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Abstract

A systematic study of the spherical semi-magic 116:118:120:122,124Qp nyclei with
nuclear resonance fluorescence at excitation energies up to 4 MeV has been
performed before. To extend this systematics an investigation of the rare
1281 isotope was carried out at the Stuttgart Dynamitron facility in the
summer of 2003 with a bremsstrahlung end-point energy of 3.8 MeV. In the
measured spectra excitation of the first 2 state and a dipole state, which is
interpreted as the 1~ the member of the 2% ® 3~ two-phonon multiplet, were

observed.

A value for the B(E1) transition strength to the ground state and an upper
limit for the transition to the 27 state, which exhibits characteristic features
of two-phonon states, are extracted from the data. While the observed exci-
tation energy of the 17 state fits well into the systematics of the even-mass tin
isotopes, the ground-state transition strength was found to be significantly

larger.






1 Introduction

In spherical nuclei close to the magic proton or neutron shells the lowest
collective excitations are quadrupole and octupole vibrations of the nuclear
shape. A coupling of these two single ”phonon” excitations leads to a two-
phonon quintuplet [1-3] with spins J™ = 17...57. A schematic represen-
tation of the shape vibrations and their assumed coupling is displayed in
Fig. 1.1. Investigation of two-phonon states gives insight into harmonicity of
the vibrational coupling. The 1~ member of this multiplet can in principle
be excited via an electric dipole transition from the ground state in nuclear
resonance fluorescence experiments. Nuclear Resonance Fluorescence (NRF)
is by far the most sensitive tool to detect such dipole excitations and to

determine their characteristics.

Nuclear Resonance Fluorescence in general represents an appropriate tool to
investigate excitations of low multipolarity in atomic nuclei below the parti-
cle threshold [4-6]. In NRF experiments one usually uses bremsstrahlung
which is produced by slowing down relativistic electrons. The resulting
bremsstrahlung spectrum is continuous in the energy region from zero to
the end-point energy which is equal to the incident electron energy. Thus, it
allows the simultaneous investigation of nuclear excitations in a wide energy
range. Another principal advantage of this method is that both the excitation
and deexcitation processes take place via the best understood interaction in

physics, the electromagnetic interaction.

In the case of even-even nuclei, a complete set of spectroscopic information

can be determined in a model-independent way:
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Figure 1.1: Schematic representation of quadrupole (2%) and octupole (37)

vibrations and their coupling to two-phonon (1~ ...57) states.

e level excitation energy F,,

total cross section Ig,
e spin J,

e parity ,

transition width ratio T'3 /T,

B(II\) T excitation probabilities.

The properties of the (27 ® 37|17 > state near shell closures have been
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investigated in a wide range of nuclei [7,8].

The even semi-magic Sn isotope nuclei represent an interesting case to inves-
tigate the two-phonon quadrupole-octupole coupling. A systematic study of
even-mass Sn isotopes with mass numbers 116 up to 124 has been recently
reported [9,10]. To continue the study of even Sn isotopes a NRF experi-
ment on '2Sn was carried out at the 4.3 MV Dynamitron Accelerator of the
Stuttgart University. Because of the low natural abundance, data on excited

states in '2Sn are scarce [11].

The motivation of the experiment was a detailed characterization of the
quadrupole-octupole two-phonon 1~ state in ''2Sn with high sensitivity. It
allows to extend the systematics to a more proton-rich nucleus and to test
whether the reasonable constancy [9] of their properties (excitation energy,
B(E1) strength) remains. The Stuttgart Dynamitron facility is an ideal ac-
celerator to investigate transitions to dipole states with excitation energy

below 4 MeV.

This thesis is divided into six chapters. A description of the nuclear reso-
nance fluorescence technique is presented in the Chapter 2. Chapter 3 covers
details of experimental setup and performance. The analysis and results are
summarized in Chapter 4. Chapter 5 presents the discussion of the results.

A conclusion is given in Chapter 6.



2 Nuclear Resonance Fluorescence

Nuclear Resonance Fluorescence represents the process of resonant excitation
of a nuclear level due to the absorption of a real photon and the subsequent
decay of this level by reemission of a photon [4,6]. Figure 2.1 shows a scheme
of excitation and decay in the nucleus. A nucleus with the spin Jy and parity
o absorbs a real photon and is left in an excited level with energy E,, spin
J and parity 7. After some time (typically fs to ps) the excited nuclei will
decay back to the ground state (elastic transition) or to some other low-
lying excited state with the energy F;, angular momentum J;, and parity m;

(inelastic transition).

The quantities I'g, I';, and I" denote the transition widths to the ground state,
to an intermediate level, and the total transition width, respectively. The

correspondence between the widths is

Exy — J

Excitation
Elastic deexcitation

0 : Jo

Figure 2.1: Gamma-ray transitions in nuclear resonance fluorescence.



