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Recoil-ion charge-state distribution following the 8% decay of ?!Na
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The charge-state distribution following th@" decay of'Na has been measured, showing a larger than
expected fraction of the daughtéiNe in positive charge states. No dependence on eithegther recoil
nucleus energy is observed. The data are compared to a simple model based on the sudden approximation.
Calculations suggest that a small but important contribution from recoil ionization has significant consequences
for precisiong decay correlation experiments detecting recoil ions.
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. INTRODUCTION cascades in the electron capture decay’ '@ [15,16, the
internal conversiorfIC) of 3™Xe [17], and theB™ and IC
Measurements of recoil-ion spectra in nuclgalecay are  decay of 133Xe [18].
useful probes of the weak interaction. The energy spectra of Until recent experiments with radioactive trapped atoms,
®He [1-3], >Ne [1,4], *Ne [1,5], and 3°Ar [1] decays there were no data on charge-state production follovgrig
helped lead to the discovery of the- A (vector minus axial ~emission. The decay of thg" emitter "°Kr is predominantly
vectop structure. The®He B-v correlation[3] provides the by EC and produces positive ions, neutrals, and negative ions
best limit on a possible tensor component. Recoil spectrdl9]. A simple estimate equating the net electron losgin
from the electron capturéEC) decay of Ar [6] and g*  and 8* decay indicates that:5% of the daughters "
decay of38™K [7] have recently put limits on the admixture decay should be in positive charge states, with the yield de-
of heavy neutrinos. creasing with increasing ion charge state.
Trapped radioactive atoms and ions are appealing sources -aSer trapped®™™K [10] and the presenf'Na results
of activity for a new generation of precise decay experi- show that this greatly underestimates the production of posi-

o v
ments testing the standard model. Radioactive nuclei can b%:ve ions for thesg8™ emitters. We measure the charge-state
confined to a small volume~1 mn?), decay essentially at

istribution by detecting thgg™ and recoil ion in coinci-
FAr 0, 21

rest (velocities <1 m/s), and the recoil daughters emergedence' The majority (94.980.13 %[20]) of *'Na 5 decays

with minimal perturbation. The daughter ions can be ma

(end point energyE,=2525.7 keV) proceed directly to the
nipulated with electric and magnetic fields. Sevegalecay

‘ground state of?!Ne, leading to recoil energies 229 eV.
. The remaining 5.02%8 decay to the first excited state of
correlation measurements are currently under \&9| or
nearing an interesting precision of 0.Q0], and further im-

2INe, which subsequently deexcites throudgh emission of

a 350.7 keVy ray. The recoil-energy spectra for these decays
provements are expected. (shown in Fig. 1 are calculated using a Monte Carlo simu-

In interpreting recoil-ion measurements, the charge-statgyiion described in the text. Electron capture events, which
production is assumed to be independent of feand  sccount for<0.1% of decays, are not detected.
nuclear recoil energy. FoB* emitters, ionization mecha-
nisms are essential since positive daughter ions form only
when=2 orbital electrons are lost. Negative ions, if formed, (a)
are often unstable and of limited utility for measurements.
lonization affects the statistical precision and leads to sys-
tematic errors if dependent o or recoil-ion energy. For
example, ionization dependent on nuclear momentum would
alter each charge state’s energy spectrum, leading to an ex-
perimental signature similar to that of@v correlation.
Understanding the ionization state followirgy decay is
interesting in its own right. FoB~ emitters, such as$He
[11], 2°Ne[12], ®Kr [13], and **Ar [14], electron shake-off ———— T T T
(SO resulting from parent/daughter orbital mismatch is the 0 0 N 100 150 200
. L . uclear Recoil (eV)

dominant process. The charge-state distribution decreases
with increasing charge, with 80-90 % of daughter ions hav- FIG. 1. Calculated recoil-energy spectiiaear scalg following

ing a charge+1 and <5% with charge=3. In addition, 2INag decay to(a) the ground state ang) the first excited state of
inner shell vacancies lead to dramatic ionization from Auger’Ne.

(b)

Energy Spectra
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We use the relative’Ne ion abundances to study the

dependence of the ionization process on the decay produc Mtgarogg;:k -

energies. In the “sudden approximation,” electrons are HUW h“ Proton beam from
ejected because of orbital mismatch following the sudden 88-Inch Cyclotron
change in nuclear charge, and ionization is independeft of ,

energy. However, the energy imparted to shake-off electron: Oven " Collinater

(of the order of the binding energyeduces the available J tubes

phase spacg1], suppressing low-energg emission. lon- Transverse “ — I

ization in theK shell has significanB energy dependence, cooling i —

|

especially in the3™ decays of**Tc [21] and **’Pm[21,22,
where the binding energBx and E, are comparable. In
addition, the direct collisiofDC) mechanism, in which the . . \ | ..

