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Search for 1s2s 3S;—-1s2p 3P, decay in U%*
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We present high-resolution crystal-spectrometer measurements that cover the wavelength range 3.0-3.2 A
containing the electric-dipole-alloweds2,-2p5, transitions in highly charged uranium ions. Strong features
from 2s,,-2p3), transitions in lithiumlike, berylliumlike, and boronlike uranium were observed. In addition, a
weak feature with intensity just above the level of background fluctuations was observed at the predicted
location of the 52s 3S;—1s2p 3P, transition in heliumlike J°". The feature was observed in spectra where
the intensity of the 8;,-2ps, transition in lithiumlike uranium, and thus the ionization balance, was opti-
mized; it appeared absent in spectra where the average ionization balance was lower. The measured energy of
the feature is 4510.050.24 eV, which agrees closely with the values predicted for #@s£S,-1s2p 3P,
transition by recent theories. Detailed spectral modeling calculations indicate the possibility that a weak
transition in berylliumlike 8" is situated within 4 eV of the location of the heliumliks,-3P, transition.

This transition connects the leveb £2p;,,2ps, 3p; with the 1s 22s,,,2p,,, 3P, metastable ground level in
berylliumlike uranium. The accuracy with which the energy of the berylliumlike transition can be predicted is
insufficient to rule out a blend with the heliumlil&s,;-3P, transition.[S1050-294706)06906-5

PACS numbgs): 32.30.Rj, 12.20.Fv, 32.70.Fw, 31.30.Jv

[. INTRODUCTION QED effects are considerably smaller for the energy of a
2s electron(about 49 eV for J°"). However, as a fraction
Heliumlike ions represent the simplest atomic system forof the transition energy measured in spectroscopic observa-
developing and testing theoretical approaches for calculatingions the QED contributions are maximized is-2p transi-
the atomic structure of multielectron ions. In this case, thaions, and their energy can, in principle, be measured with
nonrelativistic Schrdinger equation can be solved with high high-resolution crystal spectrometers not yet available for
accuracy so that many-body relativistic and quantum electromeasuring the 4-2p transitions. Moreover, the natural width
dynamical(QED) effects can be isolated and compared withof the 25-2p transitions is either about equal to or consider-
measurement. In recent years, intense theoretical investigamy smaller than that of thesi2p transitions. Measure-
tions have been undertaken to understand and calculate the. i< o 2-2p transitions thus provide important tests of
contributiong affecting the structure of heliumlike ions. Re's%ructure calculations complementary to measurements in-
cent theoretical approaches to calculate the energy levels o

the heliumlike ions and to enumerate the different contribu-VOI\/mg transitions to the ground state. Twa-2p transi-

tions include the so-called unified methofll], the tions are 3possib|e ‘2 heliumlike ions_:s_Zs ?$1-1s2p *Po
configuration-interaction(Cl) approach[2,3], and the all- 2&nd 152s °S;—~1s2p °P,. These transitions have been mea-
order method4]. Comparisons among the results have evi-Sured in virtually all elements witd< 36, as illustrated in a
denced significant differences that could be attributed to th&ecent summary by Kuklat al. [5]. By contrast, we are
order of expansion inZ«) of the relativistic correlation and aware of only one measurement for the energy of the
QED energies. These differences have increased the need f$2S *S1—1s2p °P, transition in heliumlike ions with
precise experimental data against which the various theoretZ>36. This measurement was made by Munger and Gould
cal results can be gauged. Such a need is especially strofgyheliumlike U%°* and achieved an accuracy of 7.9 £81.
for data from heavy heliumlike ions with atomic number Similarly, only one measurement beyond krypton has been
Z>54 for which almost no experimental values exist but forreported for the $2s 3S,—1s2p P, transition in heliumlike
which relativistic and QED effects are most important. ions. This measurement was carried out by Maetiral. in
Relativistic and QED effects are largest for the energy ofXe®?" with an accuracy of 1.74 eW7]. In the present paper,
the 1s? ground state. In heliumlike 8¥* QED effects rep- we report experiments to identify and measure the latter tran-
resent 262.8 eV of the 129 566-eV ground-state engtdy sition in heliumlike U°".
The present experiments were carried out on the high-
energy electron-beam ion trapEBIT) facility at the
*Present address: Nuclear Physics Laboratory, University ofawrence Livermore National Laboratof]. The facility
Washington, Seattle, WA 98195. was used earlier to measure the energy &§j,22p5, transi-
'Permanent address: Gesellschaftr f8chwerionenforschung, tions in lithiumlike through neonlike thorium and uranium
Planckstrasse 1, D-64220 Darmstadt, Federal Republic of German}9—11]. A weak candidate feature, with an intensity 2.5 times
*permanent address: Department of Physics, Morehouse Collegi@rger than the standard deviation of the fluctuations of the

