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To be submitted to The Physical .Review 

Forbidden Decays of Hydrogenlike and Heliumlike Argon t 

Richard Marrus and Robert W. Schmieder 

Lawrence Radiation Laboratory, Berkeley, California 94720 

June 1971 

ABSTRACI' 

Four forbidden decay modes of hydrogenlikeargon (Ar+17) and 

heliumlike argon (Ar +16) have been observed and the lifetimes of the 

states decaying via these modes have . been measured by a beam foil time­

of-flight technique. The decays are the two-photon decay 22~+12Sk of 
'2 2 

Ar+17 ; the two-photon decay 21S0+11S0 of Ar+16 ; the relativistically 

induced magnetic dipole decay 23S1+1 1S0 of Ar+16 ; and the magnetic 

quadrupole decay 23P2+1 1So of Ar+16. The measured lifetimes of the 

·levels are T{2 2S1 ) = 3.54±0.25 nsec; T(2 1S0 ) = 2.3±0.3 nsec; 
'2 

From the agreement between the measured and calculated life­

times it is possible to place an upper limit on the amount of parity im­

purity in the 22S1: state waveftmction of hydrogen like Ar+17. Writing 
2 . 

l/J(2 2S1 ) = t(22S1 ) + £t(2 2P1 ), wheI:e the 4>'s are the Schrodinger solu-
'2 ~. '2 

tions to the hydrogen atom, we obtain lEIs 6xlO-4• 
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INTRODUCTION 

-In spite of the fact that the hydrogen and helium spectra can 

probably qualify among the most studied problems in the history of 

physics, there is relatively little experimental information concerning 

the forbidden decays, i.e., those decays which proceed by other than an 

allowed electric dipole transition. These decays were first considered 

in a classic paper by Breit and Teller,l and it is now accepted that,the 

22~state of hydrogen- and the 21So state of helium decay predominantly 
'2 

by two-photon emission, while the 23S 1 state of helium decays by a rela-

tivistically induced magnetic dipole trahsition. As will be discussed 

later in the text, it is now clear that, for heliumlike ions beyond 

z~ 17, the 2 3p 2 level decays predominantly by magnetic quadrupole 

emission. All four of these decays are indicatedon1the energy-level 

diagram of Fig. 1. The energies given here are those associated with 

the transitions in the hydrogenlike ion Ar+17 and the heliumlike ion 

Ar+16 . 

The reason for the lack of experimental information derives 

from the formidable problems associated with the long lifetimes involve~ 

However, all of these lifetimes decrease very rapidly with increasing Z; 

hence the recent development of high-energy accelerators of heavy ions, 

coupled with the beam-foil technique for producing hydrogenlike and 

heliumlike ions, makes possible tests of the theory under relatively 

favorable experimental conditions. 

In this paper we present the results ofa beam-foil experiment 

d . d·'·· d th d ' . A +17 d A +16 . b· d th' eS1gne . to stu y ese ecays 1n r an r10ns 0 ta1ne -at e 

Berkeley Heavy Ion Linear Accelerator (Hilac). Prior publications 2 have 

lJ· ~.". 
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already reported the results of some of this work. In this paper, the 

details are substantially elaborated and anew result for the life-

time of the 2lSo state of Ar+16 is given. 

I. TIffiORY 

A. Decay of the 22S1 State of Hydrogenlike Atoms 
.~ 

The possible decay modes of the hydrogen metastable state were 

first considered in detail by Breit and Teller.l The only single-photon 

mul tipole mode to the l2S~ ground state allowed by the parity andangu-
2 

lar momentum selection rules is magnetic dipole o.U). . However, it is 

easily seen that, in non-relativistic approximation, the transition 

probability -'\n (22S~) associated with this decay mode vanishes. One can 

write: 

(1) 

with ~ the magnetic dipole operator which in non-relativistic approxima-

tion is: 

(~B = Bohr magneton) (2) 

It is clear, therefore, that the orthogonality of the radial part of the 

IS-state and 2S-state eigenfunctions will cause (1) to vanish. Breit 

and Teller pointed out that, using Dirac theory, there will be a finite 

value for ~11(22S~). This arises because the Hamiltonian responsible 

for radiative decay is 

(3) 
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( cr O~o ) with a the Dirac matrices d= and 1\ the vector potential of the 

radiated wave. Using the Hamiltonian (3), Breit and Teller made an es­

timate of the magnetic dipole rate. However, in their calculation, 

finite wavelength corrections arising from higher-order terms in the 

-iI<.-;: . 
eJg)ansion of the plane wave factor e were neglected, and it has 

recently been pOinted out by Drake,3 Schwartz, If and Feinberg and Sucher s 

that these terms make a substantial contribution to the rate. Their 

calculations show that, for the hydrogenic ions ,one obtains for the 

rate 

(4) 

. However, the dominant decay mode of the 22S!.,: state of low-Z 
. . 2 

hydrogenlike ions is not relativistic Ml decay but the simultaneous 

emission of two photons, a process first suggested by Maria Mayer. 6 The 

two photons have electric dipole (El) character and frequencies VI and 

V2 which satisfy the Bohr condition 

(5) 

where tJ3 is the 2S-1S energy difference. 

The frequency distribution of the two photons was first cal­

culated by Spitzer and Greenstein:7 and is plotted in Fig. 2. It is seen 

tp be a broad, relatively, flat-topped distribution which, bY,virtue of 

Eq. (5), is syrrnnetrical about the midpoint. 

for any hydrogenlike ion. 

This distribution is va~td 

The transition rate A2El (22S~) associated with this mode was· 

firstestiInated by Brei tand Teller ,and later calculated moreaccurate]y 
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by Shapiro and Breit 8 and others,9 with the result 

2 . _ 6-1 
A2El (2 S~) - 8.226 Z sec (6) 

This rate is based entirely on a non-relativistic calculation, and there 

has so far been no calculation using Dirac theory. 

It is of some interest to note that, even though the two­

photon rate predominates at low Z, ~1~ A2El at a value Z ~ 45, so that 

for higher Zthe magnetic dipole mode is dominant. In this connection, 

it should be noted that Boehm and others 10 have recently reported obs~r­

vat ion of the magnetic dipole transition 22S1-l2S1 , i.e., the so-called 
'2 >:!. 

