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ABSTRACT

-

TLis vork presents emissicd cross sections followvinyg
electron-ispact on‘heliunm, hydrogen, sulfur aexafluoride,
nitrogen, anpd argos. Specitiéally, ve studied the fcllowing
caissions. The He* 2p --> 1s 30.4 n» emission, the nuser-
ous emissions frcm the neutral and singly ionized atomic

ftag-cnts'of S¥y, the 120 ns emission from B,, and tte Lylin
! ! .

"

" series emissions from both atcmic and molecular hydrogen.
‘ . . .

The most important aspect of the hydrogen Qort vas the

determination of the B, Lysan alfrha emission cross cection.

" Use of the L]ﬂn series from atormic hydrogen for the cali-

bration of qpticél‘equiplent in the 90 to 122 nam region was

edission

also investigated. To illustrate the technique,

Cross sections of the argon resonance l;négﬁnea “10€ nm and

. 3
the argon ion lines near 9) nm vere "deteraineds

BExcitaticn
functions fo; the He¢t 30.48 aqnm eniss%pn and for various
fluorine ;nd sulfur emissicas [along with sdme appearance
potentials) were alsco ohtained. <

A valoe of (7.5 ¢t 1.6)x 10-19 cs? at 200 eV is found
for the He* 30.4 na transition. - For the dissociative exc{-
tation of SPq the l;tgest enission cross sections telonged

to the PI transitions at 95.5 ca [2.03 x 10~1% cm? at 200

.e¥) apd 97.5 nm [1.486 x 10-38 cmpZ at 200 e¥). The maximus

-

- ii -



SI-and SII emissicn cross sections are approxinatel; 1 x
10—-3% ca2 and the ét:ongest FII emission cross sectiaons are
apprcximately 1 x 10-2¢ g2, The NI 120 om emissicp crcss
sectica is (2.98 ¢ 0.36)x 10f" ca®. Qur value for the H,
Lyman alpba enissicn cross section ‘ is (7,08 ¢t 0.58)1 10-1s
caz a£ 100 ev. The emission cross sectioas for the argon
rescnance lines at 104.8 nm and 106.7 na are [12.8 ¢ 1.3)x
10-18 ca?  and 5.5 ¢ 0.8):\13:!' ca? respectively. Por

the arydn ion lines at 92 ra and 93.5 nm they are (5.6 %

J.5)x 10-1® ca2 -and (2.3 ¢t 0.2)x 10-19 cg2 respectively.

- iii -
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Chapter I ("“\

IRTRODOUCYION

.This thesis presents several studies regarding tte epis~
sidn cf vacuuom ultravioclet {V.C.V.) radiation from ato®s and
Bolecules follovwing their impact wvith nearly aonoen€rgetic
electrons. Bore precisely, a bean of atoms or molecules is
forsed by alloving a gas to flow through either a single or
sulti-capillary orifice. The electron beam is formed using
a conventional electron gun and inte;sects the gas leam at
right angles. The eamitted radiation is detected in a direc-
tion perpendicular to both teaws veither tefore or after it
is dispersed bty a 0.5 a Seya-ual;oka’nounted sonochromator.
iifh this set-up ‘see Figure 3{ oge caq perferm sevetél fun~-
danmental studies such as identifying the V.U.V. spectrum fer
a given gas, determining individual esission cross sections,
Or aeasuring excitation functions. .

Ve have used the apparatus to Study the following inter-
acticnos

. e ¢+ He --> He*.f ie~ —-=> He* + photon

_ﬂZ. €.+ 5F¢ ~-> excited fragments of SPy ¢ e-
« €7 ¢ Ny =-> N ¢ B eT ==> 2N + e~ o‘fboton
b e ¢+ H --> H' ¢+ e~ --> H ¢ photons

» -
5. € ¢ Hy ==> H, ¢+ e~ ==> Hz + photons

£ simtamt =



= ———

tJ

+
. -=> 3 & %k t e- —=> 2H + photons

-

€. e 4 AT -=> Ar"+ o= -o> Ar ¢+ photon
*
==> Ar* ¢+ 2@~ -=> Art + e photon
Interaction (1) involved Reasuring the absolute emission

Cross section of the He+ 30.4 na 22p --> 125 trapsition fol-
loving simultaneous lonization-excitation of He by electron
impact for electron energies fros threshold to 10C0 ev.
éince the process iavolves the simultanecus e;citaticn of
tvo atosic electrons, the thecretical treatment is compli-

cated; ccnseqiéntly, fev calculationc have been performed.

. Previous work on He* excitation has largely consisted of

cross section aad ‘polarization Reasureaents for the He* p=y .

to p=3 aanifold at 468.6 nm. A sunlarf of earlier results
is given ty Heddle and Kéesing {1968)[37] and a more recent
reviev by Shemansky et al t1984) [791. . Emission cress sec-
tions for the vacuum ultraviolet lines éi He* at 1€4.0 na,
121.5 nm and 30.4 aom have Leen reported Qy Moustafa Moussa
and de Heer [1967) [ 65]; hcwever, since they estimated the
quantum yield of their lonochronato:-detectog systea Ly
ertragolation over tens of nanometers, their data at 164.0
and 30.4 om is questionable. A later measurement ty the
same groug (Bléelen et al 1981 -f153 ) - of the
30.4 nm line using a photoionization chasber found a valye
50% higher. The 30.4 nm line is of ‘special ioterest since
it represents the siuples; case of silultaneous ionization-

excitation by electron impact. Secondly the line is emitted

-



in the only opticaily alioyed decay chanmel [2p --> 15) azd
is therefcre not affected Sy l-deqenericy. Thus the 30.4 nn
line can provide a direct comparison between theory and
experinen;. It is also an important EIiS;iCD for thke cali-
bration of optical instrumentation in the far vacuus ultra-
violet.

Interaction [2}) invclved the study of V.U.V emicsions

from 40.0 to 180.0 nm due to electron impact on sulfur hex-

af}uo:ide {SP4} over an electron enerqgy range from tkreshold

to 600 eV. The study of SF, is of interest due to its cher“

ical and electrical properties; Chewically, it is similar
to an inert gas and bhas a spherically symsmetric appearaniza
due to its octahedral structare where the S atoa is at the
center. BElectrically, }t is a superior insulator and is
used in lény bhigh voltage devices. As a result, it has teen
studied'byra variety of experimental techniques such as U.V.
{52)(70), v.0.¥ [14], X-ray [47) [48][97][105]), photoelec-
jrom [3V][75]) (80], electron-impact [E1] [90], and mass [ 28]
épecttoscopy. Several time-of-flight studies have also baen
performed [76]'[20]- Theoretical ;ork [35][36] tlQ][SG] has
been limited to ;nderstandiuqq:}ts electronic structure and
its lanf vibrational msodes. Hovever, little effort bas gone
into investigating the dissociative mechanisss or its radia-
tive elissions.fclloiing electron impact. Such infcrmaticn
should‘help‘to further understand the early stages cf die-

lectric breakdowvwn. Hopefully, our study of the production

-
A
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of V.0.V. vradiaticn from F, P+, S5, aod S* atoes due to the

F
dissociative excitation og SPeg fpllcwiny electron impact
vill frovide a basis fbr nev studies ca S?,.

Interaction :3) was studied doe tc the iléortance of N,
in planetary atmosgpheres, éspecially CUC Ovh. Only the NI
emission cross section folloving electron iagact oo N, at
120 o® 15 given Jue to its Froximity to H, Lyman alpba. Cur
value for sﬁe Cross sectiob was determined us1ing CUr new
experinenial value for the H, Lyman alpha cross secticn. ‘A

nusber of investigators have studied the emission. They

include Aarts and de Heer {2], Buama and Zipf {68]), and

. A
Ajellc and Shewmansky [6].

Interactions (4) and !S) are of isportance due to the use

.0of the H, Lyman alpha emission from dissociative excitation

folloving electron impact as a calitration standard fcr
optical instruments in the v.u,v.. The H, Lyman 3lpha
emission Cross secticn for an electron impact energy of 100
eV has been measured s&veral times. It vas first stulied
experimentally by Pite and Eracknanﬁ (1958) [27] wusing a
tungsten furnace to dissociate molecular hydroyen, a lithium
fluoride vwindow, and an oxygen filter. A later study Ly
Long, Cox, and Smith {1968) [ €3] used a similar procedure.
Hovever, they did not employ an oxyben filter. The groce-
dure involvés using the Born approximaticn for the Lyman

alpha emission cross section follovwing electron 'inpact on".

atowmic hydrogen as a standard to which the Hy Lyman alpha
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cross section can be noraalized. | Due to the pand-fpass cf
both experiments, they actually measured the countable ([COTV)
radiation produced by molecular bydrcgen, not just tte Lyman
alpha radiation. In 19717, Kauppila et al [43] redetermined
the ratio of the <CUY cross section at 100 ey -to the cross
secticn for excitaticn ‘of Lyman alpha by 100 eV electrcn
ispact on atomic hydrogen. Their apparatus was similar tc
Fite and Erackmann's, They determined the ratio to te 4,05
t 0.C7, Jsing data from Carriere and de Heer {197 and
’

AcGovwan and Williams [60], HNumma and Zipf (197Y) [67)
allowed that 80X 3 10% of the CUV radiation in the experi-
ment of Rauppila et al was due to Lymsan alpha. Alloving for
the-sale polarizaticn_of the COY radiation and of Lyman
alpha radiation frcm atoasic hydrogeq (ott et al [71]) and
using the cross section for excitation of Lyman algha co
atomic hydrogen frcam Long, Cox.and Smith (1968), Xurma and
Zipf calculated tke cross section for dissociative excita-
tion of Lyman alpha- by_loo eV electron impact to be 1.2 x
10-17 caz 3 11X, Until recently it h;; been the accepted
value. Bowever, several recent results by Van 2yl et a]l
\1985){95], Ligtenberg et al {1985) [50]{51]}, Ajello and
Shelangky {1985)[ 4], Shemansky et al [1985) [78], ard ¥dcol-
Sey et al (1986) [104] strcngly indicate that the Hy Lyman
alpha cross section peeds to be lovered by neaqiz 401%.
These new resdlts bave used new data concerning the abscrp-~

tion properties of oxygen, models of the B molecular spec-



.trus, and other optical calitration frocedures for the
V.0.V. such as e=mprloying a synchrotron radiation scurce.
Due to our recent acquisition of an rf-discharge source
(Slevin and Sterling , 1981 {82]) ve are capatle of fperform-
109 a direct measurement of the Hp 1lyman alpha cross sec~
tion by using the Lflan -alpha cross section for atowmic
_bydroyena as the rprimary standar&; The advantage to our
technique is that we do not have to eaploy either ar cxygen
filter oé a lithium fluoride ui;don. Instead, ve disperse
the radiation using a vacuus scncchromator with which a PWHEA
of 0.1 pm is obtainable. In this way we can remove most of
the molecular radiation fros the Lyman alpha signals. Sec-
ondly, by measuring the amount of molecular radiationp, with
the discharge alternately on and off, the dissociaticn frac-
tion for the discharge source can be accurately determined.
‘Also, sioce identical sourd® and detection geonetries are
used [(discharge on or off) many of the systematic errors are
automatically elisinated.

Interaction [6) vwas studied in order to determige the
e-ission’Ctoss sections for the arqon resonance lires and
ion lines near 105 nm and 93 nwm, respectively, for an elec-
tron impact enmergy of 200 eV using the Lyman beta and Lyman
epsilon Bern cross sections for atosic hydrogen as the pri-
mary standards. These cross sections are important for sev-
eral reasons. Firstly, they are often used as secéndary

standards in the V.0.V.; cobseguently, reducing the present



uncertainties in their absolute cross sections is of vital
importance. Secerdly, since Ar is cne cof the noble gases
its cross seétions are iarortant both theoretically asrd
expéri:entally in many branches of physics. Previous wcrk
ot the twc resonance cross secticns near 105 na have been
pecformed by de Jongh (1971) {23], Ganas and Green !1971)
[30], 4cCcnkey and Domaldscsn {(1973) [53], Mentall and and
Horgan [ 63], and Ajéllc 11984) [5]. The twec-'icn lires near
93 n® have been investigated by meGuire {1971) [61], and Tan

et al (1974) [85].



Chapter 11
IHZCRY
2.1 Electrop-Atcw(Boleculel Collisjons

When electrons and ground state atcas interact mary sc%t;
tering channels are opened. The electrons can scatter elas-
ticaily orc inelastically. If they scatter inelastically
energy wvill be t:ansferrésﬁ?v the atcn. At lcw electron
impact energies the electron can be caﬁtured and at suffi-
ciently high impact energies the atoa may te exciéed OrC even
ionized. At even higher bnérgies the atoas may be bcth ion-
ized and excited or even doubly or triply ionized.l

@ + & --> e + ) lelastic process)
(inelastic. processes)

==> A~ lelectrcn capture)

—~> e ¢+ A" (excitation) .

~=> e + e ¢+ A* ‘ionization)

-=> e ¢+ e + A+" (jonization-ercitation} .
etc. '

When electrons and molecules collide, additional scatter-
ing channels are available. The molecule may be electroni-
cally, vitrationally, or rotationally excited, or icnized,
or dissociated. As wvell dissociatior can be accompanied ty
excitation of the loleculaf ffagien;s. Consider the case of

o _ ‘

a twvo atos molecule !AB)4; The followiny electron impact

processas are possible:



@ ¢+ AB —> e + 2P ’'elastic process)
{inelastic frocesses)
—~> AP~ (electron capture)
-—> e + AB* (excitation)
—> e ¢ € + AB* ljonization)
—> e + A + P (dissociation)
—> e + 1 + B* idissociative excitation)
-=> 2e ¢+ A ¢+ P+ (dissodiative ionizatior)
. €tc.

!
In the series of experiments to bé(discussed in tlis the-
51s we are oply concernel with those collisions which
produce excitation. _ Several techniques are frequently
eaployed in ordeE to study thesn. Tvo common technicues are
electron energy-lcss spectrcscopy and photon spectrc¢sScofy.

.0Only photcn spectroscopy vill te discussed.

2-2 Photop Spectroscopy & N

By studying the emission spectruam froa an atcn:ﬁo]ecule),
it is possible, 1in principle, to deteraine the cross sec-
tions for excitation to the different energy levels in the
atom(eolecule). 1To accomplish this, it is necessary to mod-

el the prccess.

22221 BIcitatiop Crosg-Section

Assume n{j) is the nhumber of excited atons:loiecules) in
the state j prodoced per unit iolnpe by an electror tean.
Secondary processtes such as collisional population ard depo-
pulation, and resonance absorption can be neglected if coe
vorks at sufficiently lov gas pressures aﬂd electrcn cur-
rents. Under such conditions the following equation is val-

id.
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do(§)/dt = =0 (3) ZA(3K + NQ(§)vn_ ¢ T A(ifn(i) (D)
K SR |
k<aji i>j
A13}) are the Finstein a coefficients for traositiors frona
the 1 state to tte j state, Q{J) 1is the cross secticn fo;
excitatiqn to the j state, v is the electron velocity, e 1s
the electron nuaber density and N is the atoamolecule) rup-
ber density.  Thus eguation (1) tells us that the rate cf
change of n(j) is equal t¢ the rate at which excited
atoss (molecuoles) are leaving the state j§ through the eni;-
sion of radiation (first term cn the'right), Plus tte rate
at which atoms(molecules) are entering state J through the
process of cascédé ‘third term) plus the rate at vhich
qround state atoms (molecules) are being excited to the j

State by electron impact (second ters). See Pigure 1. In

equblibriue, dn!j)sdt = 0, and equation (1) reduces to:

n() = [(NCva v s alifoli)ls g oaiik) b
. e .
i . k
i>j k<j

Defining J’jk) to ke the rate at vhich atoas{molecules) in
-state j dec:g to state k per unit length , of the electran

beaw, equation (2) can be written as-:

Ji3k) = [NGIJISva_ ¢ T3y A{i /s TAlGkY) | 1y
- ¢ i k!
) . i>j kr<j

vhere 5 is the cross secticnal area cf the electror bean.
Usipg - .

I = Svene ' : 04}



11
where I is the electron current and e the electron ch&rge,
~ T .

o

equation. {3) can te written as:

Jijk) = [(AQ{j)I/e + L J{i§) Jajk)/E A!3jk") (5}
i kit

i>j ki<j

In teras of the excitation cross section, Q(Jj), egquation (5)

becoses:
Q(3) = [J(ix)/B(3k) - T J(i]f) JesIN {6)
i‘
7 ) - ) ) i)j
vhere B (jk) = A(3k)/ lr‘:'ujk') - (7a)
k1<
= Jiik)/ T Jlik) JIb)
ket
k'<j

B{jk) is the tranching ratic for the j-k transition. Thus,

if one g2asures the asount of radiation eamitted ia tran-

siticns to and frca state j, the excitation cross seétiog

Q:}) can be deterwmined. Bote that if cascade can te neg- ﬁff

lected, then §

Q(d) = J(IK)/B(3K) x e, Iy (8a)
= E’J:jk') x e/IN .3b) é‘}
ki<j



atp

Figure 1: Schematic energy level diagram showing

excitation and deexcitation processes.

12
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2:2:4  Effective Cross Sectiop
Cften cne meacsures the intensity <f only one spectral
line as a/function of the «electren impact energy (E). In
other words J!jk,E) is seasyred. Bormally, these ueasure}
ments ire given in terss of an effective cross section,

Qijk), vhich is Jefiped as:

CIk) = J:dk) e/IN 134)
ECROLCH) ¢ T ety ) (5t)

i>j

H

2.2.2.1  polarization

The radiation produced can le resolved into 3 comfponents.
Defining the electron team aris as the Z-axis, the irtensity
of the radiation okserved perpendicular to the electron Lean
and with its electric vecter parallel to the ’z—a{is is
called I;,. The two components with their electric vectors
perpendicular to the z-axis are éotationally inva:iant aod
hence ejual. They are¢ denoted bf I,- .

The polarizaticn, p, of the radiation is defined by

JL\ P = [Ina - I} /01, + 1) ( {1,0)

b

The flux of photons emitted into unit solid angle at ap

angle, 8, to the electron team, for the j-k tramsiticn, is

-]

given by -

J{jk,8) = T[3k)4,5in28 + T{{k),cos20 + I(§k), A R)

i
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Thus the total flux is foand ty integrating cover all solil

angles

J(jk}

Tatik, ey 1w o (12a)

T

8T /3 [113K) 4y ¢ 2I05K) ) J12k)

and the effective  cross sectica is given Ly egquitico !9).
Taerefore, by aeasuring I,, and I, cne can also deterszine

Y
the efiective creoss section. *

2.2.3 Differential Cross Sectjog
Io nhny experiments, ours included, the iatensity cof
‘radiation emitted Fer unit solid angle at some angle, 8,
¥ith ‘respect to the electron teasm is measured. It this
case, one ié making a wmeasurement of a differential cress

section {3(ik,8)). Por dipcle radiation the angular distri- -

buticn of the radiatidn is of the foro

a{jk) {1 - pcos28) . . {13a3)
J(jk,8) e/IN N (?Jt:)(

q (jk,8)

vhere p i5-the polarization of the radiation «.and [ and
a(jk) are independent of 8 Lut are functiops of the ¢lecttcn
iapact energy. The effective Cross section is therefore tne

integral of the differential cross secticn over all solid

angles. 5
¢!iik) =L q7k) dw = 4 w1 - B/3)a {jk) )

Thus, for measurements at 9Q0
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COIK) = <~ {1 - £/3)g(jk,9C0) 1135

However, if the angle, @, is chcsen such that cecse2e

ejuals 1,3 then

g IR = aljk) 1 - p/3) 19)
and , '

J21iK) 4maqljk) a7

This 223le is xncwn as the maqdic angle and equals S40yyr

Thus, 1f cne measures J{jk) at the m;gic augle, no pclariza-
tion corrections are needed as at, say 300, and the differ-
eatial cress section is pProrortional to the effective Cross

secticn.

2.2.3.1 Polarization-

rHouever, thPs is only truve if the detection syster is nct
polarization sensitive. 1If it is, the detection System must
be corrected for differences in its detection sensitirity.
Assuming that the radiation passes through a slit, which
def%nes the solid angle, then the detection system bhas sen-,
sitivities Ky and k;, to radiation polarized with its
electric vector Lespectively perpendicular ané parallel tc
the slit. Consequently, the observed photen flux at the
magic angle may no langer he-propoftional to the effective
Cross section. |

Consider observing the radiation at an angle, &, to the

electron team and at an orientation, i.:see Figure 2), such

that the slit is at ap angle, 900 - X, to the Plane defined

-
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by tbe electron team and the OfFtic axis {line connecting the
interacticn volume to the center of the slit). Then the
obse:vgd signal is given by Ifor clarity the state indica-

tors j,k are not showp) :

S(@,X) = Iy, (ky,51in2Y =in2d + k,c0s2X sin2@) +
Ly (kay [cos2% + sin2Y ccs2e)

¢+ ky(sin?X + cos2X cos28)) (18)

However, if one sets Y = 450 and € = Syoyyt thep

S(8,85) = 1/3[kyq ¢ ke[ I, ¢ 21, ] (159a)
= IN{kyy + K4)QIdk)/8 e {19¢)

Thus, by suitatly orienting the detection system vith
respect tc the electron beam, the observed signal is fropor-
tional to the effective.cross section.:

A second commcn orientation uses 8 = 90¢ and X = u4So,

For this case S eguals

A - :
S190,45) = fky, ¢ ky) (I, ¢ Igr2 {20a)
| = 12 (k4 + Ky ] Ik, 90) 120)
= [kys + k31 1 8 QI3K)

——————————— {20c)
8 e(% - ¢/3) ’ .

+»and Cljk} is proportional to [1 - p/3) S{90,45).

A third common orientaticdn uses 8 = 909 'and x = Q0. For

this case 5 equals ®



ES

o)

b) X - .

Q

N
<
4o

Figure 2: Illustration of the relevant experimental
angles, 6 and x.



13

5(9¢,0)

ky Iy ¢ kg I, {213)

k [Ill + Il] if kll = kl =k (ZTb)

and Q!jk) 1is profortional tc (' - ps3) 51:90,0). Hcwever,
this 1is only true if k, equals k,,. Hovwever, if the radiai-
tion has zero ﬁola:ization (Iy1 = I;), then

S150,0) = Ik,, + k) I, 121¢)

and ¢ {jx) 1s propcrticnal tc S:90,0).

223 Quaptys Nechanical Theory

The following Jdiscussion will deal only with the excita-
tion of a target atos or mclecule at rest, and in it*s
ground state, by a beam of mobncenergetic electrons. In the
center of mass frame, the effective cross section fcr ifat-
tering into the vclume, A', it the srace of the firal rela-

tive momenta is given by !s€e [86])
3
. (2m)m .
a(Atarte pa) = meaewn [dp' 8(E'-E) [t (prarBaly \Ji22)
p A

vhere a' and ¢ represent the set of quantum pumbers cepre-
senting the ground !initial) state and final state, resfpec-

tively. [ is the relative somenta of the incident electron,

™ is the reduced mass of the electron and target, p' regre-

sents the set of final relative momenta after the ccllision,

dp' an element cf volume in the final relative mozentus



T e et e

o R e S r————

B e el P

b

13
space, E tle ipitial erergy, E' the final €nergy, ard t tha

t-matrix. The t-watrix is jiver by

t(prat~ pa) = (prar-|v¥|pa) 123)

\

a . . ' . . .
vhere V 1s the 1interactior tecrm of the Hasiltcnian for the
incident electron with the target. IPa) is the incident
"free" particle state andlg}a—) is the stationary scattering

state jiven by

IRIQ|_> = Qf'lp_'a') 124)

‘vhere|2h5 is the final "free" rarticle state and (%' is the

a'channel Acller orerator vhich is defined as

T~ !
' . " ,
» %' 2 1im eiHt ~iH t 25)
- =
at atl
where H=H + V¥

- (26)

where H ie ¢he Hawmiltcnian and Va' i1s that part of the
pétential linking the final particles. |

As ve do not detect any of the scattereg particles, vwe
are interested in the total effective cross section. It is
given by Ferforming the inteqgqration of equation [23) over
the entire final relative romentum Space. Equﬁtior {27
shows the result.

.(2n)4m

-4 - 2
0(ate pa) = ——eee-fdpt 6(E'-E)|t(prat~ pa)| 127
P '
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It is egual to the effective cross section for excitaticn,

as in the previous section, provided their is no cascade.

