Chinese Physical Society

%ﬂ *ﬁActa Physica Sinica

Institute of Physics, CAS

ET B T B 5 0 e 2t T R4 7, T I SR SR
W EH rhi RITFE FH RS

A modeling and inversion method of spin echoes to measure magnetic resonance sounding transverse relaxation
time in surface applications

Yang Yu-Jing YeRui Zhao Han-Qing Wan Ling Lin Ting-Ting

515 K. Citation: Acta Physica Sinica, 70, 063301 (2021)  DOI: 10.7498/aps.70.20201427
TEZE [T View online: https:/doi.org/10.7498/aps.70.20201427
BN View table of contents: http://wulixb.iphy.ac.cn

FETT BRI HioAh S

Articles you may be interested in

FETF LB R RSA % 0 IR T2 R A 5 S5 8 v

Sparse inversion method of T2 spectrum based on the L1 norm for low—field nuclear magnetic resonance

YA 2017, 66(4): 047601  https:/doi.org/10.7498/aps.66.047601

i T A% 2 i H AR el SRR 5 5 ) 2% T 5 v
Characteristics of surface nuclear magnetic off-resonance signal and complex envelope inversion

Y247, 2018, 67(1): 013302 https://doi.org/10.7498/aps.67.20171464

s PR PR AR R KRB AR BB B oA

Numerical simulation and analyze of magnetic resonance sounding with adiabatic pulse for groundwater exploration

PIBR2E4. 2020, 69(12): 123301 https://doi.org/10.7498/aps.69.20200015

FET WA G0 ARG IR B S R i 7 1

A method of measuring micro—displacement based on spin magnetic resonance effect of diamond color center

PPz 2018, 67(4): 047601  https://doi.org/10.7498/aps.67.20171914

1.5 TR RGO oL AR Rt RS
Design, fabrication and test of superconducting magnet for 1.5 T dedicated extremity magnetic resonance imaging system

YIBR2AHR. 2017, 66(24): 248401  hitps://doi.org/10.7498/aps.66.248401

FEXSFR AT AR R B BRI ARAT A e e
Ferromagnetic resonance frequency and spin wave mode of asymmetric strip nanomagnet

PIFRZEAR. 2020, 69(5): 057501  https://doi.org/10.7498/aps.69.20191622


http://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.70.20201427
http://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.66.047601
https://doi.org/10.7498/aps.67.20171464
https://doi.org/10.7498/aps.69.20200015
https://doi.org/10.7498/aps.67.20171914
https://doi.org/10.7498/aps.66.248401
https://doi.org/10.7498/aps.69.20191622

) 32 Z 3R Acta Phys. Sin. Vol. 70, No. 6 (2021) 063301

T B e B i £R 0 iy 3 T 4 A i

T, iEIER
BIFE Y

BESY ok

i R AR

TR AR

1) (EHRAESF - SR A TR, K& 130061)
2) (MuBRAE BRI AT AR A SRS (FFAOR), K 130061)

(2020 4£ 8 H 28 HUk#; 2020 4 11 A 20 H U2 & k)

VRN 26 M BR Y 7 ¥k 22—, MU T R SR B R B AT BRI DL 4. (FL by T DG o ) 5, A G A
S TT IR R, AL GER A BN R D8RI D7 i AN ASORS BE AT B, LSS R PE R 2% . I AR R, T I IR0 15
LRI A 1) 5t T ANF 15 2 e TR P AR AT 0 W S AR AR SCHE R T L R A R B S E BN 5 S AR
V) 2 78 75 58, RIVI 3k A S {20 e 5 M 1 90445 5 by o ] Jml 78 e 2 s ) Ol sl O R I g A 1) AL, SR 9
S (L 208 SV A ) A A AR, IR () e 3 AR Sl B AR — 2D B T s (] SRR PR R JEE . 25 5 AR LR ML
X 2 B S 2 R A B B, S B R X I R R 1 st BRI [ A4 A R I G e AU B A S0 O E AT
B B, TESE TR RS R ARIR 2 B K & 1.5%, B 1wl st 7 B AL I R 2% & 0.02 s, A SCI ST K
SR R Sy i AT ) 5t PR S ] R0 B AR S B e i % T ik A K S S5 i A T T A AN AR A T S A

