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Abstract: The recoil-distance method has been used in conjunction with the B--160 and 2$Mg--120
reactions to measure mean lives of low-lying states of 2!Ne, 24Na, 25Mg and 42K. The
following results are obtained: 2'Ne, E, = 0.35 MeV, 7, = 12.9-41.6 ps; 24Na, 0.56 MeV,
46+6 ps; 2°Mg, 0.97 MeV, 16.9-+-1.0 ps; 2K, 0.11 MeV, 41060 ps; 0.26 MeV, 192113 ps;
0.70 MeV, 594-11 ps and 1.38 MeV, 16904-120 ps. Excitation energies and branching ratios
for 42K levels are given. Combination of y-y coincidences on 2 ns delayed y-rays and the
recoil-distance data establish a hitherto unobserved 42K level at an excitation energy of
1375.54-0.2 keV. This level, which decays exclusively to the 699 keV, J7 = (5)~ level, is
tentatively assigned the stretched isospin configuration [(ld%_z)ol(lf.g_4)5+_ 1l6+, 2. A calcula-
tion with a weak-coupling model supports this assignment.

NUCLEAR REACTIONS 1°B(16Q, 2py), (*¢O, pay), 1*B(1°0, pny), E = 24 MeV;

measured recoil-distance. 21Ne, 24Na, 25Mg levels deduced T, transition strengths.

E 26Mg('%0, pny), E =25 MeV; measured py (f), recoil-distance. ?K deduced

levels, Ty, transition strengths, §. Natural B target, enriched 2°Mg target. Ge(Li)
detectors.

1. Introduction

The use of the recoil-distance (RD) method in fusion-evaporation reactions for
lifetime measurements of levels in sd and fp shell nuclei is very fruitful * ~3).

Investigation of high-spin states, preferentially populated in this type of reactions,
often involves lifetimes in the picosecond region. The inherent large recoil velocity
of f ~ 3 9 encountered in heavy-ion reactions together with the present day plunger
technology makes the measurement of lifetimes in the order of a few picoseconds
with the RD technique possible. Another advantage of the high recoil velocity is the
possibility to apply the RD technique to y-rays of rather low energy because the
energy splitting due to the Doppler effect is proportional to SE,.

The present work reports on RD lifetime measurements for levels of 2!Ne, 24Na,
25Mg and “*K, which decay by y-rays in the 90-700 keV region. The investigation
of the 2#Na and “?K levels is difficult with conventional reactions.

A newly observed, long-lived state in 2K is studied in detail.
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2, The '*O bombardment of B

The 0.56 MeV level of 2#Na is populated in the *°B(*€0, 2py)?*Na reaction and
the lifetime of this level is measured using the RD technique. At the same time results
are obtained for 2°Mg(0.97 MeV) and *!Ne(0.35 MeV).

2.1. EXPERIMENTAL DETAILS

With the plunger apparatus ?) used in the present work the distance between target
and stopper can be varied from 0 to 10 cm, with an accuracy of better than 5 um for
the range 0-1000 um. The target consisted of about 100 ug/cm? natural CB, evapo-
rated on a 1 um thick Ni foil, which was stretched mechanically. The energy of the
160 jons after passage through the Ni foil was 24 MeV. The y-rays were observed at
0° by means of a 100 cm® Ge(Li) detector, placed at 6.7 cm from the target. The
stopper, consisting of a 0.3 mm thick Cu layer on a 4 mm thick Al disk, has a trans-
mission of 76 % for 100 keV y-rays.

2.2, ANALYSIS AND RESULTS
The exponential decay curve of the stopped peak, as a function of the recoil distance
D, is given by
R(D) = Ih/(Io+1) = exp (—D/Dy,), (1)
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Fig. 1. Examples of the recoil-distance data obtained from °O bombardment of natural B at different
plunger distances D. The line drawn through the data points of the triplet to the left is a fit of
three Gaussians on a quadratic background.
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where I, and I, are the intensities of the stopped and shifted peaks, respectively.
With the mean velocity ¥ = B¢ obtained from the observed energy difference between
stopped and shifted peak, the mean life 7, follows from the characteristic distance
D,, = r,. In extracting the decay curves from the data the intensity of the shifted
peak is corrected for the energy dependence of the detector efficiency and the velocity
dependence of the solid angle subtended by the detector. The details of this procedure
are described in ref. ).

