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A 0.3-m vacuum monochromator has been used to observe Lyman-a emission from polycrystalline Mo, Ta,
Pt, and Cu and from single-crystal n-type Ge and Si surfaces under 6.5-12.5-keV proton bombardment.
The viewing direction was fixed at 60° relative to the proton-beam axis. The absolute photon yields were
determined as a function of beam-surface incidence angle (@ = 0 for normal incidence) and surface
temperature (300-600 °K). Yields exhibited incident angle dependences of secO or stronger, and
temperature coefficients were positive for Mo and Ta, negative for Cu, and nearly zero for Ge. Doppler-shift
profiles of the Lyman-a emission were used to determine the backscattered, excited-hydrogen-atom energies.
Absolute photon yields between about 10™* and 10~2 photons/proton were obtained. The yields were
insensitive to background H, gas pressure between 5X 10~° and 107 Torr.

I. INTRODUCTION

The emission of Lyman-a (L,) radiation from
proton bombardment of surfaces was first reported
by Dunn, Geballe, and Pretzer' in 1962. L, emis-
sion was observed from tungsten mesh under im-
pact by 2.5-keV protons with a photon yield of
5x 102 photon/proton. In 1966, Sterk, Mark, and
Saylor? bombarded an aluminum surface oriented
at 30° with respect to a proton beam. Their proton
energy was varied from 3 to 30 keV. The results
of this experiment agreed closely with those of
Dunn ef al. In 1967, Khan, Potter, Worley, Sal-
em, and Smith® investigated L, emission from a
single crystal of copper. Here, the crystal was
exposed alternately to beams of protons and helium
ions and the emission spectrum from the surface
was observed. No absolute calibration was at-
tempted, however.

McCracken and Erents,* in 1970, observed L,
emission by bombarding a Mo surface with H*,

H,", and H;* ions of energies ranging from 12 to
33 keV. They measured the L, line profiles,
which showed Doppler shift and broadening. In
other work® they indicated that the L, photon yield
from Mo surfaces is of the order of 10~* photon/
proton when 20-keV ions are incident at 45° with
respect to the surface normal. Note that this yield
is more than an order of magnitude below that re-
ported by Dunn et al.

In view of these relatively few published results
on L, emission from surfaces and the considerable
difference between observations, additional study
is warranted. The purposes of the research re-
ported here have been to determine absolute photon
yields for a wider variety of surface materials,
to determine the dependence of the yield on in-
cident proton angle and energy, and to observe the
temperature dependence of the yield. These re-
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sults, coupled with data by other investigators on
observed Balmer emissions,®~° should provide in-
sight into the mechanisms of surface scattering
and neutralization.

II. EXPERIMENTAL DETAILS

A schematic diagram of the apparatus is pre-
sented in Fig. 1. The protons are generated in
an rf discharge ion source,'® and are accelerated
to the desired energy before entering a magnetic

€

MONOCHROMATOR

FIG. 1. Schematic diagram of the apparatus. TG is the
target surface which can be rotated about the vertical
axis. 6 is the beam incident angle and is measured from
the target normal N. W is a polished LiF window of 1
mm thickness.
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mass analyzer. When the beam emerges from the
mass analyzer it is collimated by two electrostatic
lenses (L, and L,) before entering the scattering
chamber. Inside the scattering chamber are two
restricting apertures to limit the beam size to
about 2.5 mm in diameter and 4° angular diver-
gence. The proton energy can be adjusted between
6.5 and 12.5 keV with an energy spread of about
200 eV full width at half maximum. The target
can be rotated through 360° around a vertical axis
passing through the target surface and perpendi-
cular to the beam direction, and can also be dis-
placed vertically by 2.5 cm. The incident angle

6 is measured with respect to the surface normal.

The observed radiation passes through a 0.3-m,
/5.6, McPherson model-218 vacuum mono-
chromator and is detected by an EMR Model 541F~
08-18-03900 photomultiplier operating in a pulse
counting mode. The monochromator is fixed at a
position which makes an angle of 60°with respect
to the ion-beam direction, and in a plane contain-
ing the target surface normal and the beam direc-
tion. It is fitted with a 600-line/mm MgF,-coated
plane grating G blazed at 1500 A, and is capable
of viewing the whole area of the target surface.

