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Lifetime of the 1.04 MeV state in '*F, measured through the inverse reaction *He(*°O, p)"**F
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The mean lifetime of the 1.04 MeV (J” = 0*,T = 1) state in '°F has been measured to be 2.7+0.7 fs using the
inverse reaction *He('*0,p)'®F and the Doppler-shift attenuation method. Targets of *He implanted into Al, Zr, Nb,
and Au foils were employed in the measurements. The centroid shifts and Doppler-broadened line shapes observed
at 0° were used in obtaining the lifetime value. The lifetime of the 1.04 MeV state is compared with theoretical

predictions.

[NUCLEAR REACTIONS °He(*%0,p)!®F, E=15.9 MeV; measured Doppler-shift :I
attenuation, pvy coin. 18p 1,04 MeV level deduced T.

I. INTRODUCTION

The 1.08 (J*=07,7=0) and 1.04 (0*,1) MeV
states in 'F provide a favorable system to study
the AT =1 component of the parity mixing in nu-
clear wave functions. Recent studies!'? of the cir-
cular polarization of the E1 transition 1.08 (0°,0)
-~ 0(1*,0) MeV have prompted attempts to improve
the experimental lifetime value of the 1.04 MeV
level needed in the deduction of the parity-noncon-
serving (PNC) nucleon-nucleon interaction. In a
recent experiment® the value was measured to be
T=2.7¢ fs.

Previous Doppler shift attenuation (DSA) mea-
surements were made at low initial velocity
through the *0(p,n)'®F resonance at E,=3.75
MeV. Our aim in the present work was to obtain
confirmation of the lifetime by measuring it under
experimental conditions where the deduced value
is subject to different systematic errors. The
very recent experimental data® on the density
changes of helium implanted targets provide a
basis for extending the use of the inverse reaction
3He(*°0,p) ' F to the DSA measurement of this ex-
tremely short lifetime.

II. EXPERIMENT AND RESULTS

The apparatus and general experimental proce-
dure were the same as those described in Refs.
4-6. A beam of 15.90 MeV %0 ions from the
Chalk River MP Tandem accelerator was used to
bombard thin metallic foils of Al, Zr, Nb, and
Au implanted with 35 keV ®He ions from the Chalk
River 70 kV isotope separator. Characteristics
of the targets are summarized in Table I. The
target foils were thick enough to stop both the ox-
ygen beam and ®F recoils from the 3He(*%0,p)®F
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reaction. Protons were detected and identified

in a AE-E telescope consisting of 50 um and

1 mm thick surface barrier counters positioned at
0° to the beam direction, the half angle subtended
by the proton counter being 14°. The correspond-
ing 18F ions recoiled with an average initial veloci-
ty of about 0.034 the velocity of light in a narrow
cone of half-angle 2.7°.

Although the proton groups from the 0.94, 1.04,
and 1.08 MeV states could not be resolved, the
proton energy resolution was adequate to ensure
only direct feeding of the 1.04 MeV level. The
Doppler shifted 1042 keV 7 rays were detected in
a 100 cm® Ge(Li) detector at 0°. The detector was
located 8.0 cm from the target and was shielded
from low energy ¥ rays and x rays by 1 mm of
lead. This detector was gain stabilized by taking
Yy coincidences from 28Y and ®°Co sources with a
second Ge(Li) detector which was shielded from
the target by 10 cm of lead. The ¥y coincidences
from the ®®Co source were also used to generate
a y-ray line shape at 1173 keV for the DSA analy-
sis. All py- and yy-coincidence data were recor-
ded event by event on magnetic tape and played
back later on the PDP-10 computer.

To find the optimum yield for the 1042 keV ¥y
rays in the DSA measurements, the excitation
function of the ®*0O(*He,p)®F reaction was mea-
sured from E,_ =2.80 to 3.75 MeV. The *He
beam from the Queen’s University 4 MV Van de
Graaff accelerator was used to bombard a differ-
entially pumped '®0 gas target!® maintained at
26.6 Pa (0.2 Torr) pressure. Based on the proton
energy spectra recorded at 150°, a suitable popu-~
lation of the 1.04 MeV state was found at E,
~2.9 MeV, through a group of overlapping reson-
ances with a sharp front edge (45 keV).
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TABLE I. Characteristics of the implanted *He targets and the summary of lifetime analy-

sis of the 18F, 1.04 MeV level.

