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Abstract

The release fraction of implanted 12 keV 37K (T1=2=1.23 s) ions from a variety of catcher foils was measured. The

temperature dependence was measured for V, Fe, Ni, Y, Zr, Nb, Mo, Hf, Ta, W, Re, C, and Pt foils. The release

fraction was found empirically to be a reasonably universal function of the ratio of temperature to catcher melting

point. Limits on diffusion parameters (ignoring desorption) and on desorption (ignoring diffusion) were deduced. The

results were used to find the optimal neutralizing catcher foil to load a neutral atom trap, and can be used to help

choose ISOL target production materials.
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1. Introduction

Neutral atom traps for alkali atoms with radio-
active isotopes [1] are often loaded from mass-
separated low-energy ion beams stopped in foils
[2–4]. For atoms with half-lives of the order of a
second, similarly short release times from the
neutralizing material are needed to optimize
loading efficiency. The vapor cell magneto-optical
d.
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Fig. 1. Schematic diagram of the experimental setup. Positrons

from 37K decay are stopped in the aluminum block. Their

annihilation radiation is detected in coincidence to localize the
37K activity and determine whether or not the 37K has remained

in the foil as it is heated by direct current I.
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trap [5] must exist in close proximity to the
catcher, so a catcher with relatively low tempera-
ture and vapor pressure is needed. In addition,
production of the radioactive alkalis at on-line
isotope separators depends on release of the alkali
metals from the production target. Therefore, we
have surveyed release of 37K from various
materials.

An empirical result of the survey is that the
release fraction is a reasonably universal function
of the ratio of catcher temperature to catcher
melting point. Significant release of the short-lived
37K isotope occurred at about half the melting
point of each material. We qualitatively discuss
this result in terms of semiempirical relations for
diffusion and desorption.

Our method does not distinguish between
diffusion, which describes an atom’s transport
through the bulk of a material, and desorption,
which is the mechanism by which an atom escapes
from the surface of a material. We parameterize
the results using simple expressions describing
diffusion. Our diffusion parameters should be
regarded as upper limits for the time of diffusion,
because desorption could very well be an impor-
tant source of delay times for release. We also fit
our data to expressions for pure desorption, and
these can similarly be interpreted as upper limits
for the time of desorption. We compare our
experimental results to diffusion and desorption
parameters from the literature for four cases.
2. Experiment

The on-line isotope separator TISOL [6] was
used to make a clean mass-separated 12 keV 37K
beam. The beam was continuously implanted in
the catcher foil (see Fig. 1), and the fraction of
implanted 37K atoms remaining in the sample was
measured as a function of the sample temperature.
The fraction released is precisely the quantity of
interest for loading the neutral atom trap.

To monitor the sample activity, the sample was
mounted in front of a thick aluminum positron
stopper. The stopper subtended approximately
40% of the solid angle for escaping positrons.
Two 5� 5 cm NaI(Tl) scintillator detectors were
placed back-to-back 15 cm away from the stopper.
The coincidence rate in the two detectors, which
was dominated by decays of positrons from the
stopper, was monitored as a function of sample
temperature. When 37K escaped from the sample
into the 30� 30 cm chamber, the positrons from
its decays were no longer stopped in the stopper.
So the coincidence rate is directly proportional to
the number of 37K atoms remaining in the sample,
and the fraction remaining is equal to one minus
the release fraction. A correction of typically 5%
for accidental coincidences was made, measured
by the standard technique of delaying one detector
signal to eliminate true coincidences.
The sample was heated by direct current, and

the temperature measured with an optical pyrom-
eter. The beam spot size was approximately 6mm,
and the foil width was 1.5 cm, so the temperature
was uniform across the activity region. The
vacuum in this test setup was 2� 10�6 Torr; so
the testing times were kept short to avoid foil
contamination such as oxidation. The results
shown here were reproducible and showed no
signs of degradation for the short testing times
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used, although we found that foils tested for longer
times at poorer vacuum certainly show signs of
degradation. In practice, release of 37K at 2�
10�9 Torr is achieved from Zr in our neutral-atom
trap for months without degradation of the foil’s
release or neutralization efficiency.
2.1. Lower temperature melting point materials