KLI transition in the x-ray spectra of heavyelerrents. This would seem to 

confirm the existence of a cross-over point. 

Further interest in the lifetime of the 22~ state arises from 
. ,>:!. 

the near-degeneracy with. the 22P1 state. The 2;P1 state decays to the 
>:! '2 

ground state via ail allowed electric dipole transition with rate 11 

(7) 

Consider now the possibility that the 22S1 wavefunction is not 
. >:! 

pure but contains, in fact, a small admixture of the 22p 
~ 

eigenfunction, so that 

(8) 

where 1JJ i~ tlle ~~t4~1 2~k sti3-t~ eigenfWlc;:tion an~ the <pIS are the 
2 

Schrodinger solutions for the hydrogen atom. The decay rate then 

becomes 

Hence, even a very small admixing parameter £ can have a dramatic effect 
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on the lifetime and conversely, even a very crude measurement of A can 

place a very strict limit on e:. 

Since the parities of the 2S and 2P states are different, a 

non-zero value for e: implies the presence of an interaction in the 

atomic Hamiltonian which violates either par.ity (p) or both parity 

and' tinie reversal (PT). The possibility of a P and T violating inter­

action whiCh would manifest itself in the form ofa permanent electric 

dipole moment of the electron (EDM) was considered by Salpeterl 2. and 

Feinberg. 13 Using their fO]mll1ae, however, the curre~t upper limitl~ to 

the Em shows that 

lifetime to < 1 part in 107. 

there can be no effect on the 22.S 
~ 

The non-existence of an EIM doe.s not, however, rule out the 

possibility of a non-zero value for e: arising from a P-violating inter-

action which does not violate T. Such a mechanism has in fact been con-

sidered by Zeldovich and Perelemov,IS who showed that, if neutral cur­

rents are present in the weak interaction, these would give, rise to an 

effect on the 22.S1 lifetime in hydrogen. Conversely, it can be argued 
"2 

that an upper limit on e:- places a limit on the presence of neutral cur-

rents in the weak interaction Hamiltonian. 

Another mechanism arises from the possibility that the electro­

magnetic interaction of a spin-1/2 particle contains P-violating terms. 16 

The effect of such a term on the 2S state of hydrogenic ions has been 

calculated by Sakitt and Feinberg I 7 and an upper limit on the presence 

of such a term has been deduced from the available experimental data. 

As will be seen, the present experiment reduces this limit by greater 

than a factor of four. 

The two-photon decay of the 22.S state was first observed in 
~ 

-,.-
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singly-ionized helium by.Lipeles,Novick, and Tolk,18 who reported 

detection of coincidences and angular distribution measurements consis­

tent with the 1 + cos
2e prediction. Spectral measurements in rough 

agreement with the predicted frequency spectrum were also reported. 19 

However, prior to the present work, there have been no lifetime 

measurements reported. 

B. Decay of the 21So State of Hel iuml ike Atoms 

The metastable (ls2s) zlso state <:an also decay to the gr01.m.d 

(ls)21
1So state by a double-photon emission process. However, no 

single-photon decay mode is possible becau3eof the rigorous selection 

rule forbidding O~ transitions. Henc~ Dvo-photon decay is necessarily 

the fastest mode, and the similarity with the hydrogenic two-photon 

decay is clear when it is noted that the Is electron does not partici­

pate/in the transition, but acts as a spect,ator which shields the nuclear 

charge. The frequency distribution2o of the photons is very similar to 

the hydrogenic distribution and is also shown in Fig. 2. Dalgarnoand 

collaborators 21 have done extensive calculations on the decay rate of 

-1 
this state, obtaining the value A2El (2 1S0)= 51.8 sec for ordinary 

helium. 22 An interesting feature of these calculations concerns the 

asymptotic lifetime in the limit of very high Z. It might be expected 

that the decay rate A2El(21S0) wpuld appro~ch the hydrogepic rate with a 

slightly decreased value of Z to take into account shielding by the Is 

electron. However, it has been noted that22 in fact the rate approaches 

roughly twice the hydrogenic rate, the extra factor of two coming from 

the Pauli principle. Thus, for large Z, we can write the rate as 
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1 6 . -1 
A

2E1
(2 So) = .2(8.226) (2 - 0) sec (10) 

where 0 is a shielding constant that must be determined. 

Experimentally,there are two previous measurements of the 

lifetime T(21So)in cirdiriary helium. ' Pear1 23 and Van Dyck, Johnson, and 

Shugartllt have ,measured the decay in flight of a beam of metastable 

he lilUIl , obtaining respectively T(2 1S0) = 38(8) msec and T(2 1S0) 

= 20(2) msec. Although the two experimental values are in serious dis-

agreement with each other, the.value of Van Dyck et al. is in good 

agreement with theory. In both these experiments the metastable atoms, 

rather than photons, were detected. In other work a continuous spectrlUIl 

observed in a neon plasma25 was attributed to the two-photon decay of 

the 21So state of the helilUIllike ionNe IX. 

C. Decay of the 23S1 State of Heliumlike Atoms 

The decay of the 23S1 to the lISa state had long been thought 

to proceed predominantly by spin-orbit-induced two-photon emission. In 

this process, first suggested by Breit and Teller,i the intermediate P 

level is an admixture of 3Pl and IPl'as a result of the spin-orbit 

coupling, and thetwo,..photon decay rate is non-vanishing. The rates 

associated with this process have been accurately calculated by Drake, 

Victor, and Dalgarno22. and Bely and Faucher .26 However, there have 

recently been several reports 27 of the observation in the solar corona 

of single-'photon emission at the wavelength of the 23S1-l 1So transition 

in heliuinlike ions. The assignment of these lines to this transition 

was suggested by Gabriel a.p.d Jordan,28 and the emission was ascribed 

to a relativistically induced magnetic dipole process of the type 
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discussed in connection with the decay of the 22 S1 state of hydrogen. 
"2 

