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The charge exchange cross sections for protons and various alkali
atoms have been calculated using fhe classical appréximation of Gryzinski.
It is assumed that the hydrogen atoms resulting from charge exchange
exist in all possible excited states., Charge transfer collisions between

protons and potassium as well as protons and sodium atoms have been

studied in this work. The energy range investigated is between 4 and

30 keV. The theoretical calculations of have been compared to

lOgOl

measurements of alO made in the course of this work as well as other

data. Also the calculated cross section for the creation of metastable
25 hydrogen has been compared to other experimental values. Good quanti-

tative agreement is found for ¢, _ but only qualitative agreement for the

10
metastable cross section. Analysis of the Lyman alpha window in molecular

oxygen suggests that measured values of ¢(2S) may be in error. In
addition to ®,o» thick alkali target data are presented,- This allows the
determination of the electron loss cross section €. . Finally, some work

01

has been done with Hg.
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1.0, INTRODUCTION

Inelastic collisions between charged particles and neutral atams
and molecules have been studied for many years, In the 1930's Tate;
Smith and Bleakney investigated interactions between electrons and
atmospheric gases.l-LL Heavy lon interactions have been studied too.
Proton and atmospheric gas collisions have also been extensively
investigated., The theories that have tried to explain the results ob-
tained have involved approximations of one sort or another., The Born

approximation has been used for high energy interactions.5

Massey has
deduced a simple expression that involves physically reasonable gquanti-
ties for a two body collision.6 This has provided insight into the
problems but has not been able to predict the cross sections.

For the simpler colliding partners there is now good agreement
between theory and experiment. However, even electron impacts with

hydrogen atoms still yield surprises.7

Of the many types of inelastic
encounters one of the simplest is charge exchange. The fast probe ion
captures an electron from the neutral target. Hasted tabulated many such
cross sections.8 He was able to deduce a typical value for the effective

6 It is a few atomic dismeters. Consequently, it

interaction distance.
has become possible to predict the energy where the cross section is
largest but not its magnitude, Section 2.3.2 deals with this 1ﬁ more
detail,

An interaction that should be fairly easy to study is a proton
colliding with an alkall atom. Both reactants are hydrogen-like. Theory

and experiment compare favorably for the proton~-hydrogen atam collision



9-11 Furthermore, from the experimental point of view there is a

s'yste‘m‘_,
simplifying eircm}etance., The mova]. of the target gas is expedit.edc

A large cold eurface will condense the alkaliso For exmple, at zero

degrees Celsius the vapor pressure of sodiun and potassiun are respec-
tively 2(-12)* Torr and 1(-9) 'If'orr.,l2 With nomal target gases the only' o
: method of evaeuation is to remove tb.em with a high speed vacuum pmpo
| ‘ The cold trap uethod has been used beforeo One recent usage was. 1..

’in the experiment of mtch end Dm 13

'I.'hey ptmped not only lithiun wit.h
- such 8 aurface lbut. also water _vvapor, These two subsmces were neutral- E :
i_zers for p'ret'onso R | | | | |

| | Recentl;y interest has been arouaed in prot,oximalkali reactionso
%llisions leave the fast neutralized at,cms in a highly excited steteo
_Plaema. machines using masne‘cic mirrors were initially designed to buildi: :
the plasua by injecting i’as'g 32 At firet it vas thought that |

' diseociation of the Tast ions by the reaidual ges would inereaee the
vprptqn eoneentration, Itvwas;» fomd ctia,zjge tra.nsfer_ with these seme -

-‘ residuals aetually ‘re?moved._ ihe_-fest ions, A Vni_’ec'h‘eﬁ;ism for diseoeiatieii

; without eollisions was seughta .'.On'e euch'is tlie Lorenti ferce a'ctixig.oh: o
 the ions as they move in the intense magnetic. fields; This effect i_sj’
also mentioned in Section 5 Do 2 on 1osseso _

This general mechanism is" called Lorentz ionizationoll} . It_:_wdlild

be. useml also for hydrogen atomso Highly excited atoms would be quii'.e

15. 17

effi'ciently ionized this vay. In this 1njeetion rethod states below

fn = 6 are not expected to contribut,e eignificantly since the radiative

*Throughout powers of ten are expressed in the ahove fashion, for exanple, L

2(-12) means 2 x 10'12



18
lifetimes are too short. Those sbove n = 15 are generally ignored

because of their weak binding energies. They would be too easily ionized

19

by fringe fields. Recent papers have been concerned with creating

those states in between.l3’20’21

Besides this work on neutral injection, it has been discovered

these targets are useful for converting protons into H™ for accelerators.

Cesium seems to be the prefered alkali target for this Purpose,22’23

b

Donnally2 discovered that with a cesium target, metastable

hydrogen atoms were created from protons. He meésured this cross section
from 160 eV to 3 keV, A listing of experimenters and their alkali work
will be given later. Other metastable sources recently used or discussed

25.27 9, 28-30

were proton-molecular hydrogen,

27,31

proton-atamic hydrogen,

30

proton-rare gas and atom-atom™  collisions. In addition Lyman alpha

radiation haé been seen during electron impact on H2 32 and proton-rare
gas26 and various ion-molecule cpllisions.33’3h

Michal Gryzinski has pubiished a series of pespers on charged
particle interaction.35°39 He uses classical mechanics and calculates
his results in the LAB frame instead of the traditional CM (center of
mass) frame., The approximate fom for the charge exchange cross section
is very simple., There is goqd ag;eanent with experimental values for
many cases. Modification of his simple theory has been carried out for a
great variety of collision partners.ho One example is presented herein,

For a proton probe and alkali target the binding energies are
well knoﬁn. There seems to be no reason for excluding capture into all
excited hydrogen levels. Thus a sum of these cross sections is needed,

Throughout, the tem "partial cross section” will refer to one of these.

The sum becomes a finite integral with a few simple assumptions, It is



possible to calculate the cross sections for electron capture into the
metastable 28% level as well as the total cross section.

Calculations for the protdh-alkali vapor interaction are presented
in Section 2. Cross sections for the two charge state are discussed., A
simple extension of Gryzinski's approximate form for charge exchange is
the basis for computing various cross sections as a function of probe
energy. Total electron capture (clo) values can be obtained this way.

The total cross section (TX) is the sum of many partial ones,
Particularly interesting is the cross section for‘the creation of hydro-
gen atoms in the first excited state., Some of these atoms will be in the
metastable 28% state., This metastable cross section (MX) will be some
fraction of the cross section for capture into the first excited hydro-
gen. state, Relative statistical weights place this fraction at l/h. The
ratio of MX to TX can be calculated. The maximun value would be 0,25 if
the states were populated according to their weights.

Whenever the above calculations are extended to include capture
of inner shell electrons, there is a noticeable change in the above
theoretical.results° Usuaily for lovw energy protons, the valence electron
values dominate the cross sections. Beyond a few tens of kilovolts of
proton energy the inner sheli contributions become important.

The experimental and theoretical resulté of this work are
compared with those of other experimenters. Both TX and MX values are
collated. Until very recently no one group had measured both cross
sections for one alkeli. Some anamal;es appear in this compendium. They

will be discussed later,



Total exchange values have been detemmined by groups working in
many countries., Cross sections have bheen measured by Il'in, Oparin,
Solov'ev, and Federenko21 in Russia, Schmelzbach and co'v.vorkershl in
Switzerland, and Sch:].a.chi:eru2 in this country. Principal investigators

26,4
of the metastable cross sections include Colli, ° 3 Donnally2h and

Sellin.l‘d*’u5 Spiess, Valance and Pradel,u6 working in France, found both
TX and MX for cesium, |
TX values are measured in the present work for potassium and
sodium targets. The protbn energy range is 4 to 30 keV, These TX values
can be matched with those of Il'i'n21 and Schnelzba.ch.)+l The equilibrium
neutral fractions (2.11) are also compared. Theoretical values for TX
for cesium may be related to those Sbtained by Schlachter gﬁ_g&,ue
Metastable creation by charge exchange has also been noticed.
The modified Gryzinski metastable cross sections will be compared with

those measured by Donnallyg6 and Sellin;LS

Both have used cesium.

Cesium has been vigorously, if somewhat confusingly, investigated.
X fof rubidium has not been determined in this energy range. Sodium and
potassium are the convenlent targets used here. Thelr cross sections
should differ by about a factér of tﬁo. Lithiun should have the smallest
value of all the alkalis at any given energy. Table 1,1 lists the
various groups and the types of measurements they have taken.

The classical theory of Gryzinski is modified in Section II.
Cqmparisons are drawp between its predictions and observations with a
proton beam. In this work the protons collide with sodium and potassium .

atoms., The ions are accelerated through 4 to 30 keV. The hydrogen

molecular ion probes the same two targets above 10 keV, Its electron



capture cross section and its neutralized beam fraction for a thick
target are also measured. No calculations have been done for Haf nor
have any other measurements been found for comparison.

A possible explanation for the greatly enhanced MX observations
is given, It involves the Doppler shift of UV radiation and the narrow;
ness of the transmission windows of oxygen. Some of the light will be
shif;ed outside the Lyman alpha window. This effect of the molecular
oxygen filter fof the UV detector is somewhat fancifully described as
the "velocity dependent solid angle" of the Lyman élpha counter.,
Resonant radiation has been seen in the exchange chamber. This glow
~seems to be caused by excited alkali atoms.

The theory section -~ Section 2 - is followed by the description
of the apparatus. This includes the oxygen filter explanation in
Section 3,10. Data-taking procedures and sample data comprise Section L,
The results of the experiment and the calculations are given in Section 5.
The conclusions form the final segment of the body of this paper.

Various tangential matters appear in the appendices.



2.0. THEORY

2,1. Nomenclature

Consider a rearrangement collision in which a fast particle (B)
 with initial tharge i encounters a target particle (A). After the

interaction the beam particle has charge f. This is written as
gl 4 ad = Bf 4 a8 (f+g-i-)e (2.1)

where the fast particle is written first. The following short-hand
notation could’also:be used::
Ad(et, 5%)ad . (2.2)

The cross section for this reaction is written8 as ijafg .

In practice there is a stream of these fast ions which encounter
a localized aggregation of targets. This latter grouping is presented
in terms of a number density [nj(x)] which is a function of distance
along the beam track. The subscript marks one of several ‘targets than
can coexist in the region. The number of particles with charge E_véries
with the distance (x) along the track. If there are several reactions
converting charges from i.to ff each one can involve different targets.

This can be written as

an (x) = z X (x) £01 Pg(x)ax

. i
- Ej,éN (x) ijafg nj(x)dx . (2.3)



The source terms are collisions like (2.1) that convert net charge ito
final charge f. The loss tems remove f by returhing.thé;cha}gejstgpe
to i.

For protons interacting with alkali atoms there are three such
charge states for the probe ion (1,0,-1). That case is treated in
Appendix A, If a negligible number of H- ions are formed, the equations

in the next section are adequate.

2.2, The Two Charge State

If only two charge states are possible, Equation (2.3) is greatly
sﬂnblified. It is more convenient, however, to discuss the fraction (F')
of the probe beam that has charge i instead of the number. This is
accomplished by dividing by the total number of beam particles. Eurther-
mﬁre, the toﬁal alkali density irrespective of charge is nT. Let-the
product nT(x) dx be given by dm, The total electron loss cross section
(610) and the total electron capture cross section (001) are given by

€. =L v b} (electron loss]

10 J=o J g:J +1 13608

(2.4)

= 2 v [electron capture)

o I c
j=0 J g=0 0OJ 1g

0o1
where vJ = nJ/nT and Zhj = 1. Then the system of equations represented

by (2.3) becomes

F° = -0 Fo +@g F'. -
o1 10 |

(2.5)
+ + (]

= - F o+ P
DF 310 501



where the symbol D is the differential operator d/dw, An additional
equation is |
| FP+r = 1, | (2.6)
In the iikely event of interactions between discrete energy
levels of the reactants, the definitions of fractions and cross sectioﬁs :

in (2.5) should be extended, For exemple, electron capture by a proton
) lﬁn or 3s°n ‘
10 01 10 01

~ where the resulting hydrogen atom has its electron in level n. If the

‘from a ground state sodium atom can be denoted by

atomic state is the metastable 2S 1evel; this cross section becomes

X
38028 In the same va the fraction of metastable étcms is Fo
1001 " ¥ R 28"

order to recover Equation (2.4) for this more detailed case, the following

In

new relationships are needed:

o o
P o= ZSFS
© g =T tgs
lg Oh t,S lg Ch
2,7)
0O ts 0 (
06%1n = Zt,5%s  0g%1n/ %" '

Since it is much more difficult to remove two electrons from an
alkali than one (the valence electron), Equation (2.5) should simplify.
The target will probably either neutral or, even less likely, singly

ionized, It is expected that (2.,5) will reduce to

%0 = 101
(2.8)

- JE Y] + + Vv .+ @}V >V
o1 = Yoloo®10 00’11] %10 * o1 11} o M1

where the cross section and the reactions with alkali target X are
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p+X=H+ X+( 6 -)~ [charge exchange]
H+X=p+X + e( c ) [stripping]
00 10
H+X=p+X + 2e(ooall) (1onization] (2.9)
H+Xt=p +X (Ol lo) [charge exchange]
HE+x - P+ X"+ e(01°ll) [stripping) .

Since the X' concentration is expected to be very small, the latter two
reactions should be negligible. The second of (2.8) will then just depend
" 50%10 ¢ 00711

Equation (2.5) can be solved by introducing (2.6). The resulting
first order differential equations can be readily integrated. The inte-
gration constants are evaluated by imposing the proper boundary conditions,
In this work there are collisions with the ambient background gas. These

produce & mixture of ions and neutrals impinging on the target region.

The boundary conditions are

FY(0) =1 - 8
) 2,10
In this case the solutions to (2.5) become
o -(o10 01)“ °
o [0 ] L
10 01 10 01
(2.11)
o -(054%007 )
F°(n).—.<._._._10 >[ ;- e (o0 01)]+a
o .0
10 01
Here
o
" =0 j an = nie (2.12)
©

where { is the total length of the target region. The average density is

simply n. The usual experimental condition is thought to be a pure



11l

proton beam incident on the target material. In that case 8 is zero and
Equation (2.11) simplifies,

There Are two limiting forms for (2,1l)., One is the "linear"
approximaticn for w small., The other is the high density "asymptotic”

value. These are

F+(w)=1-6-alo[1-6<-£8—l+%o—l->]w

}w«l' (2.13)
FO(w)=alo[1- 5<-°—l%:-.-§-o—]-'->]ﬂ+5

. . c
and F+(') = .._._.Q.l_
: o+
100l (2.14)

-4
10
FO(Q) = 5__:'7_. o
10 01

The thick target values of (2.14) are independent of the initial neutral
concentration (8). The linear region depends on both 8 and the asymptote
(F:). Again the standard pure proton beam expressions may be recovered by
setting the initial fraction to zero. In this work the neutral fraction
(F°) is measured as a function of alkali density. The asymptotic value
(2.14) can be used in conjunction with Equation (2.13) to determine the
cross sections in this two étate approximation. The slope, the intercept,
and the asymptotic values of (2.11) must all be measured as a function of

energy before can be known,

%10
It isvimportant to note the convention followed here: calculated
cross sections will be denoted by Q but experimental ones by €. Later,
‘attempts will be made to match theoretical crossAseétions_(Qsj with the
measured values. For example,

G
10 10 01
part of the theory section o was used _with the reactions, Explicit

will be campared with Q . In this
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values - cross sections calculated according to same theory - will be

labeled Q. They so appear in the figures that follow the appendices.

2.3. Theoretical Descriptions of "OgOl as a Function of Energy‘
1 X

2.3.1. Introduction

The interactions among an alkali core, a proton, and the valence .
electron are too complex to be calculated exactly. In general three body
problems are beyond the capabilities of physics. Three useful approxﬁna:
tions will be made for the proton to neutral cross section. The first is
rather qualitative, It is Massey's adiabatic criterion.6 The other two
are much more detailed. One is based on the Born approximation. The
other is the classical calculation done by Gryzinski.
2.3.2., The Adiabatic ériterion

For simplicity let the target atom be at rest. If the beam parti-
cle passes it very slowly, the electron cloud can adiabatically adjust to
the moving charge. If it passes very rapidly, the cloud cannot respond.
For the proper range of speeds the electron will be able to attach itself
to either charge center., The wave function will be a mixture of proton
and alkali core wave functions. Here the prdbability-of capture by the
proton becomes large. Qualitatively then, the cross section for electron
capture by the proton will be small for both large and small velocities,
It will reach a maximum at the characteristic velocity Vaax®

Whenever the period corresponding to the energy difference between
the two atoms at infinite separation (the energy defect) becanes compara-
.ble to the transit time of the beam particle, the cross section is a

maximum. This time (T) is given by

T = V:ax ' (2.15)



 Kramers:

13
where 8 is a characteristic dimension of the system. ‘It 18 a few
- angstroms. Then the expression for Vo, 1is

Vo = . . (2.16.)“

Hasﬁeda' has 1nves.tig_eted_ this quantity for a variety of che_rge
exchange reactions. He has'!ded'uced a typical value for a of 84 for |
capture into the ground state., The energy defect for .captuvre into the
second hydrogen level is ebout one electron volt (1. 6 ( 12) erg)  Thus |
| Vgax ~ 2.0 (7) an sec™t, For a proton this corresponds to 200 eV, It

- will be seen later that Gryzinski values peak near 1 keV..(See Table 2.1) -

-'2—.-3.3; The Born Approximafion | »

Early work on electron capture by Oppgnheimerh7 and Brinkman and.
48 was shown to have"omitted'en interaction 1:.erm..)49 Whenever this .
term vas added, the resulting cross sections vere too 10",5Q The treat-
ment was extended to include capture 1nto excited statesos. J ackson and
Schiffsl used tne Born approximation for their calculations. They were _.

