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First Experimental Evidence for N=32 Gap

As protons are removed from the f-,, shell
(£=28 to Z=20), the nf;/»>-vf5;, monopole
interaction strength weakens and

the vfg, orbital pushes up in energy.
—>possible shell gaps at N=32 and N=34.

Shell model calculations with new
GXPF1 interaction predict shell gaps at :
N=32, 34 for Z< 24 (Cr) and for Z<22 (Ti).

J.l. Prisciandaro et al., PLB 501, 17 (2001)
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GXPF1: A New Effective Interaction for pf Shell
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Beta-decay of the ®4Sc parent measured at NSCL
following fragmentation of a Kr beam

) Deep-inelastic reaction data
\ 48Ca + 208pp  Gammasphere, ATLAS
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Power of Gammasphere:
- coincidences
- anqgular correlations

Gates: 1002-1495 & 439-1002 & 439-1495 keV
® *'ri
»
¥ O Hg partners
- ) Yo}

1200 1600 2000 2400 2800

E_ (keV)




Shell Model Interpretation and N = 32 Gap
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Shell Effects in Ti isotopes: Energies and B(E2)’s

Intermediate Energy Coulex at NSCL
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From an experimentalist’s point of view: N =28 and N=32 gaps are quite visible
in BOTH the E(2*) energies and in the B(E2;0* - 2*) values and there is
no experimental evidence for a N=34 gap

D.-C. Dinca et al., PRC 71, 041302(R) (2005)




From GXPF1 to GXPF1A
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GXPF1A vs GXPF1: e, =15 ¢,=0.5

T=1 matrix elements involving
vp,, and vf;, modified

(VP4 - VE5,) gap
reduced by ~0.5 MeV
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From GXPF1 to GXPF1A
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Testing GXPF1A Further

How good a semi-magic nucleus is °4Ti?
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Let’s look at particle excitations




New data: °°V and another technique

GAMMASPHERE
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New data: °°V and another technique
GXPF1A
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New data: °°Ti (still from deep inelastic reactions)

GXPFI1A
SSTi
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New data: °°Ti e

252-
10
252 —
2D e 23/2- ——
252 —
232~ —
21/2- ——— P
g - 23/2- il
212 —
23/2—
2112-
18/2— —
21/2— — fogc Ty S ——
59/D — 21/2-
[ - p— 1802~
S 17/2- ——— - 212 —— I
Ee— gE—
e 1a2 LT M—
=
g 19—
— 15/2— e— 1 TP = e
¢
| c— 15/2— ——
w B —
132 —
4 -
1?,.‘21_‘1'35_ —
172 171/ 2 e S
17888 ==
142 —
| BD e 114‘21—3..2_= 1.*21-1!21—813_=
7;‘2-%%; — i
72 a 92—
o | 92— i ———] .
T2 3P —
T2 m—
[ - p— 5/2— ——
P — 32—
52— ——
52— ——
12— 12—
GXPF1B GXPF1A
55,
Ti

T. Otsuka, private communication

Argonne

NATIONAL LABORATORY



Vi, VP32 VP12 Vg,
@ pa—— pA—Ppd—

20 28 32 34 40

2CT . ——GXPF1A
1.5f ® ——KB3G

1l
1]
]
:
1 () B 4 ¢"l.P~~ T
- B ,_’___.-:.
; @ —-.
--@ el

0.5F i

0

1.5 22 i

MeV)

)

\JJ. 1
)

H 1.0} \‘_.

