradiation facility at
CP-5 (a more detailed description is given in Ref.
6). This vertical thimble is located in-the graphite
reflector region surrounding the D,0 moderator
tank, 1.2 m from the center of the reactor core
of radius 0.3 m. The main elements displayed in
this schematic are the Zircaloy-2+ 15-wt. % #°U
converter fuel cylinder (source of fission neu-
trons), boron carbide cylinder (thermal-neutron
shield), simplified liquid-helium cryostat, and
typical sample location.

To determine the neutron flux and energy spec-
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trum, a package of 14 foils was located at the typ-
ical sample location. After irradiation, 20 foil
activities were examined. The SAND II computer
code” was used to iteratively determine the best
neutron-spectrum fit to the 20 foil activities, cor-
rected for self-absorption. A Monte Carlo rou-
tine was employed to produce standard-deviation
errors in each neutron-energy group. The resul-
tant covariant error matrix was also employed to
generate the error in the differential recoil cross
sections for various materials, and is displayed
for gold in Sec. III B.

The differential neutron-energy spectrum in
lethargy units (flux per logarithmic energy inter-
vals) is shown in Fig. 5. The positive and nega-
tive single standard deviation spectra are also
displayed. Some portions of the spectrum, not-
ably between 0.1- and 1.0-MeV neutron energies,
have relatively large errors due to a lack of sen-
sitivity of foil reactions to neutrons in this energy
region. Unfortunately no neutron reactions with
‘a significant response within this region occur in
any element. The bump in the spectrum near the
103-MeV neutron-energy region is possibly due
to fission neutrons from the converter, reflected
back into the cryostat by the surrounding graphite.

Finally, the integrated flux for neutron energies
greater than 0.11 MeV is 2.2 X 10! neutrons/m?
sec (+13%) with the reactor operating at 5 MW.

III. DISCUSSION

The autoradiograph of Fig. 2 represents the first
experimental determination of the spatial distribu-

10® 107 10° 10° 10" 107 10°

FIG. 5. Differential neu-
tron-energy spectrum in
lethargy units + (one stan-
dard deviation).

tion of atoms sputtered by fast neutrons. This
claim was made previously by Garber et al.® in
their work on the sputtering of a single-crystal
gold foil by 14-MeV neutrons. However, an analy-
sis of their gold foil, collector, and beam geom-
etry reveals that the pattern they obtain cannot be
due to directional sputtering at all. Also, it is
very unlikely that autoradiography can resolve

6 x 10'° **®Au atoms collected on an aluminum foil,
with activation by a long thermal-neutron irradia-
tion. Previous attempts!+® to resolve two orders
of magnitude more *®Au atoms collected on high-
purity aluminum foil and high-purity quartz, and
activated following sputtering, have failed because
of excessive background activity.

Mention should be made of the experimental val-
idity of the distribution of sputtered gold atoms
shown by the photodensitometer data in Fig. 3.
This experimental distribution is narrower than
a theoretically random distribution. We believe
that thisis a real effect. Both the photodensitom-
eter and the optical density of the film were care-
fully calibrated. The geometrical shadow effect
displayed in Figs. 2 and 3 provides evidence both
for a sticking coefficient of nearly unity for gold
atoms on the aluminum collector and for a low
probability of resputtering of the collected gold
atoms. Also, distortion of the distribution pattern
due to incomplete condensation does not occur for
gold collected on cooled aluminum collectors.*®
Possible physical explanations for why the experi-
mental sputtering distribution is narrower than a
random distribution will be suggested later in the
discussion.
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Activation of the gold crystal prior to sputtering
has thus facilitated the experimental resolution of
the distribution of radioactive gold atoms on the
collector. Since the collector foil is exposed only
to the fast-neutron sputtering irradiation, back-
ground activity in the foil, including any gold-im-
purity activity in the collector foil itself, is min-
imized. This improves the accuracy of the sput-
tering yield determination. The use of a portion
of the gold crystal to determine the active fraction
is a convenient form of self-calibration and elim-
inates the need to determine the thermal-neutron
flux independently. This avoids errors introduced
by such factors as variations in thermal flux with
position, changes in reactor configuration, and
uncertain handling of activation at resonances.

