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ethods are presanted fo; abqulrinq énd analysing
polarisation da}a‘%akon_fith the beam-foil 1light source using
. & tilted. foil rha.o iothodl include a octhconiiltont .
t0chntquo for dotorlihlnq the axis of a plahe polariser, as

~

wcll as the fast axis and phase of a rotardcr.
] . general lod theory. of liqht oniloion 1n tho
' xtnut!on for a ctucado-frco source ulinq the
- spin-independence hypothesis is reviewed and extended to in-
clude the evaluation of the stokcs Parameters. Alignment
and orientatiion aro dclcrib.d by excitation parameters using
.the spherical tensor tor‘llisﬂ. Th.o- excitation paramotors
. ré then related to the Fano-Macek parameter- and some con-
sequences and . examples of the formalism are examined.
* The rl-ults of three cxperimentq using neutral
Helium are presented. The first examincn the polariuti{ ®
of fout singlet transitions as a function of foil- tilt
angle. The ‘second presents an examination of the npectrum
" of Helium transitions betwecn doubly-excited states and the
polarization vs. tilt angle for four. such transitions. The
third examines the complications which arise when the poiir-
ization vs, tilt angle is measured for the kriplot tran- .
sitions ana presents some results for three such—transit}ons.'
A lu;vey of the polarization of fifteen Nitrogen II
transitions ‘and five Nitrogen III transitions measured at-

0° and 60° fo}l-gilt angle is presented. Complications

iv



v arieing !n)mruolv.“ Hyperfine st
fedlved THOtUre are uqhod detail.
o Bxpe ‘ 1 evidence for the validity of the lptn-
Lndopondom Nypothesis is digoussed. An empirical ruh for
uuuunq the rohun magnitude of the circuur pohri-

sation fraction at lam tile pqll is also prountod.

’
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, CHAPTER I
: |

INTRODUCTION

Y

Beam~foil spectroscopy (BFS) has been a fertile area
of experimental atomic phsyics for tﬁ! past fifteen years.
It has recently been chosen as the topic for Volume 1 of

Topics in Current Physics (Ba 76) which offers an excellent

and comprehenbive review of the subject by elevem authors.

Another recent review of the entire area has been written by
‘H. G. Berry (Be 77). Five international conferences devoted
to beam-foil spectroscopy, each with published proceedings,l
have stimulated rapid advances and have helped the dissemin-
Aation‘sf new techniques to laboratories around the world.

BFS under usual conditions utilizes a fast positive

ion beam (v = 0,0lc), at high {Yacuum, which passes through a
thin (3 - 50 ugm/cmz) exciter foil before being collected in

a Faraday cup, which provides the means for monitoring the

L7,

beam chrrent. The foil (usually amorphous carbon) causes
the ions to populate practically all excited states, including
those of sevefal different ionization stages. Which ioniza-
tion stage pfedominates depends upon the emergent beam
velocity. Spontaneous radiative decay of these excited

states produces a spectral source with unique characteristics.

Many lines, mostly from multiply-excited states, have never

l3a 68, MBB 70, Ba 73, SP 76, De 79.

1
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been observed from conventional sources. Collisional line -
broadening is.non-existent dueiio the high vacuum condition
but Doppler broadening when viewing the beam perpendicularly
is significant. '

The well defined foil location, together with‘the
known beam velocity permit positions alohg the beam to be

simply converted to precise times since foil excitation. By
- BN

passing light collected perpendicularly from a short longitudinal

section of the beam through a qoﬁochromator, the intensity
of a selected transition may be measured as a function of
time since exqitation. By starting such a measurement close
to the foil and by m?ving the foil in small increments a’
decay curve for the selected excited state may be directly
measured. Such a curve for the ideal case would decreagé in
intensity as a single exponential function whose decay ~ |
constant would be the reciprocal of the mean life of the
exicted state. 1In practice,\gascades from higher lying
levels and blends from spectral lines of another ionization
stage complic;te the analysis. |

o The previous brief description has been given for
what might be categorized as classic beam-foil spectroscopy.
Spectral identification and mean-life determination are not
the only measurements which can be performed with the beam-
foil source. Two types of measurements are sensitive to the

anisotropic nature of the excited states. One is a quantum-

°-
beat measurement in which the light intensity is observed to



.be modulated as a function of distance from the foil. The

[

modulation frequency is a consequence of a coherent super-
posi;ion of elosely spaced (in energy) excited levels,
usually fine'structure or hyperfine etructure'separations
if performed with no extérnal.fie{d. The coherence is a
consequence of the sudden neture‘of the exeitation which

must take place in a time at least as‘short as the foil

passage time. 1In fact the same phenomenon has been observed

with a gas sample in place of a foil 80 the relevant time is .

almost certalnly the two particle COlllSlOn time (= 10 -16 s)
and not the time of passage through the f011 (SLMH 79). The
amplitude of the modulation depends upon the degree of align-
ment or orientation present in the exc1ted dtate. These
dhantltles are measures of the anlsotropy of ‘the excited
states which also influences the polarization of the emitted
light. The determination of this polarization constitutes
the second type of measurement alluded to above end is the
.Subject of tﬁis dissertation.

The beam-foil excitation mechanism and ehe way it
relates to ion-atom collision studies using gas tisﬁets or‘
S‘lld surface targets with glancing colllslons has Ycome under
extensive scrutiny in recent years. Besxdes the eso;erlc
interest generated when a new phenomenon is observed, such
studies may haQe practical implications for plasma research
where ion-atom eharge exchange cross sections are required

and where new diagnostic techniques always need development.
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The stddy of lﬁrface phenomena by the use of an ion-beam
é}obe can also have practical implications for the solid-
state physicist. While such considerations may prﬁvide
motivation for tﬁis research, the arfa_is too new .to be aple
to point convincingly'to any pracfical benefits thus far.
| The phenomenon which will be examined in detail is
the change of the pélarization of thf emitted light following
beam-foil excitation with the change in the foil-tilt angle.
It will® be demonstrated that lafge circular polarization
fractions can be observed wité a tilted foil. Such large
fractions are not restricted to one or two carefully cﬂosqn'
transitions but are of a rather general nature and can be
observed in a large selection of transi;ions though not from -
all transitions. |
The polarization of the emitted light is not just a
fugction of foil-tilt angle but also depends upon foil
matdrial, beam velocity, foil temperature, the type of atom
or ioh excited by the foil and at least some of the quantum
numbers of both the'excited state and the state to which the
transition is made. Measufeme;té to be presented in this
project will focus upon the change of polarization with foil-

- ‘

tilt angle for a selection of different Helium transitions
having different quantum numbers (Chapter V) and a comparison
of polarizations with a perpendicular foil and a 60° tilted
foil for a large selection of differenf Nitrogen transitions

(Chapter VI). As many of the other variables as possible
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v . . 5
have been kept constant tor‘tﬁéic Measurements and a complete

_ description of experimental paramctorn is given in Appendix

\]

2 Along with the tabulated relultl.

. Chapter II presents a theoxht&cal description of the
light infensity emitted via dipolo tadiation in the absence
of cascades. The Stokes parhmeteh’m'a particula{ly convenient
and chplete description of the polarization of light, are
then dgrived from this expression. Whi ke none of the material
is new, the treatment is in some relp.et; more complete than
others which have appeared in print and all of the deriva-
tlons have been performed by the author.

Chapter III describes the method used for measuring
the Stokes parameters. The idea of rotatihq retsrder before
‘a fixea polarizer had not been used by b‘l;-£;¢l spectro-
Scopists when the decision was made: to utdlize this method,
and had ‘been proven Fo work satisfactorily.as a pPreliminary
step to collecting d&ta before the technique appeared in the
'literature{ The method of data reduction chosen for this
type of experiment is somewhat more st;aightforward than that
.Proposed by others. Methods presented for determining the
angles of the polarizing elements and the phase of the
retarder were als& developed within the course of this
project.

. Chapter IV describes the éxperimental equiﬁment, the
method of data collection and the.;iror analysis employed.

All of the equipment preparation and programming of the neﬁ
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nini‘cl'.eqr system were performed as part of this project..
' Chapter V discusses three experiments performed using

neutral Helium. All of them are related to the v rintion of

| po;arization with chahqinq foil-tilt angde. Th first

examines the Helium singlets,. the second Helium dou§1§- .

excited states and the third normal triplets. The results

of thy first experiment hav;'bocn published, the second is

in prgparation and the third will be poftormnd again in a

diffarent unnnot as suggested in the text. '

Chapter VI describes thg polarization at two different
foil tilts of a selection of Nitrogen II and III transitions,
and examines many of the complicttionl that occur when pe?:.
forming such measurements of elements more complex than
Helium. The spin-independence hypothesis ;na the matter of

partially resolved fine structure are two areas which will

be exdmined in some detail.
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THEORY OF LIGHT ENISSION !

-

) This chapter will treat that aspect of light emission
which is relevant to the beam-foil source. A generalized '
intensity expression will be found which accounts for both a
superposition of 'energy levels il wtgl as‘noq-ctaéittigal
_population of the ‘oa&gitod states. From this expression)the
Stokes parameters or polarization of the emitted 11;&9;2111
be derived.’ ' ' ,

The polarization of radiation spontaneously emitted
by an excited aéom or ion is dependent up’h the relative
populations of the magnetic sub-states in the excited state
manifold of interest. These relative populations depend upon
the excitation mechanism whose spatial symmetries impose
cogstraintl hpon the relative populations, which in turn will
dictate the Q,mber of indepepdent parameters needé? to
describe the excit‘a;qtgte. The polarization is f@rther
dependent upon the direction of emission but this fb a
consequence of the non-isotropic nature of the excigﬁtion
process itself.

" One feature of the beam-foil source is that excita-
tion:occurs during rapid passage (<10-1‘s) through a thin
carbon foi}. The excited state is then a coherent subgr-

positioﬁ of states within an energy band of approximately
Py i

—



0.06 eV (500 om™}

). Quantum beats, or modulations of the
.emitted intensity with time, may be obnogvod if the energy
difference of available states yields troquonci‘o within the
band pass of the detection system. A summary of quantum
beats in bonn-foil upocgr03copy has previously been writt;n
py the author (Br 75). A theory of Liqﬁt gmission applicable
to the boan—toil source must be able to account for all of

tﬁe aforementioned processes.

-4
-

The theoretical treatment which follows uses a
£orma1}lm employed by Ellis (El1 73) and extends the calcula-
tion tb an evaluation of the Stokes parameters under general
detector orientation. Thé results so obtained are then
compared to those u-iﬁg the rano-Macek formalism (FM 73)
~ which, while having a different appeafance, is an equivalent
treatment of the same problem. b

It perhaps should be stressed that the Stokes para-
meters represent a property of the source and depen&'
principally upon source parameters and the direction of
emission and, while dependent upon the detector coordinate
frame, are independent of the polarimeter or the measurement -
sequence used to determine them (Chapter III). The polariz-
ation vector, Z, is a source parame;br and as such is an
upknown qu#ntity.’ It can be eliminated by forming the Stokes
parameters but in éeneral there is no one-to-one correspond-
ence between a given set of Stokes values and some partiéular

¢. This follows from the fact that Stokes parameters
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robt..onz an ensemble average thch occurs in the derivation
by performing a trace over a product of a density matrix and
the oniluion operator. Unpolnf!tod light, for oxauplo,‘
occurl naturally in the result'while no value of ¢ can,
represent unpolarized light. This point of view is no; a
hecessary one to follow, but it permits complete separation
of the quantum mechanics of light emission to be treated in
this chapter from the measurement of the Stokes parameters

which can be treated classically and is the subject of the

following chapter.

2.1 Separation of the Intensity Expression
The.-intensity of light emitted within a solid ingle
dQ can be expressed in the electric dipole approximation as

-

.gé.-c'[|<f|2~-6|.i(t)>|2 (2.1)
£

where the sum is takens over unfecolved fMnal states, ¢ is a
complex polarization vector, B is the dipolé transition
operator and C' = e24“/2xc3 in e.g9.s. units. If D is
expressed in»cm. thc above expression has the dimensions of
power. v, (t) expresses the time evolution of the initial
5tate created by the foil and contains the unknown factors
which are to be determined by measurement. In order to
express y as a statistical combination of basis states, the

density matrix formalism will be used.



First (2.1) nmay be expressed as
. ”’

a1 ’ . P
& = Tr lolt) L)) /Py 0 (0)

where J, indicates the trace of a‘'matrix. o

the density
patrix and L is the light emission operator which can be

implicitly’ defined by rewriting the above as

g% - C' Telle® Bt o (e) (X b))/‘

This problem will be solved in dctaiﬁr the
ununolvoc; ‘fine structure with no hyportin? structure. Other
coupling schemes will be tfeated in section 2.5. The basis

states can then be written as |a (LS)IM>. Equation (2.2) can

be written in full as

Ty o (0) %% = }; <a (LS) J'H'lL(l.t)la(LS)JH>
J'm’

x <a(LS)IM|p (t) [a(LS)I'M'> (2.3)

where

<a(LS)JI'M' |L(),T) [a(LS)IM>

- ] c <a(LS)JI'M'|(€* - 6)’|a(LfS)anf>

Jf"f

x <d(L£S)Jfo|(t' . D) |a(LS)IM> (2.4)
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The time evolution of the density matrix cen be

expressed as

-iHE/ 0)e

pl(t) = ¢
and hence
e <a(L8)IM|0o(0)|a(L8)I'M'> e JJ' e (2.95)

with wyq, = (tJ - l&.)/h and ¢ the reciprocal of the lifetims
of tho'upper multiplet.

The most fruitful way to proceed if to expand the
operators o (0) and L(\,¢) as spherical tensors. This will
permit_a separation of the geometrical factors contained in
¢ from the dynamical factors contained in B. ‘It will also
permit the linking of certain qcometrical‘components with

certain density matrix elements, thereby allowing a comparison

between theory and measurement. Let
J) = L o(-19 X R (2.6)
kq -qQ ¢
.l o9 oK k |
and LOLE f g (=17 ¢ () Lq}x). _ (2'7).

The separation of L(»,?) into two components, lj;(t) and

L:(X) is a direct consequence of the separation contained in

the expression zs - f. It is only necessary to cohibrt these
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to spherical tensors. The depazation of ¢ (0) into ojh,cnt
k
.Q
The first would claim that the ioparctton is purely formal

and that no interpretation be given to I:

may be treated in two different but equivalent manners.

» their only
requirement being that they traneform under rotations like

angular momentum operators. The ‘second treats the l:

explicitly as angular momemtum opofatorl. thzroby relating

the coefficients of p: to certain expectation values of *

;nqular -oi.utu-. 8ince the chosen basis states are ones for

which J? and J, are "good” quantum numbers, such an interpre-
8 ‘

tation is always possible whether g€ not R:

7
anqulak momentum operator. For this reason the first inter-

is tr‘atod as an

proéatlon will’ me used in the following detrivation since {t
is slightly more straightforward.

The talk(;hich lies ahead is the evaluation of
equation (2.3). The first half of that equation will be
taken up in tho‘noxt‘;oction vhiic the second half will be

d¢reated in the following one.

2.2 The Light Emission Operator
Any vector ¥ can be converted into a spherical tensor

of rank 1 using the following convengion:

-1 ,
l =
r H(rx + lty)

s -
r) = r,
I-ﬂ - %
r_ /I(rx 1ty)



Sy — . . ‘,

It is apparest that r)f° = («=1)9 sly: The seaventien whieh
will be followed here is that’ spherical tensers formed from
real vectors should satisfy

ke 12Q K
rq-(I) r_q.

If the vector is complex, this expression needs to be

modified to ' /

ke 1€ R :

rq s (=}) r_q. (2.9)
where r:’ signifies that the cCartesian components of r be

replaced by their complex conjugates.
The inner product ¢* . 8§ msy bé expressed in
spherical tensor notation as .
\ bt )
*..De -9:* o
Py é (-1) ‘q q

wvhere the superscript 1 is understood. Dq then equals
3" '
(") rq which is the solid harmonic of rank 1.

Using thou"oonl't_dornumo and invoking the Wigner-

Eckart Theorem, equation (2.4) may be written
‘ *
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x (=1) ¢y 80 :
* M -n°* n - "

x <a(L8)J* IO} o (Ly8) J,»-&(L,l) Je Ol o (L8) J» 2.9

The redustion of this OQGNation can be ¢.cu-‘ ia Appendinx 1.
The result is '

2
q % oo f3 %3 '\\
Ll ams = clot-1 tqt-V \
.q M q N
J* J xR} L kx ‘
-1¥*8 g g Y

wvhere
C eC'S = C'|<alL ||D]l .Lt>|2 : (2.11)
and S is the usual multiplet strength paramster. The

notation [t;¢; « « -t ] ¥ (28,¢1) (205¢L) ¢ - unnon has

been used. Pinally the definition of l: is



A SIS EL e;2(2k+1)5 ' .. (2.2

qd)
1492 q: 492 -9

S x

&. 2.3 The Density Matrix “
\ : i
The second matrix element in equation (2.3) may be
calculated by evaluating the time independent expression of

equation (2.5):

°<a(Ls%am|p(on a(LS)J'M*'>

' Ac v
Z (‘l)q p_k, - <aJM ’Rk,l aJ'™™'s
k'q' q q

The Wigner-Eckart Theorem applied to the above gives:

<aJM |p(0)| aJ'M'>
- @ ] . '
= 7 (-1)J M*q p]f ' <ad HRk || ad" .(2.13)
qul q
-M ql M'

© .
At this point the spin-independence hypothesis will pe

invoked. It affords a significant simplification to the
equations and n; example of its violation using the beam-
foil source is known. Eili; (E1 77) has recently extended
this calculation to those cases for which this hypothesis is
not assumed. Tﬁg reduced matrix element of equation (2.13)

may then be written as:

-
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L+S+J'+k' [JJ']*'

«a(LS)J ||RE]| a(ns)at> = (-1) s

J! J kY
X { } 4,‘,soLlhk [|aLs. "~ (2.14)
L L s/ "

The factor i/(Z@ + 1) is introduced for convenience. Since
the p:: are'unknown parameters g it is permissible to
incorporate the value of <aL||RkW| aL> into the coefficients.
Equation (2.13) then become®

- ' J
<aJM |p(0)] aJ'M'> = ) (1) "M+Q +LSHI" +k

qul
1 ' J k' J J' o+ K') .
x (3317 (517 o¥ ,( ) { . } (2.15)
T \-m q' M I * S

Two additional features regarding the p parameters
are proven in Appendix 1. The first is that reflection
symmetry in the plane containing the beam and lying perpen-

dicular to the foil tilt axis imposes the constraint

-1 . ’ ' .
(-1) p_q (2.16)

©
Q
1

The second is that the trace of p is given by:

N Tr o = (2L + 1)F 0 | (2.17)

Equation (2.3) may finally be evaluated by using

equations (2.5), (2.10) and (2.15).



“Tr 5 (0) g—;- {'
: JJ'
MM'

= J  § ‘c(-1nkta
kq JJ°' .
k'g' MM'
« k]’ J' 3
L
X -q D_ql
L 'L S

The sum over M and M'

J2 PR

2N G 0%

I
mpm;\my

.m2

where the third § symbol

able to form a triangle.

2 (G

MM'

Finally

= ] (1T X Gk
N q '-q

Q'Q-
olH

()

17

<«a (LS)J'M' |L(2,%)| a(LS)JIM>

, h -iw 't =
X <a(LS)JIM |o(0)] a(LS)I'M'> e 9T Tt
L

(33'] (x1® /3° k J\/J
o] ( .- )(
-M' g M/\-M

)

can be performed using

33

2 (35171 & 8
ny j334  “mamy’

my
x §(31,32,33)

means that jj, j2 and jj; must be

Then

Jl

(-1)k (33']

JJ’ [s][kL]
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_ —lw et (I T Kk L L «x
x e fte 3 { oL S} {1 L oo (2.18)
_ £

All of the geometrical factors occur in the expression

;-1 p: zfq

q .

which will be evaluated in the following section. The final
result follows with the substitution of that expression into

equation (2.18).

2.4 Evaluatioﬂ of the Stokes Parameters ®
Figure 1 showa the coordinate frame used for this

calculation while Figure 2 shows the actual laboratory

reference frame. Though all of the data to be discussed in

this work was taken with 8 = 90° and ¢ = 0, the more general

expression is derived and some consequences.are consiQered

in section 2.7. z - lies along the beam axis and the labora-

tory frame (x, y, 2z) is to be considered stationary while the

detector frame (6, n, ¢) is rotated..

