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Overview

Superconducting
Magnet Division

Motivation
— Magnets will be subjected to the unprecedented level of radiations in FRIB

o Samples
— YBCO from SuperPower and American Superconductor

« Radiation Facility
— 200 MeV Linac at BNL

o Experimental Results
— Radiation damage — Really? — Some interesting results

* Impact on the Project
e Future Studies
e Summary
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sy | FRIB Facility Concept

Superconducting
Magnet Division

 MSU (Michigan, US) is the location of the proposed Facility for Rare Isotope Beams (FRIB)

FRIB will create rare isotopes for research in intensities not available anywhere today

Uses existing components of NSCL - Fast start of FRIB science

Driver linac with energy of > 200 MeV/amu for all ions, P, = 400 kW (high beam power)

Rare isotope production via projectile fragmentation and in-flight fission

Fast, stopped, and reaccelerated beams
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Superconducting

Nuclear Landscape and FRIB Beams

Magnet Division

FRIB will create rare short lived isotopes in very large quantities
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FRIB science

Superconducting
Magnet Division

& RpProperties of nucleonic matter
S _Classical domain of nuclear science
—Many-body quantum problem — mesoscopic science
ANuclear processes in the universe

¥ —Energy generation in stars, (explosive) nucleo-synthesis
—Properties of neutron stars, Equation of
= State (EOS) of asymmetric nuclear matter
¢ ¢ Tests of fundamental symmetries

— Effects of symmetry violations are uciear TR
om0 3 c . Structure o
amplified in certain nuclel :

Fundamental
&d »)Societal applications and benefits

i Symmetries
v 9
—Bio-medicine, energy, material F % ¥
sciences, national security Higiear

Astrophysics

a1

Tests of

Courtesy: Bollen, MSU
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BROOKHEVEN Production Target Facility and
Superconducting Fr'agmen‘l' Separ'a'l'or‘

Magnet Division

Mass Selection Slits @-rrssszss=====m==-==-=c-ssscsom-cccsscmemmess .

High radiation and high power densities pose N g;;;;;é\kﬁ o
- :"‘ﬂ—;‘ 'f :.'W - ~s 5 r§
several technical challenges Y .0 ,.'-?‘g%

Preseparator

 Self-contained target building to keep most-
activated and contaminated components in one spot =

—Remote-handling to maximize efficiency

» High-power targets for light and
heavy primary beams

—R&D on multi slice graphite target promising
approach

* Fragment separator to separate primary beam
and select rare isotope beam

—R&D on radiation resistant magnets

» High-power beam dump to intercept unreacted
primary beam

—R&D on rotating water-filled drum concept and
alternatives

,.‘O' Wedges

i Second and Third
Separator Stage

Courtesy: Bollen, Zeller, MSU
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OROONMRUEN Radiation and Heat Loads in
Superconducting Fragment Separator Magnets

Magnet Division

400 kW beam hits the production target. Quadrupoles following that in
Fragment Separator are exposed to unprecedented level of radiation
(~20 MGylyear) and heat loads (~10 kW/m, 15 kW in first quad itself).
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Neutron fluence on first quad:

Production Target

L i ! 2.5 x1015 n/cm? per year

Radiation resistant

Pre-separator quads and dipole
o o Courtesy: Zeller, MSU
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Technical Requirements

Superconducting
Magnet Division

High fields and large apertures require superconducting magnets.

Magnets in the fragment separator target area that survive the high-
radiation environment

. Require that magnets live at least 10 years at full power
. Require refrigeration loads that can be handled by the cryoplant
. Require magnets that facilitate easy replacement

Reduced operational costs

. No down time for magnet replacement
. Higher acceptance reduces experimental times
. Robust and resistant to beam-induced quenches

Courtesy: Zeller (MSU)
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namtonat wasoratory - HTS Magnets In Fragment Separator

Superconducting
Magnet Division

» Use of HTS magnets rather than conventional NbTi Low Temperature
Superconducting magnets in Fragment Separator region is highly attractive.

» First generation (1G) HTS would allow operation at ~30 K and second
generation (2G) HTS at ~50 K instead of ~4K with conventional NbTI.
Removing these large heat loads at higher temperature rather than at 4 K is
over an order of magnitude more efficient.

