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iR KSR ARk ABSTRACT

Scintillation Efficiency and Ionization Yield of Low
Energy Nuclear Recoils in Liquid-Xenon Dark
Matter Detection

ABSTRACT

Liquid xenon (LXe) detectors, among many direct detection experiments which
have been proposed and run in the last two decades, have shown particular promising in
the detection of weakly interacting massive particles (WIMPs), an attractive candidate
for Dark Matter (DM), by observing the atomic recoils after WIMPS’ elastic scatter-
ing on nuclei. The elastic scattering will produce a recoiling xenon atom, also called
nuclear recoil, with kinetic energy up to a few tens keV. It excites and ionizes xenon
atoms, giving rise to scintillation signals S1 through the de-excitation of excitons and
recombination of electron-ion pairs, and ionization signals S2 through the electrons

escaping from recombination, respectively.

Two crucial properties of LXe detectors are the so-called relative scintillation ef-
ficiency L and ionization yield Qy, which serve as bridges between the detected S1
and S2 signals and the deposited energy of the WIMPs in LXe detector. Leg or Qy,
together with the detected S1 or S2 signals, is used to reconstruct and calibrate the
initial nuclear recoils energy, hence study the properties of the WIMPs. The biggest
challenge for experiments to measure Ls and Qy lies in very low energy nuclear re-
coils, particularly at the detection threshold, where most of the recoiling events will be
if the mass of WIMPs is around several GeV/c?. In this thesis,the LXe scintillation and
ionization process are analyzed in details and a state-of-art theoretical analysis of the

Lesr and Qy in the very low energy region has been performed.

Based on Lindhard’s basic integral equation and the binary collision approxima-
tion, a computer program, which reflects our understanding on the slowing down pro-

cess of the recoiling nucleus in liquid xenon, is developed to calculate how much nucle-
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ar recoil energy is dissipated to electrons in the medium, hence produces scintillation
and ionization signals at last, which is the so-called nuclear quenching factor ¢, or
Lindhard factor. To obtain an accurate nuclear quenching factor at low energy region,
existing theoretical models and experimental data for electronic energy dissipation:
electronic stopping power S, are reviewed and analyzed. We improve transport cross
section method and re-calculate the electronic stopping power at low energy region.
The theoretical prediction for S, in liquid xenon agrees with the experimental data
very well. To evaluate the electron-ion pair recombination rate, the different behav-
iors for the electron-ion pair recombination process regarding electron recoils, alpha
recoils, and nuclear recoils, are studied and the Thomas-Imel box model is generalized
to describe the recombination behaviors regarding nuclear recoils. At last the recom-
bination rate can be expressed as a function of nuclear recoil energy and the applied

electric field.

Combining the electronic energy dissipation from the computer simulation and
the generalized Thomas-Imel box model, we predict the L and Qy at low energy
region. The predictions from this work agree well with the measured L.;; and Qy from
the neutron scattering experiments. The predicted L.s suggests a rapid drop when the
recoiling energy comes below 3 keV where authors have pointed out the liquid xenon
scintillation response should drop steadily at low energy. The predicted Q) increases
with the decreasing of the recoiling energy and reaches the maximum value at 2~3 keV,
which may be examined by experiment in the future and lower the energy threshold for

nuclear recoils to ~1 keV.

KEY WORDS: Liquid Xenon, Dark Matter, Scintillation Efficiency,
Ionization Yield
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$—% EURNERRNE WIMP YR T
MR

PRI S 20 B & 3R T & 25 4F “Philosophiae Naturalis Principia Math-
ematica” Z 5, TCHFMF T/EE N TIRZFHI RIS J1. £ XW—1%
MR EMIBSSEORTHI LS, VRN TA B2 2RI SN
AT R ERA RAR Y P . T BRI W PR R A SL IS M B R T %
71, KL R B AR AR EL AR AR Y BRI RS B . 52 A
L, FERARW BT, 256 SCRDS IS RTINS 58 0 — 46 B R S0
G, 5 AR ) R EVE I ESL B (galactic rotation curves) , 555 JJiE B
(weak gravitational lensing) , FH T 54 (cosmic microwave background
(CMB)), FH RKRJEFLEM (Large Scale Structure (LSS)), LA Ta 3T 2 1M
M (type Ia supernovae observations) [1-5], KICHIFRZZRAN T FH MG M2e H
T AR R . AR AR HERCRL Y A B SRR IR o, AR
WA R B A T k8 R P B A ) P Bl RE Ao 45 B BB TN 52
B, A ABF A T & KEY 72% IS RETE (dark energy) ,
23% HIIEE RGP (non-baryonic dark matter) AN KZY 4.6% B H 135 15
Y15 (baryons) Frédj.

FAE 1933 4, Zwicky FEMl & [ 5R3 2H Coma 1% 11 2% 1) o 1) I 7% 1L
20 S A TWE & AR KW 22 o N T AR MW 22, Zwicky 12 T IS
PRI MARZ S5, XTI 4 BORL 1~ B 14 BT BB 58 1 A B A B 2 B —
AGIANER B A A W) EE 272 G TR Gt RS AR PR AR 2 A 25 T4k
A IE MY PR . AR EIEE 2, KRITE S5 EAE R 7 (weakly
interacting massive particles WIMPs) BRI H , N — ARG A BRIt K
J i 55 A5 HAE R AT LAE R AR 2 S LR Y BEALRL 5 SR -3 H [6-8]
Felnisd, AEEEXT PRI (supersymmetric (SUSY)) , 4 B FRML 7T LA
SRR ZHOR PR S5 AE BAE R AP PT [9, 10]. Be B, REvh g5 EAE
KL — R i i i, BB AR S IR (Gev) EIBBHLTIREF (TeV)
Z 8], B 5wy ez 8] a] LUE A& 5 A 7S B0) 55 M BAE I Ak 7o
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KT SSAH TR FPRL7 T LAGE I HL -5 0 o i AR P B 2 SR = AR
F S S TR B o

PRI 0 A JUAE R (] B W SO, 7 1) B AR M S 08 2 2 k8 [11]e
TEIX L0 F R SL 56, R - I & 8N e A A BRI — PR 28 o Beilt /Y
XENON100 VR AR 256 78 JL-F- e A 1 T RERT WIMP H BTt yE B A, 45 T
B I B RN R o 12 S 56 235 TR ) 28 50 ez v 1 FH LAt B SR I i (12 A
I, — R0 A U I SE 56 44 i AN 2 IS 90 B B AR ok, B4 XMASS,
LUX, PandaX, LAN XENONIT. %K% HUGHERIRTRN & [13-15] B2
W TAE, SREINEENDEES (BRSO EEEES, WHEH S1 ER) fH
TE5 CARECABRES, WHEH S2 FR). SEFHETESSMH
XA TR (relative scintillation efficiency (Leg)) AN HEIE520% (ionization
yield (Q,)) HH&5 G, W LA T HAAHERZ So 55 B RELE . R, AEXT &6
R AN BE 5 R0 AE WIMPs BELEARMISLIG & B 2.