The present autoradiographic technique also per-
mits the direct observation of contamination on
the collector foil. Contamination was found to
some degree on all runs; two runs were not re-
ported because autoradiographic evidence indi-
cated too much contamination to make further
analysis meaningful. Of the three runs reported
here, only B was contaminated to the extent that
the amount of contamination could not be esti-
mated. The autoradiographs for runs A and C con-
tained a few discrete spots of contamination, and
the amount of contamination could be determined
by selected-area counting. It should be emphasized
that similar contamination was found on a blank
run, implying that this is a result of handling pro-
cedures and not of the sputtering irradiation. The
blank run did not show the central stripe produced
by random sputtering.

A piece of gold about 2 um in diameter contains
10'2 atoms. An aluminum collector foil with the
dimensions of our foil will contain =10 gold-im-
purity atoms (10 ppb). These two facts can pre-
sent serious experimental difficulties if activation
techniques are employed, as they are in virtually
all previous experiments. The background of gold
in any particular technique must be determined,
and in several previous experiments this was ap-
parently done inadequately, if at all. ]

In order to compare the present results with
those of other experiments and theories, a single
value must be assigned to the sputtering ratio de-
termined by the current experiments. Based on
the autoradiographic evidence and the results of
selected-area counting, only the data from runs
A and C will be used. The average sputtering ra-
tio for these two runs is $=8.9 x107%, which is
just within the relative experimental error of each
run. In both runs, the contamination levels were
~10% of the total sputtering yields. Removing 10%
from the average value of S gives $=8.0x10°¢
sputtered gold atoms per incident neutron (E>0.1

MeV) with an uncertainty (including absolute flux
error) of +34%. .

A. Comparison with other neutron-sputtering experiments

In order to meaningfully compare the results of
various neutron-sputtering experiments, the dif-
ferences in experimental geometries and neutron-
energy spectra must be taken into account. This
can be done by means of an expression similar to
one derived by Sigmund'! for the sputtering of a
spherical sample in an isotropic fast-neutron
flux:

S=2gAN(T,). | (1)

The factor 2¢g is a geometrical factor which we
will adjust for the different experimental geom-
etries. The material-dependent factors A and N
will remain constant for all the sputtering experi-
ments on gold. The damage-energy cross section
or specific damage energy (¢7,) will be determined
for gold in the appropriate neutron-energy spec-..
tra, where possible.

Table II is a compilation of reported results for
fast-neutron sputtering of gold.'> Because of re-
cent improvements in (d,T) and d, Be) neutron ex-
periments, only the most recent results employ-
ing these sources are included. The second col-
umn gives the sputtering ratios as originally re-
ported. In the last column these ratios are nor-
malized, by means of the Sigmund expression, to
a spherical sample in an isotropic flux with the
same damage-energy cross section found for gold
in our facility (E,>0.1 MeV).'> The geometrical
factors used were as follows: The present results
were multiplied by a factor of 3 to account for our
cylindrical geometry, in which sputtering from
the cylinder-end surfaces was not permitted. Nor-
cross ef gl.'* and Fairand® employed foils in an
isotropic flux, with collection on one side. They
took one-half of the isotropic flux (correctly, but
not for the reasons given in their papers) to cal-
culate their sputtering ratios. To scale their sput-
tering ratios to a sphere in an isotropic flux, the
full flux is used in the denominator with an addi-
tional factor of 2 in the numerator. These factors
of 2 cancel. All the (d,T) and d, Be) neutron ex-
periments used foils in a beam. To obtain the
spherical geometry in an isotropic flux, these ra-
tios were scaled by a factor of 2.'°

A few comments about the damage-energy cross
sections shown in Table II are needed. The (¢7T,)
for gold in our facility was calculated with the
DIscs computer code of Odette and Doiron.'® The
neutron spectrum used by Fairand is described
(and measured by seven nuclear reactions) as
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TABLE II. Comparison of present work with some previous results of sputtering of gold by
fast neutrons.

