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ABSTRACT

The emission cross sections for, and polarization of, Balmer 
a and N* first negative emissions, and the cross section for total 

charge exchange have been measured for proton-N^ collisions in a 
proton energy range of 1.5 Kev to 34 Kev. These emissions cross sec

tions are measured under conditions such that the population of 

the n=3 levels of hydrogen are in equilibrium. A knowledge of the 

relative populations of the n=3 degenerate states is, therefore, 
not needed. Consideration is also given to the cascade contribu

tion in the Balmer a emissions.
The Balmer a cross section reported here is larger than pre

viously reported measurements and displays a definite structure.

The N* first negative (0,1) emission cross section and the total 
charge exchange cross section have the same shape and magnitude 
as those previously published. The measured polarization is 

less than one per cent for N* first negative (0,1) emissions and 

at most 7 per cent for Balmer a emissions.
The structure in the Balmer a emission cross section closely 

matches that measured by Van Zyl (1967) and coworkers for Lyman a 
and the low energy peak of the Balmer a emission cross section 
coincides in energy with the low energy peak of the Lyman a emission



cross section and the maximum of the total charge exchange cross 

section. A model is presented which explains the noted similarities 
in structure. This model is compared to other methods for viewing 

the collision.
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CHAPTER I

INTRODUCTION

The reactions resulting from collisions between protons and atoms 
or molecules are of importance in upper atmospheric phenomena. Such 

reactions are important in the production of some of the major emissions 

observed in auroral spectra♦ The prominent, first negative bands 

of N* are produced by proton impact as well as by electron impact 

in the upper atmosphere* Protons probably play a significant 
role in exciting the nitrogen negative bands for the particular red 
auroras known as hydrogen auroras. Proton-nitrogen collisions are, 

of course, a major source of the intense, doppler shifted, Balroer 

emissions observed in many auroras. The cross sections for produc

tion of radiation in charge exchange collisions of protons with 

(hereafter known as "emission cross sections") are needed to determine 
the importance of these reactions in comparison with other possible 

reactions.
A measured cross section presents to the theoretician a means 

of comparing his descriptions of a collision to the real case. The 

proton-diatomic molecule collision represents one of the simplest 
atom-molecule collisions in terms of theoretical calculations. Further
more the investigation of these collisions includes a wide variety 
of phenomena, such as vibration, rotation and electronic excitation,
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dissociation, ionization and charge exchange. For these reasons proton- 

molecule collisions are of particular interest.
An exact quantum mechanical treatment of collisions between protons 

and nitrogen molecules has not been formulated. However, some approxi

mate methods have been successful in treating complicated systems.
A review of some of these approximations is presented in the following 

paragraphs.
The first approximation for calculating cross sections to be 

considered here, the Born approximation, is developed on the assump

tion that the interaction potential may be considered very small and 

thus neglected. Thus the incident particle flux is considered to 
be a plane wave which is undistorted by the interaction with the 
target particles. This approximation is valid only in the region

of high impact energies. Conditions on the impact energy for this
Da . . . .region are —  << 1 where v is the velocity of the incident particle,

D is the interaction potential, and a is the range of the interaction.
The distorted wave approximation is more useful for lower energies 

than the Born approximation because the distortion of incoming and 

outgoing waves by an interaction field is included in the formula

tion. The determination of this interaction potential field is 
difficult and in more complicated cases than proton-hydrogen colli
sions the interaction potential must be approximated. The useful 

energy range of the distorted wave approximation then depends in part 
on the accuracy of the interaction potential used and in most cases 
has not been extended to much lower energies than the Born approximation^



At higher energies, these two approximations give similar results 

for the cross sections and the calculated cross sections have the

velocity dependence (1/v ) ln(v) for optically allowed transitions
2 . . .and (1/v ) for optically forbidden transitions in the case of direct

excitation.
Classical theoretical calculations of cross sections for colli

sions have generally not been developed as extensively as quantum 

mechanical calculations but recently a classical formulation for the 

calculation of inelastic cross sections has been made by Gryzinski 
(1965) which yields cross sections in reasonable agreement with experi
mental results. In his formulation he assumes binary collisions 
and a coulomb interaction potential. His calculations rely upon a 

knowledge of the velocity distribution of the bound electrons. In 

his introductory paper for the charge transfer problem he uses velocity 
distribution functions obtained from quantum mechanics to calculate 

the total charge transfer cross sections for protons colliding with 
H, H2, and He. These calculations compare favorably with measured 

values.
Since binary collisions between atoms or molecules are generally 

complex, rather generalized models have been developed for describing 
such collisions. Recently a statistical model has been presented 

by Kessel and Everhart (1966) and has been used to explain experi
mental coincidence studies of the final charge states and energy transfer 
in fast collisions of Ar+ with Ar, Ne+ with Ne, and Ar+ with Ne. The 
experiments were performed by Afrosimov, et. al. (1965) and Kessel and
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Everhart (1966). The statistical model of Everhart and Kessel is 
an extension of a model presented by Russek (1963). It is presumed 

in this model that the amount of inelastic energy formed in a collision 

between two particles may be described by a statistical function. 

Furthermore , the amount of inelastic energy one particle receives 

during the collision is determined statistically and is independent 
of the inelastic energy which the other particle receives. The inelastic 
energy imparted to each particle results in perhaps one fast electron 

being ejected, whereupon the remaining inelastic energy is distri
buted statistically among the remaining outer electrons. This model 

predicts that there should be no correlation between final states 
and it is used to interpret the structure observed in the distribution 
of total inelastic energy formed in a collision for a given relative 

velocity of the particles,
An older scheme, formulated for inelastic collisions, has been 

given by Massey (1949) and is called the "adiabatic criterion . This 

theory supposes that as the particles come together there is a range 
of interaction, fa’, between the two particles which is approximately 
the size of the target particle. The collision time is then Taf/v 
where v is the relative velocity of the two particles. In the simplest 

case, there are two states which can exist at the end of the inter
action time; state A exhibiting no net change in internal structure of 
the particles and state B characterized by a definite change, AE, 
in the internal energy of the system. It is presumed that the system 
oscillates between states A and B with a characteristic frequency,
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f, equal to AE/h during the collision. If the collision time is long 
with respect to the reciprocal of the oscillation frequency, the electron 

cloud has a good chance of adjusting to the interaction. There will 

then be no change in internal energy of the system and the system will 

relax adiabatically.

For the non adiabatic case, a transition from A to B is most likely 

to take place when the frequency of oscillation is equal to the reciprocal 
of the collision time:

(a/v)(h/AE) ■ = 1 - (1 )

From (1) it is seen that a maximum in the cross section occurs at a 

particular velocity, defined here as vmax> f°r a given 'a' and E. Meas
ured cross sections are used to determine the 'a' values and it appears 

that these values 7A) are most consistent for charge exchange colli
sions between protons and atoms or molecules (see Hasted, 196*+).

Recently there has been some discussion (Van Eck, et al. 196*+;

S. Dworetsky, et al. 1967) as to the validity of the adiabatic cri
terion. It has been pointed out that AE^ (the net change in internal 
energy of the system) is probably not the correct value to use in expres

sion (1). Rather, the difference in energies between the potential 

curves of states A and B at the internuclear distance where the transi

tion occurs is probably better. This AE value may be different from 
AE^ and in fact it can be very close to zero for curve crossing condi

tions. The adiabatic model implies a correlation between the final 
states of the two particles via the AE value. If Everhart's statis

tical model is valid for change exchange collisions then there should
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be no correlation between the final states and hence there seems to 

be a contradiction between these two views.
Laboratory measurements of various inelastic cross sections have 

been made for many collisions (see Massey and Burhop, 1952; Hasted,

1964; and Mott and Massey, 1967, for a general review). Charge exchange 

and ionization cross sections for protons colliding with atoms or mole

cules in general have a shape at high energies (50 Kev or greater) 
which i s very similar to what is calculated using the Born approxi
mation. At lower energies a maximum is normally observed which, along with 

the Massey adiabatic criterion,sometimes may be used to determine appro

priate 'a' values.
Two measurements of the cross section for the production of Balmer 

alpha radiation, oa (6563 A), have been made previously for protons 
colliding with nitrogen molecules (Sheridan and Clark, 1965; Philpot 

and Hughes, 1964). A significant problem arises however in the inter

pretation of the latter results. The energy levels of the hydrogen 
atom are degenerate if one neglects the spin-spin and spin-orbit interac

tions. Each state of given azimuthal quantum number in the n = 3 level 

has a unique transition probability for transitions to the energy level 
n = 2. The relative populations of these states are not known for 

excitation in charge exchange collisions. In the previous experiments 

of Philpot and Hughes, and Sheridan and Clark the collision chambers 
used for measurements of were short enough that populations of the 
states in the n = 3 level had not come to equilibrium (that is, the 
rates at which the states were populated were not equal to the rates
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of depopulation). Under such circumstances, a knowledge of relative 

populations is necessary for a cross section measurement. Philpot 
and Hughes did not make an explicit correction for this effect. Sheridan 

and Clark corrected their results by assuming the states of the n = 3 

level were initially populated according to statistical weight. Recent 
experimental work (Hughes, et al., 1966) indicates that it is highly 

unlikely that the states are populated according to statistical weight. 
This study indicates instead that the s and p states are probably more 
highly populated than the d state.

