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|. Introduction

The success of experimental physics and the quality of the results

dgenerally depends on the quality of the available detection systems !

—> idea: detection of radiation independent of ionisation processes

= calorimetric detector /,

particle or photon

interaction of radiation with matter:

primary: ionization, ballistic phonons
(conventional ionisation detectors)

secondary: thermalization:
conversion of energy to heat

— detection of thermal phonons

— calorimetric detectors

potential advantage:

e energy resolution
e energy linearity

e detection threshold
e radiation hardness

— various applications in
many fields of physics



Applications of Low Temperature Detectors - an Overwew

Astrophysics:

e dark matter
— |low detection threshold

e solar neutrinos
— |low detection threshold

e CcOSmMiC x-rays
= high energy resolution
Particle physics:

e [BOv-decay
= absorber = source ( 130Te)

e neutrino mass from B- endpoint determ.

— absorber = source ( '8/Re)

T:.

L

Atomic and Nuclear physics:

e X-ray detection
= high energy resolution
e |on detection
= high energy resolution
= good energy linearity

Applied physics:

e Xx-ray material analysis
= high energy resolution

e life sciences ( MALDI)
= high energy resolution

for more detailed information see:

Cryogenic Particle Detection,
Topics in Applied Physics 99 (2005)
Proceedings 16" Int. Workshop on
Low Temperature Detectors,
JLTP 184 (2016), ~300 participants!
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Low Temperature Detectors (LTD's) for J‘ Iy
Atomic, Nuclear and Particle Physics "j ) 1#1
L { 1
® needed for atomic, nuclear and particle physics:

— energy sensitive detectors for x-rays, y-rays
— energy sensitive detectors for particles

® the concept of LTD's provides substantial advantage over conventional

detection schemes with respect to basic detector properties:
— energy resolution
= energy linearity
= detection threshold
= dynamic range
= radiation hardness

® | TD's have a large potential for various applications in basic
and applied Heavy lon Research:
= Nuclear Structure and Astrophysics
= Atomic Physics
— Symmetries and Basic Interactions
= Interaction of Radiation with Matter



ll. Detection Principle and Basic Properties of
Calorimetric Low Temperature Detectors (CLTD's)

L | T
detection principle: thermal signal:

after pErticIe absorption and de of
incident particle 3 thermometer excited ele [ 108 $ec):
with energy E E 1

— ° gwrma isation = energy is cpnverted
? neat| (thermal phonons)
K thermal coupling .9
o k
77, heat sink time

amplitude: AT =E/C (C =c e m = heat capacity)
rise time: 1, =7, (=1—10pusec)
fall time: 1,=C/k (=100 pusec — 10 msec)



Optimization of the Sensitivity

a) absorber: maximum sensitivity AT = E/mc for

— small absorber mass m

— small specific heat c

dueto: c= T, + PB(T/6,)° (6, = Debye-temperature)
Koo aee
eleofrons lattice

= low operating temperature = ,low-temperature detector”

(aT dominating for T < 10K = insulators (a = 0) or superconductors)

b) thermometer: for thermistor (bolometer): AT - AR — AU R,
— maximum sensitivity for large dR/dT h

— semiconductor thermistor

due to appropriate doping = exponential behavior of R(T)

A 4

— superconducting phase transition thermometer T
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Potential Advantage over Conventional Detectors

AL

e small energy gap
— Dbetter statistics of the detected phonons

semiconductor detector: ®= 1eV

calorimetric detector: w<103% eV
calorimeter  _ N electr. _ wphon < 1
N @ 30

semicond.det. phon. electr.

e more complete energy detection = better linearity and resolution

energy deposited in phonons and ionisation contributes to the signal

(for ionisation detectors: losses up to 60-80% due to: - recombination
- direct phonon production)

e small noise power at low temperatures

e method independent on absorber material
— optimize radiation hardness, absorption efficiency, etc.




| Theoretical Limit for the Energy Resolution ,

~ for ideal calorimetric detector:
- thermodynamic fluctuations (quantum statistics)
- Johnson noise
- amplifier noise

= A= 0\/kBTscm l<c <3

/ v

noise thermodynamic fluctuations
example: 1 MeV particle in a 1 mm?3 sapphire absorber

300 K 3103 J/K | 510K 1.8 GeV

10K 4107J/K | 40107K 700 keV
1K 4 ¢ 1010 J/IK 0.4 mK 2.2 keV
100 mK 401013 J/K 400 mK 7 eV

= for low temperature: microscopic particle affects the properties of a
macroscopic absorber




Theoretical Limit for the Energy Resolution

for ideal calorimetric detector:

- thermodynamic fluctuations (quantum statistics)
- Johnson noise

- amplifier noise

= <AE>=& o [k, To%cm 1<&<3

/ v

noise thermodynamic fluctuations

example: 50 keV X-ray, 1 mm? tin absorber with a thickness of 50 um

T C AT AEtheor.
300 K 8-10° J/K 1100 K| 295 MeV
1K 1210%J/K| 6,7106K 3,8 keV

01K 1210"2J/K 6,710°K 12 eV
0,00K 1510 J/K 53102K 2 eV

(theoretical limit for a conventional semiconductor detector: AE, .. = 350 eV)

= for low temperature: microscopic photon affects the properties of a
macroscopic absorber

theor




lIl. CLTD's for High Resolution Detection of Heavy lons '., { o' -
- Design and Performance

Detector Design and Perfomance:

| ’

L"","'.

for an overview see:
P.E. and S. Kraft-Bermuth,

slit heavy ions o
~~ § aluminium-
low I ’[hermome’[erTop. Appl PhyS 99 (2005) 469
temperat
varnish tn‘e\\ ~ absorber
d
g *
copper
|dplat
colaplate heat
sinkR
1] MV
Y
signal
absorber: sapphire-crystal: V=3 x 3 mm?2 x 430 um
thermometer:  aluminium-film (d = 10 nm), T=1.5°K (in the range of a “He-cryostat)
(for impedance matching to the amplifier: = meander structure)
readout: conventional pulse electronics +Flash-ADC's +Digital Filtering
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lIl. CLTD's for High Resolution Detection of Heavy lons '., { o' -
- Design and Performance

| WER
Detector Design and Perfomance: for an overview see:
slit heavy ions n P.E. and S. Kraft-Bermuth,
~ aluminium-
low — thermometer TOP. Appl. Phys. 99 (2005) 469
temperatire__ : : : : : .
: —~ 150
d
yd = 1001 _ -
copper —— o
COldplate o 1 temperature
heat 50 |
9 SinkR super- transition region: |
1] MV conducting dR/dT ~ const
\V4 0 160 162 164 166
signal T[K]
absorber: sapphire-crystal: V=3 x 3 mm?2 x 430 um

thermometer:  aluminium-film (d = 10 nm), T=1.5°K (in the range of a “He-cryostat)
(for impedance matching to the amplifier: = meander structure)

readout: conventional pulse electronics +Flash-ADC's +Digital Filtering
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- Design and Performance

