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Growing Demand: Magnetic Field Measurement
in B<1 Region -
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UV Spectral Lines

« Sensitive to physical properties at the layer where the temperature suddenly
Increases (upper chromosphere and transition region)

Vernazza+(1981)
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Compelling UV Spectral Lines: HI Lya & Mg 11 kK

 Measurable scattering pol. (P >0.1% at line core)

- Hil Lyaat 1215.7 A « Mg Il k at 2896 A

— Hanle effect at B>10G & By—50G — Hanle effect at B>5 G & B,—25G
— Access the transition region — Stokes-V induced by Zeeman
Trujillo Bueno+ 2011 Magneto-optical effects
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Ca Il 8542 A
(SUNRISE-3/SCIP, DKIST)
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Challenges in UV Spectro-Polarimetry

NO definitive previous measurements!

 Observations from space

« High-precision (—0.1%) in UV
— Limited number of photons
— No commercial polarimeter

* Interpretation of scattering polarization
— Stratification of atmosphere
— Local anisotropy T pro i

J-state interf.
L pu=03

Final Goal: Use Hanle effect
(modification of scattering pol.
by magnetic field) to diagnose 6|

Belllzzi+ (2012
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" CLASP (2015) & CLASP2 (2019)

CLASP: Chromospheric Lyman-Alpha Spectro-Polarimeter
CLASP2: Chromospheric LAyer Spectro-Polarimeter

High-precision (<0.1%) spectro-polarimetery in
— Vacuum UV, H I Lya, at 121.6 nm with CLASP
— Near UV, Mg 11 h & k around 280 nm with CLASP2

International NASA sounding rocket programs

— Launched at White Sands Missile Range, NM, USA
— Successful recovery of instrument: CLASP — CLASP2
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radiometry of CLASP for quiet Sun
U T T T 2 chamnel 1
—:— channel 2 ]

280 sec exposure w

Specifications

ith 4 pixels summing

V/I [%]

5 279.50 279.55 279.60 279.6

L ! ! O.2_| T : L | 2F
(1)2-1|.5é ' 1'21|.54'1|' 1'21|.5é | 1'211.5é|' 12160 01 i | ] 1 A [nm]
wavelength [nm] 0.0 :‘l{**} ! :*i*}i . § 0
& 011 I { - ey
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CLASP1 ° P 1 ] B CLASP2
wavelength sampling: odl S0 F ; s v Y 1 wavelength sampling:
0.048 A/pix R e T T 27945 279.50 279.55 279.60 279.65 0.05 A/pix
wavelength [nm] 1 [nm]
CLASP CLASP2
Observables Stokes-I, Q, U Stokes-I, Q, U, V

Spectral Lines

Lya (121.6 nm)

Mg Il h & k at 280.0 nm

Resolutions

0.1A (wavelength) & 2-3” (spatial)

0.1A (wavelength) & 2” (spatial)

Slit Length

400"

200"

Science Target

Quiet Sun near the limb

Quiet Sun near the limb & Plage

Pol. Precision

0.1% at 30




Strategies for High-Precision UV Spectro-Polarimetry

CLASP Optical Design

Slitjaw Optics Narukage+2014
f Cassegrain telescope (SJ) - - Spectro-Polarimeter
4 — \ A M ‘ (S-Fl))tor = CCD camera
I

. QH1

t

—Kl\s.it = )
A Constant-line- Reflecté CH2

rotating waveplate . . CLIye
spacing spherical polarizatign
grating analyzer

hednmmicd

K Aperture

heat absorber

\_

Camera (off-axis parabola)
mirror

« Two symmetric channels: CH1 & CH2
« Simultaneously measure orthogonal polarization states

* High throughput in VUV

« Minimize number of optical components
— Grating working as a beam splitter as well

« High-reflectivity coating to all optical components (Narukage+2017)



Strategies for High-Precision UV Spectro-Polarimetry

I A I I Magnifier
C SP2 Optlcal DESIg n (hyg'e;blolic and fold mirrors,
Primary mirror(Cold Mirror coat) Slitjaw Optics ND filter) Tsuzuki+

\_

/" Cassegrain telescope * ) (SJ9) . l

t order

Spectro- Polanmeter‘
(SF2 . CH1

‘ |
J

Aperture

Heat absorber Grating

, ' cCD
\ \ Slit mirror +1°t order 1 % vl
* CH2

/ rotating waveplate Spherical Ppolarizer

off-axis parabola

« Two symmetric channels: CH1 & CH2

« Simultaneously measure orthogonal polarization states

* High throughput in VUV

« Minimize number of optical components
— Grating working as a beam splitter as well

« High-reflectivity coating to all optical components (Narukage+2017)
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Strategies for High-Precision UV Spectro-Polarimetry

Visible Light Re
- R

jection
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« Cold mirror coayhgs & heat absorber on the primary mirror
« Black plated #0 all structures.