REEIR: HUmEEILIR, AN, T RS IE R, Stk as [

PACS: 33.25.+k, 76.60.-k, 74.25.nj, 82.56.—b

1 5 =

i e ANATTHRI M 7K 32 ZE SR ) 2 F v R
Tk O, S I 25 K A 3 o S K S R A, A
TPEHT LT K P RAERAS, SR 25 AR A ] 42
Tk, Jovk EAEA LT KA T | AT, B
MELA RIS IROK 2 A C S8, A L TR S g I,
MR IEYR (magnetic resonance sounding, MRS)
HORVUHTCHR | S A7, B i BRI 3, 9t
Tz T T KR | 7K I b Jo 3 S
S OL R AR SR B SRR it n M 9
(Bo) s N BYPISRIUR (fo) 280, Wk A H
KSR AL RS, BT HAE R T KA TE &

DOI: 10.7498/aps.70.20201427

i MOHIRAARAS. R SS IS, W SR T Re R
FEHE A H Y B K (free induction decay, FID)
5%, HARIRIE | 345 g s 18] 7 435 5 T &
K w, M AR AL B o3 A5 A G 081 ARk M T
MRS HHCH I 5774 H i, HiFEEEAR D
25 B AT B — 4 2 R BRI A 5 S S T Ay
B 4 = YRR O SR, A2 K eI R
FEFI BRI, A HARARIBRAE w S Ty BRI K i g,
TER SRR E RIIASE T, FID 55 5 32 T ekmitE
I T RE M T R WA R ), 38 B 7K 25 A AT
RZSAI 1R 25 B R (14161,

AL S FID 400, 3£ A HE P (spin
echo, SE) 15 5 B 1] gth 72 B (8] 7o $8 00 585 )07 P4 o
58, ARERS SE A HERf AT T T K LB A1 | B

* EZE BRI (HEES: 20019YFC0409105), E 5K A AR R 4 (HbHES: 41874209), H A F AR BOCW B (LS
20180201017GX) . T HA BHET EBRS/ET H (S 20200801007GH) I Ak A2 AN 7 &R (S 45120031D015)

e B IR
t BIEMEE. E-mail: ttlin@jlu.edu.cn

©2021 HEHEFS Chinese Physical Society

http://wulixb.iphy.ac.cn

063301-1


http://doi.org/10.7498/aps.70.20201427
mailto:ttlin@jlu.edu.cn
mailto:ttlin@jlu.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 Z 3R Acta Phys. Sin. Vol. 70, No. 6 (2021) 063301

AR N0 H K A% S A 55 B 22 /K S0 5 {7 B
D77 ThG B — e ¥ ) L2 2 H FiTHB T MRS 45
ol Py ] A R S AR v R T Y R [ 38
PRI 751 23] AFARL, i T i 1 400038 1 2 4
XK i 5 2 ik i CPMG. (Carr-Purcell-Meiboom-
Gill) 741 PA2T0k S8 A OiE [R] 9 04 TR
A, 152 T K w F1 Ty 5047 . BEE A G IN 7F
REgEEH, S Sk J CPMG JF51 & ST D BERY
T MRS X% iz i AL PO Hil TR TAERE £
TGN R S TR 5 Y BT 2L, ARG AT M
fife R I C W kR, 5ok A SR FID {55
TR WS, BKs SE 155 28 W (E L& ZeAE R iy
5, HAEAARCER AR, JRIBOHZE 5K AF B0,

R T S bl T R K R AR, S AR
SE 5 #8175 5., 2014 4, Grunewald 45 19 42
T IHET LM ) AR - AR L MG 1Y) Ty S AE SR,
BBy Sl i 25 B 53 f# (singular value decompo-
sition, SVD) i P K I [ Jié [m1 45 = 5 Dk v
B8] B PRER G RS e 2 5 R IR AH G, 45 3 T K
SE 7155 bR g AE LS R K SE 2528, 5K
B oM LAER. AL, EEET T oM
T SRS RDCR, ARGE % T 5 S I
FE - T G TR 7 AR B R R 25 RN, RAR
SVD JiiETH AL BRI B AR DT 8, (B 5 2 Bl 8
S P ()5 0], XEE LA 3 S5 2 R TR L ARt
O {1 249 o 5 SR ] A 0 3R AT b R B 11 254
T B SRR A IG B0, R BRI TH 32 e s 1
P, HAFTERR A BA K SCHb i SC % T
R, CHEEWESE w X T AR,

