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The half-life of Ti has been measured to be T&~2
——54.2+2. 1 yr, somewhat higher than previous-

ly published values of 46.4+1.7 and 48.2+0.9 yr. The present value was obtained from the specific
activity and the radioisotope concentration of several TiOq samples, each spiked with a Ti activity
of about 1.2 pCi. The specific activity was measured via the 1157 keV y line from the decay of the

Sc daughter. Ti/Ti concentrations were measured with the Argonne FN tandem accelerator in

conjunction with an Enge split-pole magnetic spectrograph using the technique of accelerator mass
spectrometry. An overall sensitivity of 10 ' was achieved which proves accelerator mass spectros-

copy to be a powerful tool for radioisotope detection also in a region of rather heavy ion masses. A
detailed description of the subtleties of accelerator mass spectroscopy when applied to measure ab-

solute radioisotope concentrations in this heavy mass region is presented.

RADIOACTIVITY Measured half-life of Ti via accelerator mass spectros-
copy.

I. INTRODUCTION

Accelerator mass spectroscopy (AMS) has advanced in
recent years to a particularly powerful tool for radioiso-
tope detection. ' Special emphasis has been placed on ul-
trasensitive isotope detection measurements in terrestrial
and/or cosmic probes. In a number of applications ' it
has been proven that this technique can be effectively used
in answering a variety of cosmic and astrophysical ques-
tions of interest and, once the half-life of the investigated
radioisotope is sufficiently well known, for more general
dating purposes besides the well known ' C dating tech-
nique. In a similar way the method allows accurate deter-
mination of half-lives for long-lived radioisotopes simply
by counting the ions of interest after acceleration and re-
lating this number to the specific activity of the material
used in the ion source. ' However, the difficulties of ra-
dioisotope identification by means of differential energy
loss measurements tend to increase substantially with in-
creasing mass and charge number, A and Z. In addition,
the use of complex chemical compounds as injected
beams, rather than elemental negative ions, may also
severely affect the sensitivity of this method. Molecular
ions cannot always be avoided because of constraints in
sample preparation and/or negative ion formation.
Therefore, by using chemical compounds, nondesired

beams from stable isotopes may accidentally match the
ion-optical conditions at the low and high energy ends of
the accelerator and therefore may pass through the entire
system.

In the present application of AMS we have measured
the half-life of Ti. Apart from rough estimates ranging
from 23 to 1000 yr, ' so far only two measurements
have been reported in the past, yielding the values
46.4+1.7 yr (Ref. 11) and 48.2+0.9 yr (Ref. 12), with
47.3+0.9 yr as the average number. Both measurements,
however, have been carried out under basically the same
conditions. The present interest in a remeasurement of
the half-life was stimulated by the availability of a sub-
stantial amount of Ti, which, depending on its half-life,
could possibly be used for preparation of a target for fu-
ture experiments.

II. EXPERIMENTAL PROCEDURE

A. Production and radiochemical separation of Ti

Ti was produced by means of the Sc(p,2n) reaction.
A high purity Sc metal piece of about 2 g/cm areal
thickness and 5 g total weight was mounted in a Ta frame
and exposed for about 400 h to a 5 pA defocused proton
beam of 45 MeV incident energy provided by the Julich
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Isochronous Cyclotron. The energy loss of the proton
beam in the Sc material was about 23 MeV; therefore the
thick-target yield curve for the (p, 2n) reaction was essen-
tially covered. In between the activations y-ray spectra
were taken which showed, apart from the prominent Ti
decay lines (1499.5, 1157.0, 511, 67.8, and 78.8 keV),
strong lines arising from the decay of Sc (Ti/z ——84 d;
1120.5 and 889.3 keV). After a period of three years of
cooling every short-lived activity had died out. Remain-
ing weak y lines could be traced back to the decay of

Hf (T»2 —1.87 yr), which was produced by the (p,4n)
reaction on ' Lu iinpurities in the Sc material. The total

Ti activity obtained was about 200 pCi.
To separate Sc and Ti the activated Sc metal was dis-

solved in a 4M HC1/H2Oz solution which was contacted
with a solution of bis-2-ethylhexyl ortho-phosphoric acid
(HDEDP) and chloroform (1:3) leaving Ti in the aqueous
phase and Sc in the organic phase. Traces of Sc in the
aqueous phase were removed using a Dowex 50W-X8-400
mesh cation exchange column and eluting Ti with a 1M
HC1/Hz02 solution. The titanium chloride was then con-
verted to a nitrate and left in a 3M HNOi solution.