Gabriel and Jordan29 also emphasized the astrophysical importance of the 

decay rate of the 23S1 state, showing that measured intensity ratios of 

the lines 21pl~11So, 23pl~11So, and 23S1~11So for heliumlike ions could 

be coupled with this rate to determine the electron density in the solar 

corona. Subsequently ,calculations were made by Schwartz," Drake, 3 and 

Feinberg and Sucher 5 of the rate associated with this process. In the 

approach of Schwartz and Drake, the starting point of the calculation is 

the two-electron Dirac-Breit Hamiltonian, while Feinberg and Sucher 

start directly from the external field Hamiltonian of quantum electro­

dynamics. Both approaches yield identical results for the effective Ml 

transition operator, which, in the high-Z limit, yields for the decay 

rate: 

(11) 

D. Decay of the 23P2 State of Heliumlike Atoms 

Magnetic quadrupole (M2) radiation is generally of no conse­

quence in atomic physics since M2 rates are of order (Za)4 slower than 

El rates. However, Mizushima 30 in 1964 first called attention to the 

possibility that M2 radiation might be of astrophysical significance for 

atomic transitions satisfying the selection rule ~S = ±l. Subsequently 

Garstang 31 pointed out in 1969 that the spectrum of heliuml~ke ions 

beyond chlorine (Z = 17) yields the possibility of observing a magnetic 

quadrupole transition in the decay 23PZ-l l So. At first view, this is an 

extremely surprising conclusion. In ordinary helium, the 23pz level 

decays to the 23S1 level (see Fig. 1) by a fully-allowed electric dipole 

transition, with a rate 3Z AEl(2 3pz) = 10
7 

sec-I. However, the Z depen-
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dence of this rate can be found by noting that 

',3 31( 3 1 +1 3 )1 2 
AEI (2 P2) a:: w" 2 P2 er 2 Sl , (12) 

where w is the Bohr frequency for the transition and ( 1 e~p'is the 

matrix element of the electric dipole operator. Now for the 23Pi-2 3S1 

transition, the Bohr frequency is deterinined mairly by the electrostatic 

repulsion of 

large Z, one 

for large Z. 

, "ez ", 
the electrons, --- and since lengths scale as liZ for 

r l2 

concludes that w a:: Z and (le~l) a:: ~ , so that A~l (2 3PZ) ee Z, 

On the other hand, the M2 rate is 

(13) 

'where now the Bohr frequency is determined by the interaction with the 

Zez 2 8 
nucleus -r- so that wee Z and ~2(23PZ) a:: Z. Hence it is clear that 

,at some value of Z the M2 rate should predominate. Both Garstang 31 and 

Drake 33 conclude that, on the basis of numerical calculations, the 

crossover point occurs around Z = 17. 

I I . EXPERIMENT 

A.General Apparatus 

These experiments were performed at the Berkeley Heavy Ion 

Linear Accelerator (Hi1ac) with the 4l2-MeV argon beam. At this energy, 

corresponding to a beam" velocity v = 4.4xl09 cm/sec, exponential (l/e) 

decay lengths (A = V'L) are of the order of cmfor nsec lifetimes," i.e. , 

relatively convenient for laboratory measurements. The experiments are 

conveniently done with a beam current of about 10-9amps, although the 

Hilac can deliver substantialiy more than this. 
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The apparatus is shown in Fig. 3. Basically, the argon beam 

from the Hilac is passed through a steering' magnet which deflects the 

beam into a long pipe. The beam is passed through a series of collima­

tors and then through a thin foil mounted on a movable track which has a 

total motion of about 200 em along the beam. The beam-foil interaction 

produces ions in the metastable states of interest here and the subse-

quent decays in flight of atoms in the beam can be observed by a pair of 

Si (Li) x~ray detectors placed opposite each other and collimated to 

accept x rays emitted perpendicular to the beam. The beam then impinges 

on a Faragay cup connected to an integrating electrometer which measures 

the total charge collected for nonnalization purposes. By varying the 

separation between the foil and the detectors, the decay length can be 

measured. 

B. Beam Preparation 

For foils beyond a critical thickness, a situation of charge 

equilibrium exists, and the charge distribution of the emerging beam is 

roughly independent of such parameters as foil thickness, foil material, 

and the charge state of the incident beam. 34 The velocity and the 

atomic number of the incident ion seem to be the dominant parameters. 

It is found empirically that near-charge equilibrium is obtained for 

foil thicknesses of ~100 llg/cm2
• For example, it.is found that, with 

both a 100 llg/cm
2 

Be foil and a 600 pg/em
2 

Ni foil, the charge disttibu­

tionwhich emerges is roughly Ar+18 
(25%), Ar+17 

(50%), and Ar+16 
(25%), 

and this is roughly independent of the charge state of the incident 

ions. 

For actual lifetime measurement, it is necessary to use beams 
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which are as much as possible either pure hydrogenlike or pure helium­

like. To this end a simple technique for improving on the charge equi-

+17 
librium situation was found. To enrich the Ar content, a "thick" 

(> 100 pg/an
2
) foil capable of producing charge equilibrium was placed 

at position A in Fig. 3. The steering magnet was then adjusted to pass 

only fully-stripped (Ar+
18

) ions into our beam pipe. A "thin" 

2 . 
(10 ]..lg/an ) carbon foil was now mounted on our track. Since this foil 

was much thinner than necessary to reach charge equilibrium, it was ex­

pected that single electron captures (yielding Ar+17) would dominate 

d bl ( . ld' A + 16) 1 . d d over ou e captures Yle lng r . Severa In epen ent measurements 

indicate that Ar+17/Ar+16 ~ 20:1 using this technique. 

Similarly, it was found that, by passing the Hilac beam in the 

+14 charge state directly through the thin carbon foil, a ratio 

Ar + 16/ Ar + 17 ~ 6: 1 could be obtained. It is expected that these enrich:" 

ment ratios can be improved appreciably when more data on charge dis-

tributions versus energy, foil thickness and material, and incident 

charge state become available. 