» Moreover, HTS coils can tolerate a large local and global increase in
temperature, so are resistant to beam-induced heating, as well.

» Also in HTS magnets, the temperature need not be controlled precisely. It
can be relaxed by over an order of magnitude as compared to that in low
temperature superconducting magnets. This simplifies the cryogenic system,
reduces cost, while making the magnet operation more robust.

» The question is can HTS tolerate these unprecedented level of radiation?
» This R&D may also have a significant impact on other future proposals.
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Superconducting
Magnet Division

Radiation Facility at BNL
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Magnet Division
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Figure 3. BLIP Beam Tunnel and Target Schematic

From a BNL Report (11/14/01)

Figure 2. The BLIP facility.

The Brookhaven Linac Isotope Producer (BLIP) consists of a linear
accelerator, beam line and target area to deliver protons up to 200 MeV
energy and 145 pA intensity for isotope production. It generally operates
parasitically with the BNL high energy and nuclear physics programs.
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Superconducting
Magnet Division
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Superconducting
Magnet Division

o Samples of YBCO (from SuperPower and ASC), Bi2223 (from
ASC and Sumitomo) and Bi 2212 (from Oxford) were irradiated.

e This presentation will discuss the test results of YBCO only.

» Twenty samples were irradiated — 2 each at five doses (10%¢, 10/,

2 x10%, 3x 10 and 4 x 10%7 protons/cm?) from both vendors.

e 10 protons/cm? (25 pA-hrs integrated dose) is equivalent to over
15 years of FRIB operation (the goal is 10 years).
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Srmoa | Measurement of Radiation Damage

Superconducting at 77K in Self-fleld

Magnet Division

« Critical current (l.) of samples was measured before and after irradiation at
77 K, self field. I, of all samples before radiation was ~100 A.

» The ratio of critical current before and after irradiation indicates relative
radiation damage.

o Critical temperature is also compared before and after irradiation.
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Superconducting
Magnet Division

of SuperPower and ASC Samples

Relative Change in Ic due to Irradiation

Radiation Damage Studies on YBCO by 142 MeV Protons
by G. Greene and W. Sampson at BNL (2007-2008)

1.1

10 l. Measurements at 77 K, self field

09 - + SuperPower Sample#1

' O  SuperPower Sample#2
~ 08 SuperPower Average
< ' X ASC Sample#l
> 07- & ASC Sample#?2
é ——ASC Average
< 0.6 -
@ 0.5 -
3
8 0.4
< 03"
X
0.2
I, of all original (before irradiation) was ~100 Amp
0.1
100 pA.hr dose is ~ 3.4 X 10" protons/cm?® (current and dose scale linearly)
0.0 T T T T
0 25 50 75 100

=
N
(631

Radiation Dose (pA.Hours)

Ramesh Gupta, BNL 3/2008

SuperPower and ASC samples show very
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Change in Critical Temperature (T )
of YBCO Due to Large Irradiation

Superconducting
Magnet Division

l. (1pV/cm) as a function of temperature

120
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Impact of Irradiation on Magnet

Magnet Division

e The maximum radiation dose was 3.4 X 1017 protons/sec (100 pA.hr) with an energy
of 142 MeV. Displacement per atom (dpa) per proton is ~9.6 X 10-20. (Al Zeller)

e This gives ~0.033 dpa at 100 pA.hr for the maximum dose.

Based on 77 K self field studies:

e Reduction in I, performance of
YBCO (from both vendors) is <10%
after 10 years of FRIB operation
(as per Al Zeller, MSU).

e This Is pretty acceptable.

e Drop in I, at maximum dose (of
theoretical interest) is ~70%.

Ic (Irradiated) / k (Original)

11

1.0 4

0.9 ~

0.8 A

0.7 -

0.6 -

0.5+

0.4

0.3 A

0.2

0.1+

0.0

Radiation Damage Studies on YBCO by 142 MeV Protons
by G. Greene and W. Sampson at BNL (2007-2008)

. Measurements at 77 K, self field

+ SuperPower Sample#1

O SuperPower Sample#2
— SuperPower Average

X ASC Sample#l

<& ASC Sample#2
——ASC Average

l. study

10years at 400 kW

I. of all original (before irradiation) was ~100 Amp

0

100 pA.hr dose is ~ 3.4 X 10 protons/cm? (current and dose scale linearly)

25 50 75 100 125

Radiation Dose (pA.Hours)

(Al Zeller, MSU).

