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New experimental tool: (~p,~p′) at 0◦

I What can be learned?
I at 0◦ selectivity to transitions with low ∆L
I E1 mediated by Coulomb excitation
I spin-M1 by the spin-isospin-term of the proton-nucleus interaction

I consistent measurement below and above the particle
separation threshold

I high energy resolution (∆E/E ≈ 8 · 10−5)
I two independent methods for the separation of E1 and spin-M1

contributions to the cross section
I Multipole decomposition analysis of the angular distributions
I Polarization transfer observables
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Theoretical principles -
Polarization transfer observables

Total spin transfer

Σ =
3− (Dnn′ + Dss′ + Dll′ )

4

at 0◦: Dss = Dnn

Σ =
3− (2Dss + Dll )

4
=

{
1 spinflip

0 non-spinflip

Determination of the contributions to the cross section:

dσ
dΩ

(∆S = 1) ≡ Σ

(
dσ
dΩ

)
→ spin−M1 excitation

dσ
dΩ

(∆S = 0) ≡ (1− Σ)
(

dσ
dΩ

)
→E1 excitation

T. Suzuki, Prog. Theor. Phys. 321, 859 (2000)
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Measurement of polarization
transfer observables
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Experimental setup at RCNP

I Ip = 1− 5 nA
I polarization:

70 %
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Grand Raiden - detector system

I Focal plane detectors:

Measurement of crossing points xfp, yfp

and scattering angles θfp, φfp

I Focal plane polarimeter:

Measurement of sidewards polarization
p′′S after second scattering process in
carbon block
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Determination of polarization transfer
observables

I sidewards polarization after second scattering process:

p′′tS = cos (θp)DSSpS + sin (θp)DLLpL ,
p′′bS = cos (θp)pS + sin (θp)pL

I θp: precession angle in Grand Raiden
spectrometer

I pS , pL: sidewards, longitudinal beam
polarization

I assumption for background events:
no contribution to depolarization
DSS = DLL = 1
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Extraction of polarization transfer observables -
Comparison of methods

Sector method

� Selection of fc for reducing background events.
� Selections of the second scattering angles in the case of

polarization transfer measurements.

5. Representative spectra

The excitation energy spectra obtained for 26Mg, 48Ca and
208Pb target nuclei, are shown in Figs. 11–13. The selected
scattering angle range is 0:020:5� in Figs. 11 and 12, and
0:021:5� in Fig. 13. The typical energy resolution was 20 keV
(FWHM). The spectrometer covered an excitation energy region of
5–25 MeV. In the case of stable magic nuclei, most of the discrete
states and resonances such as M1 and the GDR are located in this
region.

The measurements become much more difficult as the target
nucleus becomes heavier since Coulomb scattering by the target

increases and produces a lot more background. In addition, the
number of target nuclei per areal density becomes smaller. It
should be noted that although the 208Pb spectrum was taken in
only 1.5 h as a feasibility test, many states are clearly observed.
Most of them have been identified as 1� states from nuclear
resonance fluorescence (NRF) measurements [38]. The 1� states
are predominantly excited by the Coulomb interaction. We stress
that a ðp;p0Þ spectrum including 0� has been measured for the first
time for such a heavy target nucleus like 208Pb.

Angular distributions of differential cross-sections are shown
in Fig. 14 for the two prominent 1þ states in 12C. The curves shown
are the results of distorted wave impulse approximation
calculations using the code DWBA91 [39]. Here, the results
using the 270 and 325 MeV parameter sets of the Franey and
Love effective interaction [40] are shown by green and blue
curves, respectively. The nucleus wave functions were taken from
Cohen and Kurath [41]. Optical potentials and harmonic-oscillator
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Fig. 10. Definition of the coordinate system of the second scattering at the carbon

slab of the FPP. The regions for selecting upper and lower scattering events are

shown by the hatched regions labeled by U and D, respectively.

Fig. 11. Excitation energy spectrum of the 26Mgðp;p0Þ reaction for scattering angles

between 0� and 0:5� at 295 MeV. Spin-parity assignments were taken from

Refs. [7,36]. The energy resolution was 17 keV (FWHM).

Fig. 12. Excitation energy spectrum of the 48Caðp;p0Þ reaction for scattering angles

between 0� and 0:5� at 295 MeV. The energy resolution was 17 keV (FWHM). The

inset shows an expanded spectrum.
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Fig. 9. Excitation energy spectrum created by the extended background subtrac-

tion method with a scattering angle cut of Yo0:5� . The events in the box of

Fig. 8(d) were plotted by by the thick (red) line. The events in the boxes of Fig. 8(e)

and (f) were averaged and were plotted by the thin (green) line. See the text for

details. (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)

A. Tamii et al. / Nuclear Instruments and Methods in Physics Research A 605 (2009) 326–338336

p′′S =
1

〈Ay〉fpp

1− α
1 + α

mitα =

√
N↑U · N

↓
D

N↑D · N
↓
U

I selection of angle range

I easiest evaluation method
A. Tamii, Ph.D. thesis, Kyoto University,
Japan (1999)

Estimator method

εt
S

εb
S

mit εt
S = −p′′tS 〈Ay〉fpp

und εb
S = −p′′bS 〈Ay〉fpp

I calculation of statistical uncertainty
from covariant matrix V (ε̂)

I close to the maximum use of the data

Besset et al., Nucl. Instr. Meth. 166, 515
(1979)
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Test case - 12C(~p,~p′) at 0◦
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Polarization transfer observables - 12C(~p,~p′) at 0◦
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A. Tamii et al., Phys. Lett. B 459, 61 (1999)
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Reference case - 208Pb(~p,~p′) at 0◦
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A. Tamii et al., Phys. Rev. Lett. 107, 062502 (2011)
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Comparison of methods

I. Poltoratska, Doctoral thesis, TU Darmstadt, (2011)
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Polarization transfer observables -
120Sn(~p,~p′) at 0◦
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120Sn(~p,~p′) at 0◦
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Summary & Outlook

I Polarized intermediate energy proton scattering at 0◦:
spinflip / non-spinflip cross section separation with polarization
transfer observables

. completion of analysis for 120Sn

. application to 154Sm→ A. Krugmann HK 6.5
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