Y oo 1t L i vl 2
detector pixel: < >
* absorber: .
3x3x0.43 mms3 sapphire (Al,O,) heating absorber
« thermometer: resistor

Transition Edge Sensor (TES)

10 nm thick meander shaped Al-layer aluminum
= photolithography (high purity!!) thermometer
* heating resistor:
Au/Cr strip cryostat
* operation temperature: T
T.=15-16K

detector array:

- 25 pixels with individual temperature ~ CLTD-array
stabilization in operation

« active area: 1.5cmx 1.5¢cm

» windowless coupling of cryostat to
beam line




New Large Solid Angle Detector Array

number of pixels: 25

active area: 15 X 15 mm?2
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CLTD's for High Resolution Detection of Heavy lons ) Dy
- Design and Performance !‘?ﬁ A

!vvrl-

detector performance: response to 32S ions @ 100 MeV

. | so]  AE/E=1.6x10"
rate capability: . ] AE = 166 keV.
> 200 sec™ 0 L ;\% o0’ '
.- o 2
resolution: g | % 40-_
AE/E=16x103 _ O 20
2] ] _
0 500 1000 1500 OCioie 1020 1054
time [us] E [MeV]
systematical investigation of enerqgy resolution:
with UNILAC-beam: for 299Bi, E = 11.6 MeV/u = AE/E = 1.8 x 103
with ESR-beam: for 238U, E =360 MeV/u = AE/E =1.1 x 103
with Tandem-beam: for 192Sm, E = 3.6 MeV/u = AE/E = 1.6 x 103

— for heavy ions: = 20 x improvement over conventional Si detectors



Comparison of Detector Performance:
CLTD - Conventional Si Detector

energy resolution: - calorimetic | o et |
) ] detector 1

example: £ ey 3 ™A = 2808 keV

238 @ 20.7 MeV ) ¢ =] AE=9TkeV ] -

S. Kraft-Bermuth et al. "] J

T T T T T T T T T T
120 140 160 180 200 220 240 26.0 28.0 30.0

Rev. Sci. Instr. 80 (2009) 103304 ="

energy [MeV]

2400

7000 — 1
. . . ] . 4 2200 . 4
energy linearity: — aeo] | W HE — || ™He
] _ © 2000
% 5000 — ® I3C % {| @ 13C
1800
. < : <
example. S, 00| AY7Au L, 1| AY7Au
= J — 1600
Z% s000 | W 238U % 1400, WV 2381y
2 i
130, 197Au’ 238U g_ 2000 ] 413G Ay, BBy é‘ 1200_.
© ]
& 1000 g;_ 1000—.
° o 10 20 3 40 s e 70 800 } : 1 1 2 3 o5
E [MeV] E [MeV]

for conventional ionization detector:

high ionization density leads to charge recombination (E- and Z- dependent)
= pronounced pulse height defects — nonlinear energy response

= fluctuation of energy loss processes = limited energy resolution
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Applications of CLTD's in Heavy lon Physics J—'sﬁ;?

&

High Resolution Nuclear Spectroscopy

Investigation of Stopping Powers of Heavy lons in Matter
In-Flight Mass ldentification of Heavy lons by E-TOF
Accelerator Mass Spectrometry

Lamb Shift Measurements in Hydrogen-Like Heavy lons

Investigation of Z-Yield Distributions of Fission Fragments



IV. Investigation of Z (Nuclear Charge)-Yield |
Distributions of Fission Fragments

L’Hw
® fission of 235U, 239Py,24"Pu induced by thermal neutrons:

= capture of a thermal neutron
= binary scission
= about 85% (~170 MeV)
of the energy released
is transferred to the kinetic
energy of the fragments

® motivation for studying properties of fission fragments:

= better understanding of the nuclear fission process
(for example:odd-even staggering determines fission mode)
= test of theoretical predictions
= information about nuclear structure (shell effects, pair breaking, ...)
— data relevant for reactor physics
(for example: reactor antineutrino anomaly)
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Investigation of Z-Yield Distributions of Fission Fragrhents

a) ldea of the Experiment and Experimental Setup
—

® produce fission fragments by n — 235U 239,241p
at the high flux research reactor of the ILL Grenoble

® select mass and energy in the LOHENGRIN mass separator

® identify Z by using the Z-dependent energy loss in an energy degrader
(absorber method, see also U. Quade et al., NIM A164 (1979) 436

U. Quade et al., Nucl. Phys. A487 (1988),1

® measure E, in a high resolving CLTD
(instead of conventional ionization chamber limited by: energy resolution and
pulse height defect)



TR

e Y-spectroscopy

e Passive Absorber Method

fission A = const

fragments Ey(Z)= const

S\

energy

ot

N 7

.

2 s

Methods for Determination of Z-Yield Distributions of Fission Fragments
i i

e Radio chemistry = restricted to particular nuclides

—> disadvantage: indirect method
(depends on knowledge of level
schemes, branching ratios, lifetimes)

U. Quade et al.,

Nucl. Phys. A487 (1988) 1

absorber
AE(Z)  E(z) =E,- AE(Z)

energy

energy
detector



Idea of the Experiment: Investigation of Z (nuclear charge) |
Distributions of Fission Fragments

The LOHENGRIN Mass Separator at ILL Grenoble, France
® production of fission LOHENGRIN mass separator  High flux
products by n — U, Pu _ neutron
o Separation according : ‘-Electrostatic deflector Target source
to A/Q (magnetic field) : Dipole magnet
and E/Q (electric field) p o
® but no Z —selectivity!! ~ cryostat | ! "

cl - _f‘_ =
Filters a specific A, E and Q but not Z.

