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ABSTRACT
Doppler shifted and unshifted Balmer-alpha radiation
has been observed in the absolute sense for energetic H+,

; and H; ions incident on molecular hydrogen by the method

H
of decay inside the target within the energy range of 20 keV
to 150 keV. Most of the measurements were based on single-
collision conditions, but a simple thick-target experiment
has been tried for the case of dissociative excitation of
the target molecules by H atoms.

| The Balmer-alpha radiation emitted by hydrogen and
deutérium beams has been used as a diagnostic method of.
neutral beam parameters. One important néutral beam para-
meter is the species mix betﬁeen H+,vH; and H; ion cur-
rents produced by the ion source and accelerator., This
species mix can be resolved by analysis of the Balmer-alpha
radiation if fhe beam iS observed along an off normal axis
with sufficient Spectrallreso1ution to separate the Doppler
shifted radiation components from each other. An impediment

to this approach to measuring the ion species is that some

of the required cross sections have not been measured. This
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is the motivation for the presented experimental work.

A home made monochroma;or gave enough optical through-:
put and spectral resolution for separation of the Doppler
shifted lines from the unshifted lines. By selectively
varying the target pressure and the distance of travel into bt
the target'prior to the observation region, excitation cross
sections for three different angular momentum states (3s,
3p and 3d) have been determined. Combinations of a linear.
polarizer and a half-wave plate were used for polarization
measurement, Separation of the individual Zeeman levels has
béen tried for the 3p state from the information obtained
from the polarization. .Theoretical estimates of the cas-
cading corrections have been applied in the case of both
thin and thick targets. The inténsity development equa-
tions for thick tafget§ also have been derived.

Cross sections for 3s production show general agree-
ment with previous measurements, while those for'3p and 3d
differ by as much as'a factor of two. Target dissociative
excitation cross sections show good agreement with pre-
vious measurements except those measured by Willjams,

et al..
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"CHAPTER 1

Introduction

There has been considerable effort to derive useful

energy from fusion reactions'for many years. One of the

most advanced and prospective technologies for a practical
fusion reactor utilizes magnetfé confinement which contains
the fusion b]asma with strong magnetic fields. To achieve
a plasma with the necessary high temperature the'usua1_re-
actors require auxiliary plasma heatjng, fof which a pro-
mising.techniqUe is injecting of energetic neutral deute-
rium beams into the p]asma.(l) These pass through the confi-
ning magnetic fie1d and get trapped in the confihement re-
gion_by either chérge exchange or 1onization collision proQ
cesses, 'Théreafter the beam energy is shared with the tar-
get plasma by Coulohb col]isions.' A brief explanation of
the idea is shown in Fig. I-I;.Df, D; and etc. ions are
formed in the ion source. - After accelerationvthey are neu-
tralized in the g@s neutralizer. U&ually this neutraliza-
tidn'process is extremely complicated since it involves
multiple atomic and molecular collisions. The beam will
bevéomposed'of oh]y neutral particles after it goes through
the gas neutralizer and sweeping magnet which eliminate
charged particles from the beam.

To develop a multi-mega watt neutral étom beam, it is
requibéd for the beam to travel over a distance of several

meters with a minimum lToss. Therefore, it is vital to be
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p® with E/2 and D

able to define and measure both the beam steering direction

and beam angular divergence. It is also impoktant to be a-
ble to measure the relative quéntities of}the different spe-
cies in the mixed ion beam extracted from the ion source.
The resulting neutral beam before injecting into the plasma

is composed'of p® with full energy E, which comes from D+,

0
2

0+. This is shown in

0 . . + .
2 with E from DZ’ with

and D% with E/10 from D

p® with E/3 and D

+
3

Fig. 1-2 schematically.

2E/3 frbm D 2
In general the effective charge exchange and ioniza-
tion cross sections-depend on the beam energy. .Hence,
the mean free path lengthsvof the neutrals are dependent on
both béam energy and beam species. Moreover in these neu-
tral beamé the'peak powervdensity may apprbach 30 kN/cm-2
thch is at least one order 6f‘magnitude higher than can
be deposited on even cooled conventional diagnostic probes,
Therefore, it has been long desired to deve1op alternative
non-disturbing diagnostic methods. One of the most success-
ful methods is the optical spectroscopic beam diagnos-’ |
tics(la). The spectrum of Balmer-alpha radiation emitted by
fast deuterium neutrals is observed inside the neutra]izer}
along an optic axis at an angle to the neutral beam axis.
The radiation is Doppler shifted sufficiently to resolve the
three dominant energyvcomponents'of thé neutral beam. The

typical spectrum of the radiation is shown in Fig. 1-3.

To make a quantitative assessment of such a spectrum,
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many kinds of cross sections for light emission are needed,

some of which are unknown. The reason for the lack of know-
ledge is the inherently low signa]ﬁto noise ratios normally

experienced in the relevant experiments.

A number pf authors have measured relevant cross sec-
tions for producing n=3 state hydrogen atoms by hydrogenic
molecular ions and prqfons incident on molecular hydrogen.
Hughes and co-workers(lb)‘(ll) have reported measurements
“which arevoften utilized in on-going researcﬁ related to

(12)-(13) and other authors

fusion. Thomas and eo-w0rkers
have reborted,(14)°(25) discussed and extended Hughes'
werks. A common characteristic of most of their experiments
is that energetic ions and/or atoms were passed through a
gas target cell, aﬁd the radiation of the fast emerging
neutral atoms was observed down stream in a reduced pres-

work(13) was an exception. For Bal-

sure region, Thomas'
mer-alpha this allowed a separation of the s, p and d states
and a measurement of both excitation cross.section and re-
Specfive.1ifetimes.
In the work presented herein, the observation of the

emitted 1ight was within the target cell itself, and the
.Doppler shift was used for the separation of the radiation
from the fast beam and that from the tafget gas. Further-
more, in this work it was possible to move the aperture so

that the distance the beam traveled before observation as

'well_as the gas pressure and beam energy could be varied as

needed. The specific apparatus and method will be discussed
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and

) iﬁifhewf6i1dw{ng chapters.

More specifically, the reactions
» * ' }
H + H, ---3 H + H + H (n=3 to 2) (1-1)
, k 0 | K '
H + Hy =--3 H + H + _H (n=3 to 2) (1-2)

have been studied for H" beam incident on a thick hydrogen

. . 26
target by using species deve]opment_equations.( ) ;

The tharge changing reaction leaving the fast atom in an

excited state

ﬂ+ 4y : H2 i__} ﬂ*(3s,3p,3d) + .( H; ) o {(1-3)

has been studied with HY ions and thin hydrogen gas targets.

The individual cross sections of Zeeman levels of the

3p to 2s transition werevstudied by observation of the polar-

ization which gave correction factors for total cross sect-
ion. In many cases it was difficult to measure polarizations
due to the low level of polarization involved.

The reactions

Hy + Hy ——-y (W3] + W+ W'(n=3 to 2) (1-4)

-2 2
and etc.,
+ *- + . .
Hy + H, ---> H (3s,3p,3d) + H + (.H2 ) (1-5)
and - etc.,
L+ _ +y * .
Hy o+ Hy ===y (H3] + H + H(n=3 to 2) (1-6)



and : ' etc.,

HY +  H, ===- H(3s,3p,3d) + (Hy ) + (H, ) (1-7)

2
etc,
have been studied for H; and H; beams on thin hydrogen
targets., | _
Only the cross sections of H+ impact dn H2 had been
known when this work started. Those measurements show good

agreement with the present results. Recently w11liams(28)

et al. have measured the cross sections of the target dis-

sociation, formation of the fast 3s state and the sum of 3p

; and H; impact on H, up to 100 kev,

and 3d states for H*, H
some of which show agreement with the present results. No
exact theoretitai estimates of these cross sections have
been made due to the lack of knowledge of mo]ecd]ar §ol]i-
sions. For the purpose of rough comparison the theore-
tical values of the cross. sections for H+ impact on H atoms
have been.uséd. ~Because at high‘energy the bonding of mol-
eculesicould be negligible, these values should be close to

half of the value of H' impact on H It turned out this

2
argument was right in many cases. The present results show
very good agreement with these values too. The detailed
comparison is inen in Chapter 5 .

Thick-target experiments have been studied only for
_the dissociative excitation of target molecules for H+ im-
pact on H2. The problems for other thick target experiments

are the difficulties of the separation of an excited state

hydrogen atom from the ground state hydrogen atom. The



second difficulty is that theke aEe tdo many unkndwn para-
meters going together resulting in statistically poor con-
fidence. The third difficulty was that the cross sections
to Se measured couldn't be independent meaSuhements. _Rather
they were dependent on the knowledge of other cross sections
measufed in some cases by others. In that sense the thick-
target experiments are not good for confident measurements.
Hence, the target diésociation of H2 molecules by H atoms
was experimentally studied,using both thin and thick targets

but the theoretical description for other thick target sys-

tems is given in Appendix B.