Atlanta, GA 30314. background level and thus barely resolved, was identified in
$permanent address: Department of Physics, Auburn Universitya set of measurements. Its energy was measured within a
Auburn, AL 36839. 0.24-eV uncertainty to be 4510.05 eV, in good agreement
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with the value predicted by various theoretical approacheslipole-allowed decay to thesPs 3S, level. Detection of this
for the energy of the 42s 3S,-1s2p 3P, transition. Mea-  transition in highZ ions is thus not precluded by an over-
surements and calculations are presented to address the pagelmingly large radiative branch to thes?ground state. In

sibility that the feature is produced by a transition in a chargeheliumlike uranium, our radiative rates indicate®8;- 3P,
state lower than heliumlike uranium or by a contaminantyranching ratio of 30%.

indigenous to the trap. The possibility exists that the feature |y the relatively low electron densities in EBIT

is produced by the transition si2py;2ps,°P1 (n,.<5x10') electron-impact excitation proceeds only
—18°281,2py> °Po in berylliumlike U, Because of the  from the heliumlike %2 ground state. The cross sections for
low electron density in EBIT£5X 10'*cm™?), this transi-  glectron-impact excitation of aslelectron to a p level are
tion can be excited only from  the berylliumlike mch smaller than those of as2lectron to a P level. The
15°2s,2p1/, °Po metastable ground level. Its intensity, gpundance of heliumlike uranium ions at an electron energy
thus, is directly proportional to the population density of theyf 140 keV is about equal to that of the lower charge states
berylliumlike 3P, metastable ground level. This transition U8 and U8 and approaches 20% of the total, as pre-
has not yet been observed for any highly charged berylliumgicted by Penetrantet al.[13]. We thus expect the intensity
like ion, and the accuracy with which its energy has beenys ine heliumlike 3S,- 3P, transition to be much lower than
predicted is insufficient to rule out blending with the helium- comparable 8,,-2p4), transitions in the low charge states of
like *S,-°P, transition. The results of our analysis of spec- ranjum. Using the relativistic distorted-wave code devel-

tral features and excitation processes can be used in the d@ped by Bar-Shalom, Klapisch, and Orfggl] we calculated
sign of future experiments for measuring transitions among gx 10-25 cm~2 for the cross section of electron-impact

excited states in highly charged heliumlike ions that extendhycitation for the $2p 3P, level from ground for 140-keV
to virtually all ions withZ=92. electrons. This is about two orders of magnitude smaller than
the cross section for the excitation of the?2p;,2P5, level
in lithiumlike uranium from the ground state, for which we
Il. THEORETICAL CONSIDERATION calculated 1.X10 22 cm™2. The Breit interaction, missing

A diagram of the excited level structure in heliumlike in our calculations, is predicted to enhance the excitation

uranium is shown in Fig. 1. There are six excited levels of
the type ®2l. The levels %2p 'P;, 1s2p 3P,;, and

