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Abstract

The recent studies of particle emission from cold-rolled and annealed

niobium under 14.1-MeV neutron impact were extended to a heavily etched, poly-

crystalline niobium surface and to cold worked vanadium surfaces with different

degrees of microstructure. The type and amount of material released and

deposited on collector surfaces facing the irradiated targets were determined

by three analytical techniques. Two types of deposits were found for certain

types of surfaces - one in the form of chunks, the other as a fractional atom

layer covering the surface. The chunks vary significantly in size. The small

number of chunks observed suggests that the ejection of chunks is a relatively

rare event in comparison to the total number of primary knock-on events pro-

duced by 14-MeV neutrons in near surface regions. Estimates of the total

sputtering yield based on the. chunk deposits and on the fractional atom layer

deposit will be given.
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Intrortuction

In Accent studies [1, 2, 3] of 14.1-MeV neutron sputtering of cold-

rolled and annealed niobium with different surface m.terostructures and on

monocrystalline Nb (111) surfaces two types of deposits were discovered on

collector surfaces facing the irradiated targets. One type appeared as a

fractional atom layer covering the surface, the other in the form of chunks.

The observation that the number of chunks per unit collector atea and the

average chunk size were larger for the rough, cold-rolled sample than for

the annealed sample suggested that stresses in the surface regions and surface

roughness affected the results. Other authors [4] reported no chunk emission

from cold-rolled niobium surfaces which had received surface treatments

different from those used in our recent studies (1-3]. In addition, these

authors used some analytical techniques and target handling techniques which

differed from ours. It was one purpose of these studies to irradiate with

14.1 MeV neutrons one niobium sample supplied by the above mentioned authors

to test their observations for consistency. Furthermore, our recent studies

of cold-rolled niobium surfaces have now been extended to cold-rolled vanadium

surfaces wit'i different microstructures. At the present vanadium is being

considered as a potential material for the first wall of controlled thermo-

nuclear fision reactors. It should be noted that the surface finish of the

previously used cold-rolled niobium surfaces [1-3J and of the cold-rolled

vanadium surfaces used in these experiments was kept intentionally rough

since in fusion reactor operations various plasma radiations can cause severe

surface roughening by such processes as blistering and sputtering.

Experimental Procedures

The cold worked niobium sample used in these experiments had been

prepared (heavy etch) and was supplied by 0. Marling (Battelle Pacific
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Northvest Laboratories). This sample was used for Che irradiations without

any further treatment.

The polycrystalline vanadium samples used were obtained from Materials

Research Corporation (Marz grade). One type of cold-rolled targets (Typs A),

-\. 0.006" thick, was optically ground (320 grit paper) and then cleaned in

ultrasonic baths of tricholorethylcne, acetone, distilled water and 2 rinses

in methanol. Subsequently, the targets were etched for *> 1 sec in a solution

of 502 UNO,, and 50X H_0, then rinsed in distilled water and finally cleaned

ultrasonically in a bath of mcthanol. The surface finish determined by

scanning electron microscopy (SEM) was ^ 10 pm (See Figure la). Another type

of cold-rolled targets (Type Bl), ̂  0.006" thick, was optically ground in the

some way as targets A and then elcctropolished for t> 1 in in in a solution of

BOX methanol and 202 H.SO, at 70°C; subsequently they were rinsed ultrasonicaily

in a bath of methanol. The surface finish determined by SEM was about ^ 10 pm,

(See Figure lb). A third type of target (Type B2) was optically polished and

lapped (to a higher surface finish than type Bl targ<_ , and subsequently

electropolished in the sane manner as target type Bl. The final surface finish

was 'i 5 inn (See Figure lc). The surface finish values given above do not take

into account such topographic features as cracks and protrusions which appear

in a non-uniform distribution over the target surface area. In this connection

one should note that surface profile measurement with a profilometer indicate

consistently lower average roughness values than those estimated by SEM. Highly

polished, monocrystalline Si (111) discs (̂  2.5 cm diameter, ̂  0.15 or 0.5 cm

thick) were used as collector surfaces. The silicon discs had been received

from Materials Research Corporation and had a purity of 99.995%. The discs

were chemically etched in a solution containing one part of a solution of 2.5 gins

of iodine in 1.1 liter of acetic acid mixed with two parts of a solution containing
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75% HNO, and 25% HF to remove surface contaminants and then cleaned in ultrasonic

baths of distilled water and methanol. The surface finish of the randomly picked

Si (111) discs were subsequently analyzed by secondary ion mass spectroscopy

(IMNA) at two different laboratories (ANL [5] and G. E. Vallecitos [6]) to

ensure that the surfaces did not contain any significant contamination of the

type of target material (e.g. Nb, V) to be collected. For example, a quantitative

IMMA analysis conducted at G.E. Valleeitos [6] revealed that the fractional atomic

layer deposit of vanadium ranged from 1.1 x 10 to 1.0 x 10 monolayers

9 —2 10 —2
(1.9 x 10 atoms cm to 1.7 x 10 atoms cm ), and of niobium ranged from

1.7 x 10" to 9.7 x 10~ monolayers (2.55 x 109 atoms cm to 1.4 x 10 atoms

_2

cm ). These impurity concentrations represent about 0.1% to 1% of the vanadium

and niobium deposits obtained after completion of a typical neutron sputtering

run.