We comment briefly on unsuccessful attempts to
find catchers with efficient release at lower
temperatures. The high temperatures needed for
release are detrimental to the neutral-atom trap for
at least two reasons. The most obvious is the
potential for damage to the silicon-based polymer
(‘‘Dryfilm’’) [7] coatings of the vapor cell to which
the alkalis do not stick, either by heating of the
coatings or evaporation of the catcher material
and its impurities. In addition, the higher average
velocity of the atoms will reduce the fraction
captured on the first pass through the laser beams,
and could also increase the rate of permanent
chemical bonding on the first impact with the
vapor cell.

Semiempirical expressions exist [8] which relate
the enthalpy of adsorption to bulk properties of
materials, such as their melting points and work
functions. Guided by these, we have searched for
release from materials with much lower melting
points. As one approaches the melting point of a
material, diffusion can be expected to almost
always increase to the point where fast diffusion
can be achieved, and the limitation would be
expected to be the rate of desorption. Aluminum,
indium, and lithium were tried. The lithium was
prepared by scraping the final surface under an
argon atmosphere. Aluminum and indium are
materials with very low vapor pressures near their
melting points. Lithium is an alkali metal and
would not be expected to stick permanently to
Dryfilm coatings, and might also cure Dryfilm
defects, as occurs with other alkalis [5]. However,
no significant release was seen from these three
materials up to their melting points. We suspect
that this is most likely due to surface contamina-
tion.
3. Diffusion phenomenology

Ignoring desorption, we treat the release of
impurities from the host using Fick’s law for
diffusion, Jn ¼ �Drn; which relates the flux, Jn;
of atoms in a material to the gradient of their
concentration, n. The diffusion constant D for
solids is described by an Arrhenius relation D ¼

D0 expð�Ea=kTÞ; where D0 is a phenomenological
‘frequency factor’ and Ea is an activation energy.
The beam used was � 0:6 cm diameter, and
implantation depths are �100 Å, so it is appro-
priate to use one-dimensional expressions and
solutions.
For a semi-infinite slab, the method of image

charges yields the general solution [9,10] for the
time and spatial dependence of the distribution of
impurities with radioactive lifetime t:

Nðx; tÞ ¼
expð�t=tÞ

2
ffiffiffiffiffiffiffiffi
pDt

p

Z 1

0

n0ðxÞ exp
ðx � xÞ2

4Dt

� ��

� exp
ðx þ xÞ2

4Dt

� ��
dx: ð1Þ

We use the code TRIM [11] to calculate the initial
implantation distribution n0ðxÞ: Some of the
implantation distributions can be modelled by a
Gaussian times a linear term in terms of a
characteristic implantation depth d,

n0ðxÞ ¼
4N0ffiffiffi
p

p
d

x

d

� �
expð�x2=d2

Þ (2)

and, integrating over the material, the result has an
analytic expression for the atoms remaining as a
function of time [12]:

NðtÞ ¼
N0ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ 4Dt=d2
q expð�t=tÞ: (3)

Integrating over time gives 1� F ; with the release
fraction, F, given by

F ¼ 1�

ffiffiffiffiffi
p
4a

r
exp

1

4a

� �
1� erf

ffiffiffiffiffi
1

4a

r ! !
(4)

where the parameter a ¼ tD=d2: Although it is not
readily apparent, this function is well-behaved, but
the divergence of its separate terms makes its
numerical evaluation for small values of a difficult.
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Fig. 2. Release fraction as a function of temperature, grouped

by lattice type. Experimental results and the best fits using Eq.