7

0riginaT]y»on]y relative measurements were planned
because in the real application absolute values aren't |

needed. But seldom do absolute values of fhe-cross sections

measured by different authors agree with each other, Nor-

malization requirements and conflicting published results
suggested the need for new absolute measurementS leading to
the absolute calibration of the light detecting system; An
advantage of this calibration procedure came from the usage
of a home made monochromator which gave a large accepténce
solid angle and an accurate wavteengthvreSponse spectrum.
Another advantage came from the usage of a one-to-one image
technique-which made it possible to cancel all geometr{c

factors as explained in Chapter 4.A .
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CHAPTER 2

Theory

A. General Atomic Physiés

In this section a brief survey of thebretica] models and
calculation méthqu for the excitation in heavy particle
collisions will be presented. The phenomenon of interest
iﬁ this work is the formation of excited states either by
charge transfer or by dissociétion. Relatively few theoreti-
cal calculations have been developed for those phenomena, 4
because of the difficulty in the calculation of more than
three body interactions. For the charge transfer calcula-
tion there have been three lines of approach in general; the
Born approximation, the quantal impulse approximation and the
binary encounter approximation. Although there is no exact
definition, what is called low or high velocity is determi-
ned by the ve]bcity of the first orbit electron in.the Bohr
atom; i.e. v0=2..19x108 cm/sec. For a collision between two
systems at high energy the systems don't have enough time to
interact strongly with each other, therefore the molecular
effect can be negligible. In that case the Born-approxi-
mation gives the simplest theoretical calculation. If the
two systems are labeled A and B, then the Hamiltonian can be

written as
H= (T, + Hy + H, ) + V _ - (2-1)

- 2 2 ' i -
where Tp = - ( K2/ 2u ) vi and H, and Hy are Hamilton
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ians for the isolated Systems'A,and B in a réference frame
with respect to the center of mass of each system. "R is the
relative separation between the two centérs of mass and V is
the fnteraction potential between two?systems. The differen-
‘tial cross section for a scattering of the system A by the
system B accompanied by a transition of the interna]‘strucf

ture of A dnd_B from the initial state ¥.

I to the fina] state
(293)

WF is given by

do 2 F
> = () (—) Mol 2 - (2-2)
dQ 2w p° 7 KI : l FI'.

where MKI and ”KF are the initial and final relative momehta

of the two systems and MFI is

e I."ﬁ ¥ > (2-3)

A + B SR C + D (2-4)

5

- {2-5)

But there is an ambiguity as to whether to use VI or VF as
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V in the matrix element MFI'

This is called the post/prior
discrepancy.

" Earlier theoretical work applying this method to the efec-
tron capture by a proton incident on a hydrogen atom was
undertaken by numerous authors(30)'(34). Oppenheimer demon-
strated that at high incident velocity charge capture occurs
almost entirely to s-state and that the probability of cap-
ture into a state of principal quantum number n varies as
n"® . This is the famous n”® law for charge capture cross
sections.

In order to take into account multiple collisions of the
charge exchanged electron which are importaht fn the trans-

fer process, a rigorous expression is given by(35)

‘ K

do _ 2 F + 2 -
R o Lo R e B LIS (2-6)
' I

. > -

where R;I = < elfp ve | Ve | e1KI'ﬁ yoo>
ik 1%6-?5
+ élT+< e F Ye | Ve IG€+ V, e 1 ¥, >

- . : -1
and Ge+'_ ( E=H+ie )

(36)

Thfs is the so-called quantd]»impulse approximation.
In the binary encounter approximation(37), the atomic

electrons and the nuc]eys of each system are considered

to act as independent scattering centers. In other words the

mutual interaction between components in the same system are

‘neglected during the collision process.
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A11 the theoretical results for the charge capture of a
proton incident on the hydrogen atom are compared with exp-
erimental results for protons incident on moleCulqr hydro-

gens, under the assumption'that a hydrogen‘mo]ecule.acts
| (38)

like two isolated hydrogen atoms. But it has been shown
(39)

that this is not exactly true. It has been shown that a
previously overlooked backscattering contribution to the

cross section becomes dominant in the high energy limit,

- making the cross section depend on energy.as E™® instead ,

of E7°,

- Very few theoretical calculations have been developed

for the dissociative excitation of the molecular beam. The

detailed channel of molecular dissociation process'wi]1¥be
followed. For»H2 target gas dissociation three possible

mechanisms are

+ : * + .
HY 4 H, ===y (H) o+ K+ H (2-7)
+ + * +
ﬂm + H, R | ﬂm) + H + H + e (2-8)
+ +- * *
Hy v Hy === (H) + H + H (2-9)
where m = 1, 2 and 3.

For the high energy proton the first and second process-
es. can be ruTed out by Keene”s(4o) failure to observe an
appreciab]e number of slow protons in the study qf protons
impact on H2' Even for m=2 and m=3 cases the third process

would seem to be dominant since Afrosimov.(41) has measured
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secondary slow proton production by these ions impact on

H, and found this to be small.

2
From the same argument as before the possible mechanisms

for the projectile dissociatibn can be written as

+ * * +
Hp +  Hp  =e-e- H o+ B+ (Hy )  (2-10)
Wb+ H, - WY o+ wt o+ (HL ) (2-11)
=2 2 Tt = - 2 A ﬂ
and
+ * +
Hy +  Hp -=--- (H, ) + 8+ (Hy) (2-12),
+ + *
ﬂ3 + H2 ----- ( ﬂz ) +H + ( H2 ) (2-13)
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B. Life.Time of the Excited States -and Intensity Development

Equations.

In order to calculate the life-time of a certain excited

.state one should determine'transition probabil{ties between

that state and other states, i.e. the matrix elements of

the electric dipole moment between two states.

For the n=3 state there are three différent angh]ar mom-

entum states, 3s, 3p and 3d and the effective life-time of |

the state i is given by
1/t, = % A., ' (2-14)

where ri»is‘the effective life time of thée state i and

Aij is the transition probability betwéen the higher state

i and the lower state j. This leads to = 16.0x10"° sec

T .
3s
- -8 - -8 . (41a)

T3p 0f54XI0 sec, and T34 1.56x10 sec.

The light intensity equations along the beam direction

are needed to evaluate the excitation cross sections from

the experimental data. Under the single collision condition

without cascading of the higher state into the state i, the

differential equation for the number density of the projec-

tile particles in the excited state i, Npi» is given by

g = (Noo; v )N - (l/T]-) Np i (2-1'5‘)
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where Nb § number density df the prdjecti]e,
N. ; number density of the target,
o; 3 excitation cfoss section into the state i,
v ;3 velocity of the projectile in the lab. frame.
Un@er the assumption that there is no'collision in the
pre-target‘region and setting the time as 0 when the proj-
ectile gdes through the entrance aperture, the boundary

condition for that equation is that at t=0, Nbi=0' Therefore

7/

Np; = Ky (1 - e‘X/VTi ) ' | (2-16)

*
where Ki- Na Gy V Nb Ty and x=vt |
With the geometry of the system like that shown in Fig.
2-1 the total number of photons Jij emitted from the shaded

section is given by

L+¢

»*
= (Ib/e) N, €T, Aij o5 hi(L) (2-17)
where Ib = e A Nb v ; the current of the beam,

e ; charge of the_e]ectron,
A ; cross sectiona] area of the beam,
and (L) = (1 - (ve,/0) (1 - e ®VTiy e "HVTy),
For L >> ¢, Ihi(L) - gi(L) = (1 -.e'E/VTi ) .
Therefore, the expected signal S(L) from the photon dete-

ction system js given by



17

¢LL11-628 18X

1-2°014




18

S(L) = Z (Q/4n) T Q J;;(L) | (2-18)
' i
where Q ;3 observational solid angle
T 3 transmittance of the optical system
Q 5 quantum efficiency of the photon detector.

Finally S(L) can be expressed as

S(L) = D ( Ib/-e ) N, ¢ L AiJ’ T, g].(L) (2-19)
1 '

where D is the detection efficiency defined as
D = (Q/47) QT (2-20)

So far the cascading effect has been neglected; includ-

ing it changes equation (2-15) to

dNy 4

* ' '
ae— = (Ip/e) oy Nyo= (1/15) Npgoo v 20 AN,

This is a 1lst order Self consistent differential equation.