C. Detectors 

The, detectors used in this experiment are high-resolution Si· 

(Li) x-ray detectors of the type developed by the Lawrence Radiation 

L~boratory Nuclear Chemistry Electronics Group. A schematic of the de­

tector assembly is shown in Fig. 3. Two such detectors were placed on 

opposite sides of the beam facing each other, at distances from 1 an to 

5 an from the beam. The detector crystal was 5 rrnn in diameter and 1 rrnn 

.thick and had a gold . layer about 100 A thick on the front surface. No 

cover \Vas used oVer the detector, in order to retain high efficiency at 
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low energies •. A O.OL ... in thick Be plate with a 5-mm diameter hole was 

supported in front of each detector to prevent detection of ex­

traneous x rays (e.g., from the chamber). The overall computed effic­

iency of these detectors is plotted in Fig. 4. 

The energy calibration and resolution of the detectors were 

obtained using x rays from low-intensity radioactive sources. Micro­

curie amounts of 55Fe and 241Am provided a variety of lines from 5.9 keY 

to 22.8 keY. A one-millicurie 5sFe source was used to excite by fluor­

escence x-rays of P (~2 keV) , Cl- (2.6, 2.8 keV) , Ca (3.7,4.0 keV) , and 

Ti (4.5,4.9 keV) , thus bracketing the argon energies near 3 keY. From 

the pulse-height spectra of these calibration sources, it was determined 

that, within the resolution of the system, the energy scale is linear 

and passes through the origin, i.e., the pulse height is a true measure 

of photon energy. A sample pulse-height-vs.-energy calibration curVe 

is shown in Fig. 5. 

D. Data Handling and Analysis 

The pulses from the detectors were amplified and shaped using 

standard high-rate pulse electronics. If single photons were being 

examined, they were fed directly to the input of an analog-to-digital. 

converter (ADC) which was read by a PDP-7 computer. If coincident 

photons were being studied, a coincidence circuit was used. This cir~ 

cuit consisted of a pair of pulse differentiators and fast shq.pers which 

operated a time-to-amplitude converter (TAC) , and appropriate gates for 

the analog signals. If two pulses arrived within a fixed time interval, 

they were passed on to a multiplexer, twhich presented the data. sequen­

tially to the ADC. In addition, pulses representi~g the time difference 
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between "coincident" pulses and the analog Stml of the two pulses couid 

be generated and were fed to the multiplexer as additional data. 

The accumulation of spectra could be observed in real time on 

an oscilloscope screen, which displayed the ntmlber of pulses versus 

pulse size. The acctmlulation ran continuously under program control, 

accepting counts whenever they were presented to the ADC. Spectra could 

be plotted or stored on magnetic tape for later analysis. 

The analysis of the spectra was generally performed off-line. 

Standard functions such as energy calibration, peak analysis., integra-

tion, and coincidence sorti~g were used. 

. ~ 

III. IDENTIFICATION OF THE DECAY MODES 

A. Identification of the 2El De.cay of the 22~ State of Ar+
17 

, "2" 

Identification of the two-photon decay of the 22S1 level of 
. "2 

Ar + 17 is based mainly on coincidence techniques·~ A spectrtmJ. of the 

observed decay with the Ar+
17

-enriched beam and a foil located a few em 

from the target is shown in Fig. 6., The continuous spectYtmJ. is clearly 

in evidence and is in rough agreement with a broad, flat-topped spedbu~ 

Unfortunately, detector efficiency problems and electronic noise prevent 

measurement of the spectYtmJ. below about 500 eV, and single-photon decays 

distort the spectYtmJ. near the end point. 

Coincidence detection of the decay photons was done with stan­

dard circuitry having a resolving time of about l]Jsec .. In the coinci­

dence mode, the detection of two photons in separate detectors within a 

time interval 1 T I - T 21 ~ 5 ]Jsec was defined as a "coincidence," For .' 

each such event, the computer stores the photon energies El and E2 reg-

11\ 
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istered in the two detectors, the sum energy El + E2 obtained by mixing 

the amplifier outputs for El and E
2

, and the time difference between 

the pulses T 1 - T 2' generated by the TAC. Wi th a typical beam current 

" of 1 nA, coincidence rates were 0.1 to 1 sec- l 

Figure 7(a) is a plot of the number of events versus the time 
-.. \ 

delay Tl - T2 between the two photons. The zero in this plot was gene­

rated by introducing a fixed delay in one detector; it was calibrated 

using a pulse generator to simulate a true coincidence. The peak in the 

time spectrum of Fig. 7(a) is strong evidence that real coincident 

events were observed. 

The energy spectra observed in coincidence mode are shown in 

Figs 7(b) and 7(c). These spectra represent only the true coincidences 

appearing under the peak of the time spectrum in FIg. 7(a). The contri-

bution to that peak by accidental coincidences was removed by subtract­

ing an equivalent number of events occurring away from the peak (presum­

ably all accidentals), suitably normalized. The main difference between 

the singles spectra in Figs. 6 and 7(b) is that the coincidence spectra 

are roughly the square of the singles spectra, thereby synnnetrically dis-

criminating against the ends of the continuum, peaking it more strongly 

at the center. The spectrum associated with the sum energy El + E2 ob­

served as true coincidences-is shown in Fig. 7(c). Except for residual 

noise due to accidentals which has been removed, the spectrum is a single 

strong peak with a width roughly equal to the system resolution, indica-

ting that this peak represents a single line. That this line falls at 

3.3 keY is also strong evidence of the two-photon mode in Ar+
17 

and not 

Ar+
16

, since the latter would give a peak at 3.1 keY. 
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+16 
Identification of the 2ElDecay of the 21So State of Ar 

Th . 1 b . d . th th . h d A + 16 . e slng es spectrum 0 ta1ne W1 e ennc e r 1S 

shown in Fig. B. The continuous spectrum characteristic of two-photon 

emission is again in evidence. A coincidence spectrum taken with this 

beam is shown in Fig. 9. 

Unfortunately, this data is not of sufficient quality to dis­

tinguish this spectrum from that associated with two-photon decay of 

Ar+17 
, although the intensity and the fact that it is obtained with the 

Ar+16-enriched beam is suggestive. However; a decay curve taken with 

this spectrum (Fig. 14) shows that it decays with a lifetime that is 

. . . +17 . 
substantially faster than the lifetime associated with the Ar beam, 

and is also in good agreement with the theoretical lifetime for the 

decay of the 21So state of Ar+17(see Section IV.B). 

