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— probe for QCD in finite density
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(d,3He) reaction
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(d,3He) reaction

2 body kinematics
—mass of the pionic atom
can be calculated from Q-value
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(d,3He) reaction

Theoretical spectrum pionic Pb%%’

couple of pion and neutron hole state
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(d,3He) reaction

experimental spectrum
for pionic Pb2°7@GS
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experimental spectrum

(d,3He) reaction

experimental spectrum

for pionic Pb2°7@GS for pionic Pb2°5@GSI
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The experiment at GSI
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Spectroscopy of Pionic Atom at RIBF
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Comparison with GSI

GSI RIBF
intensity ~1011/spill ~1012/s x50
Target 20 mg/cm?2 10 mg/cm? x0.5
angular acceptance ~10 mrad 40 / 60 mrad x20
Apq/ pa (FWHM) 0.03% 0.1% x3

resolution (FWHM) 400 keV ~ 850 keV
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Comparison with GSI

GSI RIBF
intensity ~1011/spill ~1012/s x50
Target 20 mg/cm?2 10 mg/cm? x0.5
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Comparison with GSI

GSI RIBF
intensity ~1011/spill ~1012/s x50
Target 20 mg/cm?2 10 mg/cm? x0.5
angular acceptance ~10 mrad 40 / 60 mrad x20
Apqd/ pa (FWHM) 0.03% 0.1% s x3

Vs

resolution (FWHM) 400 keV 200~300 keV factor 1.3 ~ 2

eliminate the effect of Apd/ pd
using dispersion matching




Experimental Setup
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Dispersion Matching

Eliminate contribution of beam momentum spread
to the resolution

Spectrometer : Analyzer
(BigRIPS) réaction| | Beam Transfer Line)

T fp S11 S12 Sis 1 0 O A Az Ass X
Orp | = | S21 S22 S26 0O 1 O Agr Agxx  Aogg 0o
5Pty o o 1/J\ooc/\o o 1]/ \sp

*C: kinematical factor = 1.31

Ty = (S11A411 + S12421) %0
+ (S11A412 + S12422)00
+ (511416 + S12426 + CS16)0p0




Dispersion Matching

Eliminate contribution of beam momentum spread
to the resolution

Spectrometer : Analyzer
(BigRIPS) réaction| | Beam Transfer Line)

T fp S11 S12 Sis 1 0 O A Az Ass X
Orp | = | S21 S22 S26 0O 1 O Agr Agxx  Aogg 0o
5Pty o o 1/J\ooc/\o o 1]/ \sp

*C: kinematical factor = 1.31

Ty = (S11A411 + S12421) %0
+ (S11 A2 + S124322)00 | —0 by focusing
+ (511416 + S12426 + CS16)0p0




Dispersion Matching

Eliminate contribution of beam momentum spread

to the resolution

Spectrometer : Analyzer
(BigRIPS) réaction| | Beam Transfer Line)

T fp S11 S12 Sis 1 0 O A Az Ass X
Orp | = | S21 S22 S26 0O 1 O Agr Agxx  Aogg 0o
5Pty o o 1/J\ooc/\o o 1]/ \sp

*C: kinematical factor = 1.31

Ty = (S11A411 + S12421) %0
+ (S11 A2 + S124322)00 | —0 by focusing
+ (511416 + S12426 + CS16)0p0

A1e = —CS16/511




lon Optics

Dispersion matching using

magnetic field in the magnet
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lon Optics

BigRIPS = Spectrometer

Focal Plane red : 0p = +0.5%
of tracking point _
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lon Optics

BigRIPS = Spectrometer

Focal Plane
of tracking point
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lon Optics

BigRIPS = Spectrometer

Focal Plane

WK AN
- N/’
;‘\‘:‘ \I‘
‘_ ,a

RYD) (OL0) (OYO)
s 7 7
/A A /5 Ldont B Ld

”

red : 0p = +0.5%

| blue : 0p =-0.5%

::::
- - 1
f I N

Target

Q
e

s

Focal Plane
of tracking point

Beam Transfer i

ne = Analyzer




lon Optics

BigRIPS = Spectrometer

Focal Plane red : 0p = +0.5%
of tracking point _
A SIS | blue :0p=-0.5%
e ]T @-/w':f‘% ; Target
Q%
realize high precision .