5,

' C: ' '_‘ —— P3/2 p1[2 f5/2 P3,2 P1/2 \‘\\‘ f5/2
HEEL G S ‘ ‘

-‘..IIEE

w
1
LI

SN S i
1 | '.-H! l‘

T KB3G GXPF1A

I |l Il |l Il > I 1 Il |l Il Il >
0 L L L L L L :— L L
20 24 28 32 34 36 40 01234 012345

Neutron number ESPE(j) (MeV)

A

Argonne

NATIONAL LABORATORY



Experimental Evidence for N=32 Gap: °?Ca

E(2*) in 2Ca comes from a

1983 ISOLDE B-decay study
(A.Huck et al., PRC 31, 2226 (1985))
where the separation between
 decay and n-delayed 3 decay was
a problem

At CCF >2Ca intensity is too small for a
Coulex experiment

> 2p knockout!!
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2p knockout into °?Ca
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2p knockout into °?Ca
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2p knockout provides a way to study p cross-shell excitations in n-rich nuclei
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GXPF1A Further: the N=31 nuclei
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48Ca (330 MeV) + 238U at LNL Legnaro with PRISMA+CLARA

Crsé Cr59

708 0465 2 4
s
s 2
Ll
V&7 | V58
323 ms 205 ms.

2
B25- Soor.on. |
o0 eag.. | Bt 5 i

Ti52 Ti53 Ti54 Tiss Ti 56 Ts7
58m 17 m 27s 155 0305 0155 56 ms 22

rana
spl e -
i ] e o b B 49

v
So51 | Som | om | Sest | s 8000 A1 50

T
20 C

6000 1

K 43 K 45 K50 K52 K54

222h X k 105 ms 30ms 10ms.
ronsa [z o | - ]
Sl | S hibi. | I3

Ardz

Ard3

33a 537m

Aria b
o

aras | Ars0 | Arst
? ?

4000 1 51

COUNTS

2000 1

— _ 47

v

v, VP, VP, V), N A

18000 -

S
©0 _
£
O

N

50

14000 -

10000 -

COUNTS

6000 -

2000 - 51

Argonne

NATIONAL LABORATORY




140{ 9
N PRISMA+CLARA
1201 | ® gate on %S¢
1351
100+
% 80 - '528C (8_) . v I
8 &0 | (7+) 391 742
(87)
40 o o
~ N
20 - = ~ 1622
MWWMMMMW =
° | 4('30 | 80IO 1200 1600 2000 (6+ ) .
e © GAMMASPHERE
100- - = gate: 212 - 2120
> °
] 52
% : T E ® “Sc 2120
8 60 o 5
o N
° & (5")
©
201 ' ® (4+) 5

400 800 1200 1600 2000

(keV)

AAAAAAAAAAAAAAAAAA



e 311
30+ = PRISMA+CLARA )
0476 9 gate on 51C3 (9/27) . +
25 ‘ 476 (9127)
il 311
. e%ca o2
S o IS -y 692
S 15 3 %}" X 1942 =3
] - ® < N
ol = 3 8 1466
‘ ‘ N ™
i \ ‘ [ ] O
: L ¥ (5/2°) l =
0 . : | hﬂ R Pt A |
0 500 1800 1500 2000 2580 3000 3500 4000 3462
E.. (keV) 2934
180 °
© 51 GAMMASPHERE
.| 3 ® 'Ca gateon 2378 keV
@ e
S 1001 @
3 o
60 -
O
L R

1400

1500 1600 1700

1800 1900 2000 2100

E, (keV)




1351

Crdg

C r 216h
Laom, 11z res: s : 8 1o
V 54 V 55 V57 V 58

205 ms

2120

7T1:7/2

| R 7
e (5%

225 ms 120 ms

-

K45

¥ 17.8m

K : :
;18 pe7. pmixs2. |pThs. %

¥ - ~ 1187: 2151... | % 174; 1706... | % 1347: 3700... [ 565

Ar 42 Ar43 Ard4 Ar4s

33a 537 m 1na8m 215s

} \ r 8- 08 fosres |0y ¥k Ve

noy 1440,

7183 1706: | y1c20:azor: -
16886... 6.

24 26 28 30 32

1942 @) P —
o Pe =t 1466
_ 3500
v, VP2 VP VEp |t
3462
- 1 2934
2378
1718

A

Argonne

NATIONAL LABORATORY




(21/2°) 21/2°

8F 2127 -
I

nf7/2VP3/2f5/2

N
T

B (MeV)

r55 | 56 | Crs7 | crse | crse

Ci
350m 59m 2118 708 046 5 2 4
K (bl
- S | 1

s ob 14, | m Sz 110
V 55 V 56 V57 V 58

230ms | 323ms y 32~ (3/27) 32~

Bl - .