A sample of the data from which the mean lives are obtained in the present experi-
ment is shown in fig. 1.

2.2.1. Results for **Na(0.56 MeV'). The 0.56 MeV 27 level of 24Na decays (97.5+
0.5) % with a 91 keV y-ray to the 0.47 MeV 1* level #). The stopped peak of this
y-ray is not completely separated from the 90 keV y-ray of 2°Na(0.09 — 0 MeV)
(seefig. 1). The 7.340.7 ns mean life *) of 2°Na(0.09 MeV) ensures thatat D = 3 mm
still 96 9; of the total intensity of the 90 keV y-ray is in the stopped peak. In the ratio
(31 +1°°)/(Ig* + 121 +-1°°) shown in fig. 2 the intensity of the 90 keV stopped peak
I°° is therefore considered to be constant. The point at D = 0 um is inferred from
the zero-distance found in fitting the decay curve of the 23Mg(0.97 -» 0.59 MeV)
transition (see subsect. 2.2.2).

A fit of exp(~ D/D,,)+constant to these data yields D,, = 440+60 um. The ratio
Y13 +12') was also determined, by fitting Gaussian lineshapes to the 90, 91, and
91, peaks. This analysis gives D, = 450460 um. The adopted value of D, = 440+
60 um yields with § = (3.204:0.05) % the mean life 7,, = 4646 ps given in table 1.
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Fig. 2. The experimental ratio (Zo?!-+129)/(1,%14-1,214-1°%) (see subsect. 2.2.1) as a function of

target-stopper distance D for the 563 > 472 keV transition in 24Na. The contaminant 90 keV

transition stems from the decay of the long-lived (7.3140.7 ns) first excited state in 2*Na. The solid
line is a fit of exp(—D/Dy,)-+constant to the points.
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TABLE 1
Recoil-distance lifetime results from °O bombardment of natural B

Nucleus E, Transition T (PS) Ref.
(MeV) (MeV) present previous

2!Ne 0.35 035>0 12.941.6 22.541.0 8)
2445 10)
16+4 9)
3.6+1.0 7)
24Na 0.56 0.56 — 0.47 4646 < 500 11y
25Mg 0.97 0.97 - 0.59 16.9+1.0 644 8)
14.6+1.5 12y
164 13)
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Fig. 3. The experimental ratio R(D) as a function of target-stopper distance D for the 975 — 585 keV
transition in 25Mg. The solid line is a fit of exp(— D/Dy)+constant to the points.

The previously known °) upper limit of t,, < 500 ps is consistent with the present
result.

2.2.2. The results for 2> Mg(0.97 MeV). This level, populated in the B(*°0, pny)
25Mg reaction, decays (49+2) % to the 0.59 MeV level with a 390 keV y-ray °). The
(51+2) % branch to the ground state of Mg is, outside the energy range of the
spectra in the present experiment. The decay curve of the 390 keV transition is shown
in fig. 3. The constant contribution to the stopped peak that shows up at larger
distances is due to the 8~ decay of 25Na to 2°Mg. The half-life of this decay is 59.6 s
and the branch to the 0.97 MeV 2°Mg level is 27.2 % [ref. °)]. A fit of exp(—D/D, )+
constant leads to the lifetime given in table 1.

2.2.3. The results for 2! Ne(0.35 MeV'). This level is populated in the 1°B(*°0, apy)
21Ne reaction. Due to the mass of the outgoing particles the *'Ne recoils have a
velocity distribution of an appreciable width, as can be seen in fig. 1. The effect of this
velocity distribution is taken into account by applying a correction factor 1/ to the
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Fig. 4. The experimental ratio R(D)/y as a function of the target-stopper distance D for the
351 — 0 keV transition in 2!Ne. The quantity ¥ is the velocity-distribution correction function,
see subsect. 2.2.3. The solid line is a fit of exp(— D/Dy)-+constant to the points.

experimental ratios R(D). The expansion of the correction function i in terms of the
moments of the velocity distribution is given in ref. ?). The corrected ratios R(D)/y
are shown in fig. 4. The small constant background, about 3 % of the total intensity
of the 351 keV transition, is presumably due to the f-decay of >!F and/or ?!Na.

