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ULTRAVIOLET TRANSITIONS FROM THE 2 J P STATES 
OF HELIUM-LIKE ARGON 
William Armstead Davis 

Materials and Molecular Research Division, Lawrence Berkeley Laboratory 
and Department of Physics, University of California 

Berkeley, California 94720 
ABSTRACT 

This thesis describes the observation of two allowed electric dipole 

transitions in helium-like argon. The transitions are 2 P2 - 2 S. 
3 3 

and 2 PQ - 2 S.. These transitions were observed by using a vacuum 
ultraviolet monochromator to collect photons from decays-in-flight of 
a beam-foil excited argon ion beam. The Ion beam was generated by the 
Lawrence Berkeley Laboratory heavy ion linear accelerator (SjaerHRAC) 
and had a beam energy of 138 MeV with a charge current of roughly 
500 nanoamperes. 

After initial observation, the lifetimes and absolute wavelengths 
of these transitions were measured. The results are T(2 P.) * 
1.62 t 0.08 * 10" 9 sec. T ( 2 3 P Q ) • 4.87 s 0.44 * 10" 9 sec, 
x(z \ - 2 h}) » S60.2 t 0.9A\ and \(2 \ - 2 3S,) = 660.7 t 1.1*. 

This work has demonstrated the observability of these transitions 
in high-Z Ions using beam-foil excitation. Employing a new grazing-
incldence spectrometer this work will be pursued in ions of higher Z. 
Accuracies of at least one part in a thousand should be attainable, 
and will probe the radiative contributions to these transitions to 
better than 105 In a previously unstudied region. 
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I . INTRODUCTION 

The objective of this research was to demonstrate whether two 

transitions in helium-like argon would be observable using beam-foil 
3 3 1 1 

excitation. The two transitions were 2 P« - 2 S, and 2 P« - 2 S.. 

These transitions fall 1n the vacuum ultraviolet spectral region, near 

600&. A vacuum ultraviolet monochromator was used to search for decays-
3 

in-flight of the 2 P, states created by the beam-foil excitation. After 
initial observation of these transitions, lifetimes and energies were 

measured. The methods used and results obtained from these experiments 

will be explained in this thesis. 

This introduction will give a brief description of the energy levels 

and decay rates for the relevant n = 2 states of helium-like ions. A 

brief description of the experimental approach to these measurements will 

also be presented. 

A. Helium-Like Ions 

The spectroscopic properties of the helium atom have been extensively 

studied over the past century. An article by Kayser in 1910 includes 

a bibliography of 120 references for the spectrum of helium. Being a 

three body system, consisting of a nucleus and two bound electrons, 

helium is the second simplest atom in nature. This fact makes helium 

an Important constituent in the physical environment, and also means 

that in principle i t should yield itself to accurate theoretical 

calculations. 
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Helium Is still being studied spectroscoplcally. In addition, 

the development of spark light sources, hot plasma devices, and beam-
foil spectroscopy have opened the way to creating and studying excited 
states of helium-like ions with higher Z nuclei. The energy level 
structure of these different helium-like ions maintains the same form, 
but the absolute energy spacings vary depending upon the nuclear charge Z. 

This feature was an appealing factor about these experiments when 
they were first presented to the author. In particular, the contribution 
of quantum electrodynamic effects—principally the Lamb shift in two-
electron ions—to certain energy splittings is strongly dependent on the 
nuclear charge Z. This is given in Fig. 1, where the Lamb shift con
tribution to the 2 P„ - 2 T5, energy difference is shown as a function 
of the nuclear charge Z. This curve includes just the hydrogenic approxi
mation to the Lamb shift for these levels. Two-electron Lamb shift 
contributions must be included for greater accuracy, particularly for 
higher Z ions. 

Before commenting further on the results *,hown in Fig. 1 a brief 
description of the energy level structure of a helium-like atom will 
be presented. Figure 2 shows a schematic of the low lying energy levels 
of a helium-like ion. The possible decay modes of the metastable 
states are indicated in the figure. 

A general feeling for the different energy splittings in the figure 
can be gained from simple arguments based on Bohr's notion of electron 
orbltals and simple Schroedinger equation principles. Figure 2 shows 
the energy levels for a singly <>xcited helium atom, where one electron 
Is always in the is state and the atomic properties are largely determined 
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Nuclear charge Z 

XIL7SI0-ISI9 

Fig. 1. Lamb shift contribution to the 2 P f l - 2 3S, energy as a 
function of nuclear charge Z. 
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XBL 767*773 

Fig. 2. The n = 1 and n - 2 levels of helium-like ions are given, 
and the decay modes of the metastable states shown. 
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by the other excited electron, in an ni state. Doubly excited states 
of helium-like ions exist but most such states have a high probability 
to autoionize rather than radiatively decay. 

2 1 The Pauli principle forces the ground state to be a (Is) S- state. 
The excited states divide into two systems depending upon the total spin, 
S = 0 or 1. The singlet terms are referred to as parahelium, the triplets 
as orthohelium. The major part of the energy difference between the 
levels of different principal quantum number n is due to the electrostatic 

2 
interaction of the electrons with the nucleus, -p- . (Ze) is the charge 
on the nucleus, e is the electronic charge and r is the distance between 

n\2 n 2 

the electron and the nucleus. For Bohr's hydrogen atom r = *- • =- a , 
ZnuT L ° 

where a is the atomic Bohr radius and n 1s the principal quantum number. 
e 2 o 2 2 

Now f - = roc a , where mc 1s the mass of the electron 1n whatever energy 
0 e 2 1 

units are of Interest (c is the speed of l ight) , and a = j ^ - * y^- is the 

fine structure constant. In these equations h is Planck's constant, the 

unit of angular momentum. In subsequent discussions the energy units 
2 

mc will be dropped, and only the scale factors Z and a will be carried. 
o 

Therefore, this energy splitting scales as (Za) . 
The energy splitting of the various states with principal quantum 

number n = 2 is largely due to the electrostatic Interaction of the 
e 2 2 

two electrons \— <* Za , where r 1 0 is the distance between the two 
r12 1 2 

electrons. The Pauli principle Is forced upon this problem by the 
requirement that the total wave function for a system of fermions must 
he antisymmetric. As a result, the electrostatic energy which scales 

2 as Za causes energy differences between states of different orbital 
angular momentum L, for example the S and P states, as well as between 
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states of different total spin S, in this case the singlets and triplets. 
Textbooks on quantum mechanics normally express these energy differences 
in terms of the Coulomb integral and the exchange integral. 

For the triplet states with L and S not equal to zero—which for 
3 the n = 2 states means only the 2 P, states—there is further fine 

structure splitting caused by spin and angular momentum dependent 
operators, such as the spin-orbit interaction, Zu <—* t-5>. The quantity 

o J 
eh \x. is the electronic Bohr magneton, defined as u = j — . This energy 

scales as (Za) since u 0 contains one electric charge unit e. 
For atoms whose nuclei possess an intrinsic spin I, hyperfine 

structure splitting also occurs, and this scales as U-U*-? l-J>"a(Z«) n • 
eh where u is the nuclear magneton and u * pSF • with M being the nuclear 

40 mass. This is zero for Ar which has no nuclear spin, though its effect 
has been demonstrated for the n = 2 states of helium-like vanadium, 

2 Z = 23. 
3 3 Viewed in terms of a j - j coupling scheme the 2 P- and 2 P_ states 

studied in this experiment can only be formed from certain couplings 
of the two electrons. The 2 P- state is the result of coupling a Is,- 2 

3 and a 2p,.p electron. The 2 P Q state is the result of coupling a l s 1 / 2 

3 and a 2p,, 2 electron. Similarly the 2 S, level results only from 
coupling a Is,,, and a 2s,.„ electron. Therefore, to the lowest order, 

3 3 the energy splittings between the 2 P Q , and 2 S 1 levels are the 
2 2 

analog of the hydrogenic 2 Piio 310 " 2 s.,, splittings. This means 
that to the lowest order the contribution of radiative effects, principally 
the Lamb shift terms, can be shown from hydrogenic calculations to scale 
as a(Za) (const. + ln(Za)). 
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The above results show why the Lamb shift contribution to the 
3 3 2 PQ - 2 S 1 energy splitting grows so rapidly as Z increases. Since 

in a hydrogenic approximation (neglecting the Lamb shift) the ene»\jy 
of the 2 P Q and 2 S 1 state 1s identical, the normal Z scaling of the 
energy splitting is decreased to Z . The Coulomb splitting due to the 
mutual repulsion of the two electrons scales as Z. Since the Lamb 

4 3 3 
shift scales as Z , the contribution of the Lamb shift to the 2 P. - 2 S, 
energy splitting increases rapidly with Z relative to the other terms. 

Figure 1 shows that the Lamb shift contributes roughly IS of the 3 3 energy splitting between the 2 P- - 2 S, states for helium-like argon. 
A measurement of this transition energy to one part in a thousand provides 
a 10S determination of the radiative effects. The next chapter explains 
in more detail the significance of such a measurement. 

3 The scaling of the decay rates of the 2 P, states as a function 
of the nuclear charge is also of interest. Electric dipole decay rates 
scale as A £, • w « | <F|r|i >| = mi.rt. where u.c. is the energy splitting 
between the initial state 1 and the final state f, and r-. is the 
expectation value of r between the initial and final state. 

3 3 The energy splitting of the 2 P, - 2 S, levels 1s due principally 
to the electrostatic repulsion of the two electrons which scales as Z. 
The expectation value of r scales as y , therefore, the decay rate 

2 
A £ 1 scales as l\j) = Z. 

3 The 2 Pp state has been shown to have a decay branch to the ground 
1 S Q level by a magnetic quadrupole photon. Magnetic quadrupole decay 

5 2 rates scale as A M 2 <* wf^»"fj' The energy splitting m f. 1s between two 
2 states of different principal quantum number n, and scales as Z . So 
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A M 2 ( z P 2 ) = Z whi le A E ] ( 2 3 P j ) = Z. I t has been shown t h e o r e t i c a l l y 3 

4 
and experimental ly that the M2 decay rate overtakes the El rate at 

roughly Z = 18, or fo r the case o f hel ium- l ike argon. The l i f e t ime 
3 4 

of the 2 P, states was measured as 1.7 ± 0.3 nanoseconds and calculat ions 
3 

show the 2 P 0 l i f e t i m e to be roughly 4.8 nanoseconds. 

B. Experimental Approach 

With the above knowledge o f the decay ra tes , and not ing that the 

calculated energies f a l l in the vacuum u l t r a v i o l e t , i t was proposed to 

search fo r these t rans i t ions using a vacuum u l t r a v i o l e t monochromator 

to observe photons from decays- in - f l i gh t of the beam-foil excited states. 
3 

The 2 P ? l i f e t i m e for hel ium-l ike argon had been measured previously 

at Berkeley by observing the M2 decay branch, and, there fo re , i t was 

known that the s tate was populated. These measurements were made using 

a t i m e - o f - f l i g h t technique. The distance between the exc i t i ng f o i l 

and a pair o f S i ( L i ) x-ray detectors was varied to p lo t out a decay 

curve. The x - ray detectors have high e f f ic ienc ies and were mounted 

near the beam center l i ne to al low large sol id angles fo r data co l lec t ion . 

Much be t te r energy resolut ion i s at tainable using an opt ica l 

spectrometer, but i t is gained at a large loss in signal count ra te . 

A half-meter Seya-Namioka monochromator was obtained from another 

group at the Lawrence Berkeley Laboratory (LBL). I t was coupled with 

a photon counting detector and associated c!o>;a storage e lec t ron ics , 

and then i n s t a l l e d at the LBL heavy ion l inear accelerator (SuperHILAC). 
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The first question was whether the transitions could be observed. 

Signal levels were calculated to be very low and background rates were 
3 "\ unknown. After several attempts the 2 P- - 2 "S, transition was 

finally observed for a beam of 288 MeV argon ions. The noise level was 
very high. By using procedures described in this thesis the signal-to-

3 3 noise ratio was improved, the 2 P Q - 2 S, transition was eventually 
observed, and lifetime and wavelength measurements were performed. 

The task of the rest of this thesis is to describe in more detail 
how these various jobs were accomplished. First though, this work will 
be given a more proper theoretical and experimental framework in the 
next chapter. 
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II. THEORY AND PREVIOUS EXPERIMENTAL WORK 

A. Energy Levels 

1. Theory 
A very good introduction to the many methods used in calculating 

energies of excited states of helium-like ions is presented in Bethe 
and Salpeter's book "The Quantum Mechanics of One- and Two-Electron 

5 Atoms." This section offers a brief summary of the major features 
of calculations which are of relevance to the energy splittings of the 

3 3 2 P, - 2 S, states, and provides references which may be consulted 
for detailed techniques and results. 

The fine structure of helium Uas first calculated by Heisenberg 
in 1926 using a semi-classical spin-spin interaction. A two-particle 
Dirac equation, neglecting the retarded interaction of the electrons, 
was applied to the problem by Gaunt in 1929. At roughly the same time 
Breit was including the relativistic retarded interaction by means of 

o 
the equation which bears his name. By using a two term wave funct ion 

w i th a cose,- co r re la t i on term ( 8 , 2

 1 S the angle between the two electrons) 
3 

B re i t was able to ca lcu la te the helium 2 P, energy sp l i t t i ngs to 2% 

accuracy. 

Calculational accuracy improved when Bethe used a more complex 
g but non-antisymmetric wave function in 1933. Araki included polarization 

effects on the Is electron by the 2p electron and the effect of spin-
orbit mixing of the 2 P, and 2 P, levels. Araki, Ohta, and Mano 
included the anomalous magnetic moment of the electron in addition to 

1 3 polarization effects on the Is electron and mixing of the P, and P. 
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states. Traub and Foley used an 18 tern Hylleraas-type wave function 
3 to calculate the fine structure of the helium 2 P, states. 

These authors pioneered the major calculational efforts on the 
helium atom until the early 1960's when new computational facilities 
allowed a large increase in numerical effort and accuracy. 

The main impetus for precision calculations of energy levels has 
been the continuing improvement in experimental measurement of the fine 

3 structure splitting of the 2 P, states of helium. This work yields 
accurate experimental results for the fine structure constant, a, 
potentially better than the results obtainable from hydrogenic fine 
structure measurements. These states have relatively long lifetimes 

-7 2 
(=»10 sec) and fine structure splittings comparable to the 2 P states 

_g of deuterium having lifetimes of =>7 * 10 sec. This fixes the natural 
3 line width of the 2 P, states of helium as roughly 3 MHz, while for 

2 the 2 P states of deuterium the natural line width is =100 MHz. 
Because the line width is narrower, the fine structure of helium can 
be measured more accurately than the fine structure of deuterium. 
Comparison with precision theoretical calculations allows determination 
of a more accurate value for o, the fine structure constant. 

Early observations of the fine structure splittings were made by 
optical methods with quite poor accuracy due to source problems and 
detection methods. With advanced microwave techniques Wieder and 

15 16 
Lamb applied optical microwave techniques, and Colegrove, et al., 
and Lifsitz and Sands applied optical level crossing methods to these 
measurements. The group at Yale University, under the direction of 
Hughes, produced the most accurate experimental results by means of an 
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18 atomic-beam optical-microwave technique. Their measurements of the 
3 1 

splittings were good to 1.2 and 2.2 ppm for the 2 P, - 2 P. and 
3 3 

2 Pg - 2 P1 intervals respectively. Comparable theoretical accuracy 

would allow a determination of the fine structure constant a to 0.6 ppm. 

For helium the energy levels are generally expressed as a power 

series in a. 
E J = E o + « H > j + a H zzhrn Vo + « 4 <VJ + • • • • 

H, is the Breit interaction. H. is a higher order spin dependent 
19 operator which is derived from the two particle Bethe-Salpeter equation. 

To the above equation must be added terms for the anomalous magnetic 
5 

moment of the electron, of the order a . Also mass correction terms 

must be included. These are included by using the reduced mass in place 

of the actual mass of the electron, and introducing a mass polarization 

correction, £ Pi'PV Volume isotope and Lamb shift contributions must 

also be included. 
20 The theoretical problem was set in perspective by Schwartz in 

1963 when he outlined the major problems which had to be overcome. The 

task was presented in three steps. First, accurate wave fuixtions of the 

Hamiltonian HQ had to be constructed so the terms in Ej through a could 

be evaluated to at least 1 ppm. Second was to derive properly the 

necessary terms of the fourth order operator H- from a relativistic 

analysis, and to handle the Breit operators correctly in a second order 

treatment. Thirdly was the job of evaluating numerically the higher 

order operators derived in the second step. 
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Schwartz began the f i r s t step of this program, thav of finding 

accurate wave functions of H„, where 

H - ! ± + ! l Ie| Zel . _el 
0 "2m 2m " ^ r g r]2 

He proceeded observing that the most difficult terms to calculate in 
the higher orders were spin-independent, which terms do not contribute 

3 to the fine structure splitting of the 2 P, levels, even though they 
do contribute to the absolute energy of the levels. 

Using a Hylleraas-type variational wave function Schwartz evaluated 
HQ and the spin dependent Breit operators, H-, to better than 1 ppm. 
This calculation was confirmed independently by Schiff, Lifson, Pekeris 

21 and Rabinowitz. They also employed variational wave functions, but 
over a different basis set. 

The higher order operator H. was derived from the Bethe-Salpeter 
22 23 

equation by Douglas and evaluated by Daley. The second order con
tributions were worked out by Hamb-o and by Lewis and Seraflno. The 
intermediate states which mix with the P, states are P, P, 0, D 
or F. Evaluation of the second order contributions are at present 
the limiting part of the theoretical work. The sum of these various contributions gives a theoretical value 

3 3 26 
for the energy splitting 2 Pfl - 2 P. good to 1.44 ppm. This 
theoretical accuracy allows a determination of a good to 0.94 ppm. 

These calculations for the fine structure splitting of the 2 P, 
levels in helium cannot be simply generalized to the case of helium-like 
ions. For the helium 2 Pj levels all terms through u (or a Ryd) have 
been evaluated. Ho attention was paid to the Z dependence of any of 
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the contributions in these calculations. To determine the 7. depondonce 

3 of various operators contributing to the 2 P, fine structure, additional 
calculations must be performed. From the experimental side, the splittings 

3 of the 2 P, states do not lend themselves to microwave techniques for 
the case of helium-like ions of higher Z. To study the fine structure 

3 of the 2 P, states, transitions from these levels to other st.ites must 
3 3 be observed. For example, the electric dipole transitions 2 P. - 2 S, J i 

can be observed. To study these energy splittings theoretically, a 
perturbation scheme for the various energy levels E, can be followed, 

3 just as was done for the 2 P, states themselves. However, the spin 
independent operators cannot be ignored in this treatment since they 
contribute to the relative energy spacings of different levels. As 
Schwartz observed, these operators are much more difficult to calculate 
accurately. Therefore, the calculational problem beeches a much more 
difficult project. 

Various authors have contributed to this particular problem 
by different methods and at different levels of a perturbation 
treatment. To give a visual framework within which to relate their 
work, Fig. 3 may be of some help. This figure shows a grid in terms 

1 2 of two expansion parameters, j and (Za) . Each column to the right 
represents corrections of a higher order relativistically, with the first 
column being the nonrelativistic Schroedinger terms. Each row in j 

represents an additional photon exchange in the interaction of the 
electrons, with the first row being the case where no photons are 
exchanged, or simply the relativistic Oirac equation eigenvalues. 
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( Z a ) 2 (Za ) 4 ( Z a ) 6 
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Fig. 3. Helium-like energy levels are expanded in terms of two 
1 2 parameters, » and (Za) . This figure indicates the terms of 

this expansion which have been calculated, and the people 
who have done the calculations. 