(5) are shown. Upper left is body-centered cubic (BCC), upper

right is face-centered cubic (FCC), lower left is hexagonal close-

packed (HEX), lower right is carbon, which was in the form of

pyrolytic graphite.
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A less accurate but more generally applicable
expression that is somewhat simpler to use is given
by Liatard et al. [9]:

F ¼ exp �
1ffiffiffi
a

p

� �
sinhðf =

ffiffiffi
a

p
Þ

f =
ffiffiffi
a

p (5)

for a finite flat-topped distribution of mean
implantation depth d and one sigma depth
straggling s; with the parameter f ¼ s=d: The fit
values from either expression agree within our
errors, and we use Eq. (5) to extract diffusion
parameters from our data.

Although it is customary to quote D0 as a
parameter, it is well-known that when extrapolat-
ing to infinite temperature to determine D0; small
uncertainties in Ea produce larger errors in D0

than are inherent in the data. We therefore also
parameterize (as in Ref. [12]) in terms of a constant
D1200 that better characterizes diffusion in the
temperatures in the range measured:

D1200 ¼ D0 exp �
Ea

kð1200KÞ

� �
: (6)

3.1. Desorption fits

We also fit to an expression assuming pure
desorption with no diffusion, F ¼ mðmþ lÞ�1 [13],
where l is the radioactive decay rate and m obeys
an Arrhenius relation m ¼ C expð�Ed=kTÞ; with
Ed the desorption energy.
Fig. 3. Experimental results for release of 37K from various

foils, plotted as a function of the ratio of the foil temperature,

T, to its melting point, Tmelt: Lines connect the data and are

shown to guide the eye. The qualitative result is that all

materials show substantial release at about half their melting

point. Carbon, which does not melt and so is not plotted,

releases half of the atoms at a temperature 0.32 times its

vaporization temperature.
4. Results

Typical experimental data for each foil are
shown in Fig. 2, along with the results of the fits
to Eq. (5). There are no clear trends as a function
of lattice type.

The activation energy for self-diffusion of
elements is known to be related to their melting
point [14]. In addition, the semiempirical relations
for enthalpies of desorption in Ref. [8] depend on
the melting point of the material. So we also plot,
in Fig. 3, the results as a function of T=Tmelt for
each material. It is remarkable that materials with
release temperatures differing by a factor of two all
cluster together to within approximately 15% as a
function of T=Tmelt: Apparently, parameterization
by T=Tmelt can be used phenomenologically to
estimate release times from catchers. Note also
that there appears to be some dependence on
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lattice type, as the FCC lattice requires tempera-
tures closer to its melting point to achieve finite
release, but the small sample size means that no
quantitative conclusions can be drawn.

The utility of this parameterization in terms of
T=Tmelt; as well as similar dependence on BCC
and FCC lattice type, was observed in the
diffusion of 23Na [15]. Calculations of the depen-
dence of diffusion on lattice type date at least to
the classic paper of Wert [16]. For a recent review,
see Ref. [17], and see Ref. [18] for an example of
recent work.

The fit results are also listed in Table 1 for
both the diffusion parameters from Eq. (5) and
the desorption parameters in the expressions of
Section 3.1. There is no direct information in
our data, nor in the the quality of the fits,
to determine whether diffusion or desorption
dominates any particular case. So the diffu-
sion rates deduced from these parameters should
be regarded as upper limits on the diffusion
process, as we assume desorption times are
negligible for those fits. Similarly, desorption
rates derived from these parameters should be
Table 1