spectroscopy
dispersion 62 mm / %

\

Focal Plane
of tracking point

- Beam Transfer line = Analyzer




The pilot experiment

: Nuclear chart
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The result of pilot experiment
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The result of pilot experimen

higher order aberration corrected by
such as (xlaép) (xlaaa) | the experlmental data
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The result of pilot experiment
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d?o/dQdE vs Tue Spectra
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Theoretical calculated spectrum

bound state

200} Odeg : ' 1deg
= i i .
z - > 120 (15)2@(351/2)n
= 160} A\ (151@Gs12n d \
5| ﬂ 2 |
S 120 - (2p)x® (2d372)7
= B ~
_— o 80
5 e (2p)a@(3s1/2)n
G 80 | w
T (25)=®(3s © (25)x®(3s
= s @
o (35} @ (35172 T 40 | (2oh@(dsay
T 40 | . B -1
(351,24 ~ (35)=@(351/2)n 3
i (4SJW (3511 “S}n@ﬂd}’l]# } o] I ™~ (15}:®{Ed3f2]|n 1
0 —--’,;: E A 0 - ~ :
. . -138 -136 -134 -144 -142 -140 -138 -136 -134
pion production threshold | pwev; Q [MeV]
60} 2deg | _ 3deg
= 1 —
g (2p)® (253;2% % 20 (2p)x® (2d32)7
= 2p)=®@(351/2)n = [ (
3 40} 2@ (34 /[ls]n®{351fzjh‘ &
= | | 0 i Pr@(1h11/2)n
wl _Illp}:@(zds;z]\ E! {25:1::@(351;’22 d
O Ll -]
o = o 10 | 2p)=@(2ds2)n )
9 20 (3p)=®(3s112 1518 (2dsn s N 1s)x®(3swz)n’_]
r:U (35)=@(3s1/2)n _ B i 15) @ (2ds/2)n
i }( o/ 19:@2dr] /" v o
0 ) : : A 0 ) PRV L -
-144 -142 -140 -138 -136 -134 -144 -142 -140 -138 -136 -134
Q [MeV] Q [MeV]

resolution ~ 300 keV  *N. keno et al., Eur. Phys. J. A47, 161 (2011)




d?o/dQdE vs Tue Spectra

-y
()]
I

16

T 05~15°

12_ ............................. ............................. ............................. ............................. ..............

14

Jo.0~05°
+ ____________________ _____________________________ ______________

12

10 :_ .................. ++++ ..... ...... + .I_ ................ {, ............................. ............................. ..............

(o]
—F

©
+—
—+=
——
=
=
——
—+=
—
—+
—
—
g
=

d26/dQdE [ub/sr/MeV]
?

d26/dQdE [ub/sr/MeV]

Kinetic energy of 3He[MeV]
_ ........... _____________________________ _____________________________ 1 O ~ 1 .50

B I S T—

—
oo} (=}
T | T

)
I

C . s e,
o e S S ff..fr.Jf.H-.b,.’fnb;u,’.r.JFJ,fr.’.ﬁ,,r.Jc’ﬁ*.J,ff.Jfff.++;++J,Jr.+Jr.H.»,;r

N

reaction angle [deg]

d20/dQdE [ub/sr/MeV]

\S]
FT

356 3% 360 362 364 36 o 358 I 360 - 32 4

Kinetic energy of 3He[MeV] Kinetic energy 6f SHe[MeV]




d?o/dQdE vs Tue Spectra

-y
()]
I

16

T 05~15°

Y S — HN— T— T T—

0.0 ~0.5"

10 __ ................ ++++ ..... ...... + .I_ .............. {, ............................. ............................. ..............