"able t_o relate their res_ults to the OBK epproxlmation. Bates and -
_Dalgerno9 applied“tbis- correction to-the.ir OBK calcnlations.  They pre-
.sented explicit forms for 'cepture into the first four‘mfdrogenic 1evele.
‘The target atoms wem also hydrogenalike., Thercaptured electron ‘cégne VA
.Vfrcm the 15, 2S or 2P states. These calculations have been extended for
capture into the first Tifteen levels.,52 | '
Consider the collision of a proton and a target ‘atom, - The

electron is initially ‘attached to. charge Zg in state nye. It is capﬁur‘ed

into _'kw_drogen state nf.~» The cross section for ce.pture froni the state
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o __vith principal quant\n n\mber ni and azimuthal quantun mmber 11 into the

lwdrogen state characterized by nf and 1, 199 L
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Jackson and Schiff”

' veion between nomal kwdrogen atonw (IS) and protons

deduced the following correction tem for a colli-_n S
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For a proton probe the energy 1n keV is 21& 97 p

N l‘or & metastable-like target the constants and functions will be

rewritten as o I
Clas- m@i)“' B 2;3 C(/s'- nedy)
C-:;(*?’P‘Y’#*@ = % C(ls-n,e,aﬁz | A_

- ;F(és—w,,:.é,e) =X ""’(x-;ch) F(Is mﬁ#) (é'-'i9) o .
| : lF(Q'{p-w,eﬁ,e) =X Cx—. ) F_(Is_-mf#) |

| For computational purposes it is Asc_n;evhat better to chénge
- variables, The transformations are
oyl -
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Then Equation (2.17) becomes

| ‘ | e |
. Qso("’z%‘ﬁﬁé?):l@_g Clnd-ng £\ G (nek; -1, 00 2 (2.20)

A few COnatantsAahd fﬁhcticns aré
©(18-18) = 28z5e

¢(15-28) = 22,

- ‘0279 o
— ¢(18-2P)-= 2722 _ _
- ( ‘ ) € - (2,22)

- 6(18-18) = o
o G(l_s__'-_-es) é .,zu(l-ebaz)a
&(18-2P) = 2°(1-b%2)2
G(18-2P) = z°(1-bz)
‘ -G(2S-nfzf) = (l-zaez)aG(lS-nflf)
In order:to simulate electron capture from a ground state alkali
target, Q(2S-nf£f) is computed for an effective charge Zgo This is
- chosen such that the binding energy of the alkali becomes that_of_af

hydrogen-like 2S state;; For potassium the effective charge is 1,130

tﬂhes ths-proton’charge@' For sodium it is 1.229.  As a first order
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calculation then, assume the correction temm [Equation (2.18)] is the
same>1rrespective of initial and final states and charge Z,. The charge
exchange cross sections are shown in Figures 2-1 and 2-2. These Born
calculations indicate that capture into the first excited hydrogen level
dominates gréund state transfer.

53-56

Butler, May and Johnston have calculated cross sections for
charge exchange between protons and ground state hydrogen atoms. They

use the Born approximations, too. Their approximate cross sections for
hydrogen excitation are also very large. Abogx one half of all excited

atoms will be present in the n = 2 level. Their cross sections peak near

17 keV.

2.3.4. Gryzinski Theory

The third approximation is the classical mechanics calculgiion of
Gryzinski.36-38 This allows cross sections to be calculated easily as a
function of beam energy and readily compared wifh experiment. The shapes
of these cross sections are in good agreement with this experiment.

The theory is extended slightly by allowing capture into all
excited hydrogen states.. To keep the total cross section finite the
states are not weighted accéfding to their total degeneracies. The
ground state has been excluded from this calculation. Whenever the cross
section is pathological - as it is for ground staée capture;~ it should
be calculated by detailed balancing.uo In that case the contribution
from the ground state is orders of magnitude less than that of the first
excited state. Accordingly it is neglected throughout. It is also

assumed that the substates are populated according to their statistical

weights., This assumption is unverified.



In order to compute the total cross section for electron_¢;§£ure,
by the proton intd all'gxcitéd hydrogén'levelé,va”sumnaﬁion of individual
level contributions isvperfonnéd (2026), This can be appro#imated by'én-
integral for sufficientiy 1arge'princi§al quantun number n, It'willlbe.
shown later how s@all n éan be for this appfbximatioh to be valid., The
’totgl cross section is then a discfete sun over the fifst n ékéited states

Plus an integral correction term (2.29).

2.4, Calculation of the Total Cross Section

2.4.1. Calculation of 149

The reaction to be studied is a varient of (2.1). It is the

simple charge exéhange process
BY¥ +A=3B + Iy P o (2.23)

In order for capture to occur the electron must gain an energy corres-
_pohding to the beam velocity plus the difference in binding energies to A
and ﬁs An upper 1limit of the energy change is given by thé translational
eﬁefgy_plus the binding ehergy of the final state, Thus according to

38 _ _

Gryzinski theory~ a cross section will have the form

| -QLmv:M-U? *’ULB - |
Q= Ope d(aE) (2.24)

! 2 1.4 _1)8
?.mv@' +U,_ UL
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Further the average energj ‘of the eleé;tfon bound to A will be

) — A A : : . ’ -
approximately E, * U; - . The quantity % is approximately

Ope = —— X | .
* (agf vt - o (2.25)

vhere €, = constant (6.56 x';[O'l;" ev2 cm?) -

U;‘ = potential energy of electron bound to A

4E = epergy change of the electron in going from A to B

' 2 \%a
2. (fu*e>2 Ut /
M ’UB-/- 1)53'1».1)'2

In performing the integration fv is essentially constant so that Equation ‘
(202’4-) becomes

: ' - VL 3 : o
2 G5 | ( E 2) v : (2.26).
co (m):__f_ UHA(YYP) ’+V . _ |
S loe [ v = Ul

' ‘w_vl':p'.re-Q(vm) = cross section for ‘c;aptu;re into the m®P hydrogen level

: _ U8 __v'-‘ IIB;G‘ %
UHA(m>—._ Utﬁ T U~A/m
v.._. _ Vgt
: Y

A
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An estimete on the maximum value for this cross. section is Equation (4.1)

of Reference 38:

Ya ULH o
+ 2 — Z
a. - ur et  (2.27)

AL 2
Quay 2 705
: . A
where a, is the first Bohr radius .
vZB‘,. is the beam particle charge
ry is the amplitude of oscillation of the target' electron

. o -
U;" is the ionization potential of hydrogen (13.6 eV).

These maxima are listed in Table 2.1,
The summation of these cross sectioms is pef:foimed in the above

mentioned manner, The imtegration becomes

:ES a)>(2 <j>? s o :. | ,(2o28)
2. x4,_F‘+ - | -

oy

Q =

where

27.:2 Oy £

TE w2
REEY: % -
UA (1+v2)* o

It be’¢qnes then
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o

| Q5 = Lim - % ln

X u:qoo

_ X
4 — |n

|+ <5 I peopl
Zo%_ ’Am‘ta” %) );u . (2.29)

+

The;totai cross section thus is

Q=Y Qu

M=V
—

L m S
I E e TN
F 2 ]8 4 n—-F

This is the susmation over n-2 excited states (Equation (2.26)) and the

evaluation of (2.29) for X, = n.

It should be noticed that Q(m) as given by Equation (2.26) is

2

proportional to m~ < for large m. The quentum calculations are instead

' . 9,46,48
proportional to the inverse cube,

\

The Born results fuither show
that the high angular momertwn states are rot populated. S state capture

predominates for both fast (E >> 25 keV) and slow (E <€ 25 keV)
9, 47,51

protons, High velocity proton impacts on carbom foils produce an
? / .
enhanced 2S population“h in accord with these calculations, May56 and

9

others” have shcwn for proton-hydrogen atom exchange this no lohger holds

for medium energy (E = 25 keV)° At 25 keV more than 50 per cent of the
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captufes will be into the £ = 1 state. Only about one quarter are S

5k, 56 as shown in Figure 2-3.

state captures

Figure 2-4 shows the sum of a few discrete level cross sections
(Q(m)s) for electron capture from potassium. It should be noted that
about one half of the total contributions to the cross section come from
the first excited state, If the magnetic substates are statistically
populated, then approximately tem per cemt of the resulting excited level
cross section comes from the metastable 25 state. Also the'rapid
'convergence of the cross sections is easily secen.

Equation (2.30) has been compared with the discrete summation of
(2.26) for 200 levels. It was found that for most cases n = 11 is a
satisfactory lower limit for the imtegral. Figures 2-5 - 2-6 show the

theoretical cross sections for various alkali atoms. The predicted ratio

of metastables to total hydrogen atoms is also shown in Figure 2-7.

2.,4.2, Calculation of 01%10
It was'disclosed in the preceding subsection that the neutralized
probe particle will possess intermal excitation. Thus the calculation of

the subsequent electron loss by this fast probe is more complicated than

that of Section 2.4.1. The charge exchange reaction is

Bo(m) + A" = p + A%(n)( O?afo)) . (2.31)

The Gryzinski formalism - Equatiom (2.26) - becomes
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LG med = 26wt Uy Gmn) | w2 | 72
(ot |+ W (m)

X ‘Wv—z (W\) .
['4-\/\/2(%0)] 24 - UAi (vn,rf) R | (2,32)

where'
Ugy Onin) = VA m?
- ud

o

5 -
W3lm) = _§ﬁ (&) m2 = W2 m%
UM\ Mp B
Although the alkall target above becomesA the probe and the excited
hydrogen atom is its target, the projectile speed Az.'emains the proton
velocity. Equations (2.26) and (2.32) are identical for that well known
alkali, atomic hydrogen.

Equation (2.32) can be rewritten to show explicitly the

dependence on the hydrogenic principal quantum number (m) as

C Qutmmy = 25 Ui W %
00 M/ = U U W2+ 2
! X . W-z o

[W2.+ m-?j 2_ { U(_A(n)ja

(2.33)
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’ 'Thié“bebomes for a highly excited atom (largé m) -

I

L Kz 2m Ulen W
B (V74 S L W S V2] (O D Y
‘ I (VY

"ﬁhicﬁ ié;hoﬁ 1nd¢pendent of the hydrogen Quanﬁum nﬁmber° Since
: vwa. “8 P/25 for keV energies, a ten per cent error is made by substi; _
Atut-_‘ingi'the asympf;otic form (2.34) for the exact Equation (2.33) form = T
8t 5 keV and m = 3 at 25 k.
Alkali binding energies do not depend as simply on the principal
quantun value as does hydrogen. However they do become hydrogenic for
| , 1arée t-values as the ciuantum defect vanishes. Later the confcributions
.of a;kali electrons.more tightly bound than the valence electron will be
¢pﬁsidered. B |
| | It can be seen that the cross sections (EquAtioné (2.26) and
(2.33)) possess a .p‘ole vhere their denominators vanish, Naturally the
rééﬁlts.there are unreliable. Garcia, Gerjuoy and Welkerho discuss this
and deéide upon & useful change in the formalism. Whgnever the limits of
(2.2&) allow this tahgent-like discontinuity, Just apply detalled
baiancing to calculate the offending cross section frdn the one corres-
popding to the reverse reaction.  For exahple, lofol,fon‘the,creation of
ground sﬁate.hydrogen is computed this way ffan olqlo.;UTheirlprescription
becones |
| Oos (E) =ea (E) = —wai caGeb (E)
y :

(2.35)
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 where w; and w, are the statistical weights of the initial and final
states of the original .cross section. For a proton and the valence
electron of an alkali these ﬁ%ights are the same, For inner shell elec-
tron exchange they are not. Since half of the target atoms will have
their electrons wrongly oriented for capture, the reverse cross section
is divided by two. In Gryzinski theory the total cross section of a

"

state with energy E is the number of "equivalent" electrons with that
binding energy times the cross section of a single electron with energy

E.

2.9. Predicted Background Lyman Alpha Signal

One of the aims of this experiment is to determine the metastable
hydrogen (2S) population resulting from the charge exchange reactions.
This is done by applying an electric field to the neutrals and observing
Lyman alpha radiation. This mechanism 1s dealt with in Appendix C. It
is known from the preceding sections that all excited hydrogen levels
will be popuiated. Consequently there will be background radiation from
the natural decay of’highly_excited levels,

Since the hydrogen beam is optically thin (the demsity is about
10° am'3),'photon excitations can be neglected. Only the Einstein A
coefficients are needed., The population of the 1th sublevel obeys the
equation

dny

e -N, EJk(i,j) + EJNJk(j,i) (2.36)



26

where the loss te:ﬁs are transitions into lower lying levels and the
source terms are transitions down into this level from all of the Jth
levels possible. The Ejs'are Just the Einstein A coefficients. They are

60,102

tablulated in many places. . To 8olve, (2.40) assume N.(t)-is given by

N; »(t) = Zj C(i,j) e_wjt (2.37)
where: o '
;o= 2o k)

k(i,j) = 0 for j)L
 and C(i,j) is the coefficient linking states i and j. .
When this form is put into Equation (2.40) and the various exponentials

are equated, the coefficients are seen to be

2, Clep k(L) i

V(L' ‘WJ

C ()

"

Cli,D= N@-F, Cleg)  taf W

| where N, (0) is the.initial population of the 1'R state,

This system of coupled differential equations represented by
(2.36) 1s.solved for .each time t by substituting for the populations of
the highef ;evels. Such a repetitive procedure can be done easily‘on a-
1argé'com§utér such as the .IBM 7090, The number of levels that must be
considered becoﬁes quite lérge.A For the nth state there are n sublevels.

For n states the number of equations is n(n+l)/2. For 10 states there
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are two 55 x 55 matricesxto be manipulated. For twelve levels they.a;e
78 x 78. However for 20 states these matrices are 210 x 210 which far
exceeds the memory size of the 7090, Further, the running time of the
calculation goes as n2. In order to minimize the errors in neglecting
higher levels but to keep reasonable computing time, these coupled
equations were solved for a varying number of levels. 10 levels is a
goéd compromise,

The physics of this problem is in the initial population of these
levels. Gryzinski results from Section 2.4 were used for this purpose.
Two different models were used: (1) the sublevels were populated
according to their statistical weights (2j+1); and (2)_only the S sub-
levelé were filled. The results of these calculations are displayed in

Figures 2-8 and 2-9.

2.6. Projected Lyman Alpha Signal

Lyman alpha radiation is "seen" by the UV detector which will be
described more completely in Section 3.5. The hydrogen beam passes
beneath it and emits background_radiation. This comes from the cascade
of highly excited states mentioned previously. 1In order to detect
metastable 25 atoms a strong electric field is applied across the beam
path. Stark effect mixingvof the metastable and resonance levels allows
depletion of the 25 state., The transition probability of the '"metastable"
state is a function of the electric field intensity. Because of the high
velocity of the atoms, a very intense high elecfric field is needed to

quench the 25 state within some reasonable distance of the detector. The
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field is too strong for the Bethe approximation57 - Equation (2.39) - to

be wvalid

_}__: 2780 E° (2.39)

Y

where * is the lifetime in seconds and E i4 the field strength measured
1 T
in volts cm . .
Equation (2.&3) fails for very weak as well as very strong
fields. The natural two photon radiative lifetime of one-seventh of a

58, 59

second sets a upper limit. The lower limit to the'lifetime is the
resonance value of 1.6 nsec.60 The calculations of Appendix C yield the
lifetime of the metastable state for the entire range of fields that will
be encountered nommally. For more details see Appendix C (lifetime
calculation)»and Appendix D (field configuration).

The UV signal received depends primarily upon the metastable
population, the geometry, and the efficiency of the detector and the
electronics. BSupposedly the geometry is known. Detector response is
rather uncertain. It will be necessary to calibrate carefully and
thoughtfully.

Since the metastgble state can be populated either by direct
interchange into the state (the szjchannel) or by cascase from higher
states (the CZL channel), the beam energy enters into the éopulation in
two ways, The cross sections are energy dependent. But, in addition,
the transit time from the oven to the detector depends on the square root
of.the energy. The slower. the beeam, the more cascades occur. The dis-
tance between the oven and the UV detector is 40 em. Figure 2-10 shows
the expected ratio of metastable atoms to all atoms as a function of beam

energy. Figures 2-7 show the initial ratio for various targets.



3.0. APPARATUS

3.1, Source and Ion Selector

Figure 3-1 is a sketch of the apparatus. The ion source is a
commercial Duo-Plasmatron type6l vhich is capable of supplying several
millemperes of ion current,- High purity hydrogen gas is bled into the
top of the source through a needle valve, No trépping of impurities is
done in the gas line since the source operates with the relatively high
pressure of 200 to 500 microns, Electrons are liberated from a number
80 mesh filement. To lower tﬁé work function of this 90% rhodium ; 10%
platinum filament the mesh is coated with a commercial oxide mixture.62
Typical operating conditions for this filament are 6 volts AC and fifteen
to twenty amperes.

Theée electrons spiral in the field of a small electromagnet.
The_poles of the magnet surround two sides of the source, It is cla@ped
to the three topmost plates. To minimize arcing problems between the
magnet and the source body the DC subply of the electromagnet is grounded
to the cathode., The field is variable.

The ions sit in a conical well until they are extracted through a
30 mil hole in the apex. Pumping holes are drilled into the sides of the
extraction cup located directly below the well., The current drawn by
this extraction process varies between 1.0 and 3.0 amperes. In order to
maximize the ion yield both this DC current and that of the magnet are
varied. In general low currents give the largest yield for low energy

ions whereas high energy ions require high arc and magnet currents. The

29
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ions are accelerated through a high DC potential. This caﬁ be varied
from O through 30:kilovolts.

After leaving this middle portion of the source, the ions are
focussed by an electrostatic lens in the base of the source. The
potentials have been arranged so that the base plate, which is the third
element of the lens, is at ground potential., This requires that the
cathode be kept at the variable negative high voltage. As a result there
is no defocuésing of the beém as it enters the grounded magnet chamber.

This brass magnet chamber sits between the poles of a large
electromagnet., Typically the field was ~éOO Oe. The magnet runs on
highly regulated direcf current. In order to exit this chamber the ion
beam must be bent through a 30 degree angle along a 15 inch radius. Any
one of the three major ions produced by the high pressure source can be
selected., In addition to cregting protons and ionized molecular hydrogen,
the source also produces the H3+ ion in vast quantities. These three
ions are generated in approximate;y équal numbers.

To decrease the pumping load on the exchange chamber pump, .the
magnet chamber has its own diffusion pump. It is an air-cooled two inch
punp manufactured by the Veeco Vacuum Company and rated at 80 liters per
second. The pump fluid is Dow Corning DC 704 silicon fluid. This ﬁump
can be valved off'from thelﬁagnet chamber by a small two inch gate valve,
‘With this pump in operatioﬁ the gas pressure under normal gas load‘is

2 x lO'h

Torr.
Normally the ions anerging'from the magnet chamber are protons.
These ions are refocussed by an external einsel lens located between the

magnet chember and the exchange chamber. The two outermost elements of
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the lens are at ground potential., The middle element potential varies

from O to 6 kV DC.

3.2 The Charge Exchange Chamber

The charge exchange chamber is a cylinder 16 inches high and 10
inches in diameter. This stainless steel chamber has four equally spaced
two inch long arms welded halfway up the sides of the chamber. The beam
enters and leaves through two opposite ams. Below it hang a water baffle
and a ten inch water-cooled diffusion pump. This pump, which is made by
Consolidated Vacuum Corp. (CVC), is rated at LUOO liters per second
(unbaffled). It operates on 220 Volts 3 phase. Its pumping fluid is
also the low pressure DC 10&. Typical operating pressures under gas load
are 8 to 15 x lO—5 Torr with the magnet chamber pump operating. The
pressure doubles whenever the small pump is valved off. Normal condensi-
ble and alkali vapor trapping is done by a large cylindrical copper
shield. It surrounds five sides of the oven. It is connected to a
liquid nitrogen reservoir by a one inch diameter copper bar. Holes in the
shield ‘allow passage of the ion beam. The background pressure for no gas

T

load but a cold nitrogen shield is 5 x 10 ' Torr. There is a viewing
port in the top of the chamber which allows observation of the space

between the shield and the front of the oven.

3.3. The Oven

The oven is made of Monel and has a rectangular base with a one
half inch dismeter tube projecting symmetrically along the beam axis.

Flanges are attached to the ends of the tube, A plate is bolted to each
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flange with 6-32 stainless steel screws. A metal O-ring seals the plate-
flange connection. Apertures drilled into the plates collimate the beam.
The total length of the ams including the plates is 16 cm.

