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ERRATA 

Line 22: delete "gold" 

Add to the first paragraph: Typical sputtering runs were two 
hours long, resulting in delivery of typically 0.5 Coul. to 
the target. 

The reference for Gr^nlund and Moore: 
J. Chem. Phys., 32, 1540-1545 (May 1960). 

The reference for KenKnight and Wehner: 
J. Appl. Phys., 35, 322-326 (Feb. 1964). 
change "xeV" to "keV" 

References for Fig. 9: 
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Plesh*«tsev: Zh. Okspev. teov. fiz, 37, 1233-40 (Nov. 1959) 
Yonts: J. Appl. Phys., 31, 447-450 (March 1960) 
Summers!' Proceedings of the Nuclear Fusion Reactors 

Conference, Culhsm, Sept., 1969, p. 347 
Eckstein: Paper by R. Behrisch, Gordon Conference, 

New Hampshire, July, 1974. 



INTRODUCTION 

When this work was begun in 1966, very little data on sputtering 
by protons and deuterons was, available. By contrast, a considerable 
body of reliable experimental information had been accumulated regarding 
sputtering by heavy ions, especially those of the noble gases and mercury, 
since such experiments are relatively easy to perform. It had been found 
that the sputtering yield was dependent upon a number of factors, including 
the relative masses of incident ion and target atom, the energy of the 
incident ion, the angle of incidence, the direction of ejection from the 
target surface, the cleanliness of the surface, and the crystal structure, 
if any, of the target. 

This research was undertaken to provide sputtering yields as a function + + 
of energy for H and D on several representative pure metallic elements, 
in the absence of surface contaminants. As a consequence of the low yields, 
experimental requirements for such measurements include delivery of a 
monoenergetic ion beam, free from other ions, to a target in ultra-high 
vacuum, and the use of a sensitive technique to determine the mass of 
sputtered material. In these experiments, the former requirement was 
satisfied by design and construction of a specialized vacuum system, 
which delivered a beam of 100„<yA and I mA/cm2 currcnt density, over an 

—8 
energy range from 500 eV to 8 keV, to a sputtering target at 5 x 10 l'orr. 
For the latter requirement, neutron activation of the targets was utilized. 
Thus autoradiographs of the sputtered films could be made, permitting study 
of the angular distribution of sputtered material, and providing some 
information regarding the crystailinity of sputtered targets. 

1 



THE EXPERIMENTAL SYSTEM 

An rf ion source of the Moak* type t?as selected to supply the 

hydrogen ion beam, which was magnetically analyzed since it was known 

to contain at least 157. of other hydrogen i'ons. Also, because of the 

diffusion of gaseous hydrogen from the ion sourcc, it was expected 

that the minimum pressure obtainable with pumps of feasible size in 

the immediate exit region of the source would be approximately 2 x 10 ^Torr. 

For these reasons, a differentially pumped vacuum system was used. 

The first chamber received the beam from the ion sourcc, where a vacuum 

pump removed most of the gas emanating from the source, and the beam 

was focused by an einzel lens on an aperture between the first chamber 

and a magnetic spectrometer tube. After passing through the spectrometer, 

the beam emerged into a second chamber, where it was accclerated and 

focused by a three-element lens upon the target to be sputtered. A 

cross-sectional drawing of the system is shown in Fig. 1. 

Vacuum System 

In Older to obtain a relatively clean, bakeablc vacuum system which 

would be readily demountable, stainless steel was chosen for the vacuum 

enclosure, and a sexless type flange with copper gaskets was used. The 

source and target chambers were each formed from a 6" outside diameter 

T, fitted with 8" end flanges, a 10" base flange for a trap connection, 

a 2 3/4" gauge attachment flenge, and a 4 1/2" flange for a viewing port. 

Since the proton beam not only produced the sputtering effect, but 

1 
t>. D. Moak, H. Reese, Jr., and W. M. Good, Nucleonics 9, No. 3, 18 (1951). 
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also simultaneously maintained the cleanliness of the target surface 

by removing adsorbed background gases, and because of the continuous 

influx of hydrogen from the rf source, exceedingly clean vacuum pumps 

were regarded as less important than high pumping speeds. For this 

reason, NRC VHS-6 oil diffusion pumps were chosen, using DC-705. The 

trap below the first, or beam injector chamber, was initially an NRC 

model 0316-6 chosen for high conductance, and the trap below the second, 

or target chamber, was a Granville-Phillips model 251-001, chosen for 

maximum trapping efficiency. A second 251-001 later replaced the 0316-6. 