A small fraction of the Ti solution (-5 pCi) was taken
for the preparation of sainples to be used in the AMS
measurements as sputter targets for the inverted Cs-beam
sputter source' of the Argonne FN tandem accelerator.
H2SO4 was added and NO3 was removed. Four different
solutions (two with natural Ti isotope concentration and
two enriched in sTi) were prepared by dissolving TiOz
material in concentrated H2SO4. One of each type was
spiked with the Ti solution, leaving two blank samples.
Possible Sc contaminants were again precipitated with
cupferron and the Ti compound was converted to Ti02.
Through this chemical procedure it was found that the
purchased enriched Ti02 material contained a different
chemical compound (possibly of tungsten) of about 7% of
the original weight.

Six different pellets of 6.4 mm diameter were prepared
(two blanks, each containing natural Ti and enriched Ti,
and four containing natural Ti and enriched Ti spiked
with Ti). Silver powder for thermal and electrical con-
ductivity was added to the carefully weighed ainounts of
Ti02. Each pellet contained about 70—80 mg Ti02 and
about 100 mg Ag and was weighed several times to an ac-
curacy of +0.1%,prior to the activity ineasurement.

S. Activity measurement

The specific y-ray activity of each pellet was deter-
mined with respect to an 8.6 pCi ( 1.9%) Co calibra-
tion source. Once the Ti decay is in equilibrium with its
daughter Sc (Ti/2 ——3.4 h), the intensity of the 1157.0
keV y transition (99.9%) in Ca is well suited for a com-
parison with that of the 1173.2 keV y line of Co, requir-
ing only a very small efficiency correction (1.25%). The
specific activity of the pellets was measured with a Cxe(Li)
detector at a distance of about 100 cm. Self-absorption of
the pellets was calculated to have a 1.6% effect. A 0.5 Jo
dead-time correction was applied to these measurements

owing to the fact that the activity of the Co source was
higher by about a factor of 7. The statistical error for
each of these measurements was about 2.4% superim-
posed on the 1.9% systematic error owing to the Co cali-
bration source. Both natural Ti samples yielded a mean
value for the specific activity of 16.07 nCi/mg
(Ti02)+1.7% (total activity: each —1.2 pCi) and for the

Ti enriched sample a 7% higher value reflecting the 7%
impurity of the purchased Ti material as mentioned
above.

C. Measurement of the Ti/Ti ratio
at the tandem accelerator

An overview together with a detailed description of the
experimental setup and individual devices used for mass
spectrometry at the Argonne FN tandem accelerator has
been given in Ref. 14. In Fig. 1 we show a schematic view
of the tandem accelerator system together with the Enge
split-pole spectrograph as has been used in the present ex-
periment. It should be remembered that the components
of the beam transport on the low energy side are—apart
from the 40' injection magnet "ompletely electrostatic,
and at the high energy end, completely magnetic.

The basic procedure for radioisotope detection ineasure-
ments with the system shown in Fig. 1 may be summa-
rized as follows:

(i) The magnetic ion-optical elements at the high energy
end are first tuned to optimum beam transport for one
stable isotope.

(ii) Once the high energy end is tuned, thus defining a
certain magnetic rigidity for the stripped ions, the termi-
nal voltage is changed such that the radioisotope beam
under consideration now has the same magnetic rigidity.
Accordingly, the 40' injection magnet is set to the ra-
dioisotope mass.

Since one is basically operating in a "zero-current"
mode, the terminal voltage can no longer be stabilized by
the slit current control unit of the 90' analyzing magnet
but has to be controlled by a generating voltmeter. The
entrance and exit slits of the 90 magnet are opened to al-
low maximum transmission. To define optimum condi-
tions careful scans of the terminal voltage and the injec-
tion magnet current have to be performed.

