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Magneto-optic Trapping of b-Decaying38Km, 37K from an on-line Isotope Separator
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A magneto-optic trap (MOT) can provide a well-polarized, backing-free, localized source of
radioactive atoms forb-decay experiments. We have trapped approximately 6000 atoms of38Km

(t1y2  0.925 s) and 2000 atoms of37K (1.226 s) produced at the TRIUMF on-line separator TISOL in
a vapor-cell MOT. We have measured optical isotope shifts and deduced the nuclear charge radii, which
show an unusual lack of change at the neutron numberN  20 shell closure. Plans include a search for
scalar contributions to theb1-n correlation in the01 ! 01 decay of38Km. [S0031-9007(97)03637-5]

PACS numbers: 23.40.Bw, 29.25.Rm, 32.80.Pj, 32.80.Ys
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The novel use of magneto-optically trapped radioactiv
atoms promises improvements in performing symmet
tests of the standard model. Optically trapped atom
are confined in a small volume in space (a few mm3),
have negligible source thickness, and can be optica
pumped to achieve close to 100% atomic and nucle
polarization. These conditions are favorable for carryin
out experiments to study weak interaction symmetrie
in b decay [1–3], and to measure isotopic dependen
of parity nonconservation (PNC) in heavy atoms [2,4
6]. Here we measure nuclear properties of ground a
isomeric states of the trapped atoms.

Among alkali atoms, which have simple electroni
structure convenient for laser trapping, potassium isotop
offer rich opportunities forb-decay experiments.37K
and 38Km each decay predominantly by a single supe
allowed transition. Theb-n correlation in aIp  01 !
01 Fermi decay is sensitive to the exchange of hypothe
ical scalar bosons. Limits on the scalar interaction a
poor, both fromb decay and from high-energy experi-
ments, and a 1% measurement of theb-n correlation
coefficient a would be competitive [7]. Among alkali
atoms, isomeric38Km has the only such pure Fermi decay
The mixed Fermi-Gamow-Teller (Ip  3y21 ! 3y21)
decay of 37K is suitable for b-asymmetry experiments
and positron longitudinal polarization measurements [8
which are sensitive to the presence of right-handed cu
rents in the weak interaction.

The half-lives of38Km (0.925 s) and37K (1.226 s) are
an order of magnitude shorter than isotopes trapped
related work elsewhere [1,4,9]. This creates an expe
mental challenge in the production and trapping of the
isotopes; however, the shorter lifetimes make it easier
achieve trap lifetimes long enough that nearly all trappe
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atoms undergo radioactive decay while in the trap (coll
sions with residual gas at1029 Torr produce a trap life-
time of 10 s).

Here we report the successful coupling of a magnet
optic trap (MOT) to the copious production of an on-
line isotope separator (TISOL). With this arrangemen
we have trapped approximately 6000 atoms of38Km or
2000 atoms of37K, sufficient to beginb-decay experi-
ments. We have measured the isotope shifts of37K, 38Km

in the trapping transition: the deduced nuclear charge ra
show an unusual lack of change at the major neutron num
berN  20 shell closure. We also will describe plans for
b-decay experiments.

At TISOL, a1 mA 500 MeV proton beam from the TRI-
UMF main cyclotron bombards a10 gycm2 CaO powder
target heated to 1200±C. Alkalis diffusing out of the tar-
get are surface ionized and extracted as a 12 keV ion bea
The beam is mass separated in a magnetic dipole and el
trostatically transported to a clean room housing the lase
and experiment; differential pumping brings the final beam
line vacuum down to5 3 10210 Torr. We can sustain
yields of3 3 107ys 38Km and1 3 107ys 37K.

We have coupled our MOT to the TISOL ion beam via
a neutralizer similar to that used at ISOLDE [10] (Fig. 1)
Metals exist with work functions both higher and lower
than the ionization potential of alkalis, so alkali atoms in
equilibrium with a surface can be either predominantl
ions or neutral atoms. The 12 keV K1 beam is stopped
in a hot (1300±C) rhenium tube; the atoms diffuse to the
surface, are emitted as thermal ions, and are guided
electric fields to an 800±C hafnium region where they are
neutralized and collimated into the vapor cell. The MOT
captures atoms from the low-energy tail of the Boltzman
distribution; multiple collisions with the walls (Pyrex with
© 1997 The American Physical Society 375
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FIG. 1. Schematic of neutralizer and magneto-optic trap ce
Break denotes 10 cm long Dryfilm-coated Pyrex tube.

nonstick Dryfilm coatings [11]) replenish that low-energ
tail by rethermalizing the atoms, in principle allowing
large percentage to be trapped [12].