. . . Radiation >/ Radiation
B knocks out an orbital electron, is expected to be important shield wall \/
for decays with comparabBy andE,. Calculations indicate
that the DC mechanism can contribute significantly to elec-
tron loss at lowgB energies, even for decays wiBy /Eg

shield wall

\

_ Zeeman slower

<1, and measurements disagree with the calculation unles Na atom trapy | I} LB/

this DC contribution is included. Therefore, even though N *J )
shake-off from deeply bound shells is small, the energy ~Collimator / UN <\\\ ’,_M(i};geld
dependence can be significant. I e=y / \

Nuclear recoil has an observable ionizing effect for high- = 1 ZuEs MCP
energyy ray [23], nucleon[23], and & emission[24]. In 8 | .” | m ~— detector
decay, recoil ionization is expected to be small in most atoms T :*/L A
investigated exceptHe, where the largeE, and small B detector —H \
nuclear mass lead to recoil energies up to 1400 eV. Nuclea Ve
recoil contributes 3% to the production &fi*, and>50% _
to the production offLi®* [11]. No evidence of recoil ion- Trapping © *= ' Trapping
ization was found by comparing the abundances of charge laser beams laser beams
states+2 through+5 of 2®Ne 8~ decay at 250 and 450 eV, Slowdown beam
although the limit is not particularly restrictiid.2]. with "dark spot

FIG. 2. Experimental arrangement shown is not drawn to scale.
Il. TRAPPING APPARATUS Anti-Helmholtz trapping coilg$not shown lie above and below the
trapping chamber in the plane of the page. THe and E scintilla-

The production and accumulation étNa in a magne- tors are shown in black.

tooptical trap(MOT) has been described elsewhég®,26]

and will be °”|3"1 briefly sg{nmarlzed here. TR&Na is pro-  gjower” solenoid. A 4 mm diameter “dark spot” in the center
duced through**Mg(p, ) ?Na by bombarding a powdered of the slowdown laser beam creates a shadow over the trap.
MgO target with 2uA of 25 MeV protons from the 88-inch  Keeping the unbalanced force of the slowdown laser beam
cyclotron at Lawrence Berkeley National Laboratory. Thefom destabilizing the trap doubles the number of atoms
alumina crucible containing the target is heated to 1000 °Cyapped.

and the sodium diffuses out of the target at a rate~ The slow 2INa atoms are captured in a six-beam MOT.

X 10° atoms/s. The atomic beam emerges through four narrhe trapping laser beams are 3.5 cm in diameter, have a
row, alumina tubes aimed at the trapping chamber. Addidetuning of —15 MHz, and each has an intensity of
tional collimation 10 cm downstream from the tubes is pro-~g mw/cn?. Anti-Helmholtz coils surrounding the trap
vided by two-dimensional optical molasses generated by Yenerate a quadrupole field with an axial gradient of 12
cm laser beams reflected four times across the atomic beag/cm. Up to 8< 10° 2INa atoms have been trapped. The trap
The laser light at 589 nm for the transverse cooling staggfetime is 12+ 2 s. The trap is monitored by measuring fluo-
and the MOT is generated by two Coherent 899 ring dy&escence with a photomultiplier tud@MT), and the trap

lasers using Rhodamine 6G dye. The lasers are frequengysition and spatial distribution are recorded with a charge-
stabilized with saturated absorption spectroscopy orDtfie  coypled device camera.

transition in °Na after passing through an acoustooptic
modulator to account for the 1648 MHz isotope shift. An

. . IIl. MEASUREMENT TECHNIQUE
electrooptic modulator shifts:10% of the laser power to the Q

325,,(F=1) to 32P4,(F=2) transition frequency, avoid- The experimental arrangement is shown in Fig. 2. The
ing optical pumping to the untrapped?3,,(F=1) hyper- trapped atoms are suspended between two detectors—a
fine level. AE-E plastic scintillator telescope on one side, and a Csl-

A 8 mW/cn? slowdown laser beam detuned20 MHz  coated chevron microchannel plat®!CP) detector on the
from the 32S;,,(F=2) to 32Pg,(F=23) transition deceler- other. A system of stainless steel electrodes generates a static
ates the atomic beam as it traverses a 1.2 m long “Zeemarelectric field of~1 kV/cm to guide positive ions from the
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trap to the MCP. A trigger in either portion of th#& detector 140f
telescope opens a @s coincidence window, providing time 54|
for the recoil >!Ne to reach the MCP. For coincident events,