Z - ldentification via the LOHENGRIN ;nt:,ﬁgfrfons
Absorber Method magnetic field LOHENGRIN cryostat

Quality of Z — Separation depends on: electric field

® proper choice of AE (absorber foil) |~ / A

® . . fixed \
homogenity of absorber foil /L SENGRIN. absorberiols  CLTDs

® energy resolution of CLTD's fixed EA.Q AE ~Z72  Eg.y (Z-dependent)
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Feasibility Studies at the Munich Tandem Accelerator

® from the Tandem Accelerator: movabie
= stable beams of 19°Ag (E = 80 MeV) absorberfoils
and 27| (E = 68.7 MeV) on bearn \ cryostat
(at same velocity) coming from
the tandem
accelerator

® aim of the experiment:
= first test of the new 25 pixel array
= check of quality of Z — separation
dependent on:

. e 25 pixel CLTD array
® type of absorber foll * individual temperature stabilization

® thickness of absorber foil * active area ~ (15x15)mm?
® homogenity of absorber foil

® amount of energy straggling



counts/bin [#]

Energy Loss of 1°Ag in Si;N, for different |

6000

5000

40004 *

30004 ¥

20004 T

= r

Thickness of the Absorber Foil gt

B

109

Ag (68.7MeV) @ Si3N4

3 pm 2 um

cal. peak

%

o2 4
L= i
L =

AE = 330 keV

ﬁ ii g }.L (AE/E = 0.5 %)

residual energy [MeV]
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FWHM for different Types of Absorber Foils s &
was .
3.0 | ' | ' | ' | ' | ' | ' |
11 "®Ag (E, = 68.7 MeV) absorber foils:| .
. . = CHCI (Earylene C)
| ° SiN,
A C

2.0
;- A
(O]
= 15 A
=
T
=
o 1.0

- |
0.5 ] " e ’ ’ ° e °
.
0.0 | ' | ' | ' | ' | ' | ' |
0 10 20 30 40 50 60

energy loss [MeV]

best performance found for Si;N,
as compared to previously used Parylene C



absorber foil: SizN,4
good homogenity, small E- straggling

manipulator for variable foil
thickness (1-8 um) for otimizing Z-
resolution for different Z and E

absorber foil integrated in cryostat
for optimized efficiency

=

inner part of cryostat

1K cold plate

| I -
CLTD

array \‘-\/

tl/
rotator
\

holder for
absorber foils

i

Experimental Setup at the ILL Reactor

"

4K heat
radiation shield
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Investigation of Z-Yield Distributions of Fission Fragments
b) Results

end of 2016: 5 weeks of beamtime at ILL

rich harvest: Z-Yield Distributions for 3 Targets and 51 Masses

235U(ny,,f) (A=89,92,96,104-110,132.140)
241Pu(ny,f) (A=89-91,92,96 97-112)
239Pu(nth,f) (A=92,96,109'113, 128'137,139)

substantial improvement of performance as compared to earlier investigations

with conventional setups = first measurements in symmetry and heavy mass region
ki somaes, HBNT fragment
120

fou 1 - 12957

3 — BIOUR,,( 4. 5713

100 7 _ 2519
P, S R 1
> 490
S 80 . - 216
= T 95
5 L2
o 80 symm etr o
© . 8.2
E 36
Z40r region 2t
I 0.7

1 | 1 1 1 L 1 1 1 1 1 1
60 80 100 120 140 160 \
Mass number

heavy fragment group
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Quality of Z-Separation (figure of merit)
dependent on Nuclear Mass A and Charge Z

| -

T
..l._,..-'- ’
A,

quality of separation ~ Z/AZ with

A

IC + Parylene-C (prediction by Bocquet et al.

A=108

Mass
o 80 90 100 110 120 130 _S8E(Z)-6E(Z-1)
05000 - FWHM
c0alR2a cat " CLTD + Si;N, (present data)
R ¢ CLTD + Si;N, (test at Garching)
40+ ' a 1 ° IC + Parylene-C (Quade et al.)
| a A A
accesiblle with _ I : % } -
20 conventional technlques: i
0 T T T T T :' T T T T
32 36 40 44 48 52
Nuclear Charge Z
A=89 7um SiN foil Bum SiN foils | | A =132 6um SiN foils




Quality of Z-Separation (figure of merit)
dependent on Nuclear Mass A and Charge Z
R
quality of separation ~ Z/AZ with

Mass
o 80 90 100 110 120 130 A7 e 0E(Z)—6E(Z—-1)
o i ©o c:> o FWHM
c0alR2a cat | ® CLTD + Si;N, (present data)
R ¢ CLTD + Si;N, (test at Garching)
407 ' a R 1 % IC + Parylene-C (Quade et al.)
! A & |C + Parylene-C (prediction by Bocquet et al.
3 ible with ' “a §}_
N accesi .e Wi . :
g0 CoMventonatiechniaues, Jsubstantial improvement for heavy masses due to:
l |= energy resolution
: = energy linearity (no pulse hight defect)
T % | 4 48 52— hoentrance window
Nuclear Charge Z
A=89 7um SiN foil Gum SiN foils| [ A =132 Sum SiN foils

A=108
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Procedure for Determining Accurate Absolute Z-Yields '

— g
E.H] '
o fit of spectrum wl#pe T Gumsineis]
= relative Z-Yield A=108
= line shape from Tandem 5 '™
experiment (one single Z)  $
N —

26 28 30 3I2 3I4 3I6 38
Residual Energy (MeV)
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Procedure for Determining Accurate Absolute Z-Yields '
AL S

e fit of spectrum

1504 2*'Pu éum SiN foils | /_,./
= relative Z-Yield poree s L T
. £ 1004 2 e Z=41
= line shape from Tandem s S o e
: : 2 g el 2
experiment (one single Z) S so- 12| 2, S
e Z-ldentification .| & |E=100Mev s
e 28 30 % ot 8 a8 90 100 110

Residual Energy (MeV)



e fit of spectrum
= relative Z-Yield
= line shape from Tandem
experiment (one single Z)
e /-ldentification

e take into account
= energy dependence

Counts/bin

26 28 30 3I2 3I4 3I6 38
Residual Energy (MeV)

central peak position

isotopic yield [a.u.]