CLASP: Cold mirror coating CLASP2: Dual-bandpass (121 nm for SJ
at 121 nm & 280 nm for SP) cold mirror coating
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Strategies for High-Precision UV Spectro-Polarimetry
High-Precision UV Polarimeter - MgF, waveplate -

MgF, Bi-refringence around Lya

- * *
Optical contact zero-order waveplate o updated In decades™
Ishlkawa+2013 B o
slow axis Side view T B |
A i ¢
A 0.0045 ST 1
‘ Nt 27 (n,—n,)(d; - d)
diameter Q A’ i : ‘ ,g‘?
L slow = 0.0040f i -
[ axis a, ¥ :
. Target retardation (9) Y L eyt
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d +d2 1 mm thti(éi(aness e I T PP WA |
121.2 121.4 121.6 121.8 122.0

Wavelength [nm]
 The birefringence was precisely measured around 121.6 nm (2009 -

2013) and 280 nm (in 2016) at the synchrotron facility

— CLASP half-waveplate was found to have the suitable phase retardation of —~234°
around 280 nm. We decided to keep the CLASP waveplate in CLASP2.

— The measured bi-refringence was also used to fabricate the waveplates for polarization
calibration.



Strategies for High-Precision UV Spectro-Polarimetry

High-Precision UV Polarimeter - polarization analyzer -

(CLASP, 122 nm)

High-Reflective Type

Original plan: MgF, plate
at Brewster, R,—21%

Two-layer coating on
fused silica substrate
(72 x 33 mm)

Bridou+ 2011
Narukage+ 2017

reflectivity for s-polarized beam [%)]

reflectivity for p-polarized beam [%]

0.0C

R.=55%

@ Brewster

High reflectivity polarizing coa )
R, @ Lyc line

Transmissive Type
(CLASP2, 280 nm)

65[

1 1 ‘I
64 66 68
angle-of-incidence [degree]

High reflectivity polarizing coating

R, @ Lya line
3.0 T T 1
R,=0.3%
20 @ BréWSter
15 E— N\
- N
1.0 R

60

1
66 68
angle-of-incidence [degree]

Wire-grid UV polarizer
(Berger+2012, for IRIS
SOLC filter)

Transmissivity :T—70%
Extinction ratio: T;/T,>500

Substrate: Fused Silica
- 50 x 50 mm, t=1mm

0 deg Transmissivity [%]

Extinction ratio

UVSOR measurement of T_max

270 275 280 285 290
Wavelength [nm]

UVSOR measurement of 0-90 Extinction ratio

1500 kit ; .
B JTH i | W1A 1
| iy, : : W5A .
1000 P ™ 7
L He ™ |
L fE°
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0
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Wavelength [nm]



Strategies for High-Precision UV Spectro-Polarimetry

High-Precision UV Polarimeter - Polarization Modulation Unit -

CH1 CCD

Scale error [%)]

Send exposure trigger every 22.5°

waveplate

continuously

rotate
CLASP: 4.8 s/rot ~
CLASP2: 3.2 s/rot

* a~

Being a key factor for precise polarimetry in space

Solar-C/SUVIT—CLASP&CLASP2->SUNRISE-3/SCIP&SUSI Modulation measured by CCD

 Frame transfer

! + Lumogen-E coating

 Low readout noise
(6e- rms)

Champey+2014, 2015

0.3/0.2 sec in CLASP/CLASP2

0.03¢ 003

S. Ishikawa+2015

0.02

0.01
0.00 “
-0.01

-0.02

Cross talk [9%6)

200 400 600 0035
Number of rotation

Scale error and cross talk due to non-uniformity<0.01%b!

200 400 600
Number of rotation

(waveplate rotation of 22.5°)
D; Dy ien
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Strategies for High-Precision UV Spectro-Polarimetry

Error Budget Control

« List up and evaluate all possible source of errors and confirm that
the polarization precision of ~0.1% can be met at 30 level.