Mechanical forepumps of 375 and 283 liters/min free air displacements 

were selected for the first and second chamber pumping systems, respectively. 

Both forelines were equipped with Post-type cold traps to minimize cross 

contamination of forepump and diffusion pump oils and to reduce forepressures. 

Selection of the dimensions of the aperture in the diaphragm separating 

the first chamber from the spectrometer tube and second chambcr involved a 

compromise between high transmitted beam currents obtainable with large 

apertures and lower pressures in the second chamber resulting from small 

apertures. A 0.318 cm diam x 0.636 cm long aperture was selected, and, 

under normal operating condidtions, i.e., with the usual hydrogen pressure 

in the rf ion source and a consequent pressure in the first chamber 

of 2 x 10" Torr, the pressure in the target chamber was 5 x 10 Torr or 

less. All pressures were measured with Bayard-Alpert gauges, and the base 

pressure of the system was 2 x 10 Torr. 



Ion Source, Lens Systems, And Target Assembly 

The rf ion sources used were very similar to the commercial 

source marketed by ORTEC. The base for the source, however, utilized 

stainless steel instead of aluminum, in order to replace an elastomer 

gasket with a copper one. The vacuum seals on the source were formed 
2 

with Torr-seal instead of vinyl acetate. 

After evaluation of several extractor canal diameters, a 0.159 

cm diam vas chosen, which gave ion cur.^nts of 1.0 tnA or more at probe 

potentials of 4.0 kV or more, with a maximum pressure in the first 

chamber of 2 x 10~6 Torr. 

The beam focusing optics were based upon lenses used at the High 
"V 

Voltage Accelerator Laboratory, Oak Ridge National Laboratory. For 

fixed voltages on the central element, and for LIf » 1, the object and 

image distances of an einzel lens scale approximately linearly with the 

physical dimensions of the lens if the ratios e/L and d/L are held fixed, 

where L is the separation of the internal surfaces of the first and third 

elements, f is the focal length, d is the common diameter of the lens 

elements, and e is the length of the central element. Utilizing this 

property, the ORNL lens was enlarged to increase its object and image 

distances, in order to conform to the minimum permissible length of the 

first chamber, which in turn was determined by clcarancc required for 

pumping stacks beneath the vacuum table. Because of linear scaling, 

the lens element diameters increased along with the object distance, 

so that the solid angle subtended by the first element at the rf ion source 
2 Varian Associates, Palo Alto, California 
3 P Grivet, Electron Optics (Pergamon Press, Ltd., Oxford, England, 1965). 



exit was unchanged, and a high beam acceptance for the Jons was 

retained. 

The lens in the second chamber was not an einzel lens, since the 

potentials of its entrance and exit elements were not identical, in order 

that the beam might not only be focused on the target, but also accelerated. 

Nevertheless, a three-element design identical with that in the first 

chamber was used, and the accelerating or decelerating potentials applied 

to this lens were distributed between the central and exit elements so as 

to minimize the variation of image distance with variations of the beam 

energy. 

Sets of deflection plates, consisting of two pairs cf plates at 90°, 

were attached to the first and third elements of the source lens, and to 

the third element of the target lens, permitting some "steering" of the 

beam as it emerged from the rf source, again as it approached the aperture 

between the first chamber and spectrometer, and.finally as it emerged from 

the target lens and approached the target assembly. The first and third 

elements of both lenses were also fitted with girids:,""'formedî troHi tungsten 

mesh of approximately 907. optical transparency, which were very effective 

in improving the beam transmission of the entire system. 

The principal elements of the target assembly were the target mount, 

which was a plate with provision for positive attachment of the radioactivated 

gold targets, and a collector plate, which was interposed between the exit 

element of the target lens and the target, and had a small central aperture 

through which the beam passed. A stainless steel tube within the vacuum 

system, making contact with the exit element of the lens and surrounding 



the target assembly, provided electrostatic shielding and prevented 

contamination of other portions of the vacuum system by sputtered 

radioactive material. 