=Ty+> I}, (2.1)

>0
with ¢ being the sum over all intermediate levels. The total decay width and

the lifetime 7 of a level are connected via the Heisenberg uncertainty relation

7-I'=h (2.2)

Furthermore, the partial widths define the branching ratios

Ly
by = —. 2.3
0= T (2.3)
and
I
T (2.4)

2.1 Scattering Cross Sections

The cross section for the process of a nuclear transition from the ground state
through an excited state to a final state is described by the Breit-Wigner

formula

; (s fic \ 2 F()FZ
=T (Y i s
O'Qbs( 7) 2 Ea: g (E»Y—EI)Q—F% ( )

where E, is the excitation energy, I, is the energy of the incoming photon,
and ¢ is a statistical factor, which depends upon the ground state total

angular momentum Jy and the angular momentum of the excited level J
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The total cross section is given by the sum of partial cross sections of the

decays to all possible final states

ot : T [ hc\? I
B =S B =5 () 9 o @7
i T ¥ fd 4

Another important factor for NRF experiments is the thermal motion of the
atoms in the target. This motion causes a Doppler broadening of the line
width. It can be assumed that the thermal velocities of nuclei v have a

Maxwellian distribution

) = (%]ZT) exp (—g@T) , (28)

where M is the nuclear mass, k is the Bolzmann constant, and 7" the absolute

temperature.

Then, instead of Eq. (2.5), we obtain the Doppler-broadened Breit-Wigner
distribution [4,12]

i hc 2 T FZ s E _Ex 2
JDBW(E’Y>T):27T'<E> ‘9‘?0' ZX_QXP[_(u)]’ (2.9)

where A is the Doppler width

2kpgT

A=F .
Mc?

(2.10)



This Doppler-broadened distribution can be used to deduce immediately the
total elastic scattering cross section [ integrated over a single resonance and

over the complete solid angle from Eq. (2.9)

, hic \ 2 ol
Iy = /UZDBW (E,,T)dE, = il <C> "9 =, (2.11)
B, r
In the case of an elastic transition (I'; = T'y) we have
he \ 2 Iz
h:w?(&)-ylﬂ (2.12)

2.2 Reduced Transition Probabilities

The electromagnetic transitions are characterized by the multipole order A
with A = 1,2, ... for dipole, quadrupole, ... transitions. There exists a se-
lection rule for allowed electromagnetic transitions relating the total angular
momenta of the initial and final states J; and Jy with the multipolarity of

the transition from these two states

| Ty = Jf| S A< T+ Jy (2.13)

The multipole character is defined by the parities of these states

mo= (=1 m; for electric transitions, (2.14)

m = (=)' 7,  for magnetic transitions. (2.15)
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The decay width [6] into the ground state I'g is proportional to the reduced
transition probability B(II\, E,) T

o (A+1) (EW)”“ 2Jo+1

Iy = —
0 872 he 2J+1

B A A+ D1 B(II\ E,) T (2.16)

where Il = E for electric transitions and II = M for magnetic transitions.
The photon can transfer only a small angular momentum to a nucleus. There-
fore in NRF experiments mostly dipole transitions and to a lesser extent

electric quadrupole transitions ere exciteed.

The reduced transition probabilities for the decay
B(II\;J — Jy) = B(II\) | and excitation B (II\;Jy — J) = B(II\) T
differ by the statistical factor introduced in Eq. (2.6)

2J+1

BUNT=57—"7-

B(I\) | . (2.17)

For even-even nuclei one has the following relations between reduced transi-

tion strength and the ground state decay width

B(E1)T aea Lo [[MeV] 3
T —9.554-107* - g oV ( o > , (2.18)
B(M1)T s Ty ([MeV])?
—al —=8.641-1072. ¢ o] < B ) : (2.19)
B(E2)1 a Lo [[MeV])?
S =1.245-10% - ¢ V] < o ) . (2.20)
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2.3 Angular Distributions

By measuring the angular distribution of the emitted photons with respect
to the incident beam in the NRF experiments, the multipole order (dipole or
quadrupole) of a transition can be determined [6]. The angular distribution
function W () for resonantly scattered real photons is given by the following

expression [13]

W)= > A7 AP, (cosb), (2.21)

v=0,2,4,...

with € being the scattering angle between the direction of the incident pho-
ton and the scattered photon and P(cos 6) the Legendre polynomials. The
coefficient A5~7 describes the photon in the entrance channel, and similarly

AJ=k takes into account the resonantly scattered photon.

Nuclei with even proton and neutron numbers always have a ground state
angular momentum and parity J§ = 07. As a consequence, only levels
with spin 1 or 2 can be excited in (7,7’) measurements. In the case of
elastic scattering, only the spin sequences 0 — 1 — 0 and 0 — 2 — 0 will occur,
corresponding to pure dipole and quadrupole transitions, and the following

expressions for the angular distribution functions W (6) are obtained [14]

W (0)go= 5 - (1+cos0), (2.22)

e~ w

: (1 — 3cos® 0 + 4 cos* 9) . (2.23)

] Ot

W (e)oﬂzﬁo =
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90°

Figure 2.2: Radial plot of the angular distribution functions for pure dipole
(W(0)o—1-0, dashed curve) and quadrupole (W (#)p—a—0, solid curve) elastic

transitions in even-even nuclei.