C. Identification of the Ml Decay of the 23S1 State of Ar+
16 

A 
+16 

r , 

In order to identify the Ml decay mode of the 23S1 level of 

advantage can be taken of the extremely long decay length 

("'B meters) associated with this mode. Hence a foil placed several 

, meters upstream of the detectors will be sufficiently far away that all 

levels except 23S1 will have decayed to -the ground level by the time the 

ions are in the field of view of the detectors .. A spectrum taken with 

the foil 6 meters from the detectors is shown in Fig. 10. The single 

peak at 3.1 keV is somewhat Doppler-broadened, but is at the correct 

energy35 for the 23S1~11SO decay. To establish that the observed x ray 

arises from a decay in flight of a beam ion, an adjustable slit was 

mounted in front of the detector. The -slit position determines -whether 

the detector views upstream, downstream, or straight ahead, and there-

.. 
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fore permits observation of the Doppler shift. The spectra obtained 

with .the slit in the three viewing positions are shown in Fig. 11. The 

Doppler shift is clearly visible and is roughly consistent with the 

expected shift. 

To corroborate that the decay arises from an ion in the 

beam, spectra were obtained with beams of sulphur (Z = 16) and silicon 

(Z = 14) and are shown in Fig. 12. Because of the longer lifetimes 

involved, the two-photon continua are starting to appear. A comparison 

of measured energies with theoretical energies is shown in Table I. On 

the basis of this agreement and the long lifetimes involved, we conclude 

that the observed decay is indeed the single-photon 23S1-1 1S0 transition 

D. Identification of the M2 Decay of the 23P2 State ' 

As indicated in Fig. 1, the energy associated with the trans­

ition 23P2-1 1S0 differs from the 23S1-1 1S0 transition energy by only 

22 eVe The emission lines are not resolved by our detectors which have 

a width of about 200 eV. That the observed line at 3.12 keV (Fig. 6) 

actually consists of two components is established by the decay curve of 

Fig. 16. The slow decay is associated with the decay of the 23S1 state, 

whereas the lifetime associated with the fast decay· is in good agreement 

with the theoretical lifetime of the 23P2 state (see Section IV.D) . 

IV. LIFETIME DATA 

The lifetimes are measured by plotting the intensity of the 

emission specti'a (2El, M1, M2) as a function of foil-detector separation 

As a measure of this intensity, we used the total counts registered in 

an appropriate energy interval. The total number of counts is normal-
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ized to the total integrated beam current measured. with tile Faraday cup. 

Since the decay of the state.is exponential in time, the count rate is 

exponential in distance, so a least-squares fit to the function 

N(x) = N(a)e-x/ vT 

can be made, thus determining T. 

A. 
+17 

Decay of the 22~ State of Ar 
"2 

(14) 

Th b d f th o . ° h °ch d A +17 e eam use or 1S measurement 1S t e enr1 e r pre-

pared by the two-foil technique described in the beam preparationsec~ 

tion. The singles spectnnn obtained with this beam is shown in Fig. 6. 

There are two .facts which lead us to believe that the spectnnn is due 

almost entirely to real counts associated with two:-photon decay from the 

22S1 state. First we note from Fig. 7 that this spectnnn is in reason­
"2 

able agreement with the singles spectrum obtained only from coincident 

events. There is, however, a rise on the high-energy end which is due 

to decays from the Ml trans i tion of the helitimlike ions. Second, the 

+17 
coincident sum energy El + E2 falls at 3.3 keV, the energy for Ar '. 

Furthermore, the background rate at energies greater than 

3.3 keV is only about 1% of the mean rate at energies less than 3.3 keV. 

Hence it was concluded that it was not necessary to use coincident 

events for the lifetime measurement. Since the singles rate is about 

1000 times more rapid than the rate for coincident events, an accurate 

value can be obtained correspondingly faster. 

The normalized count rate was obtained by integrating the 

continuous spectrum in Fig. 6 between various limits. Normally the low-

energy cutoff was chosen to avoid counts due to electronic noise, while 

. .,' 

.1' 



.-

-19- UCRL-20823 

the high -frequency cutoff was chosen to avoid counts from Ml and M2 

+16 
decays of any metastable Ar atoms present in the beam. 

Counts were obtained simultaneously in both detectors and the 

normalized rates averaged. Typical data from one l6-hr run are plotted 

in Fig. 13. It is seen that at large distances the count rate flattens 

out to a relatively constant background; the origin of this background 

is not known, but a plausible hypothesis is that it arises from magnetic 

dipole x rays which are incompletely converted in the x-ray detector. 

In any case they are a small fraction of the decay rate at small dis­

tances' so that the method of treating them does not seem to us to be 

crucial. In fact, the background is treated as a constant and sub­

tracted from all points on the curve to yield the line shown in Fig. 

13. The resultant line appears to be a single exponential over 

about 7 mean (lie) decay lengths, thus lending support to this subtrac-

tion procedure. The decay rate A(22~) is obtained by dividing the 
'2 

known beam velocity by the mean decay length determined from the plot. 

The mean lifetime of the state is then T = l/A. 

The results of several independent such determinations are 

listed in Table II. To each value, a weighting factor w. is assigned 
1 

that indicates the relative quality of the data. The weighted average 

of the lifetimes T = ~w.T./~w. and the weighted RMS deviation 
1 1 111 

0
2 = IW.(T - T.)2 /Iw . is taken as the meaSured lifetime and its error, 

. 1 1. 1 
1 1 

respectively. The final result is: 

where the error is based mainly upon our assessment of the size of pos-

sible systematic uncertainties. This value includes a 1% correction for 
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the relativistic time dilation. The correction fOr the degrading of 

the beam energy passing through the 'carbon foil is,neg1igib1e. 

The possibility of quenching aris~ng from collision of beam 

ions with the background gas was studied by increasing the background 

gas pressure 'by a factor of 10. No observable effect on the decay rate 

'was measured to within 5%. 