1s2p 3S, decay directly to the 42 ground state by electric 1.0
or magnetic dipole emission. A fourth, the leved2s'S,, —
decays by two-photon emission. Enabled by the hyperfine & 0.8
interaction, the $2p 3P, level decays directly to the ground -5
state in2 or 2%; in the absence of the hyperfine inter- & 0.6 [
action, as is the case ¥, it decays by an intrashell tran- &
sition to the B2s 3S, level or, at about half the rate, by 2 o4l
two-photon emission to thest ground state. S
The 1s2p 3P, level, of interest in the present study, de- g 0.2
cays either to the € ground state or by an intrashell transi-
tion to the 1s2s 35, level. In low-Z ions, the ¥2p 3P, level 0.0 ’ : ' :
decays exclusively to thesPs 3S; level [12]. However, in 0 20 40 60 80 100
higherZ ions the level decays increasingly via a magnetic Atomic number
quadrupole transition to thesi ground statd12], as illus- FIG. 2. Branching ratio for radiative decay of tha2p 3P,

trated in Fig. 2. This trend reverses in very-highions, level to the 52s 3S, level in heliumlike ions. The ratio was com-
where relativistic effects again enhance the probability forputed from radiative rates reported in REF2].
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FIG. 3. Level diagram of berylliumlike
U8 In the absence of hyperfine interaction
with the nucleus, the levelsf2s,,2p1/, 3Py
is strictly forbidden to decay to the
1s%2s? 1S, ground state. The level represents
a ground level for the excitation of levels of
the type %22p?,, and 15°2p,,,2ps), that oth-
erwise could not be populated from the
1s22s? 1S, level in a low-density electron
beam. Radiative rates from our collisional-
radiative calculationgin units of s™1) are in-
dicated. Square brackets denote powers of 10.
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cross section of the heliumlike level by nearly a factor of 2strong transitions from lower charge states. However, weak
[15]. To account for the contributions from cascades, we2s;;-2p3, transitions from lower charge states of uranium
constructed a collisional-radiative model for heliumlike could in principle compete in intensity and blend with the
U ®%* which included all excitations to and all radiative cas- heliumlike transition in this spectral region. To examine this
cades from levels of the typeshl with n<5. This model possibility we made extensive modeling calculations of the
was based on theuLLAC set of computer codes employed in intensities of the 8;,,-2p;, transitions in lithiumlike
earlier analyse$11,16 and showed that radiative cascadesthrough fluorinelike uranium. These modeling calculations
from levels with n=3 enhance the population of the are similar to those made earlier for the;2-2ps, Spectrum
1s2p 3P, level by an additional factor of 2. The heliumlike of thorium and uraniun{11,16. The calculations predict
3P, level is also populated by radiativéand charge- only one ,,,-2ps, transition other than the heliumlike
exchangg recombination with hydrogenic ¥*. Using our  3S,-°P, transition situated in this spectral range. This is the
radiative cascade model we find that about 8% of the electransition 1522p;,,2ps, 2P1— 15%225,,,2p42 2Py in berylli-
trons captured by hydrogenic uranium into excited levelsumlike U88*, which is excited from the $22s,,,2p4, °Po
feed the population of the heliumlik&P, level. In equilib-  metastable level irf*®UJ. An overview of the level structure
rium, the capture rate of ¥ is balanced by the ionization in berylliumlike uranium is given in Fig. 3. The intensity of
rate of U°", so that we estimate a 30% increase in thethe berylliumlike transition is predicted to be about 0.37% of
excitation cross section of tH#P, level. Our modeling, thus, that of the strong 422s? 1S,—1s22s,,,2p3), 1P; transition,
shows that indirect excitation processes represent the largesbrresponding to an excitation cross section of 0.9 b, if no
contributors to the excitation of th&P, level. Although the feeding of the $22s2p 3P, level from radiative recombina-
overall excitation cross section of the level, at about 2 btion from lithiumlike ions is included. With radiative-
remains almost two orders of magnitude lower than that ofecombination feeding, our model predicts an intensity of
the lithiumlike 1s22s,,,-15°2pg), transition, it is sufficientto  2.8%, or 6.7 b. The energy of this transition was predicted by
form about 18 3P, levels per second given abouk80*  our calculations to be 4513.7 eV. From our earlier study of
U®* jons in the trap. the 25,,,-2ps, transitions in highly charged uraniuf8] we
The energy of the 42s 3S,-1s2p 3P, transition in heli-  know that the actual energy may differ by several eV from
umlike U%®" was predicted by Drake to be 4510.012 eV this value. In fact, our calculations give a value of 4505.6 eV
using the unified methofil]. This included 40.4 eV from for the strong berylliumlike 8;,-2p3, transition. This value
QED calculated to order Zw)3. Subsequently, Plante, is 3.9 eV larger than measured. If we assume that the value
Johnson, and Sapirstein performed an all-order calculatiopredicted for the $22p;,2ps;, 3P1—18228,,2p1 3Py
that resulted in a value of 4510.45 ¢¥]. The same value transition is also 3.9 eV too higlwhich because of differing
for the QED contribution was used, and the difference wassmounts of correlation effects may not be a good assump-
mainly a result of accounting for an additional term on thetion), we get 4509.8 eV for its energy. This transition thus
order of Za)* in the relativistic electron correlation interac- may blend and mask the heliumlikes2s 3S,-1s2p 3P,
tion, referred to by the authors as the “structure contribu-transition.
tion.” Using a large-scale ClI calculation, Chen, Cheng, and The 15%2p1,2p3 2P, level decays back to the
Johnson calculated 4510.64 €%]. Again, the same value of 1s522s,,,2p;/, 3Py level only 67% of the time. During the
the QED contribution calculated by Drake was used. remainder it decays to thesd2s,,2p,/, 3P, level. As a re-
Based on its predicted energy, tA8,- °P, transition falls  sult, excitation of the*P, berylliumlike metastable ground
halfway between the strongsg,-2p5, electric-dipole tran- level produces a second line with half of the intensity of the
sitions in berylliumlike 8" and boronlike B7", which in ~ 1522p;,2pg), *P1— 18225,,,2p1), 3Py transition. Our cal-
an earlier measurement at the Livermore high-energy EBITulations predict the energy of the second line to be 4473.1
facility were measured at 4501.72 and 4521.39 eV, respe®V, or 4469.2 eV after a shift of 3.9 eV. The second peak
tively [9]. The heliumlike transition thus does not blend with thus falls into the region between the strongy22ps;, in
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lithiumlike and berylliumlike uranium.