Calculated damage-
Reported yield energy cross section
(atoms/neutron) (keV b)

Scaled yield

Authors (L0-% atoms/neutron)

Fission neutrons?

Kirk et al.
(present work)
Norcross et al.®

8.0 X 10-8 (£34%)

(1966) 1.0 X10~* (£30%)
Fairand ¢

(1969) 1.2 x 104 (£30%)
Verghesef .

(1969) 1.8 x 106 (£31%)

32.4° 1.2
47.7¢ 8.1
? ?

14-MeV neutrons (d,T)

Behrisch et al .8

(1976) . 2x104-2x10
Harling et all
(1976) <1.9%x 105 (£26%)

15-MeV neutrons (d, Be)

Jenkins et al.’

(1976) 2.8 X109 (£29%)
Harling et al.l ,
(1976) <1.9x 106 (£32%)

2171 6.0—0.60
217 <0.57
198F 0.9
198 <0.06

2Yields for fluence of neutrons with E>0.1 MeV except for the Verghese study in which

E>1.0 MeV.

b Calculated by DISCS code (Ref. 15) for neutron flux with E> 0,1 MeV.

¢Reference 14,
dReference 9.

€ Calculated by DISCS code for pure-fission spectrum.,

fReference 17.

&These values are taken from Ref. 18; the higher yield is probably from Ref. 19, and the

lower yield from Ref. 20,

hcalculated by DISCS code for 14.25-MeV neutrons,

i Reference 21.
i Reference 22.
kReference 16,

having a pure-fission distribution for £>0.1 MeV.
Therefore, for Fairand’s data, the (¢7,) calcu-
lated for gold with the DISCS code employs the
Cranberg fission spectrum.? The Norcross et al.
spectrum was described'* as a slightly softer
spectrum than Fairand’s, but the differences be-
tween these groups’ results are minimal. (Fairand
and Norcross et al. both used the Battelle Memor-
ial Institute Research Reactor.) For the 14-MeV
neutron experiments, (07, was calculated for gold
with a 14.25-MeV monoenergetic source by means
of the DISCS code. For the (d,Be) source, the
value of (¢7,) reported by Roberto et al.*® for gold
is given.

In comparing the normalized results for fission-
neutron sputtering of gold we will only discuss our
result and that of Fairand. The result of Norcross
et al. is similar to Fairand’s, and Verghese does
not report his experimental methods or neutron
flux in enough detail to permit a valid compari-
son. (The sputtering ratio reported by Verghese
is, however, surprisingly low, especially for an

integrated flux defined for neutron energies above
1.0 MeV.) Fairand’s experimental methods differ
from those of the current study in that he did not
monitor contamination or measure the gold back-
ground introduced by impurities in the collector.
Contamination may not have been a serious prob-
lem in Fairand’s study, since the results of four
different irradiations were reasonably close (S
ranged from 0.8 X 10~ to 1.5 x107°%). However, he
interpreted his result as evidence of a very low
sticking coefficient (~0.15) for gold atoms on
quartz collectors. His result may, in fact, be due
to a high gold background introduced by his collec-
tors or gold-separation methods. Since we had an
excellent monitor of contamination and made ac-
curate gold-background determinations, we feel
that our results are more accurate.
Contamination and high gold background in col-
lectors have also been found in several experi-
ments with 14-MeV neutron sources.'®*® These
problems are even more serious in experiments
of this type, in which the amount of sputtered gold
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on collectors is far less than in the fission-neu-
tron experiments because of the limited neutron
fluences available. This is reflected in the wide
range of results for all (d,T) and (d, Be) neutron
experiments, as reviewed by Behrisch'® and Harl-
ing et al.®* Only the most recent, and apparently
most accurate, of these experiments are included
in Table II for comparison. The normalized yields
from the present fission-neutron study, the Harl-
ing et al. (d, T) neutron study, the Jenkins et al.
(d, Be) neutron study, and the lower end of the
yield range from the Behrisch study, all agree
within roughly a factor of 2. However, the Harl-
ing et al. yield with (d, Be) neutrons is about an
order of magnitude lower. This rather large dis-
crepancy is unexplained.