T 5 i TS KB3G - GXPF1A
22 53 Ti

56 ms

7151:7/2

{mhmu a0 | p° A

Sc 54 Sc 55
Sc
5k
s
Ca 54| "
v ; : ) o | 2
K ¥ g It 472 ms LE 3
L
) aan 3 T | 6755140,
pomia [prs7 pansz. |pbs. .2013 586; [f.383z 780|044 ¥ 1077:4030... | +1057"; 2008°;
YOPABIBL |~ 11ST.2151.. | 2174 1706 | 11347 3700... [1565 Jinoz. 2219, | Enzsm 2l 3162 Tc f Vp f
Ar 42 Ar43 Ar 44 Ard5 Ar 46 Ar 47 Ar 49
Ba 537m | 18m | 2i5s 78 | -700ms 7 ? 2k 7/2 3/2 5/2
Al L e oo [ |, S o
noy 1440... 1686... 61 ARk aa - Bn n I

24 26 28 30 32

| 4 (4%) 4t
< » KB3G 52 GXPF1A
> «— Sc
Vi, VPyz VP2 Vi A o
— (9/2°) o —
T4l -
= VP3/2f5/2
3k
2
1k
A | 32 (327) 32"

Argonn KB3G 51 GXPF1A
80 e Ca

NATIONAL LABORATORY




< > < P> ———>
20 28 32 34 40

,Cr —— GXPF1A
1.5 ® ——KB3G

vz VP VP, Vi), l

H %
1 Y
1.0 P\ e

0.5}

Thus far, | see no reason to doubt thé ‘prediction of high
2* energy at N=34 54Ca

T e T Ss [ )

0.5}

° — e Pi2 Pz (s P32 =I:’1/2 512
: p
L !g.. H ‘-_‘ ."' \‘\_.. \ i

fer W -] KBIG ‘GXPF1A

N > >
20 24 28 32 34 36 40 01234 012345

| J nal ESPE(j) (MeV) I



Conclusions & Outlook

B Neutron-rich nuclei continue to surprise us!
- progress is being made combining a large number of techniques
- there is a N=32 shell gap just above 4Ca
= in Ti (and Cr) confirmed by level structure and B(E2; 1)
- in %2Ca from 2p knockout
- there is no N=34 shell gap in Ti and Cr
but should not be ruled out in Ca
B Theory needs work
- the GXPF1A interaction may or may not the complete answer for >4Ca
- the location of the p,,, and f;,, orbitals in n-rich nuclei above 48Ca needs
further study
- the gy, intruder needs to be included as N increases
- we badly need an effective interaction for the protons
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The ATLAS Facility Todayey
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ATLAS: Exotic Beam Production — Techniques Today

" ISOL "
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19 different exotic beams thus far
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CARIBU - CAlifornium Rare lon Breeder Upgrade

« 252Cf fission yield is complementary to uranium fission
* Provides access to unique, important areas of the N/Z plane
 Significant yield extends into r-process region
» Available energy exceeds that from HRIBF and ISAC
HRIBF yields from 233U 232Cf spontaneous fission yield
HRIBF 2005 measured and by 8 . 'r:r‘ ' }\ Sacg
imated imum single- Gd Gd SEEE
1] s 100 H 1 ;'h} w
. B i;s w b 486  Accelerated Extracted fission
- (ions/second) m >10°
5 o 3" m 1 10° -10°
: o ) 0 10° -10° 104 - 10°
T u Y ® ERUSO c 10° -10°
N EEEEEEN ] 6 0 10° -10* I()“ -1()3
T Hisz o 10° -10°

Accelerated yields are ~5% of these numbers
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CARIBU - New opportunity: 2°2Cf source (1Ci) + large gas
catcher as neutron-rich isotope source

B Shortened version of RIA gas catcher can
efficiently stop fission products from a fission
source

— ~50% stopped in gas for backed source

— required capabilities of catcher have been
demonstrated (G. Savard et al.)