The hyperfine interaction depletes the population of the
152s,,2p1» Py level in uranium isotopes with odd
nucleon number, and this transition does not exist in the
23 or 2 ions.

While our model calculations predicted no transitions
from the lithiumlike through fluorinelike charge states other
than the one transition in berylliumlike uranium that might
blend with the heliumlike §2s 3S,—1s2p P, transition, it
is possible that transitions from charge states lower than () 0 l
fluorinelike U8L" fall into this spectral region and mask the 1200
heliumlike transition. We have not made any calculations to
check this possibility. Accurate predictions of the locations 1000
of weak transitions from such low charge states are presently
impossible. 800

600

Counts

Counts

IIl. EXPERIMENTAL STUDIES 400

The region between the strongq2-2p5, electric-dipole
transitions in berylliumlike ¥ and boronlike §"" was
surveyed in an earlier measurement at the Livermore high- o L1 | | ! |
energy EBIT facility[9]. No feature that could be attributed 4460 4480 4500 4520 4540 4560
to the 381-_3P2 transition was identified in these measure- ) Energy (V)
ments. This was consistent with the smallness of the pre- g, 4. crystal-spectrometer spectra of the,22p,; transi-
dicted excitation rates of thes2p *P, level, the low count- tions in the energy region 44504560 el ionization balance
ing statistics, and the relatively low ionization balance of thepeaked near lithiumlike and berylliumlike uraniuriy) ionization
measurement. Similarly, no feature attributed to #8-  balance peaked near boronlike uranium. Transitions in lithiumlike,
3p, transition was identified in measurements of thg,2  berylliumlike, boronlike, carbonlike, and oxygenlike uranium are
2p3, transitions in lithiumlike TA™ and neonlike TH®" labeled by Li, Be, B, C, and O, respectively, using the notation of
[11]. In this case, the heliumlikéS;- 3P, transition was ex- Ref.[9]. The location of the §2p *P,—1s2s ®S; transition in he-
pected to blend with the strontS,-1P; transition in beryl-  liumlike uranium is indicated by an arrow.
liumlike thorium and was impossible to resolve.

