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Nuclear Size, Form of Unstable Nuclei
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probe. Small cross section -> hard for RIB.




Antiprotonic radioactive atoms (Exo+pbar)
1.X-ra

A new probe for
Captured pbar nuclear structure study of
unstable nuclei

* annihilation at p = 0.001 ~ 0.05p

* pbar distinguishes p and n
& 3.Cold Residue
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* radioactive nuclei require efficient detection methods



Previous Experiments - | Stable Nuclear Atoms!

X-rays from Antiprotonic Atoms

Trzcinska et at, PRL 87(2001)82501
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FIG. 4. Difference Ar,, between the rms radii of the neutron
ﬁnal n,I, Shiﬁs, Broadening and proton distributions as deduced from the antiprotonic atom
x-ray data, as a function of § = (N — Z)/A. The proton dis-
. . tributions were obtained from electron scattering data [41] (Sn
Matter Rad IUS. I'np nuclei) or from muonic atom data [38,42,43] (other nuclei). The
full line represents the linear relationship between 6 and Ar,),
as obtained from a fit to the experimental data.

subtract charge radii from e-scattering

np = I'c n



Previous Experiments -2 Stable Nuclear Atoms!

A-1 Cold Residue by Radiochemistry

-rays
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Identification of Cold Residues by g-rays
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. . . FIG. 3. Neutron halo factor (defined in the text) as a function of
per ’Ph PlOn must miss daughter nucleus the target neutron separation energy B, .

Lubinski et al, PRC57(1997)2962



Previous Experiments -3 Stable Nuclear Atoms!

7t /" ratio in bubble chamber

Evidence for a Neutron Halo in Heavy Nuclei from Antiproton Absorption®

W. M. Bugg, G. T. Condo, and E. L., Hart
The University of Tennessee, Knoxville, Tennessee 37916

and PRL 31(1973)475

H.O. Cohn and R. D. McCulloch
Oak Ridge National Laboratory, Oak Ridge, Tennessee 37830

(Received 19 April 1973)

From a study of stopping antiprotons in a variety of elements located in a hydrogen bub-
ble chamber, we find evidence for the existence of a neutron fringe in heavy nuclei,

TABLE IV. “Halo factor™ analysis.

Nim™) Nifm) N{(pn) N Halo

Element - N(z7) Nifn) Nifp) N(Ep) N(Bp)|. Z factor

C 2302 25686 4089  0.632 1,00 1,00

Ti BE1 1067 1111 0,960 1.52 1.18 1.29= 021

Ta 1006 1296 931 1.371 ; 1.458 146 0,24

Fh 949 1216 o044 2.270 3.59 1,54 2,34+ 0,50

—— _
Charged Pion Ratio “Calibrate” Rnp by C-12
Rnp = Uﬁn/gﬁp ~ (.63
N(pn) Z op

fnhalo — N(ﬁp) ’ N )



What is the sensitive Radius ?
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X-ray determines Ranninilation

Intermediate-Energy << Total Absorption

Collision (AIC) (pion detection) << A-| Cold Residue

Closer <« > Farer




p capture probability densities in Sn region
Wycech, preliminary

ion detectio
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On/Pp:
T A-1 cold >> pion >> A-1 AIC

Antiproton beam (in AlC)



EXO -+ Pbar Extension of Bugg’s Experiment (pion detection) but

for Radioactive Nuclei
in Nested Penning Trap where pbar is Target

recort , . .
— ~— detector ; = : antiproton
7 — + — —— cloud

tracking —» . Z B /
detector : 7 . TTeell

trap solenoid———

Nested Trap
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M.Wada, Y.Yamazaki, NIMB214 (2004) 196-200

N(x )-N(zx") or N() _ N(pn) _ p(n)

N(ﬂ_) + N(‘TE+) N(JT+) N(Pp) p(p) @ annililation

Statistical Evaluation Using Rnp K from
(next slide) Calibration or Theory Rnp = o / o ~ 0.63
pn _ N(pn) 1
— N (D . R R [&, : Correction for
Pp (pp ) np pion’s charge exch. & absorption

These Correction factors can be
evaluatable from Total-charge
distrib. per event. (Wycech)




N(m=)+ N(7t)

Asymmetry

Key features of Exo+pbar

Expected Asymmetry or Ratio of pions

as function of pn/pp annihilation ratio
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Interesting Nucleides are often close to drip-line

pions are always observable, while
cold residues are often particle unbound



o(pn)/a(pp)

1.5

0.5

Rnp =7~/7» in atomic states

Wycech, private comm.
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pbar Capture Cross Section [cm"2]

Feasibility of Exo+pbar

Event rate

5M pbar (target) + | k atom/s Li-11, 10ms cycle : a hardest case assumption

R=0_N_I

p - RI

£4 x107"°)em’ -5 x10°[0m™]-10[atoms) (5 x 10°[/10ms]

=1x107[pRI/10ms]
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Cohen PRA69(2004)022501

10*

Beam Intensity:

10 atoms in 10 ms
Collision Number:

5000 pass in 4 cm length
in 10 ms

Target Density:
5M pbar in |mm?

Expected Yield:

p Li** : 1 atom/s

Yield is proportional to the cycle time:

High Yield for Long-lived Nuclei.