-16-

The figure is not complete, in that mass corrections, nuclear 

volume corrections and radiative corrections such as the anomalous 

magnetic moment and Lamb sh i f t terms are not contained in i t . These 

effects must be included for accurate results. Nevertheless, the figure 

provides a framework within which to relate different calculations. 

The nonrelativistic energy terms have been calculated by at least 
27 two different techniques. Sandars and Scherr have used a variational-

28 perturbation method previously developed by Scherr and Knight, to 
3 3 

derive nonrelativistic eigenfunctions for the 2 S and 2 P states 

through the 8 or 10 order. This procedure gave energy coefficients 

through the 17 t h and 2 1 s t order. 

They le t the Hamilton!an be 
= U ' 4. U = U 1 • ' H 0 = H 6 + H l = H 6 + Z r ^ 

in atomic units, where Hi is the sum of two nonrelativistic hydrogenic 

Hamiltonians and Z is the nuclear charge. The interaction of the two 

electrons, j~- was treated as the perturbation. 

A solution for some state M Is given as 

V (M) . z ,„(M)rn 
n n 

with eigenvalues 

E(M) . j . E(M) z-n 

The terms *_ ' and c* ' are the n •order perturbation expansion 
coefficients for the wave function and energy respectively. The I|I* 
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are treated variationally over a certain basis set in the derivation. 
These results have been duplicated by Accad, Pekeris and Schiff 
29 (APS), who calculated the nonrelativistlc energies of these states 

from purely variational wave functions for halium-like atoms from Z = 2 - 10. 
They employed wave functions expanded in a triple series of Laguerre 
polynomials of the "perimetric coordinates," u, v, w, which are linear 
combinations of r,, r~, and r,2- Their expansions contained up to 364 
terms for most of the states calculated. 

29 Using the nonrelativistic wave functions which they derived, APS 
evaluated the Breit operators to include relativistic effects to the 
lowest order. They evaluated the mass polarization correction using 
the same wave functions. This procedure allowed them to calculate the 
second column, headed (Za) , in Fig. 3 for ions from Z = 2 - 10 to all 
orders in the expansion parameter j . 

The first row of Fig. 3 was calculated using the Dirac equation 
which can be written as 

-1/2 
e(n,k) = f-

L0 j 1 V * + VF71S?) J 
In this equation n Is the principal quantum number and k = j + 1/2 where 

j Is the total angular momentum. 

Expanding in terms of (Za) the different terms of the first row 

can be derived. 
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E(n.k) = 1 + (Za)2(- \ \ ) + (Za)4(| \ - 1 4 F) 

+ ( Z o 0
6/- 1_L_L. l_L_L +3 Al.JL J.W 

( J V 8 n 3 k 3 8 n 4 k 2 4 n 5 k 1 6 n 6 ^ * " ' " 

Only the terms through (Za) were retained in the calculations shown 
later in this section. 

30 Doyle, employing the relativistic Z-dependent theory of Layzer 
31 3 4 

and Bahcall, was able to derive the term of order Z a . Layzer and 
Bahcall's method is an extension of the y energ/ expansion for 

1 2 nonrelativistic energies to a double power series in j and (Za) which 
includes relativistic effects. The methud works by using the Breit 
operator in perturbation theory. The relativistic Breit operator is 
incomplete however, in that it leaves out radiative effects and other 
interactions of relative order —~ , and, therefore, it cannot be used 

r 
past first order in perturbation theory without including these neglected 
operators. 

Using the variational calculations of the Breit interaction done 
29 4 

by APS for ions of Z = 2 - 10 and assuming the terms of order (Za) 
and y(Za) are known, Mohr extrapolated their results to derive the 
next term in j , -4(Za) . This procedure can In principle be applied to 
derive even more terms, but these terms are of less and less Importance 
for high-Z Ions. 33 Ermolaev and Jones used rational Interpolation functions of 
Z, whose h1gh-Z limits correspond with leading terms of a j perturbation 29 theory, to extend the calculations of APS to ions with Z > 10. Their 
results are available in supplementary tables to the above referenced 
work. 
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Using wave functions which were products of Dirac hydrogenic 
32 

wave functions Mohr has numerically evaluated the relativistic one-
photon exchange operator as shown in Bethe and Sal peter's book to all 
orders in (Za) . By assuming the terms of order y(Za) and y(Za) 
are known he has extrapolated the term of order y(Za) . 

34 Ermolaev and Jones pointed out that the major effect of second 
order corrections could be accounted for by including the mixing of the 

^ 1 1 6 
n P, and n P, levels. These terms enter to the order -y(Zo) or 

1 * 
higher order in j . This result has been confirmed by Schiff, Accad and 

35 3 
Pekeris. Only the location of the P, level is changed by this 3 3 interaction, however, and the P- and PQ levels are not disturbed. 

Referring to Fig. 3, the only terms which are not available at 
present are two- or more-photon exchange terns of order (Za) or higher. 
By scaling the known terms by y or (Za) it appears that the missing 
terms are negligible to the level of accuracy of this experiment. 

Additional terms not included in the framework of Fig. 3, but which 
must be considered, Include mass corrections due to the finite mass of 
the nucleus, M. For light ions, the largest part of this correction 1s 
accounted for by using the reduced mass, u, 1n place of the real mass 
of the electron, m. 

where R K 1s the reduced Rydberg constant. 
A further correction term must be added to the Hamiltonian due to 

the nonseparability of the nonrelatlvistlc Schroedinger equation for a 
two-electron atom. This 1s called the mass polarization correction. 
It has the form 
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eM M 1 2 

m 9 
and is of the order n( Z c i) • T n e interpolation procedure of Ermolaev 

33 and Jones has also been applied to this operator to extend calculations 
to high-Z ions. 

The effect of the f in i te nuclear size, or the volume-isotope shi f t , 

is given by the expression 

2itZe2 ... / n »,2 ,_2, E N (n^)= £ £ f - |V i

( 0 ) l < r > 

2 where <r > is the mean squared radius of the nuclear charge distribution. 
36 Kastner has shown this correction to be very small for the case of 

helium-like argon. 
The only remaining terms are radiative effects, including the 

anomalous magnetic moment of the electron and the Lamb shift. Kabir 
37 38 and Salpeter, and Araki, have derived the lowest order, or the proper 

Lamb shift and vacuum polarization corrections. These terms are of the 
4 5 2 39 

order Z a mc , and are analogous to the hydrogemc shifts. In addition, 
"i c j c op 

the terms of order Z ct and 7. o Ina have been derived by Araki and 

Sucher.40 

These operators have been expl ic i t ly evaluated for the ground state 
41 42 

of helium by Dalgarno and Stewart, and Salpeter and Zaidi, and 
1 3 43 

for the 2 ' S states by Sun and Zaidi. The major computational 

d i f f i cu l ty arises when evaluating the term for the average excitation 

energy k Q, which appears in the expression for the proper Lamb shift 
44 g 

term. This is also referred to as the Bethe sum, * where 
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l n k A f n ( E 0 - En> 2 1 n( E0 " En> 
0 iw^7 

with f being the oscillator strength of the electric dipole transition 
from the ground state, or the state of interest, with binding energy 
Eg, to the n excited state with energy E . The summation includes 
integration over all the continua. 

36 45 
Recently Kastner and Ermolaev have given treatments of the 

radiative corrections for high-Z helium-like ions. Kastner did not 
45 account for the anomalous magnetic moment corrections properly, 

and assumed a simple hydrogenic approximation for the lowest order Lamb 
shift contribution to the helium-like states. This approximation does 
not treat correctly the average excitation energy kg, and evaluates 
improperly the electron density at the nucleus, since interactions of 
the two electrons are ignored. 

Ermolaev has attempted to improve upon these results by using a 
phenomenological treatment of the two-electron interaction correction 
to the self energy term. The improvement gained in the theoretical 
results is shown in another paper by Ermolaev. These results demonstrated 
the large effect the interaction of the excited electron has on the Is 
electron, and the resulting large contribution to the Lamb shift in 

47 excited states. This work was stimulated by the work of Berry and Bacis 
on Li II. They observed an anomalously large shift in the energy of the 
2 S - 2 P transition. They suggested this was evidence for a large P 
state Lamb shift. 

The Z a term has been estimated by several authors, • ' based 
on a hydrogenic approximation. These effects were not included in 
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Ermolaev's tables however. To the order a many other corrections 
remain to be evaluated. For high-Z ions Za is larger than j , and based 
on the relative size of the higher order terms from hydrogenic calculations, 
it is in error to ignore terms higher order in Za. 

The theoretical number for the radiative contributions for helium-
48 like argon was taken from the results of Erickson for the hydrogen-like 

Lamb shift. This allowed for an approximate inclusion of the higher order 
terms in Za, but left out the terms unique to two-electron atoms, of 
order y, representing exchanged photons between the two electrons. An 
estimate of these effects was gained by subtracting the lowest order 

45 hydrogenic terms from the results of Ermolaev, and was found to be 
roughly y times the total effect. 

The significance of these measurements can now be seen. For high-Z 
ions, the higher order corrections in Za and to a lesser extent in j , 

become larger parts of the total observable energy difference. Accurate 
measurements provide probes of these higher order corrections. 

In Table I are shown the magnitudes of these various terms for the 
case of helium-like argon. The neglected terms are all estimated to be 
in the third decimal place. The only missing term is the y(Za) term 

3 3 for the 2 P- - 2 S, transition which is not calculated at present, 
but which should also be in the third decimal place, based on order of 
magnitude estimates. 

The theoretical error is based only on the estimated error in the 
radiative corrections. This is the term which is least accurately 
calculated for helium-like ions. The errors quoted are taken as the 
difference between the hydrogenic calculation of the Lamb shift assuming 



Table I. The magnitudes of the various contributing terms to the 2 P - 2 s. 
energy for helium-like argon are shown for the two observed transitions. 

Value (eV) 

Contribution 2 \ - 2 \ 2 3 P 2 - 2 3 s i 

a,b Hon Relativistic 

Relativistic Hydrogenic 

(Za) 2 , | (ZOO2, 

(Za) 4 

Breit Interaction (Doyle)d \ (2a)4 

Hohr—extrap. 

Relativistic Hydrogenic 

z 

(za) 

One Photon Exchange-Hohr — (za) 

Hydrogenic Lamb Shift 

Mass Polarization9 

(Reduced Mass Effect) 

a(Za) , and higher 
order in (za) 

17.7997 17.7997 

0.0 4.7536 

1.2071 -0.3067 

-0.124 +0.0009 

0.0 0.0513 

0.015 

-0.161 -0.151 

-0.0086 -0.0086 
<0.0003 <0.0003 
18.73*0. 03 eV 22.1410.03 eV 

662.0*1. 1& 560.010.9A 
3Reference 27, Reference 29, cReference 5, Reference 30, Reference 32, 
f o 
Reference 48, Reference 36. 
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Z = 17 and Z = 18. This is roughly three times the estimated size of 
the neglected j terms to the radiative corrections. 

2. Previous Observations 
Table II shows the results of previous observations of the helium-like 

3 3 2 P, - 2 S, transitions. All wavelengths quoted in the table are 
vacuum wavelengths. With the exception of one measurement, to the 
author's knowledge there are no reported measurements of these energy 
differences for ions above Z = 10. 

The reported observations have been made using various types of 
light sources. For the lighter ions most observations have been made 
using conventional spectroscopic light sources, of a continuous or spark 
discharge nature. The heavier ions have only recently been observed 
as impurities in plasma type sources. The large fields in these sources 
and the unstable conditions make extension of such measurements to heavier 
ions quite difficult. 

The other probable limiting factor has been that available 
theoretical calculations all stop at Z = 10. Radiative effects which 
are known to become appreciable near Z = 10, but which have not been well 
calculated, mean that the theory does not provide the accuracy necessary 
to help in identifying these lines from plates with many interfering 
lines. The beam-foil light source has the great advantage of being able 
to select only one atomic species for observation. However, it is 
very difficult to have only one charge state of this atom present in the 
ion beam at one time, so there can be interference from ions of the same 
nucleus, but with fewer or more remaining electrons. 
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Table I I . Reported observations of the 2 3 P j - 2 3 Sj transi t ions are 
shown as a function of the nuclear charge Z. All numbers 
are vacuum wavelengths in angstroms. 

Z 2 3P„ + 2 3S, 2 1 2 3Pj + 2 3S, 2 3P 0 -* 2 3Sj Date Ref. 

He 

Li 

Be 

2 

3 

4 

i 

10833.27 

3721.98 
3721.42+0.1 
3721.91±0.03 

10833.27 

resolves hfs 
resolves hfs 

3724.04 
, 3723.53±0.1 
j 3723.97*0.03 

10833.06 

3721.97+0.1 
1 3722.37+0.03 

1932 49 

1927 50 
1974 51 

1934 52 
1972 53 
1973 54 

2822.51 

1 6 • 2271.59±0.05 
i i 
} 7 ! 1896.82 
\ ( 1896.83+0.02 

I 
I 2826.68 

2278.63*0.05 

1907.34 
1907.34*0.02 

1623.29±0.08 ; 1637.96*0.08 
1623.63+0.08 ! 1638.30*0.03 
1623.50*0.02 ! 1638.25*0.02 

2825. 

2277. 

1907. 
1907. 

1639. 
1639. 
1639. 

40+0.05 

96*0.05 

87 
80*0.05 

58+0.08 
87+0.08 
90*0.08 

i 1934 
• 1952 

1952 
i 
' 1964 
i 1973 

1967 
1971 
i 1973 

1414.42+0.06 1433.82*0.06 ; 1437.07+0.06 j 1971 
I ' i 

Ne ! 10 •! 1248.12*0.02 i 1272.81+0.04 1277.68*0.04 ] 1971 
I 

52 
55 

55 

56 
57 

58 
59 
57 

59 

59 

Kr 36 284.0*4.5 (1975 60 
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The observation at Z = 36 is an energy splitting inferred from a 
measured lifetime for the 2 P_ state. More will be said about this 
measurement in Section B of this chapter. 

B. Lifetimes 

1. Theory 
The calculation of lifetimes, or oscillator strengths (f vaics), 

has paralleled the work on energy levels. The f values are quite 
sensitive to the wave functions employed. To obtain reasonably accurate 
f values it is necessary to use wave functions of high accuracy. 

Schiff, Pekeris, and Accsd have calculated f values for ions 
of Z = 2 - 10. They employed wave functions derived when evaluating the 

1 3 29 
2 P, and 2 S 1 states of helium-like ions from Z = 2 - 10. Oscillator 
strengths were computed using the three equivalent formulae; "length," 
"velocity," and "acceleration."62 

27 Sandars and Scherr have evaluated f values for these transitions 
in terms of a y expansion series. 

2 63 Recently, Mohr ' has given power series expressions for the decay 
3 3 1 

rates of the 2 P- and 2 P Q levels, which include several of the j 

correction terms to the nonrelativistic hydrogenic approximation, 
and the lowest order relativistic correction, of the order (Z«)". The 
results from this work are shown below (in units with m = c = li = 1>, 
where k is the transition energy. 
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A^tf \ ) * akS(2 1 S/{5-3 , 0})(Za)" 2tt • 0.14? Z' 1 - 0.640(Z«)2]2 

4^(2 \ ) - ok3 «(io)"2[» • O.ZSt Z"' • 0.685 Z"2 - 0.16?(Za}212 

^,{2 3Pg) - ok3 U(Z*r 2[» • 0.759 Z*' * 0.685 Z' 2 - 0.417(Zo)rf 

2. Previous Observations 
Observed lifetimes for the helium-like 2 3Pj states have now been 

reported frost ions of Z » 2, helium, through Z • 36, krypfvn. The most 
recent work is shown in Table III. For completeness this table shows 
observations of the 2 Pj - 1 Sg decay. Strong spin-orbit nixing 
induces this decay mode, and the experiments confirm the present cal-

64 
culational results for these lifetimes. 

For ions above Z » 10 all observations have been made by collecting 
x rays. There are no reported results for direct observation of the 
3 3 3 

2 Pj •• 2 Sj decay nodes for ions above Z * 10. For the 2 P 2 levels 
lifetimes were determined by observing the magnetic quadrupole decay 
branch to the ground 1 Sg state. This has been interpreted as a test 
of the magnetic quadrupole decay rate, assuming the electric dipole decay 
rate to be known from theoretical considerations. 

The lifetime for the helium-like krypton 2 P Q state was measured 
by observing the x ray emitted by the 2 Sj state after the decay of the 
2 P. state. For Ions with such high values of Z the 2 P- state is 
the only remaining "netastable state" (I.e., lifetimes of nanoseconds). 

3 By observing the decay of the 2 S 1 state a short distance away from 
the exciting foil, all other excited states had decayed away, and the 

3 3 
results showed the 2 P Q - 2 S 1 decay rate. 
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Table III. Recent lifetime measurements on the helium-like 2 Pi 

states are shown as a function of the nuclear chanje 
All lifetimes shown ate in nanoseconds. 

J P • 

10 

96±11 
9945 
10515 
9948.4 

54.4*2.'' 
3342 
4545 

22.3H.0 

2444 
16±2 
11.4 
14a 
16.5b 

13.8 
13.8 

15.1 

10.241.83 
13.3±3.0C 

12.6 

2 JP. • 1 • 1 

5.941 

1.9+0.4 
1.540.1 
1.4740.08 
1.47+0.02 

0.537+0.02 
0.5640.03 

DaLe 

1969 

1970 

Ref. 

1963 65 
1965 66 
1965 67 
1968 68 

1967 69 
1969 70 
1973 71 

73 
1970 74 
1970 75 
1971 76 
1971 76 

1970 75 
1971 77 
196R 78 

1970 75 
1968 78 
1970 79 
1973 B0 
1973 81 

1974 82 
1974 82 
1973 83 
1973 84 

1970 75 
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Table III. Continued. 

z ! 2 
j 

3 P - 2 
" s' 

2 »P, + 1 'S, 2 3 P 2 + i So Date Ref. 

14 
1 1 0.0063510.00033 1976 85 

16 i 1 ! 0.0015710.00018 
2.510.2 1974 

1976 
86 
85 

17 ! j 1.86+0.1 1974 87 

IS 1.710.3 1970 88 

22 

23 

26 

0.4410.03 

observed 

0.1110.02 

1974 

1974 

1974 

89 

2 

2 

36 1.66+0.06 1976 60 

*Po.l * Si 

3 P 2 ->• 3Si 
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il i. EXPERIMENTAL APPARATUS 
Figure 4 provides a sketch of the major parts of the experimental 

apparatus. This chapter will discuss these various parts in more detail. 
As the figure shows, the apparatus centers around a vacuus; ultraviolet 
monochromator. Individual photons are counted with an electron 
multiplier, and stored in a data collection system. Mounted opposite 
the entrance slit of the monochromator is a reference light source 
used to determine a dispersion curve for the instrument. Figure 4 may 
be consulted to gain a perspective on the apparatus as this chapter is 
read. 

A. Monochromator 
The instrument used in these experiments is a one-half meter 

90 91 Seya-Namioka Vacuum Ultraviolet Monochromator. ' The monochromator 
1s an early production Model JA 78-650, Serial No. 9952, made by 
Jarrell Ash Company. The Seya-Namioka monochromator has fixed entrance 
and exit slits, and the spec^um is scanned by a rotation of the 
grating. This design allows for a compact vacuum vessel and improved 
accuracy since the only necessary mechanical device is a simple mechanism 
to rotate the grating. 