The pressure within the scattering chamber dur-
ing bombardment is maintained at 1-5X 1078 Torr
by two Electroion pumps in a differential pumping
arrangement. The scattering chamber and mono-
chromator are separated by a 1-mm-thick LiF
window (W). :

Not shown in Fig. 1 is a deep Faraday cup which
is attached to the rear of the target mount. The
cup, fitted with a grid for secondary electron sup-
pression, is used to measure the proton-beam
intensity. A typical beam current is about 25 pA,

giving a current density of about 500 yA/cm? With

the target in position, only the apparent beam
current to the target may be monitored. This ap-
parent current depends strongly on the secondary-
electron-emission coefficient, which in turn de-
pends on the energy of the proton beam, the in-
cident angle, and the surface condition of the tar-
get. Therefore, it provides only an indication of
the constancy of the incident beam current during
a given measurement.

The Cu, Mo, Ta, and Ge target surfaces were
mechanically polished with 1-ym diamond dust
using kerosene as vehicle. The polished surfaces
are rinsed with deionized water, acetone, and tri-
chloroethylene, in that order. The Cu, Mo, and
Ta targets are polycrystalline bulk material, but
the Pt surface is a foil of 0.04 mm thickness. The
photon yield has been measured from both n~-type

and pure Si, which are supplied as polished wafers °

from Motorola Company. The Ge and Si surfaces
are the (111) face, as determined by x-ray diffrac-

tion. The Ge is doped n~type.

The surfaces have been examined by x-ray fluor-
escence techniques. Traces of Rh and Pd were
observed in the Pt sample, traces of Fe, Cu, and
W in Mo, and no noticeable trace of impurities in
the Cu and Ta targets. For the n-type Ge a very
small amount of As was observed, but for the n-
type Si, no noticeable impurities of elements heav-
ier than Ca were found. However, for the pure
Si, some traces of Fe, Cr, and Zn were observed.
All of these trace impurities were present in
amounts less than 100 ppm and thus probably had
minimal influence on the observed L, emission
yields.

1L OPTICAL CALIBRATION

In order to determine the absolute L, photon
yield, it is necessary to determine the overall
system efficiency e, which depends upon the solid
angle subtended by the entrance slit from the tar-
get and the efficiencies of the monochromator and
photomultiplier. To determine these quantities
individually is a formidable task. Instead, a
“standard source” was constructed (Fig. 2) that is
used to calibrate the L, spectral line position of
the monochromator as well as to determine ¢ ex-
perimentally. The calibration assembly is simi-
lar to that employed by Mumma and Zipf!! in their
investigation of electron impact on gases. It con-

FIG. 2. Standard L, source
assembly. F is the electron
gun filament, L, L,, and
Lg are electron collimation
lenses, D is the electron
beam deflector, T is the top
plate of the scattering cell,
S is the cell wall, B is the
cell bottom plate, C is the
Faraday cup, and W is the
LiF window.
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tains an electron gun and a cylindrical cell at known
pressure of H, gas. The electrons are magnetical-
ly shielded so that a well-collimated beam may
pass through the center of the scattering cell.

The entire assembly is mounted on a flange iden-
tical to that from which the target is suspended.
The target assembly may be removed from the
scattering chamber and the calibration assembly
may be placed in the same position as the target
surface. The cell is provided with a LiF window
15.2 mm long and 1 mm thick. The electron cur-
rent is monitored separately to the cell top I, the
cell wall I, the cell bottom plate I, and the Far-
aday cup I,. Typical current measurements are
as follows: I.=3 pA, Ig=2 pA, I;=1.4 pA, and
I.=39 pA. Because the current collected by the
top plate will not make any significant contribu-
tion to the observed photon emission, we disre-
garded this component. However, the current col-
lected by the cell wall may make some contribu-
tion to the photon emission. Because the cell
length is 3.0 cm long and the viewing beam length
is about half of this, we estimate that about one-
half of the electrons collected by the cell wall ef-
fectively contribute to the photon emission ob-
served. Since we have a wide open observation
window, we expect that those electrons collected
by the cell bottom plate should have the same ef-
fect as those collected by the Faraday cup as they
pass the observation region. From the above dis-
cussions we use as the effective electron-beam
current