The change in terminal voltage is one of the most cru-
cial procedures during these measurements and is a poten-
tial source of systematic errors. Mainly two effects have
to be considered: (i) a change of the focusing properties of
the accelerator tubes, and (ii) a change in the charge state
distribution after the terminal stripper. For example: A
lighter radioisotope mass "ompared to its stable counter-
part used for normalization —requires a higher terminal
voltage to match the high energy magnetic rigidity. This
conflicts with the requirement of a lower terminal voltage
necessary for equal ion velocities to keep the terminal
stripping probabilities constant. In order to minimize
such mass fractionation effects it is most favorable to
choose a stable isotope for normalization close to the mass
of the radioisotope. Mass fractionation effects can be fur-
ther reduced by choosing the most probable charge state
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FIG. 1. Schematic view of the beam transport system of the Argonne FN tandem accelerator as it is used for AMS measurements.
The low energy part consists of a 40' injection magnet and several electrostatic focusing elements. The components of the high ener-

gy end are the 90' analyzing magnet, the 30 switching magnet, two magnetic quadrupoles, and two magnetic x-y steerers. The Fara-
day cup and the second stripper foil are mounted in the scattering chamber of the Enge split-pole magnetic spectrograph.

at the terminal stripper, rather than choosing one at the
steep grade of the charge state distribution curve. The
latter condition, however, conflicts with the requirement
of higher energy for better Z resolution in the detection
system.

One of the major difficulties encountered in AMS mea-
surements is the ever present background beams. Back-
ground beams generally arise from various charge ex-
change processes during acceleration, thus leading to an
essentially "white" energy spectrum for various beam
components at the exit of the tandem. The completely
magnetic high energy beam transport will select appropri-
ate energy and charge state bins, which are ion-optically
indistinguishable. These contributions are expected to be
considerably enhanced when heavy ions are injected into
the accelerator in the form of molecules. Furthermore,
the low-energy tails of heavier beams —like those of all
stable Ti isotopes in the present experiment —will appreci-
ably contribute to the background beam. The effects may
eventually lead to an overall background beam which is
several orders of magnitude more intense than the ra-
dioisotope beam of interest. The beam degeneracy can be
partially removed by introducing a thin foil for charge

state dispersion in front of the magnetic spectrograph.
With movable shields in front of the focal plane detector
one may further select one particular charge state and ef-
fectively cut down the background contribution. Howev-
er, the degeneracy from any beam component having the
same charge state as the radioisotope beam under con-
sideration will not be removed. This holds especially for
the "white" background beams from the heavier stable
isotopes.

The present Ti experiment was set up in the following
way: A TiG beam was injected into the tandem ac-
celerator. At the terminal stripper (carbon foil of 5
pg/cm thickness) the 9+ charge state was selected yield-
ing Ti ions of 80 MeV total energy. The Ti ions then
passed through a second stripper foil (50 pg/cm Au on
10 pg/cm C) mounted in the target chamber of the Enge
split-pole spectrograph. Two movable shields in front of
the focal plane detector blocked all but the 15+ charge
state of Ti from entering the detector (see, however,
below). Two position signals, an energy loss, and a total
energy signal were recorded for each event allowing the
determination of the ion trajectory as well as an identifica-
tion of Z and A. It turned out that without physically
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FICi. 2. Results from the beam scanning procedures using the enriched Ti02 sample. All lines are drawn to guide the eye. (a)
Scan of the 40 injection magnet current in the mass range A =58—62. At this stage the terminal voltage was set at 8.215 MV, which
is slightly off the optimum value for Ti detection. Note that two different molecular species are observed for Ti and Ti. (b) Scan
of the terminal voltage for various ions accepted by the high energy beam transport system, once the injection magnet is set to inject
mass 60. The profile from the degenerate Ti' + ions injected as Ti' C is also included. The arrow marks the working condition
for Ti detection.

shielding the focal plane detector the count rate would
have been intolerably high. When using the natural sam-
ples as sputter targets a measurable beam current in the
low picoampere range was observed at the Faraday cup in-
side the scattering chamber, even when the terminal volt-
age was set for Ti. This situation was in fact not expect-
ed and was found to be owing to a degenerate beam of

