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(i) Motivation and prior research

Deeply bound pionic atoms
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Deeply bound pionic atoms
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(i) Motivation and prior research

Deeply bound pionic atoms
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(i) Motivation and prior research

Deeply bound pionic atoms
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(i) Motivation and prior research

Conventional method: X-ray spectroscopy

X rays during atomic cascade

T ) — higher orbits / light nuclei
SO v / cascade (~ 24Mg for 1s)
o R et
£ — pionic 1s state in H
e e — b1 in vacuum

H. Schréder et al., Eur. Phys. J. C 21, 473 (2001).

Deeply bound region

‘% AE>T, >T., for deep orbit in heavy nuclei

absorption is faster
Yamazaki et al, Phys. Rep. 514, 1(2012)

This method cannot produce “deeply-bound” pionic atom...



(i) Motivation and prior research

Our method: Missing mass spectroscopy
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(i) Motivation and prior research

Prior research: Experiment at GSI
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(i) Motivation and prior research

Extract b1 from experimental data at GSI

Contour plot of x2

(
b1/ by 0.7 0.8 0.9 1.0
5°5Pb g
1231 191 155n‘288||20Ne‘1 60 /fee Va]ue
—@—— HOA
0.050 4C :
5 .
i3 i {
£ 0.048}- R
Q — £
(14) I .
£ 0.046- 2
- DX
0044 n e ] M B IR P ] P o i il B oS :. ¥
-0.13 -0.12 -0.11 -0.10 0.09
by [an]
free ((iq> )
L —=0.784+0.05 —P 2~ 0.66 & 0.06
by (qq)
¥ cf. theoretical prediction ~ 0.65

7

m-A s-wave optical potential

27
Vi(r) = —7[61

{bop o5 bldp} = €2B0p2]

% bo , ReBo are deduced from data of light / symmetric pionic atoms



(i) Motivation and prior research

Extract b1 from experimental data at GSI

Contour plot of x2
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(i) Motivation and prior research

Extract b1 from experimental data at GSI

Contour plot of x2

~ N _ _
m-A s-wave optical potential
b1"% by 0.7 0.8 0.9 1.0 9
i 205 i : 7T
- : 123119:15 28q; 20 16 % 1< ‘/S<T) T [61
| > $n,2%8i,2Ne,'0 Ke) lue M
%, 2 RS RS SR IR ¢

0.050 4 o 35 error of b1in medium is still large
5 20 = compared with that in vacuum!!
E 0048 ) | B two main sources are
N | =
E ooser \\*Q + experimental error

ooul > B o1 AT R * neutron distribution ambiguities

-0.13 -0.12 -0.11 -0.10 -0.0
by [my ]

free = . - -
" o1 TO extract by with higher precision

1 ] L] L] L]

+med IMprove resolution / calibration
e :
More isotopes

{bo[) + b15p} + 6230,02]




(i) Experiment performed in 2014 at RIKEN

NISHINA
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First production experiment in 2014 @ RIKEN (11 days)

NISHINA



(i) Experiment performed in 2014 at RIKEN 17

Comparison between RIBF and GSI

GSl facilities RIKEN facilities

GSI (FRS) RIBF (BigRIPS) Improvement

intensity ~10"/6 s (1 spill) ~1012/ s | x 60
SUCREVECRSGUSE 15/ 10 mrad 40 / 60 mrad <16
(H/ V) |
Goolldon (AN 400keV  ~600keV N\ factor 1.5 ~2
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Comparison between RIBF and GSI

GSl facilities RIKEN facilities

GSI (FRS) RIBF (BigRIPS) Improvement

intensity ~10"/6 s (1 spill) ~1012/ s | x 60
SUCREVECRSGUSE 15/ 10 mrad 40 / 60 mrad <16
(H/ V) |
CoelenN@NaM 400keV ~ 200-300keV improve

by dispersion matching optics



(ii) Experiment performed in 2014 at RIKEN

Targets in the experiment at RIKEN
NuDat
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(i) Experiment performed in 2014 at RIKEN 20

Expected excitation spectra

1228n: relatively large cross section 1178n: first odd-A target
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Experimental setup