The most general polarjization vector, #, can be

written in the detector frame as ’

cos ¢ 4!'

is .
€ = e sin y

™
H

e =0 . (2.19)
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Thil vector is transverse to the direction of ptopagation (c)
and is a unit veétor. Any state of pure olli;;;cal polariza-
tion can be chosen by adjusting ‘and 8. The detector ‘frame
can be most eal#ly oriented by starting with the two sets of
axes coincident and performing a positive rot;tion about the
y-axis” through an angle 6, followed by*a positive rotation
about the z-axis through an angle ¢. A positive rotation
is one tdrwwhich the positive axis coincided with the direc-
tion of advance of a right-handed screw when turned in the
direction of rotation. o and ¢ are not equivalent to the
standard spherical coordinatgs of a vector lying in the g
direction. Nor are 6 and ¢ eduivalent"to any two of the
standard Euler angies. Note that these rotations are such
that £ always lies in the z - ¢ plane. ¢ is the axis from
which all angles of the polarizing elements (Chapter III)
are measured.

oﬁe great advantage of using 6 and ¢ as defined here
is that the transformation !;om the detector frame to tge

laboratory frame is par;icularly simple and given by:

€y cos ¢ -8in ¢ 0 cos 6 0 sin 9 eE
Ey = }ln ¢ cos ¢ 0 0 1 0 €
€ 0 0 1 }|-sin 6 0 cos 8 €

z . g

ié . .

€y = cos y COS 6 CO8 ¢ - e sin ¢ sin ¢
cy = cos y cos 6 sin ¢ + e16 sin ¢ cos ¢
€ = -cos ¢ sSin 6 (2.20)
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¢fhe cxprcilion which requires calculation is given by

odhatiqp (2.12) 2

\ g

1 1 X
:‘; - 7 (-1n9 ¢ c; (2k + 1)"( )
qqu 1 72 4 q, -q

9

This is coupled to p: as

;9 v )

Thﬁr sum can be written using equation (2.16) as
o§ed 40323 +of(a} =2l -ofaf 12 )+ (1 +22;).
The needed L: values are then given by

~1g = -¥3

12 = A i in’
2 = /e(3cos (v)sin (8) - 1)

(el -121)) =-gin(2v)sin(8)cos (¢)8in(4)
~(tr.21 + l._z_l) = i[cosz(w)sin(ZG)sin (0)A+ sin(2w)sin(e)cos(¢):’:os(6)]
(lg +232) =cosz(w)cosz(e) cos (2¢) -8in? (y)cos(24)

Defining an excitation parameter as

: a_ , (2.21)
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the general expression for I!qht emission and the principal

result of this chapter can be written:

ML
I(y,8) = A® (t) _ 002A2 (t) (3¢Ol2(0)l1n2(o) -1)
/Y /6 .

- olal(t)sin(2¢)sin (0)cos(¢)sin (4)
= 1ofaZ(t)[cos¥(v)sin (2)sin®) + sin () sin (6) cos (4) cos (&)]

- 922A2(t) [cos? (v) cos? (8) cos(24) -sin2 (9) cos(2e)]. (2.22)

Ak(t) is defined as

-rt L L k .
Ak(t) H Q_g____ Z B(J,J',k)cos(wJJ.t) (2.23)
YIL +1 1 1 Lf JJ!
with . '
J J' k 2
L} = ]

B(J,J',K) = (2J + %%é2117+ 1) . (2.24)

L L S

Equation (2.22) gives the intensity of light emitted
within a small solid angle centered about the coordinates 9
and ¢. The effect of 1ntegratinglgi/dn over the solid anqle
subtended by the detection system onL§ introduces = wovall
multiplicative constant which is of no concern sir. e

measurement relies upon an absolute intensity. ' Bl

intensity is a function of the unknown polarizatid
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t, or equivalently of the unknown parameters ¢ and é§. One

can use I(y,5) to generate the liqrt intensity of any speci-
fied state of polarization. In particular the Stokes para-
meters (to'bo.dotinod (Equation 3.1) and discussed in the
next chapter) can be formed from this expression and then
compared to the measured parameters. They will be listed
here twice; once as a functiop of ¢ and ¢ and again for the

normal side-on viewing configuration of 8 = 90° and ¢ = 0°.

I =[I(ye0,5=0) + I(y=90,6=0)])/2

) :
_A°(t) _ SoAZ(t) (1 - 3cos?p) - 103a2 (t)sin20sine
/3 2/

2
2 in?
. 022 A‘ (t)sin“6cos2e¢ (2.25)

M= [I(y=0,5=0) - I(y=90,6=0)]/2

, | ;
_ -390 AZ(t)sinZe -i9f A2(t)sin2esine

2/8 2
2
_ %2 A2(t)cos2¢(cos?s +1) (2.26)
- :
C= [1(y=45,6=0) ~ I (y=135,6=0)]/2
N a-ic2 AZ(t)sinecoss (2.27)

S = [I(y=45,6=90) - I1(¥=135,6=90)]/2

= ;o: A! (t)sinecos¢ (2.28)
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Q
I .&'.LEL".‘LL‘J[J.' °3] (2.29)
A | 2 ¥ 4 B
Az (e) [ 300 v
M = [ALE) [_‘, . ‘,}] (2.30)
2 /
C = -40fAZ () (2.31)
s = -olAl(e) (2.32)

2.5 Consequences of Alternate Coupling Schemes

Expression (2.22) 1is valid under any spin-independent
excitation condition. Equations (2.23) and (2.24) however
are peculiar to the case of spectroscopically unresolved fine
structure with no hyper fine structure for a cascade free
transition. Note the occurrence of co-(wJJ.t) which gives a
time dependent oscillation t; the intensity. The nature of
the beam-foil source is such that this oscillation occurs as
a spatial modulation when viewed through a narrow aperture
as a function of position downstream from the foil. Whether
or not such a modulation can be observed depends upon the
fraction of the quantum beat viewed by the aperture. 1f
this fraction were unity or greater, the frequency would be
too high and the beat would average to zero. I1f the fraction
were too small the maximum foil travel would be unable to
scan over one period and the frequency would be too low to

observe. Typical frequency extremes for beam-foil spectroscopy
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(beam velocity ~ 0.01c) are 50 MH; to lOGH,. With a focused
system the aperture is controlled by the entrance slit »width
of a spectrometer. A quantum beat which is just resolved
using S0 micron slit width would disappear with slits set to
500 microns. The question of resolution can then become a
matter of experimental decisiomn.

Equation *(2.23) and (2.24) can be altered to account
for different angular momentum coupling schemes. The
derivations are COﬂElOt.ly analogous to the ono’qlv.n and

therefore only the fesults will be quoted. For unresolved

hyperfine structure with resolved fine itructurex

L4

coTt (I T K
AK(¢) = S 3 2 ] B(F,F',k) cos (wpp,t)  (2.33)
JITFT 11 1 J¢) PR |
FOE k)% 0p s 1) (2F s 1)
B(F,F',k) = 3 .- s (2.34)
197y 1 (21 + 1)

The case I = 0 would yield an expression fer resolved
fine structure alone. Two points should be noted, however.
The S which appeared previously in the definition of C
(equation 2.11) was the multiplet strength while now it must
be regarded as the line strength. Furthermore the reduced

matrix element of R which has been set equal to 1 is .
k
<a(LS)J||R" || a(LS)JI>

This latter choice is not so convenient for comparing

polarizations of different fine structure components within
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a multiplet. With 1QL||l."qL) 1, as before, one can weite
‘or resolved fine structure:
¢

e, ok (3 I K)(JI I
AR(r) « C o __t=1) g H } 23+ 2
L+ 1 1 1 J¢ L L 8

‘Equation (2.33) could be mbdified in a similar way.

It would be possible to write an expression for both
unréesolved hyperfine as well as unresolved fine structure,
80 long as J were a good gquantum number. This condition
means that the hyperfine intervals would hav§ to be about a
factor of 10 smaller than the fine structure intervals: Such
an expression would not then be of practical use since usual
experimental beam resolution would permit one or the otﬁer
effect to be observed but not both. If the magnitudes of
the intervals were comparable, J would not be a good quantum
number and the entire Hamiltonian would have to be diagonal-
ized.

By way of illustration, the exprqssion for S/I for
the case of resolved fine structure using {(2.35), (2.32) and

(2.29) 1s:
ol{J J 1 {: J 1}
SADU .1,} 0

J 043 J 0 T2 143 3 243 I 2
;g{ilJf}{LLs}’[:}"%E]{l IJ(}{LLS}

This is the expression used by Andra, Frohling, Plohm and
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sbilver describe the circular polarisatton of 1?7

Ar 11 lines excited by )00-keV Art ton; on a copper surface .
inclined at 1.%° to the beam. (The different sign in the
numerator art,on from his different viewing position:

6 =« -90°.) Th;\tntoroottnq result ;othot the polarizetion of
all 17 lines could be adequately described by a sinqle set of

o parameters. While one would expect the cross sections to
ro-.in unchanged for the different lines of a ugltxplot. the
fact that a single set could describe the lines origineting

on 4‘dtttoront multiplets indicates that u.Llhﬁqu. was

independent of L for this experiment.
[ ]

2.6 The Fano-Macek Parameters

An entirely different but equivalent formalism for
handling light emission from the beam-foil source was glven
by Fano and Macek (FM 73) and extended by H‘%ok and Burns
(MB 76). They derive an expression analogous to equation
(2.22) but with the interpretation that the light intensity
18 that detected after traversing a polarizer and quarter-
wave. One can readily form the Stok.n paremeters from their
expression thereby obtaining the transformation between tLo
o: and their alignment and orientajion parameters. The

Stokes Wamtor- are given by

(2) .
2 -Tt h col col
I-§CSe (1 + y (AO onu)l

(2.36)
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N e ; cae 't h())‘A:ol - A;?‘) 2.3
¢ 7cse "t n"’a‘i""‘ 3.70)
s - cae” ' nillgte 3.8
' PRI T T T T TR
Nere h.“”(.:‘..x') e (-7t 2

') are always associated with °

The s)ignment paremeters (A°°
‘R @ 2, while the onodt'.uon'%uu.tor (ocol, is aseociated
with kK = 1. The above expression 18" Valid for resolved fine
structure. For unresolved fine structure h(” becomes

LR (Ly.L¢) and each alignment and orientstion parameter is

multiplied by the appropriate t:k(t) qiven by:

2

J J'
k s (2J ¢ 1) (2T’ « 1)
G (t) — et & cos (®,,,t) (2.40)
33" (28 + 1) {L L s} JJ

The extension to unresolved hyperfine structure 1is per formed

as before.

To arrive at a transformation connecting the c;m
AS and ocol, it is neceesary to form the ratios M/I, C/I
and S/ order that different normalization or phase

conventions ¥will cancel.
' .

w o -Aler/acen(3/343 %0 o /32 1:_)_

x e .
A? °{ J e
A [ 7]
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The analogous expression from (2.,36) and (2.37) is

(2) .2 col _ ,col
w_ D70 G6TE) 374 (ag A3
= -
(2) L2
h G™(t) col col .
1+ s (A" + 3a537]

)

The transformation can then be obtained by equating numerators
(k)

. and denominators. Defining %A as
v . )
o ,
k) = A (E)/A EE; , (2.41)
. G (t)h

the transformation equationsﬁ after performing similar caldu-

lations for C/I and S/I, become:

\ Agol = —60% H(z) !

- 2

Aiil = _% io% H( )
/3 ’

asel = 2 5 p?
/3

/o ofet - 3% ol 1) (2.42)
3

For<;h§ case of unresolved fine structure

N
-

\xk) L L k L L O :
H'S) = ; z g i = -V3(2L+])
1 1 L 1 1 L

L L k;

1 1 L

(2.43)
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2;? Some Consequences and Examples

Equations (2.25) to (2.28) represent the results of
this chapter in their most general form. Note froW Figure 2
‘that tilting the foil in the opposite direction (a to -a) is
equivalent to moving the detector to the other side of the
beam (6 = 90° to 6 = -90°). C and S change sign under such
a transformation while I and M remain invariant. When com-
paring Stokes parameters between different laboratories, it
is important to note their reference frame.

Next consider the circumstance of axial sym‘ry
which applies whenever the foil is perpendicular to the beam.
Axial symmetry means that og must remain invariant to any
rotation about the 2-axis. Reference to Appendix 1 shows

this demands g'= 0. The consequence of this is that C=S=0

and
2 2
I = A°(t) _ 90 A°(t)
V3 276
02 2
M= -3°0 i (t)
276

The next chapter will demonstrate that %(I + M) is the
intensity passed th' 1gh a horizontally oriented plane
polarizer while %(I - M) is that passed through a vertically

oriented polarizer. These tombinations are

A°(t) _ 208 aZ(¢) v
/3 6

I + M=
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2
I - M= A(E) L 90 AZ(y)
G

Since any quantum beat can show up only in the AZ (t)
term, the above equations have been used to justify the ciaim
that the beat amplitude in horizontally polarized light is
twice that of vertically polarized light and 180° out of
phase. This is, however, only approximately true. For some
atom having unresolved fine structure with a single beat

frequency, A’ (t) takes the form:
A2(t) = A%(t) a,(1 + a, cos wt).

If this expression is put into the above equations and the

ratio of beat amplitudes is formed one finds

Horiz. beat amp. _ -2(/2 + a; 0})
Vert. beat amp. (/2 - 2a, og)

. 2
For small enough values of a, and 00 this indeed approaches

-2. For the 3g - 3p transition in Helium (see Chapter V)

[
]

5/18 and cg = -0.2 and the ratio of beat amplitudes is
-1.8. The limiting value of -2 can only be achieved when
0% = 0; i.e., when nQ beat is present. This was first
pointed out by Wittman, Tillmann, Andra and Dobberstein
(WTAD 72) using a somewhat different theoretical formalism.
The value measured for this ratio by Burns and Hancock

3 3

(BH 73) for the 2s”S - 3p” P transition of He I is -1.6.
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Another consequence which was tested Ly Burns and
Hancock is that if light from the above source is passed
through a polarizer witﬂ'its traqsmission axis at 54.7° to
the horizontal, the quantum beats disappear. Again antici-
patfhg a result from the next chapter, the intensity of light
which passes through a plane polarizer making an angle y to

the horizontal is

I° = %[I + M cos(2y)].

Substituting the values for I and M from above give

1

t l[A°(t) i} ofa2 (¢)

& I" = 3 - = (1 + 3 cos(ZY)ﬂ

The beats will disappear if (1 + 3 cos(2y))= 0; or y = 54.7°.



CHAPTER III

THE MEASUREMENT OF POLARIZATION

-
Ellipsometry is the term often given to the complete

determination of the polarization of a particular light
source. The most general state of polarization for any ‘
source is said to be partially elliptically polarized. There
is no unique convention fof the description of such polariza-
tion. One choice is to specify the size, azimuth and shape
of the polarization elipse;.another, the spherical coordinates
of the Poincare Sphere. Perhaps the most popular choice, and
the one which will' be used here, is to describe the polariza-
tion by the Stokes parameters using the notation I, M, C,

and S of Jones (Jo 41) and Perrin (Pe 42). Other notations

appear in the literature but do not seem to be so widely

used. -

3.1 Deéinition of the Stokes Parameters

Within classical electromagnetic theory, light may
be considered as an oscillation of an elect;ic and magnetic
field transverse to the direction of propagation. Specifi-
cation of the electric field vector is sufficient to com-
pletely describe the nature of the radiation. For mono-

chromatic light propagating in the z-direction the electric

field may be written:

33
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E = Ex X + E_ ¥

with
Ex = a cos (kz - wt)

EY = b cos (kz - wt + §)

Specification of a, b and § defines the polarization of the
light. The electric field magnitude, however, is not a
measurable Quantity. dnly the square of the electrié field
magnitude, proportional to the light intensity, is measurable.
Furthermore, any me;surement of light inteﬁsity is a time-
averaged measurement of an incoherent sum of wave trains each
of which is described by the above equations. Polarization
must then be specified by the average intensity in the x-
direction, the average intensity in the yydirection and the
average phase between the two. A particularly convenient way
of speeifying these parameters as well as the amount of unpolar-
ized light is through use of the Stokes parameters. Define

= a2 2
Ip a< + b

M= a? - p2

(@]
"

2ab cos (§)

0
0

2ab sin (§) - (3.1) .
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Ip is the polarized light intensity. M is the horizontal
(positive) or vertical (negative) linearly polarized quht.
C is the linearly polarized light at 45° (positive) or 1135°
(negative) to the reference axis. S is the right (positive) .
or left (negative) circularly polarized light.

From (3.1) it is clear that M2 + ¢c?2 4+ g2 = Ip’.
Three parameters, then, are sufficient to describe polarized

light. These are a2, b2 and 6§ or M, C and S. By making the

extension

I =1 +1 ' T (3.2)

4

where I,, is the intensity of unpolarized 1light,
» Y

s -

I2 2 M2 4+ C2 4 §2 (3.3)

and the four parameters, I, M, C and S can describe the state

of partially polarized light. These are the Stokes parameters.

3.2 ‘;heller Calculus

°

,//’ One important advantage of using Stokes’gatameters
. I

is that they may be arranged as a column vector, 2 , and be
S,

operated upon by matrices representing polarizing elements.
The formalism was first performed by Mueller (Mu 48) and is

¢

known as the Mueller calculus. The sign conyentions being
ad’!&ed here are those of Clarke and Graing:§‘(cc 71).
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Only two polarizing elements are of practical concern,

the perfect polarizer and the retarder. The former is repre-

(
sented by
1 ) § 0 0
1 1 0 0
tloor "Moo 0 o o
0 0 0 0 (3.4)
while the latter is given by
1 0 0 0
[e] - 0 1 0 0
ret 0 0O cosaA sina
0 0 -sinas cos A (3.5)

4 is the degree of retardance with 90° representing a quarter-
wave plate.

Each of these elements has an axis; the transmission
axis for the polarizer and the fast axis for the retarder.
The input Stokei vector must first be rotated to the: reference
frame of the element, operated upon by the element, and then
rotated back to the reference frame of the input vector. The

-

procedure can be represented as:

I!
Ml
Cl
Sl

0N

(3.6)

The rotation matrix is given by

1 0 0
0 cos 286 sin 29
0 -sin 26 cos 29
0 0 0

(R] =

~OO0OO

(3.7)
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where 6 is the angle between the axis of the optical elemont
and the reference axis of the Stokes vector. For the case
of the polarizer this angle may be called vy, and the product

of the three matrices appearing in (3.6) can be evaluated to

give

1 cos 2y sin 2y 0

(ely)] - cos2y cos?2y &sindy O

"' pol sin2y hsindy sin?2y 0
0 0 0 0 (3.8)

®
In like fashion, calling the angle g for the retarder,

1 0 0 0 ‘
0 cos? 28+ 8in2 28cosA M sin 48 (1 - cos A) --1n2811nA!
[e(8) )ret- 0 koin 48 (1 - cos A) sin? 28 + cos? 28 cos A cos 2RsinA ’
0 sin 28 sin A - cos 8 sin A cos A )
(3.9)

A polarimeter is a device used to measure the Stokes para-
meters of a particular light source. It need be nothing more

than a retarder followed by a plane polarizer. The relevant

4 Vi

matrix expression is

Il
M'
c' = (E(Y)]pol IE(B)Iret
Sl

nnxXr—~

(3.10)

Only the intensity of the transmitted light is measurable.
It is straightforward, using (3.8) and (3.9) in (3.10), to

derive an expression for I' which relates the transmitted
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intensity (hereafter called lt) to the input Stokes para-

meters:

It(v.S,A) «al(I +M [cos 28 cos 2(y - 8)
-8sin 28 8in 2(y - 4) cos A ]

+ C [sin 28 cos 2{(y - 8)
\ +cos 28 8in2(y - 8) cos A|

+ S [(sin 2 (y -8) sin A]} (3.11)

I,M,C and S are the Stokes parameters of the source with
respect to some (laboratory) reference frame. y is the angle
of the transmission axis of a plane polarizer with respect

to that same reference frame. Likewise 8 is the angle of

the retarder's fast axis with respect to the reference frame.
A is the retardance of the retarder, with n/2 a quarter-wave

and r a half-wave plate.

3.3 Determination of the Stokes Parameters

Equation (3.11) représents the most general expression
for the measurement of the Stokes parameters. As a simple
example of its use consider tqéffollowing sequence of
measurements. Without a retarder, two measurements are
taken with the polarizer at 0° and 90° to the reference axis.
TMese are added to give I and subtracted to give M. Two
measurements are then taken with the polarizer axis at 45°
and 135°. These are subtracted to give C. Final%y, with a

retarder in place (fast axis aligned with the reference axis)



two moanu;omonato taken with the polarizer at 4%° and 1l15%°,
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S

and subtracted to give S.