BEXTLL B IR, ASCE e 41 T Hii MRS H
JHRE [ 9B T G AR, T T R R T
HA, BT Grunewald 55 19 2 119 T, S HE
OR, BT Mol SE BB B SVD AR
JUEE ORISR R, e R E R, AR TR R
FRIEHEREEFAR (simultaneous iterative recon-
struction technology, SIRT) /£ SVD (1) J5 £L 4k
FAL IR P e i i MRS B0 i BEks B A SOl
TN — 25 SE BRIAEHL TR MRS Sk 1
I, IR DG I T8 EASE R S S i 7 ek g2

2 M A AR AR W G RN R 3

2.1 fESih mag PRI N R I8
o MRS £E00F] T 7K i SR ) H e

MG, HEdE Mg (PSR H By e
wo = —|Bol, (1)
H, wo = 2nfo, v LT KSR ARG L.
A 5T B AT A LA B R WL REHE M
HOREBE RN Mo I LT AKAFAE, A %
T b 1 2 P R R Tkt SR AR STk ke
RER TTHE AR A, MR et b 2 i Ot 125 57 1)
I, M 3BT Bo J7 1) 73 B ROk 0% B 1) Ak
G :
Mg = Mysin (), (2)
L, 0 MBS, 0 = —yq|"BE|, Hrh ¢ WK
ok bR, R S UL R T R S R N R SR TBT
RN AS L L AR R A ELT Bo IR 1%
A [ [ 73
BRI, M VLSRR wo e T 11 313
RHEVRAS CPEPIRE), BEBOS AR ALY, Bh
MRS 5 5. fEizad fe b, i i H 7y (G 10 st 5 g
[6]) . To 55 2 HU ok S5 5 2% 0 W 2 - i 2 o
(B ). TV 5 T nh M4 (Ghn)) | T H
(B 10]) T Bo ok, AR W) Ih V- AR ZS I 6] 3
WA R 5T KAYFLBRIE | B R G

2.2 HhERZHEIREE E IR IR A R

Wt FID {5 5 W 2] 1) Ty 5 Ty AL, 385 8
FAEH T — BN &R T T R MR, 2
PRI AT TS BAS i 2, R4 T MRS
SELASIZEL Ty RN T BRI, 385 AN T 3 R T
I3 5 A 48 BE AR 4 Il S 3 i R O R A
KA S R R A AR, (R T K LB | B
B R B 83031 Z lB B RIS G A R A
JE TR E BEBOHAE T, B8 Ty AR To kA7
TG DL B i B = A B KR 22 . HAROR U,
Ty 5 To A S R 0] T XA 200

1 1 AB
Tiz* _ E + Y . 07 (3)

Hr ABy WHbEEIH AN SRR EE . XA g 5%
T (MR ATEAERRREEAN ), (3) 8 3l Z
BT, Ty AT REAR Ty . (H 2 MR AN 21
T, (3) X I A AE S BTy i/ N T Ty . MR
B Ty BRI AR Ty, AN 358000 e 88 0 —
SN (SZAXL AR Y XS R] R0, {55 b 422 WAk PR
), T ELARI 4 R FLBR AR N T SR

063301-2


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 Z 3R Acta Phys. Sin. Vol. 70, No. 6 (2021) 063301

AR, MRS 40U T e 22 ik i
SRR R R B, AT SE 1751 T #RI4
BET 250 sl H, Mol SE {5 S 3a Wi £
A [ i ] (1) 58 A R o420 2 91) 4 5 R 22 ik ke
HELE R CPMG 581, X FRiHE, TR ERXEH
— R Wk, AE LI I 1A A [ R i) e g %) 2R
k. UL A 24 SE 17 S 4516 (E, R nl M
B R 1S To o0 A . TR ol 5 34
BN ) — 3 ok R SR BBCHEAS [R] B[] B T 11 SE
T, T LRI Oy 2R (R B[]
f&4¢ FID S5 i ). A b F XU b 4 & 7 91
CPMG J741 (] 1) H RN 80 bk i 55 40 [T EsE a] 7]
W8 11 22 o SR Dk P 2E i, 3 B R) BB S, RS
RIGZE SE 5. Hidf R « = 0B &Sk ik
g, WOR TR OK SR AR AR GRS P
LIS E] A T 1 FID {555 ¢ = 7, 37,57, - - - B Zl
30 A AR TRV R /N i B SRk o 2 (RN R i ik
2 45%), BIATH2ICHE ¢ = 27, 47, 67, - - - B ZI) 3K B 1
HZH SE {55 FXRRIRIZ TR, 430 & 5t
XROZEE R CPMG 741 (B KA, Feé
5 BN DI PN A R KRN, A E T XSUDK i &
T, CPMGFAIM KB THRNECR, F—20 4
o TR CENS MR R AR R .