The approximate agreement between sputtering
yields of fission- and fusion-energy neutrons,
scaled by calculated damage-energy cross sec-
tions, indicates that the dominant mechanisms of
sputtering do not differ greatly among the three
neutron sources investigated. Agreement may
even be improved with the higher flux levels at-
tainable from future (d,T) and (d, Be) neutron
sources. However, our current fission-neutron
sputtering results support the claim that neutron
sputtering will not be a major factor in erosion of
the first containment wall in controlled thermonu-
clear reactors.

B. Possible mechanisms of sputtering

For the purpose of further discussion and com-
parison with sputtering theories, we will consider
in turn the possible mechanisms for three types
of sputtering, i.e., directional, cascade, and
thermal-spike sputtering.

1. Directional sputtering

The directional sputtering mechanisms to be
considered here are those that result in the emis-
sion of sputtered atoms along or near major crys-
tallographic directions of bombarded face-cen-
tered-cubic crystals. The experimental observa-
tion of spot patterns associated with this type of
sputtering is discussed extensively by Nelson.*
These patterns have been observed for light- and
intermediate-mass ion bombardments of single
crystals, especially for proton backsputtering in
gold,® and were initially interpreted as evidence
for very-long-range focused collision sequences
(FCS), predominately in (110) directions. Alter-
natively, these spot patterns may be interpreted
as the result of atom collisions in the first few
atomic layers, without invoking a focusing mech-
anism.?® This issue is not fully resolved, but re-
cent experimental evidence suggests that ranges

fa
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FIG. 6. Schematic of pattern for (110) directional
sputtering in run A. Shaded rectangles are projec-
tions of the gold crystal onto the cylindrical collector
in the 12 (110) directions for the particular crystal
orientation in this run. Cylindrical axis is vertical.

of (110) FCS are no longer than® 5 to® 15 nm in
gold.

The geometry of our experiment was designed
in part to resolve a sputtering pattern consisting,
to some degree, of (110) spots. A schematic of
this type of sputtering spot pattern for the crystal
orientation of run A is shown in Fig. 6. As men-
tioned earlier, no such pattern was resolved by
autoradiography with visual inspection, or by den-
sitometer scans of the entire autoradiograph (a
more sensitive technique). Since at least 85% of
the total sputtering yield was found to be caused
by random sputtering, a maximum of 15% of the
yield could be attributed to directional sputtering.
Even though this fraction of the yield would have
been easily resolved had it been included in the
(110) spot pattern of Fig. 6, we will use 15% as
an upper limit for the estimates and conclusions
to follow.

The recoil and damage-energy distributions for
gold in our neutron spectrum were calculated with
the DISCS code and are displayed in Table III.*
The damage-energy distribution shown in Table
III was calculated using Robinson’s approximate
analytical expressions® for the Lindhard et al.
theory.%

We first consider the possible directional sput-
tering caused by recoil events in the very-near-
surface region (about three atom layers). To
provide directional sputtering in (110) directions,
we restrict our attention to recoils with energies
<400 eV. A simple calculation shows that the max-
imum contribution of such recoils to sputtering is
roughly three orders of magnitude below the 15%
yield conservatively attributed to directional sput-
tering. We are thus not able to detect this surface
mechanism for directional sputtering. We conclude
that, directional or not, these very-near-surface
recoil events make a negligible contribution to the
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TABLE Ill. Primary recoil and damage-energy distribution for‘gold in the cryogenic fast-

neutron-irradiation facility in CP-5,

Primary recoils Error Damage energy

Recoil-energy group (%)? (%)® (%)