100+

we record the time between tifedetector(either AE or E) 2 o

and MCP trigger, the pulse heights and singles rates from th¢g &

detectors, and the PMT fluorescence signal. v 5
20

. . 0 L N T ikl i
A. Electric field 0 100 200 300 400 500 600
Dielectric material within the chamber was minimized so ADC Channel Number
the electric fieldand therefore the ion trajectorjesould be FIG. 3. Representative MCP pulse height distributions for 10

calculated reliably. Four stainless steel rods hold the collimakeVv ?°Ne* ions impacting the center and edge of the active area.
tor and rings in place and supply the voltages to these eledhe smooth curves are the empirical fit B{x) and the dashed
trodes, eliminating the need for separate leads. An aluminurwertical line shows the electronic threshold.
ring 10 mm in front of the MCP ensures that the screw heads
and detector leads do not influence the electric field, giving a N 1 2o 2 A [ X=X
simple surface to model. The electric field was calculated for P(X)=——+ e (X020 4 —erff ——
a three-dimensional 0.5 mm lattice b ial i i 1HA[V2moq 27 2oy
- . y commercial ion optics e

software.

The electrode voltages were selected such th9.5%
of ?INe* (in coincidence with detected™’s) and all of the
higher-charge-staté'Ne ions are drawn into the active area

of the MCP detector. In coincidence wifi™’s, only 18.5 open area ratio by the fraction of the PHD larger than the
+0.2% of #!Ne” daughters from the trap reach the MCP gjectronic threshold. The pead, width o, and step func-
active area. Temporal separation of the ion peaks alloweggp, magnitudeA were related empirically by, and A
independent fits for each charge state. The electric field SURzx, L. Since the normalizatioN has no impact on detection
presses backgrounds by establishing & kV potential bar- efficiency,Eycp could be determined from, alone. Sample
rier for recoil ions originating on the chamber walls. The spectra are shown in Fig. 3 for 2000 Hz of 10 ké%¥We"
?!Ne” drift time to the MCP from most surfaces is greater jons impacting the center and edge of the MCP detector.
than 3 us. The collimator potential preventSNe ions origi- By scanning the MCP across the collimator aperture, the
nating on the Be window from reaching the MCP. two-dimensional map of the detector response shown in Fig.
Using the trap-to-MCP distance of 83:08.04 mm deter- 4 was generated. The average pulse height decreases as the
mined by the®!Ne° time of flight, we compared the mea- jons strike the MCP further from the center. At 10 keV, 94—
sured and calculated rising edge of each recoil-ion peak. Thg7 95 of the PHD was above the 25 mV electronic threshold.
agreement is well within the uncertainty of 0.6 ns, implying A poor signal-to-noise ratio prevented measuring the PHD
that the average electric field magnitude along the ion trajecror 20Ne?*, so 2%Net accelerated by twice the potential was
tories is accurate to 0.2%. used. We found thafy,cp changed by less than 2% over the

consisting of a Gaussian distribution with a step function
below the peak, adequately describes tfiée’ pulse height
distribution (PHD). We estimatedy,cp by multiplying the

B. Microchannel plate detector

For ions with kinetic energies 2 keV, the detection ef-

ficiency Eycp of a MCP operated without a biasing grid _ 3007 300
shows little variation, regardless of ion spedi2g] or charge 3 250 - 1L 250
state[28], and approaches the open area ratio~a$0% E _— Lo [y
[27,29-34. The accelerating potential of 9.0 kV minimizes 8
the energy dependence #iy,cp. Calculations indicate that 2 1507 T
all ions impact the MCP with angles less than 2°. Although % wo4— L 100
Evcp depends on the angle between the microchannel axi® _ | S e
and the particle’s momentum, particles that impact the detec
tor at angles less than 5° are detected with essentially uni
form probability[29]. b o 10

After data collection, we conducted an off-line calibration mm) 10 20 20 19 (mm)

of the MCP detector. Using an ion source, a monoenergetic Distance From Center

20
beam of Ne* at rates of 18-10" Hz/cn? was generated FIG. 4. Two-dimensional distribution of analog-to-digital
by sending a defocused beam through several small apegonverter(ADC) peak pulse heights for a 10 ke¥Ne* ion beam

tures. A 30um thick aluminum collimator with &5 mn?  impacting the MCP. The variation leads to a detection efficiency of
hole 10 mm in front of the MCP localized the impact area. 97% near the middle and 94% at the edges. A sharp drop to zero

We found that the function occurs as the beam moves from the active area.
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energy range 10-30 keV. Minimal change in the PHD wasdow, we detec3*’s with energies=175 keV and only 2.7
observed for off-line beams of less thar* #z/cn¥. +0.1% of the spectrum is missed.