The

The

The

tages:

1)

Two forms of equation (3.11) are required:

(y,B =0, A =0) -;(I + Mcos2y + C sin 2y )

[ adi o 4

(Y,B-O, 6-90)-§(I’MCO.2V *S.inZy)

t
I;

first two measurements when added and subtracted give:

1 1

t
Il (y 0)*11 (y = 90) = 3 (I + H]*I (I - M] = I
t - _ 1t - 1 21 _ .
I1 (y = 0) Il (y = 90) 5 [T + M] 3 (1 M] M

second two measurements when subtracted give:

t t 1 1
I1 (y*45)"11 (7'135)'5[1*(:]‘5[1-(7]*(:

last two measurements when subtracted give:

t t 1 1
12 (y = 45) - 12 (y = 135) = 3 (I + S]-i (I -~ s) =5

Such a sequence of measurements has several disadvan-

By rotating the polarizer the light which is passed to

the detector has d%fferent polarization for different
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parts of the same measurement. Since 1“; detector often
consists of a grating spectroqraph, whOse response is
strongly polarization sensitive, a ltqntf}cant source of
error s 1ntroduFod. -

2) No polarizer or retarder b.hlJLl perfectly and ; pre- -
ferred sequence would be one which incorporates equal
rotation increments through 360° so that assymmetries in
the device might cancel.

1) A prefersed loqdcnco would be one which overdetermines
the Stokes parameters so that an error estimate can be

obtained.

L]
-

Each of these objections to the "simple” measuring
lequsnce presented above can be satisfied by rotating the
retarder before a fixed polarizer in equal increments through
360°. As an illustration consider equation (3.11) for vy = 0
and A = 90°.

& (g) = % (I + M cos?28 ¢ % C sin48 - S sin 28] (3.12)
Clearly, the minimum number of measurements needed
to determine four parameters is four. One such sequence 18
given by:
1t (0)-%[14»:41
t 1 M C S \
I (n/8) }'[I*I*i ﬁ]

(a4

1t (/&) = 3 (1 - S)

(ad

1t (3n/4) = 3 (I + 5]
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fuch & sequence oatto!to; the firat ob)oct}un to the
"simple” method but not the second ur third. Since a perfect
retarder is 180° {nvariant, a sequence which repeats after
100° nlth most accurately cancel asymmetrieas, This
requirement can be expressed by defining the sequence as
(2¢/n) with n an even 1nt;qor. The smallest even value for
n whiq) can yield a solution to (3.12) is n = 10. MNeasure-
ments to be prepented in later chapters typically use n = 18
or 6.

The reduction of equation (3.11), for given y and A,

can most readily be accomplished by recognizing that it is of

the form:

s gt - 1 .

: - I1 (81) ¥ (I + M fl(si) + C '2(51) o.S fJ(Sx)l
This equation is linear in the Stokes paramqters and can be
solved using standard regression techniques (Be 69). The
only requirement is that y, 8, and)n be accurately known,

Further details about the measurement sequence are given in

Section 4.3.

3.4 Determination of Polarizer and Retarder Axes

The polarimeter to be described in the next chapter
permits front-to-back rotation of 'thc polarizer, the t.or
or both. 8Such a rdtation changeg the polarizer axis from Yo
to Yo" Similarly, a front-to-;l!‘ rotation of the retarder

to =-8.. The determination of these

changes its axis from 60 0

®
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axes 18 besed on & self-consigtent procedure.

An edditional polariger, P is placed afeer the

0’
source but before the polarimeter. Its axis 18 chosen some-
where between 0° and ¢%° 0 that hoth M and C are non-sero.
An exact determination of the axis position s not needed,
the only requirement being that it not be changed during the
course of the following measurements. A Bessurement 18 then
taken of the Stokes parameters using approximate velues {or
'0* fg 4nd A. The retarder is then revers§d and a second .
determination of the Stokes parameters is made. The polariszer
in the polarimeter is then reversed and a loa-urouoqt 1e made

with the ret rward and reversed.' @ince the Stokes

parametars of ¢ rce have remained unaltered, ,. and 8

0 0
are adjusted {n tting program (using “vo and -lo wvhen
the respective components wére reversed) until M/1 emd C/1
for all four determinations Agree. Although the Stokes
parameters so measured will not in general be correct (4 has
yet to be determined), their self-consistency 1s sufficient
to determine ‘the axes' positions.

A i)
The value for 8o 80 determined will be correct modulo

90°. A change of 8o by 90° only changes the sign of s. I;'
one does not know, a priori, which is the fast and which the
slow axis of a retarder, apﬁcal may bes made to a knowp
circular polarizer. Purchasing a right-handed cirowlar,
polarizer from a reputable optical house may indeed be the

only way to determine the sign of S. Such a circular
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polarizer, if inserted backward, is a plane polarizer not a
left-handed polarizer. There is no mistake the user could
make which would chgnge a right-handed circular polarizer
into a left-handed one. This method of determining the fast

axis was used for these experiments.

3.5 Determination of the Retarder Phase
; ,
The phase of the retarder may also be determined by

"

a self-consistent method. An initial polarizer, Po, is
introduced as before with its axis as nearly horizontal or
vertical as possible. (The intent is to minimize the value
for C.) Two sequences of measurements are taken. The first
with the polarizer in the poiarimeter crossed with respect

to PO, and the second with the gtlarizer aligrned. The angles

&

|
are not critical. Usually P has been set by eye with 1ts

0

transmission axis vertical. One data set is acquired with

; = 0° and a second with v = 90°;

The data sets are analyzed in the usual way with some

.

assumed value for the phase, A, of the retarder. If A is
changed, and the data sets reanalyzed, both I and M change.
(With aQ\initLal linear polarizer, S is zero and C has -been
chosen to belsmall.) What is both interesting and useful is
thét for the case of crossed polarizegs the value of I - |M|
remains constant as A is changed in the prog;am.i For aligned
polarizers I + | M| remains constant. Thus the value of M/I

e

for the aligned case changes very rapidly with A while for A

the crossed case it changes rather sl&ly.“



®
44

The algorithm to solve for a is to choose any reaan;
able value for the phase, Al’ and solve for M/I from the
“crossed polarizer data set. Adjust the value of A for the
aligned case until M/I equals its previbus value. Use this
value for the phase, A2’ for the crossed case obtaining a new
value for M/I, etc. 1In practice the procedure converges very
rapidly and a special version of our analysis routines
performs the algorithm automatically.

The validity of this algorithm rests only on the fact
that M/I of the source is indeperﬁent of the méthod used to
measure it. Its practical usefulness requires that I - M |
and I + |M| be independent of 4 when S = 0 and C is small for
crossed and aligned polarizers respectively. What follows
will indicate how this further condition c;:,be proven for
S =0and C = 0 for equally weighted data points. This
condition has been observed for properly weighted experi-
mental data within the calculated uncertainties.

Consider the case y = 0; equation (3.11) may be

written

t - I 2 .2
I (yv= 0, Bi, A) = 5 {I + M (cos 28i + sin 28i cos A)]

If IO"MO and AO are the "true" values of the respected para-

meters then
2 + i 2 = 2 + ind
Io + MO (cos ZBi sin 281 cos Ao) I + M (cos 2Bi sin 28i cos A)

This equation is of the form

*
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y, = a + b xi

whose solution for equal weights is:

2 -
(I x2 Dy; - DX I¥yy)

Q-

1 "
b—é—(Ninyi 17X, lvyy)
= 2 o 2
c =N [X (I X;)
If the N measurements are chosen such that Bi is equally
tncgemented from 0° to 360°, all of the necessary sums can ’
be performed. The value a + b corresponds to I + M. The

result is

y =0 I0 + MO =1 + M . (3.1?)
The equation for y = 90° is given by
. ? |
= o ' (- | . '
y = 90 I, + MO I M (3.14)

/The primes indicate that the parameters appearing in
equation (3.14) need not be the same as those in (3.13)

sincegthe dg}ectot réWponse is not the same for y = 90° as

- ¢

it for y = 0°. However MO/Io = MO /I0 .

t

When thé transmission axis of the initial polarizer,
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P
o

is chosen to lie along the horizontal, equation (3.14)

Po,
represents the crossed case and (3.13) the aligned case. 1If
the initial polgr&zer axis is chosen to lie vertically, M is
negative and (3.13) represents the drossed case wuile (3.14)

represents the aligned case.

3.6 Summary

Equation (3. 11) expresses the intensity of light,
characteréi ' :‘hs Stokes parameters, after passage through‘
an ideal polafﬁﬂeter While no such device exists, prism
calcite polarizers (10-6 attenuation when cros;ed) and zero-
order quartz retarders éome very close. Any transmission
losses in'these devices as well as detector inefficiency
would appear in (3.11) as an overall multiplicative constant
which would cancel when the ratios M/I, C/I and S/I“
formed.

Equation (3.11) need not be considered solely as a
mechanism for measuring Stokes parameters. By inserting
equations (2.27 to 2.30) for the Stokes parameters the
equation}&irectly yi€lds the measurable intensity for a:y
particular polarimeter parameters. Indeed, the most general
expression for the detected light intensity would be a
function of the polarihéter parameters (y, B, A) and the
polarimeter orientation {6, ¢). Nothing would be gained by .

writing down such an unwieldy expression explicitly;

particular applications can be generated when required.
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DATA ACQUISITION AND ERROR ANALYSIS

4.1 Experimental Equipment

Almostfall of the laboratory.equipment used for this
experiment had been newly acquired prior to the commencement
of this work. Space had been set aside within the Radiation
Research facility but well apart from the 2MV Van de Graaff
accelerator which had been used for all previous beam«foil
work. Figure 3 shows a diagram of the laboratory layout.

The 350 KV electrostatic accelerator has an jon
source capable of accelerating gases or solids. Maximum
beam current registered in a Faragay cup in the target )
chamber is often iq excess of 10 micro-amps. Two stages of
electrostatic focusing together with an aperture stop just
prior to the tajgét chamber permit good current control.

Vacuum }s maintained over approximately 4.5 meters
of beam pipe by two 6-inch (15.2€q°cm) oil diffusion pumps.
An additional 2-inch (5.08 cm) pump is connected directly Eo
the target chamber. Pressure in the chamber is kept below
5-10"% torr (700 micro-Pascals).

The beam is mass analyzed Qz\a 15 k Gauss (1.5 Tesla)

magnet from Industrial Coils, Inc. The angle through which

the beam is deflected is 15°.

4.1.1 Target Chamber

Designing a new multi-purpose target chamber was an

47
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early priority for this project. Some of the design con;ider-
ations were:

1) Use with either McPherson or Spex monochromators.

2) Viewing at 90° or 60° to the be;;.

J) Foil tilt from 0° to 70° in 10° increments.

4) 12 cm of available foil travel; long enough for
quantum beat measurements; movement at any foil tijlt.

5) Reproducibility of foil position ;o 0.01 mm.

6) 40 available foils for changing under vacuum.

7) Optical light pipe positioned near foil for
normalization.

The first consideration is not trivial. The
McPherson Model 225°*is a vacuum monochromator desigﬁed for
use below 2000 . No focusing optics are used in the vacuum
ultraviolet. The beam should be as close to the entrance
slit as possible to minimize the length of beam viewed by
the monochromator. Use of the target chamber with the Spex,
however, involves both focusing optics and a polarimeter
(see below) inserted between the beam and thé entrance slit.

While the target chamber can indeed accommodate
viewing at 60f to the beam, the room cannot. There is
insufficient space to $ mount the polarimeter and mono-
chromator. A future project could resolve this problem by
placing mirrors betwge- the polarimeter and the entrance
slit of the spectrometer.

All of the desi‘. onsiderations have been satisfied
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‘witp the present target chamber. About midway through the
project, the tilt mechanism was improved to permit 5° incre-
ments to a maximum 80° tilt.

The upper photograph of Plate I shows the black
target chamber on the right with the normalizing spectrograph
on the left connected by a light pipe. The beam enters the
chamber from the right. On the top of the target chamber
from the left to right one can clearly see the stepping motor,
the foil tilt knob nﬁd the fq}l changing mechanism with the
light pipe draped over it. The entire top of the target
chamber is removable and with ;t comes all of the internal

mechanism. The lower photograph then shows the inner part

of the chamber rigidly attached to the top which is not
hanging from the ceiling but rather is resting on a table
supported by the two aluminum brackets visible in the top
photograph. (The lower photograph is thus upside down.) At
the top center of this photograph is the foil-tilt knob with
the foil-tilt.gr;cket shown, inclined at 45° directly below
it (just to the left of the ruler).

The uéper photograph of Plate II is a closeup of the
foil-tilt bracket but this time shows a foil holder mounted
in the bracket with two additional foil holders in the .
m?gazine above. Note that each foil holder has an elongated
aperture and can accommodate two foils.

Tilting the foil to angles as large as 80° presents

obvious problems. With a beam apert‘ limiting the beam
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diameter to S mm, the foil holder must be elongated 15 mm to
5 mm to pass the entire beam at 70° foil tilt. Such a holder
would still attenuate about half the beam at 80°. These are
ideal values for a holder with zero thickness. In practice
about 20% attenuation of the beam current is suffered at 70°
and 80% at 80°. Foil lifetimes are also markedly reduced at
large tilt angles. Finally, the emergent beam velocity is
lowered because of the increased effective thickness of the
foil as it is tilted, though for ion beams of the lighter
elements this is not a serious problem. "
If spatial resolution is important, as it is for
lifetime or quantum-beat measurements, the entrance and éxit
slits of the monochromator must be tilted along with the
foil. For the Czerny-Turner design, tilting the slits does
not necessarily introduce”significant optical aberrations
though line broadening is a problem. Exact parallelism of
both the entrance and exit slits is more important than was
realized during the design stage. The slit tilting modifi-
cation is pictured in the lower photograph of Plate II.
Tilting the slits can also produce A shift in the position
of a spectral line caused by the grating not being in perfect
vertical alignment. A simple change in the wavelength drive
Cag compensate for this effect. Tilting the slits also
in§reases the beam averaging length if the slit width is not
reduced by the cosine of the tilt angle. At 60° the effec-

tive averaging length doubles.
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4.1.2 Polarimeter .
Polarizing elements made from crystal calcite or
quartz function best in parallel light. Two fused silica

lenses of equal focal length (10 cm) have beqn employed to

4

monochromator. Since the Sbox is an /6.8 system, the -

focus light from the beam onto the entrance slit 0€ the
mum usable aperture with 10 cm lenses is 14.7 mm.é:%ot‘iii..
polarizer and retarder have a 15 mm diameter. *

Focusing the system for diftcront‘wavolonqth- has
been accomplished by mounting both the spectrometer and
polarimeter on movable tables connected by a machined screw
with a 2 to 1 thread ratio between them. If the polarimeter,
including both lenses, moves one unit closer to the beam, the
spectrometer moves 2 units, thus max%‘axnan equal distances
from the first lens to the beam and Srom the second le
the entrance slit. :

The good spatial focusing was confirmed by observing
the He 1 guantum beat at 8.77 GHz on the 3889 Rtransitxon.
Only for this test measurement were the slits reduced to 100
microns and a foil step size of 50 microns was employed. The
beat length is about 0.3 mm and our measured frequency was
within 1% of the previously measured value.

The polarizer and rgtarder are each rigidly mounted
inside a cyiinder having one hundred gear teeth about its
mid-point circumference (Plate III). The cylinder seats in a

worm gear whose axis is connected by further gears to a
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stepping motor (not present in the photograph), One rotation
of the worm gear advanvés the cylinder by ).6°., The outer
gears connecting the stepping motor allow for 20 puleses to

)
equal one deqree rotation of the cylinder. Thus the Qplerier

and retarder can l.pltlt‘iy be repositioned to 0.0%° and an
offset of 0.1° can readily be noticed by visual inspection.

Each cylinder can be remeved and rotated, front to
back, then reseated in the worm gear effecting an exact 100°
rotation about the vertical axis. As described in the
previous chapter, this festure is used to determine the
polarizer's treanemission axis and the retardpr's fast axie
with respect to ;ho laboratory reference frame.

tvo different polarizers were used during the project.
Both are 15 mm calcite prism polarizers, one from Oriel Corp.,
the other from Kar! Lambrecht, Inc. The attenuation of |
calcite in the ultraviolet varies significantly from sample ’
to sample. The only guarantee of obtainin§ one usable to
2500 R (sov of maximum t‘?nunilﬂo}l) is to lpocxfy.l_uch a
demand before purchase’. The Oriel polarizer is usable to
3000 A while the Lambrecht one is good to 2300 A. =

Two retarders have also been usid. One is a quarter
wave at 5400 A—from Special Optics, Inc. Both are_gero-order
quartz retarders with transmission coefficients better than

808 over the entire spectral region of interest (2300 K to

7000 K).



4.1.3 Spectrometer and Detector -

All measurements have been taken using a Spex Model
1500; 0.75 m Czerny—Turnér design monochromotor. Two differ-
ent gratings have been used. One is a ruled replica with
1200 lines/mm blazed at 5000 K, while the other is holo-
graphic with 2400 lines/mm. The former was used for all
measurements above 3500 A while the latter was used below
350Q R. Only a physical binding of the wavelength drive
above the 3500 R setting on the holographic grating prevented
its ‘'use for all measurements. This gratiny was first tried
only after the spectrometer had been carefully aligned.
Since repair of the problem would have meant a significant
loss of time, it was decided that the two qratings would be
used as required and the repair deferred until the project
was completed.

Threé different EMI photomultipliers, the 6256S, the
9789QB, and the 9658R have been used during this project.
The first two have a usable spectral response between 1800 R
and 5500 A. The 9789QB is a plug-in replacement for the
6256S with a somewhat improved sensitivity. The red sensi-~
tive 9658R, mounted in a refrigerated housing, has been used
' for heasufements between 5500 and 7000 A. Standard photon-
counting techniques were employed using Ortec electronics.

Dark counts between 1 and 2 per second were typical.

4.1.4 " Data Acquisition System

The Tracor Northern TN-1l1l is a software-controlled,
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multi-component data acquisition system configured around a
PDP 11/05 miniéomputer. It utilizes the Digital Equipment
Corp. (DEC) RX-11 dual floppy disk for program and data

storage and the DEC DECWRITER t 1 for user input amd all

printing. The "front end" is, 1206 four input scalar
with external time base. The #1 input must be used as a
preset scalar thereby reduéing the number of available data
inputs to three. The TN-1310 simultaneously controls two
stepping motors. One positions the foil in the target
chamber while the other rotates either the polarizer or
retarder in the polarimeter. All aspects of data input and
stepping motor control can be either single-command initiated
or directed by a user-written program.

The number of available data channels is variable,
limited‘only by the computer memory size (16K; 2 byte word
length) and the executive and program overhead. Typically
1024 data channels, usable as two 512 channel halves, have
been selected. One of the powerful features of the system
is that the data channels may be allocated in any desired
way. For example, the following breakdown of a 512 channel
spectruﬁ is typical:

Channel )
0 - 39 Data identification stored as ASCII code
40 - 157 Position of stepping motor

158 -~ 275 Scalar input #2

276 - 393 Scalar input #3

. .

394 - 511 Scalar input #4 (usually spare)

b s
.
1]

-
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The normalizatfion signal, connected to scalar #1, can be
either time, iqpegrated p!im current, or photon counts from
a light pipe stationed just pehind the foil. The light pipe
is connected, without focusi£§, to a small Jobin-Yvon
spectrometer which has a photomultiplier mounted at its exit
slit. Usually it is possible to normalize on some strong
line from the same ionigatien stage as the line of interest.
The available spectral region is 4000 & to 5500 R. The angular
acceptance of the light éipe is much greater than that of the
spectrometer which causes a significant loss in intensity.

For some starting position of the retarder, photon
counts are collected in scalar #2 and time in scalar #3 until
the preset of scalar #] is satisfied (typically about 5 secs).
The retarder is then rotated by a stepping motor and the
procedure repeated until the retarder has been rotated
throuqh 360°. -One such Cycle represents a single scan and
fiva to ten such scans are summed to form one data set. The
recorded time interva%s are used to remove backgroﬁnd count§
from the data. One dataset is usually composed of 18 or 36
points from which the Stoké!‘parameters are evaluated.

o

Figure 4 shows five data samples of the Hel 5016 A
transition. Each were taken using 10° jncrements of the
retarder through 360°. The fout peak modulation pattern at
0° foil-tilt is inaicative of exclusive linear polarization

while the two-peak patterns at 60° is almost entirely circu-

lar polarization. The figure convincingly shows how
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dramatically tiltiny the foil alters the polarization of the

emitted light.

4.2 Random Errors

Several different computer routines are available for
analyzing data that can be acquired with the system described
in previous sections. Two types of data samples can be
collected; polarization data which are collected at some
fixed foil position and are a function of the rotation angle
of the retarder and decay data which are a function of foil
position at some fixed polarimeter setting (which includes no
po;ariméter present). Included in decay data are gquantum-
:bé;t data often taken with just a horizontally oriented
i polarizer. It is not difficult to imagine collecting data
as a function of both polarimeter setting and foil position
but such data have as vyet not been acquired for anything other
than feasibilify tests.

