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I. Title 

Formation of Excited Hydrogen Atoms by Charge Transfer and Dissoci-

ation 

II. Contract Number 

This report summarizes work performed on excitation phenomena under 

contract AT-(40-l)-2591 for the U. S. Energy Research and Development 

Administration. The present report covers the period 1 November 1974 to 

1 November 1975 which corresponds to the first 8 months of the 12 month 

period covered by modification No. 17 to this contract, plus the final 

four months of the preceeding contract period. 

III. Abstract 

The principal effort reported here has been a study of the excited 

states of atoms backscattered from metal surfaces. Incident projectiles 
+ + + 

were H , H^ and He ions at energies from 10 to 30 keV; observations were 

made on excited H and He atoms. The atomic emission from the decay of such 

atoms exhibits a Doppler broadening related to the distribution in angle 

and speed of the backscattered species. Analysis of the line shape shows 

that the excited electrons may readily be lost by radiationless de-excita-

tion mechanisms so that slow recoils are in the ground state and only re-

coils with a critical energy Ec or above have an appreciable chance of 

escaping as excited atoms; for scattered H, Ec is about 3.2 keV and for 

scattered He it is about 25keV. We have shown that probability of initial 

excited state formation is almost independent of projectile escape energy 

and direction; variations in excited state population as a function of energy 

and angle are due entirely to the loss of excited electrons by radiation-

less mechanisms as the atom recoils from the surface. 
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We have also commenced study of the charge state distributions among atoms 

backscattered from surfaces; preliminary data is presented here. Projec-

tiles incident at energies up to 30 keV are scattered principally as neu-

trals. The angular distribution of the backscattered flux is roughly in 

accord with simple theoretical predictions. 

A study was made of light emission from atoms sputtered off targets + 
by 10 to 30 keV Ar ions. Surfaces were deliberately contaminated by im-

planting 30 keV H+ ions to determine whether this influenced the spectrum 

from sputtered particles; no effect was seen. Also the surfaces were ex-

posed to atmospheres of H2> N^, and a search was made for spectra 

of sputtered compounds such as hydrides and oxides but no such compounds 

were clearly indentified. We do, however, observe emission from the chem-

isorbed gas on the surface; the emission spectrum is basically the same 

as that observed for a gas phase target. This work was undertaken to 

test a proposal for assaying the compostion of a reactor first wall during 

machine operation. It is our conclusion that under some circumstances 

one could monitor the nature of absorbed or deposited species; however 

one cannot determine the nature of the chemical bond. 
We have also ma'ie some very brief studies of radiation damamge by 

+ - + 
10-30 keV H and He ions. We have shown that the Mossbauer spectrum of 

damaged Fe exhibits a time dependent variation that may be characteristic 

of diffusion by the implanted species. Also we have shown that one can 

estimate range of slow (20 keV) H + in metals by examining blistering of thin 

foils deposited on glass substrates. 
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Finally we have completed (and terminated) a study of angular scattering 

as 15 keV H+ and H° are incident on He, Ar, H^ and N^. We measured cross 

sections for formation of scattered H°, H + and H . It has been shown that 

the total flux of scattered particles in heavy targets (Ar and Ng) at angles 

of 10 degrees and less cannot be accurately predicted by simple Rutherford 

or screened-coulomb formulations. It appears that diatomic molecules 

(Hg and N^) behave like two atoms so far as the total flux of scattered 

particles is concerned. Some data on dissociation of ions to the 

metastable H(2s) state is also presented. 

IV. Discussion of Progress 

The topics from the "Proposed Technical Program" of our previous 

proposal were as follows. 

(i) A study was to be made of scattering of 5 to 30 keV H + and 

H° at metal surfaces with measurements of the backscattered 

H+, H° and H(2s) fluxes and their angular distributions. 

At a few selected angles we were to measure the energy distri-

butions of H + and H°. Targets for the present period were to 

be copper gold and stainless steel. 

(ii) We proposed to study light emission induced by ion impact on 

contaminated metal surfaces to ascertain whether the nature 

of the contamination could be determined from analysis of the 

emission spectrum. Contamination was to be introduced by ex-

posing atomically clean metal surfaces to H£, N^ and gases; 

also we were to introduce hydrogen into the samples by ion 

implantation. The general objective was to investigate the 
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feasibility of studying the condition of a Tokamak wall during 

operation by bombarding the wall with a probing ion beam and 

monitoring the resulting emission spectrum. 

(iii) We proposed to study the radiation damage due to proton impact 

on metals using straight forward electron microscopy to monitor 

bubble and blister formation. 

In addition to these three major topics from our proposal we were also 

to complete work on the following two topics during the last four months 

of the preceding contract period (i.e. the first four months of the period 

covered by this report.) 

(iv) Analysis of light emission induced by particle impact on surfaces. 

This was concerned with analysis of Doppler broadened H and He 
+ + 

spectral lines induced by H and He impact on metal surfaces. 

The analysis of line shape gives the distribution in direction 

and energy of the scattered neutral particles. Specifically 

we were to complete studies of H+ and He+ impact at 5 to 30 

keV energy on targets of polycrystaline aluminum, molybdenum, 

and tantalum. 

(v) Scattering in a gas phase target. This was a continuation of 

our long established study of differential scattering cross 

sections. We were studying cross sections for formation of H+, 

H°, and H when 5 to 30 keV H° projectiles tranverse H2» 

In fact the two hold-over projects from the previous year (listed as 

iv and v above) took more time than we expected with a detrimental result 

to progress on the newer facets of our program (listed as i, ii and iii 

above). We decided to perform additional measurements on scattering in 
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gas phase targets to include Ar and ^ targets with both H+ and H° projec-

tiles. The motivation here was to check applicability of Rutherford and 

screened-Coulomb calculations to the prediction of scattered particle 

angular distributions. These theoretical cross sections are employed for 

our predictions of backscattering from solids and it seemed important 

to us that their accuracy be checked. Thus the additional work on this 

subject was performed primarily in support of our program on scattering 

in solids. Our study of Doppler broadened emissions from backscattered 

excited projectiles also took somewhat longer than we expected. These two 

hold-overs are now in fact completed. 

Considerable progress has been made on the three major elements of this 

year's program and we hope that within the remaining three months of this 

present contract period we shall achieve most of our goals. 

A detailed discussion follows of the accomplishments to date in all 

five areas listed above. 
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A. Backscattering from Surfaces - Charge States 

The objective here is to direct an H+, H2
+ or 11° beam on a surface 

and to study the backscattered flux; parameters of interest are the charge 
-[- o -

state distribution (H , H or H ), the distribution in angle, and the energy 

spectrum of a backscattered component. We also seek to monitor the back-

scattered flux of metastable hydrogen [H(2s)]. The experimental arrange-

ment is very simple and is a modification of a system we used for earlier 

AEC sponsored work on the scattering of particles in gases. The original 1 2 
apparatus is well described in the literature * and we shall give only 

a brief description here; a schematic diagram is shown as Figure 1. The 

ion beam is produced in an rf source, accelerated to between 5 and 30 keV 

energy, mass analyzed, collimated and directed at some angle $ (with re-

spect to surface normal) on a metal target. A pair of apertures select 

particles scattered into some limited solid angle. Behind the apertures + o 
are a pair of deflection plates that can be used to separate the H , H 

and H components and direct them into current detectors. The H+ and H 

components are measured as currents, while the H° is monitored by the current 

of secondary electrons that it ejects from a plate. The various detectors 

are mounted on an arm which rotates about the target permitting the angular 

distribution to be monitored. Also available, but not shown on the figure 

are: (i) an H(2s) detector (described in Reference 1); (ii) an energy 

1. R. L. Fitzwilson and E. W. Thomas, Phys. Rev. A 6, 1054 (1972). 

2. R. L. Fitzwilson and E. W. Thomas, Rev. Sci. Instr. 42, 1864 (1971). 
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analyzer; (iii) a small gas cell to strip scattered neutrals and so permit 

analysis of their energy by electrostatic deflection; (iv) a group of three 

channel multipliers to replace the Faraday cups (see Figure 1) when scattered 

fluxes are small. These various additional components can be placed on the 

detector arm to facilitate the various experiments we shall pex'form; their 

mounting is in the form of an "optical bench" which allows them to be inter-

changed without realignment. Much of the time in the present reporting 

period has been devoted to the fabrication of these various experimental 

components. 

In addition to the experimental work we have also performed fairly simple 

computations of backscattered flux distributions using a development of the 
3 

theory by McCracken and Freeman. Some results of these calculations will 

also be discussed below. 

At the present time the experiment is in the form illustrated in Figure 

1 and we are measuring fluxes of the different charge states scattered 

at various recoil angles. Preliminary measurements have been performed and 

will be discussed below. This experiment has not progressed as fast as 

we had anticipated. In large measure the delay has been due to our extending 

the measurements on gas targets (described later under IV C) with the ob-

jective of testing validity of potential functions that we will be using 

in the theoretical description of backscattering in solids. We 

expect to make up for the delay by devoting most of our time for the remainder 

of the contract year to this particular facet of our overall program. 

3. G. M. McCracken and N. J. Freeman, J. Phys. B, 2, 661 (1969). 
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Our preliminary results will be discussed under the separate headings 

of (a) Theoretical Computations, and (b) Experimental Measurements of Flux, 

(a) Computation of Backscattered Flux 

As part of our work we have attempted to model the expected dis-

tribution in angle and energy of the backscattered flux. There are of 

course very sophisticated ways of performing low energy backscattering cal-

culations; one of the most successful is the MARLOWE simulation program 
4 

developed at Oak Ridge. We do not aspire to compete with MARLOWE but 

are interested in developing a simple model that will adequately represent 

our measured backscattered fluxes. 

We are util izing as our basis the formulation for backscattering 3 
of hydrogen ions in solids that was developed by McCracken and Freeman. 

We have already rade good use of this in a jalyzing the backscattering of 

excited atoms from so lids. The incident ion penetrates some distance 

into the solid undergoing energy loss by collisions with electrons while 

exhibiting essentially no deviation; at some point the ion collides with a 

substrate atom and is directed back to the surface. Angular distributions 

are governed principally by the single collision with a substrate atom; 

the differential cross section can be simply described by the Rutherford 

cross section. Energy loss is found by integrating over the incoming and 

4. M. T. Robinson and I. M. Torrens, Phys. Rev. B, _9, 5008 (1974). 

5. W. E. Baird, M. Zivitz, J. Larsen and E. W. Thomas, Phys. Rev. A, 10, 
2063 (1974). 

6. W. E. Baird, M. Zivitz and E. W. Thomas, Phys. Rev. A, 12, 876 (1975). 
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exit paths using a standard estimate of stopping power plus the energy loss 

due to the large angle elastic scattering on the substrate atom. The re-

sult is an estimate of the backscattered flux per ion incident N(Es)dEsdaj, 

scattered into the solid angle du> with energies between E and E +dE . s s s 
The expression for N(Eg) dEg du is given in McCracken and Freeman's paper 

(Eq. 6 of Reference 4) and need not be repeated here. It appears that 

the original formulation made the formal error of using a cross section 

for scattering in the center of mass frame of reference rather than the 

laboratory frame; this error can be readily corrected and does not signi-

ficantly influence the predictions for light ions (such as H+) on heavy 

targets (A-£, Cu,etc.). 

This type of prediction gives the energy and angular distribution of 

backscattered flux. It shows a flux which increases as the emergence energy, 

E . decreases. Such a behavior is incorrect since it is known^ from ex-s 
perimental data that the flux peaks at around 2 keV recoil energy and drops 

for lower energies. This descrepancy is due to the fact that recoiling 

ions which have been reduced to low energy will have a high probability of 

undergoing a second collision with substrate atoms on their return path 

to the surface; thus for low energy recoils one must include the effect of 

multiple scattering. We have not yet attempted to include this correction 

in our theory. 

We are currently monitoring the total flux of backscattered particles 

into some direction dm. This could be calculated simply by the integral: -

7. P. Meischner and H. Verbeek, J. of Nuclear Materials 53, 276 (1974). 
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du 
is 

J0 
(E ) dE s s 

where Eo is the original energy of impact. If one wished to calculate the 

backscattered flux with energies above E^, then one would evaluate the in-

tegral: -

duj N(E ) dE . s s 
m 

We find this has the following reasonably simple closed form: -

dw ° N(E ) dE = du A ' B ( 0 ) | E ~ 
7 s s 3 
"m °-3i[VV 

Cos 4i 
Cos (0+<j>) 

- 3 Cos (|> 
Cos (8+$) 

-31 

where B(9) - (R - )3 

R = 

2 2 2 1 / 9 nijCos 6 + (m2 - n^ Sin 6) ' 
ml + m2 

5/6 2 , 2/3 2/3.3/2 
A = 1 (Z1 + 2 ) 

128n V ? * o 

E ' = 1 / 2 M 1 m a e o 

E^ = projectile impact energy 

0 = angular deviation of projectile 

(J) = angle of projectile incidence 
(measured with respect to surface normal). 

m^ & Z^ = projectile mass & nuclear charge 

m^ & Z^ = target mass & nuclear charge 
e = electronic charge 
me = electron mass 
a = radius of first Bohr orbit of H. o 
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Based on McCracken and Freeman's formulation one would take the minimum 

backscattered energy, E^, as zero. In Figure 2Awe show such a calculation 
+ 

for the angular distribution of backscattered particles when H is incident 

on Cu. We know that this formulation is incorrect for small recoil energies 

and does not give the experimentally observed results^; the problem is due 

to neglect of multiple collisions. One can make a very coarse correction 

to the formulation by setting the minimum recoil energy at some point other 

than zero; the choice should be somewhere below the observed peak in the 

energy distribution (which is where the present formulation fails) and 

zero. We have not yet performed the measurement of energy distribution 

but for the sake of argument we could take the peak as being at 2 keV 

backscattered energy; this is the value already observed for R + on Nb7. 

A reasonable guess at E^ might be half way between the peak and zero; so 

we chose 1 keV. In Figure 2B is shown the calculation of angular flux 
distribution for E = 1 keV; this should be compared with Figure 2Awhere m 
E =0. There is no serious change to the form of the angular distribution m 
except that the absolute value of the backscattered flux is reduced by 

a factor of 2. 

Further work on the calculation of flux distributions must be delayed 

until we have some experimental data to permit assessment of our computa-

tion's validity. We would anticipate that the calculation can be improved 

by introducing a factor to account for projectile flux attenuation as 

it penetrates the solid; this would take partial account of the multiple 

scattering problem. 
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(b) Experimental Measurements of Backscattered Flux 

Our initial objective is to measure absolutely the flux of 

backscattered H+, H° and H as a function of scattering angle. Most 

previous experiments measure only the relative values of the scattered 

flux as a function of scattering angle and energy since they employ 

detectors who sensitivity has not been calibrated. In some published 

experiments the detector's sensitivity may be energy dependant; in 

such cases even relative data may be incorrect since the backscattered 
g 

flux is distributed in energy. Only a single publication provides 

an absolute measurement and this is rather inaccurate. The most 

direct absolute measurement is of the scattered charged component since 

this can be measured as a current and detection sensitivity is unity. 

We have also measured scattered neutrals by using the current of secondary 

electrons emitted as they strike a metal surface. We have shown that the neu-

tral detection efficiency is not a strong function of energy so that the measured 

neutral flux is approximately correct. An accurate measurement of neutral 

flux requires use of an energy spectrometer fitted with a detector whose 

sensitivity has been calibrated at all relevant energies; this will be o + 
preformed shortly using a stripping cell to convert H to H and elec-

trostatic deflection for energy analysis. 

Our strategy is first to measure backscattered ion flux absolutely 

as a current; at the same time rough measurements can be performed of the 

8. H. Verbeck, J. Appl. Physics, 46, 2981 (1975). 
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neutral flux. We shall then go to single particle detection using 

channel-electron multipliers and use these to measure relative fluxes 

as a function of energy and angle; the relative data can then he 

normalized to the absolute measurements of scattered ion flux. 

In Figures 3 and 4 we show some of the data obtained. Figure 
+ 3 is the angular distribution of H scattered from a copper target when 

•4-15 keV H is incident at an angle of 70° to the surface normal. Figure 4 
+ + 

is part of the angular distribution of H observed for 15 keV Hj incident 

on Cu at an angle of 70° to the surface normal. It is expected that the 

H2+ projectile will dissociate to two hydrogen ions at first impact so 
that the scattered angular distribution is the same as for incident + 
7.5 keV H ions. Also shown on Figure 4 is a calculation of the expected 

angular distribution of all scattered particles for 7.5 keV H+ impact; the 

calculation was performed by the method described earlier and is normalized 

to experiment Referring to Figure 4 we see that as one approaches the sur-

face the experimental values of scattered H+ flux drop off more rapidly than 

the theoretical prediction of total scattered flux. This suggests that the 

flux scattered along the surface has a high neutral component. This is 

expected since recoiling ions with a small velocity component perpendicular 

to the surface are expected to undergo neutralization either by Auger or 

Resonance Neutralization processes. 