Dose? o¢ ayt?

Target? (102 atoms/m?) (wm) s X2 T (fs) ©
Au(3) 3.1 0.05 3.03 14 3.8 £1.4(0.7)
Au(4) 4.0 0.05 3.03 0.8 5.2 +£1.2(0.8)
Nb(7) 7.0 0.06 2.37 1.1 3.5%14(HD

15 <2.4(<2.0)
Zr(4) 4.0 0.07 1.79 2.0 <3.0(<2.6)
Al(4) 4.1 0.10 1.18 1.3 <3.5(<3.2)
Average (summed x?) 1.6 3.5 +1.0(0.5)
Centroid shift analysis 0.7 2.0+0.9(0.7)f
Average 2.7+0.7

2The numbers in parentheses refer to the 3He dose and are used to label the targets.

bThe implanted area was 1 cm?. Nuclear microanalysis through the 3He(d, »)*He reaction
showed that the retained He and the *He fluences were linearly related for all targets and
that the implant dose was uniform across each target.

¢ Adopted *He profile standard deviations from Refs. 7-9.

dThe slowing down parameter for 18F at v =0.034c in the unimplanted material is calculated
from the stopping powers of Refs. 10 and 11 using the modification outlined in Ref. 12.

®Values in parentheses are statistical errors only. Total errors include uncertainty in the
recoil velocity distribution, the counter response function, the stopping power, and the im-
planted target density. All limits are given with 10 confidence level.

fValue in brackets is the statistical error only. The total error includes uncertainty in the
average recoil velocity, the stopping power, and the target density.

A thin target yield curve is shown in Fig. 1(d)
where the *He bombarding energy scale has been
multiplied by 5.3034 (the ratio of the mass of 0
to 3He) to give an equivalent *0 bombarding ener-
gy. Also shown in Figs. 1(a), 1(b), and 1(c) are
the yield curves for the Au(3), Nb(7), and Al(4)
targets (see Table I) measured for the coincidence
1042 keV 7 rays from the *He(*°0,p7)'®F reaction.
The dashed curve in Fig. 1(a) is the yield of the
1081-keV coincident ¥ rays. The 1042 keV gamma
ray yield curves for the different targets are
nearly identical in shape and the peak positions
are the same within 15 keV. The solid lines are
fits to the data with the range and width of the
3He depth distribution as parameters. The widths
of the depth distribution of *Hetargets deduced
from these yield curves and the cross-section da-
ta shown in Fig. 1(d) are 510+ 80 keV full width at
half maximum (FWHM) (¢=0.11+0.02 um), 600
+100 keV (0=0.068+0.01 um) and 530+110 keV
(0=0.044+0.01 um) for the Al, Nb, and Au tar-
gets, respectively. These values confirm the
standard deviations of the *He depth distributions
given in Table I, which were used in the lifetime
analysis.

Figure 1(e) shows the relative positions of the
°He depth distribution in the Al(4) target for E 4,
=15.9 MeV and the cross section for the reaction
[Fig. 1(d)]. Figure 1(f) is the product of these two
functions and shows the average effective bom-

barding energy to be 15.540 MeV with a full width
at half maximum 420 keV. The average value of
the effective bombarding energy for all targets is
15.56+ 0.02 MeV.

Line shape data from each target were accumu-
lated over 16 to 24 h bombardment periods at an
average beam current of about 150 nA of 603+,
Figure 2 shows parts of the coincident y-ray spec-
tra in the region of the Doppler shifted 1042 keV
full energy peak for the Au(3) and Al(4) targets;
random coincidences and background have been
subtracted. The low energy Compton tails of the
1081 and 1042 keV photopeaks were removed by
using a spectrum stripping procedure® and the
shape of the 1173 keV ®Co line generated in the
Yy -coincidence spectrum. The lifetime of the
1.04 MeV state was determined from both the
centroids and the lineshapes of the Doppler-shif-
ted 1042 keV y-ray peaks. The results are sum-
marized in Table I.