5-10 eV 5.8 17,4 0,02

10-20 eV 6.3 17.8 0.04
20-50 eV 7.6 9.4 0.1
50-100 eV 6.1 6.2 0.2
100-200 eV 8.1 8.3 0.5
200—-400 eV 10.6 9.4 1.2
400—-600 eV 7.2 10.8 1.4
600-800 eV 5.3 13.5 1.4
8001000 eV ' 4.2 16.4 1.5
1-1,5 keV 74 20.9. 3.6
1.5-2 keV 4.8 27.3 3.2
2-3 keV 6.1 27.4 5.7
3-5 keV 6.5 23.2 9.5
5-7 keV 3.4 16.7 7.4
7-10 keV 2.9 14.0 8.9
10-20 keV 4.4 11.0 22.6
20-40 keV 2.4 5.2 22.3
40-60 keV 0.4 5.1 6.2
60-80 keV 0.1 5.1 2.0
80-100 keV 0.04 7.2 1.2
>100 keV 0.2 0.9

#Total primary recoil cross section, 8.95 (+10.9%) b with minimum recoil energy of 5 eV
(14.6 b if only neutrons with E= 0.1 MeV are considered).
Y One standard deviation of recoils within a group, expressed as percent of recoils within

that group.

¢ Total damage-energy cross section, 19.82 (£8.7%) keVb (32.4 keV b if only neutrons with

E= 0.1 MeV are considered).

fast-neutron sputtering yield.

Focused collision sequences could make a sig-
nificant contribution to directional sputtering dur-
ing fast-neutron bombardment if the probability
of FCS occurrence per recoil and average FCS
range were both sufficiently large. To obtain an
estimate of this effect consistent with the results
of the present experiment, we assume the maxi-
mum yield (15% of the total) for nonrandom sput-
tering and calculate the average FCS length needed
to produce this yield. Initially, we consider re-
coils with energies below 600 eV. This allows us
to use the results of other experiments in this en-
ergy range. About 50% of the total recoils for gold
in our facility have energies below 600 eV (Table
III). In this energy range the probability of form-
ing a long FCS in gold has been estimated at 10~3
(Ref. 27) to 10™* (Ref. 28) per recoil. Based on a
value of 1072 for this probability, a simple calcu-
lation shows that an average FCS length of about
60 wm is necessary to account for 15% of the total
measured yield. In the high-energy half of the re-
coil spectrum, the probability of FCS formation
per primary recoil is not likely to be any larger
than 107%; it may, in fact, be even smaller, based
on results in Ni;Mn.** Therefore, considering the
entire energy spectrum of recoils in gold, FCS

ranges of the order of 10 um are needed to pro-
duce the 15% of total yield that can be experimen-
tally attributed to directional sputtering. An FCS
range in gold of 10 pm is roughly three orders of
magnitude larger than that measured by Ecker?

or Ayrault et ql.?® Thus it seems unreasonable to
assume that even 15% of our sputtering yield can
be attributed to directional sputtering caused by

an FCS mechanism. Given an FCS range of 10 nm
(the upper limits found by Ecker and Ayrault et al.
are 5 and 15 nm, respectively), the fractional con-
tribution of directional sputtering to our total sput-
tering yield is roughly 10”%, Based on these cal-
culations, the total sputtering yield we measured
must be attributed to a random sputtering mechan-
ism that results from the intersection of high-en-
ergy recoil cascades with the surface; this will

be discussed in the following subsections.

2. Cascade sputtering

The most recent analytical theory of sputtering,
and the one with which the present experimental
results will be compared, has been proposed by
Sigmund.** Using linear Boltzmann transport the-
ory, he calculated sputtering yields for amorphous
materials for a wide variety of experiments. This



theory has shown good agreement with numerous
ion-backsputtering and transmission-sputtering
experiments.®® One notable exception to this good
agreement has been found in sputtering experi-
ments with high-energy (50-keV to 1-MeV), high-Z
ion bombardment of high-Z targets.3* This occur-
rence of so-called nonlinear effects may also have
some application to the present results (see Sec.
1B 3). .