B About 45% of those can be extracted as charged
ions

B Very efficient and fast source, provides cooled
bunched beams for post-acceleration

B Production peaks in new regions and extraction
is element independent ... new isotopes
available

Gas catcher technology developed, tested
and now routinely used at ATLAS for CPT
and RIA programs




Progress in gas catcher development:

dealing with high

space charge density & working at high energy

Potential from
space charge

ANL Gas catcher test at GSI

lons are lost radially, can be corrected by:

~ 50 % of radioactive ions
stopped in the gas catcher were
extracted as a radioactive ion
beam in <50 msec!

Larger DC field

*RF focusing on gas
catcher body, not just
cone

‘Improved gas purity
This approach can handle the space charge from:

the 50 millions Cs ions incident in the ~ 600 cm3
volume of the CPT catcher

the similar conditions from the roughly 10°
fragments entering the ~ 30000 cm?3 volume of the
gas catcher in the RIA and CARIBU applications.

Argonne
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No saturation up to the maximum
radioactive beam intensity that the
FRS could deliver!

(~ 10% ions in the cell per spill)




Gas catcher operation at RIA/AEBL/CARIBU intensity

High intensity beam line built at ANL o .»*«\ s
to reproduce ion distribution expected
behind RIA/AEBL fragment separator A

*Focusing by 68 cm bore
superconducting solenoid

-Large gas catcher using large RF cone
developed for high energy test at GSI,
combined to full body RF focusing

*Over 8000 components prepared
to UHV standards

ANL high-intensity gas catcher test: extraction
efficiency vs incident ion rate

First tests at high
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%25 “ X‘AN'—) A beamstop
High efficiency £ 5 P e m beamsiop

H c back
obtained at up to §1s T h exponential

9: . S + falloff
10° incoming £10 = \ ® comsher
particles per T e o4 R ~+ RF catcher

second 0 DC only‘ (Msu) ® ° +r+_‘|_++ \ (RIKEN)
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CARIBU - Examples of Yields for Representative Species

Calculated maximum beam intensities for a 1 Ci 2%2Cf fission
source using expected efficiencies.

Isotope | Half-life Low-Energy Beam Accelerated Beam
(s) Yield (s™) Yield (s)
104Zr 1.2 6.0x10° 2.1x104
143Ba 14.3 1.2x107 4.3x10°
145Ba 4.0 5.5x1068 2.0x10°
130Sn 222. 9.8x10° 3.6x104
1328 40. 3.7x10° 1.4x104
1Mo 2.8 6.2x104 2.3x103
""Mo 0.5 3.3x103 1.2x102

O Over 200 isotopes available with accelerated beam intensity > 104 ions/second.

O Approximately 170 isotopes with accelerated beam intensity of 102 to 104.




CARIBU: Integrating Concepts & Gaining Experience for
AEBL

Gas Catcher

[0}
5
%]
i 1l

High Resolution Isotope
Separator

Charge Breeding in ECR
Source

Post-acceleration of weak
beams

CARIBU Costs: $4.75M CARIBU Completion: first quarter FY09




ATLAS Energy Upgrade

ATLAS Energy Upgrade will replace
the last ATLAS cryostat with:

109 MHz
New cryostat containing a new QWR Cavity
class of resonators B, =0.144

Length = 25cm
7 R=0.14 quarter-wave resonators

R=0.26 half-wave resonator
New ATLAS Cryostat

: '} FN-TANDEM rd

i~ INJECTOR

209 v A  NoStrip Strip NoStrip Strip

1 ﬁ 16 13.0 15.7 18.5 21.5

R & 40 12.4 13.4 17.5 19.9

pd R 58 9.9 11.8 13.5 17.9

——— 78 9.5 11.2 12.8 16.7

BOOSTER g™, =7 132 8.0 9.3 10.4 13.4

LINAC == ;:2| 1/ 197 6.6 7.9 8.4 10.9

238 6.4 7.4 7.9 10.0




HELIOS (Helical Orbit Spectrometer)

L .
4n solid angle nstream Si array

B Particle 1.D. from TOF

B Simple detector and
electronics - few channels

B Excellent center-of-mass
energy and angle
resolution

B Suppression of
backgrounds

Ideal tool for reactions in inverse kinematics
Radioactive lon Beams
Plan to build in FY07-FY08, magnet in house




CARIBU & Energy Upgrade & HELIOS: Unique Synergy

B CARIBU gives access to exotic beams not available elsewhere.