Ti' +, which, injected as Ti' C, happened to match
almost exactly the rigidity condition at the high energy
end. The source pellets did not contain carbon, but carbon
is an abundant contaminant in the source. As the two de-
generate beams have different charge states
( Ti +, Ti' +), this degeneracy is in principle removed
after passing through the second stripper foil in the spec-
trograph target chamber. In this special case, however,
the 16+, 17+, 18+, and 19+ charge states of Ti again
turn out to be almost degenerate to the 18+, 19+,
20+, and 21+ charge states of Ti, thus leaving only the
lower charge states for an identification of Ti.

The injection of a considerable TiC beam was
discovered during the scanning procedure of the 40' injec-
tion magnet and the terminal voltage. This procedure is
used to find the optimum beam transport conditions for
the Ti ions measured in the spectrograph. Simultane-
ously, valuable information about background beams is
obtained. In Fig. 2 the results of the scans are shown,
where we used the Ti enriched sample in order to
achieve cleaner conditions. Plotted are the counting rates
of the respective particle groups as observed in the focal
plane detector. The 40' magnet scan [Fig. 2(a)] shows the
profile of Ti and that of its isobar Ca (which is also a

source contaminant), both injected as oxides at mass 60.
The scan also shows that the mass acceptance in this re-
gion is about +2 mass units, therefore slight changes or
minor drifts of the 40' magnet will not affect the overall
transmission. In addition, two different background com-
ponents of Ti are identified. At mass 60 Ti is injected
as TiC, whereas at higher masses TiO significantly
starts to contribute to a general background beam. A
similar behavior is observed for Ti, but at a lower level
owing to its low concentration in the enriched sample, al-
though the Ti yield is considerably enhanced over Ti
relative to what is expected from the Tij Ti isotope ra-
tio, due to its proximity to Ti.

In Fig. 2(b) a similar scan of the terminal voltage is
shown. The width of the beain profile turns out to be 30
kV, which corresponds to an acceptance for the 90'
analyzing magnet of about 290 keV. This rather large
value primarily results from the wide opening of the en-
trance and exit slits. In this figure [2(b)] one also notices
that the Ti beam component is essentially "white"
without showing any dependence on the terminal voltage.

Although the Ti contribution seems to be at a rather
low level, it is, even for the sTi enriched sample, the
strongest beam component reaching the spectrograph. In-
jected as a carbide [cf. Fig. 2(a)] and stripped to the 10+
charge state, Ti' + is nearly a tuned beam. This is
demonstrated by the beamlike profile in the terminal volt-
age scan [Fig. 2(b)]. The slight shift of about 15 kV ob-
served with respect to the A =44 beam is just the value
one expects from the slight difference in magnetic rigidity.
The Ti component was in fact observed by accident:
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FICz. 3. An isometric view of the two-dimensional AE-E
spectrum for the Z=22 region measured with the focal plane
detector of the magnetic spectrograph. All scales are linear.
The lower part shows the results from a blank sample whereas
the upper part was obtained using a Ti spiked sample. The
different isotopes are indicated. All ions except Ti are identi-
fied as being in the 15+ charge state. The strong beamlike Ti
component accidentally passed through in the 20+ charge state
(see the text).

with the ' Q + component, which hence obscures the
Ti + current measurement. Ti could therefore not be

used for normalization.
Knowing the operating conditions of the system, ten

different concentration measurements were carried out us-
ing both spiked samples with the natural isotopic abun-
dances. Before and after each measurement the beam
current of "Ti was measured using the Faraday cup
mounted in the spectrograph scattering chamber. Charge
losses due to secondary electron emission were avoided by
a suppressor ring at —300 V supplied by a battery. The
charge integrator was carefully calibrated to ( 1% by
means of a picoampere source that provided a constant
dV/dt capicator discharge current. The Ti + beam
current was typically of the order of 100 pA, and the
counting rate of Ti ions was of the order of 50
counts/sec for the 15+ charge state. From these values
one obtains Ti/Ti ratios of about 2X10 . Each run
took about 15 min, during which no sudden beam bursts
were observed. To guard against loss of counts, data ac-
quisition was gated off whenever the terminal voltage
fluctuations exceeded +2 kV.