The target metal is slid along the am into a well drilled into
the rectangular base. The oven is heated by two sets of independently
controlled heaters. One pair is mounted in the base and supplieg‘most
of the heat for the oven. A secondary set is strapped to the armms. This
pair keeps the amms aﬁ a uniform temperature, At night they maintain
the armms at a higher temperature than the well, This insures that no
alkali is deposited in the arms between runs. The main heaters maintain
good thermal contact with the base, They fit snugly into the base.

Small screws press them against the sides of the holes,

Four chromel-alumel thermocouples monitor the oven temperature.
One Jjunction in the base senses the well temperature. A second is screwed
to the top of the tube directly above the well. A third one is attached
to the "downstream" plate on the arm. The fourth is located on the am
midway between the last two.. The thermal E.M.F. is balanced against a
standard voltage in a bridge circuit that uses a small, relatively insen-
sitive galvanometer as the nulling device, Typical voltages are a few
millivolts.

The oven itself sits on three sharpened screws embedded in a
hanging platform. A bellows system and three external screws allow
spatial orientaﬁion of this platform. In addition it may be slightly
rotated about the beam axis by means of adjustment screws which push
against arms attached to the top plate of the bellows system. A hollow

stainless steel pipe passing through the top plate supports the platfom.
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It is now capped but could be used to supply gas to a standard gas target

cell should that be necessary.

3.4, The Detection Chamber

Between the exchange and detection chambers is a valve, a bellows
assembly, and a vacuum separator. The bellows allows the detector chamber
to be translated normal to the beam. The valve is also a CVC 2 inch gate
valve. The separator is a brass plate with a 3/8 inch diameter hole *
drilled in the center, The detector chamber is identical to the exchange
chamber., It is pumped by & 6 inch CVC water-cooled oil diffusion pump.
The unbaffled pumping:speed is 1400 liters per second. It runs on single
phase 110 V alternating current. The fluid was initially DC 704 fluid
but later éonvalex 10 was used., This pump has a CVC liquid nitrogen trap.
A single filling of nitrogen lasts for approximately 4 hours. A typical
background pressure is 3 x 10'7 Torr for the chamber valved off, Whenever
the commection is made with the exchange chamber, it rises to 5 x 10_7
Torr. Capacitor plates in the entrance arm are used to sweep the ions

from the neutral beem path.

3.5. The Detectors

Two major detectors hang in this chamber. They are the ion
detector and the Lyman alpha UV counter. The ion detector consists of a
thermocouple foil mounted inside a protecting Faraday cup. A grid, which
is 90% transparent, is negatively biased to reject secondary electrons.
In addition:.the Faraday cup guard, the cup itself and the foil can all be

biased positively. These features are shown in Figure 3-2.
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The thermocouple is a 1 mil thick Nichrome foil. It is sand;
wiched between 1% inch diameter rings. Three rings are copper; the
fourth ring in front is boron nitride. The heating effect of a particle
striking the foil is independent of its charge. Hence the foil can be
used to monitor neutral atoms. It is calibrated against the proton beam
by varying the beam current and noting the deflection on a nulling
galvanometer. This meter is part of a bridge circuit., Its standard
voltage is supplied by a mercury reference cell and a resistor string.
The voltage drops have been arranged in multiples of two for convenience.
The thermal E.M,F. is a few microvolts.

The junction is formed by contact between the foil and a small
copper wire soldered to the back of the foil, Current is drawn off
through a larger wire attached to the rings. The foil also integrates
beam fluctuations. It has a thermal time constant of 4 seconds.

A bellows system allows this detector to move in 3 dimensions.
Also the detector can be rotated through a slight angle (about 10°) in
the same manner. as the oven,

The UV detector, however, is fixed in space. It hangs on a bar
fraﬁ the top plate of the chamber. The clamps that secure it to the bar
allow the detector to be repositioned somewhat. These clamps are not
accessible when the plate is bolted in place. Adjustments can only be
done whenever the chamber is open to the air.

This detector is a modified Fite and Brackmann63 counter. It is
a cylindricai Geiger tube filled with a few crystals of iodine and argon
buffer gas. Constant iodine pressure is maintained by water cooling the
tube. A positive high voltage terminal collects electrons liberated

whenever a UV photon ionizes the iodine. .The relevant reactions are
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hv + 12f<112+ +e (photoionization) (3.1)
e + x ff 2e #X*  (cascade) - (3.2)
e 41, -°I +I°  (quench) - (3.3)

'_ihere'x is.tﬁe inéit hﬁtfer gas. Here 1t is argon. The tﬁféshold for
reaction (3,1) 13 aboux 9.7 eV (1270 A) An oxygen cell ahead of the
’detector lhnits the wavelengths that can enter the counter. Oxygen has
7 vell known w "windovs" 6% One such absorption minimun occufs at the

' wavelength of nmman alpha (1216K)° More will be said sbout. this A

‘moleoular oxygen filter later. A lithiua fluoride crystal65'seéls the.
counter. This gingle erystal is_oné'inch in diameter and one-sixteenth .
~.inch thick, Litniun fluoride has a short wavelength cutoff of 1080 A
which corresponds to 11 L ev, 63

The filter is a chamber with a lithiwm fluoride crystal in front

: and an O-ring groove in back. A good vacuum seal obviates the need for
an adguuong; pieqe o: LiF, Screvs fasten the cell to the face of the
détéétor. Oxygen:flﬁws ﬁhrcugh the chember to preﬁent ozone66.build-ﬁp.
Sinée:water‘vapor also has an extremelj large cross section for Lyman |
\ alﬁha;67:the gas is driéé by passing it through a dry ice-acetone trap.
A liéhitbaffle i"méunted‘in front of the oxygen filter, The
- solid angle subtended by the detecté?'(dﬂ) is kx/333. Two wires hang
astride the beam‘p#th‘_.whenever high voltage is applied to ﬁhese wires,
the queﬁching electric field is created. This is -treated in detail in
Appendix D, The éeunter then obsefves parﬁ of the radiatiog; Figuré

3-3 i8 a schematic reprgsentation‘of the detector and 1ts.eiectronics.



3,6. The Calibrators

Initially the UV counter was calibrated by means of a radioaqtive
source. It was swung into position directly below the detector. After
_each data point was taken, the source was moved into place. The counting
rates for that day's run were then normalized using these calibrations.
Since there was so much uncertainty in the counter efficiency, an in situ
calibration was attempted.

In order to calibrate the UV detector its response to a known
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reaction is determmined. Fite and Brackmann”™ measured the cross section
for

e + H, = countable UV . (3.4)

It peaks at about 100 eV at 1.6 (-17) cn® and decreases monotonically.

A modified Pierce gun was built from commercially available parts. Its

68

prototype is described elsewhere, Normally the electron current to the
Faraday cup (the electron‘trap) was about 1% of that drawn from the
filament. Tt was possible to have currents on the order of 100 MA in a
1 cm spot for calibration. This gun is shown in Figure 3-k.

.The gun filament was a strip of pure tungsten sheet 1 mil thick
cathode and 1/16 inch wide. It was maintained below the ground potential
of the'second anode accelerating plate. The first plate was operated near
the filament. The electrons then fell through a total potential of a few
hundred volts. The beam is focussed by a three element lens. This con-
sists of the second plate, a short cylinder at several tens of volts, and
a flat sheet with a large (1/8 inch) aperture kept at ground potential.

The ion beams pass through a gap of several centimeters between this plate

and the Faraday cup guard. The guard is also grounded. The electron
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trap is a 3 cm long cylinder closed at one end. To prevent electron
reflection from this cup, wire is coiled inside the trap and it is biased
slightly above ground. Typlcal operating voltages on these various gun
membgrs are V ~ -150, V, ~ -150, V3 ~ 0, ‘Vk ~ =60 and V5 ~ -60. Both
the last element of the lens (V6) and the trap guard (VT) are grounded,
The trap itself (V8) 18 ~2 volts. All of these parts are mounted on two
long ceramic rods which are not included in Figure 3-4.

These rods fit into two aluninum holders. These disks in turn
fit on vertical threaded rods. The holders are held in place by ordinary
nuts. The rods screw into a hanger which straddles the UV detector. The
gun can thus be oriented in space. Again these adjustments can be per-
formed only when the top plate is unbolted. Since the gun was to be used
only as a calibration device, no effort was expended in trying to make it
monoenergetic. The energy spread is consequently rather large, about 1

ev,

3.7. Electronics

The temperature of four locations in the oven is measured by
Chromel-Alumel thermocouples, Each one forms one arm of a standard bridge
circuit. The oven monitors pass through an octal vacuwm feed-through.

An eight wire céble runs to a Leeds énd Northrup thermocouple switch.
This special switch alternately selects the junction to be nulled. No
reference junction is used. The various solder connections at room
temperature serve this burpose. Since the room temperature varies much
less than 1°F, it is much more constant than & naive, unprotected water-

ice system would be., The thermocouples are calibrated against seversal
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standard points, Since some of these points are below room temperature
(about TO°F), the reference battery (a "D" cell) has a polarity reversal
switch. |

Five standard temperatures are used. They are (1) the boiling
point of nitrogen, (2) carbon dioxide sublimation point, (3) the ice
point, (4) the water-steam point, and (5) the melting point of lead,
These values are listed in Tabie 3.1, |

It can be shown that'C

2 |
ae€__T (3.6)
ar2 T

wvhere ¥ is the Thompson coefficient,
T is the absolute temperature, and
€ is the thermal emf,

The solution to (3.6) is
€ = A + BT + CT {nT . (3.7)

In order to reform this into the more familiar parabolic expression, add
and subtract the tem CTznTo. A pover series expansion of this modifica-
tion of (3.7) is performed. By rearranging and renaming the coefficients
the sought-for form appears. The linear form is an excellent approxima-
tion for the portion of the calibration curve above the ice point.

The nulling gelvanometer for the themmocouples was made by
Rubicon Company. Its sensitivity is 4 (-8) A/mn. The foil thermocouple,
which is the neutral beam detector, and its associated circuitry is much

more sensitive,
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The nulling device for the foil is a Leeds and Northrup model‘
2430A galvanometer with a rated sensitivity of 0.49 4V/mm. To maintain
it at a unifom temperature it is kept in a plastic box. _Although the
metal case around the meter is grounded, additional shielding is provided
by wire screening around the box. The time constant of the foil and its
circuitry is about 4 seconds.

The neutral detector leads pass through individual ceramic feed;
throughs, They terminate in female BNC connectors. The wires to the
bridge are RG-58/U coax. The current carrying ring wire is fed to a tee.
One branch is connected to the bridge. The other goes to ground through
the microammeter. The second lead is fed directly into the bridge.

The standard voltage for the bridge is supplied by a resistor
string across a l.34 V mercury cell. There are 1l taps on this string.
The one per cent precision resistors are selected so that the reference
voltage varied by factors of two. Thus the minimum voltage is o~ of
the maximun., The fine adjustment resistor is a ten-turn fifty ohlm
precision potentiometer. A battery reversal switch and an off-on switch
complete the,cdntrols on the bridge box.

The current meter that monitors the ring wire is an RCA model
WV-84C Ultra Sensitive Microsmmeter. This is battery powered. The meter
range is about 2 (-10) to 1 (-3) amperes. Typical currents are a few
microsmps. .The input resistance is high (about 107 oms). A shunt
capacitor of a few tenths of a microfarad is sufficient for integrating
a nolsy signal.

The UV counter is powered by a Fluke 6000 VDC supply. Pulses pass

through a high voltage capacitor to a Hewlitt-Packard amplifier M/N
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L50AR., It has two fixed gains; it can boost the input by either 20 or 4O
dB. The amplified pulse is fed to a tee, Part of the signal is dis;
played on a Dumont oscillograph M/N 304-HR. The rest goes into &
Hewlitt-Packard 10,000 count scaler. The model H43-521CR scaler has
three fixed sampliné %hmes: 1/10, 1 and 10 seconds. In addition the
device has & provision for an external gate. By this a sanp;ing time of
any desired length can be selected. Data were taken with the 1 second
fixed time,

The Duo-Plasmatron ion source is powered by a 30A transformer, a
DC power supply capable of delivering a few emperes to the small electro;
magnet, the arc supply and the voltage source for the einsel lens., The
large negative voltage on the filament, the arc and magnet gupplies, and
the topmost plates of the source are furnished by a Sorensen M/N 1030-20
supply. It provides 30 kV at 15 mA. High voltage isolation transformers
allovw line voltage to ppﬁer the two floating supplies safely. The arc
supply gives a few hundred volts and up tol3 amps to the source to create
the two plasmas (H and H2) in the extraction cup. The internal einsel
lens is powered by a Plastic Capacitors Model HV250-163M 25 kilpvolt DC
supply. It is rated at 10 mA but the nomal load is 1 - 2 mA.

Since the electron source for the Duo-Plasmatron consumes roughly -
100 watts, water cooling is needed. A closed water system cools the fila-
ment electrodes, the 2 topmost plates of the source, and the middle
(ungrounded) element of the einsel lems. Distilled water is circulated
by a small pumnp from a refrigeration unit into demineralizer filters,
The chilled, filtered water flows through the hollow source plates.

The electron gun used a plethora of power supplies, The filament

is heated by a 25A 28V transformer. Two Kepco Model ABC-U0O supplies
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bias the cathode and the acceleration plate. Lens potentials are
furnished by a 250 VDC Sorensen supply through voltage dividers. Small

voltages are provided by batteries.

3.8. Gas Handling System

The.hydrogen for the source and calibration target comes from &
high pﬁrity tank through various valves and runs of copper tubing. Gas
goes from the tank through a standard regulator. It is connected to the
tubing through a threaded nut and shut-off valve. At a tee the flow
branches. It supplies the ion source directly. A valved branch line
feeds the calibration target. It has been explained previously how the
source cathodes are maintained at high voltage. The gas system is
grounded. A length of glass insulates the gas line at the source. Iﬁ is
equipped with O-ring sealed‘quick-couplers for easy removal. To prevent
ionization of the gas the needle valve is at source voltage. This makes
gas flow adjustments rather inconvenient while the source is operating.,
The flow is set before high voltage is applied. The valve and glass
assembly is attached to the source through another coupler joint.

Meanwhile gas for the target floﬁs through the valved tee branch
to a gas reservoir, This is another stainless steel vacuum chamber.
This chamber is 6 inches in diameter and 16 inches tall. It is similar
to the exchange and detector chambers in all respects. A 6 inch CVC
water-cooled oil diffusion pum§ evacuates the vessel., It is backed by a
Welch‘M/N 1936 fore pump. A water cooled baffle sits atop the pump

stack. Between the baffle and the chamber is a 6 inch gate valve. This
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punping station can clean the gas handling system as well as function as

a reservoir for the gas target.

3.9, Vacuum Stands

There are two stands supporting the vacuum chsmbers. A long,
welded, steel table holds all but the reservoir chamber. This vacuum
chamber has its own stand. The reservoir bolts directly to its stand.
The rectangular top of this table is 16 x 24 inches. The top of the
stand is 48 inches above the floor. The pump stack hangs below the
chember. The fore pump is.below it. fhe base of the stand has adjustable
feet. The elevation can be changed by several inches, Physically it
stands beside the detector chamber at the foot of the long table. A
few inches of clearance are prSGided so that the detector chamber can be
moved. transverse to the ion beam.

The large table is also adjustable. It is 63" long and 24" wide.
Both the exchange and detector chambers roll on rails hung between the
side pieces of the table. The 16 inch diffusion pump limits the table
height., The fore pump backing this big diffusion pump is also located
outside the table., It sits beside the reservoir fore pump in the nook
formed by the two stands. |

The large electro-magnet: is bolted directly to the table. The
ion source is clamped to the magnet chember, However i# hangs beyond the
back of the table., The entire table is angled into a corner of the room.
The source is thus relatively secure from falling bodies.

Sitting inside the side rails of the table are the fore pumps for

the magnet and detector chambers. The hydrogen tank 1s secured to the
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front leg of the table. The liquid nitrogen reservoir for the detector

chember juts beyond the table front.

3.10. The Oxygen Filter

At this point it is a good idea to examine in detail the UV
counter and its molecular oxygen filter. The detector that was useé was
a modified Fite and Brackmann (FB) coﬁnter,63 The buffer gas used was
one half atmosphere of argon instead of the helium of Reference 63, This

design modification of Ott68’69

produces a good plateaw, i.e., the
counter sensitivity is essentially independent of applied voltage.

The properties of such a counter were investigated by Fite and
others.63 The angular and radial sensitivity of the original counter
design and ité temperature dependence have been reported. The lithium

fluoride windows have been discussed by Schn.eider71

(index of refraction)
and ott®9 (transmission of polarized Lyman alpha radiation).
The transmission of light by molecular oxygen has been studied by

6k, 66, T2-T5 Teble 3.2 lists the seven regions of high UV

many workers,
transparency. The shape of the absorption curve near 1216 Z has received
much attention. It has been mapped with 0.2 R resolution. While the
results obtaineq are not ldentical, they are similar enough'to allovw &
simple approximation to be made for the absorption coefficient as a func-
tion of wavelength (See Figure 3-5).° ‘

| These data’?l"’75 have been fitted to two low order polynomials.
The coefficient doubles within %Z on the UV side of Lymaﬁ alpha but a one

angstrom shift towards longer wavelengths is required for the same effect.

The polynomial representations are
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X=X -1213.3

~ A< 1215.4
k(%) = 1.5233 - 1.8749 % + 0.6170 *° }
%= - 1217.3
k(X) = 0.6406 + 0.2393 X - 0.03416 X2
+0.0271 % + 0.03192 A .

A > 1215.4

It is an artifact of this model that the coefficient falls below the
Lyman alpha value which seems to be the true minimum.73 Departure from
Beer's lLaw - pressure independence of the absorption coefficient - has
been noted.66’75

Using the above approximation, one can now calculate the attenua-

tion of the radiation by the oxygen gas. For light incident upon the

cell at an angle 8 from the perpendicular the transmitted intensity obeys

Iy = I, exp{-k,x secé] (3.9)

where x is the depth of the cell meésured in atm-cm and kv is the
absorption coefficient at frequency v. For a gas flow system the oxygen
pressure must be slightly above atmospheric. Hence x is just the linear
dimension.,

Whenever a source moves with velocity v with respect to a
stationary observer, light emitted at frequency Vo is seen at the Doppler
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shifted frequency v where
v = v Y(1 - Bcos8) (3.10)

and
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a = V/C
y=[1-$217% |
In this work v/c & 1/150 so that Equation (3.10) can be approximated by
2
V= vo(l-Bcose) + %voﬂ (3.11)

whére the first temm is the classical Doppler shift and the other is
called the relativistic shift. This one is always towards the red
(longer wavelengths) whereas the classical shift varies from red to blue.
Thus.the net shift is redward. Since the absorption”coefficient curve is
also symmetrical, the strange curves of Figures 3-5 and 3-6 result from
Equation (3.9). The parameter for the family of curves is the proton
energy in keV.

Since absorption by the oxygen can limit the acceptance angle of
the counter more severely than a geometrical apérture, it seems natural to
extend the notion of a solid angle and call this a "velocity dependent .
solid angle'".