Both lens assemblies and the target assembly utilized stainless 

steel elements mounted on precision insulators, in order that beam 

interception currents could be monitored. The insulators slid on 

centerless ground stainless rods, affording some dimensional adjustability 

for the lens system.. Set screws were used to lock the elements in place, 

and all screws used within the vacuum system were longitudinally fluted 

to minimize gas entrapment within the threads. Each of the lens 

assemblies and the target assembly were mounted on separate flanges and 

were removable as individual units from the vacuum system for inspection 

and adjustment. Electrical connections to the internal elements were 

established using bakeable coaxial feed-throughs of an original design. 

Both lenses were operated with decelerating potentials on their 

central elements. The decelerating potential used depended on the beam 

energy, determined by V , the extraction potential of the rf ion source. 
P 

In general, the decelerating potential was approximately 75% of Vp for the 

source lens, and considerably less for the target lens, which received 

a slightly converging beam from the spectrometer rather than a diverging 

one from the rf source. 

4 
C. R. Finfgeld and A. Keith Furr, Rev. Sci. Instrum. 39, 1062 
<1968)* 
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With Vp at 4 kV, the exit element of the target lens and the 

electrostatic shield and collector all attached to it were operated 

at ground, providing It keV protons for sputtering. Less energetic 

protons were obtained by reducing the probe material and simultaneously 

operating the third element of the target lens positive with respect to 

ground, so that the deceleration of protons entering the target lens was 

greater than their acceleration during exit. Reduction® of probe 

potential below 4 kV and potential increases above ground o1." the third 

element, shield and collector were usually chosen to be equal, e.g., 2 keV 

protons wore obtained with Vp = 3.0 kV and V^ = 1.0 kV, where V^ is the 

potential of the collector with respect to ground. Protons of energy 

greater than 4 keV were obtained by increasing Vp to 4.5 kV, and then 

running the third element, shield and collector negative with respect 

to ground, but with the center element of the target lens still positive 

with respect to ground.. Thus 7 keV protons were obtained with Vp = 4.5 kV 

and Vc = »2.5 kV. Actual proton energies were slightly different from 

these nominal values, however, since the target was maintained 100 V 

positive with respect to the collector in order to suppress secondary 

electrons. 

Spectrometer 

The magnetic spectrometer was designed to provide double focusing, 

in order to maximize beam intensity. It design was based upon calculations 
5 

by Sternheimer , in which a general radial dependence of magnetic field is 

considered, and the entrance and exit planes of the magnet are not restricted 
5 
ft. M» Sternheimer, Rev. Sci. Instrum, 23, 629 (1952), 

8 



to be normal to the beam axis, thereby obtaining some focusing from 

the fringing fields. This permits use of magnetic sectors with 
o 

included angles much less than 180 , with sources and images well 

outside the magnetic field. A deflection angle of 90° and a radius 

of curvature, R, of 9.53 cm were chosen. Object and image distances 

are measured along the beam axis from the intersections of pole piecc 

entrance and exit planes, respectively, with the beam axis. A large 

image distance was selected so that the trajectories of particles 

entering the second lens would be nearly parallel. 

With these objectives, it remained to determine the desired 

variation of magnetic flux density with radial distance r from the 

center of curvature, and the tilt angles of entrance and exit planes 

with respect to the beam axis, S and T, respectively, to obtain 

double focusing. The radial field is assumed to vary as B (r) = B(R)(R/r)n, 

with n also to be determined. To this end a F0P"?RAN IV code based upon 

the equations obtained by Sternheimer was written to determine n, S, and T. 

From the data obtained, the values n = 0.3, S = 14°, and T = 9.4° were 

chosen, giving an image distance of approximately 79 cm. A second FORTRAN IV 

code was then written to determine the physical dimensions of the magnet pole 

pieces required to produce the desired field distribution, and the yoke 

and pole pieces were machined from Armco iron forgings. 

Performance 

The completed, system was capable of delivering proton currents to 

the target between 50 and 165 mA, at various beam energies from 500 cV 

to 8 keV* Currents during most of the sputtering experiments ranged 

from 75 to 125 with a spot size of 0.32 cm diam or less, giving an 
2 average beam current density of 1.25 mA/cm , 

. J. 



The pressure in the target chamber just before hydrogen was 
-9 introduced into the rf source was typically 6 x 10 Torr. With the 

source operating but with the beam deflected so as uot to enter the 
g 

target chambcr, the pressure was typically 2 x 10" Torr. Upon beam 
-8 injection, this would increase to 5 x 10 Torr, and during an experiment 

- 8 -7 

pressures would range from 2 x 10 to 1 x 10 Torr, with the pressure 

improving during a run as proton bombardment degassing of the target 

and other exposed surfaces progressed. 