. o
law and Aki

becomes smaller for the higher k the magnitude of the self-

Since the excitation cross section follows n~

consistent term should be small. Hence, a perturbation meth- '
od can be applied to solve this equation. The solution in-

cluding the first order term can be written as

N = Y. 1 (2-22)
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then the equation‘for the zeroth order is given by
= (1 N o (1 NO (2-23
a ° b/e ) a % " (_/Ti) b | -23)

“which has the same form with equation’(2-15). Therefore the.

zeroth order solution can be written as
NS . = Ki gi(x)‘ o (2-24)
The equation for the first order term is then

bl 1/7,) N, o+ A, N (2-25)
a0 - - (1/7 by kEi - 7ki Tbi B -

In order to solve this equation one starts with a homogen-

eous part of the solution

nib

1n a et/ 1y - (2-26)

and a particular part of the solution

/e

Ip - - '
Nbi = kEi( Bk_Aki Kk ‘ 1 - e k) + Yk ) (2-27)

Boundary conditions lead to
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‘ = 2 -
Y Ke Mg 15 /7 G =1y )
e = - Iy
1 k>i K

Thelcombination of these constants leads to a final form as

" A K | S a
Npj = Ty 2 ki ko T, 9 (x) - i ogi(x)) (2-28)

k>i i

On]y‘the single collision syStem has been treated to this
point, but the multiple collision system will be presented
also. For the real éxperiment the simplest multiple bo]li— /
sion system is the case of the target molecule dissociative
excitation by protons. The equations for othek'cases have
been developed and they wi11 be pre§ented in Appendix B.

0 and

Consider the two component system including T and H
neglecting H , The relative density of H0 and Ht in the
projectile beam can be denoted by Yo and Y, - Neglecting the

excitated state effect one can write the equation for Yo

and y, as
and
dy : _
@ C 7 %Y “10 Y+ (2-30)
where T = Nbx and 010 and 001 are charge exchange

cross sections. The boundary condition is given at mw =0

where Yo = 0 and y =1 . Then the solutions are
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- orT | (2-31)

y+ = Flm + Fow €
and |
Yo = Fpo (1 - 7717 (2-32)
o where GT = Oy + Og1 » F000 = 010/0T and F1m= OIO/CT'

The light intensity from the target, J is given by

L a b +

3= sttEwoAv N (o, y, + oy y, ) dx (2-33)

* K ' :
where o, and P are dissociative excitation cross sec-

tions ovaé by H+ and H® beam.

For L >> ¢ this can be simplified as

! . g
Jo= N AV N (o, (F o+ Fp e T Ta)

a .
Fow (1= €T Maby ) 0 (2-34)

"

+ 00
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C. Polarization |

Studying the interaction between the beam and target,
one can assume the system to be az{muthally symmetric due
to the cylindrical geometry of the beam. Assigning the beam
axis as the z-axis and observing along the axis which has an
angle & with the z-axis, I (6) is defined as the local rel-
ative intensity of photons which have their electric fields
normal to the z-axis and L (8) as the intensity of photons
with the electric fields parallel to the z-axis.asishown.in
Fig. 2-2. With this geometry, the polarization at an angle
& with the z-axis can be specified as‘

Iy(e) - 1I.(8)

P(e) = (2-35)
I, (e) + I (e)

To derive P(8) in terms of cross sections one. starts
with the quantum mechanical form of dipole radiation under
the assumption that the diploe process is dominant in the

~radiative transition., The equation for the dipole radiation

is given by(42)

A

I (a, e ) = n'(e? /ch3)w“|;j-<N'| FolON 5|2

ceecmcmcm————- P (2-36)

~

where I (@ , e, ) is the intensity of radiation in the
direction of Q which has the electric field along the unit

‘vector e and |N> is the ket for the higher energy quan-

tum state and |N'> is that for lower energy quantum state,
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where n’ represents the density of the excited state N, F
the length and direction of the individual dipole, and w the
angular frequency of the radiation., Since the radial part
of the dipole transition doe;n't contribute to the polari-
zation only the angular part is of importance. From this

knowledge the previous equation can be simplified to

A ~

I (Q,e.) = £ Koy | e. <N |F] N>|2 (2-37)
J : , N J _ .
N, N
where K = e?@p* / 2m c? f(x) ,

and o, is the cross section for the state |N> and f(x) is
a function of the travel distance of the beam into the tar-
get under the single collision condition.

The equations for 1,(6) and Iy (6) are

I,(8) = I K oy | x e <N |r| N>|2 (2-38)

N,.N~*
Iy(e) = X K oy |( - cose y + sing z)

N,N*

<N’ |F| N>|2 (2-39)
But _ .

xer = - r VERTI (Y o+ Y ()IVZ | .
Zell

[}
-
%
-<
—
o

The quantum number N represents a set of quantum numbers
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(n,7,m) without épin consideration, where n is fhe pr{nci-
,Pal quantum number, ¢ the angular quantum number and m the
magnetic quantum number. Then in the wave function represen-
tation <N’ I;-?l N> can be written as |

<N’ IX'F! N> = fdsr Y 2, . ( X'F ) y

n‘¢’m ném
= 2 ) ‘v A.“)
fdr r Rn,e, Rn fdQ YZ'm’(X r) YZm
*
= g < Ye,m,lerl Yom > | (2-41%

wheré Y is the wave function, R is the radial part of that

. . = 2
and g Vadn 73 Jfdr r Rn’e’ Rne .
Therefore ' : , _ : R
= ’- |2
I_L(e) g K NZN'ON/Z ' <Yelm' lYll + Yl-ll Y£m> I
---------------- (2-42)
y(e) = K* £ oylcose <¥,. .| Y11 " Y1-1|Y
: N,NT m . tn”
7 , V2 i
+ s1ne<Ye,m,|Y10| Yom? | (2-43)
where K’ = K g2
For the 3s » 2p transition
I,(8) =K ¢ oy = I, (8) , (2-44)

h N, N’

Thus the 3s + 2p transition is not polarized. For the 3p ~»

2s transition one considers the m=+1, m=0 and m=-1 states
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separately. Because of the symmetry between clockwise and
counter-clockwise rotations, there should be no difference

between m=+1 and m=-1 states. Defining their cross sections

+

as O1+ ’ 010 and 01 and setting:. 9 = olaé oy

.(8) = c |
.L( ) 011 (2-45)

= ’ .2 in 2
Ii(e) = K’( cos?eo;; *+ sin28oy,)
Therefore the polarization is given by
sin%e ( o - 0yq ) '
P(e) = 10 11 ~ (2-46)

90 sin?p + 011( 1+ cos26)

For the 3d - 2p transition the situation is more com-
plicated. Defining Os9s Oy and Oog 28 the cross sec-
tions for m=2,1 and 0 states and by the same Symmetry argu-

ment as before the equations for Iy and f; are

m,m v
e -2
tosing <Y LYol Yoo | (2-47)
K’ :
IL(8) = 3= I o, I<Yyue 1Yy ot Yy_ql Y, >]® (2-48)
Com,m :

Table (2-1) has been prepared for these values. Then the

final equations defining the intensities are
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2 K’ ( +

I, (9)

Iy(e) = 1.(8) cos?6 + 8 K’ g,q sin?g

Finally the polarization is given by

Iy 2 .
sin2g( Opg = ( 20,, * 0y ))

P(e) =
(2 + 3sin29)

2
; 0,9 *+ (l+cos e)(2022+021)

28
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CHAPTER 3

Apparatus

A. Monochromator and Other Optics
To increase the detection efficiency a Littrow type

monochromator(43)

was designed and constructed in this labor-
atory. The basic structure of this typé monochromafor was
very simple., It hgd two S]its, one large grating with some'
adjﬁstment equipments, one‘large achromatic.lens and a 90°
l"xl"‘prism.~ A more deta11ed'description,is presented in
Appendi x A; | | |

The optics were designed to give the largest observa-
tion solid angle. Two lenses with 10 cm focal length énd 4.
cm diameter were used to give a one-to-one target image'on
the slit area of the monochromator. One lens was mounted on
a Varian flange which had an opticé] window, with a 10 cm
disfance from tﬁe target. Between these two lenses was po-
sitioned a linear bolarizer and a half wave plate. Since
the monochromator had the greater sensitivity to the hori-
zontally polarized light, in the measurement of the ver-
tical componént the polarization of 1ight was rotated by 90°
to give it a hbriZonta]_po]arization. The physical idea of
this arrangement is described be]dw. |

Consider the geometry shown in Fig. 3-1. With Jones

(44)

matrix notation the initially vertically polarized light

is represented by (1 , 1 )t and the half wave plate as
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1 0
0 -1 (3-1)
If the fast and slow axis of the half wave plate is set as
shown in Fig. 3-1, through the half wave plate the state of
polarization is transformed accordihg to the following equa-

tion.and the result of which is horizontally polarized light.

LA

Pracfica]ly theré is a certain attenuation factor due to the
finite transmittance of the half wave plate. To measure
horiZontaT1y polarized ]ight, the fast and slow axis should
be' set parallel to the slit and the beam diréction. In this
geometfy the incident’]ight is represented as (1,0 )t

and the half wave plate as

[1 0 ]
| ‘ (3-3)
0o -1 | o

Therefore, the final result is given by
1 0] 1] 1 |
B I O | (3-4)
0 -1 .0 0

i.e. there is no rotation effect at all. In practice the

relative transmittances of the horizontal axis and vertical
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axis for the optical system were needed and measured with an
unpolarized white light source.

