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H-burning

4p — “He —>

via
p-p chain &
CNO cycle

p+p—>gl+e++v

/

He-burning

3‘He > 2C |y,

4He+12C N 160.|..Y

T

Experiment gave up?

C-burning

O-burning

C/O ratio is determined by
“He+12C — 160+y reaction.

Si-burning

Experimental efforts have been made for ~50 years in the world.

goal

world >
C. Rolfs L
Kyushu U. >
| | |
| | !
1970 1990 2010




Why is 4He+12C—160+y experiment so difficult?

Een  |Ex Tow ("
4He+12C—>160+ymeasurement 10957 o
(Ecm = 0.3MeV) is very difficult. | atos - 10088 26| 4+
Due to level structure of 160, ————"| 2683|846 — 083,27
| 2azs o 90, 42001
S-factor sharply varies around k i 2
Ecm=0.3MeV. \
tell
Very low-energy data(down to 7162 jjj 11z > g _358”er9 i
Ecm=0.7MeV) are necessary to FCra 2% 2*
make reliable interpolation. Ft "
BT g2
At Ecm=0.7MeV, ¢ ~ 1 pbarn. chshade
At Ecm=0.3MeV, ¢ ~ 107 pbarn. . o
160

Total=E1+E2+Cascade
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Experimental methods to measure the helium burning rate in stars

Direct reaction
1) 12C+4He - 160+y. vy-detection, difficulty in detection

2) 12C+4He > 160+y, 160-detection, Ruhr U. & Kyushu U.

Inverse reaction
3) 160+y (virtual) >12C+4He, Coulomb breakup, inverse=direct ?

4) 160+y (real) >12C+4He, back scatteredy, inverse=direct?

Decay (inverse)
5) 16N —B+160
:160>12C+4He, S(E1) down to 300keV was measured.
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B D.Schurmann et al.
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Setup for “He('2C,'%0)y experiment at Kyushu Univ. tandem lab.

buncher

N\

o

12C beam

L]
Sputter ion source
& pre-buncher

E (160) (MeV)
- N w H wn

o
o

Tandem Accelerator

chopper

(

1

12C+4He —160+y

[ = E(%)=5Mev
E = E('fC)=4MevV _

T ] T T L 1 ’L T T 1
E(12C)=6MeV

~——— E(12C)=3MeV |

B(12C)=2MeV |

1 2 1 1 3
lab. angle (deg)

Mass
Separator
(RMS)

k 160 o

Ecm = 2.4~0.7 MeV
E('2C)=9.6~2.8 MeV
E('60)=7.2~2.1 MeV

Blow in windowless
4He gas target

Long-time chopper

B_

“~|  First focal plane

B (velocity separation)

Final focal plane
(mass separation)

Detector (Si-SSD)



12C + He — 10 +y yield estimation
Y('*0) = o-N('?C)-N(*He )- Det.Efficiency - Beam Time
12C peam: 10ppA (Limit of our tandem accelerator)

“He target: 15Torr - 5cm (Limit of AE in the target)

Detection efficiency: ~40% (fraction of 160 in a charge state )

At Ecm = 0.7MeV, ¢ ~ 1pbarn

Y(160) ~ 5 counts/day N(160)/N(12C) ~10-18
— 1 month experiment

—N(BG)/N(12C) <10-1°

At Ecm =0.6 MeV o~0.1pb
— 10 month exp. Decrease backgrounds

At Ecm =0.3 MeV o~107° pb
— 7,000 year exp.

Increase yield




Y(160) = o-N(12C)-N(4He )- Det.Efficiency - Beam Time

Beam intensity increase: New operation of tandem accelerator

buncher Tandem Accelerator | | chopper

X (

g

12C beam

T By a new accel-decel operation,
beam intensity was ~200 times
[] increased.

Sputter ion source
& pre-buncher <

1

12C+4He —160+y

Blow in windowless
4He gas target

C stripper foil

Long-time chopper

Recoil

Mass e

Separator “~_  First focal plane
(RMS) (velocity separation)

v Final focal plane
160 (mass separation)

Detector (Si-SSD)



& Wam b by

o ——
- p—
o ——

T

L .

(-lens aceslermtion tube

H ‘ sinipper

Normal operation of
tandem accelerator.

At low acceleration voltage,
focusing becomes weak, and

beam transmission decreases.