NEUTRON ACTIVATION 

All the targets in these experiments were radioactivated before 

sputtering, and known masses of the same metals were activated simultaneously. 

These known masses were dissolved, the solution diluted, and known smaller 

masses of the metal dram off for use in calibrating counting apparatus. 

For each element sputtered, the masses of sputtered samples were taken 

to be proportional to the integrated counting rates under the >-photopeak 

of a selected isotope, corrected to zero decay time. 

All the sputtering targets were punched from foils with a paper punch, 

producing targets 1/4" in diameter. In the first experiment for If*" on gold, 

targets were punched prior to activation, and were activated separately 

from masses for calibrators. In all the other experiments, entire foils 

were activated, targets punched from them, and the perforated remnant 

was weighed and dissolved to form calibrators. Foils of minimum practible 

thickness were also chosen, and folded double to minimize radioactivity 

gradients due to self-absorption of neutrons. 

10 



Foil thicknesses are given in Table 1. 

Table 1 

Au Co Ta Mo 

0.001" 0.0004" 0.00025" 0.0004 tl 0.0003 

0.0005" 0,0004" * 0.00025" 0.0004 • I 0.0003' 

Throughout these experiments the target foils were cleaned in a 

Freon ultrasonic vapor de-greaser, but had no other surface preparation 

except in the case of tungsten. These foils were mechanically polished 

after activation and prior to sputtering. 

After each sputtering run, .the collector bearing the sputtered 

deposit was removed from the vacuum system, and x-ray film was exposed 

to it to form an autoradiography These were subsequently used to correct 

for the escape of sputtered material through the center beam entrance 

hole, and also provided some indication of the crystallinity of the target. 

In the initial experiment for H + on gold, sputtered material was 

" collected on stainless steel plates, from which it was removed with aqua-regia 

for counting. In all subsequent experiments, aluminum foil collectors 

were usifd, and the radioactive, deposits were left upon them for both 

autoradiograph formation and counting. In every case the sputtered 

material was counted in a geometry identical with that used to count 

calibrators. 

11 



RESULTS AND DISCUSSION 

+ + 

H and D on Gold 

During the proton experiments seventeen individual sputtering 

runs were made, using eight different targets at nine proton energies„ 

Masses of gold were taken to be proportional to the integrated 

counting rates under the 0.412 MeV gold gamma photopeak corrected 

to zero decay time. A summary of the data from which yields were 

calculated appears in Table II and the yield as a function of energy, 

corrected for material escaping through the center hole of the + 
collector plate, along with the yields for H^ on silver reported 

by Gronlund and Moore, appear in Fig. 2. The relatively low gold yield 

primarily reflects the low value of the energy transfer factor 
2 j+ + 4mjn^/(mj+ m^) for IT" on gold relative to that for H on silver, since 

the collision spheres appropriate to the silver and gold atoms, both 

primarily determined by the single electron outside closed d shells, are 

similar. 

The yields at 2.67 and 4.0 keV are of special interest, since 

they may be compared with conjectures by KenKnight and Wehner based 
+ + upon their data for sputtering by H and H . They observed that, for 2 3 

the eighteen target metals they sputtered, the ratios of yields for 
+ + 

H„ and H were close to 1*5, and upon this fact based their inference 
3 2 

that an H^ ion sputters as would 3 protons with 1/3 the energy, and an 
•f 

H ion sputters as would 2 protons with 1/2 the energy. Their measured 
2 

yields of 0,036 atoms/ion for H. and 0.0565 atoms/ion for H + at 8 keV 
o ' • 2 3 



TABLE II. Summary Of Data For Proton Yields 

Target 
Mo. 

