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Highly Charged lonsin Rare Earth Per manent
Magnet Penning Traps

Nicholas D. Guise, Samuel M. Brewer, and Joseph N. Tan

Abstract A newly constructed apparatus at the United States Natibsitute
of Standards and Technology (NIST) is designed for the tigslamanipulation,
and study of highly charged ions. Highly charged ions arelpced in the NIST
electron-beam ion trap (EBIT), extracted through a beaartlivat selects a single
mass/charge species, then captured in a compact Pennind ke magnetic field
of the trap is generated by cylindrical NdFeB permanent ratgyimtegrated into
its electrodes. In a room-temperature prototype trap wisingle NdFeB magnet,
species including N8+ and N't were confined with storage times of order 1 sec-
ond, showing the potential of this setup for manipulatiod spectroscopy of highly
charged ions in a controlled environment. lon capture hasesbeen demonstrated
with similar storage times in a more-elaborate Penningtirapintegrates two coax-
ial NdFeB magnets for improvestield homogeneity. Ongoing experiments utilize
a second-generation apparatus that incorporates thigtagnet Penning trap along
with a fast time-of-flight MCP detector capable of resolvthg charge-state evolu-
tion of trapped ions. Holes in the two-magnet Penning trag electrode allow for
optical and atomic beam access. Possible applicationsdadpectroscopic studies
of one-electron ions in Rydberg states, as well as highlyggdhions of interest in
atomic physics, metrology, astrophysics, and plasma distis.
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1 BACKGROUND

A Penning trap combines a quadrupole electric potentidl avgtrong magnetic field
in order to trap a charged particle in three dimensions. Tagmatic field provides
radial confinement while the electric field provides confieatalong the axis of the
magnetic field. Penning traps see wide application in pi@tishysics experiments
ranging from measurements of fundamental constants [1@Jamtum information
studies([3].

The use of Penning traps to recapture ions from accelera&ectron-beam ion
trap (EBIT) sources has drawn longstanding interest abuariacilities, as a means
of extending the reach of spectroscopic studies with exotis/atoms and highly
charged ions (HCI). Examples include antimatter studigg,[B], mass spectrome-
try and nuclear research at accelerator facilifies [14]yeperiments recapturing
HCI from an EBIT source [25], and ongoing efforts in HCI laspectroscopy 1]
and mass measurement|[27] 24]. The typical high-precistomifg trap utilized in
these experiments requires a superconducting soleno@htergte its axial magnetic
field of several Tesla. The associated cryostat makes aft@lghPenning trap a large
and expensive apparatus, similar in scale to an EBIT itsel Sed.212). A lower-
field Penning trap, configured in similar geometry but using@m-temperature
solenoid, may function as a pre-cooling stage; for exanmgaporative cooling of
Arl8* jons was recently demonstrated in a 1.1 Tesla trap withirSidé_ETRAP
Il mass spectrometer [1L1].

An alternative Penning trap design relies upon rare-easthpounds such as
Nd,Fe 4B (NdFeB) to generate the trapping magnetic field. While tagnetic field
generated by rare earth magnets is typically less than &iregthe trapping region,
the rare earth magnets are relatively inexpensive and atioreased flexibility in
trap design. In earlier work, a compact Penning trap withiggjnetic field generated
by radially-oriented NdFeB wedges (assembled in two ringesg used to confine
light ions loaded within a 77 K apparatus [9]; another tragt ttombined axially
oriented magnets with epoxy-bonded arrays of radially-metiged segments was
used to store molecular anions at room temperafure [29].

To facilitate operation at the high voltages necessarydtsting highly charged
ions from the NIST EBIT, we have developed two new compachiPentraps uti-
lizing only cylindrical, axially-oriented NdFeB magnetsriobust unitary architec-
tures, with the trap electrodes and magnetic elementsratisd)as a unit. These
traps are designed to provide easy access for laser andcaba@mn manipulation
of trapped ions, and to satisfy space constraints at the EBIT facility. Here we
report initial studies with highly charged ions producedhia EBIT, including bare
nuclei, which are extracted and captured in these extreocmghpact Penning traps.