Optical or beam-current normalization and eompensation
for the background rate are standard procedure f&r both types
of dafa. Weighting the data by the inverse of the square
root of the number of counts which assumes Poisson statistics
and is standard practice for Photon counting experiments is
alsé common to both types dJdf data analysis. Initially, then,
it came as somewhat of a surprise to find that the polariza-
tion data, after being analyzed, showed reduced chi-~squared

values which were significantly larger than unity whereas

decay data showed no such anomaly.
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The resolution of this problem came with the realiza-
tion that optical normalization had not previously been used
for decay data .and was peculiar to the new target chamber.
It is in fact common for the count rate of the normalization -
detector to be a factor of 2 to 5 smaller than the count rate ‘
from the signal detector. This is a consequence of the mis- |
match of the effective f-value of the light pipe with that oé
the small monochromator. The normalization signal has an
uncertainty proportional to the square root of the number of
counts even as the data signal has. These uncertainties
should be combined and the data signal weighted accordingly.
If the data signal is S3 and the normalization signal is s,

the uncertainty in the data, oqr is given by

- S, + S by
oq = Sg (d—ﬂ) ; (4.1)
S, - S
d n
as § -+ =
n
ogq = /Sd . (4.2)

To check the effeq{ of using proper weiéhting, 18
(
data samples taken in the\same manner were analized using
both (4.1) and (4.2) for the uncertanties of the data. The

reduced chi-squared, X, which is the usual goodness-of-fit

]
criterion, is defined as

—
2= 1 ;1-2 lyi - y(xj)12 e (4.3)
i ,
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where Y is the datum at position X Y(x;) is the value of
the fit at Xj.- oy is the uncertainty in Y{ and v is the
number of degrees of freedom defined as the humber of d;ta

nts minus the number of fitting parameters. The means of

@ reduced chi-squares for the 18 data samples using the

two different methods of weighting were found to be

4.51 + 1.59 Using (4.2)

1.32 + 0.52 Using (4.1)

The polarization values themselves were unchanged. The
computer estimates of the uncertainties, however, changed
significantly. They were found to scale as the ratio of the
square roots of the reduced chi-squareds, becoming larger as

the reduced chi-squared became smaller.
.

For the linear least -squares. fitting routines, the
uncertainties of the parameters do not depend upon x2, being
determined Principally by the uncertaintles of the input
data. It seems reasonable, then, to multiply the computer
estimate of the uncertainty in the final parameters by the
sSquare root of the reduced xz (i€ larger than 1.0) as a means
of compensating for improper weighting of the input data.1
Except for the 18 data samples mentioned above, all of the

data acquired for this project used equation (4.2) for the

wpcertainties. Future data samples will record the necessary

infofmation tjluso equatijon (4.1),

. lFurthnr support for this procedure will
in Section 4.3.- '

' ’
'S
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. Since the fficulty with large chi-squareds had
never been noticed%n past years when using beam current
normalization for decay data, one might wonder what the
advantage is to using dptical normalization. The reason why
this problem does not arise with beam current normalization
is that the current digitizer uses an analog technique to

sum huge numbexs of ion charges from the beam thereby effec-
tively havingiﬁ? uncértainty from random sources. The reason
for using optical normalizawton is the hope that systematic
errors caused by beam fluctuations will be more nearly
eliminated. The presence of an additional source of random

error is not a problem once the proper method of compensation

is known.

4.3 Systematic Errors

Perhaps the most difficult task for an experimental
physicist is the elimination of systematic errors. The first
step of such" task is the determination of the source of
these errors and therein lies the difficulty.

It would be most useful to measure the polarization
of a known light source at several different wavelengths.
Unfortunately, except for an unpolarized source, such sources
are difficult if not impossible to obtain. At 0° foil ¢tilt,
both C/I and S/I should be zero. 25 data sets, acquired with
a perpendicular foil, were examined and the weighted mean (u)
for S/I was 0.0009 : 0.0013. The value for C/I was 0.0030 *

0.0017. The uncertainties assigned to these means have been
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calculated using the square root of the variance defined as

)

x2 = 1/ ] 1/} (4.4)

where Oii' the computer determined uncertainty, multiplied by
the square root of the reduced x2 for that particular data
set as dxscunled in the previous section.

There is ome possible source of error which exists
for C/I that does not exist for S/I and that is the axis
determination of the retarder and polarizer. Whereas an
incorrect axis value can alter a nonzero measurement of S/I,
it has no effect on a zero S/1. Since M/I for these data
gets is nonzero, an error in “the axis positions of the order
of 1° could easily account for the C/I value being as large
as it is. However no C/I1 or M/1 values are quoted with an
uncertainty smaller than 0.003.

The scatter in these values of ¢/1 and S/1 can be
estimated by forming a qJ:ntity analogous to the X2 df
equation (4.3). The role of the fitting function is played
by the weighted mean, u. Calling this quantity 02, its

definiti&h is

z d3a

2  _1 (y, = w)%/d? ‘
° F-Ti 4 i (4.5)
where N is the number of points in the sample and the other
quantltxes have been previously deflned ioz should be close
to one for random scatter about the mea 4& the weights, oy

have been properly assigned. The valuQ of 02 for the C/I

~
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sample is 0.59 and for the S/I sample is 1.09. This test

indicates that the error assigned to C/I may be too large.
Another test sample of data using zero polarization

is offered by an He 1 transition at 5048 X which originates

from a 1

S term and should therefore be rigorously free from
aﬁy polarization. The weighted means, over all angles from
0° to 70° in 10° increments for the relative Stokes para-
meters are:

~M/1 = -0,0006 ¢+ 0.0030
C/1 = -0.0Q73 + 0.0030 .

+

S/1 = -0.0029

i+

0.0018.
These numbers indicate that the assigned uncertainties may be
too small. If the scatter of these numbers about the

weighted means is examined as before, the values of 02 are

s (M/1) = 0.72
o2(c/1) = 0.97
0%(s/1) = 1.13.

The scatter indicates that the assigned uncertainties from
random sources are correct. To examine systematic errors one
could use equation (4.5) with u = 0. In that case the above
values become 0.73, 1.84 and 1.49 respectively which indi-
cates an additional source of error may be present. However,
the sample size and the magnitude of the possible error are
too small to be definitive.

These studies were performed with a source of known

zero polarization and indicate that proper account has been

»
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taken of random errors and that systematic errors, i f present are
small. One cannot extend the validity of such tests to measure-
ments of non-zero polarization. Repeated measurements of the
same transition, with large polarization, scatter about the mean
by the amount suggested by their assigned uncertainties. This
only indicates that random errors have been properly assaned.‘

One possible source of error, that has not been
thoroughly investigated, is whether the polarization for a
given transition varies from foil to foil. How sensitive 1s
the polarization to foil condition and how does it vary as
the foil degrades in the beam? One experiment was’perf?rmed
in which a new foil was inserted and each data scan saved
individually rather than summed. 12 such scans were recorded
before the foil degraded to the point where it would normally
have been replaced. No systematic variation in the polariza-
tion was recorded tQough a slight tendency for |S/I! to
decrease (:=5%) with foil degradation was noted. No experi-
ment has been performed in which many repeated measurements
were taken using different foils. However a significant
number of measurements have been repeated once or twice and
no serious disagreements have been noticed.

All of the above tests seem to indicate that the
precision of the measurements presented in this projec¢t are
properly indicated by the assigned uncertainties. The matter
of accuracy is another question entirely. Without calibration

standards it is impossible to determine the accuracy of any
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measurement. Of course, the Stokes parameters following a
purchased plane polarizer or circular polarizer have been
measured and were found to be reasonable. Howevor; these
devices are not standards and their polarizing capability
yariel greatly with the frequency of the transmitted light.
The polarization values which have been measured in other
laboratories agree with those measured in this project. The
procedure of rotating a retarder before a fixed polarizer,
when both are high quality elements manufactured to rigid
standards, eliminates so many sources of error that one
cannot but hope that the accuracy of the recorded values is
also properly indicated by the assigned uncertainties.

4



CHAPTER V PR R
POLARIZATION OF HELIUM . \ k‘ .
. A | -
5 -
while hydrogyen is the simplest atom,. the nqgi :‘

s
degeneracy of all quantum states with the same principal

quantum number make f{t unluitale for experiments probing

the differences between states with different orbital quantum
numéors. Helium is the simplest atom for such experiments.
It offers many transitions in the spectral region 23008 -
70008 including some between doubly-excited states. Having
no nuclear spin, all transitions are free from hyperfine
structure. The singlet and triplet systems are almost non-
interacting, at least for all S, P and D states.

The fine structure of Helium is small, being less
than about 1 cm’l for all levels. Violation of the Lande
interval rule is not an indication of the breakdown of L3-
coupling, as it mighs be in heavier elements, but rather of
the importance of the spin-spin and spin-other-orbit inter-
actions (BS 77). While this has been known for some time,
only in the past twenty years have the fine structure inter-
vals been measured with sufficient accuracy to challenge the
various approximate procedures used to calculate them. Beam-
foil spectroscopy has made a substantial contribution towards
this endeavor.

Two experiments, both using the quantum beat method,

69
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are worth noting. The !trl{ uoa.urod"ho fine structure
intervals for the 28 - np sequence (n = ) to 7; WFAD 72) while
the second no:h\god the intgpvals f;r the 2p : nd sequence
(n -~l to §; ACLMM 76). While nelither coulﬁ'aatch the
lccuracy't other types of experiments for the low ly.tnq
mefbers of the sequence, both offered the first measurements
for higher values of n.

Quantum beats within the triplet states of Helium are
easily observed and it is becoming routine to use the begg

frequency of 6358.6 Mg for the 1'1 - "2 oopc‘ltlen observed

)

at 3889A(2s°S - 3p3P°) as a beam velocity calibration stand-

ard;” Accurate beam velocity determination 1s not 80 important
?or‘;olarxzatxon measurements as it 1s for mean life or
éuanéum.ﬁoat frequency measurements.
. ‘The first experiment to use a tilted foil was
‘ b;rformcd by Berry, Curtis, Ellis and Schectman (BCES 74) on

1

' the Helium I 2a'S - 3p 2' transition at S016R. It clearly

deﬁonltﬁatcd that tiltan the foil was luffxcxent to destroy g
Jtnq,l ;ynn.try, even on the ntg,Jc scale, thereby permitting

' the observatfon of circularly polarized light. While the
general theory;.presontod in Chapter 1I, was formulated prior

" ¢o this experiment and clearly allows for the obcorv;tion of
circularly polarized l4ght in the absence of cylindrical
synnetty,\tho mechanisa and magnitude of the effect 'is not
discussed at all.

Several authors have addressed this problem and a

a
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brief summary of their work will be preiénted in the following
'section. The question being raised here is how do the
excitation parameters, o:, depend upon the foil tilt angle?
Further questions, which must be answered by any complete
theory, would rklate to a .pec;fication of all experﬁpental
parameters (beam velocity, current density, foil temperature,

etc.) upon which the excitation parameters depend.

5.1 Tilted Foil Theories ‘ ~4f
'Lewis and Silver (LS 75) were the first to attempt a
generalized formalism for tilted foil. Besides the foil-tilt
angle, o, their model dépend' on the size of the interaction
region (¢) and a second angle, B, which is freely adjustable.
The re;ults vary sighificantly depending upon the assumptions
.invoked. Two key predictions, that C/I should change sig;
with increasing foil-tilt angle and that S/I should achieve
‘I-maximum before 80° foil-tilt angle has been reached, have
not been borne out by experiment4 In fairness to the authors
they offered reasons why both of the above might not happen.
. Lombardi (Lo 75) used a surface electric field model,
.very_similarﬁto Eck's (Ec 73), to demonStraté that €ailure
éf Eck'i éodél was not intrinsic to the concepts employed
but to some very. r;stricted simplificatiohs used for a
YpartL;ular c;lculationa HOwéyer,'the Lombardi model has so
many parameters that almost ;ny boha#ior of the polarization
with foil tilt can be described. )

Herman (He 75) chose to treat the interaction as a
[ '] -
. ’
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differential collision effect, and while unable to derive
explicit relations for the excitation parameters, he was
able tojexprqss their behavior with foil tilt. However the
model i? too simplistic to account for many of the observa- \
tions made to date.

- échrBderoand Kupfer‘(sx 76) have treated the prdblem
using electron capture from an electron gas with a steep
density gradient. Specifically the problem was solved for a
metallic foil and a hydrogen ioq;bcam? Whe"ad‘i}?d to
Helium their values for M/I were much'?drg { .m.'dbserveq.'
However, to their credit, this calculation is ab initio, with
no free parameters.

The above theories have used three .different treat-
ments to model the beam-foil interactiop. Several use an’
electric field. or field gradient at the foil surface, one
considers collisions as the ion leaves the foil, and one
gas with ;'ster demsity

v

éfgai{’ _electrcﬁ'ﬁ ture from a
- & A0 '
gradient. ghq\best approach has as yet to be decided.

There i¥ one treatment, by Yehuda Band (Ba 76) which
stands out from the others by virtue of its clarity and ready
comparison with.experiment. The mechanism inwoked im also

& * |

that of a suﬁface potehtial which is normal tag the foil

\ caused by the Fermi energy plus the work function. The

potential is expanded in a power series keeping tetﬁs to

.‘ (Vo/v cos a)z, where Vo is the potential, v the beam velo,city" '

-
e

and a t foil-tilt angle. N A e -
. 4 S x}ﬂg;: N

N s * " L 4 ¢ [N .&
O . . - ."‘ . ol '

Fa
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Band expressed his results’in terms of six free
parameters but a slight rearrangement of the equations easily

demonstrates that only five of them are independent (BP 78).

In terms of five parameters his results are:

M E cos2 a + F

T’ 2 (5.1)
A cos” a + B

e s = (5.2)
A cos” a + B

% - 81n a cos a (5.3)

A cos2 a + B

5.¢ Results Using Helium Singlets

Whereas the varigtion of polarization with foil tilt
has been estéblished since 1974,, the matter of how this
behavior wvaries from transition to trans®tion for a given
element has not previously.been examined. An experiment
using five Heiihm singlet transitions, for which quantum
beats would not complicate the analysis, Qas performed for
foil-tilt angles from 0° to 70° in 10° increments. The
experiment was later repeated for two of the transitions
from 0° to 80° in 5° increments. One transition, the
2p~lP‘ i 1S at 5045 Xﬁvwhich should rigorously show no
polariéation, was used for an indication of systematic errors.

An incident ion energy of 160 KeV was used for all
;neasureﬁx_nen\tld No attempt was‘ made to compensate foz: the
additional energy loss in the foil¥hs the foil is tilted.

L)

7
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However, the energy loss ofvﬁelium is not large and the

additional loss at 60° foil tilt is less than S%.
]

Figure 5 shows the Stokes parameters for the

1S - 1P He I transitions at 5016 & (28-3p’ and at 3965 &
(28 - 4p). Figure 6 gives the same information for the
1

P -'D transitions at 6678 A (2p - 3d) and at 4922 A (2p - 4d).
The smooth curves are least-squares fits to the Band equations
(5.1) to (5.3). P. is the total fractional polarization
defined as [M% + c? + s?1%1, v
There is no unique procedure for obtaining the Band
parameters from Fhe data. The method chosen was a compYomise
between rigbr and’ expediency. First tHe S/I data were inverted
(prope ighted afg{er inversion) and a linear.least-
square “for A and B was performed. Using these values,
aﬁlinear'least-squareg fit to C/I determines D, while such a
;it to ,M/I determines E and F. This procedure can be criti-
cized on two counts: “f
1) A and B appear in the -equations for all of the Stokes
parametérs and only the S/I data were used for their
evaluation.
2) Inverting, equation (5.3), even properly weighted, and
minimizing the chi-squared wfll not in general produce
the values of A and B which miniﬂ};e the chi-squared for
equation (5.3) as written. The closer the reduced chi-‘
squared comes to 1.0, the closer the two different ways

of evaluating A and B agree. If the fit were very poor,

2o
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the two different values for A and B could differ sub-
-tantiglly. b
° These objections are most relgvnpt if some\phy‘lcal
interpretation were being applied to the<®and paraJ;ters.
However, the exb;ci?e is being performed solely to find out
whether or not some parameters cah fit the data..:The second
criticism only applxes if the fit is already poor. ‘he f!t
cannot get better ‘y applying to A and B the contraint OJ
slmultaneously aatilfying equatlons (5.1) and (5.2). In.
other words, if a set of parameters exists which can fit the
data tﬁis procedure will t' aithem. If no such set exists,
the curves obtained from th\s me;hod will certainly differ
from the curves obtained b s0Me other method but neither
set will fit the data. The Band parameters for egch of the
transitions appearing in ;igures S anv. are listed in
Apperﬁix 2. ® v d‘

The fits are really quite good f&r the two lS - lP°
transitions with the excéption of‘C/I. The fits for the two
lP° - lD transitions, however, cannot be '\sidered satis-
factqry. One notices twe pronounced diffe:;nces between the
results for transitions originating from a 1D level and those

1

FY
from a "P°. The first is that M/I becomes negative for the

former at about 45° foil tilt while for the latter at about

60° foil tilt. The second is that S/I reMains close to zero
. e

for the 1D transitions for all f011 tilt angles less than

about 40° and then becomes rapidly large finally catching up
. .
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1

to the "P* values t" large tilt agqlo. This feature coupled °

with the early zero in M/I causes P,, the total fractional

polarization, to achieve a minimum at about 45° for the 1D

transitions while no such minimum occurs fqr the 1P° ones.

Figure 7 shows the r::ﬁtto’fbr the 28 lp - 3p1P°

1

transition at 5016 A and the 2p "P® - 4d 1) one at 4922 A

The intent,in remea.uring th.l. linos was to establilh a

smooth trend, I’Ln 0° to 80° foil tilt for each of the dif-

1

ferent L states available. The curves are from a cubic

£

[

f;ip‘@éino smoothing routine and reprepent the best experimental
determination of_the polariaation;ﬁt these states obtained
in this project. The Band.thgorybdoeS‘hok dé‘!ny petter with® ¢ -«
. these* results'f in ‘aqt the larger. angle pc;ints are even more
difficult to fit and a noticeable discrepancy would be
visible.in the M/I curve for 5016 X. However ,. the Fheory
specifically Qemands higher order terms for large tilt angles
8o it is unfair to compare these data sets to the Band
Theory.
The C/I results are somewhat curious in that, for

1

the "P° case, they are the ones not well fitted by the

theory, while for the 1D case, they are fitted well indeed. .

5.3 Helium Doubly-Excited States

For Helium the only states of practxcal importance
are in fact those for which at least one electron is in
the ground state, for the following reason. One finds

v

1No transitions in neutral Helium for states with
L 2 4 occur below 7000
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that the eneryy of any state in Helium, for which both
electrons are excited, is higher than the ground state
enerqgy of a He® - jon (H-1like ion with z = 2) plus a free
electron. These states then lie in the continuum and the
same holds for all other He-like ions. One can show
further that, for guch & doubly-excited state in He,
dissociation into He* plus a free electron (Auger effect)
{8 much more probable than a radiative transition to a
bodnd state of He. Spectral lines involving such doubly-
excited He-states are very rare in practice and we shall
4 not consider them any further.

These are the words of Bethe and sSalpeter in their
classic monograph (recently reprintgd, BS 77) on one- and
two-electron atoms written in 1957. One of the exciting

#sspects of the beam-foil light source is that many doubly-
excited states in Helium and other elements are easily
observable (Be 75). The reason is twofold. while it is
correct %pat all He doubly-excited states lie above the first
ionization limit (24.59eV), the selection rules for the'Auqer
effect (AJ =0, no pdrity change; AL = 0 and sS = 0 for good
LS-coupling) prevent autoionization for many of the levels .'
which then radiatively decay. Secondiy, even many states
which can autoioniee do so at a sufficiently slow rate, that
radiative decay becomes competitive (Be 75 and references
contained therein).

The rule which can be® used to determine whether or
not a given doubly-excited statq in Helium can autoionize is

' L
the following. If the parity of the state is the same as
- ,
the numerical parity of L, the total orbital angular momentum,
then the state can autoionize. If the Parity.is opposite,

it cannot. This follows from the above expressed selection

,
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rules for those doubly-excited states below the He II 2p
threshold. Above this thronho.ld all itatel‘may autojionize.

The primary oxpcrimzl methods for determining enerqy.
levels of doubly-excited states are electron and ion scattering
exp.rimint. with the observation of resonances (Sc 73). A second
tochnique}i- the observationof absorption lines using a synchro -
tron light source (M>63). Beam foil is the only light source which
produces transitions between doubly-excited ltatesiblorvable
as emisgion lines.

Most theoretical treatmcn.tl‘of doubly-excited states in

He vsake L and& to be goo}i'quantum numbers. Howevér ,» 8ingle con-

figuration designations, such as ns mp, can be misleading when

used to describe tr;e autoionizing levelg. Several different i

schemes have been proposed for thes . but so far none of

’

them has been generally agopted. It shoull be stressed that the
[ .