B. 
1 +16 

Decay of the 2 So State ofAr 

The beam used for this work was the Ar+
16

-enriched beam des-

cribed in the Beam Preparation sectlon. The measurement of the 'decay 

2 
rate proceeded in an essentially identical manner to that of the 2 ~measure-

2 

ment. The interval over which integration was used was somewhat less 

than in the case of the 22~ decay, due to the strong presence of the 
'2 

3-keV peak. The normalized count rate is plotted against foil-detector 

separation in Fig. 14. ' Here again a constant background manifests 

itself at large separations and the actual decay curve is obtained by 

subtracting this background from all the points. Table III lists the 

results of independent det~rminations of T(2 1S0). As before, weights 

were assigned according to the quality of the data, and the weighted 

average is quoted as the measured result. 

The biggest uncertainty associated with this rate arises from 

contamination of the continuoUs spectrum by decays associated with the 

+17 
22S~" state of Ar . Since this spectrum overlaps the region of inte-

2 

gration, the presence of such decays will give rise to a bias which 

would tend to destroy the single exponential character of the decay and 

to make the "effective" decay length of the observed decay somewhat 

'.J 

~, 
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longer than the true value. 

A model for estimating the fraction of 22S
h 

decays present can 
2 

be constructed in the following way. Measurements of the charge distri~ 

.' . ' N(+17) 4 
butlon show that N(+16) ~ 27. Moreover, on theoretical grounds one ex-

pects A(2 2S1) .Rj %A(2 1S0 ). ' The problem of estimating the probability 
"2, 

per ion of forming the 21So and 22.S1 metastable states, P(2 1So) and 
"2 

P(2 2S1) respectively, now remains. A reasonable assumption is that the 
"2 

passive Is electron acts mainly to shield the nucleus and the levels of 

the same principal quantum number are identically excited in the Ar+
16 

+17 +16 ., 
and Ar systems. However, in the case of Ar the electron occupies 

the triplet state 75% of the time, so we obtain P(2 1S0 ) = Y,+P(2 2 S1). 
"2 

With this assumption we conclude that approximately 30% of the decays at 

the foil belong to Ar + 17. 

We have used this model to correct the raw data, and a typical 

decay curve and the subtraction procedure used to obtain the decay rate 

are shown in Fig. 15. The result obtained in this way is 

'[(2 1S0 ) = 2.33,±0.l sec. The uncertainty in this correction is clearly 

the largest source of error in our result. However, the measured life­

time seems not to be extremely sensitive to this correction. If a life-

time value is obtained from the uncorrected data, the result is about 

15% larger than the value with the correction. Based on our analysis, 

we quote for the' final result: 

where the uncertainty is again based on our estimate of the size ofpos-

sible systematic errors. 
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+16 
Decay of the 23S1 State of Ar 

UCRL-20823 

The mean length associated with the Ml decay of the 23S1 state 

of Ar+
16 is about 8 m and is substantially longer than the length asso­

ciated with -the decay of any other level. Hence, by looking at dist~ 

far from the foil, interference from other decay modes can be eliminated. 

Because of space limitations, the foil was moved only through a total 

distance of about 1 m, or only about 1/8 of a mean length, so that the 

total observable decay is small. The data were accumulated in short 

time intervals (~3 min), moving the foil cyclically through five or six 

positions in order to average out slow variations in the beam and/or 

apparatus. A sample decay curve taken with the foil at large distances 

from the detector is shown in Fig. 16. In Table IV the results of inde­

pendent measurements of T(2 3S1 ) are summarized. The weighted average 

and RMS deviation were computed as before. The final result including 

a 1% correction for relativistic time dilation is 

The uncertainty-again reflects our estimate of the possible sources of 

systematic error. 

D. 
+16 

Decay of the 23P2 State of Ar 

A plot of the decay of the 3.1 keY line is shown in Fig. 17. 

As mentioned in Section ILD, the energy of the 23P2-l 1So decay cannot 

be resolved from the 23S1-l 1So, and the observed compound decay is con­

sistent with this fact. If it is assumed that no other decays are 

present, the separation of this curve into two exponential components 

should be reliable. The lines in Fig. 17 represent this separation, and 

,j 
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the slopes yield T(23P2) and '[(2 3S1). 

In Table V the values of T(2 3P2 ) obtained from independent 

decay curves are listed. The weighted average result is 

where the error is based on our estimate of the size of poss1ble sys-

tematic uncertainties. 

V. COMPARISON WIrn 1HEORY 

In Table VI a comparison of 'the measured and theoretical life­

times is given. Agreement of the measured two-photon rates with the 

theoretically expected rates is good for both the 22~ state and the 21So 
, ~ 

state. However, it should be emphasized that the theoretical values are 

in both cases based on non-relativIstic calculations. One can argue on 

rather general grounds that the 'relativistic corrections to the non­

relativistic rate should be of order (Za)2, which for argon (Z = 18) is 

about 2%. However, this is of the same order as our uncertainty, and 

hence a relativistic calculation is needed to assure that the agreement 

is real. Experimentally, we are currently attempting refined measure­

ments which will yield the, transition rate to an accuracy of 1% in 

elements of somewhat higher Z. 

If the theoretical and experimental rates are assumed to be in 

agreement, it then becomes possible to use our result to place an upper 

limit on a possible parity-violating component of the 22S1 wavefunction 
~ 

of Ar+
17 . The existence of such a parity-violating component has been 

considered by several authors 12 ,13 and is discussed earlier in this 

paper (Section I .A) • 
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is the actual wavefunction and the ~IS are the solution to the 

Schrodinger equation for the 22S1 and 22P1 states respectively with E 
.. ~ ~ 

a small numerical parameter we obtain from our experimental uncertainty: 

Our experiment cannot determine a possible phase factor associated with 

E. 

From our value of £ a new upper limit on the magnitude of an 

electronic pseudocharge (anapole) can be established. In terms of the 

notation of Sakitt and Feinberg, we obtain: 

A. ~ 7xIO- 5 

This is smaller by more than a factor of 4 than the previous upper limit based 

on the 2~ lifetime of He+. 17 This limit on A. is based on the assumption 
2 

that the Lamb shif't '(L~L) in the n = 2 state is given by t.L = 10
3 z4 MHz. 