FEIX—FEH, FRATE BI85 5 W A A B AR e, ARE T
P B I JORE - A AR R TR, RIS WA DA A A K B 55 A AR TR - R B A
WS TR TR st xt R o Z 05, FATS A BCE RN T 8%, W)
ARG B ARSI AN HE 28 RS E, RATS W% A ERR
Mg B R, I HIE BB TR AR AL SR A - RER. 228 =
Hr BT S IR SRR A B P A S ) R T RE A ) AR R S
Rt , 4RI P AT DA BE AR AT 0 M 1 X s A i e A T A 1A
&, TR HEMITRE X AR AL S P A 7 RERUE. SR PIEF, FATEH
PHE T SRR A A AT R AR, SRR HL 7B X Y BT A 5 AL
BT T e AT B fJR, IONESTEEFRSH TR T Lo M Q,
HUER TSR, HF Bfa i — 28 i, AR AT LACAL R 7 o

1.1 BB FF ERIERFIRIERT &R
111 SRR KRB B R R 1BR

WRAEAF W T A5 ERE, Bl Ta] DR 8B H — RS BRI A B R 9
i, W TA510, AR r MO BN AL . I A LU T
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T A T RESR B -
(1-1)
.

FEJTREF M (r) = 4n [ p(r)r2dr, T p(r) B %5 5. SR _EidR T Eq. (1-1)
FVARME A R ] 28 D) TR O W T8 o 38 e AR Y] 2R T T O ok T W
FFF 5 BRI ot ) Jo et B 2. 0I5 T 2 SR AR R e il i . X R
—EARE N PR IC T A E RO EI Y . S2hs b, KR T8 0
WER TR AEFH o, JUHESRM AT, —EF AR, BARRATC
P B [16]

FAE 1933 4F, 24 Zwicky FFUATIF TS AR TA] 2R 54 AT 8 T e W0 0 5 2L/
O I ZE A (171, O A SRR R B R R, AR KRR
o, SYRBCRZ BRI OC R EET IR R R M(r) oc ro XEUERE, WRITH
I J1ER Bq. (1-1) £ IEFR, IBAZ/DH 10 5T I 099 PO T4R
] A TN RE R 18 B e MM 2 o Zwicky FUSE RTINS, FEERI RBY T
TR R AR — 6 T B MR RIS Y B, Y s & 524
1P T7 U IR & p(r) oc 1/r20 FE Zwicky Z 5, R Z 1 5¢ AR R H
W o e 1 B 2 AR 2 R ) R R 1 e R IR ST, BT AR AR A [ R AR R
B it L REE RN, R34S, A 2 /e 12 2515 100 kpe
1012 M, 38K 7 [18, 1910 FFA 1% SE UL 25 SR TC A Bon AT S0 I 21 i 4 o
JUZRW 2 T AV B AR DR — 889 1E 1979 4, Faber il Gallagher {£—
T ZRIR S HPON S AU 1 R, S ELZE T AT OC TSR] SR B AR R
B AT S5 AN AT U o it 2 [B] bR BT 45 2R (2010 AEIXFRLRIASCE T, Faber
1 Gallagher 045 1 AEAR I 2R H A7 A8 K e AN AT S22 W i LA o 1 4 B K
S MNMERATIER. B4R, KERD I ZAAETIRATI A F SR R X
— MR BERT N (2110 B BBAR I RV T oA A B Rl
Wb o ) ek i S AR WO A 5 | T E AR & o

RESR, PRI SR BERE 15| 1805 AIEARE) 2 5 R P 2 5K
XTI o >S8R o 40 o P [ PR 2 FH T R AR 22 HAth 7 i 2 0 B S 4 A
=, IR ETFEH P R EE Q,, LT HEL R EH P 2 —- Friedmann
AR N TR — 2 R A 1 AR VR R B4 o LA R ORI

A58 - ) L, . .
(@) @ @ e, e
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. 5
M o
FEXHTTRE, Q,, T Qp AFH YT RE G % LA G T I 2% % 5
SEHEL Hy A RIEEITHEL (70.8 km/s/Mpe), H Fl a AAFER ] SR ¢ R
fige T RE 520  BOR 20 R A Ty, W2 — T T = o 9 2 1) il R B 240
HAEX S E T IR R R Qp + Qe+ Qp = 1o BHIX KRR KB T2
Eq. (1-2), FATAI LM A B & 280 BEERORIEL ) SR KBRS
e A M HE G145 W 42 )R8, Friedmann J7 4% AJ LA ik 4> K B o7 1 22 M 25 A
TRRSIG o (RIS 8F BRI A IK DR B A 5 S dm it (CMB) #4515k
FE R B AT PIT AT ARG R B e AR Sl O T Ta AU, SRR, A
NCF T SR AT O, T SR AL Qa BEE N ~0.7, TS A TR
JEQ, KA 0.3 id5. El1-1 (/2K BT http://supernova.lbl.gov/Union/) i
B B R S A M A 2 R o T S ) o ) M R R A B Ik
MFHE REIRMES, 4550 5% iti. K—EA KL 23% 4 Pk
Sepuiky/Ioige

F3INEIE 555 JIE S, Fh S A AT DARE G A i 0 s B, AT
BB IE RS B AF AR o I — 895 1B, MIBEH 2 RERR IR Y
¥, BAFES| IV ER N 28l o @ e R e e L, AN OBES
F R IINE 4 S P i, BRSO DM ARS8 A 22 /0 B Bt i ik
AR WEAFOT, SRS B MEE Ak 4 E iy, MY ke )7
BERAEY . M85 EFES AR, Se&py i FURRETHT. 18X K
5951 IE B UERITE, BFEZAT DASTHE S K595 1 1E B it . (R25
RS [22] H, FRATATLA T AR 21555 J1E BRI BT, Clowe SR 5K 18 4
FE (23] 3, Jon 7885 & BRI SEP] . 1E 0657-558Ref. [23], 1% L4
A LME R — DY B AR B B -

FH R R v ] VNGV AR 55— e . FH S IE T it
R DXL, B R DU T A SR B Y s R s, RIS R A I
T RS — DR o 51T HIARERE M LA 5 1 2 S O B Nk T 2
LR FHA RS RNREG _EWFH G LR RS KBF B 940
I, YT R RAEE KR ES M LR Ameatss, a7 LU TR 6fE 515 8 /Y
U . — SRR SLEG, P P48 K (Sloan Digital Sky Survey)
C&EN T FHIRREER, H2 R RIEE . MR § KR B4
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R, Py BRA g al LA LI T il o . 4R, BEYIohL 1, %
BRARRHE TR TORL 1 [24], 2R T A oA ] D ATLGR 7)o

1.1.2 BEYERAMKRESHEEERBF

B B s, TR N B R IR R AT A4 g
T R 4.6% AR @Y TR E T, 23% &4 B A T ok e
FBOWM RSP R 7, PAMRZY 72% WEZSGE, @ W FRERTRE R 1
SR, WP — T AR T RAVI BT b SR AN 24531k
WA B EIEY T, R Y TR 7 1Y B AR X TR TR A2 — 1
o RN ELA BORL 7P EE B AR HERIRL i 190 5 R 7~ & &l ok 55 R T B A 3R
AT a7 SR8 A1 T 3t B ) S O 2 B ok B T YA 2 T BV I )
YoJsoki 1, FRATTRE BT B R A 2 K IE , W3R AT AT DA 6] i 4 oA
T 5T SRS A ROV BRI o AT A B W DR~ ) B8 P A A > v
AWER T RS ARG — 28k, BI—FE A ik 1 (axions),
T3 AN—F A R B S B AE R o AEARTSCY Y, AT S £ 19k 1 e
KIS EAE AL Bl 528 AR T Ak B BR 7] A 33225 S
T [25]