13K+

12K+

0.15

0.10 1

0.05 1

. ’
ah z I »

T
T

9 100 110

0.00

T T T T T T
80 85 90 95 100 105 110

Energy (MeV)
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Procedure for Determining Accurate Absolute Z-Yields

WL B
s

e fit of spectrum ol Py eumSiNfois)
. . " 13k —
— relative Z-Yield 5 - . T
. £ 100- 2 //_,-/ z=41
= line shape from Tandem s o
: : E 3 /';,( 7-43
experiment (one single Z) S 5o 5 12k i, -
e Z-ldentification .| & |E=100Mev s
e 28 30 % ot 8 a8 90 100 110
Residual Energy (MeV) mass
* take into account ey R oo

= energy dependence
= electronic charge state
dependence (isomeric states)

o
5
>
ey
e

—u—Sr
—a— Rb
—a— Kr

o

o

a
I

isotopic vield [a.u.]
isotopic yield [a.u.]

o
o
S

T T T T T T T T T T
14 16 18 20 22 24 26 28 30 80 85 90 95 100 105 110

ionic charge state, Q Energy (MeV)
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Procedure for Determining Accurate Absolute Z-Yields

AL B
s

fit of spectrum ol Py eumSiNfois)
= relative Z-Yield ’ g S T
. £ 100+ @ /_,./ Z=41
= line shape from Tandem s 5 s
) . % g /_/ /=43
experiment (one single Z) S 5o S 12| 2, -
Z-ldentification .| & |E=100Mev s
% o8 a0 32 34 6 a8 90 100 110
Residual Energy (MeV) mass
take into account T e
— energy dependence = = . s
. e S ° Rb
= electronic charge state = o 4 Kr
] . = —=—Sr =
dependence (isomeric states) g TR e
’ 1ion;c charge sta:te.oQ v Engcoargyg(sMe\;;0 o
absolute normalization w o ]
= target burnup
60 235U

-2 0 2 4 6 8 10 12 14 16
Time (Days)
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= N 2 EL o
Procedure for Determining Accurate Absolute Z-Yields

fit of spectrum

1504 241|:>l; I I éum SiIN foils |
. . 13k
— relative Z-Yield 5 - T
. £ 100- 2 //_,-/ Z=41
= line shape from Tandem s o
: : E 3 /';,( 7-43
experiment (one single Z) S 5o 5 12k i, -
Z-ldentification .| & |E=100Mev s
e 28 30 % ot 8 a8 90 100 110
Residual Energy (MeV) mass
take into account soomer] |
— energy dependence 3 e
= electronic charge state T T
. . = =B Sr =
dependence (isomeric states) g TR e

T T T T T T T T T T
14 16 18 20 22 24 26 28 30 80 85 90 95 100 105 110

ionic charge state, Q | ‘E‘ner‘gy‘(Me‘V)‘ |
absolute normalization g
= target burnup o
for Z-Yield for one mass: ]

— about 300 spectra to be analyzed NN NS
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Results on 2R

T

Motivation for investigating Mass 92: The Reactor Antineutrino Anomaly

= 5.7% deficit of measured antineutrinos
as expected from 3-decay data of fission fragments

O T T T T
| fif Ei
e FE—— 1T - 1= G. Mention et al., Phys. Rev.
A s S el e B "~ D83 (2011) 073006

0.8 é%%% _ | __

10° 10
Distance to Reactor (m)

possible explanations: = 4t non standard ,sterile“ neutrino
— wrong Z-yields of fission fragments



Results: Mass 92

Motivation:
PHYSICAL REVIEW C 91, 01 1301(R) (2015)

5

Nuclear structure insights into reactor antineutrino spectra

A. A. Sonzogni, T. D. Johnson, and E. A. McCutchan
National Nuclear Data Center, Brookhaven National Laboratory, Upton, New York 11973-5000, L'SA
{(Received 8 August 2014; revised manuscript received 25 November 2014; published 8 January 2015)

Antineutrino spectra following the neutron induced fission of **U, Z*U, ®*Pu, and **' Pu are calculated using
the summation approach. While each system involves the decay ol more than 800 hssion products, the energy
region of the spectra most relevant to neutrino oscillations and the reactor antineutrino anomaly is dominated
by fewer than 20 nuclel, tor which we provide a pnonty hist to dnve new measurements. The very-high-energy
portion of the spectrum is mainly due to the decay of just two nuclides, Rb and Y. The integral of the signal
measured by antineutrino experiments is found to have a dependence on the mass and proton numbers of the
fissioning system. In addition, we observe that ~70% of the signal onginates from the light fission fragment
group and about 50% from the decay of odd-Z, odd-N nuclides.

The **Rb cumulative fission vield following the thermal
fission of U definitely merits a new measurement. While




.

n %2Rb

s

50 —#1-92Rb .
10 235U Thermal | — #2-96Y A. A. Sonzogni et al., Phys.
— #3-142Cs
(a) —— #4 - 100Nb Rev. C91 (201 5) 011301 (R)
- . ——#5-93Rb
e 10 —— #6 - 90Rb
a —— #7 -98mY TABLE III. Same as Table II, except the strongest contributors
b;- ——#8-140Cs from 23U at 5.5 MeV are summarized.
—#9 - 91Kr
()]
£ 102 —#10-97Y Nuclide Q5 GS BR Jr =7 Contr.
~ ——#11-87Se
g #12 - 94Rb (MeV) %) (%)
g 12
E ——#13 - 95Sr “Rb 8.1 95.2(7) 0~ — 0 21.6
E 100 ——#14- ;!3;3' 96y 7.1 95.5(5) 0~ — 0+ 14.5
] mgz Rp ‘ecs 73 56(5) 0~ — 0* 6.8
o 417 8oBr 10N 6.4 50(7) It =0t 4.7
#18 - 98Y %Rb 75 35(3) 5/2- — 1/2+ 4.6
10-4 — 19 146La “Rb 6.6 33(4) 0~ — 0t 3.4
—#20-1 9smy 9.0 12(5)* (4,5) — 4+ 2.8
— Sum 96Y 140Cy 6.2 36(2) 1~ — o0t 2.4
m Exp. NKr 6.8 18(3)" 5720 = (5/27) 24
100 200 300 400 500 600 700 800 9.00 “Strongest branch to a low-lying state is to a 47, 1843-keV level.
Electron Energy (MeV) PStrongest branch is to a (5/27), 109-keV level.

for 235U target: contribution of °2Rb to the B-spectrum at 5.5 MeV
— JEFF data basis: 21.6%
= Tipnis et al. 30.0%