Energy 
(keV) 

Mass 
<ug) 

No. of 
pro tons 
X10J-8 S (atoms/ion) 

4 4 43.9 6.19 0.0217 

4 4 40.3 5,59 0.0220 

4 4 50.9 6.33 0.0245 

16 3 37.2 5.50 0.0207 

16 3 41.6 6.15 0.0207 

14 2 32.4 5.41 0.0183 

14 2 31.9 5.60 0.0175 

15 1 7.75 1.8i 0.0129 

15 1 13.5 5.26 0.00787 

23 0.5 4.24 4.40 0.00295 

19 1 10.1 3.79 0.00814 

25 1 0.209 0.0906 0.00704 

25 5 0.541 0.0898 0.0184 

24 5 2.37 0.332 0.0217 

24 6 28.9 3.74 0.0237 

25 7 11.5 1.61 0.0217 

25 8 22.7 3.25 0.0214 

. J. 
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on gold indicate proton yields of 0.018 atoms/proton at 2.67 keV and 

0.019 atoms/proton at 4.0 keV. 

Using their data for silver, KenKnight and Wehner also predicted 

yields for which were 15 to 307. higher than the results obtained 

by Gronlund and Moore, and suggested that the discrepancy might well 

be due to surface contamination of the silver targets. In these 

experiments, however, the gold targets were sputtered at much higher 

current densities and lower pressures than those used by Gronlund 

and Moore for silver, and were quite probably negligibly contaminated. 

It thus seems probable that the measured yields for gold are correct, 

and, indeed, the present results are in good agreement with the 

predictions of KenKnight and Wehner. 

As seen in Fig. 2, the sputtering yields drop off drastically 

for proton energies below 2 keV, but are still finite, even at 500 eV. 

For a two-body collision, however, the maximum energy which could be 

transferred to a heavy gold atom by a light 500-eV proton is only 

10 eV, which is lower than most minimum atomic ejection energies 

for noble gases on gold calculated from the thresholds reported by 

Stuart and Wehner,^ and much lower than the displacement threshold for 

bulk radiation damage of 33-36 eV reported by Bauer and Sosin.^ 
t 

6 
R. V. Stuart and G. K. Wehner, J. Appl. Phys. 33, 2345 (1962) 

7 
W. Bauer and A. Sosin, J. Appl. Phys. 35, 703 (1964) 



The gold foil from which targets were punched was produced by 

rolling, followed by pressing, and had the typical stiffness of 
g 

cold-worked sheet. It is generally recognized that the predominant 

preferred orientation caused by rolling of gold foils can be roughly 

descT?bed as having the (110) plane parallel to the surface, and that 

"cubic" texture, with the (100) plane parallel to the surface, can 

be produced by rolling and subsequent annealing. An X-ray diffraction 

precession photograph of a typical unsputtered target revealed a very 

high degree of crystallinety, and also of preferred grain orientation. 

Examination of the autoradiographs from the first run made at 
4.0 keV revealed distinct cruciform patterns, quite similar to those 

9 

observed by Koedam and others for sputtering of fee monocrystals. 

The patterns reported by Wehner10 for sputtering of the (110) and (100) 

planes of copper, and by Nelson and Thompson'"'" for (100) planes of "cubic" 

texture gold foil were compared with those obtained in this experiment, 

aaid it was concluded that the gold targets in the present work were 

sputtered predominantly on (100) and (110) planes. 

S 
C. S. Barrett and T. B. Massalski, Structure of Metals (McGraw-Hill 

Book Co, New York, 1966), 3rd ed. 

9 
M. Koedam, Phillips Res. Rep. 16, 266 (1961). 

10 
G. K. Wehner, J. Appl. Phys. 26, 1056 (1955). 

11 
R. S. Nelson and M. W. Thompson, Proc. Roy. Soc. (London) 259A, 

45S (1961). 

. J. 



The patterns from most targets displayed twofold rotational symmetry, 

as shown in Fig. 3 (a) for target No, 14 sputtered at 2 keV, and these 

were believed to have resulted from a preponderance of (110) microcrystalline 

planes, which have twofold rotational symmetry, oriented parallel to the 

target surface. ' r both runs in which target No. 16 was sputtered at 

3 keV, and the sputtering of target No. 16 at 1 keV, the patterns 

displayed fourfold rotational symmetry, as shown in Fig, 3(b), and both 

these targets were annealed, causing formation of the fourfold rotationally 

symmetric "cubic" texture, with (100) planes exposed at the target surface. 

It was noted that there was no correlation of relatively high or 

low yields at a given energy with the symmetry of ths pattern. For 

example* of the four runs made at 1 keV, all produced patterns with 

strong twofold symmetry except oae done with an annealed target, which 

produced one of the fourfold symmetric patterns, and a yield intermediate 

between those for the twofold symmetric patterns. Although pattern 

symmetry could only be regarded as indicative of a predominant preferred 

orientation* it was tenatively concluded that, within the experimental 

accuracy* yields were not perceptibly dependent upon target orientation. 