[ )
question of notation is not simply a matter of convention.

-,
f

The
T -t

problem of quantum mechanically describing oxcitea‘s'tates of
atoms and ions from ab initio calculations always involv:s the
explicit or implicit notion of configuration interaction. The
labels which one attaches to an energy level then becomes theory
dependent. The only labels, for this problem, which must be
theory independent are ghe specification of the energy, the total

angula mo'mntum and the parity. v

5.3.1 Spectral Analysis
The spectra of Helium between 2200 X and 3400 R

appears in Figure 8. Eight doubly-excited state transitions
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(1)
nave been observdd within the above spectrai region. rive
of these are {(fOm states foub.?ddon to autoionive by the rules men-
tioned above and will be )otorr to as non-qutotonutm in what
tonov- The energy widthe ’M thiee pon\nod to auto tonu;
have boon calcolated and shown to be NArTovw, therebdy lnovtnq .
radiat ive decay to be a competit fvend f not dominant mode of decay.

Table 1 lists the observed transition wavelengths .
(air) and the onorqton of the uppor levels atter correcting
the wavelengths to vecuum. Tho oxportl-ntal energies are

based on the energies of the 282p ’v level of 470310 ¢ %0 c:-'1

(Ma 73) and of the 207 I» level of ds1301.31 1. 3 ot

1 The theoretical values 2 uro from two Pe@CeNt

(™ 71).
papers and the agreemeht i twtcutvo when one considers

that the theoretical values are ab initio. .

3p - Ipe

Four transitions of the type 2p2 3p - 2pnd lD'. for
n =3 toé, have been observed of which the first two, at

3014 R and 2562 A, have been 4 using a tilted foil.

-

only radiative decays are per ted for'this sequence, and
. . .
the lifetime of the 3pla 3pe has been nalurod'n-'o.llto.ouo

(1T 18). e | .jff-

3?' - ’P . R " c ‘ $\.
only one’ traffition of this types £Re. 220 ’r"' -

lueing a convouioo{actot of 1. 239!52(3) lo oV/om .

3. A

Using 1 au = 21 2116.V: E(Bet**) = 19.oos|.v.
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2p3p 3

Hiqher members of this seréms would have transitions below

P at 2364 A, has been observed and that only weakly.

- 2050 R and warld almost corfainly be too weak to be seen.

Raéiativefdecay is the only mode available to such states.

dp - Jpe . o,

The 3P‘ energy levels h;ve recently been studied by
Lipsky and_Fonnooly_(Lc 76) who classified them into three
types labelled (N,na), (N,nb) and (N,né). N is the He II
threshold be low whichffhe state exists. n reéresents the

quantum number of the outer electron and a, b, ¢ designate
A ' , . .
series of similar line width. The tgansition 2p2 3p C
2p3d Jp° at 2818 &, has its upper state labelled P°{2,3c) .
3 i

while the 2p® ®p - 2p4d

.labelled 3P°(2,’4c). The ¢ series has the narrowest width
. 6 M 6 .

P° at 2504 X has its upper state

being 3.3 .10 eV for (2,3c) and 1.8 - 10 "eV for-(2,4c):,

The. transition observed~by Berry, Desesquelles and Dufay

(BDD '72), at 3479 R and labelled by Martin (Ma 73) as

292 3

P - 2,3; sp(—)3§°, has its upper state quignated as
(2,%b) by Lipsky and Conheely. Their Vidth of ;.5 -10‘5ev
corresponds to a very short lifgt;me-of 0.01 ns wﬁich miéht
explain why the line is so weak.l Tﬁe next member of the c
seties, (2,5c),ywould not likely be observed since the

-fransition at 2504 R is already extremely weak.

| -
lNot observed in a spectral scan of that region.
v -

7
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» ~ The ftrongest doubly-oxcitod state -pcctral line 1n
. the viliblo or near ultraviolot is élom the 2l2p P‘-ZpJp D
tranlition at 2578 k. Rocontlw Conneely and Liplky (CL 78)

‘have idcluded tho 30 tdrm- in. their analysis and Classifty
the 2p3p 3D as (2,3a) 3D uning the same not&ti.on u above.
Their cadlculated width .of 2. 14 - 10 eV is. quch too broad to
allow for an oblorvablo radiative decay.’ Tho width of this
level has bo‘; qplpulaged §¥ several other authors and a
compariqoﬁ of their results for this lével is présented in

Table 2. The beam-foil lifetime has been measured as
0. 115: 0.006ns (IT 76) and 0.14 :o O2ns (BDD 72).

. TABLE 2

Theoretical Energies and Widths of 2p3p 3D

-

-~

- ' e , Energy Width(r) Lifetime

Autz?i Classification (eV) " (av) (/T in ns)

COHB 67 B3 63102 1.4-1078 0.46
AM 67 < 3p 3. 63.1572 1.2.10~5 0.05
BT 75 3 63.120%  2.7.10~6 ’o.u
LC 78  (2,3a) - 63.13 2.1-1074Y T 5.003

a. values quoted in eV
b. using the value quoted in Rydbergs



G}von :tho strength of the lpoctnl: line at 2376 A,
one might expecst io observe a traualtion ftop a ‘higher energy
lovol.ot th.-lll.'yin‘. Ustng tho‘onoto‘loviln of Callaway
(Ca 78) the ﬁoxt'ﬁranlition (2l2b.39'-2943 3Di}1¢ p:odiCtod
at 2081 K. An experiment, 1§ progress at the time of writiné:‘
has unmistakenly identified a transition at that wavelength.

5.3.2 Yol * ults Us peeil . @

of polarization measur¢ from 0° to '80° foil-tilt angle.
The first'is the 2sZp Jpe - 2p3p ¥p transition at 2578 X and
the lecond il hhe 292 IP- 2pid 3D‘ transition at 3014 i The

results for these transitions are presented in Figure 9.

g The first striking tolﬁure‘}. that M/1 for both
transitiohs is eslentially constant \v‘ tilt ahgle but of
opposité sign. The 3014 A transition io the only one in

4

_Helium to show a negative value for M/I at 0° foil tilt. _In
fac; it is one of the few non-hydrogenic transitions of any
elemedt to.shov negative M/I for a perpendicular foil;l

S/I for both transitions shows the same trend with
‘foil tilt, this being uomewhat intermediate bctunen the

lP‘ and 1D curves of neutral Helium. S/1I

behavior of the
did obtain a yalue of nearly -40% at 80° foil tilt for the
2578 R transition, which is one of the largest polarization
fractions ever measured with a tilted foil. |

» 1One Os VIII transiiién at 36 MeV has shown nothive
M/I (CHLPB 77). Also see Chapter VI.
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Twa much veaker 1indé/fave also been measured at 0°,
20°, A0° and '60° foil tilt. The values appear in Appefix 2.
one is the 2p? 3» -2p3a Jpe.ae 2010 K. ALl of the polarisza-

tion values at all !odr»tltt“ui.&.l are quite small and

1
L4

consistent with ﬁh‘tr value yoh.g gero. The other transition
ts the 2p ¢ -2p4a '0* at 2562 §. The upper state is simply
the nokt;htqhor member of the 30‘ whtqh gave rise to 3014 &
transition and might then be expltind B yie1a the same
polarisation. HNowever, this line is in the wing of the line
nt“?k?ij* which is very broad, ‘and hence some fraction of the
observed intensity §g coming from that line. The polarization
valuclnsl:-zsds R ;t each of the fouf measured®tilt angles
may be satisfactorily reproduced by adnixiqq 708 of the
3014 R values with 308 of the 2578 X values. Because of this
'b%;nding problem, the tabulated values should not be taken
as the polarization values for this transition.

™™ere are two complications which exist foe\eoubly-
excit:d state transitions which did not exist for’pgﬁium
o oinblot;; The first is that chau.o th;so transitions arise
'ﬁron triplet levels there is unresolved fine structure
present which causes the polari:atioﬁ to be a function of
the distance d;vn;ttean from the foil. The second is that
these ttansltion: arise from such short-lived states that
taking a éoiarization measurement at any position other than

that of -Qximun'intcniity is simply not possible. With a
' - .
beam energy of «160 KeV and a ltfcékn. of 0.1 ns, the light
r
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intensity ltopo to 1l/e of Ln value m 0.3 sm which is less

[ thah t.ho averaging leagth (duow slit width) of 0.5 mm. wieh-

out knowinq tho fine ltructuro ooporntton it is imgossible

to know whothot one is mnaourinq some average value for the

polatisation or some poak value. Tho difference can be quite

oiqniticant and will be discussed in a later loction when the

triplet states of nouttal Helium are considered.

some conclusions can be drawn from the polarisation

of Helium doubly-excited states which will be further

elaborated upon after the Nitrogen measurements have been

presented.

L ] 1)

2)

3)

5‘

4

P -

Not all non-S states of Helium show alignment or orienta-

tion with a tilted foil. “The transitfbn from the 2p363P°

level shows no polarization thrq 0° foil tilt.

§/I can uniformly change in magnitude with foil tilt

while M/I remains constant,

Identical s; L, and L, quantum numbers of two different
excited states are not sufficient to infer similarity of
the polarization of the emission lines from these\;tates.
However, if in addition, all of the t, quantum numbers

in the configﬁration designation are ®he same, no evi-

dence.exiltl that the polarizations.will not be similar.

Heliun,Tflpletl

The behavior of the polarization of the doubly-

excited states of Helium with foil tilt angle is markedly

different from that of the singlet states. Whether this
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.
difference is caused by their being triplets or by beink

®. doubly-excited could be anawered in two obvious ways. One
could measure oitho.r doubly-excited linqlot‘*annitlon: or
normal triplet ones. The lat@er method has been chosen since,
in practice, no doubly-excited linqlot'tranaition- are of
noalurabi intensity.

# Beéides their ability to clarify the above point, the

neutral H;liun triplet transi

ain further informa-
tion, by virtue of their fine e, which

exploited. Thus far it has only been possible &,hc
change in polarization with foil-tilt angle. What is of
interest are the excitation parameters, c:} which were
treated in detail in Chapter II. Because there are four such
,parameters, and the relative Stokes parameters constitute
three measurement;, it is not possible to determine the o:
from a single set of Measurements. However, if the Stokes
parameters were measured along a quantum beat, several

different techniques might be employed to extract all of the

excitation parameters.

5-4.1 Polarization of Hefium Triplet Transitions

In order to coppare the polarization of Helium
Jiiplet transitions to that of the sidnglets, some care must
be exercised about the position along the phase at which the
measurement is taken. Figure 10 shows the polarization

against fojil-tijilt angle for the 2335-3p3P' transition at

3889 & and the 2s 3S--4p 3P’ transition at 3188 X. The first
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'hn n\mtq ioce length o! 4.3 sm (2.0 mm/ns beam veloedty; *
'CSI.G g beat frequenay) vhuo tho second has a Beat leagth
‘of 1.4 mm (269 Mg Deat frequency). The longer beat unquu
ot 3100 &coup!od with visual inspection of the beat pattern
at each foil-tilt position made it easy to take each measure-
ment at the saximum of the phase of the beat. 8Such was not
the cqeo for the measurements at 3809 R, Not only were the
measurements taken off the best maximum but the,phase from
tilt angle to tilt angle was not kept constant. This was not
an oversight but rather an overcompensation for an effect )
which shifts the apparent foil position as the slits are
tilted. The axis about which the foil tilts is vertically
displaced from the axis sbout which the slits tilt by about
0.26 mm. The f8il must then be moved by 1.26 mm * tan a to
observe the same segment of the beam at foil tilt a as was
observed at 0° foil tilt. For amany polarization measurements
the distance gfon the foil is not critical and is adjusted
for maximum light intensity. A pattern of intuitive adjust-
ment hud;ﬂovwlopod which in fact (as was afterwards
discovered) overcompensated for this effect.
Figure 11 again shows the polarization at 3188 &

3 3D transition at 5876 x.

but compares it to the 28 “P°®* - 134
Clearly the polarization patterns are very similar to the
analogous singlet transitions. Most importantly, S/I for
the 3D transition stays very close to zero for foil tilts

less than 40°. This feature is independent of the phase at
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transition but are of no particular }nterest to this discﬁs-
sfon. &he beat amplitudes for M light or S light may be read
directly from the coefficient of the cosine term of Az(t)

and Al (t) respectively. Clearly the beat amplitudes of the

-3 3P°.

D transitions are much smalleg than those for the
Hence the polarization along the phase will not change for
M/1I by more than about 25%’and for S/I by more than about
12% frbm the average valQes for-thc 3p transitions. Such
error bars would not significantly alter the appearance of
the 3D polarization curves in Figure 1l1. The Ease bf the
3P° transitions is radically different. For M/I the polariz-

ation values vary by 180% froﬁ the average values which means

that even the sign couid be measured incorrectly. (&£ coursé
these perc nyéges ignore the effect of Ehe denominator
expressioﬂ or M/I and §/I, but this is ndt large since the
lead constant dominates that term.)

It is thus possible to understand the differences
shown in Figu;e 10 between the variation of polarizatjon with
tilt angle for the transitions at 3889 R and 3188 R in terms
of a change in phase between one measured point and the next.
However, possible future experiments, such as those to be
discussed is Section 5.4.3, should include measurements to
test- whether the differences between the two transitions
shown in Figure 10 persist when the phase effects discussed

here have been eliminated. The only proper way to perform

these measurements for triplet states for which the quantum
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beat frequencies afe suéh that they can effect the reﬁults
stgnificantly is to determine the Stokes patameter? as a

function of both foil tilt and foil position. The 'results
of such measurements for the 3889 R and 3188 R ;ran@itions

at two tilt angles are discussed in the following section.
§ ,

5.4.2 Determinafon of the Excitation Parameters .

The Stokes parameters have been measured at 9 points;
along the phase at both 0°® and 60° foil-tilt angles foroygé
3889 R transition of He I. They have likewise been meagxged

at 8 points along the phase for the 3188 R transition.  Since

' ! ;
both of theﬁf transitions are 3S - 3P°, the equationg relating

LN

the Stokes parameters to the phase and to the excitation

parameters have identical constants and may be written for

M/I and S/I as:

/*7 M ; °M[l + 9/5 cos(wt - ¢)]
2 = . (5.4)
I T+ a oITl & 9/5 cos(uwt - ¢)]
- %
s b o{[l + 5/9 cos(wt - ¢)]
I 1T+ a 01[1 + 9/5 cos(wt - ¢)] (5.5)
with
302
0 v
oy = /g-»og (5.6)
'
o2
@ = o _ c,g (5.7)

Al
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With ¢ fixed to. the respective beat frequency, oM’ 91 o}
’

/3
A B b =
12/3 7

and ¢ can be adjusted to yieid a minimum in the chi-squared.
¢ would be zero if the fofi positionwere accurately known.
For 0° foil tilt, both ¢} and o} are zero by cylindric4l
symmetry so only (5.4) can be used to determineoc}. For 60°
foil tilt both.(5.4) and (5.5) are applicablé and the
equations can be fitted together or segaratély. ‘The fitting
routine used in this work employed a ﬁbn-linear least—équares
grid search algorithm by Bevington (Be 69). .

One can see from equations X5;4) and (5.5) that Fhe
polarization is not so sensitive fo.di‘as to the other
paraméters so long as loII is small enough to ayoid a pole.
This parameter will then usually have a large¥ unéertainty
than the‘others. The best determinatiaon df all the barameters
can be obtained by simultaneously fitting M/I, C/I, and S/I
to their theoretical expressions. In praétice, the mea:Lred
values of C/I are too small to yield reliable,69lues of Ty
8O0 these values have been excluded. The cpnggguence is that
idf (or K?f) Hgs not been determimed but is éertainly'very
small.

Figure 12 shows M/I at 0° and 60° foil tilt and s/1
at 60° foil tilt as a function of foil position for the

3889 A transition of He I. Figure 13 gives the same informa-

tion for the 3188 & transition. The smooth curves are plots
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.of equations (3.4) and (3.5) The horisontal .axis gives
distance from the foil in mm. An inprovmnt: in t.ho £ic un
be obtained by allewing the froquoncy to vary as nu\ e tho
other parameters. 'rhil is not surprising since tho data _have '
been acquired ovor only a ninqlc period. The most °oxt‘rca'o "
instance is the 60° foil tilt case of 31“& A 23\ reduction ﬁﬁ
in the xz can be obt\:unod by 1nctnling the ftoquoncy !\.
The phase shift, by }1‘ yﬁt both oy ahd o} change by Yess
than 1%. Fven Oyr the wotit case, c§pngo| by only 3%, |

Since the foil position does not ;hange by‘boon data
sets, one could use the phase as an indication of the best
frequency. 8Since the quantum beats of the 38898 He’
transition have been used for the accelerator enefgy cali-
bration, the frequency of the 3188& transi}ion could be
adjusted until the phases of 31884& agree with those 6} 3889A.
The parameters for this fit lie intermediate bétween thoée
of the known frequency and free frequency cases. Table 4
lists the sigma parameters as determined from thig method.
The curves of Figures 12 and 13 use the paramebeni"hr the
known frequency case. : '*

No uncertainties have been included with Table 4
since the computer determined uncertainties ajg'sm;ller than
the difference in parameters determined by different fitting
procedures. These differences are only significant for 6

A3

resulting partly from the form of the equations but more

I'

importantly from taking too few data points. Alternate
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methods for taking data and analysing it will be considered
in the following section. ¢

It is worth drawing attention to the peak M/I values
in Pigure 12, viz. 0.16 at 0° tilt and 0.07 at 60° tilt, and
in Pigure 13 viz. 0.17 at 0° tilt and 0.07 at 60% while the
corresponding S/I values at 60° are -0.22 and -0.24 respec-
tively. The excellent consistency between these values
strongly l&pportl the suggestion made in Section 5.4.1 that
the disagreement between the curves shown in Figure 10 was
due to phase shift from one measured point to another in the
3889 A data and that, in reality, the polarization versgus
foil tilt trends for the transitions at 3889 X and 3188 X are
very similar. .

The only other experiment performed on Helium using
a tilted foil which has determined the Fano-Macek (F-M)
alignmené and orientation parameters was recently reported by
Burns, Hight and Greene (BHG 79). Using a technique to be
described below, they have measured these parameters for the
3889 X transition at each foil-tilt angle from 0° to 7S5° in

5° jncrements. The conversions between the F-M parameters

and the sigma parameters for l-3s - 3P° transition are given
by:

A%OI = 0(2,//7 Ac2°+1= -og/v/j

col . 2 col 1

AL = 1ol/v’§ o, = 01/5 . (5.8)



106

Table 5 compares the results for the J889 R transi-

tion in He I. It is difficult <o attribute the disagreement
at 60° foil tilt to any one cause. The most striking dis-

crepancy between the Burns et al. results and other results
is a maximum in S/I versus foil tilt at about 45°. Cer-

Qainly the Helium singlets dp not show a maximum and neither

do the triplets at 3188 R or 5876 R (rigure 11). The 91

and ﬂ?? parameters of Burns et al. predict a zero beat
amplitude in the M/1 light at 60° foil tilt while this

experiment clearly demonstrates a non-zero value (Figure 12).

TABLE 5

v

Alignment and Orientation for He I 3889 | §

-

col
Experiment . Foil Tilt Aoo Aﬁ?l 0?91
BHG 79 o° -0.15
This Jer o°* -0.15
BHG 79 60° -0.055 -0.056 -0.052"
This Work 60° -0.23 -0.15 . -0.11

a. sign changed to compensate coordinate frame

It should be stressed that whereas the disagreement
in the alignment-otientation parameters seems large, the
disagreement in the predicted polarization values, which are

the measurable parameters, are not nearly so large. For
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example if one aséumes that the excitation parameters are
the same for triplot. lo for sfhglets, the polarization of
the singlets could be Predicted ullnq the equations of

Chapter II. The Burns et ajl. valued| for &°! and K2 predict

‘M/1 values for the singlets that arae N good agreement with

*®

t®e curves of Figure S. (Not so, ver, for S/I evaluated

from 0°l.) By contrast our measure lues at 0° and 60° tor
the 3188 A transition agree volﬂ wi 3188 R curve of

Figure 10. The amount by rves of Figure §

[ ]
is thus an indica-

differ from the 4p Ipe curve of Figure
tion of the discrepancy between the Burns et a]. triplet
experiment and the results pPresented here.