C. B-detector telescope D. Monte Carlo simulation

The B-detector telescope is centered inside a 12.4 cm di- The data are compared to a detailed Monte Carlo simula-
ameter stainless steel sleeve by an acrylic holder with a fion that generates the time-of-flighifOF) spectra from
mm thick tungsten-alloy ring. This ring stop8"’s from  trapped atoms. The nuclear recoil is calculated from ghe
reaching any part of th@ detector other than the scintillator. 3nd » momenta by conservation of momentum. The lepton
'I_'he only material in _the path_from _the trap to U_ﬁ‘E SCIN-  momenta are generated from an allowed distribution with the
tillator is @ 127um thick beryllium window(to maintain the  Fermj function included as a cubic spline from the tabulated
ultrahigh vacuumand one layer of 7.@um thick aluminized \5)yes in Ref[36]. Recoil order effects are included using
Mylar. A tungsten-alloy collimator restricts the field of view the results of Ref{37]. To determine the charge-state distri-

of the 8 detector to a narrow cone centered about the trappegution, we assume the conserved vector current hypothesis

atoms,+r’n|n|m|zmg the number of coincidences from SCat, yhe apsence of second-class currents. Qrdediative
teredB™’s. At 1 mm thick, the lip of the collimator stops 3

+ effects are included according to the prescription outlined in
MeV B 's Ref. [38], which properly accounts for the four-body final
The AE andE plastic scintillators are 1 mm and 15 mm ' ' o
thick with diameters of 35.5 mm and 45 mm, respectively.s'tate from emission of a hard br'emsst.rahlung photon.
The edge of the\E scintillator is beveled at 11° to match We use 5.02% for the branching ratio to thte (5/2")
the maximal angle of incoming™’s from the trap. TheE excited stajte[ZO] and the standard quel values for. both
scintillator stops allg*’s from the decay, and its larger di- ﬁ—vcorrelat!ops. For decays to the e>§0|ted state, we include
ameter minimizes the effects of angular straggling througtPrder« radiative effects but not recoil order terms because
the AE scintillator. Light from the scintillators is piped Of uncertainty in their sign. The omission of recoil order
through separate, acrylic light guides to magnetic field insencorrections, the excited-state lifetime, and ey correla-
sitive Hamamatsu R5924A€) and R5946(E) PMTs. The  tion is inconsequential.
scintillators are optically isolated by a single layer of alumi-  For 8*’s that intersect the scintillator volume, the ion
nized Mylar, minimizing the dead layer. At 9%9.0 mm trajectory is calculated in the electric field using a commer-
from the trap, the3 detector subtends a solid angle of 0.92cial ion optics program. The ion’s TOF, energy, and position
+0.02% of 4. are recorded upon MCP impact. Energy loss and scattering in
The B energy is determined from the sum of energiesthe Be window, although small, become significant at low
deposited in both detectors. The resolution of Afe andE  energies and are calculated usiEgsNrRcand included in the
detectors was calibrated using the conversion eledi@i)  Monte Carlo simulation. The measured energy and position

lines of 1*%5n and®*'Bi. The AE detector limits the resolu- dependent acceptance functions for the MCP Arttbtectors
tion, leading to a full width at half maximuntFWHM) of  are applied.
120+ 12 keV at the 364 keV CE line of*°Sn and 150 The acquisition detects only the first MCP trigger follow-

+15 keV at the 976 keV CE line of”Bi. _ ing any B-detector trigger. This introduces a slight bias for
The -detector resolution function is not just the simple gyents with short TOFs. Lost true and accidental coinci-

Gaussian expected from photon statistics. Compton scatt€fances are corrected for in the analysis using average

ing of annihilation radiation produces Compton continua that,B-detector and MCP trigger rates of 4 kif9).

extend ~340 keV above thes energy. Backscattering and Small (=1%) contributions fromB™’s that scatter off the

bremsstrahlung result in low-energy tails. These feature ollimator tip or the MCP are modeled and included in the

were calculated using the electron and photon transport code . o 21 . .
EGSNRC[35] for B*'s incident upon the center and edge of analysis. The TOF distribution fo-“"Ne coincidences is

