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Anomalies in the decay rates of antiprotonic helium-atom states
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Six resonance transitions of the antiprotonic helium atom in helium gas at densities< 0?3
3x10?* cm™2 were studied at the antiproton deceleratabD) of CERN. The decay rates of the daughter
states of these transitions were determined either from the time distributions of the resonance spikes or from
the widths of the resonance lines. Whereas most of the observed decay rates agree with theoretical calculations
of Auger rates, two statesn(l) =(37,33) and32,31), were found to have decay rates two orders of magnitude
larger than predicted by these calculations. The effect of coupling with near-lying electron-excited states is
considered to be the reason for the anomaly of 8%e 33 state, as pointed out by Kartavtsetval.[Phys. Rev.
A 61, 062507(2000].
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[. INTRODUCTION We arbitrarily refer to states with Auger rates of16 1
or more(i.e., with values much larger than the typical radia-
The antiprotonic helium atonp¢He™) is a neutral three- tive one$ as “short-lived” ones. A laser spectroscopy tech-
body system consisting of an antiproton, an electron, and aique in which a transition from a metastable state to a short-
helium nucleus(see[1,2], and a recent comprehensive re- lived state is stimulated as described in Ré€s7], has now
view, including historical materidi3]). Antiprotons captured peen applied to many transitions of theHe™ atom[8—11].
at high angular momentum have been shown to populate |n 2000, we applied this method to six of the seven tran-
“metastable” stategi.e., states having lifetimes of the order sjtions shown in Fig. 1 and Table I, using antiprotons pro-
of microseconds with large principal and angular- duced at the new CERN antiproton facility, the ABntipro-
momentum quantum numbensl ~38. This metastability re-  ton decelerator The transition frequencies were determined
sults from the drastic dependence of the Auger fat@n the  with accuracies between 0.1 ppm and a few dad®]. Ex-
lowest possible transition multipolarity, the minimum an-  cept for the 617-nm transitiofguantum numbers of the tran-
gular momentum carried away by the Auger electfdh  sitions are summarized in Tablg these agreed with three-
Typically body variational calculationg 3—17 within a few ppm. For
the 617-nm transition, the difference from the theoretical
ya~10773 51 for L =2,3,4. (1) value by K_orobov[13] was 80 ppm. Moreover, its width of
20 GHz[widths quoted in this paper are always full width at
) ) ) half maximuni was clearly inconsistent with the usual figure
Antiprotons in metastable states will thus proceed to lower1_4 GH2 arising mainly from laser bandwidth. This sug-
states via radiative transitions along the dominant cascad@ested that its daughter statg7,33 had an anomalously
chain, @,1)—(n—1]-1), v=n—I-1=const, with typical  |arge Auger rate with respect to Ef}), the contribution of
level lifetimes of 1-1.5us[4,5]. To the extent that the ap- \which to the measured width would normally be negligible
proximation of Eq.(1) is valid, this radiative sequence will (10 MH?2) for this L.
continue until the lowest possible multipolarity reaches a  another striking deviation from Eq(1) appeared in the
critical valueL = 3. At this point Auger decay will dominate search for the 265-nm transition. We expected that the state
and the neutral atom will becomemHe" " ion, which is (32,31 with L=4 would be the lowest metastable one in the
then immediately destroyed by Stark transitions. v=0 chain. However, instead of the 265-nm transition, we
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FIG. 1. Energy diagram q?—He* atom ancH—He** ion. The six observed transitions are shown as solid arrows. The 265-nm transition,
also shown but as a broken arrow, was not observed in the present work. Two transitions, 597 nm and 726 nm, have a common daughter state
(38,34. The indicated state87,33 and(32,31) had “anomalous” decay rate$See texi.

h TABLE I. Wavelengths of the transitions. In this paper, transi-
ions are denoted by their wavelengths. The last transition was not
observed in the present work.

found the 296-nm resonance, near the theoretical waveleng}
296.11 nm, provinga) that the stat€32,3)) is actually short
lived, and (b) that (33,32, and not(32,3)), is the lowest

metastable state with=0. . (nh—(n",1") Av Wavelength(nm)
It must be mentioned that these conclusions were drawn
for certain helium target conditiongdensity 3x107°— (37,34)—(38,33) 2 713.58
3x10?* cm™3), and that collisional effects are known to  (36,34)—(37,33) 2 616.73
change the short-lived or metastable character of certain (39,35)—(38,34) 0 597.26
stateqg 18]. It is thus important to know whether such unex-  (37,35)-(38,34) 2 726.09
pected short lifetimes were caused by anomalously large Au- (35,33)-(34,32) 0 372.58
ger rate or by in fact collisional effects. (33,32)—(32,31) 0 296.11
We discuss in detail below the experimental results on (32 31)-(31,30) 0 264.69

decay rates of daughter states for all six laser resonance tran
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sitions mentioned above. The connection of Auger rate 5 T

anomalies like those described above with electron-excited '_(37,37‘?:(38,33) FWHM = 69GHZ]
nm
B 4 ) ]

states(predicted in fact by Kartavtsest al. [19] before the
present experiments were carried Jowtll be discussed.