It appears that YBCO is at least as much radiation tolerant as Nb,;Sn is
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SRTOKNAEN | Annedling from Radiation Damage After

Superconducting ~2 Years of Room Temperature Storage

Magnet Division

» The samples have been kept at room temperature for about 2 years after initial irradiation.

* We have seen appreciable recovery in lost performance (annealing), particularly when the

loss in |, was large because of high irradiation.

Critical current before and after 100 pA-hours of irradiation (77 K, self-field)

SuperPower ASC

* Pre-rad: * Pre-rad:
lc=101A, n=39 |c=105.3A, n=38

» Post-rad (<1 year of irradiation): » Post-rad (<1 year of irradiation):
|Ic=32.6A, n=23 Ic=40.9A, n=24

* Post-rad (>2 years): * Post-rad (>2 years):
lc=37.7A, n=24.4 |Ic=43.7A, n=23.337.7A

Recovery in I.: ~16% in case of SuperPower and ~7% in case of ASC.
Smaller recovery for lower doses.
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Magnet Division

Study of Radiation Damage at 77K
in Applied Field
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Superconducting
Magnet Division

Measurement of HTS Critical Current (I.)
at 77K at Several Applied Fields

SuperRower .
35 + (Y,Sm)BCO wire 2007 coil
= (Y,Sm)BCO wire 2007 coil
20 A A Zr:(Gd,Y)BCO wire for 2008 coll
= A Zr(Gd,Y)BCO wire for 2008 coil
3 |
§X] a8 77K, 1T (ORNL)
3 A a
B O —
z % A, 4 Al a Y §
2 15 ; TR A Y = A k
e I o =5 TR -err.._
i 10
2
5 75K, 0.92 T (LANL)
0 I |
-20 20 40 60 80 100 120 140 160

Courtesy:

Angle between field and wire (degrees)

D. Hazelton, SuperPower, Inc.

e Critical current of HTS
depends not only on the
magnitude of the field, but

on the direction as well.

» The presence of doping (or
nano-dots) or other defects

can modify this behavior.

» The goal of this study is to
determine the impact of
radiation on I as a function
of angle at the field and

temperature of interest.
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Details of Irradiation on Sample

Superconducting
Magnet Division

"« Each sample was irradiated with 42 pA, 142
3500006550000 MeV proton beam from BLIP.
”}/f"/q’!‘ﬁﬁ* - = Five doses were chosen: 2.5, 25, 50, 75 and 50
I nA-hrs or 1016, 1017, 2x10%7, 3x10%” and 4x10Y’
protons/cm?
, S e | |, measurements on samples are carried out in
) three sections (10 mm each), with middle section
o % ooun “B” having a uniformity of ~+7%, but larger

mm below tab

Gaussian distribution

variation on two sides “A” and “C” : ~ £40%.

!’ : 5
60 ‘ HTS sample
Ri?‘ is under the 44
50 iR G-10
[ b cover 1 ATp'BTyCTY 4

5 40 lﬁ \\ | H H H
= | 4
[¢H) 30 ’i - # kx »
= \ I8
0 20

A

LA e | CURRENT CLAMP

0 10 20 30 40 50 60 70 80 a0 SUPERC . _[_ :e
distance, mm Voltage taps SUPERCONDUCTO
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nationaL LaBoraTory | Measured Angular Dependence in ASC Samples

Superconducting at 77K (liquid nitrogen) in Various Applied Field

Magnet Division

- HTS sample )
is under the

G-10

Voltage taps

Field is measured with
respect to c-axis (see
below on right)

Field angle

) TOP VIEW
IS zero here
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Superconducting

Impact of 142 MeV Proton Irradiation on 26 Samples
from ASC and SuperPower @77K in 0.5T Applied Field

Magnet Division
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SuperPowerH

» Recall: The samples from ASC and
SuperPower had similar critical current (~100 A)
and showed very similar radiation damage at
77 K in self-field.

» However, the two behaved very differently in
the presence of applied field. Anisotropy in this
ASC sample (not their standard product) was
small and is opposite to what usually is the
case (critical current higher in a plane parallel

to tape, i.e., ab-plane or at 90 degree).