L=Ic+I +3g. 1)

Because of the difficulty of ascertaining the contri-
bution due to I, we impose an uncertainty of £15%.
The number of L, photons emitted per unit time
from electron-beam impact on the H, target gas

can be expressed as follows:

Gp=Nylo,B, @)

where N, is the scattering cell gas density at tem-
perature T, o, is the known dissociative cross
section for L, emission by electron impact on hy-
drogen,**'*? ] is the length of the electron beam
viewed by the monochromator, and B is the elec-
tron-beam flux. The rate at which photons are de-
tected by the optical system is '

S,=(e/F)G,T, (3

where T}, is the transmission of the scattering cell
window and F is a correction factor due to the
presence of molecular uv emission from hydrogen.
From the known slit function and the spectral scan.
reported by Vroom and DeHeer,'? the results of
Stone and Zipf,'®* and McConkey and Donaldson,**
we estimate the contribution of the molecular line

in this work to about 5%, i.e., the correction fac-
tor is given by

F=0.95+0.05. (4)

The number density N, at 300 K is taken from the
ideal-gas relationship N, =3.22X 10'P (cm™3), in
which P is the pressure in Torr.

Combining Egs. (2), (3), and (4), and setting
B=6.25x10"'2 I, gives

€=4.12x10-%%(S, /T, Po, 1) (5)

with [ in em, o, in em?, and S, in counts/sec.

The transmission of the LiF window, T,,, can
be estimated from the known index of refraction,'®
and the published transmittance,'® of LiF at dif-
ferent thicknesses. Our result for the 1-mm-thick
window is

T/,=0.74+0.04. (6)

Using this value in Eq. (5), along with [=1.52 cm,
gives

€=4.20x107%%S, /P, 1,) . ("

The cell pressure was monitored by an ionization

" gauge calibrated for H, and was varied from 10~*

to 1073 Torr. The electron-beam current was
varied from 35 to 55 pA at different beam ener-
gies. By measuring the counting rate and using
the known dissociative excitation cross sections
given by Mumma and Zipf,'* we obtain the optical
efficiency of the system:

€=3.24x10"10, (8)

Uncertainties are discussed in Sec. V.
The absolute photon yield at any orientation of
the target surface is thus given by

Y(6) =5(6)/B,e , ’ 9)

where S(6) is the measured counting rate at inci-
dent angle 6 and B, is the proton-beam flux. Com-
bining Eqs. (8) and (9) gives

Y(6) = 4.93x 10-45(6) /I (10)

with the proton-beam current/ in yA.

IV. YIELD MEASUREMENTS

Ultraviolet emission from the surfaces has also
been investigated with the monochromator from
1090 to 1330 A employing 200-um entrance and
exit slit widths in an effort to detect any emission
other than L, in this region. No emission in this
interval except the L, line was detected with this
system. (We have observed Lyman-g at 1025 A,
using a channel electron multiplier, without the
LiF window inserted between monochromator and
scattering chamber).
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FIG. 3. Line profile of L, emission from a Cu surface.
The unshifted line is 1215.7 A.

A typical spectral scan of the L, line from a cop-
per surface bombarded with 10.5-keV protons at
a 60°angle is shown in Fig. 3. A slit width of
20 um was employed. The proton energy depen-
dence of the L, emission is shown in Fig. 4. The
temperature of the target was nominally at 320 K
and the incident angle of the proton beam was set
at 60°, Figure 5 shows the dependence of the L
emission on incident angle for the various target
materials. It is important to note that the sample
used for measurement on platinum was a thin foil,
rather than bulk material. Because of irregular-
ities in the foil surface, the reproducibility is
somewhat questionable. Figure 6 shows the depen-
dence of the reduced photon yield, Y(6)/Y(0), as
a function of incident angle, where Y(6) represents
the photon yield at angle 8 and Y(0) as the photon
yield at #=0 (normal incidence). Figure 7 shows
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FIG. 4. Energy dependence of the L, photon yield.
Surface temperature is 320 °K.
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FIG. 5. Angular dependence of the L, photon yield.