Error breakdown for spurious polarization Error (10)
Photon noise with nine-pixel summing 0.019 %
Readout noise of CCD camera 0.007 %
Fluctuation of exposure duration 104 9% ¢

: - _ _ Estimation with
Time variation of source intensity < 0.018 %T . single channel

demodulation

Intensity variation caused by pointing jitter < 0.023 %7 _
_ _ (i.e., worst case)

Image shift from waveplate rotation ~ 0 %T
Off-axis incidence with 200 arcsec ~ 104 % Spurious pol. due

: : : : : 30 — to telescope is
Non-uniformity of coating on primary mirror 10-° % negligibly small
Error in polarization calibration 0.017 %
Root-sum-square < 0.039 %

R. Ishikawa+2014 15



See Giono+2016 for results of
CLASP pol. calibration

Pre-Flight Polarization Calibration

1/2- or 1/4- MgFa>waveplate with vacuum motor

Strategies for High-Precision UV Spectro-Polarimetry

Rocket nose cone . ]
Dual reflective polarizers

MgF; plane-convex lens o Same F as telescope
* Linear & circular pol.

MgF, window

CLASP
Spectro-polarimeter B inputs with p>099

CLASP/CLASP2 sp

L uv light source

NI

S'Iil . - « Polarization elements
— Bellows  geuenumlomp  AF€ ON Vacuum motor
I ¥ with 3 axis stage
| - Deuterium (D,) lamp
« Dual reflective polarizers
F « 1/2 or 1/4 MgF, waveplates
. CLASP/CLASP2 SP | UV light source (Lya, 121.6 nm)

16



. b . _ - See Poster 95 Song+ for results
Strategies for High-Precision UV Spectro-Polarimetry of CLASP2 pol. calibration

Pre-Flight Polarization Calibration

MgF> waveplate with vacuum motor for +/-V inputs
Wire-grid polarizer

MgF, plane-convex lens e« Same F as telescope
« Linear & circular pol.
UV LED lamp inputs with p>0.99

with 3 axis stage

Rocket nose cone

CLASP/CLASP2 sp UV light
/ INt source

NI

CLASP2
Spectro-polarimeter

Slit

. VAL . Polarization elements

| — — are on vacuum motor

Bellows
| . UV LED lamp
* Wire-grid polarizer with higher ER
+ 1/4 MgF, waveplate
ASP2 SP UV light sodrce (Mg II h & k, 280 nm)
source chamber CH1 CHI (Qinpuy

3 UV wire-grid polarizer

slit \ . , & Vacuum motor
A \ = . [y
— - o~
: ADG:Q,U.LQ&, O o *5' 50 -
focusing lens L= 5 s :
i cs 0 100 200 300 400 500
- Q_ - C spatial [pix]
E _g 6' CH2 . CH2 (+Q iput) "
T 5
X +
b € -

waveplate rot.
& exposure
(every 22.5°)

avelength [pix]

17

spatial [pix]



Strategies for High-Precision UV Spectro-Polarimetry

Perfect Flight!
- Stable Pointing -

CLASP2/SJ movie

arcsec

arcsec

* Drift ~ 17/min & Jitter << +/-0.1" (P-V)

plage, perpendicular to slit

435 [ drift = -0.0023 arcsec/sec

430 *
425 mfr\%
4201 ]
M5F 3

410F 7

...........................

0 20 40 60 80 100 120 140
sec (start from 16:53:45 UT)

residual (perpendicular to slit)

0.2

0 20 40 60 80 100 120 140
sec (start from 16:53:45 UT)

arcsec

arcsec

646.0F
6455
450
6445/
6440
6435

0.2¢F

0.1

0.0

-0.1

02

plage, parallel to slit

drift = -0.0170 arcsec/sec

20 40 60 80 100 120 140
sec (start from 16:53:45 UT)

residual (parallel to slit)

20 40 60 80 100 120 140
sec (start from 16:53:45 UT)

April 11, 2019 at 16:51UT

Credit: US Army Photo, White Sands Missile Range

3.2 sec = PMU rotation
Jitter mainly comes from
the waveplate wobbling

\ 4
0.0005 f
0.0004 ¢ 1/3.2 (Hz) 3
§ o.oooaé— E
o E [ E
2 0.0002 | 3
0.0000 M. | - "
0.0 0.2 0.4 0.6 0.8
frequency (Hz)
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Strategies for High-Precision UV Spectro-Polarimetry

On-board Polarization Calibration

Confirmation of zero-level with the disk center observation

CLASP (Lya obs.)