In measurements of emission cross sections, consideration must 

be given to the influence of cascading. Cascading has generally been 
assumed to be small or to have been taken into account in the measure
ment. However, no measurement has been made of the actual influence 

of cascading on the emission cross section. If cascading does influence 
the measurements significantly, allowance must be made in the measure

ment of for additional population of the n = 3 states from higher- 

lying levels. The states which might contribute to cascade will 
acquire an equilibrium population (as in the case of the n = 3 states 

mentioned above) at some distance after the proton beam enters the 

collision region. This distance and thus the fraction of the ultimate 
population acquired at any fixed distance into the collision region 

depends on the velocity of the proton beam and the lifetime of the 
upper state (a more detailed discussion is given in appendix 2). There
fore the amount of cascade contribution which is observed in an experi
ment depends on the velocity of the ion beam and the point of observation,



that is, the further the point of observation is moved into the colli

sion region* the more cascade is observed. The two earlier measure

ments of were made at a point fairly near the entrance of the proton 

beam into the collision region. These measurements therefore probably 

included only a small part of the contribution from cascade. It is 

noted also that a cross section measurement of the Balmer alpha emission 
which does not contain the contribution from cascade would not be a 

suitable measurement for use by the geophysicist. In auroral storms, 

the path of particles in the upper atmosphere is long enough that the 

populations of most of the states which could decay to the n = 3 level 

are in equilibrium. Thus the emission cross section which is of impor - 
tance in the analysis of auroral storms is somewhat larger then that 
measured in the experiments of Philpot and Hughes (1964) and Sheridan 
and Clark (1965).

A measurement of the N* first negative (0,0) band emission (3914A) 
resulting from proton charge exchange collisions with nitrogen molecules 

for a proton energy range from 3 to 30 Kev has been ma^e by Sheridan, 

Oldenberg, and Carleton (1961) (using photographic detection methods) 
and Carleton and Lawrence (1958) (using interference filters and photo
graphic detectors). Philpot and Hughes(1964) have measured the emission 

cross sections for the (0,0), (0,1), and (0,2) band emissions produced 
in proton-nitrogen collisions in the range from 5 to 130 Kev with a 

spectrometer using a photomultiplier detector. Sheridan and Clark 
(1965) have determined the emission cross sections for some of the 
prominent first negative bands including those mentioned above. They
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used photographic detection methods and proton energies from 10 to 
65 Kev. Sheridan and Clark have normalized their 3914A cross section 

to the measurement of Sheridan, Oldenberg, and Carleton at 20 Kev and, 

by using their relative cross sections for the other bands, have deter
mined absolute cross sections for the other band emissions.

Investigations of the polarization of radiation produced by inelastic 

collisions have increased in recent years. The polarization studies 
allow one to determine the angular distribution of the emitted radia

tion and this knowledge is needed for the corresponding corrections 

in measurements of emission cross sections# Either angular distribu

tion or polarization is an indication of the relative population of 
the magnetic substates and allows one to examine the angular effects 

of the interactions which occur during inelastic collisions. The possi

bility that some states exhibit a significant polarization in such 

collisions (see for example the theory of Percival and Seaton, 1958; 
and the measurements of Heddle and Lucas, 1962) make it nearly imperative 
with electron-atom collisions to include polarization measurements 

in any meaningful program of emission cross section measurements.

As a result of the above considerations it was decided to investigate 

the charge transfer collisions between protons and nitrogen molecules 
and, in particular, measure the Balmer alpha emission cross sections 
after appropriate consideration had been given to population equilibrium 
of the n = 3 states of hydrogen, and the cascading from higher energy 
levels to the n = 3 level. An absolute measurement of the N* first 
negative (0,1) band emission cross section was undertaken because of

PROPERTY OF 
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the importance of this emission in auroras and because of the large 

disparity in previous measurements. At the same time, measurements 

of the polarization of the Balmer alpha line and (0,1) band emissions 

were also made.
An ion beam experiment was constructed to accomplish the measure

ments. It allowed the study of collisions of protons and nitrogen 

molecules for proton energies ranging from 2 to 35 Kev. It was found 

after developing appropriate expressions describing beam kinetics (see 

Experimental Procedure) that a measurement of the Balmer alpha emission 
cross section could be made in a realizable collision chamber length 
with the relative population of the n = 3 level being in equilibrium. 

This made it unneccessary to assume relative population values for 

the individual states of the n = 3 level.

10



EXPERIMENTAL APPARATUS

General Description
A block diagram of the proton beam apparatus is shown in figure 1. 

The ions, formed in the ion source tube, pass through the extractor 

electrode before being accelerated and focused in the acceleration 

electrodes. They then traverse the mass analyzer and enter the 
collision chamber through the collimating apertures. The radia

tion emitted as a result of collisions of protons and the target 

gas is observed with a photometer whose output is monitored with 
an electronic amplifier measuring DC current or by electronic pulse 

counting equipment. Since it is desirable to have the photometer 

and beam detection equipment at ground potential, the acceleration 
of the ions is accomplished by placing the ion source at a large 

positive potential. With this equipment it is possible to obtain 

an ion beam entering the collision chamber with a range of energies 

from 1.5 Kev to 35 Kev and a current as large as two microamps.
The beam current used in this experiment ranged from 0.01 to 1 micro
amp, the target gas pressure varied from 0.09 microns to 0.13 microns, 

and the energy of the protons ranged from 2 to 35 Kev.

Vacuum System

The construction of the vacuum system is simplified by the 

use of four inch diameter pyrex glass pipe. Neoprene gaskets with 
silicone high vacuum grease are used between the various sections

chapter 11

11



FOCUSING ELECTRODES 
ION SOURCE /  \ MASS ANALYSER

/

ION BEAM
APPARATUS

VACUUM PUMP

BEAM COLLIMATOR

PHOTOMETER

COLLISION CHAMBER
GAS INLET 

AND 
ION GAUGE

FARADAY CUP

FIGURE I



13

of pipe and make leak tight joints. In addition there is a great 

variety of angular joint arrangements available in this type of 
pipe which simplifies the construction of the collision chamber.
For all other parts either brass, aluminum or teflon is used. At 

critical joints where a certain degree of flexibility is needed, 

teflon bellows are inserted between the glass sections. Some care 
is needed in obtaining a vacuum seal between the teflon and glass 

but once the seal is made these joints have good vacuum characteristics.

Due t o the small space available on either side of the magnet 
and the need of a limited amount of mobility for the brass section 

passing through the magnet, brass ball joints are soldered on either 

end of the brass section. Thus either the ion source and focusing 
system or the collision chamber can be moved without the mass analyzer 

being disturbed.
Two four inch diffusion pumps evacuate the system. Freon cooled 

baffles, placed directly above the pumps, trap diffusion pump oil 

before it enters the system. With these pumps we are able to attain 

a background pressure smaller than 10 torr when the system is 

sealed.

Ion Source

An rf ion source, figure 2, is used for the production of ions 

and is of the basic design described by Thonemann et al. (1948),
Moak et al. (1951) and Barnfield et al. (1962). The source tube 
is placed in the tank circuit of a 400 watt modified Colpitts
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oscillator whose rf field dissociates and ionizes the hydrogen molecules. 

The resulting ions are extracted from the tube through the extractor 
electrode when a potential difference is placed between the extractor 

electrode and the tungsten probe. The hydrogen gas enters the source 

tube through the base plate. This source produces a current to 
the extractor electrode of 20 milliamps at normal operating pressures 

(20 microns) and with a potential difference of six kilovolts between 

the tungsten probe and extractor electrode.
The major potential drop in a discharge of this type is across 

the cathode dark space (directly in front of the extractor elec

trode) and thus when six kilovolts is used to extract the ions, 

there is less than one kilovolt potential difference across the 
positive ion column. Therefore the extracted ions have a possible 
energy spread of less than one Kev at this extractor voltage. For 

a thorough analysis of this type of source the reader is referred 

to Cook et al. (1962).

Electrostatic Focusing System

A diagram of the electrostatic focusing and accelerating elec

trodes, of the Einzel type, is given in figure 3. Electrostatic 

lenses, formed between the extractor electrode and the small focusing 

electrode, and between the small focusing electrode and the large 
electrode, focuses the image of the beam exiting from the extractor 

electrode at a distance of 16.5 cm from the extractor electrode.
The size of the image is approximately 1/** inch during optimum focusing

15
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conditions. The system was designed according to a theoretical 
discussion of Einzel lense systems by Epstein (1936).

Electronics for the Ion source and Focusing Electrodes

Since the oscillator for the ion source, its power supply, 

and the power supplies for the focusing and extraction of the ions 

are biased at a large positive potential their power is supplied 
via a five KVA isolation transformer insulated for 60 KV which is 

inserted in the 120 volt AC supply line. Figure M- indicates the 

manner in which the various potentials are applied. The output 

of the power supplies for the focusing and for the extraction of 
the ions are regulated to within a 0.05 per cent change for a 10 
per cent change in the line voltage.