Our vapor-cell MOT is a standard six-beam trap [13
with 4.5 cm diameter beams, 200 mW of power pe
beam, detunings from 3 to 7 linewidthsG, and magnetic
field gradientdBydz  13 Gycm. The beams are from
a commercial Ar1 ion laser-pumped Ti:sapphire ring
laser, locked to theD2 (4S1y2 ! 4P3y2) transition of K
(766.5 nm) by Zeeman-dithered saturation spectrosco
of natural K [14]. Since we cannot resolve the narro
excited-state hyperfine structure in39K or 41K using
saturation spectroscopy, to minimize our error for th
isotope shift measurements we lock to the unresolv
transitions from the41K F  1 ground state, which span
62 MHz. The ground-state hyperfine splitting of37K
was known [15] to be very similar to41K, so trapping
41K provides useful tests. Because of the narrow4P3y2

hyperfine splitting (ø2G), atoms are quickly lost from
the F  2 ! 3 cycling transition, via absorption toF 
2 and F  1 excited states and subsequent decay
the F  1 ground state, in a few cycles. So trappin
of 41K and 37K requires two frequencies with nearly
equal intensity [16]. The two frequencies, as well a
the necessary shifts from the stable K references,
generated using acousto-optic modulators. TheI  0
38Km has no hyperfine structure, so its trapping requir
only one laser frequency.

Using a charge coupled device (CCD) camera shield
by a 1 nm FWHM interference filter, we can detect a
few as 500 trapped atoms in the presence of scatte
ings.
FIG. 2. CCD image of approximately 6000 trapped38Km atoms, and the cloud displacement for given push beam detun
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trap light from the cell. The number of trapped atoms
deduced from the fluorescence of the trap laser light.
resulting efficiency is6 3 1024 trapped stable41K atoms
per incoming ion incident at the neutralizer. Trappi
efficiency for 37K and 38Km was a factor of 3 smaller
due to decay losses as the isotopes diffuse out of
stopping foil; at the high foil temperatures necess
for quick diffusion, neutralizer outgassing limits the tra
lifetime to 0.5 s. (The neutralizer has delay times
ø10 s at lower temperatures that produce a 5 s t
lifetime.) Measures to achieve longer trap lifetim
without sacrificing yields are discussed below. Trapp
efficiencies for 41K have remained the same befo
and after radioactives were introduced, indicating
observable damage from radioactivity to the Dryfil
coating.

We have measured the isotope shift of37K and 38Km in
the D2 transition used for trapping. The trapped atom
were displaced from their equilibrium position with
weak (,1% of trap intensity) probe beam (Fig. 2). Th
displacement as a function of probe frequency can be
well with a superposition of Lorentzians, one for ea
transition (Fig. 3). This technique preserves the numbe
atoms; however, the high-intensity trapping lasers pert
the atomic levels. This dynamic Stark shiftD (“light”
shift) was determined by measuring the resonant freque
as a function of trap laser intensity (at fixed detuning) a
extrapolating to zero intensity. The small nonlinearity ofD

with laser intensityI was fit using the 2-level formulaD 
sd2 1 G2I y2I0d1y2 2 d, where d is the trap detuning
and I0 is the saturation intensity [17]. The probe bea
intensity was kept low enough to not induce an additio
light shift, and the trap displacement (ø1 mm) was small
enough to induce negligible Zeeman shift. We tested
method with stable41K, and we find we are dominated b
systematic errors, conservatively estimated to be 2 M
for the uncertainty in laser lock, and 2 MHz (1 MHz) fo
the extrapolation to zero power for37K (38Km). The light
shift for 38Km was 2 times smaller for the larger las
detuning (7G vs3G) used, hence the smaller error. For t
isotope shifts with respect to39K, we find2265 6 4 MHz
for 37K and 2132 6 3 MHz for 38Km. Reducing the
errors further would require techniques sensitive to a f
1000 atoms with the trap laser light off, as well as
laser lock using a Doppler-free method without crosso
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FIG. 3. Isotope-shift data for37K, 38Km, and representative
data for stable41K. Left: Position of 41K,37K, 38Km atoms
versus probe frequency (labeled by trap laser intensity) w
Lorentzian fits. Right: Extrapolation of centroid frequency t
zero trap intensity at fixed detuning. Arrow shows known41K
F  2 ! 3 n  149.4 MHz [19]. Consistent data for41,37K
for probe light fromF  1 ground state not shown.

resonances [18] (such as resonant fluorescence at 90± to an
atomic beam [19]).