Only limited studies of charge state distribution have been made 

due to difficulties in detecting the neutrals with known efficiency. As 
4. 

an example of the data, we have determined that for 15 keV Hj on Cn at 

an incidence angle of 70° (i.e. the conditions under which the data of 

Figure 4 were obtained) the backscattered flux at a scattering angle of 
30° (i.e. 10° from the surface) is 832 H°, 17X H+, and the negative ion 
component (H~) is undetectable. 
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B. Analysis of Light Emission from Contaminated Surfaces 

When a heavy ion beam such as Ar+ is incident on a metal target 

one observes substantial emission from backscattered excited projectiles 

and from excited sputtered atoms. Measurement of the line intensity 

from sputtered atoms will give information on the sputtering coeffi-

cient; we have performed a few such measurements.^ The spectral line 

shape is Doppler broadened and can be analyzed to give information 
9 

on the velocity distribution of the sputtered atoms. The emission 

from sputtered particles is characteristic of the surface composition. 

If the surface were an alloy or compound one would expect to observe 

an emission spectrum containing lines from all materials present. 

There is considerable interest in performing an in-situ diagnosis 

of the surface composition of the first wall in a Tokomak device. 

The surface may carry absorbed hydrogen, absorbed contaminant gases 

and condensed solids that were sputtered from elsewhere in the apparatus. 

It has been suggested that one could analyze the wall composition by 

directing an Ar beam to a suitable spot and analyzing the spectral 

emission from sputtered atoms. The spectrum should indicate what atomic 

species are present. This type of surface analysis technique was 

first suggested by White et al.^ who coined the acronym SCANIIR (surface 

composition by Analysis of Neutral and Ion Impact Radiation); they also 

9. W. F. Van der Weg and D. J. Bierman, Physica 44, 206 (1969). 

10. C. W. White, D. L. Simms and N. H. Tolk, Science, 177, 481, 
(1972). 
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demonstrated the techniques applicability to analysis of certain materials. 
11 12 13 Other work by Thomas & Kluizenaar ' ' has suggested that excited 

molecules can be sputtered from a surface, providing an indication of the 
11 13 

chemical state at the surface; for example it is claimed ' that an 

aluminum oxide layer on a surface will give an A10 spectrum in addition 

to separate lines from aluminum and oxygen. It would appear, from these 

studies elsewhere^* that analysis of emission from sputtered 

particles could give information on not only the composition of a 

Tokomak wall but also perhaps on the chemical state of the various atomic 

species. 

The objective of our experiments was to study sputtering of metal 

surfaces that had been exposed to H2, 02, and N2 gases. We also wished 

to study metals that had been previously bombarded by H ions. The equipment 5 6 
has been adequately described in the literature. ' An ion beam from an 

accelerator is directed at a target and the emission analyzed by a conventional 

monochromator-detector combination viewing at right angles to the beam path. 

The target is situated in an ultra-high vacuum system (background pressure 

£ 10 Torr) and the optical emission is viewed through a sapphire window. 

11. G. E. Thomas, and E. E. de Kluize.taar, Le Vide 167, 190, (1973). 

12. C. E. Thomas, E. E. de Kluizenaar and M. Beerlage, Chemical Physics, 
7, 303, (1975). 

13. G. E. Thomas and E. E. de Kluizenaar, Int. J. Mass. Spectry. Ion. 
Phys. 15, 165 (1974). 
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The first experiment was an attempt to detect implanted hydrogen. 
+ The metal target was first cleaned by sputtering with a 20 keV Ar or 

+ 2 Ne ion beam at a density of 100 yA/cm and the emission spectrum 

monitored. The target was then subject to 20 keV proton bombardment 

at a current density of about 100 yA/cm*" for some hours; finally the 
+ + 

Ar or Ne beam was again directed at the target and the emission spec-

trum again monitored. Targets included stainless steel, which obviously 

is of direct interest to the CTR application; also we used AS, and Cu 

which will of course form chemical compounds w?th hydrogen. The spec-

trum observed during initial sputter cleaning of the target included 

only atomic lines from the target and some atomic lines from back-

scattered projectiles. After hydrogen implantation the spectrum was 

unchanged; specifically we olserved no emission of atomic hydrogen lines 

nor of target material hydrides. Perhaps this negative result is not 

too surprising. Hydrogen is known to exhibit rapid diffusion in metals 

so that it could migrate out of the target as rapidly as it was injected. 

Substantial hydrogen buildup might be expected only at defects and 

damage sites. Our conclusion is that the study of emission from sputter-

ing of a target will not give any indication of whether hydrogen has 

been implanted into it. 

We should comment briefly on certain transient effects we observe 

when a new surface is first bombarded with heavy ions. The emission of 

AR1 lines from an ASL target or Cul lines from a Cu target decrease 

quite rapidly with time and tend towards a constant value after some 
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monolayers of target ijave been removed; the intensity decrease is a 
14 

factor four or more. This phenomenon is well known and indicates 

oxide removal. Excited atoms close to a surface may lose their excited 

electron by resonance ionization;'*"' in this process the electron tunnels 

back into the metal through the potential barrier between the atom and 

surface provided that there is some vacant allowed state for it to enter 

in the metal. Thus many of the excited atoms lose their electrons and 

do not contribute to the observed emission. (In section III of this 

report we describe our own studies of this same phenomenon in the case 

of radiationless de-excitation of backscattered atoms.) When the target 

is oxidized then there is an insulating layer on the surface and there 

are no vacant allowed states for the excited electron to enter; thus 

all excited atoms survive and the intensity of radiation is high. When 

the oxide is removed and the bare metal is exposed there are vacant states 

above the Fermi Level which the excited electron can enter; the flux of 

excited recoil atoms is therefore reduced and the emission intensity 

decreases. Thus the decrease of intensity represents removal of the 

oxide layer. Unfortunately this has no potential as a diagnostic tech-

nique since it tells you only that the surface carries an insulating 

film and does not indicate the chemical nature of the insulating compound. 

14. R. Kelly and C. B. Kerdijk, Surface Science, 46, 537 (1974) 

15. M. D. Hagstrum, Phys. Rev. 96, 336, 1954. 
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The second series of tests was to expose an atomically clean surface 

to a reactive gas such as H2, N^, or and then attempt to detect the form-

ation of oxides and hydrides on the surface. The target was first 

sputter cleaned. Then H2>N2, or 02 was introduced into the target chamber 
-4 

at an ambient pressure of 10 torr and maintained for 5 or 10 minutes; 

it is expected that within 0.01 seconds one should form a monolayer of 

chemically combined gas on the surface. The ambient gas was then pumped 

out and the target again bombarded with heavy ions. The spectrum from 

the contaminated surface was initially of high intensity and decreased 

to a constant value in about ten seconds. This time period was too 

short to monitor the whole spectrum so we concentrated on the time 

dependance of ccrtain spectral lines of either the metal target or of the 

gas that had been introduced. There was no evidence of appreciable 

emissions characteristic of the gas species absorbed on the surface. 

All one observes is a rapid decrease in atomic lines of the sputtered 

metal; this decrease being characteristic of removal of an insulating 

layer as described above. The time constant of the decay was of the 
order 10 to 20 seconds which is approximately the time to remove a single 

15 2 

monolayer (10 atoms/cm ) by sputtering. These experiments, therefore, 

indicate that one can detect the existence of an insulating film 

formed by exposure of atomically clean metal to a gas; however one 

cannot determine the chemical nature of the insulating film. 
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The final series of experiments were to look at the spectra while 

the contaminant gas was still in contact with the target. First the 

target was sputter cleaned with an Ar+ or Ne+ beam; then the H2> N2» 

or 0 2 gas was introduced to the chamber at pressures of between 10 ® 
_3 

and 10 torr while the ion beam is left on the target. The spectra 

induced by ion impact on the target in the presence of the gas were 

recorded. A confusing feature in this mode of experiment is that the 

ion beam is of course also exciting the gas itself, which is now filling 

the chamber. One cannot provide the spatial resolution necessary to 

view only the target surface and not the region in front of it. As 

expected, we observed that the intensity of atomic lines from sputtered 

target atoms increased in the presence of the gas; this is explained 

above as indicating the formation of an insulating film. We observed 

copious emissions from the surrounding gas. On raising the target out 

of the gas there was a decrease in the intensity of emissions from the 

gas. This decrease was entirely unexpected; the solid target lies 

centrally in the spectrometer's field of view and raising the target 

permits the ion beam to irradiate a greater length of the gas target 

and herefore ought to increase the observed intensity. The fact that 

intensity of emission from gas atoms is higher with the surface in 

place may in fact be characteristic of molecules absorbed on the surface. 15 2 A single surface monolayer will represent a coverage of about 10 atoms/cm ; 
-3 13 the ambient gas density for a pressure of 10 torr is about 10 molecules/cc. 

On this basis there are more gas molecules lying on the surface than are 

22 



to be found in that part of the ambient gas around the target that 

lies in the monochromator's field of view. Thus a decrease in signal 

is expected when the target is removed. The magnitude of the decrease 

we observe experimentally is only about 50% while the simple figures 

given above suggest that the change should be one order of magnitude; 

however it should be remembered that the metal target is subject to 

continual bombardment; and therefore removal of absorbed molecules 

by sputtering. Thus the equilibrium coverage may be less than a monolayer. 

In this latter series of experiments (with gas present) we expected 

to observe emission from the target oxide; such identifications have 
13 

already been claimed by Thomas et al. in a similar experiment. The 

only feature which was identified by Thomas et al. as a CuO spectrum o 
is a rather broad band around 6000 A . In Fig.5 is the spectrum we 

observe in this region and indeed there is copious structure. The 

peaks labeled A and C are clearly observed by Thomas et al., and the 

peak at B also appears on their spectra as a shoulder. It is true that 

these peaks do in fact coincide with close groups of lines from CuO 

band heads.^ However these features also coincide with expected oxygen o o 
emissions; the peaks A and C with the 6026 A and 6351 A band heads of 

02+ first negative 0,0 and 1,2 respectively while the peak B which is 

sharp and has the charater of an atomic line coincides with the intense o 01 multiplet around 6157 A. A simple way of sorting out the origin of 

16. A. Antic-Jovanovic, D. S. Pesic and A. G. Gaydon, Proc. Roy. Soc. 
A 307, 399 (1968). 
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Fig. 5. Spectra observed for Ar +impact on oxygen gas 

(solid curve) and for Ar incident on Cu in the 
presence of oxygen gas (broken curve). The Ar+ 

beam was at 27 keV energy and the O2 pressure was 
about lO"4 Torr.o In the broken curve very strong 
Cu lines at 6500A have been omitted; these are the 
second order diffraction of the intense Cul doublet 
around 5250A • 
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the emissions is simply to remove the target from the beam and view 

only the emission excited in the gas; such a spectrum is also shown 

on Fig.5 and the reader will observe that peaks A, B and C are still 

present, with essentially the same widths but much changed in intensity-. 

It is our interpretation that the peaks A, B and C are oxygen lines 

which are much enhanced in the presence of the copper target; other 

oxygen lines show similar enhancement. We would argue that there is 

no convincing evidence of CuO emission. Similar experiments have also 
13 

been performed with A2. targets in the presence of C^. Thomas et al., 

identify A£0 lines for this case, but the identification is based upon o 
very weak structure in the region of 4800 A; band heads are well separ-

ated in AS.0 but Thomas et al., do not observe distinct lines. 

In the present work on aluminum we identify no structures similar 

to that shown by Thomas et al. It is our general conclusion that when 

a metal is placed in a gas and bombarded then one will see considerable 

emission from sputtered gas atoms and molecules. It is possible that the 

emissions might often occur when the atom is close to the surface; the 

surface would perturb the atomic structure, causing distortion of elec-

tronic structure with a consequential broadening of lines which would 

render them difficult to identify. We have no conclusive evidence that 

compounds of the metal and the gas are sputtered off in excited states. 

We might mention that an Austral-.an research group"'" ̂ has also performed 

17. R. S. MacDonald, Australian National University (Private Communica-
tion 1975). 
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these experiments and is in general agreement with our conclusion that 

the compounds are not sputtered in excited states. 

Let us summarise all the above experiments. Firstly, hydrogen 

implanted into a metal does not change the emission spectrum in sput-

tering; presumably the hydrogen is lost by diffusion. Temporary 

exposure of a metal to U^t 0^ or N2» does cause a change to the spectrum; 

it appears, however, that the chemisorbed layer is very thin and in re-

moved after a few seconds of bombardment. Sputtering of a metal in 

the presence of a gas gives an enchanced intensity of emission from the 

gas species; the intensity is appreciably higher than from the gas alone. 

This appears to be due to the chemisorbed gas layer being sputtered 

in excited states. The intensity of atomic metal lines is increased by 

L.ie presence of gas or temporary exposure to gas; this is due to forma-

tion of an insulating film on the metal surface and is well known. In 

no case do we have any convincing evidence that there is sputtering 

of excited molecules appropriate to the combination of metal atoms with 

the gas to which it has been exposed. 

The implications for the proposed method of studying Tokomak reactor 

wall conditions are as follows. One can certainly determine if the wall 

has been contaminated by an insulating film, although one cannot determine 

the chemical nature of the film. One can monitor the nature of a chemi-

sorbed gas, though not the nature of its chemical bond with the surface. 

However, if the gas concerned is present in the vacuum vessel then one 
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would also excite that gas directly; one would have to arrange a 

shuttering system to separately monitor the excitation of sputtered 

gas molecules and the excitation of the same species in the ambient 

residual gas. 

It would seem to us that a probing ion beam would be a desireable 

diagnostic feature in any reactor configuration. Attenuation and exci-

tation of the beam can certainly provide information on electron density 

and heavy particle density. Our own experiments show that monitoring 

the emission spectrum along the beam track can permit analysis of the 

ambient gas composition; monitoring the emission when the beam strikes 

the wall can give information on the composition of the chemisorbed gas. 

As far as optical studies are concerned, the beam could be any reasonably 

massive ion and the species chosen could be dictated by the requirements 

of other diagnostic measurements that would be performed. A difficulty 

with the technique is that the surface layer one wishes to examine is 

rapidly removed by sputtering; the technique would be easiest to use 

when the ambient gas composition remains constant and therefore reple-

nishes the surface film as rapidly as it is removed. In practice of 

course one is studying a dynamic problem where ambient gas and surface 

conditions are changing continually. In conclusion, we feel that a prob-

ing ion beam to monitor surface composition by sputtering would be of 

some value and is probably justified if other diagnostic functions are 

served at the same time. 
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C. Backseattering of Atoms from Surfaces - Excited States 
4- + 

Impact of H arid He ions on metal surfaces at keV energies Rives 

rise to emission from neutral bnckscnttered atoms. The omission is 

found to be Doppler broadened. Analysis of the lLtus shape gives informa-

tion on the distributions in velocity and direction of the scattered 

particles. Quantitative measurements of the light emission from a 

particular transition gives the probability of backscattered atoms 

being in an excited state. 18 19 This work has been the subject of two full publications * and 
20 

a brief conference report; all three of these papers arc attached 

here as Appendixes I, II, and til iaspectively. We refer the reader to 

these published reports and content ourselves here with a brief summary 

of the more important results. 18 

The experimental arrangement was very simple. An ion beam 

from a 5-30 keV accelerator was directed onto a metal target at some 

angle <J> to the surface normal. Light emission from the point of impact 

was analyzed and detected with a monochromator-photomultiplier system. 19 
Detection system response was calibrated so that quantitative mea-

surements of excited state population could be made. Proper attention 

18. W. E. Baird, M. Zivitz, J. Larsen, and E. W. Thomas, Phys. Rev. A10, 
2063 (1974) (Attached here as Appendix I). 

19. W. E. Baird, M. Zivitz and E. W. Thomas, Phys. Rev. A 12, 876 (1975) 
(Attached here as Appendix II) 

20. W. E. Baird, M. Zivitz and E. W. Thomas, Prof. 6th Int. Conf. on 
Atomic Collisions in Solids (Amsterdam 1975) (To be published in 
Nucl. Instr. and Methods, January, 1976). 
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wan paid co achieving rttHmicalJy cluan targets. Projectiles were 
+ + . T> tt» 10 keV H and ««• incident at angle» <9> frota 0 to 80* OR targets 

v>f At. Cu, N'b, H». W. and stainless steel. 

Our first to annlvxe ch<» Doppler broadened line shape of 

the cmlKKion. Th«» theoretical prediction of total backscattercd flux 
21 

due Co Me{:rm-ken nnd Freeman van eatpJoyod to predict the energy 

.ind angular distribution of baek:<cac Cored projectiles. This calculation 

.«KSU«WH time CHE projectiles penetrate into the target, losing energy 

by electronic stopping and suffering no appreciable deviation; at some 

point, it Huffers a targe-angle deviation by a Rutherford-scattering 

event with a single target acorn, and is able to return to the surface. 