Mass Analyzer

The mass analyzer not only selects the proper ion and energy 

for the beam collision study but also refocuses the image formed 
by the electrostatic lenses on the first collimating aperture. A 

water cooled electromagnet, capable of producing a field of up to 

5000 gauss with four inch diameter pole pieces, one inch apart, 

is used to bend the beam. Inserted between its poles are wedge- 

shaped pole pieces, figure 5, which produce a nonhomogeneous field 
in both the vertical and horizontal directions. With an appropriate 
choice of the vertical profile of the wedge-shaped pole pieces and 

the arc subtended by them, it is possible to form a magnetic lens
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such that the ion beam focuses in both vertical and horizontal planes 

at the same point. In our apparatus the arc subtended is 60°, the 
focal length is 8.4 inches, the radius of curvature, r , is four 
inches, the object distance is 12 inches, and the image distance 

is 18 inches. The distances are measured from the edges of the 
pole pieces, perpendicular to the beam axis. The resolving power 

for this lens is 40 if one includes only the first collimating 

aperture (described in the following section). Since the resolving 

power is equal to the ratio 2E/AE, theoretically an energy resolu
tion of 500 ev could be expected for a 10 Kev beam entering the 

first aperture. The influence on the energy resolution by the second 

aperture is considerable since the measured energy resolution of 

the magnetic lens system at 10 Kev (see Experimental procedure) 

is less than 200 ev. The reader is referred to Judd (1950) and 
Sheridan (1964) for a detailed description of this method of focusing 

and mass analyzing.
The power supply for the magnet is current regulated. The 

regulation of the output is within 0.01 per cent change for a 10 
per cent change in line voltage or magnet load. A 10 turn potentio

meter is used to control the current through the current regula
tor. The accuracy of this potentiometer is within 0.25 per cent 

at nine amps. It has been determined during the experiment that 

the potentiometer scale reading is the best indicator of the energy 

of the beam. Thus the potentiometer scale has been calibrated with 
respect to the proton energy and is used throughout the measurements

20



to determine the beam energy. Since the current drift is rated 

at less then 10 per cent for a 24 hour period the stability of this 

system is sufficient for this type of experiment.

Collimating Apertures

In order to direct the beam to some position in the collision 

chamber for defining a collision volume, a collimation of the beam 

is necessary. This collimation is effected by the placement of two 

small apertures in the path of the beam. These apertures then form 
the entrance of the collision chamber. The size of the apertures 

are chosen with several requirements in mind. The apertures must 

be large enough that a sufficient amount of current can enter the 

collision chamber but small enough to avoid a density gradient of 
target molecules over an extended region near the apertures in the 
collision chamber. Such a gradient does not allow the assumption 

of a uniform target density in the chamber. Furthermore, from the 

discussion above on the mass analyzer, it is obvious that these 
apertures have a bearing on the resolving power of the mass analyzer, 

i.e. the smaller the apertures are, the higher the resolution will 
be. Finally the pressure in the focusing and mass analyzing regions 
must be of the order of 10~5 torr in order that the number of proton 

collisions with background targets be negligible. Thus the con

ductance of the collimating apertures must be small enough when 
considered along with the pumping speed of the available vacuum 
pumps to fulfill this requirement. The arrangement finally chosen

21



consisted of two apertures, each 1/8 inch in diameter, spaced one 

inch apart. This choice proved experimentally, to satisfy all of 
the above requirements.

Collision Chambers

The collision chamber arrangements for the various measure

ments reported in this paper are shown in figures 6 and 7* The 

beam is shielded from the glass walls with electrically grounded 
metal cylinders as the beam passes between the mass analyzer and 

the apertures and as it passes through the collision chamber. This 

shielding is used to inhibit stray electric fields in the colli
sion chamber which may mix the states of the hydrogen atom or 

ion and alter their transition probabilities. Furthermore the shielding 

prevents charge buildup on the walls which can, through the electric 

fields produced, alter the position of the beam at the point of 

focus, the first collimating aperture, or in the collision chamber.

Beam Definer

During the photometric studies a metal slit arrangement, here

after known as beam definer, is used to restrict the region of the 

beam viewed by the photometer to a definite length. The metal beam 

definer was grounded electrically and coated with aquadag to reduce 
the possibility of reflected light entering the photometer. A viewing 
width of 1/2 inch was chosen after consideration was given to the 

amount of light needed to produce a useable signal in the photometer

22
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and to the maximum beam length that the photometer can observe.

A discussion of photometer considerations will be given later.
The beam tends to diverge slightly in the collision chamber.

An additional grounded aperture was placed directly in front of 

the beam definer to prevent the outer portion of the beam from 

striking the walls of the beam definer and producing extraneous 

Balmer alpha emission.

Faraday Cup

The beam is collected in a Faraday cup arrangements figures 

6 and 8, directly behind the collision region. The guard ring of 
the cup is biased negatively with respect to the collecting cup 

to suppress the secondary electron emission which is produced when 

the protons or hydrogen atoms strike the cup. During collection 

of the beam, the bias (0-^5 volts) is increased until a plateau 

in the beam current is reached which indicates that the secondary 

electrons are all being collected in the cup.

Electrodes for the Total Charge Exchange Cross Section Measurement

The electrode arrangement shown in figure 8 is used to collect 

nitrogen ions and electrons formed in the collisions of protons 

with the target molecules and to collect the beam current. Teflon 
has been used in the construction of the supports for the electrodes 
and for insulating one electrode from another.
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Photometer

The photometer, shown in figure 9, consists of a photomultiplier, 

filter, and lens. The narrow band filters used for 4278 A and 
6563 A measurements are mechanically interchangeable. During the 

polarization measurements a plastic polarizing material is inserted 

in front of the lens- in a holder which can be rotated 90° about 

the optic axis of the lens.
The lens in the photometer governs the number of emitted photons 

in the beam which are detected by the photomultiplier. The choice 
of size and focal length depends on the amount of solid angle needed 

for observing the emission from the beam. But, in addition, the 

focal length must be chosen such that light entering the interference 

filter is at nearly normal incidence, since the transmission of 

the filter is a function of the angle of incidence of the light.
With these criteria in mind, a 2 1/2 inch diameter convex lens with 

a focal length of 10 inches was chosen.

The choice of narrow band interference filters, rather than a

monochromator, to isolate the desired emission, has been made for the 
following reasons. The emissions which are to be studied are separated 

from other emissions which are expected to be produced in proton- 

nitrogen collisions by at least 25 A and thus high resolution of 

the wavelengths is not needed. This can be seen from spectrophoto- 
graphy studies made by Sheridan (1964) for proton-nitrogen colli
sions. The band pass widths of the 4278 A filter (figure 10) and 
the 6563 A filter (figure 11) are 13 A and 12 A respectively. The
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transmission of these filters, measured with a special Jarrell- 

Ash 0.5 meter spectrophotometer,falls to less than 0.05 per cent 
for all emissions into the near infrared and long wavelength ultra
violet (beyond the transmission of the lense). Thus, these filters 
effectively block the unwanted emissions. The use of filters permits 

selection of an optical system with a large solid angle of observance. 

Finally, the cost of these filters is considerably lower than that 

of a spectrometer of comparable resolution.
The selection of the photomultiplier was an important considera

tion since the emissions observed in an experiment of this type 
are normally of small intensity. Fluctuations in the dark current 

of a photomultiplier provide the major limitation to the detection 

of these small intensities. For small signals, nearly all of the 
fluctuations in photomultiplier current result from the fluctua
tion in the rate of thermionic emission of electrons from the photo

cathode. A small remainder is due to emission from the dynodes 

and noise in signal. According to ideal statistics, which may be 
used here as a good approximation, the average fluctuation in the 

number of thermionic electrons emitted in a given time is equal

to (N,)^^ where N is the total number of thermionic electrons d d
emitted in that time. Cooling of the photocathode or proper selec

tion of the photocathode material are methods for reducing the dark 

emission and thus the fluctuations.
By the use of appropriate photomultiplier signal detection 

systems the dark current fluctuation can be further reduced. Those
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thermionic electrons which are emitted from the dynodes will produce 

smaller current pulses at the anode then those originating at the 

photocathode. Signal detection apparatus can be selected to dis
criminate against these smaller current pulses. Additional atten

tion will be given to this subject in the Experimental Procedure 

section.
Since most of the pulses produced by electrons emitted from 

the dynodes can be discriminated against, the only dark current 

which needs to be considered further is that due to thermionic 

emission from the photocathode.
A quantity which is useful for evaluation of light detection 

systems is the Signal to Noise ratio, S/N, where the noise, in the 
case of low light intensities, is the fluctuation in the dark current. 