A typical hE-E spectrum obtained during the measure-
ments is shown in Fig. 3 for the Z =22 region. The upper
spectrum shows the yield from a Ti spiked sample,
whereas the lower spectrum was obtained with a blank
sample. It may be noted that owing to different energy
losses in the entrance foil of the focal plane detector the
isobars Ti and Ca have a slightly different residual en-
ergy, which further helps to separate them.

The selection of only one charge state in the focal plane
detector requires a measurement of the charge state distri-
bution. Because of the partial degeneracy with Ti, as
mentioned above, the charge state distribution of Ti
could not be measured directly. Instead we used a Ti
beam of equal velocity at the second stripper foil and
counted the Coulomb-scattered ions at 5' laboratory angle.
Since the charge state distribution only depends on the
projectile's atomic number and velocity, the measured
values correspond to the Ti charge state distribution.
The results are summarized in Table I.

D. Mass fractionation effects

The movable shields set to select the 15+ charge state of
Ti opened up slightly at the low energy end and allowed

the 20+ charge state of the Ti' + beam to leak into the
focal plane detector. By taking into account the low isoto-
pic abundance of 9Ti in the enriched sputter target as
well as the low probability for a 20+ charge state produc-
tion after second stripping, one calculates a beam current
for the natural sample of several picoamperes, which well
compares to the measured value in front of the spectro-
graph. The disentangling of the Ti component may be
regarded as an instructive example for the analytic power
of the AMS technique. It should also be pointed out that
a complete knowledge of all existing beam components is
essential since unexpected beams may also affect the beam
current measurements when switching to the stable iso-
tope. This is especially true for the isotope Ti. Injected
as Ti' 0, the Ti + beam is completely degenerate

The effects of mass fractionation during acceleration
are a potential source of systematic errors. Mass frac-
tionation effects are primarily induced by different focus-
ing conditions of the accelerator tubes as a function of the
terminal voltage, and different charge state production
probabilities in the terminal stripper foil as a function of
the ion velocity. Both effects are expected to contribute in
this experiment, since the high energy magnetic rigidity
for the respective ion beams is kept constant. In order to
separate these effects we proceeded in the following way:
The beam currents of the different stable isotopes relative
to their isotopic abundance in the sputter target were first
measured for constant ion velocity at the terminal
stripper. This measurement reveals the mass dependence
of the focusing conditions of the tubes (and/or mass-
dependent sputter yields which might also be conceivable).
The results are shown in Fig. 4, where the average
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TABLE I. Measured charge state distribution for 83.8 MeV Ti ions (which correspond to 80. 1 MeV
Ti ions) after passing through a 50 p,g/cm2 Au foil evaporated on a 10 pg/cm2 carbon foil. A 0.25%%uo

probability for the nonmeasured charge states n & 11 and n )20 has been assumed.

Charge state
Probability (%)
Error

{% of probability
value)

12
1.59

3.8

13
7.73

1.3

14 15
20.15 28.51

16
24.85

17
12.72

18
3.65

1.5

19
0.53

4.7

currents of a series' of three different runs are plotted. For
each measured point the low and high energy ends were
completely retuned in a consistent way. A terminal volt-
age dependent increase in the relative yields is observed,
which in subsequent analyses has been approximated by a
linear dependence. For the present experiment equal ri-
gidity for Ti and Ti at the high energy end corresponds
to terminal voltage settings of 7.835 MV ( Ti) and 8.203
MV ( Ti), resulting, for the Ti yield, in a terininal volt-
age dependent enhancement factor of 1.071 (+0.023). An
equal velocity at the terminal stripper, however, corre-
sponds to a voltage setting for Ti of about 8.5 MV. This
data point has been added in Fig. 4 and a further enhance-
ment for the Ti output of 1.130 (+0.028) is deduced.
This value agrees fairly well with an estimate using the
empirical formula for charge state production probabili-
ties of Ref. 15. Both effects produce an overall enhance-
ment factor of 1.210 (+0.0275) which defines the total
mass fractionation. Unfortunately a data point for Ti is
not available since the Ti + beam is degenerate with the
' 0 + beam as mentioned above.
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It should be pointed out that the correction for mass
fractionation strongly depends on having accurate values
for the natural isotopic abundances. These quantities are
not always known to the desired accuracy and sometimes
may even differ depending on the origin of a natural sam-
ple. In the present situation we used the values from Ref.
16 ( Ti, 8.012%; Ti, 7.331% Ti, 73.814%; Ti,
5.497%; Ti, 5.346%), which seem to be the most accu-
rate values presently available for the Ti isotopes.