The apparatus constants for the instrument design are given as 
follows. The angle between entrance and exit slits and the grating 
center is C = 70° 15'. The distance from the monochromator slits to 

D 

the grating center is given by p = - = 1.222 ± 0.001. where R is the 
radius of curvature of the grating and r is the distance from the 
monochromator slits to the grating center. The grating is rotated by 
a sine drive mechanism employing a set of clutches, gears, and motors 
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Fig. 4. Schematic view of the apparatus is shown, Indicating the 
major parts of the apparatus which are further discussed 
in Chapter III. 
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to give variable scanning rates toward longer or shorter wavelengths. 
The Seya-Namioka mounting gives a very astigmatic image. This 

is principally due to the large angles of incidence and diffraction 
from the grating. Astigmatism results in image lengths given approximately 
by z = 1 + | U where z is the astigmatic image length, 1 is the height 
of the light source, and L is the length of the grating grooves. 
Abberations resulting from the grating equation also cause a curved 
image with a radius of curvature r = 0.577 R at the exit slit of the 
nionochromator. This instrument has straight exit slits, as resolution 
is not a concern, and data were taken at slit widths of 100-200 microns. 

The selection of a grating for the instrument is a compromise betwf"»n 
91 resolution and spectral line intensity. Namioka's paper' shows that for 

the case of a one-meter Seya-Namioka monochromator the resolution is 
optimal at a grating width of 2.8 cm. However, the total Intensity of 
light in a spectral line has reached a maximum at a grating width of 
roughly 4.5 cm. Since the Seya-Namioka monochromator is not normally 
used as a high resolution instrument, the grating chosen is biased in 
favor of light gathering ability. 

From the above considerations a replica grating was purchased 
from Bausch and Lamb with a radius of curvature R - 49S.1 mm, a ruled 
area 30 mm * 50 mm (length of grooves « width of ruled area), on a 
circular blank. The grating is blazed for a wavelength of 700^ in a 
Llttrow mounting at 2° 24', and has 1200 grooves/mm. The grating is 
a tripartite grating, meaning the grating was ruled in three separate 
sections, with the ruling machine reset to maximize the blaze angle 
setting in each section. An overcoating of platinum was applied to the 
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grating. For normal incidence light, freshly deposited platinum has 

a peak reflectivity of "»20$ at wavelengths slightly under 600&. 9 2 ' 9 3 

The grating mounting of the Seya-Namioka monochromator shifts 

the blaze wavelength of the above grating to 570R. As a rule of thumb, 

i f one wants the efficiency to remain at least one-half of the maximum 

efficiency, the useful range of wavelengths available with a blazed 
2 3 

grating Is from j * D i a z e

 t 0 2 *blaze" ™ e s P e c t r a ' region of Interest 

for this experiment is within these limits for the above grating. The 

tripartite nature of the grating also means that the maximum resolution 

obtainable is determined by a grating width of | x 50 inn instead of the 

full width of the grating. Extra light intensity is gained by using 

all three sections. 

In aligning the Instrument, use was made of mercury vapor lamps 

to align the slits and the grating. Brass shields were fitted into the 

entrance and exit arms of the monochromator so the slits could see only 

the grating blank, and not the grating holder or the walls of the vacuum 

chamber. Final adjustments of the scanning mechanism and focusing 

of the monochromator were made using a GCA/McPherson Model 630 High 

Energh Vacuum UV Hinteregger Type Discharge Lamp. This is a flowing 

gas discharge lamp and was used windowless, operating on a low pressure 

helium gas, with the discharge sustained by a dc power supply at roughly 

1 kV and 300-400 ma. The 537.038 and 584.33% lines of helium, the 

1215.67A" line of hydrogen (observed as an impurity in the He gas), and 

the zero order line were used in the alignment procedure. These lines 

were observed by impinging them on a sodium salicylate-coated window 

in front of the exit slit of the monochromator. This window was viewed 
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by a side-viewing photomultiplier with a micro-microammeter readout, 
which could be coupled to a chart recorder. 

The manufacturer's adjustment procedures were followed in aligning 
the instrument. Even so it was not possible to obtain a linear wavelength 
scan from the drive mechanism. With this particular instrument the 
drive mechanism was slightly out of position. This was a fault of the 
design that was used in supporting the vacuum tank. Also the adjustment 
points had to be very tightly clamped to avoid slippage, and in tightening 
these points the correct adjustment was invariably lost. The sine drive 
is capable of giving a linear wavelength scan for the instrument, but 
poor adjustment of the drive results in slightly curved dispersion curves 
for the instrument. Chapter IV-A will go into corrections for this 
problem in more detoil. 

Figure 5 shows the monochromator mounted in the experimental area 
at the SuperHILAC. The circular vacuum can in the middle of the picture 
houses the grating. The entrance slit is attached to the instrument by 
means of the arm which leads to the right in the photo. A large liquid-
nitrogen- trapped diffusion pump provides pumping speed for the monochromator. 
The pump is connected to the monochromator by means of the vacuum pipe 
and valve shown to the left of the monochromator. A small commercial 
laser used as part of the wavelength marker system is shown mounted in 
the lower right corner of the instrument. 
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XBB 768-7616 

Fig. 5. A rear view of the monochromator as i t was mounted on the 
experimental beam line at the SuperHILAC. 
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B. Detector 
The detector selected was a Bendix Continuous Dynode Electron 

94 Multiplier (CDEM), Model 4700. This particular style CDEM was chosen 
because of its entrance aperture (0.635 cm x 1.524 cm) which is large 
enough to allow the collection of any photons emerging from the exit 
slit of the monochromator. Continuous Dynode Electron Multipliers are 
basically hollow glass tubes, with the inside surface coated with a semi
conducting material. This semiconducting material serves both as the 
secondary electron emitting dynode surface and the resistance divider 
network establishing the electrostatic potential along the device, 
necessary to accelerate secondary electrons. 

The semiconducting surface of the COEM is relatively insensitive 
to exposure to air. Thus CDEM's can be cycled from vacuum to air without 
adversely affecting their signal-to-noise or count rate capabilities as 
electron multipliers. Exposure to air of standard electron multipliers 
results in significant gain losses for the devices. Therefore, CDEM's 
are relatively easy to handle in a vacuum system. Being basically glass 
tubes they must be treated like other fragile equipment. 

Photons entering the input aperture of the CDEM impinge on the 
semiconducting surface which emits photoelectrons that are then 
accelerated back along the length of the device. The glass tube is 
curved, and, therefore, the electrons Impinge on the walls of the device 
many times before reaching the anode end. Figure 6 shows a schematic 
of the detector, illustrating how bias is applied and signal is removed, 
and also shows the extreme simplicity of the CDEM. Only three connections 
are required for this particular model. 



DETECTOR 

Fig. 6. Schematic of high voltage biasing and 
electron multiplier (CDEfl) detector. 
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The CDEM operates as a windowless, solar blind electron multiplier, 
having a gain of 10 and a linear output capability of 10 microamperes. 
It is operated at a bias of +2900 volts from a Power Designs NIM Standard 
HV supply. Measured dark count rates for the detector at this bias 
were from 3-5 counts per minute. 

Measured quantum efficiencies of a CDEM detector in the range from 
500 to 700A were from 15-25%. By operating well into the counting 
plateau of the detector, or at a bias where the count rate remains 
relatively insensitive to changes in bias voltage, the detection system 
is insensitive to changes in gain of the CDEM. This plateau is shown 

95 in Johnson's article to set in at a bias of roughly 25G0 volts. 
Continuous Dynode Electron Multipliers also exhibit a gradual change 

97 in their gain as a function of accumulated counts. This change 
typically follows a fixed pattern. During the first 10 accumulated 
counts, the gain falls off by a factor of 2 or 3. It then reaches a 
plateau where it remains constant for the next 10 counts. After this, 
the gain begins to fall off again. For the data runs in this experiment 
count rates were always near 10 counts per second or less. Therefore, 
any change in gain during runs due to this effect was minimal. 

Figure 7 shows how the CDEM was mounted. It was held approximately 
0.635 cm from an aluminum adaptor plate which was bolted to the entrance 
slit housing of the monochromator. The detector was supported on 
insulated blocks. The biasing network is shown mounted on the rear of 
the detector. Feedthrough connectors for applying bias to the detector 
and taking out the signal counts were provided on the adaptor plate. 
The CDEM was then enclosed in a vacuum tee which was pumped with a 2 in. 
diffusion pump. 



39 

vlUgm*-

m 
I ? "< > i 

&<s » 

M*,£W.'?/fl 

^ T W s 

£*>• 
?"»»»» i n , 

i r>* 

XBB 768-7615 

Fig. 7. The detector as it was mounted to an aluminum flange and 
attached to the exit slit housing of the monochromator. 
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The detector must be operated at pressures under 10 torr, to 
eliminate the problem of after-pulsing. Higher pressures result in 
collisions with residual gas molecules, forming positive ions which cause 
after-pulses. Applying bias at pressures over 10 torr will result 
in arcing which destroys the detector. 

Very high background count rates were observed at the SuperHILAC 
when the accelerator was delivering a beam for this experiment. Beam 
energies were just above the Coulomb barrier, and, therefore, collisions 
of beam atoms with collimators or beam-line walls liberated neutrons or 
gamma rays which triggered the CDEM. To decrease background count rates 
the detector was surrounded with a 4 in. thick wall of lead bricks. 

C. Counting Equipment 
The CDEM output pulse shape had a width of 20-30 nanoseconds when 

the signals were observed directly from the detector with a low capacity 
input oscilloscope. To amplify these pulses, they were fed into fast 
LBL amplifiers using very short coaxial cable. Two 1 ns-dc * 10 amplifiers 
(13X-1281 P-2 R2) followed by a variable gain amplifier, Model 10-03 NS 
(4X9062) were chosen. This amplifier system gave a total gain of 600. 

With this amplification system, the CDEM output showed a noise 
level =0.05 volts RMS with signal pulses of 0.4 volts and pulse width of 
20-30 nanoseconds. The background levels were measured using the 
capacitive discharge lamp described in Section E as a light source. 
Electrical noise levels were very high when this light source was used, 
and as a result special effort was made in shielding all cables to 
avoid stray electrical pickup. 



-41-
Since under these conditions the signal-to-noise level in the 

detector was roughly 8 to 1, no further effort was made to use a special 
preamplifier. Published information by Bendix Corporation indicates 
that a simple emitter follower preamplifier gives even better signal-to-

94 noise ratios from the COEM's. 
The output of the amplifiers was fed into an emitter-coupled-log1c 

(ECL) discriminator-amplifier. This device had a count rate capability 
of 60 MHz. Discriminator levels were set at 0.1 volts. The ECL 
amplifier provided outputs of fast POS or NEG TTL level pulses or slow 
POS or NEG TTL level pulses. The time length of the slow pulses was 
variable from nanoseconds to microseconds. 

A Berkeley Nucleonics Model 8020 pulser, with variable amplitude, 
pulse length, and rate capabilities facilitated adjustment and 
checking of the electronics. 

D. Data Collection 
This section will explain the operation of the data collection 

system which is shown in block diagram form by Fig. 8. The detector 
and associated amplifiers have been discussed. First the operation of 
the monochromator will be explained. This will show in detail how 
continuous scans of spectral lines are encoded by a shaft encoder for 
digital data collection. 

Next, the operation of the gating box and of a wavelength marker 
system will be explained. Finally, a brief description of the operation 
and use of the two data collection devices, the Victoreen multichannel 
scaler (MCS) and the POP computer system will be given. 
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Fig. 8. Block diagram of the electronics and data collection system. 
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1. Monochromator Drive Screw, OPTACH, and UP-DOWN Scaler 
To observe spectral lines with a monochromator, the instrument 

must be scanned through the wavelength region of the spectral line in 
question. If the light source is sufficiently intense, detectors 
giving a continuous output current may be employed, such as photomultiplier 
tubes, and the output coupled via a microammeter to a chart recorder 
for data collection. Very weak light sources do not lend themselves 
to this type of a data collection scheme. Photon counting methods 
must be employed with weak light sources. 

Estimated count rates for this experiment were on the order of 
10 counts per second, and this was the maximum count rate observed 
during the experiment. These low count rates necessitated the use of 
pulse counting techniques, and, therefore, a system was assembled to 
store these counts in a form from which spectral line shapes could be 
extracted. This was done by using a multichannel scaler (MCS). The 
MCS memory stored the number of counts observed per wavelength interval. 
Translation of the MCS time base into wavelength units was accomplished 
by encoding the drive screw of the monochromator. 

The sine drive mechanism used to scan the monochromator is capable 
of giving a linear scan in wavelength. Actual rotation of the grating 
is accomplished by a lever arm which pivots on a table driven by the 
precision screw. If the precision screw moves the table a distance 
Ax = X, - x,, then the grating is rotated by an amount proportional to 
(sin82 - sin9.|), where 8. is the angle between the perpendicular line 
from the precision screw to the grating pivot, and the line from the 
grating pivot to the point x. where the lever arm pivots on the small 
table. So a rotation of the drive screw increments sine by some amount. 
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The grating equation for the monochromator is essentially 
nX = d(sin8. + sine.), where n is the order of the spectrum observed 
(n is -1 for the Seya-Namioka monochromator), d is the grating spacing, 
9. Is the angle of incidence with respect to the grating normal, and 0, is 
the angle of diffraction with respect to the grating normal. For the 
Seya-Namioka monochromator 6. - 8 . = 70° 15' = C, and by defining 

r 
9i = 9 r + 2 ' w n e r e er i s t n e a n 9 1 e through which the grating has been 
rotated to scan from the zero order line to the wavelength X, then the 
following result is obtained for X: 

r 
X = 2dcos j sine 

Noting that the rotation of the drive screw increments sin6, it is seen 
that by incrementing the rotation of the drive screw the wavelength 
is Incremented. 

The first effort at doing this employed a set of geared switches. 
However, the turning torque of the switching device overloaded the 
monochromator's scanning mechanism, so this approach was abandoned. 
The second scheme used an OPTACH shaft encoder, whose operation and 
output capabilities are described in Appendix A. 

Basically, the OPTACH is capable of dividing the rotation of a 
shaft (in this case the precision drive screw) into 500 equal increments, 
and also sensing the direction of rotation of the shaft. Since one 
rotation of the drive screw advances the monochromator through 3oS, 
the OPTACH creates 0.06A* bins. 
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The output of the OPTACH is registered by an UP-DOWN scaler. The 

zero point of the UP-DOWN scaler is set arbitrarily. During a data 
run, this zero point must be calibrated against a wavelength standard 
for spectral scans to have a meaning. 

Using the MCS, it is possible to store a wavelength scan of 3oA in 
500 channels of the MCS memory. Each channel of the MCS memory displays 
the number of counts registered by the detector when the monochromator 
scans through a 0.06& segment of the wavelength spectrum. 

Several problems associated with the drive or scanning mechanism 
of the monochromator need to be discussed before going further. The drive 
mechanism is a very important part of the monochromator. A representation 
of the drive mechanism is shown in Fig. 9. The numbers represent the 
number of teeth on the individual gears. 

The drive train consists of the set of gears and clutches shown in 
the figure, and a pair of reversible Bodine motors coupled together 
through a differential to drive the gears. Because of the age and past 
treatment of the instrument, many problems were experienced with the 
drive mechanism, most of which were due to the electromagnetic clutches. 
The clutches failed to release when they were deenergized or grabbed 
when they were not energized. This finally necessitated removal of 
the "fast" and "medium" scan rate clutches. Data were taken by scanning 
the spectrum at the slowest rate, 5$ per minute, so the removal of 
these clutches created no major problems. 

After removing the clutches, and thoroughly cleaning and lubricating 
the entire drive system, the instrument was subjected to the following 
test. Scanning the monochromator at 5A* per minute, with the OPTACH 



Fig. 9. A drawing of the clutch and gear system which rotates the precision drive screw and 
scans the wavelength spectrum. The nuribers are the number of teeth on the different 
gears. 
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advancing the time base of the MCS, a free running pulser was gated into 
successive channels of the MCS memory. The number of counts accumulated 
in each channel was proportional to the amount of time the monochromator 
took to sweep through the corresponding 0.06? segment of the spectrum. 

Figure 10 shows the unexpected result of the test. If a straight 
line had been observed, it would have meant a uniform rate of rotation. 
Instead what was observed was a rapid oscillation modulated by a slower 
oscillation. These oscillations were observed to have amplitudes 
corresponding to 25-30% of the average time spent in each wavelength bin. 

Analyzing the set of gears from the point of view of the toothed 
shaft the following results were found. A complete revolution of the 
toothed shaft results in a rotation of the precision screw of 
g| x ̂  x 100 = 26.666%. This is equivalent to 133.333 bins. A rotation 
of the shaft by one tooth, or v^ of its rotation, results in the precision 
screw rotating the equivalent of 11.111 bins. Comparison of these numbers 
with the observed periods of the oscillations shows very close agreement. 

A closer examination of the gears reveals that this result is not 
too surprising. All of the large gears in the scanning mechanism are 
precision ground gears. Toothed shafts are generally not ground, rather 
they are made by extrusion. This provides a useful gear, but one which 
is not nearly as accurate as a ground gear. Thus backlash in the meshing 
of the precision gear with the toothed shaft could cause the rapid 
oscillation, and a slight bend in the toothed shaft could result in 
the slower oscillation. 

This test showed that when scanning through spectral lines, the 
instrument spent varying amounts of time viewing different spectral 
regions, and, therefore, introduced perturbations to an observed line 
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Fia. 10. The vertical amplitude is proportional to the amount 
of time the monochromator looks at successive 0.06A wavelength 
bins. 
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shape. Using the Victoreen MCS to collect data, corrections for this were 
made by only letting each channel of the MCS accept data for some fixed 
amount of time. This time period was shorter than the shortest amount 
of time the precision screw took to scan through a 0.06X wavelength bin. 
As a result, a large percentage of the available counts were lost. This 
problem was avoided by making use of the PDP computer system. The computer 
allowed simultaneous storage of the number of observed counts in each 
0.06S wavelength bin, and the amount of integrated beam current which 
went by the monochromator during the same time period. During later off 
line data analysis point-by-point normalization of the spectrum was done. 

2. The Gating Box 
Figure 11 shows the schematic for the gating box. The gating box 

will be explained by tracing its operation through a complete scan of 
a spectral line. The discussion will begin with the monochromator 
scanning up in wavelength through the spectral line, being stopped, 
scanning back down in wavelength and passing through the line again. 
The monochromator is then ready to begin another complete scan of the 
spectral line. 

The UP-DOWN scaler is set at some negative number (for example -20, 
which is. registered as 999980). The controls for the monochromator 
drive mechanism consist of a direction of scanning switch (either toward 
longer or shorter wavelength) and an on-off switch to begin scanning. 
The monochromator is set to scan toward longer wavelengths. Reference 
to Appendix A or Fig. 12 shows that when scanning toward longer wave
lengths, output A of the OPTACH leads output B by 90°. The SAMPLE TIME 
one-shot is reset by the RESET button, and the START button is pushed, which 
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Fig. 12. This diagram shows the relative phases of outputs A and B of 
the optical shaft encoder. Also shown are the count and stop 
points when scanning up or down in wavelength. 



-52-

enables the gating and data collection electronics in the gating box. 
With the monochromator drive turned on, the OPTACH outputs begin 

to function. When A is positive, B going positive triggers the 
COUNT-UP one-shot. This gives a pulse which first sets the UP-DOWN flip-
flop so the scaler will count up, and then generates one count. At the 
same time this pulse triggers the SAMPLE-TIME one-shot, provided the 
ENABLE TIME BASE flip-flop has been set. 

