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Section 2

Differential Scattering Assoclated with the Formation

of an Exclted State

This section lists the very limited data concerning differential
scattering associated with the formatlon of an excited state. Only data
where the excited state is specifically identified is included. 1In
principle the excited state may he formed in either the fast particle or
the target. The technique currently employed for experimental measurement
Involves measuring the differential scattering of fast particles which
have suffered the specific energy loss corresponding to that energy re-
quired to excite the level of interest.

Column 1 gives the incident fast particles, arranged in order of
increasing molecular weight.

Column 2 gives the target particle in order of increasing molecular
welight.

Column 3 gives the energy range in KeV.

Column U4 gives the scattered particle whose angular distribution is
measured. (Present data always considers the scattering of the fast
particle).

Column 5 gives the excited particle whose specific state is determined.
This may be either the incident or target particle, spectroscopic notation
is used.

Column 6 gives an assessment of the usefulness of the measurements.

A series of results is classified as poor on the grounds of error, poorly

determined heam composition or energy, or low accuracy.
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Section b

The Formation of Excited States in a

Beam of Particles Traversing a Gas

Cell or Plasma Under Multiple Collision Conditions

This section lists experiments which give information on the production
of excited states in a beam of particles traversing a gas cell, Such experi-
ments involve multiple collision conditions and information on cross sections
Tor specific populating and de-populating processes and can only be obtained
indirectly. Where such information has been obtained, it is listed as
appropriate under Section 1 or 2. This section includes cases where a
"plasma" has been used as the target cell.

In'most of these experiments, the gas cell pressure is high enough to
ensure equilibrium between the various charge state components of the fast
beam but not between the excited states.

Column 1 gives incident fast particle listed in order of increasing
molecular weight.

Column 2 gives target particle listed in order of increasing molecular
weight.

Column 3 gives energy of impact in KeV,.

Column U4 gives the emerging fast particle and the state of excitation
investigated (spectroscopic notation).

Column 5 gives information on data obtained

Qe....data giving a quantitative measurement of excited state

population in terms of "thickness" of the gas cell.
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E..... data shows that equilibrium was established between the
exclted state population and de-population processes.,

Column 6 gives an assessment of the usefulness of the measurements.

A seriles of results is classified as poor on the grounds of error, poorly
determined beam composition or energy, or low accuracy.

A.....Denotes good quality absolute measurements.

B.....Denotes poor quality absolute measurements.

Ce....Denotes good quality relative measurements.

D.....Denotes poor quality relative measurements.

At the present time, data for these processes are generally expressed
as the ratio of the number of excited particles produced in the target to
the number of particles incident on the target or emerging from the target.
Consequently, all data are in the form of a relative probability for pro-
ducing the excited state and have therefore been classified under C or D.

Column 7 comments.

Column 8 references.
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Progress Report
taneous measurements of the pressure of a suitable gas reservoir. However,
it is also possible to make thilis comparison using the same gauge in two
modes of operation and making successive measurements of pressure in the
gas reservoir. Such a procedure eliminates problems associated with the
mechanical differences that are often found between two nominally similar
McLeod gauges.

In our work, the following procedure was adopted. A measurement of
the pressure could be made in the "normal" manner by keeping the ball valve
open, and the mercury level just below the "cut off" point. (Point C in
Figure 2.) Mercury was then free to stream onto the cold trap in the man-
ner expected, since the impedance of the connecting tubing is relatively
small. A measurement of pressure made by raising the mercury in the con-
ventional manner would then be affected by the streaming problem. The
gas pressure in the reservoir was maintained constant, and a series of
measurements made using alternately the "modified" and "normal" technigues.
After each individual measurement, a period of about 20 minutes was allowed
for the system to reach an equilibrium situation. There was no evidence
that lengthening or shortening this time delay had any effect on the mea-
surements. A series of eight measurements of the pressure was made alter-
nately with each mode of operation. If the four measurements in each mode
gave the same value of pressure, within the experimental error, it was
assumed that the gas pressure in the reservoir had remained constant.

The actual measurement of gas pressure was made by taking the pro-
duct of the volume of gas compressed in the closed capillary and the pres-
sure of this gas measured in mm Hg from the height of the mercury column

in the open capillary . The product of the two lengths H and Ah (see Fi-
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Progress Report
argon gases. Since the error function is predicted to vary with pressure,
gradually disappearing as the pressure regime changes from molecular flow
to stream line flow, the error was measured at various ambient pressures.
Calculations were made of the predicted error function using the simple
~formulae given by Meinke and Reich,LL and compared with experiment.

At pressures of about 10~° mm Hg, the measured error for helium,
nitrogen, and argon was found to be respectively, 2%, 2%, and 5%, with an
uncertainty in each case of about % 2%. In the case of argon, some varia-
tion with pressure was found (see Figure 4). No attempt was made to in-
vestigate the variation of error with pressure in the other cases since
the accuracy was already so poor under the conditions where the effect
was supposed to be a maximum that such measurements would have been mean-
ingless. These experimental values must be compared with the predicted
values of 2.8%, 11%, and 12%, respectively.

It is concluded that the errors due to the mercury streaming effect
in our McLecd gauge were substantially below those predicted by simple
theory, and in two of the three cases were of the same magnitude as the
random uncertéinty in the pressure measurement. When the additional un-
certainties associated with bulb volume and capillaxry diameter are also
considered, i1t must be concluded that the error due to the pumping effect
was in no case greater than the estimated limits of accuracy of the gauge
established by the other parameters (5%).

Since most of the publications which have sought to confirm the
pumping error by experiment have reproduced the theoretical predictions
fairly well, an explanation of our diverging conclusion must be found.

Private conversations with others interested in this problem have brought

18
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volved in the use of a dirty McLeod gauge is so small that it can be ne-
glected in comparison to other problems. Since gauges used with experi-
ments which do not of themselves require high purity technigues are often
not subjected to extreme cleaning techniques, it would be a reasonable
assumption that much of the published work on excitation phenomena has
not been unduly affected by the problem.

In principle, the McLeod gauge should be a reasonably sensitive
and accurate method of measuring gas pressure. However, recent experience
in many laboratories6 has shown that the ultimate capabilities of the in-
strument are only achieved with the use of highly sophisticated observation
techniques. This is a considerable disadvantage when the device is to be
used for frequent routine pressure determinations. Recent report57’8 sug-
gest that a suitable alternative pressure gauge may be devised around the
deflection suffered by a metal diaphragm when subjected to a pressure 4dif-
ferential. The most detailed assessment of commercially available gauges

2 is both highly stable and accu-

of this type,8 shows that the "Baratron"
rate. It is suggested that this device is certainly adeguate as a routine
instrument, and in principle could also be used as a primary standard.

We have come to the conclusion that the McLeod gauge is not suitable
for the convenient measurement of low pressures, and it is hoped to acgquire
a "Baratron” in the near future. Until such time as funds are available

for this purpose, a McLeod gauge is being built into our experimental sys-

tem. The measurements planned for the immediate future will involve helium

7. Barnett, C. F., Private communication
8. Romy, P. R., UCRL-11218, TID-4500, AEC Contract No. W-TL405-eng-48

9. M. K. S. Instruments, Inc., Burlington, Massachusetts

20





















Progress Report
to0 the measurements of emission cross section made by Dodd and Hughes at
150 keV.ll The present results and those by Doddll are presented in Fi-
gures 6, 7, and 8, plotted on a log - log graph. Also shown on these
graphs are emission cross sections for electron impact on helium plotted
on the same velocity scale. The electron impact data for the 5047 R and
L4437 A lines by St. John'® are not absolute and have been normalized to
our proton data at 0.9 MeV. The data for the 4686 A line by Hughesl3 are
absolute and have not been re-normalized to our proton data.

The simple Born approximation predicts that at sufficiently high
energies the cross sections for electron and proton impact excitation of
any one level should have the same energy dependence.llL In the case of
the excitation of the 5'S and 4!'S levels of neutral helium, we observe
that the curves of electron and proton impact data tend to the same slope
at high impact velocities. The comparison is very similar to that observed
when considering proton and electron ionization of helium.2 In the case
of the emission of HeII line 4686 A (n=4 - n=3), the comparison between
the electron and the proton impact data is not so good.

It is to be noted that our data normalize to the work of Dodd and
Hughesll to give a very smooth curve. This gives us some confidence in
the validity of our work.