III. RESULTS AND DISCUSSION

For the present experimental setup the half-life of Ti
is expressed by the following equation (derived from the
basic law of radioactive decay, dN/dt = —kN):

Tl/2(yr)

m (Ti02) N(44Ti»+)=6.454~ 10-'
A( i) I( Ti +)

X p( Ti)
1 1

W(15+ )

where A( Ti)/m(Ti02) is the specific activity in pCi/mg
of the sample used as a sputter target, N( Ti' +) is the
counting rate of Ti iona in the focal plane detector after
stripping to a 15+ charge state, I( Ti +) is the beam
current of the Ti + ions in charge nA, p( Ti) is the iso-
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FICx. 4. Measurement of the mass fractionation for various
Ti isotopes {injected as TiO ) as a function of the terminal volt-
age. The full circles denote the measured beam currents after
the 90' analyzing magnet for the respective isotopes having
equal velocities at the terminal stripper. The current is normal-
ized to the respective isotopic abundance, and the line represents
a linear fit to the data points. The arrows indicate the terminal
voltage settings for the Ti and 6Ti measurements. The open
circle data point reflects, in addition, the velocity dependence of
the charge state distribution (see the text).
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FIG. 5. The results of ten different half-life measurements,
with a mean value of 54.2+2. 1 yr. The mean of the previously
reported values (Refs. 11 and 12) is indicated by the hatched
area around 47.3 yr, whereas the value obtained after applying a
small correction to this number (cf. the text) is indicated by the
dashed line.
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topic abundance of Ti in the sample, W(1S+) is the 15+
charge state probability of Ti after passing through the
second stripper foil, and f is the total mass fractionation
factor.

In Fig. 5 the results are plotted for all ten measure-
ments. The error bars reflect the total error arising from
different sources, i.e., the statistical error from the activity
measurement, the systematic error from the Co calibra-
tion source, and the errors related to the mass fractiona-
tion and charge state distribution measurements. The sta-
tistical errors from the ion counting rate in the spectro-
graph are comparatively small. Deviations are still
present, possibly pointing to small fluctuations in the ion
source output or in the overall transmission from the ion
source to the detector. The mean value for the half-life is
54.2+2.1 yr. The error is obtained by adding in quadra-
ture the systematic error and the mean deviation.

Our value for the half-life of Ti is higher than the pre-
viously accepted value of 47.3 yr. However, it should be
noted that in the previous measurements the P+ decay of
the Sc daughter product has been used for the activity
measurements and compared to a Na standard. The
branching ratios of both Sc and Na, as well as the
half-life of Na, have been subject to small changes in the
past. In view of the new values' as well as a slightly dif-
ferent Ti/ Ti isotopic ratio used in our measurement,
the previously measured value will increase to 49.9 yr,
which then lies at the lower limit of the present measure-
ment.

The present measurem. ent has confirmed the short
half-life of Ti. Although Ti may only be of limited use
for dating experiments, the present work proves AMS to
be effectively applicable for medium heavy mass radioiso-
topes, even under rather complex conditions. For higher
precision measurements of half-lives other methods may
eventually be favored. However, the advantages of AMS
clearly lie in the ultrasensitive concentration measure-
ments covering a region hardly accessible with other
methods. The present sensitivity was of the order of
10 ' and it is conceivable that by adding a Wien filter or
an electrostatic separator to the existing beam transport
system one could substantially increase the overall sensi-
tivity for medium weight radioisotope concentration mea-
surements. In addition, an order of magnitude increase of
the TiO beam should also be feasible with an improved
ion source, which further increases the sensitivity.
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