22321 Bern Approxzimation

The Born apprc}ilation is derived by aaking the fcllowiny

_approxisation to the t-matrix. The approximation assuses

that the effect of the scatteriny potentidl, Va, i small

such that

'2'(1'—) o= IE'Q') . 123)
and t(prar- ;ﬁ) = (g'a'lvalsa) (29)

Consequently, the total effective cross section becozes

- (2n)4m Q= 12
o(a'~ pa) = ece—a- Jdpt 8(E'-E) | (pra’|v¥|pa)| (30)
p .
Equation (30) is the Born arpreximationa If the twc final

patticies consist of the incidenat electron and the target
atom (molecule) then equation !30Q) reduces to the cowmmon

€xpression,

do(al'e pa) = (2w)4'll: I(E'allvalf,’aﬂz dn (31a)
- g.’. [£(prat~ pa)|? an 131b)

df is the solid angle into which the electron is scattered,
;' 1s the final relative mosenta of the electron, acd f is

the scattering amplitude.
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£(prar~ pe) = (20)% aprar|v¥|pa) 132

2:322 Electropn-jtom Colljisiops

To evaloate the matrix element in equation {31) we repre-

-

sent the initial and final rfree" rparticle wavefuncticns ty

- - 2 'l-(..-. - -
lpay = (2m) 3/ et T Ya(rl,...,rn) [33a)

and

2 _ikt''p o
'Plal) = (Zﬁ)-3/ el r Y&s(rl""’rn) . (33b!

vhere 3 and P' are the initial and final relative mozenta of
the incident electron, kK equals E/S, k' equals p'/h, Yy is

the initial ({ground) state cf the atce, and Y , is tte final
state of the aton. T is the fpace ccordinate of the elec-

tron in the center of mass frame and ?} to T, are tte coor-
dinates of the n atoPic electrons. Substituting eguation

(333) and (33b) into the matrix element of equatior (31)

gives .
. (34)

- -
- [s e iK.r ¥ - - a - - - -
(P'a'lv IPQ'->= ‘re Y(Y.'(rl""rn)v Yu,(rl""rn)drl""drn

A = B{: - i') is the momentum transfer. !

For a Coulomb interaction tetween the incident electron

and the ™I"™ atomic electrons

s 2 - -
V' = £ e/|r-r

(35)
i=1 st
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apd using Bethe's integratica forwsula {1930) [13], tie inte-
gration over the incident electroas coordinate can te per-

formed. g

2

2, .-~ iK'r e K-
e?fdr o Mr—rlﬂnre“rj (36)

1

'd

Upon substituting equation (36) into eguation {38} we get

4ﬂez

(pra'|v”|pa) 3= €414 (K) | )
K
shere

z
- E - - - - - -
- | 133
€qrg(K) |Yu,(r1,..,rn)d£17a(r1,..,rn)drl,..,drn )

™ (K) is the atcmic msatrix element.

ala Taking the average

over all atomic orientations and summing over all decenerate

substates of the state Q' results in the atowmic matrlx ele-

uent teing dependent upon the scalar K. In,other vords it is

independent of orientation. Thus equation J1) can pe

expressed as

gein? p'

- 2
do(a'~ pa) = _Ez-_ ;- |ea,a(x)] dQ (39

Using KIK = kk'sin® d@ we can revcite equation (39) as

49(at= Ba) = —mere ey, (k)] ak 40)
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Using the variable ¥ = fBK)?/Zu, vith the dimension c¢f ener-

97, changes equation {40) tyu

4

mTe
do(a’— pa) = we- | e . (K)]2 d(1nw) W
, EW ata

where £ is the epnergy of the‘incident <lectron. Another way
of ¥riting eguation {(41) 1s in termas of the generalized

oscillator strengqth E'Q{K). It is given Lty

" |
Faig(K) = =222 fe , (0)[? = B8 [ (x))2 (u2)
ala v atag R(Kao)i ata )

vhere a, is the Pohr radius, Eyig the excitation €Enerqy,

and B the Bydbery energy. . Thus eguation (41) becomes

. - 41’1’30 2.
do(a'e- pa) = cmeand___ fa'a(K) d(ln(KaO) ) (43)
it E/R B, /R .
mal e (k) ack )2
ma a .
o(at- pa) = .0 p _ale ~ _.._'_9_..i (4y)
- E/R . Ea'a/R (Kao)

‘wvhere the integral extends over all Possible values of

(Kag) 2.

2:3:3 DBethe Approxjwatjon

Bethe [1930) [13] showed that if the total effective
Cross section is expanded gg inverse rovers of E, ttat the
resulting expression contains coefficients which are cca-

Fletely determined from the generalized oscillator strength.

‘For an optically allowed transition the result is
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2 2 2

- 4ﬁa Mdla ln 4C IQE g ! [e L)
o{at~ pa) = -0 ]+ 2250 -58 '45)

E/R R E/R E

The leading tera is knovn as Eethe's asyaptotic cross sec-
tiongﬁ\ "a'a is the dirole matrix element betveen states gt
and @, and is related to the optical oscillator strength,

and is

fa'a(EEa'a”ala/R)- Cqi1qlS a corstant depending on Eqrg

a property of tne transitico to state ar, g depends ufron

ata

the reduced mass and may have either sign. Fcr an oftically

forbidden transiticn the.cress section is given by

2 o
~ . dwas [b | [ S Eq
o(at~ pa) = ~--2 [ TR -EEE ' (46)
E/R E/R E
vhere N
= £ (K)
!
By = J —-Semm d[1n(Kao)2] S 47
-= E/R ~
»

In the high energy limit (B --> = ) equations (4f%) and

\46)" are reduced to .

o(at- pa) = 4ma’ R M?,  1ng/E (allowed) 148)
0 ata .
2 .- .
4mas R ba'a 1/E (forbidden) {49)

In other words for an optically allowed transition the total
effective cross section falls off as {lnB)/E: wheréas, faor
an optically forbidden transitionm it falls off as 1/E at

-

sufficiently high iepact energies.
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2:% Gag Flov at Iov_Pressures

2-8,1 Iptrodycfory Comcepts f

The maoner in which gas flows through a tube is ccmmonly

divided into three regimes.

1) K = D/A > 102 Visccus flow .
2) 1 < DsX <102 Intermediate flov
3) sy < 1, Mclecular flow

K is called the Xoudsen numter, D is the diameter cf the
tube, and A is the mean free path. The rate at whict a vol-

ume of gas flows througﬁ-afplane at a pressure b, ig given

by
P = P dV/dt ) (50)

vhere F is called tbe throoghput and dv is an element of

voluse. Upon using the ideal gas law equation [50) ‘tecomes

]
1}

kKT dNsdt = nkxT dv/dt

nkT S = kT avd = Pva

~

‘where k is Bcltzmaon's constant, T the absolute temperature,

ﬁa/dt the rate at which lolecules‘ Cross the planme, n the
number density, S [=dV/d4dt) thEFbunping sgpeed, v the flaow
velocity, and A the area of thegplane. As long as"§ and T
relain constant at the plane, the number density will be
constant and the throughput will be dirctly proportiopal to
a molecular current (d¥/dt = n AV/dt).  If the system is in

equilibrium !gas flow in eguals gas flow out) the mclecular
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i da

current across eYely Cross sacticno (plane) aust be.egual.
Conseguently, tbe throughput msust bte the same througktdwt the

sSystes.

The corductance Letveen twe pcints of the systea is

defined as -
T2 = F/{E, - Ez) ' (2

where "17 and "2" dencte.the respective pcints. Isirg eqgua-
tion (51) and :52) ‘the préssutes .0C numter densities) at

tvo different points of the system can be relatedmas fcl-

lows.
Pz = Py 1 - vA/C,y,) S3a)
cr ' ’
_nz = Dl[1 - VA/cllel/'rz [53]3)
'\ = n|[1 - VA/CIZ] if Tl = T2 . :53C)

Note, VA is 'the rumping speed atltoint L3

I3

-

2.8.2 Geperal Flow . S

The ccnductance OQﬁa tube can te written as follcys:
C=CqhJ 15 u)

vhere C  is the conductance for molectlar flow and J is giv-

en by (see [76])

C + 1-« :u/aur)i‘ DE/n T
J = B . Sl 552}
Cy 1.4 1.25(8/B,T) * DP/1
Cy, = mD* Pr128 nL 'SSL)
and *
Cp = (C3/6L}[2TBo1/M ) ’ - (55¢)

’
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T is the average presgure Cetweer two points, Ry equals kna,
Ha 1s Avogadro's cpumbter, D is the diareter of the tutlte, I is
ihe length of the tube, N is the coefficiént of viscescity,
and Cvis the conductance for :isccus flou-' The above egua-
tions are in cgs units.

A rressure of inberesg'aﬂs calledl the molecular-vicsccus

inéersection Eressure. It corresponds tc¢ the case shere Cy

- r
equals Cm. In other words,

Cy/Cp = 1Y = [6T ,128 n][H/ZTfBOT]é oF, !56a)

cr - i '
Dpi = 1M6(1/%)* n Torc-cs {S56b)
= 3.1 x 10-1% T/8 2 Torr-ca {56c)

vhere € is the aclecular diameter. Cefining a new variatle,

6, equaticn (55t) can te written as

J= 6 ¢ 11+ 178)/01 s 218) 57
where 58 =T /Ty ' ' 1c8)
)

Equation (57) is'valig‘for any gas at any temperatuyre. How-
ever, it is only valid in cases vhere the flow is thﬁ sane
over the entire length of the tube. = Por the general case,
ve can consider intervals dl over which the sape flow exists
and across vhich there is a pressure variation dP; Then the

thrcughput is given by

= Cy2 {Py - P3) = C ap (59a)

-
i

It

Lc_JdesdL | 159 b)
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vhere C,, is the conductance across tohe tute and C is thae
conductance across the 1nterval JL; »Integrating ecuation,
{55b), and assuming constant throaghput, gives

. »_ . .

Cm Py {8 s2 ¢ 1768 27 {4/212)1n{1 + 215 (60)
Now consider the numbe; dersity wnich exists at soge
place in the vacuua sSystem. 1In our case the iaportart place
is the interactico region. Using equations {51} ard (€9

. X
one can derive ’

B, = Cp 306272 ¢ 176 021 & /212 1071 » 218) ] - '61a)

1
o +]
(2.}

LA )
)
-
o)
P.
~
L.
-

6 1k)

wvhere B =C  /vA . {62)
and ’ :

£(P,E;) = Pi[62/2 ¢ 176 /21 (4/212)1n (1 + 218) ] (63)

Equation (61} is iafortant as it descrites hov the numter
density in the interaction region 'cHaAges as a function of
pressure.’ It depends on two quantities; #Ahe molecular-
viscous in{ersectionpressﬁre, and H, the ratio of tke con-
&ucfance for ' molecular flow tb ,the fumping speed at the

interaction regicn. Since the radiation which we detect,

J(iK), is proportional to the target number density, .we can

"determine ?; by fplotting the detected signal as a functicp

of pressure. Prom equations (9) and (61) ve have
- - . .

TP = TQI5K A = 1L HIELR,T,) . 164)

e e k1
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Thus, 1if the first set of variatles are constant, thdl}
detected signal will follow the foram of f:?,?i), and a
deteraination of the aclecular-viscous intersection jressure

LY
cdn ke made.

2-8,3 Bclecular Plow

When aclecular fiow coanditicns brevail the conluctance of
A systea is inderendent of fFressure. The general exgression

is
@\é -
Cm =G [2xkT/2) 65)

~where G is a factor which is solely dependent ﬁpoh tte geom-
etry of the systen. In cther words, it is gas indefendent.
Assusing cuor gas team is therwmal, W€ can ejuate the flecw

velocity to the arithmetic average given bty the ndxuéll-'

<

Boltzmann velocity distribution. Then the ratio, H, bkeccmes

]

B=C, /vA = G 12kT/m) /1.128&:2kT/n)i 6621}

.

G/1. 1284 6 6L)

Thus, H is solely dependent Upon the gecmetry of the system
énd using this result in eguations !61) and {(64) we arrive

at the folloving important result.

G .
N; = =mee—e-e—m £°9,P.) ' (57)
t 1.128 kTA 1
and
Igtik)G — =
J(jK) = ——mcmeee— £(P,F ) . (689)

1.128 exTA 1
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Since the term in frcnt is constant the detected sigral f{and
the nulbeg density) follow the functional forua, f:?,?i). By
deteruining f(?,?i} one can determine the molecular-viscous
intersection pressgre. Purther details concerning the Frc-
cedure are given in Appendix A. It is iaportaant to ncfe-tbat
the dependence of n and J(jk) ¢n B, ?i' acd T have rot Leen
explicitly shown in the atove eguatices.

A final observation regarding molecular flow shculd re

rade. Since molecular flow cér:esponds to the condition (P

<< Ei) the functicn ff?,?i) reduces to .

£(P,B;) = F for P << B, {69)

Thus, for small pressures (smolecular flov}, bcth o acd J(jk)

are directly proportional to the pressure.

P -



Chapter III

EYPERINENIAL SETUP

A schesmatic of the qénezal setup is shown ih Pigure 3.
The dashed blocks indicate iteas which vere either pot
alvays avai%able or were not always used. More specific
layouts will bte given in the relevant cha;teré if necessary.

This chapter will cbply consider the tasic components.

- 31 -
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3.1 Yacuup Sygten v

The}systel 1s rpumped dcwn ty three oil diffusior Fumps
vhose forelines are pulpeg ty a common rotary pumsp. Twc cf
the diffusicn paamps epploy vater cooled taffles and cold
traps. Preon 11 is used as their refrigerant. These sys-
tems are used on the main chaater ‘interaction regior) acd
the monochreoaator. They are required in order to puap the
hiqhez‘gas loads in thbe main chamber and to attain lcower
tase preésures 6 x 107 torr), and in the case of the
moncchromator, to preveat any oil contamination of the dif-
fraction grating. The third diffusion: pomp is cooled by a
vater cocled baffle and is used to evacuate the ctamber
housing the detector ccnnected to the exit port of the
monochromator. Consequently, it only attains base Fressures .

%
near 1 x-10-3 torr. '

22" Interaction Eegiop

The main chamter (interaction raéion) vas eonlon to all
our experiments although different configurations were
eaployed. The different configurations will be discussed in
- the relevant chapters. It .is ccnst:ucfed of non-wmagnetic
stainless steel and has nine ports. The axis of eight ;f
the ports have a common intersection point TJcenter of the
interaction regicn). Six of the Forts are wmutually crthogo;
nal while two othet Forts are oriented such that the monoch-

%
romator can be eaployed at the magic angle and such that the
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signal is corrected for any instrumentai polarizatior. The
remaining port is cfter used fcr an iomization gauge or as

an aurxiliary pumfpiog fort.

d:3  Gas Beass

Gas beams wvere produced froa high purity gas supplies (2
99.95Y%) and entered the interaction chaaber througt either
a maulti-capillary array or a singlé capillary. 1In mcst cas-
es the gas source was operated near the molecular flovw
regiaze, apd when ﬂecessary, at lov enough driving pressures
such that radiation trapping was not too signifiéant. These
conditions could te determined by plotting the observed sig-
nal for a spectral line versus the scurce (back) pressure,
vhich could be accurately deterained Ey 4 capacitance manom-
eter (see Pigure 21 to Pigure 28).

For the hydrogen experiment a paladidn leak was used in

order to assure even greater purity of the gasd&

4.4 Rlectrops Source amd Co)lector -
Blectrens are produced by using the cathode voltage sup-
ply to heat a thoriated tungsten filament. ‘Normal operatiny
conditions are approiinately 6 volts at 2 amperes. |} series
of lenses’and apertures (see Figure 4) accelerate tle elec-
trons to the desired energy and focus them into the interac-
tion region. After traversing the interaction region they

are collected by a faraday cup from which they pass to -



L e in R TR—— by g

L e T T D

d\

35

ground through a picoammeter. Electron currents betveen 20
and 125 microamperes with energies tetween 20 and 1000 eV
(PUHE = 0.8 eV) were used under single collision conditions.

Piguore 3 shows an example of pPhoton counts versus e€lectrcn

current.
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Figure 4: Schematic of the electron gun and faraday cup. A
multi-capillary array source can be attached to
the housing of the electron gun,



37
325 Homochromator
It is a half-meter Seya-Xamioka motnted V.O. V. spectrcme-
ter. Two different ccncave gratings wvere used. Cre was w,*
gold-coated and tlazed at 70 om, and the cother, blazed at
150 ©om, bhad an alomicom and MgF, . coating. Both gratings

b

have 1200 groovessmm and linear recigrecal dispersicas of
‘ - -

1.7 pa/mx. Entrance and exit sSlit widths tetween 0.1 s and

' am wvere commonly used.

3.6 Photon Detectors

Two Jetectors were used. Generally, when using tte grat-
ing tlazed at 150 nm a caesium iodide coated Galileo Blectro
Optics BX 7600-8413 or 4039C channel electron ayltiplier was
eaployed, whereas for the grating blazed at—36"na a ﬁullafd
419 BL chapnel electron multiplier was used. The %70 gpa*
System vas generally used fct‘|vavelengths igss than 130.nm
and the " 150 na™ system for vavelengths greater than 110 nam.
Of course other chubiqations are possible and were occasion-

ally used.

EP A Sﬂ!n£ins_§1§£2§

The pulses from the detectors vwere processed by a stan-
dard pulse counting system [i.e. amplifier, discriminator)
and displayed on either a single chanpel analyzer {SCA) or
displayed and stored on eitber a TN 1710 or a TN 170S aulti-

channel amalyzer !MCA). Pither MCA cculd be connected tc an
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IBA SCO01 computer, to which tte data was sent for further

analysis and storage.

3.8 Auxiljagy Controls

Excitation functions and wavelength scans are tte t;o
general types of -experiments performed with our apraratus.
}or excitation functions, the ncncchrénatoc is set scch that
only the desired spectral line is‘detected vhile the elec-
tron energy is varied, whereas; for a vavelength scan, the
‘electron eperyy is fixed vhile the gratiag is rotated. In
order to facilitate aany of our threshold seasurements a
ramp vas used to vary the electron energy. It was cconected
to the MCA ﬁuch that each chanrel on the BCA correspcnded to' .
a different wunique electron energy; Por our wavelength
scans ve used two different systeas. Por our earlier meas-
urements the gratiug vas driven bty a continuous DC motor
vhich was not connected to the MCa. Hencé,;-in order to
obtain a wavelength s;:n, the MNCA was manually started at
the wavelength at which the scan was to begin. After a giv-
en period of time [determined Ly the BCA) the scan would be
finished and the motor n{nually stopped. To obtair more
scans the motor would be rewound to tﬁe starting vavelength
and the procedure perforaed again. More recently ap MCa-
Grating Ccntrcller was built. It contrels both the dwell
tine.of the MCA and the stepping speed of a Superior Elec-

tric stepring motor.. Also the stafting wavelength and tuam-

v

|
A .
3
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ber of scans to be performed are programmatle. Thus it can

-

collect a vavelength scan without continucus supervision.

»
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- Chapter 1V y

BELION_EXCITATION

-

The purpgse of this experinent vas to determine tte aktso-

[ ]
lute crass secticn for the simultaneous iopizatico~-

excitation of the helium ior line at 30.4 om follovwirg elec-

/ i .
tron impact. The cross secticn was determined for electron

impact energies frcm threshcld to 1000 electron-volts. Pig-

.ure 5 shows the eamergy level diagram, the relevant excita-

tion rrocess and all relevant emissicns.

M
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5.1 Progedure -

The experimental sethod which we used sas tih.advautage
of\being relatively straightfcrvard. The unresolved He agpd
Het radiaticn produced follcvirg electron ilpacg cn heliun
vas detected by 4 channel electron multiplier {CExn) 1utually
\gérpeniicular to tcth the élect:on team and the gasz tean
after passing through an extreue‘ultraviolet xow filter.
Since tbe filter trapspittance is negligible atove 60 cu,
the cross secticn for the neliﬁn'ion line at 30.4 nx can te
extracte&.utilizing the well «xnown emission cross sictions
for the helium rescnance lipes {olp, —> 11S,, 58.8-50.5
nm), the transmission properties of the UV filter, and the
wivelength dépendent response of the CEnN. This prccedure
was restricted to electron impact energies less tﬁa:,ZSO ey
due ;to field penetration effects into the interacgion
regyion, These effects were a result of the bias vcltage
‘=250 V) which had tc be applied to the cone of the chanpel
electron multiplier in order to Frevent the detecticn cf
stray electrons. For electron ispact eneryies above 250 ey
a2 acnochrosator was used to disperse the 30.4 na radiation.
The results from the two 'different Frocedures were rermal-
ized_to each other at 200 ev, However, the final results

vere pot corrected for either cascade or the possible polar-

ization of the okserved radiation.

o
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3,2 TIheoretjcal Comsiderations
Prca Chapter 2 we knowv that the rate at which rtctors,”
corresponding to decay from a state J to a lover state k,

are emitted perpendicular tc an electron team of energy, E,
\ . .

is given Ly ‘\\
“a

~
50Jk;90;8) = S:fl‘:\?) = JIIk:90E)L = jlik;E)L )

vhere L is the length of the interaction region and J is the
Photon rate per unit length, ' However, the actual measured
photcn rate also depends on the efficiency of the detectors.

Por this experiment two different cases aust be cconsid-
ered. The first ccncerns the use of a éﬁannel electron mul-
tiplier acd an X0V filter as our detection systea. This is
required for the lov energy region [E<250 ev) . The seccnl
concerns the high energy regian 12200 evV) vh%re a.mcnochro-
mator and a FEH are enployed as our detection_systel.

For the remainder of the discussion, the functional
dependences on B and 900 will be Surfrressed for conveanience
unless it is felt to Le necessary. likewise, tbhe furcticnal

dependence on gas fressore will also te suppressed.

%2221 Case 1 [E 5 250 e¥)

Wben the XUV filter and CEM are used onl} a fraction of’
the esitted photcns are detected. The actual photcn rate
{(B1; 1 Indicates case 1) is given by

B (Jk;E) = T{jk:z'mmcm) (2)



v
vhere T({jk) is the traosmissicn of tbe XUV filter acrd C!jk)
1s the quantum efficiency of tke CEN for light of fzequeézx
vI3K) (= IE13) - EiK)) sk o

Using equaticns (13k) and (15) of Chapter 2, equation {2)

can te rewritten in the folldving u;;éy

RYI3K) = FI3k)T:jk)C{jX)L 13)
= giJk)TIk)CIIk)LIN/e '3h)
! q' (jk) LIN/e (3c)

QI3k) T Fk)C{Ik)LIN
__________________ 134)
Mmell - p(ix;E)/3)

1

where p{jk;E) 1is the polarization of the‘elitted radiation,
I 15 the electron cutrént, b is the target demsity, g{jk) is

the differential cross section and C(Jk) is the effective

cross section. 9' is important due to its use in future
calculaticns. Hote&that 1s bas the dimensions of a crcss
section. If there is any trapping of the heliua resonance

radiation, the efﬁective'cross sectior must be properly cor-
rected, The trafpring factor, D(j':P), depends on the reso-
nance radiation and the parfial pressureLof the target gas
in the chamber. 1It's form is derived inilppendix B.

Thus, the total actual rhoton rate due to the He reso-

nance lines {nl'P ~--> 11S), and the tctal actual photon rate

due to the He* lines (n2p --> 125) are given by
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u
~8

R 'He) CI31) R Ij1;Ee} o4)

2

J

L BL{j1;He#) {5)
j=2 ‘

R! [He+)

However, wve only aeasure tﬁﬁ sum of egquations [4) apgd

(5) ; namely,

B; = Et (He) ¢ R!!Hee) 16)

Thus, if cne determines R He) using theAkncwn He resonance
cross sections, the transmission properties of tie XUV fil-
ter, the quantum-efficiencies of the chanpel electror multi-
cplier, and the‘ttappinq factors, D:j1),“the total actua}
photcn rate for He* can be determined. “
El (He+) = :

b

r

1 - B! (Ee 7
R (Ee) (7

Using equation (3¢), equaticn (7} can be rewvritter in the
folleving final form.

@™ L. . -]

L g'ljt;Hes) = eR! /LIN - T Dlal)q'!{al;He) {9)

'

4.2.1.1 Formalization

"Since L and N are not eyperimentally deternired:
eB}(!)/LIl Can not be measured ;bsolutely. Houeverﬁ it can
be deterwined through a norwmalization Erocedure. Using the
fact tha£ for electron imgpact energies below 65.4 eV {amini-
sum threshold for HRet excitaticn) no Het rﬁdiation is eui?-

ted, then

- X | 1

e O T S U
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17 = -
eBLIE) /LIN = A RL(E) PN _(93)

-] -
=z D(m1[q'(l16;;ﬁe)* i E £ 65,4 oV (9b)
m=2 ~
where \\“\\\
-]
M= e/LIN =T D:|1)q'!n1;2;ﬁe)/8%:E) 9¢)
m=2
v
Thus
[
® [--]
L g'{j¥;F;He+) = A FLIE) - % D/iml}q' {p1;E; He) (10) -
Y T .
j=2 m=2
for all E.