This flip-flop is set when a CARRY pulse from the UP-DOWN scaler 
is detected. The particular pulse sampled is the pulse generated in 
going from -1 to 0, or from 999999 to 000000. This pulse, when it 
arrives, sets the ENABLE TIME BASE flip-flop and triggers the START 
one-shot. With the flip-flop set, the pulse from the COUNT-UP one-shot 
can trigger the SAMPLE TIME one-shot. When the START one-shot is 
triggered, it generates a pulse which starts either the Victoreen MCS, 
or the PDP computer. 

Therefore, when the UP-DOWN scaler crosses over zero, the MCS 
is turned on, and the time base circuit is enabled. The gate generated 
by the SAMPLE TIME one-shot has its length determined by the setting 
of the potentiometer, but is between 0.5 and 0.7 sec. This gate 
performs several functions. 

First, it disables the three input NAMD, so should another 
count-up pulse arrive before the gate is over, it will not retrigger 
the one-shot (thus leading potentially to an always-on situation). 
In practice this is avoided by choosing the length of this time interval 
to be less than the shortest output period of the OPTACH. 
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Second, when the positive gate drops to zero, it triggers the 
TIME BASE one-shot. This generates a time base pulse for either the 
computer or the Victoreen MCS. 

The third function depends on whether the data is being collected 
through the Victoreen MCS or the computer. In the case of the Victoreen 
MCS, the COMPUTER-VICTOREEN MCS switch is set to the VICTOREEN MCS 
position. The SAMPLE-TIME gate enables the third input of the three 
input NAND only for the time of the gate pulse. Any count coming in 
the DATA INPUT channel during this time period is stored in a channel 
of the MCS. Since the Victoreen MCS is only a single multiscaler, 
collecting the information from the wavelength marker signal requires 
that the MARKER INPUT be stored like real data. Its distinguishing 
characteristic is that it repeats at a regular period in terms of 
channel numbers, and that a large number of counts are passed through 
each time it occurs. This gives the channels where the marker is 
stored characteristics which enable them to be distinguished from real 
wavelength data. 

When the computer is used to collect data, this third feature 
is not utilized. With the COMPUTER-VICTOREEN MCS switch in the COMPUTER 
position, the MARKER INPUT pulses are not added into the DATA INPUT 
channel, but are routed separately to become positive MARKER pulses. 
Additionally the three input NAND in the data input channel effectively 
becomes a two input NAND, and any input counts observed during the 
time the computer views the beam are stored in the respective channel 
of the computer MCS. 

When the scan has reached some desired wavelength, the drive 
mechanism is stopped, the direction of the scan is reversed, and a 
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scan toward lower wavelengths begun (or back toward zero on the UP-OOWN 
scaler). 

When scanning toward shorter wavelengths, output B of the OPTACH 
leads output A. So if B is positive, A going positive triggers the 
COUNT-DOWN one-shot. The output of this one-shot resets the UP-DOWN 
flip-flop so now the scaler will count down, and registers a count. 
Note that nothing is happening in the time base circuitry, therefore, 
no data is being collected by either the computer or the Victoreen MCS 
when scanning toward shorter wavelengths. Data is only collected when 
scanning toward longer wavelengths to avoid problems of backlash in the 
drive mechanism. 

Before another scan is started, the monochromator must be scanned 
through zero to a negative number so the CARRY pulse can be detected 
on the next upward scan. When crossing zero going toward shorter 
wavelengths, a BORROW pulse is detected, and it resets the ENABLE TIME 
BASE flip-flop, thus disabling the time base circuitry until the flip-
flop is set again by the CARRY pulse on the next scan. 

3. The Drive Mechanism and Wavelength Marker 
Experience with the monochromator indicated that from scan-tc-

scan the zero point reading of the UP-DOWN scaler might not duplicate. 
There could be either a gain or loss of counts which would easily ruin 
the usefulness of the data. The understanding and solution of this 
problem required two further additions to the system to be described 
later. But first the reason for the gain or loss of counts in the 
UP-DOWN scaler will be explained. 
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The gain or loss of counts in the UP-DOWN scaler was in part due 
to the mechanical operation of the monochromator. As constructed, the 
monochromator drive mechanism consisted of three electromagnetic 
clutches and two reversible direction BODINE motors. With various 
combinations of the motors and clutches the monochromator could be 
scanned from 5 to 1500A per minute toward longer or shorter wavelengths. 
The scanning was started and stopped by use of a FORWARD-OFF-REVERSE 
switch which simultaneously turned the motors off and deenergized the 
clutches. 

Occasionally the clutches failed to release immediately upon being 
deenergized. They coupled with the motors, before the motors had fully 
stopped turning, to momentarily reverse the direction of scanning. To 
reduce the severity of this problem, the "high" and "medium" speed 
clutches were removed, retaining only the "slow" speed clutch and the 
capability of slow speed scanning. To eliminate switch and relay chatter 
which may also cause this type of problem, all switch and relay contacts 
were bypassed. These changes did not totally eliminate the problem, 
because the slow speed clutch still hung up occasionally. 

In addition to the mechanical problem with the clutches, the scheme 
used to count the rotation of the OPTACH was susceptible to losing or 
gaining counts when the monochromator was cycled through a complete scan 
of a spectral line. The dual outputs of the OPTACH are shown in Fig. 12. 
An UP or DOWN count is registered each time the outputs A and B pass 
through a complete electrical cycle. The central row of numbers label 
the successive points of an electrical cycle which are 90° out of phase 
with respect to each other. The upper half of Fig. 12 shows the time 
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development of the A and B outputs when scanning the monochromator toward 
longer wavelengths. An UP count is registered when crossing point 3 
toward point 4, as explained in Section D-2, which described the operation 
of the gating box. The bottom half of Fig. 12 shows the time development 
of outputs A and B when scanning toward shorter wavelengths, with a 
DOWN count registered when crossing point 4 toward point 3. 

Using the FORWARD-OFF-REVERSE switch to stop scanning, the monochromator 
stopped in any quarter of an electrical cycle of the OPTACH outputs when 
scanning either up or down in wavelength. Thus, on a full cycle cf 
scanning a spectral line, there were 16 different possibilities as to 
where the monochromator might reverse direction of scanning at the long 
and short wavelength points. 

Figure 13 illustrates these 16 possibilities, and shows the effect 
each of these has on the UP-DOWN scaler reading. The vertical lines 
with the numbers at the top define the same quadrants of an electrical 
cycle of the OPTACH outputs as defined in Fig. 12. The point at which 
the UP-DOWN scaler counts zero when scanning up is indicated on the 
figure. All other numbers in the figure represent the reading of the 
UP-DOWN scaler at that particular point due to the rotation of the OPTACH. 

The four sections (A, B, C, and D) of the figure show the 16 
different possible cycles mentioned above. The figure can best be 
explained by a specific example. Consider the scan labeled B - 1. The 
first row of Section B shows the reading of the UP-DOWN scaler when the 
monochromator is scanning toward longer wavelengths. Note that the 
scaler reads zero after crossing the zero count point. At this point 
the scanning is stopped, the direction of scanning is reversed, and 
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Fig. 13. The sixteen different scan-up and scan-down stopping point 
combinations are shown, along with the net change in the 
UP-DOWN scaler reading for each combination. The four 
different stopping points are the four phase points 
defined in Fig. 12. 
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scanning is restarted toward a shorter wavelength. The reversal was 
made just after crossing point 1 of an OPTACH cycle, going toward 
point 2. Shown in the second line of Section B is the UP-DOWN scaler 
reading when scanning toward shorter wavelengths. Note that upon 
recrossing point 4 toward point 3, a DOWN count is registered by the 
UP-DOWN scaler. Line B - 1 shows the scan being stopped and reversed 
after crossing point 3 toward point 2 in a different OPTACH cycle. The 
numbers in line B - 1 show the UP-DOWN scaler reading as one scans back 
through zero toward longer wavelengths. Any net change in the reading 
of the UP-DOWN scaler after recrossing the zero count point is then 
shown in the far right column, where one notes for case B - 1 that 
there was no change in the scaler reading. 

This analysis shows that in six of the sixteen possible scans a 
gain or loss of a count is registered in the UP-DOWN scaler. The case 
of stopping the scan after just entering quadrant 3 when scanning toward 
longer wavelengths (Section D) introduces a change in the zero point 
in three out of four possible cycles. To maintain a meaningful zero 
point, scans should be stopped only at the points least likely to give 
a count to the UP-DOWN scaler. 

An additional circuit was constructed to sense the position of 
the OPTACH in an electrical cycle, and to always stop the drive 
mechanism at the same point of the OPTACH's electrical period. The 
location of the stop points for scanning to longer wavelengths and 
shorter wavelengths are shown in Fig. 12. Note that these points are 
different for scanning toward longer or shorter wavelengths. 
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This control circuit is shown In Fig. 14. The two-input and 
three-input NAND gates following the A and B inputs from the OPTACH 
generate the stop pulses for the monochromator. Depending upon the 
setting of the FORWARD-REVERSE switch a pulse is passed through the 
following gates and disengages the motors and clutches by means of a 
relay if the STOP-RUN switch is in the STOP position. This pulse enters 
a feedback loop which holds the relay off until the STOP-RUN switch 
is reset to RUN. In the RUN position the circuit overrides the STOP 
pulses and the motors and clutch are kept engaged. The LED lamps provide 
a remote indication that the monochromator is scanning. 

This change did not eliminate totally the loss or gain of counts 
in the UP-DOWN scaler. A brute force method was then employed to gain 
a stable zero point. Four mirrors were mounted on the end of the 
drive screw opposite the OPTACH. A laser was mounted to bounce a beam 
of light off the mirrors onto a photo transistor, and thus open a gate 
allowing a free running pulser to pass counts through and have them 
recorded by the MCS. 

This provided a wavelength marker which was fixed to the rotation 
of the drive screw. It could only shift with respect to the wavelength 
observed by the monochromator if there was some mechanical slippage 
In one of the pivot points of the lever arm which rotates the grating, 
or if the vacuum tank was twisted physically on its supports. From 
scan to scan, if there was a shift in the channel in which the pulser 
counts were observed, then the data could be shifted the corresponding 
number of channels before being summed. This allowed the problem of 
the shifting zero to be handled. During data runs of 24 to 40 hr there 
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were zero shifts of 0 to 20 channels. Corrections were then made for 
all of these shifts. 

4. The Victoreen Multichannel Scaler (MCS) 
The MCS used for part of this experiment is a Victoreen 8600 MCS, 

manufactured by the Digital Products Group of Victoreen Instrument 
Division. The unit has a memory of 4096 channels, a count capability of 
20 2 counts, and a single multiscaler input unit with a 10 MHz count rate 
capability. It is supplied with a Tektronix RM-503 Oscilloscope Display 
and a Franklin 1220D-11-6B12 paper tape printer. 

External start and time base pulses were applied to the unit, and 
it was operated as a single multichannel scaler (MCS). One change was 
made in the unit, and that was in the special single multichannel 
scaler input box. The front end input, where internal time base and 
gating were accomplished, consisted of DTL logic gates. The scalers 
were all TTL logic chips. To give the unit a faster count rate 
capability, a new input gate was added madw of TTL chips, allowing a 
count rate capability of =30 MHz. 

Count rates associated with the light source constructed to 
calibrate the instrument were the reason the instrument required a 
faster MCS. Section E explains the count rate output of the light source. 

During the early part of this experiment, when searching for the 
beam-foil lines and checking the apparatus, the Victoreen MCS was 
used to take wavelength data during the experimental runs. Three 
things were needed: data had to be stored; data had to be normalized 
so the number of counts in each channel represented the light intensity 
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at that point; and the wavelength marker had to be stored. To do all 
this with a single HCS was impossible, therefore, the Victoreen MCS 
had a limited usefulness. 

With the following scheme the single HCS was made to crudely perform 
the^e functions. Section D-2 on the operation of the gating box 
indicated that when using the Victoreen a M).6 sec gate was opened for 
data collection. In this manner, each channel of the MCS viewed the beam 
for a fixed amount of time, and thus if the beam current stayed constant 
during a spectral scan, the scan was considered as normalized with 
respect to beam current. When the beam current varied widely during a 
particular spectral scan, that spectral scan was rejected. By repeating 
the spectral scan numerous times and adding together the individual 
scans small fluctuations in the beam current were further averaged out. 

The wavelength marker was added in with the real wavelength data, 
but as mentioned previously, it was distinguishable due to the number 
of accumulated counts in the channel in which it was stored. Data were 
output to a paper tape, and then analyzed further by hand. 

In addition, the Victoreen MCS was used to take calibration scans 
before and after an experimental run. The condensed spark discharge 
across argon gas was scanned from roughly 500 to 70oR before and after 
the data scans. This allowed a check for shifts due to electronic or 
mechanical problems, and provided a check on the instrument's dispersion 
curve. This calibration scan suggested where to look for the beam-foil 
lines. 
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5. The PDP Computer System 
Albert Ghiorso graciously offered the use of his Digital Equipment 

Corporation PDP 15 Computer system. The PDP 15 system had a 24K memory 
of 18 bit words, and ran the DEC Background Foreground Monitor Operating 
System. The application software was a machine language real-time 
foreground program which controlled the computer's peripherals. The 
peripherals included a standard magnetic tape drive, a live time display 
scope, line printers, plotters, and a teletype. Communication was through 
a CAMAC interface system. 

The software was set up in the following manner. The computer was 
programmed as five 512 channel multiscalers in parallel. The first 
MCS stored the raw data counts as binned by the gating box. Tiro second 
MCS stored the wavelength marker, and in this way did not mix ths marker 
in with real data. The third MCS stored a coded word indicating the 
amount of integrated beam current collected in the Faraday cup at the 
end of the beam line. Beam current was observed and recorded 1n a 
Brookhaven Instrument Corporation Model 1000C Electrometer and Current 
Integrator, and interfaced to the computer via a CAMAC module. After 
each data scan, these three MCS spectra were stored on magnetic tape for 
future analysis off line on the CDC 7600 computer system at the laboratory. 
The fourth MCS was not used, and the fifth was a cumulative sum of 
successive first spectra, so the crude unnormalized line shape was 
observable developing in time during the experimental run. The use of 
the computer to take data allowed the accumulation of all the information 
desired. It eliminated the need to reject some data counts, which was 
necessary when using the Victoreen MCS. Current readings were stored 
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for later point-by-point normalization. The data were stored on magnetic 
tape, making data analysis and handling much more convenient. 

The PDP system when used as a multiscaler had a very low count rate 
capability, <1 MHz. This was no problem for the wavelength data taken 
when observing the beam-foil excited lines, as it came at a very slow 
count rate, but precluded the use of the computer to store the reference 
spectra from the condensed spark lamp. Therefore, the Victoreen MCS 
was used to store these spectra, while the computer was used to collect 
the data on the beam-foil lines. 

E. Reference Light Source 
The need for a light source capable of producing spectral lines in 

o 

the region from 500 to 700A was obvious at the beginning of this work. 
At first it was thought such a light source could serve as a wavelength 
reference for the experiment, but it was soon realized this was 
impossible. Drastic line shape difference and Doppler shift problems 
were the main reason for this. Alignment of the instrument, checking 
the monochromator s dispersion curve, and providing a rsliable starting 
point from which to hunt for the unknown lines were some of the reasons 
such a light source was necessary. 

One of the most useful sources of vacuum ultraviolet lines in the 
spectral region below 1000A ,-s a condensed spark discharge in a low 
pressure gas. The discharge is carried by a gas flowing through a 
small capillary several centimeters in length and a few millimeters in 
diameter. The electrical power is provided by a high voltage power 
supply and generally aided by a capacitor to give higher current densities. 
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The capacitor is periodically discharged across the gas, exciting the 
atomic states which decay emitting the desired light. Originally used 

98 99 i nn 
by Lyman, with later developments by Paul, Po Lee and Weissler, 
this type of source now provides stable intensity output from pulse 
to pulse. Wainfan et al. introduced the use of an external spark 
gap to this type of light source. Thus the charged capacitor is 
discharged across the source at the same point in its RC charging cycle 
during each pulse, and selective charge states are excited. 

The particular style of light source constructed was modeled on a 92 design used by Samson. A diagram of the light source is shown in 
Fig. 15. Its important features are the following. Both the anode 
and cathode were water cooled. The material used for the ceramic 
capillary was Westgo AL 995, a ceramic which contains aluminum oxide, 
and, therefore, provides a clean capillary. This material was first 
machined and then fired. After firing, the capillary was 5 cm long 
with a diameter of 3.5 mm. The cathode was made of aluminum, with a 
demountable tip of pure aluminum. An expansion volume was included. 
This allowed the shock wave from the discharge to expand and dissipate 
its energy. Also any material liberated by the discharge settled without 
clogging the slits, or being propelled through them to damage the grating. 
The fins shown near the exit hole of the light source helped deflect 
charged material so it did not reach the slits. The front wall of the 
light source was built to serve as one wall of the vacuum chamber which 
coupled the monochromator to the experimental beam line at the SuperHILAC. 
In this manner the light source was always attached to the monochromator, 
and the pumping speed of the beam transport line provided the differential 
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Fig. 15. Scale drawing of the capacitive discharge l ight source. 
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pumping needed for the f lowing low pressure gas. 

To power the discharge a 0.2 to 0.25 microfared capaci tor was 

charged through a 30 kiloohm r e s i s t o r to a potent ia l o f 5-6 kV, and then 

discharged across the f lowing gas as shown in F ig . 16. The capacitors 

used were surplus capacitors found around the laboratory and had 

typ ical vol tage rat ings o f 10 kV. They were not designed as pulse 

capacitors and, therefore, were not the recommended low inductance s t y l e 

capacitors. However, they proved to have long useful l i f e t imes and 
92 gave exc i t a t i on spectra comparable to those shown by Samson. 

The spark gap fo r discharging the capacitor was provided by an 

ITT 5C 22 Thyratron, wi th a t r i g g e r c i r c u i t which could be pulsed up 

to 80 times per second. Typ i ca l l y the l i g h t source was pulsed at 50 

pulses per second. The RC charging time of a 0.2 microfarad capacitor 

is thus 6 ms and the pulse per iod i s 20 ms, so the capaci tor i s well 

recharged before being f i r e d again. 

The operat ion of the l i g h t source presented several problems. The 

discharge showed a tendency to go backwards from the cathode toward the 

gas source, espec ia l ly i f the source had not been under vacuum for 1 to 

2 days previous to being used. This was a l lev ia ted i n pa r t by Samson's 

suggestion o f pu t t ing a glass wool plug in the gas i n l e t l i n e very near 
92 the l i g h t source. Very high l eve l s of e lec t r i ca l noise provided 

other problems. These problems were f i n a l l y solved by double shie ld ing 

a l l cables from the power supply to the l i gh t source, and a l l signal and 

data cables associated wi th the detector or the monochromator. The 

discharge c i r c u i t i t s e l f was mounted d i r ec t l y beside the l i g h t source 

to minimize added inductance and a l low the c i r c u i t r y and the lamp to be 
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Fig. 16. Power supply and discharge circuit for the capacitive discharge light source. 
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surrounded with metal shielding. Figure 17 is a photograph of the light 
source and dishcarge electronics mounted on the monochromator. 

When the thyratron was fired, the capacitor was discharged across 
the low pressure gas. The main discharge occurred over a time period 
on the order of 1 microsecond. The discharge would normally ring, but 
the thyratron, which acts as a diode, only allowed current to flow in 
one direction. Most of the emitted light emerged during the first very 
fast and intense current discharge within a 1 microsecond period. 