RIKEN Fragment Separator *He ~ 102Hz p~ 105 Hz
BigRIPS (signal)  (break up/ background)

L gt e gl ‘\“%

¥ Yl e

. N\

FO

F 5 e
Target -

(strip)
szc | Beam Transfer line .s

Superconducting |~ =3 ¥

> g““

Rlng Wf‘ s aages o S
Cyclotron d beam 250 MeV/u
~1012/s

NSHNA



(i) Experiment performed in 2014 at RIKEN 22

Experimental setup

large part of p: 3SHe ~ 102Hz p~105Hz
swept outin F5 - F7 (signal)  (break up/ background)
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(i) Experiment performed in 2014 at RIKEN 23

Experimental setup

Tracking by MWDC &= °He ~ 102Hz p ~105Hz
(signal)  (break up/ background)

F7 . .
R /V
SN
Measured position, angle @F5
+ &
optical correction :?

Psne + reaction angle at target

NISHINA Multi Wire Drift Chamber



(i) Experiment performed in 2014 at RIKEN

lon optics (design)

Dispersion matching:
Eliminate contribution of beam momentum spread

Spectrometer : Analyzer
(BigRIPS) reaction| | (seam Transfer Line)
Lfp Sl 1 Slg Sl(; 1 0 0 Al 1 A 12 4416 o
Orp | = | S21 S22 s26 01 0 Axr Az Age to
) Pfp 0 0 1 0 0 C 0 0 1 61)0
F5 *C: kinematical factor = 1.31 inside SRC

Tfp =+ T (S11A16 + CS16)dpo

NISHINA
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lon optics (design)
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lon optics (design)
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lon optics (design)
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lon optics (design)
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lon optics (design)
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lon optics (design)
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(i) Experiment performed in 2014 at RIKEN 31

lon Optics inside SRC (calc.)
Dispersion matching using primary beam

= o b N magnetic field in the magnet

Azimuthal angle [(deg.)

calculate the transfer matrix

: , using Runge-Kutta method
| 7 1TmRie®\ (z|z) (xla) (zly) (z|b) (x]d)
& i |l \ K (ax) (ala) (aly) (alb) (ald)
AL 4 (vz) (va) (ly) () (4lo)

- (blx)  (bla) (bly) (b]b) (B]S) G s

Starting point = EDC \ \ ~1.00 —-335 0.0 0.0 769

| 030 —0.01 00 0.0 =254
N 0.0 0.0 1.03 1.75 0.0

‘-\% ' SECEE 00 00 —009 —1.12 0.0
. ISRC
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(i) Experiment performed in 2014 at RIKEN 32

Key points of the experiment
for better resolution

(D Tuning of the beam transfer line optics
— realize dispersion matching

@ Reduce the primary beam emittance / dp

(D X @ = contribution of dp on resolution

NISHINA
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(D Tuning of the beam transfer line optics

beam envelope measured by profile monitor

Diagnostics in BT line y /‘} ;g
/,{ \\\ ‘r[‘ ;;/’/-v""
+ ~ 10 profile monitors (wires) N\ i
-/”’/é)"’f“‘r‘:‘”‘v-‘—w

* No tracker / \\

not enough to measure
dispersion / other transfer matrix

«
NISHINA
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(D Tuning of the beam transfer line optics

Use BigRIPS as a diagnostics of BT line
- measure the position / angle at F3 and F5 focal plane
- trace back to FO

it K S et (e BN 4{\%
F7 &% %o 2 N\ﬁﬁ‘g‘:" F3 ey P
i Homgmf achromatic ‘
F5
dispersive

NISHINA
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(D Tuning of the beam transfer line optics

Use BigRIPS as a diagnostics of BT line

- measure the position / angle at F3 and F5 focal plane
- trace back to FO

XFo VS O

X, [mm]

m=~ Measured dispersion in BT line
,. I

—{15000

10000

-1

NiSFiA

1=

P[PPIt ENRURTI) LOUIMY PR (FRSUTLY PO LoonuDn] [P S
0.08 -0.06-0.04-0.02 0 0.02 0.04 0.06 0.08 0.1 ¢
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(D Tuning of the beam transfer line optics

