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Forbidden Decays of Hydrogenlike and'Heliumlike Argon LS

Richafd Marrus and Robert W, Schmieder

’Léwience Radiation Laboratory, Berkeley, California- 94720

“June 1971

ABSTRACT

Four forbidden decay modes of hydrogenlike:argon.(Af+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.féchnique. The décayé are the two-phdton decay zzsyelzs% of
. . 2 .

+

CAr 17{ the two-photon decay 2135+1186 of Af+16; the relativistically

induced magnetic dipole decay 23%S,+1!S, of Art1o

16

; and the magnetic

quadrupole decay 2%P,+1!S, of Ar* The measured lifetimes of the

levels aré T(2%S,) = 3.5440.25 nsec; t(2'Sy) = 2.3t0.3 nsec;
2 . .

1(2%P2) = 1.70.3 nsec; and 7(2%S;) = 172+30 nsec.
From the agreement between the measured and calculated 1life-

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

purity in the ZZSL state wavefunction of hydrogenlike Ar+17.. Writing '

W(zzs%) =»§(225%9 + ;Q(ZZP%Q, where the &'s are the Schradinger solu-

tions to the hydrogen atom; we obtain |¢|< 6XIOf4;_
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INTRODUCTION

:(In sp1te of the - fact that the hydrogen and hellum spectra can
probably quallfy among the most studied problems in the hlstory of
_physlcs there is relat1vely little experlmental 1nformat10n concern1ngv v
the forbldden decays, 1.e those decays whlch proceed by other than an |
allowed'electric”dipole transition. These decays were first considered
in a classic paper by Breit and Teller,’ and it is now.accepted that the
Zzsg;state.Offhydrogen‘and‘the 218, state of heliumbdecay’predominantly
by two;photon’emission,vmhile the»Z’Sl state of helinm decays by a rela-
~ tivistically induced magnetic dipole transition.v_As will‘be discussed
later in the text, it is now:clear~that, for“helinmlike ions beyond
: Zpé 17,'the‘23P§ 1evel'decays predominantly by magnetlc quadrupole
"emission. ‘All four of these decays are 1nd1cated on the energy -level
diagram of Flg. 1. The energles given here are those associated with

the transitions in the hyergenlike ion ArtY7

A,

and the heliumlike ion

The reason for the lack of experlmentalklnformatlon derives
from the formidable problems assoc1ated with the long l1fet1mes 1nvolved.
<_However all of these lifetimes decrease very rapldly w1th 1ncrea51ng Z;
hence the recent development of h1gh energy ‘accelerators of heavy ions,
coupled w1th ‘the beam-f01l technlque_for produc1ng hydrogenllke and | -
heliumlike-ions, makes possible tests of the theoryjunder relatively '@l
fav0rab1e3experimental conditions, o -h'e-v S . . e

‘ In this paper we present the results of a beam f01l experlment

+17 16

de51gned to study these decays in Ar and Ar " .ions obta1ned at the

Berkeley Heavy Ion L1nearlAcce1erator (Hilac);' Prlor publications? “have- 317'
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already reported the results of some of this work.. In this paper, the
details are substantially elaborated and a new result for the life-

time of the 2'S, state of Art1o i given.

1. THEORY
‘A. Decay of the 2%S, State of Hydrogenlike Atoms
'The possible decay modes of the hydrogen metastable state were
first considered in detail by Breit and Teller.! - The only single-photon
multipole mode to the 128;»grOUnd state allowed by the parity and angu-
2 : ’ .
lar momentum selection rules is magnetic dipole (Ml).  However, it is
easily seen that, in non-relativistic apprOXimation,Zthe‘transition

probability Ap (27Sy) associated with this decay mode vanishes. One can
. ) : . .

write:

Ag@s) = asfilzn® W

with 7 the magnetic dipole operator which in non-relativistic approxima-

tion is:

= -UB[I + 23] . (uy = Bohr magneton) (2)

It is cleér;.therefdre, thaf the”orthogonality of the radial part of.the
1S-state and 2S-state eigenfunctions will cause Cl) to vanish. Breit
and Teller pointed out that, using Dirac»fheofy, there will be a fiﬁite
value for AMl(ZZS%)' This arises becguse the Hamiitdnian responsible
for radiative decay is | |
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with o the Dlrac matrices o= \ > , and R the vector potential of the
radiated_wave; Using the Hamiltonian (3), Breit and‘Teller made an es-
timate of the magnetic'dipolevrate .However, in their calculation
f1n1te wavelength correctlons ar151ng from higher- order terms 1n the

-ik.r

expan51on of the plane wave factor e were neglected and it has

recently been p01nted out by Drake 3 Schwartz,“

and Feinberg and Sucher®
that these terms make a substantlal contrlbutlon to the rate. Their
calculations show that,bfor the hydrogenic ions,tone obtains for theb
rate | | | |

AMl(zzs ) = -2.50210'6.210 st @

However the domlnant decay mode of theZZS state of low- Z

' hydrogenllke.lons is not relat1v1st1c M1 decayvbut the 51multaneous

: em1551on of two photons a process first suggested by Maria Mayer.® The
two photons have electric d1p01e (E1) character and frequenc1es v, and

Vo whlch satlsfy the Bohr condition

h(vi +v2) = AE . (5)

where AE is the 25-1S energy difference.