The emission cross sections measured in our energy range can be

represented by an equation

12. St. John, R. M., et al., Phys. Rev. 134, A888, (1964)
13. Hughes, R. H., Weaver, L. D., Phys. Rev. 132, 710, (1963)

14. McDaniel, E. W., "Collision Phenomena in Ionized Gases,'" Wiley, 1964
page 326.
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Progress Report
the extension of the length of the collision chamber and the provision
of long side windows, allowing the investigation of emission from all
points along the track of the fast particle in the chamber. Detection
will be achieved using a photomultiplier fitted with an interference
filter to isolate the wavelength of interest. Pulse counting techniques
will be used, and the effect of the background thermal noise in the
photomultiplier reduced by cooling the photocathode. It is our intention
to apply this technique first to the formation of excited hydrogen atoms
by charge transfer, as protons traverse various target gases. This
technique will allow us to separately measure the cross sections for the
formation of the 3s, 3p, 34 states of hydrogen, since the decay of these
states to the 2s and 2p states will involve the emission of photons of
essentially the same wavelength, but by decays of different lifetimes.
The measured intensity of the Balmer Alpha line as a function of penetra-
tion x is then expected to consist of three exponentially increasing
functions. In principle the separate curves may be identified and the
cross section for the formation of these three states separately determined.

Iv. Summary of Progress Made During This Reporting Period

The objectives of the work proposed for the period covered by this
report were twofold. PFirstly, the equipment designed to investigate
exciltation of the target system, which was constructed in the previous
reporting periodl, was to be utilized for a widely ranging series of
measurements. Secondly, new equipment was to be designed to allow
investigation of emission from fast particles traversing the collision
chamber. Progress has fallen a little behind schedule, due primarily to

our having undertaken a small number of subsidiary investigations which





















Progress Report
collision chamber have been observed. A baffle valve is provided to
isolate the pump from the system, and a direct line to the mechanical
punp may be used for roughing out the chamber.

After passing through the region of the collision chamber from which
optical measurements are made, the fast particle beam passes into a deep
Faraday Cage structure where it may be monitored., As shown in figure 1,
the Cage is formed from two plates which taper together to form a blind
end., The ion beam Impinges on one plate; any secondary electrons are
drawn to the second plate by a positive potential, and are therefore pre-
vented from returning towards the observation region. The total current
to the two plates is equal to the ion beam current and is monitored by a
Keithley Model 410 Electrometer which drives one channel of a two-channel
pen recorder. Additional safeguards against loss of ions and secondary
electrons from the cage include giving the collection plates overlapping
walls to enclose completely the cage region, and providing an aperture
plate in front of the system to which a_negative potential may be appiied
to return electrons to the plates.

A port on top of the chamber is used for both pressure measuring
devices and the introduction of target gas.

The original collision chamber, shown in figure 1, is provided with
two long side ports to allow the use of windows to permit optical observa-
tion. TFor target excitation measurements, the long side window is blanked
off, and only the opposite small circular quartz window used. All the
present measurements were carried out using optical detection systems
viewing the collision region at an angle of 90° to the ion beam path.
However a second window permitting a 60° angle is also available, and will

be particularly valuable whenever emission from target and fast particle

1k
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>

and the electron impact data by St. Johnl and Moustafa.l6 Throughout

the measurements presented in this report the data by Hughes and co-

workerslB’go’25

appear to lie consistently a factor of two higher than the
present work, although the same dependence of cross section on energy of
impact is indicated. ZExcellent agreement between our own work and the
very careful work by De Heer coupled with the agreement of ocur own data
with theoretical predictions for the 31P level, which we shall describe
below, forces us to conclude that the absolute calibration of Dodd's,13
experimental data is incorrect. The data by Sternbergl11L bear no very
close relationship to any of the other work, and we conclude that these
are in error, perhaps through the use of excessively high target pressures.

15

The electron impact data by St. John ~ and Moustafa,l6 would seem to lie
generally above owr data, although their curves of cross section versus
energy have the same shape at high velocities of impact.

It is to be expected that at sufficiently high velocities of impact
the asymptotic high energy form of fThe Born Approximation given in
equation (5) should apply for both the lS and lD functions. We consider
that the most sensitive test for this dependence is to plot the product
of excitation cross section and energy (Qij X E) against energy and identify
the region over which this becomes invariant with E. Sample data are
shown on fig. 6, indicating the applicability of the Born Approximation for
protons having energy of impact of 400 KeV or more. One would also expect
that the cross sectlons for electron and proton impact at the same velocity

of impact should be tThe same. The shapes of the functions are in agreement

at high energies, but there is a considerable difference in magnitude between

15. R. M. St. John, et al. Phys. Rev. 13k, A888, 196k,

16. Moustafa. Unpublished data, communicated by De Heer.
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Progress Report
considered as being single particles of effective charge slightly greater
than unity, and increasing with the molecular weight of the ion. An
alternative approach to explaining our data would be to consider the
incident molecular ion as consisting of two or three separate particles.
One might then expect the difference between H+ and Hg cross sections to
be due to the additional H atom, and therefore the difference between H+
and H; cross sections being due to two additional H atoms should be
approximately twice the difference between the H+ and H; data. This is
certainly not the case; the addition of the second neutral hydrogen atom
to the Hg ion produces only a very small change in cross section. Thus
the effective charge interpretation would seem to agree better with experi-
mental data.

We readily admit that this Iinterpretation of our data is entirely
phenomenological, but the concept might be worth exploring to see whether
it can be used as an approximate device for predicting the cross sections
to be expected when using beams of high energy molecular ions.

c. Exclitation of a Nitrogen Target by Protons

The emission from a nitrogen target bombarded by protons consists

primarily of the N' first negative band system (B 2:E+ -» X 2:E+) with
2 u o

lesser contributions from the nitrogen ion, NII, and the Balmer Alpha
and Beta lines produced by charge exchange leaving the fast particle in
an excited state. Cross sections for various molecular transitions have
been measured as well as for two NIT lines.

The measurement of v = 0 »v’ ~ = 0, 1,2,3, transitions has been
completed, and the emission functions are shown in figure 11. Our data

seem to lie consistently a factor of two below that of Philpoteo, a

20. J. L. Philpot and R. H. H. Hughes, Phys. Rev. 133, A107, 1964
R. H. Hughes, et al. Phys. Rev. 123, 2084, 1961.
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the distribution of molecules among the various rotational states in the
neutral target gas should certainly be governed by the Boltzmann distritu-
tion appropriate to room temperature. The fact that this distribution
remains unchanged after the collisional processes have taken place implies
that the rotational state of the molecule is not influenced by the collision.
This is reasohable since the time of interaction of the fact particle and
the target is given approximately by the product of the target size and the

17

incident particle velocity, about 10~

9

vibration of about 10~ secs. One would expect that interaction time should

secs compared with the time of one

be of the same order or greater than the vibrational period before a
transition is likely to take place. This is confirmed by the observation

2L

of enhancement of upper rotational states for slow heavy particle impact.
The cross sections for the emission of the two NII lines 5005 Z
(3p 5y 3d EFG) and 5680 R (3s 2Po -» 3p 3D) are shown in figure 13 com-
pared with the data by Philpot,go and the measurement by Dufaygl on the
5680 2 line only. The cross sections for the emission of these two lines
are exceedingly close and indeed Philpot draws a single curve to represent
both of them. Our own data are essentially the same for the twé lines within
the statistical fluctuations of our measurements, but are plotted with
separate lines of best fit. Our data lie essentially a factor of two below
Philpot's, the comparison having been made with the assistance of our D+
data.

These emissions must arise as the result of one of the following

processes:

2L, R. P. Lowe, H. I. S. Ferguson. Proc. Phys. Soc. (London) 85, 813,
1965.
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characteristic of the velocity of the excited particle and the lifetime
of the excited state. This is of considerable advantage when dealing with
the formation of the 3s, 3p, and 3d states of hydrogen, where the radiative
decays 3s-2p, 3p-2s, and 3d-2p, emit photons of essentially the same wave-
length which cannot be resolved. The three states have considerably
different lifetimes and the intensity of emission of the Balmer Alpha line
will vary as the sum of three exponentials. Knowledge of the three life-
times and the careful analysis of the build-up or decay of emission should
in principle allow the separate determinations of cross sections for the
formation of the 3s, 3%p, and 3d states.