The relativistic shift for a 30 keV beam is only about 25 mz. For
béta values one order of magnitude larger than those encountered here
this shift moves the apparent source of "line cemter" (1215.67 Z) radia-
tion appreciably. The region that emits this radiation travels farther
upstream’towards the oven as the energy increases, The apparent light
source can be outside the field of view. 1In this case a small slit would
loose too much Lyman alpha radiation. For the energies typically
encountered in this experiment a geometrical angle of 5° will lose 20 per

cent of the light. Figure 3-5 shows the relative transmission of the
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oxygen as a function of the complement of 8, viz., 8. Figure 3-6 is the
integrated intensity of the light as a function of the geometrical half;
angle (8,) and the energy.

This velocity dependence of the solid angle will wreak havoc with
calibrations. Some workers have worried about the Doppler shift.33’77
The extent of their concern about the standard calibration procedure is
not known. This method32 consists in colliding electrons with themmal
molecular hydrogen. Countable UV is created. When metastable atoms are
quenched, their energy is several thousand electron volts., Consequently
the solid angles may differ considerably.

For purposes of illustration suppose that the counting rates are
proportional to the cross seqtion and the solid angle. This is a low
density target. One then has

R
G, = ﬁ}i (3-12)

]

B8
OQ

LA )

where the subscript "c¢" stands for calibration and "x" for the experiment.
dﬂx varies with beam energy. Above 10 keV it is relatively constant. At
lovwer accelerating voltages a slight energy variation changes beta
rapidly and with it, the solid angle. Since dQ# is velocity dependent,
the measured cross section (ex) will be too small unless this effect is
noted, If the raﬁes were equal and the velocity dependent solid angle
were twice the "thermal" one, @, would actually be twice €,. A naive
calculation would have called them equal instead. The calibration
correctly gauges the angular and radial counter sensitivities but not the

geometry.,
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Unless special precautions are takeh, Lyman alpha can scatter
into the UV detector. This light reflécts from metal surfaces, It will
have undergone:a:different Doppler shift than the directly viewed radia;.
tion. The virtual emitting region can be much bigger\than the real.

Light that travels directly downward under the FB detector, strikes a
horizontal surface, and reflects upward into the counter will add a
coﬁstant background to the directly viewed radiation. This reflect light
will be shifted less than the equivalent direct light., For faster meta;
stables the frequency of the scattered light moves towards higher attenué;
tion values. ’Ahd so its signal decreases. Such an effect is noticeable

k5

in the data of Sellin and Granoff. Their measurements show an abrupt
Junp near 10 keV that can be explained by this scatter-shift hypothesis,

There is a large caveat to be connected to the above calculations:.
Nature is not simple. At least four effects should be included in
quantifying the response of the filter to Lyman alpha. PFirst, the beam
is a three-dimensional entity. It is more or less a cylinder. This
finite extent of the source should be included in a more complete calcu-
lation, Secondly, impurities such as water vapor or ozone will wash out
the absorption minimum, A third point is that the curves were derived
using values of the absorption coefficient for low pressure, Preston66
and Watana‘be75 have observed a linear pressure effect on this coefficient
for line center Lyman alpha radiation. The attendant change at nearby’
wavelengths is unknown. Preston suggested that the minimum lies near a
veak oxygen band, At atmospheric pressure the absorption curve could be
even more distorted than it is for low pressure,

Finally, the calculation was performed under the assumption that

the photons vanish from the beam. As a result of multiple scatterings in
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the oxygen, some will actually emerge from the cell and enter the counter,
This is a radiative transfer problem. The photon flux consequently is
too low. The impurity effect will decrease this flux but increase the
‘effective acceptance angle of the detector. The baric changés will
probably decrease both the aﬁgle and the transmission.

Although "gold black"78 deposits reduce the reflection of Lyman
alphas from metallic surfaces, visible79 as well as ultraviolet -
radiation33’80 is emitted whenever ions strike such surfaces, The light
inte;sity is strongly dependent.on both the beamicurrent and its angle
of impact with the surface, _Such countable UV has been observed in this

experiment too. When protons hit the rod holding the radicactive source

calibrator (Section 3.6), the counting rate was markedly increased.



L,0. PROCEDURES FOR DATA TAKING

4,1. Data Taking

L4,1.1. Introduction

The basic data taken are the neutral beam fraction (F°) and
target density (n(x)). These are measured as a function of probe energy.
The triad of fraction, density and energy are adjusted in four simple
ways. The simplest is to fix the beam energy and vary the alkali density
over a narrow range., This is the low density (LD) method. The neutral
fraction is approximately a linear function of target density (see
Equation (2.13)). A related method is to look at two or three different
energies and slightly vary the density. This is basically perfoming
several LD runs at once., Of course the nunber of measurements that can
be taken for each energy is lessened. This cross section normalization
method is useful in normalizing sets of results., It is used mainly as an
overview of charge exchange reactions, especially for the H2+ beam inter-
acting with the alkalis,

The third main run type is the complete curve (CC) run. Again
the beamvenergy is fixed., This time the oven temperature is increased to
such a high value that the high density asymptote (C°) is reached. There
the neutrals obey (2.1&). The fourth type is done very infrequently.

The oven stays very hot., This creates a thick target. This ruh type
verifies the asymptotes already found by CC runs or measures them for a

variety of energies.
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4k.1.2. Density Determinations

The density is determined by monitofing the oven thermocouples
described in Section 3.4, It is known that the vapor pressure of a metal
obeys

k/T

P(T) = poe' ) (k.1)

This is converted to density at NTP by invoking the Ideal Gaes Law. Thus
the density of an alkali is given by

-B/T
p(T) = “—e—T—— . (4.2)

The constants are determined by fitting the data given in Reference 12,
They are tabulated in Table k4.1,

A molecular flow model is used to find the target density in the
oven. Let Al be the area of the well opening and A2 the exit area of
each flange., If the well density is n,, the density of particles re-
entering the well is o, and the particle density leaving through each one

of the two flanges is n,, then the following relation holds:
nlvl(Tl)Al = nov(To)Al + 2,V (Tp)A, (k.3)

There are two limiting cases: +the atoms bounce back into the well with
its themmal velocity (Tl)_or with the am temperature (T2)° These two

extremes are presented in Equations (4.4) and (4.5).

n 2A T ’
2 . 2 ’ 2 -1 ,
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T

;1?-=[1+ E%i.]"l '_D_Z. . (4.5)

Typical operating temperatures are T, ~ 500°K and T, ~ 450°K,

Equation (4.4) can be approximated as

Lo

on - T
nlo T Oy ) o

2 L

For the above temperatures the discrepancy in densities is less than

3 per cent.

4,1.3. Neutral Fraction Detemmination

For one data point the tqtal beam falls upon the foil themmo-
couple (Dtot)' The bridge circuit is used to null the generated E;M.F.
The reading of the fine adjustment pot is recorded as Dtot‘ The coarse
-. control is-a;wayé gdjuéted“so'that the null position is at least half way
(500) on the fine pot. Since experimenters nomally have five fingers on
each hand, there is a bias towards recording readings in multiples of
five, This "half way" precaution keeps this bias error small.

‘High voltage is applied to thg capacitor plates at the entrance

~ to the detector chember. The ions are swept from their original beam

track. The lessened heating effect is noted (Dn). Small contact poten--.. - -

tials are determined by turning off the beam and recording the galvanome-

ter deflection (D

Zero). Then the sought-for neutral fraction is Jjust
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D, - Dzero '

F° = . (%.7)
D -D
tot zZero

T, is the well temperature (tw). T, is the average tube tempera-
ture as determined by the two am thermocouples (tm,ta). The flange
thermocouple (tf) is merely a check upon the effectiveness of the am
heaters. Since it is nearest the cold shield and it makes poor contact
with the arms (the metal O-ring), it nomally reads lower.than the others.
These galvanometer readings are converted into temperatures using the

calibration curves of Section 3.7. The particular curve to be used

depends on the room temperature.

k,2. Typical Data Rums

4,2,1. Charge Exchange Cross Sections

A typical LD run consists of monitoring three foil galvanometer
deflections, four themmocouple readings and the proton current., This last
dgtum is a check. The gelvanometer readings are so much more sensitive
that they are used for serious measurements. A difference of two per
cent is noticeable on the galvanometer irrespective of the total signal;
~occasionally a ¢hange of ten per cent on the ring current is not
noticeable,

Figure L-1 shows a seample data set. Oven thermmocouples [tw, tm,
ta] determine the vapor demnsity. Equation (4.7) determines Fo(ﬁ). ‘The
next data point is taken. For LD and CC rums the oven temperature is
increased. For the others the energy is changed and later & new density

is set,
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4.2.2. Lyman Alpha Data

ﬁﬁenevér Lyman alpha radiation is to be monitored, the_above'
procedures change. Ndrmally an LD run is made., At the_éame time the
photon counter is aétivated. While the total beam - both protons and
neutfals - enters the detector chamber, this counting rate is recorded
(NF). Then the dipole field is applied. The metastables are quenched.
This rate is recorded (F). Whenever the foil galvanometer zero is being
detemined, the background signal (BG) is noted. .The number of meta-
stables is then proportional tp_F-NF. The cascade signal is NF - BG.
The proportionaliﬁy gonstant (E) is the same for both. It was to have
been determined by the electron_gun calibration. This tale appears
later. Typiéal counter data are presented in Figure k-2, ‘The above -
naive picture must be modified sanewhat; Just as the quench field
mixes the levels of the‘first excited state, it also mixes the other
levels; Further it will be seen in Appendix C that some of the

"resonant" levels live longer.

4,3, UV Detector Calibration

The counting rate of the scaler depends upon the number of
" photons that can be transmitted by the optical train. The propor-
tionality constant (xi) between the photons emitted and the counting rate

‘is given by

. as o . '
= = d0 ;5 T2‘I'0Ec}ile ()"'98)
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where dQ} is the solid angle subtended by the beam
dS is the area of the detector
R is the distance from the beam to the detector
T is the transmission of the LiF crystal
T_ is the transmission of the oxygen

E _ 1is the counter efficiency

E. is the efficiency of the electronics,

The quantity dOdS/R2 is called the throughput of the optics. It is
readily measurable., The transmission of the crystals is approximately

one half, 69

For oxygen at NTP the extinction length is extrapolated to
1/0.65 cm. Thus the transmission (To) is 0.278. However the counter
response is strongly temperature dependent. The photoionization effi-
ciency6l (reaction (3.1)) is approximately O.42 but the iodine density
follows Equation (L4.2).

In addition to this counter response, the iodine reactions limit
the number of photons that can trigger the detector. This dead time
effect has been calculated.69 The notation used there is slightly
different from that used here, The observed counting rate (Ro) must be
corrected for the counts that are lost while the Geiger tube is recovering

:Tfran the previous pulse. Let the maximum rate as determined by the dead

time be designated as R,. The actual rate (Ra) becomes

Ra=RO<1+2§§—> ) (%.9)

Typical pulses after LO dB amplification are 1 volt high. The peak occurs

4O pusec after onset. The recovery time is about 250 pusec. The next
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triggering pulse occurs approximately 350 usec after the onsét. This
differs somewhat from other counters.69

AC fields are present in this interaction region. They come
primarily from the ripple on DC power supplies, In order to lessen their
effect on the scalar discriminator, a 120 Hz trap was installed between
the amplifier and the scaler. It is estimated that the electronics pass
one half of the signal pulses. To simplify .calculations the calibration
runs should ideally produce the same rates as data runs.

In light of the filter discussion in Section 3.10 and the
published angular response of the UV counter,63 Z is actually dependent

on temperature and emitter position.



5.0, RESULTS

,5%ly Chérge Exchange Cross Sections

5.1.1. Measuraments.of 010 and 001

The‘electronzéapture (Clo) and loss ( 1) cross sections have

. oo
been detennined'for a_pair of beam ions and a pair of alkali targets.
Equation (2.11) has been used to find °10 as a function of beam energy
for proton-sodium, proton-potassium, molecular hydrogen ion-sodium and
molecular hydrogenwioh#potassium interactions. These are shown in
Figures 5-1 - 5-3, They are also listed in Tables 5.1 - 5.3.

The high density asymptotes (2.1L) were found for all the above
combinationsy ' The values shown in Figures 5-4 - 5-6 are probably lower
limits. It is not knowh if the true asymptotes have been reached. The
error bars merely indicate a significant spread in data., Equation (2.1k)
is used to derive the values for %j:as shown in Figures 5-7 - 5-8. The
i; error bars shown for these cross sections are those which arise from an
assumed ten;perrcentﬁernprﬁip!the.asymptote.

The 01 shapeé.agree quite well with Gryzinski theory and

0]

Equation (2.30). Nommalized theoretical curves are shown in Figures 5-1
and 5-2, OlQlO has-beén calculated for a few simple excited alkali
states and the hydrogen 25 level.

Preliminary results have been reported for protons interacting
Lo,81 :
with potassium. ° = These have been slightly modified., The background
neutral fraction (8) correction as shown in Equation (2.13) causes a

miniscule‘increase,in -] 'AIMOre important change 1s caused by the

10°

application of'standgfd?atatistical methods and the removal of bad data,
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5.1.2. H Contributions and or, and o;r

An upper limit on the amount of H ion produced is about three
per cent below 10 keV, This comes from deducing the negative ion current
that would diminish the ring current enough to affect the inferred.p0si;
tive flux. The difference between total beam and neutral beam heating
can be ascribed almost entirely to the positive current monitored. Above
10 keV no H™ seems to be formed. A reasonable limit is one per cent.

If fhere vere sappreciable negative ions in the 5eam, the complete
curve data (CC) of 4.1.1 would deviate from the simple equnential expres-
sion of (2.11). The H concentration should be small. Its most probable
source is charge transfer with Ho. Proton interactions with cesium
create no more than 3 per cent H above 4 kev.he The simple form of
Equation (Al6) should be usable here., The difference between the data
and the simple exponential was examined for ch and coi-as set forth in
Appendix A.

A series of test cases was run. The high density asymptote was
found very accurately. The determinations of & and B depended upon the
relative sizes of A and B; This is proper. Actual data were then put
through this procedure. The results were quite definite., Two exponen-
tials always fit the data worse than just one as given by (2.11). Since
some of the parameters of the extended fit interact, their number was
reduced from 5 down to 3 eventually. Successive iterations were also
used., At the very best the errors associated with this extended fit
nearly equalled thosedof the simple exponential, By this time, however,
the parameters had chanéed drastically from the initial guesses. « and B

shoved an infuriating tendency to approach one another.
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There are three disturbing possible explanations for:this
failure. The obvious one is that there is too much scatter in the data
from random errors to allow the finding of these two additional cross
sections. Then, the double electron charge exchange cross sections that
were droppedAso hurriedly in Appendix A might turn out to be comparable
to the ones found. This is unlikely. The two cases mentioned in the
appendix are indeed small. There is even the strong possibility that 601

is not really constant.[(see Equation (2.7)].

5:1.3. Inner Shell Electron Contriﬁutions

Il'in21 invokes inner shell interactions to explain the high
energy portion of his measured cross sections. A calculation by
Vinogradov, Presnyakov and Shevel'k082 for the metastable cross sections
also involves exchange with the inner electrons of the alkali target.

The values of Bearden and Burr83 and the formalism of Section 2.4 produce
interesting differences in both the total charge transfer cross section
(TX) and the metastable creation one (MX).

A partial listing of the binding energies for the alkalis is
given in Table 5.4. The valence electron is bound by 4 or 5 electron
volts. The shell just below it has binding energies on the order of tens
of volts., For the next lower shell these values rise to hundreds of
ﬁolts. Thus the main contributions to the cross sections come from the
valenée electron and from the electrons in the first shell beneath it.
Valence values predominate at low energies but significant changes appear
at high energy when the inner shell electrons are included. The

contribution of the inner shell is taken to be the cross section
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corresponding to that ionization potential multiplied by the number of
electrons with that energy,

For this inner shell exchange direct formation of ground state
hydrogen predominates. This is contrary to the result of valence elec-
tron transfer, Both cesium and rubidium energies are especially close
to the hydrogen 1S binding energy. However, the excited hydrogen cross
sections are also affected. The effectiveness of these inner elect;oﬁs
increases with increasing atomic weight., TX and MX for lithium change
imperceptibly whereas the total cross section for rubidium doubles at
one keV and flares about 20. The calculation for the total cross sec-
tion diverges for the cesium 5p subshell. A better approximation along
the lines suggested by Gerjuoy84 or detailed balancinguo should be
applied to th;s or any other example of a tangent-like discontinuity.

| The tendency of the cross sections to bundle is loosened. The
total cross sections would still cluster except that lithium gains too
little from its two 1ls electrons. The metastable values are completely
untied. They run parallel now instead of asymptotically converging.
These results are depicted in Figures 5-11 - 5-1k,

It is true that the theoretical cross sections imcrease when
inner electrons are in;luded. These computed values do not exhibit the

L1,h2

bulge seen by Il'in.21 -None of the other measured cross sections

bulge either. There is enough scatter in the metastable cross sections

reported by Sellin and Granoffhs

to satisfy either the pure valence or
the included inner shell calculations. The data .do . seem to fit the

valence values better.



5.1, Detailed Balancing R’e;_v;its‘

Whenever the é:ﬁss_secfions are discontimuoug,_they can still be
determined by using prescription<(2a35). “For wvalence electron exchange
into the hydrogen ground state the weights are equal.

The maximun coniribuxion-is less than 4 (-17) cm®, The gap
between the lithium-sodium bundle and the K-RB-CS bundle again appears.

- The ordering of the cross-sections is the reverse of the TX values men-
tion.ed-previouslyo The lithiuﬁ cross section is now the largest, cesium
 smallest.

For inner shell transfer'only the cesium value diverges. The
electrons that form the (5p)6 shell are further divided enefgetically
into the Op; (2 electrons at 13.1 eV) and Opyy (b electrons at 11.k ev)
subshells. The ratios of the weights are L/2 and 8/2, respectively. %0
so calculated is shown in Figure 5.11.

| Olle(l’l) also misbehajeso It is calculated from a modified
version of Equation (2.26) where the binding energy is appropriately
.changed. The weights are again equal. This value is used in computing
‘the curves of Figures 5-9 ; 5-10.where it is an upper bound to the

experimental wvalues.