Parameters from the diffusion fits and from the desorption fits

Foil Ea (eV) D0 (cm2/s)

aZr 1:18� 0:09 1:5þ2:2
�1:3 � 10�7

bZr 1:41� 0:15 1:8þ7:8
�1:5 � 10�6

Hf 2:46� 0:10 4:4þ9:0
�0:34 � 10�4

Y 1:59� 0:15 4:7þ17
�3:5 � 10�6

C 2:19� 0:18 1:2þ5:2
�1:0 � 10�4

Re 1:84� 0:43 8þ150
�8 � 10�9

Ta 2:81� 0:28 1:1þ6:3
�0:9 � 10�4

Fe 0:80� 0:13 1:3þ3:6
�0:9 � 10�9

V 1:76� 0:09 1:2þ1:7
�0:7 � 10�5

Pt 1:10� 0:09 3:8þ4:7
�2:0 � 10�9

Mo 2:39� 0:20 8:1þ28
�6:1 � 10�6

Ni 1:60� 0:25 4:3þ52
�3:9 � 10�6

Nb 2:52� 0:27 5:7þ24
�5:7 � 10�4

W 6:1� 1:1 9:3þ28
�9:3 � 10þ2

The parameter D1200; which is defined in Eq. (6), provides a better des

D0: Diffusion coefficients D computed from these parameters should

desorption rates computed from these parameters should also be trea

points above its phase transition, bZr does not. Comparison to literat

Mo, Nb, Ta suggest that release from these foils has contributions fr
treated as upper limits on desorption rates,
because they ignore diffusion.
5. Discussion

For our purposes, zirconium was chosen as a
catcher foil. Zirconium has release times similar to
those of yttrium, which is widely used for this
purpose [19], but zirconium has a vapor pressure
that is lower by four orders of magnitude.
Although its work function (�4:0 eV) is not as
low as that of yttrium, it is low enough to release
most of the potassium (ionization energy 4.34 eV)
as neutral atoms rather than surface-ionized ions.
We have determined the neutral fraction to be
greater than 80% by applying a bias between a
nearby collimator and the foil and noting that the
release did not change. We are able to use this
catcher for loading our neutral atom trap with 37K
for 4–8 weeks before the Dryfilm coating is
degraded.
We have also attempted to observe hysteresis

curves for the two cases we measured that have
D1200 (cm2/s) C (s�1) Ed (eV)

1:67þ0:15
�0:14 � 10�12 3:8� 103 0:91� 0:16

2:29þ0:52
�0:42 � 10�12 1:4� 104 0:99� 0:14

2:11þ0:48
�0:40 � 10�12 6:1� 104 1:38� 0:05

9:7þ1:2
�1:1 � 10�13 1:8� 104 1:13� 0:08

7:6þ3:2
�2:3 � 10�14 9:4� 104 1:46� 0:09

1:5þ2:5
�1:0 � 10�16 3:2� 102 1:09� 0:24

1:8þ1:9
�1:0 � 10�16 5:0� 104 1:62� 0:17

5:5þ1:2
�0:9 � 10�13 9:1� 101 0:52� 0:09

4:89þ0:52
�0:48 � 10�13 2:5� 104 1:15� 0:05

8:8þ1:1
�1:0 � 10�14 1:9� 102 0:65� 0:06

7:6þ5:3
�3:2 � 10�16 3:2� 104 1:57� 0:10

8:5þ2:2
�1:7 � 10�13 2:3� 104 1:05� 0:20

1:6þ2:4
�0:8 � 10�14 1:7� 105 1:54� 0:14

2:7þ14
�2:3 � 10�23 1:1� 109 3:62� 0:26

cription of the diffusion process in our temperature region than

be treated as upper limits (because they ignore desorption) and

ted as upper limits (because they ignore diffusion). aZr includes
ure diffusion data for Mo, Fe, and Nb and desorption data for

om both processes (see text).
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known phase transitions, zirconium and iron. In
the case of zirconium, there is a dramatic increase
in diffusion rate at its known HEX to BCC phase
transition at 863C; but the hysteresis effects were
found to be difficult to quantify. We include in the
table two fits, either including or not including
points at temperatures higher than the phase
transition. These fits show a suggestive but not
conclusive difference in diffusion and desorption
constants.