These angular distribution functions are plotted in Fig. 2.2. From this figure
one can see that at 90° the angular distribution for dipole transitions has a
minimum whereas for quadrupole transitions it has a maximum at 90° and
two minima at 53° and 127°. The angle 127° is more favorable than 53° for a
NRF experiment due to the dramatic background decrease at backward an-
gles (because of the dominance of atomic scattering at forward angles), so the
best distinction between the two distributions exists at the scattering angles
of 90° and 127°. Thus, in the case of an even-even nucleus, measurements of
the 7 intensities at two angles (90° and 127°) allow the determination of the
multipole order A and thus the angular momentum J of the excited level.
The ratio of the measured scattered v intensities at 90° and 127° should

result in one of the two expected values
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W (90°)0_1_0 W (90°)g 50
=120 — 073  or —2-0 — 998 (2.24)
W (127°) 10 W (127°)y_9 o

There may be a difference between the theoretical values and the experimen-
tal ones because of the finite opening angles of the detectors and feeding of

the low-lying levels from the higher lying excited states.
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3 Experimental Procedures

3.1 Dynamitron Accelerator and Experimental

Facilities

The Nuclear Resonance Fluorescence experiment was performed at the cas-

cade Dynamitron accelerator of the Stuttgart University [15,16]. The Dyna-

mitron (see Fig. 3.1) is a single-ended electrostatic generator which can be

used to accelerate electrons as well as positively charged ions. The maximum

electron current which can be achieved is 4 mA with a maximum energy of

4.3 MeV.

To avoid scattering of accelerated particles with gas molecules, the accel-

erator tube and the beam transport system are evacuated to a vacuum of

1075 — 107 mbar.

RF Electrode
Accelerator Tube
High-Voltage Head | Toroidal
I Caoil
D I J

el

'y
L0
—

Pressure Tank

Corona Rings =RF Oscillator

lon & Electron Source
Figure 3.1: Schematic layout of the Dynamitron.
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The electrons are generated by heating a filament. A voltage gradient causes
the electrons to be extracted from the area surrounding the filament. The
electrons are then accelerated and collimated as they travel through the beam
tube. The electrodes and corona rings play the role of capacitors. The two
electrodes and the coil form an electrical circuit which is fed by the radio-
frequency oscillator. Thus the electron energy is equal to the product of the

electron charge and the total voltage.

In Fig. 3.2 the whole experimental facility consisting of the Dynamitron accel-
erator, the beam transport system and all setups are depicted. The electron
beam delivered from the Dynamitron accelerator can be deflected by an ana-
lyzing magnet and guided to the different experimental facilities such as the
120° beam line for photon scattering experiments [17,18], a 90° beam line,
a 60° beam line for experiments in nuclear astrophysics, a 21° beam line for

solid state physics, and a 0° beam line.
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Figure 3.2: Schematic layout of the Stuttgart Dynamitron Accelerator Laboratory



3.2 NRF Setup

For NRF experiments the high current DC electron beam is bent by 120° into
the beam line at which the NRF setup is placed. Bremsstrahlung is produced
in a gold radiator target. It has a thickness of 4 mm in which the electrons
are completely stopped. Gold was chosen as basic material for the radiator
target because of its high Z value which makes it very efficient for producing
bremsstrahlung and because of its good thermal conductivity characteristics.
Part of the electron energy is converted into v-rays, the other part of the en-
ergy is converted into heat. Therefore, the radiator target is water cooled
with a pressure of 50 bar. The thermal capacity of the gold radiator limits
the electron beam current to about 250 pA for 4.1 MeV electrons (typical
electron energy in the NRF experiment). In the gold radiator target very
intense y-beams are produced with a flux of typically 10° photons/keV /s
for 3 MeV photons. Before entering the experimental room, the continuous
bremsstrahlung spectrum is hardened by a lead absorber (reducing the in-
tensity of low energy photons) and collimated by a 1 m long lead tube with

a diameter of 10 mm.

The experimental area (Fig. 3.3) is separated from the generator room, where
the Dynamitron accelerator is located, by a 2 m thick concrete wall. This
avoids y-ray background in the experimental room resulting from the accel-
erator and the beam transport system. The highly collimated y-beam enters
an evacuated tube (vacuum 1073 — 10~% mbar to avoid scattering of the ~y-
beam off air molecules) which contains the NRF targets under investigation.