After the monochromator one 5 cm focal length lens was
used for one-to-one imaging of the exit slit image onto the

window of the photomultiplier tube.

w'e
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B. Ion Source and Accelerator

The electrostatic accelerator used in this reseérch was
a 150 kV TNC (Texas Nuclear Corporation) equipped with an
R.F. ion source. It had extendable high voltage capability
with a SF6 §as system, up to 250 kV. Due to the design of |
this accelerator no usuable Qéam current was obtainable below
10 kV. For lower energy beam a number of stacks for electro-
static acceleration were used for electrostatic focusing by
the use of clippleads. The lower the beam energy was the
more clippleads were used. By thét.way the beam éurrent was
increased.

" The ion source bottle was a typical commercial R.F.

type made of quartz. The position pf the R.F. rings was
adjusted to give maximum‘current. With a proton beam, an
aluminium canal was used to produce maximum proton species.

With H;.&nd H+'beam a nickel canal was used. For H; beam

3
a low stack gas pressure (~‘~3'x10'6 Torr) and for H; _beam

6 Torr) gave

‘a relatively high stack gas pressure (~8x10"
the best results,

After acceleration the beam was focused by two eletro-
static quadrupole lenses oriented at 90° to each other. The
focused beam entered a steer%ng.plate section with two verti-
cal sets of sfeering plates. The beam then entered a bend-
ing mégnet, was momentum analyzed, and was bent at an angle

of approximately 15°. The purity of the beam was ensured

by using the Hall-probe signal to select the correct mass
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ions to be sent to the target chamber. The schematic dia-
gram of the whole system 15 given in Fig. 3-2.°

The beam then passed through the first collimator df the
gasbce1] which had a 4 inch diameter diffusion pump used
for pumping out. Then the beam entered the gas target whose
Ieﬁgth was'defined being from the obserQation kégion to the
.movable 1/16 inch diameter aperture system. The beam then

impinged on the pyroelectric detector.
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C. Target System

The target chamber was basically made of a 34 inch length
1% inch diameter stainless steel pipe. As shown in Fig. 3-3
there were two additionai]y attached 1% inch diameter stain;
less steel pipe sections with angles 54.é0 and 90o to the
main pipe section. The 54.80 angled section was designed for
two purposes. One was to give sufficient Doppler shift of
light for separation of the radiation of fast particles from
that of slow particles; the other was to simplify the polar-
ization correction factor for cross sections. The 90° angTed
- section was used for pumpihg out the residual gas aﬁd press-
ure measurement of the main target chamber.vThis section was
connected to an ionization gauge, a capacitance manometer
( Barocel ) and a 4 inch diameter diffusion'pump through a
hand operated valve and 3/8 1nch aperture. The ijonization
gauge was used for monitoring the zero point drifting of the
vBarocel and approximate residual background gas pressure mea-
surements. The 4 inch diameter diffusion pump was used to
reduce the back-ground pressure and to help to pump out
during outgassing., The residuaT gas pressure was normally
less than 2x107% Torr during the experimenfa] procedure, The
Bakocelvwas calibrated by an oil manometer before usage. The
optical window which was connected to 54.8° angled section «
was made of fused silica. .

To provide minimum light reflection, every surface inside
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the target chamber was blackened with Aquadag (micro-graphite
in aquous base) dissolved in ethyl alcohol.

The movable aperture system had two o-rihgs to minimize
loss of gas from the target chamber. Pumping out was through
a hole at the center of the aperture system. Tﬁe schematic

is presented in Fig. 3-4.
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D. Detector

a. Photomultiplier Tube

A photomultiplier tube (EMI 9862A) was used for photoﬁ
detection and the statistics was based on counting. The main
limitation of the photon detection system came from the dark
current due to thermionic electrons emitted by the photo

cathode, and poor quantum efficiency in the red light region.

To decrease the dark current the photomultiplier tube was p
vcoo]ed to -25°C and only a small center part of the photo-
cathode (1 cmvdiameter)was used, The high voltage for the
photo-cathode was then selected for the best signal-to-noise
ratio and pulse-height distribution. About 5% quantum effi-
bciency and about 5 count/éec dark_count allowed abodt 100
photon re#o]ution of the photomultiplier tube in a second.
The pulse shapes from the pre-amp and the main;amp are
shown {n Fig. 3-5. The typical pulse height distribution is
also shown in Fig. 3-6. From the pulse rise time of the
pre-amp (~50 pysec) a nonlinear effect of the photon detec-
tion system can be expected for count rates of more than
10“count/sed. This was éxperimentally verified in Chapter

4-A.

b. Pyroelectric Detector / Faraday Cup
The incident beam current was measured with a pyroelec-
tric detector connected to lock-in amplifier (Princeton Ap-

plied Research) model number H-R-8 and was normalized to the
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Faraday cup signal. The schematic diagram of this is shown
in Fig.3-7. The characteristics of the pyroelectric detector

is known fairly we11(45)

and a brief explanation is given
below. The detector consisted of a 2.5’cm diameter polar-
ized lead zirconate titanate ceramic disk which was sil-
vered on both sides to provide electrical contact. The
contact resistance between the surface and the electric
contactor was confirmed to be much less than 1 ohm with
an ohm-meter. The ion beam was chopped by electrostatic pl--
ates and an alternating signal was obtained from the detec-
tor. This had two advantages, number one was that the
dark current of the photomultiplier tube could be discri-
minated from the real signal, and number two was that.it
simplified the»amp]ification and interpretation of the sig-
nal and permitted an increased signal to noise ratio by
measuring the signal with_a phase-sensitive amplifier. Fig.
3-8 shows triggering signal used for the phase sensitive
detection. Often in the measurement of low bower signal the
acoustical and electrical noise problems occur, but with
phase sensitive detection these were negligible. The typical
signal from the lock-in amplifier is shown in Fig. 3-9 and
the detailed e]ectrdniés are shown in Fig..3f10. Since it
was desiredjthat the cross sections should be absolute, nor-
ma]izatfon of the pyroelectric detector signal was required.
vThe Faraday cup was constructed with the perE1ectric cryss-
tal as an 1nfegra];part and the secondary electron 10Ss

was prevented by the use of magnetic suppression.
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The Faraday Cup was connected directly to an Ortec 439
Digita] Current Integrator which was also used for measure-
ment of the signal from the pyroe]ectric detector. Ortec
770 Coﬁnters and 771 Timer-Counters were wused for counting
and timing-. v

To measure K which was defined as the ratio of Faraday
cup.sigha] to’pyfoeléctric detector signal the gas target
density was reduced to zero and the signal from the Faraday
cup was integrated during 20 to 30 seconds. The signal
from,the pyroeleCtric detector was then integrated during the
lsame amount of time as befdre. After one measurement, K was
then measured ih the reverse way. Thé accuracy'of-K depended
6n-the Stability of the current. In the normal case the
standard error was less tﬁan a few pércént., In all meas-
urements the power of thelincident.ion beam exceeded the

levels where one could expect problems.
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CHAPTER 4

Procedure and Data Analysis

A. Abso]ute Optical Calibration

Absolute optical calibration requires calibration of the
sensitivity of the total detection system to the best known
standard photon source. The best known Standard photon sou-
rce is a standard tungstenv}ibbon lamp. Since the photon de-
- tection system used in this work was extremely sensitive,
neutral filters‘were required for reducing the light inten-
sity. Attention was also inen to the linearity 6f the de-
~tection system.This is shown in Fig. 4-1 indicating the ran-
ge of reﬁponse for which linearity could be expected. Every
measurement was limited to this'rangem _

The equation'for the relafion between the known emissiv-
ity of the tungsten standard 1amprand the detection efficien-
cy of the system can be developed as follows. Define Et as
the number of photons which come from unit area. of the tung-
sten filament within a unit solid angle and unit wavelength
per second. Then the number of counts per second, S, from
the detector due to the_standard lamp is

S = D (4mE A AX) (4-1)

m

where Am denotes the area of the tungsten filament to be

seen by the monochromator ( the slit area of the monochro-
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mator because a one-to-one image onto the slit area was
used ). AX is the resolution of the monochromator and'D is
the detection efficiency of the system which includes the
detection solid angle and the quantum efficiency of the

photon detector. Therefore D is given by
D = S/ 4m E_ A AX ) (4-2)

The next process is to relate the excitation cross sec-
tion to the number of counts per second from the detector.
At equilibrium (i.e. without considering the distance depen-
dency of the emission into the target) the total number of
photons per second, Np, come from avlength ¢ and density Na

of the target due to the current Ib of the beam is given by

Np = Na o ( Ib/e.) l . (4-3)

where e is the charge of an electron and ¢ is the excitation
cross section., On the other hand the number of counts per

second, NS, from the photon detector due to Np is
N = D N | (4-4)

Therefore, from the equations (4-2), (4-3) and (4-4) the ex-

citation cross section can be expressed as
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(4-5)

From this equation parametéhs which are needed for abso-
lute opticé] calibration can be determined.