Again, from ideal statistics, for photomultipliers the signal to 

noise ratio is given by

S/N = ^  q(eg t/i^)^^ (2)

where N is the time rate of photons striking the photocathode surface, 
P

q is the quantum yield ratio, e is the electronic charge, g is the
current gain of the photomultiplier, i^ is the dark current detected

at the anode and t is the time interval over which the anode pulses

are collected. The time t is sometimes known as the integrating
time or time constant for the signal detection apparatus. The fluctua-

1/2tion in thermionic electrons is included in the (i^) term. The 
quantities which depend upon the type of photomultiplier tube are 
g, q, and i . g and id may also be altered by changing the voltages 

applied to the various dynodes.
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For the above considerations it is advantageous to rate a photo

multiplier by its equivalent noise input which is that value of 
incident luminous flux which, when modulated in a stated manner, 
produces an rms output current equal to the rms noise current within 

a specified bandwidth. It is then important, when detecting low 

light intensities, to choose a photomultiplier whose equivalent 

noise input is as small as possible.
Finally, although 4278 A and 6563 A are near the extreme ends 

of the visible spectrum, it was necessary that a photocathode surface 

be selected which was reasonably sensitive to both of these wave

lengths. An RCA 7265 photomultiplier was selected as the best avail

able for the experiment. It has a small equivalent noise input, 
has reasonably large quantum efficiency for both 4278 A and 6563 

A, and has a large photocathode surface. The latter is advanta

geous for obtaining a large solid angle of observance with the optical 

system used in this experiment.

Signal Detection Apparatus
The detection of the signal from the photomultiplier is accomplished 

using two detection systems: an electronic amplifier which measures

the DC current and an electronic system for counting individual 
pulses each resulting from a single photon. The DC current measuring 

system uses a DC biasing circuit (figure 12) for electrically sub
tracting the DC component of the dark current and to provide the 
system with an adjustable time constant which inhibits fluctuations
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in the signal. A high gain electrometer is used for measuring the 

resulting current. In the case of small signals and for the 

polarization measurements an electronic pulse counting system con

sisting, in order, of an RC coupling, a charge sensitive preamplifier, 

a double delay line amplifier, a pulse height analyzer and pulse 
counting scaler is used to count the pulses over a predetermined 

time interval. Additional information on the procedures involved 

in signal detection will be presented in the Experimental Procedure 

Section.
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CHAPTER III 
EXPERIMENTAL PROCEDURE

Beam Alignment

Because of the several variables influencing the stability 
and quality of the ion beam, the initial alignment must be done 
in steps. To begin the operation, the mass analyzer section is 

removed and a brass plate is inserted behind the large focusing 

electrode (see figure 3). With the ion source tube removed a visual 

alignment is made through the ion source extractor electrode. The 
small and large focusing electrodes are then aligned as nearly symme

trically as possible about the beam axis. Furthermore, since the 
ion source tube base plate is mounted against an o-ring, it is possible 

to adjust the position of the extractor electrode in any direction 

perpendicular to the beam axis when the system is under a vacuum.
The small and large focusing electrodes are mounted on a teflon 
bellows and thus their positions may be adjusted also while the 
system is evacuated. Once this alignment is made the beam is generated 

and focused on a grounded brass plate. A small amount of zinc sulfide 

is placed on the brass plate for viewing the fluorescent image 
of the beam as it strikes the plate. If the beam current is large 
enough the beam may be observed through fluorescence of the brass 
material alone. Here, the adjustment of positions of the small 

and large focusing electrodes is necessary for good image quality.
This image is important since it will be refocused by the mass spectro

meter upon the first collimating aperture.
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After a satisfactory image, about 1/H inch in diameter, has 
been obtained at the center of the plate, the brass mass analyzer 

section is inserted. The primary effects on focusing in this case 

are produced by adjusting the positions of the magnet and the large 
focusing electrode. A brass plate is now attached to the system 

in place of the first collimating aperture, serving as a screen 

for the image formed by the beam coming from the mass analyzer.

Some convenient magnet setting is then selected. After a satis

factory image has been formed, the collimating apertures are inserted 

and the collision chamber is attached.

At this point, measurement of the beam current is used for 
determination of beam quality. The ratio of beam current striking 

the first aperture to the current collected in the Faraday cup is 

minimized by adjustments of the positions of the large focusing 

electrode and the two collimating apertures. This latter adjust

ment is made possible by the fact that the two apertures may be 
moved in any direction perpendicular to the beam axis and the colli

sion chamber by being pivoted, with the aid of the bellows, in a 

vertical or horizontal direction about the beam axis.

For a final adjustment, the target gas pressure is increased 
until the beam is easily observed. The position of the beam is 

then adjusted so that it strikes the Faraday cup in the center.

Total Charge Exchange Cross Section Measurement

The total charge exchange cross section is measured with the 
set of electrodes shown in figure 8. A potential difference is



maintained between the electrodes on opposite sides of the beam.
The geometry is such that a uniform field is established in this 
region. Ions and electrons formed in a region whose length is equal 

to that of the collecting electrodes are thus collected at those 

electrodes.
The measured cross section is equal to

I - I 
I, nLD

where I is the current collected at the positive electrode, I_ is 

the current collected at the negative electrode, I is the beam 

current, L is the length of each collecting electrode, and n is 
the number density of the target molecules. The reader is referred 
to Sheridan (1964) for a complete discussion of the derivation of

expression (3) and the method for taking the data.
A correction is needed for the beam current since it is measured 

some distance from the collision volume. Expression (2), Appendix 1,
is the appropriate equation but it is noted that in (2) a knowledge

of the total charge exchange cross section is required. An itera
tion process is thus used in this case. This involves first calculating 

a charge exchange cross section using the uncorrected beam current 
value, then using this value for the cross section to make the correc
tion to the beam current, and finally determining a ’corrected cross 
section’. It has been found that this process does not need to 
be carried further than one interation to obtain reasonable accuracy.
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Balmer Alpha and N* First Negative Emission Cross Section Measurements

The procedure for measuring an emission cross section is as 

follows. After proper target gas and beam current conditions are 

established and the electronics have been turned on for a suitable 

stabilization, the signal from the photomultiplier is monitored 

with the DC amplifier. Since some instabilities are observed in 
the optical signal as a result of the statistical nature of the 

signal and the fluctuations in the beam current, a balance between 

data accumulation time and the reduction of the fluctuation is obtained 

through adjustment of the time constant of the DC measuring circuit. 

Following this adjustment the dark current component of the signal 
is electrically subtracted with the circuit shown in figure 12 (normally 

this is done before each signal measurement). Measurements of the 

photomultiplier signal and beam current are made through simultaneous 
observations of the electronic amplifiers for each. In practice 

these observations are made over a period of from one half to one 
minute and both signals are averaged over this period. In later 
series of cross section measurements an electronic current inte

grator has been used for the beam current averaging. A comparison 

between the methods of averaging show a difference of less than 
2 per cent with a wide variation of beam current conditions.

When signal intensities are low, counting techniques are used.

In this case, beam current and signal are both integrated over a 
period of one minute, thus automatically giving an appropriate average 

signal and beam current.
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The emission cross section is found in the following way. The 

beam is allowed to pass through a small collision volume which is 

defined by the length, 1, of the beam definer and the area, A, of 

the beam. The number of Balmer alpha photons emitted per second 

from this volume is:

\  = °a Nt r+<x) , (4)

where is the cross section for the production of Balmer alpha 

radiation in charge exchange collisions of protons with , as 
defined by equation (8) Appendix 1, N is the number of targets 

in the volume, and T+(x) is the flux of protons entering this colli

sion volume. A similar relation may be written for the first nega
tive emission cross sections.

The photometer (figure 9) observes only a small fraction of 

those Balmer alpha photons emitted from the collision volume; this 

fraction is partially determined from the solid angle, Q, which 
the photometer observes. The number of photons, N , which reach 

the photomultiplier cathode surface per second is:

N fl
ft = -2_ . T . T(A) , (5)p htt 1

where T^ is the transmission of the lense and windows and T(A) is 
the transmission of the filter at the appropriate wavelength. The 
signal current detected at the photomultiplier anode is then:

I = N gqe , (6)s p* n
where q is the quantum yield of the cathode for a photon wavelength



\, g is the gain of the photomultiplier and e is the electronic 

charge. Thus when a measurement of the photomultiplier signal current 

is made, the number of events of interest occurring (production 

of Balmer alpha) in the collision volume is determined from the 

following equation:

i+7T I
\  = nT^TUV gqe * (7)

The quantity T^gqe in the denominator, may be found from a cali

bration of the photometer which will be discussed later.
The beam current I. measured in the Faraday cup is proportional b

to the flux of ions entering the cup:

I = eAT+(x ) (8)b o ’
where x is the distance from the entrance of the collision chamber o
to the entrance of the cup. But the flux at x where it enters the 
collision volume is needed. The flux of beam ions is equal to the 

product of the ion number density, n+, and the ion velocity, v. 

Equation (2), Appendix 1, may be used to express the flux of ions 

as a function of the distance of the beam from the entrance of the 

chamber. The ionization cross section, ck, for H atoms colliding 
with nitrogen molecules has been measured by Stier and Barnett (1956). 

A comparison between this cross section and the total charge ex

change cross section for protons on nitrogen given below, figure 
16, demonstrates that the total charge exchange cross section is 
much larger than the ionization cross section in the energy range 
of interest in this experiment. One can therefore write:
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r +( x )  = r+(x ) exp [n a (x -x)] ( 9 )C r C O  ’

where oc is the total charge exchange cross section.