Wa

L 3

O-lemt Accelemtion fubs

Accel-decel operation
of tandem accelerator.

By alternative focus-defocus,
Focusing becomes strong, and
Beam transmission increases.



accel-decel |
operation |
]
-
normal +——
operation .
] \“x .
Al shorting bars for
accel-decel operation K N\
beam | |
— N S R

stripper
S B T S N T e |

\. J

By the accel-decel operation,
- 10 times higher beam transmission is obtained by strong focusing.

-17.5 times more intense beam can be injected, due to higher electric power
necessary for accel-decel operation.

By a large aperture (12%) gas stripper, spread in beam energy and angle is
decreased, and beam transport to the target is ~3 times increased.

Totally, beam intensity is 300-500 times increased.




Y(160) = o-N(12C)-N(4He ) Det.Efficiency - Beam Time

Increse target thickness: 5 Torr ->11Torr —-25Torr

buncher

Tandem Accelerator chopper

(

1]

>

12C beam

T

Original blow-in gas target in 1994

L] !
Sputter ion source  #1Pump speed was increased
& pre-buncher |

LN2-Cooling was tried

Very thin window foil was tried

!

#2Pump speed was increased

!

#3Pump speed was increased
We reached 0.1 atm cm in.2008.

!
160 BG from the target !.

Mass
Separator
(RMS)

12C+4He —160+y

Blow in windowless
4He gas target

C stripper foil

Long-time chopper

/

“~  Firstfocal plane
(velocity separation)

v Final focal plane
160 (mass separation)

Detector (Si-SSD)



| He gas ] Blow-in type windowless gas target
[~ Blow-In
Target gas pressure is flat
Gas boundary is sharp

'__—0-.__

gas pressure (kPa)
o
1

o 0,
‘ Blow-0Out -,

F _ Gas target thickness
Pt IR T SN N TR AN T 4
'3 2 -1 0 1 2 3 He gas : ~6Torr-3cm
distance from the target center (cm)
N,gas: ~20Torr-3cm

Necessary “He gas thickness
25Torr =3cm

!
Cooling the target by liq.N,

0 5 cm
Fig. 6. The target gas pressure measured by using (p,p) scattering
at 6, =90° as illustrated in the bottom figure. The blow-in gas
target is superior to the blow-out one in the gas confinement.



Top View Side view

Si detectors




LN,-cooled gas target

G beam




LN,, cooled gas target

He in GN, out

LN2 in
He gas
|

120 beam
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Very thin SiNx foil

Thickness: 50nm (~12ug/cm?)
Density: ~2.4g/cm3
Area: omm x Smm with a Si bank

Plasma
llllllllll

-/
Si

SiNx foil
/
L

Si <—5mm —>

Si was etched away



Beam damage on SiNx foil

He gas
\ ¢ 12C beam, 6MeV
T * intensity:0.4~1pA
"”C beam | * Beam size:1.5mm¢
« “4He pressure:10Torr

SiNx foil was broken by the beam at
~103pmC/cm?2 irradiation, i.e.,

at about 1 pA x 1 hour or

at about 0.5 A x 2 hours

in1.5mm in diameter.

The breakdown may be caused
not by heat damage,
but by radiation damage.




#5 A big oil-diffusion pump was installed. (Brute force)

102

after
- befor 73
— 100 [ .
S
& - .
[
E ooz | 25.4 Torr ]
2 =
=
A = K -
10-4 | b
(o] 2 4 6 8 10 12

Region

EZEREEOHKEENIEMIZKY,
IMZEUVHeEZEI.

Goal of 25 Torr was achieved.




Background (BG) reduction

Goal: N(BG)/N(12C) < 10-9

1) Recoil Mass Separator x~10-"1 (but conditional)

2) Pulsed beam (TOF) X~10-2

!
3) Long-time chopper x~10-3



BG reduction: long-time chopper (LTC)

buncher Tandem Accelerator | | chopper

X (

o

12C beam
[]

1

12C+4He _)160+,Y

Blow in windowless
4He gas target

Sputter ion source

& pre-buncher <

Long-time chopper (LTC) passes Long-time chopper (LTC)

reaction products which are spread Recoil

/

in time, and reject other particles. E\‘:‘on;;:rator [ Firstfocal plane
(RMS) (velocity separation)
LTC decreases BG by 10-3. :
Final focal plane
k 160 w (mass separation)

Detector (Si-SSD)



Long time chopper
to pass only reaction products (1°0)
which are spread in time.