To ensure the monochromator slit was completely covered
by the image of the tungSten strip, a 4.5:0.1 mm length cen-
_tér portidh of the slit was used. By that way Am was given
by ¢ x (4.5¢t0.1) mm? and the width of the slit ¢ canceled
out aﬁtomatically in the equatibn (4-5). AXx was given by
either the spectral line from the Doppler.unshifted target
emission, or that_from H2 discharge lamp. The scaiekunit of
the monochromator was calibrated by Ne and Hz discharge
lamps. The spectrum from Ne lamp is shown in Fig. 4-2.

S }equired care in its measurement. Usfng'neutral filters
-and with the detector in its mode, it waS determined that
the detector was linear to 10" count/sec. Above that rafe;
Piling up of the pulses due to a pulse rise time of the
order of 0.1 msec caused nonlinearity aé shown in Fig. 4-1.
S WaS measured with a known current for the tungsten ribbon
filament lamp and with a combination of neutra]vdensity fil-
ters to give an allowable count rate. The current of the st-
andard lamp was then decreased to give a reasonable count
rate such asv100 count/sec . This was integrated more than
100 second to give a less than 1 2 standard counting error,
From the above procedure the re]afive ratio between those

‘amounts of filament current was developed with less than 1 %
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standard error. The neutral filter was then changed to give
maximum‘allowable count rate and this rate was determined
with less than 1 % standérd error. Again the lamp current
was decreased to give a resonable count rate. By repeating
these grocedures'the 1émp emissivity versus the filament
current was developed without the knowledge of transmission
characteristics of\neutﬁa] filters. This is shown fn Fig.
4-3. At the sma]]est.current, the lamp can be used without
any filter. So far these procedures were pérformed at a
fixed wavelength, The detection efficiency at other wave-
lengths was also required., Fig. 4-4 shows the wavelength
réSponse of the detection system to be constant within a few
percenfs for the waveTengths of intersét. Therefore, the
detection efficiency could be set to be constant with a few

percent standard error.
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B. Beam Tuning

After pumping down of the entire system the accelerator
was turned on and the desired beam energy wasrset by the ac-
celerator H.V. power supply. Then the pélladium leak was
tuned on to give the desired amount of hydrogen gas.into the
R.F. bottle which was checked by the ion gauge in the stack
section of the acce]erator, Initially the beam was tuned by
letting it run straight down the accelerator and into a
Faraday cup placed on the zero degree axis of the accelerator
just after the momentum analyzing magnet. Without any colli-
mation the current was typicé]]y 10" %A with moderate ion
soure extraction voltage and stack gas pressure. After a
brief warm up time (normally about 20 minutes) all power sup-
pliers and palladium leak were stable enough fo give a few
percent fluctuation in the beam intensity on a moderate time
scale. Then the bending magnet was energized and set to the
value needed to bend the desired energy and species beam into
the beam line. After passing through one collimator (100 mil
diameter) and one entrance aperture of the gas target cell,
the beam hit the pyroelectric detector/Faraday cup in the gas
target. The maximum beam current was obtained by adjusting
~steering plates, electrostatic quatrupole, the gas pressure
inside the R.F. bottle, the extraction voltage and the

focus voltage of the ion source. The amount of beam depend-

ed on'the’energy and species. The typical current on the
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the final pyroelectric detector / Faraday'cup'insidé the
target cell was the order of % pyA. The beam was stable

during at least several minutes after tuning.

C. Development of Spectral Profile
After‘thebbeam was stabilized the beam was chopped by
the use of a square wave potential applied to the stéering

plate. Then the calibration factor for the pyroelectric

detector was measured as it was described in Chapter 3-D-b.

Since the Doppler shifted line and the unshifted line had
different speCtra] profiles, aiwe]] developed spectral pro?
file was needed for separﬁtion of the Doppler shifted line
from the unshifted line and the determinationlof.a needed
correction facfor. The difference between those two spec-
tral profiles resulted from an éngu]ar'broadening effect.
The Doppler shift of tﬁe 1ight which comes from the par;
ticle which moves with the velocity v can be described by

= y » . {1 - Bcoss ) ' (4-6)

wherelxo is the unshifted wave-length, 8 = v/c , ¢ the velo-

city of the light and y = 1/v/ I = B%Z . For a fixed

B << 1 the angular broadening is given by

Axp = A, B sin® A6 » (4-7)
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For the Doppler unshifted 1ight, there are only instru-
mental and thermal broadening effects. For the Doppler shif-
ted line, there are angular broadenihg effects as well as
instrumental broadening effect. As shown in the Appendix A.
the broadening of the monochromator was about 10 % (full
width af half maximum); and the thermal broadening fs given
below. According fo the Franck-Condon principle when there
is a collisional break up of the target molecule due to the
energefic beam, the average kinetic energy of daughter par- .

(46)

ticles 1is about 3 eV If the kinetic energies of the

paktic]es are in a Gaussian distribution thevbroadening of

the 1light which comes from the target is given by (47)

2 2, 2102 kg T,

- 2
AA yp o = ( ) (4-8)
c m »

where kB is the Boltzmann <constant, T is the temperature of

the particles and m is the mass of the particle. For.

B
broadening effect behaves like an independent vector compo-

o
k, T = 3 eV, Axth- is about 0.8 A, Since the individual

nent the total broadening of the unshifted light is

0

where the other broadening effects are negligible and this'
will be shown in Appendix A. _

For the Doppler shifted l1ight as discussed earlier, there
is an observational angular broadening effect. Therefore,

the total broadening effect is given by
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Arp = ﬁAIZ + A)\t; toAN,® - (4-10)
ng. 4-5 shows the typical spectral line profile.

Since intensity measurements were normally made by sett-
ing the monochromator at the peak of the 11he, corrections
were necessary based on the shape of the line. For the un-
shifted 1ine which remained at a constant setting of the mo-
nochromator, this correction cou]d be included in the abso-
lute calibration. The correction for the shifted line was
the ratio of the COQnting rate at the peak .of the 1iné,to
integrated counting rate over the breadth of the ]iné. It

was typically 10 to 50 %.

D. Linearity Test

Linearity of signal with pressure provides a test of the
syétem~for alt single collision effects. Both single and
multiple collision effects are linear with respect to beam
current, FréquentTy, during the course of an experiment,
Tinearity tests were applied for_assurahce that the inst-
rumentation was performing properly. Typica]lresu1t of lin-
:,ear response with the current is shown in Fig. 4-6; that
of 1idear response with the target pfessure js shown is Fig..

4-7.
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"E. Data Analysis

Al11 data were taken and analyzed using a HP 9845B (Hew-
lTett Packard Co.) desk top computer. For the determination
of the calibration faétor K of the pyroelectric detector, a
,computér softwafe program was used, Standard d%viation'was
determined as errors for the K.value and a typical integra-
tion time for a K measurement was 20 seconds. Soon after the
~determination of a K value, the spettra] line shape was de-
termined for separation of the Doppler shifted line from the
unshifted line and measurement of a line broadening factor.
The protram LINE was used:for'this purpose. This Was compos-
ed of two parts. The first part was for the automatic data
‘tékihg and storing of data. ‘The.second part was for the
least‘squarefCurve‘fitting of the spectral line shape. This
curve fitting program had the basic structure for leést
square fitting of arbitrary combination of Gaussian curves.
But for the unshifted line, the line shape-was strictly tri-
angular asvshown in Chapter 4-C and the Gaussian curve fitt-
ing was invalid. Since one of the main broadening factors
for the Doppler shifted 1ine was an angu]ér broadening which
was asymmetfical, the Doppler shifted line was a slightly
ésymmetrical Gaussian curve. This curve fitting and.other
least square curve fitting used here after, were mdinly based

(48)

on the program, PISA , except some minor modifications.

Since the line shape itself was indenpendent of the target
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pressure, a high pressure target was used which decreased

integration time to obtain sufficient signal to noise ratio

( normally about 30 seconds ) and less than 1 % standard co-

unting error, was 20 seconds at the peak of the line shape.

As mentioned earlier the beam was chopped to allow for mea-

surement of the real signal plus the background signal and

the background signal alone. The quantities measured were

Ton
Toff

cOﬂ

off

time when the beam was on,
time when the beam was off,

total counting signal from the photo-

“multiplier tube when the beam was on,

total counting signal from the photo-
multiplier tube when the beam was off
total signal from the pyroelectric
detector when the beam was on,

the ratio of counting signal from
Faraday cUp to that of pyroelectric
detector which gave the amount of

current in 10',8A units.

Then the signal/sec/10” ®A s given by

Con/Ton - Coff/Toff - (4-11)

Ip K/Ton
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The curve fitting formula for the line was

< | (4-12)
In the thin target measurements, it was necessary to confirm
that the measurements satisfied the single collision condi-
tion. To do that the curve for light intensity versus tar-
get density was developed. The signal formula was the same

as before, and the curve fitting formula was
y = a + b x o (4-13) .

where "a" was confirmed to be near zero.