the detector. The results were convoluted with the measuregietermmed from evgnts that t.r|gger tEabut. not theAE
FWHM resolution and extrapolated between the center andetector- The magnitude of this spectrum is scaled by the
edge because of the difference in average scintillator patfflative detection efficiency of th&E andE for 511 keV'y
lengths traversed by annihilation rays. The radial depen- 'ays. _ _
dence of the light fraction reaching &€ PMT was discov- Internal conversion of the excited-stajeray causes the
ered and included in the analysis. The measured efficienc§Xcited-state contribution in each charge state to deviate
for 511 keV y rays incident on thé& detector from a%%Ga  from the g decay branching ratio. We calculate this effect
source was 1301.4%, in agreement with 13.4% deter- using IC coefficients computed as a functiomofay energy
mined USINgEGSNRC using relativistic atomic wave functions and a finite nuclear
A low-energy threshold minimizes the uncertainties assofadius[40]. Electron loss following inner shell vacancies is
ciated with the complicate@-detector calibration. The ac- incorporated using the results of Réfl1]. The correction
quisition is triggered by events that deposiflO keV in ei- increases rapidly with charge state, changing the excited-
ther theAE or E detector, although only events that depositstate branching ratio by-0.0075%, —0.006%, +0.14%,
=50 keV in the detector and trigger tiaE are included in  +0.81%, and+5.7% for charge states &;1, +2, +3, and
the analysis. After accounting for energy loss in the Be win-+4, respectively.
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FIG. 6. Maximum lifetime of?!Ne™ vs its 8 decay branching
FIG. 5. Recoil *Ne time-of-flight spectrum. The inclusion of ratio (68% C.L), assuming that the MCP detection efficiency de-
the experimentay-2Ne coincident TOF spectrum in the fit leads to creases linearly at energies below 2 keV.
the noise in the background level.

B. Neutral neon

IV. EXPERIMENTAL RESULTS L . .
The majority of ’Ne daughters are neutral with recoil

The measured time-of-flight recoil spectrum in Fig. 5energies of<229 eV. At energies below 1 ke\fycp is
clearly reveals the?!Ne charge states. The detector is farenergy dependent and much smaller than at keV energies.
more sensitive to positive ions than to neutral atoms, and iBtudies of°0°% 1°0*, and '°0~ with energies between 30
can detect negative ions with electric fields reversed. As disand 1000 eV indicate that detection efficiencies depend on
cussed below, we found no evidence of negative ions, angharge state bgt f%" nearly linearly with decreasing energy
21Ne®, despite being the most prevalent, has the smalledé4]: Howe_ver, 1Ne_ stnke_ t_he M(?P with angles as large as
absolute detection efficiency and largest uncertainties. Wit~ SO their detection efficiency is expected to vary greatly
knowledge of the source activity and the detection efficiency/Vith _impact angle. The neutral branching ratio of 78.0

for positive ion and3* coincidences, the entire charge-statei.?"1 % is determined by ;ubtracting the ion branching ra_tios
distribution is reconstructed ' (discussed belowfrom unity. We find the average intrinsic

MCP detection efficiency to be 6+10.8 %, which is consis-
tent with results in Reff44] for 1°0°.
A. Negative neon state

) ) I C. Absolute charge-state distribution
If all orbital electrons were retained?™Ne~ would be

formed. A calculation based on a nonrelativistic fixed-core | N€ relative branching ratios for the positive charge states

valence-shell configuration interaction predicts the existenc@'€ détermined by fits to a Monte Carlo simulation. The re-
of a metastable At state but the metastable Nestate is sults are shown in Table I. The absolute branching ratios are

expected to decay to the continuum throughEdntransition SEterT'Qlild from th; sourceTshtrngth ahr_ld det;cu_o n gfﬁuency
[42]. Direct searches found Arwith a lifetime of ~350 ns,  [oF A" -""Ne coincidences. The branching ralig is given
and conclude that if Ne exists its lifetime is much less than Y

50 ns[43], in agreement with the calculation. Even if Ne R
were metastable with an appreciable lifetime, the probability Fq:R—q, (2)
of remaining negatively charged is small. The calculated T

metastable Ne configuration (522s?2p°3p?) is not acces-
sible from the ground states Of Nasbecause of s.‘ymmetryWhereR is the detection rate of ion recoils with charge,
However, due to the 8- 3p cycling from the trapping la- andR ii“, given by

sers, ~30% of the population has the configuration T

1s%2s%2p®3p?. Since the overlap between the Na 2nd _ _ o _

Ne 2p states is 97%, eachp2electron has less than a 3% TABLE I. Ratio of production of positive ions relative tdNe"
chance of being shaken up to the 3tate. Therefore, the production. Corrections for MCP detection efficiency as well as
branching ratio for this configuration should be Ies,s thardead-time losses have been taken into account. The production ratio
5.4%. Moreover, with a lifetime much less than 50 A¢ye™ for ions with charge=6 is <0.0003.