The present measurement was also performed on th&501.72 and 4521.39 eV, respectively, are prominently seen.
high-energy EBIT. In our attempt to observe a statisticallyWe used these two lines as reference standards to calibrate
significant feature attributable to the heliumlikis;-2P,  the spectrum. Also seen is the,2-2ps), transition in lithi-
transition, we took the following measures. umlike uranium measured previou$®,10] to be at 4459.37

First, we optimized the ionization balance to trap as much=0.21 eV. In the present spectra, we find 4459.55 eV for its
heliumlike uranium as possible. This was accomplished byenergy, which is in excellent agreement with the previous
reducing the amount of neutral gas injectigypically argon  measurement. The spectrum in Figadrepresents the sum
or neon used for heavy-ion cooling and by increasing theof 400 h of observation time. Only those measurements were
current in the electron beam from 165 to about 190 mA. Thdncluded in the sum for which the ratio of the lithiumlike to
latter minimizes charge-transfer reactions relative toberylliumlike line intensities was larger than 0.32. The aver-
electron-ion interactions. We also trapped the uranium iongage ratio of the lithiumlike to berylliumlike line intensity in
in a shallow trap. This preferentially allows boiloff of lower the summed spectrum is 0.36. The spectrum in Hig). dlso
charge states of uraniufi7]. represents the sum of 400 h of observation time. Only those

Second, we set the energy of the beam electrons to 14@easurements were included for which the ratio of the lithi-
keV, i.e., to an energy above the threshold for producingumlike to berylliumlike line intensities was smaller than
hydrogenic uranium. This value is considerably higher tharD.28. The average ratio of the lithiumlike to berylliumlike
that used in the earlier measurement of tlsg.22p5;, tran-  line intensity in the summed spectra is 0.24. The ratio of the
sitions in lithiumlike through neonlike uraniuf®]. berylliumlike to boronlike line intensity is also reduced in

Third, we increased the observation time to a total of 80Chis spectrum. The ionization balance in Figb}is thus
h. This is about eight times longer than the observation timelearly lower than that in Fig.(4).
in the earlier measurements. We monitored for the presence of possible hgjtton-

Fourth, we increased the resolving power of the spectromtaminants using a high-purity germanium detedtbt]. No
eter by a factor of 2.5 in order to resolve potential blendssuch contaminants were identified. Nevertheless, to assure
The increase was accomplished by employing a(208)  that the amount of possible contaminants did not vary, indi-
crystal with a 75-cm radius of curvature in the EBIT von vidual measurements included in Figgadand 4b) were
Hamos—type spectrometgt8], supplanting the crystal with recorded in an alternating fashion.
30-cm radius of curvature used in the earlier measurement. A comparison between the two spectra in Fig. 4 aids in

Two spectra covering the region of interest are shown iridentifying a potential feature from heliumlike uranium, as
Fig. 4. The two strong berylliumlike and boronlike lines at the fractional abundance of heliumlike uranium ions is sig-

200
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TABLE I. Overview of measured transition energies.

300 T T T T 6 g
[
b fe)
7 200 | 2 1a % Measurement EnergieV)
= 2 - P 2 | = a
8 jole & S @o © 1, 3 1 4510.38-0.28
= ° e° , 2 2 4509.86-0.252
2 ° o 2 ° <4 a
& 0 ° o . o 0o o 3 4509.82-0.27
o [l
= ° °P o o 1 8 average 4510.050.24°
£ -100F o S % e .2 8
o o ® ) e . -
L S R Q-] > Statistical uncertainty only.
L -200 - 14 f’g’ bStatistical uncertainty combined with systematic uncertainty of the
300 ‘ | | ‘ , 16 E% reference lines.
4460 4470 4480 4490 4500 4510 4520
X-ray energy (eV) in a strict sense; nevertheless, it provides some measure of