The degree of ionization obtained with the light source depends 
very much upon the gas pressure. This was easily observed with the 

102 source, and was shown quantitatively by Schonheit for lines of Ar IV 
to Ar VIII. By proper adjustment of the gas pressure reproducible 
results were obtained from day-to-day with the light source. The 
discharge was run across argon gas which haj a very rich spectrum 
between 400 and lOOoS. Bottled argon contained enough impurities of 
nitrogen and oxygen to show highly excited lines due to these atoms also. 

The lamp was far too intense to be observed directly by the CDEM 
detector, therefore, an intensity filter was used. The filter chosen was 
a brass plate with a small hole drilled in it (the hole was made by a 
number 72 drill) and It was placed between the light source and the 
entrance slit. With the monochromator's slits almost closed the brass 
shield was moved to various positions until reasonable count rates were 
obtained. 

The term "reasonable count rates" needs some explanation. Remember 
that most light is emitted during a period of 1 microsecond. If more 
than one count passes through the monochromator during one pulse of the 
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Fig. 17. Photograph of the capacitive discharge light source mounted 

to the monochromator, showing the relative positions of 
the 0.25 microfarad capacitor and discharge tube. 
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light source, then these counts are resolved in time by less than 
1 microsecond. So the actual count rate is over 1 MHz. The slowest 
part of the electronics is the counting end. The Victoreen MCS has a 
faster count rate capability than the PDP computer, but it is si.ill 
limited to 20-30 MHz. Therefore, the amount of light passing into 
the monochromator must be limited so that only 3 or 4 counts at a 
maximum are detected per light source pulse. 

F. Experimental Arrangement at the SuperHILAC 
This experiment was proposed based on the design capabilities of 

the SuperHILAC facility then under construction at the Lawrence Berkeley 
Laboratory. The accelerator design called for delivery of beams of 
argon ions with energies up to 8.5 MeV/amu and charge currents on the 
order of microamperes. 

1. The Accelerator and Injectors 
A good overview of the present parameters of the SuperHILAC is 

101 presented in UCRL-19919, Modification of the Berkeley HILAC. This 
section will only give a brief overview of the accelerator. 

The SuperHILAC is an Alvarez linac. It resulted from a modification 
of the existing HILAC to add variable energy features (from 2.5 to 
8.5 MeV/amu), to add a new heavy ion source, and eventually to permit 
a sophisticated time-sharing system for experimental utilization of the 
facility. The linac is in two sections, an 18.5 meter-long prestrippor 
and a 30.9 meter-long poststripper. These sections are separated by a 
3 meter stripper drift section where the ion beam is stripped of more 
electrons to form a higher charge-to-mass ratio for acceleration by the 
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poststripper section of the linac. Acceleration is provided by ten 
beam power triodes in eight separate linac cavities or tanks. Three of 
the tanks are in the prestripper section of the linac. Partial energy 
beams are formed by only applying rf energy to some of the linac tanks. 
By only powering four tanks, ion beam energies of 3.5 MeV/amu are 
generated by the accelerator. 

There are two separate injectors for the linac. The first is 
the old HILAC injector (EVE) upgraded to a higher electrical gradient. 
This injector is based on the Cockroft-Walton principle with an 
accelerating potential of 750 kV and is used to produce ion beams of 
lighter nuclei with mass number M < 80. For heavier ions a new Z.5 MeV 
pressurized shunt-fed Cockroft-Walton of the Oynamitron type was 
constructed (ADAM). For this experiment EVE produced beams of carbon 
and oxygen, and occassionally also argon. ADAM was used for argon 
beams during most runs, as it was capable of delivering higher beam 
currents. 

The accelerator is operated in a pulsed mode, with 36 pulses per 
second and a pulse length of 3-4 milliseconds. This corresponds to a 
duty cycle of roughly 10K. An idea of the beam density can be gained 
from these figures. Suppose a charge current of 1 microampere is 

+16 observed for the case of an Ar beam at an energy of 3.5 MeV/amu. This 
implies a particle density of 150 ions per cm in the beam. 
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2. Beam Handling After the Accelerator 

The Ion beam emerged from the rear of the accelerator and was 

then magnetically bent and focused Into different experimental areas. 

To reach the area assigned for this experiment, which was approximately 

7 meters away from the exit of the accelerator, the beam passed through 

two large bending magnets and several quadrupole focusing magnets. 

A schematic of the experimental beam line is shown In Fig. 18. 

This particular experiment was one of severs! being carried out under 

the direction of Dr. Richard Narrus. The monochrome tor was attached to 

the beam line slightly downstream of a long moveable track. This 

precision track In conjunction with lithium-drifted silicon x-ray 
2 104 

detectors formed a time-of-flight apparatus used byMarruset a l . * 

to measure lifetimes of helium-like metastable states. Downstream of 

the monochromator, but not shown on the figure, was a large electromagnet 

used by Gould and Marrus as part of an experiment to study quenching 

of the metastable state of hydrogen-like ions In an external electric 

f i e l d . 1 0 5 

The orientation of the monochromator with respect to the beam 
line 1s shown in the figure. The monochromator was aligned so a line 
from the grating center through the entrance slit would be at a right 
angle to the beam axis. To make positioning of the instrument easier, 
the monochromator was mounted on a three-way adjustable table which 
could raise or lower, rotate, or laterally move the monochromator with 
respect to the beam line. The entrance slit was perpendicular to the 
beam axis. 
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Fig. 18. Diagram of the experimental beam line at the SuperHILAC. 
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Between the entrance slit of the monochromator and the beam line 
was a thin vacuum valve which isolated the instrument from the beam 
line when it was not being used. This was necessary to protect the 
grating surface from contamination by backstreaming diffusion pump oil. 
Diffusion pump oil is cracked by exposure to ultraviolet light and 
can permanently damage a grating surface. The reflectivity of the grating 
is also drastically reduced by a thin coating of diffusion pump oil. 

Dow Corning 704 diffusion pump oil was used in the oil diffusion 
pumps on the beam line and on the monochromator. However, the liquid 
nitrogen traps on the beam line diffusion pumps were normally not filled. 
Therefore, some contamination of the beam line with pump oil was 
unavoidable. Before the monochromator was opened to the beam line for 
an experimental run, all liquid nitrogen traps on the beam line diffusion 
pumps were filled. Normal vacuum in the beam transport line was from 
1 x io" to 1 * io" torr. Normal vacuum irv the monochromator was from 
1 x 10" 6 to 3 x 10" 7 torr. 

The exit slit was positioned upstream of the entrance slit. This 
kept the detector upstream of the foil and the collimator which is 
mounted near it. In this way background noise associated with beam 
collisions with the foil or collimator were reduced at the position of 
the detector. Also in this way the detector was further away from the 
Faraday cup. To further shield the detector from high energy particles 
which may be emitted when the beam atoms are stopped at the Faraday cup, 
lead bricks were stacked around the Faraday cup. The bricks blocked the 
field-of-view from the Faraday cup to the detector. 
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As shown in the f i g u r e , col l imators could be inserted in the beam 

l i n e at various po in t s ; j u s t upstream of the entrance s l i t , and 1.5 

and 3.6 meters upstream o f the entrance s l i t . Since there was no 

focusing or bending o f the beam a f te r the quadrupole magnet shown in 

the f i gu re , the co l l imators defined the beam t ra jec tory . 

The t i m e - o f - f l i g h t apparatus used by Marrus et a l . ' consisted 

o f a precision t rack which drove a tab le over a distance of 1.6 meters. 

A f o i l was mounted on t h i s tab le , or on an extension arm attached to the 

t ab le , and moved up or down the beam l i n e al lowing measurement o f TOF 

l i f e t imes . 
3 

To measure the l i f e t imes of the 2 P states of hel ium-l ike argon 

by observing the e l e c t r i c dipole decay branch, a s imi lar device was 

needed. The monochromator was roughly 2 meters downstream o f the precision 

t rack. Since moving the apparatus was impossible because of space 

limitations, and constructing a new track would have been costly, a 

f o i l support t rack was constructed to be used in conjunction w i th the 

ex is t ing precision t rack . 

This support t rack was essent ia l ly a 70 cm steel rod to which a 

platform was fastened by means of a pa i r o f s p l i t bushings. This 

plat form was pul led or pushed by a long shaf t from the 1.7 meter 

precision t rack. Another lever arm approximately 60 cm long was attached 

to the platform. This arm was suspended down the beam pipe and held 

a th in metal f o i l i n the beam center l i n e . The support track was 

posit ioned so the f o i l holder tracked in a l i n e paral le l to the beam 

axis w i th in 0.01 cm as the platform was pul led along the support track 

by the 1.7 meter precis ion screw. In t h i s manner a f o i l was suspended 

i n the beam l i n e , and moved through a t o t a l t ravel of 60 cm to p lo t 
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a time-of-flight decay curve using th-2 monochromator and CDEM detector 
to observe the decaying ions. 

3. Interface of Monochromator and Beam Line 
The monochromator was joined to the beam line by means of a special 

vacuum box. This box was attached to the entrance slit housing of 
the monochromator by means of a thin vact -...: valve and several adaptor 
plates. The monochromator's entrance slit viewed the beam through a 
1.75 cm hole in the wall of this box. The box itself had an inside 
width of 2.54 cm. The front wall of the discharge lamp served as the 
wall of the box opposite to the monochromator. This kept the discharge 
lamp p- .jjerly positioned for use in calibrating the monochromator. 

The top of this vacuum box consisted of a sliding top which could 
be moved along the beam axis by means of a hand cranked screw. Mounted 
to this sliding top were two Wilson seal vacuum feedthroughs, through which 
brass rods suspended a collimator and a foil holder which are more fully 
described in Chapter IV-C. The collimator and foils were positioned in 
the beam line by raising or lowering the rods. 

The vacuum box was connected to the vacuum pipe of the beam line 
by means of bellows and vacuum valves at both ends of the box. The 
paired bellows removed any torques on the entrance slit arm of the 
monochromator due to either the pressurr difference of the vacuum, or 
external movement of the vacuum pipes. The two valves, which were 
physically suspended by the vacuum pipe of the beam line on both sides 
of the box, were necessary for the operation of the discharge lamp. The 
lamp was a flowing gas discharge, and this flowing gas had to be pumped 
away. Because the CDEM detector must be operated at low pressures, it 
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was necessary to pump most of this gas off before it entered the 
monochromator. This was accomplished using the pumping speed of the 
vacuum pumps on the beam line. The lamp was found to operate best if 
the volume buffer pumped was kept relatively small, therefore, the valves 
formed a small buffer volume for the operation of the lamp. 

There were small glass windows in the box through which the 
discharge could be observed. Experience with the lamp showed the type 
of a discharge which gave the clearest spectrum. The gas pressure and 
buffer pumping were adjusted until such a discharge was observed, and 
then the reference spectra were taken. 
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IV. EXPERIMENTAL METHOD 
This section will deal with four major parts of the experime.it. 

While each part involves a different approach or has to be handled by 
a different method, each is equally important for the final results. 

The first part discusses the use of the reference light source 
in measuring a dispersion curve for the rocnochromator. The use of this 
lamp, the lines that were observed with it, and how a dispersion 
curve was fit to the observed lines will be described. The time-of-flight 
(TOF) data were taken using the monochromator and detector as a 
filter-detector pair and this arrangement will be described next. The 
need for absolute wavelength standards necessitated finding spectral 
lines with known or calculable wavelengths which could be excited under 
similar conditions to the unknown lines, and then devising an appropriate 
scheme for creating and observing these decays. Finally, there was the 
problem of observing and measuring the wavelengths of the two helium-like 
argon lines. 

A. Linearity Testing 
The condensed spark discharge lamp provided known spectral lines 

over the wavelength region from 500 to 700S for fixing a dispersion curve 
for the apparatus. 

1. Calibration Spectra 
Spectra were taken over this wavelength region just prior to and 

Immediately after each of the experimental runs. Two references were 
taken to provide a test on the stability of the instrument over the 
time of the run—which was up to 40 hr. The wavelength marker was 

http://experime.it
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superimposed on the reference scan data. Later, data analysis showed 
whether any marker shifts were recorded. Corrections were then made 
for these shifts. With the marker corrections accounted for, the 
wavelength markers appeared at the same location with respect to the 
after reference lines as with respect to the before reference lines. 

In addition, the before run spectral scan provided reference points 
from which to search for the beam-foil excited lines. The observed 
spectrum of the discharge in argon gas was very much like that shown 

92 in Fig. 5.65 of Samson. Since the light source was essentially a 
point source and did not fill the grating.it was not surprising that 
the line widths observed when using the light source were less than 
1 angstrom. 

2. Observed Spectral lines 
To aid in sorting out the lines observed when the Seya-Namioka 

monochromator viewed this light source, plates were taken from the light 
source on a three meter McPherson vacuum spectrograph, Model 241. The 
plates were scanned on a Grant comparator and the resulting line list 
was compared with standard tables of vacuum ultraviolet lines to 
identify the lines recorded on the plate. The identified lines of Ar IV 
to Ar VII were typically very strong lines. Some Ar III lines were 
seen, but they were quite weak, and no Ar VIII lines were identified. 
Strong lines of 0 III, 0 IV, and N III were also observed. 

The identified lines were then listed, along with their relative 
intensities, and the Intensities of any observed lines within 1 angstrom 
of them, and this list was compared with the spectrum observed using 

http://grating.it
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the Seya-Namioka monochromator and CDEM detector. The results of 
this comparison were that 20 lines in the region from 500 to 70oR 
were resolved by the Seya-Namioka monochromator. Many other identified 
lines were seen, but they were blended or, by chance, were interfered 
with by other lines of comparable intensity. 

The 20 resolvable lines are listed in Table IV along with the 
identification of the ionic source of the lines. The identified lines 
tend to cluster in wavelength groups rather than provide an even 
distribution across the spectral region. This distribution does not 
provide the best possible set of lines to use in fitting a dispersion 
curve, but no other lines were available. 

3. Fitting a Dispersion Curve 
Using these 20 spectral lines, the assumption was made that the 

lines were wavelength standards. For the accuracy sought in this 
experiment, and the capabilities of the instrument, this was a justifiable 
assumption. 

A second order equation was fit to this set of observed lines. 
An obvious curvature was observed in the distribution of the points 
when they were fit to a straight line. The need for a second order 
equation can be understood based on the drive mechanism being a sine 
drive. If the sine drive was misaligned, then to the first order it 
was misaligned by a cosine type function, which can be well described 
over a short arc by a second order equation. 

When the distribution of the points about the second order 
equation was plotted, an oscillatory behavior was observed, with a 
period of roughly 500 channels, or one revolution of the precision 
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Table IV. The twenty resolvable lines excited by the 
capacitive discharge lamp are listed along with their ionic sources. 

X(X) Identification 

1 511.8B Ar V 
2 513.91 Ar V 
3 517.25 Ar V 
4 522.09 Ar V 
5 524.19 Ar V 
6 527.69 Ar V 
7 544.73 Ar VI 
8 548.90 Ar VI 
9 551.37 Ar VI 
10 570.61 Ar V 
11 585.75 Ar VII 
12 594.10 Ar VI 
13 596.69 Ar VI 
14 599.598 0 III 
15 609.824 0 IV 
16 631.68 Ar 
17 641.32 Ar VII 
IS 644.39 Ar VII 
19 649.03 Ar 
20 683.28 Ar IV 
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screw, and an amplitude of 0.1-0.2A. This effect could have one of 
several possible causes. The precision screw could have a slight 
bend due to past treatment or having had something dropped on it. There 
might have been a systematic error in the machining of the screw. It 
1s also possible that a misadjustment of the bearings in which the screw 
pivoted could cause a wobble in its rotation, which could cause this 
type of behavior. To provide a crude approximation to this observed 
oscillation a sine function of a fixed period, equal to one screw 
rotation, and of variable phase and amplitude was fit to the data. 

Finally, the set of 20 reference lines was fit to a dispersion 
curve of five parameters, a second order equation plus a sine function. 
This dispersion curve was then used in the determination of the wavelengths 
of the observed beam-foil lines. For comparison, the beam-foil excited 
lines were fit assuming a dispersion curve based on straight lines drawn 
between the nearest of the 20 reference lines. 

B. Time-of-Flight Data Collection 
3 3 The lifetimes of the 2 P» and 2 P. levels of helium-like argon 

were measured by a time-of-flight (TOF) technique. The arrangement 
of the apparatus has been described previously in Chapter III-F. 

1. Assumptions Hade 1n Method Used 
As described in Chapter III-F, the foil which created and excited 

the helium-like argon ions could be moved to various locations upstream 
3 of the entrance slit of the monochromator. The decays of the 2 P levels 

were observed using the monochromator and detector to determine the 
relative count rate of the decay radiation as a function of foil 
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position, and thus measure a TOF decay curve. 
To accumulate wavelength data, the monochromator was scanned through 

a spectral line and the number of observed counts as a function of 
wavelength were stored in a MCS. To accumulate statistics of 100 counts 

o 3 Q 

per 0.06A bin took over 1 hr of beam time for both the 2 P- and 2 P n 

decays with beam currents in excess of 500 charge nanoamperes and the 
foil near the monochromator. When the TOF data were taken beam currents 
were typically from 100-200 nanoamperes. Therefore, data collection was 
too slow to accumulate good statistics for a decay curve when scanning 
the entire line width. 

Because of these count rate limitations the measurement was carried 
out in the following manner. The apparatus was used as a filter-detector 
pair. First the spectral region was scanned to find the decays of 
interest. Once sufficient counts were accumulated to allow the location 
of the line centers, specific points viere picked under the line peaks. 
Points were also chosen more than 10 angstroms above and below the line 
centers in order to accumulate background counts. Counts were collected 
only at these points. Table V lists the specific points chosen for these 
observations. The locations of these points with respect to the observed 
line shapes can be seen from comparison with Figs. 30 and 31, by assuming 
the points for peak data collection are under the peaks of the spectral 
lines shown in the figures. 
2. Apparatus Setup and Parameters 

A thin carbon foil was held on a moveable foil holder which could 
be moved from 1.59 cm to 60 cm upstream of the slit center. The beam 
was collimated by 0.635 cm (0.25 in.) collimators over a total distance of 
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Table V. The points at which background and 
peak data were collected for the lifetime 
measurements are given in terms of relative 
MCS channel numbers. 

3P 2 Data 'P 0 Data 

Channel Channel 
Numbers numbers 

Low 
Wavelength 10 50 
Background 

Data 215 335 
Wavelength 230 350 
Channels 245 

High 
Wavelength 400 530 
Background 



-86-

3.6 meters, with the last collimator between the foil and the entrance 
slit of the monochromator, just out of view of the grating. The 
collimators were made of 0.159 cm (0.0625 in.) lead or stainless steel. 
The integrated beam current was collected in a Faraday cup roughly 
1.2 meters downstream of the monochromator. The monochromator's entrance 
and exit slits were set at 200 microns. 

Data were taken by scanning the monochromator to the particular 
channel of interest and stopping at that point. Counts were collected 
into an ORTEC 429 Y Discriminator Scaler gated on and off by the 
BIC SCIF 1000C Current Integrator which monitored the beam current 
collected in the Faraday cup. The number of counts and the relative 
amount of integrated beam current were recorded for that point and then 
the monochromator was scanned on to the next channel and more data were 
collected. 

When the background and the data points had been recorded for 
one location of the foil, the foil was repositioned and the cycle of 
measurements was repeated. 

Using this method It took 7-1/2 hr to measure three decay curves 
3 3 for the 2 P, - 2 S, decay. Each decay curve consisted of eight data 

3 3 points over a total distance of 6.60 cm. For the 2 P Q - 2 S, data 
two decay curves of thirteen data points over a distance of 16.51 cm 
were measured in 12 hr of beam time. 
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C. Absolute Wavelength Standards 

For the accurate measurement of wavelengths of unknown spectral 

lines there Is an obvious need for wavelength standards. The beam-foil 

light source Is no exception to this rule, and in addition presented 

further difficulties. 