The primary goal of our experimental effort is to enable Eespectroscopic
studies of one-electron (H-like) ions in circular statemteesized from stored bare
nuclei. Theoretical studies at NIST |13,/12] have shown kgh angular momen-
tum states of one-electron ions are better understood tvatying states; in some
cases, the energy level prediction for high-L states attagturacy comparable to
the precision of optical frequency combs. This offers a neanae for the deter-
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mination of fundamental constants, such as the Rydbergaan# precise optical
measurements can be realized to test theory. Such tests potentially be useful
in making improved measurements of the constants of ndtatddrm the basis of
modern metrology [18, 17]—efforts that are more compeliimghe wake of the
large discrepancy in proton radius determinations thatlted from recent muonic
hydrogen Lamb-shift measuremernts|[22, 20].

The ion-trapping techniques under development may alseeprseful for other
studies of highly charged ions. One example applicatioa &ec[#) is measuring
the lifetime of certain metastable states, where most pusvstudies have been
performed inside an EBIT environmeht[15] or in Kingdon-#yipn traps([5].

A brief outline of this paper follows:

e Sectior 2 reviews Penning trap basics, provides detailsetbompact NdFeB
trap designs, and describes HCI extraction from the NISTTEBI

e Sectior B presents initial results from HCI capture andsgter

e Sectiori 4 discusses potential applications and futuretines for this work.

2 Experimental Apparatus

2.1 Compact Penning Trapswith Unitary Architecture

A basic cylindrical Penning trap (Figl 1) consists of a ringc&rode between two
endcap electrodes. A near-quadrupole potential is créategplying voltage dif-
ferenceAV between the ring and the endcaps, forming a potential wetigathe
z-axis but a potential hill in the radial dimensiorA magnetic fieldB applied along
the z-axis provides radial confinement, completing the traphk¢anonical treat-
ment of a single ion in a Penning trag [4], the trapped ion amois described by a
superposition of three oscillations: (1) a simple harmaial motion, at the “axial
frequency” 2tw; ; (2) a high-frequency cyclotron orbit around the axis of itiag-
netic field, at the trap-modified “cyclotron frequencyt@ ; and (3) a slower radial
motion due toE x B drift, at the “magnetron frequency'r2uy,. These frequencies
typically observe the hierarchyy, >> w, >> wn.
The axial frequency is defined by

qAvV

wzzz)\wa Q)

whereq is the ion chargenis the ion mass, and parametdrandA depend on trap
geometryd is an effective trap dimension given by

=@ +i32). @
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while A describes the degree to which the electrodes produce aupa@édpotential;
A = 1 for near-hyperbolic surfaces and small-amplitude caailhs. The distances
Zo andrg are shown in Fid]1.
The free-space cyclotron frequency in a magnetic field ofmitageB is given
by
gB

wc:ﬁ- )

The presence of the radial electrostatic potential in a Pgntnap shifts this cy-
clotron frequency to its trap-modified value,

W, = G — W, (4)

wherewy, is the frequency of the magnetron motion,
1 2 2
=5 (w0202 ). (5)
To maintain localized orbits, the magnetron frequency rbesteal, hence

w? —2w?>0 (6)

is a confinement criterion for Penning traps.

We present two designs for compact Penning traps utilizid§eéB permanent
magnets in a unitary architecture. Table 1 provides fregigsrof motion for var-
ious HCI species of interest, in the one-magnet (Bec.]2ahd)two-magnet (Sec.
[2.1.2) trap designs. Values of paramete(Eqn.[1) are determined by numerical
simulation. Frequencies are calculated using Hghs$. 1-théosimple case of a sin-
gle ion oscillating near trap center. For ion clouds of digantly larger number or
physical size, these frequencies are expected to shifodugg anharmonicities and
magnetic field gradients—precise trap frequencies in #gémne may be obtained
through numerical simulation.