Use BigRIPS as a diagnostics of BT line
- measure the position / angle at F3 and F5 focal plane
- trace back to FO

XFo VS O

m=o Measured dispersion in BT line

N

el — 24 mm/% !!!
( cf. designed value: 44.6 mm/%)

X, [mm]

The difference may be caused
by the optics inside SRC

=1 0

FIPETUH (TUSTPT EUPNG) (U PRPUPY| SESUTEY PO LoD OB S
.1 -0.08-0.06-0.04-0.02 0 0.02 0.04 006 0.08 0.1

b [%]
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(D Tuning of the beam transfer line optics

Use BigRIPS as a diagnostics of BT line
- measure the position / angle at F3 and F5 focal plane
- trace back to FO

Xeg VS'O) m= Measured dispersion in BT line

N

el — 24 mm/% !!!
( cf. designed value: 44.6 mm/%)

X, [mm]

The difference may be caused
by the optics inside SRC

-1

0

PSSR [VUPLR. PNV O COUPRNR, (DU FOVOR CSON O
1 -0.08-0.06-0.04-0.02 0 0.2 004 0.06 0.08 0.1

ul/e

After phenomenological tuning,
“y dispersion is improved to be 28 mm/%
Al

M & reduce the contribution of dp by ~ 50%
INISHINA
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(@ Reduce the primary beam emittance / dp

Use BigRIPS as a diagnostics of Primary beam

- position and angle distribution at achromatic focal plane (F3)
— beam emittance

- position distribution at dispersive focal plane (F5)

= e, WRETEE i —

= | 52 SRC

= Rl il Pt £ 3 = - - oG,

£ 7 TRO P, N

= B S cul] TR (S ! N P \ b f“\\ v A

R T it £33 | - s S e e aambatia rac 4 o

¥ 3 . 4 } 4 v ¥ 4 4 . i S

horizontsl angle et F3 (mm) : 5

- L Lace = AN o,
] e P e Te Jes——t - - . : : . kY ,-/ £y \ y
) T—— - — - - : : Ry o

; B, Mev i
|

b -." e
500 MeV

NISHINA

feedback to the accelerator team |
to tune accelerator parameters / slit condition }
achleve O 2 >< 2 0 mm ° mrad / 0 03 % (RMS)
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Contribution of dp on resolution

(D Tuning of the beam transfer line optics
— dispersion 28 mm/% <« reduce the contribution by ~ 50%

(@ Reduce the primary beam emittance / &p
— achieve 0.2 X 2.0 mm * mrad / 0.03 % (RMS)

D X @ = ~ 220 keV (FWHM)
acceptable compared with I'1s~ 300 keV

x With other contributions, resolution is estimated
to be 250 ~ 400 keV (position dependent)

NISHINA



(i) Data analysis (pID / optics / decomposition)

+ Particle identification
- Optics analysis

+ Decomposition of Eex spectra

NISHINA

40



(iif) Data analysis (pID / optics / decomposition) 41

Particle identification

3He is well separated only with ToF.
Yl et Using additional information of

- Eloss in MWDC (as ToT)

TR - relative timing with RF of SRC
b b N R e We achieve
(=1 . - A o °He
8 Ei i it f{ri oA\ efficiency : =z 98 %
200 eereneed U AL - LT 7 T — )
o iy /iy [ puity  1=299.9%
Corrected ToF___, + offset [ns]
(M

NiSHA



(iif) Data analysis (pID / optics / decomposition) 42
Optics analysis
To convert the position spectrum to Eex spectra, we should

(D measure the dispersion

@ correct the optical higher order aberration

posntlon spectrum of SHe

°°" 1223n(d 3He) To analyze the optics,

nE | | we used the peak of (1s), ® (3s1/2);,"

E25000"— m"fﬂ\'j J\ﬁl ] : p ( ) ( / )

E i bl B -

ol A |, | - sufficient strength in forward 6

omof— -+l (16) . @ (351/2) 7 * no angle dependence of Eex
‘->5' A .:oesul;on ;:1 :;He at gs f;ca; pla;neI[m?nO] |

NISHINA



(iif) Data analysis (pID / optics / decomposition)

@ Dispersion of BigRIPS

0 = ( sr7e — PRigR1PS)/ PBigr1PS * 100.

