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The decay scheme of 'Rb up to 2A MeV excitation energy was investigated by the

Kr{p,y) reaction and Coulomb excitation with alpha particles. Singles and y-y coin-

cidence spectra were recorded. Doppler shift attenuation measurements in gas were per-
formed using the same gas as stopper medium. Lifetimes or lifetime limits were deter-

mined for 20 levels by Coulomb excitation and the Doppler shift attenuation method. An

existing ambiguity referring to the lifetime of the second excited level has been removed.

NUCLEAR REACTIONS Kr(p, y), Coulomb excitation by alpha
bombardment. E~=1.85 —2.87 MeV. E =3 MeV. Natural Kr gas tar-

get; p =0.1 —106X 10 Pa. Doppler shift attenuation in gas. Measured:
level energies, branching ratios, decay scheme, lifetimes.

INTRODUCTION ported.

EXPERIMENTAL METHOD
The aim of this work was to study the decay

scheme and to measure transition probabilities in
Rb. The existing information on the y-decay

modes was mainly based on inelastic neutron
scattering, ' electron capture in Sr, P decay
of Kr, and Coulomb excitation, while levels
were known from single particle transfer reac-
tions. ' " High spin states were studied by

Se( Li,3ny) and Se( Li,4ny) reactions. ' Recent-
ly a Nuclear Data Sheets (NDS) compilation'
based on results from a further (n, n'y) experiment'
established a coherent decay scheme up to excita-
tion energy of about 2 MeV; no new information on
transition probabilities has been reported.

The Kr(p, y) reaction has been used in the
present experiment which consisted of y-y coin-
cidence, excitation function, and Doppler shift at-
tenuation (DSA) measurements. A Coulomb excita-
tion measurement via the Rb(a, a') reaction has
also been performed. The decay scheme we ob-
tained, mainly in good agreement with the recent
compilation, gives some information on previously
unobserved levels and their decay modes. Two in-

dependent lifetime measurements of the first —,

level are given, solving an existing ambiguity. ' '
Lifetimes of many transitions in Rb are establish-
ed and some lifetime limits are set. Preliminary re-

sults of these measurements have already been re-

In almost all the measurements hereafter reported
natural Kr gas, at pressures ranging from 0.1 to 106
&& 10' Pa, was bombarded by the proton beam of the
3 MV Van de Graaff accelerator of Istituto ¹

zionale di Fisica Nucleare (INFN) at the University
of Florence, with beam currents varying from 10 to
1000 nA.

Detectors and data acquisition system

The detectors used during the present experiment
were an intrinsic germanium (IG) low-energy pho-
ton spectrometer (LEPS} of 1 cm active volume

(0.5 keV resolution at 122 keV), a second IG LEPS
of 13 cm active volume (0.6 keV at 122 keV}, a
25'%fGe(Li) (1.8 keV at 1.33 MeV}, a 10% Ge(Li}
(2.2 keV at 1.33 MeV), a 7.6X 7.6 cm NaI integral

line, and 22.8X20.3 cm active shield NaI crystal
coupled to four 4.4 cm phototubes. In the follow-

ing the germanium detectors will be referred to as
IG1, IG2, 25% Ge, and 10% Ge, respectively.

Data have been collected by means of a 2116 HP
computer controlling a multiplexed analog to digital
converter (ADC) system. During coincidence runs,
data were stored on tape in the standard three
parameter mode for later off-line analysis.
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The gas target arrangement

The seal between the gaseous target and the vacu-
um of the beam pipe was provided by a nickel win-

dow of various thicknesses (from 1.8 to 3 mgicm )

and diameters (0.5 to 2 mm). In order to handle the
broad range of pressures and to match the specific
requirements of each run, three different gas cells
were used. The first one, usable in the pressure
range up to 2)& 10 Pa, made it possible to perform
very low energy y-ray measurements since the seal-

ing against the outside was provided by a 0.12 mm
Mylar window. For gas pressures up to 20& 10 Pa,
a gas cell described in Ref. 16 has been used, while
a small cell was especially designed for runs where

pressures as high as 100&10 Pa were employed.
In the first two cells the distance from the entrance
foil to the stopper (Ta or Au) could be varied. In
the following the gas cells will be referred to as
first, second, and third cell, respectively.