Slit-jaw images

Scattering polarization at the
disk center is expected to be
zero because of the geometry

Measured spurious pol.
< 0.03 £ 0.014 %

Giono+2017

spatially (—400”) and
temporally (3 PMU rot.)
averaged Q/1

spatially (—400”) and
temporally (3 PMU rot.)
averaged U/I

Intensity (photons)

CH1

Channel 1 Lyman—o intensity

1.2x10° '
8.0x107 | \/ .
4.0x107 |- .
0 . . .
-0.10 -0.05 0.00 0.05 0.10
A=Ay in nm (A,=121.567nm)
Channel 1 Lyman—a Q'/I'
0.4
5 0.2f
<
o O0.0F
-0.2 .
-0.10 -0.05 0.00 0.05 0.10
A=Ay in nm (A=121.567nm)
Channel 1 Lyman—a U'/I'
0.2f }; .
£ 00 ilma;gﬁ}gwﬂ%ky
< L :
5 —0.2 ]
—04l i
-0.10 -0.05 0.00 0.05 0.10
A=Ay in nm (A,=121.567nm)

Intensity (photons)

1.0x108

6.7x107

3.3%107

Q'/1I' (%)

U/t (%)

0

CH2

Channel 2 Lyman—o intensity

\/

-0.10

0.0

—0.2

—0.4L
—0.10

-0.05 0.00
A=N in nm (\=12

0.05
1.567nm)

Channel 2 Lyman—a Q'/I

0.10

—-0.05 0.00
A=Ay in nm (A=12

0.05
1.567nm)

Channel 2 Lyman—o U'/I'

ik |

""*”i‘

-0.05 0.00
A=Ag in nm (A=12

0.05
1.567nm)

0.10
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CLASP Science Highlights (Polarimetry)

Y (solar radius) [arcsec]

900

700

-

A §
»
o ” o ¢

Stokes-Q

00 ~yabusj nis

N\
~

First Detection of Scattering Pol. in VUV

Stokes-U

Y (solar radius) [arcsec]

8

8

Lya wing
(scattering pol. ONLY) Fluctuating at a few%o at —10” both in Q/1 and U/I

Intensity

B

Clear CLV up to 6% in Q/I

] :3"._-'1 -._F‘_—'. —...3-'&_

-0.10-0.05 0.00 0.05 0.10 -0.10-0.05 0.00 0.05 0.10 -0.10-0.05 0.00 0.05 0.10

wavelength [nm]

PRD with

J—state interf. FAL-F |
—2F 1= 0.3
S
5 -4
-6
HI - :
e Belluzzi+ (2012)
1214 1215 1216 1217
A (A)
15
¥
81 V.l',’
A
_6§ AN 1 17 ’
-0.10 -0.05 0.00 0.05 0.10

Wavelength [nm]
Kano+ (2017)
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CLASP Science Highlights (Polarimetry)
First Detection of Scattering Pol. in VUV

Lya core No Clear CLV in Q/I
ez utcIglaloMolo] IFCAE TR [)W Fluctuating at a few of 0.1% both in Q/1 and U/I

Intensity Q/1 E$E U/I [%6] Scattering pol. in off-limb spicule
SN e RN TS SR g oshidas ek omorow!
l CLV of spatial average of pol.

1000 C 04FS with 3D MHD model
||mbﬁd|sk center
(ﬁ .: [ I I I ’ I T T ’ T T T ’ T T T ‘ T T T ]
a = L0281 ool
i ) 7 :
] o) ) [ X0 I RREEEEE EEEEEEFRY B IR Bt 1 B A R
@ 800 Q. = - - .
= ’ 5 e & 02
-g . v -S i -0.0F 5 L
?; 700 g K -0.4:
;: P't : o | 8’ L L
r _~ > - 06T
F s R o F 021 1 T <B>=15G
600 o8l 1 1 e o b
[ 5 - 0.0 0.2 0.4 0.6 0.8 1.0
' 2
<B>=0G Stepan+ (2015)

More geometrical complexity
of the transition-region plasma

-0.10-0.05 0.00 0.05 0.10 -0.10-0.05 0.00 0.05 0.10 -0.10-0.05 0.00 0.05 0.10
wavelength [nm] Kano+ (2017) .