We feel that it is necessary to carry out the experiment using the
two modes of experimental operation because of problems that may be foreseen
with each., TIn the case where the emission is observed in the gas space
itself, there i1s always the problem of isolating the spectral line of
interest, and there is an indication from our preliminary surveys that con-
flicting spectral lines lying close to the Balmer Alpha will be encountered
with many of the target gasses we plan to use. The obvious answer to this
problem is to go to the evacuated flight tube configuration where the
problem is entirely eliminated. The use of a short gas cell followed by
a flight tube is inits turn subject to errors involved in precise determina-
tion of the cell's length and the possibility that the cell apertures will
intercept part of the fast particle beam. Also this whole experimental
procedure for determining the excitation functions of the 3s, 3p, and 3d
states reguires that mixing of these states by magnetic or electric
fields should not occur, and the possibility of building up insulating

deposits on the gas cell exit aperture must be avoided.
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It is significant that all the calibrations agree exactly, independent
of gas., TIf the mercury pumping effect had been appreciable one would have
expected the McLeod and Baratron measurements to disagree by about 10% for
the heavier gases, Nz, Oz, and Ar, whilst agreeing exactly only for helium,
where the effect is expected to be negligible. In accordance with our
previous observationu) we again must conclude that the mercury pumping
effect is negligible, and repeat our contention that contaminated mercury
surfaces might be the cause of this.

We conclude that the Baratron is an excellent device for pressure
measurement, and the calibration may be relied on down to 5 x lO—LL mn Hg.
We again find evidence supporting our previous contention that the mercury
punping error in the Mcleod gauges we are using is small, perhaps due to
contamination of the mercury surface in the columns. Evidence in support
of the error continues to be published, in particular a recent paper by
Ulterback9) which essentially utilizes the same procedure as in this work.
This conflict of conclusions serves to confirm that the McLeod gauge is a
difficult device to use properly. It is generally agreed5’8’9) that the
Baratron behaves perfectly when used with helium, where the pumping error
is expected to be negligible. Since the capacltance monometer should be
insensitive to the type of gas being used, we would conclude that it may
also be utilized for other heavier gases with equal precision. We have
no hesitation in utilizing the device for measurement of pressures above

5 x lO_LL mn Hg., and we intend to utilize it instead of the McLeod gauge

for all further work in this program.

9. Utterback, N. G. and Griffith, T. Review of Scientific Instruments,
37, 866, (1966).
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The source of the energetic protons is a 1 MeV Van de Graaff
positive ion accelerator, which is equipped with a beam analyzing and
stabilizing system. The ion beam is collimated by a series of small
apertures, traverses a collision chamber containing the target gas, and is
monitored on a Faraday cup. Quartz windows situated in the walls of the
chamber allow spectral analysis and detection of emission from the collision
region. The chamber dimensions and gas pressure are such that the target
is "thin" in the sense that only a small fraction of the incident particles
undergo any collisions at all. Also the path traveled by the photons
before leaving the gas-filled collision chamber has been arranged to be
short to reduce absorption.

In general, separate techniques must be utilized for measuring the
formation of excited states in the static target and in the fast beam.

In the former case the excited target atom will acquire only a small
momentum as a result of the collision and will decay to the ground state
with the emission of photons at essentially the same point as 1t was ex-
clted. However in the case of the fast incident particles, the velocities
used in the present work are so high that the excited particle will move
an appreciable distance during the finite lifetime of the excited state.
Consequently,emission from the fast particle will vary with the position
of observation in the collision chamber. In either case the measurement
technique consists of determining the rate of photon emission per unit
length of the ion beam path in the collision chamber, per unit incident
beam flux, per unit target density. This apparent cross section for the

emission of a photon of a particular wavelength will be dependent on the
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(d) "The Formation of Excited States in a Helium Target by the Impact
of 0.15 to 1.0 MeV Protons and Deuterons. I Experimental", by
E. W. Thomas and G. D. Bent. (Scheduled for publication in
the Physical Review 164, Dec. 5, 1967). AEC Report Number
OR0O-2591-28.

(e) "The Formation of Excited States in a Helium Target by the Impact
of 0.15 to 1.0 MeV Protons and Deuterons. II Comparison with
Theory", by E. W. Thomas. (Scheduled for publication in the
Physical Review 164, Dec. 5, 1967). AEC Report Number ORO-2591~29.

(t) "Cross Sections for the Formation of Excited States in a Nitrogen
Target by the Impact of 0.15 to 1.0 MeV Protons"”, by E. W. Thomas,
G. D. Bent and J. L. Edwards. (Accepted for publication in the
Physical Review). AEC Report Number ORO-2591-30.

(2) "Emissions from a Molecular Hydrogen Target Induced by the Impact
of Fast Protons", by J. L. Edwards and E. W. Thomas. (Submitted
to the Physical Review). - AEC Report Number ORO~2591-31.

(n) "The Formation of Excited Ions by the Impact of 0.15 %o 1.0 MeV
Protons on a Molecular Oxygen Target'", by E. W. Thomas and
G. D. Bent. (Submitted for publication in Proc. Phys. Soc.

TLondon). AEC Report Number ORO-2591-32.

These reports fully detail the experimental procedures that have been
employed in this work and also include the vast proportion of the experi-
mental measurements, In Section V of the present report we will briefly

discuss certain additional observations that have been made, but which

are generally of poor gquality and will not be submitted for publication.
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We will not discuss the work contained in the reports listed above neither
will we repeat the discussion of experimental techniques which has been
covered in previous reports in this series.2 We now consider this part

of the program completed and do not anticipate any further studies of
target excitation.

A preliminary study has been carried out on the formation of excited
states in the projectile beam by charge transfer as protons traverse
various gaseous targets. The capabilities of the equipment have been
assessed and areas indicated where improvements might usefully be made,

It will be possible to make charge transfer measurements for protons
incident on heavy targets over the full energy range available from the
accelerator. However in the case of helium target it would appear that
low signals and noise problems will limit the upper energy to approximately
600 keV. In Section VI of this report we discuss in detail the present
status of the experiment and display certain preliminary measurements.

V. The Formation of Excited States in the Target

(i) The Excitation of Helium

The formation of excited states in a helium target by the impact

of protons has been considered at some length and two papers prepared,

2. E. W. Thomas, J. L. Edwards, and G. D. Bent. '"Emission and
Excitation Cross Sections", Progress Report No. 3, 30 November
1967. U.S. AEC Report Number OR0O-2591-23
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in the proceedings of a conference8 and have been fully reported for
formal publica.tion.9
Part of this program included an attempt to investigate the importance
of the Wignher spin conservation rule in this particular collision combina-
tion. The ground state of the N2 molecule is singlet. The emissions of the
N2 second positive system arise from an electronic state which has a triplet

character. An attempt was made to study the following mechanism which is

formally forbidden.

+ 1 ot )
H o+ W, (X zg) =H +N, (¢ nu) (2)

td

Emission of the 3371 A (v* = 0> v"" = 0) line was quite strong and the
dependence on target pressure indicated that both the direct process
described by equation (2) and also some secondary processes were present.
As in our previous investigation of a forbidden transition in helium which
was described above, the secondary process was believed to be excitation
by electrons ejected from target atoms by a previous lonizing collision.
However in this case it was possible to measure the cross section for the

process described by equation (2) and it was found to be some three orders

of magnitude less than that due to electrons of the same impact velocity.

8. E. W. Thomas, G. D. Bent and J. L. Edwards. Proc. Fifth Int. Conf.
on the Physics of Electronic and Atomic Collisions. (Pub. Nauka
Publishing House, Leningrad 1967) Page 286.

. 9. E. W. Thomas and G. D. Bent. Phys. Rev. (To be published).
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This result was taken as indicating the importance of spin conservation
in governing the mechanisms which occur during the collision. Clearly in
the case of the complex molecular nitrogen target, violation of the spin
conservation rule is more likely than for the helium target.

(1ii) The Excitation of Oxygen

As a parallel to the measurements on the nitrogen target some con-
sideration was also given to oxygen where similar processes are expected.
The major experimental difficulty with the emission in this case is that
the rotational structure of the 02+ emissions extends over a considerable
spectral range. Resort was made to rather unsatisfactory integrating
procedures to arrive at a measurement of absolute cross sections for the

excitation of certain levels. This work has been prepared for publication.lo

(iv) The Excitation of Hydrogen

A brief program of investigation was carried out on the formation
of various excited states as the result of proton impact on a molecular
hydrogen target. This is of considerable interest since the molecule is
the simplest possible neutral molecule and there is some possibility of
coming to a theoretical understanding of the processes which occur during
proton impact. Of particular interest is the excitation of the molecular
states. Measurement of these cross sections is difficult due to the low
signals and the very considerable complexity of the H2 emission spectrum.
However it was possible to determine emission cross section for two spectral
lines. Both transitions were identified as being due to dipole forbidden

transitions and were shown to exhlbit the behavior predicted for such a

10. E. W. Thomas and G. D. Bent. Submitted to Proc. Phys. Soc. (London).
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transition in a simple atomic target.
The work on the hydrogen target included both molecular and atomic
emissions. This work has been prepared for publica,tion.l'l

(v) The Excitation of Argon

The spectrum emitted as a result of the impact of protons on an
argon target is exceedingly complex, and due to the low signal levels it
proved impossible to utilize sufficient resolution to separate all the
various emissions. It was intended to make measurements of the emission
cross sections for transitions in the neutral and ionized argon systems.