Il. EXPERIMENTAL PROCEDURE AND DEDUCTION
OF DECAY RATES

7134 7135 7136 7137 7138
Wavelength (nm)

The experimental method, further details of which may be
found in Horiet al.[12], was based on the laser spectroscopy
technique[6,7] used in similar experiments at the now-
defunct CERN low-energy antiproton ringEAR) facility.
Antiproton pulses of duration-300 ns, each of which con-
tained some 10particles were brought to rest in a helium
gas target at a temperature of 5.5 K and pressures between C ]
200 and 2000 mbafdensity 3x 10?°°-3x 10°* cm™3). For - 5
each transition, measurements were performed at three or - .
four different fixed target pressures within this range. oF :
Charged pions produced by their subsequent annihilation

5 ._(36,34)—»(37,33)l FWHM = 20GHZ’]
= 617 nm -

Resonance intensity (arb. unit)

L

616.7 616.74 616.78

were detected by &@enkov counters, time spectra of these Wavelength (nm)

pions being recorded as analog pul$&SDATS,” for ana-

log delayed annihilation time spectryyiy a digital oscillo- FIG. 2. Resonance profiles of the transitions (37-3438,33)
scope[20]. and (36,34)-(37,33), with target helium gas conditions 5.5 K and

When we applied a laser pulse tuned to a wavelength of 260 mbar.
metastable to short-lived transition, a sharp peak appeared in
the ADATS, the intensityarea of which was proportional to  parameters, which are, Gaussian width, Lorentzian width,
the number of antiproton annihilations induced by the lasegentral frequency, and height. The two fitted functions have
pulse[6,7]. Spectral line profiles could then be obtained byjgentical shape but their centers are separated by the hyper-

plotting the peak intensity against the laser wavelength agine splitting[21], caused by the coupling of the electron spin
this was scanned through the central transition wavelengthand thep orbital magnetic moment.

Several factors contribute to the observed linewidth. They The Gaussian width includes contributions from the laser

include 'gh'e natural Auggr width O.f E@) as well as Doppler linewidths and the Doppler broadening. Laser linewidths
and collisional broadening, and instrumental effects such ere determined by measuremdag] to be 3—-5 GHz for

the laser bandwidth and power broadening. Most of the Iinqh ; :
. i . .these cases, while the Doppler widths were calculated as-
profiles so far observed had widths around 1-2 GHz. This i uming Maxwell-Boltzmann velocity distribution of the at-

gom%arab(;g W'tth Wha{ VIVOL.’cIShbe (laxpec;ed from Te Dc;p:g Ier'oms. The Lorentzian width, then obtained from the fit could
roadened instrumental widins alon€. However, two otinemy,q, .,y erted to values for the natural widths/decay rates of
the 714-nm and 617-nm resonances had much broader re

nance profilegFig. 2) suggesting large natural widths of the%(P]e daughter states using H@).

sumption that its measured width is dominated by the Auger
width, its fast decay ratey~5x 10'* s~ 1) was determined
from the relation between the lifetimg the decay ratey,
and the natural widtl v,

TABLE II. Various contributions to the widtliin GHz) of the
714-nm and 617-nm resonances. Power broadening and collisional
broadening are less than 1 GHz. The typical order of Auger widths,
estimated by Eq.1), are also shown for the purpose of comparison.

Ur=y=2mAv. 2 Transition 714 nm 617 nm

This decay rate was in good agreement with the Auger rate Total experimental width 692 20+1
expected from Eq(1) for L=2 (ya~10' s 1). In other Broadening source
words, the decay rate of tH88,33 state is not anomalous. in addition to the natural width

On the other hand, the width of the newly observed reso-  Laser linewidth 41 4=1
nance at 617 nm was 20 GHz. This is anomalously broad for  Doppler width 0.3 0.4
L =3 transitions, for which the valug,~10® s™! obtained Power broadening <1 <1
from Eq. (1) corresponds to a width of the order of 10 MHz Collisional broadening <1 <1
(as mentioned aboye Hyperfine splitting[22] 1.7 1.7

For these two transitions we fitted the resonance profiles Deduced natural width 614 18+3
with a sum of two Voigt functions. A Voigt function is @  Typical Auger width 16 0.016

convolution of a Gaussian and a Lorentzian, thus it has fous
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function to the peaks in the small range indicated in the
figure. In this range, we assumgdt) is approximately pro-

[~ For these four states, measurements were done at three or
four target densities betweenx30?° and 3x10?* cm ™3,

and revealed no significant density dependence of Auger
rate. However, it might be interesting to see if there are de-
pendence for far lower densities.