Excitation function,
Coulomb excitation,

and coincidence m.easurements

Excitation function measurements were per-
formed in the effective proton-energy range (i.e.,
after passing through the nickel window) of
1850—2870 keV by 45 keV steps, the gas thickness
being managed to be about 40 keV. Gamma spectra
were taken by the 25/o Ge. In order to perform
Coulomb excitation measurements a 1.7 mg/cm
thick natural Rb target, deposited on a graphite
backing, was bombarded by 3 MeV a particles and
spectra were collected with the 10% Ge.

The y-y coincidence measurements were per-
formed between the 25lo Ge and the 10% Ge
detectors placed at 90 with respect to the beam
direction and on opposite sides of the first target
cell. The tantalum stopper and nickel window were
shielded. In order to extend the analysis to the very

60 .
i

45-

CDo
lA

LA

30-

x 1/10

o
CD

C)
C

15-
S
C
tg

o
S

0C

oo16-
400 1200

x 1/3

lo
oo o

2000 2800 3600

CUo

channel number

12-

8-o
o
CQ
CU

00o
C

LAo & oo

CU

I

4000 4800 5600 6400 7200 8000
channel number

FIQ. ]. Qe(I.i) gamma spectrum at 55' in coincidence with y rays of an energy greater than 2 MeV detected at O'. En-
ergies of prominent transitions in "Rb are indicated in keV.



DECAY SCHEME AND TRANSITION PROBABILITIES OF Rb 2311

low energy-transition region, a shorter run was per-
formed in which coincidence events between the
25%%uo Ge and the IG1 LEPS were recorded.

In another run y-y coincidences were performed
between a 7.6)(7.6 cm NaI detector mounted at 0'

with respect to the beam direction and the 25% Ge
placed at 55'. The 55 y spectrum (see Fig. 1) in

coincidence with high energy (&2 MeV) y rays
made possible a fairly accurate determination of the
relative intensities of transitions from

&r(p, y) Rb. In fact, this coincidence require-
ment got rid of lines and background coming from

(p, n) and (p,p') reactions while preserving, in the
adopted geometry, the axial symmetry around the
beam direction. The second cell was used in this
run with Kr gas at p =6X 10 Pa. Efficiency cali-
bration was performed by putting a ' Eu source in-

side the chamber.

DSA measurements

The krypton gas has been used as a target as we11

as a stopper medium in DSA measurements. In
order to measure lifetimes of low energy y rays, the
IG1 detector was mounted 10 cm apart from the
target at 0' and 90' with respect to the beam for
shifted and unshifted peak-position measurements,
respectively; in the 0' runs, the pressure varied from
0.1&(10 to 15&10 Pa. The beam stopper was
made of gold and Co and 'Cr sources gave energy

reference points.
Lifetimes of transitions with energies up to 2.2

MeV were measured by performing a coincidence
DSA experiment. Data were collected on the 25%
Ge in coincidence with y rays detected by the
20.3&22.8 cm NaI crystal mounted at 90' with
respect to the beam direction and to the germanium
detector axis. In runs where the 25% Ge was

placed at 0', the pressure varied from 1 to 106)& 10
Pa. Co and Bi sources gave fixed energy points
in the 90' and 0' coincidence runs. In the off-line
analysis different gate settings were used on the NaI
spectrum in order to sort Ge(Li) gamma spectra
suitable for peak position determination of either
source reference lines or Rb relevant transitions.
In both singles and coincidence DSA runs, the frac-
tion of Rb ions recoiling in the solid stopper was
estimated to be less than 1.5% in the worst case.

The decrease of the gas density due to beam heat-
ing' has been checked by measuring the energy
shift and the yield of y lines at 20, 200, and 400 nA
beam currents for various pressures and setups. A

density decrease of about 1S% with respect to the
zero-current limiting value has been estimated for
the actual DSA measurements and taken into ac-
count in the calculation of F values (see below).

Branching ratio of the
281.0 keV level

Special care was devoted to the measurement of
the intensity ratio of the 281.0 keV line with respect
to the 129.8 keV one, both deexciting the first —,

level of Rb. Gamma rays of 278.2 and 282.8 keV
belonging to Cu and 'Ni, respectively, produced
via Ni(p, n) and 'Ni(p, p') on the entrance foil,
had to be strongly suppressed by proper shielding.
However a y line of 279.5 keV still remained, being
produced in the same target gas (presumably on

Kr via a p, y reaction). Moreover a large Compton
background mainly deriving from an intense annihi-
lation peak (associated with pair production by high
energy y transitions) was present in the region
around 300 keV.