The parameters describing tungsten release
appear to be quite different from the others. We
note that the tungsten release fraction data does
have a qualitatively steeper dependence on tem-
perature than, for example, the rhenium data, so a
larger Ea or Ed is indeed necessary.

5.1. Comparison to data in the literature

There are measurements in the literature [20] of
42K diffusion in three of the materials measured
here, Mo (Ea ¼ 1:08 eV; D0 ¼ 5:5� 10�9 cm2=s)
[21], Nb (0:95 eV; 2:38� 10�7 cm2=s) [21], and aFe
(1:83 eV; 0:036 cm2=s) [22], with no errors listed. If
we use these parameters and Eq. (5), then much
faster release is predicted than we observed
experimentally. Our data would imply that each
of these three foils must be heated to temperatures
that are 400–500 higher in order to achieve
similar release rates. This suggests that even in
our simple geometry the release from Mo, Fe, and
Nb foils has a strong contribution from deso-
rption.

In addition, Kirchner measured values of Ed of
approximately 3.4 eV for potassium desorption
from Ta, Mo, and Nb [23], although the phenom-
enological equivalent of C was not reported. By
combining these results with the above diffusion
data, we can compare more directly to the
literature for Mo and Nb.

The functional form of the release fraction when
both diffusion and desorption are present is the
product of the individual release fractions for pure
diffusion and pure desorption [23]. If for Mo and
Nb we fix Ea and Ed to be the values from the
literature, then we are able to fit for D0 and C, and
the fits are of similar quality to those using either
pure expression. For Mo, the fit D0 ¼ ð1:5�
0:5Þ � 10�9 cm2=s; and C ¼ ð1:0� 0:7Þ � 1011 s�1;
although our error on D0 is made artificially low
by fixing Ea exactly. Although it is difficult to
draw quantitative conclusions, order-of-magni-
tude agreement on D0 is satisfactory given the
large inherent errors on this quantity. For Nb, the
fit D0 ¼ ð6:7� 3:2Þ � 10�9 cm2=s and C ¼ ð1:9�
0:9Þ � 1012 s�1; and the value for D0 is in greater
disagreement with the literature, again with no
errors given.
We can also attempt to extract desorption

information for Fe by fixing D0 and Ea to the
values above. Then our fit desorption results are
Ed ¼ 0:48� 0:09 eV and C ¼ 65� 62 s�1; and the
value of Ed does not change significantly from our
fit containing desorption alone. This implies that
the release from Fe is dominated by desorption.
By letting all parameters float for Ta, we find

fit parameters Ea ¼ 1:44� 0:88 eV; D0 ¼ 2þ18
�2 �

10�8 cm2=s; Ed ¼ 3:4� 0:8 eV; and C ¼ 7þ55
�7 �

1011 s�1; and the confidence level of the fit
improves from 0.1% to 59%. The desorption
energy Ed agrees with Ref. [23], which lends
credibility to the diffusion parameters extracted,
albeit with large fit uncertainties.
In summary, despite the unknown errors on the

literature values, we regard the level of disagree-
ment between the literature and our fit value of D0

with Ea and Ed fixed to be satisfactory for Mo and
Nb, given the inherently large error in the
determination of D0: We are able to extract
diffusion parameters in the presence of desorption
for Ta, and desorption parameters in the presence
of diffusion for Fe. The differences in these
diffusion and desorption parameters from those
in Table 1 illustrate the difficulty in extracting
useful physical information about either process
from our fits to diffusion or desorption alone for
the other cases. Nevertheless, our fit parameters
can be used phenomenologically as limits for either
process.
6. Summary

We have investigated a wide variety of catcher
foils to load a magneto-optical trap with short-
lived potassium isotopes. Our main phenomen-
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ological result, summarized in Fig. 3, is that all
foils tested release at least half of a 1 s half-life
potassium isotope when heated to a temperature
between 0.45 and 0.6 of their melting point.
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