The fit shown in fig. 4 corresponds to a lifetime of 12.94-1.6 ps. Neglect of the
velocity distribution would result in a 3 9/ larger value. The present result disagrees
with the values of 3.641.0 ps from a DSA measurement 7) and 22.541.0 ps ob-
tained in a recoil-distance experiment 8). The error in the latter result seems, in view
of the data, to be underestimated. The present result is in good agreement with the
value of 1644 ps from ref. °) (see table 1).

3. The '®*0 bombardment of 2*Mg
3.1. RECOIL DISTANCE LIFETIME MEASUREMENTS FOR “2K LEVELS

The 4?K levels at E, = 0.11,0.26 and 0.70 MeV are populated in the Mg
(*80, pny)**K reaction. Decay curves of y-rays de-exciting these levels and also of a
677 keV y-ray have been measured. In subsect. 3.2 the 677 keV y-ray is shown to
originate from a hitherto unobserved 42K level at E, = 1375.5+0.2 keV.
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3.1.1. Experimental method and results. The target consisted of a 100 ug/cm? layer
26Mg (enriched to 99.4 %) evaporated on the downstream side of a 1 um thick
stretched Ni foil. The energy of the 10 ions was 25 MeV after passage through the
Ni foil. This energy was chosen to optimize the ratio between the 106.78 +0.02 keV
y-ray of *?K(0.11 - 0 MeV) and the 105.89+0.02 keV y-ray of 3®Ar(4.59 — 4.48
MeV). The latter is produced in the competing 2°Mg(*20, a2ny)*®Ar reaction. The
ratio of the intensities of the 107 and 106 keV y-rays is about 1 at E(120) = 30 MeV
and 10 at E(*80) = 25 MeV. Spectra were recorded at target-stopper distances
between 30 um and 2 cm with a 100 cm® Ge(Li) detector at 8, = 0° and at a distance
of 6 cm from the target. A sample of the data is shown in fig. 5.

The variation of the solid angle subtended by the Ge(Li) detector as a function of
distance was measured with 133Ba and 2?8Th sources fixed to the stopper in the same
experimental geometry. From this measurement it followed that the efficiency of the
detector as a function of source-detector distance could be described in good approxi-
mation by a R~2 dependence, with R the distance between the source and a point
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Fig. 5. Examples of the recoil-distance data obtained from the 2Mg(*®0, pny)*2K reaction at
different plunger distances D. The solid lines are fits to the data of Gaussians on a quadratic
background. The energy of the 180 ions after passage of the 1 um Ni foil is 25 MeV.
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Fig. 6. The experimental ratios R(D) as a function of the target-stopper distance D for the transi-

tions shown in the decay scheme. The ratio R(D) stands for Io/(Io+1I) except in the case of the

677 keV transition where R(D) represents the ratio 4,577/40*37 with 4,577 the area of the stopped

peak of the 677 keV transition and 4,437 the area of the stopped peak of the ¢2Ca(3.19 — 2.75 MeV)

transition, corrected for the 7.79-:0.13 ns lifetime of the 3.19 MeV level. The solid lines result
from a simultaneous fit to all 72 data points, see subsect. 3.1.

inside the detector at 8 mm behind the front. The deviation from this description for
y-rays between 100 and 700 keV is less than 2 9 for the distances in the present
experiment.
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The shifted peak of the 677 keV y-ray is obscured by the 692 keV structure from the
72Ge(n, n’e) reaction (see fig. 5). Therefore the area of the stopped peak of the 677
keV transition is normalized by means of the area of the stopped peak of the 437 keV
y-ray transition, which originates from the 3.19 MeV level in ?>Ca. The small correc-
tion due to the 7.7940.13 ns mean life *) of “>Ca(3.19 MeV) is taken into account.
The resulting decay curve is the upper one shown in fig. 6.

In the decay curves of the 0.70 — 0.26, 0.26 — 0.11 and 0.11 — 0 MeV transitions
in “2K the sum of the stopped and the shifted peak of each y-ray is used as normali-
zation. The areas used for the construction of the E, = 107 keV decay curve were
determined by fitting Gaussians superimposed on a quadratic background to the
stopped and shifted peaks of the 107 and 106 keV y-rays. The slight variation observed
in the ratio of the areas (106, + 106,)/(107,+ 107,) is taken into account in the errors
assigned to the extracted intensities of 107, and 107,. The decay curves of the 677 and
441 keV y-rays suggest that the long-lived component in the decay curve for the 441
keV y-ray is due to feeding by the 677 keV y-ray. Independent fits of these two
curves give D (677 keV) = 11.4+1.2mm and D,, = 11.0+0.7 mm for the longer
component in the E, = 441 keV decay curve. In subsect. 3.2 it is shown that the 677
keV y-ray indeed feeds the 0.70 MeV level.