5.2, Detemmination of the Neutral'Eraction Background

The major background gas is molecular hydrogen. It flows from
phe source in the beam path at 1eést until the middle of the magnet
| chaﬁber. There about one-half of the gas is fémoved by the 2" diffusion
-'pump; The most 1ike1y'¢andidqtes for causing the zero target density

siénal (8) for protop~ahd mnolecular ion beams are
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; - . .» (507)
He *h aa+n .
All:‘.sox:.a5 among others has mvestigeted the first reaction.. McClure86
has measured ’u’;he molecular lvdrogen cross sections. The second reaction

above is much more likel,y 1n his energy range than a dissociative

~ collision into H or H o

. The bsckground signals are ﬂtted to the curves of Allison
(proton probe) and McClure (molecular hydrogen) They are. plotted in

‘Figures_5-15_= 5.16. 8 is typically-o,oh.-_xt should be noted that the

 potassium vaporide.te. was taken earlier then the sodium, There seems to

' '_ _be & larger background 3es = value for the sodium target., Ton gauge

readinge in the exchange chamber bear omt this higher gas pressure for
' the later rtms. ‘ -
. Because of pcom:'f s.tatistios e_l'l-‘molecular hydrogen ion data were
:sveraged togetheroé e data scatter much more than the 'compereble

proton velueso Nevertheless ell path 1ength=densi’cy (x) measurements are

- ,consistento; Whenever the bsckground fraction (8) 1is fitted to the above

”mentioned cross sections with the mef;hods of Appendix E, the normalization

constantv is n itself., For the 28 cm pathlength between the magnet

chember and the oven, this value end Eq_uetion (2912) yield an average
i pressure of e.bou‘t l( L) Torr, Uncorrected exchange chamber ion gauge
readings were about half of this value, The elbow (the megnef chember)
gas pressure was about, 0.1 Torr for ‘500 microns source pressureo Since
the molecular hydrogen density 1s higher twex’de the source, there is

""‘-good agreement between this derived value and obsemtiomso
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Table .5.5 lists tﬂe r;eéults Qf the above calculation. Potassium
' se'rve& as the target earli'er":bha'n‘ sodi\mo: Observed ion gauge detemina-
tions am lower for the former as are the derived x values. By using

this data and the known cross sections, one can ccmpmte thé mber SRR
of metastable atoms formed by colliaiona with the béckground hydrogen

gas .

5030 The Metastable Hydpogen 25 State

5.3.1, Sources of Metglstahlie,Atbms

The metastable cro.ssv section for ele’ctron caputre (MX) has been
- calculated from Equation (2.26). It is aésuned that 1t is one quarter
of the vaiue for capture into the first excited 'stat:e., MX is displaye_d
for various targetg in Figure 2;5:; Cascade Ieffects are important for the
total 2S population., The @ch&ﬁnel contﬁbutés abdut 13 per cent to the
nun‘ber formed (ses Figure 2.8),

Collisions with mfdrogen gas also eontributeo The background ges
x values found 1n the preceding segnent can ‘be used to calculate the

ipnitial metastable coneemtration., Van Zyl, Jaecks Pretzer and Geballe87

. report this cross section to be 6 (-17) cmao The background metastable

_fraction is then T (- 3) Bayfiela”!

claims it is 1 (-17). This reduces
the fraction to 1 (-3). | | |

The attempted UV detector calibration of Section 4 ranks in
history with that famous success, Apollo XIII. As thé hydrqgen preséure
1ncreased the counting rate decreased: .

Although the in situ calibration was a smashing failure, xi -

. Equation (k. 8) - can be estimated. Instead of the_expected rati.o of



ffngo per cent fbr MX to TX, a value less than 2% was found. To»tfy to .

l@ account for this, one should begin by reclting the litany of knawn loss

' mechanisms.

k i5;3;20 Loss Mechanians | |

o j Metastable atama are ‘formed durlng charge exchange with alkali ‘
atons. The 28. state is fragile. Its populetion cen be depleted notfonly
J by a second eharge transfer reaction but also through the. Stark effect
mixlng dascrlbed in Appendix C. Stray electrlc fields can cause this
‘-_mingllng of the QS and 2P levels., .Two other:sourcés of such é field are
motion im & magnetic field and collisions with a target without charge
transfero This first mechanimn 19 related %0 the Logentz:lonization

) mentloned 1n the introductlon.‘ | |

The general Lorentz transformation for fields in a fixed freme

(unprimed coordinates) to some mov1ng_frane is given byaa

| | -—i’
B ETI = *B_:l., é:, = b’( 4 ~ lex ) o (5.8)

' where ¥ is the félaféivé velocity of the méviné"f:systan with respect to the
étationgry one. vThe_pafallel’(ll)_and_pe;péndléulaf'(l) di:écti¢ns are
determlned by the velocit&-veétoroy_ﬁ'and YthVe;thé standard #elétiv{s—
: tiélaefinitiohsb 'Mptidn‘in'ihg eartﬁfs maénétié fiéld-creatés an

- electric field of aboux'l volt an'l for thezépéeds_encounteted in-this
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work. Fringe fields from the magnet are approximately 2 Gauss. The most
intense field near +the eingel lens reaches 10 G. For these values the

1 respecti?ely. The metastable lifetimes are

fields are 4 and 20 V cm”™
correspondingly 35%, 22 and .9 usec. For the maximum field the fraction -
remaining drops to 2/3 of the origimal. For the more reasoneble and more
pervasive fringe value the fraction removed shrinks to 1/60. This ¥ x B
mixing should have little effect on the metastable population,

The fields from comoving protons will be comnsidered next. For
the nominal energy of 30 keV (v/c = 1/150) énd 1 cm defining apertures

a 2 uA beam possesses a flux of 1.25 (13) sec™t en”®. Under these condi-

-3

tions the beam density is 6(4) cm - and the average proton spacing is

about 2.5 (-2) em. The static field thus produced is omly 2.3 (-4) V

em™t

which is negligible even when compared with the earth induced field.
Actually these protons are not comoving., A velocity distribution
is superimposed upon the much greater beam speed. Purce1189 has per-
fon£ed a semi-clessical calculation which relates the transition probabil-
ity between the metastable 25 and rescuant 2P levels to the Maxwellian
temperature. Several of his mmerous misprints are corrected and are

shown below. This transition rate (W) is simply related to the cross
section through
W=NG-'V: (5'9)

where N is the ion (or electron) demsity and

v is the average Maxwellian speed.
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These ratea are

(‘2 S‘/a_’ QP Ya) |
oetal o, )’ / 0,458 kT4

N«t; : ,.'f"‘,p}ﬂ BkT Ea,m; 0 _
We” (QSVg.f*’.?Ps,@) |
N, “192etd (xmA > ‘Y %o 458kTH ) (5.10)
4£2  \BkT eRam "

where o’ 18 2x x lOSBfMEi

@'’ is 2x x 9940 MHz'

T is the sbsolute t;empeiature‘

m; 1is the reduced mass of the ion &s suggested by Seaton9o and the
_other atonic constants have their npmal. (cgs-esu) values, The extra
factor of 2 in the secoﬁﬁ equation cdnes_ from the enhanced strength of
the a5, /2~ 2P3 /2 transition;., The filement temperature is about 1500°K.

" If the protons have this 'cemiper&t@re, 'eva'ch.cross section from (5.10) is
‘about 2.5 (-12) ®, These are listed im Table 5.6, Electrons are
abbut one tenth as .effective as pfotons in this quench mechanism,

The formuise of Purcell can aiso be applied to the quenching by
alkali ions which were fdmed previously by charge transfer with the
proton beem. The velocity distribution is now a delta function of the

' beam speed,

eo

W, - 2 dor $6) b" = - 2C +.A (5.11)

zo’b

(-4
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vheve. b2 sl
SRy )

) | ﬁf'(v);-e_,'g(%r - Qrd) o

| 'é ;,‘s 0.5771 (Euler 8 eonstant) - _
The cross sections so derived are shown in Table 5. 79_ Their éuh‘is’
roughly 1' (-13) a?, Wilcox and Lemb?) have extended the Purc'e:ll '
' rela%ions to 38 - 3P transitions. Since this S state decays by dipole
radiation, its lifetﬁne is not noticeably affected,

In addi&imm o beins ‘quenched by ionic impacts, the metastables
are also disturbed by'molecular collislons, .The,dipoleqnultipole inter-
action changes the internal state of the molecule aS'Vell._ Gerste 92 _

“has calculated these cross sections and has compared them with the
expernnental results of Fite and covorkersolo For their thermal beams
there is very good ggreemenx between theory and dbServationg* The crogs

sections méy be approximately written as

o il 2+ (3eas /(’Q”)
.on- <8A ad+3 \ Hv M’o. o (52
where gl = 5/3 for £ = 1 (dipole 1nxeraction), 82 56/45 for t = 2 |
~(qpadrupole) and the average is performed over the prodectile-speed,{””””“
With the ﬁeaéﬁred qﬁadrﬂpole moments éf Bloom et 31.93 ané'én.average
speed of 8 (5) cm sec (1/3 eV) all values agree to vithinrabout 25
per’geﬁt. Inc1dently;the ecross section for 002; which has not been '
measured; is calculated to be 3.5 (-11&)o This is sqnewhat larger than -

the observed values for N 0y and H, but is one sixth the watef vapor-

27
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result. When this calculation is extended to kilovolt energies, the
cross sections are still considerable - about 5 square angstroms.

" The background gases that could quench the 25 atoms in this
manner are primarily molecular hydrogen, air, water vapor and hydro-
carbons from the pump. Water is the most efficient of the metastable
destroyers that have been measured but 1t should be a minor constituent
due to trapping by the cold bucket around the oven. Hydrocarbons
typically exhibit a dipole moment of 2 (-18) esu.9h Since this is
nearly the value for H20, hydrocarbons should behave like water vapor.
Molecular hydrogen should be the primary target. It is the most abundant
background gas. The following cross sections are taken from Table 5.8
for a 10 keV proton beam: ©(N,) = 6 (-16), 6(02) = 4 (-16),

G(Ha) = (-16), 6(H;0) = 3 (-15). For measured bydrogen densities the
populetion change will be a few per cent.
Séllin's 3 component fit has yieldéd a total depletion cross

L

section of 2 (-15) cn® at 15 keV. Equation (5.13) for H_ quenching

2
~gives 2,4 (-16). This suggests that removal of the metastables by

ionization may be very important.

Other investigations in this energy range have been conducted

95-97

recently. Three loss mechanisms have been considered. ZElectron
loss by stripping rather than by charge transfer has been studied. The

two other destruction mechanisms are de-excitation and formation of H™

98

have calculated the cross sec-

95

tion for ionization. The results of Dose, Meyer and Salzmann”~ for

by electron capture. Bates and Walker

nitrogen and water vapor quenchers may indicate H™ formation is important
below 5 keV., The cambination of Gersten and Bates and Walker calcula-

tions adequately describes the high energy region, however,
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' 6
The total quenching cross sections for hydrogen,9 nitrogen, and
water vaporgs are about 1 (-15) cm2° The ionization cross sections for
H, and the noble gases96 seem to be approximately 3 (-16)._Cesium97 at

2.5 keV has this same general vélue.

5¢3.3. Tentative Solution to the Case of the Missing Metastables

| As the calculations of Section 5,.,3.2 show, large quenching cross
sections do exist. The problem is how to couple a large cross section
with an abundant metastable destroyer., There are not enough protons for
the Purcell values to be effective.v The number of alkali ions present
is also too low. For total conversion of protons into neutrals and
complete retention of the resulting ionized alkalis there will be only
2.5 (9) ions per cubic centimeter at day's end. Hydrogen is present in
larger quantities but its cross section is some 4 orders of magnitude
smaller., Clearly something more is needed.

If the charge transfer process is viewed as resulting from the
presence of an external electric field, then & possible solution appears.
Assume that this field is so intense that the 25 and 2P states are
thoroughly mixed. After a few nanoseconds the metastable state will be
depleted. 1In the time it takes to reach the UV detector the more highly
excited states can decay into the 2S5 state. The metastable ratio will
then be about 1% which is the observed value.

Donnallygu says 0.3 per cent of his protons were converted into
metastables. For his published value of L (;15) em® which may be

L1 2

somewhat low — one deduces T to be less than 1 (12) em™“. Sellin in his

H_ studies operated near 1.5 (15) ecm™2 with his 10.16 cm oven. The meta-

2

stable formation cross section there was a few times 10"18 cm2 which is
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much less than the expected alkali values., The oven used 1n the present
experiment was 16 cm long. As the metastable data of Figures 5;17 and
5-18 show, the present f values are larger than those of Donnally but
smaller than those of Seilin.

Sellin built a mddel consisting of three beam components:
protons, ground state hydrogen atoms, and metastable atoms. Using equa-
tions similar to those in Appendix A for three charge states, he was able
to fit the metastable signal as a function of H2 density. The resulting
curve looks like a question mark lying on its side. There is an initial
linear region. This is followed by a peak and then the signal decreases
toward a lower asymptote., This is totally consistent with the observed
sodium data. Curvature is evident in Figure 5-18. Other data show the
peeking and the subsequent decline.

There seem to be two different effects operating here. The
metastables are being quenched by the a;kali target. The counting rate
is linear below a sodium density of about 5 (12) en™3, Then the rate
becomes at least a quadratic function of density. The background signal
is linear throughout. This Lyman alpha probably comes from decay of the
2P states, The resonant levels are filled from higher ones., The cross
sections for populating these states are much smaller than MX. The initial
populations will be linearly dependent on the target density. Hence this
background signal will be, too.

The 20 keV data can be interpreted as a two state picture, for
example. The metastable creation cross section is 5 times the background
value. It should be more like 100 times as great. The sum of MX and the

loss value is about 27 (-16) cm®. Similar values can be deduced from the
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167kév data of Figufé 5-.17. As Sellin has shown, the 3 component model
is:needed to explain the variation of metastable fraction with density.
' Itvis difficult té eétﬁmate the depletion cross sections for this reason.

A second effect is the reduction of counting rates. If the -
cduntér efficliency is known fairly well, another quenching mechanism’is
probably needed. A.guess at the size of thie cross section is about
1/3m or 2 (;lh) an®, which is rather large. Sellin does need a quench
cross section of about 2 (-15) fﬁf a much larger path length-density
préduct and lower formation rate, however.

If tﬁe fomation field is so strong as to ravish the 2S state so
completely, it ﬁay not affect any other state, All other excited levels
can decay through dipole transitions. Such a field will mix them too but
not change their populatiqns so drastically. The idea of the populations
being related to the statistical weights would still be wvalid for all but

the metastable state,

5.4. Excited Alkali Atoms

The viewing port in the exchange chamber overlooks the front of
the oven. Through the plexiglass brightly shines akaline light. With
sodiun in the oven, an inténse yellow light is seen. Protons .colliding
wiﬁh potassium atoms préduce a washy blue color. The sodium radiation
comes from the famous D lines (AA5895.93, 5889.96). These arise from the
transitions 32P - 323. The corresponding lines in potassium (haP - has)
lie in the infrared at AATO4L.9k4, 7699.0110&. The 52P - 423 transitions
are visible and are blue (AALOLL,1k, hOhT.EO).ga These states should

not be as heavily populated as the lower lying P states. Consequently
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this blue radiation shoﬁld not be as 1nténse as the infrared potassium
light or;,; by extensioh, the sodium D lines. 'ip fact, the blue light is
much weaker_than the yellow., Since two different energy levels are
popuiate&, one infers that most (if not all) alkall states are populated
by the proton interaction, This result aiso,appears_in the calculation of
Oino in Se;tion 2.h;2. Hencé, éharge'exﬁhange reactiqns betwgen pro-
tons and alkali atoms create excited alkali atons as well as excited
hydrogen atoms., |

1&%1 bas been calculated for charge transfer with excited alkal:i,s_°
Figure 5,10 shows.the cross section for electron capture from the first |
exclited staté for both sodium and potessium. This cross seétion is twice
that with ground sﬁaté targets. Metastable fonnatién 18 much less, The
density of such excited targets is very small however., It can be calcu-
lated by equating the number of atoms that decay per unit time and unit

volume to the numbér formed from the proton besm per second per unit beem

per unit area, It follows that

Blt’ﬂk

:—E[,-G T o | (5.1k)
qA

where n* is the number density of excited atané,
n 1is the alkali density,
I is the beam.cur:ent,
q 1s the proton charge,.
A 1is the area of the beam,
¢ is the éfosé section for making the excited atgyé,

7 is the lifetime of the-stéte° ' - v



‘For reasonsble values for these quantities, the ratio is only 1 (-8).
The D lines were also seen for H2+, Even if the excitation (without
electron transfer) croes section is much larger then 1 (-lh), the ratio

will still be small for believable values,

T2



6.0, CONCLUSIONS

6.1. Overview

In this work the interactions between hydrogen ions and alkali
afaﬁs are studied. The broton study may be.divided conveniently into
three main parts. The first ié the experimental determination of the
total electron capture and loss cross sections (clo and 001) for
potassium and sodium. The proton energy ranges between 4 and 30 keV,

The second major point is the modification of Gryzinski theory for
charge exchange betweeh protons and alkalis, Predictions are made for
béth the total charge exchange cross section (lOle) and the cross
section for exchange into Just the metastable hydrogen 28% state.
Canparisons are made between these values and measured ones. In this
way the observations of several groups (including this one) can be
systematized. The investigation of Lyman alpha radiation from meta-
stable hydrogen atams is the third theme,

Several minor points are also covered in the present work. A
fast survey of cross sections has been run using molecular hydrogen ions
in place of protons. These seem to be the only measurements in the 10 -
30 keV range. -Collisions between both lons and hydrogen gas create a
background atomic hydrogen beam. The fraction so produced is directly
proportional to k#own cross sections., Proton collisions with alkali atoms
excite the target atoms, As they decay, they emit copiously. During the
sﬁﬁdy of_the hydrogen 2S staﬁet the sharp angular sensitivity of the |
-molecular.§Xygen filter has been calculated, These various matters will

now be exsmined in more detail. .
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6.2. Proton Beam A '

The measured proton datas are consistent with both the sparse
experimental points of Il'in, Oparin, Solov'ev and Federenkoal and the
modified Gryzinski calculations of Section 2. The total electron
‘capture cross sections (Clo) agrees with the theoretical chérge exchange
cross section (lOQOl) to within a scale factor. 310 for potassium is
1,65 times the computed value for charge exchange into all excited
hydrogen states., The best value for the sodium multiplicative factor
is 1.38. Elsevhere, Schlachter'gz_gl.ha report %0 for cesium which is
1.31 times larger than the theoretical.result here. The measured values
for ¢, are thus within a factor of two of the exchange cross section

10

as has

(10Q01)' It appears that the major component of %0 is 1051

been assuwmed in Section 2,

The measured cross sections (clo) for both sodium and potassium
agree generally with those of Il'in. For potassium the values found here
agree very well at low energy but are much lower near 30 keV, The quoted
results of Schmelzbachhl are much lower than either the present data or - :
the Russian values, The discrepancy is roughly a factor of four., This
is probably due to difficulty in detemmining the oven density. However,
all three results exhibit the same shape above 5 keV,

The sodium target date agrees well with Il'in., The flaring that
appears in his potassium cross sections does not occur here for sodium..
The general shape of the curvés agrees with the Gryzinski form given by
(2.30). The systematic difference between the two curves (the "gap")

is distinct in the present work but is much less noticeable in Il'in's
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results. Even there, however, potassium cross sections are always larger
than sodium values, Here, if anything, the gap is too large.

The asymptotic values also agree well, The single point of Il'in
almost coincides with the present measurement for K. The values of
Schmelzbach are consistently lower. For sodium the present data lie
below that of Il'in, .When these results are combined with those of
Sch}aéh&zy one sees that FOw for alkalis is quite consistent. Below
ten kiiovolts the maximun neutral fraction is nearly unity. Then it
declines monotonically. Near 20 keV the ratio becomes one half. Foo
tfalls to 0.25 near 30 keV,

6.3. H f Bean
2 .

The cross sections for the moleéular hydrogen ion are unifomly
larger than those of the proton probe. 610 for potassium seems to be
much larger than ’10 for sodium., The reason for the apparent factor of
k differehce is unknown. The neutral fraction is also larger for Hé+

than for H+ at the same energy.