8.2.1.2 Assumpticns
. In order to determine the effective éféss section for the
He* 30.4. nm line, several assumptions are nmade. They cap be
expressed as follows:
. I. q{Jj1He+) = F(E)qI21;Hes+)
ani
© 1T, T(j1)C{41) = 1 C
The first equality states that the ccntributicn to tke total
He* signal due to transiticns fros sz}tp j=1 is - cnly a
fraction (F) of that due tc pbe transit. o froam j=2 to j=1.
Note that P is a function of the impact eneryy. ‘The second
equality states that for j23, T{IY and C{j1) are given by
their wedian values T and «c. Incorgorating these assuwg-
tions into equation {10) gives
A R1°- ; D!s1)gq' [m1;He)
T m=2

g(21;He¢) = = e e [
— T:21)C(21) + PIE)IC

for the differeatial cross section .and

Ly e

T e N - = A = e ———— . & s e .
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Q(21;Hes) = Um [V - [(21)/3])q(Z1;Hes) (12)

for the effective cross sectior. If cne also assumes that
p=0 for all 2, then the apparent €Cross section, whict is the

quantity we shall detersmine, is given Ly

W{21;He+) = 4 g(21:Hes) (13

3.2.2 Case 2 [Z 2 200 e¥)

When the sonochromator is used the actual photon rate is

given by F? !2 indicates case 2) where
E2(21;Hes) = q{21;He+) EEf(21)LIN/e (14)

and Eff(21) is the detecticn efficiency of the monochromator
and channel electrcn aultiplier detection system. Conse-

quently;

g{271:He+) = R2(Z1;He+)e/Eff (21)LIN (15)

8.2.2.1 Normalization

As before q{i1;He+) can not Le deterlihed absolutely
since N and L are not determined. Houevér the noraalization
factor, B, can be determined by norla1121ng equation (15) at
some energy Eg which is common to both case 1 and case 2. In

other vords
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AFL - Eocimtyqtiat;kg:de)
T m=2
9{2V3EpiHet) = mmemm e . ‘16ay)
Ti21C121) + F!'E)TC
= B(EYR2({21;E,; He+) (1€h)
and .
E.B) = q:21:E°;He’)/52:21;ED;Hef) 17

Taus the results from case 2 can te noraalized tc¢ the

results frca case 1.

8.3 Experimental #
3.3.1 Setup

A schematic diagram of th% experimental arrangesent is
shown in Pigure 6. A crossed (900) électron—beau~gas—beam
is oriented such that the rhoton signal disperse& ty the
mancchromator and detected ky a Galileo-Electro~-Qptics uoa?c

CEN is corrected for any instrumental polarization. Hcw-

:ever, for both experimental procedures, the detecter was

oriented at 909 to the electron beanm instead of at tte magic
angle. Thus, the polarization of the radiation should even-‘
tually be taken into account. The filter was a Luxel TP 101
extreme vltraviolet filter. It consists of a 150.0 om fila
of an aluwinum-siliccn alloy vith a 27.0 pnm carbon overccat.
The gas beam vas produced from a multi-capillary AT rLay sc as

to increase the number dénsity and to improve the uniforzity

of the gas‘bean.
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Begardless of the experizental setup, the electroric pre-
cessing of the . signals wvere identical. For the rear-
threshold work, the results vere accumulated on the MCA and
a raar prcduced by the MCA vac used to vary the electrcen
impact energy. For the work at higher energies a scaf:} u%s
used to record tane events fer €ach energy.

As mentioned in Chapter 2, in order to ke abtle tc igngre
the effects of resonatce atsorption ([38)) anl multiple
scattering in He, one works at su%ficiently lcw gas pres-
sures and electrcn currents (see Figufe 7 and Pigure. 8).
From Pigure 8 it can be seen that for a chamkter pressure
‘measured with an ionization gauge) «cf 5.5 microtorr, the
wbserved signal is quite lipear froa 1 to 110 aicroamperes.
Thus, aultiplp scattering e€ffects could be-safely igncred.
Pigure 7 shows how the observed He and He* signal changed
as a fuonction of the partial fressure of the tarjet jas tor
an electroen current of 295 microamperes and an electron
impact energy of 150 e¥. The tackground fressure vas peas-
ured to be 0.6 microtorr. The curved line is a least squares
squares fit of the data to the folloving formula derived

esing the results of Chapter 2 and Appendix B.

S {He; P) So P exp[- a P] + S!.6)

X '182)
= Sq D!P) + S!.6) '181)

e
vhere S!He;P) is the observed signal at the helium fpartial

pressure P, Sp(= 1850 ¢+ 90) is a scaling constant and

taar
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5{.6) (= 172) 1is the signal detected at the Packgrourd pres-
sure {ao BHe adlittéd). a }= <0169 + .007) is the absorp-
tion coefficient and L'P) the total trapping factor. The
straight lime js derived ty letting @ go to zeroc ané is the
carve which would be followed if there was no rescnance
trappinq. One can use these curves to determine the trag-
ping facters, D(j1;P). These ca}culations are pecfcroel irc

the pext section with the help of =everal results from

_Appendix P.
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? 3.3.4 Calibratjon

4.3.2.1 X0V Pilter
! The tranénission of the Luxel TF 101 YUYV filter .versus

vaveTength is  an important parameter in this experiment. -

l\

Consequentl{js ¥e have not relied entirely upon the lanufac-
turer's data. Pigure 9 shovs both the transn;ssxo: curve
> | provided Lty the manufactarer anq‘our éxperllental data
points :tabulated in Table 1) . They are in excellent agree-
nent. Ouc experllental values vere determined by dispersing
the radlatlon th:ough the roncchromator and countirg the
observed signal for a given vavelenéth“uith and vithouf the

filter in place. . ) .
S N .

' W.3.2.2 Channel Blectron Naltiplier

The quéntul efficiency of the Galileo-Electro-Cgtics
~4039c channel.electron aultiplier as a'function- of wavegl-
ength is exttelély crifical. The'values listed in Table 1
are taken from-'a graph gzven by Weller and Young '1&121~P993 \
for a 4039cC channel electron multiplier. The graph is shcwn
in Pigure 10, The use of their values E%n be ‘justified as
follows, Pirst, they have Studied the same type of CEN as-
vas used .in this work. Secondly, CEN quantum effiéiencieé
bave beéen found to remain constant, f;ithiu measurement
“error, as long as the CEM could be operated on the plateau
in the characterlstlc lode {i.€. count rate constant as a

function cf the applled'ﬁigh vcltage)[ﬁﬁ].




u.3.2;3 Trapping factors
Pigure 8 does not directly give us the ano&nt bf which
the beliun resohancé radiation is being trapred for two rea-
sons. Ficst, the observed signal at 150 eV electron izpact
energy.1s coaposed of radiation from toth He and Fe+. Sec-
ond, the He radiaticn reéults from different tc:nsitfo:s
which dte not eqgually trapped. Howvever; using equaticn (18)
and results froam Appendirx B, equation [18) can be expressed
in tera of the tragping factors, D(J1;P} and in teres cf
q' (j1;He} and 4" {jl;He+). Tius,
o A
Z DIJ1IP}q*(Ji1;He) + g*[j1;Hes)
J=2
D P) = s e 119)

Z_g'(JjliHe) + g'(j1:Hes)
j=2
Using the followving result from Appendix B, Neguaticn (19)

can be expressed in terms of n:zi;py.

f Y (a3
DA3Y;PY = D{21;p) I for §>3 . {20)

|

vhere | Y "0.2719 Yy = 0.1131

. 3 4 .
a:dl/ YS 0. 0575 Lﬁn
. » .

are the respective trapring coefficients. Therefore,

|

D{P) can le expressed as

T DI21:E)d gV (31iBe) + T g 141:Hee)
j=2 . 2
I 4 B e (z1)

© L gq'(J1;He) ¢+ q'(J1;He+)
J=2



Making the following éssunption {justificatico is given froa
Pigqure. 11 and Pigure 12).
T q'(j1;Hee), T qt (§1:He) = 0.50 s .02 (z2)
j=2 i=2 : ‘

then C(P) can be written as

{Y=+ 0.5} I q'(j';He)
j=2 v

vhere D!P) is kbpcwn frcm equatioa !19) and T J'Ij1:Ee) can
be calculated.” W&hile equation 123) can not te solved apa-
lytically, it can te sclved by trial =ubstitution. The two
target partial pressures which ve used vere 1.4 microtcerr
and 4.9 aicrotorr. Their resrective values for D!P) are
0.977 t .01 and 0.921 &+ .03. The results for D{n?t;P} {n

equals 1 to S) are listed in Table. 1.
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3 versus wavelength,
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TABLE 1

Filter Anﬂm:ﬂCBﬁdv rfl!
avelength Transmission Efficliency

»
Trapping Factor
" D{nl1,P)

(a) From manufacturer's data
(b) From Weller and Young (9 8]

(nm) T(\) C(A) eﬁvvoﬁvv Pw 1,4 uyTorr P = 4.9 pTorr
He 2tp-als 58.4 0.0072 0.187 o._oosm. 0.944 0.803
+ 1.9% B10% + 11% + 4. um + 11%
He wwvlwpm 53.7 0.0147 0.165 0.00243 0. omo. ﬁ 0.947
+ 2.6% + 10% + 11% + 2.3% + 5.9%
He 4tp-1's 52.2 0.0175® - 0.159  0.00278 0.994 1 _ 0.978
+ 2.4% . + 10% + 11% -+ 1.5% + 3.8%
He :me?HHm 50.5-51.7 0.0200 , 0,155 0.00310 0.997 0.989
+ 3.6% © + 10%.  + 11% + 21 + 2.7%
Het2%p-1%g 30. 4 0.157 0.115  0.0181 1 1
+ 2.1% + 10% + 11%
=o+=w%mupmm 22,8-25,6 o.nu?v 0.109 o.oum?v 1 1 P
+-5.0% + 15%

+ 16%

{c) Extrapolation of Weller and Young's data . .
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3,3 Reswults
8,8.1 | The Low-Bnecgy Begion

The low-energy regicn encomfpasses the range of electron
ispact energies frce threshold tc 250 ev., The measured
excitation functicn for the cc-b;ned Be and He+ emissicons
below 60 £m is shown in Figure 11 and FPigure 12 (cross-
es) . Pigure 11 and Pigure 12 showv tae resolts for meas-
urements taken at chamter pressures of 2 microtorr and 5.5
BicTotorr respectively.

Counting statistics of 1% cr tetter vere achieved for

. -
both measurements using'electron_curbents between 25 and 30

microamperes and data acculuiation tilesfof 20 seconds.

The full curves in Piqure 11 and Pigure 12 regresent
the excitation function of the FHe contritution to tte tctal
signal. They are constructed of averaged data  frca the
aeasureaments of van Bck and de Jongh 11970) [92), Dcnaldscn
et al (1972) [25], Hq§terveld et al‘(1979) [100], ard She-
sansky et al (19€5) [79]. The strong polarization of the He
resonance radiaticn is alsc taken into account usi;g the
data aullafized in-£he vork of Westerveld et al !197%) [see
‘Pignre 13). Table 1 and Table 2 give all the relevant
quantities needed for this constructicn. HulericaL values
are tabulated in Table 3. Pinallf, the combined He and He*
excitation functicns were normalized to their constructed He

resopnance curves below the lowest threshold for He+ emis-

sion (65-4 evV). As can be seen fron Figu&e 11 and Pigure

r
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Figure 11: q'(He & ﬁe+) (x), q'(He) (-){ and q'(He+) (o)

versus electron impact erergy for a chamber

pressure of 2 microtorr.
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12 Qood agreement between the ccnstructed excitaticn func-
tions and the measuored excitation functions below 6° eV is
obtained.
Opcn subtracting the He resonance contribution frol_tne
measured excitatico functioné, curves representing the radi-
‘ation arising frce the n2p --> 125 transitioas of Fet are
obtaipned (circles in Pigure 11 and Figure 12). Tle aver-

age of the two sets of He+ data are tabulated in Tatle 4.

(
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v
TABLE 2 . , _

Average ommmOﬁw<o cross sections and vowmﬂwumﬂww:m as a function of -
.. electron impact energy for transitions in helium ‘ <
: _ A e
[ ] . - ' 2
A , Cross Sections (x 10 19 namv (£) ]
Energy - , : _ Co Nt Polarization .pa.
(ev) 2tpaals(P) g1p 415(b) awwlppmhnv nzstp1lsf®) T iE) 4 o7 L
e : .n— . . .
30 49.7(®) 9.4¢2) 3.5 (d) 4.3 0. 40 . ‘
40 80. 4 16.0 6.4 7.9 0. 46 ' .
mc @O-o ® HAW-Q m-q HO-N { o-&o ) . i
60 .- 108.5 - 23,8, : 9.9 12,1 0. 45
70 108, 5(a) Nu.wﬁmv 10.6(®) 13.0 - 0.42 ’
mo HHO-O NO-Q HH-& N Hwno o-&o
90 110.9 (@) 28, 4(3) 11,04 13.5 : 0. 37
120 ) 106.7 27.7 10. 8 ) . 13.2 B " 0.31
150 . Y9¢,1 . 25,2 10,2 12.6 0.25
200 88.5 22,7 o.wﬁav 11.1 0.16 ] .
250 80. 3 20.3 ) 8.0 9.8 0.08
- (a) Average of Westerveld et, al.[100] and Donaldson et., al. [25]. '(+ 10%) ‘ g
(b) Average of (a) and de Jongh et. al. [23]. (+ 10%) .
{c) Average of Donaldson et. al. [25] and van Bck et. al. [(92]. (+ 20%)
(d) Donaldson gt. ‘al. [25]. (+ 38%) o
(e) Shape of 4 P-1"S excitation function normalized to the data of )
" Shemansky et. al. [79] abt 200 eV, (+ 40%)
(f) Westerveld et, al. 1o00]. :
\ .




Energy

(ev)

30
40
50
60,
70
" 80
90
100
110
120

130

140
150
160
170
180

190
N 200
210
220
230
240
250 .

TABLE 3
q’(E,He) and'F(E) as functions of electron impact energy
q'(He) x 10-21cm2'

"P = 1.4 pTerr P = 4,9 pTorr  ° F(E)(a)

(+ 12%) (+ 13%) . & 20%)

' 0.95 0.90 L -
1.74 1.50 - i

2,15 1.94 _ - -

2.41 2,18 -

2, 52 2. 30 0.000°

2,56 2.33 0.038

2.56 2,32 0.054

2.52 2,28 0.061

2. 46 2.24 0.065

2.41 2,19 - 0.068

2,34 2.13 ~0.070

2.26 2.06 . 0.072

2,20 2.00 : 0.073

2,13 1.94 . .0.074

2.06 1,88 s 0.076

2,01 1,83 . 0.076

1.95: 1.78 0.077.

1.90 1.74 . . 0.078

1. 85 1,69 0.078

1.80 "1.64 0.078

1.76 1.59 0.079

1.71 1.55 * 0.079

1.66 1.51 0.079

 (a) F(E) = '\'('i_l,E,He-'-')/q(ZJ.;.g,He'{-) -
. iy 3 : )

°
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TABLE 4

q!'(E,He & He+) and q'(E,He+) as functions
) of electron impact energy

q!(He & He+)(a) ' (Het

Energy 1.4 pTorr 4.9 uTorr 1.4 pTorr-d.g uTorr Average ,

(eV) (+7.28) (& 6.8%) + .13-.38 + .13-.36 (10~21 cq?)

30 0.85  0.91 . -0.10 + 0,00 . 7 -0,05 + .10
40 1.72 ~ 1.55 ~0.03 0.05. 0.01 + ,17
50 2.16 1.96 0.02 0.02 0.02 + .21
60 2. 40 2.16 -0.01 -0.02 ' -0.02 + .23
70 2.60 2.32 0.08 0.02 0.05 + ,25
80 2.76 2,51 0.20 0,18 0.19 + .26
90 2.90 2.65 0.34 0.33 0.34 + .26
100 3.06 2. 82 0.55 0.53  '0.54' + .26
110 3.20 2.94 0.73 0.70 - Q.72 + .26
120 - 3,22 3,01 0.81 0.82 0.82 + .26
130 3.29 3.03 0.95 0.90 0.92 + .26
-140 3.33 3.02 1.07 0.96 1.02 + ,25
150 3.33 7 - 3.02 1,13 1.02 1.07 + .25
160 3. 30 2.99 ° 1.16 1.05 1.11 + .24
170 - 3.29 2.99 1,22 1.11 1.16 + .24
180 3.25 2.97 1.24 i.14 - 1.19 + .23
190 3.19 2.93 1.24 1.15 1.20 + .23
200 3.14 2.89 1,24 1.15 1.19 + .22
210 3.q8 2.83 1.23 1.14 - 1.18 + ,22
. 220 3.06 2.75 1.25 1.11 1.18 + ,21
230 2.96 2.73 1.21 1.14 1.17 + .21
240 2.87 2.73 1.18 1.17 1.17 + .20
+ .20

250 2.82 2,66 1.16 1.15 1.16

L]

*(a) Normalized to q'(E,He) for E > 65 eV,
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8.8.3  Neag-Thresbhold Hegic
figure 15 shows the near—threshoid region of tke Het
exq4safion.function {Crosses). The curve was ohtained by

raaring over the S50 to 100 eV epergy ramge for several

hours, integrating over 5 channels 10.94 ev; approximately

the resolution of our electron heal), and subsequently per-
foraing the Saae frocedure as dlscussed atove. The chaster
pPressure was 2 ricrotorr. Consequently, D!P} equalled
0.977. The onset of the 30.4 nm 229‘—-> 125 line at 65.4 eV
vas used to caliltrate the energy scalé. Note that there is
only a slight indication of an upward t:end near 73 ev cor-.
resgonding to the onset of the n=3] State (25. 6 ue lice) and
bigher states. This cenfirss frevious aeasurements (Bousta—
fa ﬁhussa and de Heer {65]) and calculations (Shenansky et
al [79]) uhlch indicated that the cross section for excxtlng
the higher 2p states-declines rapidly vith 1ncre§§irg prian-
ciple ﬁuantun husber. However, 1if we assulé the stape of
the ﬁe+ 22P =-> 125 and n232p ==> 125 excitation functions
ate linear near thresholds we can deteraine the ratic, F{BJ,
of the two differential cross sectiong. The relevart equa-

tions are given Ly

-



10
Z g'{nl;Be+) = T q*’'nl;He+} + q' ;21;He+) 1244a)
n=2 n=3
= EIE - Ep) + alE - E,) E > E, (241
= allE - g,) E, < E <2, 124c)
and !.
F(E) = ¢ G(D1;F;He+) /g{21;E ;Hes) . {25a)
n=3 -
T27H)Ci21) £ g' 'nl1; E;He+)
. n=3
e e 125L)
T ¢ g' (2V;E;Hew)

T{21)CI21) LIE - E,)

e e [25¢c)
Tc a(E - E,)
)

vhere E, and B, are the respective threshold energies (B, =
65.4 eV and E, = 73 eV). r

Pe:forliné a statistically weighted least squares fit of
our data to equation (24b) results in a value of b/a=01109-
.hsing the filter transeissicns and quantum efficiencies from

Table 1 gives

F(E) = (0.078 & 20%) x (B~ B,)/LE - E,) .- (26)

for E > Ez-
: 1

Figure 15 shows the straight lines ccrresponding to the 22p
—=> 125 transition (dashed lin€¢) and the n232p ~-> 125 tran-
siticns (solid lime). Note the excellené agreement in tﬁg

energy range belovw 73 ev. This érocedpre is expected to be

valid for electrcn impact energies UE to 110 eV due to the

linearity of the He+ excitation Eunctio?gé‘\this range (see’

e ———————— .
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Some of the previcus figures). A plet of P!B) is stown. in

Figure 16. Tabulated values are giver io Table 3.
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4.
N&mly

Near threshold excitatiqﬁ functions, q'(21,He+)

(===)» Z q'(nl,He’) (—), and T q'(nl,He") (x).
n23 nx2

The pointers correspond to the 30.4 nm threshold

at 65.4 eV and the 25,6 nm threshold at 73 ev,
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3:3:3 Ibe High-Energy Begijop

In the regime:of high impact energies, the monoctrcmator
had to Se ased to isclate the 30.4 nm line which was
.observed in seccod order. ‘ Relative excitation furctico

measurements were made for incident electron iapact energies

from 200 to 1000 ev. Using the shape of the excitatijcn
» function and the siaple assumption that the Het n2:i2p -->
125 excitation fuaction is Froportional to the He+ 22p -->
125 excitation function shifted by ar amcunt equal to E,-E,

(=7.6 eV¥), we can determine F(B) for.all electron impact
. .

energies. - This statement can te expressed as follows:
,-f | qr21=2*‘1-!z:ﬂe*)
FIB) = - _—— -— 27
g(21;E; Hee) ‘

»
* where qZ21;E;He¢+) is given by the measured excitaticn func-
tion. The scaling fac{or, H, was detersined by equating

eguat;ons {26) and f27) under the assumption ttat
, q:2}{3;ﬂe+) is proéo:tional_fo (E-Ey}. In this fay it can be
shown that a=0.078u‘ Pigure 16 shows our calculated values

for P (E) from threshald tc 350 eV.
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%.3,8 Determimation of 0[30-8 nm}
Osing equations {1) to (17) and the values tabulated in
Table ' to Table 4 the aprarent cross secticn for the Het
22P --> 1235 transition can te deteflined- A géaph o;-the
results fcr energies below 250 eV is shown in Fiéure 4.
Pigure 17 shows a pleot for all energigj‘up to 1000 €V along
vith a plct of Q’Z1) xE. - The results are alsc tabulated in
Table 5: Thé high energy results were normsalized to.the low
energy results at 260 ev¥. The QxB plot illustrates the
optically forbidden nature of the siwultaneous ionizaticn-

excitation process.as expected.
pa—
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TABLE §

*

Apparent cross sections
as a function of the électron impact energy
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Pigure 13 shcws cur ‘ojer circles) atsclute emissica
CLOSS sectioﬁ for the 30.4 pm line fcr electron iapact erer-
gies from threshcld to 300 €¥v. ~ Alsc shown are the tesults
of three previoucs peasurements, whichk like ours aré rct cor-
rected for either cascade or polarization. - Sloemer et il
(1981) [ 1%) male onlf a single absclute measureaent at 20C
e¥ [cpen triangle) and suggested a reépormalization cf their
previcusly reported curve‘(cpen squa:es). ‘Moustafa Moussa
and de Heer {65]). Tteir sost recent result is clcser to
our cross sectior, and in fact, tne leasdrenents age within
each cther's error bars. However; Blcemen et al use a valme
for P{200eYV) qf 0.36. This value can be deteriined"fro-
their ratio Ig 2)/Ip (1), where I, {n) is the number C} pho-

tons enteriag their ionization chamter per second ccrre-

sponding to the He* (ne1)2fF tc 125 transitioca. In crder to

reach tke ionizatifn Cchasber tle photcons must pass througyh
an aluminum foil: filter. Thlys their ratio canm be reex-

pressed as

Te Ie (2) 71o{T) = t{2)QUIN/t(1)Q(21) {2ka)
. = 0.43 ¢ C. A2
oc W
QI3 /Q27) = P{200) = ti1)Ig(2)/t[2)Io! ) [29b)
- = 0,39

where t{n) are their filter transeissions aud Q{nel1,1) are
the effective cross sections. If we use their value fcr

P!200) in our calculations, instead of 0.078 [our value at
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200 eV}, our aprarent cross sectiopn teccocmes 5.%3 x 10—t
cm? at 20C ev (I}, which is very close to the cesctlt cf
S8loesen et al. The pcints represeated by the soliﬁ éircles
are given ty.?orap% et al [43]. ' They are the result of an
earlier analjsis 11984) . The recent reviev cf the analysis
resulteld ir a number of changes. Pirst ve had ermfloyeld
quantum efficiencies froa Gaiilec for our ?039C CEN. . Hocw
ever, they do nct provide reliatle values hfor radiatico
below SO nm, and skace it is the ratio of the quantum effi-

ciencies at $9.8 cm and 30.4 nm shich is important in our

calculaticns, we decided nct to use Galileo's data im our

. presest calculations, Secondly, ve bhave found it necessary

to cocmpensate for r#dlation trarping, especially fcr the
data taken at a chamlter pressure of 5.5 microtorr. ‘lever*
theless, renormalization of their data to our presert data
using a factor of 1.2 gives results_ip good agreeient at all
energies.

A guantitative statelenf on cascade is rendered diffi-
cult, sipce no reliatle cross seciicn data.for transgiticnos
terwinating in the 22 state are availqble. However, as the
cross s;ctions for exciting bigher states in He* are
believed to decline¢ very rapidly with iacreasiny principle
quantum number: [ 79], cascade is not expected to play an
important role. - Our valges for P(E) are in support of this
statement. Also, .if one assumes the sitvation is hydrogen-

ic, we should not expect cascade to contribute more thao &



Figure 18t

0o
Absolute emission cross sections for the He+
22P—125 transition versus electron impact energy.

Present results (o), present result (F{200) =

' 0.38) (x), Forand et al (e), Bloemen et al (A),

45

and Moussa et al (D).
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percent ’'see Appendix [). It 1s also interesting tc note
that ocur value for P E) 1s oot consistent with the a-? rule.

