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ABSTRACT 

The allowed electric dipole transitions 2 3P2 - 2 3s1 and 

2 3P0 - 2 3s1 in helium-like argon (Ar+16 ) have been observed in a 

foil-excited beam with a vacuum-ultraviolet monochromator. The 

wavelengths of these transitions were measured, and the lifetimes 

of the excited states determinedby a time-of-flight technique. The 

3 3 ° 3 3 results are ~(2 P2 - 2 s1) = 560.2 ± 0.9 A, \(2 P0 - 2 s1) = 

660.7 ± 1.1 A, T(2 3P2) = 1.62 ± 0.08 x 10-9 sec and T(2 3P0) = 

-9 4.87 ± 0.44 x 10 sec. 

This work was done w~th support from the U.S. 
Energy Research and Development Administration. 
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. INTRODUCTION 

The study of the atomic properties of the two-electron atom is 

a program that has continued to be of intense research interest for 

over 100 years. 
1 ' . 

In 1910, for example, Kayser compiled a bibliography 

of 120 references for the spectrum of helium, and i~ the 1970's much 

new work continues. 2 

In this paper we concern ourselves with the tr~nsitions 2 3P2 -

3 3 3 2 s1 and 2 P0 - 2 s1 in helium-like argon (Z = 18). Interest in 

the fine structure of the n = 2 state comes from the fact that this 

splitting is determined mainly by the electron-electron interaction, 
·, 

relativistic effects, and quantum electrodynamic corrections. Moreover, 

the strong Z dependence of these latter effects makes it possible to 

study aspects of these interactions which are below the limit of 

detection in helium itself. As an exam~le~ in helium-like argon, 

quantum electrodynamic effects (principally the Lamb Shift) contribute 
3 3 roughly one percent of the 2 PJ - 2 s1 transition energy, compared 

to only 2 x 10-5 in helium itself. 

Highly ionized spectra of ions above Z = 10 are not well known 

because of difficulties in excitation and analysis of the spectra. 

Much of the reported work has been' 1 imi ted to th'e x-ray spectrum, 

composed mainly of resonance lines. 3 tn this work, we use beam-foil 

excitation to populate the 2 3PJ levels in helium-like argon, (see 

Fig. 1 ). These transitions fall in the vacuum ultraviolet near 600 ~-

They should also be observable from astrophysical and plasma sources. 
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I. PREVIOUS WORK 

A. Energy Calculations 

The fine structure of the helium atom was first calculated by 

Heisenberg in 1926 using a semi-classical spin-spin interaction. 4 

Subsequent calculations have evaluated the relativistic retarded 

interaction of the two electrons, correlation effects, and quantum 

electrodynamic (QED) contributions. At present the most precise 

calculation is the 2 3P0 - 2 3P1 energy splitting to an accuracy of 

1.44 ppm. 5 Comparison with the best experimental results, accurate 

to 1.2 ppm, 6 yields a value for the fine structure constant a good 

to 0.94 ppm. 

Study of the fine structure of the 2 3PJ states in high-Z helium­

like atoms requires observation of decays from the 2 3PJ states to 

the 2 3s1 state. Calculations of the 2 3PJ - 2 3s1 energy differences 

are more difficult because of the need to include nonspin-dependent 

operators. 

Energy calculations in high-Z ions are generally expressed as 

power series in two parameters,± and (Za) 2. Higher order relativistic 

terms involve higher powers of (Za) 2. Terms involving (±)n represent 

n-photon exchange effects of the two electrons. To this perturbation 

scheme must be added terms for mass corrections, nuclear volume 

corrections, and QED effects. 

The nonrelativistic terms of order (t)n(Za) 2 for all n? 0, have 

been calculated using a perturbation-variaton scheme by Sandars and 

Scherr, 7 and strictly variationally by Accad, Pekeris and Schiff (APS) 8 
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for ions of 2 < Z < 10. Using the nonrelativistic wave functions 

which they derived, APS evlauted the Breit operators to first order 

and thereby calculated the contributions of order (Za)4 to all orders 

in i for ions with 2:::::: Z <10. 8 The results of APS have been extended 

to ions above Z = 10 by Ermolaev and Jones using rational interpolation 

f 
. 9 unct10ns. 

The no-photon exchange terms to all orders in (Za) 2 .can be 

obtained from the Dirac equation for hydrogen. Using wave functions 

which are products of Dirac hydrogenic wave functions Mohr10 numerically 

11 evaluated the relativistic one-photon exchange operator to all orders 

in (Za) 2. By assuming terms of order~ (Za.)
2 7 and-~ (Za)

4 12 are 
1 6 known he has extrapolated the term of order z (Za) . Ermolaev and 

Jones 13 observed that the major effect of second order corrections15 

is accounted for by including the mixing of then 1P1 and n 3P1 levels. 

This was verified by Schiff, Accad, and Pekeris. 14 These terms enter 

to order ~ (Za)
6 or higher order and only affect the location of the 

3 z 3 3 
P1 level, not the P0 and P

2 
levels. 

For light ions the largest part of the mass correction·is the 

normal, or reduced mass correction. The non-separability of the 

non-relativistic Schroedinger equation for a two-electron atom is 

accounted for by the mass polarization correction, of the form 

EM = ~- pl . p2 

This has been evaluted by APS and by Ermolaev and Jones. 9 ·The finite 

nuclear size effect, or volume isotope shift has been evaluated hy 

Kastner. 15 This operator has the form 
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2 where <r > is the mean squared radius of the nuclear charge distribution. 