After measuring the signal intensity versus the distan-
ce of penetration of the beém into the gas target, the sum
of data were computer analyzed using the pfogram PISA.
Every data point was weighted by a weighting factor LE

which is biven by(49)

1/+.2 .
s (4-14)

w., = -
L /N L (1/0.%)
. - : i
where N is number of data points and 012 is the estimated
variance of each data point which was given by the quadra-
ture of the sum of the related uncertainties. The uncert-
ainties came from counting statistics, pressure and length

measurements of the target. The error from the counting

statistics can be expressed as
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counting - ¥ Con T Corr Ton/Tore!™ 7 Con
on off / Con (4-15)

The uncertainty of the pressure measurement was mainly
from the zero point . drift of the capacitance manometer and
given approximately as 0.1 micron per 200 second measurem-
ent time at most. The uncertainty from the measurement of
the distance through which the beam went was 0.1 cm at
most. These effects were considered when the collection of
data were analyzed.

A curve fitting formula for separation of the 3s, 3p and

3d state cross sections was

y = £ a, (1 - e XV ) (4-16)

-y

where v is the beam velocity and T, is the effective 1ife
time of each excited state. Fig. 4-8 shows the typical
result of this curve fitting. For the thick target measure-
ment of the target dissociative excijtation in the case of

y* impact on_H2 the curve fitting formula was given by
y = a + b e T X ' (4-17)

where dr = Oip + , and 910 and 991 are charge

%01
exchange cross section for H+ and H° as defined earlier.
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The typical result of this curve fitting is shown in Fig.
4-9,

So far no polarization correction has been discussed. If
the observatijon apparatus is set to observe emission from
‘the target at an angle 6 to the beam direction as-shown.in
Fig. 4-10, then the cokrection factor for the anisotropy in

(50)

emission is given by

y . (3-°p) (Cc+1 ) (a+1)
3(1-cos26) 2 (Ca+1) -

(4-18)

where P is the polarization of the emission and C is the
ratio of the emission intensity polarized parallel to the
beam direction to that polarized perpendicular to the beam
direction. And o is the ratio of the instrumental sensiti-
vity parallel to the beam direction to that polarized per-
pendicular to the beam direction. For @8 = 54.76° }the
first factorvin the above equation is 1. Since in this exp-

0 , therefore y is simply given by

eriment 1l/a

y o= l_g_ﬂ&_ . 1 + L./ I (4-19)

where I; and Iy were defined earlier in Chapter 2.
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CHAPTER 5

Results .and Discussion

A. Results
v. | The final results and error estimations are presented
in Table 5-1 --- 55 and Fig. 5-1 --- 5-17. The detailed
methods of data ana]ysis'havé'been given in Chapter 4, and
the error analysis is given in this section. In general
there are two classes of errors, The one is the class of
systematic érrors such»as those which result from limited
accuracy of ca]ibfated equipment, from the impurity 6f pre-
pared materials and from pre-estimated values used in the
experiment. The othér {s the class of the random errors,
such as those result.from the statistical fluctuations of
counting finite numbers‘of events and from small unpredict-
able drifts in the instrumental Sensitivities and zeros.
The important quantities from which resulted systematic
errors were the beam and target impufity, the uncertainties
in measurement of the tafget'density, the beam current and
the beam enekgy, the uncertainty in.calibration of the pho-
ton detector and the uncertainty in pre-estimated values
of the 1ife timeé of the excited quantum states. The beam
purity was confirmed by a magnetic mass ana]yier with less
than 1% error. vThe purity of the target gas was limited by

the impurity of the target gas jtse]f‘andvby residual back-
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ground g¢as in the target chamber. The purity of the target
gas had been assured by the‘manufacturer and the impurity
level should not exceed i%. Since the minimum target pres-
sure psed in this experiment was about 0.2 mTorr where re-
sidual background pressure was maintained less than 2 uTorr
the error from this should not exceed 1% because the cross
sections for H, gas is a]most the same as that of the im-

purity gas. The uncertainty in the measurement of the beam

current was due to two factors. The one was the uncertainty

in normalization of the pyroelectric signal to the Faraday
cup signal. The other was the limitation of the accuracy in

the measurement of the Féraday cup current, The_former un-

certainty was kept to be about 1%. The accuracy of the Far-

aday cup current was established by checking the calibration
of the digital current integrator. ‘The test was carried out
with a standard current source and gave less than 1% error.
Thé ca]ibratiqn of the capacitance manometer was checked by.
comparing it tovan oil-manometer, The oi]-manometer and the
capacitance manometer agreed to within 5% which allowed up
to 7% maximum uncertainty in the pressure measuremént. The
accuracy of the beam enérgy was confirmed by the termina]
voltage of the acce]efator which was calibrated with a known
standard meter, and was found to be accurate to within 5%.

The calibration of the detection sensitivity of the

photon detection system including optics_emp]oyed a tungsten

strip filament lamp as a standard source of light emission.



75
"Thé'émESSivity'of_thé standard lamp at a specified filament
current (35 A) was given by the manufacturer; and.had an
accuracy with a 5% maximum error. In the ca]ibkation pro-
cedure the other working tungsten strip lamp was used. There-
fore the normalization of this working lamp to the standard
lamp resulted in 10% maximum wuncertainty. The development
of the lamp emissivity versus the.fi]ament current charac-
teristics which was used in the calibration procedure re-
sulted in 3% maximum error. In the measurehent of the re-
so]ution.AA and thes1itA1ength there are 5% and 2% uncer-
tainties. The uncertainty in the wavelength response of the
detector system was maximum 3%. The effect of the uncer-
tain velocities and 1ifetimes had been studfed by J.C. Ford

et al.(13)

, . and typically a 1% change in those produced
changes in the 3s, 3p and 3d corss sections of, respective-
1y, 0.5, 0.5 and 1.5 %. |

For the purpose of final data interpretation there is
another way of c]assificatibn of:errors. 'Conventionally the
cross sections are described as functions of the energy,
therefore, the cross seciton curves have the uncertianty in
the structure of the curves themselves and in the absolute
.magnitudes of the whole curves., The class of errors thich
varies the internal structure of the cross section curve
is defined as a relative uncértainty. And the class of errors

which varies the absolute magnitudes of the whole curves is

defined as an absloute uncertainty. The absloute uncertainty
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presented here, was determined by the possible errors in beam

energy, pressufe, current and detection sensitivity measure-

ment, etc.. The total absolute uncertainty was'given by taking

the root of the sum of the squaresbof these errors and found to

be 17% at thé most. - -
| The main sources of the random errors were limited

counting statfstics and zero point drift of the capacitance

manometer during the measurement procedure., The random

errors resulted by counting statistics was kept to be the

order of 1%. Even the total random error during this ex-

periment was kept small, there might still be large random

error in the derived cross sections for the 3p and 3d state

excitations of the projectile. This was due to either rela-

tively small magnitudes of those or/and branching ratio. This

effect was counted'during the establishment of the relative

uncertainties of the cross sections.



HY + H Collision, Excitation Cross Sections in 10 18cm?

"2
Energy in keV Slow n=3 - Fast 3s Fast 3p Fast 3d
20 5.01:0.11 4.29:0.26 10.7+1.1 '1.0610313
30 3.7040.15 6.60+0.41 7.9:1.7 0.81+0.20
w0 2.68+0. 05 5.47:0.33 7.0:1.4 0.33:0.16
50 2.42:0.04 4.77+0.29 4,0+1.2 0.34:0.14
65 1.81+0.03 3.00:0.18 1,12+0.75 0.29:0.09
80 1.6540.03 2.2310.14' I I R
100 1.33:0.02 1.1320.07 ©0.39:0.28 0.133:0.034
125 1.1840.02 . 0.69310.042 0.31£0.17 0.0266:0.0070
150 1.04:0. 01 10.239:0. 015 e IR
Table 5-1

LL
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H2 Collision

Polarization in %

Energy Cross Sections in 10" 18cm?2
(kev) 3p - 3d 3p, m=0 | 3p, m=+1
20 25110 -8:12 5.4:1.0 2.7:0.7

30 9+21 -2:24 | 3.1:1.,3 | 2.411.i

40 720 1150 2.7:1.1 2.2:1.0

Table 5-2
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Hy + H, Collision, Excitation Cross Sections in 107 *%cm?

Energy in kev | Slow n=3 Fast:3s Faét 3p Fast 3d
20 3.81:0.08 4.64:0.47 |  5.9:1.4 3.75&0,30
30 | 4.95+0.18 4.9414,94 7.6:1.6 3.86%0.31
40 | 5.12:0.20 4.81:0.44 8.1:1.7 4.01%0.32
50 4.98:0.18 5.5140.55 : 7.9:1.8 4.20:0.34
65 ' 4.87:0.15  5.5910.56 10.8:2.2 - 3.80%0.31
80 | 4.12:0.23‘ 5.51:0.55 11.221.9 3.26%0.26

100 3.5210.08 4.2410.60 7.4:1.4 3.5220.28

125 13.01:0,07 ©3.71:0.34 | 6.3%1.2 3.2940.26

150 | 2.23:0.10 2.7240.25 | 6.441.1 ©2.71:0.22
Table 5-3

6L
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Excitation Cross Sections in 10  18cm?