Batted on this picture one may formulate an expression for the probability 

P(E > that a projectile will emerge with an energy between E and 
Ji 9 E •*• dE and moving into some element of solid angle dw: s s 

P(P. ) - N(E )dE du. (2) Si S 

Without any information on the proportion of the scattered projectiles 

which might be neutralized into a specific excited state, we make the 

assumption that this proportion, F, Is independent of the emergent 

particle's energy and direction. As we shall see, some of our work 
18 tends to support this assumption. We have shown that many particles 

lose their excited electron by radiationless decay processes while within 
18 

a few atomic radii of the surface. This phenomenon can be accomodated 

21. G. N. McCracken and N. J. Freeman, J. Phys. B J2, 661 <1969). 
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by introducing a probability R that a particlo having a velocity 

component, V^, perpendicular to the surface can escape without radia-

cionlcss decay. 

R(V^) - exp (-A/a V^) (3) 

The constant A is related to an overlap of wavefunctions of the electron 

in the recoiling atom with wavefunctions in the metal; the constant a 

is tslated to the hieght of the potential barrier between the atom 

and surface. Excited particles that survive the radiationless decay 

process intact will escape and eventually decay radiatively; a certain 

fraction of the emitted photons, F, dependent only on apparatus geometry, 

will be detected. 

Thus, combining these various terms, we have for the probability 

P(E ) of detecting a photon from an emergent particle of energy E , s s 
scattered into a solid angle dio, 

P(E ) = F'Fe"A/aVx N(E )dE du. (4) s s s 

The wavelength of the photon can be simply calculated by the Doppler-

shift formula; Eq. (3) permits a calculation of the relative line shape. 

In practice, the survival coefficient A/a is unknown; we perform the 

line-shape calculation for various trial values, and a best fit to 

experimental data is achieved; from this we establish a "measured" value 

of A/a. 
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The first step in our experiment was to calculate the relative 

line shape and select a value of A/a that gave a best fit to the experi-

mental data. There is some minor variation in A/a with target and 
19 excited state involved; the reader is referred to our publication for 

a full listing of values. But generally speaking for helium atoms 
g 

A/a is about 1.5 x 10 cm/sec and for hydrogen atoms A/a is about 

7.8 x 107 cm/sec. These values are approximately the same as crude 
22 

theoretical calculations of Cobas and Lamb for a Auger de-excitation 

mechanism. The simple interpretation of A/a is as a critical velocity; 

excited atoms escaping with less than this velocity will lose their 

excited electron while excited atoms escaping with higher velocities 

will generally emerge from the surface intact and decay radiatively 

after their normal lifetime. The critical velocity for hydrogen corre-

sponds to an energy of 3.2 keV and that for helium is 23.4 keV. 

The second experimental step is to measure the total intensity 

of a transition by integrating over all wavelengths in the Doppler 

broadened line. With corrections for detection sensitivity this gives 

us the so called "excitation coefficient" which is the number of 

excited backscattered atoms produced per incident ion. This coeffi-

cient has been measured as a function of projectile impact energy and 

angle of incidence on the target. Predictions of excitation coefficient 

are made by integrating equation (4) over all scattering velocities 

and angles; since we do not know the factor F, we attain only 

22. A. Cobas and W. E. Lamb, Phys. Rev. 65, 327 (1944). 
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relative values and normalize these to experiment. We find good agree-

ment between experiment and theory. The fractions of incident atoms 

bnckscattered in a specific excited state can be determined From our 

data and is generally of the order 1 in 10"*; detailed values are given 

in our publication (Ref. 19 attached as Appendix II). 

In summary the following results have been achieved. The radiation-

less de-excitation coefficient A/a has been measured for a variety 

of cases. Its value shows that reflected hydrogen atoms at energies 

below about 3.2 keV will generally not be excited; similarly for reflected 

hell am atoms the critical energy is 23,4 keV. In any case the proportion 

of backscattered atoms in excited states is rather small; integrating 

over all hydrogen states with principal quantum number of 3 or greater 

we get only 2 in 10 excited «coms. It appears that the proportion 

of backscattered atoms that are initially formed in an excited state is 

almost independent of experimental conditions. The backscattered flux 

of excited atoms emerging at a macroscopic distance from the surface 

depends primarily on the radiationless decay machanism which destroys 

the slower excited particles. Knowing the de-excitation parameter A/a 

one can quite accurately predict the flux of backscattered excited 

atoms as a function of projectile impact energy, impact angle and 

atomic number of the target material. 
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D. Scattering of Ions in Oases 

During the present contract year we brought to a conclusion our 

studies of angular scattering of projectile ions traversing gases. 

The principle subject of study was the following group of charge transfer, 

stripping and clastic scattering reactions. 

H+ + X * H+ X (5) 

H° + X+ (6) 

H~ + X2+ (7) 

H° + X H° + X (8) 

H+ + X + e (9) 

H~ + X+ (10) 

The cross sections were measured as a function of scattering angle 

(0.5 to 10°) for 15 IceV projectile impact on targets X of He, Ar, H2 

23 
and N2« The results have been accepted for publication and are 

attached as Appendix IV; the reader is referred to that publication 

for full details. 

This study was somewhat more extensive that we had originally proposed 

and was carried out to provide support for our investigation of scattering 

in solids. One can define a cross section for scattering all projectiles; 

for proton impact this is the sum of processes represented by equations 

(5), (6), and (7) while for H atom impact it is the sum of processes (8) 

23. E. W. Thomas, L. A. Leatherwood, J. E. Harris, Phys. Rev. A, 12 
1835 (1975). Attached as Appendix IV. 
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(9) and (10). This "total" scattering cross section can be predicted 

by a simple classical elastic encounter of two charged particles inter-

acting by some potential V(r). However, there is a question as to what 

potential function should be employed; a simple coulomb interaction 

leading to the Rutherford cross section is likely to be inaccurate 

and one expects that screening due to the bound electrons must be incorp-

orated. We are utilizing the cross sections for total scattering of 

particles in our routine analysis of spectral line shapes (Section IIZ-C) 

and in the prediction of angular distributions in backscattering from 

solids (Section IIX-A). Consequently we felt is was important to test 

the applicability of standard screening functions in the prediction 

of simple bi-particle collision cross sections. The general conclusion 
23 

were as follows. For a light target (e.g. He), the effect of screening 

is negligible and the cross section is adequately predicted by the 

unscreened formulation. For a more complex target (e.g. Ar) the Bohr 

screening gives good agreement from 0.5 to 2 degrees, exceeds the measured 

cross section from 2 to 10 degrees by as much as a factor of two and 

finally tends to agree with experiment at higher angles. The Firsov 

screening function is only marginally better. All predictions tend 

towards agreement w?th each other and with experiment at large angles. 

The molecular targets (H^ and N2) behave exactly like two isolated 

atoms. Hydrogen atom impact gives slightly lower cross (sections than 

protons; this is due to the Increased screening. 
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As regards the use of screened potentials for predicting scattering 

in solids, it is clear that in any problem involving small angle 

scattering the predictions will be very inaccurate; at angles above 

about 15° the error is probably small enough to be neglected. 

During this reporting period we also finalized a brief series 

of measurements on the following dissociation processes; 

H3
+ + X H(2s) + [H2+ + X] (11) 

H3
+ + X •*• H+ + [H2 + X] (12) 

H2
+ + [H + X] (13) 

H3
+ + X (14) 

The cross sections from processes 12, 13 and 14 are measured summed 

together; the cross sections for process 11 is measured separately. 

Projectile impact energy was 10 or 15 keV and cross sections were 

measured as a function of scattering angle for targets X of H2» N2 

24 
and Ar. The results have been published and the reader is 

referred to that material (attached as Appendix V) for full details. 

Dissociation of H^* is a process that is neither understood nor has 

been the subject of extensive experimental investigation. Our only 

important conclusion was that the experimental results are very similar 

to the corresponding processes in dissociation of H2
+; this suggests 

that some similarity is present in the dissociation mechanisms of 

24. E. W. Thomas, R. L. Fitzwilson, I. Sauers, J. C. Ford, J. Chem. 
Phys. 63, 4092 (1975), Attached as Appendix V. 



H2
+ and H3

+. 

This program to study angular distributions of scattered particles 

in gases has now been stopped and the equipment is being used to study 

angular distribution of atoms scattered from surfaces (see section IV-A). 
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D. Radiation Damage 

As part of our overall effort we maintain a very minor program in the 

study of radiation damage. Generally this consists only of examining, under 

an electron microscope, the topography of surfaces which have been bombarded 

during other parts of the overall program. This work continues but with no 

significant results beyond those displayed in last year's report. Two other 

studies having a bearing on radiation damage have been performed and will 

be briefly described here. 

We had occasion to bombard thin silver films on glass substrates using 

H + beams. The projectiles were at 25 keV energy and doses were of the order 

1 x 10^ protons/mm^. Severe blistering was observed for films of 1500 R 

thickness; the blisters were many millimeters in diameter and quite visible 

to the naked eye. By contrast thinner films (1000 X and less) showed no 

blistering. Apparently the severe blisters occur when the range of the 

projectile equals the film thickness; at smaller thicknesses the projectile 

penetrates the film, comes to rest in the glass substrate and does not effect 

the integrity of the film. This observation provides a very coarse method 

of assessing proton range at low energies. It also suggests that it may be 

dangerous to fabricate plasma device walls with metals carrying thin coatings 

of some dissimilar metal; we expect that severe bubble formation might occur 

at the interface between the materials with a consequent loss of the coating 

material. 

The second study is an investigation of the Mossbauer effect in Fe that 

has been bombarded with H+. This has been done in co-operation with Dr. Ben 

DeMayo of West Georgia College. Our contribution is to irradiate the foils 

for periods of a few hours in our 5 - 3 0 keV accelerator; Dr. DeMayo performs 



all the Mossbauer studies. A typical experiment is to irradiate pure Fe 

with a fluence of H+ ions at an energy of 25 keV. The parameter of 

interest is the change in the hyperfine field AH. Immediately after bom-

bardment AH is zero and the hyperfine field is unchanged. However, as time 

elapses after bombardment the hyperfine field increases so that AH is almost 

0.2% after 6 days; it then decreases to zero shift after about 10 days. 

For implantation of 180 keV H+ the hyperfine field decreases with time 

before returning to its original value. The observations are quite reproduc-

ible and although shifts are small they are much greater than the statistical 

accuracy of the data. This phenomenon is not yet understood. The obvious 

possibilities are either room temperature annealing of a damage structure 

or else diffusion of the implanted hydrogen. The implanted hydrogen will 

be initially localized in a small region of the sample, interacting with 

a small fraction of the iron and may cause little change. As a funciton 

of time the hydrogen would diffuse through the whole sample causing a large 

effect; as time progressed further the hydrogen would diffuse out of the 

sample causing the effect to deciease. Thus the time dependance of the 

hyperfine field may represent hydrogen diffusion perhaps influenced by the 

damage in the sample. The influence of temperature on the phenomenon might 

help to elucidate the mechanism. Further investigations of the effect will 

be performed by Dr. DeMayo with our own participation restricted to supplying 

implanted samples. 
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V. List of Publications 

Title Authors 

Excited State Formation W. E. Baird 
as H + and He+ Ions Scatter M. Zivitz 
from Metal Surfaces. E. W. Thomas 

Radiationless De-excita- W. E. Baird 
tion of Excited Helium M. Zivitz 
Atoms at Surfaces. J. Larsen 

E. W. Thomas 

Dissociation of H3+ to E. W. Thomas 
Form Metastable Hydrogen. R. L. Fitzwilson 

I. Sauers 
J. C. Ford 

Small Angle Scatterings E. W. Thomas 
of Hydrogen Atoms and L. A. Leatherwood 
Protons in various Gases. J. E. Harris 

Excited State Formation W. E. Baird 
as a Function of initial M. Zivitz 
Energy of H+ and He+ E. W. Thomas 
Ions Scattered from a 
Metal Surface. 

Dissociation of H3+ to E. w . Thomas 
form Metastable Hydrogen. I. Sauers 

R. L . Fitzwilson 
J. C. Ford 

Charge Transfer and E. w. Thomas 
Stripping of H and H+: L. A. Leatherwood 
Differential Cross 
Sections. 

Percentage 
Refe./Status ERDA Support 

Phys. Rev. A 12, 
876 (1975). 

80% 

Phys. Rev. A 10, 
2063 (1974). 

80% 

J. Chem. Phys. 
63, 4092 (1975). 

80% 

Phys. Rev. A 12, 
1835 (1975). 

80% 

Nucl. Instr. and 
Methods (To be 
pubd. Jan. 1976). 

80% 

"Electronic & 
Atomic Collisions" 
U. Wash. Press, 
Seattle 1975 pg. 
715. 80% 

"Electronic & 
Atomic Collisions" 
U. Wssh. Press, 
Seattle 1975 pg. 
29. 80% 
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VI. Travel 

During the year Dr. Thomas attended the following conferences: 

6th International Conference on Atomic Collisions in Solids, 

\msterdam, The Netherlands, September 1975 (No cost to the contract). 

Conference on Applications of Ion Beams to Materials, Warwick, 

England, September 1975 (No cost to the contract). 

8th International Conference on the Physics of Electronic and Atomic 

Collisions, Seattle, Washington, August 1975. 

Annual Meeting of the Division of Electron and Atomic Physics of 

the APS, Chicago, December 1974. 

Periodic visits have been made to scientists in the Controlled 

Thermonuclear Research Program at Oak Ridge. 

VII. Personnel 

Professor E. W. Thomas has been Project Director and Principal 

Investigator in this work. He has devoted to it 15% of time in the 

academic year and 50% of full time during the summer. 

Dr. E. 0. Rausch has worked on this project during the present year 

as a Postdoctoral Research Assistant. He has devoted 3 months full time 

to the project and will continue to work full time for the remaining 

three months of the contract period. 

Dr. Maury Zivitz, a Postdoctoral Research Assistant, also devoted 

some time to this project but at no cost to ERDA. 

Physics graduate students who have worked on this project include 

W. E. Baird, J. W. Harris, and J. Bell. 
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Radiationless dccxcitation of excited helium atoms at surfaces' 
W. E. Uuird. M. Zivitz, J Larsen, and E. W. Thomas 

School of Physu i. Georgia InMUulv of li'chmtlogy. Atlanta. Georgia J0JS2 
(Received 20 »-.». 1974) 

Impact <il" 20-30-V.eV He' ions mi polycrystalltne m-t«:um and copper surfaces causes some projectile* 
to he b.ickseattered m a neutral excited state These projectiles subsequently decay, radiatively emitting 
Duppler-broadened spectral lines, the broadening is characteristic of the distribution in speeds and 
direction of the scattered excited prujcctiles Analysis of the line shape shows that tlow reflected 
particles base a lugh probability of losing the evened electron by a radialionless transition while they 
are close to the surface The spectral hne shape has been predicted using the hackscattering theory of 
McCracken and Freeman with the inclusion of a radiationlcss decxcitation term. By suitable choice of 
the radiationless deexcitation coefficients the theory and experiment may be brought into acceptable 
agreement The coefficients so denied are in surprising agreement with calculated values of Cabas and 
Lamb for an Auger dee.\citati»n mechanism. 

I. INTRODUCTION 

Kerkdijk and Thomas' have shown that when an 
He* ion is incident on a metal sur face , some of the 
project i les a r e scat tered as neutral excited atoms. 
These a toms subsequently decay by photon emis -
sion. The result ing spectral line is Doppler broad-
ened and the line shape is directly re la ted to the 
distr ibutions of speeds and distr ibutions in angle 
of the sca t te red project i les . Kerkdijk and Thomas' 
developed a theoretical model for predicting these 
line shapes based on a number of simplifying a s -
sumptions. It was basically assumed that excited 
atoms were formed only f rom projec t i les that 
were scat tered by a single encounter with an atom 
in the surface of the target ; this may be termed 
a " su r face - sca t t e r ing model." On this bas is the 
speed of a backscat tered part icle is dependent only 
on the angle through which it is sca t te red and the 
m a s s e s of the project i le and target a toms; hence 
the Doppler shift associated with a par t icular back-
sca t te red t ra jec tory may be calculated. The angu-
l a r distribution of the scat tered atoms was a s -
sumed to be proportional to the Rutherford c r o s s 
sect ion appropriate to the two isolated nuclei; hence 
re la t ive probabili t ies of par t icu lar t r a j ec to r i e s 
a r e known and the contribution to light intensity 
at the relevant Doppler shift may be evaluated. 
The line shapes calculated on this bas i s were in 
genera l qualitative agreement with the exper i -
mental data but there were substantial quantitative 
d iscrepancies . 

The objective of the present work was to tes t 
fu r the r the model of Kerkdijk and Thomas1 with 
the hope of resolving the d iscrepancies between 
predicted and measured line shapes. We have 
per formed additional measurements of line shapes 
for visible He I emiss ions induced by He* impact 
on polycrystalline sur faces of niobium and copper. 