The-frequency distribution of the two photons was first cal-

culated by Sp1tzer and Greenstein’ and- is plotted in Fig, 2, It is seen_v

to be a broad relatively flat- topped dlstrlbutlon which, by. virtue of
Eq. (S),-ls symmetrical about the midpoint. This distribution is valid

for‘any hydrogenlike ibn.

The transition rate Ajpy(2%8,) associated with this mode was -

first estimated by Breit and Teller, and later calculated more -accurately
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by Shapiro’and Breit® and others,® with the result

: 6 -1 ' .
'AZEl(ZZS%Q = 8,226 Z~ sec * . 7 (6)

This ratevis 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 thongh'the two-
photon rate predomlnates at low Z, AMl A JE7 &t a Veiue s 45, so that
for hlgher Z the magnetlc d1pole mode -1is domlnant In this connection,
it should be noted that Boehm and othersl° have recently reported obser-.
vatlon of the magnetlc dipole transition 228 —l Sl, i.e., the so-called
KL, tran51t10n in the x-ray spectraof}xgyyekﬂmzns. - This would seem to
confirm the.existence“of a cross-over point.

~Further interest in thevlifetime of thevZZS% state arises from
the nearidegeneracy with‘thefZZP% etate: ‘The ZfP% State_decays to the

ground state via an allowed electric dipole transition with rate'!

AEl(ZZPl) = 6.25x10° Z

8 4 ool | |
Consider now the possibility that the 22S, wavefunction is not
‘ L1 5 v

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

eigenfunction, so that
where ¥ is the actual 2%S, state eigenfunction and the ¢'s are the
H B 5 A : '

Schrddinger solutions for the hydrogen atom. The decay rate then

becomes
Ca(o2 - 2 92 2, 2: N
A(2%S) = A (278,) + Ay, (27S) A (272 ()

Hence, even a very small admixing parameter e 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 theiparities of the 2S and 2P states:are different, a

&

non-zero value for e implies the presence of an interaction in the
atomic Hamiltonian uhioh violates either par\it‘y (P) ,or both. parity
and time vreversal' (PT) .”: T}vle'_ ploslslibil.-ity of a P and T Violatlhg Vint_yer-'v.. :
action which would manifest itself'in’the’form'of'alpermanent electric
-dipOle moment of the electron (EEWD_was.considered]by Salpeter.‘_2 and
Feinberg‘13vasingttheir formulae, however;vthe.current upper limit'* to
the EDM shows thatv';.' " there can be no effect on the 2251/2
llfet1me to <1 part in 107 o |

' The non-existence of an EDM does not however “rule out the
possibillty'of a non-zero value for € ar151ng from a;P-vlolatlng inter-
action which does not violate T. Such a mechanismvhas in fact been con-
sidered,by Zeldovichband Perelemov,'® who showed that, if neutral cur-_
rents are present in the weak 1nteract10n these would glve rise to an
effect on the‘2281/2 lifetime in hydrogen. Conversely, it can be argued
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 Peviolating terms, 16
The effect of such a term on the 2S state of hydrogenlc ions has been
calculated by Sakitt and Felnberg ' and an upper 1lmlt on the_presence
of such a term has been deduced from the available.experimental data,
As will bé seen, the present experiment reducesi'this.limit by greater
than a factor of four. | | o |

The two- photon decay of the 225 state was f1rst observed in

«
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singly-ionized helium by;Lipeles,.Novick,_and Tolk",‘18 who reported
detection of'coincidencés and angular distribution measurements consis-
tent with the 1 f-cosze‘pfeaiction. Spectral measureﬁents in rough
agreemenf‘withAthe predicted frequency spectrum wére also reported.!?®
However, prior to the present work; there have been no lifetime

measurements reported.

B. Decay of the 2!S, State of Heliumlike Atoms
' The metastable (isZS)ZiSo:stéte’Cah a156 decay to the ground
(1s)zllsd,staté by a double-photon émission procesé.-»HdweVer, no
single-photon decay mode is poséiblé bécauseiof the'rigorous selectioh
rule forbidding 0«+0 transitions. vHence;fwo-photén decay 1is neéessarily
the fastesp mode,‘and thé similarity with the hydrOgenic two-photon |
decay is clear when it is noted that the 1 electrdﬁ does not partici-

pate'in the transition, but acts as a spectator which shields the nuclear

charge. The frequency distribution?? of the photons is very similar to

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

collaborators?® have done extensive calculations on the decay rate of

' this state, obtaining the value A2E1(21s°) =51.8 _sec:—1 for ordinary

helium, 22 Aﬁ interesting feature of thesé calculations concerns the:
asymptotic lifetime in the limitvof very.highvz; It might be'expected
that the decay rate AZEl(ZLSQ) would approgch the hydrogenic raté with a
slightly decreased value of Z to take into account shielding by the 1s .
electron. Hdwever, it has been noted that22 in fact the rate approaches
roughly twice the hydrogenic rate, the extra factor‘bf_two coming from

the,Pauli'principle. Thus, for large Z, we can write the rate as
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Ay (2180) = - 2(8. 226) @ - )° - (10)

where o is'a'shielding constant that must be determined. = | Ty

Experimentally, there are two'previous'measurements of the f

«

lifetime 1(2180)'in ordinary'helium Pearl2??® and Van Dyck, Johnson and
Shugart?* have measured the decay in flight of a beam of metastable _
helium, obtalnlng respectlvely T(Z So) 38(8) msec and 1(2 So)

= 20(2).msec. Although the two exper1menta1 values are in serlous dlS-
agreement with each other the value of Van Dyck et al. is in good
agreement with theory In both these experlments the metastable atoms,
rather than photons were detected In other work a contlnuous spectrum

5

observed in-a neon plasma was attrlbuted to the two- photon decay of -

the 2'S, state of the he11um11ke ion Ne . IX.