An anti-Compton Spectrometer system consisting
of IG2 and the 22.8X20.3 cm NaI(T1) active shield

was used in order to improve the peak-to-
background ratio. The first cell was used with only
a small target region being seen by the IG detector.
The nickel foil, the tantalum stopper, and all other
target regions were shielded by a 20 mm thick lead
sheet. The pressure was kept constant at 1.6&10
Pa. The spurious contribution to the branching ow-

ing to the sum effect of the 129.8 —151.2 keV lines
was kept as low as 0.07% by the small (9 X 10 sr)
solid angle. Figure 2 shows the Compton-
suppressed spectrum. The efficiency measurement
was performed by placing a Eu source on various
positions along the beam path in the gas cell, even
in the shielded region, so that shadowing of target
zones due to the lead collimator edges was taken
into account.

EXPERIMENTAL RESULTS AND DISCUSSION

Excitation function

The yield of all the y transitions belonging to
Rb showed a smooth behavior in the whole energy

range and, owing to the proton energy straggling
after passing through the nickel foil and to the tar-

get thickness (-40 keV), no prominent resonances
have been observed.
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FIG. 2. Compton-suppressed IG spectrum. Energies of relevant transitions are indicated in keV.

Decay scheme

The decay scheme deriving from our measure-
ments is shown in Fig. 3; only small pieces of infor-
mation are added with respect to the decay scheme

we presented earlier. ' The agreement with the re-

cent compilation' is almost complete. It is to be
noted that from our coincidence data the 576.3 keV
rays have a double assignment as transitions from
levels at 1444.9 and 1496.4 keV. %e were not able
to discriminate two contributions in the 1233.0 keV

y line as reported in Ref. 14; we thus leave the in-
tensities of y lines deexciting the 1384.3 keV level in
parentheses. The y decay of levels at 2202.4 keV
populated in the (d, He) (Ref. 18) and (t, d) (Ref. 10)
reactions and at 2373.5 keV populated in the ( He,d)
(Ref. 11) reaction has been observed for the first
time. Previously unobserved levels at 1668.6,
1929.7, 2028.1, 2039.5, and 2087.6 keV have been
identified. The quoted y-ray energies are deduced
from the spectra collected at 90' with respect to the
beam. Table I summarizes the energy sum analysis;

the overall agreement is very good except for the
levels at 950.9 and 1175.8 keV which are suspect-
ed' to be doublets.

An intensity for the 281.0 keV transition of 4.5%
with respect to the —, —, one of 129.8 keV was
reported while Barnard et QI. ' gave an upper limit
of 1%; for the same branching ratio we measured
(0.58+0.06) %. The quoted result is corrected for
sum peak effect and for internal conversion in the
hypothesis of a pure Ml multipolarity for the

transition. This hypothesis is justified by
the fact that the 151.2 keV line, having a lifetime of
1 ns, is known to be a pure M 1 transition '; it is
therefore hard to admit a larger E2 contribution in
the 129.8 keV transition whose lifetime is much
shorter (see below).

DSA analysis and results

The calculation of the theoretical Doppler shift
attenuation factors F(pr, P) follows the procedure
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FIG. 3. Decay scheme of excited levels in Rb as derived in the present work. Most of the J assignments are taken
from Ref. 13.

reported in Ref. 16 except for the evaluation of the
specific energy loss of the recoiling Rb atoms:
The function (dE(u)/dx) has been deduced from
the data of Ref. 20 which should be the most accu-
rate ones for our case (e=0.09 in LSS units ').

For each y line a weighted least squares pro-
cedure has been followed, in which the input data
are the experimental energies E(p), at 0' and pres-
sure p, plus the one at 90' treated as the E(p) value

at p = oo. These values are compared with the ex-

pression &FeE(pr, p) + Eo. In this expression the
lifetime r and the unshifted energy Eo are free
parameters and &&0 pEO is the c——orresponding
maximum Doppler shift, p=u/c being the average

Rb recoil velocity along the target-counter direc-
tion. For each pressure the value p has been de-

duced from the capture reaction kinematics and

from the experimental yield as a function of the
proton energy along the target thickness.