A. A. Sonzogni et al.:

The “*Rb cumulative fission yield following the thermal
fission of *°U definitely merits a new measurement. |



Results on °2Rb for 23°U Target

9
| e |
32 = presentresult T A=92, =20, E=97 with 7.58 um Si.N,
—is o jeff data set =0
O ibni 1. 12015 Separation = 1MV
E ® Tlpnls et- a ] [ ] ® 200 - E‘r:-rgy loss =.74 MeV (77%) 37Rb(4912.6°ﬁ))
I; 7 _
o o ] Sr(18£4.7%) B 1.]I{J
O g 1 '| \ ;‘1 \
I s LI HFL frig213.2%
=3 TY(1£1%)7 1]
E B ¢ g | lwfx K o

o P54 I

= 41 % 21 2 2 24 25
o Energy (MeV)

3 T T T

0 1 2 3

data set [#]

JEFF Report: M.A. Kellett et al., Nucl. Energy Agency, OECD,2009
S.V. Tipnis et al., Phys. Rev. C58 (1998) 905

92Rb data for 23°Pu and 2#'Pu targets and
%Y data for all 3 targets to be analysed
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Results on 24'Pu covering the Symmetry Region: Mean Z

UL

deviation from “democratic”
distribution of neutron excess

mean nuclear charge <Z>

symmetry region

— 86MeV | | | | — 100 Vi ' ' ' Z,... 350

A 44 H—=— 86MeV -0.4 - {—=— 100 MeV/| : ; \ mheayy -
N {——94MeV ‘ ! ! ’ ’I \L'I/
> 421 —+— 100MeV A -0.5 ! ! ! ! [

% ] I ! ! ]

= 1 ! 1 I.\ 7\ 1 I
< 40 -0.6 1 I J ! I

8 ! 1/\ ! \ I l'l

o] 1 1 | m ] ]
O 38 0.7 1 Hfw R 1

S M 1 -\ " ! \ |

c 8 1 f uf ] . 1

c 36 ND -0.8 n = 1 1

: N

[
E 34 , , . . : : -0.9 ,I \ 1 ,I !I
85 90 95 100 105 110 115 ] \, \ I ) \/
1 I ! 1 ]
mass, A -1.0 . \./ J | : o
_ [}
g '7=36" ' 7=38 7-40 'zo42 'Z-44
data preliminary 85 90 95 100 105 110 115



| I [
ah I »
Results on 24'Pu covering the Symmetry Region: Z Yields

LR

— How behaves the even-odd staggering in the transition to the symmetry region?
= |s there a change in the fission mode?

Motivation:

- | | | | symmetry region
>

0.8 7-36; Z=38 Z=40 2 Zheav =30
1 o 7=42 Z=T43 ! 7=44 y
. 41

‘ . /= C h ]
Z=37 4
\ Z=39 “' ‘
' '! : | _
| ;, 4 - z=45__ data preliminary

OO T T T a= A" T

I I ' I ' I
88 92 96 100 104 108 112
mass, A

data for 239Pu target in the symmetry region to be analysed

relative Z yield

y 7-46]
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V. Other Applications of CLTD's in Heavy lon Physics Q‘

prre -

High Resolution Nuclear Spectroscopy

Investigation of Stopping Powers of Heavy lons in Matter
In-Flight Mass ldentification of Heavy lons by E-TOF
Accelerator Mass Spectrometry

Lamb Shift Measurements in Hydrogen-Like Heavy lons

Investigation of Z-Yield Distributions of Fission Fragments



Applications:
a) High Resolution Nuclear Spectroscopy

nuclear spectroscopy:

e elastic and inelastic scattering = separation of inelastic channels
e nuclear reactions = identification of reaction channels

Example:

NatPp (20Ne, 20Ne’), E = 100 MeV/u

, o _ (CLTD adjusted to range of Ne ions)
investigation of giant resonances —

. . [ | elastic scattering
(collective excitation of nuclear matter) 1000 1 J

J. Meier et al.
Nucl. Phys. A 626 (1997) 451c

giant resonance |
100k expectedl i

events / channel

10

Tﬁfﬁ@@% %ﬁﬁﬁlﬁ i
R

I
1900 1920 1940 1960
potential applications: energy [MeV]
= investigation of multi phonon giant resonances
= reactions at low energies (LEB at FAIR)




Applications:
b) Investigation of Stopping Powers of Heavy lons in Matter

motivation:

(o}
o

—— electronic
1 nuclear

N
o
1

N
(@)
1

0-
1E-4 1E-3 0.01 0.1 1 10 100 1000

energy per nucleon [MeV/u]

stopping power [keV/(pg/cm?)]

example: stopping power of 238U-ions
in gold (SRIM-prediction)

energy loss processes:
« electronic stopping power
= ionization of target atoms
* nuclear stopping power
= elastic scattering on target nuclei

A
important: theoretical understanding
* basic science:

» interaction of energetic particles with matter
 applied science:

» material science

> investigation of radiation damage

» medicine — tumor therapy

> ...

problem:
accuracy of theoretical models unsatisfactory

= predictions by semi-empirical computer codes
» use best fits on experimental data
(example: SRIM)
— many data needed for different kind of
» targets, projectiles, energies

in particular:
data for very slow and very heavy ions are still
scarce



pulse height
energy detector [a.u.]

L S

The TOF — CLTD Spectrometer [,
- A New Experimental Method for dE/dx Measurements £
L - T

target Ax energy

ToF-detector t detector

broad energy (CLTD)
distribution | I
heavy ions | |

input energy E.. output energy E,,

with target

without target |

as compared to previous measurements with

conventional enerqy detector
(for example: Trzaska et al., Zhang et al.):

= by use of CLTD’s as energy detector:
» improved energy resolution
— higher sensitivity
» improved energy linearity
(no pulse height defect)
— reduced energy calibration errors
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Stopping Power Measurements at GS| and JYFL
K

UNILAC accelerator (GSI,
Darmstadt)

