Chinese Physical Society

%ﬂ *ﬁActa Physica Sinica

Institute of Physics, CAS

B R EEER P IERER R ST E R
5L

Laboratory study of non—ideal effects in magnetically collimated astrophysical outflows
Tao Tao

5] Fi{5 B Citation: Acta Physica Sinica, 69, 195202 (2020) DOI: 10.7498/aps.69.20200559
TEZE 71 View online: https:/doi.org/10.7498/aps.69.20200559
BHAPIZS View table of contents: http://wulixb.iphy.ac.cn

FEAT ARG HoAh S

Articles you may be interested in

PR REAEROR A R T A R TR RIS
Sedimentation of two non—-magnetic particles in magnetic fluid

WIFEEA. 2017, 66(16): 164703 https://doi.org/10.7498/aps.66.164703

HE TGRS 9 1 TR AT 1) B2 - BRI T S A IR R R S A %

A modal interferometer based on single mode fiber—hollow core fiber—single mode fiber structure filled with alcohol and magnetic

fluid for simultaneously measuring magnetic field and temperature

YIBR2AHR. 2017, 66(7): 070601  https://doi.org/10.7498/aps.66.070601

FP- 1R B R TR N R gl ) 27 ad R Y — G 1A 2 A 4L
One—dimensional magneto—hydrodynamics simulation of magnetically driven solid liner implosions on FP-1 facility

YrHE2E 4. 2018, 67(8): 080701  https:/doi.org/10.7498/aps.67.20172300

I\ =) W37 | Richtmyer—Meshkov AN g PEAILEE

Mechanism of longitudinal magnetic field suppressed Richtmyer—Meshkov instability
YIBR2A 4. 2020, 69(18): 184701  hitps://doi.org/10.7498/aps.69.20200363

B 52 G K S A A T 0 SR A — AR A )~ A

One-dimensional magneto—hydrodynamic simulation of the magnetic drive isentropic compression experiments on primary test stand

YA 2018, 67(3): 030702  https:/doi.org/10.7498/aps.67.20171920

ST R A5 B TR SR DR AN B 5 | 1 S8 5 Wy R
Physical characteristics of ion extraction simulation system based on gas discharge plasma jet

WIFAEA. 2018, 67(18): 182801  https://doi.org/10.7498/aps.67.20180919


http://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.69.20200559
http://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.66.164703
https://doi.org/10.7498/aps.66.070601
https://doi.org/10.7498/aps.67.20172300
https://doi.org/10.7498/aps.69.20200363
https://doi.org/10.7498/aps.67.20171920
https://doi.org/10.7498/aps.67.20180919

¥ 1B ¥ Acta Phys. Sin.

Vol. 69, No. 19 (2020)

195202

BEAL KR B P AR R B SR 5

=R

e B

(h EBEAR AR, YR TS

NHPEEER, A8 230000)

(2020 4 4 A 15 BUE]; 2020 4F 6 A 18 AU EMEHH)

T L P 3 R ARSI A0 B T ALY, & A ROHE © 7R TO'G 55 88 1 A S 0 vh BT i 9 B E . AS SO
A T LM U FERE SR AN R A L £ SE R S AL, G i RO O A B TR B TR A 5 [R] Ve JRIFE K

SRR, DAL I 86 HEAL SO0 0 e BT S A
JHI A BHAELRE U A A5 0, SN BT B

A S . ARG R T BRI R il A AN A Jin 5 /i 37 B9 AR AR
25 o R 0 3 JE e B B0 SR S IR T R BT I o B4 A e

?}”*MBUI SR BV BT ASH AN 45 i, 2 - TR 3 ) 583 T A T R DA TG R A 3 M R B R OO S

ST RE RS
EH* 5 EHER, AT RE

I A WA A B A AL, SRR T AR BRAR KON fiE

TG R AL BA 2 2% 5

SRR, A 7T RE PR ik o S e A S J A DR RS b I T R R PSS A e L 553 7
K AT BUR A 2 v i S A A BRIE I 1A, DL i 1A Sk B 14 6 0t M e . AR S i
FAHE FARGN L 0 BLE R A8, X RIEE AR AR X i R AR S