Due to the high quality of the intense beam, two NRF setups can be oper-
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Figure 3.3: Schematic layout of the NRF setup at the Dynamitron.

ated simultaneously. A first setup is used to perform angular distribution
and cross section measurements. This setup consist of three HPGe detectors
placed at the scattering angles of 90°, 127°, and 150°. Nowadays, large
volume HPGe detectors with an efficiency of 100% (relative to a 3” x 3"
Nal(Tl) scintillation crystal) and a good energy resolution of about 2.0 keV
at 1.33 MeV (y-ray produced by the radioactive %°Co nucleus) are available.
Typical measuring times at this setup are about 2 days for even-even nuclei

and 4 days in the case of odd-mass nuclei. These relatively short measuring
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times can be achieved due to high singles counting rates up to 10 kHz per

detector [6].

At the second setup a combination of (v, ') angular distributions and photon
linear polarization measurements is carried out. This setup consists of two
Compton polarimeters, placed at slightly backward scattering angles of 95°
and an additional HPGe detector located at 127°. The Compton polarime-
ters are used to determine the linear polarization of the resonantly scattered
photons. This enables to deduce the parities of excited levels. Since the
signal from the core of the Compton polarimeter carries already the full en-
ergy information of the detected rays, angular distribution measurements
can be performed simultaneously at this setup. More technical details of the
operation of the Compton polarimeters are given in [19,20]. At this setup
only even-even nuclei are studied because it is hardly possible to determine
parities of levels in odd-mass nuclei due to the small anisotropy. The accu-
mulation of experimental data with sufficient statistical accuracy for parity

determination requires measuring times of 3 to 4 weeks.

In front of each Ge detector or Compton polarimeter a lead filter is placed
to reduce the intensity of low energy photons (mainly with energies below
1 MeV). Otherwise, the large flux of these low energy photons can cause
pile-up problems in the data acquisition system. The counting rate in the
detectors should not exceed 10 kHz. Each Ge detector is surrounded with a

lead shield to suppress the background.

All detectors were surrounded by active BGO shields. BGO detectors [21] are

based on an inorganic bismuth germanate scintillator (BiyGe3Oy) material

20



and used to detect photons which have not completely lost their energy in
the detector, and also cosmic rays. The large atomic number of Bi (Z=83)

and its high density (7.3 g/cm?) make BGO ideal for the detection of high

energy y-rays.

3.3 Germanium y-Ray Spectrometers

High-purity Germanium (HPGe) detectors were used in the present exper-
iment. These are semiconductor detectors with very low impurity concen-
trations of approximately 10! atoms/cm?, which are much easier to handle
than lithium-ion drifted detectors. For instance, they can be warmed to room
temperature when they are not in use, while the lithium-ion drifted detectors
have to maintained at low temperature at all times. During operation, the
HP Ge detectors are cooled with liquid nitrogen to a temperature of 77 K to

reduce thermal electronic noise (the band gap in Ge is 0.7 eV only).

In the case of v-ray spectroscopy at high energies of several MeV, detectors
with a large active volume are needed. This can be fulfilled in a cylindrical
or coaxial geometry. In this case, one electrode is fabricated at the outer
cylindrical surface (see Fig. 3.4) of a long germanium cylindrical crystal,
while a second inner cylindrical contact is obtained by removing the core of
the crystal. The HP Ge detectors used at the Stuttgart NRF facility have
actually a closed-ended coaxial configuration in which only a part of the
central core has been removed. The outer electrode covers the cylindrical
surface and one flat closed end of the crystal. The electrical properties of the

HP Ge crystal depend of the remaining low-level impurities. In the case of
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n contact

p contact

Closed-ended coaxial p-type coaxial n-type coaxial

Figure 3.4: Scheme of a closed-ended HP Ge detector.

remaining acceptor impurities, the HP Ge crystal will be p-type (similarly
donor impurities give rise to a n-type HP Ge crystal). A positive bias voltage

is applied to the n-contact with respect to the p-contact.

The detection of ~-rays critically depends on the number of electron-hole
pairs created in the interaction with the detector material. The most im-
portant interaction processes of photons with matter are photo-electric ab-
sorption, Compton scattering and pair production. In all these processes free
electrons are created in the detector material. The energy required to form an
electron-hole pair in HPGe detectors is about 3 eV. This means that a large
number (> 10°) of electron-hole pairs can be formed, and so many charge
carriers are released for each ~v-ray interaction. This has two consequences:
first, there are small statistical fluctuations in the number of charge carriers
per pulse, and second, as a result of the large number there is an excellent
signal-to-noise ratio, both resulting to a good energy resolution. The HP Ge
detectors are housed in a vacuum-tight cryostat to inhibit thermal conduc-
tivity between the crystal and the surrounding air. Secondly, a high voltage

is applied to the crystal to saturate the electron and hole drift velocities in
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the crystal in order to make the response time of the detector as short as

possible and to minimize losses during charge collection.