FIG. 5. Fitted intensity of a Gaussian-shaped trial function po-the significance of the feature in question.
sitioned at different spectral locations of the data of Fig).4The As another test of the nature of the candidate feature, we

location of the strong berylliumlike line was excluded from the fit. divided the measurements contributing to the spectrum in
The dashed lines indicate the value of two standard deviations ifrig. 4@ into three data sets and checked to see whether the
the fitted intensities. The intensity of the trial function peaks at thefeature is present in each subset. Indeed, a weak feature was
location of the candidatéS;-3P, feature, reaching 236 counts or Seen in each spectrum at essentially the same location. An
2.5 standard deviations. The vertical scale on the right indicates theverview of the energy inferred for the feature in each of the
effective excitation cross section necessary to produce the corréhree subspectra is given in Table I. The average energy of
sponding number of counts in a given line. The scale was obtainethe feature is 4510.05 eV. The combined uncertainties from
by normalizing to the fitted intensities and corresponding excitatiorpurely statistical considerations as well as from the uncer-
cross sections of the three strong lithiumlike, berylliumlike, andtainties of the energies of the berylliumlike and boronlike
boronlike lines and assuming an equal abundance of the three iofrgnsitions used for calibration is 0.24 eV.
ization states. Because the hyperfine interaction with the nucleus
quenches the £2s2p 3P, level in berylliumlike uranium
nificantly reduced in Fig. @) compared to that in Fig.(4). and thus prevents excitation of thes?2p;,2pss 2P,
The intensity of a potential heliumlike transition should thus— 1s?2s;,,2p1,, 3Py transition, we have recorded a spectrum
be significantly reduced relative to that of the strong berylli-of the 25,,,-2ps, transition using®%U and 2**U as target
umlike line. In comparing the two figures, we identify a ions in the high-energy electron-beam ion trap. The hyper-
weak feature in Fig. @) that represents a candidate for the fine interaction may diminish the branching ratio ;-
3S,-3P, heliumlike transition. As expected, it falls between 3P, decay[19], but it cannot prevent it fully?33 was in-
the strong berylliumlike and boronlike transitions. It appearstroduced into the trap using a thin, uranium-plated platinum
to be absent in the spectrum in Figbxt wire, as described by Elliott and Marrs, instead of the usual
To assess the validity of the feature in a quantitative wayinjection by a metal vapor aif@0]. The resulting spectrum,
we used the following procedure. We constructed a Gaussiapbtained over a 100-h period, is shown in Fig. 6. A weak
trial function with width equal to that determined for the feature can be identified that is consistent with- 3P, de-
strong berylliumlike line. Preselecting the position of thecay. The signal-to-noise ratio of the measurement and the
Gaussian and using a least-squares routine, we fitted the triabsociated fluctuation level in the background, however, pre-
function together with a linear background term to the specvent a definitive identification.
tral region from 4460 to 4520 eV, i.e., to the region between
the strong Iithiumlik(_a and boronlike Iines._Thg location of IV. DISCUSSION
the strong berylliumlike line was excluded in this procedure.
By incrementing the position of the Gaussian trial function in  Our spectral search, conducted over an 800-h observation
steps of size one-third of its width we systematically probedperiod, yielded a weak feature with an intensity about 2.5
the spectral region for locations of potential lines indicatedtimes larger than one standard deviation of the background
by an increase in the fitted amplitude. The results of this scalevel. The energy assigned to this feature is 4510.024
applied to the data of Fig.(d) are given in Fig. 5, which eV. This is in excellent agreement with theoretical calcula-
shows the fitted intensities of the Gaussian trial function ations for energy of the3S;-3P, transition in heliumlike
the different spectral locations. Except at the location of thdJ °°*. Best agreement is found with the 4510.01-eV predic-
candidate’S;- P, feature, the intensity of the trial function tion of Drake[1]. Subsequent calculations by Chen, Cheng,
ranged from— 160 to+ 165 counts. By contrast, its intensity and Johnsoii2] and by Plante, Johnson, and Sapirsteih
increased to 236 counts at the location of the candidatbave shown that Drake’s values should be augmented by a
33,-3p, feature. This compares to a “standard deviation” relativistic term of order Za)*. As mentioned above, these
of 85 counts in the overall variation of the fitted intensities.authors determined 4510.64 and 4510.45 eV for e
The intensity of the candidate feature thus rises about 2.8P, transition energy. However, all three calculations in-
“standard deviations” above the mean background levelclude the same value for the QED contributions to the tran-
Because the step size was less than the width of the triglition energy, which is only deemed accurate to order
function the fitted intensities are not statistically indepen-(Z«)®. The fact that our measured energy, provided it truly
dent, and the use of “standard deviation” is not appropriatereflects that of the heliumlikéS, - 3P, transition, agrees best
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1522p122P3s SP1—15228,,,2p12 2Py transition. The beryl-
liumlike transition is accompanied by a second transition lo-
cated near 4470 eV with half the intensity. While it is pos-
sible that this line forms the feature at 4470 eV in Fig. 5, we
have not been able to discern a suitable candidate line di-
rectly from the spectral data.