The number of targets in the collision volume is just the pro
duct of the target gas density, n, and the collision volume. The 
expression relating the emission cross section to measured para

meters is:

*+7r I exp [n o (x —x )]
°a = " ' /n't ff T T(x)'5g ‘ * (10>D 1

It is noted here (see Appendix 1) that this measurement of the Balmer 

alpha emission cross section does not require a knowledge of the 

relative population of the various states in the n = 3 level.

The photomultiplier signal is detected either by a DC elec

tronic amplifier or a pulse counting circuit. It has been stated 
above (Experimental Apparatus, Equation 2) that for low signal 
intensities, the signal to noise ratio for a photomultiplier detector 

is
1/2S/N = N q (egt/i,) , (11)p d ’

where î  is the dark current measured at the anode, q is the quan
tum yield of the photocathode, g is the current gain in the photo

multiplier, t is the integration time and is the rate at which 

the photons strike the photocathode. For large signals the ratio 
of signal to noise in signal is the important criterion. The sta
tistical fluctuations in the signal can be determined from the fluctua
tions in the number of photoelectrons emitted from the cathode. If
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the dark current is much smaller than the signal current, the signal 

to noise ratio can be written:

S/N = (Npqt)1/2 . (12)
1/2Thus in the large signal condition this ratio depends on (Np) 

while in the low signal case it depends on (Np). In both cases 
the signal to noise ratio may be increased through the integration 

of the signal. It has been found experimentally that at high signal 

intensities the fluctuations are small enough that the faster DC 
methods and small integrating times can be used. At low intensities 
the counting system (dead time, ^ 1 p sec.) records the signal and 

dark current pulses. Typical dark current rates (determined before 

and after the signal count) are of the order of 1500 c/s while, 

at low intensities, signals add another 750 c/s. The loss in signal 

plus dark counts due to the dead time of the counting system is 
less than 1 per cent. Since some of the dark counts result from 
thermionic emission from the dynodes and therefore result in smaller 

pulses than for those electrons emitted from the photocathode, the 

pulse height analyzer may be used to discriminate against these 
smaller pulses. The signal to noise ratio for low light intensities 

and counting techniques can best be written:

.  I t\l/2
S/N = N q - M  , (13)

p W
where it is understood that N , is the rate of thermionic emissiona
from the cathode only. The above values for low light levels give
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a signal to noise ratio of 150 which is more than adequate for this 

type of experiment. But a signal one half the dark current is at 

best difficult to measure with DC measuring techniques. The crite

rion which has been set for using the DC measuring system is that 

the signal must be equal to or greater than the dark current.

Corrections - General Considerations

Let us now consider the corrections which must be applied to 

the measurements. Among these are the corrections due to doppler 

shift (for Balmer alpha) and the angular distribution of the intensity 
of emissions (determined from the polarization of the radiation).

In the case of the N* first negative emission, a correction must 

also be made to account for the variation in filter transmission 
across the profile of the band.

Filter transmission correction. To correct for the variation 
in filter transmission over the band profile, the product of the 

transmission, T (X), of the filter and the relative intensity at each 

wavelength is numerically integrated over the band. From this integral 

the fraction of the band emission which is transmitted by the filter 

may be determined. In constructing an artificial band profile it 
is assumed that the excitation by proton collisions results in a 

thermal distribution of the rotational levels of the nitrogen molec

ular ions. This assumption has been verified by Sheridan and Clark 
(1965) for these collisons.
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Polarization Measurements and the Angular Distribution Correction, 

The intensity of the radiation emitted from the collision volume 

may vary with respect to the angle between the direction of propaga

tion and the velocity vector of the proton beam. Thus the polariza
tion measurements of radiation emitted during a collision are not 
only a means of studying the mechanics of the collisions but, as 
stated above, are needed for corrections of the detected radiation 

intensity. The polarization, P, (in per cent) is defined to be:
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where 1̂  and Iĵ are the intensities of emission with electric 

vectors parallel and perpendicular, respectively, to the beam velocity 

vector. For making the measurements of Î  and 1^, the polarizer 

is inserted in front of the lens with the plane of polarization 

parallel to the beam axis and then rotated 90° about its axis. The 
fraction of emission signal to beam current is determined for each 

position and (14) is used for calculating the polarization. In 

these measurements the pulse counting system is used for reasons 
similar to those stated above in the emission cross section measure

ments.
To check for any extraneous results in the polarization measure

ments, e.g. variation in sensitivity of the photometer with polariza

tion and extraneous polarization introduced in the system through 
reflection, an unpolarized light source has been placed at the



normal position of the beam and polarization measurements have been 

made. The procedure indicated that the error in polarization from 
such effects is less than 1 per cent.

The intensity of the radiation observed at a right angle to the 

beam direction is given by the following equation:
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I (90°) = I 300 (15)300-P

The total intensity, integrated over all angles, is 4 it I. A measure
ment of I (90°) and P will yield I.

The correction for the anisotropic distribution of radiation 

was small (less than 3 per cent at maximum polarization),
Doppler Shift Correction. A problem that must be considered for 

the Balmer alpha radiation is the doppler shift in the wavelength 

(6563A) resulting from the motion of the source with respect to 
the detector. The shift in wavelength, X}is:

—  = - cosct (16)X c
where a is the angle between the direction of motion of the hydrogen 

atoms and the direction in which the photon is emitted, v is the 
speed of the hydrogen atom, X is the wavelength of the photon, and 

c is the velocity of light. The maximum shift which may occur 

in the experiment described here (for maximum acceptance angle of 
the lense and maximum velocity of the H atom) is 7A which is 

enough to remove the wavelength of this photon from the middle of 
the band pass of the interference filter and thus significantly 
reduce its chance of being detected by the photomultiplier.



Since the doppler shift could conceivably affect the measure
ments, a correction for this shift has been developed in the follow
ing manner. The lens is divided into slices (figure 13); the sur

face area of the n-̂ * slice is A . Each section corresponds to a 
shift of one additional angstrom at the maximum proton velocity.

The beam emission is assumed to be a point source producing 

a constant number of photons per second per unit solid angle per 
unit wavelength interval, K (T), in a wavelength region from X to 
X + AX, where X is the average wavelength in that region and AX 

is 1A, This approximation can be seen to be valid if one considers 
the relatively small segments used and the reasonably slow varia

tion of K with X. The luminous flux entering is then

K (IT) A AX
F ( A )  = ------------------ ± -------  . ( 1 7 )

ro
Again, since the solid angle is small (focal length is relatively 

large), r may be considered to be the distance from the point source 

to the center of the lens (see figure 13). Since AX is one angstrom, 
this requires that the lens surface be divided into 1U sections.

The percentage of entering the photomultiplier is T(X^)

^1^1) where T t*ie Per cent of transmission of the inter
ference filter at the wavelength X^. To determine the total number 
of photons which will enter the photomultiplier a summation is made 

over all the slices,

total number of photons per = <— > T 0T) (18)
second entering photomultiplier ~ n n n
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Without the above correction the luminous flux entering the filter 

would be:
K (X ) A

49

ro
where K (X ) is the luminous flux per unit solid angle, assuming o o
all light is emitted at the wavelength X^ (X^ is 6563A) and the
number of photons per second entering the photomultiplier would
be T (X )F . This approximate solution gives a means for determining o o
whether a doppler correction is necessary. It has been found that 

the correction is only 2 per cent for the maximum velocity used.
This can be understood if one considers the statistical weight given 

to each segment (i.e. according to its relative surface area, AnM  

total). The smallest weight is given to the area corresponding 

to. the largest shift and thus the total effect of the shift at the 

velocities and solid angle used in this experiment is small. When 

this correction is compared with the other corrections and the data 

scatter it is found to be small and is neglected.

Calibration

Energy Calibrations. It has been pointed out in the Experi

mental Apparatus section that the current control in the current 
regulator is the most sensitive device in the apparatus for fixing 
the energy of the protons entering the collision chamber. A calibra
tion of the magnet current control versus the proton energy is there

fore used for an energy determination. The calibration is made by



applying a retarding potential (positive) to the Faraday cup and 

measuring the current collected at the cup as the potential is in
creased. The current collected is plotted as a function of the 
retarding potential and the slope of this curve is also plotted as 
a function of the retarding potential. From the latter curve the 

energy of the beam is defined as the energy at the maximum point 

of the curve while the half width is the energy width at half maximum 

for this curve.
At higher energies (15 Kev) the half width in energy for the 

beam was nearly 200 ev while the minimum half width of 50 ev oc
curred for a beam energy of 5 Kev. It has been found for various 

beam focusing conditions and beam energies that the method of energy 

determination using the magnet current control gives reproducible 
results and is very reliable. Subsequent calibrations have been 

within one per cent of the original calibration.
Calibration of the Photometer. The physical setup for the 

calibration shown in figure 14, duplicates the experimental condi

tions imposed in the beam measurements. The photometer lens was 

placed 10 inches from the focal point of the spherical mirror, the 
same distance as is between the beam and the lens. At the focal 
point of the spherical mirror a slit was placed. This slit governed 

the portion of the image of the lamp filament observed by the photo

meter. Further care was taken to ensure that this portion of the 
image originated at the center of the filament, the region where 
the calibration of the lamp was made. Neutral density filters, placed
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in front of the photometer, reduced the intensity of the incident 

light to that normally present in the experiment. The solid angle, 

ft, of light collected from the lamp was determined from the geometry. 