' the L, photon yield at different target tempera-

tures, for an incident angle 6=60°and 10.5-keV
proton energy. Figure 8 shows the photon yields
plotted as a function of the target atomic number
with a 10.5-keV proton energy. A 60°angle of in-
cidence was employed, and the target temperature
was maintained around 320 K.
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FIG. 6. Angular dependence of the L, photon yield,
reduced to unity at normal incidence.
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FIG. 7. Observed photon yield as a function of surface
temperature.

V. DISCUSSION
A. Estimate of uncertainty in yield

The accuracy of the L, photon-yield measure-
ments depends on the accuracy of the optical cali-
bration, the counting statistics, and the measure-
ment of the proton-beam intensity. By estimating
the uncertainties in those quantities on the right-hand
side of Eq. (5) we conclude that the uncertainty R,
of the optical calibration is

R, =+25%.

Also from the statistics of our measurement of
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FIG. 8. Photon yield vs atomic number of the target.
Error bars represent 25% uncertainty value, due pri-
marily fo calibration and counting statistics.

S(6) and B, we find that the uncertainty in the ratio
S(0)/B, is R,=£10%. Therefore, we conclude that
the uncertainty in the photon yield is

R=+(R2 +R2)Y2=£2719. (11)
B. Comparison with previous investigators

From the plot of photon yield as a function of
target atomic number, we find that our interpolated
result for Al will agree favorably with the result
of Sterk et al.? The atomic number of Ta is 73 and
of W is 74. We therefore expect the two target
surfaces to have similar photon yields. We esti-
mate the photon yield of a Ta wire mesh to be

Y =37v(0),

where Y(0) is the photon yield for normal incidence
on a flat surface. In the estimate, we assume that
the angular dependence of the photon yield has a
csc 0 dependence. Using the observed value for
Ta at =0, Y(0)=3.96x10"% photon/sec, we find

‘that ¥ ~6x 1072 photon/proton at 10.5 keV. This

value compares closely with that of 5% 1072 obtained
by Dunn et al.! for a tungsten mesh (note that their
proton energy is 2.5 keV). This value is, however,
nearly an order of magnitude greater than that re-
ported by McCracken et al.® for 20-keV protons.

Shekhter'” has considered a radiative process in
which an ion near a metal surface is neutralized
through a resonant electron transfer leading to the
emission of a photon, rather than ejection of a
second electron from the metal surface. The ac-
cessible states must lie below the Fermi energy,'®
i.e., (Ej ~E])> ¢, where E} —E! is the excited level
relative to the continuum, and ¢ is the work func-
tion. While this inequality holds for the process
involving He* described by Shekhter, it is invalid
for populating H(2p) when protons are incident on
molybdenum. Therefore, it is inappropriate to
compare L, yields with Shekhter’s calculation, as
some investigators have done.!?

C. Line shape and energy dependence of the photon yield

From the line profile of the L, emission we ob-
serve both a blue shift and a less intense red-
shifted component, as seen in Fig. 3. As pointed
out by McCracken et al., the blue shift is due to
the Doppler shift of the emission of fast backscat-
tered particles approaching the detector, and the
red-shifted component can be explained as that
from the reflection of the red-shifted radiation
from the target surface. In our measurements,
the Doppler shift is uncertain to +0,5 A,

The L, photon yield from a surface has a two-
fold dependence on the incident proton energy.
According to the simple Rutherford scattering
formula, we see that the scattering cross sec-
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tion is inversely proportional to the square of the
particle energy at the instant of collision. On the
other hand, the survival rate of an excited H atom
as it leaves the surface has an exponential depen-
dence of the form!®

exp(-A/av,)

where A /a is a constant which characterizes the
particle surface interaction, and v, is the com-
ponent of the velocity normal to the surface. The
combined effects of these two factors provide an
explanation for the energy dependence of the L,
emission, and for the observed Doppler line
shapes.*"*°

D. Dependence of L, photon yield on incident angle

The dependence of the L, emission on the angle
of incidence can be qualitatively explained by the
behavior of the backscattering proton flux. Oen
and Robinson? have studied the reflection of H
ions from amorphous Al, Cu, Nb, and Au. Using
a binary-collision cascade-simulation program,
they were able to make a theoretical calculation of
the particle reflection from the surface as a func-
tion of particle incident angle. Their resulting re-
flection coefficients exhibit an angular dependence
very similar to that which we observe for the L,
photon yield. Baird, Zivitz, and Thomas® also re-
port a similar angular dependence of the photon
yield for Balmer-a emission from a Nb surface
bombarded by protons.