Feasibility of Exo+pbar

2. particle identification

TU ¥ ]'L’_ : Deflection direction in solenoid
by multilayer PSD

E . =100 ~250MeV, p=12 ~23cm@5T

3. background event elimination

A. Other charged particles (noise)

proton: (scattered by pion) multiplicity ~ |
discrimination via AFE, TOF, Bp

B. pions from background gas

pbar+hydrogen -> no recoil nuclei
coincidence recoil nuclei detection — (next slide)



True Event ldentification by Recoil Nuclei
No Recoil in annihilation

Background gas in UHV: Hydrogen Molecule

T112 of pbar trapping ~ | day 100 /s natural annihilation for 107 pbar

recoft
- i‘ -
detector  antiproton
— — Ar — —— cloud
—
D — — — —— slow RI-Beam
[ l/,/ 1
: -
trap solenoid———

High Detection Efficiency due to
High Magnetic Field and Fully Stripped lon

Recoil lon Detection Efficiency
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apature: 40 mm-dia
drift length: 400 mm |
(solid angle 0.06%) |
trap field: 5T
Tof<0.1 ms
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Recoil Momenta (MeV/c)



Developments to be done

being progress
|. Universal Slow RI-Beams (slowri@RIKEN, LEB@GSI)

2. Antiproton trap (asacusa@CERN-AD) being progress

design &

3. Pbar-Rl atom formation trap, Detectors, DAQ .
evaluation

4. Construction: Super High Vacuum, long BTL, etc design &
evaluation

5.Theoretical Foundation being progress (Wycech)

Rnp = 0pn/0pp , intrinsic annihilation probability
absorption and charge exchange of pions



SLOWRI@QRIKEN-RIBF
Universal Slow RI-Beam Facility

Stopping & Cooling of
RI-Beams in He Gas

>100 MeV/u RI beam ’

Heavy lon
Cyclotron

/

Degrade /
~IMeV/u RF lonGuide

Fragment
Separator

to experiments

RF Carpet

Target

|. Wide Range of Nuclides

No Chemical Processes in Production & Separation
BigRIPS 2. High Purity

-+ No Isobar No Isotone Contamination

. 3. Small Emittance
RF IOn GUIde ~|ITT mm mrad (5 keV), ~10 eVls Short Bunch

4. Variable Energy Range
@RI BF 1-50 keV Slow Beam, <leV Trapped RI, |MeV/u (future option)

5. Human Accesibility during On-line Exp.



Present Performance of the RF lon Guide

® o Overall Efficiency: ~5% max
_ (longuide Efficiency: ~33% max)
< i Yield of 8Li: 24 kcps max
< o efficiency x 1/ \/ Intensity
i 2
— =
Sort 11 % Space-Charge effect
© & charge density \/ Intensity
efficiency « 1/charge density
0.01 0.1

10° 10* 10° 10° 10’ 108
Incoming 8Li Intensity [cps]

lon trajectories in gas cell under space-charge
! No

PSSR B RS S R
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Estimated Yield
of Slow RI-Beams £
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>2800 Rl with
> 0.01 pps rate
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includes the efficiency of SLOWRI
£=1%for T1/2>1s
£=0.1% for T1/2 =0.1s
£ =0.01% for T1/2=0.01s



pbar accumulation trap @cern

MUSASHI beamline
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200mm

* 5x 1076 antiprotons
are stored
* Lifetime ~ several hours ?

Kuroda et al

Phys. Rev. Lett. 94, 023401(2005)




Possible Experimental Locations

1. @CERN AD
ISOLDE (RI—Beam):{>L.E. Beam Transport :{> AD (pbar)

2. @CERN ISOLDE :
CERN AD(pbar) Portable Trap :{> ISOLDE (RI-Beam)

Loading/Unloading ~2 hours

3. @RIKEN
CERN AD(pbar) Portable Trap :{> RIKEN-RIBF (RI-Beam)

Syverian Railway ( | week )

4, @GSI FAIR
SuperFRS-LEB (RI-Beam) BTL » FLAIR (pbar)






Planned Layout of
NUSTAR and FLAIR
buildings

NUSTAR

LEB

FLAIR
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Slow RIB:

SuperFRS -

LEB (gas catcher) -
LBTL -

FLAIR common BTL -
Exo+pbar

Antiproton:

NESR -

CRYRING (LSR) -
USR -

FLAIR common BTL -
Exo+pbar

Highly charged 6MeV/u RIB,
300 keV antiprotons,

can be transported from
FLAIR to NUSTAR



Planned Layout of
F9 hall of FLAIR buildings

< 18.0 >
T | F9 hall Spin polarized H
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Loading pbar ( ~ once per day)

Buch inject Slow Rl ions ( after re-bunching and cooling)

with a short cycle ( > ~10 ms)



Comparison of two proposals

Exo+pbar AIC
in trap in collider ring
R - *0T, (On, Op)
N /N
Observable (ﬂ: ) (ﬂ: ) .N(N- I )/N(Z- I ) A-1 cold residue
. *o(n)/p(p) at rms
Physical *p(n)/p(pP) at surface e<rn> (<P <lo>)
Quantity (p=0.05p0) Lo
*Recoil momenta quasi free
euniversal * A>50 for ShOttk)’ (A>20 for recoil?)
iD=l I . > eam coolin
Object drip I|n.e nuclei, | Tin ' |§ b ing
short-lived nuclei *no dirpline nuclei no cold residue
Nucleus '

*|03/s @ LEB for T2>10ms
(5x 108 pbar in trap)

*|0° ions in ring
(10? pbar in ring)




summary

Antiprotonic Radioactive Atom will be a
new probe for nuclear structure studies.

Exo+pbar @ FAIR or (pbar-RI @RIKEN)
would be unique & feasible experiments.

Exo+pbar & AIC are complementary.
Future Option
= X-ray measurements

- Hyper-Radioactive Nuclei ?