WEARBAUBE, WV PR &5 B ER s, AR KPR s 5EEH
KR S EE T A e BRI BOfEE—Mk 7y, kB A R
M, HEKEHETEIEN 0,0 AR ARFE Y, MR REFRE K TIZA
FHIBE AR, BT > M, XSR4 5 B R 2R, BAH
R, FRETHCPEDIRES . MR INFH IR H 2R E bR T2 1
P B, BT < M, AT BCFEEUE ngt R TR IZIOR T BVUH
JE N AZ T B TR

dny

dt
TEZTTRER, (ov) AR Sk 1B IR P . J1 8 BEq. 14) A
IR R ny LIRS —HRBIT nee, TIIZE AR 2 A TSR Y 8 e Y
TR IR AE o T 5 R A T A 2 00 S s PR =S (R R AR T 5 [ Y my, H T B o
PRI A L B 1 FR RS IR e B, BT AT R P K R 8 H 2 e B AE
W7 NI G B i, 7R A T S8 — WU A« (HR M F 1B IK

= —({oa)[(ny)* — (nY)*] = 3Hny , (1-4)

X
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R AR TR T R, TR RS UM IR A MR B 2. b K
{5 AR, SRR DR B AL, FROREE— I AXHEE R . RIS
LN KB 22 W P BEEE [26], BATRT DA HGZR P A M2 5, Hoi
wEES M, S, FNRET (o0). FAMREZR FREER, A%
RE- AU 2 BERHAR (A AE TS KBS0 . FAMBUE AL HYTE A T
R S AR I AHZEL, AR AFRATTAT LAS2) T T HY J5RE [26]:

(o,v) = a*(100GeV) 2 ~ 10 *cm®s ™! (1-5)

FATAT AT ENZRL 7R B T 0.1, BT Q, ~ 0.1 I3 EREURZHE
TS IR AL 2 A S BORE AR AR 5o HAUTET, WUR AR TR S5 A EAE AL
TRIEEMFERN, el KEEIEEE, sE/08ar, RAPER T
E NI B RS R o

MFHIN—T KL, FERL B, N T Ge— B IR S PAAE B FAR BT ]
MEATER, BHPZGHR EAFREIS M. BATFREIS T H, ARy
AR — AL AR — BB TR Bt 55 A ELAE R -1 - 58
XFREVE B S B SRR RS FRRL T (LSP) A2 PRORL T3 AR E Y
R R BRI, RS S5 A ELAE FORL T AT A R 1 — > B R4,
o WERREHS MBI TR IS EAE R, B2l IXHE XS PR
R TIE D B IE R

1.2 RERESHEEERATFRERRN T EZMRERNFHEA
121 KREFAEERRFHEERNTSE

WS LR SR R SN, BT L T LA (S P S A A
THERMF B TR, FRBAEAT R d AR E S5 IR R 7 M%
e MRS SR BORL ROk . SR H TR = BRI, A SOk
THIEF B REIEIADE TR 8 T RES Bt DA S RE ohL 1, S5
PR N IESON T2 BRI Y POk, Horh 2 BB RS2 e gs it ok
MK PSS EAE L 7o ARYERL P B A B, BRATRITE, S9HHEAE R
TIRRARR R, R OR e 55 A AR FRE -5 3t 208 9y o A9 A P A8 T o A R A 1]
/o BT EAK 220 B4 JPORE 5 BB PR TN S B A8 T I o e 55 AR B AR
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TR MRS PR, FRALEIR T, i 2 57 A W R RO S A
RME 5.

LA 1985 4, Goodman I Witten 85 7E [27] —SCHFENERT T AR 55
T EAE PR T B BRI B PTREME o FRATTAT LAMBAE M BRAH AR TR 22 Hh Y I 4 B2
HAEER R iashe YHbIk AP BRI g R I ) o v B S K B 55 4
BAERK e, A8 ot B R e MO Uit 550 BAE AL T8 B RS
A LT TRE (keV) FUBIREE [28]. AT R BUin g9 BAE Bk 15358
Y EIVE FAEAR /N, Y BRI RIS h AN I 2 s, LA
S ARZE PR A I A% A AV E T R B PRI g, AR T H AR A A AR Al T
— DRI, RS SN AR R R B o R AR S Py
SUERE 5 Al DAEARINE] , FATTEE AT LUA N IX MG 5 53 K i it 55 4H BAE AL
TR EERNBINES . ¥ T, RIS EAE R 7t o] RE gl &5 H i
JEF BRSNS, AHAE, FRAOTUCIXIHE I A R E AR w e, 1R
BEERINE] o BRI FRATAE AR SO & 2 X TR

X TR P 55 M BAE R 7 BRI SE G ok U, S KA — Pkl i X
G ARLERE K ik 55 A0 AR AL Fr 5 S A% B -5 P05 1 5 e DARCER I 25 5
AL B B, Pt 4 B4k, PSR A E S X T AR,
K H THURTER o B2, &R B T FRSNER T, SERMEE 44
WL G S A s S, Hfrd g BRI ROME 5 5 R Brht 59 5
VERRL 7 Fr 5| B8 SO 55 A A L. AESEREH , SERG Y S 5 i A R 1
PR T 15 R XA iX e

o HIT KRB 53 EAE AR 15 8 4 o A VB AR TR /N, 24 & 1 5 40
BEER T S A AU 2 05, JL RS 4k SR IR H A 574 & A B H
MR B ER Mg, MHAMZEEGNER R e 2, i 7ol
UHk, # A SHME IR T LA 2RSS BN, BTN i
BTSN, AT REAS ) b3 1) J52 5 SR S5 3 43 1 =+ 4%
T4

o M TLZHMMESHE S SERNER PSR E T, HGH e Lt
BZR o 52, KREURFIHEEAE R R AR LS5 .
R, MRS ERENS X R S S T 1 SO s, AR A K a5
M EAE R T BAE 5 iT AR kI ok o

7
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1.2.2 EREZERN 2

RS SSAH AR G FORL T M B B AR R MR ERAE T IS o B R S 5
i SR B R B R, RIS AT LA S 5 55 i 7 S s 5o R
PR LR TR, TR S AN A ok — P A R BE AR e 55 AH LA A
KL RITRMGs o AR T AEE KA A DRI i AR e HR A R
B [11]e AERX—"TH, FRATTHF A S [ st P 0 im 4 O e P S R e A 1 o
e, AR BARHE A BB A NS (LXe TPC) HIJEES