(35,33)—(34,32)
373 nm

-‘g (37,34)—(38,33) portional to an exponential function with an instrumental
2 714 nm time constant of 3—6 ns, which was determined from the
'c% C specification of the PMT ande&enkov counter. The experi-
o - (39.35)—(38.34) Fitting range mgntal errors were calculated from the statist_ical errors _ob-
® [ s97nm \ tained from the fitting procedure, the uncertainty of the in-
c F N strumental time constant, and the deviation of the result by a
-% C shift of the fit range within=5 ns. For the staté38,34, we

= [67.35-(3834) used the mean value of the fitting results of two transitions,
E 726 nm 597 nm and 726 nm.

g F

|

(33,32)—(32,31)

596 i \ ll. RESULTS AND DISCUSSION
T A. Energy-level diagram
oo b bon b b b Lo o Figure 1 shows the energy levels of antiprotonic helium
-80 -40 0 40 80 — . .
. atomp-He™, with solid lines denoting metastable states and
Time (ns)

wavy lines denoting short-lived, or Auger-dominated ones.

FIG. 3. Comparison of the resonance peaks in ADATS. For eacl;l’he_me_tastable Zone 1s ShO.W” on the right as in previous
transition, typically spectra of about 100 AD shots are summed uppubl|cat|0ns(e.g., [12)), and includes energy levels corre-

The peak heights are normalized to the same value. sponding to a & “ground” electron (n.=1, I,=0) and an
antiproton withn;; andly), of order 35. We now include on

. . the left some of the electron-excited stat 23, ...
tings, theoretical values by Bakalov and Korod@2] were ina bel h -~ e Dt | % h )
used. In general, the remaining Lorentzian part includes coHyl'ng| elow t de Ne=c2, I.€., p-He | lon Slt%tes' hese
tributions from the collisional and power broadening effects®'€Ctron-excited states are strongly coupled to the con-
as well as the natural width. However, in both cases thdnuum, which usually means that precise energy-level calcu-
Lorentzian part showed little or no change when we varie

ation is difficult. However, as the electron-excited orbits are
the target gas density, which means the collisional and powef! rom those of the antiproton far, smaller than about 40,
broadening effects were much less than 1 GHz. We consél'€l €nergies can be approximafed] by
guently assumed that the natural and Lorentzian widths were

2
approximately equal. Most of the errors come from the un- E=— _MpMa Z__ i 3)
certainty of the laser linewidth and the fit error. my,+m, Zn% 2n2

For the remaining four resonances the daughter state Au-
ger widths are much smaller than the instrumental widthsjn atomic units. Her& =2 is the atomic number of helium.
and do not significantly influence the observed line shaperne energies determined from E&) are shown in the figure
Their corresponding lifetimes are, however, long enough Qnote, however, that the actual energies have a slight depen-
produce tails in the ADATS resonance peaks themselves. Thgance o, and are not perfectly degenerathe maximum
time profile of the resonance peak intendify) can be rep- I andl, beingn;—1 andn,— 1, the maximuni is ny+n,
resented as a convolution bft), which is the instrumental o5
time profile of the resonance peak, and an exponential func-  sjnce these electron-excited states have very short life-
tion exp(— ). Herel (1) is determined by the time profile of times, it is not normally necessary to pay any attention to
the laser puls€3—5 ns widg broadened by the transient time them as they are not directly concerned with the metastabil-
spread of the photomultiplier tub@MT), while the expo- ity This ceases to be the case when they intrude into a meta-
nential function represents the decay of the daughter stalgaple state, i.e., when, by chance, they are close to it in

with a ratey. energy. Among the states observed so far, this degeneracy is

Figure 3 shows the resonance peaks of five transitiong|gge enough to play a role only in the cases of 3233
The topmost panel shows the resonance peak of the 714-nghq (32,31 metastable levels.

transition discussed above. This is included to exhibit the
instrumental shapé(t) alone as its 2-ps lifetime is much
smaller than the laser-pulse width. In the other four cases,
tails corresponding to daughter state lifetimes of order 10 ns In Table Ill and Fig. 4 we summarize the deduced decay
are superimposed on the resonance peaks follow({ip rates of the short-lived daughter states and compare them
We deducedy in these cases by fitting the convoluted with the Auger values calculated by various authors

B. Experimental results
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TABLE IIl. Experimental decay rates and theoretically calculated Auger decay ratestin_sis the
minimum transition multipolarity of Auger decay. The results of past experinjd@sare also shown. For
the stateq(39,35 and (37,39, the radiative decay is dominant and the experimental decay rates cannot
directly be compared with theoretical Auger rates.