Lawrence Liverraore Laboratory's rotating-target neutron source was used

in conjunction with an ICT accelerator. The total neutron emission rate over

the entire 4 n solid angle of a fresh neutron source target varied from
12 12

3 x 10 - 6 x 10 neutrons/sec for different runs. Each irradiation run was

monitored with two proton-recoil detectors. The total dose was calibrated

independently by activation analyses [7,8J. The absolute accuracy in the

determination of the average dose the sample received was estimated to be + 7.5%.

The targets were mounted in a train assembly and were placed inside a

vacuum chamber. The monocrystalline Si (111) discs (̂  2.5 cm diameter, "\< 0.15 -

0.5 cm thick) were placed at distances ranging from 1.5 - 2.8 mm from the front

and back sides of the targets for different runs. The center of the neutron-

source disc and the center of each of the target samples were on the same axis.

This axis had a ̂  28° incline with respect to the floor level. The pressure in

-9 -10
the chamber ranged from <v 4.9 x 10 Torr to "v 4 x 10 Torr during the
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irradiation for all runs. During the irradiation, the targets were at ambient

temperature (estimated to be near room temperature). The irradiated targets

were transported under ultrahigh vacuum conditions (̂  1 x 10 Torr) from

Lawrence Livermore Laboratory to Argonne National Laboratory for analysis.

Blank samples of cold worked niobium and cold worked vanadium of the type

used in these experiments together with highly polished Si (111) collectors

were mounted in the ultrahigh vacuum transfer chamber (used for the transport

from LLL to ANL) in the same way as the actual target-collector assembly.

These blank samples were transported together with the irradiated samples

under identical conditions. It should be mentioned that for several irradiation

runs an accelerometer was attached to the support frame of the transfer chamber

to register possible shocks and vibrations the assembly would be exposed to

during transport. For a typical transport from LLL to ANL only 39 shocks of

0-5 - 2.5 g acceleration (vertical direction) and 71 shocks of 0.5 - 2.5 g

acceleration (horizontal direction) were measured. The sensitivity of the

accelerometer was Fuch that shocks of 0.25 g acceleration with frequencies up

to 100 g in both the vertical and the horizontal direction could still be

detected. It was determined in independent shock experiments using cold-rolled

niobium and vanadium samples and Si (111) collectors mounted in a chamber

which was held at ultrahigh vacuum that shocks of the number and magnitude

listed above did not release any chunks.

To determine, the type and amount of the materials released from the

surface of one sample (e.g. niobium target) and deposited on the surface of

the one facing it [e.g. Si (111) target], the analytical techniques used were

Rutherford backscattering, Auger spectroscopy, ion microprobe analysis, and

scanning electron microscopy in conjunction with an energy dispersive x-ray
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spectrometer [1-3]. The amount of deposited material could be estimated

quantitatively by using calibration standards prepared by vapor deposition.

The detection sensitivities for these techniques h?ve been given earlier [2,3].

Results and Discussion

2
An examination of a total area of "v 1 cm of the Si (111) collector

surfaces facing the front and back side of the cold-rolled niobium target

(obtained from Harling) revealed only a fractional atomic layer deposit.

15 -2

This niobium target had received a total dose of 2.3 x 10 reutrons cm of

14.1 MeV neutrons. Estimates of the total neutron sputtering yield based on

the atomic layer deposit and neutron dose give values in the range from

-4 -4
2.6 x 10 to 5.2 x 10 atoms/neutron. The values obtained for the front
and back collector surfaces fall within this range. An examination of a

2

total area of only 0.4 cm of the Si (111) collector surfaces facing the cold-

rolled vanadium targets of types A and Bl revealed also only a fractional

atomic layer deposit. One should note that in comparison to the total

collector areas examined in the previous niobium sputtering experiments |2,3]
2

(4 to 12 cm ) now only a small fraction of the available collector areas have

been examined.

An examination of the collector surfaces facing the vanadium target

type B2, however, revealed vanadium deposits of two forms. One form covered

the substrate surface as a fractional atomic layer, the other form appeared as

chunks of various irregular shapes and different sizes. Figure 2 shows

examples of vanadium chunks of various sizes.