The dependence of trap fluorescence on trap la
frequency has been used elsewhere to measure iso
shifts [9,20], but the narrow hyperfine splittings an
unknown quadrupole moment of37K—i.e., the lack of
a well-separated cycling transition in37,39,41K—make
this simple technique inapplicable, as many transitio
contribute.

To deduce nuclear charge radii from isotope shifts [21
one must determine separately the “normal” mass sh
(the trivial reduced mass change with nuclear mass),
“specific” mass shift from the nuclear mass’s effect on th
electron cloud (determined in [22,23] by comparison
muonic x-ray data for39,41K), and from these deduce the
“field” shift due to the change in nuclear charge radiu
To convert field shifts to charge radii, we can use th
same constant of proportionality as calculated in [23] f
theD1 line, because in39,40,41K the field shifts are known
to be the same inD1 andD2 to within 0.3 MHz [19].

Our deduced charge radii for37K and 38Km are shown
in Fig. 4, along with the38K ground state and other
isotopes measured at ISOLDE [22]. The lines indica
how the center values ofdkr2l would systematically
change for61s changes in the specific mass shift [23].
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FIG. 4. (a) Difference in mean squared charge radiikr2l of
K isotopes with respect to39K. 38Km plotted offset from
38K ground state for clarity. Thin solid line connects dat
after correction for specific mass shift; dotted and dash
lines indicate the systematic change indkr2l center values for
61s changes in specific mass shift [23]. Double-thick sol
line is finite-range droplet model [28]. (b) Electric quadrupo
moments of37,39,41K compared to shell-model calculation.

The 38Km has, within errors, the same charge radi
as theIp  31 ground state. This is consistent with th
lowest-order shell-model wave functions (1d3y2 neutron
and proton holes, either coupled to maximum spinIp 
31 and isospinT  0 or Ip  0 andT  1) which have
similar spatial dependence. A more detailed calculati
based upon spherical Hartree-Fock calculations obtain
with the SGII Skyrme interaction [24] and constrained b
the2s1d shell-model orbital occupancies [25] predicts th
ground state has a largerkr2l by only 0.014 fm2. The
difference is small because the2s and1d occupancies for
the two states are similar.

In many instances in medium-mass nuclei, charge ra
become smaller at a major neutron shell closure (
example, K and Ca at theN  28 shell closure, and Rb
and Sr atN  50) [26,27]. In contrast, the change in
experimental K charge radii acrossN  20 is roughly
consistent with the finite range droplet model [26,2
prediction of a smoothly changing increase (Fig. 4
These results are qualitatively similar to more detail
results in Ar and Ca isotopes recently obtained at ISOLD
[29], which show that theN  20 shell closure is the only
major shell closure that does not exhibit a dramatic chan
in behavior of charge radius vs neutron number. A mo
quantitative interpretation in the K isotopes is limited b
377
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the uncertainty in the specific mass shift, as well as t
present experimental errors.

From the frequency splitting between theF  2 ! 3
and F  2 ! 2 transitions, we can deduce th
quadrupole moment of37K. From the known magnetic
moment [15], we can extrapolate the known hyperfin
A coefficient for the4P3y2 state in39,41K (the hyperfine
anomaly is known to be small) [15,19]. The result fo
the hyperfineB4P3y2 coefficient is5.4 6 1.8 MHz. The
resulting nuclear electric quadrupole moment is compa
with literature results for39,41K in Fig. 4, using the same
20% Sternheimer corrections for atomic shielding [30
The result is consistent with shell-model calculation
within the 2s1d [25] and 2s1d-2p1f [31] configuration
spaces (Fig. 4).

To avoid the trap lifetime limitation from the hot
neutralizer, and because of the large backgrounds fr
the buildup of the38K ground state (produced at abou
103 the rate of the isomer), it is essential to move th
atoms with an isotopically selective laser push to a clea
high-vacuum measurement trap. We have demonstra
45% transfer efficiency for41K to a second MOT 50 cm
away, adapting the “leaky” MOT technique used at JIL
[32] by adding a spatially narrow push beam to our vapo
cell MOT (Fig. 1).