The most outstanding characteristic of HP Ge detectors is their excellent
energy resolution (< 0.2%), allowing the separation of many close-spaced
gamma peaks which occur in NRF studies on heavy nuclei or odd-mass nu-
clei with high level densities. The energy resolution is determined by the
statistical spread in the number of charge carriers, variation in the collection
efficiency, and the contribution of the electronic noise. Generally, gamma-ray
energies can be extracted from the recorded (7, ') spectrum with a precision
better than 1 keV. More details about radiation detection and the perfor-

mances of Ge detectors as spectrometers can be found in [21].

3.4 Experimental Details

The experiment was carried out at the Dynamitron accelerator in sum-
mer of 2003. Electrons with an energy 3.8 MeV were used to generate
bremsstrahlung spectra. The average electron beam current was about

200 pA. The total measurement time was about 69 hours.

The different components of the target are displayed schematically in Fig. 3.5.
The target was contained in a poly methyl methacrylate (PMMA) frame
(3 with kapton foils as front and back sides (4) and made of isotopically-
enriched ''2Sn material (2) . The square '2Sn target was put in front of a
2TAl plate @ with the size 2 x 2 cm?. In front of the container isotopi-
cally enriched ¥C (I) was placed in a polyethylene finger. The well-known

transitions in 27Al and '*C were used for the energy calibration of the detec-
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Figure 3.5: Schematic layout of the target. (1) polyethylene finger contained
13C, (2) "2Sn plate, (3) 2"Al plate, (4) poly methyl methacrylate (PMMA)

foils, (5) container’s frame.

tors during the experiment. The masses and abundances are summarized in

Table 3.1.

The ~-decay of excited levels was observed with three HPGe detectors of
the type described above, which were positioned at 90°, 127° and 150° with
respect to the incident beam. Spectra of all 3 detectors were recorded simul-

taneously by the data acquisition system.

Table 3.1: Masses and abundances of the target .

Element Mass Abundance
() (%)
128n  1.99049(5) 99.5
27A1 1.099(1) 100
13C 0.0726(5) 99.0




4 Data Analysis and Results

4.1 Enmergy Calibration

The well-known transitions in 27 Al and *C were used to determine the energy
calibration of the system, i.e., the correspondence between the channels in

the data acquisition system and 7-ray energies.

The odd-mass nucleus 27Al is commonly used in NRF experiments to cal-
ibrate the photon flux. Integrated cross sections Ig of unknown excited
levels in the target under consideration are determined relatively to the var-
ious well-known transitions in 2?Al. Absolute level widths I' and lifetimes
7 have been determined precisely in nuclear self-absorption experiments on
2TAl [22,23]. These results are summarized in Tab. 4.1, and the deduced

total scattering cross sections Ig for the levels in 27Al are given as well.

The odd-mass nucleus 3C has two levels below an excitation energy of 4 MeV
which can be used as well for photon flux calibration purposes. Their level
widths have been determined in nuclear self-absorption measurements [24,25]

and the corresponding results are included in Tab. 4.1.

Energy calibrations for all spectra have been performed. The result of such
a calibration for the example of the 90° spectrum is shown in Fig 4.1 with

linear function, describing the data very well.
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Table 4.1: Excited states of 2" Al and '3C including the values of total angular

momentum and parity, absolute lifetimes, level widths and deduced total

scattering cross sections.

Element E, Jr T Lo r Is
(keV) (fs) (%) (meV) (eV - b)

A1 22111(6)°  Th' 38.1(10)°  100°  17.19(31)" 18.0(3)
273497 ShT  14(6)  221(100* 517 1.3(2)
2082.0(1)* 3k 5.63(13)° 97.4(5)" 116.7(25)" 31.9(8)
3004.2(8)" 957 93(30)  88.6(11)° T.7TA(46)"  4.3(3)
3056.8(4)* 3k 3.9440)" 85.3(15)¢ 177(11)*  21.1(17)
BC3080.443(20)° LT 1.23(9)¢ 1000 537(42)7  216(17)
3684.507(19)° 35 1.63(12)¢  99(4)°  403(30)7  224(26)

u o o IS}

From Ref. [22].
From Ref. [23].
From Ref. [25].
From Ref. [24].
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Figure 4.1: Energy calibration of the detector at 90° using known transitions
in 27Al and '3C. The data are marked as circles, and the solid line is a linear fit

to the data points. The error bars of the data are smaller than the symbols.

Figure 4.2 shows the resulting energy-calibrated experimental (v,~') spec-
trum of '2Sn at 6=90° for the energy region between 1 and 4 MeV in a
logarithmic scale. The background due to the nonresonant and atomic scat-

tering decreases approximately exponentially with increasing energy.
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Figure 4.2: Energy-calibrated (v,~') spectrum of *?Sn in the energy region
from 1 to 4 MeV.