2.1.1 One-Magnet Penning Trap

Our simplest trap design (Figl 1a) uses a single NdFeB magrtée ring electrode
in an uncompensated open-endcap Penning trap. The NdFeetagandwiched
between oxygen-free high-conductivity (OFHC) copper sittgough which we ap-
ply the ring bias voltage. The trap endcap electrodes aréhimad from OFHC
copper. MACOR ceramic glass spacers provide electrictdtiem between neigh-
boring electrodes. Characteristic trap dimensions forotihe magnet trap amg =
9.53 mm andz, = 8.39 mm. The value of parametér(Eqn.[1) is 0.814. Typical
oscillation frequencies for representative ion speciegpaovided in Tablg]1.
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Fig. 1 Cross-sectional views of (a) one-magnet; and (b) two-miagompact NdFeB Penning
traps. The cylindrical symmetry axis is horizontal. Veckérindicates the direction of remnant
magnetization for each NdFeB magnet. The on-axis magnetétgrofile for each trap is plotted
as an overlay (green dashed line). Detailed field profileprmeded in a separate publication [31].

2.1.2 Two-Magnet Penning Trap

A design with two NdFeB magnets (FIg. 1b) increases the cerilylof assembly
but yields several advantages over the one-magnet degigitiding the magnets
behind electrical iron endcaps serves to minimize the effiggzhysical and magnetic
imperfections, and the gap between the magnets now perwigs in thez =0
plane, for laser or atomic beam access into the trappin@me@ur two-magnet
trap design also has improveefield homogeneity in the range=2 mm toz= -2
mm, compared to the one-magnet design [31].

Characteristic trap dimensions for the two-magnet traprgre 8.50 mm and
Zo = 4.74 mm. The two NdFeB magnets dovetail onto an electrical yoke and
two OFHC copper rings, together comprising the ring eletd@rd he iron yoke has
four evenly spaced radial holes, one of which contains ahegplens for light col-
lection. The endcap electrodes are machined from elekitrica MACOR spacers
are again used to provide electrical isolation betweenhiigng electrodes. The
value of parameter (Eqn[1) is 0.854. Typical oscillation frequencies for egen-
tative ion species are provided in Table 1.
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Table 1 Approximate motional frequenciestay, 2mw)., and 21wy for various highly charged
ions confined in the compact Penning trap designs ofF-ig. & .applied trapping well idV = 10
V, and the magnetic field hd =0.3 T. Calculated values assume a single trapped ion inrtiie i
of small-amplitude oscillations.

one-magnet trap) = 0.814 two-magnet trap) = 0.854
lon Axial Cyclotron Magnetron  Axial Cyclotron  Magnetron
Freq. (kHz) Freq. (kHz) Freq. (kHz)  Freq. (kHz) Freq. (kHz) Freq. (kHz)
20Nelo 415 2266 38.0 597 2224 80.1
20N 393 2036 38.0 566 1994 80.5
20NeBt 371 1805 38.1 534 1763 80.9
40Ar16+ 371 1806 38.1 534 1764 80.9
40Ar15+ 359 1691 38.2 517 1648 81.2
A0Ar L4+ 347 1576 38.2 500 1533 81.5
40Ar13+ 334 1460 38.3 481 1417 81.8

2.2 Production and Extraction of Highly Charged lons

The electron-beam ion trap (EBIT) is a laboratory device govducing highly
charged ions of various species. Invented in the late 1986 EBITs now ap-
pear in multiple facilities worldwide. The NIST EBITI[8], ioperation since 1993,
incorporates an electron gun capable of generating a beaaraodnt larger than
100 mA within an ultrahigh vacuum enclosure. The nearly menergetic electron
beam is accelerated through high voltage, reaching kimetérgies up to 30 keV
as it travels through the central axis of a stack of cylinalrdrift tubes. Supercon-
ducting Helmholtz coils generate a strong axial magnetid fiez 3 Tesla) which
compresses the radial extent of the electron beam, proglaciextremely high cur-
rent density. Highly charged ions are produced throughatkelectron-impact
ionization of an injected gas. These positively-charged are trapped in a config-
uration that resembles an open-endcap Penning trap, vattylindrical drift tubes
biased to form an electrostatic trapping potential alorgatkis, but with the highly
compressed electron beam also providing radial confinement