KGR : RSN, WEESR, SRR, Rk

PACS: 52.72.4v, 52.65.-y

1 5 =
ST R B R, Lk A
2 i) JE BB L s lmmf%ﬁ EEYE TFAL 25

FEX IS MRAEAG G — B BE B )5, 8 2 00 O 225 R0t
FREGMIEA . b fE &2 (protostar) B4R &
(young stellar object, YSO), ‘B &4t T AR B
0 S AL 11 g I TR AR ki 4 A W AR, DA K L)
¥ ngjilﬁﬁﬁ HhCs | A TR ) A 2 ST ) S 3
(jet); 73 —HRXRATRIRE = (planetary nebula,
PN) DNIFESE B H 3 5 B ) 8 R o B2 A e A o B
B, HESEZ W MEor | MigAl | fE B
LA P BRI T 80% WU ) PN 4B 5k Hh i
B I ME ELRRAE. — B SO B, S it e E AU
DRFAESE S AR T, LSO A P UL S T ] il A

DOI: 10.7498/aps.69.20200559

Jot. ABAR SO G Al i 2 R BRI, {HIE AT
ﬁ/ﬁi CHPRAY S E EXT SR, SRR AN PN A DL R
NN

DA b KA o B S AT 1 45T AN 52
R, (BINARY RS W Al R, 7%
TR AT REAHE T E A E ] WE s OB B ik T 7ES
AR GER R NN, SERIIE RS B O ARRE 7T LUK
WRAE7/IDRET A ESY) IBUS 1 W AN L R
RS R SCERAL (auw) LA, fEE ELAL] )
REAZ IR/ IMZO KT U, R = 5O M
IRE P AR SEREY P RER IR T IR RSN
18 % B ALSBONE B AR P 2 ] PN ol 0 4 T 40 T
R0 SN A R B B, BB RE B A BT K
SCHAALLL L, RS S S B 32 A i) 23 5 4G, G
FAAVE I RERS e ER p K BE Bz 8l LA LAY
B A ARG T ARV A 2 . 3 M A2 AN

*orpoE Bl 2 B SE 5 T I (it ME 50 XDB16000000). [ K A R B2 L 4 (MRS 11475171 R A Bk AR (dE oE S

TZ72016005) %% B RS
t BIEVEE. E-mail: tt397396@mail.ustc.edu.cn

©2020 HEHEFS Chinese Physical Society

http://wulixb.iphy.ac.cn

195202-1


http://doi.org/10.7498/aps.69.20200559
mailto:tt397396@mail.ustc.edu.cn
mailto:tt397396@mail.ustc.edu.cn
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 69, No. 19 (2020) 195202

B e e A, AR R iR GRSk
WNINRLHE ELRE, A R FEME BT AR AR AL
FEATHTRE b, (E4 S5 B A — 2 i B S i 2%
YN I DT R BB s o — R R
B, BEYROR E R E e = D YSO PN
Y I H AL T BRSSOl FE SR 2. L yOkE
T KA B IR A% BT E LA B A ) it Ak 1) 4
SR R (R L 58 4 A B 2 MR R ) B R
R B RCH Y, SREEY B MARA EBER AN Y
WE RS E AL 4%

7 A 1R R ) T B D T R AR O
TESZE 28 Xt IR RARSNA 0 3h 1 2 AL A T AR
AR -1 BORIFST . 3T M AR G AR AN AR
AR TR | 28 18] KA KR 4 ik, 5 5206 == Ak
N AN OE S RN E N M A & TP
T AR . B Lebedev 45 12 5% FH 22 [ 7= 1 91 58
TR P A5 AR, o % B AT A A i S A AT
] P45 = K AR L 454 ;. Albertazzi 55 514 ik vh i
RESINER T A B R B O A B TR I,
FEHET ARG AR 25T, FEBCT N RD A S 56 P
6] N, BRI T AN RE 7 20 RO B 537 ; Behera
25 L SR FH E AR L B B K se s it a) (4G
TR B ARSI S B TR, IO S5 B T AR b
YR . AR SCTAE RN ST R T Se S0 58 KA
YL a2