Only the lowest order QED effects have been explicitly derived for 

helium-like atoms. Kabir and Salpeter,16 and Araki 17 have derived 

the lowest order term of the form z4a5, which is analogous to the 

hydrogenic shift. The terms of the form z3a5 and z3a5ln(a) have been 

derived by Araki 17 and Sucher. 18 The z5a6 terms have been estimated 

by several authors. 19 

15 20 Recently Kastner and Ermolaev have made numerical evaluations 

of QED effects for high-Z ions. Ermolaev employed a phenomenological 

treatment to account for two-electron interaction corrections to the 

self-energy terms. In this way. he included the t corrections. but 

did not include the (Za) corrections. From analogy with the hydrogenic 

QED corrections, the (Za) corrections have coefficients which are equal 

to or larger than the lowest order coefficients, and for high-Z ions 

contribute a major part of the total effect. 

The number chosen for the QED contribution is from Erickson's 

results for hydrogen-like ions. 21 By using these results terms higher 
1 order in (Za) are included approximately, but terms of order z· unique 

to two electron atoms, are neglected. 

Table I shows the magnitudes of these various contributions to 

the 2 3P2 - 2 3s1 and 2 3p0 - 2 3s1 energy differences for the case 

of helium-like argon. The neglected terms are all estimated to be in 

the third decimal place. The error quoted is the difference between 

'r.r 
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the QED contribution for the cases Z = 18 and Z = 17. This is roughly 

three times the estimated size of the t corrections to the QED effects. 

B. Previous Observations 

Table II gives some of the more recent energy measurements of the 

2 3P - 2 3s energy differences. Note that there are no direct J 1 

observations beyond Z = 10. The result at Z = 36 is inferred from 

the measured lifetime for the 2 3P0 state. 

C. Lifetime Calculations 

The calculation of lifetimes, or oscillator strengths (f values), 

has paralleled the work on energy levels. The f values are very sen-

sitive to the wave functions employed, and accurate f values require 

the Use of wave functions of high accuracy. Schiff, Pekeris. and 

Accad 34 calculated f values for ions with 2 < Z < 10, employing the 

variational wave functions which they had derived. 8 Sandars and 
7 1 . 

Scherr gave Z expansions for the f values. Recently, Mohr has 

given power series expressions for the decay rates, including several 

of the t corrections to the non-relativistic hydrogenic approximation, 

and the lowest order relativistic correction of order (Za) 2. 35 •36 

D. Previous Observations 

Observed lifetimes for the helium-like 2 3PJ states have now 

been reported through Z = 36. The most recent work is 'shown in Table 
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III. However, beyond Z = 10, there have been no reported observations 

of the 2 3PJ - 2 3s1 transitions. The 2 3P2 lifetimes have been 

measured by observing the M2 transition to the ground state. For 

some of the heavier ions, the 2 3P1 lifetime has been measured by 

observing the i ntercombination 1 ine to the ground state. The result 

for Z = 36 was measured by observing the x ray emitted by the rapidly 

decaying 2 3s1 state following the decay of the 2 3P0 state. 

II. EXPERIMENT 

A. Apparatus 

These experiments were performed at the Lawrence Berkeley Laboratory 

heavy ion linear accelerator (SuperHILAC), using the 138.5 MeV argon 

ion beam. This beam energy corresponds to an ion velocity of s = 
3 0.086 and exponential (1/e) decay lengths for the 2 P2,0 states, 

respectively of 3.94 em and 11.6 em based on the predicted lifetimes. 

The apparatus is shown schematically in Fig. 2. The ion beam 

emerging from the accelerator was magnetically bent and focused into 

the beam line. It was collimated by metal collimators located at various 

points along the beam pipe and then passed through a thin carbon foil 

("'50 1Jgm/cm2) which excited the states of interest. Downstream of the 

foil, photons from decays-in-flight of the foil-excited atoms were 

observed at 90° to the beam center line with a vacuum ultraviolet mono-

chromator. With charge currents of 500 namps, count rates of 10 counts/ 

sec were observed at the line peaks. The beam atoms were collected in 
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a Faraday cup monitored with a Brookhaven Instrument Corporation SCIF 

lOOOC Current Integrator. The lifetimes were measured by varying 

the distance between the exciting foil and the entrance slit of the 

monochromator. 

B. Monochromator 

An early production model one-half meter Seya-Namioka Vac~um 

Ultraviolet Monochromator was used, in these measurements. 55 This 

monochromator is a non-Rowland circle instrument, having a compact 

vacuum vessel with fixed entrance and exit slits, which scans the 

spectral region by rotating the grating. Figure 2 shows ·several of 

the relevant parameters for the instrument. The entrance slit was 

mounted perpendicular to the beam axis. 

A tripartite replica grating with a r~led area of 30 mm x 50 mm 

(length of grooves x width of ruled area) and having 1200 grooves/mm 

was used as the dispersive element. The grating was overcoated with 

platinum, which has a peak reflectivity of =20% near 600 A. 56 •57 In 

the Seya-Namioka mounting the grating has a blaze wavelength of 

:::570 A. 
To reduce background noise leVels due to scattered light inside 

the monochromator's vacuum vessel, brass shields were fit in the 

entrance and exit arms so the slits only viewed the grating, and not 

the walls of the vacuum vessel. Thi mrinochromatbr was operated at 

pressures between l x 10-6 and 3 x 10-7 torr with a li~uid-nitrogen-

trapped diffusion pump. 
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To maximize the signal count rates, data were collected with 

the entrance and exit slits at 200 microns. This gave instrumental 

line widths of 3.8 ~' and for A= 600 ~and B = 0.086 gave angular 

Doppler widths of 4.8 A for the 5 em wide grating. 