would be difficult to distinguish front*Ne®. We conducted a

direct search by reversing the direction of the electric field lons compared Production ratio
and found no evidence oB*-2'Ne~ coincidences or of 2INe?t: 2INet 0.1673-0.0011
BT-2'N€° coincidences at shorter than kinematically allowed 2N : 21Ngt 0.0143+0.0003
TOFs. The limits as a function of branching ratio are shown 2INght - 2Nt 0.0013+0.0003
in Fig. 6. We conclude that'Ne™ is not a significant charge 21N - 21N gt 0.0006+ 0.0003

state.
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TABLE II. Relevant values and uncertainties in the quantities 100 F
needed for calculating the charge-state branching ratios. E
Quantity Value Uncertainty 10 &
N 269 000 29000 =
712 (9 22.48 0.04 S 1L
Quep 0.996 0.001 =
Qp 0.0092 0.0002 ot
Emce 0.58 0.05 § 01L
s 0.973 0.001 g 3
L 0.95 0.01 & C
0.01
= 00! -
. . r 23
! 0.001 == Ne
E 1 I I I I I I
ry. 0.186 0.026 0 1 2 3 4 5 6 7
Charge of Daughter
NIn2
Rr= . QumcpQ gEncpésl. (3) FIG. 7. Comparison of charge-state distributions®&fla and
12

ZNe. Points are connected to guide the eye.

HereN is the average number 6tNa atoms in the traps;,

the half life, 2 ycp and Q4 the detector solid anglesycp  production of?’Ne?* (~30%) but not?’Ne* (<0.1%), in

and&, the detection efficiencies, ahdthe fraction of detec-  the model discussed below. We do not expédte’ produc-

tor lifetime. These values and associated uncertainties art@n to exhibit observabled energy dependence, although

shown in Table II. The neutral branching ratio is determinedhigher charge states may. The ratio?e?" to 2!Ne™ pro-

by subtractionN is estimated from the trap fluorescerfée duction as a function o energy is therefore sensitive to the

by energy dependence of the ionization of #ishell. The large
ratio of theQ value toBy in ?!Na (>2500) ensures that the

4) B decay phase space is minimally impacted. A calculation
using nonrelativistic hydrogenic wave functions for tHéle

) ) _ - K shell[45] demonstrates that, even if all ionization resulted

where()p, is the PMT solid angle, an@ is the efficiency.  from K-shell electron loss, the systematic effect fodecay

=

N: —1
RQ,C

The intensity of radiated light is correlations in?Na would be less than 0.1%.
The ratio ofK-shell electrons ejected per decay by direct
R= E S 5) collisions[ P (DC)] versus shake-offP(SO)] for a decay
2 1+s+4(278)4T? with a meang kinetic energy ofE; was first estimated by

. ) ) . Feinberg[46] to be
with saturation parametey natural linewidthI", and detun-

ing of laser lighté. Px(DC) By
— = 6
o P(SO E, ©
D. Comparison with ““Ne B~ decay
Figure 7 shows a comparison of the daughter charge-sta
distribution following ?!Na 8" decay with that fo3~ decay
of ZNe. One might expect th8" charge-state distribution

to be similar to the3™ distribution shifted by a charge af2 ; .
because of the difference inZ. The branching ratios, how- [47’4.& A Comparable. er]hapcement fiNa would give a
contribution toK-shell ionization of~1%.

ever, are similar when shifted by one unit of charge. This T
implies that an extra electron, most likely the valence elec- In 57 emitters[49-53, PK. ha}s b¢e” measureq only over
tron, is frequently lost irf!Na 8" decay, leading to multiple an average of thg energy distribution by detecting-shell

electron loss following 22.83.1% of decays instead of X rays in coincidence with annihilatiop rays to isolate™
~50 ' from EC decays. We measured the energy dependence in the

ion charge-state yields. Any increase in charge-state ratios at
low energies in Fig. 8 could be a signature of direct colli-
sions. Assuming th@ energy dependence predicted by Fein-
berg[53], the DC mechanism contributes less than 1.3% to

In neon, 99% oK-shell vacancies lead to subsequent Au-the production of?INe?* ions and less than 4.3% to the
ger transitiong41], so they contribute significantly to the production of?!Ne®* ions.