T T

scale BigRIPS by 1.000 (default), 1.00488, 1.00979

a0 ......\: ....................... Presereresarararareraray é.......................g ....................... ,. ...................... 40
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.............................................................................................................................

Measured peak position [m
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44

(iif) Data analysis (pID / optics / decomposition)

(2 Correct optical higher order aberration

5 e EpE . " :'”;_
_(13),r ® (3s1/2),, ﬁ .

vertical angular aberration :
is also corrected aﬂ 90"99"'0” n

| R NN W W i IR e

*data for the evaluation separated
from the production run

R %
‘Q
S

CEN

XF5 [mm)]

™m

 —
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Finally, we include 15 elements of transfer matrix
for the analysis.

matrix element deduced values calculated values

from exp. data

Zrslapg) [mm/mrad] (42.75£0.2) x 10t +1.93x 10!
zrs|ag,) [mm/mrad?] (—9.444+8.0) x 104  —-1.37x 1073
zrs|ad,) [mm/mrad?] (—4.414+0.9) x107* -7.10x 107
zrs|bro) [mm/mrad| (+4.87 £ 6.1) x 1073 0.00
zr5|b%,) [mm/mrad?] (—8.45 £ 4.0) x 107%  -2.15x107*
rslarobd,) [mm/mrad?] (—2.53 +0.5) x10~* -3.01x10™*

Tps|aped) [mm/mrad/%) (4+7.83 +£0.2) x 10~? 8.27 x 107!
rs5la%,0) [mm/mrad?/%) (4+6.74+£1.9) x 1073  +1.28 x 1073
Trs5|6) [mm/%) +62.42 4 0.27 +61.20

8

AAAA?AAAAA

zps|62) [mm/%>?] (—7.84 £4.7) x 1071 834 x 107!
(apslapo)[mrad/mrad] (-5.19+£0.5) x 101  —548x 10"

(bps|bro) [mrad/mrad] (—5.40 £ 0.5) x 10~ —6.39 x 10!

(ars|arod)[mrad/mrad/%] —3.72 X 102

(bps|brod)[mrad/mrad/ %] —6.79 X 102

(

brs|bpod?)[mrad /mrad/%?] +5.29 x 10—2
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Conversion from position to Eex

position spectrum of 3He Eex spectrum of 121Sn
350002— ------- .............................................................. I S ,,,,,,,,,,, botnd state 5
30000 ‘Jrﬁ Ofl'Iln 121Sn
. 25000— Ja lL : ['1 _____ :
5 20000 g JlJ!JL" il U ]L : :
3 E e -ﬂf\—lr'vg W—
= 150003 );" 'L'L\
10000}~ ( # Of 3He X 4)(1 06 i\
miﬁ ~1 day measurement ll\
o: L. | iy 1 -, S I I

-100 -50 50 1
positio of *He tFSf al plane [mm]

High P3He

The spectrum seems to achieve the best resolution
‘.\% among the past deeply-bound pionic atom experiment.
l

NISHINA
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Decomposition of the Eex spectrum : 122Sn target
ereac <1.5°

green solid line :
fit function with Nest approach

: quasi-free m- :
: production threshold :
{13957 MeV

....... ﬁt region T

The Eex spectrum is fit by the function with several components
— deduce binding energies and widths of pionic states

NSHNA
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Decomposition of the Eex spectrum : 122Sn target
R — Breac < 1.5°

background (solid line / flat)

15 pionic state (dashed line)

- Jeach pionic state

. | = several configuration

| with different neutron holes
- |each configuration

- | — Voigtian / oexp is fixed

3812, 2032, 112 1g7p, 2ds2(i), (i)

neutron hole Eex [MeV] f(r)?lgit:)vr:eicsgr:r;gt;;:\e
2d3/2 0.000 0.09
1h1r 0006  0.001
38112 0.060 1
L-\y 1972 0926  0.003
Al 2ds2 (i) 1.121 0.12
NISHINA | 2ds2(i) 1403 0.6




(iif) Data analysis (pID / optics / decomposition) 49

Decomposition of the Eex spectrum : 122Sn target
NES— Breac < 1.5°

background (solid line / flat)