C. Decay of the 2381 Statejof Heliumlike Atoms

The decay of the 2°S, to the 1S, state had long been thought
to proceed predominantly by spin-orbit-induced two-photon emission. In
this proeess, first suggested by Breit and Teller,! the intermediate'P
level is an admixture of %P, and 'P; as a result of the spin-orbit
coupling, and the two-photon decay rate is non-vanishing. The rates

“associated with this process have been accurately calculated by Drake,

Victor, and Dalgarno?? and Bely and Faucher.?® However, there have
recently been several reports?’ of the observation in the solar corona
of single-photon emission at the wavelength of the 23S;-1'S, transition ‘ .

in heliumlike ions. The assigmment of these lines to this transition

28

~was suggested by Gabriel and Jordan, and the emission was ascribed

to a relativistically induced magnetic dipole process of the type
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discﬁseed in comnection with the_decay of the 2281/2 state of hydrogen.

Gabriel ahd Jordan?® also emphasized the aétrophyéical importance of the
decay rate of the 23S, state,‘shdwing that measured ihtensity ratios of
the lines 21P141180 2%P; 1Sy, and 2%S;1!S, for heliumlike ions could
be coupled with this rate to determine the electron den51ty in the solar

corona. Subsequently,vcalculations were made by'Schwartz,“ Drake,® and

~ Feinberg and Sucher® 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*ahd 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 11m1t, yields for the decay

" rate:

10 -1

6 710 (o1 R (11)

A (2°81) = 1.66x10
D. Decay of the 2°P, State of Heliumlike Atoms

 Magnetic quadrupole (M2) radiation ié generally of no conse-

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

El rates. However , Miiushima3° in 1964 first called attention to the
possibility that M2 radiation might be of astrophysieal significance for
atomieitransitions satisfyiﬁg the'selectidn rule AS'= +1. Subsequently ‘
Garstang®! p01nted out in 1969 that the spectrum of heliumlike ions
beyond chlorine (Z = 17) yields the possibility of observing a magnetic
quadrupole transition in the decay 23P2¥i185. At fifst view; this is an
extremely surprising conclusion. In ordinary helium, the 23P, level
decays to the 2°S; level (see Fig, 1) by a fully-allowed.electric dipole

transition, with a rate3? Ag1(2°P,) = 107 secl. However, - the Z depen-
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dence of this rate can be fOund~by’notiﬁg that
A, (2°P 5 {23P 123, 2 | a2
El .2) “.w-{l 2|-erl Sl l 9 ) CE el

whers is”théLBohr frequency for the transition éﬁd (|e¥j>“is the

matrix element of the electric dipolé-opéréfér. Now_fof the:23P242381
transition, the Bohr‘fréquency is,détefmined maigly;bY-the_eiectfoétatic
repulsion of théveiectrons, ;?%-,réﬁd’since 1¢hg£hs“$calé as 1/7 for
large Z, one concludes that w « Z and (le?l) o %f, so that A£1(23P2)<rz,-_

for large,Z. On the other hand, the M2 rate is
| 28,) = WS|(2%, R (18 |2, (13)
AMZ( 2) = w l Zvlerl D0 I ’ , .

‘where.now the Boht”frequency is determined by the interaction with the
_ ) | B

nucleus E%—-so that w -« Z2 and AM2(23P2) « 28. Hence it is clear that

~at some value of Z the M2 rate should predominate. Both Garstang?®! and

~ Drake®? conclude that, on the basis of numerical calculations, the

crossover point occurs around Z = 17,

IT. EXPERIMENT
A, General Apparatus

These expefimenfs were performed at the Berkeley Heévy'Ion;,
Linear Accelerator (Hilaé) with the'412-MeV,argon‘beam. At'this[ehergy,
correspondiﬁg tb a'beamﬁveldcity v = 4.4X109 cm/sec; exponential (1/e).
decay lengths () = Vf) aréﬁbf‘the brder of cﬁ f&r nééc lifetimes, i.e.,
relatively conveniént for laboratory meaéurements,. The experiments  are
conveniently done with a beam current of about lo_gfamps, although the

Hilac can deiiver $ubsténtia11y more than this"
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The apparatus is shown in Fig. 3. BaSically, the argon beam