 This difference in anisotropy in the samples
from two vendors (ASC and SuperPower) was

retained after small exposure.
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Superconducting
Maanet Division

Impact of 142 MeV Proton Irradiation on 26 Samples
from ASC and SuperPower @77K in 0.5T Applied Field

45
40
35
30
25
20
15
10

5

0

lll.-- --.llllll.--- : guns®s
- [ ] L [ ]
®* 0 o o --. o O ® O 000 o 4 -.- o o O O
M * 7 * *
. * . *
¢, ® .
RAM10 0.5T ¢8 mC A
0O 30 60 90 120 150 180 210 240 270 300 330 360

angle(deq)

Very High Radiation 4 x 107 protons/cm?

45
20 Siterrs ESPTILILY csee _Very
£ . I different
35 A= N—n .
. J behavior.
30 .
N Details
25 —
- col AN follows... (&
2 20 g0 FA T)L . £
o] @ - T T ~
~ 15 o / N O +—
= N B I N < 1 N >§
e 10 [ W 0 M 4 50 e 0 &0 o0 < '5
8 5 distance, mm - - . O
RAM1 0.5T
0 T T T T T T T T T T T
0O 30 60 90 120 150 180 210 240 270 300 330 360
angle (deg)
Very Low Radiation 106 protons/cm?
40
35 > -
[ ] "
30 r r
—~~ ‘. . m
3 2 n Tteos? " [ ] LAY ¢ . CT) g-
n&en enLne e .
£ 20 rn . .;:g AR -, .;;u ; EE_,
NS Retn RS g <
g 1 5
o S
= 10 o
3 2 ©
5 RSP1 0.5T *B  ®mA .C
O T T T T T T T T T T T
0 30 60 90 120 150 180 210 240 270 300 330 360

R. Gupta, etal. HTS for Magnets in High Radiation Environments 5% Forum on New Materials, CIMTEC2010, Italy, 6/18/10

angle(deg)

30

25

20

15

10

5

0

ooooo
.
................

RSP10 0.5T *B

0

30 60 90 120 150 180 210 240 270 300 330 360

Angle(deg)

24




BROOKHFAEN

NATIONAL LABORATORY

Superconducting
Magnet Division

Impact of Various Doses in 26 Samples from
SuperPower @77K in 1 T Applied Field

Ic Measurements of SuperPower Samples at 77 K in bacground field of 1 T

30

Ic (A)

10 A

—8—B 25 .

<>+ B_25 —x—1B_100

0

B_25

>60 years
" Yo Ny " Y
_;—;—;---;—;—J—ﬁ—_(ﬁ"—yN e e e e e e o 3_/\ e B_100

0 30 60 90 120 150

180 210 240 270

Field Angle (degrees)

No. of years are estimated
based on calculations at MSU

B_25 denotes 25 pA-hrs integrated

dose at location B (center position).

B_2.5 denotes 2.5 pA-hrs and
B_100 denotes 100 pA-hrs.

300 330

360

\

relative flux
@
b

Y,

A

wgre | wge | epn

]

0 10 20 30 40 50

distance, mm

G0

* Note: A remarkable increase in |, caused
by irradiation from 142 MeV protons.

» 25 indicates 25 pA-hrs integrated dose
(1017 protons/cm?) which is equivalent to
>15 years of FRIB operation.

» The desired goal was to allow less than
10% damage in 10 years of operation.

» These measurements imply that this HTS
from SuperPower tape is acceptable.

* In fact, rather than causing any damage
in performance, the radiation seems to

improve it based on the measurements at
77K, in 1 T applied field at all field angles.

* Anisotropy is significantly reduced at very
high doses.
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Superconducting
Magnet Division

Impact of Various Doses in 26 Samples from
ASC @77K in 1 T Applied Field

Ic Measurements of ASCat 77K in backgroundfield of 1T

30

25

20

15 4

Ic (A)

10 A

> 15 year

S 1year %

> 60 year

—=B_25 —+—B_25 —&—B_100

0

No. o

0 30 60

90 120 150 180 210 240 270 300 330 360
Angle (degrees)

f years are estimated

based on calculations at MSU

B 25

dose

B_2.5 denotes 2.5 pA-hrs and

B 10

denotes 25 uA-hrs integrated | .| =

g & & @

at location B (center position).

relative flux
: 8
B

0 denotes 100 pA-hrs. o 3]

distance, mm

"AT | BT | e [

* Note: A remarkable change in I, caused
by irradiation from 142 MeV protons.