Table II contains the results of the DSA analysis;
the quoted uncertainty in the ~ values is only sta-

tistical and has been calculated according to Ref. 22
and corresponds to a 68% confidence level. Ac-
cording to Ref. 16 the final uncertainty must be in-
creased by a 20% contribution due to systematic er-
rors associated with gas temperature and uncertain-

ty in the slowing down of Rb ions in the Kr gas.
When known, lifetime measurements from other ex-
periments are reported. In Fig. 4 the experimental
E= [E(p) Eo]I&Eo poi—nts, together with the
theoretical values calculated as described above, are
reported for some y lines of Rb.

151.2 keV transition. Its lifetime is known' to be
1.07+0.07 ns. This lifetime is almost at the long
lifetimes limit of the DSA method in gases and in
fact Fig. 4 shows that only the first four points
determine the lifetime; its fitted value of 930+&8p ps
turns out to be in agreement with the known value.

129.8 keV transition. The whole F(p) curve is
reproduced by the experimental points and a life-
time of 56+8 ps is the best fit value. The B(E2)t
value for the transition to the first —, level which
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TABLE I. Energies of excited levels and transitions in Rb. Values are in keV.

y-cascade energies Sum
Level energies

(weighted averages)

151.182+0.013

129.83
281.01

+0.02, 151.182+0.013
+0.05

281.01
281.01

+ 0.02
+ 0.05

151.182+0.013 151.182 + 0.013

281.01 + 0.02

450.85
580.69
731.84

+ 0.02, 129.83+0.02, 151.182+0.013
+ 0.15, 151.182+0.013
+0.02

731.86
731.87
731.84

+ 0.03
+ 0.15
+ 0.02

731.85 + 0.02

868.63 +0.03

734.57 +0.03, 151.182+0.013

768.55 + 0.03, 151.182+0.013
919.72 + 0.05

799.65 + 0.08, 151.182+0.013
950.96 +0.03

1024.38 +0.04, 151.182+0.013
1175.78 +0.14

1014.98 +0.21, 129.83+0.02, 151.182+0.013
1144.72 +0.04, 151.182+0.013
1295.95 +0.09

464.66 + 0.11, 919.72+0.05
1233.01 + 0.20, 151.182+0.013

576.20 + 0.20, 868.63+0.03
1445.2 + 0.6

868.63 + 0.03

885.75 + 0.03

919.73 + 0.03
919.72 + 0.05

950.83 +0.08
950.96 +0.03

1175.56 + 0.04
1175.78 +0.14

1295.99 + 0.22
1295.90 + 0.04
1295.95 + 0.09

1384.38 +0.12
1384.19 + 0.20

1~~~.83 +0.20
1445.2 + 0.6

868.63 + 0.03

885.75 + 0.03

919.73 + 0.03

950.94 + 0.03

1175.58 + 0.04

1295.91 + 0.04

1384.33 + 0.10

1444.87 + 0.19

576.30
610.30

1345.29
1496.7

+0.20,
+0.30,
+0.07,
+ 0.6

919.72+0.05
734.57+0.03, 151.182+0.013
151.182+0.013

1496.02
1496.05
1496.47
1496.7

+ 0.20
+ 0.30
+ 0.07
+ 0.6

1496.41 + 0.09

(762.50
1631.10

1387.63

1641.09

1778.53

1798.84
1950.1

+ 0.05, 868.63+0.03)'
+ 0.5

+ 0.06, 129.83+0.02, 151.182+0.013

+ 0.08, 151.182+0.013

+0.25, 151.182+0.013

+ 0.14, 151.182+0.013
+ 0.5

(1631.13
1631.10

1668.64

1792.27

1929.71

1950.02
1950.1

+0.06)
+ 0.5

+ 0.06

+ 0.08

+ 0.25

+0.19
+ 0.5

(1631.13 + 0.06)

1668.64 + 0.06

1792.27 + 0.08

1929.7 + 0.3

1950.03 + 0.18

1108.44
1876.90

+0.19, 919.72+0.05
+ 0.14, 151.182+0.013

2028.16 +0.19
2028.08 + 0.14

2028.11 + 0.11

1758.5

1806.6

2051.2

2222.3

+0.3, 129.83+0.02, 151.182+0.013

+0.6, 129.83+0.02, 151.182+0.013

+ 0.5, 151.182+0.013

+0.4, 151.182+0.013

2039.5

2087.6

2202.4

2373.5

+0.6

+ 0.5

+ 0.4

2039.5 + 0.3

2087.6 + 0.6

2202.4 + 0.5

2373.5 + 0.4

'A contribution from a 762.7 keV y line of Rb is present.
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TABLE II. Lifetimes of levels in "Rb.