In the E, = 151 keV decay curve three components are observed, the long-lived
component corresponding to the lifetime of the 1.38 MeV level, the slight rounding
at D < 1 mm due to the short lifetime of the 0.70 MeV level, and in between a com-
ponent corresponding to the lifetime of the 0.26 MeV level. The composition of the
E, = 107 keV decay curve is even more complex, but comparison with the decay
curve of the 151 keV y-ray indicates a lifetime for the 0.11 MeV level in between those
for the 0.26 and 1.38 MeV levels.

The lifetimes of the four “?K levels were finally obtained from a simultaneous
fit of all four decay curves. The solid lines drawn in fig. 6 are the result of this fit. The
expressions used are derived from the formulae for the sequential decay of up to four
radioactive levels. In the fit to the 72 experimental data points, eleven parameters
were adjusted, viz. the four characteristic distances, the feedings of the four levels and
three normalization constants. The y? of this simultaneous fit is 0.96.

In the results for the lifetimes given in the insert of fig. 6 only statistical errors are
given. Because of possible deorientation effects 5 % is added!*) quadratically to the

TABLE 2
Recoil-distance lifetime results for 42K levels

E, Transition Tm (PS)

(MeV) (MeV) present ref. 15)
0.11 0.11 -0 410460 3704160
0.26 0.26 - 0.11 192+13 < 250
0.70 0.70 — 0.26 59411

1.38 1.38 - 0.70 16904120
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statistical error in the lifetime of the 1.38 MeV level to give the final values listed
in table 2. The previous value 1°) of 7,, = 3604160 ps for the lifetime of “*K(0.11
MeV) is consistent with the present result of 7, = 410+ 60 ps. Also the upper
limit *%) of 7,, < 250 ps for the lifetime of *2K(0.26 MeV) is in agreement with the
value of 7., = 192413 ps obtained in the present experiment. For the 0.70 and 1.38
MeV levels no previous values are known.

3.2. COINCIDENCE MEASUREMENTS BETWEEN DELAYED y-RAYS

The position of the 677 keV y-transition in the decay scheme given in fig. 6 has
been established by means of a y-y coincidence experiment with the delayed set-up
shown in fig. 7. Two Ge(Li) detectors with active volumes of 36 and 125 cm® were
placed at 0, = 90°. Gamma rays from the target were shielded with Ta and Pb
so that only y-rays from nuclei stopped in a Cu catcher placed 1.5 cm downstream
(= 2ns flight path) from the target could reach the detectors. The transmission from
the target to the 36 cm?® Ge(Li) detector was less than 2 % for E, = 400 keV, while
the transmission from the catcher to the 36 cm® Ge(Li) was 85 % for E, = 50 keV
and that from the catcher to the 125 cm® Ge(Li) detector 61 % for E, = 150 keV.
With this set-up y-rays originating from long-lived states are strongly enhanced.

Results of the y-y coincidence measurement with these delayed y-rays are given in
fig. 8, where spectra from the 36 cm® Ge(Li) detector are shown. The upper spectrum
is coincident with y-rays of an energy below 3 MeV in the 125 cm® detector, while the
lower spectra are coincident with gates on *2K transitions in the spectrum of the
125 em? detector, as indicated. These latter coincidence spectra have been corrected
for random coincidences and for the Compton background in the gates.

The 677 keV y-ray is seen to be coincident with the 107, 151 and 441 keV y-rays.
For the intensity of any other y-ray in coincidence with 677 keV an upper limit of 15 %
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Fig. 7. Schematic view of the experimental set-up for the observation of delayed y-rays. The

target-catcher distance in the coincidence measurement was 1.5 cm, corresponding to a flight path

of about 2 ns. The transmission for y-radiation from the target to the 36 cm® Ge(Li) detector was

less than 2 % for E, = 400 keV, while the transmission from the catcher to the 36 cm® detector
was 85 7 for E, = 50 keV and to the 125 cm? detector 61 ¥, for E, = 150 keV.
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Fig. 8. Results of the y+y coincidence measurements with delayed y-rays in the geometry of fig. 7.