Such comparisons are qualitative and based on too f;:
measurements to be particularly meaningful. What has become
Clear is that straightforward appligcation of equations (S.4)
and (5.5) is not the best method for evaluating the excitation
parameters since the laboratory time required to use the
pProcedure adopted in this section at 10° foil-tilt intervals
from 0° to 80° becomes prohibitive if the necessary additional
data points at each tilt angle were acquired. Some ideas on
how such Mmeasurements might be taken and how they have been
taken elsewhere will be discussed in the followiﬂg'section.
5.4.3 Alternative Methods for Measuring

Excitation Parameters

One of the problems with the method of the previous

section was that 91 was not accurately determjned. If the
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- 8tokes parameters were measured at different positioms down-

stream from the foil quickly enough to complete
points on oge foil with identical normalisation at oaéh‘
point, the individual I, M, C hnd S values might be used
rather than the normalized values, M/I, C/I and 8/1. Such a .
measurement sequence would demand that only 4 or 3 retarder
ponition:”bo used at each foil position so that gnfontiro-
run could be completed in less than one hour. Seversl such
runs could be separately aénly:od with the final vaiual"
resulting from the mean. The entire procedure would then be
repeated for each foil-tilt angle of interest.

Two combinations of I and M eliminate o2

; and og

respectively. From equations (2.29) and (2.30) one can find

that M

AO(t) _ 295 A%(e)

I + M = (5.9)
/3 Y 1 .
0
-8R0 202 0, (5.10)
k) /3 k]

at

Considering the first of these equations, the values for.
Aoit) and Az(t) may be substituted for a 3S -»3P° transition .

in Helium to yield:

It 2
Ce 11+ 590 . 4] cos(ut)].

9/27

I + M=

If the data were fitted to a function of the form,

. )
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Fene Co (1 ¢ coslut - ¢)) (9.11)

one ocould solve (or'o.’, in terms of By. The result is

o . 4. o . (5.12)

Thé introduction of the phase factor, ¢, is solely to account
for uncertainty in the foil position and should be carefully
 monitored se that a 180° phase shift 40es ROt OOGNr. Using
this technique, the quantua beat amplitude directly yields
the excitation parameter, o.z,. igPependent of nxmuuuon
factors. This idea was first put forward by Burns, Hight
and Greene (M;G 79) in a slightly modified form to be con-
sc;cud below. :

ol may be treated in an exactly analogous fashion
using equation (3¢10). Calling its beat amplitude, B,, one

obtains +

1

The situation for o} or 102 is not so clean, being compli-
catgd by the appoarancc of both of and oz Considering the
caso of circular!y polutxod 1ight, ‘the relevant expression

from Chapter II is:

1+s-——£—)---—h(t)-0h‘tt)
%) 2
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Nere ¢, is defined by equation (5.7). It is $0 be treated
a8 & khown paremeter. Afeer substituting fer al, Al and A'.
this booomee

'x.oo-";-:u-.'gchQJo "t :?-: ?oof.ti),.

Agein fitting this equation to ome of the form of ($.11),

- , ‘ . . L)

w4

148260 0 ¢n, asntet - 011,

" yields the following expression for o.)

q:‘- W_!ﬂ ) (3.14)
‘ $/6(1 ¢ 9/ By) ‘

. ) L ]
Pinally, for completeness, with l3 as the beat amplitude for

1 ¢« C, one can derive:

tol « 2382 - (3/4) °F (1-3/9 By)
3/2 (1 - $/9 By)

. The beat qliguﬂod appearing in all of the expres-
sions like oquuo;\ (5.11) need to be corrected fer the J
finito averaging length impoeed by‘ln geometry of the detec-
tion system. Only if this averaging length were loo.l than
about 1/10 of a beat leagth could it be ignored. The matter
of dot;rlintnq & proper beat amplitude after compensating
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for a finise sveraging m oo boen trested by e m
olnuhon- sz %s). ¢ e

It {eo interesting te noge that the siigle ur-un
c‘nnd 8 cannot be wsed to ‘.torllno the onolcatten pare-

PS ’

asters. - Jor enample, . .

-re, ' .
OO%QHIOS/’ coelpt) | )

]

end the beat Pelitede 1o /9 independent of o| and there-
fore tndma‘uu ot fc!! efle. Thie congequence wvas checked
BY Burns et al. (BNG 79) and they fousd encelleat agresment
with their measurement. )

Afi alternative method for d-tornintaq the excitatioa
parameters, and the one eaployed by Burns o€ al. in their
experiment, is to note that 8 single oouf.imluoa of a
pouttntor always yields I plus some combination of K, c
and 8. ) horuonuuy oriented plane polariser without a
retarder passes %(2 ¢+ M) 80 the analysis following equation
(5.9) cerries through unchanged. similarly &« polarizer
oriented at 4S° to the reference axie Pe8Ses 4(I + C) and if \
& retarder is firgt inserted the system passes 4(I ¢ S). o
combination can pass C|1 -N/3) u‘ith’c any comstant. But this
is n?/ttqntucunt. drawback since the derivation performed

that §(I - N), the cambination passed by a pol.rtm .um
vertically, can go uud 48 the fourth aBsasurement .

' g
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This technique has one clear advantage over the one
suggested at the béginning‘bf this section. Data can be
acquired as a function of foil position without changing the
polarimeter configuratipn thereby allowing a single run to
be performed in much less time, alleviating the problem of
foil breakage and improving the efficiency of data collecfion.
Any time spent in rotating a retardeé, for instance, is time
wQs::fyyvﬁregot being collected and can significantly reduce
the -duty cycle. The disadvantage is that the data can be
analyzed only by the procedure presented in this seétion.
That is, the Stokes parameters cannot be determined since
the various scéns would have been acquired with different
foils and no normalization is sensitive enough to guarantee
that I is identical for every scan. If the Stokes parameters
were acquired, as suggested previously, then not only could
this method be used but the method of Section 5.4.2 could
also be applied and'any disagreement between the two might be

indicative of systematic errors.

%



CHAPTER VI

v ¥ POLARIZATION OF NITROGEN
. »

'N(trogen is an easy element to accelerate and offers
a la}ge number of spectra) lines in the visible rand near
ultraviolet. It was the subject of many early beam-foil
investigations. culmimating in the thorough study by
besesquelles! which included both the classification of
spectral lines and the determination of mean lives. The
region above 2000 X nhas recently been reexamined for some
N II and N III transitions (BCOWPM 4‘..

The intent of this work was ‘¢ ,erform a survey of
the polarization of as many spectral lines as possible\at
both 0° and 60° foil tilt. Large polarization fractions
may prove to be a useful tool for cascade-free mean-life’
measurements or for spectral identification. Since orienta-
tion is possible only with a‘tilted foil, the only method at
present for determining whetﬁef or ngt significant polariza-
tion fractions might in general be expected is to measure
as large a sample as possible. A second motivation was the
possibility of measuring the polarization from transitions
analogous to the Helium doubly-excited states. Such transi-

tions exist in N II by considering the closed 1ls and 2s

shells as having no effect on the polariéétion.

1Ph.D Dissertation{ De 71.

113 ¢
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All of the Nitrogen data were taken using an N* beam
at 260 KeV. At this energy only NII and N'III transitions
have measurable intensities. The spectra appear in'Figure 14.
While every sufficiently intense line was considered a candi-
date for this experiment, many had to be &xcluded because of
line blending. The measurements utilized 500 micron slits _
which yield a line width of about 6 & at 0° tilt and 10 & at |
60° tilt. fhe consequence is that the fine structure is only
partially resolved, which significantly complicates the
interpretation of the resulis. This matter will be con-
sidered in some detail in Section 6.2.1

The polarization was measured for 15 transitions in
NIIand 5 transitions in NIII. The results are presented in
Table 6 whicﬁ lists the transitions by the multiplet desig-
nations ahd notes the wavelength of the strongest line of the
multiplet. The values have been taken from Striganov and
Sventitskii (SS 68) (corrected for typographical e:rors).

The transitions which have been included in Table 6
are not entirely free of blends. The listed transitioﬁ
should, however, account for over 80% of the intensity based
on careful consideration of the spectrum or acquisition of a
higher resolution spectrum. lof particular note are thi;
transitions of NIIat 4530 X, which is blended with a N III

line, and at 5001 & which is blended with both a 3s °p - 3p >p®

3

and a 3s 3P°-v§p S transition in N II.

Polarization measurements of Nitrogen are complicated
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¢

s TABLE 6

Nitrogen Polarization
(a) N II c
. .

Ay - Besig. _W'g'ﬁ')_. R/I(N) c/‘xs(:\)T s/t (%)
5680 38 Jp° - 3p D 2.6 0.9 4.0£0.8 -1.8  -11.3%0.4
5535 3s 5P -3p D° 6.?1 1.3 4.5:0.9 -1.2  -10.1%0.5
5045 38 Jp*-3p 8. -3.1%2.8 2.4¢1.2 0.0 0.2:0.8
soo1  3p’p -3a’r 5.840.6 5.710.6 ~2.7  -19.0%1.0
4803 3p°’p -3a7D° -6.3%1.0 -4.1%1.4 -2.4 - 6.3:1.0
4631 3s’pe-3p’P 0.4%0.6 1.2£0.7 -1.0 - 3.0%0.5
4530 3alre-4£G(9/2) 1.8%1.0 -1.9¢2.0 21,3 - 9.3+1.4
aa47  3ple -3a'pe 7.1%0.9 7.4$1.8 -3.0 -19.3%1.6
4403 ? 6.2¢1.8 4.2:0.9 -1.6  -16.0%0.7
4433 34 pe-4fD (5/2) 2.3%0.9 0.9:1.9 -2.7  -3.1:1.6
4242 3a3D*-4fF (1/2) 4.4%0.7 2.0£0.6 -2.3 . - 7.8%0.5
4146 3s°P -3p°s° -0.3%0.9 0.5+ 0.6 0.0 - 0.9%0.6
3995 3slpe-3plD 4.2%0.7 2.9£0.6 -2.5  -11.9t0.7
3329 3p° D -4sp* -1.0%0.8 -1.1%1.1 0.4 3.5+0.7
3007 plp -4slpe 4.711.0 -0.3t1.1 -0.5 - 3.7%0.9
(b) N III

61 3pi -3a%r ~0.9%1.1 5.2¢1.4 -4.3  +13.2%0.9
as1s  3sdpe-3pd 1.440.6 2.8+2.4 1.9 -10.3t1.7
4379 4f 2r* - 592G 3.910.7 1.3$1.3 ~4.3  -l4.1t1.1
4097 3s3%s -3pZpe 2.240.9 0.0+0.8 -0.5 -8.2t0.8
3367 3s'pe-3p ~0.5t1.4 -0.5+1.1 -0.5 -1.8%0.7

uncertainties same as M/I
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by the possibility of unresolved hyperfine structure caused
by the angular momentum of gh,ynucleul (I=1). Hyperfine-
structure quantum beats have been measured in both N IV and
NIII}) 1In one experiment (BCES 75) a tilted foil was used
which permitted the observation of the F=]1 to F=0 interval
which cannot be observed using a perpendicular foil.

Most of the discussion in this chapter will be con-
cerned with the measurements of transitions in N1I, and there
are two reasons to suspect that any unresolved hyperfine
structure will not be significant. The first is that the
Fermi contact term contributes about 20% io 50% toward the
energy separation of the intervals. This t;rm is non-zero
only for unpaired s-electrons and onlyoneN II transition in

2 3s SP - 232p2 ip 5D°) » With an upper term having

Table 6 (2s2p
L # 0, has such an electron. The second reason is that the
remaining interactions scale as <1/r3>, which decreases as
the ion charge becomes less positive. Reasonable estimates
based upon an extrapolated value for the hyperfine structure
constant indicate that frequencies in N II would be too low
to be measurable and hence may be ignored.

About half of all the transitions in Table 6 having
an upper term that is not L=0 gave S/I values a*+ «0° foil

tilt between 10% and 20%. No transition gave = r C/1)

larger than 8% and fewer than half had values . an 5%,

This demonstrates that production of signifi‘#ion
'BCES 75, spG 75 and scop 7. \
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is a yeneral feature of beam-tilted-foil excitation and not
one restricted to simple elements such as Helium.

The remainder of this chapter will discuss certain
aspects of Table 6 in detail and show that at least some of
the more prominent features can be explained by the theory

of Chapter 1I.

6.1 NIII Results

The first two transitions for N III listed in Table 6
are the ones whose hyperfine structure have been measured
using the quantum-beat technique (SCDD 76). The measurements
were taken with a perpendicular foil but the polarization ,
values for 0° tilt for these lines are so low that one would
not expect the quantum beats to be observable. In fact a
quantum beat measurement was performed during this project on
the N IIT 4861 A transition and ne beats with an amplitude
greater than 0.8% were observed. The resolution of this
apparent inconsistency 1is offered by the beam energy which
for previous workers was 2 MeV while for this experiment was
250 KeV. Alignment has been shown to have a strong energy
dependency so it is not surprising for us to measure such a
small value at this energy. The S/1 value at 60° was found
to be -13.2%, suggesting that it would be interesting to
perform a quantum-beat measurement at 60° foil tilt.

Two transitions in NIII, with measurable intensities,
occur between states with closed 1s and 2s shells. These

2

are 4f 2f° - 592G at 4379 R and 3s %s-3p ‘pe at 4097 R. Both
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of these are analogous to the singly-excited states of Helium
in that a single electron determines the orbital angqular
momentum. Figure 15 prolont:’tho polarization of these lines
as a function of foil tile,

Though only four points were taken for the 4097 §
transition, two features clearly emerge. The first is that
M/1 is very small for all tilt angles and the second is that
the shape of the S/I1 curve is similar to the 1S -1P° transi-
tions in Helium though the magnitude is about half as large.

The 2?' -2G results look as though they may be
slightly perturbed by unresolved hyperfine structure. (The
fine structure for this transition is the smallest of all the
measured Nitrogen lines, = 0.2 cm-l, but this should still be
too wide to affect the measurements seriously.) Again there
is no pronounced chande in M/I, unlike the Helium sinqletgj
S/1, like the doubly-excited Helium states, appears inter-

1 1 1 1

mediate to the S - "P° results and those of "P° - "D.

6.2 NII Results

Two of the prominent features of Taple 6 are the two
transitions which show polarization of opposite sign to the
others in the same column. One is the positive S/I value of
3329 R and the other is the negative M/1 value of 4803 X
(other negative M/1 values are within 2 standard deviations
of zero). This latter transition is analogous to the Helium
doubly-excited state transition at 3014 X in that the upper

term is also a 2p3id 3D°,and also showed a negative M/I value.
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® The results of Chapter 1! vui be uo‘od to explain these two
g’ ‘ features in the Nitrogen table and to show that the neqative
M/1 value in Nitrogen does not arise from an alignment pare-
meter of opposite sign.
. There are two upper S terms in Table 6 which show no polar-
ization. These will be examined in some detail and will be shown
to strongly indicate the validity ot.npin-tndopondonco fot.thh
experiment. The consequence of spin-independence will be tested
by examining six transitions whose upper terms appear as both
singlets aﬁd triplets. But first the qu;otton ot‘pcrtxal

resolution of the fine structure needs to be examjined.

6.2.1 Fine Structure Resolution

| Polarization formulae for both unresolved and resolved
fine structure were presented in Chapter II. It would be
possible to derive an expression for partially resolved fine
structure, valid for LS-coupling and incorporating the
relevant line strength fac¢tors, but 4ts application would not
be straightforward because it would be necessary to know the
instrumental lineshape before relative intensities couyd‘&t>

assigned to neighboring lines of a multiplet. The ifistru-

mental lineéshape is problematic since it depends onlhow well
the spectrometer, had been rafocused for a moving ligdht source

(SL 73). The Spex spectrometer did have provision to

furthermore this adjustment would be different at each wave-

length. The task would be further complicated by tilting the
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slice, vhtcy not only changes the instrumental ltno:afth but g’
8180 shiftes the line center. (A much finer adjuetment of the
lltt angle than was avotlablo in this work wonld ha"JI.on
nocoihcry to maintain tho slite exactly parallel as thoy were
rotated.) In view of the considerable experimental diff{-
culty involved in implementing the rigorous procedure for

* partially resoclved

ture, thq relevant formula has
not been presen
The ¢ omise which has been adopted is to use the
formula for unrooolytg fine structure for the evaluation of
the excitation parameters (Section 6.2.2), then to see what
polarization values are predicted for each of the lines of
nultt.lit using the formula for resolved fine structure. As
will be subsequently demonstrated, the polarization value for
the uultxélot can be obtsined by averaging the individual
polarization values for the lines weighted by the line-
4 .troqgth factor. This method is not exact but the error
seems to be only a few percent.
For unresolved fine structure, then, the)applicable
equation for Ak(t) from Chapter Il is equation (2.23). The

fine-structure quantum beats are completely unresolved so

!‘at only J = tergs can be non-zero. Ak(t) then becomes

Ty ( + :
. AU W B R I

14

0
Only the ratio Ak(t)/A (t) for k=1 or 2 appears in the

’



expression for the relative Stokes parameters. Prom Chqpter
11 these may be written for'w/: and 8/1 ée:

L 4

¥ =/3/3 *y M (o) /A% (s) (6.2)

1- 7373 o A2 (r) /A (v)

8 . =T odatie)ate)

.3)
1-73/2 0 A2 (0) /A0 () A

/ @ Q

where LI anl 94 are the same as in Chapter V, .1.0..

™~

The ratio Al/A° has been compiled in Table 7 for those values
of 8§, L and Lf which appear in Table 6. u.f represents the
angular momsntum of Q\o final or lower term.) The programs
for evaluation of the 6~} symbols was written by Caswell and
Maximon (CM 66) and is available throegh the U.S. Watiomal
Bureau of Standards.

One n’turn constraint placed on %y is that it be
small .onoog to'r the dencminator in (6.2) or (6.3) always to
be positive. .‘l,s’ the sign of AX/A? is directly related to
the sign of the relative Stokes parameters. The only poei-
tive value of 8/I appearing in Table 6 occurs for the 3p JD - 48 JP‘



TABLE 7

L]

Ratios for N II and N III

126

AI/AO

AZ/AO

1/2
1/2

3/2
3/2
3/2

-1.0000
-0.5000
-0.8660
-0.7906
~0.7778
~0.7711
-0.5000
-0.2500

0.2500
-0.6896
-0.2299
-0.7296
-0.2111
-0.5592
-0.6588
-0.4330

1.0000
-0.5000
0.5916
0.4432
0.3333
0.4103
0.2778
-0.1389
0.0278
0.2800
-0.2800
0.3437
-0.1233
0.1630
0.2500

0.1569

-
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transition at 3329 & and this is the only positive value in the
A'/A? column of Table 7. There are four negative‘values for AZ/a),
one of which corresponds to the 3p 3D -3d 3D° transition at 4803 ;
Of the remaining three, only one contradicts Table 6 , 8Since the
other two show M/I values close to zero. This one is the 3p 1p -

4s ll-"° transition at 3007 & which will be one of the triplet-singlet
pairs considered in the following section. It seems that the

alignment for this state is opposite in sign to the others which

might be attributed to the valence electron being *n 8 state.

6.2.2 .Triplet—Singlet Pairs

If one assumes spin-indepeﬂdénce, the results of
Chapter II indicate that the excitation parameters should be
the same, for all excited states having the same configuration
and the same total orbital angular momentum. By this
reasoning triplet-singlet pairs of the same excited state
(the lower state need not be the same) should have identical
excitation parameters. At 0° foil tilt the two measured M/1
values can be used to solve for the single unknown, og. At
60° tilt the M/I and S/I values for each member of the pair
constitute four measurements while og, oZ and oi constitute
three unknowns Of course, C/I could be included at 60° tilt
with the added parameter iof. C/I is not a particularly
interesting parameter and could onily become one if for some
measurement it were large when both Mﬁ: and $/I were small.

This has never been observed which accounts for the fact

that it is frequently ignored and justly so.

)



128
Three triplet-singlet pairs are available for con-
sideration. The pair at 4803 X/4447 R, one at 5680 R/3995 R
and one at 33?9 3/3007 A. The multiplet designations far
these transitions appear in Table 6. At 0° foil tilt both
og éhg o} are zero. Only M/I is non-zero and a single
excitation parameter, og, must be used to describe the polar-
ization. The column of Table 8, marked M/I at 0°, gives the
measured polarization and the value obt;ined from equation
(6.2) for each of the triplet-singlet pairs. The value of
cg used for the fit, for each of the pairs, then appears in
part (b) of Table 8. Likewise for 60° foil tilt the measured
values, as well as those obtained by using eqﬁations (6.2)
and (6.3), appear in part (a) of Table 8 while the three non-
g2
2

1

zero parameters, o2 and o; used for the fit appear in

X
part (b). No uncertainties are listed for the excitation
parameters since the partial resolution of the fine structure
is almost certainly the greatest soufce of error which is

not reflected by the computer estimates from the fit.

Bearing in mind that the fitting procedure is one
that employs one free parameter to fit two measurements or
three parameters to fit four measurements, some interesting
features, nonetheless, emerée from Table 8. The first is
that the signs a’ correct for all measruements if one takes
into account the quoted uncertaintles of the measured values.