State L Experimental values Korobov and Shimam{28] Kartavtsevet al.[19] Kino [17]
(38,33 2 (3.85+0.26)x 10" 3.1x 101 3x 10

(37,33 3 (1.11+0.16)x 10 5.7x 10° 3x10° 4.8x10%
(38,34 3 (1.110.07)x 10° 1.3x10° 1.4x10°

(34,32 3 (1.45-0.16)x 10° 2.2x10° 2.3x10°

(36,33 3 (2.2+0.8)x10% [18] 2.4x 10

(32,31 4 (1.17+0.12)x 10° 6.1x10°

(39,39 4 (radiativd (6.5=0.2)x10° [18] 7.0x 10 8x 10

(37,34 4 (radiative (6.7+0.5)x10° [18] 1.9x 10°

[17,19,23. As the radiative rate is comparatively small, the It was pointed out by Kartavtsev and co-workgt9,24
Auger rate is here by far the largest component of the totathat the(37,33 antiprotonic state with the electron in ground
decay rate. For comparison, we also include alreadystate is strongly coupled with dr=33 three-body state of
published dat&18] on a few other states, together with their the configuration (32,33 (3d)., as they have nearly the
theoretical values. same energycf. Fig. 5. This accidental degeneracy would

Most of the measured decay rates are well clusterethe expected to give the statg7,33 an anomalous nonradi-
around the “rule of thumb” relation Eq(1) between the ative character. The admixture of the excited electronic con-
Auger rate and its minimum multipolarity. They are also figuration enhances the decay rate, while the dipole transition
close to more precise values from various theoretical studiestrength to this state may still be normal fap=A(n—|I
States(37,33 and (32,3) are, however, exceptional; their —1)=2. The value predicted by Kartavtsev and co-workers
observed rates far exceed both those expected from{1Eq. is in fact fairly close to our observation. Variational calcula-
and the theoretical values. Let us discuss these two anom#éens by Korobov[13-15, Kino and co-workerd 16,17,

lies. which include the above configuration mixing effects auto-
matically, yield values that are also close to the experimental
Decay rate ones. Thus, the anomaly in the std®&7,33 is very well
Lo () 105 108 1011 (&) explained in terms of the mixing effect of the electron-

excited configuration.

| , , | , , | ,
2 (3839) J The second anomaly observed for the st@2,3] is an
: ; ; : ; ; : ; enhancement of the decay rate of abouf-100° over
(37,33) ; ; ; : ! ol ooa ﬂ' ; 0.1-1 us ! which is expected for an=4 Auger transition.
4 : : : : : { | Although a similar configuration mixing effect has been pro-
(38,34) ' ! ! | N ! ' ! posed by Kartavtsev and co-workers, the decay rate anomaly
5 ; ; ; : ; ; ; ; has now been shown to be a collisional effect, similar to the
(3432) : i i iy i ; i lifetime shortening of the stat@7,34 [18]. In a future pub-
; ; ; . ; ; ; lication [25], we shall present evidence for the collisional
(36,33) 18] i i oo i ; i origin of the enhanced decay rate at the density used in the
: i i : i i i : presently described measurements, obtained by using a ex-
(32:31) : o i ' i i i i tremely low-density target.
4 (39,35) [18] Eﬂ: 'i i i i i i i Excited  Ground Excited  Ground
— ~ 28— m=32 =y [ e ne-m
" 'I I 1 I I 1 I 3 [ [ P g -
(B734) 18] g ' : ' ' : ' s — | — = L
— 5 [ o— 5 F o=
105 108 101" geo— f §°E s — —
] — n,=3 - E : n,=4
M Experiment O Korobov and Shimamura [23] § : 3 —
O Kartavisevetal. [19] 2.95— =33 A 7= 31

A Kino 117]

—

a)

—
o
~

FIG. 4. Decay rate comparison in logarithmic scale. Experimen-
tal values and results of three different calculations of Auger rates FIG. 5. Energy diagram of the stat¢87,33 and (32,3) of
are shownL is the minimum transition multipolarity of Auger de- normal p-He™ atom (ground electron configuratipn and their
cay. The rates indicated by bold dotted lines are the orders of magieighbor electron-excited states. The energy values were obtained
nitude given by Eq(1) for L=2, 3, and 4. by Eq.(3) and Ref.[13].
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