Hy + H, Collision,
Energy in keV Soiw n=3 Fast 3s Fast 3p Fast 3d
20 2.50+0.05 3.73:0.26 2.30+1.06 3.22+0.26
30 3.61:0.12 5.03+0.35 3.95:1.31 3.31:0.27
40 4.37:0.11 6.1820.43 9.10:2.28 '4.32+0,35
50 4.96+0.15 6.6620.47 7.1421.72 4.48+0.36
65 4.95+0.10 8.00£0.56 7.69:2.08 4.05:0.33
80 5.02+0.12 7.200.51 14.6+3.6 3.24:0.26
100 5.38+0.14 7.47£0.53 11.2:2.8 3.56+0.29
125 5.03;0.08 7.5840.53 9.5+2.4 $3.79:0.31
150 3.8440.10 6.97:0.49 12.323.1 2.12:0.17
Table 5-4

08



HO  + H, Collision

Production of Slow n=3 state H-atoms

Engrgy Cross Sections
(kev) , (107 t8cpm2 )
‘15 2.16%0.31
25 | 1.69t0.24
 35 . 1.21+0.17
50 © 0.91:0.14
75 0.69+0.13

Table 5-5
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B. Discussion

a. H+ case
There are three published sets of measurement, by

(14) (29)

Hughes(4),_Ford and Williams for the case of H'

incident on Hy. For 3s excitation cross sections (Fig. 5-2)
Hughes', Thomas', and the present data agree completely with
each other. The data by Williams show slightfy larger cross
sections within thé energy range of 20 keV to 60 keV. The
3s state has the larger cross sections and therefore is the
easiest to measure. There is poor agreement in the case of
the 3p cross sections (Fig. 5-3) between Hughes' and the -
'present results; on the other hand there is good.agreement
between Fard' and the present results. For the 3d cross
sections (Fig. 5-4) Hughes' and the present results agree
with each other generally, but Ford' resuits are a factor

(32) (34)ca1cu1ated theoreti-

10 smaller. Bates and Mapleton
cally the 3s, 3p and 3d charge capture cross sections of H+
incident on H atom. Although there is no exact verifica- n
tion, in the high energy collision a target hydrogen mole-
cule acts like two isolated hydrogen atoms eXcept at very
high energy where the backscattering contribution to the

cross section becomes dominant(36)

. Theoréticé] values of
3s, 3p and 3d charge capture cross sections by WY agree well
with the present results.

‘For target dissociative excitation cross sections the

present results show excellent agreement with Hughes'
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"although his maximum absolute uncertianty was 40%. The
results by Ford are a factor 2 smaller than Hughes' and
. the present results. The resu]ts'by Williams are about a

factor 2 larger than Hughes' and the present results.

-+
b. H2» ;ase |
“There are two published results for the case of target

dissociative excitation of H; incident on H, (Fig. 5-5)

(5) (29)

2
Hughes' and the present

by Hughes and Williams
resu1t§ show good agreement with each other whereas the
reaults by Williams are about a factor 2 larger than those
two cross sections. Ford_measured 3s - and 3d dissociative
excitation cross sectionstl6) (Fig. 5-6, Fig. 5-8) of the
H;‘beam at the higher energies covered in this experfhent,
which shbw good agreement in the case of 3s cross section,
but show poor agreement in the case of 3d_cFoss section,
The 3s cross sections by'Hughes and Williams show good
agreement with the present results. rThe 3p cross section

by Andreev(3l)(Fiq.

5-7) show good agreement with the pres-
ent results within the experimental error range. Polari-

zation was not observable within the experimental error

range,
+
c. H3 case

There are also two published results for the case of

target dissociative excitation of Hg incident on H, (Fig.

(29)

5-11) by Hughes(s) and Williams Hughes' and present
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results show general agreement but the results of wflliamk
are in poor agreement. Since the Doppler shifted cross
sections by Hughes were measured in two different experimen-
tal geometries, some systematic fluctuation might be ex-
pected. This might explain the reason that the unshifted
cross‘sections by Hughes are slightly 1argef than the pres-
ént results; on the other hand, the Doppler shifted cross

sections by Hughes are slightly smaller than the present

ones. The 3s cross sections (Fig. 5-12) by Hughes and Will--

iams show general agreement with the present results. There
were no available 3p and 3d cross sections by other authors.
Polarization effects were not observable within the experi-

mental error range.
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separation of different life-time states has been used in

101

CHAPTER 6

Conclusions

There are two different methods of the excitation cross
section measurement. The first one is the method of decay
inside the target and the other one is that of decay outside
the target. To datelalmost all experiments have been per-

formed with the latter method., The conventional method of

7/

‘those experiment. But for short life-time states it is im-

possible to develop ihtensity decay curves due to the fiﬁite
resolution in the lehgth measurement, Numerical simulation
was performed to vebify this method. For the n=3 state exci;
tation the 3p excitation cross section showed at least 100%
less than the given value although there was l%vfluctuatidn
in the decay curve. Also it was not possib]é to get the |

cross sections for H; and H; particles because of their slow-

' ness, On the other hand the measurements of thOse Cross sec-

tions were possible by the method of the decay inside the

target which was used in this experiment. Thefefore, the

main advantage of this method is that one can measure short
1ffe-time state excitétion cross sections, The main diffi-
culty of this method was that the sing]e-co]iision condition
should be confirmed for every step because the target thick-
ness waé changed in every step. Another advdntage was that

it was possible to get the information of the target simult-
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aneously. One could extend this method to the thick target
experiment, but the statistical fluctuation didn't allow
any convincing measurement. Another difficulty came from
the fact that the excited state paftic]es of the beam could
not be distinguished from the ground state particles. For
the atomic hydrogen experiment one can estimate the amount

3 lTaw which is an empir-

of the excited state atoms the n~
ical law. But this givésvanother unavoidable uncertainty.
In general two different types of optical system have .
been used. One type used a combination of filters and the
other type used a monchromator.v Because of small optical
throughput of monchromator the former method was frequent-
ly used for Balmer- alpha excitation experiment. In the
use of filters the transmittance versus wavelength should
be dgve]oped with éxtremé care. And in procedure of
calibration it is necessary to develop the relation be-
tween line radiatidn and continuous fadiation. It was
found that the calibration of the monochromator system was
easier than that of a filter tombinatibn system. |
There are two immedidte]y possible expériments without
any modification of this experiment. These are the case of
H20+ and H0 impact on HZ‘ ance a H?_O+ particle gives only
1/18 ehergy of the total beam energy to the hydrogen atom
the expected Doppler shift of the radiation from thevpro-

jectile should be small. If DéO+ is used instead of H20+
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more Doppler shift can be achiéved. It is possible to get
more resolution of the monochromator by modifying the slit

width, but separate calibration factors are required. The

~ion source for H20+ is now being developed and the magnet

mass analyzer shows enough resolution to separate 0+, OH+,

H20+ and H30+as shown in Fig. 6-1,

Iﬁ the case of H® impact on H, additional electro-
static plates and a ga§ cell neutralizer are needed. The
difficulty to perform this experiment mainly lieé on the
amount of.beam. For the pracfical application the ﬁross

section of the dissociative excitation of Hg impact'on H2

is'also'needed. Up to date no experiment on Hg'impact on

H2»ha§ been’tried,-simply because it was nealy_imposSib]e
to get a pure Hg beam. No practical method to pure Hg

beams has been sdggested.
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CHAPTER 8

Appendices

A. Discussion of the monochromator

In this section the detailed broadening effects of the
monochromator used in this work are presented. As shown in
Fig. 8-1 the monochromator.was designed to give large opti-
cal throughput ( f number was 3.7 ) and was composed of a
30 cm focal length and 8.2 cm diameter achromatic lens, a 4
1200 line ruling per mm grating, one 1" x 1" 90° prism
and a pléin red filter. The slit heiéhts of both entrance
‘And exit slit were.1l cm and the slit widths were set to be
1.2 mm. The plain red filter was used to cut down thg over-
laping blue spectrum from the third order diffraction beca-
use in order to give maximum refractance the monochromator
was set to give the seéond order diffraction of the grating.
The adjustment of the monochromator was done with a white
light source and a HéuNe laser. The wavelength calibration
of the monochromator was done with H2, Na and Ne discharge
lamps.