The actual value is as yet uncalculated and may differ substantially 

from this result. 

Our result for the lifetime of the 23S1 level differs some-

what from the theoretical rate. Several possible sources of system­

atic error were studied. Quenching due to collisions ·with background 

gas was studied by varying the pressure over a factor of three with no 

measurable effect. In addition, the independence Of the lifetime with 

respect to foil material and thickness was also established. Perhaps 

the weakest aspect of thes measurement is that it is made over a small 

fraction of a decay length, and hence the exponential character of the 

observed decay is not completely established. However, it is· important 

to point out that, if the observed decay is actually a compound decay 

resulting from "feeding" via decay from higher levels, then the effec-

., 
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tive lifetime, i.e., the one which is measured, must be longer than the 

true lifetime. Further experiments are planned onhigher-Z ions in 

order to observe Ml decay over several decay lengths. 

+16 ' 
The decay of the 23P2 level of Ar proceeds by two predomi-

nant mechanisms, El decay to the 23S1 level and M2 decay to the ground 

llSo level. Recently, Drake 36 has computed theEl rate with the result 

~1(23p2) = 3.55Xl08 sec-I. If we write 

and use the value 31
,33 i\42(2 3P2) = 3.l4xl08 sec-I, the theoretically 

predicted lifetime is T = 1.49XlO-9 
sec, which is within our experi-

mental error. 
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APPENDIX 

Lifetime of the 22S
k 

State of Hydrogenlike Sulph~r 
2 

We have also measured the lifetime of the 22S
k 

state of hydro-
2 

. genlike sulphur (Z = 16) using the same techniques described in Sec. II 

and III A. The singles spectrum observed with the sulphur beam is shown 

in Fig. 18. This spectnnn exhibits the same features seen in the argon 

spectra: the Ml/M2 peak at the 2S-lS energy separation ('\,,2.45 keV) , the 
. . 

. detector Si K absorption edge at 1.84 keY, and the broad continuum be-

tween E = 0 and ES::1 2;4 keVidentified as the two-photon spectrum. This 

spectrum was observed on several occasions, but only one decay curve 

(Fig. 19) waS obtained. The lifetime obtained from this decay curve is 

T(22~) = 6.9 ± 0.5 nsec, The largest uncertainty in this result is the 
2 

contribution of heliumlike ions to the 2El spectrum. We can use the 

same type of analysis as Sec. IV B to estimate the 21SQ~11SO S+14 con-

·b· M f th ch' d··b· " N(+14) 1 tr1 ut10n. easurements 0 e arge 1str1ut10n gave N(+15)~ 4 . 

Assuming as before that A2E1 (2
1

S
0

) ~ ~ A2E1 (22\) and P(2
1

S0) = t P(2
2
\), 

we find that, at the foil, 3/32 of the decays are 'due to 8+14 , the rest 

S+15. Thus, we can correct the decay curve in the'manner of Fig. 15. 

The final result is 

T(Z 2S
k

) = 7.3 ±·0.7 nsec. 
2 

This result can be compared with the nonrelativistic asymp-

totic prediction [Eq. (6)], T = 7.23 nsec. The good agreement between 

theory and experiment tends to confirm our identification of the two-

photon decay mode, and the predicted Z dependence of the lifetime. To 

, . ' +16 
the extent that, in two independent cases (Ar 21So~11SO; 
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S+15 22S +12S) the corrections for contaminations from other decays 
~ ~' 

tended to improve the agreement between theory and experiment, our 

"reasonable" model of the excited state populations, P(2 1S0 ) = i P(22S~), 
is confirmed, In other words, the idea that, so far· as one-electron 

transitions are concerned, a heavy heliumlike ion of atomic number Z 

acts like a hydrogenlike atom of atomic number Z - 0 (0 ~ 1), appears 

to be supported by our data," 
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Table I. Observed and predicted energies (2 3S1-1 1S
0
), in keY. 

Observed 

Predicted a 

a Reference 35. 

Si XIII 

1. 85 (0.10) 

1.84 

SXV 

2.46 (0.10) 

2.42 

ArXVII 

3.13 (0.10) 

3.09 
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Table. II. Sunnnary ()f measurements of T(2
2 S11: ) • 
. 2 

T (nsec) a ,cr (nSec) b Weight C 

3.46 

3.63 

3.60 

3.62 

0.15 

0.10 

0.10 

0.10 

a Uncorrected raw data. 

b Represents 67%, confidence .. 

,. 

0.4 

0.5 

0.5 

1.0 

c _ Assigned according to general quality and 

reliability of data. 

UCRL-20823 

)f 

,." 
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Table III. Sunnnary of measurements of T(2 1S0) •. 

a 
T (nsec) 

2.69 

2.53 

2.62 

2.69 

2.63 

Tcorr(nsec) b 

2.48 

2.26 

2.34 

2.34 

2.26 

cr (nsec) c 
. d 
Weight 

0.15 0.4 

0.3 0.1 

0.2 1.0 

0.2 1.0 

0.2 1.0 

,a Uncorrected raw data. 

b 
Corrected for admixture of 22S

Y2 
2El decay. 

c 
Represents 67% confidence. 

d Assigned according to general quality and relia-

bility of data. 

UCRL-20823 
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Table IV. Summary of measurements of T(2 3Sd . 

a 
T (nsec) 

162 

128 

199 

175 

170 d 

172 d 

159 

190 

154 

172 

172 

169 

200 e 

a (nsec) b 

30-

30 

40 

20 

30 d 

' l5 d 

15 

15 

15 

12 

15 

12 

50 e 

a Uncorrected raw data. 

b Represents 67% confidence. 

Weight c 

0.1 

0.1 

0.5 

l.0 

0.5 d 

l.Od 

0.4 

0.5 

0.3 

l.0 

0.2 

0.7 

O.le 

c Assigned according to general quality and 

reliabllity of data. 

d Pressure 2.5 times normal. 

e Two foils separated by 16 ft. Nearer foil 

about 20 ft from detectors. 