For b-decay studies, the MOT provides a samp
of atoms in a localized volume with virtually zero
source thickness, allowing detection of the nuclear rec
momentum. In the01 ! 01 Fermi decay of 38Km

the leptons carry away zero angular momentum
the allowed approximation). Unlike the standard mod
interaction, mediated by theW vector boson exchange, a
scalar interaction demands equal helicities for the emit
lepton and antilepton. Thus for vector bosons back-
back emission of the leptons is forbidden, while bac
to-back emission is maximal for scalar boson exchan
We therefore plan to measure back-to-back coinciden
between b1 and 38Ar recoils: the recoils will have
lower energy if the leptons are emitted back-to-bac
Measurement of theb-n correlation of37K, which has
almost identicalQ value and therefore kinematics, wil
allow tests of systematic errors. We estimate we ne
104 trapped atoms of38Km in our planned geometry to
impose a 1% (statistical) limit on scalar interactions in
week of counting.
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Grant No. PHY94-03666.

[1] Z-T. Lu et al., Phys. Rev. Lett.72, 3791 (1994).
378
he

e

r

ed

].
s

m
t
e
n,
ted

r-

le

oil

in
el

ed
o-
-
e.
es

k.

ed

a

-
r,

C

[2] O. Häusser, Nucl. Phys.A585, 133c (1995).
[3] R. S. Williamson III and T. Walker, Bull. Am. Phys. Soc

41, 1075 (1996).
[4] J. E. Simsarianet al., Phys. Rev. Lett.76, 3522 (1996).
[5] D. Vieira and C. Wieman, LAMPF Proposal 1303, 1992

B. P. Masterson and C. Wieman, inPrecision Tests of
the Standard Electroweak Model,edited by P. Langacker
(World Scientific, Singapore, 1995), p. 574.

[6] T. Dinneen, A. Ghiorso, and H. Gould, Rev. Sci. Instrum
67, 752 (1996).

[7] E. G. Adelberger, Phys. Rev. Lett.70, 2856 (1993); Phys.
Rev. Lett.71, 469(E) (1993).

[8] J. Govaerts, M. Kokkoris, and J. Deutsch, J. Phys. G21,
1675 (1995).

[9] G. Gwinneret al., Phys. Rev. Lett.72, 3795 (1994).
[10] F. Touchardet al.,Nucl. Instrum. Methods Phys. Res.186,

329 (1981).
[11] D. R. Swenson and L. W. Anderson, Nucl. Instrum. Meth

ods Phys. Res., Sect. B29, 627 (1988).
[12] M. Stephens and C. Wieman, Phys. Rev. Lett.72, 3787

(1994).
[13] E. L. Raabet al., Phys. Rev. Lett.59, 2631 (1987).
[14] U. Tanaka and T. Yabuzaki, inFrequency-Stabilized

Lasers and Their Applications,edited by Y. C. Chung,
SPIE Proceedings Series Vol. 1837 (SPIE, Bellingha
WA, 1992), p. 70.

[15] Ch. von Platenet al., Physik244, 44 (1971).
[16] R. S. Williamson III and T. Walker, J. Opt. Soc. Am. B

12, 1393 (1995).
[17] See, e.g., P. J. Ungaret al., J. Opt. Soc. Am. B6, 2058

(1989).
[18] W. Demtröder, Laser Spectroscopy(Springer, Berlin,

1996).
[19] N. Bendali, H. T. Duong, and J. L. Vialle, J. Phys. B14,

4231 (1981).
[20] M. Walhoutet al., Phys. Rev. A48, R879 (1993).
[21] W. H. King, Isotope Shifts in Atomic Spectra(Plenum

Press, New York, 1984).
[22] F. Touchardet al., Phys. Lett.108B, 169 (1982).
[23] A.-M. Mårtensson-Pendrillet al., J. Phys. B23, 1749

(1990).
[24] Nguyen Van Giai and H. Sagawa, Nucl. Phys.A371, 1

(1981); Phys. Lett.106B, 379 (1981).
[25] B. A. Brown and B. H. Wildenthal, Annu. Rev. Nucl. Part

Sci. 38, 29 (1988).
[26] F. Buchingeret al., Phys. Rev. C49, 1402 (1994).
[27] E. Otten, in Treatise on Heavy-Ion Science,edited by

D. A. Bromley (Plenum Press, New York, 1989), Vol. 8
p. 586.

[28] P. Möller et al., At. Data Nucl. Data Tables39, 225
(1988); W. D. Myers and K.-H. Schmidt, Nucl. Phys
A410, 61 (1983).

[29] A. Klein et al., Nucl. Phys.A607, 1 (1996); L. Vermeeren
et al.,, J. Phys. G22, 1517 (1996).

[30] R. M. Sternheimer and R. F. Peierls, Phys. Rev. A3, 837
(1971).

[31] E. K. Warburton, J. A. Becker, and B. A. Brown, Phys
Rev. C41, 1147 (1990).

[32] Z-T. Lu et al., Phys. Rev. Lett.77, 3331 (1996).