6.k, H(28)

Since the in situ calibration of the ILyman alpha detector was a
failure, it is necessary to estimate the counter efficiency. Assuming
this is known to about a factor of 2, one needs to invoke a powerful
quenching device to destroy the metastables formed by direct exchange.
The cross section for this annihilation is approximately 2 (-1k) cne.
This value is compatible with known depletion values. A new mechanism

seems to be required; the standard ones are not powerful. enough. Sodium
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quenching of the 25 atoms is evident. This cross section seems to be
agbout 2 (-15) ane. The predicted creation value is only a few times
1072,

The modified Gryzinski calculation indicates that all metastable
cross sections will be nearly equal above 10 keV. This has been

45 Also the ratio of the metastable to the total cross section

observed,
should be approximately constant at ten per cent., No data are available
on this.

Metasteble atoms are formed by charge exchange directly into the
state. Cascading from higher levels will also populate the 25 state, If
all my substates are filled, this increases the population by about
13 per cent. Half of these decays occur within 10 nsec of their birth,
If only S state atoms are created, the cascade effect is much smaller
and much slower. The population enhancement is 2% after % msec, Half
of these decays occur within 200 nsec after they have been fomed,

Such indirectly fommed metastable atoms seem to be the only metastables

observed in this experiment,

6.5. General Remarks

Equation (2.30) describes quite well the cross sections for
protons interacting with the alkalis. If inner shell electrons are
included in the calculations, the predictions are not as accurate. Both

clo and olo(es) are noticeably affected., The data does not support this

inclusion. In medical argot, it is "contraindicated".

9

The Born approximation as calculated by Bates and Dalgarno” also

predicts large cross sections. Unllke the classical calculation, the
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Born predicts that ground state formation overwhelms metastable creation
above 25 keV, The Gryzinski calculation, when modified by detailed
balancing, relegates the ground state to a continuing role as a minor
constituent.

There are experimental anamolies as well. For example, the

45

metastable cross section found by Sellin ~ exceeds the total valve found
by Schlachter., Sellin does normalize his results to the cesium cross
sections measured by Il'in. Schlachter's results seem higher than the
L6

Russian values. Spiess - has verified these higher values near one
kilovolt., It seems that Il'in's experimental shapes may not be quite
right, His results do show the proper ordering, however, The largest
cross section does belong to cesium and the smallest'to lithium. This
result is predicted by the calculations of Section 2.

The question of relative population of the sublevels is still
unanswered. The metastable cross sections reported so far are too large.
Even 1f the s electron of a ground state alkall is transferred to a
hydrogen s state during the charge exchange collision, the measurements
remain high. Because of decay from higher levels into the metastable 25%
state of hydrogen, the effective cross section for producing these meta-
stables will be larger than the direct exchange value (the(ézfrchannel).
This augnentation will be time dépendent. Its exact magnitude and time
variation depends strongly on the model of relative hydrogenic populations
used, For the "all state" model the cross section will be increased 13%
in about 20 nsec, On the other hand, the s state model reduces this en-
hancement to about 2 per cent. This requires nearly one half of one

microsecond. Probably experimental transit times between the metastable

source and its detector are tens of nanoseconds.
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Counterbalancing this enhancement of measured cross sections by
decay is the severe angular selectivity of the commonly used iodine UV
detector and its oxygen filter. The filter properties are strongly
energy dependent, Fdr the tens of kilovolt energy in this experiment
and the small (~ 5%) geometrical apertures, the Lyman alpha cross section
has been reduced by about 20 per cent. Scattered light will be rejected
by the filter as the beam energy is increased. Apparently such reflected
light artificially increases many measurements of the metastable cross
section.

010 for protons on alkalis agrees fairly well between the various
experimental groups and modified Gryzinski theory, but the metastable
cross'sections disagree with both this theory and the various groups.
Below 30 keV °10 is probably known to within a factor of two for all
alkali vapor targets. The metastable cross section even for cesium is

still uncertain to an order of magnitude.



APPENDIX A

~ THREE COMPONENT BEAM CALCULATION

A.l. Solutions of the Differential Equations

Whenever thé.proton beam traverses thé target region, charge
transfer reactions can leave a beam parﬁicle in one of three charge
states, The fast parficle can still be a préton. It could have
‘captured one electroﬁ to become a fast hydrogen atom. Possibly it.could
havé acquired two electrons andAbeche An H':ion. These processes with
their relevant cross sections are éhown schematically in Figure A-1.
Traditioﬂally the subscripts on the sigma refer to the initial and final
' charge states of the fast particle. For example, 0, means electron

capture by the proton.

11 |
[""_-_'—"“"——__"—_—l
| %0 ot

¢ «
4 01 1C ‘
Lo
o— .
11
Figure A-1,

The double electron exchange processes (0173551) are assumed
negligibly small campared with the others stown. This implies any H

ions present nust come from a two step process via 6y, and €o1- For

e
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é:‘;ample, ‘Schlacter et él.hg neasured @, 7 for cesium for 2 - 15 keV. He
. found it _.varied from 3.7 (-17) to 5.2 ( -18) c?. Scimelzbach and co-
| wdrkeré hl.also iﬁQésfigated.thiéfcross.sectionlfof protons~on potassium;'.
t In the energy range of 2.5 to 22 keV it declined monotonically from about
2(17)1;01(18) cm2
The simplified differential eqpations relating the various

beam components may be written as

DF*(K)- ~7, F+(7t> + Ooi F (71‘)
DF°(7r)= "(63. oor) o) + 6'0/:*(1') +0?-o F (I)

o (A1)
DF‘(:r)= — 5o F™(x) + G Fo(x)
where D =_%;-(D’is the differential qperator)
n = n(x) -;;_"_ (n is f.heA-target.densitjr"at x)
1 ‘”Iignz . o o
FH(m) = — | EE .
- Itot ' .
Naturally since the equations are written in tems of fractions,
FP+F+F =1 .  (A2)

For fhis work the-ion fractioﬁjof 1ptepest is'fhe so-célled
"."neutral fraction" (Fo)° LA étraightforﬁard'ﬁut tedious method of solving
the.systan of equationé fb:'Just‘Fo ig to:differentiate the second Qf
(Al),»substitﬁte fof the,various'derivafives and eliminate F~. A more |
powerful and elegant method is given in Sécfion 2. Either way after some

algebfaic manipulations the following equation emerges:
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. DF e (shrsairorsr) DF®

t [@or®) (For0or) o JF° = (a0 -

© U The eoluiié# 18 ;f, e

~ ©.° vhere

o= AeT e Bt e W

= F +i | )
(0"0+6—,+6*o+r) o (_AT‘)>.:

-

2

(Y\"’ (6‘; 4-67)(6'7#6‘,) @16‘: | v-'v w9

In order to evaluate A and B let '

F (ﬂ a/‘\e"’f?‘ B bBe o +cC
F (7t)— \r/‘\c:"""'c + sBc P’c + fC . (A;o_):

RO N



By substituting into (A1) it is seen that

a = Qo
b

i
i

© (a11)

"
o1
1

+ -
--" .
)

1.

1]

Gor | o
The proper boundélry conditions for nx = O are now inserted..' The
case of a pure proton“begm has been spived before,loo" There the equaﬁidns
were solved for the poéitive. fraction. Here,' as a result of solving for
the neutral beam, the equations exhibit symmetry under the exchange of +1
and -1 in the cross sections. An example is the values of a and r.
In fhis wbrk the'. bdundai'y conditions are4_for a mixed initial

beam, 1.e.,

F+(o) = |-8-¢
Fo o) |
F~ (o

]

s o (w)

)

€ o

Then the system may be cast into matrix formulation.
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(m3)

This 18 in the standerd form (y = A x) with 8 known vector (y), a matrix

of coefficienta (A) ‘and the unknovn vector (x) Tb eolve (A13) express:-
the vectors as a8 sun of vectors 80 that X and y are

X VL +8 X - €. X2 :
)

:Eantion'(Al3)‘now becomes three separate matrix ednationé

{where
(a15)

Yoano

we
{za'_ o Ax? - (A18) __ N
Eqnation (A16) is that of a pure proton b;am mentioned above,

Its
Bolution is



8k

P
o . .
+
n

o
]
T
‘
|
d_

whére_a'

A= det

a b
e
r S

o
Nl
‘t

.. 'The solutions of (A17) and (A18) are respectively -~ - -

5O +(14h)
= slied (it

= t+a) =y (#Q)

® >

| .

. p2=_C-a +t-r
O
0% = r-sta-b

>
)

(Aal)v
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KRote that
%+ +c® a0
Alaplecla=l (A22)

A2 +.Ba + G2 = 0

so that this satisfies the second 0f Equetions (Ala)f;f

In swmary, calculetions yield
 A=[St-sh+ §§s0+0 -Jc()+:§)§ refb-crs—1] A (ae3)
B=[{r¢} +§ {t(&a.)-—r'(l fc)} te '§c'—a.+ ¢ -r}] AT (ae)

- C=[{s-rl+8{v(1b)- é(lm)} teir-s +'a.-6§] N (s

A= alt-s)+ bl-r)+c(s-n) . (A26)

A2 Altemate Derivation of the Basic Equation

This section is for those enemored with matrix manipulations.

An alternste (and faster) derivation of Equation (AlL) is given here.lOl_
b _ ' 4
Equation (Al) may be cast into the following matrix fom:

DF = AF : ) (A27)

vhere D is the differential operator mentioned before and
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F={F° |
F=/ B (a28)
.,.,é
- /=S, Ca O
A = G ~(Sotsr) Gro |
. - - (29)
-\ © - Qo =Q7o o
Now let
| F = VG | (A30)
where the matrix V is so chosen that it is independent of and G and
‘ v-1Av 16 a diagonal matrix. Then (A30) becomes
D6'= V-1

AVG ’ (A31)

4th

Let a, be the eigenvalue of A, Then each component of Eguation (A31)

can be easiiy integrated to yield equations of the form

GI‘:G;&X’D{BATE} ° | (‘A32) 

th

Use (A30) to solve for F. Then the i component of the F vector, which

is some charge component, satisfies



(tm) Z Ce; exF{a w
In the pmmem;onsiaereq bere

Y.y = Fil)

Y Coy=1 -
The eigenvalues of A satisfy -

| a[a*+2pa+r] =0

where p is given by (A7) and ¥ by (A9). Hence

=0, -p- iv"‘/”j

 and Equation (A33) is Jjust (AL).

A.3.. Exact Evaluation of ‘the Coefficients

87

(A33)

(A3Y4)

(A35)

(A36)

It 1s usually assumed that the thick target asymptote is very -

. nearly that of the two charge system, i.e.,

(437)
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The actusl value is given by Equation (A25)

: - Hs—?}i& S r(i+b)- s(H)}+€ §r-sra-b u (A25)

With & bit of aifficulty it can be shown that (A25) is
C-=0C, {u, (a38)

where C, is given by (A37) and

polegel” -
C does not depend on either 6 or ¢. This implies that if a beem vere to
.traverse several thick target regioné , the equilibriuwm fractions would be
.'characte'ristic of t.h.e iast zone encoum_;e_red° The beam forgeté ‘the others,
| i mg léck of hysteresis can be seen mérel‘y by 'cdnsidering
Equations (AJ.) for a thick target (n - »), The left sides all vanisho |
Two simple relationships appear - | |

F+(°°) = 0» : FO_C°°)
'OTo_ |

F=e)= 657 Fo(c0) -
. G:ro Co

(ko)

The equilibrium value for F° (C) is found to be.
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| FOCOO) = RN )l ’
o 0(6"04.6-6,‘) + 6-54 GBT : (al1) -

. This 1s another fom of (A38). It is mdependent of the boundary

conditions at: z;e_rodegmity, Also the second of Ecmations (Aho) becanes

r‘(-) 2l -p " . (Ak2)

. Typlcal values fér"a m«m ‘target» are F°(o) ~ % and F~ (o) ~ 1,/1oo°

: The. retio of the cross sectiens in the- defimtion of w is quite small,

| The two component system ahould have asymptotes very close to those of
the 3 _ canponent system, o

The coefficients of the exponentials do de'pé'nd on 8 and €.
Equations (A23) and (A24) become '

.A-‘—‘A"[l -§;+/ 2\ TorOw)_ {u G?o(@oo-ﬁ)} |
. 076} .;:_6To-le Giro Oo7| Gro —P - (AB3)

B=8° l“gg“' QI)GO‘@Q}—E§|+GBIGT (TTO-OC} ,I
(Y Gio=ox ) 6‘06“0 070 =X |

' The superscripted terms are given by (A19). They become |



%
’ S/o QZ;T':(67ES;‘<F?0)
2_7_0( - (G?o_'— F )

Gio Gor (630 = 670 ) . |
21{3 (G‘*o o<) i L (Al

s
-

oo
M

Both the coefficient of the faster dying exponential, which here
is A, and the longer lived term will not be used here in their full gory
foms. Apn;oximations;can be’ used; . The cross.sectione-so found‘can be

tested by substituting them into the exact foms,

A.l, Approximate Forms for the Coefficients -

By brute force one can calculate the ratios'Ao/C and B°/c. A°/c

is approxﬁmetely

(Go +651 ) (C)_o 6—0)

D o
'° - 1Dl )
. G L s
l+ 070-Cro = = . "D~>O__

10
obtained'by substituting -D for D in (AL5), Only two distinct cases

where D is defined &s @, + 6y, - To "’v,"OT ' The ratio of B° to C is

exist; either one coefficient is large and the other very mnall or both
 are approximately eqnal Furthermore, if GIb > °lO’ then both.

coefficients will be negative. The maximum value is fC.
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Since the two charge state should be a good approximation, (A6)

i " can be written in the nice fom
P -6l r8x) . '()u;_s)
T e R

3(5,‘3* B(e _/3"- e *) -

- The first tem in (Alﬂ) is Just (2.10) , the two component equation. "I'he' '

(AkT)

H™ fraction should influence the correction (ALT Bottom) strongly.
"Deﬁnitions (A5). - (A9) 1ndicate that B should be affected more by H.
than a@. ; |
| There should be .enough information in the difference expression
(ALT Bottom) to determine two more cross s'ections:,(oio and °OI')‘,’ Three ° o
things are partioularly useful in this correction. -The low ciensity slope L
of the curve, its total area, and the position of the maximum can be |
'.conveniéntly used to find the negative ion cross sections. _Anylt‘ﬁo of
these will be sv_.fficient for o7y and ¢oy- The third one can be osed..lto
o verify the values. The peak could be easily missed, This *one will be ‘.:":
o ~ the check, The slope (my), the area (S), and the peak position ("max)
‘are given by ‘ ' |
' - 248
S = —2—2-——
Tfma.x ;1-”_-'. 2" I §P+i§ . .'...“‘(A'l‘s)

‘j':he peak position can be approximated as 1/a. j
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'l‘he first approximation (2.9) yielde @, S and C. The 'rat';io'.of
the area to the ‘8lope can then be used to find 8. - The e].ope gives B
immediately-. ‘I‘he boundary conditions fix A. The coefficient C 18 Just

the asymptote given by (a.lh). 'l'he two known cross sections (‘10 and

) are eubatituted 1nto Equation (A9) and then (AT) yields all: fburcross

) sectiona. This can be itereted to give the best valuee for ’1’0 and - °OI'° :
., As a check the position of the maximun difference ("max) can be
:-calculatede whenever all four values are: known, the fit to (A6) can be
v"canpared vith the data, | | _

The two charge state predicte a simple linear equation for the
:neutral fraction behavior near zero density. For small x Equation (Ah)
’becomes | L | " o
(abg) -

F (ﬂ S A(p+i)vr - }B_‘(Ap'—q_)x

. This can be rewritten as

F°(7t)'=6.¥".‘670[|§-8;-..‘(073+63,.)—‘l Ax 0 wso
L N 7] o
" where

LAl ¢ () g S

NA=P _ = :.. oca W

- —

' 670+G;, ZG-

The first of (A51) cen be spproximated as
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(A52)

'lDlx'o .

‘Equation (A50) “;]'_s_ to be canparé(i With ‘ v
Folx)= S + G| (67’ ) T (229)

The tems are similar but their near equality depends on a fortuitous set

of cross section va;ﬁes, i.e., D small,

A.5, -Hydrogen Molecular Ion ags the Probe

In additibnaﬁo fhevproton'beam discussed above, runs were made.
with the Hef beqﬁ cé Sgth sodium and potassium. The interpretation of
' ’tms dgta is more difficult then for proton beams. | o
. In the following-réactions X is the target_a;kali atom. The
capital letter refe:s-té tﬁe crbsé'section for the reagtion proceeding
:left to right. The éqrreﬁpoﬁding small letter is for the reverse .
_feaction¢ For exsmple, O here is ¢, 8bove and o ié the electron

capture cross section, ,thé:system is somewhat simplified for negative

ion formation is not considered. There is also no distinction between.
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the various poss;blé excited'eﬁd ground states;{"?'}}

H2+Xe——- H2+><+
H2+><e— HE+H X
H, +>(-2:’ H o+ H + )("
H, +><——>H* H+Xx |
Hyex & Hepext e
Ho tX T HAH+ X
Ho+X 22 H+ Xt

In the same manner as Appendix Ao2 the differenxial eqnations

for this set of charge transfer reactions become v'
DG = MG S (A5k)

vhere D is the differential operator
G is the vector of specie fractions
M 1s the matrix of cross sections,
' In analogy to the eerlier definitions the specie fractions are
H
O n -2
G .
4
T (455)

T=H +H +H+H: e



N

4_'Con5eq_uently G 15 e

The varioua elements of M. ére in turn defined as  ‘”: 
_./nyb = Qg+ Cf—'+ G}~-r GZL:' ;
: -  €§&: _ .:'..,
':6:[+6§9-+G}
-'-= 6—4‘6"8 6—
 Ga L
Gpt 6‘ .
T S
Ge# 62 +G +0s +S7 4G ws
U = 50 0z + ()';. LA
| /U— "LG— +0—(-‘, o
_ = »C;%
,@

ll

f
b
-m

! ne

r
D
£
,0

¢
-u'-_«

| "(A56): .‘  f;:

Cwsn
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&

1%

B

"
Ty
3

B

Nofe ttllgat‘t aga}n | a
@ + 6" +F°+F* =1
pe° + DG+ +m°+ ﬁf‘+,=.o_: L ?A59?
II'Ihfe factors in the exponents of-'ltt;e. sqlui;ion: obe;f
de."t |M fI‘m |

After some manipulation the following fourth order equation emerges:

:O', L (ae0)

+PrA. +Qc4_ +E\,«. +S o (A61)

where

Po= /mo+/m++,é ¥,Q+ |
Q Gm +/m+)(«0 + L)+ gy + 4 L
‘[/f? twg +AN +Tm +u1o +’llg]

R = momy (,Qo+,2+) + ﬁ 2y (o +my)
- +/1.‘3(/m +0.) +uf3(/mo4/m+) +Mr(/m,,+£) |
' +szta, 'bé'zr ~nm(@.+.4,) - RB’% “Rpv
CTup (7 +/m+) 15/(,&+/m+) —-um>
—XmA) - w—,tg7b
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S = Mot Lo Ls * 1Mo (Qo)kta» + L AV +Au}‘8,-rf'tf§) |
ey ufiféf - My (,Q;wp u&imb +Am ) -

-J mﬂof.,. = n)saufg*-)lcﬁv} —)'C,Qo%%, -fll)@/u‘ﬂ.'.
—mywt " umdLt +u)6:t?+u.mv |

- wgvy —ukym- L mawr =A% AV

Here P is the sul of all crose sections and S venishes
The equilibrium velues (thick .'carget) gsatisfy
MG =2 (A62)
where Z i8 a" vector with all naull elementse Thie is8 again overspecified.
It pecomes |  ' - |
S t Kl
v -—jo W ' %1 - - .
- ' i (A63)
where I | ‘
8, = ¥/ |
8q =¥/ c° : °

The nonnalization.eciuation (Equation (£59) Top) implies

Gi° _: {l -!-%,-i— %’z“’ 3’3] - . |

(A6H)
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The difficulties vith the hydrogen molecular ion beam should now '

be obvious., There are lh cross sections to be measured and four bemm ‘
components., Each component will be a complicated function of =x: three'n

exponentials and a constant. This experiment measures only the total

neutral flux. * The ratio of neuxral flux to total flux (R) is
4-'«/,a= (1 + ) - (n65)

where x is the fraction of the hydrogen atams reaching the detector. 1If f"
the dissociation products gain energy from the interaction with the
target, % should be nearly Zero. _ :

For 1inear data runs (x small) only single scattering reactions |

are important. ‘Then

Gt = l—(swcrgmz)x

G° 67471'

FFo= Jéc‘a

F° = (.;(573*‘()—&)71' |

R = [674 '%-.)(.'('"2‘63 +6?:)] :

" (466)

If o, and ca are the dominant cross sections, then the hydrogen

"ion cdnponents behave as the proton ones did above:in Sections 2.2.