As we shall show later , substantial d iscrepancies 
a r e found between the measured line shapes and 
the predicted shape using the sur face-sca t te r ing 
model. 

A se r ious fault in the sur face-sca t te r ing theory 
is the neglect of project i le penetration into the 
t a rge t . McCracken and Freeman 2 have shown, 
both theoretically and experimentally, that most 
pro jec t i les penetrate some distance before under-
going the large-angle scat ter ing event that re turns 
them to the su r face . As the projecti le proceeds to 
and r e tu rn s f rom the scat ter ing si te it suf fers 
energy loss by coll is ions with electrons (electronic 
stopping) but no appreciable deviation. As a r e -
sult, the backscat tered flux exhibits a distribution 
of energies with a peak flux at low energies . The 
work of Kerkdijk and Thomas ' shows quite defini te-
ly that the backscat tered excited-atom flux in-
cludes only small amounts of slow par t ic les so that 
one may conclude that slow excited atoms are 
deexcited while s t i l l close to the surface. Two 
such deexcitation mechanisms have been discussed 
by Hagstrum.* The f i r s t is " resonance ionization" 
where the excited electron tunnels through the 
potential b a r r i e r at the metal su r face to en te r a 
vacant s tate above the conduction band of the metal ; 
the second mechanism is "Auger deexcitation" 
where a conduction-band electron f rom the metal 
fal ls to the ground state of the helium atom and 
the excited electron is ejected to a continuum 
s ta te . For e i ther mechanism, the probability of 
radiat ionless decay when the atom i s a dis tance s 
f rom the sur face is given by1 

P(s)=Ae-°, (1) 

where A and a a r e constants re lated to the wave 
functions of the e lect rons and the form of the po-
tential b a r r i e r , respectively. Fur the rmore , the 
probability that a part icle having a velocity c o m -

10 2063 
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punent (HM-ptMHliculnr to the surfaco will escape 
without radialiunloss decay is ' 

l i ( \ \ ) v x p { - A / a \ \ ) . (2) 

Clearly, the effect of radiationless decay is to 
rumovv the slow cxcited atoms. We shall show 
that the Doppler-broadened line shape can be p re -
dicted by combining the scattcred-particle velocity 
distribution of McCracken and Freeman2 with the 
radiationless decay factor described above; by 
suitable fitting of theory to experiment the ratio of 
parameters A /a in Eq. (2) may be derived. We 
shall henceforth refer to the ratio A/a as the 
"survival coefficient." 

There are already two previous determinations 
of the survival coefficient based on the measure-
ment of optical emissions induced by ion impact 
on solids. Van der Wen and Bierman'1 studied the 
line shape of the Cui 3247-A emission emanating 
from copper atoms sputtered from a copper target 
by 80-keV Arv impact. They derived a survival 
coefficient of 2 x l O a cm/sec . White and Tolk5 have 
considered the same process and show that the 
dependence of line intensity on projectile energy 
can be analyzed to give a measure of the survival 
coefficient; they also determine a coefficient of 
2x10" cm/sec . These two previous experiments 
are concerned with relatively slow-moving heavy 
atoms sputtered out of the target. The present 
experiments are for high-velocity light projectiles 
scattered from a target; one might anticipate that 
the survival coefficient for the present case would 
be greatly different from the previous work of 
White and Tolk5 and that of Van der Weg and Bier-
man.4 

II. EXPERIMENTAL ARRANGEMENT 

The experimental arrangement is shown sche-
matically in Fig. l . The He* ions obtained from 
an rf discharge source are mass analyzed, colli-
mated, and directed onto the target surface at 

ION SOURCE 
\ macc FARADAY \ V MASS Clip 
V SPECTROMETER 

1 . I ' 0 
COLLIMATING czsa 
APERTURES 

TARGET 

SAPPHIRE 
WINDOW 

! • 1 
MONOCHROMATOR 

i J 
KIG. 1. Schematic diagram of the apparatus. 

some incidence angle o with respect to the target-
surface normal. A grating monochromator views 
the surface through a sapphire window; the mono-
chromator axis is perpendicular to the projectile 
beam direction and lies in the same plane as the 
projectile beam and the target-surface normal. 
The monochromator is fitted with a photomultlplier 
detector operated in the counting mode; the spec-
t ra l line shape is recorded by scanning the mono-
chromator. 

The targets were polycrystalline metals of very 
high purity (99.999%). Before use, the samples 
were mechanically polished, electropolished, 
cleaned with solvents, and rinsed with distilled 
water. The samples were mounted in the vacuum 
system on a standard Varlan manipulator. It was 
possible to rotate the sample to change the angle 
of beam incidence ip, and also translate the sample 
to ensure that the axis of rotation intersected the 
optical and projectile beam axes. The vacuum 
environment of the target was maintained by ion 
pumping at a base pressure of 10"9 Torr or better. 
The target chamber was isolated from the re la-
tively poor vacuum of the accelerator region by two 
stages of differential pumping. 

Projectile beam currents were monitored on a 
Faraday cup that could be inserted to the beam 
line periodically. The current measured on the 
target itself was used to monitor beam stability 
during optical measurements; this target current 
was not considered to be a reliable measure of 
the projectile flux because it v a s impossible to 
guarantee complete suppression of all secondary 
ejected particles. Currents were typically 1 -10 
ixA in a beam of about l - m m ! cross-sectional 
area . 

The projectile beam flux was sufficient to sputter 
off a few monolayers of target material every 
minute. It is felt that a preliminary bombardment 
of the surface with the ion beam itself is sufficient 
to guarantee target cleanliness. It was found that 
the optical signals showed some variation with 
time for a few minutes after the beam was directed 
at a new target; beyond that point the signals r e -
mained stable for many hours. Data taken during 
the f i rs t few minutes of bombardment were d i s -
carded. 

111. GENERAL SPECTRAL CHARACTERISTICS 

The observed spectra have essentially the same 
general characteristics as reported by Kerkdijk 
and Thomas.1 For He* on copper and niobium 
there were strong emissions of the following He I 
lines: 5876 A (3 3D - 2 3P), 4472 A (4 3D - 2 3P), 
and 3889 A ( 3 3 P - 23S). There were also weak 
emissions of He 1 lines at 6678 A (3 lD - 2 iP) and 
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7065 A (3 b - 2 VJ). Wo also observe a broad 
band omission centered at 3500 A which is similar 
to that reported by Kerkdijk and Thomas1; the 
origin of this band remains unclear and we will 
not consider it further. 

Detailed study of the He 1 lines indicates that 
they are of the order of 20-30 A in breadth with 
a sharp peak on the blue side. In Fig. 2 we show a 
number of measurements on the 5876-A ( 3 1 D - 2 V ) 
line. It is observed that, as incidence angle in-
creases, the line width broadens and total intensity 
increases. There is an obvious sharp peak on the 
low-wavelength (blue-shifted) side of the lino. 

IV. ANALYSIS OF THE LINE SHAPE 

The objective of this work was to further test 
and refine the predictions of line shape initiated 
by Kerkdijk and Thomas1 (see the Introduction). 
In Fig. 3 we show the shape of the 5876-A fine 
induced by 30-keV He* on niobium at an incidence 
angle tp of 45°; this is compared with the predicted 
line shape using the surface-scattering model. 
Clearly there is a substantial discrepancy between 
prediction and experiment: the discrepancy is 
qualitatively similar to that exhibited in some of 
the original work by Kerkdijk and Thomas.1 

As discussed in the Introduction one of the most 
serious inadequacies of the surface-scattering 
model is its neglect of projectile penetration into 
the target. The work of McCracken and Freeman2 

predicts the energy distribution of backscattered 
projectiles. Figure 4 shows a two-dimensional 
diagram of the problem which includes the beam 
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LU h-g 20 
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WAVELENGTH (ANGSTROMS) 

K1G. 2. Line shape of the 5876-A ( 3 a O - 23P) Hei 
emission induced by 30-keV He* impact on niobium at 
an incidence angle <p of (a) CO", (b) 45°, and <c) 0'. Only 
a smoothed curve i s shown; for a representation involv-
ing actual data points s e e Tig. 3. 
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1'IG. 3. Measured and predicted line shape of the OH713-
A (33V—23P> Hei emission induced by 30-keV He' im-
pact on niobium at an incidence angle v of 45°. Intensity 
is shown as a function of relative wavelength shift, de-
fined as tho shift >A\) from the 5B76-A line divided !>y the 
wavelength of that line, 5870 A (A). (a) Individual ex-
perimental data points; (b) prediction by surface scat-
tering model; (c) prediction by present model with sur-
vival coefficient (A/a) of zero; (d) prediction by present 
model with survival coefficient chosen for best fit to 
data points {A/a -1.2 < 10B c m / s e c I. 

axis and optical axis. The approach of McCracken 
and Freeman is to consider the projectile as in-
cident at point A with some angle <p, with respect 
to the surface normal, and penetrating to the point 
P where it undergoes a close encounter with an 
atom of the target lattice and scattering through an 
angle 0 to return eventually to the surface at B. 
Along the paths AP and PB it is assumed that the 
projectile undergoes only collisions with free elec-
trons causing loss of energy but no appreciable 

FIG. 4. Geometry of the scattering problem shown in 
two dimensions only. 
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deviation; the rate of energy loss is taken to be 
proportional to the square root of energy. At the 
point P we assume that the collision cross section 
is appropriate to the interaction of the two nuclei, 
i.e., a Rutherford cross section is used. Based 
on this picture one may formulate an expression 
for the probability that a projectile will emerge 
at E with an energy between Es and Es *-dEs and 
moving into some element of solid angle du. We 
will denote this probability as 

P(£,)=JV(£s)d£sdw. (3) 

McCracken and Freeman state the expression for 
P(E,) for the two-dimensional problem shown in 
Fig. 4 [Eq. (6) of Ref. 2]. For the present prob-
lem, however, we have modified this somewhat 
to represent the three-dimensional problem which 
includes scattering at the point P out of the plane 
of Fig. 4; thus the azimuthal angle has been in-
cluded. The predictions of McCracken and Free-
man have been tested experimentally2 and do seem 
to represent the total scattered flux of projectiles. 

There is, unfortunately, no information on the 
proportion of the scattered projectiles which might 
be neutralized into a specific excited state. We 
shall therefore assume that this proportion, F, is 
independent of the emergent particle 's energy and 
direction. 

The final factor we must account for is the prob-
ability that an excited particle will escape from 
the influence of the surface without undergoing 
radiationless decay. This is given by Eq. (2). 

These excited particles will eventually decay 
radiatively and a certain fraction, dependent on 
apparatus geometry, will be detected. Let us de-
note by the factor F', the fraction of excited atoms 
that will give a photon that is detected by the ob-
se rver . For a given transition, this fraction F' is 
independent of the speed and direction of the pro-
jectiles. 

Thus, combining these various terms we have 
the probability P(Ea) of detecting a photon from 
an emergent particle of energy Ea, scattered into 
a solid angle dw, which is 

P (£s) = F'F exp {-A /aVL) Ar(Es) dEs dw. (4) 

The wavelength of the photon can be simply cal-
culated by the Doppler-shift formula: The non-
r e lativistic form is adequate at the energies used 
here. 

With this information one can use Eq. (4) to cal-
culate the spectral line shape in relative te rms; 
since we do not attempt to estimate the factors F 
or F' we do not get an absolute figure for intensity. 
The calculation has been performed by numerical 
integration. The range of scattered-particle ener-
gies, E„ is divided into segments AEt; the range 

of scattered-particle angles is divided into ele-
ments of sol:d angle Aw. The probability of scat-
tered particles being in A i s evaluated from 
Eq. (4); this provides the contribution to intensity 
at the Doppler-shifted wavelength A. This pro-
cedure is repeated for all energies and angles to 
build up the final intensity distribution. 

In practice, we have no accurate prior knowledge 
as to magnitude of the survival coefficient A/a in 
Eq. (2). So the calculation Is performed for a 
range of values and the value chosen which pro-
vides the best fit to the data. In practice we find 
the coefficient to be determined principally by the 
position of the maximum intensity in the line. 

The ranges used in the integration a re a s fol -
lows. The maximum value of Et, the emergent-
particle energy, is given by an elastic encounter 
between the projectile and a target atom in the 
surface. We somewhat arbitrarily assume that 
the minimum value of E, is 20 eV; the rationale is 
that any projectile that has been reduced to this 
energy will probably be captured by the lattice. 
In practice we find that the survival coefficient 
is such that very slow projectiles do not survive 
radiationless decay; in fact the minimum value of 
E, could be raised to 1 or 2 keV with absolutely 
no change to the derived value of the survival 
coefficient. The minimum value of scattering angle 
e is taken to be that a:igle for which the particle is 
scattered parallel to the surface; this minimum 6 
obviously depends on azimuth. 

As a further complication, it is quite possible 
for an excited atom to emit a uhoton towards the 
target which then reflects to the observer. This 
is also taken into account in the calculation in a 
similar manner to that described by Kerkdijk and 
Thomas.1 There is difficulty in that the reflectance 
of the surface is unknown. One is tempted to use 
a value of reflectance for a polished surface as 
given in standard tables. Visual observation, 
however, shows that the metal surface becomes 
pitted by the ion bombardment and the reflectance 
is thereby reduced. To accommodate this we r e -
gard the reflectance as unknown and alter this also 
to give a best fit to the experimental data. In 
practice the reflected component contributes s ig-
nificantly only to the red-shifted component of the 
line; the derived value of the survival coefficient 
is related to the position of the intensity maximum 
in the blue shift and is completely insensitive to the 
reflectance that is adopted. Figure 5 shows a cal-
culated line shape with an indication of the r e -
flected component; the calculated line is the same 
as the best-fit line shown in Fig. 3. 

We also take into account the influence of mono-
chromator resolution; generally this was kept at 
8 A but on occasion it was reduced to 4 A for spe-
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Jn-keV tie* ions on niobium at an incidcnce angle of 45", 
calculated with A/a = 1.2 10B c m / s e c ami a surface re-
flectance of H.2H, and .showing the component of emission 
received directly by the observer, component of emis -
sion received via reflection from the surface, and total 
emission intensity (this i s in fact line d of Fig. 31. 

cific tests. This resolution is comparable to the 
width of the spectral line. To accommodate this, 
our predicted line shapes have been convoluted 
with the triangular bandpass characteristic of the 
monochromator so that this is taken into account 
in fitting the calculated curve to the experimental 
data. 

The result of this calculation is that a line shape 
is predicted which is the same form as that ob-
served experimentally. Moreover, with suitable 
choice of the survival coefficient A/a and surface 
reflectance R one can pet a very good agreement 
with the measured line shape. A particular ex-
ample is shown in Fig. 3. We find that for large 
angles of incidence the fit to the line shape is quite 
sensitive to the choice of survival coefficient. For 
large angles (u?^45°) we believe that the survival 
coefficient can be determined to an accuracy of 
±50%; varying the survival coefficient by this 
amount from the "best-fi t" interaction can shift 
the wavelength at which maximum intensity occurs 
by 4 A or more and so distorts the curve that it 
bears little resemblance to the measured line 
shape. For small incidence angles (</7<45°) the 
fitting of calculated and measured line shapes be-
comes progressively less sensitive to the choice 
of survival coefficient. 

We show in Fig. 3 an extreme case of how the 
survival coefficient changes line shape by calculat-
ing the case of A/a^0. This represents the situa-
tion where radiationless decay does not occur and 
all excited atoms escape and subsequently radiate. 

Clearly the predicted shape for this situation bears 
little resemblance to observation. 

V. RESULTS 
The consequence of this analysis is that we may 

determine, from the line shape, a measure of the 
survival coefficient A/a defined in Eq. (2). We 
consider that the accuracy with which A/a may be 
established is poor for incidence angles below 45° 
due to the low signal strengths and the insensi-
tivity of line shape to the value of A/a adopted; 
thus the results quoted here are derived for in-
cidence angles of 45°. It has been shown that 
the derived values are consistent with the experi-
mental data for lower angles of incidence. 

The survival coefficient for the 3 3D state of 
helium as determined from the 5876-A emission 
induced by He* on niobium is found to be 1.0x10" 
cm/sec ; this is the mean of several determinations 
at different energies (20-30 keV) and angles 
(45°-70°). The individual observed values range 
from 0.8 to 1.2x10" cm/sec with no apparent sys-
tematic variation with impact energy or incidence 
angle; we therefore assign a reliability of ±0.2 
xlO" cm/sec to this determination. For the 4 3I» 
state of He, measurements on the 4472-A line 
induced by He* on niobium give a survival coeffi-
cient of 0.7 x10s cm/sec; again the same limits of 
accuracy apply. 