\ 164 ns

e
—

f=6.1MHz  _ f,=3xf,
V,=1£24.7k V.,=V./9 - !
1 2 reject BG

Vv -
=
| Sa ]
_’/TBE(ZC) & |  pass reaction
PRV =) roducts
-"'150 = p-., .

i

T 0 F ST U
V3=23.7k I ) T y - -,:.- ‘I-..- I-..r a
Vv S i 100 150 200 250 300

% 5
Time [ns]

Flat-bottom voltage




12C2* pulsed Si SSD
beam /
AR —
e — W e
T / 165+
“He gas target Long-time \2
3m
chopper

BG that passed through LTC

are separated by TOF.

3 1 i 6

Energy

s
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beam pulse interval



Measurement of “He('2C,1%0)y at Ecm = 2.4 MeV with long-time chopper (LTC)

Energy vs. TOF

Without LTC
FUISE beam only

1st experiments

164 ns

Beam : 100pnA (2C2?* 9.6MeV) ,

With LTC

" Energy [MeV]

ents

150

-100

..... 0.5m: Q1 Magnet
— 5.2m: D2 Magnet

50— -

4
Energy [MeV]

10°

10*

10°

--- E.,=1.5 MeV Experiments ---

Target : 4Torr x 4cm= 16Torr-cm (*He)

BG reduction around LTC
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2nd experiments (with ion chamber)
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further BG reduction

160 and 12C separation by lonization chamber

PR Gas 30Torr
cathode
Si-SSD
160,12(: E AE E
low energy é >
anode
very thin foil

(0.5um)

AE

measure the AE (energy loss) by an ionization chamber
and E by the SSD

AE of 180 is larger than 12C

169
@
12C

‘He

E+AE



Performance of lonization Chamber

« Test experiment at same setting with E_,,=1.5MeV
measurement

— 6.0MeV, 2C beam: ~100nA
— Pilot %0 - spontaneity generating from tandem acc.

E-AE of 'C and "*0

AE [MeV]

%‘ 2-5__ ....................................... total E [MEV] vs. delta E [MeV]
= L
2f 2s0f |] “1"
B 102 C JW Lk
D R B 2001 /1( L
N projection 501
B D - }J L 160
- T0 B
C 100} !I‘ i
0-5 __ ....................................... E 2C K
L 50 [
0_ L ’: ® Iul 1 [ Ll L T R | L 1 : N I L L L .....r-'-q"\J-N.Hu L L L ’IJLLMM L L L L L
0 1 2 3 4 5 04 1.2 1.4 1.6 1.8 2 2.2

° Total E [MeV] | CAE [MeVI]

— 1860(4.5MeV) and'?C(3~6MeV) were separated by the ratio of 10-3(99.9%)
—  Energy resolution of lonization Chamber was AE/E=9%(FWHM)



E..=1.2 MeV Experiments

An ion chamber (AE counter) was developed to identify 160 and 12C (BG).

In addition to 12C-BG, 160-BG from target cell inner surface were recognized.

- Reduce the 160-BG from the target cell was very very hard task.

total E vs. TOF

e total E vs. TOF, gated
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Measurement at 1.0MeV will be made till December 2014 !



Preparation for the measurement at Ecm =1.0 MeV

A: Preparation of TOF measurement to separate 160 and 12C at 2-3 MeV.

TOF measurement system at RIKEN (Morita Group)

0.1 um thick
Formvar foil

B: Increase the pulsed 12C beam intensity by installing a pre-buncher at |.S.

C: Enlarge RMS solid angle.

D: Decrease BG
by improving the 12C beam path and the He target system,
by enlarging RMS beam chambers, and
by new TOF system.

Measurement at 1.0MeV will be made in 2014 !



He in

B K7 RE !

160-BG from
“He target

160-BG from the target inner walls Gold aperture:20um thick | |
(oxisided surface)! N\ Ij
12C+Zn0>0+X, ...... ~ Movable Gold slit 3 )'_I I J

| | /J \

oo BV
—>thin Au apertures G beam
->movable Au slits for the 12C beam %

HNG

Beam Monitor
* > 1 > sSsD
' 700 mm 120 mm 44 mm s

New Target cell (made of brass)
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