Sigmund’s expression for the sputtering ratio of
a sample in an isotropic neutron flux is exactly

given as
S=2gANG{W(E)), : (2)

where g is a geometrical factor equal to unity for
a spherical sample and A is a constant charac-
terizing the sample material with atomic density
N. We can identify the product of the cross sec-
tion (o) and average damage energy ((¢(E))) with
the previously defined spectrum-averaged damage-
energy cross section (07,). [This had already been
done in Eq. (1).] For comparison with the present
experiment; we can simplify the above expression
to include only the essential parameters of inter-
est; this gives

$=0.084(cT,)/U,, (3)

where U, is the surface binding energy in eV and
(0T, is given in A% eV.

The surface binding energy U, is usually taken
to be equal to the sublimation energy, which for
gold is 3.8 eV.*® However, recent experimental
evidence based on the threshold of transmission
sputtering by high-energy electrons suggests a
value for U, of 5-6 eV.*® Therefore, to account
for these uncertainties we take U,=5(z1) eV.

As shown in Table III (footnote c¢), the value of
(oT,) calculated in our neutron spectrum, and de-
fined for the integrated flux above neutron ener-
gies of 0.1 MeV, is 32.4 bkeV (32.4x10°% A2¢V).
We do not incorporate the absolute error (based
on the neutron-spectrum error) in this value, since
we are comparing experiment and theory for the
same neutron spectrum. Thus the theoretical pre-
diction of Sigmund’s sputtering ratio for a spheri-
cal target in our isotropic flux is S=(5.4+1.1)

X 107% atoms per incident neutron (E>0.1 MeV).
The experimentally determined sputtering ratio
[S=(1.2+0.4) x 1075, Table II], is roughly a factor
of 2 greater than the theoretical value. This dis-
agreement, though not substantial relative to the
wide range of other experimental results, is none-
theless outside the relative uncertainties of the
present experimental and theoretical values, and
may therefore be significant. Possible reasons
for this discrepancy will be suggested in Sec. IIIB
3.
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Sigmund’s theory of neutron sputtering is based
on the intersection of the recoil cascade with a
surface (resulting in the emission from the sur-
face layer of those atoms with energies exceeding
U,), averaged over all possible events defined by
the recoils that make significant contributions to
the damage-energy distribution shown in Table III.
Assuming a representative recoil at 50% of the
damage-energy distribution (approximately 12
keV), and using the calculated projected range of
2.5 nm (Ref. 37) for a 12-keV gold ion in gold, the
approximate number of sputtered atoms per rep-
resentative near-surface cascade may be calcu-
lated. Considering only recoils with energy >1
keV (which include 94% of the damage-energy dis-
tribution), the cross section to be used will be
~40% of the total recoil‘cro_'ss section above 5 eV
(14.6 b), or 5.9 b. The result of this calculation,
for the experimental sputtering ratio of 8.0 X107
sputtered gold atoms per incident neutron, is ~100
sputtered gold atoms. per representative near-sur-
face cascade.

Some speculation is possible as to why the ex-
perimental sputtering distribution is narrower
than random sputtering (Fig. 3). A surface struc-
ture, irregular on an atomic scale, might con-
tribute to a narrowing. However, the physical
mechanism of sputtering itself might also be the
cause. Within the linear cascade-sputtering theo-
ry, an anisotropy of U, would decrease the emis-
sion probability of atoms at low angles with the
surface.’® Beyond the linear cascade-sputtering
theory, collective interactions among simultan-
eously sputtered surface atoms may produce a
distribution weighted toward directions more per-
pendicular to the surface. Finally, sputtering of
atoms from below the surface layer by thermal-
spike effects would also produce a distribution
narrower than random. Any or all of these mech-
anisms may be present during sputtering. Further
discussions of the last one follows in Sec. IIIB 3.