ﬁowever, more recent calculations have shown that the DC
mechanism in 87 decays with end-point energies of
~1 MeV is enhanced by 15-20 times beyond this estimate

E. Dependence of charge-state distribution on energy
of decay products
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0.185 T T T T T charge-state production ratios remain constant regardless of
N 42 2+ p trap population. Assuming a linear dependence on trap popu-

0180~ (@) “Ne™:"Ne 7 lation, we find differences irf!Ne”; 2INe", 2!Ne?*: 2INe™,

and 2INe**: 2INe" between the smallest and largest traps of

0.175 |- ]

_______ ST (0.6+3.0)%, (0.4-1.5)%, and (2.3 7.5)%, respectively.
R R SO S Lod 15
o165 1 1 L

I,..J_i 1 V. CALCULATIONS

Electron shake-off is calculated using the “sudden ap-
0.160 - 7] proximation” as the nuclear charge changes and the nucleus
receives a momentum kick from the decay. The probability
of finding an electrorforiginally in orbital ¢; of a nucleus of

Ton Ratio

21 +3 21 +

0016 ® “New:TNe I chargeZ) in orbital s of chargeZ+AZ is
0.014 . -
00121 J Pir(ke)=(wile™ ™ [ui) 2. )
0.010 - - In the rest frame of the nucleus of mads the electrongof
0.008 |- . massm,) are imparted a momentum gk, |=mqy2E, /M
0.006 |- - from a recoil of energye, . Usually, IZ,-)Z is assumed to be
0.004 | | | | | H sufficiently small so thae™'*r'*~1. However, expanding to

0 500 1000 1500 2000 2500 first order ink, - X gives

B Energy (keV) R , - o e
Pir(k) = [l )2+ ke |2 (il ke - X[ )2, (8
FIG. 8. Ratio(a) 2!Ne&*™:2!Ne* and(b) ?Ne**:?INe™ versus

total energy deposited i@ detector. Note the scale change betweenwhereR,= |Zr /|I2r|. The first term is due to orbital mismatch
(a) and(b). The energy extends beyond thNa end point because and we use it to calculate the charge-state distribution. The
of interactions between annihilationrays and the scintillator vol-  second term is proportional to the recoil nucleus’'s energy
ume. A correction has been applied because the collection eﬁicien%nd is of ordedlz |2a222/3~ 103 for21Na) and is used to

for 2!Ne" in coincidence with low-energg™’s is slightly less than estimate the mag%itugie of recoil ionization

100%. A horizontal line would indicate the absence3adind recoil '
energy influence on ionization. The solid line shows the best fit for

recoil ioinization, while the dashed line showsl s fits (for a fixed A. Charge-state distribution

ratio at 1100 keV. The fits yield a 1.33.9% and a 1614 % The charge-state distribution is calculated using a Monte

recoil ionization  contribution - for ZINe?*:#Ne*  and  Carlo technique and assuming a two-step ionization process
Ne’™: #INe”, respectively. consisting of electron shake-off due to orbital mismatch fol-

lowed by Auger transitions. After determining the electron

The 8 energy also gives information about the daughteross in 16 decays, the distribution is determined from the
nucleus recoil energy. At intermediate energies the momentfaction of daughters in each charge state.
of the B8 and v can cancel, causing minimal nuclear recoil.  In the first step of the calculation, a Ne orbital is selected
The ion ratios?!Ne?*: ?!Ne* and ?!Ne**:?!Ne” in Fig. 8  for each electron with probabilities determined from the or-
are essentially consistent with no recoil ionization, with con-bital overlaps. Orbital occupancy is limited to 1. The single
tributions of 1.3-3.9%and 1614 %, respectively. These electron wave functions used for the ground states of Na and
limits for 8" decay are not stringent enough for current pre-Ne were calculated using the Roothaan-Hartree-Fock expan-
cision B decay work or to test the predictions of the calcu-sion techniqué55]. Principal quantum number= 3 orbitals
lation described below. For this, recoil ionization needs to béhave not been calculated for Ne, so we nse3 orbitals for
studied at the level 0£1%. Mg to estimate the overlaps with ground-state Na orbitals.

There is no indication that the number of trapped atoms\We assume electrons not retained inrea3 shell go to an
which ranged from 100000 to 500000, influenced the re-autoionizing state or to the continuum. As we will find, the
sults. Scattering cross sections for recoil iongdrs emerg-  calculations agree with the experimental results only when
ing from the cloud of trapped atoms should be much lesshe overlaps witm=3 Ne orbitals are also zero.
than 10 2 cn?, several orders of magnitude too small to  Additional ionization from rapid £0.1 ns[56]) Auger
influence the charge-state distributions. Charge exchangsrocesses and associated shake-off is included as a second
would create?’Na" essentially at rest, giving a narrow TOF step. A number of calculations of these vacancy cascades
peak at 728 ns that is not seen. At the highest ion collectiomave been performe#1,57,58 with results in reasonable
rates, the average MCP output decreased b 96, and we agreement with experiment9]. For each inner shell va-
attribute this to local electric field distortions from charge cancy, additional electron loss is included according to the
extraction in active channe[$4]. This decreasedycp by  probabilities calculated in Reff58] or measured in Ref59].
0.36% for ions and 183 % for neutrals, because of their  The charge-state distribution is summarized in Table IlI.
small MCP signals. After correcting for this effect, all The calculation agrees with data only if all electronsnin
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TABLE Ill. Charge-state distribution branching rati@®), with and without Auger ionization effects.