B Physics with beams from CARIBU needs the new energy regime opened by the
Energy Upgrade (12 MeV/u).

B HELIOS will greatly expand the effectiveness of both the fission fragment beams
and the existing in-flight RIB program at these higher energies.

B These three projects will combine to form a truly unique facility which
complements the capabilities of other world facilities in the era leading to AEBL.

B The three projects are funded.

Fragment
Mass Analyzer

Gammasphere

HELIOS A
ta ;

CARIBU

>Z— GP/Gamm
Beamline

- split-Pole
" Spectrometer

'''''

< Target Area Il

Large Scattering
Facility

Control Room




Future Plans




Beyond CARIBU: SUPER - CARIBU

B Increase available beam intensities by a factor of ~10 by:
— doubling the 252Cf source strength to 2 Ci
— building a 1* injector for ATLAS (this is the AEBL post-accelerator injector)
— considering 2°4Cf as an alternative for operation a fraction of the time
— providing space for a significant stopped-beam program

1594 FT

Coulomb Barrier Energy
g Facilities




SuperCARIBU - Concept

SuperCARIBU is a significant upgrade of the capabilities of the ATLAS facility with CARIBU

by:

* Using low-Q acceleration and stripping to gain factors of 5 in efficiency,
* Providing increased experimental space for stopped beam and astrophysics beam

experiments,

* Increasing the source fission rates, for example by using Cf-254 as the source material.

Isotope | Half-life (s) | Low-Energy CARIBU Accelerated | SuperCARIBU
Beam Yield Beam Yield (s-1) Accelerated Beam
(s-1) Yield (s-1)

1047y 1.2 6.0x10° 2.1x10% 1.6x10°

143Ba 14.3 1.2x107 4.3x10° 3.2x108

14Ba 4.0 5.5x108 2.0x10° 1.5x10°

130Sn 222. 9.8x10° 3.6x104 2.7x10°

1328n 40. 3.7x10° 1.4x10* 1.1x10°

10Mo 2.8 6.2x10* 2.3x103 1.7x10%

Mo 0.5 3.3x103 1.2x10? 9.0x10?

A

Argonne
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The Cr n-rich isotopes: here comes the gy, .. ...

M=56, Z=24
14C(*Ca,a2n)°Cr

,B\rgonneA S. Zhu et al., PRC 74, 064351 (2006) '

NATIONAL LABORATORY
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GXFPIA Shell Model Calculations
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37239Cr: Shape Driving by the g, orbital

§ Freeman et al.
Prolate band, | soura co PR C 69, 064301 (2004)
terminating Deacon et al.
an_ | e z PLB 622, 151(2005)
57Cr T
i Oblate structure
1378
1084 /
_T!J_.m,.s " = e ?z_ (7:27) {236) !I 82s (813
_I_ 1. " 7 516 503 (92%)  56(20)us
b i (52} 310 J193
+ 1 | /1.6MeV B e \
1126 . e I:‘IIE'._ -
- . 503 keV & isomer
L Cr




The gy, is shape driving in odd and even Cr
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Yrast Low-Spin TRS Calculations

020 § ‘ i 1/, / -0.20 —r")(, v, / J / / -0.20 -r"){,' /Y

Soft potential ....... Getting softer and softer

“Universal” parameters, contour levels 200 keV
F.R. Xu, Peking University




“"Rough estimates

8+ 3600 N
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Interaction...

Michio Honma private communication o %% EZ?) 224653;
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