The EBIT produces a mixture of several charge states, datechby various
tuning parameters and by the available ionizing energy efeflectron beam. This
HCI mixture is extracted by quickly ramping the EBIT middlefttube up in volt-
age. As the pulse of ions accelerates out of the drift tubimnegach ion acquires
substantial kinetic energy, roughly equal to the ion chéirges the effective EBIT
operating voltage. Typical energies for the experimenssidieed below are between
2 keV to 4 keV per unit charge. In the following sections wealié how this ion
pulse is controlled and recaptured into a Penning trap metdensely compact with
a unitary architecture.
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2.2.1 EBIT Extraction Beamline

Figured2 anfl3 provide a schematic overview of the expetinié® approximate
path length from the EBIT to the Penning trap capture/detecegion is 7.2 meters.
Specifics of the NIST EBIT extraction beamline are providisewwhere[[283].

The various tuning and focusing elements in the extracteamiline nominally
maintain ion kinetic energy, and all but the analyzing mag equally on ions
of different mass/charge. The analyzing magnet allowstete of a particular ion
charge state. At the proper analyzing magnetic field valua fgiven mass/charge
ratio, the ion is deflected by the necessary amount to camthmough the beamline;
it then passes through the Penning trap and strikes a Facagagr microchannel
plate (MCP) for detection.

Figure[4 shows the result of a mass scan performed by sweépingnalyz-
ing magnetic field and tracking the detected ion signal ortithe-of-flight MCP.
Charge states are identified from the spacing between peakha known ion ki-
netic energy. MCP signals may then be adjusted for the clstiage of each ion to
extract the actual number of each charge state striking ehectbr (Fig[#a). The
assignment of charge states is confirmed by plotting theatime of each ion at
the TOF detector, measured as a delay from the EBIT dumpetrifiig.[4b). This
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Fig. 2 Cartoon of extracted ion path from EBIT to the compact Pegniviap. Details of the exper-
iment region are shown in Fig 3. Details of EBIT beamlinenedats are as previously published

3.
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Fig. 3 Detailed view of the experiment region for two different Reg trap configurations: (a)
Beamline incorporating the one-magnet Penning trap [Bay.ahd three sets of steering plates;
detection elements include retractable Faraday cups (R€)agposition-sensitive microchannel
plate (MCP). (b) Beamline incorporating the two-magnetriteg trap (Fig[lLb), with additional
focusing elements, a retractable time-of-flight MCP dete€TOF), and visual access to a photo-

multiplier tube (PMT).

arrival time, dominated by the transit time through the EBKIraction beamline,
shows the expected linear dependence on the square roah ofiass/charge ra-
tio, for lossless motion in conservative electric potdatién particular, the timé
required for an ion to traverse the extraction beamlinemgteL is given by

L dx m [t dx
<o Vak v e "

where thex-coordinate is directed along the beamling)\is the ion velocityV (x)
is the electric potential at position(except near deflectors or focusing elements,
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Fig. 4 (a) Typical “mass scan” of argon ions extracted from the EBIth V ~ 2.85 kV (see Eqgn.
[7). The number of ions is counted by measuring the signal anexof-flight MCP detector as the
analyzing magnetic field is varied to select out differentssieharge states. (b) Arrival times of
various argon ions at the TOF detector, relative to the ERIfpl trigger. Error bars represent 1
uncertainty.

V(x) = 0), andv; is the effective operating voltage of the EBIT, i.e. theialikinetic
energy of an extracted ion @/.

After setting the analyzing magnetic field to isolate thergkastate of inter-
est, we can use steering and focusing elements to optimizieaam image on the
position-sensitive MCP detector. Figlife 5 shows represeetbeam spot images
taken while operating the one-magnet Penning trap as arHers for focusing—
this is the primary function of the one-magnet trap in our-twagnet experiment
configuration (FigiBb). The ion beam is centered by applgmgection voltages to
three sets of orthogonal steering plates, apertured thrthaytrap electrodes, and
focused to a spot as small @3 mm diameter on the detector.