For those targets that were sputtered more than once* it was observed 

that the symmetry of the pattern was always nearly the .same* even at 

substantially different proton energies. Target No. 25 was sputtered at 

1 and 5 keV* and the patterns were nearly indistinguishable* thus the 

pattern formation in proton sputtering seems to be much less dependent 

Upon the energy of the incident projectile than for heavy ions* 

the sputtering yields for D on gold are given in table 111* and 
the yields as a function of energy ate plotted in figure 4 along with 

. J. 



fig."3a* Deposit spot pattern with 
2-fold rotational symnvetty, resulting 
Ifrom sputtering of (110) planes* 

f 

. V 

# 

fig* 3b* Pattern with 4-fold symmetry," 
from sputtering of the (100) planes 
of an annealed target. 

\l 
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Table III. Sputtering Yields For P* On Gold 

Energy (keV) Yield (atoms/ion) 

0.5 0.0166 

1.0 0.0301 
1.0 0.0244 

2.0 0.0404 

3.0 0.0378 
3.0 f 0.0347 

4.0 0.0417 

5.0 0.0526 
5.0 0.0427 

6.0 0.0548 

7.0 0.0443 
7.0 0.0459 

8.0 0.0494 

. J. 
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the results of Gronlund and Moore for D on Ag. At a given energy, 

the yield for D is higher than for which just results from the higher 

value of the energy transfer factor for D+. In fact, this relationship 

applies to all the target materials in these experiments. 

All of the gold targets sputtered with D + were un-annealed, all of 

the autoradiographs displayed two-fold rotational symmetry, and it was 

concluded that these targets had predominantly (HO) microcrystalline 

planes oriented parallel to the surface. 

For both H + and D + on gold, correction factors for material escaping 

through the center hole of the collector plate ranged between 77. and 

207., and did not display any systematic dependence on the energy of the 

incident ions, 
+ -+-
H and D on Cobalt 

The yields for If1" and D + on cobalt are tabulated in Table IV, and plotted 

in Fig. 5. in these measurements the masses of cobalt were determined 

using the 1.17 and 1,33 MeV "V-photopeaks from C o ^ . 

The autoradiographs from all these runs displayed no cruciform 

patterns, and instead were axi-symmetric about the normal to the 

target. It was concluded that there was no preferred orientation 

in the cobalt foils. 

Correction factors for sputtered atoms escaping through the 

center hole in the collector ranged from 37. to 107. for D + and from 

37. to 87. for H+, and did not vary systematically with energy. 



Table IV. Sputtering Yields For H* and P^ On Cobalt 

Energy (keV) 

0.5 0.000330 

1.0 0.000636 

2.0 0.00119 
2.0 0.000919 

3.0 0.000970 

4.0 0.000613 
4.0 

5.0 0.00101 

6.0 0.000814 
6.0 

7.0 0.000778 

8.0 

Yields (atoms/ion) 

D+ 
0.O0Z35 

0 . 0 0 2 4 8 

0.00286 

0 . 0 0 2 7 8 

0 . 0 0 2 4 9 
0 . 0 0 2 9 8 

0 . 0 0 2 9 2 

0 . 0 0 2 4 1 
0.00281 

0.00233 

0,00214 

22 
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H + and D"*" on Tantalum 
The yields £or.H+ and D + on tantalum are tabulated in Table V 

and plotted in Figs 6a The masses of tantalum were determined uring 
• 182 the 10121 and 1.221 MeV -y-photopeaks from the decay of 115-day Ta . 

For these runs the autoradiographs were axi-symmetric about the 

target normal, implying that the tantalum foils had no preferred 

orientation. The correction factors for material escaping through 

the center hole ranged between 57. and 20% and did not vary systematically 
4- j-for D « For H , however, they ranged from 117. to 357. and tended to 

decrease with increasing energy. 
+ + 
H and D on Tungsten 

+ 4. 
The sputtering yields for H and D on tungsten are given in 

Table VI and plotted in Fig. 7, Correction factors for material escaping 

through the center hole of the collector ranged from 2% to 177« for H + 

and from 107. to 157. for D*, and did not vary systematically in either casea 

The autoradiographs from all the D + runs from 5 keV to S keV 

displayed deposit spot patterns. So also did those from the H + run at 

6 keV, one of the two runs made at 5 keV, and one of the too runs 

at 7 keV. These patterns were all more diffuse and less sharply defined 

than those shown in Fig. 3 for on gold. However, they appeared to 

have 4-fold rotational symmetry, which would correlate with exposure 

in the target surface of the (001) plane of bcc tungsten which is 

known to result from cold working. 