It is also difficult to estimate the effect of pcssitle
polaflzatiou of the J0.4 on radiaticno on the cross s:ctiou.
In fact, ozaly the pclarization'og'the n=4 --> 5=) manifcld
at 868.6 £a has teen measured (Elenbaas 1930 [26], Haidt anl
" kleinpoppen 1966 [33]) and a threshold pclarization of 0.1)
vas fcund in the latter experivent. However, tinis result is
not :éievant to our c;se, since the 4€8.6 nm line fs made ufp
of all the allowed 1'-=>1 tcansitioné, vhereas the 0.4 n=m
line is a pure 1'=1 tog 1=0 trapsition. Ca.the other band,
Jif it i3 assumed éhut the Percival-gpaton hypothesis [Perci-
val and Seaton,.1953) (73] is app&icaple to the sisultaneous
ionization-excitation process, a threshold polarization of
p{th)=3,7=0.429 and a higb-enecgy liuit of p: =3/11=-0.273
‘'should be expected for the subsequently elitged (unresolved)
22P,/,.,(, -=> 125, /, doublet. Ncte that He has zero
nuclear sgin, thus the ﬁolarization 18 not atténuatéd Ly
byperfine perturtaticns. Such a strcngly polarized ¢mission
‘would, of course, affect tbe shape cf the measured 30.4 nm
cross section through the avisotropy factor {1 = p/3) where
p is the energy-dependent pclarizaticn of the radiation. On
the other hand, we do not expect the normalization at 200 ev
fo be seriously affected, since io this epnergy range, well
avay fros threshold-and infipity, the polarization is likely

to be small. A polarization of 10% vould lead to a 3%

change in the cross section.

4



o e s s

[F ¥
K3

8,6 SumEary

e have presented a fairly simple and straightfcrvard
apprcach to measure tlte crecss sectice for eewmission of the
He* 222 ~=-> 125 line at 30.4 nm folloving electroa izpact on
He. Y valﬁe of (7.5 ¢ 1.6 x 10-1% caz at 200 eV ispact
energyy was found. ufin; our threshold data and séle siafpli-

fying 1ssusptions ve have also calculated the ratio F'E) of

the radiation emitted froe the n23I¥F --> 125 transitione tc

that emitted ﬁron the 22P --> 125 trapsiticn of Het. This
eﬂatles us to.de;étline a fctal'c:oss secticn for both T n?p
—=> 125 (p=2,3,...) and" T n2P —> 125 (n=3,4,...). For any
enerqgy they are given ty ({1 ¢ R(2))Q(27;E) and P{E)C({21:P)
ces‘pectiv'ely.& The differepce between our value for P{200)
and _that of Bloesen et al appears to be one reason for the
discrepancy betvween the two results. Bovever, other prch~
lems are inherent in our experiment. lrhe principal reacsons
for our large error tars are the gu&ent lack of reliatle
data concerning the quantus efficiency of our CEM, the
errors cu:réntly associated vith the belium respnance cross

sections and their polarizations, and unc;ttaiﬁiihf with-

respect to the ulount.of rescnance trapping and the amount -

of radiatidas emitted by the lower wavelength transijtiocs.
Uith respect to the quantus efficiency of CEN'S, wore accu-

¥
rate data which can be directly Tinked to our CENM is neaded.

Such isprovements could substantially lower the error sargin

and along with pclarization seasurements currently fplanned
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in our laloratory could jreatly imgrcve the applicability of
the 3C.% bnm cross secticn as a reliatle calitration =tandard

in the extreme ultraviclet.



Chapter V

DISSOCIAZIYEZ BXCITATICH QP SPa

S.1 Introdacticy

Thé purpose of this study is tc lcck at the VUV radiation
vhich is emitted folloving e€lectrcn impact on SP,. It elec-
tron impact enerqgies of 200 eV it was found that no reasura-
ble raliation could be identified as teing due to aclecalar
transitions. 111 the radiation <¢ould be identified with
atosic transitioes in fluorine (F), singly-ionized fluoribe
'r*}, sulfur :!S), or singly-ionized sulfur [S*). Coly a
slight indication of a* doutly-charged sultfur <S5**) trac-
siticn could be seen. | Such infcrmation is ilportaiz for

several reasons. Since Sty is commconly used in hich volt-

~ age devices as anp insulator, it is isportant to understand

the type ¢f processes which occur whep it breaks dows. Sec-
ondly, like the ipnert gases, it is relatively inert. This
property arises due to its spherical sysmetry [no perlanenﬁ
dipole) 3and because there ar¢ nc electrons free tc fors

additi;ndl molecular tonds. lastly, since sany inert gases
have been studied using electron jiapact, it is interesting

to study a moderately cosplex molecule which bas many of the

properties associated vith tHe inert gasgs.'

L0
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2.2 Bxeceriaental

22421 AEparatgs

The apfparatus ccnsists c¢f a croscel electrcabeasn jas-
beaws arrasgesent in ccnjuncticn with a VUV sonochrcmatcr.
An electrcn beam of 20 te 6CC e¥ (GEFWHM = (.3 evV) ¥ith a
current of 20 t0 125b|icrcalpe:es intersects-at right anjles
a gas beam of SPy, wmclecules !instrument grade; G[furity
99.9¢%%) effusing frona a‘lulgi-capillaty Array. - The cumter
density of gas was coptinoously wonitored ty measuriag

the tead fressure (typically 60 to 1C0 mlorr) in ttle gas

line with a AKS Instruments capacitance manoseter. It was

also coavenient to use a pulsed supersoaic gas beawm using a

piezoelectric Lasertechnics Model LPY solecularc-beas valve

equifped vith a2 0.15 am nozzle for the.icitial spectral sur-
veys due to its ability to produce a high nusber dersity of
the target'lolecule in the interacticn.region. '.'Ite vov
iapact radiation, obcerved perpend}cular to the gflane
defined by the electron and gas Lteass, vwas dispersed by a
half-meter Seya-Nawioka monochromator and detected using a
channel electroa wmaltiplier connected to a standaré pulse
counting systea. The informsaticn was stored in a sulti-
Chaneel apalyser ({IN-1710) and transferred later intc a cos-
puter [IBE 9001) for asalysis. Eelaw 130-nl,'a goléd-coated
grating btlazed at 70 oa» ui;h 1200'r g[OO'eS/ll‘([eCiIEOCdll
linear dispersiom 1.7 nl}ll) vas used with a Mullard 4139 BL

. ”»
detector, wvhile for vavelengthks above 130 om, an alusinua
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and MgFP, coated graticog vith 1200 groovessmm [recijrocal
linear dispersion .7 nl};i) vas used with a caesius 10dide
coated Galileo Electro-~Cptics BI T7£€00-3313 detector.
Throoghout this experiment, we did nct opér:fe.gt tte magic
angle because wve assomed that the radiation was isctrofic
(zero polarizaticn). This is in lipe with grevious studies
of dissociative excitation intc atosic fragments of all but"
tae very simplest of molecules [56] [41]. However, we di1d

operate at the orientation necessary to correct for iastru-

nental polarizaticrt effacts.

222.2 Salibraticp Procedure

Becker and ncCcnkey [11] and Becker et al [12] bhave
discussed the absclute calilration of the detection equig-
sent above and belov 120 ne respectively. Similar teéh-
niques wetre used ‘p this werk. Basically. the knowr cress
sections of the rare gas resonance traasitions are used tc
establish the calitration below 110 pm, wbile¢ the crcss sec-
tion for lyman alpha production from H, is used at higher
vavelengths, The molecular trancaing ratio techaigue [57) -
(1] vas used (Co, fourth pcsitive system, and H,, VWerner
system) to provide relative calibraticn pcints. Very recent
vork [78] [95] [50) ([104} on Lyman alpha excitation has
shown that the previcusly accepted cross section [€7] is
too bigh. .-We adopt the value 7.08 1 10-18 c¢m2z at 100 eV
impact énerg!. vhick is the value we ha!e recently deter-

mined in ocur labcratory [ 104] {(or see Chapter 7), as our



standard. It is Jifferent frcm the value 7.6 x 10—18 (32

used in ,our earlier paper ot SF, [29. Jsing the averaje

ratioc between the 3, lean alrbha crc¢ss sections at 100 ev

and 2C0 e? electroa iazpact enmerqgy givea ty Muassa ard Zigf

{67] and ﬁcConkey and Conaldsor [59, and aormalizieg to

our value at 100 eV, our cross sectica at 200 eV is 5.02 x

10-1% ca2 The gensral effect ;f thisAchange is to lcwer cur
previcas results. However, the amount varies depending upchn
the reterence crecss section which vas ysed. L}

Abcve 120 na the accuracy cof oar relative calitraticn
.points is 10% or betteg except at the highesg—uavelengths
arcand 180 na where an extrapolaticn of our calibraticno
curve [11] wvas necessary. PFelcw 120 pm the accuraci depends
cn the precision of the available cross section data. In
the region cf the Be resonance lines {52 - 60 nom) tte accu-
racy is hithZIOI), Lot in other wavelength regions it is
not better than 20 to 30% due to_the scaréity of reliatle
data. Pb:'exalple, the Ne¢ 72.6 nm eamission has\a claimed
accuracy cf énly 3o% (TQn et AI'LBSj) and measured cross
sections for 'the Ar* lines at 9Z and 93.2 nm differ by
app:oxinately-ﬁSl [85] [99]. Additicnal uncertainties are
added due to ihe difficulty of deciding hov to interpolate
between the few data points: This inherent freedcm is
anotheér reason for the differences tetveen our previous

resnlts-f29j‘and our present data.
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The values which we have adorted for the warioms tran-
sitices are listed ip Iable £ apd tte final relative cali-
b:at;on curves are showvn in Pigure 315 and Pigure 2C. The
polarization data was obtained from Hesterveld et al [99]
for Eeliul, Hamsond [34] for necn, TDassen et al [ 22} for
the arjon resonance lines, and Ott et al [71] for %, Lyaan
alphka. )

Ccunt rates, in all cases were found to ke proportiornil
to the electron current bot great' care had to be taken when
co-parisod Bi intenéities at dJdifferent pressures wvas made.
Cistinoctly different intensity-pressure plots (see Pigure 21
to FPigure 289) were obtained foé various trapsitions. Table‘
7 lists the parameters which ;ere deteranined using a uej.gl:t--6
€d least squares fit.- The errors vere deterwined uscing the
statistical P-test at the 9%%X confidence level. Res=cnance
trapping strongly affects the resonance lines, especially
the Ee 58.% nm line, Ar 108.8 nw live and the He 73.6 nu
line. The other non-linear effect, vhere the intepnsity
increases abové‘uhak a linear increase would give, is due tc
chanyes in the flow characteristics of the gas throtugh the
orkfice. This is cohsisteq& vith findings fcom other lato-
ratories using :elati;e flow techniques [16]. The effect
éan be shown to Ee'due to a change from molecular flcw con-
d;ticns into the regime of intermsediate flow. The effect

can also te used to detersipe zolecular diameters. = Por SP,

a valoe of 0.577 om was obtaingd. Arpendix A, Apperdix B,

om
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TABLE 6

Cross scctions and polarizations mw 200 eV electron impact energy
for calibration below 125 nm
Effective (a) Apparent (b) -
Cross Section Cross Section
. > -18_ 2 -18 2
Line {nm} (x 10 cm’) Polarization (x 10 cm References
He I (4p~1s) ‘52,2 0.91 + 20% (c) 0.16 + .07 0.96 + 20% 25,91,99
He I (3p-18) 53.7 - 2.27 + 10% (e) 0.16 W .07 2.40 + 11% N nm.ow.om
He T (2p-1s) 58.4 8.85 + 10% ﬁow 0.16 + .07 9.35 + 10% .Nm.ou.cw
Ne I (3s-2p) 73.6  5.53 + 30% 0.04 + .02 5.60 + 30% 84
Ar II AmmuzoJumnwumv 92,0 4.58 + 25% (c) 0 4.58 + 25% 84,98
Ar 11 AwmucongmuwvmV 91.2 2,38 + 25% (c) 0 2,38 + 25% 84,98
.
Ar I {48-3p) 104.8 15.60 + 20% 0.00 + .01 1%.60 + 20% ‘57
Av I (48-3p) 106.7  6.70 + 20% . 0.00 + .01  6.70 + 20% 57
, .
H, (Lyman alpha) 121.6 5.02 + 9% 0.02 + .01 M.Om + L 4 -

(a) Cascade included
(b} Corrected for polarization and
(c) Average value from all the references

cascade
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and Chapter 2 éive mcte details regarding the techtique.
The poorer fit of the model in the case cf resonance trap-
ping is thought to be due to the breakdown of some cf its
simplifying a;sulptfggs. Houe;er, all our léasurenenés vere
performed dt lower pressureg vhere the fit is excellent. A
capacitance sanometer was used for accurate head pressure
aeasuresents.

All absolute cross secticn wmeasurements were carried out
at an electron imfpact eﬁet y-of 200 €V ar 400 ev. The data
vere made absolute by cosparison of the Hgtensity cf the
particular emission upder study with that of a convenient
reference transition of known cross secticom (Table 6) excit-
€d under identical electron Leas curtents and known source
Fressures. -RBelative excitaticn functions nere'takcﬁ for
many of th{mlines from threshecld to 600 evV. The uéa:‘
threshold regions were investigated in detail by ramiing the
ispact energy and using sultichapnel scaling techniques;
This epabled us to measure the onset petentidls to.uithin

1.5 eV.



Figure 21: Intensity of the FI(95.5 nm) emissior following
200 eV electron impact on SF6 versus the source

pressure.
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Figure 22: Intensity of the Lyman alpha emission following
200 eV electron impact on H2 versus the source

pressure.
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Figure 23: Intensity of the §8.4 mm emission following
200 eV electron impact on He versus source

pressure, . . v
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o biggre 24: Intensity of the 53.7 nm emission following
200 eV electron impact on He versus source -

pressure.
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Figure 25: Intensity of the 104.8 nm emission following
200 eV electron impact on Ar yersus source

pressure.
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Figure 26: Intensity of the 106.7 nm emission following
o 200 eV electron impact on Ar versus source

pressure.
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Figure 27: Intensity of the art 92,0 nm emission (x) and
93.2 nm emission (o) following 200 eV electron .
impact on Ar versus source pressure. The

93.2 nm re5u1ts have been scaled'upwarda by a
i factor of 1, 89.
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Figure 28: Intensity of the 73.6 nm emission following
200 eV electron impact on Ne versus source

pressure,
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TABLE 7 r

*
Intensity versus pressure fitting parameters
at 200 eV impact energy

Molecule §(k,E) Pi e 1
{Line) : (mTorr) (mTorr_ )
He 73.6° - 355.2 . 0.0223
(53.7 rm) + 2.1% + 3.8%
 He . 453.9. . 355.2 0.0843
(58.4 nm) "+ 3.6% + 3.6%
H, T oa2.7 226.0 0
(Lyman a) + 2.6% + 8.4%

Ne ©172.4 251.6 0.0923
(73.6 nm) + 2.4% + 2.9%
It 79.2 . 127.4 0

(92.0 nm) + 2.3% + 3.3%
Ar' 41.9 127.4 0
(93.2 nm) .+ 3.8% + 3.3% |
Ar 375.7 127.4 0.275
(104.8 nm) + 4.1% + 3.7%
Ar 129.0 127. 4 0.0825§
(106.7 nm) + 1.8% + 3.4%
SF ¢ 23,75 50.76 0

(FI 95.6 nm) + 1.7% + 4.0%

# S(3,E,P) = S(x,E)f(P/2,P,/2)exp[~a £(P/2,p,/2)]
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2«3 Hathematical Aspects
Pcllowing the same precedure as in Chapter 4 ané usicg
the results of Chapter 2, we define tie sigral measured at
vavelength, A, electron ippdct energy, E, and for a ¢ériving
{head) pressure, FE, t; ke B{A;P:E). JOsicg results frea
Chapter 2, Appendix A, and Agpendix & the measured signal

.can te expressed as fcllows.

e
C(l E)EELAYLIN D{(X;2;P ) '
BIAIEIE) = —-ememmccmmcmmem e - a)
bre (1 - plA; )

Q' (A,EYELL (A)LIN D(A:P;P )} /une {1L)
1

vhere isefhe efteckive crcss section, (' is the afpparent
crcss section, Eff{A) 1s the efficiency of the Jdetecticn
system, L 1s the interactiot léngth, I is the electébn cur-
rent, p!A;E) 1is the polagization, N is the target nuaker
density, and_D(X;P;Pi) is tke trapping factor:

In this experiment wvwe wich to determine an,unknown cross
section, QJ:E) at vavelength Au, by using a Feterence cross
section, c;(sl at vavelength i . Dencte Br(BJ to te the
reference signal and R {E) to te the "inknovn" siynal, for
electron currents I.. and I, and head pressures Poe and Pu
at the respective udvelengtbs- E,is the energy of tte elec-
trons,. Then‘the "unknown" apfrarent cross sectiom if given

by

ECEO) I, £(F i) D(E.:F; ) Rum Q2 (B)

*lE) = —----E__.C___ T .30 __ .07 E—

511 EEE ) I, f“’u-Piu’ D! F piu)a
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vhere f(F;?i) gives tke form of the number density and
D(?:?&) is the trapping factor. Thus, if all the quantities
cn. the right-hand sidt of equation [2) are known, <ne can

determine the urxpown apparent cross section, Q'’Z).
u

5.8 Besults apd Ciscussjon

2.8;1 Srectra

Emissicn’ spectra covering the wavelength range froam 45.0
to 18Z.0 n» are shown in Figure 29 and Figuce 30. These
spectra wvere obtained using the supersonic nozzle ard were

seasured in 30.0 nm segments. Thus, these figures should
} <. .

only be used for spectral identification, nct for calculat-

ing'absolute_cross sections or actual K@lative cross sec-
tioas. 'Identificatiqn of the differeit élisgions with
regard.to species and ionizaticn stage is also indicated on
the figures. Several interesting points may be highliqbteq.
All the lines obse:véd could bLe identified with peutral
and singly ionized sulfur and fluorine ato,ic transitions.
The only fossible exception is the 68.25 na feature \ﬁere an
SXII emission may be contrituting. Atove 130.0 on tte Sfec~
tram ig dominated by SI emissicas, Ihile ktelow 62 nm FII
lines dominate. The PI lines lie tletween 70 and 8C.7 na
with strong additicnal lines at 95.6 and 97.5 ni. The SI1I
emaissions, on the cther hand, are videij‘distributed froa 60
to 136.5 nm.  Onec may remark, that Lecause of the richness

of this spectrum, SP, may teccme a good candidate fcr spec-



_.Figgre 29: Observed e + SF6 emission épéctfum below 130 rm,
Note tHe differert multiplying factors which
have been applied to different spectral regions.
The identification of the featurea is indicated. -

Data were obtained using a supersonic source.
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Figure 30: Observed e + SF6 emission spectrum above 130 nm.
The identification of the features is indicated.

Data were obtained using a supersonic source.
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tral intensity calitration'puzpdses in this wavelength
regico.

All the major FPI lines invclve transitions to the grcund
1s22=522pS 2P,/,,3/2 State and involve the excitaticr cof a p
electron to a_3s o 3d orbital. EFxcitation to orbitals with
%gg\a:e present but wvith much slaller.cross sectionsa. Fig-
ure 31 shcws the energy‘level diagraa for FI and Tatle 3
lists the identified transitions together with other data to
Se discussed later. The multiplet pature of two strong 3s
--> Zp transitions is illpstrated in the higher resclution
vavelength scan of Pigure 3:i. |

The PII spectrus consists of transitions wvhich-terminate
in the 3P, 1D, and possibly 'S, terss of the grcund configu-
ration 1522s22ps. (See the energy level diagram in Figure
13). Agaig ocne of the ouEer p electrons is excited tc a 3s
or 3d orbital. Exceptions tc th;s are the strong transition
at 60.7 na and possibly that at S51.%5 om, vhere an inner
shell 2s electrcn is excited to the 252p% configuration
'[72]. Tatle 9 summarizes the FII excitation data. |

The SI spectrua exbibits similar feqtureé; All tte lines
observed *involve trans}tio;l to the ground configurations,

particularly the lowest 2P ters. (See the energf level dia-

gramr in Pigure 34.) .The strongest features involve the fro-

moticn of an outer p electron to a 8s or 3d orbital. Higher

resolutice scars of the strongest features revealed the uul:)

tiplet nature of the tramsitions. Table 10 suamarizes the

ST data.
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Figure 31: FI energy level diagram. Transition wavelengths

1

are given in Angstro'ms.
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Figure 32: High resolution scans of the FI emissions near
96 nm (A) and the SII emissions near 100 nm (B).
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TABLE §
-~
Absolute FI emission cross sections
following 200 eV electron impact on SF6
. 7 Croas Onset
Wavelength Transition Section Energy
{rm) (x 10-19cm2) ~ {eV)
2, 4,3 EEB _ .20 -
- n 2, &3 4 2.0
97.65 25 2p"(°P) 3s. 1’5/2 g P3/2 -‘\\h .
2.94 *+ 35% -
- 2, 4.3 4 2.0 -
97.62 28 2p (_P)3s P1/2 -g Pl/2 _—
- nela 4,3 4 2,0
97.3% 28" 2p%(“P)3a Pija = 8Py, 9.56 + 35% -
2, 4,3 4 20 -
97.24 . 28"2p"(°P)3s Py, - &P, 0.53 + 35% -
05.85  2s"2pCpyas Pp, - gng/z 2.32 & 358~
1. 4,3 2 © 2.0 -
95.55 287 2p"("P)3s PI,’Z - g Pl/: ‘ 35.9 + 1.5
. 15.80 + 35% )
Pondedpya, 2 © 2.0 =
95.43  2872p7("P)3s P, .\ - g Py, 2.2 = 1.5
95.19  2s°23p*(3p)3a %, ,. - g2P° 2.22 + 35%
: 2 1/2 -~ € P32 R J_/
| 2, 4,1 2 2.0 )
80.96 28“2p%("D)3s D3/2 - g Pl/z 1.36 + 40% 35.7 + 1.5
. 2, 4,1 .. 2 2.0 -
80.70 28°2p*("D) 3 Ds/z -g P3/2 3.42.+ 40% 42.7 + 1.5
79.20  28°2p*(3p)4s 2P - g%P° 1.29 + 40% -
79.45 28°2p%(3p)as tp - g%p° 0.68 + 40% -
" 78.0 2a22p4(3p)3d 2749, % 4,24 « g2°  3.72 + g01 -
> ’
75.1  2a’2ptCPryaa P, B0, T dr - g7R0 N
1.66 + 40% -
2;22;:‘(3?)53- 2,4, _ ‘ZPO / :
) .
71.1-73.6 Higher excited states - g P 1.49 + 45% =

by
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Figure 33! FII energy level diagram.
' are given in Angstroms.
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TABLE Q
Absolute FII emission cross sections
following 400 eV electron impact on SF6
Cross Onset
Wavelength Transition Section Energy
(run). (x 10"%%a?) (ev)
53 3,0 43.5 + 1.5
60.7 2a2p Pz.l,o - g P2,1,0 1.85 + 25% 58.3% 1.3
2.
54.8 25%2p7 (459 34 33? - 7Y
2;1’0 -
- 2, 3,2.0,. 1.0 2, 410 1.29 & 0% -
28"2p " ("P ) 3s Pl - 287 2p )
51.5 2¢2p° 1?? - 24%2p4 1so
* 0.88 + 40% -
2522p3(200)3s 1D2 - 2522p4 1D2
2, 2,20,. 3.0 350 n
17.3 28"2p- ("D ) 3s 03,2,1 - g 92,1’0 2,18 + 60% -

# Error is larger for this line due to our extrapolation

-

of the detector efficiency to these wavelengths,
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Figure 34: SI energy level diagram,

are given in Lngstroms,
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- TABLE 10

Absolute S5I emission cross sections:
following 200 eV electron impact on SF

6
Cross Onset
Wavelength Transition Section Energy
(rm) (x 1071%ca") (eV)
129.6-130.6 3:23p3(2Po)45 30 L gp
- . 0.31 + 25% -
JS p (45 }6s 350 -~ g’P
131.0-131.7 38°3p7(%s0)6s 350 - ¢3p
0.38 + 25% -
3823p3(45%)4a 00 - g3
132.4-132.7  3s%3p3(%5%)4a I0° - g3 0.27 + 25%
138.1-139.7 3s3p5 3p0 339 0.57 + 20% -
) ..2..3,4.0, ., 3.0 _ 3 3%.0 £ 1,5
142.5 3s73p7(7s7)3d Ty 5 4 = 7P, 0.5 + 15% 4303 = 1.5
3p 3,420, .. 3.0 3
143.3 | {*s7)3d D2,1 = 6 Py 0.38 + 20% . -
143.7 58730349 50 30 - glp 0.16 + 25% -
2, 3,20, 30 3 36.8 + 1.5
147.4 3873p"("D ) 4n DJ’Z'l-g e, 1.65 + 15% 43.3 = 1.5
1438.3 Js ip ( D }4s 302 1 ¢3P1 0.33 + 20%, -
r
148.7 3s 393( p? Y4s JDg - ¢3P0 0.24 + 25% -
166.7 3823p3(%0%) 4a 11)2 - 3s%3pt 102 0.81 + 20% -
3460y 45 350 . 7.3 *
180.7. 3: p (%87 ) 4s S, -~ &P, 0.87 + 25% -
182. 3 3323p3(4s%) 4s sg - 3391 o 0.58 + 35%" -
?