In practice it was not possible to make positive identification of
emissions from Ar2+ or more highly ionized systems. Such emissions, if
they occur at all, are of very low intensity. In the present program we
were therefore restricted to measurements on the ArI and ArIl spectra.

In figure 1 are shown the emission cross sections for the ArI 4200 E
MPO .

5p, - hsl (Paschen Notation) transition, and the ArII 4431 A kp

L

3d DE% transition. Although it is not possible to derive cross sectlons
for the excitation of levels from these data it is expected that cascade
is relatively small and that the functions shown here are proportional to
the cross sections for exciting the parent level of the transition. In all
cases the accuracy of the measurements are within + 25%.

There are no theoretical predictions with which these measurements
may be compared, and no other published déta for proton impact excitation

at these high energies. It would seem clear that the formation of the

11. J. L., Edwards and E. W. Thomas. Submitted to Phys. Rev.
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the present experiment and the available theoretical predictions or
indeed among the theoretical predictions themselves. It is hoped that
the availability of the present data will stimulate a concerted attempt
to produce an accurate calculation of the cross sections for "quadrupole
allowed" transitions.

OQur brief investigation of the excitation of the H2 molecule was
carried out with the objective of indicating whether there was any
similarity of behavior between transitions in the H2 molecule and
transitions in the He atom. FEach molecular energy level will correspond
to a energy level in the "ﬁnited atom” limit which is obtained as the
separation of the atoms is figuratively reduced to zero and the molecule
coalesces to become a helium atom. Despite the practical difficulties
in dealing with the emission of the radiation from the H2 molecule we
were able to show that as far as the general behavior of the cross sections
are concerned there does indeed seem to be strong evidence that H2 and
He behave in a similar manner. This conclusion may be of general value
in prompting the application of results known for the relatively simple
case of He to the more complex and less well studied case of the H2
molecule, For example our work indicates that the concept of dipole
allowed and guadrupole allowed transitions may be applicable for the H2
molecule and therefore the nature of the high energy cross section
variation may be predicted by the Bethe Bﬁrn approximation.

Some attention was applied to the consideration of the importance

of the Wigner spin conservation rule in governing the transitions which

" take place as a result of a particular collision. ©Specifically this rule
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a comprehensive system for data recording and analysis. It was clear
from the start that a considerable quantity of numbers would be extracted
from the experiment in order to determine each cross section. Some form of
rapid data recording system would be required for use during an extended
serles of measurements. Moreover there was no experimental information
on what magnitudes of cross sections were expected at high energies or
indeed what other experimental problems might exist. Therefore a fairly
general investigation was undertaken to indicate what considerations
were ilmportant before launching into precise measurement on an extended
scale. It is the results of this preliminary investigation that we are
able to present here. These measurements are likely to be of poor accuracy
and will of course be repeated in more detail.

In figure 2 we show a number of curves of emission as a function
of penetration for protons incident on a nitrogen target. The cross
section scale is arbitrary. For convenience the abscissa of the graph
is the ratio of the penetration through the cell to the velocity of the
projectile, for the particular energy of impact under consideration. Thus
the abscissa scale is in fact the time of flight from the point of entry
to the chamber to the point of observation. Displaying the data in this
manner gives a clearer view of the salient features. It is clear that the
relative contributions of the 3s, 3p and 3d states are changing as a function
of impact energy. At 150 keV the long lived 3s state is contributing the
overwhelming component to the emission cross section, but at higher
velocities a shoulder begins to appear on the curves close to the position

of the beam entry to the collision chamber (x = 0). This indicates
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that the shorter lived components from the 3p and 3d states are becoming
more important.

We have attempted to make a manual fit to these curves using a sum
of three equations like (6) and assuming the knowledge of the theoretical
lifetimes. Such a technique is not very accurate but for the moment
suffices to allow separation of the 3s, 3p and 3d cross sections. The
branching of the 3p state decay was taken into account by using theoreti-
cal values of the 3p - 2s and 3p - ls transition probabilities, and hence
relative values of the excitation cross sections deduced. These are shown
in Table I. Although the cross section scale is arbitrary, all these

numbers are on the same relative bpasis.

Table I

Cross Section (Arbitrary Units)

Target Energy keV 35 __3p 3d
N, 150 5.0 10.0 0.15
350 0.43 1.8 -
800 0.10 1.6 -
He 150 1.0 - 0.080
350 0.059 0.041 -

In all cases the population cross section shows the expected rapid decrease
with increasing impact energy. It would appear that in both cases the

'population of the 3s, and 3p states is much more important than the

28
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population of the 3d. The 3s state populations-for the N2 target and He
target are in approximately the same ratio as the total charge transfer
Cross sections.'15 The 3s cross section for the case of helium decreases
as the energy changes from 150 to 350 keV by the amount predicted by
Mapleton's theory.'16 In all respects the numbers we present here are as
expected.

(iii) Problems of Data Handling and Analysis

Although we have taken the measured emission cross section and
obtained values for the cross section for populating the various levels
the manual curve fitting analysis that was applied must be considered
very inadequate. A basic experimental test of the operation of the
experiment is to show that the emission cross section curve can be
represented unigquely by the sum of three exponential build ups of the
type shown in equation {6). We might anticipate that a significant
amount of cascade will occur from higher levels, a factor that will add
yet another exponential term to our equation. There is always the danger
that spurious electric fields are causing a mixing of the adjacent excited
states, so introducing a "mixed" state whose lifetime is essentially un-
known., These various possibilities must be taken into account. The
most suitable technique is to show that the best fit to the experimental

data is by a sum of three equations of the form of (&) with the known

15, C. F. Barnett and H. R. Reynolds. Phys. Rev. 109, 355, 1958.

16. R. A. Mapleton. Phys. Rev. 122, 528, 1961.
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of a single cross section at a single energy by this experiment requires

a very considerable body of numerical data. It is our intention to record
as much as possible of our data automatically and to do it in a manner
which makes it immediately suitable for computerized analysis. At the
same time, the provision of semi-automated systems will probably allow

an increased amount of time to be spent on the actual accumulation of

data numbers and therefore lead to an improvement in statisties. It

has been proved that the experiment will operate satisfactorily, and

there is a Dbetter feel for the problems involved. Some time will now

be expended on the improvement of the data logging and analysis systems.

VII. Program for the Remainder of the Contract Year

The majority of the remaining part of the contract year will be
devoted to improving the capabilities of our data handling system,
particularly in the recording of data. It is of vital importance to
the success of the experiment that the statistical accuracy and method
of analysis be greatly improved. At the present time we are already in
a position to make an extended series of measurements of the 3s state
population cross section. However the unambiguous separation of the 3p and
5d state contributions has never previously been achieved in a charge
transfer experiment, and we are anxious to improve the anglysis procedures
so that this is accomplished. Since the same data has to be taken,
irrespective of whether it is accurate enough to allow the extraction of
all three cross sectlons it 18 clearly most efficlent to solve all the

problems before embarking on an extended measurement program.
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pending, having been submitted for publication. We list below the titles
and status of these eight reports.
(a) "The Excitation of Molecular Nitrogen and Oxygen by the Impact of
0.15 to 1.0 MeV Protons'", by E. W. Thomas, G. D. Bent and
J. L, Edwards. Published in the Proceedings of the Fifth
International Conference on the Physics of Electronic and
Atomic Collisions. (Pub. Nauka Publishing House, Leningrad,
1967) Page 286. AEC Report Number ORO-2591-2L4.
(v) "Balmer Emissions from a Molecular Hydrogen Target Induced by the
Impact of Fast Protons", by J. L. Edwards and E. W. Thomas.
Ibid. p. 288. AEC Report Number OR0O-2591-25.
(c) "A Comparison of the Excitation Produced in a Helium Target by the
Impact of H+, D+, H2+, H5

and G. D. Bent. (Scheduled for publication in J. Opt. Soc. Am, ,

" Tons at High Energy", by E. W. Thomas

December 1967). AEC Report Number OR0O-2591-27.
(a) "The Formation of Excited States in a Helium Target by the Impact
of 0.15 to 1.0 MeV Protons and Deuterons. I Experimental'’,
by E. W. Thomas and G. D. Bent. (Scheduled for publication in
Phys. Rev. 164, Dec. 5, 1967). AEC Report Number OR0O-2591-28.
(e) "The Formation of Excited States in a Helium Target by the Impact
of 0.15 to 1.0 MeV Protons and Deuterons II. Comparison with
Theory", by E. W. Thomas. (Scheduled for publication in Phys.