APPENDIX B

TRANSITION PROBARILITIES

In Sectioﬁ 2.5 the equations for the t:Lme dependen_t hydrogen
level populations were defived., They depend upon the Einstein A
coeﬁ’icients.'v’.' It was disco#ered that all subétates through n = 12 were a
needed, Various groupséo 102 have compiled these coefﬁcien‘cs ‘bhrough
‘n =6, Hence it was necessary to compute the - rest. A large number of

radial hydrogeni’c intégrale have been calculated. 102,103 - These we:e
used to detemine the required"probabilitiep. The coefﬁcien‘&s are:

related to thesé intégrals through '

A(y]ﬂ n/,Q’)- b4 ot >> ynay (1,;2’)-
Ihe? R+

x a2 |[Regdr R0 U

2 :'(Bl)" |

where _ o
| L for X ).,Q'_/'
max (2, 2)=4 I
| | ﬂ-/ :r'por '<,@</fo/ '

Four digit values were ué_ed for the integrals. The resmlxlvti‘ng' _f :
coefﬁcientsv weije then _*feriﬂed by comparison with exiéting vgl\;és. It
was then discovered ‘that a ﬁunber éf mistakes appear in ‘_._ICOndon and .
Shortley’’? They are listed in Table Bl, The average transition probabile.

ity is defined by

99:
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/Z\(n) -Y"—az (MH)A(n z nf,a/)

nyn' .

(B2)

Values for this average prébabiiity'hgvé been tabulaﬁedeo for principal
gquantun numbers 2 through 20, The averége values ffum this work agree
well with those other ones. (See Table B2)

One further check 1is possible. Vgrioug‘approxﬁnations exist for
the average lifetime of a state, For éxanple;lpk according to Bohr's
correspondence principle, in the 1imit of large quantum numbers the
power radiated is equal to

| = t)

P ‘L(:) (B3)
~ where 1/7T is the reciprocal mean lifetime (the transition p?obability)
and @ is the orbital freqﬁency° For hydrogen the probability for a

transition from the circular orbit characterized by gquantum number n to

(n-1) 1is
' S Yne c* |
1 = 2 [XY MelC
T 31in 4 | (Bh)
where d is the fine structure constant and Mg is thé electron meass,
105

Bethe and Salpeter fitted data and decided that the lifetime

is approximately
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e A o ) | o
T = 1Ton - (BS)
where 'ro - 2.66 (9) sec -1, May56 plaéédf{]l.mi;hs ('m_"the"lifetime, He

discovered

(T(n){‘t;. S
o o (B6) |
. where the up'per-mit is 'Jua‘t Eguaudn' (B4) rewritten, ~~Theré is another
fomulation which shcws that the lifet:l.me depends on t.he total quantun

mmber J. Table B2 nsta some - of these q,uantities. _



APPENDIX C

CALCULATION OF THE METASTABLE LIFETIME

The lifetime of the metastable 25, level of hydrogen has been
investigated both theoretically56-59’106’107 and experimentallylo’3l’lo3
Under the influence of a weak electric field the Stark effect mixes the
metastable state with the resonant 2P levels. It is assumed that the
field is so weak that only the n = 2 levels mix toéether° This implies
any splitting is compareble to the 2P doublet splitting (about 45 upeV)
but is muéh less than the separation of the n = 2 and n = 3 levels (on
the order of 1 eV), This perturbation is

hy = -eE, = -eE r cos® . | (c1)

Since hs is an odd parity function of @, the only nonvanishing
matrix eleménts are those between states of different parity. Further-
more h, does not depend upon either the angle ¢ or the spin., The only
states that are mixed are those that obey Ami = 0 and Am.S = 0,

For simplicity assume the unperturbed Hamiltonian exactly selects
the 2P3/2 energy. This is taken as the zero energy point. It is con-
venient to rename the states so that "a" refers to the ZS% state, "b" to

"

EP% and "c¢" to the mixing 2P3/2 states, The ummixed states will be
designated "r" and the "g" state is the 18y ground state. The behavior
of the four excited states as the electric field strength varies is
depicted in Figure C-1l. Separation energy is measured in millikaysers
[1x = 1 cm"l] with respect to the "r'" state. Similarly, Figure C-2 shovs
the change in the "a" or metastable state as a function of field strength.

In this representation the Hamiltonian ¥, which satisfies the

standard eigenvalue equation, can be broken into unperturbed and

102
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v_pe_rtgr_'bed pieces seversl _Ways._ In this Appendiéi"'i‘it'i.is"wfitten as

B HeheHebgroh
 vhere L

_ B.Y - 8 O’ .‘
80 = is tk_z_e,}'r :'gtéﬁe en_"".r@' R

hf g is the spin interaction that epli.ts the

other states o

_This term creates the diagbna.l values of Eq_uations (C9) and (Clo)

One convenient represent,ation for the levels is to sive the
 orbital and spin angular manenta and. their prodections. A typical
_'_designatlon is Ilsm zms >, In this case 8 is always one half and hence
superfluous. The perturbation couples Itsm f > and It Y m' ‘f >

_ states, for example. To simplify matters only the states vith mg =%
h will be discuseed., These resul.ts are the same as those for the -k
states. The simplified representation becomes itm ’ 'j'. Thus the

lettered states become o

ooy

'-.'llao)"?!i o

l IO> ‘ ' :
| | —l) ll I)

lg?"

lad
by

ey

" i1

A
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- In order to’ evaluate the matrix elements, the following relat:lon— |

. 'Ships are useful

.:- t - Yﬁ/éjvf?ii; , .+l . ' jJ?> j;:;,
% S e
Voo cos G;- IEY Yl o

A typical matrix element to be considered 1s < c/a >, For the

B Sch.rodinger hvdrogen atom th:l.s is

<Q|Q> _QEI o r“» -j—r/ao (2- r/qo) o
. : (cs)

| XL JQ Cos@ ‘J—‘ Yl,o 4 " . : B

" Equation (C5)..can be evaluated with the aid of (Ch) as

<cla> v— Q e e
Q s eant,,', %;@X
(bla)y = ‘Z . @)
'The quantity 8, is the ﬁrst.Béhr radius. - i’ts'i mﬁeﬁcal value -is'."':.529 o

(-8) cm. Again it should be pointed out that throughout this work the

- motation D(P) means D X 10P
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- When the fi,he étruc_ture is taken intq'~account, the total perturbation

. matrix becomes

| gz; !

v;q o o /) @

where ht = b7, 3 + h. In (C9) all energies are méaéured'wifh respect to

ht

the energy of ‘the wmixed states (). 8 is the energy of state "a"
with respect to "r" and . éb _ﬁhe ‘energy of "y, é a and Cb are bpth "
negative. If the 2P3/ o state is neglected, the reduced perturbation

natrix becomes

(c10)

- Two approaches we;ée taken in evaluating the mixing coefficlents,
If standard second order non-degenerate perturbation theéfylo9 is
'applied, then one finds _‘the energy W, and the w_avé function Ita > for hg

to be

2 | _—
S Cet {aa. 5t Z

|‘Pa> a,q>+ azl‘)> +a3|c)
.-a-, 7((8 e T 2 }

az :_%_-___._;_z 9 ' 613 =__—Vzl_ o : (C]_.l)v
Cga."aé - ' 89..
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Only the coefficients 8, and a_, will be affected by third order theory

3
 and have a term of order ﬂ?. This result (Cll) yields the standard Bethe
approximation’! for the lifetime (Eqnation (2.43)):
S = .
= 2780 E .
T
In the dipole_approxgmation the transition probability per unit

time for spontaneous emission from state k to n is

' ' 3
X — 4 W . 2
ken 343 en (c12)
where c‘%kn'=' IE;L-.E:". ///ﬁ
and ;in is the dipole matrix element.
For the resonant 2P-1S transition this element is
— 5/
r, =-2 A, .
2| 39 (c13)
It is convenient to introduce the notation
o 8
[M.= (2—> <L
©\3/ e o (C14)
1

whére o-is the fine structure constant. I has the value 6.27 (8) sec™,
The energy of the n®2 hydrogen iéveiAis

F=-—< _ :
Sh 2a.n* , (C15)
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" This implies

O, =32 e o
cklé' T8 CE> X : (c16)

'HencelEqpation'(Cla)fbecomes

Q (aa 85 | (c17)
The ‘second approach will be: done 1n aamewhat greater detail. It
'A_is exact diagonalization of the perturbation matrix (Eqpation (c9)).
:_ This method106 has been applied to this problem before,albeit incorrectly,
| In order to examine the . effect of the 2P3/2 state on the metastable

'v_lifetime, Eqnatlon (c10) will be solved firet,-.-”

The secular determinant to be- solved 15 d‘.
aéx‘l : vz
7 - EL'X@i'N

o

° (c18)

f-i'fhexelgeavaers satisfypthe ehnple-quadratioaeguatlon
' ) (&;-D (Cb*l> =O o o (c19)

The roots of (019) are

k <€ ', VEL +4rl
A, -<¢:>+ \/&L+47

.(caoj- -



:'~;2 : EEEQ‘l: E:b é;Q

(c21)

L (‘he Lamb Shift) 15 abo“t b5 v (108

(622).

(023)
Equation (023) is to be

¢ rreapéndihg‘to

Aeaéh pa:ticular.eiéenﬁalue
Since the detenminant vanishes,

the components of each eigenvector

" Thig degeneracy

108
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' vhere 8 is a 1 X 1 matrix (really Just E, l)

f R is al x (n-l) rov uatrix

SR 1s an (n-l) x 1 colmm matrixl_‘

M 1s an (n-l) x (n-l) matrix

L X, 18 the first element of the X vector of (023)

i
'_Then Equation (023) becomes

X, 1is the (n-l) element vector which was the rest of Xo ,

(c26) "

"-This system of equations could be eolved if the deteminant did not
vanish. But fram Equation (c18) 11-. 1s seen that
m-Rc= 0 " L (c27)

' 'Sin'ce- Equatibns.'.-.(02‘6)~ ére-'redundant,' pickthe la‘éé of ﬁheni to solve for

the ratio xi/xl. Then the equation is cast 1n the standard ma’crix form ’

Cof y A x. Also consider the solution of M using Cramer 8 rule., Then' .

' Xl is easily seen to be proport:lonal to the deteminant of Mv |

© For the 2x2 version of E, M is a single element, M is a

o _simple. 2 x 2 matrix for ‘the full treatment of this lifetime calculation,
'_(Equation (c30)) |

For the reduced matrix (Clo) N

N‘].’Eb' A"]_; | o |

T o (c28)
Naa =-'n . -' - . '. .‘_ ° - ’
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B is readily ahawn that these satiéfy'(023) If Equation (Cah)

is used to determine N, one finds that [to within an overall sign] :

= Ep-X
\/CEL A)"+Q

(ca9) -

a2 = py

| \/(‘Ea‘/\) *n*

These are shown in Figure.c-2° : | _
Consider now the 3 x 3 case represented by Equation (c9). Im the

same way one obtains the secular determinant

o U
é:yt-l | c?; U 0 (030)
ng—vl O ‘A“ |
the eigenvalue equation
(Ca_i'al,) )\( m&, 3Q2)+2C57 ) (e3) - 

and the elgenvectors

Na, =—(€L l)l
VAJC12.== yz 1_ ‘.;_ -. ,
Nasz = -l/—)z (Cb A) ) (c3g)..

" - where

(Ce l) l vfl +2?2(€6 D

(033)



e

'I'here ‘are tvo asymptotic regions of interest for each case: the
_.small 'n reg:lon and the high 1 area. For the two state example the roots -

L 'become

(o)

and the coefficients approach

& =1 o

7 o
T - I (¢35)
ap =0 o S

For 'l.arge-‘ i the eigenvalues and eigenveéto'ifs hecome
Yl \ : o (c36)
Q=1 | B
' 2
Q=1
2 2 I (c37)

_ Figure C-3 shows the effect of an externsl field on 8y é.nd 8o
The three state exsmple has the following zero field forms:

P
ol

‘Ca., CA,O , s | (c38) |

.df'é‘ourse for aiightl& 1_argeAr-fie1ds' the two state. approximation holds.

a. =0 " e '..”(C39)
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The third root is - 21 , For large fields( >>'é§a +E4) e secular
equation becomes approximately

A-3pk-o o e
Its roots aré | | : -

A =03y, =Ty (o)

If the growth of the Ia > state energy eigenvalue is followed as
the électrid field increases, it becomes clear that the proper root is
the small one. Then the cubic equation can be truncated to a simple

linear one., It becomes

2 i | |
3y ) - 2t € =0 (o)
Whence the small root is
A= 2 € L (cs3)
Since al is independent of the eiectric fie1d, it becomes negiigible.

Hence the coefficients approach'

8 = 0 .

%
o = (2/3) | | 3
(1/3)* .

[
|

[
[

They are displayed as a function of the field in Figure C-k. The

-displacement of the "metastable" level appears in Figuré C-3. Figure C-5



- asymptotes become

'shovs the metastable lifetime as a function of applied i‘ield. The tvo
state value is the 1ower curve. The theoretical quadrupole lifetime _
" (l/YQUAD) ie added to thie calculetion in that plot. Breit and '].'eller58
. and Shapiro and Teller59 heve assigned it a value of about 1/7 of a second.

- A more recent calculation 107 changee it. to 1/ 3 eecond.

arm zzm + ars - Xo S e
ol = P (a -f-a;) | | (ch6)
T = l/ XToT ” | (C‘W)

The third tem in Equation (CRS) ia due to a proJected permanent , ‘V
: 'dipole moment in the atan. Fite et al.s;' have placed an upper limit on
- this manent.- They deduced a lower 1imit of 201} msec, '- 'I'his 1s the same
:4.; order ae the earth field induced value of Section 5 3 2. It has ‘been o '
1neglected in the figures for this eppendix. _ R L |
| | Similarly Equation (CB) can be solved for the resonance states,

A V'Then the following expa.nsions occur -

M> Ela>+b H>>+b !c>

.(C,lié') ‘
l%) c, m + czll» +C3 'C> .

For small fields only ®, -~ and c3 are non-zero. For high fields the .



b
e
bp=cp= (/6% - (ck9)

As & result of (Ch9) the lifetime of the resonant states increases to
2/T. The results of this calculation are shown in Figure C-6.. The life-

times of the two 2P
3/2

are the "r" level in Figure C-1. Both C-1 and C-2 are drawn using the

substates that are not mixed remain at 1/T. These

]

3 state expansion and equations (C32) and (33).



- APPENDIX D

CALCULATION OF THE TWO WIRE FIELD

This is an appendix'fer»those enamored with appe’ndiees° In order
to calculate the expected lifetnne behavior of the metastable atoms as
they pass between the two wires which hang beneath the UV detector, it is
necessary to know the electric.field generated by these.wires° The wires
can be assumed:to be cylinders of fihite radius which are infinite in
extent along the z axie. The beem path is the y axie. The oven lies in
the negative y direction. Theecircular cross secfions of the wires
determine the x axis. Coﬁsider this problem as a stack of x-y planes.

It then becomes a two-dimensional problem in any particular plane. It ..
can be shown that the equipotential surfaces in the plane are circles.
Further the electric field lines are arcs of circles that intersect the

wires, It is knownlll that the equipotentials satisfy

m* w2 =]

)+ sz

where
. 2
= [ L)+ y?
(x=8)* + y2

(D2)
The center and-the‘radius of an equipotential circle are both functions
~ of the parameters s and m, M is the‘ratio‘of distaneee from the centers

and s is a function of the wire separation and wire radius:

115
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In this 'exﬁeriment one wire is at'potential V and the othér phe

1s grounded. The'potential at any point becomes

Vim) = A him) +2% e ()
' The midplane of symmetry (the y axis) 1s at potential V/2. To evaluate
the constant comsider the potential difference between the ihidplane (m=1)
and one wire (m=mg). Then |
A=Y ____ - (oW)
2. 'Y\ (W\J ) . oot
The separation between the wires (d) and the wire radius (ry) determine

my. The relevant equations are
'

2 ’mo"- | S : (25)
' ro - 2 Mo S .
, o el L (06)

Equations (D5) and (D6) are solved simultaneousj.y to givé

m”l—m(d')Jr | =O - (U?f

. - o o

' The roots are approximately



1y -

o

Note that f.hey obey the general mle for points symetrically placed

about the Y axia
m- 1 ] L o ()

where the unprined value refers to the poaitive y value and the primed
one to the negative value. | _ } ‘ _ o

S may nmv be evaluated. D 13 the diatence between the wire
centers. It 15 also the sepmtion of the centera of the equipotentials

form:m andm-u - Thus,

EON ' o lsz' - ~-i-jef |
d = . mca:L+| S -— Mo :.*"F' S Cow (Dp10)

Apply Equation (D9) 'I.'hen Eqution (D].O) becomes (D5) Sqne‘r'e-'ahd

rearrange (D5) 8o that 11'. becmes

(p11)
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oo 1010 4n cmmommt v

y)'=- A (x 5 y) L+ 2"}/ 3} (ma)f

ALY

The re:l.emt quantity for the 1ifetime sh.ortening is the magnitude of

wnere

the ﬁ.eld. Itis

E= 25 A (o).
Figures D=1 and D—e ahaw the equipotential curves and the equi-

fields (curves of constant field magnitude) in an arbitrary z planeo .
'l‘ypical values for this experiment are V = 600 volts, d = 1. 25 cm,

and ro is the radius of 16 AWG wire (0.645 mm) Then my = 5:17 (-2),

4
o

distances are in centimeters -and voltages are in- volts,

n 19 and 8 = 1 cm, 'I'he constant A is approximately -101 volts. All .-jf - j '



APPENDIX E ' _ .