0.1 -1.4 MeV/u 238U ions in C-
und Au-targets

K-130 cyclotron (JYFL, Jyvaskyla)
0.05 — 1 MeV/u 3Xe ions in C-, Ni- und Au-targets

e ":;1’: s !ii 7 “__-‘_,T i = ~$..= ; ‘_ RN \ | |
£ ! g A - /' \.
e | " ) ! : X [ T

a
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Results on Stopping Powers for 3"Xe-lons in C, Ni and Au .
Y”I v SO

measurements JYFL Jyvaskyla in cooperation with H. Kettunen, W. Trazka et al.
experimental setup:

maagnet target thickness Ax
ixe.ions degrader s ToF  larget -
Xe-ions W whee| CLTD determined by
oMeViu | | e SRS N / ______ array | weighting + energy
]l ----- ,I loss of a-particles
Ui — high accuracy
energy spectrum (CLTD) W|thout target
without tarqet L S h
900 . N « without target
l ith t t | st P | . ;
= Wi ar.g<.3‘ ;‘| § 2 ] z!;—<AE>—; with target
é . 8 E _ 4000 m;
= %605 '\ i . é :i i 1}
- 2y c r 8
2 3007 rREFTRe? 1 ° Pl X
o T NNTE [55E ¥ :!;
y 4 3
_ n
20 dollzol 5 PR goum A “’*—" “* —
0 20 E, [Me0] 60 AE =E_- EOut [MeV]

energy [MeV]

sixacipice 1A énardy digtntvutiohodue to charge state selection in the magnet



Results on Stopping Powers: 0.05 — 1.0 MeV/u 131Xe-lons in C

3
vk
® |
=N
19
1

present data

— AR AL e
= present data XeinC . E .

g e Trz09 l | >
B 0 Gs98 4
= v Pap78 7
- Bi80 -
SRIM 2008 T

—— CasP 5.0 7

o]
o

[e2]
o

0 PASS 6.83 i

N
o

N
o

electronic stopping power [keV/(ug/cm?)]

o

energy per nucleon [MeV/u]

reference data taken from online database of H. Paul:
http://www.exphys.jku.at/stopping/

A. Echler, PHD thesis 2013

L > [
& i i =

\1%

» substantial deviations from
SRIM-predictions
(semiempirical calculations)

experimental uncertainties:

* detector-cal.: <1 %
» target foils: 3 %
« statistics: <0.5 %

(lowest energies: <2 %)
* total: 3-4%

(improvement of factor 2-3)

» agreement with Geissel et al.

» deviations from data from
Trzaska et al. and Pape et al.

> data extended to lower
energies

and A. Echler et al. Nucl. Instr. Meth. B391 (2017) 38
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Stopping Power Measurements — Effect of Channeling: Xe in Au

for thin Ni- and Au-targets:
— double-peak structure in
measured energy loss

explanation:
“channeling “random
energy loss” energy loss”
2000 — \’E — /
' without\targe 1400
17507 with tar;xgt _
1500 15
| [}
C 1250+ = |
% 1000 s 160
- | i ¥
S 7501 : luo
(@) 1 . s -
O 500+ .
_ E {20
250 x I{ -
0 e AN .
-1 0 ] 3 3
example: energy loss AE [MeV]

Xe (13— 15 MeV) in Au (363 pg/cm?)

wil i

A. Echler, PHD thesis 2013

and

A. Echler et al.,

Nucl. Instr. Meth. B391 (2017) 38

09—

S oss. }
0.85

g A

£ 080 i !

L iéii E

o I ;ﬂi

o) {{

c

% 0.70 H 131 .

= 1 Xe in gold

@ 0657 e "lingold (Datz et al.')

o ' (110) planar channel

7 0.60+——— e S S

< 0 10 20 30 40 50 60 70 80

energy [MeV]
)Datz et al., Nucl. Inst. Meth., 38 (1965) 221

= new data on channeling energy loss obtained

= source of systematic error identified and eliminated



X-Ray Diffraction Analysis of the Absorber Foilé

i

Is the interpretation of the data correct? channeling appears only in crystalline absorbers!
problem: targets not grown as single crystals

counts counts

counts

amorphous Ccarpon

polycrystalline nickel

T T T T T T T T T 1
20 40 60 80 100 120

detector position [°26]

the X-ray analysis confirms polycrystalline
structure in Ni and Au foils

the channeling effect is enhanced due to much
stronger multiple scattering for random energy
loss



electronic stopping power [keV/(ug/cm?2)]

Results on Stopping Powers: 0.09 — 1.0 MeV/u 3'Xe-lons in Ni
(only Random Energy Loss)

CLTDs Xe in Ni

50

407 —— sRIM 2008

{|—CasP 5.0
— PASS 6.83

30

20

10 1

0.1 1
energy per nucleon [MeV/u]

reference data taken from online database of H. Paul:
http://www.exphys.jku.at/stopping/

i >

g

experimental uncertainties:

 detectorcal.: <1 %

« target foils: 3%

* statistics: <1 %
(lowest energies: <2 %)

* total: 3—-4%

» substantial deviations from
SRIM-predictions

» agreement with Geissel et al.

» deviations from data of
Trzaska et al. for low energies



Perspectives for further Applications

® |nvestigation of Heavy lon Channeling in Single Crystals
(A. Brauning- Demian et al., C. Trautmann et al.)

e |nvestigation of Charge Exchange Energy Straggling
(proposed by H. Geissel et al.)
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Applications:
c) In-Flight Mass Identification of Heavy lons

W

important for many applications: isotope mass identification

standard method: disadvantage:

e needs big magnet spectrometer

e small solid angle
e charge state ambiguity because of B e p = p/Q
(especially for slow heavy ions!)
alternative method:
t E

energy — E heavy ion 1 2
TOF > % ........................................

Am) (AEY ( Atjz

_— = | — 1] +|2—

m E t

e small dynamic range
for conventional setups: mass resolution is limited by energy resolution!
— calorimetric detectors




In-Flight Mass Identification

Ry - .-,,;; o - N H Taor —(— I. I \! :
measured at Tandem accelerator at MPI in Heidelberg
6563Cu ions — I(;Fm — energy = E } -
E = 50 MeV : TOF =V
N
electrostatic MCP
mirror (chevron)
63 650u ions @ 50 MeV
200. " FWHM = 0.9 amu. At = 680 ps

W

o

o
. 1

AE = 330 keV

counts/bin
N
(@)
o

—
o
o

1 .

limitation in this experiment:
TOF measurement !