H T K e 559 A0 AR R 75 5 4 o ) T AR AR N, I S A
(1) TR A0 A 28 A RURN I Il 24 o IS0 BRI 8 o e K, ARG
AR B P ks 7 B P REPE B & o 5 MR ITF LA (Nal) BiEE6ES
1 (Ge) BRMACK JEARGEM AR AR LLAE , JRGUIR TN 25 B 25 5 A0l o0 AR R,
KT o 3 LR ) 32 B A A B AR5 5 N4 5r , IF HBR 45 558
(2910 IEANFRAT_ESCATEL, WS BRI %A RE 1K X 43 FL T RO E S
BRES, OSSR AR ES 7T DR A B M3 5. 5%, hTaie—FiE
WAMR T, H2E it afas, WaURA S wtea, R AR A B
WK ARSI RE ST. T H., MIA KRR R ZR, R A & 7 5
R AT DA AR AR JE F AR Hak, G0 — R RO R & e, [ I
WARAER GRS B BB Yy, o LUA 245 2 1Y B B (55 R gk
2o FATEBHESMATTESY, RS 7R & i i e & 2R,
SEIG 3 22 58 ] LAIE 8 [R] s R S R T8 1 615 5 R B (S S ok R S A
BIHE S WA R IES R IX K. Gl R, BRI R IR I OB
TAURTIES , 244 5t R R U M2 02 TAEFE RS o FEIX Fh
BRI AR AR H A5 518 i i b A5 45 (photo-multiplier
tubes (PMTs)) SRERM. MI6F 5 A2 )G, BT WRTUERINE 6 s g
AT DAE A TR N 6T, ERE T80, WESEE MR EES R
FE 22— i B RAERTIR N AN E— BB Yy, R SR T
HEG, I A BB TAEIMNIEZMER T, BRI ralman =g
H A ET, BraSERNRAR T EE BT AN T, G TR
SEHRFHEE AR, =S FL, BREBEESEH TR 774, HRHK
ZAIRAI NG To R TR0 25 7] Fof (6 P 90028 ) A R4S B U E A R
i, BT PAFRATRR Z AU o (R0 T Ui AT (8, FRA A S F R

_8—



LEHZGERFME PR IE —F YR AR SR E S WIMP WV % 4T 6 AR

FRAEARIR I A o

WEEOT, SCRMERERHRENE R S1F 5. ERmENasS, K
TG LA E B E T AR R SR BT AR T, AR I TR PR
BRI ARG E S MNTHEGES, HTWmN RS~ 4 H BT
gD ARME G AT A T AR B, PR AR SR i AR A, TR
BRI A B TEEEE MRS B, M5 SESE— Rl s
=, FHETFEZZEFR A L. YHHETIEZEZ)E, AHEBE FETHEY
ik, S=E AR ZEER, MWESHECR (301, A=A B
{59 S20 JWRHIEEFTWMA 175 40K (nm) BYJG+-, HIEIFERE A IR K
PEATHRI . X B 5 A B R Tl s R R s e, LA E A
OB E T H T SR RN Rk, S2 F 5 S1 F5 2RI,
S2/S1, AAMHFE. 1E/2& S2/S1 HIANE], SLIG P~ 5 Al IR myoks B X 43
B R S 7RG S BIAERIEOR AT LRIEM T A (55 H L 99.5% 5
bR 7R E S, FFHELL 50% PRUERZ SO E 5 A 7. RN i T S1/55F0
S2 {55 7 AE BB RIARTR], FRATHFRX B NIES N BT B 42 52 % (“time projection
chamber” (TPC)) -

TE A W S 86w SR A X Al OBURSE A% A X A R HR I 2% B HE H AR Y
XMASS L5 [31], JEE [ ZEPIN L5 [32], FEH ) XENON L5 [33], LAK
911 1) PandaX SE56 [34].

123 WRREEN FAIZ LR FE

EMFATLESCArE, 250 TR Y5 B BRI AR R TAEE RS TSE, 7]
PLEII U B ST A5 5 F1 S2 155 111 S1 A 5H1 S2 (555X K HE (Lo)
DAM L BERGE (Q,) FHES G, WL R EBiia i sl B A% s s 5 R iG RE
Ho BRI, Lo F1 Q, VERNERE ST, S2 G55 ST FIIRRER SR, 1+
HE ) SR S 56 W 4 R AR VR o

FIT 18 B % SRR BT 1 A2 VU 0 SO I 28 T i 21 655 S1 SRR
A EAE R A RSP R R T TE B RE B, RIS RE B [T 1Y
PO o 24 R0 i 55 ELAE FDRL -5 YR U DU v B9 A T A s A s
IR TN —PDEAIL T THPREE (keV) STRERI IR T Z T H T
FEVR RIS R R, S AFER RIS 30RE, AT (E 4R Is H 1

—9__
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WL TP B HUES AT SE RIS o B AR A A N4k, RIARIY . H
TR TR A 5 T R AR RS @ AR A, — D B 742 5 | e A Y i
HIARAL TLF AT LAZBE AT BRI R b A2 7 AR R 5 R L 5 5 2 5L
Brrp B SRR 5o MRAR I a5 1 KRR 1€ SN AT RE R Y, &
FEOUES WRER SV R RE R AT LA e AR5 b 28 S BRI
FRICRK IR & ERCE (Relative Scintillation Efficiency Leg) 2R JE R TR #S
A CRES o TR s HT AR K G E A [12]:
_ See S1(E) 1

Eeff(Enr) — S B L_ ) (1_6)
nr nr y

Hrh SU(E,) BNEGVIERERA By BV P 9 B A 1655 40,
1M Ly, A& MRIIGRERE N 122 THFREF (keV) HIRTROTFE GZFFE ™
AT TCo AT A I BRRE 4 BTER) T AR RSE SRS 122 THE R
R E e HAP I R EL See/Soe S ERIRMER A, FORAE IELEAEE SN
B FIGE SR BRI, FRATRT LA B TS P SR R 1 AR & R
e (Log) R MEFIMNNHEZFM I E IR, EHEZTCK. WE L
BRI E SGRATRT AR, Lo MEUESLER ERAZ R IS0 1 & SRR L
S R AERERR L TR, X FE N S B R TC Y o
[RIRERY, VR P e PR U5 1) Pl B8t T A 4 P R Y LB 55 S2
SR S A ELAE R ZE W R IS v e Ve Y B et o VR ERUER T 245 )
BRI (Tonization Yield Qy) T8RS FrAEMIME 9 H B L F8UE 5%
PREEREAYEAE (e /keV), T LA T HIAY JT R -
QL)

E,
JIRREH ) Q(Buy) RMWIARERCH B, BRI R i 2R E T, s
EB B R R BRI . 5AREREREML, WRTERIIET 9 B B ek d gl
5 BRI IS SETE K

NT THESUAESEE S2 H 5 SRR MIIGRERZ MIFE R, fERE R ILAE
B OSEE R SRR IR, JRR T — RPIBISEE 15, 35, 36] RELEE
RN TARMES H AR (Legr) FHRBIEAR (Qy) o AT MR LELGGHIHLR
AR b YRR TR I A BB, R A RREAZ SO =i i, AL
SRR R AN, TS DRSS L RRR . AT DASE, 5 Sk

Qy(Enr) -

(1-7)
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LEHZGERFME PR IE —F YR AR SR E S WIMP WV % 4T 6 AR