-from the Hilac is passed through avsteering~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 moyable_track which has a
total motion of about 200 cm along.the beam, . The beam—foil interaction
produces 1ons 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 perpendlcular to the beam The beam then impinges
on a Faraday cup connected to an 1ntegrat1ng electrometer which measures
the total charge collected for nornwlization 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 1ndependent of such parameters as foil thlckness foil material,

and the charge state of the incident beam. The veloc1ty and the

3y
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 2100 ug/cmz. For example, it is found that, with

both a 100 ug/cm2 Be foil and a 600_ug/cm2'Ni foilu the charge'distribu—

*17: (50°) and Ar10 (259),

tion which emerges is roughly Arti8 (25%), Ar
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 content, a '"'thick"

librium situation was found, To enrich the Ar
> 100_ﬁg/cm2)'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 ) ions into our beam: p1pe FA '"thin" |
(ld}ug/cmz) earbOh foil was now mounted on our track. .Since this foil
was.much'thinner than necessary to reach charge equilibrium, it was ex-
pected thatrsingle electron captures (yielding Ar+l7) would dominate

over double,captures (yieldi‘ng'A.rﬂ.6

+17 ,,.+16

). Several independent measurements

~ indicate that Ar “"/Ar 77 & 20:1 using this-technique
Snnllarly, it was found that, by pa551ng the Hilac beam in the
+14 charge state d1rect1y through the thin carbon foil, a .ratio

Ar+16/

Ar+17?’ 6:1 could be obtalned. It ;s,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
Laboratory Nuclear Chemistry Electronics Group. A schematic of the de-
tector assembly is shown in Fig. 3. Two suchldetecters were placed on
opposite sides of the beam facing each other,’at'distances from 1 cm to ”
5 cm from the beanm. .The detector crystal was 5 mm in diameter and 1 mm

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

cover was used over the detector, in order to retain high eff1c1ency at
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low energies;d A 0.01-in thick Be plate_with a 5:mu diameter heie was
supported in front of each .det_e'ctor to prevent detection of _ex?
traneous X rays (e.g., from the chamber). | The overall computed effic-
1ency of these detectors is plotted in Fig. 4.

The energy callbratlon and resolution of the detectors were
obtained u51ng x rays from low-intensity radloactlve sources. Micro-
curie amounts of *°Fe and é*lAm provided a variety of lines fromv5.9 keV
to 22.8 keV A one- m1111cur1e 55Fe 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 bracketlng the argon energles near 3 keV. From
the pulse helght spectra of these callbratlon sources it was determlned '
that within the resolutlon of the system, the energy scale is linear
and passes through the or1g1n i.e., the pulse helght is a true measure
of photon energy. A sample pulse-he;ght-vs.-energy céiibration curve |
is shown in Fig. 5. | |

D. Data Handling and Analysis |

_The_puises'from the detectors were amplified and shaﬁed'using
standard high-rate pulse.electronics. ‘If single photons were beiné
examined, they were fed directly to the»input of an anelog-to-d_igital7
converter (ADC) which was read by a PDP-7 COnputer VIf coincident
photons were belng studied, a c01nc1dence c1rcu1t was used This cir-
cuit consisted of a pair of pulse dlfferentlators and fast shapers which
operated;a tlme-to-amplltude converter (TAC), and appropriate gates for
the analog signals. If two pulses arrived within'a fixed time interval,
‘they were passed en to a multiplexer,:which presented the:data sequen-

tially to the ADC. In'addition, pulses representing the time difference



-14- | - 'UCRL-20823

between "ﬁoincident“'pulseé‘and the analog sum of the two pulses could
be gehérated and were fed to the multiplexér as_additional data.

| - The accumulation of spectra could be bbsérVed in real time on
an»oscilloséope screen, which displayed the numbéf.dffbulses versus
pulse size.b.The accumulation ran continuously under'progrém contrbl,
accepting counts whenever they were presented,to]thé ADC. Spectra could
be plotted of stored on magnetic tape for later anqusis;<

- The analysis of the spectra wés genefally performed off~line;

Standard.functioné such as energy calibration, peak:analysis; integra-

tion, and coincidence sorting were used.

IIT. IDENTIFICATION OF THE DECAY' MODES

A. Identification of the 2El Décay of the 22S, State_of.Ar+17
< 1 _ T

' Identification of the two-photon decay of the ZZSL»Ievel of
- B

Artl7 is based mainly on coincidence techniqués;q A spectrum of the

l7-enriched beam and a foil_located a few cm

observed decay with the Ar'
.from the target_is shown in Fig.'6.; The continu@ﬁs spectrum is clearly
in evidence énd'is in rough agreement with a broad, flgt-tépped spectum,
' Unfdrtunately, detector”efficiency problems and electronic noise prevent
measurement of_thelépectrum below about 500 ev;'andxéinélé-photoﬁ decays
distort the spectrum near the end point. |

”Coincidence detection of the decay-phoféns was done:With‘stan-
dard circuitry having a resolving time.of ab¢ut L'ﬁsec. In the coinéi-
dence mode, the détéction of two photons in separaté'detectors within a
time intervél !Tl - TZI'S 5 psec was defined as a 'coincidence," For

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

G
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istered in the two detectors, the sum energy E + E2 obtained by mixing

the amplifier outputs for E; and E), and the time difference between

the pulses T1 - Ty, generated by the TAC. With a typical beam current

of 1 nA, coincidence rates were 0. 1tol sec_l.