15 pionic state (dashed line)
2p pionic state (dashed line)

INISHINA
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Decomposition of the Eex spectrum : 122Sn target

background (solid line / flat)

15 pionic state (dashed line)
2p pionic state (dashed line)

INISHINA
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Decomposition of the Eex spectrum : 122Sn target

background (solid line / flat)

1s pionic state (dashed line)
2p pionic state (dashed line)

3p, 35 state (dashed line)

Fitting parameter Fixed parameter
- relative strength of each state * BEsp, BEss

° BE13, BEZp, BEZS ’ I-ZS; r3p, r3S

k%
e " [4s, [2p

IIIII
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Decomposition of the Eex spectrum : 122Sn target
ereac <1.5°

: quasi-free m- :
: production threshold :
{13957 MeV

....... ﬁt region T

2p state — good calibration peak

Deduced Bis, M1, B2pin 1215n

(nl) Bn [MeV] [ n [MeV]
1s XXX £ XXX (stat.)£ XXX (e560 | | VK 1 XXX (stat.)+ XXX (sys.)
N 2p XXX + XXX (3t AXK '(sys.) XXX £ XXX (stat.)= XXX (sys.)
i 15-2p | XXX £ XXX (Stat.)= XXX (sys.) _

NISHINA
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Decomposition of the Eex spectrum : 117Sn target
ereac < 1.5°

quasi-free -

=it region [-+===+* » 4_ production threshold :
i 139.57 MeV

Deduced B1sin 117Sn

(nl) Bn [MeV] ["n [MeV]

.\’c
4
NISHINA

1s XXX £ XXX (“tat.,= XXX (sys.) —
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Optical potential deduced from B1s, M's, B2pin 121Sn

XAB = B1s - BZp

Calculate likelihood for
each b1 and ImBg
— obtain best value

= _%[el{bop(r) +b16p(r)} + e2Bop(r)?}].

% bo , ReBo are deduced from
data of light / symmetric pionic atoms

| b1 [Mr] | ImBo [Mr4] |

This exp. XXX + XXX XXX XXX

N GSI -0.115 + 0.007 ~ 0.0472+0.0013
€4 \nvacuum - 0.0868 + 0.0014 _ = i

NSH .
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Optical potential deduced from Bis, Ms, B2pin 121Sn
XAB = B1s = BZp
Calculate likelihood for

each b1 and ImBg
— obtain best value

(r) = —%[el{bom r) 4 b18p(r)} + e2Bop(r)*}].

= % bo . ReBg are deduced from

most premse evaluatlon the value of by in medium
' further evidence that chiral symmetry breaking is partlally
| restored at finite densmes

\YAVAY SYAVAY : VAVAYARRRVAVAY

Thisexp. | = | T
N GSI -0.115 + 0.007  0.0472 +0.0013
i In vacuum | - 0.0868 + 0.0014 | _

NSH



Summary

- Deeply-bound pionic atom is good probe for QCD in finite density,
especially for quark condensate via b1 parameter in 11 - A potential.

- To determine the b1 precisely, experiments of pionic Sn isotopes
are on going at RIKEN.

- In the first exp. , we measured with the target of 12211Sn, and succeed in
- improvement of the resolution,
- observation of the pionic 1s, 2p and 2s states in 12" 116Gn,

- From the obtained binding energies and widths of pionic states,
b1in medium is evaluated most precisely, which is consistent with
the partial restoration of chiral symmetry breaking.

NISHINA
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(Near) future works

NuDat

LRGN BTN BdSls 1151 BEAGEN 1171 1101 |[RElSiel ECR EhEEle 124

Nuclear chart

51

B Measured targets in exp. at GSI
« "B Measured targets in exp. 2014 at RIKEN
BBl Target candidates of the next exp.

104Rh 105Rh 106Rh [107Rh 108Rh 105RE 110Eh 111Rh 112Rh 113Rh 114Rh 115Rh 116Rh 117Rh 113Rh 11SRh 120Rh
45

59 61 63 65 67 69 71 73 N

The next exp. are already approved in PAC at RIKEN
with wider range of isotopes.
The exp. will be performed in a few years.

V4