-
# Error is larger for this line due to our extrapolatiocn ,
of the detector efficiency to these wavelengths.

[
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Nany rather weak SII lines were otserved fros 60 to 136.5
na (see Pigure 29 and Pigure 30). Again a pattern emerged

similar tc the other atomic systems. Trapsitions wvere

‘observed invaolving all three 2P, 2D and *S terms cf the

ground 3s23p3 configuratiocn. {See the energy level diagrass
in Figure 35 and Pigure 36.) Prclétion of an outer p elec~
tron, predcminantly to a 45 or 3d ortital, was fourd and
both doublet and gquartet systess vere evident. Inner shell
excitation (to the 3s3p* configuraticn) gives rise to the
featnreé pear 105 rm, 120.4 nm, 136.2 na, and 125.5 pm {74].
Full details of the SII data are sussarized in Table 11.
The pq;tiplet nature can be seen in Prigure 32.

Only‘é single iprdication vas found that a higher ioniza-
tion stgge‘light te present. The weak feature near 6?.5 nm
could have a SIII contribution. It is interesting to ncte

that clear evidernce for this feature was ohserved in the

electron impact dissociatior of SC, (Becker et .,al [12)).



Figure 15: SII doublet system energy level diagram.

Transition wavelengths are given in ingstroms.
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TABLE iT - ‘
- Absolute SII emission cross sections 4?
following 200 e¥ electron impact on SP6
Croas Onset
Wavelength Tranasition Section Energy
(rm) (x 10719 a?) (aV)
2..2.3 4.
90.69 38 3p°(°P)ys ‘?5/2 -g ?3/2 1.03 + 40%
01.05  3s°3p2(%P)as %, - gt 0.59 + ¢0%
, P 3/2 3/2 : 17.4 + 1.5
91.27 3;'3p2(3P)45 4p - g“s 0. 34 + 40% -
. 1/2 /2 - s s 1.5
o2 23pyza o 2p 0.06 + 40% sz 3
91.54  38"3p ("B)3 s/2 - Fi2 06 * 4
2..2,3 2 2
f1.90 3873p°(°P)3a 03/2 - Pl/z 3/2 0.05 + ﬂx/
93.7 - 387 oias P, - 367307 Po
—y 2,21 2 32 - 0-71 % 40% -
/ 3873p ("D)4s Dg/g = 3823 Ly
: 2. 2.3 2 2
99.60  3873p°(°P)3a ‘P, - “b. 0.92 + 4K
2..2,.3 2 2
100.06 3s"3p (°P)3d °F - D p 0.71 + 40%
5/2 3/215/2 i 47.7 + 1.5
L2, 2.3 ... 4 2 ="
100.61  3s73p°(°P)3d P, = DL
2, 2,3 a 2 e 0-87 £ 0% 56.4 + 1.5
100.63 s 5pT("P)id DS/2 - 03/2
2,.2.3 2 2
101, 42 3573 (7P ys 93.!,2 = "Dgra, 12 0.51 + ﬁg/
101,95 “523p2(3r)4s' 2p - 20 0,31 + 40% -
: ? 1/2 3/2 Ot = .
2..2,1 2
103.09 3s73p"("D)4s Dary = 1/2\
22,1 2 0-13 £ 40% -
104.5-105.3 3s°3p%(3p)3d %F - s 393 : \ )
3:23p2(3P)4s 4p _ 1a Jp3 2D /iz 0.66 + 40% -
181 4 zs ) 35 ; 3 zp /
P 1fz P 3/2 i/2
110.0 35239 ( P)3d Zp . s :rp %p 1.47 & 25% -
112, 4-113.2 3s°3p2(3pias 2p - 3s%3p3 %p 0.39 + 40% -
120.4 33"p4 2y ia 31:\3 2 ) 3.18 &+ 13%’—‘45'5 1.5
- R - . - -
: | / __51.0 £ 1.5
125.0-126.0 3a3p? 4p - 3‘53/2 ~ 3.21 + 18% R
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S8:2 Bxcjtatjon Punctions and Absolute Crgss Sectjopns

-

S.8.2.1 Pluorine Baissions
Bxcitation functions froa threshcld up to 600 eV have

been measured for the six strcngest FI missions. The

e
shapes.of all curves are siwvilar above g% ev. Typical 7I
excitatico functions é}e displayed in Pigure 37 tcgether
vith the excitaticp function of the FII 60.7 nm line. The
various excitaticn functions in Figure 37 and Figure 33
have been arbitrarily displa;ed vertically for clarity of
presentation. Their respective magnitudes {o not reflect

.the ratio of the atsolute emisssica CLoss sectioﬁs. The PI
excitation functions all display:a smaoth increase tc a sax-
imum siightly above 200 e¥ and a gradual decline tcwards
higher imfact energies. This indicates that optically
alloved excitaticn routes ip the ﬁarent SF, ®molecule dcmi-
nate the EOtnaticn of excited .FI fragments. The alsolute
esission cross sections of the PI 1ines‘at 200 eV impact
energy are given in Tatle 8. 1lovw resoldticn spectra (FPWHA =
0.51 pm) vere used in the nor:ilization Froceduyre tc obtain
high statistica{ accuracy. Cross sections for the irdividu-
al components of the emissicn featdres centfqd at 97J5 na,

95.5 om, and B80.7 pm, respectively, were obtained_fron high

Qbr:es'cluticn spectra. * The other PI featurés are too complex
and veak to easlily isolate their individual comporents.
Errors.on the cross sections are tyrically 35% and are due

almost entirely to uncertainties in the reference crcss sec-

tions. This is true of all the cross sqptions-



w

Figure J7¢ FI and FII excitation functions: e , FI 97.5 ﬁm;
‘ - ]
o, FI 95,5 nm3 o , FI 80.7 nm3 and w , FII
60.7 nm. Note that the cross section scale is

|
arbitra;y (see text).

" o P— ‘



|
’\ 119

EMISSION CROSS SECTION (Arb. Units)

(3] O 19,

e

002

(A®) AONINI NOM1I33
(9]0} . .

I | !



™~ 3

-

120
Esisgions from singly ionized fluorine vwere foupd to Le
extremsely wveak. Several cross sections are given ir Tatle
3. EPrrors on these cross sections are typically 30%. Coly
the 60.7 nw feature with \Qn atsolute emissicn cross section
of 10-20 cmz at 206 eV was intense enough to te studied in
sone detail. Thé excitaticn function of this line is also
displayed in Pigure 37. Several independent measurements
vere taken and all showved a distinét indication of a trcad
double-péak structure. Unfcrtunately, no other PII line was
intense enohgh to leaéure an excitaticn functioﬁ vitt suffi-
cient stafistical accuracy to est;blish this Lkehavior as
being a characterisiic feature of PII emissions. loné of
the PI lines or the SI and SII emissicas displayed a similar

5. S * -
structore in the excitation function.

5.8.2.2 Sulphor Emissions

Ipe neutral sulphur emissions, which dominate the enis-_
sion cspectrusm abéve 130 o» IPigurg 30), are also character-
ized by'excitaticn {unction; typicallof underlying ofptically
alloved excitations in the parent molecule (see Pigure 19).
The absolute emission cross sectioné for these lines and the
corresponding electronic transitions are suammarized in Table
10. Prrors of 20%X are typical. ﬁ-issions from singly ion-
ized sulphur are abundant from 60 to 136.5 nm (Pigure 29
and !igure 36). Bxcitation functions veté measured for the
stronger transitiocns and are displayed in Figure 38. ‘ngain,

all underlying processes appear to Le optically allcwed in
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P

pro—

nature, as can ke secen frox EFE"Ehapes of typical SII exci-
taticp functions. -lhsoléie emission cross sections for the
;arious SII features are given in Tatle 11. Errors are typ-
ically 351. High resoluticn scans of the SII eamaissicns at

9% e 1nd of the very complex feature Letween 99.6 ard 102.0

nm (Pigure 32) allowved individual crecss sections to te Fre-

sented for the transitions listed in Table 11.

X



SI and SIT excitation functions: e , SI 147.1-
148.7 nm3 o , SI 166.7 nm3 © , SII 100 nm;
and @ , SIT 120.4 nm. Note that the cross
section scale is arbitrary (see text)..
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5;8.;] Opsets

Opset potentials for a number of lines were obtained Ly
scanning the incident electron enerqy over the Bear-
threshold region. The data vwere norsalized with recspect to
changes in electrcn corrent with incident electron e€nergy.
Fiyure 39 through Figure 4¢€ Shév_near-thceshold excitaticn
functions for scme of whe strcnger lines corresponding to
rI, PII, £I, and SII tranmnsitions. Adjacent channels cf ge
maltichanpel output vwere added un£11 the distance tetwveen
points in the display vas approximately equal to the energy
resolutic f the electron teas. Thi# imprcved the staiis-
tical significance: of the individual points. The twvwo
thresholds evident in all thte threshold excitation functions
appear to be a general feature. The positions of these
onsets are included in Table 8 to Table 11 where afpprofri-
aie. Clearly, many different channels play a proaminent role
in the dissociation of SPe. Becent time of flight studies
in this laboratory, Corr et al [20], of the dissociative
excitation of SP,, in vhich both visikle and lobng-lived Ryd-
berg species were detected, have revealed the oanset of dis-
sociative channels at very similar energies as ttose
obgerved in the present work.

Heabonsider firstlthe SI and SII lines, which, of neces-
sity, lust‘arise from total fragmentation of the molecule.
After allowing for excitaticn (and icnization) energies, v;

note that the residual enerqy that must account for fragmen-
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tation of the wmclecule and for any kinetic energy cf the
;esulFant fragments is approxisately 29 eV for the £I emis-
sions and 23 eV for the SII emissions. Using the JaANAP
Tables [42], we <calculate the energy required for total
fraélentation of the molecule to be Z0.1 eV, wbich =uggests
that a sigifficant amount of energy.appears as kinetic ener-
gy of the seven fragments prodoced. ¥e note tyat kcth Ful-
‘len and Stockdale [76& and Corr et al [20] detect fragments
with several electron volts of kipetic energy. °

¥e may compace our SII appearance potentials wit} thaose
. y
obtained for S* production in ap electron-impact pass-
spectrosc0pic.invéstigation [28] of §f¢- - Subtracting the
- excitation energies, we ottain an average value of 33.6 V
for s* formation that is quite close to the value 37.3 ¢ 1 V
obtained ty Dibeler and Nchler [24], and 37.5 t 1y cbtained

by Pullen and Stockdale [ 76]. The difference in the situ-

. atiops may be due to different amounts of energy partition-

ing into kinetic erergy-

In the ca;ﬁ"f tﬁ@’?) and PII lines, ve might expec{'parf
tial fragmentation of/the molecunle to play “ap iipcrtant
role. However, the observed appearance potentials ate quite
high {see Table 8 and Table 9) vith the exception of the
first appearance potential of the fII 60.7 na line at 43.5 ¢
1.5 V. If the icnization and excitation emergies are taken

into consideration, then approximately 6 eV is left for the

dissociation process. This would be consistent with partial



4 . 133
fragmentation of the parent molecule. The second orset in
the PII curve occurs scme 1% eV higher, sugggfting that the
process being observed bere, is again total fragmeptation.
Ve note that Dibeler- and HMohler [24] concluded that total
fragmentation was the dominant process contributing to F*
formation.

Por the PI lines, approximately 21 eV is availakle after
the excitation energies are sybtracted from the appearance
energies, Ag;in, this is close to the energy required for
total fragmentation and auch higher than that required for
partial fragmentation, so tdtal fragmentation is likely to
be the dominant precess. e note, hovever, that otier pos-
sibilities, for example, the breakup into SF, + F + F’ can-
not be ruled out. ¢

Pinally, ve draw attenticn to thé troad peaksfgbserved'in
the energy-loss spectra following electron iampact oan SP,
[91]. Many of these occuar above the.first icnizatico limit
at about 16 eV [268], with a particularly strong feature
‘close to 23.5 eV and less distinct features at 20 and 29 ev.
The breadth of these features squkgts that they ‘may te
associated with dissociation ﬁfocesses- Our work indicate
that total fragmentation ot'ihe wolecule is particularly
strong and suggests that at least one of these peaks in the
enerq;-losé spectra is associated uitb.this cha;nal. This
molecule would be a particularly good candidate fo? a ccin-
cidence” experiment,  which ‘is needed to further clarify this

situation.
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5.5 Comclusiong _

Keutral ot ionized excited atomic fragments are formed
with significant protabilities following electron imzpact on
SPse During fragmentation of the lolecuie, promotior of one
of the outer atomic p electrons to an s or d orbital is the
most probable excitation channel, though excitatior of an
inner-shell s electrcn can alsc cccura

Prcca the broad, structureless shape of the excitaticn
functions, it is clear th;t tbe initial excitations io the
parent molecule are optically allowved. The double cnsets,

_ vhich were observed in all‘the transitions studied, indicate
that at least two channels are contributing to the excita-
tion of the various excited spec}es ctserved.

Ccnsidetat;on of the energetics involve& in the fcrmation
of excited S and s¢, vhere total tragleniation must be
occurriig, in@icated that a significant amount (several e¥V)
of energy lust‘-appaar as kinetic eamergy of the fragments
produced. Total fragmentation of the molecule also seess to

be the dominant channel for excited F production.

¥
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AN INPQRTANT W, PAISSION CROSS SECTION

6.1 Intxoducticn - -

We have studied this emission due to ‘its“inpoctance in
planetary atmospberes, ‘especially our own. In our own
atmosphere it is a:-iipoitant anroral emission. LK Consequent-

-

ly, it is tequired-for a detailed analysis of the extensive
teérrestrial airglow an% auroral da;a obtained by satellites.
and rockets (for examgle Buffman et al., 1980 (40] and Gen-
tieu et al., 1979 [32])). Several researchers have pr?viously
studied the emission; Humma apd Zipf {1971) [68), Aarts and
de Heér‘(1971) [2], Ajellc ({1970) [7], apd Ajello ard She-
mansky {1985) [6]. .

Du; to its proximity to the H, Lysan alpha emission ve
are able to use our recent c{oss section at JOO ae¥ acs a ref-
erence creoss section. The experimental arrangements vere
exactli the same as for the SPq work of the previous chap~+
ter, thus thé experimental procedure is identical,aed will

not be discussed further.
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6.2 Results ' »

As in the previots chapter an intepsity versus source
pressure curve was ottained. Tt is shown in Figure 47. The
Faraweters for tle fit are S = 17.84 t+ 3% and P; = 133
17¥. An estimate of tte mclecular diameter for N, 1is Fiven
in Appeadix a.

" Our value for the NI 3SF —-> 2p? ss0 aultiflet emission
at 120 na folloving 200 eV electron impact oo N, it 2.98 x
16-13 caz ¢ 12%. Tagle 12 1lists our present vai:e and
those of Ajello and Shélansky :1985}, Musma and Zipf "@1971),
and Aarts and Jde Heer (1971j. The listed values for Ajello
and Shemansky, and Musma and Zipf have Leer normalized to

our presept value tor the H, Lyman alpha cross section at

200 e(\:S.OS x 10-18 ca2), See Cﬂaﬁter S5 for more details.

"~
~



(JJ!L\-I() ’Jﬂf’?lJ 3)1“05

137

Signol (x/00)

— -~
< -8 -] [
1

1 A L

- 2/
- A/

98 09

00/

k. 4

ot

o
Intensity of the NI 120 nm emission following

200 eV electron impact on N, versus source

pressure.

2



o ' 138

Table 12: NI 120 nm ewission cross sections.

Blizﬁ}on crosg section data for tbe NI 3s¢P -=> 2p? 450 syl-

tiplet at*120 nw fellowing 200 eV electron impact or N, in
units of 10—19 ca2, ;
Present : (a) (t) {c)
2.98 3.01% 3.06 .47
- $12% $16% +18% +3CX

fa) 2 Ajello and Shemansky ‘198‘) [ €]
Normalized to cur H, Lylan algpha cross sectior.

”w
o

L
.

Momma and Zipf {1971) [EB].
Notmalized to our H; Lyman alpha cross sectiot.

‘ -
Aarts and de Heer [1971) [2].

-
1]
—
[ 1]

Sa3 Conciusion

As can be seen from Table 12 our fresent results are in
excellent agreesent with both ijello and Shei{;sky. apnd Bum-~
ma and Zipf. Wilarts and de HBeer use their Cc'elissicn‘ctcss
secticn at 159.7 ne [3] as their standard; It is based on
the imelastic électéon scatteriyg dita of Lassettre et ‘al
{(a5][46]). Mevertheless, all the results are well Iithin the
error bars. Our error is largely due to the uncertainty in

the B, Lymaan alpha cross secticn {9%). The remainder is due

to systematic and statistical errors.

"y
v



Chapter VII
BIDBOGEN DISCHABGE EXPERINEAT
LIS DLPEA

1.1 Introductijon
,ilectrdh impact excitaticn_of atoeic nydtogen to the 2p
i
= .

state is a fundamerctal scatlering prccess <hich jives rise

to Lysan alpha radiation at 121.€ nm.
€. ¢+ H(Vs) --> H(2p) + e~ =--> H(1s) + € + Lya {nH

However, it is mucb easier tc study =2olecular hydrogen,
since anlike atomic hydrogen, it does noéfggquire a special
source. fthus it is of ptactical ispcrtance, especially for
the calitration cf optical instrusents in the V.J.V., to
consider the production of Lywsan alpﬂa radiation_foilouing

the dissociative excitation of molecular hydrogen.

€ ¢ Hy —=> H{2p) + H{pl) + ¢

o
Y]

. I-—-> H{1s) + Lya (2)
o

The cross section for the production of iylan alpha by fro-
cess [{2) has been used as a calibration standard in the

v.u.v. for.fifteen years. In aeronosy, cross secticns far
the dissociative excitation of nitrogen, oxygen and tydrcgen

are of special interest. lyman alpha intensities have even

- 139 -
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been aonitored during the Voyager space probe prograszme aid-
ing to its isportance in mcdelling planetary atmospheres.

The crass section for !2) 1is Fkased on both experimental
and theoretical studies of (V). It was first studied exper-
imentally by Pite and Brackmann (1958) [27) using a tung-
sten furpace to dissodiate the gsolecular hydrogen and an
oxygen filter; bounded by lithium fluoride windows, to iso-
late the Lyaan alpha radiaticn from the surrounding molecu-~
lar radiatiocn and cther atosic radiation. A later study by
Long, Cox and Saith {1968) [53] also used a tungsten fur-
nace. However, they did.nct use an oxygen filter. - Instead
they used nitric oxide a; the icnizing gas in their ion
chasber, and NgF, {or LiP) as their window. Thus they
could only detect radiation between 113 om {or 105 ns) and
134 nm (the ionization threshold c¢f BC). Thei: excitation
tunction for [1) was normalized to the Born approximation at
200 eV after a cascade correction of 2%. 1S the pelariza-
&Lion is zero at 200 eV {Ctt et al (71]), no correction for
the possitle polarization of the radiatian is required. At
100 eV electron iaspact their cross sectio is 6.0 x 10-17
ca? i 3% (see Kauppila et al, 197 tn3]). is ¢ress sec-
tion has lLeen 'psqd as a standard ever sinpce. | It is arn
apparent crosé section as it is corrected neither fcr cas-
cade nor for any polarization of the rad;ation. However, it
can be corrected for palarization using the measurerebts of

Ctt et al.
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In 1971, FKaugppila . et al determined the ratio of the

apparent esission cross sectiops from atcmic bydroger to the
countable ﬁifraviolet, [COV) r;Eiaticn (total radiation
transmitted by an 6xygen filter bounded ty lithium fluofide
vindows) froa molecular hydrogen, following electron impact.
They caiculated a value of 4,05. ¢ 0.07 at 100 ev. Eﬁon the
data of éairiere afd de Heer 18] and McGowan and silliams
[60], fumsa and 2ipf (13971) [67] alloved that.80% : 10% of
the EUV radiatico was due to Lyman alpha. Putting these
results together,. Aumma and_zipf established the crcss sec-
tion for Lyman alpha produced Ly precess {2) to be 1.2 x
J0=27 cm2 ¢+ 11% at 100 eV eleéfroh impact energy. Recent
vork ty van Zyl et al (1985) [95], Ligtenberg et al (1985)
{50] [51], Ajello\an? shenadéky {1985) (4], Shemansky et al
11985) [78], and Woolsey et al al.  !1986) [104], based on
various pieces oileridence and hsing various calihratién
procedures, have-suggesied that this cross section Teeds to
te revised dowavards by at least 30%. . The pfincipal reascn
vhy tbe\value of Momma and Zipf npeeds to ke revised is due
to a loiering‘oi the fracticn of the COV radiation shich is

due to Lymsan alpha. For a further discussion of thiQCSub-

.
r

Ject, see Shemansky et al [ 78).

In viev of the uncertainties surrounding the currently

S

accepted values, ve have remeasured the cross secticn ratig

- for the producticn of Lyman alpha by (1) and (2)- Twso basic

‘probless in the early measuresents have been identified.

[N
-
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First, the traosaission of lithium fluoride windows is
affécted-by x-rays generéted by the ilpactuof electrcns h;v-
ing energies greater than atout 100 '‘ev. Second, ard more

anOttant, oxygen filtered radzatxon includes both Lyman

[}

alpha 3nd molecular cadxatxcn- * Cu;ng to the upnavailability

of 0, absorption data taken at the high pressures at which
a, filter= are used, it.is extresmely difficult in practice
to estllate accutately the fraction cf molecular rad;atlon

vhich penetrates the var10u5 0, vindows. In qur;present

study, ve use neither a lithjum fluoride window nor an oxy-

Y

gen filter.

@
The key to’ our technane ic our use of an rf dicchatge

source of the type described hy Slevin and Stxrlxng {1981

[52] in 90njunctzon vith a VUV 0.5 neter Seya-uanioka mouht-

ed HCEharson nonochronater. the spectrometer allo-s us to

3

'1solate the Lylan alpha radzation ‘produced, when tbhe dis-

charge is exther\ba/ai off, fros the snrroﬁnd@ng ®olecular

rédiation. A conplete'schelatic {see rigure 3) and general

. discussion of the experimental setup  is given in Chapter 3.°

Therefore, ‘only those papts of the apparatus havinc to do

ith the diétharge source will be discussed. rigufe 49 to

[ ad .
.."!;
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Radio frequency discharges have been used by a nuamkter of
investigators, for exasple, Tonnies €t al (1974) {89), BHou-
ver et al {1974) [39], and Slevin and Stefling {1981) [82].

»

All three groups used sismilar sourcesd In our experiment we

achieved dissociation fractions of akcut 95% and numlter den-

have emplcyed the source of Slevisn ind'Sterlin;; Tiey have
sities between 5'1 10ttt and 2 x 1013 atoisycnf. comfared ta
the 101¢ atomss/cad tygpical cf tupgstén ovén'sources. How-__
ever, Slev%n and Sterling cpefated Ji Bigher source pres-
sures than ve do. e have found that for ﬁou:ce pressures .
:leasuéed'using a capacitance Fanoneter) tetveen 30 and 70
'mTorr, the measured dissociation fraction varies fros

approximately 35% to 70%. Figure 52 shows the locatiop of

the capacitance sanometer.

3.3.1 Xheory of Operation

The dissociationz of molecular hydrogen by DC electric
~discharges ;nd radio freqﬂéncr discharges has Leen éxpe:i-
'lentalli investigated by a puster of researchers (see Cbr;i-
gan [zi] and'riference§ thgfein). They. agree that the dis-
sociation in the discharges is a direct result of electron
impact. - Corrigae (19€5) [21] investigated the disscciation
rate of hyd:égén iclecules‘by ‘electron impact as a function
of the electron energy and found ‘that the liﬁilun enefgy

reguired to cause dissociation vas 8.8 1 0.2 eV. Fe also

found that the dissociation rate increased rapidly  up to

“ - N '
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about iﬁ eV. The onset energy (3.8 e¥) is5}ery close to the
energy of excitatior from the ground state, 1!Egqg, to the
lovest refulsive state, 3T u, cf H,. The pext higher state
vhich could readily cadée disscciation is the 3T g cstate at
11.8 ev. Fxcitaticn to this state fron the ‘ground state and
subsequen} decay to thé iovest repulsive state would result
in dissociation. .JThis, for elgctron impact between 8.8 and
11.8 eV, hydg;qen solecules can yield only the 3Ty state.
The potential energy curves for the three states are shown
in ?igute.us. : h i |

| The refulsive 3T u state dissociates.into tué ¢round
state hydrogen atoms: hovever, gxcitati&g of H to bhigher
states vill yield bydrogen atoms in excited states ard other
-peoducts such as H*, -, Hz—,‘and Hp*. The excited states of
atomic hydrogen, will decay ‘to either the ground !1s) state
or the metastable (2s) state. Hbuevsr, the RP fielh within
the body of the discharge causes the [2s) state to mix with
the {2p) state; cousequ;ntly, the lifetime of the !2sc} state
is greatly reduced and the contritution of cxcited states of
atomic hydrogen to the 'ogtput bean fron iﬁémrsource is
'expécted go be small. In fact we did not Aetecf any Lyman
alpha radiation lhén, with the'eléctron beam off, ar elec-.
tric field'of 300 V/ca was applied. Contributions: from the
other products are also negliqihlé.