UCRL-20823 

'''; 
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Table V. Surrnnary df measurements of T(23P2). 

T (nsec) a (J (nsec) b Weight c 

1.7 O.lS 1.0 

1.8 0.2 0.5 

a Uncorrected raw data. 

b Represents 67% confidence. 

c Assigned according to general quality and 

reliability of data. 

UCRL-20823 



Ion 

Ar+17 

Ar+16 

+15 
S 

Table VI. Measured 

State 

. 2 
2Sl /2 

2
l

S 
0 

23S 
1 

23p 
2 

2 . 
2 Sl/2 
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and theoretical lifetimes 

T t(nsec) 
exp 

T
th

· (nsec) 
eory 

3.54 ± 0.25
a 

3.46
b 

2.3 ± 0.3
c 

2.35
d 

172 ± 30
a 

2l0
e 

1.7 ± 0.3
f 

1.49
g 

7.3 ± 0.7
h 

7.ll
b 

aIncludes 1% correction for relativistic time dilation. 

bIn~lud~s nonrelativistic two-photon decay (Eq.(6)) and relativistic 

magnetic dipole decay (Eq. (4)). 

cInc1udes correction for presence of Ar +17 ions (see Sec'. IV. B); 

assumes T(22Sl /2) known. 

~onrelativistic asymptotic (to large Z) value including partial 

screening by Is electron (Eq. (10)). Assumes screening constant 

a = 0.797, which is a variational result·of Drake
36 

for Z = 10. 

eAverage of two results: Drake3 (212.7) and Schwartz
4 

,(208). Calcu­

lations include leading relativistic and finite wavelength corrections. 

Asymptotic formula (Eq. (11)) yields 168.7. 

fAssumes 23Sl -+ llSO Ml decay. rate known, so compound decay'curve could 

be analyzed into two simple decays (Sec. IV. D). 

gAssumes calculated value for the 23P2 -+ 23S
l 

El rate (Sec. V.). 

hIncludes correction for presence of S+14 (see Appendix) assumes 

1 
T(2 SO) to be value calculated from Eq. (10). 

/ 
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Figure. Captions 

+17 . 
Fig. 1. Energy levels and decay schemes of hydrogen1ike Ar and 

he1iumlike Ar+16. 

Fig. 2. Predicted nonre1ativistic frequency distribution of photons 

from two -photon decay of the 2 2 ~ S tate of Ar + 17 and the 21So state 
"2 . . 

of Ar+16. 

Fig. 3. Schema tic diagram of the experimental apparatus. 

Fig. 4. Computed absolute efficiency of the d.etectors used in these 

measurements. The sensitive volume of the detector was assumed 

to be overlaid with an insensitive Si layer 4000 A thick. 

Fig. S. Typical pulse-height calibration spectrum used to determine the 

absolute energy scale of the detectors. The energy of each peak is 

accurately known and allows converting pulse size to energy. The 

linearity of the scale is clearly in evidence. 

Fig. 6. Typical observed single-photon spectrum identified as the two­

photon decay 22S1 +l 2S1 of Ar+17 • These raw data have not been 
"2 "2 

corrected for, e.g., the efficiency plotted in Fig. 4. 

Fig. 7. Typical observed spectra of Ar+17 using coincidence mode. 

(a) Number of events vs. time delay between photons; (b) Number 

of photons contributing to a coincident event vs. energy; 

(c) Number of events vs. sum energy of two photons. 

Fig. 8. Typical observed single-photon spectra of Ar+16 , for several 

foil-detector distances. 
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Figure Captions (cont.) 

Fig. 9. Typical obserVed spectra of Ar+16 using coinciden~e mode. 

(a) Number of events vs. time delay between photons; (b) Number 

of photonS contributing to a coincident event vs. energy; 

(c) Number of events vs. sum 'energy of two photons. 

Fig. 10. Typical observed spectrum identified as the relativistically 

induced magnetic dipole transition 23S 1+l 1S0 of Ar+16 . 

Fig. 11. Doppler shift of the Ml line of Fig. 10. (a) Detector 

viewing downstream; (b) Detector viewing perpendicular to beam; 

(c) Detector viewing upstream. 

Fig. 12. Z dependence of the Ml line of Fig. 10. (a) Argon, Z ~ 18; 

(b) Sulphur, Z ~ 16; (c) Silicon, Z ~ 14. 

Fig. 13. Typical decay curve of·the 2El spectrum of Ar+17 shown in 

Fig. 6. 

Fig. 14. 
+16 

Typical decay curve of the 2El spectrum of Ar shown in 

Fig. 8. 

Fig. 15. Typical decay curve of the 2El spectrum of Ar+16 , showing 

correction of the data for the Ar+17 2El decay. The solid circles 

are the experimental data, the light line is the computed contribu-

. . +17 
tl0n of Ar ,the open circles are the difference (representing a 

+16 . 
pure Ar· decay), and the heavy line is a least-squares fit to the 

open circles. 

Fig. 16. Typical decay curve of the Ml line of Ar+
16 

shown in Fig. 10. 

Fig. 17. Typical decay curve of the 3.1 keY line of Ar+
16 

shown in 

Fig. 8. 
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Figure CaptioIl? (cont.) 

UCRL-20823 

Fig.~~ •. O~served,~~ngl~-:photon spectrwn ~9:en_tified as the 2E1 decay 

• ,', - 2 " +15 -
of the. 2 SL state p,~ ,S ~ 

. ~2 

Fig. 19. 
+15 

Observ~d. decay curve of the 2E1 spect:r.:um of S shown in 

Fig. 1.8. 
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r------------------LEGALNOTICE---------------------, 

This report was prepared as an account of work sponsored by the 

United States Government. Neither the United States nor the United 

States Atomic Energy Commission, nor any of their employees, nor 

any of their contractors, subcontractors, or their employees, makes 

any warranty, express or implied, or assumes any legal liability or 

responsibility for the accuracy, completeness or usefulness of any 

information, apparatus, product or process disclosed, or represents 

that its use would not infringe privately owned rights. 
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