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Laser spectroscopy of hydrogenlike nitrogen in an electron beam ion trap
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Using a'4C®®0, laser the 2,,,-2p, (fine structure—Lamb shiftransition has been induced #fN®* ions
trapped in an electron beam ion trap. The transition has been measured to b2 @S%01 %, in agreement
with QED theory.
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Laser spectroscopy of few-electron highly charged iongfine structure—Lamb shift transition [7,24,29. To our
[1,2] can produce precise tests of modern, relativistic atomi&knowledge, this is the first report of laser spectroscopy of
theory[3—6]. The usual technique for producing the highly highly charged ions in an EBIT.
charged ions is to foil strip an accelerated ion bear/at The relevant energy levels of°N are shown in Fig. 1.
~0.1. For example, fast-beam laser spectroscopy has bedhe principle of the experiment is that the laser induces the
carried out at energies of a few MeV/nucleon to test Lamiransition from the metastablesg, level, mean lifetime 1.03
shift calculations in hydrogenlike N [7], F®* [8], P"  wus[26,27), to the 2g, level, mean lifetime 0.66 pk28].
[9,10], S*" [11], and CI®* [12], and also to test calculations The 2sy,, level usually decays emitting two photons whose
of fine structure in heliumlike ion$2,13]. Laser spectros- sum energy is 500.3 eV, while theg,, level decays emitting
copy of the ground-state hyperfine structure of hydrogenlikéhe Lymane x ray at 500.4 eV. Hence the transition is de-
209882+ [14] and 2°PHPL* [15] has been carried out with tected as an increase in the yield of x rays at 500 eV, or as a
200-MeV/nucleon beams in a heavy-ion storage ring. reduction in yield of the two-photon x rays, whose continu-

By using copropagating and counterpropagating lasefus spectrum has the maximum at 250 eV. A schematic dia-
beams in fast-beam spectroscopy the uncertainty due to tiggam of the experimental setup is shown in Fig. 2. In the
Doppler shift can be greatly reduced, and sub-part-pér-100xford EBIT[29], a 1.5 keV, 30 mA, vertical electron beam
precision for energy intervals in highly charged ions has beeivas compressed to about 7im in diameter by the 3-T
achieved 16]. However, it seems that the precision of suchmagnetic field produced by a pair of superconducting Helm-
fast-beam methods will be ultimately limited by the Doppler holtz coils. Voltages applied to a series of three “drift tubes”
shift combined with laser wave-front curvature effects.centered between the coils provided the axial potential well
Hence there is considerable interest in developing techniqudg confine the ions. The drift-tube structure was maintained
for laser spectroscopy on highly charged ions in ion trapsat liquid He temperature and was enclosed inside the magnet
where there is no net center-of-mass motion and no overafitructure, also at liquid He temperature, except for eight
Doppler shift. 16-mm diameter openings for spectroscopic access. The base

The electron beam ion traEBIT) [17] uses a magneti- vacuum, measured outside a surrounding liquid SKield,
cally compressed electron beam to produce and trap highiwas 4x 10~ '° mbar. The central drift tube, of vertical length
charged ions. In one development it has produced fully3l mm, has eight vertical slots 2.5-mm wide and 25-mm
stripped uraniuni18]. It has been used extensively for emis-

sion spectroscopy in the x-ray, UV, and visible regions of the N6+

spectrum. Laser spectroscopy of the Lamb shift of hydrogen- Laser Induced

like ions in an EBIT has been previously proposed and stud- Transitions (12 pn) 2P
ied [19], and an attempt at laser spectroscopy of magnetic- fine-structure
dipole transitions between fine-structure components of the splitting
ground state of A°" in an EBIT was madd20]. Highly 2812 — Lmbshmi ' by

charged ions have been transferred from an EBIT to a sec-
ondary Penning trap, and then sympathetically cooled using
laser-cooled Bé ion [21], also with the aim of laser spec-
troscopy of magnetic-dipole transitions in the highly charged
ions [22,23. Here we report the observation of a resonant
increase in the yield of x rays from decay of thp;2 level

of N®* ions in an EBIT, due to irradiation with laser light at ~ FIG. 1. Schematic energy level diagram of hydrogenlike nitro-
wavelengths near 12.,0m, corresponding to thes?,»-2p3,  gen showing the laser-induced transition.