o

62 64 66 68
mass [u] A. Echler

PHD Thesis 2013

(o))
o
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High Resolution In-Flight Mass Identification: Results for 31 Xe-lons #

|

low energetic 31 Xe ions @ K-130 cyclotron at JYFL Jyvaskyla
experimental setup: magnet

q't‘,‘l

131Xe-jons degrader % CLTD
RN e e . TR
_ broad energy (and charge) | 1
distribution (0 — 2 MeV/u)
S mass spectrum @ 107 — 115 MeV
XW”HS ; 25°°_Ar'n(rwnm);oé9'40' T
| 20009Am/m = 7.2x10
o1
pamzossud §™
.U’ WW =] © 5001
0 20 40 60 80 100 tan 140 S = . S
127 128 129 130 131 132 133 134
energy [MeV]

mass m [u]

A. Echler, PHD Thesis 2013
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In-Flight Mass Identification: Results for 238U- Ions » 3‘ '

| Wi,

experimental setup:  low energetic 238U ions @ UNILAC accelerator at GSI

thick

238U ions scatterer  TOF . — broad energy distribution

B'M l im { calorimeter (0 - 3.6 MeV/u)

]

calorimeter energy [MeV

energy range: 65 - 150 MeV

350
300_:' ] Am (FWHM) = 1.28 u
2501 _ 238 @ 90 MeV: _
200 = At/t=2.0x 103
150- Iz 100- AE/E =3.5x 1073
100, §
50-

o 0 —— R

60 80 100 120 140 160 234 236 238 240 242

ToF [ns] mass [amu]

»not reachable with conventional E-ToF system
»advantage to Bp-ToF method: = high dynamic range
= not affected by charge state ambiguities

A. Echler, PHD Thesis 2013



Perspectives for Applications

In-Flight Mass ldentification for:

® identification of reaction products from reactions with radioactive beams

(for slow heavy ions: no charge state ambiguities, high dynamic range)
= potential application at NUSTAR@FAIR: LEB
= investigation of deep inelastic transfer reactions (proposed by S. Heinz)

® identification of isotopes after in-flight gamma spectroscopy
— potential application at NUSTAR@FAIR: HISPEC (LYCCA)

® identification of superheavy elements (for Z > 113: decay chain does not

feed a known o-chain): Am < 1 for m = 300 reachable

® identification of rare isotopes in accelerator mass spectrometry

= high sensitivity
first experiment performed: trace analysis of 236U at the VERA facility at Vienna:
S. Kraft-Bermuth et al. Rev. Sci. Instr. 80 (2009) 103304



(presently limited to light mass region)
3000 ' ' ' ' '
2500 r
2000

% 1500

Q
1000
500 r

(| B=====—— e
560 580 600 620 640 660 6
mass [a.u.]
mass 56 - mass 66

LYCCA Performance

- L}

transparency from J. Gerl

E-Tof mass identification: AA/ A= 1%

\‘*:-:--..f)’a
\

. |

il | B |

MUSIC (AE)

Scidl (x, AE)

Lycca ToF-start (x,y,!)

Lycca ToF-target (x,y,t)

FRS beam

TPC4I (x,y)

L EFFELE]

mmmmmmmm

Idea:
replace Csl energy detector
by a CLTD



Perspectives for Applications

In-Flight Mass ldentification for:

® identification of reaction products from reactions with radioactive beams

(for slow heavy ions: no charge state ambiguities, high dynamic range)
= potential application at NUSTAR@FAIR: LEB
= investigation of deep inelastic transfer reactions (proposed by S. Heinz)

® identification of isotopes after in-flight gamma spectroscopy
— potential application at NUSTAR@FAIR: HISPEC (LYCCA)

® identification of superheavy elements (for Z > 113: decay chain does not

feed a known o-chain): Am < 1 for m = 300 reachable

® identification of rare isotopes in accelerator mass spectrometry

= high sensitivity
first experiment performed: trace analysis of 236U at the VERA facility at Vienna:
S. Kraft-Bermuth et al. Rev. Sci. Instr. 80 (2009) 103304



Identification of Superheavy Elements {*
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Application for Identification of Superheavy Elements

WL

o _\

=

for Z > 112: decay chains do not feed a known «-chain
— mass identification of the superheavy nucleus required

Z =116 t t =
= - nucleus |1 2
Separator :> .......................................
E <0.3 MeV/u TOF
calorimetric detector
ultrathin 2C-foils + channelplates calorlmetrlc detector:
(energy straggling in 12C-foils negligible!) sem|conductor detector: AE/E >5 «107)

‘ - form =300 = Am <1 amu



S. Kraft-Bermuth, PHD Thesis (2004)

l
First Test Experiment at SHIP Q‘I!?‘,g;'
Jﬂ (IS e

(in cooperation with: D. Ackermann, F.Hessberger, S. Hofmann, G. Minzenberg)

reaction: 5Ni + 192Ru =160Hf* = 155(156)Yh + 2p +2(3)n

156y 156y} 156y
4.87 MeV208 4.92 MeV244 4.70 MeV36%
152Er 152Er 12R

509MeV84: 489MeV112: 4.60 MeV 11.6

155Yp

155Yp

155Yph

literature: 4.69 MeV 26.1 s

literature: 4.80 MeV 10.3 s

5.44 MeV 2.0 : 5.33 MeV 1.6 : 5.35 MeV 2.0 : literature: 5.20 MeV 1.8 s

—> dynamic range sufficient to detect heavy ion and its a-decay time-resolved




Perspectives for Applications

In-Flight Mass ldentification for:

® identification of reaction products from reactions with radioactive beams

(for slow heavy ions: no charge state ambiguities, high dynamic range)
= potential application at NUSTAR@FAIR: LEB
= investigation of deep inelastic transfer reactions (proposed by S. Heinz)

® identification of isotopes after in-flight gamma spectroscopy
— potential application at NUSTAR@FAIR: HISPEC (LYCCA)

® identification of superheavy elements (for Z > 113: decay chain does not

feed a known o-chain): Am < 1 for m = 300 reachable

® identification of rare isotopes in accelerator mass spectrometry

= high sensitivity
first experiment performed: trace analysis of 236U at the VERA facility at Vienna:
S. Kraft-Bermuth et al. Rev. Sci. Instr. 80 (2009) 103304
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Application of CLTD s in Accelerator Mass Spectrometry (AMS)

[‘-' Y
application for Accelerator Mass Spectrometry:
(in collaboration with: R. Golser, W. Kutschera et al., VERA facility, Vienna)

aim: determination of very small isotope ratios 2%6U/23%8U in natural uranium samples
— 236 known as monitor for flux of thermal neutrons
(for example: investigation of Natural Reactors in Uranium Mines)

| | | results:
261 13 + 4 counts substantial improvement in background
°7 1 discrimination and detection efficiency