C. Discharge Light Source 

A condensed spark discharge light source was constructed for use 

in alignment of the monochromator, and determination of a dispersion 

curve for the instrument. This light source was modeled on a design 

of Samson. 56 A 0.25 microfarad capacitor charged to 5-6 kV was 

discharged across a low pressure flowing gas which was constrained in 

a ceramic capillary 5 em long and 3.5 mm in diameter. 

High purity argon gas exhibits a rich line spectrum below 1000 A 
and was used as the flowing gas. We observed many lines in the spectral 

0 

region from 500 to 700 A. Twenty resolved lines of Ar IV - Ar VII and 

impurity lines of 0 III, 0 IV, and N III were identified by comparison 

with spectrographic plates taken of this light source. These lines 

were then treated as wavelength standards (a good assumption for the 

accuracy attainable in this work) and were fit to a dispersion curve. 

When the twenty spectral lines were fitted by a second order 

equation, the points exhibited a periodic oscillation about this 

dispersion curve. The period of oscillation was equal to one rotation 

of the precision drive screw in the sine drive mechanism. When this 

oscillation was fitted with a sine function of fixed period it has an 

amplitude of 0.1 - 0.2 ~. This oscillation could be due to an error 
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in the screw, or an improper adjustment of the bearings in which 

the drive screw pivoted. When correctly aligned a sine drive gives 

a linear dispersion curve. This particular instrument had very poor 

adjustment points and was impossi~le to align properly. To first 

order an error in a sine drive is a cosine type function, describable 

over a short arc by a second order equation. To describe the distri-
. . 

bution of the reference lines a five parameter dispersion curve, 

consisting of a second order equation plus a sine function, was fit 

to the data .. 

D. Detector 

Individual photons passing·through the monochromator were counted 

with a Bendix Continuous Dynode Electron Multiplier (CDEM), model 4700. 

The CDEM detector had a background rate of 3- 5 counts per.minute, was 

solar blind and could be cycled to air with no degradation of performance. 

CDEM detectors have measured quantum efficiencies of 15-25% in the 
0 58 spectra 1 range from 500 to 700 A. To ensure an adequate vacuum for 

the operation of the detector it was separately pumped by a small 

liquid-nitrogen-trapped diffusion pump. 

High background levels were observed when the accelerator 

delivered beam to our experimental area ... To decrease the background 

count rate, a lead house with 4 in. thick walls was assembled-around 

the detector. The detect()r wa·s also· shielded from the Faraday cup 

· which acted as the beam dump. 
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E. Data Collection Electronics 

Figure 3 shows a block diagram of the electronics assembled for 

this experiment. Output pulses from the CDEM were capacitively 

coupled into very fast amplifiers with a total gain of 600. The 

output pulses from these amplifiers had pulse heights of ~o.4 volts 

and were 20-30 nsec long. They were then passed through an ECL 

discriminator-amplifier, with the discriminator level at 0.1 volts, 

and emerged as TTL level pulses. A special gating box routed these 

pulses into one of two available data collection devices. 

Both data collection systems were multichannel scalars (MCS), 

which received external start and time-base pulses from the gating 

box. These pulses were generated by an optical shaft encoder (OPTACH) 

and an associated UP-DOWN scalar. The OPTACH divided the wavelength 

spectrum into equal wavelength bins. This was necessary for digital 

data collection, as the monochromator's drive mechanism, consisting 

of a precision screw rotated by a geared drive train driven by two 

differentially coupled continuous motors and three electromagnetic 

clutches, provided continuous scan rates of 5 to 1500 A per minute. 

The OPTACH was coupled to one end of the precision drive screw. One 

rotation of the screw (which corresponded to advancing the monochromator 

through 30 A) was divided into 500 equal wavelength bins. Additionally, 

the OPTACH allowed sensing the direction of rotation of the drive 

screw. The UP-DOWN scalar recorded the amount of rotation of the 

drive screw and provided an external indication of the operation of 

the drive mechanism. 
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The MCS start pulse was generated when the UP-DOWN scalar crossed 

zero as it was counting up (or scanning toward longer wavelengths). 

Mechanical problems associated with the monochromator could cause a 

loss or gain of counts in the UP-DOWN scalar when the scanning was 

stopped and reversed in direction. To ov~rcome this problem a· set of 

electronic gates was constructed, all·switch contacts were bypassed, 

and some unnecessary parts were removed from the drive mechanism. 

To fully circumvent this problem a wavelength marker system was con­

structed. Four mirrors were mounted on one end of the drive screw. A 

laser was positioned to bounce light off these mirrors onto a photo­

transistor, and thereby generate pulses at certain points duri~g the 

rotation of the drive screw. If these points did. not duplicate from 

scan-to-scan, it was assumed the electronics had e~~ed,·and the data 

was adjusted accordingly. 