+ : : : :
H t { J[++++ t I . Jr t
...... Jr" + Jr
. ++‘ |+ T+ + : + H H

CO

[0}

-
=t
P+

=

N
|||||

d26/dQdE [ub/sr/MeV]
d26/dQdE [ub/sr/MeV]

1 I 1 1 1 I 1 2 I_ I} I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1
362 364 356 358 360 362 364

3
kinetic enerqy of ImIX of (25, 2p) @ (2ds,2d3,351)n-1

—
~
||||
— —
D [0
18

-y
N

||||
-
~

-
N

—_
00 o
||||
-

o
o)

r
6 e H..ﬂ. ............... 1 ....H.{:JF.JF..JQ{.F .................... ............................. ..............
te

C s ; e, '
P E— — S sztﬂgfhi-Q4t+¥ﬁfi}ﬁaa+k$4++

06 i II.:-.-I.

0.4 ='-'-.- SR B s LT R o

d20/dQdE [ub/sr/MeV]
reaction angle [deg ¢

2 I_ 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1
356 38 360 362 364

Kinetic energy of 3He[MeV] Kinetic energy of 3He[MeV]




d?o/dQdE vs Tue Spectra

d26/dQdE [ub/sr/MeV]

2;

-y
B ()]
I

— —
A o) © o N
L S i TTT

A RoIS .
10.0~05%g 0.5~ 1.5°
H ................................................................. R N
ﬂ ......... 1[ 1[ .............................................................. .LI_J. 10l .Jr.hr.ﬂ ..... ...... T ;‘Jf ..... R S
....... { ﬂ{HH{ 8 8+_++++++ Wy +++++++ +++++++
1[W[HHJ%[HHWleﬂlplhlj[ﬁﬂj[ﬁl g 6__ .................... +++ ....... — +H+++++++++++++++++++++++H++++++++
AL ............. S ........................................................................................................

;l 16: 7 .

é) - _______________________________________________________________ 1 O W 1 50‘ g |

T =3

O o TN A S, Y A S o (@) I

= [ t H+++ S

L] Bﬂﬁﬂﬂl{{ ..+.t...+; ........ PR IR B c

o N S B, N B o ’.r.JFJ.r.{H ................................................................. O

% E ' ++H+ TS A §n e e e ]
S |

T Flrst observation of the angular dependence'

KInetic energy or Hej[IvieV | Kinetic energy ot dHe[IVIeV]




d?o/dQdE vs Tue Spectra

d26/dQdE [ub/sr/MeV]

—_ —_
B [o)] o] o N
T

—y
(o]

—_
o N »

d20/dQdE [ub/sr/MeV]

-y
B ()]
I

{0.0~05°
+ .................... ............................. ______________

o
_.:_
=
-
_.:_
—+

©
—+
+—
—+
——
-
s
=
-+
—
=
—+
—+
—
—'TE
-

6:— ............................. + ................. R ............ F e e .|..|. .............

TR T TR TR
AT L iy TH iy

126/dQdE [ub/sr/MeV]

resolution ~ comparable with 300 keV!

8_ ......... T L T T e ............................. ..............
?Hﬂﬂ ++H+++++++ pidoh :

)
I
o
)

©

356 358 360 362 364




Summary and future works

We constructed new optics using dispersion matching with primary
beam at RIBF, RIKEN for deeply-bound pionic atom experiment.

We performed the pilot experiment with the target of 1225n.
The deeply bound pionic states in 121Sn was observed successfully.

Thanks for large angular acceptance of BigRIPS, angular
dependence of the (d, 3He) reaction cross section was also
observed.

Now we are finalizing the result of the pilot experiment to extract
binding energy and width of deeply bound pionic states.

In the main experiment, we will optimize the dispersion matching
condition and improve the resolution.



Summary and future works

We constructed new optics using dispersion matching with primary
beam at RIBF, RIKEN for deeply-bound pionic atom experiment.

We performed the pilot experiment with the target of 1225n.
The deeply bound pionic states in 121Sn was observed successfully.

Thanks for large angular acceptance of BigRIPS, angular
dependence of the (d, 3He) reaction cross section was also

observed. the first observation in the world

Now we are finalizing the result of the pilot experiment to extract
binding energy and width of deeply bound pionic states.

In the main experiment, we will optimize the dispersion matching
condition and improve the resolution.



Ongoing other projects in our group

Feasibility study of inverse kinematics
for pionic atom — pionic unstable nuclei

N’ mesic nuclei by using C(p,d) reaction
@GS|

(2.5 GeV proton / high resolution spectrometer)