1. How Reference Lines Here Chosen 

Observed spectral lines are broadened and shifted by the Doppler 

effect which is described by the formula 

X - x 0 ' Bcose) 

" °V777" 
The quantity of Interest 1s X , the stationary source wavelength, 
but due to the velocity of the decaying atoms, 6, and the angle of 
observation of the decay radiation, 6, X 1s what the experiment records. 

lo determine X from the experimental data the above formula 
must be Inverted. This can be done if the velocity B, and the angle 0 
are known. The velocity of the moving Ions is determined from a 
measurement of the beam energy. The only available system for measuring 
beam energies at the SuperHILAC was a crystal measurement system, where 
thin crystals which had been calibrated against known energy sources, 
typically alpha particles, were inserted in the beam and the observed 
energy deposition compared with the crystal calibration to determine 
a beam energy. 

Measuring 9, the angle between the beam axis and the direction of 
observation, is more difficult. The direction of the beam axis is 
defined by the collimators used in the beam transport pipe. To make 
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the Doppler shift as linear as possible for the monochromator the 
apparatus was designed to have the center of the grating at 90 c with 
respect to the beam axis. The grating is a concave blank, with a radius 
of curvature R = 50 cm, which is viewed at an angle of 35° with respect 
to the normal. For the purpose of fixing 6, how is the center of 
the grating defined? Is it the geometric center for normal illumination 
of the grating, or is it the geometric center for illumination at 35° 
with respect to the normal? If it is one of these possibilities, there 
is still the question of how to find this point on the grating blank 
in order to align 9 at 90° with respect to the beam axis. 

These considerations necessitated the use of a beam-foil light 
source to provide the wavelength standards. Observation of the beam-foil 
reference lines allowed determination of e. From comparison of the 
observed lines with the dispersion curve, X was determined. The 
stationary source value of the wavelength, X , is assumed to be known, 
and B was measured, therefore, 9 was deduced. 

For this deduced value of 9 to be useful in determining X for 
the unknown lines, the reference lines must be observed under identical 
conditions to the unknown lines. To do this the reference and unknown 
lines were observed using the same beam velocities for the different 
ion beams, the same beam collimation system, and the same monochromator 
and detector settings. In addition the unknown and reference lines 
were taken alternately during the same experimental run, and a special 
foil holder was constructed to insure similar grating illumination by 
the different spectral lines. These procedures will be described in 
more detail later in this paper. 
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Finding known spectral lines which can be excited by the SuperHILAC 
was the next problem. Well known lines from laboratory observations 
are generally for low charge states of ions, which are hard to excite 
using the SuperHILAC as a source. The SuperHILAC is a very high 
energy machine by comparison with standard beam-foil sources and creates 
very highly stripped ionic beams. For example, argon at a beam energy 
of 3.5 MeV/amu has over 90% of the ions emerging from a 50 microgram 
carbon foil in charge states with 4 or less electrons. 

A convenient way around the above problem is the observation 
that hydrogen-like ions are relatively abundant in most beam-foil 
excited ion beams at the SuperHILAC. The Dirac equation allows very 

accurate calculation of the wavelengths of hydrogen-like decays. 
Calculations were carried out for possible decays of gaseous ions 
with Z < 18 which might fall in the range of 500-700^ and for which 
sources could be constructed at the SuperHILAC. 

Two possible lines were found, one in hydrogen-like carbon, 
n = 4 •*• n = 3 near 520A" and one in hydrogen-like oxygen, near 6328, 
n - 5 + n = 4. 

2. Structure of the Hydrogen-Like Lines 
The energies of the hydrogen-like transitions were calculated 

from the Oirac equation given below 
r ? r 1 / 2 

U a Jf ., 
[ V n - k * Vk 2 - a 2Z Z / J 

E ( n , k ) = mc 
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E is the binding energy of an electron in a hydrogen-like atom, n is 
the principal quantum number and k = j + 1/2, where j is the total 
angular momentum. One sees immediately that the energy levels are split 
by n and k (or j), so that for the n = 5 -+ n = 4 transition in hydrogen
like oxygen there is appreciable structure to the transition. 

The results of these calculations are shown in Figs. 19 and 20 for 
the lines of hydrogen-like carbon and oxygen. The tables show the 
calculated wavelengths from the Dirac equation. Included are calculations 
of the lifetimes of the different fine structure states and the relative 
intensities of the different line components assuming the states are 
populated based on a (2j + 1 ) statistical distribution. 

The diagram shows the intensity distribution schematically. Note 
there is appreciable structure over a wavelength region of =0.48. The 
lifetimes of these states are very short, so the decay lengths in a beam-
foil light source are also very short and the transitions must be 
observed directly after the ions emerge from the exciting foil. 

3. Observation of the Hydrogen-Like Decays 
The very short lifetimes of the hydrogen-like Fine structure levels 

meant these decays had to be observed directly after emerging from the 
foil. The monochromator viewed the foil at the point where the ion beam 
emerged from the foil. A special foil holder was constructed to make 
use of the beam geometry. 

The entrance slit of the monochromator was 10.94 cm away from 
the beam center line because of a thin vacuum valve and adaptor plates 
used to join the monochromator to the beam line. Therefore, the 
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** 5/2 - 3d 5/2 520.71 .056 .046 
4B 1/2 - 3p 3/2 520.79 .172 .021 
4p 1/2 - 3d 3/2 520.79 .009 .005 
4d 3/2 - 3p 3/2 520.63 .028 .039 
4p 3/2 - 3d 3/2 520.63 .009 .001 
4p 3/2 - 3d 5/2 520.76 .009 .010 

XBL 765-1646 

19. The theoretical fine structure of the hydrogenic n = 4 + n = 3 
l ine of carbon VI , with intensit ies based on a(2j + 1) 
s tat is t ica l population of the n = 4 state. 
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Fig 

0 VIII 
n«5—n«4 

6318 632.0 63Z2 632.4 

X (A) 

6326 632 3 633 0 

TRANSITION >(A) T*(nseo) REL. IOTENSm 

5g 9/2 - kt 7/3 632.77 .057 • 795 
5S 7/2 - ** 5/2 632.68 .057 .613 
5f 7/2 - >td 5/2 632.66 .03^ .387 
5f 5/2 - Ud. 3/2 632.50 .03^ .271 
5d 5/2 - 4p 3/2 632.50 .017 .167 
5d 3/2 - ^P 1/2 631.88 .017 •093 
5P 3/2 - ^e 1/2 631.88 .006 •055 
5s 7/2 - ** 7/2 632.81 .057 .022 
5d 5/2 - *« 7/2 632.87 .017 .007 
5f 5/2 - «« 5/2 632.75 .03^ .019 
5d 5/2 - kt 5/2 632.75 .017 .000 
5P 3/2 - Ud 5/2 632.87 .006 •oia 
5d 3/2 - kt 5/2 632.87 .017 .006 
5d 3/2 - 4p 3/2 632.62 .017 .019 
5p 3/2 - lid 3/2 632.62 .006 .000 
53 1/2 - U-p 3/2 633.01 .087 .016 
5p 1/2 - ^d 3/2 633.01 .006 .007 
5p 1/2 - ka 1/2 632.26 .006 .027 
5B 1/2 - k-p 1/2 632.26 .087 .008 

Mifj TC'v.'-lij'iY 

. 20. The theoretical fine s t ructure of the hydrogenic n = 5 •• n 
l ine of oxygen VIII,with in tens i t i e s based on a(2j + 1) 

= 4 

statistical population of the n = 5 state. 
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monochromator viewed a length of the beam of 1.08 cm at the beam center 
line. Proper utilization of the instrument involves filling the grating 
with light of a uniform intensity. To do this the beam was collimated 
to a circular diameter of 0.794 cm (0.3125 in.), and then passed 
through a thin carbon foil tilted so its surface was at 27° with respect 
to the beam axis, and oriented so the monochromatcr viewed the side 
of the foil from which the beam exited. The foil was positioned in 
front of the monochromator so the center of the grating viewed the 
point at which the beam center line exited from the tilted foil. The 
0.794 cm circular beam spot, as viewed by the monochromator, appeared 
as an ellipse with a major axis of 1.553 cm running parallel to the beam 
center line, and a minor axis of 0.794 cm. The grating viewed only the 
central 1.08 cm of this ellipse. 

Figure 21 Illustrates how the grating is illuminated by a decay 
with a lifetime of T = 0.05 nanoseconds, and a uniform intensity 
distribution across the circular beam geometry. The beam geometry 
and the short decay lengths yield this type of illumination curve. 
For comparison the figure also shows the way the foil would be 
illuminated assuming a Gaussian distribution of the beam ions across 
the circular beam spot. 

The figure can also be used to show how the grating illumination 
would be affected if the foil was not centered in front of the entrance 
slit of the monochromator. 

Figure 22 is a photograph of the foil holder mounted inside the 
box which joins the monochromator to the SuperHILAC beam line. The 
entrance slit of the monochromator 1s behind the 1.75 cm hole in the 
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Fig. 21. The theoretical grating illumination by the hydrogen beam-
foi l excited l ines, assuming two different Ion-beam density 
distr ibutions. 
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XBB 768-7613 

Fig. 22. The foil holder shown mounted in the box used to connect 
the monochromator to the experimental beam line. A 
stainless steel collimator 1s shown mounted upstream of 
the foil holder. 
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far wall. The photograph looks through the wall where tha condensed 
spark light source would be mounted. The ion beam enters the chamber 
from the right, passes through the collimator shown inserted in the 
beam line, and then through one of the available foils. The tilted 
foil used In observing the hydrogen-like lines is shown mounted on the 
bottom of the foil holder. By means of a brass push rod entering 
the vacuum through a Wilson seal the foil was positioned in the beam 
line. The foil holder position above the tilted foil has no foil 
mounted. The next higher position has a foil mounted perpendicular to 
the beam axis. This foil is used to excite the helium-like argon Ions 
as will be described In the next section. At the top of the foil hoi de
ls the brass filter screen with a small hole drilled in It, used in 
conjunction with the condensed spark discharge lamp. 

Any of these foils, or the filter may be positioned by raising 
or lowering the entire assembly by means of the push rod. Other than 
adjusting the slit widths, repositioning this foil holder was the only 
mechanical adjustment done on the apparatus during an experimental run. 

Oata were taken with the entrance and exit siIts at 200 microns. 
For normalization purposes the beam current was monitored in a Faraday 
cup 1.5 meters downstream of the monochromator. 

D. Observation of Helium-Like Lines 
The helium-like argon lines presented fewer observational problems 

than the hydrogen-like lines principally because the levels were 
3 3 

metastable. Calculated lifetimes for the 2 P g and 2 PQ levels were 

1.5 and 4.8 nanoseconds respectively. These ions were observed at a 
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beam energy of 3.5 MeV/amu at the SuperHILAC. This beam energy corresponds 
to a £ = 0.086 or decay lengths of 1.27 and 4.08 cm respectively. These 
long decay lengths allowed observation of decays-in-flight downstream of 

3 the foil which created and excited the helium-like 2 P states. 
2 For these observations a thin carbon foil (*50 micrograms/cm ) 

was positioned in the beam line upstream of the menochromator so as not 
to be viewed by the grating. Since the grating did not view the foil, 
decays of very short lived states and processes associated with the foil 
were less likely to cause background problems. The beam geometry played 
a negligible role in these observations. The beam was col limated with 
either 0.635 or 0.794 cm circular collimators over a distance of 1.5 meters 
in most of these data runs. 

Figure 23 shows how the grating is illuminated by the beam-foil 
light source assuming the theoretical parameters listed at the beginning 
of this section. Note that only the finite decay length has an effect 
on the illumination, and, therefore, the light intensity falls off 
exponentially across the grating. 

For these measurements also, the monochromator was operated with 
200 micron entrance and exit slits. For beam normalization purposes, 
the beam current was continuously monitored In a Faraday cup located 
roughly 1.5 meters downstream of the monochromator. 

As explained in previous sections, the spectral lines were scanned 
numerous times. The number of observed counts in successive 0.06& 
wavelength bins were stored in the memory of a MCS. The integrated 
beam current was simultaneously stored for later point-by-point 
normalization to gain a count rate line shape. Successive scans were 
summed to accumulate statistics, 
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_field of view of. 
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Fig. 23. The theoretical grating illumination by the two helium
like argon beam-foil excited lines. 
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V. DATA ANALYSIS AND RESULTS 

A. Time-of-Flight Lifetimes 

1. Data Analysis 
The data collected during the time-of-flight run are shown in 

3 Tables VI and VII for each of the 2 P, decays which were measured. In 
the tables, N is the number of counts observed at each point for the 
integrated charge current shown by /Idt. For the 2 P~ - 2 S, decay, 
as explained in Chapter IV-B, measurements were made at five different 
points of the spectrum for eacn different foil-entrance slit separation. 
Two of these points were located in the background, above and below 
the line center. The other three points were directly under the line 
center. Each of these three sets of count rate data were then coupled 
with the background measurements to yield a decay curve. The three 
separate decay curves were grouped together to give a "sum scan," which 
was then also fit to determine a lifetime. This sum scan was formed 
by adding together the three separate sets of count rate data. Since 
the fitting program used counts and integrated currents as input 
parameters, a fake set of data points was generated to reproduce this 
count rate data, with each point assigned 1000 counts and an appropriate 
Integrated current. The background count rate was adjusted accordingly 
for the sum scan data. 

The number shown for the Integrated current 1s proportional to the 
Integrated current, but has no direct dimensional meaning in terms of 
charge. 
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Table VI. The observed data for the three separate 
decay curves of the 2 3P 2 - 2 3S, transition are 
given for the different foil-monochromator spacing;; 
at which observations were made. Also listed are 
the data for the sum of the three separate measurements. 

2 3P 2 » 2 3S, TOF Decay Data 

Low Background High Background Ch. Nc . 215 
x(cm) N /idt N /Idt N /Idt 

1.587 126 1500 104 1501 1010 1081 
2.603 96 1500 40 1000 1010 1331 
3.619 82 1501 35 1001 1001 1779 
4.635 80 1524 55 1501 1001 2292 
5.651 43 1504 80 1803 1000 2893 
6.921 48 1651 53 1601 1001 3733 
8.191 45 2000 41 2002 1000 5041 
9.751 34 2003 45 2100 1000 6675 

Ch. No. 230 Ch. No. 245 Sum of 3 Scans 
x(cm) N /Idt N /Idt N /Idt 

1.587 1009 1031 1026 1160 1000 35"" 
2.603 1003 1391 1009 1440 1000 459 
3.619 1007 1611 1000 1890 1000 582 
4.635 1017 2231 1015 2510 1000 771 
5.651 1000 2948 1000 2845 1000 965 
6.921 1002 3862 1001 3985 1000 1284 
8.191 1000 4943 1010 5296 1000 1691 
9.715 1000 6687 1002 7131 1000 2273 
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Table VII. The observed data for the two separate decay 

curves of the 2 3 P 0 - 2 3S, transition are given for 
the different foil-monochromator spacings at which 
observations were made. Also listed are the data 
for the sum of the two separate measurements. 

2 3 P 0 -* 2 iSl TOF Decay Data 

Low Background High Background 

x(cm) N /Idt N /Idt 

1.587 90 670 95 807 
2.222 86 1009 69 1044 
-.85 7 60 1002 64 1013 
3.492 58 1102 73 1000 
4.762 57 951 52 951 
6.667 57 1001 49 1011 
7.937 63 902 66 1001 
9.842 47 1006 53 1003 
11.112 41 1001 64 1022 
13.017 51 1001 52 1000 
14.287 63 1010 41 1021 
16.192 39 1001 29 1018 
18.097 41 1061 36 1201 
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Table VII. Continued. 

Ch. Nc . 350 Ch. No . 335 Sum of 2 Scans 

x(cra) N /Idt N /Idt N .fldt 

1.587 1000 1128 1000 1210 1000 584 
2.222 1002 1353 1001 1476 1000 705 
2.857 1001 1578 1000 1530 1000 776 
3.492 1001 1683 1026 1790 1000 856 
4.762 1000 1938 1001 2046 1000 995 
6.667 1000 2354 1002 2610 1000 1237 
7.937 1001 2568 1002 2452 1000 1252 
9.842 1000 3059 1051 3211 1000 1529 
11.112 1002 3138 1002 3231 1000 1589 
13.017 10C0 3752 1000 4069 1000 1952 
14.287 1001 4196 1002 4541 1000 2178 
16.192 1000 4857 1000 4992 1000 2462 
18.097 1001 5490 1005 562.1 1000 2769 
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Each of these sets of data was then fit theoretically to determine 
3 a decay rate for the 2 P, levels. For the decay rate to be interpreted 

as a lifetime it was necessary to know the velocity of the argon ions 
in the beam. 

This velocity was determined from a crystal energy measurement. 
The crystal measurement gave a beam energy of 143 MeV, which can be 
compared to a theoretical beam energy for arson ions of 138.5 MeV 
(when using four rf tanks to accelerate the ion beam). The energy 
measurement systems at the SuperttlLAC have not been well developed, 
but it is the observation of the machine engineers and in-house experi
menters that the crystal measurements, theoretical calculations, and 
occasional time-of-flight energy measurements agree within i58. 
Therefore, for completeness the data were fit assuming both beam energies, 
and the average of the two energies. 

These energies are beam energies as the ions emerge from the 
accelerator. Si no.1 this is a relatively slew ion beam, corrections 
must be made for the energy lost when the beam passed through the thin 
metal foil used to create the helium-like ions. 

2 
A 49 microgram/cm carbon foil was used In these measurements. 

The foils were manufactured and their density measured by the Arizona 
Carbon Foil Company, 415 E. 6th Street, Tucson, Arizona 85711. 
Range-energy relations were consulted to determine the energy loss in 
the foil. A stopping power of roughly 18 MeV/(mg/cm ) is found for 
argon ions in carbon at these energies. This gives an energy loss of 
0.9 MeV for the argon ions upon passage through the foil. Ion 
velocities were then calculated for beam energies of 142.1 and 137.6 MeV, 
and the average of these two energies. 
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Secause of normalization problems the data was treated as count 
rate data for the purpose of analysis. A background rate was defined for 
each data point as follows: 

Background = j No. of cts in low X bkq + Mo. of cts in highXbkq 
/ Idt / Idt 
low X high X 

This count rate is shown below the data count rates in the figures which 
show the decay curves. The background fell off as the foil was moved 
further away from the entrance slit. However, the background rate did 
not fall off at the same rate as the data signal rate. The background 
was caused in part by high energy neutrons or gamma rays created by the 
ion beam colliding with collimators and with the beam pipe walls. For 
the arrangement of the apparatus used in this experiment this source 
of noise should give a constant background rate. It is possible that 
the falling background rate was associated with scattered light getting 
through the monochromator. Due to a lack of experimental time it was 
impossible to systematically study the sources of the background. The 
background was measured and subtracted from the observed data. 

The points chosen for the background measurements were all well 
removed from the region of the peak counts, with one exception. The 
low wavelength background point for the 2 P~ decay was just at the 
outer edge of the structure which can be seen on the low wavelength 
side of the 2 P„ line. However, comparison of the background count 
rate for this point with that for the high wavelength background point 
showed no significant deviation within the accuracy of the measurements. 
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Therefore, this point was treated like the other points for determination 
of the background count rate. 

The averaged background count rate data were then subtracted from 
the observed signal plus background count rate data, and the resulting 
signal count rate data were fit to a single exponential by a linear 
least-squares technique. 