For similar measurements on a copper target 

INCIDENCE ANGLE (DEGREES) 

FIG. 6. Total intensity of the 5876-A Hei (33D-~23P) 
line shown as a function of angle of incidence for incident 
projectiles of energy (a) 30 keV and (b) 20 keV. Circles, 
experimental data points; lines, predicted variations 
with A/a = 1.0 x 10® c m / s e c and R=0.21. The experimen-
tal and theoretical values at 30 keV have been multiplied 
by 2 for clarity. Theory and experiment are normalized 
together at 30-keV energy and 30° incidence angle. 
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the survival coefficient for the state is found 
to be 1.0x10" cm/sec and for the 4 ^D state 0.7 
*10" cm/sec; again both with an accuracy of ±0.2 
x 10" cm/sec. 

With these coefficients it is now possible to cal-
culate how the total intensity of a line should vary 
with impact energy and with angle of incidence. 
One simply uses the derived coefficient in the cal-
culation scheme outlined in Sec. IV above and in-
tegrates the predicted intensity distribution over 
all wavelengths within the line; this is repeated for 
various angles of impact and energies of impact. 
One may also provide an experimental quantity by 
integrating the measured line over all wavelengths. 
In Fig. 6 we show the predicted angular distribu-
tion at two energies compared with experimental 
data. Since both the experiment and theory are 
designed to give only relative values we have nor-
malized them together at one point. The observed 
agreement between prediction and experiment is 
very satisfactory. 

v i . DISCUSSION 

The primary conclusion from this study is that 
excited atoms recoiling from a target have a high 
probability of radiationless decay. For example, 
using our measured value of A ' a (1.0x10* cm/sec) 
in Eq. (2) to calcc'ate the probability, K{VJ, that 
a 30-keV 0' =1.2>.10B cm sec) helium atom r e -
coiling normal to surface will not undergo radia-
tionless decay we get R( \ \ ) = exp(l.0/1.2) =• 0.43. 
Thus only 43% of these rather fast recoils escape 
without radiationless decay. For slower recoils, 
which are in the majority, the survival probability 
is correspondingly less. 

We are now in a position to understand why the 
"surface-scattering" model of Kerkdijk and Thom-
as1 gave an apparently adequate prediction of line 
shape. That early work assumed, arbitrarily, 
that only fast atoms, scattered elastically from 
the surface, emerge in an excited state. We have 
shown here that particles scattered at all depths 
in the solid may in fact emerge in the excited state 
but only those of highest velocity have any substan-
tial probability of surviving radiationless decay; 
these faster atoms arise from scattering close to 
the surface. Thus the principal contribution to line 
shape does in fact arise from the scattered flux 
component considered by Kerkdijk and Thomas.1 

There have been only two previous attempts to 
measure the probability of radiationless deexcita-

tion by optical means; these were both*'5 con-
cerned with copper atoms sputtered from solid 
copper by argon impact. In that case the value 
determined for A/a is 2x10 s cm/sec . The inter-
action of a copper atom with a surface is likely 
to be greatly different from that for a helium atom 
and so the difference from the coefficient deter-
mined here is not surprising. 

There have been some limited attempts to calcu-
late the probabilities for radiationless transitions 
at surfaces; those relevant to the present work 
are summarized in convenient form by Hagstrum.3 

In particular, Cobas and Lamb' have made a pre-
diction of the radiationless decay for metastable 
helium close to a tungsten surface; calculations 
were performed for both the process of resonance 
ionization and the process of Auger deexcitation 
discussed in the Introduction. These predictions 
are relatively unsophisticated and utilize hydro-
genic wave functions; thev are not expected to be 
accurate to more than an order of magnitude. The 
calculations of Cobas and Lamb,6 as interpreted 
by Hagstrum3 provide separate values for the coef-
ficients A and a of Eq. (1). In the case of Auger 
deexcitation the predicted ratio A/a is 1.3x10s 

cm/sec; this is remarkably close to our present 
measured value of 1.0 xlO8 cm/sec . By contrast, 
for the resonance ionization process the predicted 
ratio by Cobas and Lamb is 4.8x10'° cm/sec and 
that by Shekhter1 is 1.8 xlO11 cm/sec; these are in 
gross disagreement with the present measured 
value. Our present experiments cannot determine 
which of these two processes are occurring; we can 
only say the measured ratio of coefficients is con-
sistent with the prediction of Cobas and Lamb* for 
Auger deexcitation. 

An inadequacy of our present line-shape analysis 
that is also to be found in earl ier work,1 5 is that 
we have no information on the process whereby the 
excited atom is created. Yavlinskii et al.,a suggest 
that the ion is neutralized as it finally emerges 
from the target; the neutralization is supposed to 
take place by a process of three-body recombina-
tion in the surface layer of electrons. We would 
note that, on theoretical grounds, recombination in 
a plasma should be primarily to d states9; more-
over, the afterglows of high-density helium plas-
mas show10 atomic lines that are principally f rom 
3 4 * 0 , and 33P states. Thus the spectra ob-
served in the present work are qualitatively s imi-
lar to those observed in the decaying-plasma si tua-
tion where a three-body recombination process is 
expected to be a primary source of excited atoms. 
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Excited-state formation a s H + and He4" ions scatter from metal surfaces* 
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Impact of 10- to 30-keV H ' or H e ' ions on polycrystalline metal surfaces causes some projectiles to be 
backscattered in a neutral excited stale. These projectiles subsequently radiativcly decay, emitting Doppler-
broadened spectral lines. By analysis of the spectral shape of these lines, we are able to determine the 
probability of radiationlcss deexcitation of the excited backscattered atoms. Quantitative measurements of 
spectral intensity indicate that less than 1% of all projectiles are haekscattered in an excited state. The 
relative variation of total spectral line intensity with angle of projectile incidence and with projectile primary 
energy has been successfully predicted using a model which assumes that the probability for excited-state 
formation is independent of the scattered projectile's energy and direction. We also predict the variation in 
total spectral line intensity with target atomic number. Finally, we examine briefly the sputtering and 
excitation of Al under He ' impact. 

I. INTRODUCTION 
It has been shown1'2 that when 3- to 30-keV He+ 

ions are incident on a metal surface, some of the 
projectiles are scattered as neutral excited atoms. 
These atoms subsequently decay by photon emis-
sion. The resulting spectral line is Doppler-
broadened. and the line shape is directly related 
to the distribution of speeds and distributions in 
angle of the scattered projectiles. In a recent 
paper- we described a theoretical model which 
predicts these line shapes using the backscatter-
ing theory of McCracken and Freeman.3 In order 
to explain the absence of slow excited atoms, we 
included a radiationless deexcitation term by 
which the excited electron may be lost while the 
recoiling atom is still in the vicinity of the sur-
face: possible deexcitation mechanisms include 
the Auger effect and resonant ionization.* The 
radiationless deexcitation can be approximately 
represented by the following expression which 
gives the probability R that a particle having a 
velocity component Vj. perpendicular to the sur-
face of the metal will escape without radiationless 
decay': 

Ii(V,) = exp(-A/aVL) . (1) 
In our previous work we utilized the analysis of 

measured line shape to determine the ratio A/u\ 
we refer to this ratio as the "survival coefficient." 

The principal objectives of the present work 
were to perform further measurements of the 
survival coefficient for excited helium and hy-
drogen atoms scattered from surfaces, ami to 
study quantitatively the probability of excited-
atom formation as a function of projectile energy. 
We utilized H+ and HeT projectiles of energies 
from 10 to 30 keV incident on polycrystalline tar-

gets of aluminum, copper, niobium, molybdenum, 
silver, and tungsten; spectroscopic observations 
were made in the visible and near ultraviolet re-
gions. In the case of He+ ions incident on alumin-
um, we also observe emissions characteristic of 
sputtered aluminum atoms; these emission inten-
sities have also been measured and are presented 
here. 

The experimental arrangement was identical to 
that in our previous work2 and will not be describ-
ed in detail here. The He* or H+ ions obtained 
from an rf discharge source are mass analyzed, 
collimated, and directed onto the target surface 
at some incidence angle cp with respect to the tar-
get-surface normal. A grating monochromator 
views the surface through a sapphire window; the 
monochromator axis is perpendicular to the pro-
jectile beam direction, and lies in the same plane 
as the projectile beam and the target-surface 
normal. The targets were maintained at a base 
pressure of 10"° Torr by ion pumping. In order 
to determine the intensities of the spectral lines 
in photons per incident ion, it was necessary to 
calibrate the detection system. A lamp calibrated 
by the Eppley Laboratories according to the meth-
od of the National Bureau of Standards5 was used 
as the primary standard for the visible spectrum. 
A Phillips tungsten-filament lamp was used as the 
secondary standard because of its more conven-
ient size. In order to extend the calibration to in-
clude ultraviolet wavelengths (3000-4000 A), ihe 
branching-ratio method was employed.6'1 Nitrogen 
gas was introduced into the target chamber and ex-
cited by a 25-keV beam of H+ or He+ ions. Obser-
vations were made of the relative signals from 
the second positive system of N2 and the first 
negative system of N2

+. Theoretical predictions 
of the relative intensities in these two spectral 
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systems were obtained from the work of Thomas 
cl ul.H and Burns vt til.9 Hence the relative sensi-
tivity was established and could be normalized to 
the absolute sensitivity measured at visible wave-
lengths using the standard lamp. 

11. GENERAL SPECTRAL CHARACTERISTICS 

For 20-30-keV He* on Cu, Nb. Mo, Ag, and W, 
there were strong emissions of the following He I 
lines: 5876 A ( 3 3 D - 2 S P ) , 4472 A (43D-23/>), 
and 3889 A (33JP-23S). In the case of He* on^W, 
there were also weak He: emissions at 4026 A 
(53D — 2 *P), 4713 A (4 3 S -2*Pl 4922 A (4l£> 
- 2 lP). and 6678 A (3 lD - 2 lP). For 20-30-keV 
H* on these same metals, there were emissions 
of the f irst three lines of the Balmer se r ies . 

For both He* and H* incidence on Al, we ob-
serve a very intense broad band extending from 
2500 to 6000 A, which obliterates the usual lines 
from scattered projectiles except for He 5876 A 
and H„ 6563 A, respectively. For all other pro-
jectile-target combinations, there were various 
weak broad-band emissions; these will be r e -
ported and discussed elsewhere. 

Detailed study of the He! lines and H lines indi-
cates that they are of the order of 20-30 A and 
50-60 A in breadth, respectively, with a sharp 
peak on the blue side. Figure 1 shows a specimen 
line shape of a Balmer a transition. The greater 
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l id. 1. Measured and predicted line shape of the 6563-
A («• 3 to n - 2 ) 11 emission induced by 25-keV II* impact 
on Mo at an incidence angle <S of G()°. Intensity is shown 
as a function of relative wavelength shift, defined as the 
shift (AX) from the U563-A line divided by the wavelength 
of that line, 6563 A (A). Circles, experimental data 
points; solid line, prediction by our model with survival 
coefficient chosen for best fit to data points (A/a= 7.2 
• 1(>7 cm/sec ) . 

breadth of the H lines, compared with He emis-
sions, reflects the greater incident-ion velocity 
for a given incident energy and therefore a greater 
Doppler broadening. 

In the case of the aluminum target bombarded 
by He*, we observe emissions of All lines includ-
ing all components of the multiplets at 3089 and 
3956 A. For these lines we observe no broaden-
ing or wavelength shifts that can be attributed to 
the Doppler effect. It is therefore concluded that 
the sputtered excited aluminum atoms are ejected 
with rather low velocities. 

Tests were made to ascertain whether any of 
these emissions exhibit polarization; this was 
performed simply by monitoring the light signal 
as a polaroid analyzer was rotated in front of the 
monochromator. No evidence of polarization was 
found. 

III. ANALYSIS OF LINE SHAPE 

The method for predicting line shape has been 
described fully in our previous publication2 and 
only brief details will be given here. A theoreti-
cal prediction by McCracken and Freeman3 is 
used to predict the flux and energy distribution 
of all projectiles emerging from the surface into 
a particular direction. It assumes that the projec-
tile penetrates into the target, losing energy by 
electronic stopping and suffering no appreciable 
deviation; at some point, it suffers a large-angle 
deviation by a Rutherford-scattering event with a 
single target atom, and is able to return to the 
surface. Based on this picture one may formulate 
an expression for the probability P(ES) that a pro-
jectile will emerge with an energy between Es and 
Eg +dEs and moving into some element of solid 
angle dui: 

P(Es) = N(Es)dEsdu . (2) 

Without any information on the proportion of the 
scattered projectiles which might be neutralized 
into a specific excited state, we make the assump-
tion that this proportion, F, is independent of the 
emergent particle 's energy and direction. As we 
shall see, some •.•f our work tends to support this 
assumption. The final factor we must account for 
is the probability that an excited particle will es -
cape from the influence of the surface without un-
dergoing radiationless decay. This is given by 
Eq. (1). The excited particles that escape will 
eventually decay radiatively, and a certain f r ac -
tion F', dependent only on apparatus geometry, 
will be detected. 

Thus, combining these various terms, we have 
for the probability P{ES) of detecting a photon from 
an emergent particle of energy Es, scattered into 
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a solid angle </u>, 

/'(/ij) -F'Fc~AMVlN(ES~)'IES dni . (3) 

The wavelength of the photon can be simply calcu-
lated by the Doppler-shift formula; Eq. (3) permits 
a calculation of the relative line shape. In prac-
tice. the survival coefficient AUt is unknown; we 
perform the line-shape calculation for various 
trial values, and a best fit to experimental data 
is achieved; from this we e.s'iablish a "measured" 
value of A'a. 

We have made some studies of how the predicted 
line shape would he altered if we were to replace 
the Rutherford-scattering cross section in the cal-
culation2 by a screened-Couionib cross section 
formulated in the manner of Everhart et ul.10 

This change tends to provide a slightly less sat-
isfactory fit of our predicted curve to the experi-
mental data and does not appreciably change the 
derived value of the survival coefficient. 

IV. RESULTS Olr THt LINU-SHAPE ANALYSIS 

The consequence of this analysis is that we may 
determine, from the line shape, a measure of the 
survival coefficient A/a defined in Eq. (1). We 
consider that the accuracy with which A/a may be 
established is poor for incidence angles below 45 
due to the low signal strengths and the insensitiv-
ity of line shape to the value of A/a adopted; thus, 
the results quoted here a r e derived for incidence 
angles of if> 45'. It has been shown that the de-
rived values are consistent with the experimental 
data for lower angles of incidence. For large 
angles 45") we believe that the survival coef-
ficient can be determined to an accuracy of ±50%; 
varying the survival coefficient by this amount 
from the "best-f i t" value can shift the wavelength 
at which maximum intensity occurs by 4 A or more 
and so distorts the curve that it bears little re-
semblance to the measured line shape. 

The survival coefficient. A/a. for the 3 ]D state 
of helium as determined from the 5876-A He 1 
emission for the cases of Cu, Nb, and Mo targets, 
was found to be. respectively, 3.0x10b, 1.3 xlO8, 
and I.Ox 10® cm,'sec. The survival coefficients 
for the 4'!D state of helium as determined from 
the 4472-A line shape for the cases of Cu and Nb 
targets were, respectively. 1 .6x l0 8 and 0.8x10s 

cm /sec. Finally, the survival coefficient for the 
3 ' I ' state, derived from the 3889-A line shape in 
the single case of a niobium target, was found to 
be 1.5* 108 cm/sec . In all cases these values are 
the means of several determinations at different 
energies and impact angles. The above values 
supersede" the measurements we published ear-
lier- for some of these cases. 

The determinations of survival coefficient for 
the n =3 state of hydrogen, derived from analysis 
of the Balmer a line shape, yield a mean value of 
7.8X107 cm/'sec for the three metals considered, 
copper, niobium, and molybdenum. The observed 
variation between metals is less than the statisti-
cal reliability of the data. 

In addition to the data listed above we have also 
studied the line shapes induced by H+ and He* in-
cident on iron and type-304 stainless steel. The 
survival coefficient A'.i for the »i = 3 state of hy-
drogen is found to be 6.1 xlO7 cm'sec ; this is less 
than the value for the other metals studied, but 
only by an amount which is less than our estimated 
limits of accuracy. The survival coefficient for 
the 3-D state of helium at a type-304 stainless 
steel surface is found to be 3.4X107 cm/sec; this 
is significantly less than the values for the other 
metals studied. 

Finally, we would note that we have studied the 
line shape of the Balmer a line induced by H,+ im-
pact on various targets, and find it to be exactly 
the same as the corresponding situation for H* im-
pact at the same velocity. This suggests that the 
H / ion dissociates at impact on the surface, and 
the fragments are uncorrelated in their subsequent 
behavior. 