ARSCGH B S 8, AP T O T
A B4 B TR AN I ELRE S i 3 2 k.
1 B T R R AR AL 5 A [R] B 98 H RN g 4 #%
SRIE, WEEE T SFEHLAT, SN A PR I ARGk
YEELUR A IS R SR B T SR AR AT, SR A T
1 A R HE RS R 432 S TC R WS EUE

0 EE, AR R S SR S AN L R

A S A 0 S 2 R AT BAR R m i THRR,
A T AR PRALON 5 B8 ARSI R BRIS S AL S
U525 5 A T R A Bl R e O U LR T R
JRA, VL RAT BAR 2 = “ansae” 544 Y TE BUHIL ).

2 WONEHTESR G MAE F A
R i

AR SCR FH - T R I 1) 1 5 1 DAy e P K A e
LA SE IR A ARy IR A 45 B A LT
EF R RSO VPN LN /A=Y 2 IV ETPN

FREIA DN s By, Y S s 4 18]
LA ] BOCA ST, P20 5 P
oy AR T — S, R RO N B A A4
et by v A ELEL AT e T2, DI R 7E R SCoh
KGRNS5 s K R N
AR, BRI R TR, B4 B TR
SR (beta {H) /N T 1. SLEFIRLLL 7R
TR P B BRAE RE R R BL S UG L S
MR, WS T R T P A 5 A SR FERL, AR
SR B L TR I ) e T A SR

2.1 FETFEERAIERBRRAEELL

AR SCAH FH AR 17 o FLASHUS, & n] L7
£ M2 Aabn 2 09 Z2 R ChE (A% SR A =l A
AR TR, B AL RERAT  F E R
“iRfER RG], HAVPMELMRE T S0
Yy o L B L AN W B . HL ey AR R A
K, A S IR FME, AU S 2 R i Fe:
% (pEtot) +V- (V (pEtot +ptot) - B (V : B))

= Qs — V(g + qraa) + V(v 7)

+V-(Bx(nV x B)), (1)
Hrh, p REE, v 2HE, BREWY, r RFHK
W, Qe AIEOCTURRERTE. BRER B WEFESh
fE. IR N BE . WE S RE % B 2R, B
Diot IR R T2 . Hor ) J2 Braginskii filf
TR T SR BB BCRELG 0 (em?/s) =
418 x 10°2In A(Te (eV)) "% e Fil L F AL B 3
g, TP YA B AR B B 7 | AR X £ InA
FL T T )RR, RIS 7 R P SR R I R 1.
FRIHL Graq 5 E V) F 2 17 45 B AR B2 25 B2 1 1Y)
A7 B RE A P e 119,

B PO E MR LR R IEAS (-2) 4T
T, BB 300 mJ, P 532 nm, ik st a]
e R A, 2 4 0E 7 ns, BAENAR 37 pmpm,
W DR 1.41 x 102 W/em? 15 50358
8 T8I L (+2), BARGEIE O (R = 0) ehs
XIFR. 5508 B B TR A R EA R B S
YHEZS, SRS EWT/NE p = 5.0 x 109 g/cm?
M BARER S, Tl A A e A2 He &
SO FTA YT 55 R A IR A, SO [ A
WEE. BRI A (outflow boundary)
DA SZ AR S A RE S0 S S IR X