With this system the wavelength spectrum was scanned at ·5 ~ per 

minute and counts were accumulated in each wavelength bin for roughly 

0.6 sec. For normalization purposes the amount of beam current entering 

the Faraday cup was recorded for each wavelength bin. This normalization 

procedure is important since during the scanning time of a .spectral line 

(about 3 min) there were fluctuations in the. ion beam current .. Moreover, 

non-lineariti~s in the gear system whicb drove the precision screw 

caused large variations in the amount of time the monochromator looked 

at each equal wavelength bin. 

The PDP computer system was programmed to act as four parallel 512 

channel MCS. The first MCS stored the number of counts recorded during 
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each wavelength bin. The second MCS stored the wavelength marker 

points. The third MCS stored a coded word corresponding to the beam 

current reading of the BIC SCIF Current Integrator. After each 

spectral scan these three MCS spectra were stored on magnetic tape 

for later data analysis. The fourth MCS was a cumulative sum of the 

first MCS spectra so the unnormalized line shape could be observed 

growing in the time during data collection. 

The Victoreen 8600 MCS was a single multichannel scalar, and 

therefore was not able to collect all the necessary data for this 

experiment. It had a faster count rate capability (modified to :30 

MHz) than the PDP system (<1 MHz) and was used to collect the 

reference spectra from the condensed spark discharge lamp. This lamp 

produced very intense radiation in 1 ~sec pulses, mimicking count · 

rates in excess of 1 MHz. 

III. EXPERIMENTAL RESULTS 

Since earlier work had shown that the 2 3P2 level was populated, 

we initially searched for the transition 2 3p2 - 2 3s1. Aftef initial 

observation of this transition, subsequent rearrangement of the apparatus 

and improved shielding enhanced the signal/noise rate. 

To optimize the observational parameters as a function of ion 

beam velocity, observations were made for beam energies in the range 

47- 340 MeV, corresponding to beam velocities 0.05lc- 0.135c. These 

results are shown in Fig. 4. At 47 MeV no signal was observable. The 

-~ 
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data shown has statistics of 200 counts in the peak bins, and is not 

normalized for beam current variations. No effort was made at this time 

to measure absolute wavelengths. 

Since lower ion velocities give smaller Doppler widths most 

subsequent data was taken at a beam energy of 138.5 MeV, or s = 0.086. 

A very strong asymmetry is seen on the low \'Javelength or high energy side 

of the 2 3P2 - 2 3s1 line at a beam energy of 96 MeV. There appears 

to be a similar asymmetry for observations at higher beam energies, 
I 

though it is smaller in amplitude relative to the main peak. In-

sufficient beam time precluded a systematic study of this feature, 

but more wi 11 be .said about it later. Finally the 2 3P0 - 2 3s . . 1 

transition was easily observed. It is broader because of Doppler effects, -
and was observed wtih a lower signal count rate. 

Charge-state fractions emerging from the exciting foil. (50 and 100 

JJgm/cm2 carbon foils) were measured for the 138 ~1eV argon ion beam. A 

small Faraday cup, not electrostatically suppressed, was monitored by 

a sensitive electrometer to detect the magnetically dispersed charge 

states. No noticeable difference was observed fo.r the two foil thick­

nesses. The results, which must be assigned large errors due to the 

non-suppressed 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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A. Time-of-Flight Lifetime Results 

Lifetimes of the decaying states were measured using a time-of­

flight (TOF) technique. The position of a 49 ~gm/cm2 carbon foil 

mounted on a moveable track was varied with respect to the entrance 

slit of the monochromator. Data~Jeretaken in the following manner: 

The spectral lines were first scanned to locate the line peak. 

Wavelength points were then selected at two or three positions under 

the peak, and at two positions in the background; ~10 ~ above and 

below the peak. Data were collected only at these wavelength points 

by setting the monochromator at these points and recording.the number 

of counts for a certain amount of integrated beam current. This 

procedure was repeated for different foil positions. 

Using this method it took 7 - 1/2 hours to measure three decay 

curves for the 2 3P2 - 2 3s1 decay. Each decay curve consisted of 

eight data points over a total distance of 6.60 em. For the 2 3P0 -

2 3s1 transition two-decay curves of thirteen data points over a 

distance of 16.51 em were measured in 12 hours of beam time. 

The background count rate was defined as the average of the count 

rates at the high and low wavelength points. Figures 5 and 6 show the 

sum of all the data collected for the two decays. The signal count 

rate has been corrected for the background shown below it in the 

figures. The straight lines are least squares fits of single 

exponentials to the observed data. 3 For the 2 P0 - 2 3s1 decay only 

the last eight data points are fit. The first five data points cause 

a concave shapP. in the decay curve for which we have no plausible 

explanation. 



0 7 

-15-

B. Absolute 'wavelength Standards 

Accurate measurement of the wavelengths of the helium-like lines 

necessitated the use of known spectral lines as wavelength references. 

Because the Doppler effect both shifts and broadens the wavelengths 

of lines emitted by moving light sources it was necessary to use foil-

excited lines as the wavelength references. 

The SuperHILAC is a very high energy machine by comparison with 

most beam-foil sources, therefore foil-excited beams consist mainly of 

very highly stripped ions. Well-known lines from laboratory observations 

are generally from low charge states of ions. This problem was circum-

vented by noting that wavelengths of hydrogen-like lines can be 

accurately calculated from the Dirac equation, and should be easily 

excited by the SuperHILAC. 