Before the calibration of the photometer, a careful measurement 

of the optical reflection coefficient of the mirrors and trans

mission of the neutral density filters was made. These reflection 
coefficients were compared to those supplied by the National Bureau 
of Standards and good agreement was found.

The lamp has a tungsten ribbon filament and quartz window.

It has been calibrated by the National Bureau of Standards which 
has supplied a calibration curve with it. This curve gives the 

radiant energy*R (X), emitted from the lamp per unit area per unit 
solid angle per unit time per unit wavelength interval. The radiant 

flux, F (X),entering the lense per unit wavelength interval is the 

product of R (X), the solid angle, ft, the area of the slit, and 
the transmission coefficients of the mirrors and the neutral density 
filters. The flux entering the photometer in the wavelength range 

dX is :
F(A) T T(A) dA , (20)

where is the transmission of the lense and windows and T (A)

is the transmission of the filter. The signal current, I , detecteds
at the anode of the photomultiplier resulting from the radiation 
in the range dX is:

I (X) = F(X) T T(X) q (X) gdX , (21)s x
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where q (A) is the quantum efficiency and r is the signal current 

gain. To determine the total signal resulting from the tungsten 

lamp the above expression is integrated for over the trans
mission of the filter. Thus knowing F (A) and I , the signal current,s
a calibration of the photometer can be made. Subsequent calibrations 

were within three per cent of the original one.

Target Gas Measurements

The pressure of the target gas was measured with an ion gauge 

located near the target gas inlet (opposite the photometer). Pre
purified nitrogen was used during the experiment. A thorough flush

ing of the chamber with this gas was made before each series of 
measurements. Initially, the gas was passed through a liquid nitrogen 

trap prior to its entering the chamber. However, it was found that 

this was not necessary. The same results were obtained with or with
out the trap.

The pressure measurements, as is normal with this type of experi
ment where one must measure pressures with ion gauges , contributed 

the greatest amount of error in the experiment. A carefully defined 

procedure was followed in taking the pressure measurements to reduce 

the possible experimental errors. For instance, the outgassing 
of the ion gauge followed a set, timed procedure. The pressure 
measurement was taken at a predetermined time after the outgassing 
of the gauge had ended since it was difficult to obtain an equilib

rium reading for a period of a couple of hours after the outgassing. 
This procedure was also followed during the pressure calibration.
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During the measurements the pressure was adjusted to ensure 

a linear relation between it and the photometer signal. This is 

an indication that the signals observed resulted from primary colli
sions of protons and nitrogen molecules and not from a secondary 
process such as hydrogen atoms colliding with nitrogen molecules.

A McLeod gauge, suitable for measuring pressures ranging from
-3 -510 torr to 5x10 torr, was used for the calibration of the ion

gauge. Care was taken to ensure equilibrium conditions. The gas 
used for calibration was the same as that used in the experiment.
In addition, since there was some question of whether the proximity 

of the ion gauge to the gas flow outlet might influence the measure

ments of pressure, calibrations were made with the ion gauge in 
two different positions with respect to the gas inlet. No differ
ence between the two measurements could be determined in the limit 
of experimental error associated with these measurements.
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RESULTS

The experiment reported here yielded measurements of the polari

zation of Balmer alpha and N* first negative (0,1) emissions, Balmer 
alpha and first negative (0,1) emission cross-sections and the

total charge exchange cross sections for protons with energies ranging

from 2 to 35 Kev colliding with nitrogen molecules.

Polarization Measurement

The polarization of Balmer alpha radiation is shown in figure (15) 

for two collision chamber lengths. The polarization in the case 

of the 100 cm chamber length reaches a maximum at nearly the same 

velocity for the Balmer alpha cross section. Its value at this
Qvelocity (1.5 x 10 cm/sec) is 6 per cent. The error bars indi

cate the amount of statistical scatter. In the case of the 19 cm 

chamber, the measurement is only exploratory and thus results in

a larger uncertainty in the data.

A measurement was also made of the polarization of the N* first 
negative (0,1) emission. The polarization was less than one per 
cent over the entire energy range of the protons.

Total Charge Exchange Cross Section

The total charge exchange cross section (figure 16) is com

pared to the cross sections measured by Carleton and Lawrence (1958), 
Sheridan et al. (1961), Sheridan and Clark (1965) and Oilbody and

CHAPTER IV
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Hasted (1957). The maximum value of 1.6 x 1 ( 7 cm2 occurs at a velocity
g

of 10 cm/sec and at higher energies the curve has approximately 
2a 1/v dependence.

Balmer Alpha Emission Cross Section

The Balmer alpha emission cross section is shown in figure (17)

as a function of the relative velocity. For comparison purposes
the measurements of this cross section by Hughes and Philpot (1964),

and Sheridan and Clark (1965) are also given. In general Philpot

and Hughes* results are much smaller than either those of Sheridan

and Clark or ours. However, in their paper, Philpot and Hughes state
that they based their results on a constant emitter density along
the beam axis. Sheridan and Clark correct for the variation in emitter

density. If their corrections are an indication of that needed

for Philpot and Hughes’ measurements, this correction would raise

the Balmer alpha emission cross section of Philpot and Hughes to
a magnitude at least as great as that of Sheridan and Clark. The
uncorrected cross section of Sheridan and Clark drops more rapidly

2(i.e. as a function of 1/v ) than our cross section. They have used 

a shorter chamber to measure their cross section which would influence 
the amount of 3s-2p emissions observed. Hughes et al. (1966) have 
recently measured the 3s capture cross section which is shown in 
figure (18). The 3s capture cross section reaches a maximum at a

Qvelocity of about 2.5 x 10 cm/sec and Hughes et al. have indicated 

that it contributes a significant amount to the Balmer alpha emission
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cross section at this velocity. Therefore, in the cross section of
Sheridan and Clark, the sharper drop at the higher velocities seems

reasonable in light of the shorter chamber which they used.

The Balmer alpha cross section given here has a 1/v dependence
-17 2at the higher energies and reaches a maximum of 2.6 x 10 cm at 

00.95 x 10 cm/sec. The structure shown here has not been observed 

in the previous measurements of Balmer alpha cross sections. How
ever, Van Zyl (1967) has observed similar structure in his Lyman 

alpha emission cross section for protons on nitrogen and argon.

In figure (19), the Balmer alpha cross section measured with 

the shorter chamber is shown only for comparison purposes.

First Negative (0,1) Band Emission Cross Section

Figure (20) gives our measured cross section for production 
oof i+278 A (0,1) emissions along with the cross sections measured

by Philpot and Hughes (1964), Sheridan and Clark (1965) and Dalberg
o .(1967). In addition, the 3914 A (0,0) first negative emission

cross section measured by Sheridan et al. (1961), and Carlton 

and Lawrence (1958) is included for comparison. The present investiga

tion extends the measurement of the (0,1) emission cross section 

to a proton energy of 2 Kev. The cross section given here is very 

similar in shape to the (0,0) first negative cross section as one
would expect. Its shape has a 1/v dependence at higher energies

-17 2and the maximum cross section of 7.8 x 10 cm is at a velocity 
0of 1.35 x 10 cm/sec.
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Cascade Influence

A short investigation has been made to determine the influence 

of cascade on the population of the n=3 level of fast neutral hydrogen 

atoms in the beam. To accomplish this the collision chamber has 
been shortened to 30 cm for additional Balmer alpha emission cross 
measurements.

In Appendix 2 a derivation has been given for the expected 

influence of direct cascade population for one transition. This 

derivation shows that in order that a particular state makes its 
maximum contribution to the population of the n=3 level the state’s 
relative population must be in equilibrium. Shortening the chamber 

length reduces the number of states whose relative populations are 

in equilibrium and thus influences the cascade. Figure 19 gives 

the results of this brief investigation. The relative shapes be

tween the two curves are of primary interest; no attempt was made 
to give an absolute value to the shorter chamber results.

Experimental Error

The experimental error may be divided into the following general 
categories for optical emission cross sections: those due to

measurement of ion beam current, pressure, emission signal current, 
beam energy, and those due to the beam length and solid angle measure

ments. A determination of the total charge exchange cross section 

includes errors resulting from the measurements of the ion and electron 
currents, the effective path length of the beam, pressure, ion beam
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current and beam energy. The principle errors in polarization measure

ments are restricted to the errors in the determination of relative 

signal intensity and relative beam currents. These errors will 

be discussed separately and an overall absolute error will be given 

for each measurement.
A series of beam energy calibrations has shown that the beam 

energy remains stable over long periods (on the order of hours).
The uncertainty in the beam energy is due mainly to the energy calibra

tion and is, at most, 2 per cent for all energies. As in the case 

of the beam energy the collision chamber pressure remains stable 
(within a one per cent variation) for periods of days during the 
measurements. Thus, the major error introduced by this measurement 
is in the calibration of the ion gauge, estimated to be a 10 per 

cent error. The beam current, especially in the high energy range, 

is somewhat unstable with small fast fluctuations occurring. For 
the emission cross section measurements it was necessary to integrate 
these beam currents over long intervals to obtain an accurate average 
current. The error introduced (by comparing with an electronic current 

integrator) is estimated at 5 per cent. In the case of the total 

charge exchange cross section measurements the beam current measure
ments were essentially instantaneous and thus only the meters’ system

atic error- is introduced which is less than a 2 per cent error.
For the emission cross sections, a systematic error of 5 per 

cent is estimated for the calibration of the photometer. Further

more the fluctuations in the signal and dark current also required
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an integration of these over time intervals coinciding with those 

used for the beam current measurements. This error is estimated 

to be less than 5 per cent. The ion and electron signal currents 

for the determination of the total charge exchange cross section 

are measured nearly instantaneously and thus only the systematic 
error of the meters is included (4 per cent). The solid angle and 

beam length observed by the photometer are needed for determining 

the total number of Balmer alpha or (0,1) first negative events.
It is estimated that the uncertainty in the beam length is 4% and 
that for the solid angle is 2%.