195202-2


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 69, No. 19 (2020) 195202
*ﬁ?ﬂﬂ‘]éﬁ%%%ﬁ[@ 1 ':F‘, Fé—] 1(&) %i’\‘ﬁ@% (2) 0-5T55as T~ V-5 TPEa10 ms
LA R T 7 B0 S 7 AR 1 45 B TR Il G A 7Y 0.4 5204
SPIEAK. AL BRE ST 4540 R O, P-4 El
0.3

T 4.67, P LR 2.67. i BR Al ik 4
B IRG JEd R: E RO RE R TR R A A
BRI, R Y A RSB0 B N e A R 25 B8 1A 3
RE, PRI HC R 37 P B B3 S K, 5 ns I R
TR A F R AB 2 400 km /s; 355 Sk SN K HE
T setid ), Wi R SO _EE B R T AR
BE AR | R R (s N RE T 9 S 3
il p?) 5HMRBE, 10 ns B A] WA
JEE A A N BE TET AT S, 1) AR SRy 5 N SR AR DT
15 ns B RE [ 4078 o0 A I SR R4, TE 5]
HEIR 0 bl W 25 A0 P SCAE TR B PR ) )
HGH, TR AR LA SR I LY 500 km/s /Y
O 1) R R AL HE . i U s N LR H T O
5.0 x 107 cm ®, BE[AIATIA 5.0 x 10" cm 3.

& 1(b) R s P A 25 AL, R
28, FLATAY 14, AR S HA T R 1Y) Rl R SR
B (55 =K i A X Se R HUAR I Y 5 ). 7E
5—15 ns N, REHL™AE T SRS = H 5325 1]
S5K: SER TR A iR I PRE 2S L AR
T SR T HE AR = AR (R BE | AT S o ) S
Uit ANk A P HE T DO R SR R LR, TR I A
PR RSTAY/IN. 3K —TJ7 T2 TR SR 2RI TN
S48 B AR AL B DT N, o — T T AT
R T e b T B T R SRR 7R R X
TESREAR LR ATHE T, AR R 2 7 R IR
(EE%ig=y

& 1(c) fiff FH g Ji o PP B0 B, AR 5 181,
FLfr i 73, AT LA AR ORI SR FE 0SS B TR, fE A
WL Py SR s ) P BRARION e KAk 5—15 ns ZE
B AR AR B N, BH A B IR 40 A A B
ANTHTPAFREE. SR 22 502, AT ANBEIE i )l
AR ) =L S, N REIE O 1 B A G f
R EE TR IR . 0 0L T 1% vy % A 8 1) S I ik
VEHE T T3 2 5.0 x 1018 cm 3, i kit
HEEZ) 200 km/s, 5 120°L)_F A KK A 2K Tk &%
A O T A A A AR — i ST A R
1.0 x 108 cm 3, ¥ B KB H23E 300 km/s. 528
JE VA1 5 4 T % B A 2 [B) S A A 2, [) Bt ] 2%
fKZ 10" em 3. HLIAMNA LS 7E 2B S, %
JEE5C H A 0 R B B 0 1 R 50 R Sk % B

195202-3

500 km/s} | 1 @

0.1 0 0.1
R/cm R/cm
0.5 17— 0.5 77—
Si@5 ns 5 m20 Si@10 ns Si@15 ns
: o
0.4 | 04
0.3
g
L 0.2
N
N
0. '::';|j§:'lrg'r.::::
0 T
: 12

0.1 -0.1 0 0.1

R/cm R/cm R/cm
(c) 0.5 0.5 0.5
Ta@5ns _ o0 Ta@10 ns Ta@15 ns
0.4 2 o4 0.4
» W17
0.3 0.3 0.3
:
< 0.2 0.2 0.2 H
N § 1
0.1 i 0.1 i 0.1 e
e I'-:I_I | 'n-‘._l .t
0 ' 0 - 0:7:Y !