Calculations were made for possible decays of ions with Z ~ 18 
0 

which fell in the range of 500 - 700 A and for which sources were 

available at the SuperHILAC. Two possible lines were found, one in 

hydrogen-like carbon, n = 4 ~ n = 3 near 520 ~·and one in hydrogen-like 

oxygen, near 632 ~. n = 5 ~ n = 4. 

The calculated structure of these lines is shown in Figs. 7 and 

8. Tables IV and V list the wavelengths, lifetimes, and intensities 

based on a (2j +1) statistical distribution of the excited state 

populations. The intensity distribution is shown schematically in the 

diagram, and appreciable structure is present over a wavelength region 

of :::0.4 t The very short 1 ifetimes meant these decays had to be 

observed directly after the ions emerged from the exciting foil. 
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To observe these decays a special foil holder was constructed to 

hold a foil in the beam center line with the foil surface at an angle 

of 27° to the beam axis. The grating viewed 1.08 em of the beam axis, 

therefore, it saw only the central portion of the ellipse formed by 

the intersectionofthe circularly collimated beam (0.794 em diameter) 

and the foil. 

C. Observed Lines 

Figures 9 and 10 show typical line shapes observed for the 

hydrogen-like carbon and oxygen lines taken using the tilted foil 

holder. The solid dots show every other data point and the open 

circles are a model line shape. These curves are the sum of numerous 

scans of the lines and the error bars represent the counting statistics 

at the line peaks. Similarly, Figs. 11 and 12 show typical line shapes 

observed for the two helium-like argon lines. 2 3p2 - 2 3s1 and 
3 3 2 P0 - 2 s1, respectively. These lines were observed by looking 

at the decaying atoms downstream from the foil which excited them. 

The most striking difference in these four lines is the differing 

line widths. The Doppler effect causes line widths which are dependent 

on wavelength and velocity. The velocity dependence was eliminated 

by observing the spectral lines from the three different ion beams, 

carbon, oxygen, and argon, at beam energies corresponding to the same 

ion velocity (8 = 0.086). 

The line width is also dependent on the way the individual spectral 

lines illuminate the grating. For the helium-like lines the grating 
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illumination falls off exponentially across the grating, at a rate 

determined by the lifetime of the excited state. The hydrogen-like 

lines are observed by looking at the decaying atoms directly as they 

emerge from the exciting foil. and effects due to the beam shape and 

the very short 1 i fetimes markedly affect the grating i 11 umi nation. 

The grating illumination for a circularly collimated beam of 0.794 

em diameter and an excited state lifetime of 0.05 nsec is shown in 

Fig. 13. Two cases are illustrated. One case assumes a uniform ion 

density across the beam diameter and the other assumes a Gaussian 

~ensity distribution. 

During one data run the helium-like transitions were observed 

at 96 MeV. The 2 3P - 2 3s transition was observed at two different 2 1 

foil-monochromator spacings, one of 0.73 em and one of 6.70 em. In 

both cases the distortion on the high energy side of the line was 

visible. Data scans were taken beginning 15 A 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 tail. The ratio of the two had decreased~ 

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

A scan of the 2 3P0 - 2 \ 1 line was madeat this beam energy to 

see if it was also distorted. Possibly some phenomenon associated 

with the beam velocity was affecting the levels. The line looked 

similar to data taken at beam energies· of 138 MeV. It was slightly 

narrower, possibly due to the lower velocity, and it had a poorer 

S/N ratio (roughly one-to-one). The background remained flat and equal 

on both sides of the observed line. 
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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 

em and then with a larger separation of 9.81 or 7.27 em for the 

2 3P0 - 2 3s1 and 2 3P2 - 2 3s1 transitions respectively. There were 

no distinguishable differences in the line \'Jidths when observed at 

different foil-monochromator spacings. The S/N ratio ~'/as the most 

obvious difference, going from 3.2 to 1.9 for the 2 3p0 - 2 3s1 transition 

and from 14 to 2.5 for the 2 3P2 - 2 3s1 transition. The count rates 

were also considerably lower at the larger separations. and data· 

collection times became very long. 

IV. DATA ANALYSIS 

A. Lifetime Data 

Using a least squares procedure, single exponential decay curves 

were fit to the data. Different weighting functions and background 

rates were also used in fitting the data, and no appreciable affect 

was evident in the calculated lifetimes. 

The fitting program tested for non-exponential behavior of the 

decay curves by dropping points from either extreme of the decay 
3 3 curve and refitting the remaining points. The 2 Po - 2 s1 decay 

converged to a stable value only after the five points with the 

shortest foi 1-monochromator spacing were dropped. 

To extract a lifetime from the measured decay rates it was 

necessary to knO\tJ the beam velocity. The accelerator has a calculated 
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beam energy of 138.5 MeV and the crystal energy measurement system 

gave an energy of 143 MeV. Since in general all energy measurements 

at the SuperHILAC agree within ±5%~ the av~rag~ of these twb n~mbers 

was used as the beam energy. The foil thicknesses were measured by 

th f t 59 d .. . t bl 1 t d t d t . e manu ac urer, an range energy a es were consu e · o e erm1ne 

the energy loss upon passage through the foil . 60 

B. Wavelength Data 

The wavelength determination data was accumulated and analyzed 

in the following manner. Scans of the discharge light source were 

taken from 500 - 700 A ai the start and finish of each experimental 

. run. During the run the four different foil-excited lines were 
: ' 

observed. The line centers wer~ determined from a model lin~ shape 

fit to the experimental data. The two hydrogen-like lines were then 

used to calibrate the dispersio'n curves measured by the discharge light 

source, and thereby determine the wavelength of the helium-like tran-

sitions. 