The centroids of the 1081 keV ¥ ray and the
Doppler shifted 1042 keV y-ray peaks are dis-
played in Fig. 3. The centroids of the 1081 keV
peak were obtained by fitting the stripped 1173
keV ®Co line to the peak. The consistency of
these data provided an excellent test for relative
systematic errors. The absolute weighted aver-
age y-ray energy of 1080.58 + 0.04 keV corres-
ponds to an excitation energy of 1080.61 +0.04
keV, in good agreement with the literature value!'*
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FIG. 1. Excitation functions of the coincident 1042
keV vy rays from the *He(1*0, p)!8F reaction are shown
in (a), (b), and (c) for the targets indicated. The dashed
curve in (a) is the yield curve for the 1081 keV coinci-
dent v rays. (d) is the thin target yield curve for the
16g CHe, p)“F reaction; the energy scale is converted to
equivalent e} energy. (e) shows a smoothed represen-
tation of (d) and a depth distribution of 3He in Al posi-
tioned relative to the bombarding energy 15.9 MeV. (f)
is their product and gives the yield as a function of the
beam energy in the target for a bombarding energy of
15.9 MeV.

of 1080.54+0.12 keV. The error limits have been
increased to include an uncertainty in the linearity
of the electronics. The centroids of the Doppler
shifted 1042 keV ¥ -ray peak were obtained directly
from the intensity distributions after correcting
for the tail of the fitted 1081 keV y-ray line.

For short lifetimes measured in a homogeneous
medium, the average 7-ray energy observed at
0° is related to the mean lifetime by the expres-
sion'®

(E))=E,(t=0)-AE,a," 7T, (1)
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FIG. 2. Doppler broadened y-ray line shapes in the
Au(3) (top) and Al(4) (bottom) targets for the 1.04—0
MeV transition in F. The energy dispersion is 0.50
keV/channel. Background and the counts from the
Compton distribution of the 1042 and 1081 keV vy rays
have been subtracted. See the text. The solid lines are
the best fits to the line shapes for the lifetime values
shown by minima of the x? plot in the inset. The theoret-
ical line shapes shown by dashed lines for the Au(3) tar-
get illustrate the sensitivity to the mean life 7 of the
1.04 MeV level. In order to emphasize the changes in
the line shape, the centroids have been adjusted to the
same value. The instrinsic line shapes used for calcu-
lating and fitting both the 1042 and 1081 keV line shapes
were the experimental 1173 keV line shapes from the
%Co source shown as dashed curves for the 1081 — 0
keV peaks. The curve I in the inset illustrates the sum
of all ¥? plots listed in Table I.

where E,(t=0) is the fully shifted y-ray energy,
AE, is the full Doppler shift and a,™ =(1/v)
(dv/dt) is the characteristic slowing down time of
the material. For an implanted target the charac-
teristic slowing down time in the region of swollen
material is given by*

4 1+0

al=q, 1 ——
¥ 1+Ac”’

where c is the local atomic concentration of *He,
A is a material dependent proportionality constant,
and 1+ 6 is the correction factor to the stopping
power for the added 3He.
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In the present analysis the targets were approx-
imated by a two-layer medium in which the Gaus-
sian implant profiles with peak concentration C,,
and standard deviations o were taken to be rec-
tangular profiles with a width of V27 0. The cor-
responding effective slowing down parameters
@, were determined by using the experimental
value? A=0.75+0.25 and the two-layer formula
given in Ref. 4. After replacing o ,™ by @, in
Eq. (1), the least-squares fit of the equation to
the data shown in Fig. 3(b) yielded the value 7
=2.0+0.7 fs. From the measured intercept [E,
(¢=0)=1076.67+0.04 keV], the calculated full
shift AE y and nuclear recoil energy, the level ener-
gy 1041.58+ 0.08 keV was obtained for the second
excited state in !*F. This is in good agreement
with the literature value'* of 1041.55 + 0.08 keV
and with the values of 1041.52 + 0.06 keV and
1041.51+0.02 keV obtained from a reevaluation
of the data in a recent experiment.®* The first
value was obtained from the average of two y-ray
energy measurements at 90° and the second from
a centroid shift analysis of 0° data.