3. Thermal-spike sputtering

The discrepancy between the experimental sput-
tering ratio of gold subjected to fast-neutron ir-
radiation, as reported in the present work, and
the sputtering ratio derived by Sigmund with a
linear Boltzmann transport equation may be due
to the nonlinear effects of interactions among
moving atoms. The work of Bay et al.®® suggests
that these nonlinear or thermal-spike effects are
present in the high-energy (100-1000 keV) gold-
ion bombardment of gold, which results in sputter-
ing yields two to three times greater than those
predicted by Sigmund’s theory. The lowest energy
(45 keV) for which data are available on the gold-
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ion bombardment of gold*® gives a sputtering yield
of almost twice that predicted by Sigmund’s the-
ory. In the present experiment, >90% of the dam-
age energy for gold was found in primary recoils
with energies <45 keV (see Table III), with the
median damage energy at a primary recoil energy
of 12 keV.

Because of this difference in energy ranges be-
tween ion sputtering and fast-neutron sputtering,
the interpretation of thermal-spike effects in the
former cannot be readily transferred to the latter.
However, it is important to note that the inter-
section of a surface with the average recoil cas-
cade (or distribution of cascade-surface intersec-
tions) is different for ion as compared with fast-
neutron sputtering. The average cascade-surface
intersection in the neutron sputtering case will
probably sample the recoil cascade nearer the
cascade center than in the ion sputtering case.
This could lead to a stronger thermal-spike ef-
fect in neutron sputtering than in ion sputtering at
comparable primary recoil energies. Therefore,
the contribution of thermal-spike effects to the
fast-neutron sputtering of gold will be considered
as a possible explanation for the discrepancy be-
tween experiment and linear-cascade theory.

For thermal-spike effects to make a significant
contribution to sputtering, the energy density with-
in the recoil cascade must be sufficiently high
(>5 eV per atom) over a reasonable volume, and
this high energy density must persist for a suffi-
cient time to allow thermal sputtering to take
place. Sputtering in random directions, as indi-
cated by the autoradiograph of Fig. 2, is evidence
of a high energy density within recoil cascades
intersecting the surface during fast-neutron bom-
bardment. Considering the intersection of high-
energy recoil cascades with the surface, sputter-
ing in crystalline directions by surface recoils or
very short FCS’s within the cascade might be pos-
sible. However, the fact that the neutron sputter-
ing of gold is not influenced by crystal structure
suggests that during the cascade lifetime the crys-
tal structure is lost, as if melting had occurred
within the cascade volume. Similar evidence for
this loss of crystal structure has been observed
by Nelson for 50-keV gold-ion bombardment of
gold.#!

Though no theory of sputtering by thermal spikes
has been developed in enough detail to permit a
calculation of predicted yields, some guidelines
have been approximately calculated by Sigmund.*?
From the spatial distribution of deposited energy
in elastic-collision cascades,*® he has derived pa-
rameters to express the effective maximum en-
ergy density within the typical cascade. For gold,
the energy density exceeds 5 eV per atom for pri-

mary recoil energies below 100 keV. This is suf-
ficient to permit thermal sputtering in the present
experiment provided, as Sigmund proposes, the
spike lifetime exceeds the cascade lifetime or the
slowing-down time of the primary recoil. Calcu-
lations of the appropriate lifetimes are displayed
in Fig. 7, along with the distribution of damage -
energy for gold in the present neutron spectrum.
The cascade lifetime or slowing-down time for a
gold primary recoil is calculated from the work

of Oen and Robinson.** The thermal-spike life-
time for gold is calculated from Sigmund’s equa-
tions on the basis of kinetic gas theory.*? From
the data and calculations in Fig. 7, sputtering due
to thermal-spike effects must be caused by recoils
between ~20 and 100 keV, where 30% of the damage
energy is found. This may not be a sufficient frac-
tion of the damage-energy distribution to provide
the needed thermal sputtering; thus Sigmund may
be underestimating the thermal-spike lifetime.