There have been some limited attempts to calcu-
late theoretically the survival coefficient A/a; 
these are summarized in convenient form by Hag-
strum.'1 Cobas and Lamb12 calculate separate val-
ues for the coefficients A and a for the case of 
metastable helium atoms being deexcited at a 
tungsten surface. The calculations employ hy-
drogenic wave functions and are not expected to 
be accurate to better than an order of magnitude. 
The work, of Cobas and Lamb,1- as interpreted by 
Hagstrum,4 predicts a survival coefficient of 1.3 
< 10B cm/sec for an Auger deexcitation mechanism; 
this is quite comparable with all the measurements 
we present here. By contrast, for a process of 
resonance ionization, the survival coefficient. A/a. 
predicted4 by Cobas and Lamb12 is 4.8xlO10 

cm/sec , and that by Shekhter13 is 1 .8xlO u cm/sec . 
The predictions for a resonant ionization process 
a re three orders of magnitude higher than our 
measurements. 

V. TOTAL INTENSITY OF THE LINE EMISSION 

A major objective of this work was to establish 
an absolute measurement of the total light inten-
sity emitted in a transition; clearly, this can be 
related to the probability that an incident ion will 
rccoil in a specific excited state. A convenient 
representation, suggested by Kerkdijk and Thom-
as.1 is to define a coefficient y i t for emission of 
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0 15 30 45 60 
Angle of Incidence (degrees) 

1'IG. 2. Emission coefficient of the hydrogen « = 3 to 
n- li transition shown as a function of angle of incidence 
for J.I-keV protons incident on Nb. Circles, experimen-
tal data points; solid line, predicted dependence with 
A a - 7.S ^ lo' cm/sec . 1'he theoretical curve has been 
normalized to the data at 15' incidence angle. 
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FIG. 3. Emission coefficient y( j of the helium 33J> 
— 2"S transition shown as a function of projectile energy 
for He* ions at an incidence angle of 45°. Square data 
points for the case of an Mo target, circular points are 
for Cu. Data below 10 keV are from a previous publica-
tion (Ref. 1). The dashed lines are drawn to indicate the 
general trend of the experimental data. 

photons in a transition from state i to state j; this 
coefficient is simply the total number of photons 
emitted into all directions per incident projectile. 
A second valuable factor ' is the coefficient y, for 
formation of a specific excited state r, this can 
bo defined as the number of backscattered atoms 
in the state i per incident projectile. In a special 
case where an excited state i cannot be populated 
by cascade from higher levels and where the tran-
sition i - / is the only decay path, then y, will 
equal >,j. In general this is not true; the state 
i is populated by cascade from higher levels, and 
is depopulated by more than one radiative decay 
path; consequently, Vj and yu a re not equal. The 
general relationship between >, and y u has been 
discussed bv Kerkdijk and Thomas; moreover, it 
is analogous to the relationship between excitation 
and emission cross sections in atomic collision 
studies." 

The emission coefficient >-,-, has been mea-
sured in this experiment. The line shape of a 
transition is scanned and integrated; the cali-
brated sensitivity of the detection system permits 
this to be converted to an absolute photon flux. 
We then assume that the emission is isotropic 
and arr ive at the total emission rate by multiply-
ing the photon flux into the spectrometer by 4J/AID; 
here Aw is the solid angle subtended at the target 
by the numochromator entrance slit. Taking this 
photon emission rate and dividing by projectile ion 
flux, we obtain a value for . 

We estimate a reliability of better than ±10% for 
the functional dependence on energy and angle of 
an emission coefficient for a given transition; the 
principal source of possible e r ror is the stat ist i-
cal variation of signals. In comparing emission 
coefficients for two different transitions there is 
an additional source of possible e r ror in the cal-
ibration of detection sensitivity at different wave-
lengths. We estimate the reliability of a ratio be-
tween emission coefficients for different transi-
tions to be ±20%; this includes the statistical e r -
rors of the individual measurements, and possible 
e r rors in the relative calibration of detection sen-
sitivity at the relevant wavelengths. We estimate 
that the overall reliability of the absolute numer-
ical values is no better than ±50%. This rather 
large uncertainty arises principally in the abso-
lute calibration of photon-detection efficiency; it 
includes possible er rors in setting the tempera-
ture of the primary-standard lamp, and also pos-
sible inadequacies in measurement of the relevant 
geometrical parameters. 

In Figs. 2—7 we display some of these measured 
emission coefficients. They may be shown as a 
function of incidence angle on the target for a fixed 
projectile energy (Fig. 2); as a function of impact 
energy for a fixed incidence angle (Figs. 3—5); or 
as a function of the target number at a fixed pro-
jectile energy and impact angle (Figs. 6 and 7). 
For measurements involving He+ on a copper t a r -
get (Figs. 3 and 4) we show also the earlier re la-
tive measurements by Kerkdijk and Thotnas; these 
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Kill. 4 . K miss ion coefficient -> , ol" (.ho helium 33£> 
- 2 transition shown as a function of projectile energy 

for He* ions incident on Cu al an angle of 45 . Data 
points below 10 keV are from a previous publication 
(Ref. t). The solid line is a theoretical prediction nor-
malized to the experimental data at 15 keV and calculated 
using ;i survival coelficient. A /a , of 3 x l 0 a cm/sec . 
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FIG. 0. Emission coefficient of the helium 3 3U — 2 3P 
transition shown as a function of target atomic number. 
Circles, experimental data points; solid line, McCrack-
en-Freeman model. Kxperimental conditions: 25-keV 
He* ions incident at (i0°. The theoretical curve has been 
normalized to the data at the Mo data point. 

are normalized to the present data at 10-keV im-
pact energy. In certain figures we have drawn 
lines between the data points to indicate the gener-
al trend of the emission coefficient data; such 
lines, which are specifically identified in the cap-

tions, a re not meant to imply any detailed know-
ledge of behavior between the data points. 

For comparison purposes we show in Table I 
the emission coefficients for certain transitions 
induced by 25-keV H* and He* on Mo at an angle 

0 5 IP 16 20 25 30 
Projectile Energy (keVI 

FIG. .">. K mission coefficient of the hydrogen w-3 to 
H - 2 transition shown as a function of primary energy ot 
II* ions at an incidence angle of 4.V. Squares are experi-
mental data points lor the case of an Mo target; circles , 
ex peri men la I data points for a C'u target; solid line is the 
predicted dependence lor Mo with A/«= 7.H < l<>7 cm/sec . 
The theoretical curve hah been normalized to the Mo data 

at 2t>-keV energy. Dashed lines indicate the general 
trend »t the ox|iei-iin<;nlal data. 
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FIG. 7. Emission coefficient of the hydrogen u- 3 to 
rt- 2 transition shown as a function of target atomic num-
ber. Circles, experimental data points; solid line, Mc-
Cracken-l'rceman model. F.xpevimeriVal conditions: 2Ti-
ke V M* ions incident al Ho". The theoretical curve has 
been normalized to the data at a single point to provide 
a lie.st fit. 
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TAISLE 1. Measured values of emission coefficient y(-
with estimates of the excitation coefficient Y,. Data for 
11' and HO' ions at 25 keV incident on a Mo target at 
ans>lo of fiO' to the surface normal. 

Ti 
States (ICxeited 

Projectile i j (Photons/ion) atoms/ion) 

11' n = 3 II = 2 1.C2 >- 10~4 

IP « = 4 n - 2 L . S O * LIR1 . 

IP m = 5 N - 2 1.92 x l«"e 

lie" 3 3D 2 3P >.:m x nr r i 8.17 A ID"5 

lie' •1 3D 0 3 p 'J.O-I X 1 0 " G 1.15 x 10"5 

Hef 3 3P 2 3S O.:IS x H f c 0.10 x 10"G 

of 60 to the surface normal. In a few cases we 
have estimated the excitation coefficient >',. The 
excitation coefficient for the 3 3 P state was esti-
mated by allowing for cascade from higher u3S 
and n3D levels (about 42%), and branching of the 
decay between 3 3P~ 2 3S and 3 3P- 3 3S transitions; 
transition probabilities were obtained from the 
work of Wiese et at.1* For estimates of for 
the 4 3D state, we had no way of assessing cas-
cade and, for the 33D state, could estimate cas-
cadc only from the 43iJ level (about 2%); conse-
quently, the values of yj are not really corrected 
for cascade and include only the branching in the 
dccay transition. For the hydrogen emissions we 
did not attempt to estimate f; the measured Bal-
mer emission is a sum of three transitions from 
the almost-degenerate it:s, up, tul states to the 
lower 2s and 2p levels; there is no way of esti-
mating the relative importance of the separate 
transitions. 

The measured emission coefficients displayed 
in Table I and in the various figures show that 
only a small fraction of the projectiles produce 
photon emission. Most excited atoms formed do 
in fact decay by nonradiative mechanisms so that 
the emission coefficient represents only a small 
proportion of the atoms which were originally ex-
cited. It is of interest to estimate what fraction 
of the backscattered atoms were excited at the 
point of emergence from the surface; this can 
only be calculated very roughly. Let us take as 
an example the ease of 25-keV H* incident on 
molybdenum at 60 to the surface normal. Sum-
ming the emission function of the f i rs t three Bal-
nier lines (Table I), we find the total emission of 
photons to be 1.9x 10"' per incident ion. Using a 
survival coefficient A/u of 7.8 xlO7 cm/sec (the 
measured value for the n =3 state), we estimate 
that only Z\.l7q of all excited atoms in the >i =3, 4, 
and 5 levels do in fact radiate, and the remaining 
73f'b decay by the nonradiative mechanism; thus, 

the total flux of excited atoms formed in these 
states is about 8.9x10"'' per incident ion. Now, 
it is clear that this figure does not represent all 
excited atoms, since we do not detect formation 
of the n =2 levels. The work of Sterk et al.ln sug-
gests that formation of // =2 levels occurs with 
about the same likelihood as formation of all the 
higher excited levels combined. Thus, the forma-
tion of excited recoil atoms occurs for only a few 
projectiles in every 10s that are incident on the 
surface. The conclusion that is to be drawn from 
these very rough estimates is that less than 1% of 
all incident projectiles recoil as excited atoms. 
Inevitably, this means that most backscattcred 
atoms in this case are either ground-state neu-
trals or ions. A similar conclusion can be drawn 
from analysis of the case of He+ impact. 

Later in this paper (Sec. VI) we make predictions 
of the excitation coefficient and compare it with 
the experimental data; to perform the comparison 
we make the assumption that the excitation coef-
ficient is proportional to the emission coefficient. 
The assumption is, of course, exactly true if 
there is no cascade into the emitting state of in-
terest. The assumption will also be true if the 
cascading transition, & — i, exhibits the same 
functional dependence on impact energy and angle 
as does the measured transition «' — j. Insofar as 
we are able to estimate cascade, we conclude that 
in all cases it has the same functional dependence 
on energy and angle as the levels which it popu-
lates. Wo shall therefore assume that the excita-
tion coefficients a re proportional to emission co-
efficients. 

There are no published data with which these 
absolute values may be compared; our earl ier 
work gave only the relative variation of emission 
coefficient with impact energy1 and angle.1'2 

Shown in Figs. 3 and 4 a re earlier measurements 
of the emission coefficient for He I transitions in-
duced by He* impact on Cu; this relative data1 has 
been normalized to the present measurements and 
appears to join them quite smoothly. We would 
also note the work of Sterk el al.,lB which mea-
sured absolutely the emission coefficient for the 
Lyman a transition induced by H+ impact on alum-
inum. The coefficient was found to be of the order 
10"3 photons per proton, with an energy depen-
dence generally similar to that displayed in Fig. 5. 

VI. THE PREDICTION OF EXCITATION COEFFICIENTS 

Equation (3) was used to predict the spcctral line 
shape, and by integration of this shape over all 
wavelengths one can in fact predict the total inten-
sity of the emission. This can be repeated for 
various impact angles and energies to arr ive at 
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the functional dependence of the excitation coeffi-
cient on these two parameters. Two important 
parameters are unknown in Eq. (3). We have no 
theoretical knowledge of the survival coefficient 
A/a : however, we have our experimentally ob-
tained values listed previously, and we can utilize 
these for the prediction. Secondly, we have no in-
formation on the probability that a backscattered 
atom will be excited; this is the factor F in Eq. 
(3). For the purpose of this calculation, we con-
tinue to make the assumption that this factor is 
independent of the emergent particle's energy and 
direction; success of the predictions would tend 
to confirm the validity of the assumption. We 
make no assumption as to the magnitude of this 
factor, and so our predictions will indicate r e la -
tive variations only; we therefore normalize the-
ory to experiment in order to perform a compari-
son. . 

We do again note that the measured quantity is 
an emission coefficient, y l t , and the predicted 
quantity is an excitation coefficient; our discus-
sion in the preceding section suggests that these 
two quantities a re proportional to each other. 
Thus, a comparison of the measured ytl with the 
predicted yf is valid. 

In Fig. 2 we show a predicted angular dependence 
normalized to the experimental data; the agree-
ment between prediction and experiment is very 
satisfactory. In Figs. 4 and 5 we show the experi-
mental measurements of emission coefficient com-
pared with the theoretical prediction of excitation 
coefficient. The agreement between prediction 
and experiment is really quite good, particularly 
for Her on copper (Fig. 4), where good agreement 
is observed down to 5-keV impact energy. 

The agreement between predicted and observed 
energy dependence in Figs. 4 and 5 is surprisingly 
good in view of the simplifications made in the 
prediction. The comparison tends to confirm the 
assumption that the probability of a scattered par -
ticle being formed in a specific excited state is 
indeed independent of the original incoming pro-
jectile's energy. This is consistent with a study 
by Berkner cl til.1'7 of the excited-state fraction 
in hydrogen beams that had traversed thin metal-
lic foils; they also conclude that the probability of 
excited-state formation varies very little with pro-
jectile energy. 

The energy dependence of the emission coeffi-
cient is predicted very well by our model, which 
involves use of a survival coefficient A /a derived 
from the line-shape analysis. The predicted ener-
gy dependence is a rather sensitive function of the 
survival coefficient adopted. Consequently, an a l -
ternative method of measuring the survival coef-
ficient is to analyze the energy dependence of the 

emission coefficient. Such a procedure has al-
ready been used for the study of excited sputtered 
particles in the work of White and Tolk.18 

VII. DEPENDENCE OF EMISSION ON TARGET 

A further result of our work is a measure of 
how the emission coefficient var ies with target 
atomic number. The data are shown in Figs. 6 
and 7 for fixed impact energy and angle, for He* 
and H+ projectiles, respectively. In general, the 
emission coefficient r ises with atomic number a l -
though there is some irregularity in the behavior. 

It is possible to make a theoretical estimate of 
this atomic-number dependence, again using the 
work of McCracken and Freeman.3 The probabil-
ity of backscattering [Eq. (2)] with an energy Es 
is related to the energy loss suffered by the pro-
jectile as it penetrates the target; this energy 
loss is calculated using the Lindhard-Scharff19 

theory for electronic stopping. The backscatter-
ing probability is also related to a Rutherford-
scattering event involving the projectile and tar-
get nuclei; this large-angle scattering event re-
turns the projectile to the surface. The work of 
McCracken and Freeman3 shows that the back-
scattering probability is proportional to a function 
f(Z), given by 

f ( Z ) = \'"Z2(Z\'3 + Z\'3)V2 . ( 4 ) 

Here, Zx is the atomic number of the incident ion 
and Z, is the atomic number of the target atom. 
In effect, the factor N[ES) of Eqs. (2) and (3) is 
proportional to the function/(Z). It follows then 
that a level-excitation coefficient should be pro-
portional to }(Z)\ if we again make the assump-
tion, justified in Sec. VI. that excitation coeffi-
cients are proportional to emission coefficients, 
then the factor f(Z) will contain the functional de-
pendence of emission coefficient on target atomic 
number. We have plotted f{Z) in Figs. 6 and 7. 
normalized to the experimental data. 

The agreement between observed and predicted 
dependence on target atomic number is not entire-
ly satisfactory, but the general trends are the 
same. Thus, the backscattered excited-atom flux 
has the same dependence on target atomic number 
as is predicted for the total backscattered particle 
flux. It follows then that the excited-state fraction 
contained in the backscattered flux is not a sens i -
tive function of the target itself; that is to say, 
the factor F of Eq. (3) is not greatly dependent on 
the target atomic number. This is consistent with 
studies by Berkner et <tl." of the excited-atom 
fraction in projectile beams that had traversed 
thin metallic foils; they also show that the f r ac -
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tion of excited atoms in the emergent projectile 
beam is not a sensitive function of the target. 

VIII. EMISSION FROM SPUTTERED ATOMS 

For the case of He+ impact on Al (the lightest 
element which we have used as a target), we ob-
serve spectral lines characteristic of excited 
sputtered Al. These lines do not appear to be 
Doppler broadened, indicating rather slow-mov-
ing atoms. We have investigated the energy de-
pendence of the emission coefficients for two of 
these lines, and find them to be a decreasing func-
tion of primary energy (Fig. 8). We have also ob-
served Al lines in the case of H+ impact, but only 
for large angles of incidence (75 ). 