An absolute error was calculated for each of the data points. The 
quantities s, n, and o, were defined as the real signal, background, and 
observed signal count rates for each point. The quantity N stands for 
the number of counts observed at some point, and /Idt for the integrated 
beam current. Then 

n = -J (n + „ 1 - 1 / "low X + "high X 
2 ^lowX ' "high X' ' 2( J Ydt ' / Idt 

, low X high X 
and 

o = s + n 
The standard deviation of a count rate measurement is given by 

vfi lVZ 
" " /Idt = | / Id t | 

(where /Idt is the equivalent of t ) . Therefore, 

°s-
o t 1 "low X + 1 "high X 

/ Idt 4 / idt 4 / Idt 
.peak low X high X 

1/2 
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and the weight function is defined as w = -~ . This weighting function 
°s 

was used in the fitting routine for determination of the decay rate. 
As a measure of the goodness of the fit, Chi-squared was calculated, 

where 
, K (observed ct rt. - calculated ct rt.) 
x2 = Z L ~ i ?

 L-
i=l a i 

and M is the number of data points. 
The data were also fit with different weighting functions and 

with different background rates, and no appreciable effect was noticed 
on the observed lifetimes. The fitting program tested for non-exponential 
behavior of the decay curves by dropping points progressively from the 
two extremes of the decay curves and refitting the remaining points to 

3 3 a single exponential. For the 2 P„ - 2 S, decay this procedure had 
no effect. 

3 3 For the 2 PQ - 2 S, decay, when the data were plotted on 
semi logarithmic plots, the five points with the shortest foil-entrance 
slit separation had higher count rates. The lifetime fitting procedure 
did not give a stable value until these five points were excluded. 
The concave nature of the decay curve cannot be explained by cascading 

3 through the 2 P Q state. Available calculations for hydrogen- to 
beryllium-like ions do not give interfering lines, so at this point 
there is no obvious explanation for these observations. 

Figures 24 and 25 show the observed decay curves for the "sum scans" 
of the 2 3 P 2 - 2 3 S ] decay and the 2 3 P Q - 2 3 S ] decay. The signal 
decay curves have had the background shown below them subtracted 
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Fig. 24. A measured decay curve for the 2 P, - 2 S, 
helium-like argon. 

transition in 
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Fig. 25. A measured decay curve for the 2 P Q - 2 S, transition 

in helium-like argon. 
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off before they were plotted. The straight lines are the best single 
3 3 exponential fits, which in the case of the 2 PQ - 2 S, decay is only 

over the last eight data points. 

2. Results 
The results from the fits of the decay curves are shown in 

Table VIII. The data were fit assuming the average beam energy of 
139.85 MeV. This table shows only the results for the sum scans. The 

3 2 P. results are for a decay curve fit to the last eight data points. 
As a check of this decay a double exponential was also fit to the data, 
and the results are shown for comparison at the bottom of the table. 

The stationary source lifetimes, corrected for time dilation are 
shown in the rightmost column. 

The final results are shown in Fig. 26. This figure includes 
theoretical calculations for comparison. 

The errors quoted are the algebraic sum of the fitting error 
and a 6% uncertainty in the beam energy. Errors due to the positioning 
of the moveable foil, energy loss corrections for foil degradation, 
and shifts In the electronics or monochromator are all calculated 
to be well under the IS level. The theoretical numbers are calculated 
using the formulae from Chapter II, assuming energy splittings which did 
and which did not Include radiative effects. As the figure shows, the 
calculations Including radiative effect"; provide closer agreement with 
the experimental values. 
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Table VIII. The results from fitting the 
observed decay curves are tabulated. The 
observed lifetimes, corrected for time 
dilation, are shown in the last rcnliimn. 

2 3 P 2 •+ 2 3Sj Data 

T(ns«:) X2(6> T (nsec) 

Ch. No. 215 l.*5i0.03 7.8 1.64+0.03 
Ch. No. 230 1.P3+0.05 17.1 1.62±0.05 
Ch. No. 245 1.63±0.04 6.9 1.62 + 0.04 
Sum of 3 1.63+0.03 5.0 1.62+0.03 
Scans 

2 3 P Q + 2 3Sl Data 

T(nsec) X2<6> T (nsec) 

Ch.No. 335 4.99±0.44 16.5 4.97±0.44 
Ch. No. 350 4.89±0.20 3.8 4.87±0.20 
Sum of 2 4.89+0.30 6.7 4.8''+0.30 
Scans 

2 3 P 0 -+ 2 3 S t Data (Double Exponential Fit) 

X2(9) T (nsec) 

19.8 4.97±0.79 
0.82±0.51 

4.3 4.88+0.25 
0.63i0.14 

7.0 4.91±0.37 
0.72±0.23 

Ch. No. 335 

Ch. No. 350 

Sum of 2 
Scans 

T(nsec) 

4.98±0.79 
0.83+0.51 
4.90±0.25 
0.63+0.14 
4.92+0.38 
0.72±0.23 



OBSERVED AND PREDICTED LIFETIMES 
( 2 3 P - 2 ' S i ) of A rXVM (nsec) 

2 3P 2-2 3Si 2 sPo-2 3S, 

OBSERVED 1.62(8) 4.8 7(44) 
PREDICTED without 

LAMB SHIFT 
PREDICTED with 

LAMB SHIFT 

1.50(4) 4 .68(12) 

1.52(4) 4.80(12) 

XBL 759-8160 
3 3 

Fig. 26. The final experimental lifetimes for the 2 Pj - 2 S1 transitions in 
helium-like argon, with theoretical calculations shown for comparison. 
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B. Absolute Wavelength Measurements 

1. Check for Best Observational Parameters 
At the start of these experiments the following was known. Previous 

3 ' observation of the magnetic quadrupole decay had shown the 2 P ? state 

to be populated for argon ion beams at the HILAC. Crude comparison 
of solid angle and efficiency estimates showed that count rates near 
10 counts per second could be expected for beam currents of several 
hundred charge nanoamperes. Calculations of the energy splittings were 
accurate enough to define where to begin observations to locate these 
lines. 

3 3 With this background the 2 P- - 2 S, transition was searched 
for first. Early observations were hampered by very high backgrounds. 
The background levels were lowered by repositioning the monochromator 
so the detector was located upstream of the foil holder. This reduced 
background levels due to scattering from the foil or beam collimators. 
Brass shields were fit into the monochromator so the slits saw only the 
grating and not the walls of the vacuum vessel. Lead shielding was 
placed around the detector to reduce the background by absorbing 
scattered particles, neutrons, and gamma rays. These changes lowered 
the overall background levels, and finally the line was observed. 

After observing the line, subsequent runs were used to check the 
signal-to-noise ratio as a function of the ion-beam enemy. The results 
are shown in Fig. 27. Observations were made from a beam energy of 
47 HeV, which is not shown in Fig. 27, and where no observable sicjnal 
was seen, to a total beam energy of 340 MeV. The beam velocity 
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3 3 Fig. 27. The observed 2 P g - 2 ^s, transition In helium-like argon for 
different argon ion beam energies, from 96 to 340 HeV. The 
individual spectral line have *200 counts In the peak bins, the 
zero points are not the same for each scan, and the abscissa 
was not calibrated absolutely, but Is marked In 1 angstrom bins. 
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varied from 0.051c to 0.135c for these various ion beam energies. 
No error bars are shown on these curves, but the peaks have 

typically 200 counts in each bin. Each curve was taken with the 
entrance and exit slits at 200 microns. These data scans were taken 
before many of the wavelength stabilization systems described previously 
were added to the system. As a result, the data are very crude. The 
zero points are not consistent between the different observations, and 
no effort was made to measure absolute wavelengths. The horizontal 
axes have marks at 1 angstrom intervals. 

Ions moving with lower velocities have smaller Doppler widths. 
Because of this fact, and the observation that the signal-to-noise 
ratio was about equal for the data from 138 to 235 MeV, all subsequent 
measurements were made at beam energies of 138 MeV. This corresponds 
to using only four of the rf tanks on the accelerator to accelerate the 
ion beam. 

A very strong asymmetry is seen on the low wavelength or high 
3 3 energy side of the 2 P« - 2 S, line at a beam energy of 96 MeV. There 

appears to be a similar asymmetry for observations at higher beam 
energies, though it is smaller in amplitude relative to the main peak. 
Insufficient beam time precluded a systematic study of this feature, 
but more will be said abo.'t it later in this chapter. 

3 3 
Finally, the helium-like 2 PQ - 2 S1 line was also searched 

for, and was easily found. Being approximately 100? higher in wavelength 
3 3 

than the 2 P 2 - 2 S, transition i t was wider because the Doppler 

width is proportional to the wavelength. I t was observed with a lower 

signal count rate. This was expected as the work of other authors on 
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3 
beam-foil l i gh t sources had shown the 2 P states to be populated 

roughly as (2j + l ) . 8 2 

An attempt was made to check whether the foil thickness had an 
3 3 appreciable effect on the signal-to-noise ratio for the 2 P, - 2 S, 

3 lines, or on the excitation rate for the 2 P, states. Before data 
were collected for more than one different foil thickness, the nnonochromator 
drive mechanism failed and that run had to be abandoned. There was 
insufficient accelerator time available after this run to repeat this 
test. 

During one data run a crude check of the charge state fractions 
in the argon ion beam at 3.5 MeV/amu beam energy was made. A small 
Faraday cup, not electrostatically suppressed, was used to collect the 
beam current. The excitation foil (49 and 100 microgram/cm carbon foils 
were used) was placed in the beam line upstream of the large bending 
magnet (BRUTUS). BRUTUS normally bent the ion beam which emerged from 
the accelerator Into the experimental beam line. In this Instance 
BRUTUS bent the different charge states emerging from the foil through 
different angles. The Faraday cup was located roughly 4 meters down 
the beam line from the exit of BRUTUS, and the large lever arm created 
by this distance allowed separation of the charge states as the current 
in BRUTUS was varied. The peak current entering the Faraday cup was 
monitored by a very sensitive electrometer. 

There was no noticeable difference for the two foil thicknesses. 
The results, which must be viewed with large errors because of the 
poor Faraday cup, were the following: fully stripped, 8%; one-electron, 
31%; two-electron, 36*; three-electron, 19%; four-electron, 5%, and 
very little of lower charge state fractions. 
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2. The Observed Spectral Lines 
Figures 28through 31 show typical line profiles for the four 

transitions observed in this experiment. These spectral lines are 
shown with the spectrum scanned toward longer wavelengths. The solid 
dots on the figures represent the observed data. Only every other point 
is shown for the sake of clarity. The open circles represent best fits 
to this data which will be discussed later. 

Each curve shown is the sum of numerous scans of the individual 
line. Each scan was normalized point-by-point for the integrated beam 
current before being added together. Any shifts in channels due to 
electronic problems were rejected. The error bar shown on each curve 
is typical of the counting statistics for each channel in the peak 
of the curves. The monochromator was operated with 200 micron wide 
entrance and exit slits for all of these observations. . 

The most striking difference in the various lines is the differing 
line widths. In particular the two hydrogenic lines are noticeably 
narrower than the helium-like lines. Closer examination shows that 
the various lines have line shapes which differ in more subtle ways 
than just their widths. 

As explained in Chapter IV, each of the observed spectral lines 
illuminates the grating differently. This fact alone causes the 
monochromator to generate varying line shapes. In addition the Doppler 
effect causes line broadening which is dependent on the beam velocity 
and on the wavelength of the observed line. The velocity dependence 
was eliminated by observing the spectral lines from the three different 
ion beams, carbon, oxygen, and argon, at beam energies corresponding 
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to the same ion velocities. The wavelengths observed varied from 520 
to 660%, and this wavelength variation caused a change of over 20% 
in the contribution of the Dnppler effect to the line width. For an 
observed wavelength of 600&, with a beam velocity of 0.086c, the 
acceptance angle of the grating contributes a Doppler width to the observed 
line of 4.88. The monochromator has a stationary source line width 
of 3.8% when operated with 200 micron wide entrance and exit slits. 

All of the above effects contribute to the observed line shapes 
seen with the monochromator. To determine the center of each observed 
line it 1s necessary to have a model for the line shape. The model must 
describe the line shape as a function of the conditions under which the 
line was observed. 

3. Construction of a Model Line Shape 
The model required to describe the line shapes had to include the 

following four effects. 1. The finite lifetimes of the decaying 
states. 2. Effects due to the beam geometry—in particular the shape 
of the beam collimators and any distribution of atoms across the beam 
axis. 3. The effects of the 200 micron wide entrance and exit slits 
on the line width. 4. The contribution of the Doppler effect to the 
observed line width. Parts 1 and 2 are included in Figs. 21 and 23 
discussed In Chapter IV, where the illumination of the grating was 
explained. In Fig. 21 there are two curves shown. One curve assumes 
a uniform distribution of ions across the beam diameter, and the other 
assumes a Gaussian distribution of ions across the beam diameter with 
the standard deviation o arbitrarily chosen as in the figure. The 
two density distributions result in different line shapes, particularly 
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if a is very small, corresponding to a much narrower beam than the beam 
size defined by the collimators. 

There was no quantitative way available to check the ion density 
across the beam axis. On general arguments, a Gaussian type distribution 
was expected for the ion density, since the accelerator is constructed 
with much cylindrical symmetry in the beam handling devices. Off
setting this was the fact that the mot.ochromator was located a long 
distance (=4.5 meters) after the last focusing quadrupole. lne beam 
collimators were arranged for the convenience of the monochromator 
and the experiment, rather than for the best focusing properties of 
the quadrupole. Therefore, the quadrupol? had a weak focus to get the 
best transmittance through the collimators used on the beam line. Any 
sharp Gaussian character in the beam geometry should be averaged out 
because of this poor focusing. 

Figure 32 shows the line shape recorded with the monochromator 
viewing the 584A helium line excited by the Hinteregger Lamp described 
in Chapter III. The data were taken with the entrance and exit slits 
at 200 microns. The detector was a side-viewing 1P21 photomultiplier 
tube viewing a sodium sal icy late-coated window. The line shape was 
recorded on a chart recorder. The solid dots represent the observed 
line shape. 

The lamp was mounted as close as physically possible to the 
monochromator and illuminated at least 90S of the grating fairly 
uniformly. This lamp was viewed as a non-coherent light source, 
particularly over the time scale on which data were collected (-0.6 sec 
per 0.06A wavelength segment). For similar reasons it can be argued 
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that the beam-foil light source acted as an incoherent light source 
for this equipment. 

Therefore, it was decided to model the grating as ten gratings of 
equal width placed side by side to make the full grating width of 
5 centimeters. A line shape was determined for each of these ten 
g'atings separately. The ten line shapes were weighted according to the 
way the various beam-foil lines illuminated them, and were shifted by 
the appropriate Coppler effect for their angular alignment with respect 
to the beam axis. The ten line shapes were then added to generate 
an empirically constructed line shape for each observed line. 

These 10 line shapes, each corresponding to a separate 1/10 
of the grating, were determined in the following manner. A set of 
thin bilateral slits was positioned between the Hinteregger Lamp and 
the entrance slit of the monochromator. Using the same detection 
scheme as described above, the edges of the grating were located by 
moving the bilateral slits until no photons could be counted. To 
verify that the edges of the grating had been found, geometrical 
calculations were used to see how far the slits should move to cross 
the entire field of view of the monochromator. 

The bilateral slits were next set at a width such that the light 
source only illuminated 1/10 of the grating and a line shape was 
determined. This was repeated, repositioning the bilateral slits each 
time until all ten line shapes had been measured. In practice each 
observed line had a different shape, peak channel location, and 
amplitude. The variation in amplitude was ascribed to the fact that 
the light source did not illuminate the entire grating uniformly due 
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to geometrical considerations. The amplitudes were all normalized to 
one, since there was no a priori reason to believe one part of the grating 
was more efficient than any other. The other line shape differences 
were ascribed to the nature of the monochromator, rather than to the 
way the grating was Illuminated. 

Referring again to Fig. 32, the open circles are the sum of the ten 
observed line shapes, in this instance weighted by the amplitude 
observed on the chart recorder and with no other shifts introduced. 
This was the only real test available on this line shape model, other 
than observing how well the model was able to fit the observed lines. 
As can be seen, it did a good job of reproducing the line shape 
observed when the entire grating was illuminated at once. 

This procedure generated a separate line shape for each of the 
four different lines observed in this experiment. In fitting the 
data from one of the observed spectral lines, the assumption was made 
that the empirically constructed line shape was the true line shape for 
this line, and with a flat background, it was fit to the observed data 
by a least-squares procedure. The open circles in Figs. 23 to 31 
represent the best fits to the observad data for these spectral lines. 
The fitting procedure varied the amplitude of the background, and the 
amplitude and location of the empirical line shapes to arrive at the 
best fit. 

The fits of the two hydrogen-like lines are very good. The fit 
3 3 of the helium-like argon 2 P« - 2 S, line appears to be slightly 

3 3 narrower than the observed line. The fit to the 2 P 2 - 2 S^ line 
shown in Fig. 31 needs more explanation, and will be discussed in the 
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next section. The fit shown for this particular data was only done 
for the observed points above channel number 170. 

The hydrogen-like line shapes were constructed including the 
various components of the lines as shown in Figs. 19 and 2G. The 
states were assumed to be populated based on a (2j + 1) statistical 
distribution. The line center was taken to be the weighted mean of 
the various components of the line. For the hydrogen-like carbon 
line this was 520.58A and for the hydrogen-like oxygen line it was 
632.68%. 

The population distribution of the excited states based on a 
(2j + 1) statistical distribution was an assumption. There was no 
clear evidence from the experimental work to either support or disprove 
this assumption. In the literature there is some indication that such 
a distribution does not hold in general for beam-foil excitation of 
high n states. 

The model most often proposed against this assumption is one in 
which the states of lower principal quantum number n which have higher 
orbital angular momentum t, are preferentially populated by cascades 
from very high n states. To see if this population distribution 
could result in extremely divergent results the two hydrogen-like 
decays were also fit to empirically constructed line shapes which only 
included the decay of the states of maximum J. and j. These states were 
4f 7/2 - 3d 5/2 for hydrogen-like carbon, X = 520.68ft, and 5g 9/2 - 4f 7/2 
for hydrogen-like oxygen, X = 632.77A. 



-127-

There was one other distinct feature to this empirical line shape 
model. For each empirically constructed line shape, the intensity peak 
was in a different channel number. This behavior was to be expected 
since each of the lines illuminates the grating in a different manner. 
The normal inclination was to treat the points of maximum amplitude as 
the line centers, but since the peaks of the constructed fits fall in 
different locations it was a mistake to do so in this case. Therefore, 
in the wavelength determination procedure, the point called the line 
center was adjusted an appropriate number of channels to compensate for 
this difference in the constructed line shapes. 

4. Tests on the Helium-Like Argon Line Shapes 
3 3 There are obvious difficulties in saying the observed 2 P, - 2 S, 

3 3 transition shown in Fig. 31, is a single line. The observed 2 P Q - 2 S 
line shown in Fig. 30 is also slightly wider than the constructed line 
shape, and in addition has a strange decay curve. The decay curve 
was shown in Fig. 25. The observations made with the shortest 
separations between the monochromator and the exciting foil, or 
equivalents at the shortest times after the beam-foil interaction had 
populated the various excited states, showed abnormally high counting 
rates. 

These effects associated with the two helium-like lines could 
have been caused by interfering decays, which the monochromator was 
not able to resolve. As a possible check on this, calculations were 
made of energy levels of one- to four-electron atoms to see if there 

3 3 are decay modes which interfere with the 2 P, - 2 S, transition. 
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In addition several tests were performed which shed son;e light 
on the behavior of any possible interfering term, if such an 
explanation was really the cause of these observations. 