The second is that the agreement in the M/I value at 0° is

really quite good. This agreement is more difficult to



TABLE 8

N II Triplct-singleﬁ Comparison

(a) Polarization Values
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et T

V&) 0° 60°
™M/T M/T 57T
4803 Exp. -0.063 ~0.041 -0.063
Fit -0.040 -0.042 -0.063
4447 Exp. 1 0.071 0.074 -0.193
Fit 0.081 0.073 -0.193
5680 Exp. 0.026 0.040 -0.113
Fit 0.021 0.021 -0.114
¢
3995 EXPp. 0.042 . 0.0%29 -0.119
Fit 0.044 0.035 -0.117
3329 EXp. -0.010 -0.011 0.035
Fit -0.0 0.000 0.035
3007 Exp. 0.0 -0.003 -0.037
Fit+ 0.04 ~0.002 -0.037
%
(b) Excitation Parameters for Fit
)
A(&) 0° 60°
03 02 0% 0}
4803/4447 -0.132 -0.266 +0.163 -0.147
5680/3995 -0.070 -0.711 +0.764 -0.120
3329/3007 +0.092 +1.135 -1.397 -0.077
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achieve than the excellent agreement in tho.S/I column which
results from these measurements having smaller relative
uncertainties (and therefore greater weights) which forces
all of the disagreement into the 60°* M/I column. But even
in the 60° M/I column only one pair in three shows genuine
disagreement with the measurements. The fit predicts that
M/I for 3995 & should be greater than for 5680 & whereas the
measurements indicate the oﬁposite. The last interesting
feature, and one mentioned previously, is that o2 and o2 for
the 3329 3/3007  § pair are of opposite sign to the other
pairs and are probably of opposite sign to every other N II
transition in Table 6.1 This is not a consequence of any one
or two of the six measurements but is a consistent feature
of all of them.

The problem of partially resolved fine structure can
now be reexamined. The first question which needs to be
answered is, why is the agreement of Table 8 dé good as it
is? The triplet transition, 3p 3D - 34 30‘ , which has been labelled
with the wavelength 4803, will be constdered in detail. 1Its
fine structure is typical and it is the most difficult of the
three to interpret. There is a 34 X separation between the
shortest wavelength of the multiplet and the longest. Table i
9 lists these wavelengths, with the initial and final J

quanthm numbers (Jf - Ji)' and the relative line strengths L\\J:>

as given by Condon and Shortley (CS 70). - The predicted

1This statement is a certainty only for the 0° values.
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Polarization for each line using the resolved fine-structure
formula of Chapter II (equation 2.35) {s also given. The
excitation parameters, for 60° o4} tilt listed for 4803 x/
4447 R in Table 8, have been used. The value for the singlet
transition at 4447 R has been includod.tor‘tbnplitenell but

of course the two different formulae, one for the polar-

ization of a multiplet and one for the pPolarization of a line,

Yield the same result for singlets.

TABLE 9
Line Polarization for One N 1T Triplet Transition

Je - 3, a (k) Strength M/1 S/1
3-2 4810 12.5 +0.012 +0.120
3-3 4803 100 -0.081 . ~0.056
2-1 . 4794 12.1 +0.008 +0.109
2-2 4788 55.8 -0.045% -0.066
2-3 4781 12.5 +0.052 -0.179
1-1 4780 36.2 ~0.045 -0.118
1-2 4774 12.1 +0.039 ~0.172

Average: ~0.045 -0.062
1-2 4447 100 +0.073 -0.193

°
The values marked "average" were obtained by weighting

the listed polarization by the line strgngth factors and by
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then evaluating the mean., These averages are very close to
the multiplet values given in Table 8. Cortainly'cho spec- .
trometer has not detected light from any more than the first
three linﬁl. The averages, weighted as before, for these
lines are M/I = -0.063 and 8/1 = -0.022. These numbers
differ substantially from ého measured values which indicat;:
that, at least for this triplet at 80°, the procedure of
using the multiplet value is nok satisfactory.

At 0° foil tilt the situation is significantly
simpler. The line at 4803 A would have been resolved from
its nearest n;iqhbotl- The singlet at 4447 X would also be
well resolved. If one applies the formula for resolved fine

0
M/I = -0.064 for 4803 R and M/I = +0.071 for 4447 & which are

structure and uses a value for o2 of -0.116, oqe_obtains

in excellent agreement with the measured values.

If one examines the triplet transitions at 5680 X and
at 3329 &, one finds that averaging the polarization for
those lines that have not been resolved either gives good
agreement with the multiplet va:ues (60° tilt) or g}ves some -
what better agreement with the measured values (0° tilt).
For‘neither transition ig the agreement worse than that of
Table 8.

The conclusion which.can be reached is that the

eory of Chapter II is able to describe the coarse features

Oof Table 6 despite the complication of partially-resolved

fine structure. As mentioned previously, a detailed
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examination using a formula for partially-resolved fine
structure is not ;ar}antod unless data were acquired wL'h tQ?
added information needed to determine the spectrometer reso-

lug&on at the wavelength and tilt angle of the measurement.

6.2.3 Transitions from S Termeﬂ,

Ipe - 3p 3% at 5045 & and the

Two transitions, the 3s
3.5P-3p55° at 4146 X, have upper terms with L = 0 and
might, from the results of Chapter II, be expected to show
no polarization. Thik conclusion is a direct result of the
spin-independence hypothesis. Recently Ellis (El1 76) has
shown that, if this hypothesis is not invoked, non-zero
polarization from an S state is possible if the state is not
a singlet and if the fine structure is resolved. These
conditions are satisfied by both of the above transitions.
The fine structure components for the triplet occur at
5045 A (2-1), 5011 R(1-1) and 5003 R(0-1) where J,-J,; appear
in parenthesis. The three quintet components occur at
4146 R(3-2), 4134 R(2-2) and 4124 A(1-2). The two transi-
tions, as listed in Table 6, show no polarization larger than
2 standard deviations from zero.

Oone cannot conclude from the null result that spin-
independence is necessarily a valid hypothesis for the
Nitrogen transitions. oOn the other hand, a straightforward
measurement, which could have shown the invalidity of the

assumption, failed to do so.



CHAPTER VII
DISCUSSION AND CONCLUSION

That tilting the exciter foil in beam-foil spectro-
scopy induces significant orientation for a large number of
excited states has clearly been demonstrated. Future experi-
ments may utilize this technique solely as a source.of
oriented excited states. Both quantum-beat and lifetime
experiments can be designed which require such a special
light source. The circular polarization fraction increases .
with foil tilt and the gquestion as to whether an optimum
angle exists for tilted-foil measurements may arise. The
results with the Helium'1P° —ID transitions (Figure 6)
indicate that 60° foil tilt provides a much larger circular
polarization fraction than does 45° tilt. Angles larger
than 60° suffer from short fpil lifetime and significant
attenuation of the beam velocity. Thus it seems that 60° is

an optimum angle for performing tilted-foil measurements.

7.1 Comments on the Polarization of Helium

The results of the Helium singlet experiment demon-
strate that the differences between 1s -IP° and 1P° -lD
transitions are greater than a simple scale factor which is
all that the general theory of Chapter 11 can provide. The
transformation from one type of transition to the other

changes with foil-tilt angle. Another way of phrasing this
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is that the functional form of at least some of the excita-
tion parameters with foil tilt is different from one t¥pe of
transition to another. This observed fact is the reason why
the Band theory could not adequately describe both types of
transitions. At first this result seems curious since'one
might expect that the dependence of polarization on quantum
number is co;pletely described by the general theory. How-
ever, the general theory of Chapter Il is an emission theory
which .made no attempt to explain excitation. This experi-
mentally observed effect, which had not previously been
measured, indicates that the excitation process itself is
dependent upon the quantum numbers of the excited state. A
theOrf of the excitation process will almost certainly be
more complicated than any so far advanced.

The Helium triplet results, as presented in Figure
11, point to the validity, for Helium, of the spin-independ-
ence hypothesis. The experiment of Burns et al. (BHG 79)

3S'-3p3P° polarization pattern

ls -3plP° one. One

however, indicates that the 2s
of 3889 & is not the same as the 2s
possible explanation is that the spin-independence hypothesis
does not hold while another is that the triplet P states are
perturbed in some way by the proximity of the triplet D
states. The singlets are not nearly so close together. The
measurements should be made again in a more complete manner
as described in Chapter V so that the behav{or of the

excitation parameters with foil-tilt angle for both the 3P
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and_ 3D l“ﬂ can be examined.

The Helium doubly-excited state transitions show
polarization patterns with foil-tjilt angle (Figure 9) which
do not resenble any of the plttorﬁl obtained with tho4normal
states. In fact they more nearly resemble the Nitrogen
patterns of Figure 15, though the electron configurations
have nothing in common. The negative values of M/I at all

2 3p_2p3d 3p* transition at 3014 &

tilt angles for the 2p
cannot be explained with the help of Table 7. There are
several possible explanations:

1) The assigned quantum numbers for th; transition are
incorrect. '

2) The fine structhe does not satisfy the condition
that any quantum beats have too high a frequency to
resolve.

3) The alignment has its sign opposite to all of the
other Helium transitions.

The first alternative seems remote in light of the
fact that the transition occurs between states forbidden to
autoionize (which is consistent with its narrow line wid®h
relative to, for example, the transitions at 2363 & or

~

2577 R) and also that the transitions from the next three _~
’ ]
\

higher members of the Rydberg series have been observed. The,:
. \J"

second alternativegmust be seriously considered. The author

has been unable to obtain any values, either from measurement

or calculation, for the fine structure intervals of Helium
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doubly?oxcttod states. Since the fine structure of Hel fum

137

is composed of the lpln;lptn and spin-other-orbit inter-
actions in addition to t'o spin-orbit interaction, one -;qht
Juess that the fine structure intervals would be much larger
when the two electrons are closer together as in the doubly-
excited case than when one electron is in the ls shell. It
is conceivable that the frequencies have just the size
required for the measurements to have been taken at the
minimum of a beat. However, the transition is from a 3D' t;}m
and only %’ the beat amplztudos of all three possible fre-
quencies were summed could the value slightly exceed unity
which is the necessary condition for M/I to change sign
somewhere along a beat. Even if that unlikely situation
Vi.e., all three frequencies about the same) were the case,
the averaging length of the slits combined with the short
decay should stjll Yield a positive value for M/I. The
conclusion, then, is that in all likelihood, the sign of the
alignmcnt of the 2p3d30° term of doubly-excited Helium is'

Opposite to that of all the other measured states.

7.2 Estimation of Relative Polarization Fractions

The polarization fractions of both the 2577 A and
3014 K transitions of the Heliuﬁ'doubly-excited states
increase dramatically with foil-tjilt angle. Yet the polar-

ization of the 2p2 3P--2p3d 3

P® transition at 2818 A
(Appendix 2) is essentially zero through 60° foil tilt. 1In

like manner, several Nitrogen transitions in Table 6
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originating from upper levels which do not belong to an i
term, show very little polarization at 60° foi}] tile. Con-
sidering that the polarization fractions ot over )0 different
transitions have been measured for this project, has any
E;ttorn developed which might indicate whether or not a given
transition is likely to show large polarisation? The anaswer
is 'you." but the validity of any rule determined empirically
from what must be considered a small sample, is suspect.

The rule which can be used as an aid fSOr estimating
whether or not a given transition is likely to show signifi-
cant circular polarisation at large foil-tilt angle (60°) is
based solely upon the upper state of that transition. !25 a

given configuration the term of maximum L yields the largest

valie of o! while the term of minimum L yields the smallest.

(2%

No transition from a term of minimum L‘has been observed

which yielded an S/I value qreater than 4% at 60° foil tilt.
No transition from a term of maximum L has been observed
which y?elded an S/I value smaller than 9% at 60° foil tilt.
If for ; given configuration only one L value is permitted,
nothing can be concluded about the size of the circular
polarization. Of course the value of S/I depends upon Al (t)/
A% (t) which was given in ‘l'a'ble 7 for unresolved -tructurc

with unresolved (high fre Cy) quantum beats. The value

n
of Lg for the final state in!luence- the circular polarisa-
tion fraction through this term. One should evaluate the

ratio of Al/A% for the transition of, interest since it is
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unlikely that a large polarization fraction will be obeerved
{f this ratio 18 small. Purthermore the rule has been
written for o} not the circular polarisation itself since it
may happen that A'/AY is sufficient to reverse the relati®
sizes of the eircular polarisation. Mo example is available
from the measured transitions in which more than three terwme

are possible from a given configuration.

Coneider the following two utt:,q.n exanples from

Table 6: M
Transition 8/1 @ 60° Al/AS
Sxample 1 3 - 3¢ ¥ U L1e.08 " <0.73
| 3p - 34 3o - 6.3 -0.2)
lp . 34 1pe -19.3% -0.87
Example 2 3¢ lpe - 4t G(o/2) - 9.3% -0.79
3 Jor - et P(1/2) - 1.8 -0.7)
3 Jp* - 4t D(S/2) - 3.108 . -0.69

'
The first example indicates that a large valwe of A!/A® can
be sufficient for tho/;olari:.tton of a to&. not having the
maximum L value for the configuration to show a polnrl:;tlon
larger than that for the term with maximum L. The second .
example indicates thal the size ef Al/A® is imsufficient to
estimate the magnitude of the polariszation. . ,

It would have been satisfying to report that a -1uqlo'
set of c;citation parameters could describe the polarisation

of a particular ion at some velocity and foil-tilt angle.for
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all transitions measured. As mentioned in Chapter II this
has.been observed using a tilted surface rather than a foil
for a selectipn of transitions in Ar II. However, neither
the set of N II transitions nor any subset (except the
triplet-singlet pairs) could be so describéd. 'Thé empirical
rule stated above is a consequence of this fact for had a
single set of éxcitatién parameters beenrsufficient such a
relationship would not have‘been observed. One cannot
éxclude the possibility that partial resolution of the fine
structﬁre was the sole reason why a sing}e set of parameters
was insufficient. A survey similar to the one conducﬁed for

Nitrogen using a more appropriate elemen* may resolve this

matter.

7.3 Conclusion
The acquisition, design and construction of most of
the equipment in a new laboratory has opened up a relatively
new area of beam-foil spectroscopy to the University of
Alberta. This dissertation has presented the first research
pgrformed with that facility. The methods emp{oyeﬁ for
data acquisition, remote computer control of experimental
equipment and data analysis had ngt previously been used here
and were programmed by the author. For comparison of polar-
izations at different wavelengths, the'Aetermination of the

v

phase of the retarder at these wavelengths is most impoﬁ@%nt

»

and the self:consistent techniquegégr &complishing this was

developed by the author.
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Previous sections of this chapter have‘§iscussea}the
conclusions that can be drawn from the results obtained in
this study, including both the more general behavior of
polarization induced by tilted-foil excitation and the more
specific behavior of particular types of transitions. As is
often the case in scientific investigation, this work has
pointed £o some new dhestions, as well providing answers to
some previously asked. The measurements performed fof this
project have focused on only two variables of the many such
combinations which might be im&gined. The first is the foil-
tilt angle and the second is the transition wavelength which
selects those quantum numbers that are of particular interest.
Otherﬂlaboratories are concentrating on different variables
and slowly, like the restoration of an ancient mosaic, the
pattern of the peam-foil excitation mechanism is struggling
to emerge. It is too soon, at least for this writer, to &
discern the pattern but the next'few years may see a clearer
image emerge and the resolution of some of the problems posed

by this work.

)
-y
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APPENDIX 1
SOME DETAILED CALCULATIONS

Al.1 Derivation of Equation (2;10)

Before commencing the derivatijon, it would be useful
to describe how the phase factors which appear in these
expressions may be manipulated. All of the necessary rela-
tions follow from identities or symmetries of the 3-j and
6- symbols. ) '

First, theAsymmet!y of the 3-j symbol permits any
even permutation of columns. 0dd permutations of columns
as well as changing the sign of all elements in the lower

row introduce a phase factor of (-1)“, where n is the sum of

all elements in the upper row. For example,

j, 3 13 DI R P 543+ j, 3 I,
- = (-1)
ml mz . .8 m ml m2 . ﬂ'\1 m m2
Coad 4 3 D) 3 b 3 3
S PR SPRS 2 1 2 1
= (1) 1 2 = .
-m2 -m -ml -mz —ml -m

In addition, the sum of all elements in the lower row is
zero. Any combination of the elements of a 3-j symbol,
using the above notation, such as (jl-tml), (j2 tmz) or

23-2m

(j + m) must be integer so that_ (-1) = 1.
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A 6-j symbol is invariant to both even and odd permu-
tations of columns as well as the interchange of any 2 ele-
ments in the upper row with the 2 elements below them. There

are thus 24 equivalent permutations. For example:

3y 32 3 )y I3 )2 13 34 s
= ' = etc.
iy 35 e Jg e Is Jo Iy 32
ery are only four sums of three elements in a 6-j symbol

which must be able to make a triangle.1 1f any one of these

cannot form a triangle the 6-j symbol is zero. In addition,
all such sums must be integer. For the example above they
are:

(]1']2:)3): ()31341)5): (]1:)5116) and ()2'14')6).
<

. »
Lf Jf S

J L 1

2Jf+ZS L4
Thus, for the symbol ; $ , the phase (-1) must

equal 1 since Lf + Jf + S is always integer and Lf is always
integer. An interesting consequence of the above rules for
6-j symbols is that if any element in a 6-j symbol is half-
integer then 3 or 4 elements are half integer.

The matrix element of the light emission operator is

given by equation (2.9):

-

1'I‘hree elements jl’ j2 and j3 are said to make a

triangle if ljl'j2|$j3$|j1+j2l for any combination of 3,, I3,
and j3.
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J'-M'+J oM,
<J'M'|L(x,e)|JM> = C' ] I (-1)
JeMe 9,9
~.
J' \\7' J J 1 J
EPRE P! + ¢ £
« (-1) €q, ©-q .
1 2 -M -q, M, M, q, M

—<a(LS)JW|DHa(Lfs)Jf><a(Lfs)ngoHu(Ls)J>.

The sum over Mf may be performed by invoking the followinq:1

j+l +m. +n
z (-1) 3371 1

ua ~
S
3 (W
-
3 —
N N
3 -
w w
\_/
N
jo | 3
- [l
3 ~
N ~N
|
3 g
- w
N
[}
-
w
jo
w

The -Mf which appears in the phase factor of (Al.l) may be

changed to —qz-M. Then

! M
E: J 1 Jf 1 J Jf ) Z(-l)Jf+k M +q,
-' -— -
Mf M q Mf q, M Mf kq
x(2k+1)'{J' 1 Jf} (l 1 k) (J' J k)
N
1 J k Q, -9 9/ -M' M -q
- (Al1.2)

lpquation (2.19) of RBMW 59.



150

Using equation (Al.2), equation (Al.l) becomes

J'=2M'+2J ,~M+k

<J'M'|L() () |IM> = C' T I o(=1) t
kady 9,9,
gy *+q J* 1 9
< -1 P20 e (2ke1) { d
79 1 J x
1 1  k J'J k
x
9 -=9; -9 -M' M q

4

x <aJWIDuan><aJAIDHaJ>.