Time

1 M TE @ e R CPMG 7 51k 7w 2B (Ch 3R AL
T, WA I S SE AR5, SR Ikl g, IF 8 B I ]
T RS Z ARkl 24, TR bkl E] 18] B S 27)

Fig. 1. Typical time diagram of CPMG apply in surface
MRS. Measurement for excitation pulse moment ¢ requires
a set of refocusing pulse 2¢ repeating for a defined 27 delay
after the first 7 delay and obtains a complete SE response

to determine the T, decay curve.
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Fig. 2. Excitation profile (2 A-s) for (a) FID and (b) SE responses in a surface MRS case with 100 m square transmitting/receiving

loop, 1-turn configuration. Color indicates the amplitude ratio of the excited transverse magnetization to the total magnetization.
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Fig. 3. Comparison of kernel function with 100 m transmitting/receiving square loop, 1-turn configuration for (a) FID and (b) SE
excitation. Color reflects the signal amplitude induced by underground water at a given depth layer corresponding to each pulse mo-

ment.
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Fig. 4. Comparison of forward responses for the same aquifer distribution, with 100 m transmitting/receiving square loop, 1-turn

configuration for (a) FID and (b) SE excitation. Color reflects the signal amplitude induced by underground water decays with re-

ceiving time corresponding to each pulse moment.
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Fig. 5. (a) Simulated modeling and its linear spatial inversion results employing SVD with (b) no noise, (¢) 3 nV and (d) 6 nV

Gaussian noise.
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Fig. 6. (a) Simulated modeling and its linear spatial inversion results employing SVD and SIRT with (b) 3 nV and (c) 6 nV Gaussi-

an noise.
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Fig. 10. Linear spatial inversion results of SVD method for synthetic surface MRS experiment data with 3 nV Gaussian noise pol-

(a) HoF 7K SE i i il TR JBE B 4 Wi [a] 9 224k ;

luted: (a) SE responses of underground water separated as a function of depth z and decayed over time, while the amplitude scale to

water content; (b) and (c) are the subsurface w and T, distribution fitted (mono-exponential) from (a) with a time window of
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Fig. 11. Linear spatial inversion results of SVD and SIRT method for synthetic surface MRS experiment data with 3 nV Gaussian
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noise polluted: (a) SE responses of underground water separated as a function of depth z and decayed over time, while the amp-
litude scale to water content; (b) and (c) are the subsurface w and T, distribution fitted (mono-exponential) from (a) with a time

window of 15 ms.
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Abstract

Surface magnetic resonance sounding (MRS) has generally been considered to be an efficient tool for
hydrological investigations. As is well known, the effective relaxation time T5 which characterizes the decay
rate of MRS free-decay-induction (FID) signal and is used to measure pore-scale properties, is particularly
limited for several special cases (e.g. areas with magnetic rock subsurfaces). Recent years, the transverse
relaxation time T» obtained from spin-echo signal was adopted to implement the surface MRS, and showed
great potentials for estimating the porosity and permeability. However, owning to the short period of
development, the related modeling and inversion strategies are rarely introduced and summarized. Actually, the
general practice for surface MRS 7> measurement fits the spin-echo by the exponential function and the fitting
line was directly used as the FID signal for inversion. This scheme not only limits the precision of
interpretation, but also loses part of valid information about original field data. Aiming at these problems, in
this paper, we introduce the calculation of forward model and thus a two-stage framework with singular value
decomposition (SVD) linear inversion involved is derived to quantify the T» distributed with depth. Considering
the fact that the inversion result of SVD is always strongly affected by the noise level, an improved method
which combines the simultaneous iterative reconstruction technology (SIRT) with SVD is proposed. To be
specific, we compare the measurement schemes with kernel functions between 7> and the original theory in
MRS, and then provide the forward and inversion formulations. In order to substantiate the effectiveness of this
method, we conduct the synthetic experiments for Carr-Purcell-Meiboom-Gill sequence and explain the dataset
with the mentioned strategies. As expected, the combined approach possesses a better performance in shallow
layer with an error of 1.5% and 0.02 s for water content and T for the contaminated data, respectively. With
these advantages, it is expected to realize the adoption of the SVD with SIRT in field applications and further
investigate the aquifer characterizations in the future.
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