An important part of this analysis was the model line shape 

which was fit to the observed data. The line shape model was empirically 

constructed to account for the four following effects: 1) the finite 

excited state lifetimes; 2) effects due to beam geometry; 3) effects 

due to 200 micron wide monochromator slits; and 4) Doppler effect~. 

Parts 1) and 2) were discussed previously. A Gaussian distribution 

of ions across the beam diameter will ma~ifest itself in 2), and is 

expected for an accelerator of this type. Since we were unable to 
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measure this parameter, and the location of the apparatus with respect 

to the beam focusing elements would tend to average out this property, 

we assumed the beam density was uniform. 

Figure 14 shows the line shape recorded with the monochromator 
0 

viewing the 584 A He I line excited by a Hinteregger Lamp~ The solid 

dots represent the observed line shape for 200 micron wide entrance 

and exit slits. The lamp was mounted so it illuminated at least 90% 

of the grating fairly uniformly. 

The grating was then modeled as ten separate gratings, each 0.5 

em wide, stacked side-by-side. Using a pair of bilateral slits and 

the Hinteregger Lamp a line shape was determined for each of these ten 

"gratings". To model the,foil-excited lines, each of the ten line 

shapes was weighted according to the illumination of that part of the 

grating, and was shifted an appropriate wavelength increment to account 

for the angular Doppler effect., The ten line shapes were then added to 

generate the empirically constructed line shapes. 

There are only two posible tests of this model. One is its abili-ty 

to reproduce the stationary source line shape, the results of which are 

shown by the open circles in Fig. 14. The other test is how well it 

reproduces the observed foil-exctited lines. This is shown by the 

open circles in Figs. 9 to 12. To fit these line shapes to the data we· 

assumed the empirically constructed line shapes were the true line 

shapes, added a flat background, and used a least squares routine to 

determine thu best fit. 
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The fit of the two hydrogen-like lines is very good. The fit of 

the 2 3P - 2 3s 0 1 line is slightly narrower than the data, and more 

will be said 3 - 2 3s fit shown in Fig. 11. This later about the 2 P2 1 

fit was only done over the points above chann~l number 170. 

The hydrogen-like fits shown assume population distributions of 

the excited states based on a (2j + 1) statistical distribution.· We 

also constructed and fit line shapes to the hydrogen-like lines assuming 

the decays were due only to the states of maximum£ and j. This produced 

variations in the final results which were well within other error limits. 

Figure 15 shows the results of several scans of the·2 3P2 - 2 3s1 

transition. These scans were started at a much lower wavelength point 

than the previous data. The triangles represent a single line fit to the 

data over channels 300 - 495. The open'circles are the results of a 

two line fit to the data. Thi~ fit centered the main peak only one 

channel from where the single peak was fit, and·centered the second peak 

at channel 231. This two peak fit seems to describe the data better, 

but is only satisfactory if a reasonable transition can be found which 

could be responsible for the decay. 

Hydrogen-like decays were investigated using the Dirac equation. 

The proper energies could be generated only by using 6n > 1 transitions. 

Several attempts were made to observe the n = 8 ~ n = 7 transition 

near 588 A in hydrogen-like argon, with no success. 

Helium-like states were also investigated with no success. There 

are recent reviews of doubly excited states of helium-like atoms, both 

experimental 61 and theoretica1. 62 Doyle gives energy calculations for 
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some of these states, as well as for lithium- and beryllium-like atoms. 12 

These results are supplemented with t energy expansion calculations. 63 

None of the low-lying levels of these ions generate interfering lines. 

Doubly excited lithium-like states have been observed, especially 

the ls2s2p 4P512 state which has a lifetime of 0.66 ± 0.04 nsec in 

lithium-like argon. 64 In the light lithium-like ions. transitions 
4 o 4 e 65 between the ls2pnd D and ls2snd D states have been observed. These 

decays appear to fall. on the high energy side of the ls2p 3p - ls2s 3s 

transitions, but have very short lifetimes and are weak transitions. 

The charge-state fraction measurements indicated that only atoms 

with four or less electrons were abundant in the ion beam. Since we 

cannot find transitions within these few-electron ions which might 

correspond to the observation, we have to consider this explanation 

as suspect. We note however, that the location of the main peak is 

little affected by whether we assume there is one line, or try to fit 

two "lines" to the data. 

V. COMPARISON OF EXPERIMENT AND THEORY 

A. TOF Data 

The final results from the lifetime determination are shown in 

Table VI. Theoretical result~ calculated using the work referenced in 

Section I are shown for comparison. The theoretical results are shown 

with and without including the radiative contributions to the energy 

differences. 
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The errors quoted for the experimental results 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 in 

the foil, and shifts in the electronics or monochromator are all 

calculated to be well under the 1% level. 

B. Wavelen~ata 

To determine the wavelength values the data was fit in several 

different ways. The two different models used for the hydrogen-like 

line shapes - one assuming a single component and one assuming a 

distribution based on (2j + 1) statistics- were used to determine the 

line centers. The line centers determined in this way were then fit 

to the two dispersion curves to check for consistency. Fairly good 

consistency was obtained when the hydrogen-like lines were modeled 

by the (2j + 1) statistical model .. ~luch poorer consistency was 

obtained for the single component fit. 