CLASP Science Highlights (Polarimetry) T T T ]

Constraints on Geometrical s :
Complexity and Magnetic Field ° _
' : ' ' ‘ ’ 7 Stepan+2018, Trujillo Bueno+2018 . . | Original 3D model |
;wwhvmvﬂvnn A, ,AI A I gl_.q”a; 01 02 03 o.4u 05 06 07 08

observation 3 ! ' ! ' ! ' i
=8 v=1 (CLASP resolution)
2 i
1Lk i
0 7 A /u\u\ po iy Ay A"‘ /\‘MM" =4 !\‘M A"V‘Aﬂv
A A VARTEA TR VAL T T
1k i
Best Y
A 1:2 - —2 | =
0 945 .
g _ 1 - 3L B increased
Wlt <B>~7G 1.0 s 1 0.840 | | | | | | |
: 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
1 0.735
7
) 0.630
5 0.525 # .. 3L 1 T T T T T T ]
0% 2 Original 3D model B=1,v=1/4  (CLASP resolution)
1 {0420 % (Carlsson+2016) 2 L _
1 ({0315 1} -
g — * —
40210 Q 0 \/«\ WANZASN A NP nur—/-\ — mwm —
1 [H0.105 S a1} .
0'1 ] \7 0000 =1 Geometrical complexity increased A
0.0 0.2 0.4 0.6 0.8 1.0 -3 . (atmosphere is compressed by 1/4)-
1-(1+(B)/Bn)~ o1 02 03 04 05 06 07 08

n

[3Y]



CLASP Science Highlights (Polarimetry)
How to Disentangle Hanle effect?

 Focus on Stokes-U, which is only affected by the local anlsotlr/c()jpic radiation field
X

— + and — distribution is due to the local scattering
of a bright structure

815
810
805

121.50 121 55 121 60 121.65

o
N
o

Y (solar radius) [arcsec]

wavelength [nm] X Stepan & Trujillo Bueno (2012), R. Ishikawa+(2017)
« Compare three spectral ranges with different sensitivities to the Hanle effect
Lya wing
(By=c0, NO Hale effect)

00ksi | v 3
10.0 ,;_(B'j;ZQOG) Lya core 1

: (B1=53G) :

1.0

0.1 . NI )
120.5 121.0 121.5 122.0
wavelength [nm] 23

f
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CLASP Science Highlights (Polarimetry)
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CLASP Science Highlights (Polarimetry)
Observational Evidence of Hanle Effect

 In Lya core and Si Ill, U/l deviates from the positive and negative
spatial distribution as photospheric magnetic flux increases

CLASP/S] R. Ishikawa et al. (2017)
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CLASP Science Highlights (Polarimetry)

Bi-Product : Lya Imaging Polarimetry
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Magnet-Optical effect in Lya wing (Alsina Ballester+2019)

can be a diagnostic tool of magnetic field?
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CLASP?2 Preliminary Results

Detection of Scattering Pol. around Mg I1 h & k

Temporally & spatially averaged

Temporally
averaged intensity
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Wavelength structure of Q/1 is consistent with the

Temporally
averaged Q/I
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theoretical prediction (Belluzzi+2012).

— Mg Il k shows the strong scattering polarization while Mg 11
h shows the exactly zero at the center.
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CLASP?2 Preliminary Results

 Clear CLV in far wing
Presence of CLV is not clear In
Mg Il kK wing & core

Further investigation & discussion will
be in Rachmeler+ in AGU
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CLASP?2 Preliminary Results

Significant V/I over the Plage

Temporally Temporally

averaged intensity averaged V/1
" AR AR B T X RS BN g [%]

T

120
: I Temporally & spatially averaged

——————-—- 1.0

:::::

Would be induced by the longitudinal Zeeman effect
Many spectral lines (Mg Il h & k, Mg Il triplet, Mn 1, etc....) show V/I
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Conclusions: CLASP & CLASP?2

Demonstrated that high-precision UV spectro-polarimetery is feasible & detected
scattering polarization in UV

As a diagnostic tool of magnetic field
— Multi-wavelength spectro-polarimetry (Lya & Si 11l in CLASP) can be powerful tool

— Improvement of solar atmospheric model is required.

Remaining issue: clarification of importance of Mg Il k line

— How V/I can facilitate the inferring of the magnetic field?
— Simultaneous observation of scattering polarization in Mg Il k and Lya can provide the

useful information?
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