The sign of q was changed everywhere (g is summed from -k to

+k) for later convenience. From the definition of lk one has

g, +q 1 1 k
I - P72 v 2k =(-1* oK
4,4, 9, -9, B
9, 9 -4
So
<J.M'|L(l,t)lJM> = C! Z Z(_1)2J+J-M+k
Jf kg
J* k J J’ J k
x lk (2k+l)5 ( ) { }
-q
-M' q M 11 og,
x <cJ'“D”an><oJ8|u|aJ>- (Al.3)

Since the operator D is not a function of spin, one may write
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[ ]

L+l¢Jf¢1
<a(L8)J'|lD||o(Lfl)Jt’ - (-1) -
L J' 8y
- <2Jf+1)"(2a'¢1)'" ' ! <al}on-x.! r
Jf Lf 1 L Z T
| g
and similarly
Lf¢S+J+1

m(x.ts)af!louau.s)p = (-1)

Lf Jf S

x (ZJt*1)5(2J+1)H

‘ <0Lf”DH°L’
J L 1

Substitution into (Al.3) yields

R 2&+L+Lf-M+k
<J'M'|L(X,¢)|IM> = C 4 (-1)

kq
' ok 3 3
x 1fq[JJ'k15 I frap
~M' g M Jf
33k 3 s L J s L
(AL.4)
1 1 g, Ly 1 J; Le 1 3,

where C = C' S = C'|<0LHD“GLf>|2 )

The sum over Jf can be performed by appealing to the
following identity:1

‘ lequation (6.2.12) of Ed 74.
«
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'

8, 3 & Ja Ny N L, 4y 4
2(-1)"“(:u01) , | ’ ( ‘
Ly L)k t) ty & Ly oty k)

‘O
) ERED PR F (¥ k P ‘
-
Lo, oty TS
where S = J1+J ¢+ R+t +ffetyet’ st o !, Using this
equation (Al.4) becomes the desired result: 4
I LG, E) (I = ] ()T (K (oIt
kq q
J' k J J* J k,,L.L k
Py
( ) (-17E*8% (5 50k 2 ” s
-M' q M t v 8’1 1 1,

Comparison with equation (2.7) reveals that the reduced

matrix element of g: may be written

<a(L8)3'||LN|a(L8) 3> = C I)L’S’J'(.ﬂ'xi

(-
R

b S Lg
\ s
Al.2 Symdleary Consequences to t'
y .
There is one symmetry ¢ on that dlvaxp appli.n

-y

to the beam-foil source (even ﬁQ AM til!od £ail) which

simplifies o:. That condition ‘rd?lcctlon oy-.try;in the
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plane contltntantho beam and lying por.iﬁltculor to the
foil-tilt axis. If the s-axis, the axie of quantisatien, is ¢
chosen to lie afong the beam and the x-axis is chosen as the
foil-tilt anis, then o: must be invariant to a &n« of
X+-x. This transformation is squivalent to an inversion
followed by & 180° rotation about 3, followed by & 100°
rotation about y. p" must be invariant to an inversion simnce

|
all of the upper statee considered have the same definite

parity.
)
Any spherical tensor transforms under rotations as
1,& )| x .rk (k)
. Dle) Tg D™ (w) = q'g-k q' %q'q'

In terms of th'o Buler lm)lon1 (a,8,Y) &

(k) . 19y gk iqa
Dgiqlar8.v) = @ dqiq (#) ‘qlll"
20 ) !
or b '{ fnl
A
(k) _ keq q
Dgeq(®e®:0) = (-1) bqioq V17

y
i

Applied to o: this yields the condition

- - . (AI.‘)
.Dq ( 1) [+ q .

Axial -yg-try is nothing more than the demand that

Tgee section 1.3 of B4 74 for definition of Ruler
angles and section 4.1 for the rotation matrices.
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pk be invariant to an arbitrary rotation about the z-axis
(an o rotation). Equation (al.5) th;n demands that g must
equal 0. Hence only the pg elements can be non-zero but
equation (Al.6) already demands that bé = 0, so only pg and

pg may be non-zero fqQr a perpendicular foil,

e

Al.3 Evaluétion of the Trace of o

The trace of the density matrix is given by

A

Tr o = ) <a(LS)JIM|p (0)|a (LS)dIM>

IM
J-M+L+S+J+ -
- (-1) I TMILESHIHK 5157 K
kg JM 9
J J k J J k
X
M -M g L L S

The 3-j symbol demands that g = 0. The sum over k may be

written out to yield1

Tr o = Z(~-1)J-M(-1)J\+L+S 98(2J+1) (J J 0) gJ J 0§
M (ZS+ I\ y v o/ lL v s
J J 2 J J 2
x J (-1 TM(oy) THLES pg(zJ+1)( | ) { }
JM (28+1) \M -M O L L S
J
lThe dezsity matrix may indeed have elements for k»>2
but these are not relevant to light emission in the dipole
L L k
approximation because of the appearance of 3 ( which
limits k to <2. 1 1 L

f
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The first sum is /2L + I;% while the second sum is zero.

which results from summing the exact expression for the 3-j

This is a consequence of

J

7 o(-nI™ ( J

M=-J

y @

symbol for both the half-integer and integer cases. Finally

Tr o = Y2L +1 pg
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[ Y
TABULATION OF RESULTS

- A2.1 Experimental Conditions and
Results fqr He I S@nglets

{

¥ .
For Results Shown in Figures 5 and 6

Incident ion energy =.160 : 5 KeV
Beam velocity = 2.78 + .04 mm/ns
Beam cdrrent = 7+ 2 uA

Beam diameter = 7 mm .

Foil thickness = 51 ug/cm2

Spectrometer slits = 500 um

1 1., 0
" He I 28 "S-3p P 5016 A -
4
Foil-tilt v :
ahgle a M/1 c/1 S/1
(degrees’ ’ g
— o
* 0 '18.7+0.7a -1.33/b -0.5+0.4
10 19.9+1.0 2.7 -3.8:0.6
20 15.9+0.8 4.6 -6.2+0.5
30 13.9%1.0 5.5 -9.6:0.6
40 11.1+1.0 * 4.2 -12.8 + 0.6
50 6.1+0.8 ° 5.0 -16.7 £ 0.5
60 -1.8%1.0 6.7 -20.6 + 0.6
70 -2.3:0.9 2.7 -20.6:0.6
a. Values in percent A = 104°

b.  Uncertainties same as M/I '
Band parameters: A=-4.61, B=-1.01, D=-0.15, E=-1.18, F=0.23

156

o
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1 ) S °
He I 28 "S-4p P 3965 A
Foil-tilt
angle a M/I c/1 s/1
(degrees)
0 17.9+0.93 0.52,b »0.3:0.92
10 15.7+0.8 2.8 -2.8+0.8
20 5.0+ 0.9 3.2 -7.2+0.9
30 10.8:+0.6 5.7 -12.7 +0.6
40 7.6+0.5 5.1 -14.2:+0.6
50 2.9:0.6 2.8 -17.9:0.7
60 -0.4:0.7 1.0 ~ -19.8 £+ 0.7
70 -5.1+1.1 -2.4 -19.1+1.1
a. Values in peréent A = 130°
b. Uncertainties same as M/I
Band parameters: A=-3,29, B=-1.33, D=-0.07, E=-0.94, F=0.24
He I 2pliP°-3dlp 6678 A
Foil-tilt
angle a °* M/1 Cc/1 S/1
(degrees)
0 6.8+0.82 0.22.,b | -0.2+0.32
10 7.1+1.0 -0.8 0.6 +0.4
20 7.6.£0.9 0.7 1.4 +0.4
30 5.40.7 -1.2 . 1.6+0.3
40 1.8+0.9 -0.9 -0.3+0.3
50 -2.5+0.7 -1.0° -1.9+0.3
60 -7.1+1.1 -1,0 -5.8+0.4
70 ~11.0+1.9 -2.3 -12.1+0.7
a. Values in percen A = 74°
b. Uncertaintigs s as M/I
» ld .
Band parametery¥: A=-18.8, B=-0.51, D=0.09, E=-1.61, F=0.56

R

. W
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i Py 158
He T 2plp*-4alp 4922 R o
\
Foil-tilt ) :
angle a M/1 Cc/1 s/1
(degrees)
0 7.3+0.72 -0.3%P 0.0:0.4
10 7.9+0.6 -0.2 0.3:0.4
20 7.3+0.4 -0.8 0.2+0.3
30 . 4.210.5 -2.2 -1.2+0.3
40 1.3£0.6 -1.9 -3.0t0.4
: 50 -1.610.7 -2.3 -5.8+0.4
60 ~5.2%0.7 -4.0 -9.7:0.4
70 -7.4%0.7 -4.4 -12.7:0.4
. a. Values in percent 4 = 106°
. » b. . Uncertainties same as M/I
. Band parameters: A=-17.4, B=-0.46, D=0.19, E=-1.35, F=0.41
[ 4
¢ 1 1

He I 2p 'P°-4s S 5048 &2’

Foil-tilt i

angle a M/I c/1 S/1

(degrees) o

— v
0 0.0 t0.8P -0.2P’¢ -0.5 0.5
10 -0.4:0.8 -0.2 0.3x0.%
20 0.3x0.8 -1.7 -0.7*0.5
30 ° -0.7 0.9 ~-1.4 0.1+0.5
40 0.3+0.8 -1.4 ~-0.4+0.4
50 1.2+1.0 0.7 -1.4+0.6
60 2\ 0.6+1.0 -1.3 -0.2*0.6
70 ~ -1.1%0.8 -0.1 0.3+0.5

a. Not platted in figures _ 8 = 104°

b. Values in percent
c. Uncertainties same as M/I

o
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Por Results Shown in Fiqure 7

Incident ion energy = 160 t5 KeV
Beam velocity = 2.78 0,04 mm/ns
Beam current = 7 %2 uA

Beam diameter = 5 mm

Foil thickness = 51 ug/cm2
Spectrometer slits = 500 um

1 1

He I 28 °S-3p P* 5016 &

FOil’tilt ! - )

angle a M/I c/1 S/1

(degrees)
0 16.8 +0.62 -0.42/b 0.2+0.42
5 17.2+1.5 -0.2 -1.4:1.0
10 17.9+0.7 0.3 -3.3+0.4
15 16.5t0.7 2.1 -5.2:0.4
20 16.0 £ 0.5 3.3 -6.8+0.3
25 14.8+1.5 3.7 -8.9+0.9
30 13.1 0.7 3.1 -11.0:+0.4
35 12.3+1.6 2.7 -13.2+1.0
40 9.8 0.6 3.3 -13.5:+0.4
45 7.8+0.5 4.0 -16.6 + 0.3
50 6.2,4:0.6 «3.8 -16.8 + 0.4
55 4.1<:\o.5 3.8 -18.4 £ 0.3
60 0.6+0.6 2.4 -18.8:0.4
65 -0.8+0.5 2.3 -20.5+0.4
70 -5.120.7 0.8 -20.6 + 0.4
75 -8.3+0.8 -0.2 -21.5:0.5
80 -10.6 £ 0.7 -3.8 -22.9:0.5

[

a. Values in percent 4 = 104°

b. Uncertainties same as M/I
- e

-

(N
R -
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) ' . 160

He I 2plp*-4dalp 4922 R

foil-tilt
angle a M/1 c/1 S/1
(degrees)
0 8.2 +0.52 -0.42P 0.4 :0.4
5 6.6 t0.6 0.0 0.2 t0.4
10 7.8 £0.5 -1.4 0.8 +0.3
15 6.6 t0.7 -1.2 0.4 :t0.4
20 6.0 0.6 -2.2 -0.2 0.4
© 25 5.4 0.7 -2.6 0.0:0.4
30 5.0 0.6 -2.6 0.9 0.4
35 3.1:0.6 -2.7 -0.4 0.4
40 0.5 0.6 -2.8 -0.8 +0.4
45 -1.50.7 -3.9 -2.9 0.4
50 =2.310.6 -5.4 ~4.3 0.4
55 -4.3 0.6 -3.5 -6.6 *0.4
60 -7.7%1.0 -4.7 -9.8 +0.7
65 -8.4 :0.7 -5.8 -11.4 £t 0.5
70 -10.6 ¢ 1.3 -5.1 -14.8 £0.9
75 -10.7 0.8 -7.5% -15.6 0.5
80 -13.9 1.2 -10.1 -19‘8 +0.8
a. Values in percent b = 106°
b. Uncertainties same as M/I

A2.2 Experimental Conditions for Helium Spectra
(Figure 8)

Incident ion energy = 163‘2§ KeV

Beam velocity =2.81 t0.04 mm/ns

Foil thickness = 10 %2 ug/cm2
Spectrometer slits = 500 um
Instrumental line width = 2.8 §

Slot resoluti‘on = 1Rk per channel
Time norlj‘zation = 4.6 sec per poj.nt

'NOTE : Vertical scale of Figure 8 becomes 1i
is,:eiled,to the 0.5 power (square-r

| dm

[ ]
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A2.3 Experimen Conditions and Results for
Helium ble-Excited States (Figure 9)
Incident ion energy = 163 ¢t 5 KeV
Beam velocity = 2.81 ¢+ 0.04 mm/ns
Beam current = 7 t+ 2 uA; except 80° points = 3 uA
Beam diameter = 5 mm
Foil thickness = 10 ¢t 2 ug/cm?
Spectromctog\llito = 500 um
-
- 3 o
He I 2s2p "P° -2p3p "D 2577 A
Foil-tilt
angle a M/1 C/1 S/1
(degrees)
0 8.4:0.52 -1.83/b -1.0:0.8
10 6.3+0.5 -1.0 -5.7+0.8
20 8.2+0.7 -0.8 -9.7+1.1
30 6.8+1.0 -0.4 ~~=15.4 1.5
40 7.3+0.8 -1.4 -18.5+1.2
50 6.7+0.5 -1.0 -25.1+0.8
60 7.0+1.2 -0.7 -32.5+1.9
70 5.8+0.7 -3.5 -36.2+1.1
80 7.7¢+2.3 -3.0 -39.1 +3.5
a. Values in percent . A = 144°
b. Uncertainties same as M/I

o
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e 1 2p° Jp-2p3a ‘D¢ 3014 R

c/t s/1

M/1

Foil-tilt
angle a

(degrees)
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. ~

A2.4 Experimental Conditions and
Results for Helium Triplets

For Results Shown in Fiqures 10 and 11

Incident ion energy = 163t 5 KeV

Beam velocity = 2.81 + 0.04 mm/ns

Beam current = 5 -7 uA; except 80 points > 3 uA
Beam diameter = 5 mm

Foil thickness: 3889 R & 5875 R = 5:1 ug/cm?
3188 A = 10 £ 2 ug/cm?

)
gpectrometer slits: 3889 R & 5875 R = 500 um

3188 & = 500 ym @ 0° tilt » 250 um
@ 60° tilt

He 1 28 3s- 3p°pe 13889 A2

Foil-tilt

angle a M/1 c/1 S/1

(degrees)
0 13.621.0° -1.0b/C 0.2+1.2
10 10.8 + 0.6 -0.2 -3.0+0.7
20 6.8 +0.5 0.1 -5.4 0.6
30 5.0+0.5 -0.2 -6.820.6
40 -1.1*0.5 -1.2 -7.5%t0.6
50 0.2+0.5 -0.1 -10.6 £ 0.6
60 0.520.7 0.0 -9.3120.9
70 0.3+0.8 -0.1 -15.0+1.0
80 -0.9+0.9 -0.2 -17.4 ¢1.1

a. Measurement perturbed. See text. 4 = 134°

b. Values in percent

c. Uncertainties same as M/I

og
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He I 28 %5 4p3pe 3140 %
Foil-tilt ,
angle a M/T c/1 ® s/1
(degtrees)
0 16.6 :+ 0,62 0.48,b 0.4 0.44
10 17.0t0.6 -0.3 -5.8 0.4
20 14.410.6 -0.1 -10.3 0.4
30 12.5 2 0.6 1.6 -14.4 0.4
40 13.1 0.7 0.3 -19.1 o0.s
50 9.820.6 0.6 -20.6 0.4
60 6.8¢1.0 0.8 -22.1 0.7
70 4.1 0.7 0.4 ~22.7 0.%
80° -0.1t1.0 -1.9 =22.0 0.7
a. Values in percent 4 = 108°
b. Uncertainties same as M/]
3., 3 °
He I 2p “pe - 394 D 5875 A
Foil-tilt
angle a M/I C/I~ S/1
(degrees)
0 4.7:0.82 -0.ga.b 0.0 ¢+ 0,44
10 3.6 :+ 0.8 -1.6 0.1:0.4
20 3.61+0.7 -0.7 0.1:+0.3
30 l1.4:0.8 0.5 -0.6+t0.4
40 -1.6 + 0.6 2.0 -2.4+0.3
50 -3.2¢t1.0 0.1 -4.9 0.5
60 -4.6 +0.9 -1.0 -8.9+0.4
70 -9.8+1.4 -1.0 -16.2+0.7
80 -7.9:1.3 -3.3 -20.8 £ 0.6
a. Values ip percent 4 = ggo
b. Uncertainties same as M/I
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Por Results Shown in Figure 12

Incident ion energy = 152t 35 KeV

169

Beam velocity after foil=2.65:0.0400° 2.59 :t 0.04 mm/ns @ 60°

Beam current = 7 t 1 uA

Beam diameter = 5 mm

Foil thickness = St 1 ug/cm2

Spectrometer slits = 500 um @ 0° tilt;

250 ym @ 60° tilt

He I 28 °S-3pJp* 3889 A
Position o° 60°
from foil
(mm) M/1 M/1 c/1 s/1
0.65 11.2t0.8%
1.00 2.1:+0.9% 0.3%:b _13.9:1.12
1.15 1.9+0.7
1.50 -0.5+0.5 -0.5 -11.2+0.6
1.65 -2.81:0.4 :
2.00 -1.0:0.8 -1.6 -9.4+0.9
2.15 -2.7%0.6
2.50 0.1:0.8 0.0 -11.6 + 0.9
2.65 3.92+0.5
3.00 4.3:0.7 1.6 -15.5+0.8
3.15 9.9:0.6 .. .
3.50 \ 7.2+0.6 1.6 -20.4 0.7
3.65 15.7 0.6
4.00 , 6.1:0.5 2.4 -21.8:0.6
4.15 15.0£ 0.6 |
4.50 5.2+0.6 1.7 -17.2+0.7
4.65 12.3:0.5
5.00 1.8+0.6 0.3 -13.0¢0.7
a. Values in percent & = 134°

b.

Uncertainties same as M/I
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For Results Shown in rigure i} ;;:; 3

13

\

»

\ [* "
Incident ion energy = 162:8$ Kov\\ e .,
Beam velocity after foil = 2.74 ¢ 0.04 @ 0°: 2.56 : 0.9 Q¢ 6o0° g
. ! <8 - "
Beanm current = 7 ¢t 1 uA . o g
Beam diameter = 5 mm ‘ ' \"no N
&
Foil thickness = 10 t 2 uq/cm2
Spectrometer slits = 500 .m ¢ 0° tilt; 300 um @ 60° tilt
\
He I 28 Js-4ppe 3188 K
.
Position o° C;‘/,> 60°
from foil
(mem) M/I M/1 c/1 s/1
10.00 s 6.8 :1.0% 0.8%P _22.120.7*
10.45 16.6 + 0.6
11.50 6.321.2 0.6 -20.1:0.8
11.95% 10.0:0.9
13.00 : 0.5:1.0 -0.1 -14.0 0.7
13.45 0.6:0.8
14.50 -2.0t0.9 -1.4 -13.6 0.6
14.95 -¢.7+0.5
16.00 1.0:0.8 -1.4 -18.4+0.6
16.45 -0.5t0.8
17.50 4.1+1.0 -0.9 -24.0:0.7
17.95 8.5:0.6
19.00 §.311.2 -0.3 -24.520.8
19.45 16.0t 0.9
20.50 3.6:0.9 0.8 -19.220.6
20.95 14.12 0.6 :
a. Values in percent 4 = 108°

b.

Uncertainties same as M/
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A2.% .Experimantal Condtttanl for
‘. Nitrogen lp.?trc (Figure 14)

. ]
l4a * 14b 14b l4c
{upper] Tlower ,

Incident ion energy (KeV): 299(8) 2%2(9) 2%9(e) 239 48)

Beam velocity (mm/ne): 1.89¢3) 1.96(3) 1.89(3) 1.09(3)
Foil thickness (ug/cm?).: 10:62 séd1  s:1 10s2
Spectrometer slits (um): 300 300 100 500
Instrumental line wideh (K)1 2.0 ‘g3 3.) s.8
Plot resolution (A/c;onnol): 1.0 ’ 2.0 2.0 2.0
Time normalization (secs): 2.2 2.2 2.2 2.2
Polarizer and retarder: ouT N IN ouT

" WOTE: Vertical scale of Figqure 14 becomes linear when signal

) is raised to the 0.7 power.

Ed

A2.6 Experimental Conditions and
: lolult._!or N I (Pigure 19)

Incident iorl energy = 295 t § KeV )

L
' Beam velocity e 1.87 t:),l mm/ns

' Beam eurrent = 1 LA

Foil thitkness = S : 1 ug/cm?
spoctroi-tor slits = 3500 um

Beam diameter = .S am -

.
\ {
A
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a

N III 3s %S - 3p 2pe 4097 R
Foil-tilt .
angle a M/I C/1 S/ -
(degreeg) | . .
. g ] , ’ ‘ N
0 2.2+0,92 1.4asb 0.0+0.92
20 2.2+1.0 -0.6 -3.1+1.0
40 .0.4+0.8 -1.5% -6.2+0.8
6Q 0.0+0.8 -0.5 -8.2+0.8
a. Values in percent A = 126°
‘b. Uncertainties same as M/1
N III 4f 2Fe-592G 4379 & !
Foil-tilt .
angle a M/I C/I S/1
(degrees)
0 3.9+0.72 -0.22sb -0.3£0.62
10 5.5 +1.2 -0.5 -0.9*+1.0
20 3.1 +1.1 -3.0 -2.0+1.0
30 2.8.+1.0 -3.1 -4.5+0.9
40 3.0+1.1 -2.1 -6.9+0.9
50 l1.8+1.1 -3.5 -9.3+1.0
60 1.3+1.3 -4.3 ~-14.1+1.1
70. 10110-7 -‘4—2 . -14.31006
80 4.5+1.0 - -3.3 : -13.7+0.8
a. Values in percent A = 120°

a

l68

b.: Uncertaihties same as M/I