The two lines considered in Fig. 8 a re the only 
decay paths of the 42S level; adding the two coef-
ficients and subtracting cascade population will 
give the excitation coefficient of the 4 2S level. 
Cascade f rom ' t -5 levels contributes about 22% 
of the excited-state population; cascade from high-
er levels is negligible. This gives an estimate for 
the 42S level-excitation coefficient of 1.43x10"' 
excited Al atoms per incident ion; this is for 25-
keV He* ion impact at an angle of 45 . 

The two lines observed, 3944 A (4a 6 , -3 2 / j 0 , 
and 3962 A (42 .S-32P°, J = i - c M ) , 

account for all radiative transitions out of the 42S 
level. According to published transition probabil-
ities,13 the fraction of all transitions represented 
by the former line is 33-fa, and by the latter 67%. 
Using our experimental intensities we find them 
to be 35% and 65%, respectively. 

IX. CONCLUSIONS 

The Doppler-broadened spectral lines of H and 
He observed when H* and He* ions a re incident on 
metal surfaces have been analyzed by a technique 
established earlier2; the analysis permits mea-
surement of the parameters associated with radia-
tionless deexcitation of excited states at a surface. 
Using the measured survival coefficients in our 
simple model, we a re able to predict the function-
al dependence of the level-excitation coefficient on 
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FIG. 8. Emission coefficient of lines from excited 
sputtered Al as a function of primary energy of llc+ ions 
(incident at 45°). squares, experimental data points for 
A1-39G2 A (4JS— J = I—J - 1). Circles, experi-
mental data points for Al-3944 A (4 'S — 3 *P J - i 
— J- h)- The dashed line is drawn to indicate the gener-
al trend of the data. 

such parameters as projectile impact energy and 
projectile impact angle. The model also permits 
a prediction of excitation coefficient as a function 
of target atomic number. Agreement between ex-
periment and the predictions is very satisfactory 
in view of the simplicity of the model utilized. We 
have throughout assumed that the probability of a 
backscattered atom emerging at the surface in an 
excited state is independent of its direction, speed, 
and the nature of the target. This assumption 
seems to be reasonably valid, and certainly the 
excited-state population is a very weak function 
of these parameters . The present experiment 
also provides measured absolute values of the 
emission coefficients and some estimates of the 
absolute values of the level-excitation coefficients. 
The major gap in our understanding of the whole 
problem is the absence of any procedure by which 
the excitation coefficients may be theoretically es-
timated. 
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Impact of 10 to 30 KeV H and He ions on polycrystalline metal 

surfaces gives rise to emission from backscattered excited atoms. The 

intensity of this emission has been quantitatively measured in the case 

of copper and molybdenum targets. The dependence of intensity on. 

incoming projectile energy is predicted and sho?;n to be governed pri-

marily by radiationless de-excitation of atoms while close to the sur-

face. Parameters governing de-excitation may be inferred from the data 

and are in excellent agreement with results achieved by analysis of 

thf; Doppler broadening of the spectral line. 



I. Introduction 

VThen light ion + s, such as H and fie , are incident on metal surfaces 

a small fraction are backscattered as neutral excited atoms. Subsequently, 

such excited atô is -will decay radiatively and the emission may be de-

tected. This emission exhibits Doppler broadening and the spectral line 

shape may be analyzed to give information on the distribution in speed 

and direction of the backscattered projectiles [1,2]. The total 

intensity of a. given spectral line provides a measure of the rate at 

which excited atoms are formed. In this paper "re study the intensity 

of spectral emissions from scattered projectiles; the intensity is 

measured quantitatively as a function of incident projectile energy. 

We show how this energy dependence may be successfully predicted. 

Xt is convenient to introduce a symbol y. to represent an "excitation 

coefficient" for the formation of atoms in the excited state j; we shall 

define it as the number of atoms backscattered in the excited state j 

for each projectile incident. Similarly we can define an "emission 

coefficient" Y-i a s nu.-r.ber of photons in the transition j — k emitted JK 
for each projectile incident. The coefficients for excitation and 

emission arc OL course closely related. In a case where the excited" 

state j is formed only by collisions with the surface then 

whore A is the transition probability for the decay from j to k. In 

iTiicf.''.:! the state j will also V;; populated by ciscadc through radiative 

A 
(1) 

y.<j 



decay from higher states i; the magnitude of the cascade can in princi-

ple be estimated by measuring all emission coefficients for transitions 

from states i above j into j. In the event that cascade is negligible 

then Eq. (l) holds and y is proportional to y.. In the present paper 
Jk J 

wc present measurements of y and predictions of y.; we find that j ̂  3 
cascade is negligible in the cases considered so that these two quantities 

are proportional to each other. 

The experimental data presented here will be concerned with 10 to 

30 keV H+ and tie ions incident on targets of polycrystalline molybdenum 

and copper. Angle of incidence on the target is with respect to 

the surface normal. Emissions from neutral H and Ke are studied. 

II. Experimental Details 

The experimental arrangement was identical to that used in our 

previous work [1]. Projectile ions were extracted from an rf discharge 

source, mass analyzed, collicated and directed onto the target surface. 

A grating monochronator views the surface in a plane defined by the 

incoming bear, and target-surface normal; the monochromator axis is 

perpendicular to the projectile beam direction. Targets were maintained 
-9 

at 10 Torr by ion pumping. Before starting measurements the target was 

cleaned by preliminary bombardment with either the projectile beam 

itself or with an ArH beam. Detection sensitivity of the monochromator 

at wavelengths above UOOO A was established by calibration using a 

standard .l:nr.p. Calibration was ex ten.led to lower wavelengths using the 

branching ratio method [3]. In th.i s procedure, the t'M-gets were removed, 

nitrogen gas was introduced into the target chamber and this was excited 

t>y a bo:1.:-, of K i o n s ; the: relative intensities of 3inns in the first 

t Lvo K;.' t-yi-.l-jv-. \.-<-»ro observe.! :>.::r] predicted relative: intensities 

wo iv lU'.-j,! to <.•*;!. abliah I ho Po:isitivit.v of tho .".;/ otô i. 
3 



The f:x peri mental procedure vas to set the monochromator resolution 

F.O that the whole of the Doppler broadened line vas detected simultaneously. 

Tho photon signal, which is proportional to the emission, coefficient, is 

then monitored as a function of projectile energy. Finally the emission 

coefficient was assigned an absolute value using the calibrated detection 

efficiency and assuming radiation is emitted isotropically. 

Proton impact on the metal surfaces gives rise to emissions of + 
the Balmer series; He impact gives emissions of triplet helium lines. 

None of the emissions studied here exhibited polarization. In Fig. 1 

w show a limited sample of the measured emission functions. In the 

case of He+ impact on copper there are some earlier relative measure-

ments of emission coefficient by Kerkdijk and Thomas these have 

been included by normalization to the present absolute data at an energy 

of 10 keV. 

The Balmer alpha emission coefficients represent a sum of the 

three transitions from the 3s, 3p and 33 states to the 2s and 2p levels; 

we have no way of assessing the relative contributions of the three 

components. The helium emission is the -• 2^P transition. Fcr the 

holiuia case we estimate cascade contributions from higher states . 

into the 3 D level to be less than we have no way of assessing 
3 3 

cascade i'rox. F states but if the n F excitation coefficient is similar 
3 3 

to that for the n P and n D states then cascade from this series should 

be loss than We shall assume that cascadc into the Ke(3 D) state 

is negligible and therefore the emission coefficient is proportional to 

the excitation coefficient. For tho hydrogen emission we use measure-

uent:: or' BaJiner beta emission to estimate cascade into th-? n - 3 level 



ar. about 5%. The Baluer alpha transition represents the sum or three 

transitions from n - 3 to n = 2; thus the emission coefficient is equal 

to a weighted sum or the throe relevant excitation coefficients. 

III. Calculation of the Excitation Coefficient 

The theoretical estimation of the excitation coefficient is too 

complex to describe in dotail and we shall content ourselves with out-

lining the procedure. McCracken and Freeman [5] provide a prescription 

for computing the backscattering of projectiles from a solid. It is 

assumed that after the projectile enters the solid it loses energy by 

collisions with electrons, then undergoes a large angle scattering event 

with a single substrate atom and returns to the surface. Energy loss "by 

collisions with electrons is computed with a conventional stopping power 

equation and the large angle scattering is handled as a Rutherford cross 

section. With this approach McCracken and Freeman's formulation [51 

will give the fraction of projectile ions emerging from the surface with 

a velocity component normal to the surace of between v^ and v A + dv^; we 

shall write this fraction as f(vx, Eo» 0)^vJL, where E0 is the original 

energy at impact and is the angle of incidcnce. Of these backscattered 

particles a certain fraction F. are in the excited state j. We shall 

assume that F. is independent of both emergence angle and emergence energy; 

this assumption is consistent with the work of Barkner et al. [6] on 

excited state populations of beams traversing thin foils. 

There remains one further factor that must be taken into account. 

Analysis of the Doppler broadened line shape [1,2] in these emissions 

show:.". liiat few slow excited particles emerge from the surface. It has 

be-on concluded [1 J that slow exei i.eu particles suffer rndiat ion less 



de-excitation while within a few Angstroms of the surface either by 

resonance ionization or Auger de-excitation. For either process the 

probability of an excited particle with perpendicular velocity component 

vescaping without radiationless de-excitation is given by [1^ 

R(vx) = exp (- - M (2) 
D V ^ 

The two parameters A and a are dependent on the potential barrier and the 

wave functions of the participating electrons. 

We can now estimate the excitation coefficient. Taking the "baclc-

scattered flux f(v,s E0> 0), the excited fraction F., the escape proba-

bility R(Vjl) and integrating over all recoil velocities, we arrive at 

v . 
Y3(EO» 0) j U Eo, 0) Fj exp (- d v A (3) 

The upper limit of integration is related to projectile scattering at 

the surface where no penetration occurs; to establish a lower limit of 

integration we assume that any projectile which has its energy reduced 

to 20eV will be trapped in the lattice and will not escape. 

We do not in fact have any reliable estimates of the ratio A/a in 

equation (3). According to the theoretical calculations of Cobas and 

lamb [7], as interpreted by Hagstrum [8] the ratio A/a is expected to 
g 

b<j of trie order 2 x 3.0 cm/sec. We performed calculations of V- for a 
3 

range of A/a close to the predicted value. Also we have no prior know-

lodge of the excitation probability F.. "We avoid this problem by cal-J 
cuiluting only relative values of for each value of A/a, and by norma-ii 
lir.in,; such curves together. 

6 



The result of this calculation of y. for H e o n Cu is shewn in Fig. 2 

along with the experimental measurement of y. . from Fig. 1. Clearly, a 1J 
small change in A/a will dramatically alter the energy dependence of y . J 
Moreover the experimental data are in excellent agreement with, a computa-

Q 
tion for A/a = 3 x 1° cm/sec. We note that an analysis [2] of the Dopple 

broadened line shape of the y'n — 2^P emission also gives a value of g 
3 x 10 cm/sec for A/a. 

+ 

In Fig. 3 we show similar calculations of y. for H on Mo. We 

cannot prove for this case that the measured y ^ for a Balmer line 

should be proportional to y. but nevertheless we shew the experimental 

data for comparison. The experimental data lies fairly close to g predicted values for A/a of 1 x 10 cm/sec. By comparison an analysis 
•y 

of Doppler broadened line shape [2] gives A/a of 8 x 10 cm/sec. The 

discrepancy between these values is less than the experimental error 

inherent in the line shape analysis. The Balmer emission will include 

three ti-ansitions from different upper states; each state may exhibit a 

different value of A/a. It is therefore not surprising that the experi-

ment does not agree exactly with any of the predicted curves in Fig. 3-

It is our general conclusion that equation 3 predicts the energy 

dependence of the excitation coefficient at energies above 5 keV. The 

energy dependence of the emission coefficient is very strongly related 

to the radiationless de-excitation coefficient. The success of the 

calculation confirms our assumption that excitation probability F . is 

not a strong Amotion of projectile energy in the range 5 to 30 keV. 

Y 
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Figure Captions 

X. Km] r.ijion coefficients y v
 a s a function of projectile energy. Pro-

joctf.iles arr- incident at U50 to the target surface normal. 

(a) y k for Jialuer alpha emission [H(n - 3) -» H(n = 2)] induced "by 

H on I'.o; (b) y for Balmer alpha emission induced by H+ on Cu; Ji. 
(c) Yjp. for the ji>JQ - 2 P transition in He I, induced by He impact 

on Cu. In line (c) we include also earlier low energy (3 to 10 keV) 

data by Kerkdijk and Thomas normalized to the present work at 

10 keY. 
2. Calculated energy dependence of Y. for He incident on Cu at k5°i 

J 
calculations are for the values of A/a indicated. All data are 

arbitrarily normalized to a value of 1J+3 x photons/ion at 15 keV impa.ct 

energy. Also shown is the measured value of y for the Hel 

3JD - 25p transition from Fig. 1. 
3. Calculated enorijy d-pondence of y. for H+ incident on Ho at l|5°5 J 

calculations are for the values of A/a indicated. All data are 

arbitrarily normalized to a value of 8.7 x 10-"* photons/ion at 20 keV impact 

energy. Also shown is the Eieasured value of y for the hydrogen. jk 
P.al'~.-;r alpha transition from Fig. 1. 

9 



Emission 

-J* 

Coefficient (10"5 Photons/ion) 

O) 00 O N3 

/ 
/ 

/ 
/ 

/ 
/ 

/ ST 
/ 

/ 

/ 
/ 

f 

^ L-d-J L 



Primary Energy (KeV) 



Primary Energy (KeV) 



PllYSJCAl. RKVIKW A 
APPENDIX TV 

V O L U M E 1 2 . N U M B E R 5 N O V E M B E R X 9 7 5 

Small-angle scattering of hydrogen atoms and protons in various gases3" 

E. W. Thomas, L. A. Leatherwood, and J. E. Harriss 
School of Physics. Georgia Institute of Technology. Atlanta. Georgia 30337 

(Received 7 July 1975) 

Cross sections hnve been measured for the differential (in angle) scattering of 15-keV 
H* and 11° in targets of He, Ar, II2f and Na. Separate cross sections are presented for 
scattering projectiles in the singly ehavged (({*), neutral (H4), and negatively charged (H~) 
states; scattering angles range from 0.5 to 10 deg. Summing these constituent cross sec-
lions -.ve arrive at a "total" cross section for scattering all projectiles into a particular 
angle. This "total" differential cross section is compared with predictions using a simple 
screened Coulomb potential; for the molecular targets the cross section is taken to be 
twice that for the corresponding atom. For H* and H° impact on He and 112 the measured 
cross section agrees with the predicted value; in these cases the effect of screening is 
negligible. For H* and H® impact on Ar and N2 the measurements agree fairly well with 
the screened Coulomb calculation at angles up to 1.5 deg and then fall lower than the pre-
dictions at larger angles; theory and experiment differ hy a factor of two at 10 deg in one 
case. For all cases considered the formation of scattered H~ ions occurs in less than 2% 
of the collision events. 

1. INTRODUCTION 

We present here some experimental measure-
ments of the differential (in angle) c ross sections 
f o r scattering 15-keV protons and hydrogen atoms 
in targets of He, Ar, H2, and N2. For H+ impact, 
the data include elastic scattering of H+, sca t te r -
ing with single-electron t ransfers to form H°, and 
scat ter ing with two-electron transfer to form H". 
In the case of hydrogen-atom impact, we measure 
elastic scattering of H° and stripping to form H*. 
There a re , of course, many previous studies of 
the total c r o s s sections for these events; the r e -
view of Tawara and Russek1 presents much of the 
available data. Differential c ross sections for H+ 

and H° impact, measured a s a function of sca t ter -
ing angle, a r e not so readily available. Recent 
studies include our own ear l ier work for H* (Ref. 
2) and H° (Ref. 3) traversing helium and the mea-
surements of stripping as H° t raverses various 
gases published by Fleischmann et al.* 

By adding the cross sections for scattering a 
projecti le in the H1, H°, and H~ states, one gen-
era tes a "total" differential cross section repre -
senting the scattering of all projectiles into a par -
ticular angle. Such a cross section can be readily 
predicted by a simple Rutherford scattering fo rm-
ulation involving the interaction of the two nuclei 
alone; this prediction might be expected to be 
reasonably accurate for large-angle scattering and 
for targets with few electrons. At small scat ter-
ing angles and for complcx targets with many elec-
trons, one must obviously take electron screening 
into account; the prescription of Everhart el al.,s 

provides a simple mathematical procedure for do--

ing this. We have recently made considerable use 
of the Rutherford and screened Coulomb formula-
tions in the calculation of light-projectile back-
scattering f rom solid metal ta rge ts . 8 , 7 The work 
reported here was performed to study the accu-
racy of the screened Coulomb calculation for heavy 
targets and to a s s e s s its applicability to a molec-
ular target . 

II. EXPERIMENTAL TECHNIQUES 

The experimental arrangement and techniques 
used in this work a r e essentially the same as those 
discussed previously.3 ' 3 One significant difference 
i s that we have added facili t ies to monitor the 
scattered H~ flux; the other change to the pro-
cedures i s that we have removed the equipment 
used previously to monitor H(2s) formation. 