2.2.2 Captureand Detection of Extracted lons

To capture ions extracted from the EBIT, the Penning trapteldes are biased in
a step configuration, with the front endcap low, the back epdtggh, and the ring
electrode at an intermediate voltage. Each electrode #mmives an additional con-
stant high voltage bias, roughly equal to the effective EBpErating voltage, in
order to match the kinetic energy of incoming ions. As thesiapproach the Pen-
ning trap, they climb the potential hill and slow down; ongside the Penning trap
region, the ions are then captured by rapidly increasindrthe endcap voltage to
match the back endcap voltage, closing the trap and creatingal potential well
centered on the ring electrode. Once captured, ions may ldefdreseveral sec-
onds with the trap voltages in this storage configuratioen tthumped to a detector
by lowering the back endcap voltage. High voltage pulseapable of rise times
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ber of ions.
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Fig. 6 Simplified timing diagram for ion capture, storage, and ciée.

<100 ns, are used to accomplish the fast switching betweé¢agekettings for ion
capture, storage, and dumping.

A simplified timing diagram for the experiment is shown in fi&) lons are ex-
tracted from the EBIT by pulsing the middle drift tube up intage. After waiting
some amount of time {4pwrd for the extracted ions to transit from the EBIT, the
front endcap then pulses up in voltage to capture ions just #fey arrive in the
Penning trap region. After an additional storage tingg£9, the Penning trap back
endcap pulses down in voltage to dump the ions towards the d@dttor. A trig-
ger pulse simultaneous with the back endcap pulser allowshsgnization of the
detection electronics.

The Penning trap front endcap must pulse closed at predfselyght time in or-
der to catch any ions. If the trap closes too soon, the ionswilyet have reached
the trapping region; if too late, they will have already exit having been turned
around by the high back endcap potential. Experimentall§imeethat timing reso-
lution of order 10 ns is sufficient to optimize the “capturadi’ at which the trap is
closed. To determine the best capture settings for a givesgecies, we set the stor-
age time to a short and fixed value (typically 1 ms), then svikegapture time to
optimize the number of detected ions. Results of this ogtitinn are shown in Fig.
[7 for various ion species captured in the two-magnet Pentinapy As in Fig[4b,
this is essentially a measure of transit time from the EBITh®Penning trap, and
we observe the expected linear dependence on the squaref ioatmass/charge
ratio (EqnLT).

3 Experimental Results

We have demonstrated the effectiveness of compact Pemaipg) with unitary ar-
chitecture for capture and storage of highly charged iosmguboth trap designs
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presented in Fig.]1. Initial experiments with highly chatgens extracted from the
NIST EBIT utilized the one-magnet trap and the experimeathlame shown in Fig.

[Ba. Recent experiments utilize the two-magnet trap and thre komplex setup of
Fig.[3b. Capture and detection follows the scheme desciib&ty.[d. Sample re-
sults are presented below.

3.1 One-Magnet Penning Trap with Position-Sensitive MCP
Detector

lon species captured in the one-magnet Penning trap indledfe, Ne®t, Nebt,
Arlet ArtSt A4t Arl3t and N'*. The only means of ion detection in the one-
magnet experiment configuration (Hig. 3a) is a positiorsite MCP detector. This
detector has an active area of diameter 40 mm, with a resiatiode encoder that
correlates each ion count event with a position of impachenMCP. While useful
for beam tuning (e.g. Fifl 5), this encoding has the unwasitkgteffect of relatively
slow response time, of orderiis. To avoid dead-time errors generated by large ion
count rate, we use a purposefully inefficient dump schemeeMtumping ions
from the Penning trap, the back endcap voltage is set equal stightly higher
than the ring voltage. Without a strong potential gradienbdss the trap, many ions
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bars representd. uncertainty.

escape to the electrode walls, but a fraction of the ions@gitowards the detector.
For trap storage times longer than 0.5 seconds, this schesnéig in ion numbers
low enough to be individually counted without evidence dépp on the position-
sensitive detector.