Table 1 summarizes the results for the contribution of chunk and atomic

deposits to the total neutron sputtering yield for the three cold-rolled vanadium

samples of type A, Bl and B2. For the targets of type A and Bl the sputtering
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yield S for the fractional atomic layer deposit determines the total sputtering

yield S . for the target of type A a value of S < 5 x 10 atoms/neutron is

found, while for the target of type Bl only an upper limit value of S < 5 x 10

atoms/neutron can be given. For the target of type B2 both S and S - values

contribute to S - The estimate of the S - value is rather crude since only a

relatively small number of chunks are observed and the size distribution of

the chunks can be estimated only roughly. Since the chunks are irregular in

shape, the average diameter is defined as the diameter of a circle whose area

is equal to that of the projection of the chunk onto the surface plane. For

the estimate of S an average diameter of 0.5 ym was assumed. It should be

emphasized that even small changes in the average radius of such chunks will

3
drastically influence the calculated volume (= r ) , and thereby the total

number of acorns per chunk. The estimated total neutron sputtering yield value

-A
for target type B2 is S = 4.5 x 10 atoms/neutron. It is of interest to

note that the S - values reported here for three different cold-rolled

vanadium samples fall within the range of S - values reported recently [3]

for cold-rolled niobium samples. The S - values reported above for the

niobium sample obtained by Harling falls within the range of S - values

quoted by Harling et al. [4] for that type of target.

A mechanism was suggested earlier by the authors [1, 2] for the emission

of chunks from highly stressed and rough surfaces, involving the release of

existing strain in the surface regions by the energy deposited by energetic

primary recoils, thereby causing the initiation of submicroscopic cracks. A

model of chunk emission developed by Guinan [9] incorporates some aspects of

this working model and gives a plausible explanation of our observations.

Guinan and subsequently Weertman [10] pointed out also that in the absence of
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surface stresses Che deposition of energy by the primary recoils is

insufficient to initiate microcrack^; to release chunks. This result is

in good agreement with our previous observation of no chunk release from

an unstressed monocrystalline niobium target. Since Weertrnan's model does

not include the release of stresses which exist in surface regions prior

to irradiation by primary-recoil energy deposition it should not be cited as

theoretical support for the observation of no chunk release from stressed

surfaces, as done by other authors [4], Finally, microprotrusions with only

a small fraction of the surface atoms bound to the host lattice may also be

released by the mechanisms described above [1, 2, 9] and contribute to the

chunk deposit. Additional models for chunk ejection have been developed by

J. E. Robinson and are discussed in a paper included in these proceedings.

Based on the results reported here, surface erosion of fusion reactor

components due to chunk emission will not be as serious as speculated earlier

[1-3],, but the effect of chunks on plasma contamination still needs to be

assessed.
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TABLE 1. CONTRIBUTION OF CHUNK AND ATOMIC DEPOSITS TO SPUTTERING YIELD OF VANADIUM IRRADIATED
WITH 14,1 I%V NEUTRONS.

"̂""•"-"-v̂ ^ SURFACE

> v CONDITIONS

COLLECTOR AREA INVESTIGATED
IN CM^

NEUTRON DOSE (N CM )

NUMBER OF CHUNKS PER COLLECTOR
AREA INVESTIGATED

RANGES OF SA FOR ATOMIC
DEPOSITS

RANGES OF S C DUE TO CHUNK

DEPOSITS (ESTIMATED AVERAGE

CHUNK DIAMETER 0,5 UM)

TOTAL SN DUE TO CHUNK AND
BACKGROUND (ATOMS/NEUTRON)

COLD ROLLED,
OPTICALLY GROUND,
LIGHTLY ETCHED V,
TYPE A (̂  10 UM)

0.4

4 - 7 x 1015

0

* 5 x 10~5

0

5 5 x 10"5

COLD ROLLED,
OPTICALLY GROUND,
LIGHTLY ELECTRO-
POLISHED, V,TYPE Bl
(~ 10 MM)

0.4

4 x 1015 - 1.4 x 1016

0

< 5 x 10~5

0

< 5 x 10"5

COLD ROLLED,
OPTICALLY POLISHED
LIGHTLY ELECTRO-
POLISHED V, TYPE B2
•(* 5 - 10 UM)

0.?

6 x 1 0 W

12

2 x 10"^

2.5 x 10"4

4.5 x lO"4



COLD-ROLLED POLYCRYSTALLINE VANADIUM SURFACES USED IN 14.1 MeV NEUTRON
SPUTTERING EXPERIMENTS

OPTICALLY GROUND OPTICALLY GROUND

LIGHT CHEMICALLY ETCHED LIGHT ELECTROPOLISH
OPTICALLY POLISHED

LIGHT ELECTROPOLISH



VANADIUM CHUNK DEPOSITS ON SILICON SUBSTRATES
(VANADIUM RELEASED BY 14.1 MeV NEUTRON IRRADIATIONS)
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