Rev. 164, Dec. 5, 1967). AEC Report Number ORO-2591-29.
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alpha transition and therefore the branching ratio Ajk/.iﬂ Aji for these
states is unity. For the 3p-2s ftransition, this ratio 1330.118, indicating
that only 11.8% of the.atoms in the 3p state decay by the emission of a Bal-
mer alpha line, the rest by the Lyman beta. Equation (5) represents a sum of
three terms which increase exponentially with x towards some constant value.
The lifetimes of the three states are quite different from each other. It is
possible to compare the measured function J&(x) with equation (5) and to
evaluate the coefficients Ij’ In this manner, the cross section forvthe for-
mation of the 3s, 3p, and 3d states may be measured using the different life-
times to identify the three levels.

The second experimental configuration involves observation of the decay
of the excited states in the beam emerging from a gas cell into an evacuated
flight tube. 1In this case the intensity of emission from each state will
simply decay exponentially with distance along the flight tube with a decay
length characterized by the lifetime of the excited state. The population of
the excited states in the emergent beam will be a function of the cell length
L. The intensity of emission in the ftransition j — k as a function of the
distance x beyond the exit from the gas cell may be sh_own3 1o be given by
the following equation.

T = W 2ay 'ETQETT [l - exp <' —"T) °xp (' o ) (6)
i<y 9t
Again the Balmer alpha intensity is in fact the sum of three terms and can be

represented by the equation

3. R. H. Hughes, et al., Phys. Rev. 1h6, 53 (1966).












pondingly reduced. This no longer constitutes a problem.

The optical system forms an image of the ion beam on the photomultiplier
cathode which occupies an area of 3/8 by l/h inches. It is very important
that the detection efficiency be the same over the whole of this area. De-
tailed tests were made of the constancy of the photocathode sensitivity over
the surface of the photomultiplier tube (EMI type 9558 B). It was found that
deviations of up to 30% could occur over a distance of 1 cm. Most of the vari-
ations could be related to gaps in a metallic coating on the inside of the
tube. This coating is used as a focussing electrode and the gaps presumably
will produce local distortions in the focussing field. By monitoring the
sensitivity along various diameters of the photocathode, it was possible to
choose one region where the sensitivity was constant to within 2%. The tube
is now utilized with the remainder of the sensitive area baffled so that
light from the collision region can fall only on the area of uniform sensi-
tivity.

The various components of the electronics have been completely over-
hauled and the stability of operation vastly improved. The overall reproduci-
bility of the experimental measurements over a period of some four hours is
now better than 1%.

In order to expedite data handling, a completely automated programming
system has been built to operate the experiment. The programmer moves the
detection system through a series of predetermined steps along the flight
tube. At each step the light intensity, beam current, target pressure and
position are monitored and recorded on punched tape. Operator activity is
confTined primarily to overseeing the general gquality of the output data, peri-
odically checking electronics stability and maintaining satisfactory accelerator

operation.
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change of the lifetimes of the excited states. ¥Fields of the order one volt
per cm may produce an appreciable effect on lifetimes of excited hydrogen
atoms. Fields of this magnitude may easily arise in the apparatus from build-
up of charge on insulating surfaces and from the Lorentz field produced by the
component of the earth's magnetic field transverse to the beam axis. In our
previous r'epor"c,}+ the probable importance of the weak field Stark effect was
anticipated but no detailed attention was paid to its effect on the observa-
tions. It appears that the weak field Stark effect in hydrogen is a very com-
plex phenomenon that has only recently been subjected to experimental investi-
gation.

Let us consider a beam of projectiles which are collisionally excited
to one specific state at a point on their path. In practise, this might be
accomplished by passing the beam through a thin metal foil. In a field free
situation, the intensity of emission will decrease exponentially with distance
from the point of excitation. The intensity will decrease by a factor of exp(—l)
in a distance equal to the product of velocity v and lifetime 7. However,
in the presence of a weak field, the decrease will be given by the sum of a
number of exponential terms. Under some circumstances there is also an oscil-
latory component superimposed on the decay. This remarkable behavior may be
understood from basic guantum mechanical considerations. A brief review of
the relevant theory is presented below.

In the present example, we consider only the mixing between such hydro-
genlc states as 38% - 3P% or 35% - 32%, though the mixing between states of
different J may also be important under some circumstances. An atom initially
formed in an excited state, |n, 4=3 - %, J, m >, at x=0 is then Stark mixed

into a state n,j,m > which is a superposition of the states, |n,4 = J - %, J, m>

14






of the two states |n,£=3j - %, j,m) and |n,£ = j + %, j,m)> the situation
becomes more complex. Now the decay must be treated by time dependent

s 7

theory. Here b~ and b’ are time dependent and must satisfy the following

coupled differential equations.

é.géiil -1 VbT(s) e L3 AT v ()
+ . '
g‘%giﬁl = -1V bT(t) e LAt vy (11)

§ represents the Lamb shift separation between the two unperturbed states in
radians per second. Again, AV is the Stark matrix element between the two
given unperturbed states. Wangéness8 gives the solutions b (t) and b+(t) in
terms of their initial values, b (t=0) and b'(t=0). In our case b (t=0) is
zero. In general, b (t) and b+(t) are complicated functions which lead to a
rather complicated expression for the intensity I(x). Qualitatively, I(x) is
a combination of sinusoidally modulatéd terms which decay exponentially with
various time constants.

9,10,11

Recent foil-excitation experiments ? have shown the quasi periodic

6. E. Wigner and V. Weisskopf, Z. Physik 63, 54 (1930).

7. H. A. Bethe and E. E. Salpeter, Quantum Mechanics of One and Two-
Electron Atoms (Springer-Verlag, Berlin, 1957), p. 28G.

8. R. K. Wangsnes, Phys. Rev. 149, 60 (1966).
9. W. S. Bickel, J. of the Optical Soc. of Am. 58, 213 (1968).
10. Bashkin, Bickel, Fink, and Wangsness, Phys. Rev. Let. 15, 285 (1965).

11. Bickel and Bashkin, Phys. Rev. 162, 12 (1967).
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least squares fitting procedure.
Some comparison may be made with data from other sources. Hughes, et

al.3

present the Q(3s) cross section for energies up to 100 keV for a variety
of target gases. They find that at 100 keV the cross section for impact on
Ny is five times greater than that for a helium target, compared with a factor

of 3.7 at 150 keV in the present work. Mapleton12 predicts theoretically that

at 125 keV for impact on helium:

i
=

Q(3s) : Q(3p) : Q(3a) 0.57 : 0.03

and at 395 keV:

1

Q(3s) : Q(3p) : Q(3d) = 1 : 0.27 : 0.007k

These predictions do not bear much of a resemblance to the present work at
150 and 350 keV.

A survey has also been carried out using an argon and hydrogen target.
It is found that the high emission from the hydrogen target renders measure-
ments on this case‘using the present technique impossible. However, the
argon case seems quite feasible.

(11) Dissociation. Preliminary surveys have been carried out for

Hé+ and H5+ impact on He and N targets. As expected, the cross sections
for forming excited H by dissociation are many orders of magnitude greater
than those for the charge transfer process. An interesting feature of the
dissociation phenomena is that the cross sections for forming the short-
lived 3p and 34 states are generally much greater than for the long-lived

3s state. As an example, for impact of 300 keV Hé+ on helium

Q(3s) : @(3p) : Q(3d) = 1: 2.55 : 1.79

12. R. A. Mapleton, Phys. Rev. 122, 528 (1961).
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year will be placed on an absolute basis by the calibration of the detection
sensitivity of the optical system. Due allowance will be made during these
pbrocedures for the energy dependent effects of Doppler shift and broadening.

The cross sections for forming excited fact atomilc hydrogen by impact
of protons on a molecular hydrogen target will be measured using a gas cell
followed by an evacuated observation region. This configuration of the ap-
paratus has not yet been utilized and some detailed check of its operation
will be necessary.

Finally, the program will devote some detailed study to the collisional
dissociation mechanisms described by equations (2) and (3). In principle,
these can be studied in precisely the same way as the present work on charge
transfer. This work may be complicated somewhat by the angular divergence
and energy spread of the excited H atoms férmed by dissociation. Moreover,
it will be necessary to assess the influence of vibrationally excited states
of the incident projectiles.