The relative scatter of data points shown indicates the random 
error introduced. More than 200 data points were taken for each 

of the two emission cross sections. The large uncertainty in the 

polarization measurements may be attributed to the fact that the 
result is a small difference between two large numbers.

The total systematic error for the Balmer alpha and N* first 
negative emission cross sections is estimated to be 25 per cent; the 

random error is less than 5 per cent. For the total charge exchange 
cross section the systematic error is estimated to be 16 per cent; 
the random error is 5 per cent.

Although the systematic error for the polarization measurement 
is small (8 per cent) the random error is quite large (at least 50% 

in some cases). This large amount of random error may be attributed, 
as stated above, to the small polarization observed and therefore 
to the problem of measuring the small difference between two large 
signals.



CHAPTER V 

DISCUSSION

A Model For the Collision

From the Balmer alpha results, figure 21, it is observed that the 

low energy maxima of the Balmer alpha, Lyman alpha, and total charge ex-
gchange cross sections occur at about the same velocity(0.95 x 10 cm/sec). 

The Massey adiabatic criterion, equation (1), does not predict this 
since the energy required for each of the three reactions is different;

H+ + N2 + 5.1 ev  * H(n=l) + N* X 2Z* (22)

2 ^+ 15.3 ev  > H(n=2) + N* X (23)c 6

+ 2 ++ 17.2 ev --- ► H(n=3) + N X E (24) ̂ ©
In equation 22, it is assumed that the total charge exchange is princi

pally due to the ground state capture cross section. If an effective 

collision range of 7A, (Hasted, 1964), is assumed for each reaction,

the humps for (22), (23), and (24), from the adiabatic criterion should
8 8 appear at velocities of 0.85 x 10 cm/sec, 2.55 x 10 cm/sec, and

02.87 x 10 cm/sec, respectively.

It appears then that there is a coupling between the three levels.

One possible model for this coupling involves a statistical distribution 

among final states, a description similar to the statistical model of 
Everhart and Kessel (1966). In the present case the newly formed 
neutral resides in an initially perturbed state. After the transition,
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the perturbing interaction between the ion and atom decreases and the 

hydrogen atom relaxes into one of the final, unperturbed states of a 

'free' hydrogen atom. A similar description may be given for the N* 
ion formed. The appropriate 'AE' value is then the difference between 

the total internal energy of the proton-nitrogen molecule system 

immediately before the transition (the nitrogen molecule may be ini

tially perturbed through its interaction with the proton) and the 

internal energy of the atom-molecular ion system immediately after the 

transition. This ' AE' value could be used for an adiabatic criterion 

but in this case its use would not imply a correlation between the final 
states of the nitrogen ion and the hydrogen atom. Such an application 

of the adiabatic criterion could also predict a maximum at the same 

velocity for all three of the reactions (22), (23), and (24). A 

formulation for this description is given below. Consider that the 

initial perturbed state, ij>m , in which the hydrogen atom resides, may be 
expressed as a linear combination of unperturbed, 'stationary', states, 
i|>°, (free hydrogen wave functions), that is:

n
The assumption is made at this point that any interaction between the 

perturbed hydrogen atom and the N* ion after the transition is too 

small to influence the distribution among final states. With this 

assumption, the probability that a hydrogen atom, initially in the ib 
state, will finally reside in the unperturbed state is |amn|̂ . If 
the cross section for capture into the perturbed hydrogen atom state
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m is then the cross section corresponding to the unperturbed hydrogen

atom residing in the state n is:

a = 7 a a . (26)n L 1 nm1 m m

Thus, the cross sections for the first three levels of the hydrogen 

atom can be written:

° 2  = | a 2 1 | 2 ° l  *  | a 2 2 | 2 t , 2  + | a 2 3 | 2 ° 3  ( 2 8 )

°3 = | a 3 1 | 2 ° l  * l a3 2 l S  + | a 3 3 | 2°3 • "  • <“ >

2The 'coupling coefficients', lanml » al°ng with the cross sections, o , 
determine the magnitude of the excitation cross sections for the various 
levels of the atom.

represents the cross section for excitation of the lowest 

perturbed energy level. It is presumed that this cross section, because 

of energy considerations, is the largest perturbed cross section, that 
is,

°1 > °2 > °3* * *‘ etC‘

Furthermore, if the perturbation is not large the energy of a perturbed 

state will nearly equal the energy of the corresponding unperturbed 
state. The fact that the perturbation is small implies that the coupling 
coefficients satisfy the following relationship:



O a ,2.

°2 = l a2 1 | 2 ° l  ’  | a 22 | 2°2 ( 3 2 )

°3 * l a 3 l | 2<,l  + l a 3 2 | 2 ° 2  *  | a 3 3 | 2 °3 <33)

In the case of the n=3 capture cross section three humps are predicted; 

for the n=2 capture cross section two humps are predicted; only one
hump is predicted in the ground state capture cross section. In addition,

the coincidence of the predicted lowest energy humps in these capture 
cross sections would be expected from this description through a^. An 

examination of figure 21, reveals the structure of the Lyman alpha and 
Balmer alpha cross sections and the coincidence of the low energy humps ir 

these cross sections with that of the total charge exchange cross section. 

These results are consistent with the coupling model presented here, i.e, 
equations (31), (32), and (33).

The n=3 level has 3 degenerate orbital angular momentum states.

One may examine the contribution of this degeneracy to a possible descrip

tion of the results. The Balmer alpha emission cross section measured in 

the present experiment represents a composite of the 3s, 3p, and 3d cross 
sections. Hughes, et. al., (1966) measured the 3s capture cross section, 
figure IQ. The position of the maximum in this cross section compares 

favorably with the highest energy hump in the Balmer alpha cross section

From these considerations (27), (28), and (29) are approximately:

(31)
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presented here. If the 3s, 3p, and 3d cross sections have maxima 

occurring at different velocities an observed structure in a sum of 

these cross sections (e.g. the Balmer alpha cross section) might be 

explained. Such a description, however, does not predict the structure 

of the 3s, 3p, or 3d cross sections. Furthermore it does not explain 

the observed structure in the Lyman alpha emission cross section nor 

the coincidence of the positions of the low energy peaks in the Balmer 
alpha, Lyman alpha, and total charge exchange cross sections. This 

lends justification to the interpretation of the Balmer alpha emission 

cross section in terms of a statistical model as opposed to one using 

only a composite of the individual 3s, 3p, and 3d capture sections to 
describe the results.

The view that a proton-N^ charge exchange collision results in 

coupling between the energy levels of the resulting hydrogen atom is 

not new. A recent theoretical development involving a coupling scheme 

has been proposed by Wilets and Gallaher (1966) for charge exchange 

collisions between protons and hydrogen atoms. For their results, they 

have considered coupling between the states of the first three levels 
of the newly formed hydrogen atom and have obtained general agreement 

with the experimental results of Stebbings, et. al. (1965) for the 

reaction, H+ + H(ls) H(2p) + H+. Although a theoretical model (with 

the same basis as the Wilets and Gallaher model) has not been developed 
for H+-N2 collisions the energy level coupling view is still useful 
for viewing this charge exchange collision.
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Cascade Effects

In the previous measurements of emission cross sections for hydro

gen emission resulting from charge exchange collisions, it has generally 

been assumed that any population from cascading was small or had been 

included in the measurements. This assumption should be considered 

valid only in the case of Van Zyl's Lyman alpha emission cross section 
(figure 21) since,as he has stated, the fast higher level excited 
neutrals will pass from the viewing region in his experiment before they 
have progressed to the point in the decay scheme where they may produce 

Lyman alpha emissions.
The assumption that the cascade effect would have little influence on 

the measurement of the Balmer alpha emission cross section is not justi
fiable in our case. The criteria used in this experiment for population 

equilibrium of the n=3 state (Appendix 1) may also be applied to energy 

levels above the n=3 level (Appendix 2). Those states whose lifetimes 

are equal to or less than the 3s lifetime would then (neglecting con

tributions to these states from cascade) exhibit population equilibrium. 