2E1 +Ml1 Lyman- o. X-rays
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long. Nitrogen gas injected from outside the EBIT passedeam at right angles. At this intersection, which was centered
as a molecular beam through one of these slots, perpendicat the region viewed by the @i) detector, the laser spot size
lar to the electron beam, at a typical rate of was approximately 1.7-mm wide and 3.8-mm high. The laser
5x 10° moleculess*. Electron impact dissociates and ion- beam was chopped at 125 Hz with a 50% duty cycle by a
izes some of the nitrogen molecules. The resulting ions arehopper wheel, and the power transmitted through the EBIT
trapped radially by the space charge of the electron beanwas measured with a power meter on the opposite side. The
and axially by biasing the central drift tube 50 V relative to pulse-height analyzed @&i) signal was fed to a PC along
the outer tubes. Sequential impact by electrons in the beamith a synchronization signal from the chopper, together
produces highly charged ions. To limit build-up in the trap of with the laser power reading. A He-Ne laser and a retractable
highly charged barium and other ions sputtered from theprobe in the side of the EBIT were used to align the,CO
electron-beam cathode, the ion trap is periodically emptied

for about 100 ms following a trapping time of 2 s. 5x10* — T

In this experiment, the Lyman-x rays from excited ions (a)
were detected using a 30 marSi(Li) detector, fitted with a ax10* |
thin aluminized polymer window30], which viewed the
trapped ion cloud through another slot in the central drift
tube. The estimated quantum efficiency of thé_Bidetector
was 45% at the R” Lyman-a energy of 500.4 eV. A colli-
mator in front of the detector restricted the region of the ion
cloud viewed © a 4 mmvertical length in the center of the
drift tube, with an average detection solid angle of 5.3 msr.
After optimization of the N gas injection the average x-ray 0 :
count rate, in the region of the (8i) detector spectrum cor- 0 20 40 80 80 100 120 140 160 180 200
responding to the R Lyman- x rays, was about 2500 Channel
counts per second, see FigaB The background consists of 1000
otherK x rays from N* and in N*, and ofL x rays from
higherZ contaminant ions. By fitting the data in Fig(aB 800
this x-ray background is estimated to contain 60% of x rays
from Lyman-.

The laser was a grating-tuned carbon-dioxide laser with
sealed-off tubes containinC®0,. To scan over the reso-
nance, which has a natural width of 8.0 th{28], the laser
was manually tuned from thie-24 to theP-42 lines of theP
branch of the[00°1]-[100°0, 020] vibrational-rotational
transition[31]. Because of the variation in the laser gain, the N
maximum laser output fell from 28 W to 5 W, at the long 0O 20 40 60 8 100 120 140 160 180 200
wavelength end of the range. To ensure a near constant Channel
power and intensity entering the EBIT use was made of a gig 3. Enhancement of the x-ray emission from hydrogenlike
spatial filter, and also a variable attenuator consisting of s+ ions induced by laser interaction as a function of the x-ray
pair of rotatable ZnSe plates. The laser beam, which wagnergy(The channel number is roughly proportional to pulse height

vertically polarized3 was focused using off-axis reflectionand x-ray energy.(a) shows the total x-ray counts, whi(b) shows
from a concave mirror, entered the EBIT through a ZnSehe laser-induced signal, namely, x-ray coufi@ser on—x-ray

window with transmission of 97%, and was directed throughcounts(laser off. These spectra were recorded in a total time of
another slot in the central drift tube, intersecting the electrors00 s.
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0.008 T - - T continuously populated by electron impact within the ion-
0.007 | - laser interaction region. If the rates of formation of hydro-

genlike ions in the 8 and 2o levels areRs andR,,, respec-
= 0.006 - . . -
S tively, then for cw laser excitation of the s2,-2ps»
g 0005 ] transition[19]
(=1
2 o004 b .
8 ® lo\[Rs\[7p)?
< oer 1 AT IENAS
~
< 0002f @) - = s h LA , (1)
S 0001 * . r 2, | 2p lo
& (0—wg)*+ > 1+ E
0.000 - .
0.001 ~ p— po ™ ” o where wq is the resonance frequency and and vy, are
° ° | ° 5 decay rates of the2and the 9, respectivelyl is the laser
Laser Wave Number [cm'] intensity and the quantitl,,is the saturation intensity given
FIG. 4. The %,,,-2p3, resonance in hydrogenlike®N obtained by

by changing the laser wave numbgg) solid] without the laser 72 A

power leveled, andl(b) open with the laser power leveled to 4.9 |Sat:ﬁ2_, 2)

+0.3 W. For(b), they scale shows the fractional increase in x rays 48maay

in the energy range corresponding to LymarFhe data ina) have _ ) _ )
been normalized to the same power for comparison. The curve is @herea is the fine-structure constard, is the Bohr radius,

Lorentzian fit to the power leveled dath). andZ is the nuclear charge. At 1.5 keV the ratio of electron-
impact excitation rates of thesg, and 2 statesRs/Rp
laser to the electron beam. ~1/8[32].

The enhancement of x rays from hydrogenlik&"Nons Due to the strong electrostatic field in the trap caused by

induced by laser interaction is clearly observed in the x-ray® Space charge of the electron beam, the Stark-quenched
spectrum obtained with the &i) detector is shown in Fig. decay rate of the 2, state[33] has to be considered for