Accordingly, the ideal conditior for disséciéting hydro-

gen molecules into ground state bydrcgen atoms is achieved
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Figure 48: H2 potential energy curves. Shown is the 12

ground state, the lowest repulsive state, 3Zu,
and the next triplet state, 323'
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hyfacoeletating electrons withino the discharge to Ltetween

8.8 and 11.8 volts. The Slevin and Sterling source froduces

an oscillating electric field within a resonant coaxial cav-

ity aod can supply 50 Watts of BPF power at 35 NHz.

7.3.2 Details of the Source |
The colplgte source, including its cylihdrical sacuum
tank, is showva in Figure 49. The discharge tube and RF cav-
ity are shown in greater detail in Pigure 50. =~
Pigqure 49 illustﬁgtes the‘lanner in uhic} the discharge
tube is attached to its cylindrical éacuun tank ard the’
important electrical, gas, and water connections;m Ic allow

exterior adjustments to the position of the sourfe flexible

bellows are elplcyéd.
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7.3’2.1 » The Dizchafge Tube

The discharge tube !see Figure 5C) is constructed froa
prrex and consists of a 220 sm lcng central tuke with ap 18
mm bore within which tke discharge occurs. It is terminated
at the gas exit ty a 1 =nm inneg diaseter capillary tube and
at the gas entrance by a 2 ss inner dialetgr capillazry tute.
The capillaries prevent thq discharge fronm sprea&ing cut of
the main }ube. Note the wagnified ipset of Pigure SC. It
depicts the shape of oor norzle, which is slight}y different
from that showvn cn the tabe. The sbape of the-nozziz con-
sidgrahly reduces any Spfehding of the discharge out of the
tube and helps t§ thermalize the bean. The central tube is
surrounded by a water cooling j;cket- The vater i; esgsen—
tiazl to inhibit the recombination of hydrogen atoss into
molecules on the pyrex surface of the tube. Wood ard Wise
(1962) [103)] héve studied the proéess extensively. WNhile
the ﬁyrex walls of the dischdrge tuke have_a ldv recombina-
tion coefficient for hydrogen atoms, the presence of even a
monolayer of some impurities on its surface ¢roatly increas-"
es theAreCOlbination coefficient. Thus besides water cooi-
ing, the tube must bg?tboroughly c¢leaned.

The cleaning process is rerforsed in a fuse hood due to
the hazards associated wvith using hydrofluoric ﬁcid. Pro-
tective rubber gloves and a.rﬁhber- élock ar€ used fcr addi-
tional safety. The cleaning solvents are sucked ipto the
discharge through the exit nozzle using a veaturi pusp. The

procedure is as fcllows:
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At least two washes with hot acetone. Allow the =ol-

vent time to act.

_rHo:oughly rinse the tuke with distilled wvater in

order to remove the acetcne and any debris.

One wvash vith a 30X hydrofluoric acid solution. 1llow

the acid to act for atout 4S seconds.

Thoroughly rinse the tate vith.distillgd vater in

order to —remove the telainiﬁg HP sclution ard any

L, ?

debris.

-~
If the tube has‘:ecently been used 1in Ehe\discharég
further aéplications cf 30% HP soluticn followed ty a
thoiough}pinsing may te necessaf}. '

A

cleaning, the source is ismediately mounted cn th%e

main vacuus chamber and the entire systes is pulped‘ﬁovn.
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Figure 50: Il3Wstration of the discharge tube and rf cavity.
i The magnified inset shows our nozzle. It is
b configured differently from some previous nozzles.
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Te3e2.2 P Cavity aad Generator

The coaxial resonator cavity is 70 msm io diameter, 99 an
high and consistl‘of a 25 turn helical inper conductcr. The
advantage to using a helical rescpator is size. An equiva-
lan coarial line ;esonatof would te atout 2.5 s for the wav-
elengths of ébout 10 m which are used to drive it. Tle prop-
erties of a helical reconator are dicscussed bty MacAlpipe and
Schildkn;cht [55). -gbe outer pact ct the cavity is con-
%::ucted from a solid piece of high ccanductivity oxygen free
cogpet.

The resonant cavity is driven by ap imspedance matched BP

gene:aior idenﬂ{;al to that uéad by Sle;in' and Sterling

(1991). The generator caﬂ deliver a maximua of B0 tatts R?Y

pover at about 35 MHz and cab be tuned tc match the load ;

phahacteristics of the cavity. Tuning of the cavity is por-

mally perforesed with a 50 obs dummy lcad.

7.3.2.3 “i!he Vater Cooling Systens -

" A schematic of the vater cooling. syétel is Shouﬁ in Pig-
ure 51. The system consists of tvo separate wvater lines.
nigtiiled vater is circulatgd through the cooling jacket of
the discharge tube and the heat vhicy-it is carrying is
renoved by the heat exchander. The heat exchanger consists
of two concentric copper coils. The distilled vater flows
through one coil and tap water flovs ihroﬁéh the other. The
flow of water through the ccoling jackei is cootrolled by a

flov sensor. If the flov rate drops-too low, the RP genera-
A, )
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tor, vater pump, and the two solencid valves are stut off
until they are reset, Thus, the vater system protects the
discharge tube from overhe;ting, aﬁd should: prevert the
apparatus from acquiring tco such vater if afleak cccuré

inside the vacuum system. The reserveoir can bold ' liter and

the total amount of distilled ;Lter in the systes is nct

jacre than 2 or 3 liters. The reservoir is used prircipally

during startup and to replace any water lost througt evapo-
raticn or due tc wminor 1leaks outside the vacuum system.

Inside the vacuum system ve bhave used Svagelok fittings in

_ order to avoid the possibility of leaks. The ad;antage of

our design is that the cooling water circulates in a closed
system and by using distilled water we have resoved the need
of filtering 'the mains vater. 17This isproves the life of the

source as the vater jacket remains much cleaner.
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Ta3.2.8 The Gas Handlin§ Systen

The gas handling Systes, shovws in Pigure 52, 1is very

important. 1In order to ensure longer life to the source aad

high dissociaticn rates, it is npecessary to supply clean
hydrogen gas to the hydrogen s=ource. All the gas lines
vhich could possibtly ;;ne into contact vith the hydrcgen gas
vere aale from 316 stainless steel tuting joxned Wit} swage-
lok fittings, except for tbe copper tubing used between the
qés‘cylinder purity 99.99%) and'valve 1. Conflat flapges
vere used cn thé CIOSE (QFS reservolir).  The elements of the

gas systea vere carefully cleaned prior to assembly and

tested for leaks afteglfasseably. After being }unped dcwn

the systes was bake laxxnul temperature 450 C) in crde: td.

remove any‘lingeti g 1lpur1t1es from the syéteu. It otder
to ensu;e greater - puri}y of the hydrogen gas adlxtted to the
hydrogen soutce a ralladium leak valve (properties are dis-

cussed* by Vieanet et al (1973) (96]) is used. Only bydraogen
dif fuses eas{I;“tﬁgougq the palladian. ;hé rate of diffu-
sion is controlled by an electrical current which is Fassed
;hrough the palladiua !i.e. it is telperatu}e deperdent).
Thus, by applyimg a constant current to the palladium’leak

valve a constant flow of clean hydrcgen gas can be sypplied

to the source. Typical currents are Letween 1 and 3 asperes.

[



155

Gas in —»

RS
Te

To , ‘
Main Cham ber

R

Reughing —
Pump

.

ﬂo 1
Atomic t\twou-:
© Seurce
¢ ”
B=\_
- g Capecitance
. © | Hanomater
—] Reference
ﬁ Pressure |
°lh| )’,‘”*l ® - <.m(.ﬂ -

te Pd gnn.k velve

\, : sy ¥ - needle valve’

.




F

1.8 Procedure 3pd_Nethod | . :

. _' 156
The initial develcpwent relatind the Hy LYnau alpta esis-

Sion cross secticn to the H Lyman alpba emission cress sec-

tipn was done by Fite and Brackmann (1958} [27]. It crder

to bhighlight the subtleties involved with the relevart equa-~

‘tions, a thorough discussion will be given. .

-

' Z.8,) Copstans Mass Plov | -

An iagcrtant observation, which connects the sigral
: , . s
detected when the discharge is off tc that detected when it
is on, _is.the ccoditicn of ccnstant amass flow through the

source, This ccpdition exists due to our finedcontrol of

the flow cf nolécu}ar;hydrbgen. intg the gas teservoir {the
cross) and cousequeqfly iptc_the discharge tubea. Secondly,
the fressure due td‘thé mRolecular gas in the reservoir is
accuéatély’ﬁcnitcred by a gapqcitance mancneter. E).nainf?!
taining a constant currgnt ith.slight adjustments) to the

balladiun ;eak'valve, a cowstant pressure can bg_naiﬁiained

in the reservoir, and the flow cf‘lgigcula: hyﬂrogen‘into

and out of the-source;uill resain constant vhether the d%&;

ch&rgegiflon or off. Mathematically, the ccndition of con-

-

1

stanot mass flow can be siated'és_follous:

r

: | 1
Fy(Haiv) = Fa(Ha3v) = Py (Hz3v)
| = PlHpiv) ' : ' Oa)
and FIH,) = X P{Hp:v) ; ¢ {1k
. . . .
f.
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where theﬁguperscript ni® denotes that the discharge is on,

and P!Hp;v) 1is the mass flcv. of a@olecular hydrogen in the
" state, v. The sﬁbécripts nin fhd n2n dencte c:oss'segticﬁal
areas at the entrance o the scurce apd at- the exit of the

source, respectively. This n%nenclature vill Lte used from

. e -

nov cn. Equation !la) 'statés that t?e flow of moleculac

hydrogen, in the state v, irto the scurce when the dischnarge

is either cn or off, and the mass flcw of molecular tydrogen
) 4

out of the source when the discharge is pff ate,egual.

Equation {'b) states that the total flowv cf molecialar hydrec-

-gen iw all states remains constant. - A second relation is
g qivén by
Py(Ey) = C F%(H:nfﬁf z F%(HQ:V'). {2)
' n ! v - - .

Equ&tion :2)- étates that the total pass flow of ﬁolecular
hydroéen.intd the source equals _the~to£a1-masé, fléu of:
molécula: ﬁ;&fagen and the:total mass fiow af atomic hydrOf
gen'cut of the sourcé upen'ithé“discbarge is on. Tke suas

are over the mass flov rates of atomic hYdragen, in the

:?

state n, and molecular hydrcger, in the state v'.
; , grate v

As, mentioned in the previous section, no significant
s, : :

amount of excited atomic hydrogen flcws out of tae cscurce.

]

- Secendly, the distribution of molecular states in the gas
'vhen;it flows out of the source is the same whether ' the dis-
charge is cn or off. fﬁe‘-basic reason for these otserva-

"~ tions.is due to the atility of the source to‘thermalize the
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enitted gas. Inp cther wecrds the gas is in thermal equilib-

riva and the temperature of the emitted gas is the caze as ..

that of the gas-entering the scurce. To prove this assétL

tion we performed the‘follouing experiment. Using'te%{ua,

as the gas, ve measured the He !58.4 npm) emissioa sicfial fer

unit electron current with the discharge both on ard off.

Using tne results of'Chapter_2, Appendix B, and assumicyg . _. .

L,

constant mass flow vhén the discharge is toth on ard off,

the fcllowing equaticn can Ee~derived.

LI - © 5 : T1 é - .
’ == = (“‘) , : : {3)
-1 T :
S and S! are the signals per unit electron current when the
dischargye is respectively on and off, and T and T! are¢ the
respective kinetic temperatures. Frce several measurements,
- we found a value of 1,00, + 0.01 for the ratio.//The €equality

of the pcpulaticn distribution for solecular / hydrogen is

further sspported by'Figure_Sjr vhich show¥s the Lymar series
forithIic hydrogen. Note how flat and uniform the -back-
ground isa. The s;éftré vas fcrmed Lty suktracting a néf:al:
izéd‘polecular spectrum (discharge off) from the spectrunm
'ob;;ined vhen the éiSCharqe is 6h. Froa the.above-discué;
sion we can confideptly revrcite equation (2) as
Fz(H;) = Fi(ﬁl *‘A P2(H2) - (4)
b

vhere P%:Hi‘? mass flow rate of H!ls) atoss ¥ L5a)

1 ) .
and . FaiBa2;v) o FalHziv) ‘ ' {Sk)

,
L

T~

o



and*A is a coastant related tc the dissociation fraction,

v
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Figure 53 Spectra from 90 to 125 nm with the dlSChane
off, on, and the atomic hydrogen Lyman series

a

(molecular signal removed), . .
. %
1 \ -
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7.8.2 Dissociation_Practica ~

- the mass flow rate of hydrcgern atoms out of the scurce

¢ ' ~ 16 1

4

The dissociatien fractior .produced by the source 1is an

important quantitative characteristic. It can be detfibed as

‘divided by the total mass flov rate cut of the source. Thus

1 1 i _
F2 (H) | F3 {H) : F%(Ha)
D =' TfTTTTITTrIYm = S me—aa—— = . - e ———— K {6)
Fa H) + Pz {H3) F1E>) F'H,)
. i | .

. - v
» P }

vhere ve have made use of eguation {5). ~Using equation"u[

it can be shown that the ccqstant A e€quals 1-D. Ir other

.'uords it glves the fractlon of hydrcgen nolecules uhxch are

not disscciated. '

To deteraine tte diséoc{ation ffaction’ye perfdr; tvwo -
meééurgne ts. Hg heasure the.sane eclecular ef§§sicns :ith
thé,diSc rge bothupn and off ahd‘the ratio gifes a measure
of the dissociatich fraction. This is done ty settJng the
monochromator at .a v1brat1cna1 enissi n)and usxng wide
entrance and exxt sllts in ordefpto N c&ease the detected'
sian;l. -Several vibrational transiti;ns_ uerelseiécted
throuéhout our experiment, and as éxpected, similar values

for the dissociation fracticn were ottalned- The degected

's;gnals per unxt electton current when the discharqge is on

and off are given Ly equationS»:7a) and {7h)'tespectiveiy.

.
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- ‘, - l‘.
SHz) = B, FplEz) 2lEp). N £
(T n1Hy)) > |
and .\) | . | _ .
‘S‘(HZ) = . E Pz(Hzl Q[Hz) : (7k)
ra - "—l m Hz));

o -

B is a gecmetric constant, m(E,) is.the mass cf zolecular

A

hydrogen ard-C!H,) is the total apparent cross secticn. The

-* ratio of equatians :7a) and *7t) gives

<. S1[H,) ;" FL(Hz) . .
— e —— = | it et ‘. (8)
: j b

S {Hp) Fao {H2) .
) ‘ T éS}Lle) "
L =21 = fe=ef ———eee . 19
: T S5 H,) . s .

Thus,” by using our result for the ratio of-the tedperatutes-.

and measuring S:{H,) ard S(E,) we are able tc detersine the

dissociation fraction, D. .

To8,3 dpparent Cross Sectjom Ratio s

The ratio of the apparent tross‘sections :nc;-ébtrected
for polar:zatlon, cascade cr molecular ﬁractionj,,of tbé i
Lyman alpha emissicn to the‘Hz‘#iylan alpha ehisssiot_can ke
deterlined by tuc ‘m'easurements. The tvo m'easure.nents'%omist
of measuring the asount of tadlatlon enitted u1tb1n the res-
olution of our nonochronatcr (ue.use narrov'-entragce and
exit slits) at the Lyman alpha uavelenqth_ufth!tﬁe‘disbharge

i

ia ]
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: réspeétiveif on and of:. TEe sigﬁals per unit electror -cur-
 rent for the discharge on and off are given by equations

':10a) and [10b) respectively.

'S, = _E 0% (8,) F(Hy) . (10a)
| (T et |
. . o _— 1 . 1 ' : .
. g - r:tm[., (Hp) FZ (Hz) * ¢ (H:EZ(H)] row
M . S = - —— - — - ——— - : )
©T ot e{Hg) ? - (8 2

-

. ' _ ~
m(H) is the mass cf atcaic bydrcgeﬁ}'ﬁ?(ﬂz) . 1s the aprarent

cross section for the aclecular hydrogen erissians near

: . | @
Lyman alpha, QQ:H) is the. apparent’ cross section fcr atcaic

Lyman alpha, and b(ﬂ) is the trapping factor of the Lysan
. ] : ' N 7
alpha radiation due tc atcmic bydrogen. “\ The determination

of the-trapping factor will be - given in the followirq'sec=
Co tion. |

Takihg the ratio-of]eqﬁatfbns {10a) and {10b) gives the

folloving result.

st Din F{"[?%:Hz) (m:ﬂzgé plin) ¢%im) ] :
< - . = | b e e 1
Sa. TY |F(8,) a(a) /| piuy Q%(Ha)

' Bearranging equaticn {1%1), using equation {6),'~aqd using

nzﬂg),: 2n{H), we can revrite it in"it's final %béﬂ{
' o S CET
' T1 3 L 51 S0 o .
[(»-—) ————————- 1 - n)] (1)
| oo s, |
FIRA . '
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waich, except for the inclusicn of the traprping factcr, is
1dentical to that derived oy Fite and Brackmann L27 3.

+

7.3.48 Trapping Factor

Jelicke most jases we can hét detetmine.;he trapring fac-*
tor fcr Lyman alphé-by atomic hydrogen directlg- This is
iue tc the change in tbe dlssccxatlcn .fraction with scurc=
gressuare. However, by uSLng the deasured attorptxon coaffl-
cient for*the He (SB.H nq) trané‘tlon and the thecTetical

3

.trapping cceffluxent tetveen H{?p 15) and He(2p-ls), it can
ke determxned. Iable 13 gives varicus: flttlnq paraiete:s,
including dbsorptxon coeff1C1ents, for a number of gases,

xucludxug helium, whzch ate"used in toth this and the next

chaptec. .faable'lu lists trappznq COEthCLEDtS conzectxng

 the atomlc hydrosen Lyman se€ries to He(2p—1s)- Prcr Apgen-

dix B, the trappimg factor. is given ty.
({

D!H) = exgp!-K GIL} &!'E)) 113)

ﬂhe:e K is a.transition dependent ;on;tént,'G[L)_ is 2 jeom-

etry dependent ccnstant, ard E}ﬁﬁ) is the atamic hydrogen

target nusber density. Us?;g/éqﬂaticn (6} the atomic hydro-

gen onumber density can ke éipiessed in terms of the molecu-
P

‘latr puaber density ubep'the dischafge is off. Thus

D F(Hp)

R(Hz) n(ﬂz) vl(ﬁz} AL
- T14)

_l(ﬂ) nd{H) v(H) A = Fﬁ{H)
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vhere v(B,) ard v (H) are the respective flow vélocities for
molecular and atcmic hydrcgeﬁ, n(H;) 1s the moclecular hydro-
gen pumber density, and A is ap apprcrriate area. )ssuming
that the flow vélocities have a {I/n)% depende;ce, equati;n

{14) can Le revritten as

| . - _ |
pi(f) = f--4T n(E) ' 1%)

7\

and, the eXponent in eguaticn {14) becomes

| 21\ 2 |
K G{L) n!(H) = K G([L) P—- D n(H,) (1€a)
i : T1 !
l?“?»_ . .
”,..‘EEQ o a\? .
. .' = Q (—--‘ B H f:p-; Fi) . ’ :16‘:)
R B T1 ! - . ) o A

whé:e @ i$ the Lyman ‘alpha dhscrpticn.gqéfficien;} and
£:2,8,) is the forw of ﬁhenépher densﬁfy.:or dqlecul?r
byd;og;n- It's fﬁnctional'shapg_lsisnown'in Piqure'SS .and
itﬁg fiéting p;raneté;s aée giv@EJ%gltablel13-_ Upor using

the trapping coefficient,r'ue nave our final result fcr the

exponent. It eguals

%

gzr\? __ | T
geY [777 D £IE.P;) 'i'}7)

T1

vhere aH is the absorption coefficiert for helium a:d y is
e .

the trapping coefficient. - The heliue abscrpfioqlabetficient

is calculated from the intensity versus. pressure Elot cf

Ll

Figure S4. - B : >
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TABLE 1

- ~Intensity'versus pressure fitting parameters*
for the discharge sgufce
. Molecule 5(x) P, a
' gLing!'- - {mTorr) !mTorr_l!
He .. 142, 3 741.2 0.00338
(58,4 nm) + 1.4% + 14.2%
. ArT 39. 80 265.9 0
. (92.0 nm) + 2.1% +7.9%
- Ar 123.7 265.9 0.0425
(104. 8 nm) + 4.5% : 1.7%
Ar 55.4 1265.9 0.0168
(106.7 nm) + 6.2% ' + 14.3%
H, 66.0 469. 3 0
(Lyman g% + 1,.1%

o=

-y

S(EsP) = S(3,E) £(P/2,P,/2)expl-a £(P/2,P,/2)]

I
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'uqs . - TABLE 14 N

Oscillgﬁor strengths, F values and trapping coefficients,

r -

_ 'Line . Absofption(a) F y(b)
(om) : Oscillator Steength
He (2p-1s) 0.2762 . 1.001 o
5844 nm + 1% -
H (2p-1s) . 0.4162 " 1.000 ' 1.5714
121.6 nm : +'1% | - iag
H (3péls) o 0.0791 : 1.134 © 0,2858°
102. 6gpm - ° + 1% - ' + 227
H (4p-1s) ~.©  0.0200 - - ,1.1§2 A 0.1044
97.3 nm ' 12 _ + 2%
H (Sp-ls): ‘ 0.0139 '\' 1.223 0.0503
95.0 nm o+ 1% . " +. 2%
H (6p~ls) 0.007§ . 1.222 ' 0.0278
93.8 rm 1% . + 2%
H (7p-1s) . 0.0048 C1.222¢@) 0.0170
93.1 nm + 1% %1 ‘ + 2%
H (8p-1s) > 0.0032 * 2 1.222(8) 5 0112
922§ nm +.1% | " . k2%

(a) From National Bureau of”Standafds-[gj..
(b)-Aséumed equal to that for m = 6.

N (c) ? = GH(QPT%%)/QEG(ZPTIQ)
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: Figure 55: Intensity of the Lymén alpha emission following

100 eV electron impact on H, versus source

pressure . (discharge source),
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1.3,5 Copcluding Beparks

. = &
In order to arrive 4t the absolute H, Lyman alphka emis-

sion cross secticn using the -apparent cross section ratio,

several further steps must le taken. 1In our case ve use tﬁe
apparent lyman altrha emission cross section for atosmic

hydrogen due to Lomg, Cox and Saith (1968) [53] as our

stahdard at 100 eV electron impact energy. This allows us

to determire the apparent H, cross sectioan qt'the Lyzman
alpha ua?elength B aake it absolute two correcticps mast

be applled Pirst, we must remove any contribution due to

'molecular vibraticnal trapsiticns, and second, we must cor-

rect foc .any p0551h1e polarlzatlon. _

The polarxzatlcn bas been determined tyldtt ét al [M];
houever, the uoleq&lar fracticn is dependent upoﬁ;;te reso-
lution of the ﬁonoch;cuétcr and must té deternined fecr every
setting of the mcnochrcmator's entrapce and exit.slits. The

molecular fracticn’vas deternlned using a synthetic lodel af

the Herner and Lyman Lands, ccnvoluted vith the resclu;xon

P

. of our mcnochromator, and conparing its intensities with

that of an experimental spectrum with the Same resoluticn.

For equal entrance and exit slits a triangular instrumental ,.

transsission function could be used fdt the syothetic sgec~

" trum. A detailed discussicn of the synthetic .spectrun®s

constructicn and an exauple are given in Appendxx C. The

folloang ratio is used to-determine the lolecular fractxon.
& -

i -.o""{:\’i

]
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T(lra:B8:EN) I (R iEpien) .
IS:Lya,;EN;EI) IS:A ;s EREX)

EN and EX are the respective entrance and exit slit widths

and the subscripts "em™ and "s" denote the experimental and

synthetic spectra resrectively. X is the wavelengtl of a
b . .

vibrational traasiticno adja¢ent to the Lywan alpha (Lya)

i

.uavelength; and tte I's afe the relevant vibrational inten=-
sities, Thus, eguation [18) allows us to'place the amount

- of signal due to the vibraticral transitioas at Lyman alpha
on an absolute scale. As a result, the golecular fraction
—

can ke exgressed as, N
. \

o

I, (Lya ;EN;EX) ,
WIEN;EX) = =Se-o-l-_l 7. r19)
3 I{Lya iBN;EX)

T
-.vibrationql and 4, Lyman alpha) at the Lyman

such ch:?H is the/ molecular fracticn and I is the total-
intensi

alpha wvaveleagth, for rance and exit slits, EN and EX.
Table 15 lists our calculated molecular fractions for sever~
al entrance and exit slit widtts. The results are not in

.+ - '

conflict with those of Shemansky and Ajello [78], whc calcu-
Aate the molecular fraction integrated over the full width

of the Lysan alpha profile obtained from a spectral scan.