IX. Publications and Trawvel

A total of six reports have been published in the open literature
during the present reporting period. These were, in fact, all prepared and
submitted at the time of our last report but have been published during the
present period. For completeness they are again listed here.

1. "é Comparigon of the Excitation Produced in a Helium Target by the
Impact of H, D, Hy , Hy Ions at High Energy," by E. W. Thomas and G. D.
Bent. J. Opt. Soc. Am. 58, 138 (1968). AEC Report No. OR0-2591-27.

2. "The Formation of Excited States in a Helium Target by the Impact
of 0.15 to 1.0 MeV Protons and Deuterons. I. Experimental,"” by E. W. Thomas
and G. D. Bent. Phys. Rev. 164, 143 (1967). AEC Report No. OR0-2591-28.

3. "The Formation of Excited States in a Helium Target by the Impact

of 0.15 to 1.0 MeV Protons and Deuterons. II. Comparison with Theory," by
E. W. Thomas. Phys. Rev. 164, 151 (1967). AEC Report No. OR0-2591-29.
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4. "Cross Sections for the Formation of Excited States in a Nitrogen
Target by the Impact of 0.15 to 1.0 MeV Protons,” by E. W. Thomas, G. D.

Bent, and J. L. Edwards. Phys. Rev. 165, 32 (1968). AEC Report No. OR0-2591-30.

5. "Emissions from a Molecular Hydrogen Target Induced by the Impact
of Fast Protons,” by J. L. Edwards and E. W. Thomas. Phys. Rev. 165, 161
(1968). AEC Report No. OR0-2591-31.

6. "The Formation of Excited Ions by the Impact of 0.15 to 1.0 MeV
Protons on a Molecular Oxygen Target,” by E. W. Thomas and G. D. Bent. Proc.
Phys. Soc. J. of Phys. B. 1, 233 (1968). AEC Report No. OR0-2591-32.

With the support of this contract, a complete file is maintained of
published data in the field of collisional excitation. A categorized listing
of these data sources has been prepared and is being issued as a ''Technical
Report” at the same time as this Progress Report. This will supersede a simi-

13

lar report issued two years ago. The details are as follows: "A Listing
of Publications Concerning the Formation and Destruction of Excited States by
Collisions between Atomic Systems,” by E. W. Thomas. Technical Report No. 2,
31 August 1968. AEC Report No. OR0O-2591-38.

During the present year, Dr. Thomas gave invited papers to the School
of Physics at Auburn University (January 1968) and to the meeting of the
Southeastern Section of the American Physical Society in Athens, Georgia
(October 1968). Dr. Thomas attended the "International Conference on Atomic
Physics” in New York (June 1968). Dr. Thomas and Mr. Ford attended the
"Gaseous Electronics Conference'” in Boulder, Colorado (October 1968). Visits
have also been made to the Oak Ridge National Laboratory for the purpose of
consulting with research workers in the Thermonuclear Division.

X. Personnel

The work described in this report was carried out as part of AEC Con-

13. "A Listing of Available Experimental Data on the Formation and
Destruction of Excited States by Collisions Between Atomic Systems,” by E. W.
Thomas. Technical Report No. 1, 30 October 1966. AEC Report No. OR0O-2591-22.
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If one writes t(A\) as toa(x) and D(\) as Doﬁ(K) then equation (7)
becomes
M=tyDy ) T(8,) aln) BOy) (8)
k
Here to can be taken as the value of t(A) at the wavelength of the Balmer

alpha line and D, as the value of D(A) at that same wavelength. The

0
relative variation of transmittance of the filter with wavelength, a(\),
is obtained by direct measurement. The relative variation of photo-
multiplier detection sensitivity with wavelength B(X\), is taken from the
manufacturer's published data. The transmittance of each segment of the
optics, T(8) is obtained by direct measurement. As will be shown in the
next section it proves unnecessary to determine absolute values of to and
DO'

(¢) Calibration of Detection Sensitivity

Absolute calibration of the measured cross sections has been accomplished
by comparison of Ha emission intensities obtained from the charge exchange
process with those obtained from the dissociative excitation of molecular

hydrogen:

a4 H, - H + H (n=3) + H (9)

The cross section for emission of the Ha line in this reaction was measured

, 6 .
previously in this laboratory with an estimated uncertainty of i25%. The
emitting atoms in this process have low velocities, and since Doppler effects

are now negligible, the expression for the efficiency of the detector reduces

6. J. L. Edwards and E. W. Thomas, Phys. Rev. 165, 16 (1968).
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I. Title

Formation of Excited Hydrogen Atoms by Charge Transfer and Dissociation

II. Introduction

This report summarizes work performed on excitation phenomena under

contract AT-(40-1)-2591 for the U. S. Atomic Energy Commission. The present

report covers the period 1 December 1971 to 30 November 1972 which corresponds

to the first 9 months of the 12 month period covered by modification No. 14
to this contract, plus the final three months of the preceeding contract

period.

IIT. Abstract

Studies have been made of excited hydrogen atom formation by colli-
sional neutralization of protons, collisional dissociation of molecular
hydrogen ions, and collisional excitation of hydrogen atoms. The bulk of

+
the work involves study of excited state formation as H, H+, H, and H -

2 3
traverse various gaseous targets; from these experiments we derive collision
cross sections as a function of projectile impact energy and also as a
function of the angle through which the projectile is scattered. A new
line of studies, initiated very recently, seeks to investigate excited
hydrogen atom formation when these same projectiles strike solid metal
targets.

The processes of interest may be described by the following reaction

equations;
charge transfer neutralization

. *
H +X-H +[_X+]






mately equal at any given energy. Although systematic variations of
cross section with target have been observed we have been unable to
formulate a mathematical prediction of the behavior.

In a lower energy experiment we are studying the angular distribution
of metastable hydrogen atoms created in the direct excitation of neutral H
atoms [Eg. (2)7] and in dissociation [Eas. (3) and (4)7]; targets used include
HZ’ He and Ar. We have also studied the distributions of HJr and H® formed
in these same collisions. The angular distributions in dissociation are
caused primarily by the potential energy released in fragmentation. All
distributions in Hé+ disscociation indicate that the cross section is greatest
when the molecular internuclear axis is parallel to the direction of H2Jr
motion; in one case the predictions of theory are in agreement with experi-
ment. Since there is little similarity between dissociation on different
targets, it seems likely that the mechanism for dissociation is related to
an atomic complex formed by the projectile and target. Direct excitation of
H projectiles is now under study. It appears that the angular distribution
of the scattered projectiles is predictable by a classical scattering mechanism
using screened coulomb interactions between the projectile and target. Relative
angular distributions of H® and H(2s) are essentially the same.

Some studies have also been made of how projectiles reflect from a
metal target. The experimental technique involves study of light emission
induced by the projectile impact on a surface {Cu, Ni or Au); spectral lines
corresponding to neutralized projectiles are observed. These lines are found
to be Doppler broadened and from the line shape we can deduce the velocities
and angular distributions of the scattered particles. For impact of HJr and

HeJr icns at energies from 3 to 10 KeV the scattered excited projectiles appear






Our research effort is directed primarily towards formation of
excited atoms in the n = 2 and n = 3 states; such atoms may be detected
fairly readily by the photons emitted as they decay. We believe that there
are good reasons for concentrating on these states rather than studying
total fluxes of neutral atoms produced in some collision process. A neutral
atom flux will contain particles in all states of excitation; it may sometimes
be the case that a very large fraction of the atoms are excited. Thus the
measurement of a neutral flux is ambiguous in that the state of the atom
is undefined., Consequently we believe that the study of excited states is
the best way of carrying out a fundamental study. In general, once a fundamental
understanding has been achieved of how a specific state is formed then one
can readily extend the theory to the prediction of other reaction channels
in the same mechanism; at that stage one can assess the behavior in situations
of practical importance.