In this regard, a thermal sputtering theory recent-
ly developed by Kelly,* based on an approximate
solution of the heat-conduction equation in a solid,
appears to give somewhat longer effective life-
times for thermal spikes. However, calculations
applicable to experiments are yet to be published
by Kelly.

Since the disagreement between the present ex-
perimental sputtering ratio and that calculated by
linear cascade theory is just outside the uncer-
tainties in both, this suggestion of a thermal spike
contribution to the sputtering of gold by fast neu-
trons must be considered somewhat tentative.
However, the same mechanism is now being con-
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FIG. 7. Cascade lifetime (r,) and thermal-spike
lifetime (ry,) vs primary-recoil energy in gold, as cal-
culated by Oen and Robinson (Ref. 44) and Sigmund
(Ref. 42), respectively. Also plotted is the damage-en-
ergy distribution for gold in our neutron-energy spec-
trum vs primary-recoil energy.
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sidered to contribute to efficiencies (relative to
modified Kinchin and Pease theory*®) less than
unity for Frenkel-defect production in high-energy
collision cascades.”” Additional fast-neutron sput-

tering experiments are needed to clarify this point.

Finally, an observation made by Merkle*® should
be mentioned. Following 100-keV gold-ion bom-
bardment of gold foils, small craters were ob-
served to intersect the foil surface. These were
associated with a small fraction of cascades
(actually subcascade clusters) produced throughout
the foil. Based on the estimated crater volume,
~1000 atoms were apparently sputtered from a
typical crater. Though this recoil energy is too
high to be of significance in the present distribu-
tion of recoils in gold for fast-neutron irradia-
tion, this may be an observation of a rather strong
thermal-spike effect due to recoils in gold near
100 keV. Subcascades formation is not expected
to be important in the present results, however,
since Merkle measures this to be negligible below
a recoil energy of about 30 keV in gold,*® an en-
ergy range that accounts for about 85% of the sput-
tering in the present study.

IV. SUMMARY

Experiments on the sputtering of single-crystal
gold by fast neutrons have been described. The
gold crystals were activated in a thermal-neutron
flux prior to sputtering in the cryogenic fast-neu-
tron-irradiation facility at the CP-5 reactor.
Sputtering took place in a vacuum of better than
107 Torr (0.13 mPa) and at a temperature of <40
K. Prior activation permitted the resolution of
the spatial distribution of sputtered atoms by auto-
radiographic techniques, and also permitted a
more accurate total-yield determination by y
counting. Accurate background subtractions and
semiquantitative corrections for small amounts of
contamination were possible with this method. A
detailed determination of the neutron flux and en-
ergy spectrum was accomplished, along with a
calculation of damage parameters for gold.

The autoradiographic results showed a nearly
random spatial distribution of sputtered atoms.
An average sputtering ratio of 8.0 X 107¢ sputtered

gold atoms per incident neutron (E>0.1 MeV) was
found with an absolute error of +34%.

An extensive comparison with other results on
fast-neutron sputtering of gold was accomplished
by normalizing all results to similar geometry
and our neutron-spectrum-averaged damage-en-
ergy cross section for gold. The present results
with fission neutrons agreed, within a factor of 2,
with the most recent results for (d,T) and (d, Be)
neutrons. This indicates that the dominant mech-
anisms of sputtering are similar for these three
neutron-energy spectra.

The results of this experiment are discussed
with respect to three possible mechanisms of
sputtering. It is concluded that directional sput-
tering by focused collision sequences does not
contribute significantly to the measured sputtering
yield; rather, this yield must be attributed to a
random sputtering mechanism based on the high-
energy recoil cascades that intersect the surface.
However, a calculation of the sputtering ratio to
be expected in our neutron spectrum on the basis
of Sigmund’s linearized Boltzmann transport the-
ory yields approximately half of our experimental
value. It thus may be necessary to include a non-
linear or thermal-spike contribution to the total
sputtering yield to account for this difference.
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FIG. 2. Positive print of autoradiograph of collector
foil from run A (cylindrical axis is vertical).