Flgure 7(a) is a plot of the number of events versus the time
delay T, - T between the two photons ~ The zero in this plot was gene-
rated by 1ntreduc1ng a fixed delay in one detector; it was calibrated
using a pulse'geherator to simulate a trde coincidehce,f The peak in the
time spectrum of Fig., 7(a) is strong evidence that real coiﬁtident'
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 speetrum in Fig 7(a). The contri-

~ bution to that peak by accidental c01n51dences was removed by subtract-

'1ng an equlvalent number of events occurrnq;away from the peak (presum—

ably all acc1dentals), suitably normallzed. The main dlfference between
the singles‘spectra in Figs; 6 and 7(b) is that_thevcoincidence spectra
are roughly_the square of the singles spectra, thereby symmetrically dis-
cfiminating against the ends of the continuum, peaking'it more strongly
at the cenfer, The spectrum associated with the‘sum energy E; + E, ob-
served as true ceincidenceS'is shown in Eig.v7(t)§ Except for residual
noise due to accidentals which has beea 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,.:ThatdthiS‘line falls at

+17

3.3 keV is also strong evidence of the two-photon mode in Ar and not

+16

~ Ar 7, since the latter would give a peak at 3.I'keV.
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B. Identification of the 2El Decay of the ZISO'State of Artl0

The singles spectrum obtalned with the enrlched Ar 16 is g,

shown in Fig. 8. The contlnuous spectrum characterlstlc of two -photon
emiSSion‘is again in evidence. A c01nc1dence spectrum taken_w1thvthls
beam is shown in Fig. 9. L

Unfortunately, this data is not of sufficient quality to dis-
tinguish this spectrum from that associated mith two-photon,decay of

Ar*l7 ) although the intensity and the fact that it is obtained with the

+16

Ar “°-enriched beam is suggestive. However , a decay curve taken with'j

this spectrum (Fig. 14) shows that it decays with a 11fet1me that is

substantially faster than the 11fet1me assoc1ated with the Ar 17

bean,
and is also in good agreement with the theoretical lifetime for the )
decay of the 2!S, state of Ar+17 (see Section IV.B).

C. Identification of the Ml Decay of the 23S, State of Art16

In order to identify the Ml decay mode of the 23S, level of

+16, advantage can be taken of the eXtremely long decay length

Ar
(8 meters)‘associated with this mode. Hence a foil placed several

' meters upstream of the detectors will be sufficiently far away that all
levels except 23S; will have decayed to -the ground level by the time the
jons 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, butris at the correct o
energy’> for the 2381—1180 decay. To establish that the observed x'ray

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

mounted 1n front of ‘the detector The Sllt p051t10n determlnes whether

the detector views upstream downstream or stralght ahead and there-
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fore permits dbservation of the Doppler shift. TheaSpeetfa'obtained
with.the slit in the three viewing positions are ;ﬁown in Fig..ll. The
Doppler shift is clearly visible and is roughly censistent with the
expected shift. | |
| o corroborate that the decay arlses from an ion in the
beam, spectra were obtained w1th beams of sulphur (Z 16) and 5111con
(Z = 14) and are shown in Fig. 12. Because of the longer lifetimes
involved, the th—photon continua are starting to appear. A comparison
of'measured'energiesvwith fheoretical energies is ehown in Table I, On
the basis of;thisyagreement ahd‘the iong 1ife£imee invoived; we conclude
that the observed deeay_is indeed the single-photen 2%s,-11s, transition }
D. aIdentificatien of the M2 Decay of the 2°P, State

Aa indicated in Fig. 1,vthe energy associaped:with the trans-
ition 2%P,—1'S, differs from the 2381—1180'traneitien energy by only
22 eV, The emission lines are not resolved by ouf‘detectors which have
a width of about 200 eV. That the observed line at 3.12 keV (Fig. 6)
actﬁally consists of two components is established by the decay curve of
Fig. 16."The slow decay is associated with the decay of the 2%S, state,
Whereas the lifetimevaSSOCiated with the fast decay'is in good agreement

with the theoretical lifetime of the 2°%p, state (see Section IV.D).

IV, LIFETIME DATA

The lifetimes are measured by plotting the intensity of the
emission spectia_(ZEl,.Ml, 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.integratéd beam current measured with the 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 | (1h)

" can be made, thus determining t.

A. Decay of the.2’S, State of Art1?
2

The beam used for this measurement is the enriched Ar+l7 pre-

pared by the two-foil techniqué described in the beam préparation-sece
tion. The singles speétrum obtained.withvthis beam is shown in Fig. 6.
There are two faéts'which lead us-to'believe that the spectrum is due
almost entirely to real counté associated with two-photon decay from the
22_81/2 state. First we note from Fig. 7 that this spectrumvis in reason-
able agreément with the singles spectrum obtained only from coincident
events. There is, however, a rise on the high-enefgy end which is due
to decays from the M1 transition of the heliumlike ions. Second, the

+17

coincident sum energy E, + E, falls at 3.3 keV, the energy for Ar

1
Furthermore, the background rate at energles 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 thé singleé rafe 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



-19- o UCRL-20823

the high-freqﬁency cutoff was chosen to avoid counts from M1 and M2

*16 4 toms present in the beam.

decays of any metastable Ar
Counts were obtained simultaneously in both detectors and the

normalized rates averaged. Typical data from one‘16—hr run are plotted
in Fig. 13. It is seen that at large distances the count rate flattens
out te a relatively constant background; the origih.of this background
is not khown,,but.a piausibie hypothesis is that it arises from magnetic
dipole x rays which are incompletely eonverted.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 notbseem to us to be
crucial. In fact, the background is treated as a eonstant and aub-
tracted from-ail 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 (1/e) decay 1engths; thus lending support to this subtrac-
tion procedure. The decay rate A(zzsl) is obtained by dividing the
known beam ve1001ty by the mean decay length determined from the plot.
The mean 11fet1me of the state is then T = l/A

The results of several independent such'determinations are

-listed in Table II. To eachﬂvalﬁe,.a weighting_factor LA is ‘assigned
that indieates the relative»quality of the data. The weighted average
of the lifetimes 1 = Zw /Zw and the weighted RMS deviation

o2

ZW (t - 1) /Zw is taken as the measured lifetime and its error,

V respectively The f1nal result is: - .