» 25 indicates 25 pA-hrs integrated dose
(1017 protons/cm?) which is equivalent to
>15 years of FRIB operation.

» The desired goal was to allow less than
10% damage in 10 years of operation.

» These measurements imply that this HTS
from ASC is acceptable for FRIB.

« Initially there is an increase in the

maximum value of Ic and decrease in the
minimum based on the measurements at
77K, in 1 T applied field at all field angles.

 Anisotropy is increased initially but then
reduced at very high doses.
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Superconducting

Comparison of 26 from SuperPower and ASC @77K in
1 T Applied Field from 142 MeV Proton irradiation

Magnet Division

Ic Measurements of SuperPower Samples at 77 K in bacground field of 1 T
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Ic Measurements of ASCat 77K in backgroundfield of 1T

I o ol
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30
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Ic Measurements of SuperPower and ASC at 77K in field of 1T

—4— Imin(SP) \i
—— Imax(SP) 3
—| > Imin(ASC) SuperPower
-2 Imax(ASC)
\
0 25 50 75 100

Dose (nA-hours)

125

Minimum
and
maximum
values of |,
are obtained
from the
graphs on
the right

* Initially there is an increase in the maximum value of |
in both samples (see maximum value of each curve).

* In case of SuperPower, both minimum and maximum
value increases.

 In ASC, anisotropy initially increases.

» However, after a very large irradiation, samples from
both SuperPower and ASC become more isotropic and
there is less damage in ASC samples than in
SuperPower samples.
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Previous Work on Radiation Damage

Superconducting
Magnet Division

 Similar work has been performed previously and increase in critical current has been observed.

» The work presented here shows a significant increase when YBCO was irradiated with proton

beam — a level previously never observed before.

« Examples of some previous work will be shown in next few slides (not intended for an

exhaustive reference list).
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Budhani, et al.: 800 MeV proton irradiation on Bi2223

Studies of flux pinning by proton-induced fission tracks in multifilamentary
tapes of (Bi,Pb),Sr,Ca,Cu;04,/Ag superconductors

R. C. Budhani®
Brookhaven National Laboratory, Upron, New York 11973

J. O. Willis
Los Alamos National Laboratory, Los Alamos, New Mexico 87543

M. Suenaga®
Brookhaven National Laboratory, Upton, New York 11973
M. P. Maley, J. Y. Coulter, H. Safar, and J. L. Ulimann 107 T TR
Los Alamos National Laboratory, Los Alamos, New Mexico 87545 .
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FIG. 6. Cratical current at 35 K of the umirradiated (open circles) and 1rra-

diated (B, =1T) (open triangle) tapes at 33 K for the field aligned parallel
to the plane of the tape.
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Previous Studies Bi2212

Magnet Division

Ballarino, et al.: Neutron irradiation on Bi2212

Effect of fast neutron irradiation on current transport
properties of HTS materials

A, Ballarino*, A.N. Bruchanov**, V.S, Kruglov**, S.T. Latushkin**,
A.N. Lubimov**, A.L. Ryazanov**, 8.V. Shavkin**, T.M. Taylor*,

P.V. Volkov**

*CERN, CH-1211 Geneva 23. Switzerland
**Russian Research Centre “Kurchatov Institute”, 123182 Moscow
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Figure 2. Voltage—current characteristics of sample D2 (bulk material).
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Chudy, et al.: Neutron irradiation on YBCO

Influence of Neutron Irradiation on YBCO Coated Conductors

M. Chudy, M. Eisterer, H.W. Weber
Atominstitut, Vienna University of Technology, Vienna, Austria

Introduction

High temperature superconductors (HTS) may be applied for the magnets in next generation fusion devices (e.g. DEMO). These magnets may operate in the temperature
range of liguid nitrogen or slightly below, which could save energy spent for cooling and also replace expensive and scarce helium as a coolant. Apart from the special
requirements on the mechanical properties, the conductors will be exposed to radiation. Therefore, the influence of neutron irradiation on coated conductors was examined.
The development of coated conductors has rapidly advanced in the last few years. The critical current density (J.) improved by approximately 30% every 2 years. The
following generation of coated conductors has, apart from other improvements, usually more pinning centres, which are much more effective. Irradiation by fast neutrons is
a useful tool to introduce effective pinning centres into a superconductor, but too many pinning centres and the introduced disorder may cause degradation of the
superconducting properties [1].