RAROE (Lo) FIHBROE (Q)) XM TRAER M dEw IRER o 1 HEit
ANFE R SEEE AT T UG, AR O RE R, SCIREE R I R R iR E
WK, FEANF LA AERREAZ S b 25 I s SR B 2 77 A T v AAERAE Y
LR S B Y F AR ARG RUCR R AT 3 THFREE (kev) I
T [36]e (RT3 THFREF (kev), Hagidit A TAMER ARSI [12], X
W KT R SRR REAZ SO I RS B PE o X T SIEAG R 1Y) L B A
(Qy) KifF, SLIEGEFE/D>—L8, FUHAE, S A S (RA% I RE ik X 3K
TE 4 THTREE (keV) e XMTHEAEN X, YHE2ERANIHgEm —
SO HENLRE B TR B

TREARHE, A2 TR (WIMPs) £ HA K2 10 5 HFREF (Gev)
(A b o T2 0T o B I P R~ AR R I P I ™ AR A S i (&5 R B e
HENIZAE 2 THFREE (keV) 7Zifs, ERFEAR [37-39]. HHIXARERE X,
TR V) SO 1 R (Lege) FHHIESRER (Qy) ZNTCIAELL S50 K AE
B o T SO AN E F A FEARRE X, R R IR 10 & R 2 — e
FEAH . 18 AMHE STIE IS5 SRS B Y &SRR sl B R s i g . He
Ut Collar Fl1 McKinsey B 448 H AR ISR 1 & SEAEARRE XN % & Fa2E T I
(1, R 4 S R A RE A T e (B I | A% S o JE 5 RS TR 3
K HUES [40]0 [AIEF, Collar 1 McKinsey 5| il | 3% rp 7 5000 5 B 7 T 2R TN
AR AEROR ) fr U PRI IG RE AR T 20 THFIREF (keV) Z
o, WRIRINES I R ECBER S AME [41, 42) YARZ LI R A4, FEHHT
[ XENON100 [43] SE6 il B 5 SRt 5 _ il SLie a5 R A—2.

BAR, AR EE SR, FRATARAELS 20 B T VA TR R 25 1) &
RO Lo FHBRCE Qo TR FRMF T, AT BRI S0P 7%
FER RIS i 72, DUSORI I & AT Bt 8 . SR FRATE—2540
AR S B8R S b= Bl 7 A T & e R B B o B SR BRATT AT LAZS HE TR R
IR ARCE Lo FHBRCE Q) IMHELIRMH.
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Supernova Cosmology Project
Suzuki, et al., Ap.J. (2011)
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R R A B3 RO R SR B T R B MK AR

FE RPZAERGHRNZFFHGEERRLRE

HOe B, SRR RIS B R Lo MHERCR Qy, M HIM
Pt A H FriB #Y Lindhard 3%, (O nuclear quenching factor gy (Ey,) =
N(Ey)/Ey) [44]o 183d Lindhard RECEHA 2 DHIE IR R RE AL
R E R LB 2s T A BUY T EHBT n(Ey) . RS RIERE R n(E,) KAk
AR 2 /DM IR PR B ET, SEHITELERER Lo AR
Qy [45-471o T ALl Ll i — e SALBGUARE 7, H Ak TRIM [48] 50
EANT4 [49], KITERER n(Ey), RIFTHHELEINCRE Lo TN Qo MEL
TEREE: , ANE R 725 H B Lindhard RE0A 2 T AU ALLRE FP #83% A 1
W AMIGRE XS M o TX S AR 5 [ AR F U TR B A SERCR Lo FHHR
B 9, HIEER] . AU Lindhard HYZEATHS JTHE [44] AT LMR 58 3 HIHTIA
MRZAEN B BRI AR, RIS T — B T S s T A Bk
SR HR A K B AE R E G, S8 E H . e
[ () SCHR 5 A Y Lindhar REL goe WOANRAHE], BARRT LAZ: B SCHR [45-47]
AN, RSN — S5 A RE 2 SR 2 E R NN IRE R, R
Z LB DRI T A5 2 SRRSO A OGRR Lo FHRABIAER 9y, TR
ITE B TG SO s RE T4 A 5 SEBR Y Lindhard 24X
Gnc o

X —F, RATE LS T O T fdod it . 2, 3K
46— ERME 41 Lindhard FEEARTA J7RE, BRUOMIX DR I RRZG H T R
LR b s S AR R I O BRI, RIS o o AT R A R 2R 2R o
B e FATE T IRATE AT i T EAVBHUAE 7 R 115 Lindhard 24X gyeo

2.1 RPZENBRAPHERIEETRE

2.1.1 ARMFERTNRPELRIELE

IRFICEIAT, ANFIRIRL T, FEUnis 4 2k, by, W7, ANEE S,
FETRTA 5T B4 SRR 58 A R B M BR R UG Bi e e B IRA 24 AT LA 225
Knoll 5 4 A 48 35 1[50 A SCAES 28 SO A% Y Il i F2 2 1T, 6 25

— 13—
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AR R ARV T AR A TP A B R RE RS VR A, LAE T i ] EURE 47 TR
ENGiliNEZBESuRES

R IERA I ZUR AL, o B g — o BT i, it e
BN S B IRTB O T R E . B giRZ —2, WRE
TR TAE o KRB R RS T RBIRER, XTHE TS
B R B B R B R FRE, B2 B ML R R PR B ok, TR
NEBEH T —HEAER o KL HRAEN PP TR, B TRHNE B2
AW EL BRI TR R o KB A shRE 28t o B
B IR B B RE I . 2, o M FRYBHTH 2 RS S2UR
TR, BARTRFIRILZ 6N, BET N o Ky fE B T R TR
feg, F P IRATCEE AR B Z T Al 1 HTX o KL TRTFEANATZE(E ST, (LU
BTWE o KrashPult i — MU N B ST . SR G REE o KPR i
Hs TRl L2 — 4 LK.

MTRT, ROFEM ST EGO R 5 o KrRAR, §
TR R WA T . RPN A i, SRR
JEF BN IR R AR AR, B AR - BT A, i
e A RE I e R T TR TR s, ANt A
BT RE T, BEIEE . 5 o KT, BTRAIVPIEERGZ .

M~ BRI IRHOE FE st BN 2% 7. R K, ~ SIS A T2 AR
WA = FORFE 2R e (BPE WA, FEES i EL ST (Compton
scattering) , 1E fUHL 17X 77 4o Htb BRI IR 5 L2 80k A TRAE + 5F 4%,
Wy BRI RE R ST A — RTINS T RIS RE R MR S
HRES Ik, ARk E T BRI GER RIS T AR 5 . AT
ZHTUERY 122 TR R (keV) M 57Co ST RN 2K AT A HE Y SRRl 3=
B A B FR SN o BRI AR ST 18 5 FE B 1y SR RE L LL IR S B L & A
NG v SRR RER AR, — T Ay SHERE IR RS T AT R
T, OIS AERXFRR A GBI gt AT AR T fE
FERZ) 1 IRRTIREF (MeV) B v Sl i & A A X f U b, Heani i 622 1
L REE (keV) BIM B7Cs LRI Z Tk Y v 814k 1IEf e Aaad
RGBT K AEAEERE v SHERAGTAIE L. 24 A B ~ B2 E SR A5 1 HL 1
FEIEUE (1.02 MeV) HIEHE, AS o ST AEA oo 4B OE U7X o R