A SHORT DISCUSSION OF NORMAL ERRQRS OF MEASUREMENTS

The error bars shown in the.figures are Just thglstatistical
errors associated with the measurements. Systématic errors are discussed
"in the body of this paper. The :andqn errofs are assumed to be pormally
distributed, i.eo,'the measurements ciuster around a mean value:iiand

the probability of the number x; appearing is
:ﬁ(XD =A exp {l_ 8 (Y—Xf; (E1)

where A and B are constants which depend upon the standard deviation (e).

The square of this quantity is conveniently defined as

) .
= 2,{:1 (Y-X«l)z = RY’X)Z_I (s2)
N -1 N-I

where N points were taken and the square brackets indicate the enclosed
quantity was summed. It is possible to derive the subsequent equations
without recourse to this pictureo112
Low order polynomials are assumed to fépresent the neutral beam

data. In the "linear" region the beam is approximated by & linear
function of target demsity. The two charge state exponential can be cast
into this form by suitable algebraic manipulation, The baéic ;dea is to
choose parameters of the fitted polynaﬁial such that the diéagreement

between actual and calculated values is smallest.

119
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| One minimizes the suna of the equares of these differences. . i‘his
'1s the least squares method of curve fitting, In addition scme mea_sure-:
ments may be thought to be more accurate tha.n others. Eacn datun can be-
asaigned a weight. This factor is related to the errors to be discussed
later. The sums are differentiated with respect to the several |
j:arameters. " This generates a systan of equations relating the known data
points (x;) to the erronecus measured values (7-1)“ Forthe above case
the target density is asetmed to be exact .where_as the neasnred neutral
fraction may contain errors. As long as the ‘assumed Mctional form ‘has
‘an additive constant, the sun of the differences must be zero. - |

For exeample, the linear form (y = &

o +a x) produces the

following simple set of equations.

[¥] - 8 ¥ - a)[x] = 0

. )

(5] - 8g[x] - a)[x¥] = 0

The sun of the squared differences becomes
oF = [(y- 8 - ax)?/(m-2) o (=

'l’wo pieces of informaticn are used to detemine tne coei’ficients, Hence
only N-2 data points arc ‘left to check the accuracy of these constants.
For a P parameter fit the denaninator would be N-P. |

It is now assmed that all discrepancies 'between expected and

l

measured values are. caused by errors in the coefficients. v Also there are

113 that the standard deviations

P independent errors, It can be shown
for a sum of independent neasurements are related to the total standard

denation through



S (55)

for Ai =8u +av +°**, Fora linear fit at a fixed x, this

becomes
d; = 1o, + X, & (z6)

where ao is the error in 8, and d1 in the ith difference. For all Nldata

points Equation (E6) sums to
«* = Nog? + [x2]ot® .

Equation (E5) overspecifies this problem of determining tﬁe éoefficient
errors. These can be found by applying'the methods of Appendix C. -
Alternatively one can note that Equation (E6) comes from a Téjlorlseries
expansion. It expresses thg difference as an errcrtimeé:the parametric
partial derivative of the measu;ements. Inflependence of the errors,

Equation (E5) and considerable manipulation leads to

!
.
[
i
}

= T St T (28)
det M| [Mi] M|
where |M jLil 15 the minor corresiibnding to the cofactor m, i', i.e., the

determinant written without the ith row and colunn, jIhis is proberly

normalized for the sum of the products of each cofactor and its minor is
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 the determinant. In the linear example (EB) 1s simply
oc® T

W W

' "l‘he alphas 80 defined are ‘the standa.rd errors of the pa: ﬂm'eters.

’I'he more comonly quoted probable error is 785% times the standard error. -

,The weights mentioned above are inveraely progortional to the error
squared.

Whenever several different cross sections are averaged, weights

are asaigned to each one. .The average c¢ross section bec_omes

& = [WQJ- WQ]
WT W]

weight; ‘The average error, which is the quoted value,

. '(.Ei().,)

Aw'her'e w; 1s the 1*
- is given by the second of (E].O)
'01 is determined by substituting the averaged meaéure_"‘b‘f'clo into

Equation (2.14). The error (6 ) is then given by

505, _ 06 . | SFee
Tt c )

A variant of the fi't',_fing method is used. in nomalizing experi-
‘menta‘l points (Mi) to the theoretical values (T,;). This is & one

‘parasmeter :fit. The average difference between pairs of po'ints will not’
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vanish, If veights are assigned, the normalization constent éatisfles

_ wWwTM] |
- (E12)

{w T T]

from the original equation

p (M=-CT) (=0
_55(w ]

. (E13)

The error is the standard deviation divided by the square root of the
total weight. The C of Figure 5.22 is one of the nommalization constants

as calculated from Equation (E12)..
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. Alkali

TABLE 1,1,

A Short Guide to Cross Sections

™

MX

F'e

Lithiuwm

Potusim :

Rubidiun

Cesium B

21
21
RS R

- 21,h2,46

15

b5

2k, 43,45, 46

21

c 21,k

" o21,hp

13%



o

Maximum Gryzinski Cross Sectiops

TABLE 2.1.

Alkali ra[.fx]llh QuaxlAZ] Bolkev] 3 .[8°)
(Eqn. 2.27) (£ 0.1) (EQu. 2.30)
Lithium 1.52 55.2 1.4 20.6
Sodiun 1.86 68.2 1.k 2k.3
Potassium 2.27 98.2 1.0 L5.7
Rubidium 2.48 110.2 0.8 53.6
Cesium 2.65 126.8 0.6 Thok
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_TABLE 3.1.

115

Standerd Points for the Thermocouple Calibration

Stendard Point . 1{*c] :
N, .
co, SR - 78,51

-195.80

Ice o 0,00
.Stean 1 . . 100,0

Mn o - 231.85 o
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TABLE 3.2,

Molecular Oxygen UV Windows

(Ref. 6k) ' (Ref. 116)

Alen™t] k[em™1] Source

1 1215.7 0.28 HI Lyw

2 1187.1 0.20 Hgf 1188.0 W(3,6)R1*
3. 1166.8 0.29 H, 1166.1 W(1,4)P3

L 1157.0 0,k H, 1157.0 W{0,3)P5

5 11k2.8 0.31 B, 11,9 w(s,G)Pe*
6 1126.9 .62 H, 1126.2 W(k,5)Q3

7 1108.3 0.20 1, 1108.2 W(3,k)Q2

*Hydrogen Werner band (weaker Lyman band ignored)

1

Calculated value (probably ~ 0.33 high) - not observed as yet,



ALKALT

Iithium

Sodium - o '

Potassium
Rubidium

Cesium

TABLE 4.1.

Alkali Demsity Corstants

A[ em™~317]

9.h17 {26)
5.352 (26)
1,900 (26)
1.438 (26)
8.30k (25)

138

B[T]

18, 560

12, 646 |
10, 302

9, 466,9
8,760.7



TABLE 5.1.

Summary of p + K Results

ENERGY [keV) 010[10"16 cn®) 6[10'”] F o
L 43.9 £ 5.7 326 £ 86
5 55.9 + 5.8 Lo6 + 89 .956
6 h3.3 £ 2.1 oho = Ll el
7 36.8 + 4.9 292 + 28 962
8 26,4+ 1.3 288 t 34 .938
9 22.3 £ 1.b4 a7 + 20
10 23.3 % 1.4 290 + 80 .860
11 23.h £ 1.1 291 = 30
12 11.1 * 0.8 280 £ 15 700
13 25.2 £+ 2.0 218 £ 41
1h 12.5 = 2.8 234 = 17 STT
15 12.9 + 1.8 373 + 39
16 7.71 = 0.5k 199 + 10 .559
17 6.39 + 0.11 296 + 23
18 5.11 = 0.38 172 + 23 .199
19 L.45 £ 0,72 260 * 56
20 5.12 + 0.43 193 + 18 A2
22 3.h2 + 0.49 170 + 82
2k 2.81 + 0.65 197 = 10 .4o6
26 2,62 + 0,21 156 + 16
28 1.98 = 0.20 206 + 63 .3h2
30 1.93 + 0.10 161 % Lo
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TABLE 5.2.

Sumary of p + Na Results

ENERGY [kev] 910[10'16 en?] 6[10‘“] FOe
6 32.2 2,2 556 + 34
8 27.1 ; 2.1 65 + 28
10 20.1 % 1.8 550 £ 36
12 12,0 % 1.7 Lot £ 25
1k 8.48 t 0.42 355 = 19 . 600
16 4,89 + 0.10 k65 + 10 .570
18 L,12 £ 0,10 357 = 15 «394
20 2,70 * 0,10 324 = 24 460
22 2.62 t+ 0.27 269 = 55 .380
2k 1.61 £ 0.20 300 + 28
26 1.98 + 0,20 359 + 50
28 2,20 £ 0.23 272 £ 124
30 1.4l £ 0.30 259 + 120
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. TAHLE 5.3.
. Sumary of l; Results

1

.~ ENERGY | ‘glb(xif;gflé @] "vlo(Na)[loflé m®) l[iofé]
10 -'55.0': 6.6 59 + 106
13 hL9 £ 6.3 1 £ 106
14 ' . Lo + 131

16 60.8:2.3 '

18 | B 249

19 39.38 7T 21 t 1h2 ;'
-3 | 10.82 ¢ 0.76 | |

22 32.5 7.7 10,2k £ 0,17

25 5,23 :,féflé 35k £ 16
f:27 A? v6;63 + 0.73 1k £ 45

.30 b8k ;.OQeé': | 220 t 16



TABLE 5'.‘#..'

"Alkali Binding Energies

Valence Electron [117]

1k

Innex Shell [83]

55

Binding o  Pinding
Z ELEMENT Configuration - Energy Configura't_iah Laergy
3. Lithim 28, 5,390 54,75 & 0,02
11 Sodium 38, 5.138 31.1 4 0.k
19  Potassium ks, 4,339 33.9 % 0.k
o 17.8 2 0.k
37 Rubidium 58y 4,176 29,3 # 0.k
| 1.8 # 0.k
{ 14.0 # 0.3
Cesium 65% 3.893 22,7 # o,:s
‘ - 13.1 * 0.5
{ 1.4 %

* 0.5
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' Best Values for the Background H, Values or

 meandnes Deduced from Measured 8 Values

1
P

' PARGET

i m) ”

B ST KT

16,80 £ 6,15(13) 11.0 £ 8.5 (13) T.76 % 6.88 (13)
2.3 ;v'a_,ao‘_‘(;;a_) 3.8k 3.04(12) 2.78 :2.&6(12)

A

[n]

8,50 £ 71.10(13)
3.0t 25,40(12)




E(keV)

’

(X

Purce "1 Alkali Quenching Cross ﬂacﬁions

- R total

5 139 (413) . 2.30 (-13) 3.69 (-13)
10 7.0 (-1%) - L.22 (413) 1,95 (-13)
15 5,01 (-14)  8.4b (-1b) 1.34 (-13)
20 3.83 (-14) . 6,148 (-14) 1.03 (-13)
25 .1 ({1&) o 5.8 (k) 8.39 (-14)
30 '2;63»(.-11;)' 446 (-18) 7,09 (-14)
50_ 1.63 (-14) . | 2,79 (-14)  bok2 (-1k)

1hh



1k5

Tm 5_070 .

Purcell-Seaton Proton Swarm Quenching Transition Rates

- T(°K>~}

L3

Y .
"

1,500

2,000

| _2,506
| 3;000

10,000

15,000

20,000

25,000

‘iiu;36 (;y}
mm(#)f

B u.oa”(fﬁ)
3.88 (-b)
346 (-b)

| A2.885k§h) |
2056T(§yj o
2.3 ()
208 (-b)

Lk6 (-4)

2,07 (-b)

2,41 ()
2,62 (-4)
2,94 (k)
2.95 (-4)
2.82 (<b) -
2.70 (-4) -

.2°59v(-h)
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: .'. .f:25i6E:f

,f fE§} . v'é(ga)..'t" 'é(oz)» ,f::&’é(325"  °

"Gersten Molecular thg#hing Cross Sections

. TAMIE 5.8,

0 {x0)
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, 'é_(mé) S L

'4 41;9,AeV |
”: fi;9if4
5 1b;o;gj
 €15,0 

w0

; ;3b;off:"
f': 5°;Of3 :

1,80 (-14)
1021 (<18) -
1.52 (-15)
1.21 (-15)
- 7,06 (-16)
5.61 (-16)
ko (-16)
habs (-16)
ka3 (~i6):
3.89 (-16) -
3.28'(-16);5

.20 (-1k)

8,02 (-15)
1.01 (-15)

8.02 (-16)
1.69 (-16)

3.72 (-16)

2,95 (-16)
2.7k (-16)
2,58 (-16)
2,18 (-16) °

9,01 (-15)
6,03 (-15)
7.60 (-16)
6.03 (-16)
3.53-(-16)
2,80 (-26)
2045 (-15)J
‘2,22 (-16)

:J11.9o (-13)

1.0k (-13)

- k65 (-15)

31'29 ("15)

:f1.h7 (-15)
1;ohv(-15)ﬂ

8.49 (-16)

- 1.35 (-16)
2,56 (,16)_"
1;9h (-165

1;6&'(416)A

6.58 (-16)

6,00 (-16)
bo65 (-16)

363 (<18)
243 (-¥)
306 (-15)
2,43 (-15) ?fff N
1.2 (-1553;ﬁ¥ .
113 (5)
9.85 (-16)
8.95 (-16)
8.3 (-26)
7.82 (16)
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TABLE Bl

Condon and Shortley'°2 Corrections

In Table 4
La7p reads 5.7, should be k.2

Lp7d reads 7.7, should be 6.7

In Table 55:
685p reads 1.7(-3), should be 2.7(-3)
6p5s reads 2.1(-3), should be 2.4(-3)
6d2p reads .6h8 , should be ,051

In Table 6°;
n = 3 reads 1,02, should be 1,002
n = k reads 3.35, should be 3.32
n = 5 reads 8,8 , should be 8.66

n = 6 reads 19,6, should be 19,27



\60-

Mro‘en Trmiﬂion Probnbintiel ‘and Lifet..mes

)
n

4378

n Fypsy Iﬂ 'csloa "j_v 7!(56 *’J_leh 7?!8105

2 1699 (8) MGoh(8) 21 2130 L1 3.0 8.5

3 9.985 (T) '9,.'97‘5‘(7)' 10.2 10,02 3.5 23 53

b 3.019 (1) 3.016 (?r) 3.5 3315 8.7 96 192

5 1156 (T) 1155 (7) 88 . 86.61 18 2gk 525

6 5.191 (6) 5.189 (6) 196 1927 3 731 1193

T 2.617 (6) 2,6.12‘ .(.6). 382.9 L0558  1.6us 2.hus

8. 1438 (6) 1.436 (6) 696.2  .0BBus  3.1us oo

9 8.450 (5) 8.462 (5) . o182 s 5.5u8 Tolus

10 5.236 (5) 5.21 '(5_) | 1918 208 9.hus 12 s

1 3.391 (5) A3._'38’o (5) 2959 298 15 us 18 s
2,277 (5) 2,284 (5) - +39us 23 Ms 27 ﬁs

Liretimel are ¢1ven 1n nsee. unleu othervwise noted.

'm means tm. vork

| o Tranlition probahilities are given in sec -1



FIGURE CAPTIONS

Figure 2-1, Bates and Dalgarno cross section for charge =xchange
between protons and potassium,

Figure 2-2, Bates and Dalgarno cross section for charge exchange
between protons and_sodiumf

Figure 2-3. May calculation of the angular momentum state of atou.l-~
hydrogen produced during p + H collisions,

Figure 2;4. Contributions to lOQOl for p + K from various atmic
hydrogen levels,

Figure 2-5. Gryzinski calculation of 1OQ01 for various alkall targets.

Figure 2-6. Same but for (28) assuning N(2S)/N(2P) = 1/3.

lOQOl
Figure 2-T. Predicted ratio of MX:TX assuming statistical weight

population of states as a function of proton energy.
Figure 2-8, Metastable populations of the n = 2 states.

Figure 2-9. Seme but assuning only S state captures.

Figure 2-10, Relative 2S5 population as a function of beam energy.

Figureb3-l. Schematic view of apparatus.

Figure 3-2. . The neutral beam detector. Co

Figure 3-3. Schematic view of detection chamber and counter electronics.

Figure 3-L, Schematic view of electron gun.

Figure 3-5, Molecular oxygen window near 12162.

Figure 3-6. Relative transmission of oxygen filter for Lyman alpha for
X = 2 atm-cm,

Figure 3-7. Integrated transmission of the oxygen filter as a function

of the viewing angle 8.
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Captions Continued
L.1., Sample neutral fraction data.
4-2. Semple metastable hydrogen data.

5-1. for p + K = B* + K* with nomalized 1090 (R0 to 30 keV).

%10

+ .
5-2. 0o for p + Na = H¥ + Na” with normalized ,,Q;,.

0

5-3. %0 for H.” on Na and K.

2

5-4., FPo for p + K with error bars indicating the data spread.

5-5. FOe for p + Na.

5-6. F°= for H; + K and H} + Na.

5-T 601 for potassium as deduced from measured values of glO
and FOe for p + K.

5-8. dOl for sodium as above,

5-9. Theoretical values for loQOl/lOQ01 + 51810(m,;n) for
p + K showing experimental valueg of FOw,

5-10, Same but for p + Na,

5-11. lOQOl for inner shell excitation of various alkalis.,

5=12. 10Q01 for various alkalis including both valence shell and
inner shell captures.

5-13. 10901 (28) for immer shell excitation of various alkalis.

5-1k, 10Q01(2S) for the alkalis including both valence shell and
inner shell captures.

5-15. Measured background neutral fraction (8) for a potassium
target with the normalized results of Allisoﬁ superimposed,

5-16. Measured background neutral fraction for a sodium target

as above,
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Figure Captions Continued

Figure 5-17. Typical low density results for 16 keV protonz on sod.um -
slight curvature of the "metastable" signel.

Figure 5-18. Same as above but for 20 keV protons .- pronounced curvature
of "metastable" signal.

Figure 5-19. lOQOl for protons on excited sodium énd potassium assuming
only valence electron contribution.

Figure 5-20. cio(as) values of Sellin and Granoff for p + Cs, p + Rb
and p + K with nomalized Gryzinski calculation lOQ01(2S).

Figure 5Q21. clo(QS) values of Donnally (Ref. 24) for p + Cs with
normalized . Q_ _(25) calculation.

10 01
Figure 5-22. @,  for p + Cs [Schlachter] and nomalized _ Q

10701°
Figure A-1. Beanm chargé states and the associated cross sections.
Figure C-1. Splitting of the first excited state of hydrogen as a
function of external field.
Figure C-2. Behavior of 25 state as a function of applied field.
Figure C-3. Mixing coefficients of the two level approximation.
Figure C-k, Mixing coefficients of the three state approximation.
Figure C-5, Transition probability of the metastable 2S5 state as a
function of electric field strength.
Figure C-6. Same as sbove but for the 2P states.
Figure D-1. Equipotentials of the dipole wires assuming a separation of
1.25 cm and a potential difference of 600 V.

Figure D-2. Equifields for the same configuration.
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