In Fig. 4.3 spectra for all three measured angles are presented in the energy
region 1 to 4 MeV. In all spectra we can see the 2" Al and '3C calibration lines
and their single escape (SE) and double escape (DE) lines, and also a 2°Pb
background line. One unknown transition, at 3434 keV, and its SE and DE
lines are found, which is attributed to '2Sn. Furthermore, excitation of the
well-known 2] state was also observed in the spectra. The relative intensi-
ties of lines are different in the spectra because of the angular distributions

discussed in Sec. 2.3.
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Figure 4.3: Energy calibrated (v,7’) spectra of '2Sn in the energy region
from 2.2 to 3.8 MeV.
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4.2 Efficiency Calibration

The energy dependence of the intrinsic efficiency (E) can be determined for
each detector from a measurement using a °Co source. An isotope *°Co is
an unstable nucleus, 3"-decaying to °Fe with a half life of 77.3 days. The
radioactive **Co source provides 19 ~ transitions between 0.6 and 3.6 MeV
with well known relative ~ intensities. In Tab. 4.2 the energies of the emitted
~’s are given as well as their relative gamma intensities. Thus, the efficiency

can be deduced relatively to the strongest transition at 847 keV by

oo () = 220, (4.1
with an uncertainty
Afeco (0) _ A1) | A(Acy(8) )

£co (6) L, Aco (6)
Here Ac, (6) is the count rate in the respective detector with uncertainty

A (Aco (0)), and I, is the appropriate level intensity with uncertainty A (1,).

The efficiency calibration spectra have been recorded using a *°Co source
with the same dimensions as the NRF target that was placed exactly at the
target position. This procedure takes into account the solid angle of the
detector and the thicknesses of the lead filters in front of detectors [26]. The
shape of the relative efficiency curve can be approximated using the empirical

formula

5CO(E):%+b+c-E+d-E2. (4.3)
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Table 4.2: Calibration lines of *Co with their intensities from [11].

Energy Intensity
(keV) %
846.771(4) 99.933(7)
977.373(4) 1.43(14)
1037.840(6) 14.13(5)
1175.102(6) 2.239(11)
1238.282(7) 66.07(19)
1360.215(12) 4.256(15)
1771.351(16) 15.49(5)
1810.772(17) 0.657(20)
1963.714(12) 0.706(10)
2015.181(16) 3.029(13)
2034.755(13) 7.771(27)
2113.123(10) 0.366(6)
2212.933(18) 0.390(7)
2598.459(13) 16.96(6)
3009.596(7) 0.994(21)
3201.962(16) 3.13(3)
3253.416(15) 7.63(24)
3272.990(15) 1.78(6)
3451.152(17) 0.93(4)
3547.930(60) 0.178(9)
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Figure 4.4: Relative efficiency of an HPGe detector, placed at 90°, determined

with a radioactive *®Co source at the position of the NRF target.

The measured relative efficiencies and the result of such a fit procedure are
shown in Fig. 4.4 for the case of the 90° detector. The efficiency decreases
below an energy of about 1.8 MeV due to the influence of the lead absorber
placed in front of the detector.

4.3 Experimental Angular Distributions

The multipolarities of the observed transitions can be extracted from the

ratio of the peak intensities measured at different scattering angles. Figure
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Figure 4.5: Angular distributions of the transitions excited in the 12Sn(v,~")
reaction at £y = 3.8 MeV. The triangles belong to '2Sn, and squares and

circles to 27Al and '3C, respectively.

4.5 shows these measured ratios at 90° and 127°. The triangles mark levels
belonging to '2Sn, and the squares and circles to 2"Al and '3C, respectively.
The solid lines in this figure represent the theoretically predicted ratios of
the angular distribution functions W (90°)/W (127°) for dipole (0 — 1 — 0)
and quadrupole (0 — 2 — 0) transitions, corrected for the solid angles of the

detectors, as well as an isotropic distribution (dashed line).

In the measured spectra we can identify the first 2+ state of 1'2Sn at 1257 keV

and an unknown excitation at 3435 keV. The extracted value of the intensity
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ratio for the first 2% state of 1'2Sn is lower than the theoretically predicted
one because of the feeding from levels at higher energies. The value of the
level at 3435 keV is close to the ratio predicted for a ground state transition
indicating its dipole character. One also can see that the angular distribution
ratios of all calibration lines of 2”Al and '3C are close to 1 as expected for

most combinations of semi-integer spins.