The principal areas studied with gaseous targets may be considered
in two parts., First there are measufements of total cross sections for the
formation of the 3s, 3p and 3d states of hydrogen measured at high energies (75 =
1000 KeV) and secondly, differential (in-angle) cross sections for formation
of metastable (2s) hydrogen at low energies (5 - 30 KeV). The total cross
sections are designed to test detailed theoretical predictions in the Born
approximation at high energies; also we hope to develop scaling laws to relate
cross sections for reactions with different atomic and molecular targets. The
low energy studies are to cover an energy region where Born approximations are
incorrect and where sophisticated coupled state calculations should be necessary.
Tt is always desirable to test theory by comparison with differential (in-angle)
cross section measurements; however for practical reasons differential cross

sections can be measured only in low velocity regions.









vI. High Energy Total Cross Sections Measurements

(a) Introduction

These experiments study formation of hydrogen in the 3s, 3p and 34
+

states induced by H+, H2 and H5 impact on various targets; projectile
energies range from 75 to 1000 KeV., The complete details of the experimental
technique have already been published.l

The experimental method is to fire the projectile beam through a
cell containing the target gas and then into an evacuated flight tube;
observations are made of light emitted as the beam traverses the flight
tube. If light is emitted by a single decay mechanism, then the intensity of
the emission will decrease exponentially with distance from the gas cell

exit. The intensity I(x) as a function of distance, x, from the target

cell exit is given by:
I(x) = I{o) e—X/VT (5)

The velocity of the excited atom is v, the lifetime of the excited state T;
I{o) is the intensity at the exit from the cell and may be related to the
cross section for the formation of the excited state. Measurement of I(x)

at various x permits determination of I(o) and hence of the cross section of
interest. Now, in the present experiments we are studying the formation of
the 38, 3p and 3d states by measurement of the hydrogen Balmer alpha spectral
line intensity. This line contains contributions from three transitions,

38 = 2p, 5p — 2s and 3d — 2p. Thus the measured intensity is represented

by a sum of three equations like equation 5; each equation involving different

1) J. C. Ford and E. W. Thomas, Phys. Rev. A 5, 1694 (1972). Assigned
AEC Report No. OR0O-2591-58,



values of I(o) and T. The procedure is to measure I(x) and de-convolute
this into three exponential decays having the known characteristic lifetimes
of the 3s, 3p and 3d states; the three characteristic values of I(o) so
derived are then used to find the cross section for the formation of the
excited states, It is tc be noted that the three transitions that contribute
to the Balmer alpha line (namely s — 2p, 3p — 28, and 3d = 2p) all exhibit
egsentially the same wavelength and cannot be resolved spectroscopically in
a simple manner. The technique described here utilized the characteristic
lifetimes of the three states to provide a separation of contributions that
cannot be carried cut by spectroscopic methods.

The charge transfer measurements have been written up in a total cof
three papers. In the firstl we discussed the experimental procedure and
the results for charge transfer in helium and argon. In the second paper2

we consider charge transfer in molecular targets including H NO, ©

3

23 Nz) 2’

co, COZ’ CHh’ CZHﬁ’ C2H6 and C_H A third and final paper” includes data

58’
for charge transfer in Ne, Ar, Kr and Xe. Data on the dissociation mechanisms

are to be found in three papersB’h’s; it includes data on H2+ and H ¥ dissociaticn

3

2) J. C. Ford, and E. W, Thomas, Phys. Rev., 4, 5, 1701 (1972). Assigned
AEC Report No. OR0O-2591-59,

3) R. J. Conrads, T. W. Nichols, J. C. Ford, and E, W. Thomas, Phys. Rev.
(submitted for publication October 1972). Assigned AEC Report No.
OR0-2591-67.

k) J. C. Ford, F. M. McCoy, R. Conrads, and E. W, Thomas, Phys. Rev. A, 5,
1705 (1972). Assigned ARC Report No. OR0-2591-60.

5) R. J. Conrads, J. C. Ford, and E. W. Thomas, J. Chem. Phys. (submitted
for publicaticn October 1972). Assigned AEC Report No. ORO-2591-68,
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electron atoms (i.e. as H)' while the other treats all targets as two
electron atoms (i.e. as He)8. These theories are in general agreement
with experiment for targets as H and He; this is to be expected. However
they show only qualitative agreement when applied to the more complex
targets. It is concluded that when the one and two electron formulations
are applied to complex atoms they should be expected to give order of
magnitude estimates and then only at high energies (say greater than
300 KeV).

In our most recent article5 we have attempted to find some unifying
relationship to describe the charge transfer process. We have had some

moderate success with a formulation by Garcia et al, that is in turn based

on a classical prescription by Gryzinski.lo The relationship is as follows:

c

N, 2 eh(§§52 7+ 5(hE/UA) (6
s > My (NE/U, + 1)2

Here o is the cross section for charge transfer when a singly ionized projectile
of energy E captures an electron; the binding energy of the electron in the

target atom before the collision is U,, the binding energy of the electron

AJ

in the projectile atom after the collision is U The factor A 1s the ratio

B
of electron mass to projectile mass. The cross section is per electron in
the outer shell of the target. This relationship suggests that G(EK)B/UB

is a function only of Ex/UA. Thus cross sections ¢ measured as a function of

impact energy E, for a variety of different targets may be scaled together.

9) J. D. Garcia, E. Gerjuoy and J. E. Welkner, Phys. Rev. 165, 72 ({1968).

10) M. J. Gryzinski, Phys. Rev. 138, A%26 (1965).
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dicted by Eq. 6 are per electron in the outer shell of the target. Thus

the cross sections for Ne, Ar, Kr and Xe are for 6 electrons in the outer
shell, The measured cross sections for He and the estimated cross sections

for H, 0 and N have been multiplied by factors of 3, 6, 1.5 and 2 respectively
to give the cross sections for six equivalent electrons in each case. The

data plotted according to this prescription in Fig. 1 have been obtained from
our own work and from that of Hughesg et al.lz. In view of crudeness of the
approximations made in the derivation of Eq. 6 it is gratifying that the

data points shown in Fig. 1 agree as well as they do. The scatter is certainly
less than that exhibited when Garcia et al.9 applied this scaling procedure

9

to total cross sections., Following Garcia et al.” we would suggest that equation

(6) may be used to scale measured cross sections in order to predict unknown
cross sections for excited state formation; the accuracy would appear to be
within a factor of 3 or better.

Strictly speaking a cross section determination for a final state of

any principal gquantum number n should fit this curve by suitable choice of U

in equation (6). It has however been pointed out™ that this will cause

the cross section to vary as n-2 while experiment shows defintelyl2 that it

3

varies as n . On a purely empirical basis one can state that the curve

B

generated by Eq. 6 will represent formation of any excited state provided
we multiply cross section by n, the principal quantum number of that state.
In summary we may state this conclusion. The cross section o(n)

obeys the relationship

o) (B2, | ¢ () (7)

12) R. H. Hughes, C. A, Stigers, B. M. Doughty and E. D. Stokes, Phys. Rev.
A, 1, 1hkahk (1970).
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Figure 1. Scaling of cross section determinations using the prediction
of Gryzinski; oln = 3) (Ex)5/UB shown as a function of EK/UA.
Cross sections are for the reaction H+ + X - H+ (n =3) + X+.
The sources of data points are as follows; (a), (e), Ford et
al.l; (b), (k), Ford et al.B; (c), (g), (h), Conrads et al.5;
(b), (d), (£), (3), (#), (m), Hughes et a1, %2, Targets include
He [(a) and (b)J; Ne [(c) and (4)]; Ar [(e) and (£)3; Xr [(g)3;

Xe [(h)3, H T(1), (301, ¥ [(k), (2)] and 0 [(n)].
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Cross sections for the formation of H(3s) by collisional
digsociation of Hz+ in various noble gas targets.
(a) He target; (b) DNe target; (c) Ar target;

(d) Kr target; (e) Xe target.
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(c) Excitation of Neutral Atoms

We have recently started work on the angular distribution of H(2s)
formed by direct excitation of ground state H; targets used for this work
so far are He and Ar. The excitation of H 1s a very important problem
because of the contribution that it can make to the development of theory
A difficult theoretical problem in lon-~atom collisions is the consideration
of the long range Coulomb force due to the charged particle. For collisions
between neutral particles this long range force component is of course absent
and the theoretical problem is much simplified.

To carry out this study we have modified the apparatus by introduction
of a gas cell to neutralize H+ ions and so form our HO projectile beam,
Following the neutralizer is an electric field which removes any residual
H+ component and also Stark quenches H(2s) metastables; the distance between
the neutralizer and target cell is sufficient to permit most excited states
of H to decay before impact on the target.

Data from this experiment are still preliminary and further analysis
is necessary. In Fig. 3 we show a sample of the data in the form of cross
sections for scattering of HO, H(2s) and H+ as a function of scattering angle
for a helium target. The data are relative values only and we are still in
the process of establishing absolute cross sections. It is observed that
the cross sections all show the same relative variation with angle. This
is perhaps surprising since the 1 flux is principally due to elastic scattering,
while the H(2s) and H+ fluxes involve an inelastic event. One of our faculty,

Prof. M. R. Flannery, has previously carried out calculations of total cross

21






sections for this problem;8; he is now modifying his calculations to
permit predictions of differential cross sections.