T(ZZS%) = 3,54+0,25 hsec ,

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 negligible.

The}possibility of quenching arising from collision of beam
ions with the background gas was'studied by ihcreasdhg the background
gas pressure'by a factor ofhlo. No observable effectroﬁ the decay rate
'was meanred to within 5%, | |

B. Decay of the 2!S, State'of‘Ar+16

" The beam used for this work was the Ar+16;enriched:beam des -
cribed in the Beam Preparation section. The measurement of the decay
rate proceeded in an essentlally identical manner to that of the 2 %Pmeasure—
ment. The. 1nterva1 over which 1ntegrat10n was used was somewhat less
' than in the case of the 2281/2 decay; due t0'the strong presence of the
3-keV peak. The normalized count rate isbplotted'against foil-detector
separation in Fig. 14, Herevagéin a constant background manifests
itself ét large separations and the actual decay curvetis obtained by
subtracting thie background from all-the points, Table III lists the
results of'independent determinations of T(2'Se). As before, weights
were assigned according to the quality of the data;vand the‘weighted.
vaverage is quoted as the measured result, |

The blggest uncertainty associated with this rate arises from
contamlnatlon of the continuous spectrum by decays assoc1ated with the

228, state of Ar 17.
2

Since this spectrum overlaps the region of inte-
~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

D

)
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longer than the true value.
A’ model for estimating the fraction of>2""S1 decays preseht can
' - _ %

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

bution show that %%{%%%—é:é%-, Moreover, on theoretical grounds one ex-

pects A(ZZS%)fv %,A(2!Sy). The problem of estimating the probability
per ion of‘fofming the 2!S, and Zzs%bmetéstable Statés, P(2!S,) and
P(zzs%) réspeétively, now remains., A'reasonable éssumption is that the
passive 1s electroh acts mainly to shield the nucleus and the levels of

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

17 *16 116 electron occupies

and Ar' -/ systems. However, in the case of Ar
the triplet state 75% of.the time, so we obtainiP(leo) = VLP(Zzs%).
With;this'assumptiOn we conclude that approximateiy 30% of the décays at
the foil belong to AcL7 | |

| We have used this model to correct fhe.faw data, and a tYpical
decay curve and the subtraction procedure used to obtain‘thé decay rate
are shown in Fig. 15, The result obtained in this way is
T(2'Sy) - 2;33t0.1 seé. The uncertainty in this»correction is clearly
théllargést source of error in our result. However, the méasured 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:

" 1(2'S,) = 2.310.3 nsec,

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

sible systematic errors.
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C. Decay of the 2%S; State of Act1®
The mean length associated with the ML decay of the 23S; state

16

of Ar*'® is about 8 m and is substantially longer than the length asso-

ciated with the decay of any other level. Hence, bf 1ooking at distarnces

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

Becausebof space 1imitati6ns, the foil was moved 6n1y through a total
distance of about 1 m, or only about 1/8 of a mean 1ength, so that the
total 6bser€able decay is small, The data were accumulated in short
time intérvals (~3 min), moving the foil cyclically through five or six
pbsitions in order to average ouf slow variations in the beam and/or
apparatus. A sample decay curve taken with the foil at 1arge distances
from the detector is shown in Fig. 16. FIn Table IV the results of inde-
pendent measuréments of 1(23S,) are summarized. The weighted average
and RMS deviation were computed as before, The fiﬁal result including

a 1% correction for relativistic time dilation is

T(2%S1) = 172 + 30 nsec,

The uncertainty again reflects our estimate of the possible sources of
systematic error,

D. Decay of the 23P, State of Art16

A plot of the decay of the 3.1 keV line is shown in Fig. 17.
As mentioned in Section I1.D, the energy of the 2%P,—1'S, decay cannot
be resolved from the 23S:-1'S,, and the observed compound decay is con-
sistent with this fact, If it is assumed that no other decays are
present, fhe separation of this curve into two exponential components

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

[
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 the slopes y1e1d 1(2%P,) and T(2351)

In. Table V the values of t(2°3 Pz) obtalned from 1ndependent

decay curves are listed, The weighted average-result is

T(23P2) = 1.7 £+ 0.3 nsec -

where the errer is based on our estimate of the size of»pessible Sys-
tematic uncertainties.
V. COMPARISON WITH THEORY

In Table VI a comparison of the measured_and theoretical 1ife-
times is:given. Agreement of the measured two-photon'rates'with_the
theoreticaliy'expectedtrates is good for both the ZZS; state and the 2!,

Lo ) .2
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'relétiviétic'correetions to the non-

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

about 2%. However, thlS is of the same order as our uncertalnty, and
hence a relat1v1st1c calculatlon is needed to assure that the agreement
is real, Experimentally, we are currently attempting refined measure-
ments which will yield the;tfansition rate to an accuracy of 1% in
elements of somewhat higher'Z.’ |

If the theoretical and experimental retes 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'theIZZS; wavefunction
¥ ¥
+17