14—



R R A B3 RO R SR B T R B MK AR

AR RIS A TIR I, 2 RBLIE 1o SRR A o BT RO
(RZEA IR TIREF) KB

RIFGET A, IR TP R AR P AT, #%
SRR SR, X SRS EAE AR (WIMP) Fr™ AL A% s g
PRl R, SEOG _E&H AP ok A Az sy 1], DT 0 e Y8 i
R EROE Lo FBERCE Q0 MR TFIRMEERE m—2LE, a7
AR A T RE R A e XIME S R AR B S E A N R,
TR A R B R AR T I e IR, hFmB R R Z BIMUL , IR
2 G AN ERE v B4 T T, &R R ROV S B R R T
PR . IR A AE PRy, K2 HUEREMh 7, RIFEEREA
BT, RERLTE 0.025 HHRFF (eV) M1

BIANR K ERZN T, B SO NG (RIS BN Z%. FRATITELL
ECREIHERS, R AR el s o 0 B R S e 25—
MR R SRR S BRI b 2 5, X R PR RL L+
THTREE (keV) HUBHEE, MMIZEE— AR XA S AE TR B
HEEITRIME, B P AR R IR A A A SRR . TR L
B T A T ARRI P AR R AR I R o TR ATRNE, TARR R A AR R, G
KT HTHUE 2 A A . AR AR A AR A R R RIS, Szl
SRR PR R ARSI, TR S RELS S e R T
WY R EARGRAE, AT R AR B BB . SRR,
SRR, HT R S B AR A R A R, A R RS
R B RE T RN RE R BARAY S, MBI el A Y (Rl gk e 3X 28/
MR ST H 24T, EE O SO AR TR B B sd e R . A
B, XS, — MR EHE— R IRGAZ R, BT
A RERUR BE B BT IR . R, SFTARRZ s, SRR s
TR AZ L, AR o7 I 22 s Bl A B e, 38 A Al LA
WA IR IR WILRS, — it sE 7R, Bk, &
Miszghe RN B, BRSSO AR SRR, R
BT HU BE AT SR A -

15—
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2.1.2 Lindhard EAXfR S FHIE

A9 T ST BT sl I A L 2 R R
Lindhard %7175 % S HUAE L PR (IR UL A SEABUN L, IR
B A TEREFEI AR 1) RE R (BT (44)0 XPT R, X MEARL
537 RRAT LA T IO — SRR ok Sk

o WIRHI ST H A RHIBIREN B
o EAIPOE R IR HIIR, Stz G as i e i I RE R M
o MEFESER N EER LG, ST AL 25 A o HL T P BB (B 5

o BUHE n(Ey) ZRTIAY, B n(E,) wT Al 20 R A Bira ok B9 A% S
PR AR AU IR AR 45 B B RE R n ARG ;

o —LERLL, LI FUAIEDIRES, AR E BB FIAE FERS S
S LA ;

T, XTHREERN By B, HAREREE A o 7 HI-F I RE (B
A LA AR I R A

o U RMIZAES BT 2R AT — B S d R, TS5t Hp 0 S PR 50 JEE 1)~
HN N;

o [RORAE— KAl AL RE DY T, RURLRE W] BENE N NdRdo, ., TIZAETE
R —E e T, B ss 7 Foh Ry

o (RIS — AT, RIMZESIREH B, BB By — T, — > T, R
B A% BUAE A] DAL 338 25 4 ot v - 1 S A SF S BE e A p(E) 18020 N
U(Enr - Tn — Z Tei);

o ¥ — kAL, ;AT ", E RO EASIRE T, T
FE% R AT AR 25 A o L B RSP RE RN (T, — U), H
U 2 TR AR P BT B B RE

— 16—
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et B TR el B3 RO R SR B T R B MK AR

JE, Bk ss BRI RE ] AU 3 b — D 5K KO8 n.(By), IF HIZRE
ZAE n(Ew) TN Y ne(Te; — U)o AERIBAT, U MM ATHE
o b I R P REVE S A RO A% RT LR IS 25 40 b HL T B S S S RE
it n(Byr) WIFEFAT] LAZE B2 n(Eyy) (Ho THEFRATRT LI A BRI 3E TR
5ro AEMIRMFFEILE, SRMZAAEN TP ZET dR BB R, xRkmizfa
—EMEAGH PR EME ZEAT L 1 - NdR [ do,, . KRFER. W
RIERM LA, BB A% AT LME I 2597 Jot B 1~ S I8 RE S (Eye) 1)
IRIE N(Eyr) o

R4 BRI RR ) FRATAT LART 2 — X T 946 B Az 1 o] LU 25 A0 i
H LT A AT RE S n(Ey) IR TR . 2T R AT LASRIA AR

53
i

3 D

i

i

WEw) = NiR [ don (B =T, = L) 0T = U) + 30T = V)
+(1 — NdR / o )n(En) | 2-1)

WA B E, F AT M) Lindhard FU3EATR 72
[ 000 BT~ 3 L) = n(Eu)+1(T, = 0)+ 3 (T = U)) = 0. 2D

H4iE Lindhard FeAF150 T2 Eq. (2-2), PHE2EZ 1S H N 1A Lindhard 5
BN RIR TR, RI L FE AR R R, A 2h B I RE R S S
BRI REZ B EE 1 5E 2R que(Bar) = 0(Eue)/ Ene, % RBCHAT LAY nuclear

quenching factor:
1N(Enr) o kg(e)

Gne( Fr) = By 14 kg(e)’
e EIRFRRAH, n(Ey) &Y M EWIGEER A By A&, AL
LB 25N TR BT IR RE . g(e) /2 N RK A, ALY 4 7] LIE
Lewin 55 A [ SCHk (28] B BRI . FoRAXH 1 B 2 — 1 ARiE
[, B R IR SOt A A B BE B _E AL B T RE T (dE /dx)g -5 R
JE 2 [ A He A 2% 6T, Lindhard R3S R E & = 0.166 [44]. 1107% &
IR R AR TR G PR R A I8 AT 80E , Hitachi AHZEREFT T EHFE, %E
It Lindhard FYZ5 5B /N, K2R k= 0.110 [45]. 2R10, RS0 5UE K E,
At AT A 1) 25 SR AR A T E T S P AT LAAE B 25 A I P L T B R T R e
N(Eu)o MRIEDAT, BATANEF A MATT208 T 5B 5 b A sh il T RE A

(2-3)
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(dE/dx)q TEARRE RS PEE FRERIILS o Z WA B Fukuda 55 ALE 1981 it
TIGIEUE [51]o

MAIN—ADTT RS, — L SIS, it TRIM [48] (TRansport
of Tons in Matter) , WA DA#E F T 1188 s ipAZ ] LIAZ 33 25 A0 v e 1 Y R ) P
BIRER n(Ey)o (EEIXLERR F il 4 T m B & 1 ROE H o X TRRE XY
EE T TR R, A2 BEEN SR AR E R, Hegsit
ANTIRE. MIXLESEOMREERZ ST A5 I E K. R, RO HE
MUSHIRE 18 AN PP B IR 2B 5 A i . (R, IXLet SRR P
TEARRE X I A R A eI o BIIRAE M 1k, AERREAZ B i X8 (R S vl i e
HARAAETH TR A ), WEREEE BRI T, R kg 77 gkt &
Lindhard 2% gyeo