Transport measurements
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A WH)
Figure 3: Transport measurements for the main field orientations prior to and after irradiation EU C AS 2009

a) 77K, b) 64 K.
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Superconducting
Magnet Division

« Perform 77 K, in-field radiation damage studies on the remaining samples
(samples with integrated dose of 50 and 75 pA-hours).

* Perform radiation damage studies at 40 K—-50 Kup to 2 T (or more).

 There is also a plan to extend this study to 4 K and at high fields.

 lrradiate the current production from ASC and SuperPower. Both have a
different in-field behavior (pre-irradiation) than those used in this study.

 The in-field radiation damage response of new samples may, in detail, be
different from the samples examined here even if the FRIB requirement of

>10 years of safe magnet operation is met.

R. Gupta, etal. HTS for Magnets in High Radiation Environments 5 Forum on New Materials, CIMTEC2010, Italy, 6/18/10
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Superconducting
Magnet Division

First Generation HTS Magnet R&D
25 coils were successfully built and tested with ~5 km of Bi2213 (1G) HTS

e Several HTS magnet structures were successfully built and tested over a
wide temperature range (4K-80 K).

» Large energy deposition experiment were carried out to demonstrate that
HTS can operate robustly under such hostile environment.

 The first generation R&D has now been completed and this forms the
basis of the next demo magnet for FRIB.

Second generation magnet design responds to
» Higher gradient requirements (~15 T/meter instead of ~10 T/meter)
» Shorter magnetic length (first quad 0.6 meter instead of 1 meter)

 Discontinuation of manufacturing of 1t generation HTS (a corporate
decision because 2" generation HTS is projected to be cheaper)

« 2"d generation HTS also allows a more efficient removal of large heat
loads at ~50 K rather than ~30 K in magnets with the 15t generation

R. Gupta, etal. HTS for Magnets in High Radiation Environments 5 Forum on New Materials, CIMTEC2010, Italy, 6/18/10
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A number of measurements have been performed at 77 K to examine the
radiation damage of 2G conductors from SuperPower and ASC. These
Includes measurements in applied field up to 1.25 T.

 Based on these measurements both SuperPower and ASC seem to
satisfy the FRIB radiation magnet resistant requirement of 10 years of safe
operation despite a very high radiation dose.

* In case of SuperPower, there is an overall improvement in critical current
during the intended lifetime.

* In case of ASC there is improvement in the maximum value, but minimum
value drops, however, stays within the required limit.

 These points will be reevaluated after the measurements at 40K-50 K.

« Future plans include more testing of existing samples and testing of the
radiation damage of the latest 2G HTS from both SuperPower and ASC.
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Backup Slides

R. Gupta, etal. HTS for Magnets in High Radiation Environments 5 Forum on New Materials, CIMTEC2010, Italy, 6/18/10



NATIONAL LABORATORY

Superconducting
Magnet Division

FRIB concept

for an ISOL facility

A heavy-ion driver can also
accelerate light ions needed

Heavy-lon-Driver

(proton)

Fragmentation
Target and
Separator

Fast Beam
Experiments

Stopped Beam
Experiments
(Solid)

Stopped Beani
Experiments
(Traps)

Gas Stopping

Courtesy: Bollen, MSU

Re-
accelerator

Reaccelerated
Beam
Experiments
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Superconducting for FRIB Pre-Separator

Magnet Division

| Radiation resistant dipoles
\ ! Radiation resistant quads,
Radiation resistant quads maybe
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Superconducting

Measured Angular Dependence in ASC Samples
at 77K (liquid nitrogen) in Various Applied Field

Maanet Division
Angular dependence of ASC Sample on Ic at various magnetic fields
(rel.dose =2.5)
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Magnet Division

» As magnetic field increases, Ic decreases for any radiated samples.

* However, rel.dose=25 gives higher Ic than rel.dose=2.5 under magnetic fields.
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* |, measurements were carried out in 3 sections (10 mm each). A
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Superconducting Samples from SuperPower
Magnet Division
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