The present analysis shows that lines with effective exci-
tation cross sections ned b can be detected with our ex-
perimental techniques. Measurements with a yet lower detec-
tion limit and correspondingly better signal-to-noise ratio are
needed to unambiguously identify tH&,-3P, line. Future
measurements might achieve a better signal-to-noise ratio by
increasing the fraction of heliumlike ions or, better, by rely-

Energy (eV) ing on the recombination of hydrogenlike ions to populate

FIG. 6. Crystal-spectrometer spectrum of th®,22p,; transi- ~ the 3P, level. In fact, our modeling calculations show that
tions in the energy region 4450—4560 eV. The conditions are simifécombination is ten times more effective than electron-
lar to those of Fig. @), except that?®3U and 235U were injected impact excitation in populating théP, level given equal
into the trap instead of®U. The location of the 42p 3P,—  abundances of hydrogenlike and heliumlike ions. Such con-
1s2s 3S, transition in heliumlike uranium is indicated by an arrow. ditions might be achieved in a high-energy electron-beam
ion trap facility operating with a significantly higher beam
energy than our present facility. Future measurements may
also concentrate on using onfy°U or 23U as target mate-
prial in order to preclude blending with the berylliumlike

15%2p122P3)2 *P1—18225,,,2p12 2Py transition.  Unam-
biguous identification of the heliumlike transition may also
0tl)e achieved in a gas-jet-target experiment on a heavy-ion
storage ring. Here, recombination is the primary method for
gxciting a particular transition, while charge-state selectivity
gliminates blending with lines from different charge states,
and coincidence techniques can be used to suppress back-
ground radiatiorf21].

400
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with Drake’s value may thus be an indication that higher-
order QED terms reduce the calculated transition energy.

The energy of the feature is also consistent wit
the energy of the transition s¥2p,,2pgz, 3P,
—18225,,,2p1)2 2Py in berylliumlike UB8* for which the
theoretical predictions are much less reliable than those f
the heliumlike transition. Depending on the weight given to
indirect excitation processes such as electron capture, ioniz
tion, and radiative cascades, the intensity of this line may b
larger than that predicted for the heliumlike transition. In
fact, the predicted intensity of the berylliumlike line agrees
well with the intensity of the observed feature. By normaliz-
ing the fitted amplitude of the trial function plotted in Fig. 5
to the intensities and corresponding excitation cross sections This work was supported in part by the Office of Basic
of the three strong lithiumlike, berylliumlike, and boronlike Energy Science of the U.S. Department of Energy. Addi-
lines, we can express the intensity of the observed feature itional support was received from the Lawrence Livermore
terms of an effective excitation cross section. According toNational Laboratory Research Collaborations Program for
Fig. 5, an effective cross section of up tx@0 2 cm~2is  Historically Black Colleges and Universities. This work was
necessary to produce the feature. This is larger than the eperformed under the auspices of the U.S. Department of En-
fective excitation cross section of the heliumlikS,-3P,  ergy by Lawrence Livermore National Laboratory under
transition, but is close to that of the berylliumlike Contract No. W-7405-ENG-48.
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