The experimental Doppler broadened y-ray line-~
shapes were analyzed as described in Refs. 5 and
6, and lifetimes were deduced by comparing ex-
perimental line shapes with those calculated with
the same experimental stopping powers as used in
the centroid shift analysis. The calculated line
shape took into account the initial velocity distri-
bution of the '®F ions, the y-ray detector response
function, and the swelling of the target layer.
Representative best fits are shown as solid lines
in Fig. 2 and a summary of results is given in
Table I. The different targets yielded consistent
values. A weighted average 7=3.5+1.0 fs was
obtained from a sum of the x2 plots, shown by
in the inset of Fig. 2. The result of the line shape
analysis is in agreement with the value 7=2.0
+0.9 fs obtained from the centroid analysis and
the weighted average is 2.7+0.7 fs.

III. DISCUSSION

This measurement represents the first applica-
tion of high velocity DSAM and implanted targets
to determine such short lifetimes. The accuracy
is limited by uncertainties in the properties of the
implanted 3He targets and our ability to determine
centroids accurately. The latter can always be
improved by better counting statistics. However,
the former requires further investigation since
uncertainties in the depth profiles of the targets

result in uncertainties for the effective bombard-
]
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FIG. 3. (a) The centroid energies, obtained with the
different targets, for the 1081 keV y-ray line [7(1.08
MeV)=27.5+ 1.19 ps (Ref. 14)]. (b) The centroid energy
of the Doppler-shifted 1.04 —0 MeV transition is shown
as a function of inverse stopping time o -1 for the
targets listed in Table I. The solid line is the least
squares fit of Eq. (1) to the experimental points.

ing energy differences between the different tar-
gets (+20 keV in the present work). In addition,
details of the swelling (AA/A=0.3 and Ac/0=0.2
in the present work) and other changes in the
structure of the material limit the accuracy to
which @, is known. These uncertainties are
shown as horizontal error bars in Fig. 3. The
values for a,™ given in Table I have uncertainties
of 5% for the Au targets. Errors of 10% have
been allowed for Zr, Nb, and Al because their
values involve more interpolation. However, in a
separate experiment!® the lifetime (7~ 1 ps) of the
1.70 MeV level of ®F was measured by using the
Au, Nb, and Al targets and the values deduced
agreed within 5%. This confirms the consistency
of the stopping powers used in the present analy-
sis.

By combining the present value with the reanaly-
zed value of 4+ 2 fs from Ref. 17 (see Ref. 3) and
with the recent value® of 2.7:3¢ fs, a weighted
average 7(1.04 MeV)=2.7+0.4 fs is obtained.

The circular polarization P,(1.08 MeV) is given
by!®

P,(1.08 MeV)= -

5 {1.04(0",1)] V™| 1.08(0", 0))(0(1*, 0)IIM1]|1.04(0*, 1))
AE(0(1*, 0)[[E1]|1.08(07, 0)) ’
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where (|V™C|) is the PNC matrix element, AE
=39 keV the energy difference between the mixed
states, and (|IM||) and (||E1||) the reduced matrix
elements of the M1 and E1 transitions 1.04-0
MeV and 1.08 -0 MeV, respectively. Using the
M1 strength derived from the weighted mean 7
above, =10.3+1.5 W.u., and the E1 strength!*
(4.1+£0.3)x 107 W.u. of the 1.08 MeV (07,0)-0
MeV (1*,0) transition, P,(1.08 MeV)=+(5.8+0.4)
keV™ (1.04(0*,1)|VPNC|1.08(0,0)). The experi-
mental circular polarization values, P,(1.08)
=(=0.7+2.0)x 10" (Ref. 1) and (=0.9+1.7)x 107
(Ref. 2), give an average value P,(1.08)=(~0.8
+1,3)% 107, The predictions of Gari et al.!®

would be increased by a factor of 1.20 if the pres-
ent values for the transition strengths and energy
separation were used. In the Cabibbo-model pre-
diction of Ref. 18, this implies an “enhancement
factor” produced by neutral weak currents of less
than 8 (20 limit), depending on the sign of the
predicted value. More recent discussions of the
theoretical interpretation of measurements on
parity violations in nuclei can be found in Refs.
19, 20, and 21.
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