. o ¢ .
Our measurement corresponds to the molecular fractior at the

Lyman alpha Iavelength. . We do ﬁot perforn a spectral scan.
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T | ¢ Table 15

Mclecular fracticns.

Molecular frafpticns <£for several entrance and exit slit
vidths of the mcncchrcmator -

51it sidths (om Bolecunlar Fraction
Entrance/Exit MIEN;EX)
0.C1/0.01 o 0.004 + 0.004
0.02,0.02 0.02% & 04020
0.03,0.03 . 0.060 + 0.030

Combining the alove results with our value for -tke ratio
of the appatent cross sections, finally gives us the B,

Lyman alpha emission cross section. It is given by

a o _. -
GAB2) O od®) 1= M (1 - pr3)

QGqH2) = -g=--- 120)
¢ |\
& . ,
vhere p is the pclarization ¢f the radiation and QLCS(H) is-

the apparent Lyman alpha emission crcss section of Lcng, Cox

and Ssith [53 ].

2.5 Results
~  The dhta from a large nunker of measurementé, taken on
dif ferent days with different source fressures, disscciation
fractions,jdischarge conditions, source tubes, Leam interac- )
tion geometries, detect&r glit uiﬁths and gratings yielded
véry consistent results. Tte fi;al valhe given in Tatle }7,

:7.03 t 0.58) x 10-18 cp2, is the mean of 24 sépérate deter—-

|
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LI

zipations. Table 16 shows a variety of parameters for the
different leasurelenr% uhile Figure %6 illnstr%tes their
distribution about the n;an. ¥e &ncte that if the twc
extrese valuoes are excliluded, so that only 22 separate deter-

. ~ 4. .
minations are considered a value of t7.13 % 0-47) x 10*10

cm? is ottained The errcrs represent cne standard dev1a-
tion. Errors in the individual deterainations came frou ‘a

combinaticn in guadrature of the errcr of 3% quoted ky Lcn;?

Cox and Smlth for their H lyman alpha cross sectlon, and the

errors due to fluctuations in the experiaentally measured
-~

-

_Farameters, These errors vwere all in tbe 5 to 3% regicn.

It is dlear from Table 17, that the F£esent measurersent has

_enahled a conSLGerahle reductlon 1n error over most df the

3

prévious uork-
Tabls 17 also lists other data so as to illustrate the

level of agreenent’betueen recént measurements. All fgnr

L

recent measureaents- are conszstent wvith one another within

their contlned error lllxts and all lie significanrly Helbf

-

the earlier value given by Fumma and 2ipf {1971).

-
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T  TABLE 16
24 separate dctcminationa.of the I-!2 Ly ¢ emissiqh
cross section and other relevant data
. 81lit widths ‘Source Dissociation H, Ly a .
Determination Source 'Ent../EJd‘tﬁ- Pressure Fraction- Croas_igcté‘on
(Dat;),; {mm) (mTorr) (x 10 cm” }
1985 - + 0.5 + 1-3% + 5-8%
1. Sept. 16 #1 0.1/0.1 . 50.3 ' 0.69 6.95
2;T§:£t. 18 #A  0.1/0.1 50.0 0.67 6.06
3. sept. 19 o 41 0.1/0.1.  50.0. 0.71 7.63 -
"4. Sept. 20 #A1 0.1/0.1 50.0- 0.72 6.67
5. sépt.'24< #1 0.1/0.12 49.5 0.67 7.39
6. Sept. 24 #1 0.1/0.12  52.0 “0.67 7.42
7. Sept. 25 #1 0.1/0.1 . 57.0 0.71 6.72
3. Sept. 25 #1 0.1/0.1 56.0 0.68 7.11 -
9. Sept: 26 #1 0.2/0.2 56.0 0. 68 7.78
10. Sept. 27 #1 0.1/0.1 39.5 0.57 7.34 1\
11, Sept. 27 #l  0.15/0.1 37.0 0.50 7. 36
12, Oct. 30  #2  0.2/0.2 67.0 0.41 7.05
© 13. Oct. 30 #2 0.2/0.2 67.0 9.51 8,19
14, Oct. 31 #2 0.2/0.2 50.0 0. 45 7.27
15. Oct. 31 .42 0.2/0.2 60.0 0. 49 7.46
16. Oct. 31  #2  ~0.2/0.2 70.0 0.48 7.74
17. Nov. 1 # —o0.3/0.3  50.0 0. 49 7.53
18. Nov. 6  #2 0.2/0.2 490 0.51 5,72
19, Nov. 7  #2  0.2/0.2) 49.6 £0.59 7.42
20. Nov.. 8  #2 0.2{0.2.  49.0 0. 59 7.15
21. Nov,, 9 #2 0.2/0.2 49.0 0.56 - 6,91
22, Dec. 9  #2 7 0.2/0.2 49.8 0.56 6.98
23, Dec. 9 #2... 0.2/0.2 40.5§ 0.51 +7 « 60
24. Dec.’12  f2 0.2/0.2 27.4 0.34 6.75
Weighted Averag_';\ q" 7.08

]



(a) A somewhat indirect calibration procedure was used here

(b)

(c)

Calibration was established u51ng the H,

TABLE 17

Cross seéctions for production of Ly a

following 100 eV electron'impact on H2

. . A(iOOeV)
References . (x :o'iscﬁz)iu
Present work - 7.08 0.58
Mumma and Zipf, 1971 12,3 + 1.4
Yan Zyl et al, 1985(2) 7.22 +1.36
TShbmansky et al, 1985(b) A | 8.2 * L.é
ngtenberg_et al, 1985(°) 6.57 + 0.53

based on a detailed study of the cascade component of
the Lyman a- 51gnal observed in H rare gas collisions.

Rydberg band
systems as standards and is thus traceagle back to the
optical oscillator strengths for these transitions

.combined with an analysis of .the shapes of their exci-

tation functions.
This calibration makes ‘use of a synchrotron as a cali-

brated light source. Full details of the technique
are given in McPherson.et al (1986) [62].

i ’ -
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7,6 Discussion and Conclusjen
One possjble scurce of Systematic error in the fresent

-~

experisent is in the’jvalue chosen for the norsalizing H
Lynan alpha cross secticn.\\rlf thig value ié tao High, then
cur value for the E; Lyman alpha creoss secticn wculd te
correspondingly high;f Hovever, some evidence exrists !as
discﬁsséd by Callaway and NcDowell, 1983 (17D in sugport of
: bigher not lower valﬁe of the H Lyran alp#a cross section
at 100 evV.- fhei Foint outfthét at enérgieé lower ttan 100
'ev, where compariscns can te made, the Lbng, Cox, aepd Smith
dqta lie about 15% lower than the atsolute data of %illiams
11975,1981) [101] [102], 5n¢ many theoretical calculatians.
Against this, of course, 'is the fact that if ﬁhé Lorg et al
‘data were scaled upwardé at 100 eV, they would exceed the
Born aéprox@p;tion at higher enefgies which is very unlike-
ly. ‘On the other‘hand, the recent letter of van Wyrgaarden
and Walters (1986). [93]. contends that the results cf Lang,
Cox, and Saith for energies from 13.4 to 200 eV is to ?e
preferréd oQér the heas&reuents of Williams. . They algo,
point out vhere the éifferences.occuc between their pseudoﬁ-
_tate calcuiatipns [94), vwhich agrees quite well vith the
reéults agf Long, Cox, and S»ith, and those'of Callauéy‘ahd
McDowell. We pl&n to carefully study the epérgy variation of

the H Lyman alpha cross sectionm in ar attempt to resolve

these protlems.
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In conclusion, .Takle 17 rakes it clear that there is a

néed for aMCOIpréhensive review of V;U.V: excitatior cress
secticn neasnrelénts, as many q;SEEese vere caiib:ated

against the earlier result cf Mumaa and Zipf.

:

ey



8.1 Ingxoducticp

Chagter VIII
: . »
HYDROGEN DISCHARGE EXPERINERT ;CALIBRATION
" DEIEBAINATION QF ARGON CROSS SECTIONS

This chapter presents part of a coptinuing project to use

. the hydrogen Lyman series emissicn cross sections fcllowing

electron impabt as a set of standards vith which tc cali-

o

trate optical instrusents Tro; 90 nl‘td 125 nn. As an-
illusftation.of it= gpplication; ¥¢ present cross séctio{
measuréments for the a:gbn tésbnhnce lipes at 103.9 na and
106.7 " nm, and the argen icr lines at 92 0 nm and 93.2 pm.
Thesg emissions were chosen due to their precence n;ar Lyman
beta and Lyman epsilcn, and because of their 1mportance as
possihle_seconda;y standards in the V.G-V--. The argcn ion

lines are especially favonréﬁle cqndidates'as.they ate unpo-

larized and are unaffected by resonance trapping. - This

" application is especially impcrtant in vur 1&borapcry?as s

‘a

these emission cross sections occur at wavelengths wlere the

—

. detection effiqieﬁcy of cur systea (fer an éxample; see Fig-

ure 19 or Figure‘57)'ban chgnge_rapidly;_ - w@h

- 179 = .



" 8.2 calibration

"The relative efficiency curve, Pigugf 57, 1is obtained
froa tvwo sources. Tbe‘principal lata points are oltained

frots the lyman series of atpuié hydrogen. i Secondéty point%

_betieén 165 na apd 120 . nnm ére oktained usipng molecular

hydrogen epissiond and the po]eculat Eranching ratic tech-
nigque [57] {11 " The Lyman emissions which- are used are
Lyman algpha, Lylan beta, Lyman gamma, Lynan deltd, aca‘Lyuan

-

epsxlon. Data relevant to the egissions is glven ir Tahle
13, ' .o N

The total excitation Cross sectlons are taken from the
Born approxlmatlcn of Vaxnsbtezn {1965) [91] at 200 ev/|see
alsc ﬂo;se;uztsch {1968) [64]). As for Lyman alpha, the
Born apprcxinations are expected to te depéndable3 for the
éntire‘Lynan~Serie§'at 200 ‘ev- To cbtain enission CLOES
sections'tton the Eorn excitation crcss sections it is nec-
essary {E make several corréc&ions. . It must be co:reétgd

for cascade, polaiization, and must include the branching

ratio of the upper state. These teras vere discussed in

Chapter 2. The necasSa:y-values are given in Tablg‘la-

»

Details of the branching ratio anﬂ.cascaﬁe calculatiaons are

\ gzven in Appendxx D’

The relatlve 5%f1c1&nc1e;\ie:e' deterained. from two sets

'of spectra. One covered the uavelength :ange 897to 122 nm

‘(see'Eiéure 53) uxth a full—uxﬁth half-lax1nun of C. 3u oo.

The. second covered the iavelength rarge from 89 tor105 no

-

Y



~

181

LY

TABLE 18
Atomic hydrogen Lyman series cross sections’' [x 10

and other relevant data at 200 eV

~-18 2
em”)
- \'J
Total - o Apparent
i .Line Excitation (a) Branching Cascade = Emission
‘ Wavelength Cross Section ‘Ratio % Cross Section
Lyman « 4.6 - 1 3.4 43.0
121.6 nm , .o :
Lyman 8 7.10 0.8816. 3.1 6.45
~ 102.6 nm - ‘ :
"Lyman v 2,52 - 0. 8390 1.9 . 2.15
97.3 nm . .
. Lyman & 1.20 ©0.8177 0.9 y 0.99 -
. '95.0 nm : ‘ > .
. N ¢ 5
Lyman ¢ 7 0,66 - 0.8053 0 0.53 :
. ' N
(a) BJ\ 1approx1mat10n 4otal excitation cross R
‘ SeCthnS from Vainshtein, 1965 {91}. ~3,
(b) Polarizatlon equals. zero for all emissions,
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vith a full-width half-zaxizum of 0.2% pm. The disscciation
fractions obtainéd'wiﬁp the respective spectra were (.64 and

O;QO respectively. Lyman teta was used as the reference

'detectxon efficiency egqual tg unity), + as it is comman to
: both spectra and Lecavse it is near the important argcn

resnnaqce lines. The formula used to calculate the relative
s eff1cxencxes is. ottalned us;ng results fron Cbapter <, Chag-

ter 7, and Appendlx B. It is

-

. » CNALYa) o Ilye) S ()

EEEDN) = mmmoen Shee o L L Ty
D) . Qem‘(l) S(Lya)

where 1} represeﬁts the vavelength ' of a Lyman emjssion,

EffA) is it?'s reiatizf efficiency, Cilya { aad Dﬁa)'are the
.‘,//;—‘ . respective trapping factors,'Qém(iya.) and Qun (A} are the
' “, respective euissicn_crdss sections frem Table 18, ard S (1)
V?nd_s:Lya ) are the respective sxgnals per unit- electrcu
-”"f;HEG;;;;:Tﬂr—;;;ktE tping facto:s‘are calculated as for Lywan
alpha isg Cﬁapter/?. '

Our aolecular fbranching-ratib technique consists of

‘.

dividing the H, epectra of F;gure 52 by a synthétic spectra

'see Appendlx C. and the figure ther21u) cf the same :esolu—
tLon, and norla1121ng the relatxve numbers to the relatave

/
detectxon eff1c1ency at Lyman alpha.
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0 Jo'g-’ 1O /120"

Wove leng +h (m‘n‘)
‘\ |

Figure 57: Relative detection efficiency as determined

by using the atomic hydrogen series, (x)

and (A), and\a branching ratio technique
with H,, (o)., The (x) and (A) data points
are caiculated using the spectra with

‘0.51 nm and 0,22 nm resolution, respectively.

'y
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B.3 Cross Sections

To deteramine thé-e:issicn crdss secticns of othejfgases
using the Lyman series emissicrs as standards, we fcllow a
similar procedure to that usé&hzn éﬁapter 5 The scle dif-

‘férénce is that instead of asing a ccnventioﬁal-théimal Jas
.source, we use an atcaic hyd:dgen.$ou:ce. The use cf this
source increases the nusber of measurements which have tc Le
rade, as our source does not produce 100% atomic hyéroqen.
In-other words, we. pust also detercgipe th; dissoé%ation
fraction. Usihg results from Chapter 5, Chapter 8, and-
Appenailxg{_thé apparent emission Eross section for anm emis-

sion (2',) using a Lyman series emission as a standard (C*,)

is given ky

o =il FE) Flfeifip) Su DL ()
“ pff b A\m) ETTGE ) s
u 133 u 1 r

wvhere "r® anpnd "g" deqote the reference emission and‘unknown
emission cross section respectively. Eff are the detection
effici&ncies.'ﬁf is the Lymaq.eﬁission‘trapping factcr,.‘Du
is the trgpping factof for the “unknoun"'%nission, r'is the-
dissociatioh“fraction, T is the temrerature of the gas for
the "unknown® emission, T! is the temperature from the dis-
charge source, sr and Sn are the resrective signals fer unit
" electron current,'f:§;,3iu) is the nusber density fero for
the "“unkncwn" enissioh, and é{?r,?i;) is-the number density

form for uoleculér hydro’bn. " Paraméters for many of these
. .
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teras are given in Chatter 7 {seezTahle 13 and Table 14).
The nunbe; density form for the -a}gcn ion lines ard the
argen rescnance lines are also qiven'ih Taﬁle-13. They are

determined from‘'the intensity versus gressure curves. of Fig-

ure 58 and Figure 59..

%
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wl;".iggre 58t Intensity. of the 104.8 nm (o), and 106.7 nm {x):
' o emissions following 100 eV electron impact opn
. Ar versus source pressure (discharge source),
5
v .
~ I )
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Figure 59: Intensity of the ArT 92,0 nm emissions following
100 eV electron impact on Ar versus source

pressure (discharge source).
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8.4 Besults and Copclusiops
Jur present :esults; aléng with those frcm several other
gfoups are é%esented in Tatle 18. Tvo sets cf numbers are
given corresponding to whether Lyman befa or Lyman e€psilon
is used asjthe reference érhss,section. Also shown are data
due to Ajello [S], esterveld [99j, Mentall and Mcrgan
(157€) [62], de Jongh (1971) [23], and previous work atwthe .
Uni;ersity of'Hindsor Ey McConkey et al [53)  and Tan é; al
i85]. The data of &eﬁtall and Morgan was originqlly.nornal—
ized to the NI 120 nm emission croés seciion follovirg eleé-.
tron iﬁpact of Buama and Zi;f,(1971)_[68j. In order ta com-
' pare‘tﬂéir croés sectfon iithlbur!s se Lave renoraalized

thei:'cross section tc our wvalue for the NI 120 nm e!ission

. cross section (see Chapter €) . Szn11arly ve have rencrual-

‘fzed_the data of Ajello frem bis H; Lyman alpha egission
CLoss séction to our present enissicp cross sectior ’sece
Radhapte: 7)a | -

Ohr_results cowéare favourakly with thoéé'of Westerveld,
Mentall anpd ﬂorgan, McConkey and nonaldson, and de Jcngh fqr
the 4LJOon resonance llnes. Hewever, - for the argcrt 105
lines, we only agree with the results of Nesterveld. e are
much higher than all ghe'cther results. One reason fo; the
d?scFepancy, at least with recspect to756£§an and Mentall,
aﬁd ijelld, may be due to systematic pioblené vher tbh
extend the detectien’ eff1c1ency of their monochromaiors to .

I

lowen uavelengths. ‘ At the_samg time, the variance_nay ke

e
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due to syételatic Ercblens of cir owvwn. For example, ourg
r;;io of the two argon ion“cross sections is defititely
greater than the cthers. It may be that this is due fo.the
flatness of the detection efficiency curve telov 95 pm. If
the curve was fb céﬁtinue incréasing,l then cur ratic would
te réduced._ ; |

Our results are preliminary in qaturé and require addi-
tiénal aeasurements in order to verify cur results and the
mefhcd. In ordef to rendie scme of the uncertaintf in the
shape of the detection efficiency below 9§ qm,. ve irtépd to-
extend the molecular ht;;Ching ratio technique. This

requires the inclusion of additional molecular bands into

our synthetic model.

Toa

&y
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- TABLE 19
Argon ion and Wmmosw:nm.mswmmwo: cross sections
for 200 eV electron impact
~18 2
] mapmmwo: Cross- Sections {x 10 cm” )
Present Results
Reference Line

Emission” . Ly B Ly ¢ Average . _(a) (b)) {(c) (d) . Amv
QN.O nm m.ur O-O “:@ M.O@ N!@N w-ﬂ ‘.mumf o L=
" + 8% + 10% ’
93.2 nm 2.1 2.5 2.3 1.17 1.26 1.9 2.75 - -
+ 8% + 10% . -
Ar 104.8"nm 11.8 13.8 12.8 14.8 .Ho.m., 16.0 - - . . 16.5
+ 10%  + 12% - _ «
S . - .
Ar 106.7  nm 5.1 7 5.9 5.5 ,5.74 4.30 . 6.3 - 6.5
. + 13% 4+ 14% - ,

(a)

(b)

(c)

(d)
(e)

Mentall and Morgan [6 3]. They. normalized their cross. sections to the NI 120 nm *

emission cross section of Mumma and Zipf [6 8. Wwé have renormalized their values
using our NI 120 nm emission cross section (see Qrmuom& 6). The correction factor
is 0,58,

Ajello AU1H<mﬂm communication), ZOdBmHHNm& to our : FM « emission cross mmnﬁHo:.
McConkey and, Donaldson [58], Ar, and Tan et al mmmuu >-.. . _ :
Westerveld (private OOEBC:HomnHoav

de Jongh (unpublished w:.c..drom%mv f23].

3 o
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- ' _ Aprendix A 'f
- . +
GAS _PLOV; DETERAINATION OF MOIECULAR DIAMETERS
NON-RESCNANCE_EBISSIONS

AT
) »

*,
Usind results from thaptér_Z, it is possitle to deterwine
the uolecular—vi;ccus intersecéion pressure f{ou our;plots
of signal versus driving pressufew ‘{see Chapter S for éxau—_
Fles) for differemt gases and soufces. Fron determinations.
of the molecular-viscous in&e;section pressgfe for two dif-

ferent gaéés, it 1is possitle to determine the relative
- ¥ molecular diameters fcr the gases.  The molecular diabeters
can be made absolute if & standard is assuned. For the two
. . 1 - = .

.différent gases, their resgpectiveisignals can be exiressed

v o4 LT

kty ‘ ‘ oy

SIANERE ) - - adta)

s2a) £BE,) | " taeth)

Sy {P,))

SZ !Prl).

If the outlet pressure is mubh smaller than the inlet pres-

sure equations {A.1) can te written as

S1{Psr) = 5,(n) £(Pr2,P {A.2a)
* N . i . .
Sz:Plh) = 52(2) f!P/Z,Ei “Ja. 2k)

-

- 191 -
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-

Perforning a leasf sguares fit of the approgrxate eguatxon
~

S . ~ to our plcts we can determlne the: scale factors, S, and the'.
molecular-v;scous 1ntersect10n p!essure, E - -
Using equaticn !56) frcn Chapter 2 1t 1is possille to
“'determlne either the molecular- v1scou¢‘1nte;=ectlon [ressure
for a source. Sr the mclecular dlanetet of the gas urder
‘ N
btUdY' glven a ;tandard. If bho standard 1s availatle only N
S -
relatlve values are . obta1nab1e unless the diameter’ of the
source, D, can.pfvdetermlned. - Thus for two dlfferert géses
- the fcllowigg ratic‘canfbe considered.
a4 ' 2 L
1D = 3. v x 10-19 T/§1 Terr-ca | ' [A.ua);

- I , . D = 3. 1 b 10-19 T/Ez‘ . Terr-cn T . (A-4b)
and- iz L - S R

P } . 2 . . " . .
A P. 1, [E S
' - l _il‘_ oL W, {..2 L ’ L o :A- 5)

"AIf the gases-abe studigkd at_tﬂ% same temperature (T,=T,)

. then
]‘. .; . '2
.- . B, g - - » .
o T e
Bia 1l v | '

.'Values 'hidhuﬂe ~have determined from our Flots usinguthg
aboie eguation§ are glven in the folloulng takles. One
should also note, that the ratio S:(X)/S52(0)  is related to

J
‘the ratxo of the respectlve effective cross sectlonc..
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5 ~E i —
" TABLE 20
Mbleeu;ar datarfo; Chaptere 5 and 6§
) The?r?tieal S Experimental
y Diameter P, . Diameter. .° . P,

. Molecule .8 . S S 8 ‘ i
“{Line) ’(x 10 "em) - (mTorr) (x 107 “cm) (mTorr)
CAr o 3.6 127.4 . 3.63  127.9

'V(ArII 92,0 nm) : + 3i7% + 4.0%
ap 3.64 127.4 3.65 126. 6
(ArIX 93,2 nm) \ . + 4.3%  + 5.0%
ar(®) 3.64 127.4  3.64 1274
(Average) K T .+ 3.3%
o oH, 274 22408 o273 0 226.0
(Lyman a) S + 6.4% + 8.4%
_SF. - 5.77 50.76
- (F1 95.@ nm) - 7 ) . ‘kg 3.7% + 4.0%
N 3.75°  .120.0 3.59 133
(NI 123.0;}7‘ - S +12.3% -+ 17%
He . 2,18 ) 355 2 - -
Ne - 2.59 2516 - o

(a) Values for the'diameters are ﬁaken from7Kennard £44].

(b) The average of the two ArII results is used as the
‘standard. :

T m———
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'TABLE 21
- Molecular data for- thap'ters 7 %‘ld 8
_ ‘ Theoretical . ~ Experimental
~ Molecule Diameter P. Diameter P,
: s i -8 i
. (Line) (x 10 "cm) (mTorr) (x 10" “cm) (mTorr)
o~ Ar(c) 3-64(3) 265.9 3.64 265.9
(ArII 92,0 nm) =~ = - - + 7.9%
' : _(') .. . L
Hy | 2.7 469.3 - - . o
(Lyman.a) . : ST o e
He  2,18@) 54, = -
Hoo o 1.06%) q136 - -
‘ . _ _ .
. . P W
(a) Values for the diame_tefs are taken from Kennard
-L44d. ' a E
" (b) Diameter of first Bohr orbit.
_ {c) ArIx is*psed aé'the' ‘standard. , N
: '\\ ) e " r
\
; =
l L
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B-1 Developsent

Appendix B

GAS FLOW: TBAPPING BODEL

BESONANCE_FMISSICKS

S

This.agpendix deals with a procedure for applyinc a cor-

rection due to the ncn-linecar effect which rescnance trap-

* r

. . e __— o
ping has an the\detectlon_of rescnance emission as a func-

Y

tion cf'the_targefwnunbé; denéity- The method éiso providés
a neéns by vhigh‘ielative cscillator strengths'can be deter-
ained. ' ' |

The sjstem tz}Ibe quélied,cohsists oé a monoenergetic
electron Lkeanm . impacting_a .t;régt gas-'uhich subsequently
enits radiation. Tbe'radiétion is detected a distance, L,

in tbke z-directicn,’ from the interac}ioh region.