A model which will predict the dependence of the
L, photon yield on the incident particle energy and
the incident angle has recently been developed.?
Our treatment is similar to that of Olander et al.®
in their calculation of Balmer line shapes, but
employs a screened potential. The treatment also
considers attenuation of the primary incident par-
ticle beam flux as it penetrates the solid surface.
The results will be the subject of a later paper.

E. Temperature dependence

The observed temperature dependence of the
photon yield is difficult to explain with existing
theory. Note in Fig. 7 that the results for Ta and
Mo surfaces exhibit a positive dependence. Single-
crystal Si and Ge exhibit no temperature depen=
dence in the range studied. The temperature de-
pendence of the yield may be related to surface
cleanliness. Rausch, Murray, "Inouye, and Thom-
as® have studied the H 4 line intensity from the
bombardment of protons on Mo and Cu surfaces
under different oxygen background pressures.

They found that the H 4 line intensity increases with
the O, pressure, and suggest that the change of
intensity is caused by an increase of the survival
rate of excited H atoms with the degree of cover-

age. In the case of a Cu surface, the observed
temperature dependence of the yield suggests that
at higher temperatures where the surfacebecomes
cleaner, the excited H atom has a lower probabil-
ity of survival. On the other hand, oxygen con-
tamination of the Ge and Si surfaces is probably
not effectively removed under the temperature
range studied here.® The temperature behavior
of the yield for Ta and Mo surfaces cannot be ex~
plained in the same manner.

Snouse and Bader? have found that sputtering
yields from polycrystalline copper during 3-keV
N," bombardment show a marked decrease as the
temperature increases. Carlston et al.?® studied
the sputtering yield of various types of crystal
structures and reported that the temperature de-
pendence of the sputtering yield is characteristic
of the type of crystal bombarded. In the two poly-
crystalline fcc samples studied (Cu and Al), they
found that the yield was approximately indepen-
dent of temperature in the range 350-1000 °K for
2-, 5-, and 10-keV Ar* bombardment, while for
the polycrystalline bcc metals, Mo, W, and Ta,
the sputtering yield increases linearly with tem-
perature by 26%, 28%, and 39%, respectively. I
the backscattering proton flux has the same tem-
perature dependence as the sputtering yield, then
the photon yield will be influenced by the effects
of desorption on the one hand and by the tempera-
ture dependence of the backscattering flux on the
other. Unfortunately, there are not many studies
of the temperature dependence of backscattering
reported.

F. Influence of absorbed hydrogen

It is of interest to investigate the possibility that
the high photon yields may be due to proton-hydro-
gen interactions from a layer of hydrogen contam-
inating the target surface, as Dunn et al. suggested
in 1960. We have increased our hydrogen back-
ground pressure from 5X107° to 1x 107 Torr, with
no noticeable increase of L, emission. Also,

Khan et al.® have shown that the characteristic
emission from particles already trapped in the
crystal is negligibly small. From studies of field
emission, Miiller® and Gomer and Wortman®' have
observed that the desorption of adsorbed hydro-
gen from a W surface at high vacuum is virtually
complete at about 600 and 700 °K, respectively.
Pasternak and Wiesendanger,? in their studies of
adsorption and desorption of hydrogen on moly-
bdenum, reported a temperature dependence simi-
lar to that observed by Miiller and by Gomer and
Wortman. If the major contribution of the L,
emission comes from proton-hydrogen interactions
on the surface, we might expect a strong tempera- '
ture dependence of the photon yield. The yield
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should decrease with increasing target tempera-
ture; however, except for the case of a Cu sur-
face, we do not see such a dependence. On the
other hand, if we consider the interaction of the
proton with an adsorbed hydrogen atom to be ap-
proximately the same as with a free H atom, we
conclude that the contribution from this process
will be within an order of magnitude of the ob-
served yield if there is an H.atom adsorbed for

every Cu atom. Thus, the contribution of H*+H
interactions cannot be ruled out entirely. Con-
clusions by Sterk et al.! limit this contribution to
no more than ~40%. ’
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