Therefore, the contribution of those states to the population of the 

n=3 levels through first order cascade would be proportional to their

excitation cross sections (Appendix 2). For instance, in the case of
-8the state (lifetime = 7.3 x 10 sec) there is only one allowed 

dipole transition: the 4f-3d transition. If this transition were
treated in the manner of Appendix 2 and only the 4f-3d transition made a 
significant cascade contribution, the 3d-2p emission intensity would be:



where is the 4f state capture cross section. Thus the measured

emission cross section for this example is a composite of the excitation

cross sections,c, _ and cj4 r 3d
Although the 4f-3d transition has been used only for demonstrating 

the proportionality relationship described above, this transition may 

have additional importance. The n=4 capture cross sections, from energy 

considerations, should be the largest capture cross sections for energy 
levels lying above the n=3 level and they may be within an order of 

magnitude of the n=3 capture cross sections. If this were the case, the 

4f-3d transition could contribute significantly to the Balmer alpha 

emission cross section.

In figure 19, it is evident that the shortening of the chamber 
influences the shape of the Balmer alpha cross section. Not only is 

the slope at higher energies increased but a flattening of the low 

energy maximum is observed. At higher energies, the 3s capture cross 

section contributes a significant amount to the Balmer alpha emission 
cross section (see figure 18). Among the 3 transitions, 3s-2p, 3p-2s, 

and 3d-2p, the 3s-2p transition has the longest lifetime. One there
fore expects that at higher energies the loss of the 3s-2p emission 
with the shorter chamber will be especially evident and will result in 

a steeper slope for the cross section.

Hughes has not extended his 3s capture cross section to the low 

energy range of the present Balmer alpha cross section but it is 
expected that the 3s capture cross section contributes only a minor



part there to the Balmer alpha cross section. Furthermore at these 

low energies the population of the 3s state is still close to equilibrium 

The flattening observed can be due in part to the loss of cascade 
contributions from higher energy levels whose lifetimes are significantly 

larger (at least twice as large) than the 3s lifetime.
A laboratory measurement of the emission cross section which 

would be valid for upper atmospheric phenomena (for which the mean 

free path is of the order of meters) would need to include as much 
cascade contribution as possible. Although this experiment does not 

include all possible cascade schemes it most probably includes the 
more important ones. It is expected, therefore, that the Balmer alpha 

cross section reported here is a more useful cross section for applica

tion to auroral calculations than previously reported Balmer alpha 

emission cross sections.

Polarization of the Emission

The polarization results, figure 15, for the 100 cm chamber 

indicate that only a small amount of polarization is present in the 

Balmer alpha radiation and there is essentially none for the (0,1) 
first negative radiation. Furthermore, the shorter chamber results 
indicate a larger per cent of polarization of Balmer alpha radiation 
than for the long chamber. It has been shown above that for the 
shorter chamber, the 3s state population at the observation point has 

not come to equilibrium at the higher energies. The 3s state is a 
source of unpolarized emissions. A loss of some 3s contribution, 
therefore, can allow an increase in the influence of the possibly
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polarized 3p and 3d emissions. This may explain the observed increase 

in polarization. The 3s capture cross section, figure 18, indicates 

that, indeed, at higher energies the increase of polarization may be 

accounted for by a loss of 3s population in the shorter chamber. But 
since the 3s cross section decreases at lower energies and its popula
tion is close to equilibrium at these energies, the increase in polariza

tion at low energies must be due to other mechanisms.
A loss in direct cascade population at the shorter chamber length 

may also influence the polarization since a preferential population 

of the magnetic substates in the upper energy levels may not be carried 

through in a direct cascade to the lower level. Furthermore, although 

it has been stated that the polarization of the Balmer alpha emissions 

is due to the preferred direction provided by the proton beam this 
preferred direction has no influence on the cascading processes.

Summary

The most significant contributions of this work are: (1) the

first measurement of the Balmer alpha emission cross section at a 
distance far enough into the collision chamber to ensure that the 
degenerate 3s, 3p, and 3d levels had all attained population equilibrium;
(2) the first measurement of the polarization of Balmer alpha and N* 

first negative emissions resulting from collisions of protons with 

and (3) the measurement of the Balmer alpha cross section with enough 
accuracy and reproducibility to observe a detailed structure in the cross 
section which could be correlated with the structure observed in the



77

Lyman alpha emission cross section and the total charge exchange 

cross section.
Added contributions of the present work are: (1) the extension

of the measurement of the Balmer alpha emission cross section to a 
lower energy (1.5 Kev) than given in previous measurements; (2) the 
inclusion of a greater fraction of the cascade contribution to the 

Balmer alpha cross section than in previous measurements; and (3) the 

presentation of a model giving a possible explanation of the observed 

correlation in the structure of the Balmer alpha, Lyman alpha, and 
total charge exchange cross sections.



APPENDIX 1

BEAM KINETICS

Consider a beam of high energy protons entering a collision 

chamber. The initial density of protons in the beam is n*. As the
beam passes through the target gas some of the protons will be trans

formed into high energy hydrogen atoms through charge exchange colli

sions. Furthermore, it is possible for these atoms to make ionizing 

collisions with the target particles and be converted back to protons.

The equation for describing the ion and atom densities using 

the fact that the rate of production in a unit volume of target gas 

equals the net flux out of the volume is:

where ck is the neutral hydrogen ionization cross section, n is the

beam particles, z is the distance from the entrance of the chamber to

section for protons colliding with the target particles. The solution 

of this equation results from an integration along the beam path

oa . n nv 1
+a n nv = vc

3n
3z ( 1 )

target gas density, n° is the neutral hydrogen density in the beam, 
n+ is the density of protons in the beam, v is the velocity of the

the collision region, and is the total charge exchange cross

with the substitution, n°(z) = n+ - n+(z). Thuso

(2 )

where □ = o + .t e a

78



For the specific case of protons in nitrogen molecules,

>> in the energy range less than 25 Kev (see Stier and Barnett, 

1956 for and the present paper for o ) and in the experiment 

described here o^nz is approximately 0.3.

Neglecting two collision processes, the equation describing 
the variation in the density, n^, of beam atoms in a particular state 
m (using the same considerations as in (1)) is:

+ 9n o n n v +  y n. A, - n A = v  (3)m £ k km m m  3z
k m

where o is the cross section for excitation of the state m in charge m
exchange collisions, A^m is the transition probability for the

transition from the state k to state m, and A is the total transi-* m
tion probability for transitions from state m. Substituting (2) into
(3), neglecting the second term on the left (due to cascade) which 

is presumed to be small, and integrating gives the solution:

79

+n n a. / s o m i
nm (A /v)om t

1 - exp (-A z/v) m

+n n a o + o m c
(A /v - no )a m t t

(^)
exp (-o nz) - exp (-A z/v) t m

In the experiment described here, the smallest value of A^/v
is 0.024 and the largest value of n is approximately 0.003. We
can therefore say A /v >> a m  in all cases. Equation (4) can thenm t
be written:
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+n n o v / \ o mn (z) =  t----m Am
l-exp (-A z/v)m (5)

The collision chamber length is chosen so that exp (-A^L/v) << 1 

for the largest v and smallest A^ where L is the distance of the 
position of observation from the entrance of the beam into the colli

sion chamber. Specifically, L=100 cm and exp (-A. L/v ) = 0.09.OS TH3X
We can then write:

+n n a vo m / c \n =  t  (6)m Am
The rate of transitions from the state k to the state m is:

AvI = n A * —~  n n v (7)km m km A o mm
For the total intensity of Balmer alpha emission, we merely add the 

contributions from 3s, 3p, and 3d states, giving:

I = n n+ v [a + a + o I (8)a o I 3s A_ 3p 3d\ 3p I
The quantity in parentheses is, by definition, the Balmer alpha emis

sion cross section, a^, i.e. the number of emitted Balmer alpha photons 
per second per target per unit incident beam flux.



THE INFLUENCE OF CASCADE PROCESSES ON EMISSION CROSS SECTIONS

To demonstrate the influence of cascade processes on the emis

sion cross sections, a direct cascade process from a single upper 

level to a given final state will be considered. Equation (3) Appendix 
1 can then be written

APPENDIX 2

+ 3nmo n n v  + n. A, - n A = v -—  m k km m m 8 z (9)

where E, > E and only the cascade contribution from state k is included. K m
Neglecting cascade population of the state k, is given by (5)
Appendix 1 where, as before, A./v >> o n, i.e.,k t

n n o, v o k 1-exp (-A^z/v) (10)

thwhere A^ is the total transition probability for the k— state. 

Substituting (10) into (9), integrating, and observing the above 
condition set on the exponentials yields:

N = m

+n n v o
m

A, o, km k + am (11)

For 3p-2s emissions the observed intensity is then

3p-2s
n n vAo 3p-2s

A„3p

' A, a,k-3p k + o3p ( 12)

81



82

The effect of direct cascade where the levels are in a population
A.

equilibrium is simply related to the fraction and the cross
kthsection for exciting the k—  level. Although only direct cascading

has been considered it is not difficult to include the influence
of other schemes. For instance a process where the k-̂ - level was

also populated through a single cascade process from the level

would involve the inclusion of an additional fraction in (10) in

the same manner as the single cascade process was included in (11).
A. A

Since now terms in (12) would include fractions such as ™ itA. A,
1 kis felt that the double cascade process and other similar cascade 

schemes would not be as important as the single or direct cascade 
process.
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