. of Ar ©°,  The existence of such a parity-violatiﬁgvcomponent‘hasvbeen

considered by severdl authors“’13 and is discussed earlier in this

paper (Sectlon.I.A). Write $(2%S,) = #(22S,) ¥;g@(22P;), where ¥(22S, )
2 : 72 2T 3
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is the actual wavefunction and the ¢'s are the solution to the
Schrddinger equation for the 22S, "and 22P, states respectively with €
. et T _ % % ,

a small numerical parameter we obtain from our experimental uncertainty:‘
le] = 6x107* |
Our experiment cannot determine a possible phase factor associated with
€.
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 < 7x107°

. This is smaller by more than a factor‘ of 1&» thanvth’e previous upper limit based
on the 28;é lifefime of He'.'”7 This limit on A is based on the assumption
that the La'mb"shift '(AL’) in the n = 2 state is given by Ap = 103 zh MHz .
The actual value is as yet uncalculated and may differ substantially
from this result.

Our result for the lifetime of the 23S£ ievel 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_ié made over a small
fraction of a decay length, and hence the exponehtial 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 llfetlme i.e., the one which is measured, mnst_be longer than the
true 11fet1me Further experiments are planned On.higher-Z ions in

order to observe Ml decay over several decay lengths.

‘The decay of the 2%P, level of Af+16 prbceeds'by two predomi-
nant mechanisms, El decay to the-2381'1eVe1 and M2 decay to the ground

- 118, level. fRecently, Drake®® has computed the_El rate with the result

8 sec'l.

A (2%P2) = 3.55x10 If we write

. 1 " . )
T(2°P, ) AMZ o (15)
and use the value“’33 (23P2) = 3, 14XIO , -the theoretlcally
2

predlcted lifetime is T l 49X10 = sec, whlch is within our experi-

mental error.
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~ APPENDIX
-‘Lifetime of the Z?S; State‘of’Hydrogenlike Sulphgf,
2 L .

:We have aise ﬁkasured the lifetime of the 2281/2 State of hydrd-
~genlike sulphur (Z‘= 16) using the same techniqueé deseribed_in Sec. II
and IIT A, The singles spectrum observed with the eulphdr beam is shown
in Fig. 18. ThlS spectrum exhibits the same features seen in the argon
spectrai the Ml/MZ peak at the 25- 18 energy separation (%2 45 keV), the
-detector Si K absorption edge at 1. 84 keV, and the broad continuum be-
tween E = 0 and.E.a:2.4 keV' identified as the two-photon spectrum, Thls
spectrum was observed on'several occasions, but only one decay curve

- (Fig. 19)1WaS‘obtained;' The lifetime obtained from this_decay curve is
' 1(2251) = 6 9 + 0.5 nsec, The largest uncertalnty in this result is the
contribution of hellumllke ions to the 2E1 spectrum, We can use the

same type of analysis as Sec, IV B to estimate the 2 Se=1'Sq S *14 con-

tribution. Measurements of the charge distribution gave gg:ig).é’%-.
. ’ l
5 2El(2 5, ) and P(2's o) =t P(zgs%_),

lh, the rest

Assum;ng es before that A2El(2 S ) ~

we find that, at the foil, 3/32 of the decays are due to S

S+15. Thus, we can correct the decey curve in the manner of Fig.rls{

-

The final result is .

T(Z S, ) +.0.7 nsec.

This result can»be compared with the nenrelativistic asymp-
totic prediction [Eq. (6)], T = 7.23 nsec. vThe geodvagreement between
theory and experiment tends to confirm our identification of the two-
photon decay mode, and the predlcted Z dependence of the llfetlme To

+16

the extent that, in two 1ndependent cases (Ar 21Sy+11S,;
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_ S+15_223%+125%),>the correctiohs for céntaminatioﬁs‘from other decays
tended touiﬁprove the agreement between theory ahd'experiment, our
“reasonable“’model of.the excited state populations, P(Z‘So) = %-P(ZZS%L
is confirmed, In other words, the idea that, so far. as one-electron
fransitions are concerned, a héavy heliumlike ioh of atomic numbér Z
acts . like a hYdrogenlike atom of atomic number Z-}‘c_(o‘° 1), appears

to be supported by our data.
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'Tablé.I;5vaservéd and predicted energies‘(é3éi_ilso), in keV.

Si XITI S XV © Ar XvII
Observed - 1.85 (0.10) 2.46 (0.10) ~  3.13 (0.10)
Predicted & 1.84 . 2.42 3,09

a 'Reféfence 35.
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Table . II. Summary of measurements of-T(Z?SBQ).'

T (nsec) a g (nsec) b, W’eigh-tC

L N

3.46
3.63
3.60
3.62

0.15
0.10

0.10

. 0.10

0.4

0.5
0.5
1.0

a

b_ Represents 67%\confidehce."

C

reliability of dafa.

Uncorrected raw data,

. Assigned according to general quality and
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| Table III. Summary of measurements of T(2'Sy).

T (nsec) Teorr (nsec) = o (nsec) Weight
2,69 2.8 0.15 0.4
2,53 2.26 0.3 0.1
2.62 2,34 0.2 ‘1.0
2.69 2.34 0.2 1.0
2.63 2.26. S 0.2 1.0

a Uncorrected raw data.

b 'Corfected;for admixture of 2‘_251/2 2E1 decay.