= level of sensitivity improved by one
order of magnitude:

236238 = 7 X 10°12

235

238 U: 6 + 3 counts

U: 2 counts

S. Kraft-Bermuth et al.
Rev. Sci. Instr. 80 (2009) 103304

170 172 17.4 17.6 178 180

energy [MeV]
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Other Applications in Heavy lon Physics:
d) QED Tests by High Resolution X-Ray Spectroscopy

L
detection scheme: %ii‘éﬁel
- 36 pixel Si thermistors
(from NASA/Goddard)
- Sn, Pb absorbers
- each pixel:
support

~ 0.5 mm2x 85 um beam EYTTE
-- operated at 50 mK

FET-boX n e

implanted -
leads

implanted

Silicon pixel thermistor = "

absorber
attachment point

detector performance: > n
-AE =30-40¢eV @ 60 keV 401
(theoretical limit of conventional § 30_'
Si detector: = 350 eV) g . AE =30 eV
present status: § ol
- detector with 24 pixels available ] L
- active area: 10 mm? %50 592 594 . 596  59.8  60.0

energy [keV]



Perspectives: Test of QED in Extreme
Static Electromagnetic Fields

Highest

laser fields
1022 Wicm?2

<E> [V/cm]
o,

—_—
o,
]
——

Hydrog

e

; o
A i
= —

A

109 ...........

Nuclear Charge, Z

H-like Uranium
<E> =1.8x10" Vicm
E, = -132x10% eV
AE, ., ~ 500 eV

Z a=xl1

=

Quantum
Electro-
Dynamics

Hydrogen
<E>=1x107° V/icm

Ek=-13.6 eV
AE, ., ® 10°% eV
Z o107




CLTD's for the Lambshift Experiment on
Hydrogen-Like Heavy lons — Present Status

.

Lo

idea of the experiment: determine absolute transition energy of the Lyman-a line
— most sensitive test of QED (Za — 1, higher order terms)

232

2512

n=2 j=3/2
j=1/2

n=1=—""— j=1/2
Bohr Dirac

2pis2

""1 Si2

QED

}

classical
Lamb shift

Lyman-o

} 1s-Lamb shift

proof of principles for 238J°1+ and 207Pp&2+:

counts/bin

calibration line:
Am-241 \

Ly-o2

escape Ly-ol
Am-241
escape

energy [keV]

10 15 20 25 30 35 40 45 50 55 60 §

75 80 85 90

particle detector

(U R~

X-ray i
detectors

counts/bin

6 67 68 6 70
energy [keV]

U92+
(300 MeV/u)
from SIS

__electron
cooler




CLTD's for the Lambshift Experiment on J[ Iy,
Hydrogen-Like Heavy lons — Results for Pb%1+ @

=y

Lo

results of a joint experiment with the Atomic Physic Group (FOCAL crystal spectrometer):

beam: 297Ppb82+ gt 219 MeV/u

overall efficiency: 2.5 x 107 (only 3 pixels)

energy Lyman-a1

78020 +
78000—-
77980—-
77960—-
77940—-

theory

V. Andrianov et al.
AIP Conf. Proc. 1185 (2009) 99

77920 A
77900 A

77880

result:
E(Ly-al) = (77937 £ 12, + 255yst) eV

- good agreement with theory
- systematic uncertainty dominant

Pixel 16

" Pixel 31

" Pixel 32

T T
average




E(Ly-01,”"Au) [keV]

CLTD s for the Lambshift Experiment on
Hydrogen-Like Heavy lons: Results for Au’é+

L =

results:
i S. Kraft-Bermuth et al.,
71.72] " single pixels J Phys. B50 (2017) 055603

weighted mean
nny o error of mean
71.68 1 J
71.66 - result:
2-2;‘_ ] E(Ly-a1) = (71570 £ 4, = 11syst) eV
7160 T } T I J 1 | in good agreement with theory:
7158 o " ' ]
?1.55_: _________________ I . %l - ] E(Ly'a1) - (71 569 + 1) eV
7154 ! }? H+ ) — already sensitive test of QED
7152 ]
st ] — systematic error to be improved

3 2 41 0 1 2 3 4 5
X, [mm]

next steps:

® production run with improved statistic and systematic error (aim: 1 eV accuracy)

® at FAIR: HITRAP (highly charged ions at rest)



B
a

g
ol ¥
Perspectives with HITRAP@FAIR Q‘ﬂ? iy
.J'.Ff 3 YR

U73+I U91+

rest

EXPERIMENTS WITH HIGHLY CHARGED IONS AT
EXTREMELY LOW ENERGIES:

e stable and radioactive isotopes available

e possibilities:
- spectroscopy of highly charged heavy ions in rest

SIS 100 — stripper target
experiments for slow particles post-
experiments cooler Z% decelerator

with — Penning

particles at trap

- physics of ultra high fields ]
electron cooling

and deceleration
- decay spectroscopy of highly charged radionuclides down to few MeV/u

- fundamental interactions, QED tests

- determine nuclear ground state properties (charge radii)
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The 1s-Lamb Shift in Hydrogen-like lons ?‘!’ﬁp’f |

L

10"

> contributions to the 1s Lamb Shift:

S
5y 10° for U9+ Self Energy: 355 eV (= 80%)
- ; Vacuum Polarization: -89 eV (=-20%)
Y| SelfEnergy Nuclear Size 199 eV (= 40%)
E " | (-) Vacuum Polarization . ) y

n 0 F 1 determination of nuclear charge radii:

o]

= e test QED for stable isotope with known rms-radius
—

e Nuclear Size | e from Lamb shift measurement for chains of isotopes

— determine charge radii with < 1% accuracy

1 20 40 60 80 100
Nuclear Charge, Z



VI. Conclusions

CLTD s have substantial advantage over conventional detection systems
concerning resolution, linearity, etc.

CLTD s for Heavy lon Physics have been designed and used successfully
for experiments

the results on Z-yield distributions of fission fragments provide important
information for nuclear structure-, reactor- and neutrino physics

CLTD s were also applied successfully in AMS, stopping power
measurements, in-flight mass determination and Lambshift measurements,
and have the potential for many further applications,

as for example for SHE research