Includingn=3 Neglectingh=3 Experimental
Charge Without Auger  With Augeét  Without Auger  With Auge  With Auger® results
—1° 70.18 70.18 0.0 0.0 0.0 0.0
0 22.31 22.31 78.32 78.32 78.32 78.8.1
1 6.34 4.74 19.41 17.80 17.99 18@.6
2 1.10 2.02 2.13 3.06 2.98 3.1D.44
3 0.067 0.60 0.14 0.66 0.60 0.266.037
4 0.0023 0.13 0.0056 0.14 0.098 0.0238.006
5 0.00006 0.022 0.00017 0.023 0.012 0.811006
6 <10°° 0.0030 <10°° 0.0033 0.0014 <0.010

8Auger ionization from Ref[59].
PAuger ionization from Ref[58].
‘Indistinguishable from neutrals because of short lifetime.

=3 shells are ejected, although in either case the productioproduction of charge-statg for the highest-energy recoils
of states with charge=3 is overestimated. This is not sur- compared to zero energy recoils is

prising, because the Auger ionization data used pertain to

single orbital vacancies, and we expect electron loss to de- wecoil —max La-1—Tq)

crease with increasing ionization state. 1q=100X Pi¢ " (E; X)F—q (11)

B. Recoil ionization wherel is the branching ratio to ions of chargeand E"**

The second term has the form is the maximum recoil energy.
The calculation is tested against the measured recoil ion-
. N ~ N . . 6 . . .
precoil £ ) = |k [2|( i |k, - x| ] ) 2 ization for °He. Using measured oscillator strengths fof Li

transitiong 60], we calculatd ; . ~0.38%. This crude calcu-
2 lation achieves 60% of the experimentally determined value
. (99 0of 0.63:0.10% [3]. The large nuclear velocities resulting
from a decay with a large, and smallM enhance the effect.
For ?!Na we obtain ; , ~0.6%, using measured oscillator
strengths for neutral Ne transitions to the continJé] and
Making the approximatiol;| )~ &i,, we find the measured charge-state branching ratios. In general, this
effect is~4 times larger for singly charged ions fropi*
decay compared t8~ decay of identicakE, andM, because
of the smaller branching ratios to positive ions and lower
Ei‘fldEif) E,, (10)  daughter binding energies. Although inconsequential to the
charge-state distribution, it is a potentially large systematic
effect for 8 decay correlation experiments currently attaining
the 0.01 level and seeking to reach precision of 0.001. An
wheredf./dE;; is the differential oscillator strengtfEis |, of 1% would lead to a systematic error sf0.005 in the
the energy difference between initial and final states, land -, correlation coefficient. The results of this calculation for
the ionization potential. This perturbation increases with dethe g* unstable nucle'Na, 38K [10], *’K [10], 8?Rb[62]
creasing binding energy. The percentage incrégs@ the  and "®Rb [10] (using experimentally determined Ar and Kr
oscillator strength$63]), each of which are currently being
TABLE IV. Percentage increase in production #fL ions be-  trapped for precisio decay studies, are shown in Table IV.
tween highest- and lowest-energy recoils, , for various 8* For one- and two-electron systems, precise calculations of

2E,m?
h*M

; (Bl i)l ke X )

Pirfecoil( Er)~

3me [ (=dfgse
M | Ji dE;

emitters currently being trapped. recoil induced ionization have been perforn@3$] but no
such calculations exist for systems wiH3 electrons. More
Isotope Ef* (eV) l14 (%) detailed calculations or precise measurements of recoil ion-
21Na 299 06 ization will be necessary to interpret the results of futgre
sy 429 31 decay correlation experiments.
37
K 458 34 VI. CONCLUSION

%2Rb 98 1.3
8Rb 103 15 Measurement of the charge-state distribution 3iNa

shows that~20% of the decays shake-off2 electrons,
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leading to positive ions, compared with ory5% of g~ peting effects of a large branching ratio to negative ions and
decays in which two or more electrons are lost. This is for-small orbital binding energies. The energy dependence of
tuitous for experiments that detect positive daughter ions. Afonization is small £1%) as expected i'Na but could be

the current level of precision obtained by these experimentsignificant for decays with lov@ values or highZ.
(0.01 for the B-v correlation, the independence of the
charge-state distribution of the energies of hand recoil

ion i.s sufficient. However, a roug_h calcuIaFior} ingicates that ACKNOWLEDGMENTS
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