¢ 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 1(2°S,).

T (néec) a o (nsec) b Weight ¢

162 . 30- 0.1

128 30 0.1
199 - 40 0.5
175 20 1.0
170 4 0d  gsd
1724 ¢ 15d 104
159 15 0.4
90 15 o5
1415 0.3
172 12 10
| 172_?.' s 0.2
69 1z 0.7
200 © 50 € 0.1

Uncorrected raw data,
‘ Repreéents 675% confidence.
€ Assigned according to generai quality and
reliability Qf'data;
v Pressure 2.5 times normal.
© Two foils separated by 16 ft. Nearer foil

‘about 20 ft'from detectors,

L=



b
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TableﬁV. Summary df‘meaSUTements'of‘T(ZaPz).

‘T (nsec) 2 g (nsec) b Weight ¢

1.7 : 0.15 1.0

1.8 0.2 0.5

”_a',Uncorrected raw data,
Represents 67% confidence.
Assigned according to general quélity and

" reliability of data.
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‘Table VI. Measured and theoretical lifetimes

Ion - . State " Texpt(nsec) Ttheery(HSéc)
+17 2. - a . b
Ar _.2 81/2 3.54 + 0.25 | C o 3.k46
artle 2180 | o 23%0.3° 2.35%
2%, | 172 + 30° 210° -
23P2 ' R 1.7 + 0.3%° S -,"1.h9‘g
+15 - S ' ‘ h . b
S , 2%y, T.3 £ 0.7 .7 o 7.11

Includes l% correctlon for relat1v1st1c tlme ‘dilation.
Préludes nonrelativistic two-photon decay (Eq. (6)) and relat1v1st1c
magnetlc dlpole decay (Eq (4)). »

Includes correct1on for presence of Ar T ions (See;Secﬂ IV. B);
assumes T(2 51/2) known'. .

dNonrela.t1v1st1c asymptotic (to large Z) value 1nclud1ng partlal
screening by ls electron (Eq. (10)). Assumes screening constant _v
o = 0.797, which is a variational result.of Drake36‘forlZ = 10.
®Average of two results: DrakeS> (212.7) and Schwartzl-L (208). calcu-
latiqns include leading relativistic and finite wavelength-correetions.
Asymptotic formula (Eq. (11)) yields 168.7.
fAssumes 2381 -1 SO M1l decay. rate known, so compound decay curve could
be analyzed into two simple decays (Seec. IV. D).
€assumes calculated value for the 23P2 > 2381 El rate (Sec. V.).
hIncludes correction for presence of S+l (see Appendix),assumes

T(QlSO) to be value celculated from Eq. (10).
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Figure_Captions

1. Energy 1evels and decay schemes of hydrogenllke Ar +17

hellumllke Ar 16.

and

2. Predlcted nonrelativistic frequency‘distribution of photons:

+17

from two- -photon decay of the 2251 state of Ar and the 2'S, state

of Ar 16

3. Schematic diagram of the experimental apparatus.

4. Computed absolute efficiency of the detectors used in these
measurements.’ The sensitive volume of the deteCtor was assumed
to be overlaid w1th an insensitive Si layer 4000.A th1ck

Typ1ca1 pulse he1ght 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
llnear;ty of the scale is clearly in evidence.
6. Typical observed single-photon spectrum identified as the two-

+17

photon decay1228%+128; of Ar These raw data have not been
2 .

corrected for, e.g., the efficiency plottedpin Fig. 4.
7. Typical cbserved spectra of At using coincidence.mode.
(a)v'Number of events vs. timejdelay between photons;_(b) Number
of photons contributing to a coincident event vs. energy; |
(c) 'Nunber of events vs. sum energy of two:photons.

. : . +16
8. Typical observed 51ngle-photon spectra_of Ar ~-, for several

foil-detector distances.
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Figure Captions (cont.) - L

16

9. Typical observed spectra of Ar'" “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:énergy of two photons.

10. Typiéal observed spectrum identified as fhevfelativistically
induéed'magnetic dipole tranéition 235,+11S, of ArT19; _

11, ﬁoppler shift of the ML line of Fig; 10;‘ (a) ”Deteétor
viewing'downstream; (b) Detéctor_viéwing perpendicular td'beam;
(c) Detector viewing:ﬁpstreém. o

12; Z'depehdence of the M1 line of Fig. 10. v(a) Aigon, Z = 18;
(b) Sulphur; Z =165 (c) Silicon, Z= 14.:1 o

. 13, Typical decay curve of the 2El spectrum of.Ar+l7 shown in

Fig. 6.

14, Typical decay curvé of the 2E1 spectrum of Ar*® shown in
'Fig. 8. o

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

correction of the data forvthe_Ar+17‘2El degéy. The solid circles

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

17

. + . . . ’ : .
tion of Ar ©°, the open circles are the difference (representing a

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

open circles.

16. Typical decay curve of the Ml line of Ar™10 shown in Fig. 10.

+16

17.. Typical decay curve of the 3.1 keV line of Ar shown in

Fig. 8.
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d.Eigure Captions (cont.)

Flgv 18 Observed 51ngle photon spectrum 1dent1f1ed as the ZEl decay _

~ _ S of the 228 state of .S +15,

-Flg. 19. Observed decay curve of the 2E1 spectrum of S +15 showh in

CFigl 18, .
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LEGAL NOTICE

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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