The major experimental difficulty was associated with the 

reproducibility of the monochromator. After corrections were made 

for the gain or loss of channels due to the electronics, there was 

still a large shift (~0.6 - 0.8 ~) between dispersion curves taken 

before and after the run. This was a problem which occured throughout 

the experiment and which we were unable to correct or to understand. 

The instrument was adjusted as well as possible, all pivot points were 

tightly clamped, and every effort was made to avoid touching the 

monochromator during the experimental runs. Nevertheless these 
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types of unpredictable shifts continued, and were the limit on our 

accuracy. 

Because the monochromator gave non-reproducible data, we were 

unable to say one way of fitting the data was better than another, and 

we settled on using an average. The final values were determined as 

the average of the two extreme values determined by the different fitting 

schemes. The final results are shown in Table VII, along with the 

theoretical results which were discussed in Section I. 

The errors were fixed by requiring that they encompass all of the 

different results obtained from the fitting procedure. plus another 

0.2 ~. Uncertainties in the beam velocity, the dispersion curve, and 

even in the line shape model were all overwhelmed by the problems 

with the monochromator's non-reproducible performance. 
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Table I. The Magnitudes of the Vatious Contributing Terms to the 2 3PJ + 2 3s1 Energy 

for He-like Argon are Shown for the Two Observed Transitions. 

Contribution 

Non Relativistica,b 

all order in t 
Relativistic Hydrogenicc 

Breit Interaction (Doyle)d 

e Mohr--extrap. 

Relativistic Hydrogenicc 

One Photon Exchange-Mohre 

Hydrogenic Lamb Shiftf 

Mass Po1arizationg 
(Reduced Mass Effect) 

Order 

2 1 2 (Za) , z (Za) , ... 

(Za) 4 

l (Za)4 z 
_1 (Za)4 
z2 
(Za) 6 

l (Za)6 z 

a(Za) 4, and higher 
order in (Za) 

or 

Value (eV) 

2 3P - 2 3s 0 1 

17.7997 

0.0 

1 . 2071 

-0.124 

0.0 

0.015 

-0.161 

-0.0086 
<0.0003 

18.73±0.03 eV 

662 .0± 1.1 ~ 

2 3P - 2 3s 2 1 

17.7997 

4.7536 

-0.3067 

+0.0009 

0.0513 

-0. 151 

-0.0086 
<0.0003 

22.14±0.03 eV 

560.0±0.9~ 

aReference 7, bReference 8, cReference 11, dReference 12. eReference 10, fReference 21, 
gReference 14. 

I 
w 
0 
I 
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Table II. 

z 

He 2 

Li 3 

Be 4 

B 5 

c 6 

N 7 

0 8 

F 9 

Ne 10 

Kr 36 

-31-

3 3 Previous Measurements of the 2 PJ ~ 2 S1 Wavelengths are 
Shown as a Function of Nuclear Charge Z. All values are 
Vacuum Wavelengths. in Angstroms 

2 3p ~ 2 3s 2 3p ~ 2 3 2 3p ~ 2 3s Date 2 1 1 sl 0 1 

10833.27 10833.27 10833.06 1932 

resolves hfs 1927 
resolves hfs 1974 

3721.98 3724.04 1934 
3721.42±0.1 3723.53±0.1 3721. 97±0 .1 1972 
3721.91±0.03 3723.97±0.03 3722.37±0.03 1973 

2822.51 2826.68 1934 
2825.40±0.05 1952 

22 71. 59±0. OS 2278.63±0.05 2277.96±0.05 1952 

1896.82 1907.34 1907.R7 1964 
1896.83±0.02 1907.34±0.02 1907.80±0.05 1973 

1623.29±0.08 1637.96±0.08 1639.58±0.08 1967 
1623.63±0.08 1638.30±0.03 1639.87±0.08 1971 
1623.50±0.02 1638.25±0.02 1639.90±0.08 1973 

1414.42±0.06 1433.82±0.06 1437 .07±0.06 1971 

1248.12±0.02 1272.81±0.04 1277.68±0.04 1971 

284.0±4.5 1975 

Ref 

22 

23 
24 

25 
26 
27 

25 
28 

28 

29 
30 

31 
32 
30 

32 

32 

33 
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Table III. Recent Lifetime Measurements of the He-like 2 3PJ States 
are Shown as a Function of Nuclear Charge Z. All Lifetimes 
are Listed in nsec. 

z 2 3
P -+ 2 3s 

1 
2 3p -+ 

2 1 1s 
0 

Date Ref. 

2 96±11 1963 37 
99±5 1965 38 
105±5 1965 39 
99±8.4 1968 40 

3 54.4±2.7 1967 41 
33±2 1969 42 
45±5 1973 43 

4 22 • .3±1.0 1969 44 

5 24±4 1970 45 

6 16±2 1970 46 
11.4 1970 47 
14a 1971 48 
16.sb 1971 48 

7 13.8 1970 47 
13.8 1971 49 

8 15.1 1970 47 

9 10. 2±1. sa 1974 50 
13.3±3.0C · 1974 50 

10 12.6 1970 47 

16 2.5±0.2 1974 51 

17 1.86±0.1 1974 52 

18 1. 7±0. 3 1970 53 

22 0.44±0.03 1974 54 

23 observed 1974 35 

26 0.] 1!0.1)2 1974 35 

36 1.66±0.06c 1976 33 

--~- ··-·----~--·----------

c3 3 
p -· s 0 1 
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Table IV. 