. J. 



Table V. Sputtering Yields For H1" and D+ On Tantalum 

Energy (keV) 

0.5 

1.0 
1.0 

2.0 0.000650 
2.0 0.000606 

3.0 0.000770 

4.0 0.000857 
4.0 0.00105 

5.0 0.000888 

6.0 0.000958 

7.0 0.00119 
7.0 

8.0 0.00112 

Yields (atoms/ion) 

D + 

0.00135 

0.00187 
0.00122 

0.00199 

0.00254 

0.00222 
0.00272 

0.00290 

0.00301 

0.00306 
0.00361 

0.00348 
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Table VI Sputtering Yields For H + And D* On Tungsten 

Energy (keV) 

1.0 
1.0 

2.0 

3.0 
3.0 

4.0 

4.5 

5.0 
5.0 

6.0 

7.0 
7.0 

8.0 

Yields 
+ + H D 

0,000248 0.000711 
0.000219 0.000722 

0.000245 

0.000306 
0.000290 

0.000357 

0.000253 
0.000327 

0.000217 

0.000215 
0.000384 

0.000365 

0.000997 
0.000955 

0.000932 

0.000902 

0.000886 
0.00101 

0.000839 

0.000947 
0.600S25 

0,000998 
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R*** and D"*" on Molybdenum 

The yields for H + and D + on molybdenum appear in Table VII and 

are plotted in Fig. 8, The molybdenum masses were determined using 
99 

the 739 keV and 778 keV T-photopeaks from 66.7 hour Mo. 

Deposit spot patterns were absent from the autoradiographs for 

ail the molybdenum runs except for D + at 8 keV, which had a pattern 

too v.igue for any symmetry to be discernible. The corrections for 

material escaping through the center hole of the collector ranged 

from 97. to 197. for D+, and did not vary systematically with energy. 

For H+, however, the corrections increased systematically from 67. 

at 1 keV to 127. at 7 keV. 
GENERAL DISCUSSION 

The sputtering yields for D + at 8 keV on all the metals of 

these experiments are shown in Figure 9, along with the results 

of others, extrapolated in some cases. For purposes of comparison, 

the yields measured by Rosenberg and Wehner*^ for He+ at 400 eV 

on twenty-nine elements are shown in Figure 10. It is seen that 

yields increase with increasing atomic number through the fourth, 

fifth and sixth rows of the periodic table for 400 eV He+, and the 

yields appear to increase with increasing filling of the electron 

shells, which is believed to cause increases in the hard-sphere 

collision radius. It is noted especially that the same systematics 

found for He + yields appear to apply for D + as shown in Figure 9„ 

T2 
J. Appl* Phys* 33, 1842 (1962) 
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Table VII Sputtering Yields for H* and D* On Molybdenum 

Energy (keV) Yields 

H+ D+ 

1 . 0 . 0 . 0 0 1 7 2 0 . 0 0 2 6 2 
1 . 0 0 . 0 0 3 0 7 

2 . 0 0 . 0 0 2 2 1 0 . 0 0 3 6 5 
0 . 0 0 3 3 1 

3 . 0 0 . 0 0 1 9 1 0 . 0 0 3 8 9 
3 . 0 0 . 0 0 2 4 4 0 , 0 0 3 3 3 
3 . 0 

4 . 0 0 , 0 0 2 9 1 0 , 0 0 4 1 9 
4 . 0 0 . 0 0 2 5 2 0 . 0 0 4 5 3 

5 . 0 0*00206 0 , 0 0 4 5 7 
5 , 0 0 . 0 0 2 8 3 0 . 0 0 4 0 2 

6 . 0 0 . 0 0 2 4 2 0 . 0 0 4 9 3 
6 . 0 0 . 0 0 3 2 8 0 . 0 0 5 1 9 

7 . 0 0 . 0 0 3 7 5 0 . 0 0 4 2 3 
7 . 0 0 , 0 0 3 0 5 0 , 0 0 5 4 8 

. J. 
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FIGURE 10. SPUTTERING YIELDS AT400tV HELIUM ION ENERGY FOR 29 ELEMENTS 
VS. THE ELEMENTS ATOMIC NUMBER (ROSENBERG AND WEHNER) 



Angular Distributions 
The sputtered deposits were collected on flat foils as described above. 