0.1 —-0.1 0
R/cm

0.1 —-0.1 0 0.1
R/cm R/cm
BT OB EARSE™ A 55 8 TRTE 8 T RE LT
2% P I B] AR, e =50 43 39l S AR X EOG B T IT SE I 5 ns,
10 ns. 15 ns. ffi FA¥EARHA (a) PE 8RS (b) SifEHE;
(c) Ta 4HH. HOLHY R = 0%l ih =T AN, BETHIEH
KPR G R =0, Z = 04k, WITRRES 7 19 5 BOEFAT,
I 50 FE TS

Fig. 1. Electron density evolution of laser-ablated solid tar-
get plasma embedded in 8 Tesla of external magnetic field,
three rows correspond to 5 ns, 10 ns, 15 ns delay from laser
rising edge respectively. Solid target materials are (a) Poly-
ethylene target; (b) silicon target; (c) tantalum target.
Laser incident along R = 0 axis from top to the bottom, fo-
cus at the center of the flat end surface of target cylinder
where R = 0 and Z = 0. Initial field is parallel to the laser

direction, and uniformly distributed across the domain.
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Fig. 2. Schlieren image of the silicon plasma outflow, 10 ns
delay relative to the rising edge of laser. Gray scale count
increase as the local plasma density gradient becomes lar-

ger.
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Fig. 3. Electron area number density of Silicon and Tantalum target around 10 ns delay, obtained by femtosecond interferometry.
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Fig. 4. Line-out plot of plasma poloidal velocity (positive
value along +Z direction), electron density and average ion-
ization along outflow symmetry axis at 5 ns delay, individu-

al values from CH, silicon and tantalum are included.
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the simulation domain at 10 ns. Target materials are (a) Polyethylene; (b) silicon; (c) tantalum respectively. Dashed lines indicate

the boundary of target materials.
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Table 1. Dynamics and dimensionless parameters comparison between laboratory plasma and related astronomical outflows.
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Fig. 6. (a) Radio observation of a classical young stellar object HH34, the collimated jet is embedded inside a wide-angle outflow

component, the jet originated from the inner region near the central star and extend 2.0 x 10* au of distance before termination

(original image by ESO, annotated by author of this article); (b) planetary nebula M2-9 possesses a pair of point-symmetry bi-po-
lar lobe cavities, with bright “ansaes” at the inside tips of the elliptical cavity shells (original image by ESA/Hubble & NASA, Ac-

knowledgement: Judy Schmidt, annotated by author of this article); (c) laboratory plasma transformation from diamagnetic jet to

magnetized density clump, structures show similarity with astrophysical objects.
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Laboratory study of non-ideal effects in magnetically
collimated astrophysical outflows”

Tao Taof

(Department of Engineering and Applied Physics, University of science and technology of China, Hefei 230000, China)

( Received 15 April 2020; revised manuscript received 18 June 2020 )

Abstract

Central outflow’s collimation by magnetic field is an important theoretical mechanism for explaining the
astrophysical objects’ morphology formation, and its credibility has been tested in many laser plasma
experiments in a dimensionless manner. This article introduces integrated simulation and experiment work
based on the present laboratory magnetically collimated jet framework, to explore how non-ideal terms’
strength including radiative cooling and magnetic diffusion from different targets can affect the outflow shape.
The interaction between outflow from a target with low atomic number and external field satisfies the ideal
magneto-hydrodynamic conditions, and the outflow shape results in diamagnetic cavity and jet; on the other
hand, a heavy element target brings strong magnetic diffusion that destroys the collimation structure, together
with the stagnation of outflow introduced by radiative cooling, and outflow shape results in weakly collimated
hemisphere near the target and a detached magnetized density clump. The detailed dimensionless analysis
shows that the large-scale dissipation of jets in young stellar objects can possibly be an analog of the laboratory
jet’s magnetic diffusion breakup, also similar structures like the loosely collimated lobes and bright ansaes in
planetary nebula can be observed in highly diffusive laboratory outflows. This article shows for the first time
that a series of non-relativistic astronomical outflows’ dynamic behaviors can be explained by the non-ideal

magneto-hydrodynamic evolution of laboratory plasmas.
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