4.4 Photon Flux and Integrated Cross Sections

To obtain the final results we used two different methods. The first method
becomes possible due to the absolute normalization of the photon flux by
measuring simultaneously the well-known excitations in the calibration tar-
gets 2"Al and 3C. For these calculations we use the relationship between the
integrated photon scattering cross section Is and the properties of the nu-
clear levels. The peak area A; of a line in the NRF spectrum can be obtained

from

AS)

4m

A = Nyurger - /N(Ew,Eo,t)dt-e(Ew)-lg- i () (4.4)

Ty
where Nrgrget is the total number of target nuclei irradiated by the incident
photons (taking into account the isotopic enrichment), T/ is the total time
of measurement, N (E,, Ey,t) is the number of photons crossing the unit of
target surface per unit of time, € (E,) is the detector efficiency, Wi (6) is

the angular distribution function integrated over the solid angle A2 of the

detector placed at the angle 8, and the E, is the energy of the excited level.
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The number of nuclei in a target is given by

Nrwroet = p -7+ —2 .8 = A 4.5
Tt =P T S A 4

where p is the density, x is the target thickness, S equals the area of the
target surface irradiated by the photon flux, N4 is Avogadro’s number, A is

the mass number, m is the target mass and St the total target area.

The use of calibration targets with areas equals to the one of allows a direct
determination of the product of the photon flux N, (E,, Ey) and detector

efficiency € (E,). For the N, - £ one obtains

A

 Neaipr - I - Wi (0) - 527

N’Y (Ex; EO) € (E:Jc) (46)

where A; is the peak area of the i-th calibration 27Al or '*C line. The
integrated photon scattering cross sections of the 27Al or 3C lines used for
the determination of N, -¢ are listed in Tab. 4.1. The obtained data of N -¢

were fitted with a polynomial

N7~5:%+b1+cl~E+d1~E2, (4.7)

and the result of such a procedure is presented in Fig. 4.7.

The second method is based on the data from the efficiency measure-
ments with *°Co and simulation of N, using the Monte-Carlo calculations
GEANT. The bremsstrahlung spectrum was simulated [27] using the pro-

gram GEANT 3.21 with an end-point energy of 3.8 MeV. In Fig. 4.6 the

simulated flux fitted with a polynomial function of 5 degree is given. The
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Figure 4.6: Plot of the relative photon flux between 2 and 3.8 MeV. A
5" order polynomial function is applied to fit the shape of the photon flux.

errors are statistical only and are equal to the square root from the number
of counts. It is seen that in a broad energy region the photon flux can be
represented by a straight line in a logarithmic plot. The absolute normaliza-
tion of the photon flux cannot be obtained from the simulation in which a
much larger opening angle for the emitted bremsstrahlung is accepted than

in the experiment [27,28].

Because GEANT simulations give us only an energy dependence of the flux,
but not absolute values we have to normalize these data accordingly to the

experimental points of 27Al and '3C. For this procedure one can use a Least
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Figure 4.7: Comparison of the N, - ¢ calculated from two different methods.
Experimental points are connected by the fit function (solid line), and the

Least Squares Fit is presented by a dashed line.

Squares Fit [29)].

The comparison of these two methods is presented in the Fig. 4.7. Here the
data for 27Al and 3C transitions with error bars are shown as circles, and the
solid line is a fit to them with a function representing a product of the mea-
sured efficiency and the flux deduced from the GEANT simulations. There
is clearly a difference between the predicted energy dependence whose origin
of which is presently not understood. Correspondingly, there is a difference

in integrated cross section with respect to the result of the transition to the
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two-phonon 17 state. The corresponding values are presented in Tab. 4.3.

Table 4.3: Experimental results of the ?Sn(, ') reaction at Fy=3.8 MeV.

E, Method I Ty B(E1) 1
(keV) (eV-b) (meV) x1073 (e?-fm?)
Geant and *°Co  119(12) 122(12) 8.6(0.9)
3434.5

27Al and BC 183(19) 187(19) 13.3(1.4)
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5 Discussion

In the measured spectra of 1'2Sn one dipole excitation is observed. The de-
termination of the parity of this state is impossible in the experiment, but
the energy is close to the energy of the lowest 1~ states in 116:118,120,122,124G;,
isotopes [9,10]. Therefore, we assume that the state has total angular mo-

mentum and parity J®™ = 17 and arises due to the coupling of quadrupole

and octupole phonons.

From a completely harmonic coupling of the quadrupole and octupole vibra-
tions the excitation energy of the two-phonon multiplet is expected [30] to be
the sum of the one-phonon excitation energies E,(2") and E,(37). The ex-
perimentally observed excitation energies E,(17) in the tin isotopic chain are
lying very close to, but systematically lower than the sum. This nearly per-
fect correlation between the one-phonon sum energies and the two-phonon
energies [, (17) is demonstrated in the Fig. 5.1. The two-phonon anhar-
monicities are small and result in a minor lowering of the 1~ two-phonon
states. The energy ratio [E,(17)]/[E.(2%) + E.(37)] is about 93% and con-
stant in the isotopic chain with fluctuations of about 2% as one can see from
Tab. 5.1. This ratio was investigated in other nuclei and is approximately

equal to 1 with a deviation of 10% in light nuclei [8].