The total coincident spectrum of the 36 cm® Ge(Li) detector is shown on top. The lower spectra

are coincident with the 42K transitions in the spectrum of the 125 cm?® Ge(Li) detector, as indicated.
Background and random coincidences have been subtracted.

is given for the energy range 20-2000 keV. This upper limit is obtained from the
coincidence spectra and for F, less than about 60 keV from the singles delayed y-ray
spectrum. In the latter spectrum only two y-rays are observed between 20-60 keV,
i.e. a 31keV and a 53 keV y-ray which are assigned to the 2*Mg(31 - 0 keV) and
73Ge(67 — 13 keV) transitions, respectively.

From the presence of a 1.7 ns component in the decay curve of the 441 keV y-ray
in the recoil distance measurements (see fig. 6) it was already concluded that the 677
keV y-ray originates from a “?K level with E, = 1375 keV. Combination of the recoil-
distance and y-y coincidence results establishes the existence of a *?K level at an
excitation energy of 1375.54-0.2 keV with a mean life of 7, = 1.6940.12 ns and

exclusive decay to the J™ = (5)7, 699 keV level (see subsect. 3.4).
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3.3. EXCITATION ENERGIES

The energies of the “?K transitions were determined from singles y-ray spectra,
taken in the set-up of fig. 7. Appropriate calibration lines from radioactive sources
of 182Ta [ref. 16)], *33Ba [ref. !7)], *37Cs [ref. 17)], and 2*®Th [ref. '%)] were mixed
with the spectra. Also the '#'Ta Coulomb excitation lines ') of 136.2540.02 and
165.154+0.20 keV and the 460.27+0.10 keV *!Ca(3.83 — 3.37 MeV) transition 2°)
were used in the calibration.

The recoil-corrected y-ray energies obtained for the four “?K transitions are:
106.78+0.02, 151.334+0.12, 440.68+0.12 and 676.69+0.12 keV. The errors include
statistical errors as well as uncertainties in the calibration energies. The resulting
excitation energies are given in table 3.

The energies of *>K y-rays given by Warburton ez al. %) are in good agreement

with the results mentioned above, although the decay scheme is not discussed in
ref. 21).

TABLE 3
Excitation energies *) (in keV) of four 42K levels

present work Ref. %)
106.78 £0.02 107.2+0.3
258.1140.12 258.540.5
698.79 10.17 7002

1375.54-0.2®)

2) As calculated from recoil corrected y-ray energies.
%) New level.

3.4, UPPER LIMITS ON BRANCHING RATIOS

Upper limits (at the 95 %, confidence level) for branching ratios of *?K levels are
given in table 4. They were mainly determined in a singles delayed y-ray spectrum
taken with the 36 cm® Ge(Li) detector in the set-up of fig. 7. In the cases where a

TABLE 4
Branching ratios ®) (in %) for *2K levels

To 0 0.11 0.26 0.64 0.68 070 078 0.84 1.11 1.19 1.26
From

1.38 <35 <15 <4 <4 <7 100 <4 <7 <11 <09 <038
0.70 <3 <25 100 < 1.0

0.26 < 1.5 100

0.11 100

The excitation energies E, (MeV) are taken from ref. 5) except for the 1.38 MeV level which is
from the present work.

*) The upper limits are given at the 95 9, confidence level and include a 30 % contribution to
encompass possible angular distribution effects.
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possible transition was hidden under a contaminant peak the upper limit was ob-
tained from the y-y coincidence measurement, described in subsect. 3.2. The upper
limits given include a 30 % contribution to encompass possible angular distribution
effects.

4. Discussion
4.1. TRANSITION STRENGTHS

The mean lives given in tables 1 and 2 lead to the transition strengths listed in table
5. A calculation with the wave functions of ref. 22) yields for the 0.56 — 0.47 MeV,
M1 transition in 2*Na a strength of 0.82 W.u., in excellent agreement with the
experimental result of 0.88+0.11 W.u. However, a recent calculation with the (in
general) improved wave functions given in ref. 2?) results in an M1 strength of only
0.13 W.u. for the set of wave functions labeled ASDI and 0.90 W.u. for the MSDI
set. In the calculations bare-nucleon g-factors are used.