Level energy y-ray energy

(keV) (keV) (ps)

Present work

norm

Others

(ps)

151.2

281.0

731.9

868.6

885.7

919.7

950.9

1175.8

1295.9
1384.3

1496.4
1631.1
1668.6

1792.3

1929.7

1950.1

2028.1

2087.6

2202.4

2373.5

151.2

129.8

{
450.9
731.9

868.6

734.6

768.6
919.7
950.9

1024.4
1175.8
1144.7
1233.0
1345.3

762.5

1387.6
1641.1
1778.5

1798.8

1950.1

1108.4
1676.9
1806.6

2051.2
2222.3

93p+220

56+",

58+6

6 3~2.s

5.9

3o2 07

12+0.24

(067+006)d

(p 54+0.25 )d

0.25+ 0' 12

( 1 4+0.7 )d

p 5+0.4

(0.5+0 2)'
26+0.16

0 0+0.17

p p+0. 14

1 2—0.5

0 0+"
p 4+0.4

0 1+"

1.2
0.6

(Coulomb excitation)

1.3
0.9

1.5

0.5
0.2
1.0
1.4
0.9
0.5

0.7
0.7

0.9
0.6
0.5
0.6
0.6
0.6
0.5
0.8

1070 + 70'

6.2+ 043b

4.2+ 0.6
3.0 + 0.7'

'Reference 13.
Reference 9.

'Reference 24.
dSee text.
'A contribution from a 762.7 keV y line from Kr(p, y) Rb is present.

mainly decays through the 129.8 keV y line to the
level is known to be 16+2 e frn; from our

Coulomb excitation measurement we obtained 17+2
e fm, in excellent agreement. From the 281.0-
129.8 keV branching ratio of 0.58% reported in the
preceding paragraph a lifetime of 58+6 ps is de-
duced for the 281.0 keV level, thus confirming the
DSA value.

450.9 and 731.9 keV transitions. Both deexcite
the 731.9 keV level and actually their lifetimes of

6.3+
& 8.ps and 5.9+

~ q ps, respectively, coincide well
within the statistical uncertainties. The lifetime of
this level was also determined by Coulomb excita-
tion and DSA measurements to be 6.2+0.4 ps.

868.5 keV transition. The corresponding lifetime
turns out to be 3.2+o 7 ps. This value is to be corn-
pared with values of 4.2 +0.6 ps (Ref. 9) and
3.0+0.7 ps.

For the other measured lifetimes in Rb no com-
parison is possible. For the 919.7 keV level, the
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measured transition lifetimes are in parentheses
since they are overestimated by about two tenths of
a picosecond, due to the sizeable feeding from levels
with comparable lifetimes. The lifetime of the
1384.3 keV level is also reported in parentheses due
to a possible double origin of the 1233.0 keV y
line. ' Lifetime measurements and decay scheme
suggest for the levels at 1668.6 and 2087.6 keV an
upper limit of J& —, and for levels at 1929.7,
2028.1, 2202.4, and 2373.5 keV an upper limit of
Je —,. For the other levels lifetime values and
branching ratios are consistent with the existing J
assignments.

CONCLUSIONS

In a paper by Krishan et al. 2 transition probabil-
ities of the first excited levels in Rb have been cal-
culated in the frame of a semimicroscopic model in
which the proton quasiparticle motion is coupled to
the quadrupole vibration of the core nuclei Kr or

Sr. The lifetime of the first —, level, calculated
as 77 ps, agrees very well with our experimental
value. In that paper, the value of 2 ps calculated
for the lifetime of the first —, excited level was

compared with that of the 868.6 keV level which is
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presently known to be —, . The correct comparis-13

on would rather be with the ( —, ) 919 keV level

whose lifetime we estimated in the order of 0.5 ps.
The detailed knowledge of the decay scheme, of J
assignments, and the established transition
probabilities in Rb make possible now a much
more stringent test of the model.
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