The first factor of the instrumental broadening was due
to the natural grating resolution. Consider the case of
the mondchromatic light with wavelength X incident on the
entrance slit, Assumevthat the 1ight with wave]ength A

which passes through the center of the entrance slit and is

'
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incident on the grating at the corresponding angle a and
is diffracted into an angle B , also passes through the
center of the exit slit. Then a and B must satisfy the | e

usual grating equation such as

( sina + sihB ) = m , (8-1)

>la

where d-is the spacing between rulings on the grating and
m is the order of the grating maxima. The dispersion D
which gives the disb]acement at the exit slit corresponding

to a unit change in the wavelength A'is given by

= dy dg _ _ Fm
D = 3x = Fax = ~dcoss (8-2)

where F is the focal length of the achromatic lens. The

intensity I(x,y) at A position y ( or fof the diffracted
angle B') of the exit slit due to unit intensity of light
with wave]ehgth incident on the entrance slit at a posi-

tion x corresponding incident angle o' s given'by(sz)

I(x,y) = % ( sina' - sina + sing' - sing )
d ’ -
v ( x cosa + y cosg ) | (8-3)

From this equation a full width at half maximum intensity is

given by
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0.88 A D  _ 0.88 A F

m N T d N cosRB (8-4)

With the equations (8-2) and (8-4) the broadening due to
the natural grating reso]dtion is given by
- - d cosB . _ 0.88
Bg = —mF % = —Fw (8-5)
where N is the total number of rulings on the grating. 1In

0
this experiment AX., was much less than 1 A .

G
The main broadening effect was due to the finite slit
width, where w in the previous equation was given by a full

value of the slit width, From this equation the broadening

due to the finite slit width is given by

d cosB }
A)\s -=v_ _TUF—— S : - : (8-6)
where s is the slit width and sinB = A/d . In this experi-
ment’ F= 30 cm, m=2, s=0.12 cm, d= 1/12000 cm and cosB =
0
0.6, therefore, AAS was about 10 A .
There were other broadening effects due to curvature of.

the image of the entrance slit at the exit slit, etc. But

they were quite negligible. The tbta] instrumehta] broad-

ening was given by the square root of the square sum of the

individual broadening effect. This is

0.
AAI = /AAS + AX + AX. + ... =10 A (8-7)
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B. Comments on the Thick Target Experiments
To date there have been no multiple collision experi-
ments; The reason is that in order to do that one must
" handle a very complicated situation and deduce cross sec-
tions from indibect,measurements. But for real applications i
it is necessary to deal with such a thick target system. |
Therefore, the’descriptfon (analytically or numerically) of
that system is strictly requiréd. In this section the in-
tensity evo]ution of the excited stéte atoms in the multiple
collision system is presented with consideration 6f the cas-
cading effect. The local intensity of the excited state
atoms is.determined‘by the competition between the 1life time
decay effect, the collisional decay ( or excitation) effect}
and the excitation from the primary and secondary particles.
Sincevthe cascading term could be treated self-consistently,
it was tréated-by perturbation method in this calculation.
Consider the radition which comes from the fast par-
ticles in the case of H-+ incident on H2 gas. Let the

parameters be

v 3y velocity of the fast particle,
T; 3 life time of the excited state i,
Na 5 target}density,'

Nb s density of the projectile,
X s travel distance of the beam from the

entrance aperture,
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H ¢cross section for collisional transition

iJ

between the state i and j,

Q? 3 excitation cross section from the ground
state,

Q; ; electron capture cross section of nt into
the excited state i,

Q$+ s dissociative excitation cross section of
'H; into H atom of the state i,

Q?+ 3 dissociative excitation cross section of

H; into H atom of the state i.

Then'the excited state density Nbi fo]]owsvthé'equation_

bi 1 : '
d x . VT, bi a jRio 13 bi _
+ .
+ONg N (Q iy, o0y, ) (8-8)

The first term represents the life time decay of the excit-
ed sfate i, the second term represents collisional tran-
sition from the state i to the state j, the third term is
for the excitation.of:Ho particle into the state i and fhe'
fourth ferm is for the charge capture of Y partic]é into

the state i. The previous equation can be written again as

.l + )
T3 = - % Myt Cyg O ¢y 05 ) NN (8-9)



116

where @, = I/VTi + N z Q..

The solution of this equation with the boundary conditions

is given by

_ a b 0 + -, X
Nbi = —_—E;_— ( F oo Qi + Flm Qi ) (_1 - e “i% )
| + Ma Mo F ( qFf - q° )(é'BX - e %%)  (8-10)
a; - B 0w i i
where B =N ( o;5 + og ), Fow = 010 /0 010 * 001 )

The total radiation strength from the portion ¢ of the

beam is given by

_ L+¢ ,
J = f It L A Nbi i dx (8-11)
for L >> ¢, J can be written
J = A ¢ ? Aij Nbi
(8-12)

The equation which include cascading effect can be written

v.as

dNbi - R N + ( Qo +. Q+ ) N N
d x i bi Yo Y5 Y+ Y a b
1 T . ;
Y Avi Vb (8-13)
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' = .
where _Aki» A s Qi Ny v

In this way the‘solution can be developed Tlike

+

J

P S ‘
Noi. Nos  * 0 Mi “ o (&-14)

and the equation for the first order perturbation term is

= - ———— . : .0’. -1
T ap Nyy * oL Avi Mok (8 15{_

+

In generél including H2 ande; case the master equa-'

- tion iS'giQen by

dN, .

FnulREEEE L N RN R T
R S (8-16)
where _Y? is given by
H case 5 ¥; o=y, 0 N
H;’case : Yf = .y20 Qfo * Yo, Q§+ + Y% (8-17)

| 20 .. - R e .
where Qi0 is the dissociative excitation cross section of

Hg into H atom of the state i . The solutions for Yoo Y

(26)

etc. are derived by Kim analytically. Using the same

notations the parameters are given by
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Sy =l Co * oy )+ Pl
) S
Yo = 0
. ) + - . |
Yy T = Csp ¢ 5, (D visp-5,) +cfgeg )
2 |
3 3 3
R S B S A
_ 11 11 |
and for cyclic i,j and k ( for (i,j,k) = (1,2,3) ) ’
32 .22 32, ,
_ j-1 -C10 €10 - Cyp (vj - Sy )
G; = (-1)
! Cvy = v; ) Cyg =y )
i~ i~ Yk
~ (8-18)
32 .22 32 '
Woe 11 S50 = Co1 (i - Sp )
i Cyv; = v ) Oy = v )
i J i k
and
21 11 21 11
6, (cig-2cig) +H  (cip-acly)
) )
Kl = - -
-
2 (8-19)
.21 11 21 11 31 11
- "3(Coo - 2610) * H5{Cyp - 2639) * C1g - 3Gy
3 :
€ - Y3

and for cyclic (i,j)=(1,2)
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2

2 .
¢ - 10 Co 1
,i.
Yi T Y LSty
I o (8-20)
| \ 21 11, .22,.21 11,
0 - (S, - vj) (Cyg - 2C745) = Cpy(Cog -2C74)
i ' '
( Yi " Yj ) (e - vi)
and I E, = =E, = Cfé
1 B 2 4 : '
v Yo < Y1
where C's are cross sections multip]ied‘by Na and are shown

in Fig. 8-2 and Fig. 8-3.

Then the solutions are given by

- _
“-H case

H, case

H, case

w +

Fow (1 - e7%)
1 - Yo .
2
I C. e~ Yp X
m=1
2 '
'z E e” Ym X
m=1 m |
- s
2F__(1 e" %)+ g Dm(e'Ymx e
0 m=1 M .

119



120

\\\\\

XBL 829-11808



a2

£F19- g-3



122

.
y = z H e~ Ym X
2+ n=1 m
- £X 3. ' X - £X
Yo = 3F, (1 - e )+ I Km(e.Ym - e ) N
, m=1 ‘ :
X
Yo =3 - Yo - 2¥p0 - a4 - 3y

In the case of H+, let vy, = € and let

o _ b 0 + ’
T ( Fom Flow 85 )
ay :
N_N ‘ '
_ a'b 0 +
f = ( Q'I ' - Q'l ) Fooo
Y179
then the solution is given by
0 1 -y X -a X
Npj = r f, ( e ¥m - e it )
_ m=0
1 £l
Mg, = —— © AL (I —KE - (eTn* . en%*)
k>i m=0 @i =Y
1
I fy
+ m=0 ( e“’aix - e“’akx ) )
1 - ak .

In the case of H;, let Y, =€ and for j=1,2 let v, = Y3

J

. N. N
I CHRE M LA O

- zq;)cj
@4
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0 +
N. N 2
..... S (Q®-qf ) (2r. + 5 D )
i i i 0 o, m
Yy - O m=1
then the solution is given by
.o 3 -y X -, X
Nps = I FL (e’Tm® - ™% )
m=0
3 .
3 e IRy
PR L VN g e E L AL R )
1 k>i m=0 a, Yp %y oy ' o

In the case:

J
and let
< N N . ) P

Frd o= 2B (920 2qhye, + (Q%F - 20%)H,

b | a - 1 1 J 1 1 J

i~
0 +
NN . 3
e 22 () -qf)c3F, ¢+ Tk )
CYg mey m=1

then the solution is given by

F;m ( e X - e %% )

e~

o _
Npi =

m=0
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