The experimental M1 strength of the 42K (0.11 — 0 MeV) transition can be deduced
from the present data in spite of the fact that the spin of the initial level and the mixing
ratio of the transition are unknown. Observation of /, = 1 + 3 for this state in the
41K (d, p)**K reaction ) determines its parity as negative and limits the spin to 1,2 or
3. The transition to the J™ = 27 ground state has therefore M1 as lowest multi-
polarity. Allowance of up to 100 W.u. E2 strength in this low-energy M1 transition
limits the mixing ratio to |6 < 0.08, i.e. the E2 admixture is less than 0.7 %, of the
total intensity.

4.2. WEAK-COUPLING CALCULATION FOR J7 = 6% AND 7+ STATES IN +?K

In this section the binding energies of some particle-hole states in “?K are calculated
in the framework of the Bansal-French-Zamick weak-coupling method as used
recently by Sherr et al. 23) and Lawson 2°).

The binding energy of a particle-hole state with p particles and 4 holes and isospin
T in the nucleus 4, T’ is given by

E(A, T, T3) = Ey(h, T} Th3)+Ep(p, T, Tp3)—hpa+%b{T(T+ 1)—Tp(Tp+ 1)
—T(Ty+ 1)} +3e(p—2T 3 )(h +2T)3), 2

as follows from the formula given by Sherr ef al.; E, and E, are the binding energies
of the (excited) nuclei with p particles and % holes, respectively, of which the particle-
hole state is composed. In this paper all binding energies are taken with respect to the
40Ca ground state. The parameters a, b and c, are obtained from a least-squares
fit 26) to a number of particle-hole states in the “°Ca region, which yields the values

= —262keV,b = 2549 keV and ¢ = —337 keV.

For the J* = 6" and 7+ states in *2K with the (stretched isospin) configurations
[(1d5 %)01(1f3)s1 15+, 2> €4. (2) becomes

E[*2K(J*, 2)] = E[P*Ar(0*, 1)]+E[**Sc(J ¥, 1)]—8a+b+ 2c.
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The model therefore predicts the energy differences between the 6* and 7% states
in 2K and **Sc to be the same. The experimental excitation energies for *3Ar(0*, 1),
448¢(6*, 1) and *4Sc(7*,1) of 0,0.27 and 0.97 MeV [refs. 27-28)], respectively,
lead then in combination with the values for a, b and ¢ given above to E[*2K(6%, 2)]
= —15.52 MeV and E[**K(77, 2)] = —14.83 MeV.

The [(1d5');;(1f3);3]1s- .2 quadruplet with J* = 27,37, 4 and 5~ is degenerate
in this weak-coupling model and is calculated at —16.74 MeV with respect to “°Ca
(g.s.). Experimentally, the (27 +1) averaged center of gravity of the 27, (3)~, (4)~
and (5) levels %) of 2K at 0, 0.11, 0.26 and 0.70 MeV, respectively, has an energy
of —16.76 MeV with respect to “°Ca(g.s.).

The results mentioned above are summarized in fig. 9. The indicated experimental

= (7%) state at E, = 1.95+0.03 MeV is taken from the *°Ar(«, d)*?K work
of Kouzes and Sherr 27).
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Fig. 9. Comparison of experimental and calculated binding energies for **K states. The energies
are calculated in a weak-coupling model, see subsect. 4.2. The dotted line indicates the center of
gravity of the (in this model degenerate) negative parity quadruplet.

Assignment of the [(1d;2)o;(1f7)s+1]6+,2 configuration to the long-hved level at
1.38 MeV would lead to a 6% — 5~ El transition of 1.5 x 107¢ W.u. The large
retardation would be consistent with the indicated main configurations, because a
f; — d; dipole transition is forbidden.

Note added in proof: Recently Warburton et al. 3°) have assigned a 572.0+0.3 keV
y-ray to the decay of the (7*) level at E, = 1.95 MeV [ref. 27)] to the (6*) level at
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E, = 1.38 MeV. An upper limit of 7,(E, = 572 keV) < 75014200 ps was obtained
for this y-ray in a RD experiment with the 2?Al+*80 reaction. The data from the
present experiment result in 7,,(E, = 572 keV) < 8 ps.
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