An H+ beam i s formed in the rf ion source, ac -
celerated, mass separated f rom other hydrogen 
ions, and directed through two collimating aper -
tures to define i ts direction. The beam then en-
t e r s a cell containing the target gas of interest . 
Between the two collimating apertures is a d i f fer -
entially pumped gas cell containing argon where 
up to 10% of the projectile beam can be neutralized 
by charge t ransfer and so form an H° beam. When 
using H+ projectiles, this gas cell i s evacuated so 
that no neutralization occurs . When using H° pro-
jectiles, the neutralizer gas i s introduced, and 
any projectiles not neutralized a r e removed by 
electrostatic deflection. Beyond the target cell i s 
a second pair of aper tures that selects part icles 
scattered within a small range of angles. Par t ic les 
t raversing this second set of apertures a r e then 

12 1835 
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assayed as to the content of H*, H°, and H"; elec-
trostatic deflection separates the charged and 
neutral components which are then monitored on 
separate detectors. 

For detection of scattered particles at small 
angles, we utilized Faraday cups in the manner 
described previously.8 At scattering angles be-
yond about 1.5°, the scattered flux was too weak to 
be monitored as a currcnt , and we substituted 
three-channel electron multipliers as monitors of 
the H*, H", and H° f luxes. At small angles, the 
current measurements gave us directly an abso-
lute cross section fo r scattering H* and H°. The 
channel electron multipliers used at large angles 
gave only a relative measure of cross section as 
a function of angle since the efficiency of detection 
is unknown; the large-angle data for H* and H° 
fluxes was normalized to the absolute low-angle 
data in the region where they overlapped. The 
detection efficiency f o r H" ions was assumed to be 
the same as that for H* ions. 

We have presented extensive discussions of the 
geometrical factors9 needed to relate the scat ter-
ed flux to a differential cross section and used 
this same analysis f o r the present data. The var i -
ous geometrical parameters , slit sizes, and sep-
arations, a r e identical to those published previ-
ously.® 

Numerous tests have been made to confirm the 
validity of cross-sect ion measurements with this 
apparatus; we shall not discuss these tests again 
but re fe r the reader to our ear l ier publications.2 '3 

One significant additional consistency test in the 
present work was a check of the operation of the 
three separate detectors for H+, H°, and H~. We 
measured dircctly the fraction P° of the scattered 
flux which was in the neutral s tate using only the 
neutral beam detector. F i r s t we monitored the 
signal with the charged particles deflected, and 
then we monitored the total flux with the deflect-
ing field removed; the ratio of these two signals 
should be and is equal to the following ratio of 
cross sections: 

»o= Ulo/th))o 
(rfff/rfwl. + l r f f f / A ) , +(<fo/rfu>)_- U J 

Here da/ih) denotes a c ross section and the sub-
script denotes the charge slate. P° measured di-
rectly should equal the value generated by inser t -
ing the separately measured cross sections into 
Eq. (1); within the random e r r o r s of the de ter -
mination, this was found to be the case. 

The question of data accuracy has been discuss-
ed fully in our previous work ' ' 3 and will not be 
repeated here . The accuracy of relative values 

for different angles and targets is governed pr in-
cipally by the statist ical e r r o r s in measurement 
and the possible nonlinearity of the various ins t ru-
ments. The absolute accuracy of the whole data 
set i s governed by the calibration accuracy of the 
instruments, the accuracy with which the geomet-
rical collection efficiency i s determined, and, for 
neutral projectile beams, the accuracy with which 
the secondary emission detector is calibrated. 
For J>U experimental measurements, the random 
e r ro r of individual data points for H+ and H° scat -
tering should not exceed ±8%. There i s one ex-
ception to this. For reasons which a re not under-
stood, the c ross section for H+ scattering at large 
angles for H+ impact on N2 was poorly reproducible 
during a course of repeated independent measure-
ments. We assign a la rger e r ro r limit of ±30% 
to this particular reaction alone for angles between 
3-9°. For H~ data the random e r ro r var ies rather 
severely, f rom ±8% at angles of about 2° to ± 50% 
at angles of 4° and above; this rather poor accu-
racy ar i ses owing to the small signal levels and 
high background counts f rom stray electrons. The 
absolute magnitudes of the data set for H* impact 
a r e estimated to be reliable within ± 8%. For H° 
impact, the absolute magnitude should be accurate 
to within ± 14%; this includes allowance for the 
accuracy with which the neutral projectile beam 
was monitored. 

The various experimental measurements a r e 
shown in Figs. 1 - 6 . For clarity, we have omitted 
individual data points f rom the graphs and show 
only a smooth curve. Also shown i s a "total" dif-
ferential cross section representing the sum of the 
H+ and H° scattering cross sections; we have not 
included the H" component to the total scattering 
since it i s determined with poor accuracy and in 
any case contributes less than 2% to the total sca t -
tering. Cross sections for forming H" are shown 
only where we a r e confident that the accuracy i s 
better than ± 50%. in some graphs we show a gap 
in the H+ data between 2"and 3^ this represents 
a region where the flux was too low to measure as 
a current but was high enough to overload the pa r -
ticular channel multiplier used for detecting H + . 
In this region, tho "total" differential c ross sec -
tion we present i s generated using Eq. (1) with the 
measured value for H° scattering and a value of 
P° which is the average of measured values at 
higher and lower angles; since 2J0 i s in fact a l -
most independent of angle, this estimate i s ex-
pected to be quite reliable. 

Cross sections for H+ impact on Nz and Ar a r e 
shown between 0.5"and 9°; for He and H2 targets, 
the data a re limited to smaller angles because of 
problems with background signals. For neutral 
atom impact on the four targets we generally con-
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FIG. 1. Differential cross section for lMteV H+ inci-
dent on He. (drj/dui) ,, experimental cross section for 
scattering H*. (da/da,')0l experimental cross section for 
scattering H°. (rfc/rfu>)_, experimental cross section for 
scattering II". (rf<r/duj)r (Ex), experimental cross sec -
tion lor scattering all projectiles. (da/<Mr (SC), theo-
retical cross section for scattering all projectiles cal-
culated with a screened Coulomb potential. (do/dui)T (R), 
theoretical cross section for scattering all projectiles 
calculated with anunscrecned potential (Rutherford scat-
tering). 

FIG. 2. Differential cross section for 15-keV II+ inci-
dent on Ar. For identification of symbols, see caption 
to Fig. 1. 

0 1 2 3 
SCATTERING ANGLE (Degrees-Laboratory) 

FIG. 3. Differential cross section for 15-keV H* inci-
dent on H2. For identification of symbols, see caption 
to Fig. 1. 

fined the data to small angles, where measure-
ments were made in t e rms of scattered currents . 

III. DISCUSSION 

The various cross sections presented here all 
show the expected rapid decrease with scattering 
angle. The H+ and H° scattering cross sections 
have a s imilar relative variation with angle in all 
cases. The H" scattering cross section rep re -
sents only a few percent of all scattered particles 
and has a rather more rapid decrease with scat-
tering angle than do the other data. 

Our principal objective was to test the applica-
bility of the screened Coulomb formulation for 
predicting the total flux of all scattered part icles. 
On each of the data f igures we have included a 
screened Coulomb calculation following the pre-
scription of Everhart el al.5; we utilize their so -
called "small-angle approximation," which should 
be adequate at the angles considered here . In the 
case of the molecular targets H2 and N2J we have 
simply calculated the cross section for the cor res -
ponding atom and multiplied by 2 to give a cross 
section per molecule. For the case of Ar and Na 
we also show the Rutherford cross section rep-
resenting simply the interaction of the two nuclei 
and neglecting screening; in the case of He and H2 
targets, the unscreened and screened calculations 
a r e almost identical at the angles used here . 
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FIG. 4. Differential cross section for 15-keV H* inci-
dent on Nj. For identification of symbols, see caption 
to Fig. 1. 
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FIG. 5. Differential c ros s sections for 15-kcV H° inci-
dent on l ie and Ar. For identification of symbols, see 
caption to Fig, 1. Note that all data for He i s shown at 
jL of actual value. 
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FIG. 6. Differential cross sections for 15-keV H° inci-
dent on (a) Hj and <b) N2. For identification of symbols, 
s ee caption to Fig. 1. 

The experimental measurements of total scat-
tering as H+ and H° t r ave r se He and H2 a re in 
agreement with the predictions to within experi-
mental e r r o r . In these cases, screening is of neg-
ligible influence. For the more complex targets 
N2 and Ar, the calculated cross section di f fers 
only slightly f rom the measured value for sca t ter -
ing angles f rom 0.5-2°; at larger angles there is 
a significant difference, which i s as large a s 100% 
for II+ or A r . 

The screened Coulomb calculations of Everhart 
et a 1.5 involve a screening length suggested by 
Bohr. There are , of course, quite a number of 
other methods by which screening may be taken 
into account. Firsov1 0 uses a potential where the 
screening length differs f rom that used by Bohr in 
a constant multiplicative fac tor . We have applied 
F i r s o v ' s potential10 to the cases of H+ on Ar and 
on N2. For the nitrogen target, c ross sections 
calculated using the Firsov screening length differ 
insignificantly f rom the corresponding calcula-
tions with the Bohr screening. For the argon t a r -
get, the Firsov screening length lowers the p r e -
dicted c ross section by about 30% at all angles; 
this improves agreement with experiment at large 
angles but causes substantial disagreement at 
small angles. The general conclusion i s that the 
Firsov screening does not significantly resolve 
the discrepancy between theory and experiment. 
Rice and Bingham" introduce potentials that make 
some allowance for the shell s t ructure of the 
colliding atoms. Predictions with allowance for 
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shell s tructure seem to be more successful than 
the simple screened Coulomb prediction when ap-
plied to heavy targets; unfortunately, the predic-
tions have not been published for the situation we 
have studied here . 

There are few previous measurements with which 
these data may be compared; the voluminous older 
work1 is almost entirely concerned with total c ross 
sections. Zicmba ct «/.12 measured the neutral 
fraction P° ( see Eq. (1)] for H* impact at various 
energies on the same targets as we use here . In 
agreement with the present work, they find P° to 
be independent of angle, for large-angle (2-5°) 
scattering at a fixed energy; their measured values 
a r e also essentially the same a s those calculated 
from the cross-section data presented here . 
Fleischmann et al.4 have measured electron 
stripping from H in various gasses at energies up 
to 10 keV. They conclude that the angular distr ibu-

tion of scattered H* is almost parallel to the theo-
ret ical predictions by the screened Coulomb formu-
lation; that conclusion is also true he re . However, 
Fleischmann et al.* have not measured the elasti-
cally scattered H° flux, so one cannot evaluate a 
c ross section for scattering all projectiles; thus, 
one cannot check quantitatively the predictions of 
the screened Coulomb calculation. 

Our general conclusion i s that the simple screen-
ed Coulomb calculation of particle scattering is 
not very satisfactory for heavy targets at the pro-
jectile energy and scattering angles studied here. 
It would appear that the prediction for the molecu-
lar gases H2 and N2 can be arrived at by simply 
doubling the prediction for the corresponding atom; 
for H2, such a prediction does agree with experi-
ment, and for N2 the disagreement between the 
prediction and experiment is no worse than that 
observed with argon. 
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APPENDIX V 

Dissociation of H 3 to form metastable hydrogen* 
E. W. Thomas, R. L. Fitzwilson, I. Sauers, and J. C. Ford 
School oj Physic-,. C'voixia Institute of Technology. Atlanta. Gew%ia 30332 
(Received 17 July 1975) 

Collisonal dissociation of H* may involve a variety of 
postcollision states of ionization and excitation; conse-
quently the study of the dissociation mechanism is com-
plicated. We present here sonic measurements on HJ 
dissociation where the final state and direction of scat-
tering for one fragment of the dissociation mechanism 
is completely defined. We direct an Hj beam into a 
gas target and measure the differential (in angle) cross 
section for formation of metastable hydrogen atoms, 
H (2s). The following equation represents the process 
of interest: 

+ X — H (2.s) +[Hg + X | , (1) 
where the square brackets indicate that there is no in-
formation on the states of ionization, excitation, or 
molecular association of the postcollision products con-
tained within them. Targets for this work were H2> Ar, 
and N2; projectile energies were either 10 or 15 keV. 
In addition to cross sections for metastable formation 
we also present data on the scattering of all charged 
components into a particular angle. This includes H* 
and H | formed lay dissociation as well as H j scattered 
elastically; no attempt was made to mass analyze this 
scattered flux into its separate components, and the 
measurement ib' the sum of all cross sections leading 
to a charged product. 

The experimental procedures were identical to those 
used in a previous study or HJ dissociation1 and will 
not be repeated in detail here . The H3 ion beam is ex-
tracted from an rf discharge, mass analyzed, collimated, 
and directed through a target gas cell. A system of 
mechanical apertures selects particles scattered in a 
definite direction and the transmitted flux is then an-
alyzed. For the present work the flux of scattered ions 
was detected simply as a current in a Faraday cup. 
The flux of metastable hydrogen was determined by 
applying an electric field to mix the metastable 2s state 
with the 2ft state and so shorten its lifetime so that it 
may be detected through the emission of Lyman alpha 
photons. Undoubtedly the HJ projectile ions include a 
proportion in vibrationally excited states; it is possible 
that the cross section for dissociation is a function of 
the state of vibrational excitation. Tests were made 
which showed that the measured cross sections were 
not influenced by changes in the operating conditions of 
the rf ion source. This may indicate that only the vi -
brational state population was not a strong function of 
the ion source conditions. 

The data shown in Fig. 1 a re cross sections as a 
function of angle measured in the laboratory f rame of 
reference; for clarity individual data points arp omitted 
and only smoothed fitted lines are displayed. Wo esti-
mate that the random error in measurement of scattered 

ions does not exceed ± 6% and that the systematic er ror 
does not exceed ± 8%; the corresponding er ror l imits 
for scattered metastables are , respectively, ± 10% and 
* 50?c. 

Dissociation is presumably caused by excitation of 
the projectile to a repulsive state followed by fragmen-
tation; the energy difference between the initial excited 
repulsive state and the final separated atom configura-
tion is the energy released Q. The scattering angle at 
which a fragment will appear is related to the velocity 
component perpendicular to its original direction that 
is acquired during the collision. Let us neglect the 
angular deviation of the projectile 's center of mass . 
Then the t ransverse velocity will be due to the repulsive 
potential of the excited state which produces relative 
motion of the fragments in the projectile's center of 
mass f r ame . 

Calculations of the potential energy curves for ex-
cited H£ a re available f rom Kawaoka and Borkman2 as 
well a s Schaad and Hicks,3 They show the HJ (3Aj) 
state as connecting to a dissociation limit of H (Is) 
+ H (2s) + H*. Assuming the excitation occurs by a 
Frank-Condon transition from the ground state of HJ, 
the energy Q released in dissociation of the excited 
lAj state should be about 2.7 eV. If this energy is p a r -
titioned equally among the three fragments and angular 
deviation of the project i le 's center of mass is neglected 
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FIG. 1. Differential cross sections for scattered ions and 
scattered metastable hydrogen, induced by l lj impact on Ar, N2, 
and Ilj. Solid lines are formation of all ions; dashed l ines arc 
for formation of II (2s). For N2 and Ar targets the impact 
energy is 15 keV and for Ha the impact energy is 10 keV. 
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tiien the maximum angle of emergence observed in the 
laboratory frame will be 0 .94 0 for 10 keV HJ and 
0.77 ° for 15 keV H | . In the case of 10 keV HJ on H8 
there is in fact a weak shoulder at approximately the 
correct angle; this suggests that one path for dissocia-
tion in this case does involve excitation of HJ. We 
have previously shown1 that dissociation of H | , to form 
H (2s) by impact on He and H2 does proceed by forma-
tion of excited HJ and does give a pronounced shoulder 
to the cross section at an angle calculated by the above 
procedure. On the other hand dissociation of H3 on N2 
and Ar shows no evidence of an intermediate excited 
H3 state; also, for the Ha target there is appreciable 
scattering of H (2s) at angles greater than that calcu-
lated by the above simplistic model. 

An alternative dissociation mechanism is for the ion 
to pick up an electron by charge transfer to form a 
neutral excitedH3 molecule that then dissociates. 
Hughes ut al.* suggest this as the predominant mech-
anism for dissociating HJ to form H (3s) at the energies 
of the present experiment. Unfortunately there are no 
potential energy curves for excited Hs which we could 

use to predict the angular distribution of the fragments. 
It is interesting to compare the present data for H 

(2s) formation by 15 keV H j impact on N2 and Ar targets 
with our earlier data1 for dissociation of 10 keV HJ on 
the same targets. The choice of energies gives the 
same projectile velocity for H | and H | . For equive-
locity H | and H$ incident on either Ar and N2 the cross 
section for H (2s) formation as a function of angle are 
equal within experimental er ror . 
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