In order to derive an analytical expression, four assump-

tions are made.

I. the system is in equilitrius
II. the enitted radiation is veak B, W . /A, . << 1)
: ij 31 i e

-~ 11I. the initial light prcductxcn prtccess can ke *
‘ considered- sepax:ately frol the trapping mechanxcm

IV. the spatLaI distribution of the gas bean is
identical for all gases

N
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’ .
Por a gas target composed of similar atoms with = gquarntanm
states, the rate at which the nuaber density cf atcas in

state r, Br' changes due tc an incident light Leam is given

by:(see Lcudon [c4])

r=1 _ m o
d¥, = ZN E W ¢ TN IA_ ¢ B W )
- — i=11 ir ri j=I‘+lJ Jr Jjr jr K ]
dt ' . _.
r-1 - m - T . .
- I K. A + B W.,) - KB _W {A2.1a)
. k=1r rk . rk rk 1=r+f rlllr
= 0 far all r (steady-state condition) {A2.1h)

vhere igj is the energy density corresponding to radiation

of wavelength vij_= {gig.— Ej)/h, and A and B are tte Ein-
stein coefficients. The terms on the riéht-hand side corre-
spond to excitation to state r 5y_the radiation field, cas-
cade inta staté r, decay out-of s£até r, and excitation out
of state r by the radiation field. |

Uudér,steady;state conditions the following eﬁuations are

valid.
N, . B..W.. "
- = _l_f-_l:i.ll;_f i>j . 1A2.2)
N, a,.. + E. W, ' : ‘
and i i3 i, . ,
[ . J i .
N{P;Z) = B N, [P;2) - : [A2.3)
i i o

vhere ¥ is the total number dersity ofAEtons and is a func-
- tion of the driving Fressure - of the source, P,. and‘is a

function cf poéition. " “For sinblicity of notation these

dependedces‘vill not ke explicitly shoun; That eéuaticn .



term corresponds to loss through spontanecus decay wkile the
' second térm corres;onds to loss thronﬁ/;:I:ﬁgated GIISSIOQ%
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{(A2.2) is.a‘solution to equation (AZ.1) can be ‘checked Ly
substifutioq.

‘Onder steady-state conditions, the rate at which epergy

of frequency W, is lost frca the radiaticn fzeld | s givenh

by it > s5)
£-1 t=1 -
Bsp = gy = B by Glv ’[:1“1;1 ¢ __E_lBt:j-njt] (A2-4) 7
ot ?z ' ‘- ;#s.

~

where I 1s the radiant energy crcssing a unit area fer sec-
ond. It is proportxcnal tec the signal ueasured by a detec-

tor and G(wv) 1is the line shape for atsorption. The_first

L2

Hultlplyxng=equat1cn- (nz.u) by N /qt‘and 'using éqnaticn
‘ s :

IA2.2) gives

_ tel  t-1
a.Ist_:_;_ - fl"t;s st ser"ts [Z Ay +2 Bt;; Jt 9.
ST T TTTTTT i=1 j=1 (A2.Za)
B‘z L Et:s st j#s
b, '
=-N_hvw | ‘ : .
= _____t.f‘i_s.t; t._-_t .). st . . (A2.5h)
(0% B T e/hs) |
vhere - t-1 k '
. | 4 =1+ 1 ¢+ B W /A A A AZ.6).
st E; * BV tJ) tj/ . | { }

Por weak light sources equation {A2.5) can be simplified

to
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where

Using the

and

vhere ¢ is the specd of

and f ¢ the absdrptihn oscillator strength, eqﬁation :A2;7T

h

_ . t-1 -
'Nst“ts Es¢ a_st Glegg) j=1 bj/Bes

r

-N bv Ee e bl Ft

t-1

F =, A _/A .
st J:j:l__-t;j ts

following. two relations

§ =.I/¢

] ) = 6.670¢ 1015 n
_tsEst ‘ < x 1015 Cfst/ﬂ.

. €an ke exgressed as. ' e

°Lst

8z

vhere

For resonance radiation, s=1 where 1

K.
st .

=-6.6702 x 1015 v § G{iw )P £ [
———S ts st st st

n

. %

NI

LKst s st

= 6.6702 x 1015 1 g!
| 6 X 10 :T-- "ts)Fstfst_

n E ]

ground state of the aton, equations'(k2.11)

. beccame

b

. ™ .'f’f;’* :

(A2.7b)-

(32. 8).

{42.9)

(AE, 10)

light, N the index of refraction,

LA

{22.114)

{§2.11b)

{424 12)

Lepresents the

to (AZ.12)

R
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142.13)

_a__f].;_ = "B by

92

wvhere

Kig = 66702 x 1013 1 G (u

1t 1B Bt

—- A2.14
A { )

As a first afpproxipatién the line shape for abscrptioﬁ
can ke assumed to terbopplet—broadened. e will alsc assunme

H

that the gas is gcverned by a Maxvell~Beltzmann distritu-

tion. Therefore ' .
Giv) =[2ns zl-exxvl'-:v - ¥p) 27282} ~ [A2.19)
' 2 ' ' ,
vhere 6" = ﬁg kT/mc2 : (A2. 16)

Making the Further approximaticn -{w ='v°}, G{v) can'le vwrit-
ten as . -
Glw) = !ZﬂH)—é - . 1a2.17),

.

This assuuptioh éorresponds to assuming that the ipcident
radiation is a delta functicn. Dhe"-l:p our use of gas bleams
it is very difficult to know ﬁhe‘ exaét -for‘n of "".'both_ the
emission and abéorption line shapesl.'-.‘ However, the abbve

approximation gives acceptakle results. Using {A2.17) cur

Cexpressicn for X Lecomes: : .
i ° )
Ky, = 6.6702"x 101 ™ p. £
1t At (A2.18)

n (2nb 2)
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. Since cur source outputs atcas 1in their ground state an
expressicp for N, which is a functicn of the pressure, P,
and thbe distance froam the interaction :egion,-z, is ne?ded-
'Usiﬁg results frca Chapter z, N{P,z), .qan he expressed ig
teres of the nuaber density at the interaction regicn !{tarc-
get), N, (P) and the conductance, C(z), bLetween the iute;ac*
tiop regicn and the pcint z. Thus
o .Nx P) .Clz) : :
N, Psz) = sees—o——oe- - [A2. 19)
Clz) .* vA . .

»

vhere v is the flow velocity, and A is an element of area at

Z.  Assuming molecular flow between the target and pciht z,
one derives .
N, (2) G(2)
Ny {FiZ) = = —eemcecceccme—e— e : (22.20a)

Gi{z) + 1.12812k)A

Ny (B) g (2) - | _ {22.20k)

vhere g!z) gives the functional variation with respect to z
aﬁd is gas independeﬁt. Naturally N{F:z) will depepé on the
gas sogurce and experimental gecmetry. Substituting equaticn

{A2.20b)" into equaticn (A2.13) gives

’ e dI,. ‘ | ~ e, |
,o==kE . g N (P) g{z) dz e (A2.2 1)

Integrating equation [A2.21) gives
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1n ‘Ilt/Ilt) = -Kltﬁ‘ (P) G‘L) (A2.22a) -\\-
cr - .Io . _22b N,

- I Py = P -BE N (E)G({L Az.

| 1t( ) 1t( } exp( 16 f )G(L)) {az )
vhere L . .

- G(L)y = [ glz) dz : . {A2.23)

/ 0 o . :
‘Using equation !61) from Chapter 2, the expo;;;E\tan ke \\

expressed as . : ) _ L .
’ ' . ) ’ . . SN i
. \ . h J¢|}"‘t\

S

r

KjgFt (BYGIL) = K GIL)E £(E,P ) /kT © {22.24a)
rere = altg; BT /T | (g?.zuh)
o o, = ch-)tc (L) B/KT_ . - (52.55)
L (® = I (Plexpl-o £(F,F)T /1) (42-26) .

Tr is a referengg temperature {for exasple room temgperature)’

and qlt vill bg called the absorption co;fficiéqt. ;:Note

that it isn independent of toth pressure ana temperature;

Wwhen 1T ééuals the tﬁe reference tehperaturé, AT;{éguatich “‘
:az-zaf is simplified. For'the remainder of th}s‘diécuséicn

this eguality will péJassuned as thié ¥vas always the "case in

-our'experiments. Thos, equation {42.26) becomes

O

LB = L (Pexpi-a £[P,E)) (82.27)
) ' . L '
As I is proportional to the detected signal, S, we have .

L - .
o |
~5 p = 5 P,.) exgl{—a £ P
lt( 1) 1t (B,0) El e (P, i))

(A2.28) o

If Ty equals zero there is no resonance trapping and

LA,
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\ . o ) - L .
VS, IBA) = SO (P, T (A2.29)
Ve Fer) 1 ) _ 3 )
Voo = 5, M) £(5,3;) - {a2.30)

-

Y-
£

-

" where S1¢ ) i\"‘s - the constant o© rcportionality . fcr the

erission. Conbi:\ging the previcus results we fipally hav.e'

’ o —_ o — - ‘ ‘
- S E,\) = & x)y f£(P.E exp[-a f£IE,P 122.31a
16 (EeX) lc}:( ) -(__i) PL et i)"]‘ | )
' = S, (A\) £{(P,E,) D{1t,E,2 ) {22.31b)
where lt_-'__ . i “ _' > oo ‘ '
‘ D(t,P,P ) = exp[-a f{8,P )] {A2.32)
i 1t i ' -

D:”:E'Ei) -is called the trapping factor. 1If molecular flow

condit'icns”prev‘ail, “HE. ‘l{ave the trivial result
& e,y = s° () %‘exp[Qa E) S (A2-33)
"11.'.. '_ Slt ) 1t -'_ -

3
-

‘B+2  Spegial Applications
. Tuc appli.t':aticn"s -are o'f' special iﬁterest'.- . The first .

infclves determining an'“unknéw'n" i:ra_pp-ing f.actor fx;oin .a

"knowo" 'trapp_ing factor. ° Froa the precedin'g results the

following relaticnship can te derived.

- . : o o Y (F ’F ) .-h "

D {1t;F ,F )= (1s,P ,E ) Ur u " ‘s 3y

shere u u 1iu r ‘T ir | - - -
— - ‘u. - “" . r ) _' - ] . .
Yur(Pu’Pr) - altf (Pu'Piu)-/ als‘f(Pr'Pir ) “2',35'3)

! = Y. f‘Pu'-Piu)/fl r.Pir) S (!2.35b)\
d -l, = u . I ® . ‘ -36
e Yar T %16 / %1 | 42-36)

<



Y 1is called the trapping coefficient. Note that e€qguaticn
ur ’ ' .

WH(A2.35b)'_réducgs to Yur Ghen.lolecuigr flow. conditicns Ere-

vail and egpal pressures f?t_z 3lLﬂ are usedf.

The second involves deteraining relative oscillator
strengths using fwc;knoin éhsorpti&n coefficie#té- . The con-
verse is ﬁalso-feasihle..  Ihé.tespi£§nt relationship is

: -

_]assu-iﬁg equal tenpéra;ures)

-

el T htheMe™N o | (22.37)
r
®1s Fisfis lls gr

where A and A are the corresponding vavelengths, and M
1t 1s . : C r

and M are the corresponding atomic {molecular) masses.

Tatle 22 to Table 24 1list results relevant to Chapters

4 to 6.



TABLE 22

Oscillator strengths, w values, trapping mmo&01m. and trapping oommmwopmsﬂm

A for the helium mxﬁmﬂkamnﬁ of Chapter 4
He Line = ° >Um0ﬁvaﬁcnﬁmu : Hﬁmvvwsmﬁvv
Wavelength omanHm¢0ﬂ mﬁdm:m¢:m . F . Coefficients . eﬁmnvvsm wmoncﬁm
n:av : ; : . ‘ Y - P =.1.4 uTorr P = 4.9: pTorr
2p = 1s 0.2762 - 1.)oo1 1 " 0.944 . 0.803
3 ~1s 0.07332 - 1,024  0.2500 L 0.986° 0.947
53.7, -+ 1% : + 2% : +2.3% . +5.9%
4p - 1s 0.0302 . 1,035  0.1011 0.994 . 0. oum .
52,2 + 3% - £ 4% - . +1.5% k3. 8%
n2sp - 1s  0.0153%) 1.039¢°) 0.0508(¢) 0.997 0.989
+ 5% ‘ + 6% + 1.1% + 2.7%

(a) From National Bureau of mom:nmﬂ&m ﬁ@u
AUV y=a / ey Anclev» a = mUmOvawo: oommm#nwm:n .

(¢) We have :mma the value for n = 5.

o'y
.
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Absorption coefficients, oscillator strengths, and F values

Atbm

" for éhapters 5 and é

{a) From National Bureau éf"Standards [9} [10].
(b) He (5%.4 nm) is used as the standard,

" Absorption Absorption
Wavelength Oscillator Strengths . F Coefficients ]
(nm) NBS(a) Experimental (mTorrf;l;' |
He . 0.0734 0,078 . 1,024 0.0223 v\
- 53.7 + 1% |+ 5.3% + 3.8%
T we®) < gl2762 0.276 1.001 0.0843
58.4 + 1% + 1% | + 3.6%
J'Net . 10,162 fo0.11 © 1.000 0.0923
. 73.6 & 25% + 4.7% . o -+ 2.9%.
. Ar - o.254 .. 0.16 . 1,000  0.275°
S 104.8- + 20% + 5.2% + 3.7%
Car 0.061 - . 0.048 1.000 0.0825
1106.7 + 20%.° t 5.0% + 3.4%

N T L EE TR
P PR A -
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and F values

(a) From Natlonal Bureau of Standards [9] [10]
(b} He (58 4) is used as the standard.

o

a

C

Atom Absorptiog ~ Absorption -
Wavelength = Oscillator Strgngths ‘Coefficients
- (nm) NBS(a) (mTorr—l)

He(‘b) 0.0734 , o‘.0734 1.024 0.00338

58.4 1 1% + 14.2%

. Ar 6.254 . 0.166 1.000  0.0425

- 104.8 T+ 208 + 15% £ 4.7%
CAr.  0.061 "0.065 1,000  0.0168
106.7 : + 20% “+ 20% ' + 14 3%

» .



lppendiz c

.gz.SIlTHE!IC SPECTROX: HOLE UL!R EBISSIO!S

-~ H
‘This appendix  illustrates the technique which ve have
used to create ogur wclecular'bydrogen' synthetic - spectrum.
‘Only'vibraiionai transitions are considered. Qur starting

place is a papér‘hy ucConkey'(1969) [57]; AcCordihgly; the‘,

intensity of a vikrational tracsition for a given bard is

I = C N’E3 .32  ! ﬁbtons s) -
viv? V'EV'V e f}V'V” € " / )“

- -

where'c is a constanf, "vf is the popdlation of ; € vibfa-
tional level v* cf the upper €lectrcnic stateﬂ//v" is the
.v1brat10na1 level :0f the lowver electzonxc sté;e, Ev'v” is
'the enerqy dlfference betueen v? apd v"' "e is the éverage 
valqe of‘thé‘electronic transition lezy% and g v” is the
?r&nck-@@néﬁd'faétor.‘ -As-iz varxes siowly u1th1n a given

band system, it may be effectlvely tegarded as a corstant.

Consequently, ‘¥e may revrxte eguatHKL kll.1) as the propor-

.tlcnallty o o /
. . ‘..3 o . -‘ . ) - ] Co N
1 , =N g e (A3.2)
viv vt owly® - R . '
‘where A is the vavelength of'bhe-y', i"'transition..‘ cr
e - 207.-



‘of the ground state,_thus eguat1cn (53 5) 1S a Sum. . In oth-

g - o o 208

Likevise, the rate of excitation by electron impact of

level v' from level v of the ground state of the molecule is
\—{ . I : L
) . I . - . . St .
given by * : | ‘ ' L

R < i N

o v Tgyr G21V,v1) molecules/s) [A3.3)

vhere i is the electron carrent, 8, is the ggﬁﬁnd state fpop-

- ..
[

ulation in level v, and Gziv;y') is a furthef elécfronic
factor which may vary qlouly #ith 1tternuclear separatlon
prov;ded ‘the electron enerqgy 1s\vell akove the threstcld fer
the procecs (see Nlchclls {69 ] - Ecr'lote details). !ssuning

it to be constant for a glven tand and assuuzng that elec—

'w.t:on 1mpact excltatlon and rad1at1ve (EEan are the 60l1nant

i
processes 1nvolv1ng the w! level then in equllxbrlun, _the
~ .

_Lﬁiépulatxcn of the v' level 13 glven Ly

. - . ‘_V . ) - - ".“ . . . b " Al' ' .
Rer =1 Ny Iyvr IR ‘ BERCESRY

'Comhinihg equaticns (53.2)'and‘(a3{§) we ‘have

T i . 3 ; . - ‘
I s = l_NV qwlqv'v,_/?t o | {A3.5)

-

In qeneral, the- lolecules can be in more than one level

-

. er 'words .
If'v' G“E!l!' E Nv qvv' ' (Al.6a)
A o
. A3 o '
“and : - . ' . /’L‘ i L
: SY' « i 5 N, Ayys J, . “tA3.6§y_
: -
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If equation [A3.6F) is vritten in terms of a probability;

then - -

T - H = T Ny P(V,v') ' (23-7)
& ghere v! v 'VL '.
. PvY) = g, Tq
S _ '

i (13.8)

vv!

“Piv,v') is the proktability that a molecule in level v will

 end;up in level wv'. Thus, given an initial ground state

+

°

level 1istributicn jnv), and tkte Franck-Condcn factors, the
fFopulaticn of the excited level can te dalculatedi_
In order to put the intensities or an absolute scale,

eqhatipn (A3.6a) is normalized to the total tand intensity.

Thus
o I ;.4 q_,..N_, /23 .
12, = ----¥iY'. ____!_Y..._x...- 1 (A3.9)
viv .

. ‘ N

In other words 190 27 1s the relatlve intensity for.a level
viv

tran51t10n within a tand to- that for the entire. band. The .

sum is over all flnal and initial levels uxthln the tand._
He have calculated the relatlve 1Dt&0$1t1€5 for toth the
Lyna and—ﬁerner tands for a varxety cf initial grourd state
EOP atxcn dlstrihntlons. Houever, due to the lem;tratures
.at which we oqeraie {near rcon tenperature?, no sxgnlflcant
populatlon of excited ground state levels 1s expected- . At
300 K, -the ratio of molecules in the first‘excited‘leyel.
(v=1) to that in the zeroth level {v=0) is 2.16 x 10-9
Hence equations (A3.7) and (A3.8) can be simplified to

i
Ty
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N = Ng P{0,v') S (A3 10)
and vt ) . ‘ ,
’ PO, =g ., 7/ z qov, | {a3.11)

The Franck-Condcn factors:can te calculated using tte tran-
siticn prctabilities and oscillator strengths of Allison and

Dalgarno {1570) (8] The equaticn relating thea is
L A 2 3] o (A3.12)

uhete‘h is Planck's conétant. c,is the speed of light, £

.the oscillator strength, apd A . tbhe transition prcbabili-
- vivy

ty. G is a factor whxch 1s ccrstant Hlthln a/h@nd.. It is

given by the deqenerac1es of the electron1c levels 1nvolved

S
in the tran51t10n. The Lyman tand (Bls *- X1 % *)- has nonde-
g

generate upper and loner electronic ctates' hence G=1. The
¥erner band @CIII* - X‘Z'#) involves a transition from a

_ . k | "u g . &

doubly degenerate upper state 'to a nondegenerate lower

state; thus G=2,

o,

To obtain Spéctra resesbling cur experimental spectra'it,

) is necessary to incorpbrate the resoluticn cf our mcnochro-
mator. A trlangular 1nstrumental transmlssxon functlon 15

used for each vxbratlonal tran51t10n u1th1n a specxfled wav-
elength range. Figure 60 shous an e;anple of our synthetic

specttnn from 100 to 130 na uﬂing a resoluticn of Ce 34 nm

full-width half'uaxinun{. ﬁxth our gratxngs thls cor:espcnds
) S

to slif'widths-of 0.2 mm, The top fiqure shous the Herner

R
il

vvt
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. . o211,
band, the middle figure shows the Lywan ltand, and the bottosx

figure shows their sum. _Tte figure also shows the fositian a-
of the Lysaa alpha wavelength. A straight sun is used due -
to-the near equalify between the total Lyaan band emission

Cross section and the total Werner tand emission_crcss sec-~

‘\/’“\-

tion [6]. According to Ajello'et-al {1985) [6], thesze cross

.-secticns are 2.67 -x 10-17 cg2 and 2.78 x 10-1? cp2 respec-

1]

tively. AN
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= Figure 60: Sample synthetic H2 spectra with 0,34 nm
' resolution. The spectra /depict the Werner
band, the Lyman.band, and their sum, . .
' Y
. \-\ ? L] “'
. . . k‘
* g
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_Appemwdix D ...
ERANCHING BATIO AND CASCADE_CALCOLATIONS.

This‘agpendix dgscribeé the‘wefhod _;sed tc calculate t#e
braaching ratiﬁs and cascade cohtritutions fof the'at&iic );
hydrogen Lyman series. ‘:“l _ \/?
| The branching ratios are calculated using transition
prohabxlltles 'E1nste1n A cceff1c1ent) fron the Hatlonal
_ Bureau of Standards [9] and eguat;on (7a) of Chapter 2-7 For
COnvenLence it 15 presented again.
_E{n*l'nl) = A{n'l'nl)/ EA'n l'n"l") au. 1)
' ‘ . n"1”" |

B{n*'l'nl} is the_b:anching ratio ahd A(nfl'ni) is tke‘tranf
siticn prohability for the n'l1'-->pl tr;néition in atomic
hydrogen. |

The a#parént,crdss section (cascade included). for a Lysan

©* series emission can te given by
Q* [np=>1s) = B nplis) [Qinpis) + Q finp)] IAL.2)
. T, [+

uhere Q(nrls)' is theﬂtotal‘excitaticn Cross secticn and
e

Q% (np) is the alcqht of cascade 1nto the state np frca high-
er states. It can te exptessed by the followxng recursive

relation in: uhxch noraal spectroscopxc notat1on is used.

h

-
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© 20-.!-1 ) . o '
Qc(nozo) = T _z B(nlzlnogo)f_'g(nlgllo) +
n1=n0-|_-1 11-.&0-1 . iR
Ll#lu
£.20
1 ~
}Z
® 4,+1 . - -
T P> | B(nzzznl_zl)tg(nzgzlo) +
n2=n1+l £2=£1—1. SR .
22#1
| 2220 .
.';' -..O.Illl....-.lC.]] ' - ‘ . (A4¢3)

ﬁhilé the seguence is inficite, only a fimite numter cf"
States is usedi . because the tctal excitation cross éections‘
for higher states fall off approximatelf‘as n—3. . Pach suc-’
cessive te:u'is detgrmdned~hy inéreasing the indiceé of the.
préviqus term by 1. | |
Cascade céntributions fpr'ZCOheV €lectron impact can te
estimated by using fhe Rorn approximation cross sectich; cf
VainaQtiﬂn [91] (qgfsee Moiseiwitsch [64 ) for the total
eicitaticn &?ﬁss.éections. Table.ZS--lists these crcés'sécd
.tions alona uifh their hrénchin&\ratiosﬁand cascade fpercent-
ages., Note that ué have qnly included terﬁs up to n=6. The
ca#cade percentﬁ%e is defined to lkec |
% cascade =‘Qc(np)/cznp1sr. | .:Aﬂ.uy
. " /
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 Table 25

CIoss sections used for cascade calculations

Born approximaticn totai excitation cross sections ([Vainsh-
tein, 196S) for 200 ev electror ispact - .

Transiticn .Cross Section
{(x 10-18cn2)

—— - ———— . — i —— s i

- H!ls -=> 2p) : 1.6
Hfls -=> 35}1 o 0. 51
H{ls --> 3f) ' 7.10
H71s -=> 3d) S ~0.33
{ls =-> &s) - 0.9 :
. Eo 1
H{1s --> 4p) ¢ 2452
. HI1s —=> 4d) . " 0.18
' H{1s =--> Ss) . - 0.09 -
H{1s -=> Sp) 1.20 - -
0 —_— S
Hi1s -=> 5Q) : 0.09
H(1s -=> 6s) . 0.05
“R{1s -=> 6p) . b.e6
HIls ==> 6d) 0.0
. :
. R
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