Figure[8 shows the result of storage time measurements iondenagnet Pen-
ning trap. The “low” voltage applied to the back endcap ettt while dumping
the trap is set nominally equal to the ring voltage, intemity reducing detected
ion counts as described above. Storage times are measufi#ithigya single expo-
nential decay curve to the data. Residual gas pressure inajhyging chamber was
roughly 24 x 10~ Pa (18 x 10~ ° Torr).

The one-magnet trap beamline (Fig. 3a) is intended prigasl a proof-of-
concept prototype; the position-sensitive detector corfithe capture of HCI but
cannot count large ion fluxes nor distinguish between difiecharge states. How-
ever, the storage times observed in Figure 8, accountinkjdber background gas
pressure, are comparable to those observed in the two-magpédor the sum of
all charge states (Fifil 9c, S&c.13.2). The simplicity of the-mmagnet design makes
it an attractive option as a basic ion trap or focusing eldamauidition of a TOF
detector (Sed._3.2), for example, would enable furtheristudf charge-exchange
and trap dynamics.
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3.2 Two-Magnet Penning Trap with Time-of-Flight (TOF) MCP
Detector

lon species captured in the two-magnet Penning trap indiedét, Ne®t, Nebt,
Arlet ArlSt Arldt Arl3t and KA. The two-magnet experiment beamline (Fig.
[@b) incorporates the one-magnet trap as a focusing elemdrdantains two addi-
tional detection options compared to the one-magnet trambee. First, trapped
ions may be detected optically via a photomultiplier tubeq8}). Second, a time-
of-flight (TOF) MCP detector, mounted on a one-dimensioratglator, may be
inserted into the beamline in front of the position-sewsitietector. The TOF de-
tector has active diameter of 8 mm and response time of ondlerHigh voltage bias
across the TOF MCP selects one of two operating modes: polseting or analog
amplification. Our experiments generally utilize the agailmde, in which the TOF
detector functions as a fast current amplifier with gain of tb01(°. lon counts are
extracted from the TOF signal strength by accounting foktih@vn charge state of
the incident ion.

Figure[® shows ion storage measurements in the two-magnatriegtrap. The
back endcap dump voltage is set to 400 V below the ring voltegeping the ions
out in a narrow pulse; since the TOF detector is capable otrhigher ion count
rates than the position-sensitive detector, pileup erf®es[3.11) are not observed
even for storage times as shortzasl ms. Time resolution of the TOF detector is
sufficiently fast to permit the observation of ion chargelenge processes. The
ion species initially loaded in the two-magnet trap undesycharge-exchange col-
lisions with residual background gas. The product ion ssewiill in general still
oscillate with frequencies that satisfy the Penning traffioement criterion (Eqiil 6,
Table[1), hence it will remain trapped and can continue togdg@xchange down to
lower charge states. Fig. 9c shows the evolution of lowergghatates as a function
of storage time in the two-magnet trap. The charge-exchpragghucts are detected
as separate peaks in the TOF detector signal[(Fig. 9a-layekdfrom the initial ion
peak due to higher mass/charge.

Residual background gas pressure for these measureméemsis0 ’ Pa (13 x
102 Torr). We observe an exponential decay in the number of i@tsotied on
the TOF MCP detector as a function of trap storage time: tit@licharge state
(Net%t: red triangles in Figl9c) decays with time constant 1.08(2)nd the sum
of all charge states decays with time constant 2.41(6) sapeates of both the
initial charge state (dominated by charge-exchange), ldeosum of all charge
states (dominated by ion cloud expansion/loss), are obdeuorincrease linearly
with background gas pressure[31].
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Fig. 9 Detection of highly charged ions in the two-magnet Penniag,tdemonstrating charge-
state resolution with the time-of-flight MCP detector (TORgon ions are confined in the trap for
storage times ranging from 1 ms to 4 s, with applied potediftdrenceAV = 10 V between the
ring and endcap electrodes. Output of the TOF detector sensival time relative to the Penning
trap dump trigger is shown for storage times of (a) 1 ms an®(b) The detector signal scale
is magnified by 10x from (a) to (b). The TOF signal peak for eaelhrge state is converted to
ion counts, and the evolution of charge states via chargeagge is shown in (c), normalized to
the initial population of N&* ions observed at the 1 ms storage time. Error bars represent 1
uncertainty.