2

2
2 p 2
@pst| 7 (Wpg— wps) ™+

3(b). For this measurement, the laser wavelength was fixef! Ed- (1). For an electron beam energy and current of 1.5
on the P36 laser line of'4C'%0, (835.537 cl) with a keV and 30 mA, the root-mean-square electrl_c field averaged
spatially averaged power density of 3.5 W/fnThe laser- ©Ver the electron beam can be estimated to be
induced signal in Fig. ®) was obtained by subtracting the 4.8X 1Q5 V/m. The motl'onaI. elect.nc field due to the motion
x-ray count obtained with the laser blocked by the choppeP! the ions in the 3-T field is estimated to be more than an
wheel from the x-ray count with the laser entering the EB”—orde.r pf magnitude smaller and this contribution should be
trapping region. The peak at around channel 70 in Fi) 3 neghglble. The quenched decay rate of thg,2state can be
corresponds to an enhancement &f"N.yman- radiation ~ described by33,34
due to the laser excitation. It is narrower than the peak in 2 2
Fig. 3(a), which also contains x rays from°N, and states in yl=yo+ [Vosl™7p + [Vasl"7q
6+ . S S 2 ’

N°" with n>2, as well as from the two-photon decay of the 2 2 p
N6* 2s state. h } f 4 }

The wavelength dependence of the laser-induced signal is 3)
shown in Fig. 4. Data were initially taken without the laser
power being leveled. A clear resonance was observed, buwhere ys, y,, and y, are the natural decay rates of the
whose centroid is shifted by effects of saturation and normalunperturbed &,,,, 2p,,,, and g, states, respectivelyy s
ization of the laser powefFig. 4@)]. The experiment was is the Lamb shift, andv, the fine-structure splitting. The
then repeated with the laser power leveled to the weakest lingecond and third terms represent the decay rates induced by
using the variable attenuator and more careful alignmentadmixtures of the B, and 23, states, respectively
This reduced the laser power to 4.9.3 W corresponding to and Vs are the electric-dipole matrix elements between the
an average laser intensity of 1:t5.07 W/mn?, with con-  appropriate two states in each c28]. Making the approxi-
sequent reduction in the signal, see Figb)4 Each point mation that the ion cloud of & ions has a uniform density
represents the average of seven to eight measurements, easter the electron beam, E@3) implies that the quenched
requiring a time of 500 s, and the data were taken over aecay rate of the &, state is 2.& 10° s~ 1. Using this value
period of 4 days. A Lorentzian fit to the resonance obtainedf y., the saturation intensity given by E) is about
with leveled laser power gives a centroid of 835.0¢mwith 7.3 W/mn?, and the fractional change in Lyman-at the
a fit error of 0.5 cm* and the full width at half maximum of resonance peak, with the intensity leveled at 1.15 W/im
7.6 cmi ! with a fit error of 2.5 cmt. estimated from Eq(1) to be 1.7%. Allowing for unresolved

The fractional chang@I'/T" in the Lymane count rate  x-ray backgrounds the predicted signal-to-background ratio
due to the laser-inducedsg,-2p3, transition on resonance is hence about 1%, in reasonable agreement with our obser-
may be estimated using time-dependent perturbation theowation, see Fig. @). Possible reasons for the remaining dis-
and rate equations. In the EBIT thes 2nd 2 levels are crepancy include incomplete dead-time correction in the
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Si(Li) detector signal, nonoptimal alignment of the laser andAs regards the &,,-2ps, transition energy, the measured
electron beam, and unaccounted for backgrounds in the spegalue 835.0.5 cmi ! is in good agreement with Myers and
trum in Fig. 3a). _ ~ Tarbutt's more accurate fast-beam experiment 834.94
The energy level shifts ofZ,,, 2py;, and g, statesin - +0.08 cm* [7] and Ivanov and Karshenboim's theory
a field 4.8<10° V/m due to the Stark effect are all less than g34 928+ 0.007 cm X [25].
2x10"* cm ' and are negligible here. The effect on the |y conclusion, an enhancement of Lymanradiation
resonance centroid due to saturation and the measured variggm hydrogenlike nitrogen ions trapped in an EBIT due to
tion in the laser power is less than 0.1 chy wellfelow the  |aser-induced excitation of thesg,-2ps, transition has been
quoted error. The energy level shifts of tM=*1/2 sub- 650y ohserved, and an investigation of the wavelength de-

states of the &, 2pyj, and thex 1/2 substates of thel,  yendence of this signal has been carried out.
due to the Zeeman effect in a magnetic field 3 T are

+1.4cmt, +0.49cm?, and =0.93cml, respectively, This work was partially supported by the Japan Science
and broaden the line shape but produce negligible centroiend Technology Corporation, the EPSRUIK), and the DTI
shift. For our geometry, the energy splitting induced by theunder the NMS Quantum Metrology Progrd@ontract No.
Zeeman effect is estimated to be 0.93¢mEQq. (1) implies  FQM1/A01). One of us(E.G.M) acknowledges support by

a saturated width of 8.6 cmt, and the contribution to the NSF, Grant No. PHY-9970991; NATO CRG-960003; and the
resonance line width from Doppler broadening is estimatedstate of Florida. Technical support by Peter Hirst and Tony
to be 0.13 cm®. This leads to a combined full width at half Handford (Oxford), and Jerry Hutchins, Kevin Kiley, and
maximum of 8.8 cm?, consistent with the observed width. Ken Schaul{FSU), is greatly appreciated.
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