Although the energy of the 1~ state is very close to the sum of the energies
of the 2% and 3~ states, the only unambiguous identification of this 1~ level
as a member of the two-phonon multiplet (27 ® 37) would be a direct mea-
surements of its £2 and E3 decay transitions into the 3~ and 2% one-phonon

states. Unfortunately, because of background and transition intensity con-

39



4 1 1 1 1 1 1 1
v v
Y % V4 4 A
A A
A A
3L -
o O
O
%; o o o
= i
>
o2
[0]
15
n ||
u u [ ] [ ]
1L -
1 1 1 1 1 1

1
11ZSn 114Sn 1‘IGSn 1188n 1208n 1228n 124Sn

Figure 5.1: Energies of the 2% (solid squares), 3~ (open circles) one-phonon

states, and the 17 (solid triangles) two-phonon states in 11%116,118,120,122,1245;,

compared to the sum energies F,(27) + E,(37) (open triangles).

siderations, this is not possible in the present photon scattering experiment.
But such transitions have been observed in proton scattering experiments
at the N = 82 shell closure demonstrating similar transition strengths of
the two-phonon to one-phonon decay compared to the one-phonon to g.s.

decay [32].
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Table 5.1: Propeties of the low-lying 2%, 37, and 1~ levels in the even-even,
stable Sn isotopes.
112g 116G, 118gpb  120gpb 122G b 124Gpb

E,(29)* (MeV) 1.256 1204 1.230 1.171 1.141 1.132

E,(37)* (MeV) 2354 2266 2.325 2401 2493 2.614
E,(17) (MeV) 3.434°  3.334° 3.271°¢ 3.279° 3.359¢ 3.490°

E(17)
B 1B ) 0.951 0.937 0920 0.918 0.924 0.932

@ From Ref. [25].
b This work
¢ From Ref. [9].

The values of the B(F1) transition probability in '?Sn extracted with the
two different methods are compared in Fig. 5.2 with those for the other
116,118,120,122,124Gy) jsotopes. The value extracted from the normalization to *C
and 27Al would deviate strongly (about a factor of 2) from the systematics of
other isotopes. The result obtained from a normalization to *Co+GEANT
seems to be more likely, but still represents a significant increase with respect
to the suggested empirical systematics. The quasiparticle-phonon model
(QPM) calculations similar to those for 17124Sn are in preparation which

can account very well for the observed B(E1) values.

Besides ground state transitions from 1~ there is a probability of decay to the
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Figure 5.2: Experimental B(FE1) T values for the E1 two-phonon excitations
in even-mass Sn isotopes. The B(F1) 1 value calculated from the 3C and
27 Al transitions is shown as solid circle, and the value from the *Co efficiency
measurements and GEANT simulation as open circle, which are compared

to the other even Sn isotopes (see Ref. [9]) with A=116 - 124 (squares).

low-lying states. The decay branching ratio of the photo-excited J™=1" state
to the first J™=27 state in '2Sn was calculated and was found to be equal
to b;=0.015. This means a very small possibility to observe this transition
in the spectra, and also because of the background level in the demanded

energy region.

42



Table 5.2: Known 2F levels of '2Sn nucleus below 3.8 MeV.
B, E, I

)

2t 1256.85 1257.05 100
2t 2151.09 894.60 100

2151.00 16.7
21 2476.20 1219.30 28
2475.90 100
2% 3093.07 1836.50 100
3092.4  26.2
21t 3248.81 772.80 259
894.1 27
3248.1 100
2+ 3286.39 2029.70 84
3285.6 100

According to the Nuclear Data Sheets the '2Sn isotope has numerous other
2% states with an energy below 3.8 MeV (Tab. 5.2). The states at 2151 keV
and 3249 keV have a small by branching ratio to the ground state which makes

their observation in a (,7’) experiment unlikely because of the dependence

of Is on T'3/T, see Eq. (2.12).

For the remaining level, the energy of 2476 keV coincides with a SE line from
a 2"Al transition, making an observation of the corresponding transition very
difficult. For other levels at 3248 keV and 3286 keV the values for the upper
limit of the reduced transition probabilities were calculated and they are

equal to approximately B(E2) ~ 11 e?fm*.
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6 Conclusion and Outlook

A study of the '2Sn(~y, +') reaction for energies up to 3.8 MeV was performed
at the Stuttgart Dynamitron accelerator. Besides the well-known 27 state
only one transition attributed to 2Sn was found in the spectra. It has
dipole character, and it is interpreted as a two-phonon 1~ state because

16-124G - However

its energy agrees with the systematics established in
the extracted B(E1) strengths deviates strongly from the systematics. Two
different methods of the photon flux calibration lead to different results. This

discrepancy is presently not understood.

Possible light on this problem can be shed in two ways : there exist real mea-
surements at the 112Sn(~y,~’) reaction at a higher end-point energy performed
at the S-DALINAC, which should provide an independent result. Further-
more, QPM calculations similar to the ones performed for 16-!24Sn are in
preparation. Those provided very good agreement for the B(E1) transition
strengths and could therefore serve as a guide to distinguish which of the two

results is correct.
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