This worked admirably for estimating ths quantities of sputtered material, 

but did not give angular distributions in conventional coordinates. 

Consequently, all the autoradiograph densitrometry data was re-expressed 

in terms of a relative surface density or(0) applicable to spherical 

polar coordinates with origin at the center of the target, such that the 

total mass of sputtered material would be given by 

density, and $ and 6 the conventional azimuthal and polar angles, respectively. 

It has been assumed that sputtered atoms traveled along straight paths 

from the target to the collector, so that material found in a given clement 

of area on the flat collector plate passed through the corresponding eleirer.t 

of area on the imaginary spherical surface. For small 6, corresponding 

elements of area on the flat and spherical surfaces are nearly equal, but 

for 6 -*• the elements of area on the spherical surface increase but remain 

finite, while the corresponding ones in the flat surface become infinite.-

Thus for increasing 6 the material passing through the spherical surface 

was distributed over ever larger areas on the flat plate, resulting in a 

loss of sensitivity for the procedure. Also, for the dimensions of the 

target-collector assembly, the target did not satisfactorily approximate a 

point source, and this was taken into account in transforming the densitometry 

where a is the target-collector separation, c. max the maximum surfacc mass 

. J. 



Table VIII. Range of included angles &8 as a function of mean 
ejection angle 8„ 

Mean ejection 
angle 8 

0 
7.3 
13.8 
21.4 
27.8 
33.6 
38.9 
43.5 
47.6 
51.0 
54.1 
56.2 
59.0 
61.2 
63.1 
64.6 
66.1 
67.4 

68.7 
69.6 

a6 

± 17.9 
± 17.7 
± 16.1 
± 15.6 
± 13.9 
t 12.5 
± 10.9 
* 9 . 4 

* 8.2 
± 7.1 

± 6.3 

i 5.0 
* 4.9 

± 4.2 

t 3.8 

± 3.4 

± 3.1 

t 2.7 

± 2.5 

t 2.3 

. J. 
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data. As a consequence, az(0) actually Is an average for material sputtered 

into an angular range about 6, the normal to the target. Tabic VIII gives 

the range of included angles as a function of mean ejection angle. The 

angular range, which is unfortunately large for small angles, decreases 

because of geometry with increasing angle, but this improved resolution is 

accompanied by the reduced sensitivity described above. 

The relative surface density cr(6) as a function of mean ejection angle 

is plotted in Figures 11, 12, 13 and 14 for H + and D+ on several target 

elements at a variety of energies. In all these figures the solid curvcs 

represent the cosine function, which is Included because it has so frequently 

been applied to angular distributions, and the dashed segments represent 

extrapolation of experimental data through the central aperture. 

For the tungsten runs where deposit spot patterns were present, optical 

densities were measured along diameters passing through the centers of 

dark lobes. With the exception of the runs for tungsten, the autoradiography 

for the angular distributions shown were nearly axi-symmctric about the beam 

axis, so that all diameters on the autoradiographs were equivalent for 

obtaining densitometry data. 

The relative surface densities for both H + and D+ on tungsten are seen 

to be appreciably more peaked than the cosine function, and not to vary 

significantly within the energy range of these experiments. The relative 

surface densities for H* on Ta at 1 keV (Fig. 13a) and D+ on Mo at 4 keV 

(Fig. 13b) are similar, both to each other and to those for tungsten. 
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However, for D + on Co (Fig. 14), the relative surface densities are more 

nearly cosine and more sharply peaked with increasing deuteron energy. In 

all eases, the rapid decrease of or(S) for 50° < 0 < 70°, and its disappearance 

for 0 > 70°, may bp due to the geometrically caused loss of sensitivity of 

this technique at large angles. 

However, light hydrogen ions penetrate irorc deeply into the target and 

collision cascadcs leading back to the surface will be longer, than fcr 

heavy ions. These cascades will have minimal paths for ejection nnrir.al to 

the surface so that angular distributions for light ions may be relatively 

sharply peaked. 
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