4 Summary and Outlook

We have developed compact Penning traps that integratedcidal NdFeB per-
manent magnets and trap electrodes in unitary architectlireese traps are used
to capture and store highly charged ions extracted from & NEBIT source, in
particular charge states of neon, argon, krypton, andgetiolon storage times of
order 1 second, limited primarily by background gas pressaie demonstrated in
both a one-magnet trap designed for simplicity of constoncind in a two-magnet
trap designed for field homogeneity and optical access tordpping region. The
unitary architecture could find various applications in arct instrument develop-
ment, for example as portable mass analyzers.

Our ongoing work at NIST focuses on ion studies in the two-netd’enning
trap. Measurements of collisions, charge exchange rdtestiee ion temperatures,
and cooling rates are possible in the existing apparatiuse Beessure as low as 1.0
%1077 Pa (78 x 10710 Torr) has been obtained at room temperature, yielding ion
storage times up to 3.8 seconds. A precision leak valve amthggctor nozzle allow
for controlled modification of the background gas pressuitbé trapping chamber.
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An upcoming publication will provide details on the captym®cess and energy
distribution of ions extracted from the EBIT.

The demonstrated ion storage timessdf second are sufficient for various spec-
troscopic measurements of interest to astrophysics asdplaiagnostics. One ap-
plication particularly suited to this apparatus is measumet of metastable life-
times. Well-established efforts at NIST and other EBIT liies have used inter-
ference filters or monochromators to detect fluorescencteziiy ions decaying
from metastable level§[82], e.g. observing the magnefioldidecay from ArXIV
2p 2Py, to 2p 2Py, , where the metastable 2, level is populated during ion
production in the hot EBIT plasma[26,115]. Most such measanms in the past
have been performed inside an EBIT, producing highly chiiiges and then turn-
ing off the electron beam long enough to measure fluorescétfueever, since the
extraction time of ions from the NIST EBIT is of order 13, lifetimes of millisec-
onds or longer may also be observed by detecting fluoreséesmeéons recaptured
in our compact Penning trap. The two-magnet trap beamliigel86) includes a lens
system with filter and photomultiplier tube for this purpodérking with extracted
ions in the controlled Penning trap environment allowsdigtudy of certain sys-
tematics; for example, pressure dependence of the deetiynd may be explicitly
measured. Potential disadvantages include a limited tietesolid angle and the
possibility of new systematic effects due to trapped iomidldynamics. To increase
detection solid angle and enable a second systematic clvede investigating an
alternative radiofrequency (RF) ion trap with electrodest tontain large slits for
optical access. The RF trap (currently functioning as arzélitens) is located in
the experiment beamline (Figl 3b) between the two-magnetiRg trap and TOF
detector; it could be loaded either directly from the EBITf@lowing an initial ion
capture stage in the Penning trap.

Longer term applications are motivated by efforts at NIST'@ngineer” ion
states that are not readily produced in the EBIT. Recentqsalg involve producing
hydrogenlike ions in circular Rydberg states, for precispectroscopy to test the-
ory and measure fundamental constants[[1B, 12, 30]. We lmvelemonstrated an
initial step in realizing this proposal—the capture of bavelei (Né°") in a suit-
able ion trap. One possibility for attaching electrons vhithh angular momentum
is charge-exchange with Rydberg atoms [28]; an atomic bearid de introduced
through one of the remaining holes in the two-magnet Peninagg

For related work with low-Z ions, for which the full energythie NIST EBIT is
unnecessary, the NdFeB Penning traps may also be integnabesl new apparatus
with a gas injector and small electron gun, enabling singlgreriments at greatly
reduced operating cost. Compact HCI sources based on pentnaragnets have
been demonstrated at several other facilities; desigryerfrom early “warm” EBIT
designs utilizing two rings of SmGd21]] or NdFeB [19], to a recent low-energy
EBIT featuring 40 NdFeB and soft iron elements|[33].
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