First, the transitions were observed at 96 MeV. The 2 3P_ - 2 3S. 
transition was observed at two different foil-tnonochromator spacimis, 
one of 0.73 cm ami one of 6.70 cm. In both cases the distortion 
on the high energy side of the line was visible. Data scans were taken 
beginning 15X below the main peak. The tailing obviously extended 
further below that point to even higher energies. At the larger 
separation the only observable change was in the amplitude of the peak 
with respect to the amplitude of the tail. The ratio of the two ha-4 

decreased, indicating that the tail could be due to the decay of long 
lived states. 

3 3 A scan of the 2 P_ - 2 S, line was made at this beam energy to 
see if it was also distorted. Possibly some phenomenon associated with 
the beam velocity was affecting the levels in a strange manner. The 
line looked similar to data taken at beam energies of 138 KeV. It was 
slightly narrower, which the lower velocity could cause, and it had 
a worse signal-to-noise ratio (roughly one-to-one). The background 
remained flat and equal on both sides of the observed line. 

This test was repeated at a beam energy of 138 MeV, observing 
both helium-like lines with a small foil-monochromator separation of 
2.19 cm and then with a larger separation of 9.81 or 7.27 cm for thn 

3 3 3 3 2 Pg - 2 S, and 2 P« - 2 S, transitions respectively. There were 
no distinguishable differences in the line widths when observed at 
different foil-monochromator spacings. The signal-to-noise ratio was 
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the most obvious difference, going from 3.2 to 1.9 for the 2 3 P Q - 2 3S, 
3 3 

transition and from 14 to 2.5 for the 2 P2 - 2 Sj transition. The 

count rates were also considerably lower at the larger separations, and 

data collection times became very long to get even 10% statistics 

(*6-8 hr). 3 3 Figure 33 shows the sum of sevyral scans of the 2 P, - 2 S, 
transition with the starting channel shifted far to the high energy 
side. The solid dots are the data points. These data were taken at 
138 MeV beam energy, and there appears to be a tail on the high energy 
side which has disappeared into a flat background between channels SO 
and 100. 

This line was first fit by hand, positioning the empirically 
3 3 constructed 2 P 2 - 2 Ŝ  line shape under the main peak, and then 

subtracting the fit from the data point-by-point. What was left 
appeared to be another peak between channels 50 and 300. The statistics 
were very poor, since the count rate was low in this region, and, 
therefore, it was very hard to say anything about the shape of this 
feature. As a test, the data shown in Fig. 33 were fit in two 
different ways. 

First, a single empirical line plus a flat background was fit to 
the data, with the fit carried out only over channels 300 to 495. This 
fit is shown by the open circles in the figure. Then two empirical 
lines were fit to the data along with a flat background. Both lines 

3 3 were represented by the empirical line shape for the 2 P„ - 2 S, 
transition. The fitting program was allowed to locate one peak within 
+30 channels of where the single peak had been fit, and the second 
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peak was constrained within ±45 channels of channel number 227. The results 
of this fit are shown by the triangles. The fitting program shifted 
the main peak by only one channel from where it was located by the 
single peak fitting program, and fixed the second peak at channel 
number 231. 

Because of the limited time available on the accelerator for this 
entire experiment, It was impossible to scan over such a large spectral 

3 3 region for all of the data. Most scans of the 2 P 2 - 2 S, line 
excluded the first 150 channels shown in Fig. 33. Spectral scans with 
significant statistics were available from seven separate observations 
of this transition, and they were fit by both a single peak, and 
two peaks as described above. The fitting procedure gave spacings 
between the two lines of from 106 to 135 channels and amplitude ratios 
for the two peaks from 0.153 to 0.208. In all cases the location 
of the main peak varied at most by one channel, whether the data was 
fit with one or two lines. For the data taken with the two different 
spacings of the foil-monochromator, the signal-to-noise ratio of the main 
peak changed from 14 to 2.5, the separation between the two different 
peaks changed by only 3 channels, and the ratio of the amplitudes of 
the small to large peak changed from 0.176 to 0.208, indicating the 
tail had a longer "lifetime" than the 2 P g - 2 S 1 peak. 

If it is assumed that the behavior of the decay curve of the 
2 3 P 0 - 2 3 S 1 transition and the line profile of the 2 3 P 2 - 2 3 S 1 

transition are due to interfering lines, then these tests have shown 
the following. First, both of the interfering lines come from 

3 ^ metastable levels. For the 2 P- - 2 S, transition the interfering line 
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has a lifetime greater than 0.5 nanoseconds, as shown by the TOF data. 
3 3 For the 2 Pg - 2 S, transition the lifetime is close to 1.5 nanoseconds. 

Secondly, the wavelengths must be very close to the 2 P Q - 2 s, 
transition energy, and roughly 7 angstroms lower in wavelength than 
the 2 3 P 2 - 2 S-, transition. 

5. Possible Interfering Lines 
The Dirac equation was used to generate energy differences between 

states of hydrogen-like argon. The only near coincidences which were 
generated were transitions for which An > 1, which seem unlikely 
candidates due to branching ratios and anticipated decay rates. Several 
attempts were made to observe the n = 8 ->• n = 7 transition of hydrogen
like argon near 588&, but no signal was seen. Some of these scans were 
made when viewing the foil directly, using the foil holder constructed 
to view the hydrogen-like oxygen and carbon transitions. Even then 
no noticeable signal was seen above the background. 

Possible decays of helium-like states were also considered. The 
singly excited states offered no possible interfering decays, however, 
there are some doubly excited states which are forbidden against 
Coulomb autoionization. The selection rules for Coulomb autoionization 
require energy conservation, and no change in parity, J, L, or S. The 

1 e following states are forbidden against autoionization: 2pnp P , n > 2; 
2pnp 3 P e , n £ 2; 2pnd 1 , 3 D ° , n >> 3; 3dnd V e , n ̂  4; and 3dnd 3 F e , n \ 3. 

There are recent reviews in the literature of doubly excited 
states, both dealing with the theory and experimental work. 
Doyle gave energy calculations for the (2s) , 2s2p and (2p) 
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configurations. The j expansion technique was applied to some of these 
configurations, and, in addition, to the 2p3p and 2p3d configurations. 

3 3 The transition nearest to the helium-like 2 P, - 2 S, transitions was 
no "in 

the (2p) P - 2s2p P which has not been observed for light ions. 
3 The competing decay branch to the ls2p P states has been observed in 

light ions, and since it is fully allowed and has a large energy 
difference it should have a very large decay rate for high-Z ions, 
mimicking the Is •+ 2p rate for hydrogen-like ions. 

30 2 
Doyle also calculated energies of the (Is) 22,2s,', with &, 

V = s,p, configurations of beryllium-like ions. The y expansion 
technique was applied to some of these configurations. The only 
energy splittings among these low lying states which were near the 
helium-like energy differences were between different L, S states of 
the same configuration. There were no available calculations from 
which to project energy differences for more highly excited states. 

The singly excited levels of lithium-like ions were also studied. 
30 2 2 

Doyle gave calculations only for the low lying (Is) 2s and (Is) 2p 
configurations, j energy expansion coefficients exist for the 
(Is) 2 2s and (Is) 2 2p doublet states, 1 1 2 and for the doublets of 
(Is) 2 3s, (Is) 2 3p, and (Is) 2 3d. 1 1 3 None of the energy splittings 
between these states fell in the right energy range. 

By treating the (Is) core as if it screened the nucleus by 
two charge units and then describing the other electron by a Bohr model, 
approximate calculations were made for the higher excited states. The 
only near energy coincidences came from transitions between very high 
n states. These transitions also had An > 1, and, therefore, did not 
not seem likely candidates. 
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Doubly excited states have been observed i n l i t h i um- l i ke ions 

using beam-foil e x c i t a t i o n . For high-Z ions most work has centered on 
4 

the observation of the Is2s2p Pg. 2 s ta te , which i s forbidden against 

Coulomb auto ion iza t ion , but which has a magnetic quadrupole decay 
2 2 channel to the ( I s ) 2s S 1 , 2 ground s ta te . This x-ray t r ans i t i on has 

been observed in l i t h i u m - l i k e argon and the s ta te has a measured 
114 l i f e t i m e of 0.66 ± 0.04 nanoseconds. 

This measured l i f e t i m e shows i t i s possible to observe metastable 

doubly-excited states i n very high-Z ion beams. Recently i t was 
115 brought to our a t ten t ion that t rans i t ions between cer ta in series i n 

the doubly excited quar tet states of l i t h i u m - l i k e ions have wavelengths 
3 3 

on the low wavelength or high energy side of the 2 P, - 2 S, t r a n s i t i o n 

in the same hel ium- l ike i o n . 

Transi t ion energies between the ls2pnd D° and ls2snd D e s tates 

have been observed or calculated from experimental Grotrian diagrams 

f o r ions from l i t h i um to n i t rogen. In a l l cases they f a l l on the 

low wavelength side o f the hel ium-l ike t r a n s i t i o n s . There are no 
4 

ava i lab le energy ca lcu la t ions for the D s ta tes . These authors have 
a l l assumed the series to have hydrogenic term values based on the 

3 3 

known series l i m i t s f o r ls2s S and ls2p P. 

Spin conservation makes these quartet states metastable against 

auto ion izat ion via the Coulomb in teract ion w i t h adjacent continua 

o f s ing ly excited s ta tes . Therefore, many t rans i t i ons having r e l a t i v e l y 

long l i f e t imes are observed between the quartet s tates. 

The experimental evidence can be in terpreted as supporting the 
3 3 

hypothesis that the feature near the 2 P 2 - 2 S 1 t rans i t ion was due 
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to atoms with more than two electrons. The velocity was considerably 
lower for the 96 MeV ions, compared to the 138 MeV ions, and the charge 
state distributions for beam-foil excitation move toward lower Ionization 
stages for smaller velocities. Therefore, the fact that the tail was 
stronger compared to the peak at ion beam energies of 96 MeV could be 
the result of less helium-like ions relative to lithium-like ions 
being present in the beam. 

The beam-foil excitation process is not well understood, and it 
1s possible that none of these explanations is reasonable. It could 
be that the excitation cross section for some particular state are 
strongly velocity dependent, and that all these observations do is 
reveal this fact. At present, better calculations of energy levels 
and transition probabilities provide the best hope of explaining these 
observations. 

6. Determination of the Wavelengths 
The final experimental run lasted slightly over 32 hr and provided 

the only really reliable data for a wavelength determination. Because 
the accelerator performed very well, delivering beams of argon, oxygen, 
and carbon, between 500 and 1000 charge nanoamperes for almost the 
entire running time, two complete sets of data were available. 

reference spectra were taken before and after the run using the 
capacitive discharge light source. Scans of the different beam-foil 
excited lines were taken in the following order: carbon, oxygen, 

3 3 3 3 
argon P^; argon Pg; carbon; argon P 2; argon P„; and oxygen. The data 
were treated as if it were two distinct runs, the first four lines 
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representing one run and the second four lines representing another run. 
During the entire experimental run the wavelength marker recorded only 
four channel shifts in the data, and these were corrected for by 
shifting the data accordingly. 

The scans of different lines were then normalized and added 
together. The constructed line shapes were fit to the data, and the 

3 3 line centers were thereby determined. For the 2 P, - 2 S, transition 
the line centers were determined both on the basis of a one line fit 
and a two line fit to the data. 

The beam velocities for the different ion beams were taken as 
the average of the measured energy, determined from crystal beam energy 
measurements, and the energy calculated for the acceleration of that 
ion in the SuperHILAC. Variations due to uncertainty in the beam 
velocity were not a limiting factor in these measurements. This average 
energy was corrected for energy loss in the carbon foils, using range-
energy loss tables, before the ion velocity was determined. 

The two hydrogen-like lines were compared with dispersion curves 
determined from the before and after run reference spectra to determine 
the angle 9, and thus absolutely calibrate the reference spectra. By 
using both of the hydrogen-like lines the consistency of the method 
was tested. Table IX shows the locations of the twenty spectral lines 
observed when taking the two reference spectra. The after reference 
spectral lines must have four channels added to each observation 
point to account for the shifts in the zero point from the start to 
finish of the run. Even so there are still large differences between 
the two scans. The two spectra have an absolute displacement of roughly 
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Table IX. The MCS channel locat ions of the twenty 
reference l i n e s e x c i t e d by the c a p a c i t i v e discharge 
l i g h t source are l i s t e d for the two re ference scans 
during the l a s t data run. 

Peak Locations (Channel Number) 

Before After 
X(8) Reference Reference 

1 511.88 289 271 
2 513.91 328 311.5 
3 517.25 387.5 368 
4 522.09 464.5 446 
5 524.19 499.5 479 
6 527.69 555 537 
7 544.73 855 835 
8 548.90 923 903 
9 551.37 960 943.5 
10 570.61 1271 
11 585.75 1535 1519 
12 594.10 1679 1664 
13 596.69 1723 1707 
14 599.5S3 1774 1756.5 
15 609.824 1941 1923.5 
16 631.68 
17 641.32 2465 2453 
18 644.39 2515 2502.5 
19 649.03 2596.5 2585.5 
20 683.28 3170 3159 
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15 channels, and the slope of the reference spectra changes from the 
start to finish of the two scans. 

This behavior of the reference spectra was indicative of the 
performance of the monochromator. The instrument was adjusted as well 
as possible, all pivot points were clamped as securely as could be 
done and every effort was made to avoid touching the instrument from 
the beginning to the end of a run. Nevertheless, these types of 
shifts continued to occur, and they were the limiting factor in 
the wavelength determination. 

Examination of many different reference scans did not give any 
clues which might favor one of the reference scans over the other. In 
all cases examined the variations seemed to be erratic and unpredictable. 

The hydrogen-like lines were fit to the dispersion curves using 
two different assumed line shapes for the hydrogen-like lines. In 
one case the lines were assumed to have fine structure levels populated 
by a (2j + 1) statistical distribution of atoms in the excited states, 
and in the other case only the state of maximum 8. and j was assumed 
to be populated. 

For the first case, when the hydrogen-like lines from the two 
runs were compared to the before reference spectrum, they gave consistent 
results within each run, but the two runs gave values of 9 differing by 
0.35". When compared to the after run reference, the two runs were 
not internally consistent, and showed a variation of approximately 
0.8° between the two separate runs. 

Using line fits based on only a single fine structure level being 
populated, no consistency was obtained from either reference scan, and 
the variation was still within a 1° range. 
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The lack of reproducibility in the monochromator made it impossible 
to claim these results favor either line shape model, or to say there 
was a major flaw in the entire fitting procedure. Therefore, it was 
assumed that the two line-shape models could not be distinguished and 
both calculations were used. The extreme values of 9, determined 
relative to the before and the after run reference spectra, were then 
used to evaluate X for the helium-like argon lines. 

Finally, with the value of 6 determined and using the measured 
values of beam velocity B, and the values of X determined from the 
reference spectra, values of X were calculated for both of the helium
like lines. These values showed wide variations due to the uncertainties 
in 6. To assign a measured number, the average of the two extreme 
values calculated was used. The error was then set to include all 
of the different calculations, plus an extra 0.2A. The uncertainties 
in the velocity, in the line shape model, and even in the dispersion 
curve fit to the capacitive discharge lamp were all overwhelmed by 
non-reproducible performance of the monochromator. 

Figure 34 shows the final results for the wavelength determinations. 
The theoretical values derived in Chapter II are shown for comparison. 



OBSERVED AND THEORETICAL WAVELENGTHS 

Ar XVII 

EXPERIMENT (A) THEORY (A) 

2 3P 0 - 2 3S, 

2 3P2 - 2 3S, 

660.7±l.l 662.0 ±1.1 

5 6 0.2 ±0.9 560.0 ±0.9 

XBL767 8B4B 

Fig. 34. The final experimental wavelength values, with theoretical calculations 
shown for comparison. 
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VI. CONCLUDING REMARKS 
These experiments have demonstrated the observability of these 

electric dipole transitions using beam-foil excitation to populate the 
3 3 

2 P, states. Radiative lifetimes for the 2 P, states have been 3 3 measured and rough values determined for the 2 P- - 2 S, and 
3 3 2 Po - 2 S, wavelengths or energy differences. A test of the 

radiative corrections even to the 10% level has been negated by 
difficulties with the instrument employed for this work. A better 
monochromator would still have resulted in errors of 0.3-0.5S 
because of the fine structure width of the hydrogen-like reference 
lines. 

3 3 Based on the observation of the 2 P, - 2 S, transitions in 
helium-like argon, a two-meter grazing incidence spectrometer has been 
procured. In this instrument a 5 cm wide grating observed at 86° 
incidence will give a much narrower Doppler width than was obtainable 
with the Seya-Namioka monochromator. Therefore, line widths should be 
much more favorable, and the instrument itself will give more normal 

3 3 line shapes. The study of the 2 P, - 2 S 1 transitions will be 
continued in heavier ions. As shown in Fig. 1, the radiative effects 
are a large part of the transition energy for higher Z ions and, 
therefore, measurements even to the one part in a thousand level will 
provide a more stringent test of these effects. Higher order terms 
in Za contribute a major part of the radiative correction in very 
heavy ions. In addition, these measurements will test radiative effects 
in a region which has heretofore been unexplored. 
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APPENOIX A 
An OPTACH Shaft Encoder (OPTACH), manufactured by H. H. Controls 

Co., Inc. was used to digitally encode the rotation of the precision 
screw in the monochromator drive system. Digitizing the rotation of 
the drive screw allowed division of the continuous wavelength spectrum 
into equal wavelength bins. The particular OPTACH employed divided 
one rotation of the screw into 500 bins. Since one rotation of the screw 

o 

scanned the monochromator through 30A, this meant the wavelength spectrum 
was divided into 0.06)1 bins. 

The OPTACH works on the principle of a rotating moire-fringe pattern. 
This rotating pattern is created by a rotating disc of N lines and a 
stationary disc of N + 1 lines, and is "optically geared" to rotate 
N times as fast as the rotating disc. Located at 90° around the 
circumference of the device, four photocells sense the rotating pattern. 
Each photocell is treated as if it were 90° electrically out of phase 
from the previous photocell. 

Outputs from these photocells then pass into differential amplifiers 
which generate two square wave output waveforms, with the phase relationship 
shown In Fig. 12. With the four polarity reversals in each electrical 
cycle, an OPTACH disc of N lines will create N, 2N, or 4N counts per 
shaft revolution. By using both of the output waveforms, A and B, 
the amount of rotation of the shaft can be determined. In addition, 
the direction of rotation ot the shaft can be determined. 

The A and B output waveforms range from 0.0-0.5 volts on the 
baseline to 3.6-4.2 volts at the peaks. The only external connections 
required for the operation of the OPTACH are a plus six volt supply, 
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at 300 ma with ±15% regulation, a ground connection, and output wires 
for the A and B outputs. 

The OPTACH was attached to one end of the precision screw by a 
flexible coupling. The device had a starting torque of less than 
1 oz-in., so it did not load down the drive mechanism. (The first 
effort at shaft encoding by means of a set of geared switches had a 
turning torque which lugged down the drive mechanism of the monochromator, 
and, therefore, was abandoned.) 

The amount of rotation of the OPTACH, and thus the rotation of the 
monochromator drive screw is recorded by an UP-DOWN scaler. The zero 
point of the scaler is set arbitrarily. This zero point must be 
calibrated during a data .in to give an absolute wavelength meaning 
to the wavelength increments which the OPTACH digitally creates. 
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