(d) Future Plans

It is intended that this study will be continued to provide absolute
values of the various cross sections involved. We intend also to further
modify the apparatus to permit measurement of H cross sections for the

various collision combinations discussed above,

VIIT. Excitation Induced by Particle Impact on Solids

We have embarked upon a study of particle scattering from surfaces.
Again we are concentrating on excited state formation; the experimental
technique involves a study of the light emission induced by projectile
beam impact on a surface. It is expected that a study of emission from
the projectiles will given information on how they are scattered by the
surface.

We will describe here the results of two experimental studies. The
first, and most complete, is work carried out by Dr. E. W. Thomas (Project
Director) while on leave of absence at the FOM Institute for Atomic and
Molecular Physics in Amsterdam (The Netherlands). This work received no
support from the AEC contract except that some time was devoted to analysis
of data after Dr. Thomas returned to the U.S.A. and was again being supported
financially by the AEC contract. The work done in Amsterdam was, however,
designed to be the first stage of our research program in this area by
establishing the feasibility of this type of study. We therefore include
a discussion of the results in this report. The second part of the research

is the work done at Ga, Tech on this same phenomenon; that work has only

18) M. R. Flannery, J. Phys. B 2, 913 (1969) and J. Phys. B. 2, 1044 (1966).
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the true wavelength emitted by a stationary atom. The work at low energiesl9’Zo

indicated that the breadth of the line varied with projectile energy; it

was readily concluded that the line breadth was caused by the Doppler effect
as excited atoms were reflected in various directions with little loss of
kinetic energy. We have made predictions of these line shapes under the
following assumptions;

(a) that the excited projectiles are reflected by elastic collisions
on the surface monolayer;

(b) that the angular distribution of scattered execited projectiles
is given by a Rutherford type cross section; that means the scattering cross
section varies with scattering angle 6 as sine—h (8/2);

(c) that particles scattered into the surface do not contribute to
emissions;

(d) that the decay of the excited state is by a normal radiative
process. A line shape predicted on this basis for 10 KeV He+.impact on copper
is shown in figure 5a. Experiment and theory are in surprisingly good
agreement., These assumptions also permit prediction of how the total line
intensity varies with angle of projectile incidence on the surface; again

prediction agrees well with experimental measurementl9’20

, for projectile
energies up to 10 KeV., In the higher energy data (Fig. 5b) for 200 KeV
HeJr impact on copper we find that the line width is fairly symmetrical about

a shift of zero; this indicates that most excited atoms are moving slowly.

This suggests that the excited atoms are scattered at some considerable depth
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inside the target and that they loose appreciable amounts of energy as
they enter and as they leave again. This situation is generally consistent
with our previous work reported last year21 from which we concluded that
the velocities of the surface-scattered 200 KeV projectiles was only of

the order 10 KeV, These cbservations do indicate that the measurement of
line broadening can provide information on the velocity distribution of the
scattered projectiles.

The other spectral feature observed when projectiles strike surfaces
is a broad continuum emission extending over some hundreds of Angstroms.
Fig. 6a shows the band observed with 10 KeV HJr and HeJr incident on Gold.
Fig. 6b shows the band observed for 100 KeV HeJr on copper. The origin of
this band emission is not clear, It certainly is not due to scattered
projectiles or atoms of target material ejected from the solid, We have
examined the possibility of this émission being due to bremsstrahlung,
transition radiation or interband transitions; none of these possibilities

seems to fit the observations.lg’20

IX. Program for the Remainder of the Contract Year

We will contimue our studies of neutral H atom excitation by impact
at 5 - 30 KeV on targets of He and Ar [Eg. (2)]. Data will be in the form
of differential cross sections as a function of scattering angle, In
addition to the data for H(2s) production we will measure elastic scattering
of H, ionization of H to H+, and charge transfer production of H ,

The work on scattering of projectiles from solids will also be

continued. The first objective is to provide an ultra-high-vacuum environment

21) E. W. Thomas, et al. Progress Report No. 7, AEC Report No. OR0O-2591-61.
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for the solid targets; it will then be possible to guarantee atomic
cleanliness of the target. It is expected that this work will occupy

much of the remainder of the contract year.

X. Program for the Future

Most of the emphasis will be on the study of particle impact on
solids. H+ and He+ projectiles will be directed on polycrystaline Cu,

Mo and Taj; projectile energies fram 5 to 1000 KeV will be available using
two different accelerators. Detailed study of spectral line shapes should
permit determination of the scattered projectile's veloecity distribution.
A limited amount of effort will be devoted to the broad continuum bands,
principally to determine their origin. Detailed study of these bands will
be carried out only if they appear to have some bearing on phenomena that
may be relevant to a controlled thermonuclear device.

Further studies of atomic collision cross sections will be principally
directed to collisions of H® with a variety of targets at impact energies
for 5 to 30 KeV. Measurements as a function of angle, will be made of the
scattered HO, H(2s), H and H. This represents a continuation of the work
already in progress and should be finished within twelve months., If time
permits, an attempt will be made to study differential cross sections for
H(2s) formation as H traverses a target of cesium, This is an interesting
resonant reaction that gives rise to very high cross sections. It offers a
possibility of producing an H beam with more excited atoms than ground state
atoms; this constitutes an inverted population and might provide a basis
for laser action. This reaction is also expected to be one of the most

efficient methods of producing 1° beams.
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(viii) "Photon Emission Induced by Impact of Fast Ions on Metal Surfaces"

(x)

by C. Kerkdijk and E. W. Thomas. Surface Science (to be published).

AEC Report No., OR0-2591-66,

"Formation of Fast Excited H Atoms Induced by Impact on H#, H2+ and

H5+ Atoms on Molecular and Noble Gas Targets" by R. J. Conrads,
T, W. Nichols, J. C. Ford and E, W. Thomas., Phys. Rev. (submitted
for publication). AEC Report No., OR0O-2591-67.

i and H i on Molecular Targets Leading

3
to Formation of Excited Hydrogen Atoms™ by R. J. Conrads, J. C. Ford

"Collisional Dissociation of H2

and E. W. Thomas. J. Chem. Phys. (submitted for publication). AEC

Report No. ORO-2591-68.

Two of these papers [Nos. (vii) and (viii)] represent work carried

out while one of us (EWT) was at the FOM Institute for Atomic and Molecular

Physics in Amsterdam. Although no AEC funds were expended in the research

the preparation of the material for publication was in part carried out

after Dr. Thomas returned to the U.S.A.; the time used in this final pre~

paration was supported by the present contract.

(1)

(ii)

Four papers were presented at conferences,

"Formation of Metastable Hydrogen by Collisional Dissociation of

HZ+ and H5+” by I. Sauers and E. W. Thomas. Annual Meeting of the
Atomic and Molecular Physics Section of the Physical Society (London),
University of Sussex, April 1971.

"Photon Emission Induced by Impact of Fast Ions on Metal Surfaces"

by C. Kerkdijk and E. W. Thomas. Conference on Ton-Surface Inter-

actions, Garching, September 1972,
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(iii) "Angular Distribution of H(2s) Formed by Collisional Excitation
of Hydrogen Atoms” by I. Sauers, T. W. Nicholg and E, W, Thomas.
Annual Meeting of the Division of Electron and Atomic Physics.
Menlo Park, November 1972.

(iv)  "Formation of H(3s) by Charge Transfer Neutralization of H and
by Dissociation of HZ+ and H5+n by R. J. Conrads, T. W. Nichols,
J. C. Ford and E. W. Thomas. Annual Meeting of the Division of

Flectron and Atomic Physics, Menlo Park, November 1972.

During the year E. W. Thomas made visits to the Universities of
Aarhuus and Copenhagen (not at AEC expense) where seminars were given
on the research conducted at Ga. Tech. Visits have also been made to
the Oak Ridge National Laboratory and to the European SpaceResearch

Organization in Noordwijk (The Netherlands).

XIT. Personnel

The work described in this report was under the jurisdiction of
Dr. Thomas, Principal Investigator. For the period up till July 1972
Dr. Thomas was on leave of absence at the FOM Institute for Atomic and
Molecular Physics, (Amsterdam, The Netherlands). During Dr. Thomas'
absence the day to day direction of the program was in the hands of
Dr. J. C. Ford, Co-Principal Investigator; however Dr. Thomas retained
overall responsibility for the project. The arrangements for supervision
of the project during Dr. Thomas' absence were made with the full agreement
of AEC headquarters.

For the period starting 1 July 1972 Dr. Thomas devoted 20% of his

time to this project during the academic year and 80% of full time during

3l
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