FINE STRUCTURE OF H-LIKE CARBON LINE 

--------------------

TRANSITION A (A) T (nsec) REL. INTENSITY 

4f 7/2 - 3d 5/2 520.68 .056 .922 

4f 5/2 - 3d 3/2 520.58 .056 .646 

4d 5/2 - 3p 3/2 520.58 .028 . 345 

4d 3/2 - 3p l/2 520.25 .028 .197 

4p 3/2 - 3s l/2 520.25 .009 . 102 

4p 1/2 - 3s l/2 520.41 .009 . 051 

4s l/2 - 3p l/2 520.41 .172 .010 

4f 5/2'- 3d 5/2 520.71 .056 .046 

4s l/2 - 3p 3/2 520.79 .172 .021 

4p l/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 
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Table V. 

FINE STRUCTURE OF H-LINE OXYGEN LINE 

TRANSITION A (a) T (nsec) REL. INTENSITY 

Sg 9/2 - 4f 7/2 632.77 .057 .79S 

Sg 7/2 - 4f 5/2 632.68 .OS7 .613 

Sf 7/2 - 4d 5/2 632.68 .034 .387 

Sf 5/2 - 4d 3/2 632.SO .034 .271 

Sd S/2 - 4p 3/2 632.50 .017 .167 

5d 3/2 - 4p 1/2 631.88 .017 .093 

Sp 3/2 - 4s 1/2 631.88 .006 .OS5 

Sg 7/2 - 4f 7/2 632.81 .057 .022 

Sd 5/2 - 4f 7/2 632.87 .017 .007 

Sf S/2 - 4d 5/2 632.75 .034 .019 

Sd 5/2 - 4f 5/2 632.75 .017 .000 

Sp 3/2 - 4d 5/2 632.87 .006 .012 

Sd 3/2 - 4f 5/2 632.87 .017 .006 

Sd 3/2 - 4p 3/2 632.62 .017 .019 

5p 3/2 - 4d 3/2 632.62 .006 .000 

Ss 1/2 - 4p 3/2 633.01 .087 .016 . 

Sp 1/2 - 4d 3/2 633.01 .006 .007 

Sp 1/2 - 4s 1/2 632.26 .006 .027 

5s 1/2 - 4p 1/2 632.26 .087 .008 
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Table VI. 

a 

Observed 

OBSERVED AND PREDICTED LIFETIMES 

(2. 3P- 2 3s) of Ar XVII (nsec) 
1 

Predicteda without 
Lamb Shift 

1.62(8) 

1.50(4) 

Predicteda with 
Lamb Shift· 

1.52(4) 

References 35, 36, with energies from Section I. 

4.87(44). 

4.68(12) 

4.80(12) 
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OBSERVED AND THEORETICAL WAVELENGTHS 

Ar XVII 

0 

Experiment (A) 

660. 7±1.1 

560.2±0.9 

aSee discussion in Section I. 

a o 
Theory (A) 

662.0±1.1 

560.0±0.9 
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FIGURE CAPTIONS 

Fig. 1. The decay modes of the metastable n = 2 states of helium-like 

ions. 

Fig. 2. A schematic view of the apparatus. showing the major parts 

which are discussed further in the text. 

Fig. 3. 

Fig. 4. 

Fig. 5. 

Fig. 6. 

A block diagram of the electronics and data collection system. 

Observed 2 3p - 2 3s line shapes for He-like argon as a 2 1 

function of beam energy. The peaks have typical statistics 

of 200 counts in the peak bins. The zero points are different 

for each observation. The absolute wavelength was not measured. 

A measured decay curve for· the 2 3P - 2 \ transition in 2 1 

He-like argon. 

A measured decay curve for the 2 3P0 2 3s1 transition in 

He-like argon. 

Fig. 7. The theoretical fine structure of the H-like n = 4 ~ n = 3 

transition in C VI based on a .(2j + 1) statistical population 

of the different j states. 

Fig. 8. The theoretical fine structure of the H-like n = 5 ~ n = 4 

transition in 0 VIII based on a {2j + 1) statistical population 

of the different j states. 

Fig. 9. The data for the H-like n = 4 ~ n = 3 transition in C VI from 

one data run. The open circles are an empirical fit to the 

data. 

Fig. 10. The data for the H-like n = 5 ~ n = 4 transition in 0 VIII 

from one data run. The open circles are an empirical fit 

to the data. 
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Fig. 11. The data for the He-like argon 2 3P2 - 2 3s1 transition 

from one data run. The open circles are an empirical fit 

to the data, only over channels 170 and above. 

Fig. 12. The data for the He-like argon 2 3P0 - 2 3s1 transition 

from one data run. The open circles are an empirical fit 

to the data. 

Fig. 13. The theoretical grating illumination by the hydrogenic 

foil-excited lines. The figure shows curves for two 

different ion-beam density distributions. 

Fig. 14. The data from one scan of the He I line at 584 ~excited 

by a Hinteregger lamp. The open circles are the empirically 

constructed fit to this data. 

Fig. 15. The data for the He-like argon 2 3P2 - 2 3s1 transition 

from one data run. The triangles and circles represent 

respectively a single and double peak fit to the data, as 

described in the text. 
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