22 #RPEEIETEIEL

T AT BT ) BRI A S RS B Y Lindhard REXL g, FATLET
KR TR B 2 4T o Leanidd, FRATTRR B2 B TR IS H 1Y i 1Y
ORI AT, FRATR Al — 2o WU DSBS . eI, IRATEN4
FATIAE T — N F R (Monte Carlo) 2 7 RARL S A AE IR i iR N &% v
H st RIS T AR SR R, A% S i Qr) 8 RE 2R TR i R )
M AR

TR, 1B R R AR, A PR B A T I AR L AT L
I T il REAFNE Ziegler %6 AT A 1 SRIM #2741, &RRJLAE
AR R Y SR B TN BRI AR - T SR (48]0 SR IX LEAR 7B 2 AU 1 2
F, SN, HEE BRCARE T . AT, RATEX Y Bt
A BRI SE S, R B R ARy, (8w M AR REAZ S )
HEG (KA T A REFR BB X)) o MR, rA XLt B
Jr, BEERATN, #OREM I E L BN CKTHE (ab initio) . HEAATE, Jr 5T
HE 7 BT B B R — N E 20t R, U IS U e T RER A
M 24 S A PO ZE AT B I, SO B G A I 20 2240, 9 B 2%,
I A ik SEAT AT o EATUBTOURE Fr #RARME 58 B S o 10 B i TR R R A
SN (54 ) BIAFAE, B ORI AR R — N E AR 2R R,
AT A HE EAR AT B T IRATH A RE Ve, FATAE I HAEXHX i
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R R A B3 RO R SR B T R B MK AR

REf—ERL, (MRS RERENS LRI, HA TR MNTRIKRIE, &
3P ity il i R v AR 15 Ui e S QR S = AR SR VA 7
(dE/dx)q KM [FIFFHEIE -5 SRR e, BT BB AT 2 72
JE BRI B R

221 HEMRBIERTIERE L

IS — T AT ATRNE, o R asca i f TR s e
HIBIRER AL LE T AP SR SOAFE, %SO A R Y
RER R EE G2 . — HIRm AN g o ) — U g — - R s 5541
BARRL i ep, S EARTREO PO S s R s, TR R 2 AR
5, BTSBREERE. FN B, XE&— T2 E, B
ANFTRENG BASRARAT o R FRATT S IX A I REGFEATAR B A BRI, TSR A S
RE F AL IR 25 Boh i 7 B RE B, ZRE RV Z 5 fE 7 R T RE F A DL F
HBEARHME, Ry =& EERS N Ph TR R . 52287 R) T S
FEFPAHZRAL, FRATAY R R Oy S AR T P A s s A A B
Eo XA ORI EEAT B R RAE 0.5 ) 25 THAIREF (keV) BYRERIX
) LA A 2] 0.0025 #, it/ N TR RIREE, PLAGRE S B w7
B BRI (KRLFE 3.5 1] 6.2 RZ[0)) o IAIMEAT AT LUK Sz i H 5 2800
Mg, BB, RATARFRIR A AP AR G i S — S S B E 2
1, RXABUE BRI T Z WA EAE S U(r), SOt ZRIRIIR3IEE B LK
NG AP BRI S AL b Ptk g R, fE SRS B 28 4T
A, Sz 5 R 5 B9 2 T R 2 TR AR AT AR ORI
MAZZEA TR A NI B T o IR BRI IR HE 7 B Dz e/ N T B Y i
i, PRI SOz RO AR T AN BB Sz B3 sl T [, T RES DS A e 1Y
REFARK. A, FATTUESR], Rz S5m0k e AR R, L
Rl AR O SO, 25 ERMEE, [FIIN SRR G R A BB s T 1A,
I S-S T Y B A AR R R, Sz sh 7 I LA 252, E
TS UREIRES T, IS s R B BB o XY AT AR i
X BPAZ ) — DN E . AR S L ERE, XA E A
Born-Oppenheimer JT{ELHZE

BAR, A SOPRZAETR AR s P A s R T g L RAIATRE, M
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M5 R BI i, BRSO — Ml IO RE . M, 31 A
TNV P AU S A AR S O B I AR A s, AT TAME AT 255 8 vl
Fehiz, [RIRE B R Sz, E2ERGA Rob iz . T RAUSHIEE R
B RS IR R BIRE, BAAE R ALE DL E R B T
o IXLEFADEAE— RIVEHELIR BB I T EENL™ A2 By RS AR T ORAVE
TR AR 18 MR LS B A U Y AOX LB 2 B ) A e AR b BOR FATTIE
B, — AN PR RisE, WTEMCR ROL-TE A EZIEE), HEX
BRI R AN AR R R TA. SARROR AERER, BT
PP B A, BTV IR A5 SY, IRIM R 4% 2 TR Al
fi ] IO e R e 2 P A% A AR R R R, RTAR Y B
BB TT M2 R AR, RIRE D B ShREA ML 7% A a2,
W S izassh s s, shaek#(k, Tt~ e s, JHRaE bl
R IBEN, IO —AF R IR R ot . AR R R, TR LA
MR R, SRR A AT [ N & A1, BRI AT EAA R 3 s
B — BRI RE . AR S AR A B] ARRIE R G RIS, R M T
SRR A FACEN , IR EER AL T B R — B s, AT
WA BB HUE TSR B SR A AT — € MG IEUNERATRTSCANE, i
TN TR BRSSO B PR AR R Bk, N T SRR B T TR TR
Wi JL-F- AT LAZBE AT, AR FRATIUOUR AN S iz iz shig fe BRI NETE )
KER XA EEE ST R/ME T AT LU A7 AL B B RE R (B dar)o 2R He
M, AEIXPIF ISR ILRVERT, — SO Rag s, e B RE
TSI . 2B, FATION o EL-5 5 b HAb R 1 72 HE
NHIEhRE IR RGBSR B RE .

FATZ I AR S P AZ ) s R, 280 1 T SRR SO ) et
AR, K ERIIRsIRE, A2 /sy T BRI . L, R
B P, FROTAZHEER G R BAR B I s, T i O
Ptz A i e P Y RE RIS R . B, R EHE R — R
AR RE A, SR IR O AZ S A R B R T TR AR BB RE . RE T Y
JEy % AR SR P R B RE R A IR, R e A S PR R RS A
A RE . RIEIX T EH, FRATAYRE il i 3 o7 AL R B REAR (dE )/ dw)
HE Mt izis shig 12 B R AR — R ACRIERE Y R T RESR, < JER

— 20—



R R A B3 RO R SR B T R B MK AR

Fir A I REFEE T3k
N pAE)
n(Enr) - Z/ Se(Ez)dCC s (2_4)
i=0 V0

fE BT FIAA T, ME) 22— 3hREN E; B R P ekl 0 5 iR 1
Se(E;) &R REIR (dE/dx)a, N B THIGEIREN B, B SMZITRE
%5 S B9 JF 7 1% AR AR AR, XA — MR RIS Ky
BB BE B REAR (dE/dn)g & TEHE L ERHE, 8 biE —THRF5K
MRZAE 2 T AR T A4

222 BEFRISEIENIEREK

FEBATRI AT, S A6 i B REZ5 #0571 T R i i Ji A% — K
Rlf A R R AL A o BATRT LAB B A 7 A% A8 Gl s E B Bk, Al it
BT LA P S A BRI IS BT T, T e e A3
BRI T — RIS sle A BATEAR T E AR A BE L2k I fe€
AR 2B A HO L TR Rl AR RO, oz shin et A
WS [ EHTH SO, T SO A B AN, Y i RSSO .
i TARREEE RS AR R 21, FAVRE S TR A ALY, #liE
SRt 2 R 7 Y RE R/ [52]:

T = Eysin®*(0./2) , (2-5)

TELH P, T M E, 2 5 &AL = AR b R, ¥R T Frik15 i shae
(B U S M AZAG B 2 ¥R PR B RE) LA SO AZ BRI GR B RE . T R IR U
0, AT LB NI A T RS A, A TR, FRATRAR 6, 1 I (E A T R
DMAETR R [52]
& 1

0.=m—2b /TO N Y R dr,
TR b WAL AR T ARRE R AR 2L, B, AR W R AZAE UL
bR A HTRE L. AR N BR ro 2RI B2 W A AR R R A A ) i
GEEES, XN R AT DA R Ty RSk R A -

(2-6)

-—=0. (2-7)
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HAb W U(r) 2RI BRI S, EFATAH A, FAPRA T A
PR PEAE S,
,

U(r) = Zi€2q> <5> : (2-8)

fE_ B, @(L) 42 Hartree-Fock FRMCREL, HH a = L(30)2/3 a0 AR
TR T 1Y Hartree-Fock BRlic-12. FEXH ay FEHIZ I /RY-72E (Bohr radius) »
M Rl R EC A — DU N s A5 3R IA 5, %R IBHUE Ziegler UG T Kht
Y SEIR A 2 S 152 1Y (48],

®(z) = 0.1818¢722* 4 0.5099¢ ~09423% 1 (.2802¢ 04087 + (0.02817e~0216" | (2-9)

FEFRATARADRE 7, R FE S50 b AR TR TRV H 1Y 25 8] 43 A T B
MUK EARMIBOETATRY G SR BT T ARSI /A 0, DL BhREfE
i T AR _E T TR 2 JTFE Eq. (2-6) Al Eq. (2-5) SR

WA VR 252 [T 74— Al e 2 (AT S A% S sl BE B2 FRA T E 3 S A% H 7
R FEH B A Ab— DB SE. BTN SO VR IS,
MAZIBENE LT — 4 ELE, BRS EEN P 2 [0AE ELAE F 8 SRl A6 25
VE R TR A 2 i R RS T 3 S A s S R B i i, FRATT 3 X
MAZAE P A R BB BB R T IR S . TR 20T, FRATE e
T E XIS R AR A i AETRATATHRRR 7 Y, FRATIER T IX e s 3R
AT S A G BRI P A% S — VORI 8 o 2 48 D A% 22 T B e e )
A, T RS AR 2K PG BUAE S 1P A% 55 A VR R 43 e R v A6 0 i 7 A% 22 Tl B e A Y
Mo XFEEES MM, A AREHEEITE, WASH KA 20,
RE, FRATRIE PR 7% 2 (8 AR s sl 752, o] DLl g £ f4 R
Ho FHHHIZFR D it & bk, b B r = R B
WIRIAIE RS, BAVG SCEMEEHE, M r = ro R TAZFrREIA 2 1 S iH
=,

R
A= / dr? 4+ r2(dx)?, (2-10)

FIEET, x = 0./2 BN MIZTTHEE BEq. 2-6), FKATATLUEG X ICHE:

R b2
Lo e e

Y, N




R R A B3 RO R SR B T R B MK AR

Projectile Xe ,Ep'

Target Xe Et'

A 2-1 S AAF R TR TEIRRIEN ) ) FTEA

223 HEBIERSSHEE

FEIE 01 GEANT4 [49] FIl TRIM [48] 2 25138 T HEHUSRIRE 77, A5t
WAL A — R o XL P ARIE I 5 20 AT 350 A o o B i 7 B
To EFRMNBITAES, FRATH BENVE TN B 7 B 2 B AT A REaR I, ARYE
W B2 17 43 A7 PR L (pair correlation function (PCF)) >k A il il 7 M HAH B 1Y
JR T JBHE SR, RN REC T SR EL, X SEBERREL g(r), FHJE TR
HAER DA B UOE o 12 Rk eR £ ] LLIdE i 3-8 122 R B e
Bl 8 B S I R W e AEARTCHY, FRATTR A B YRR R 42 [R) 43 AT BRI R
g(r) AR E T30k [53]. B 22 BRI A2 [0 A0 BR AL g(r) o

PA VBRI TR ES A MR P8R8 T — DI sh &, 1z 65
T AT BE R AN K 58 M A PR - I ok - A i s vl p A, thonl

23
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3.0
2.5
2.0
1.5

T =161.4K

g(r)

1.0

0.5 |
0.0

10
Al
B 2-2 A AR T 691 0 S

RERAE TS A~ SR ad i Ji 7 A% B 1 AR SRR RS . TR mUR 1Bl
RO il — Bz, TR AN G H 28T, Al i &5 DR R
W ARl , ARG T Z R RE R AL . AT EXA S i & 4
N R B] AR R R AR R A ARIE IR PR R S WA, 3K
MJ0E, W — MR R EA 112 12 s, Wi, £ iz
BT AR A 5 2] 6 U 1o FATMMIX 5 2 6 A4 Hrkitix 4
SRR T — A% 0] ARG R FE YRR A% o O TR S s Bl T 1)
ER s )6 MU T, XMTEANGUR T, BAEDHFENDSEHORIE 12
TR TS O R, RN AR TS SOt e LS S
Bass T MR 0. X E, mTERAMBE R 2 N — A AL BT iRz
gy, NICEATAT DAl e 2= [m A, B2 E e A i i g(r), RHE.
FERATHIRER, FA VRS RERREL g(r), RIS ei R BN A il — 4R
TR . TR S RO RS Moz as s T R R ©, FATTRYE

24
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R R A B3 RO R SR B T R B MK AR

TS AR A 25 A R AT PR PR AR B X EFR AR, B 7%
] SR MERERET S, © fHSUEAESRAVAIR, 2B IR AL g(r)
FERASR AR o AEXT TR Y A% [ ) AR S MERE I 5, PR 5510 1
REILER, IR LA, B TR 17X © ARl T — IS 8Bk . 1XHE,
i HZHOS (R, ©), FATAT LUK AGZ S iz 35 1) B 5 21 6 M
Ji7, EIRATRERE T, FA TR R % St A b W R A2 A i b
TR CARREARE . — BE TR IR R AR R X R, AR
HAHRIESET (R, ©) HITHIXRAEE RS AL

b= Rsin© . (2-12)

FATAT LA, FRATRT LA R A S v S 3h 7 1) L 5 %1 6 MRJE
T AR T R T R S, R L E S Fiki
T IRATHETT A R SR R . 4 R bR T, R B
REM ML MR T, RIS R T S . IXRE— AN A T i R o
WA, AT — 27 R B 2 W R AE BN R — R i F
1% SN BT ST % 6 L A 1 Pt 2 S o o B R AT, EL A% 4 F 78K
B s Eh . HA AN TR S B LRI R, A SR e T LS
Eichler F%&35 [54], WATEMAMER R, FWIRATRA T — A Githt: dyg
PP BIREIR (dE/dx)g K B T-RER . FHEEEAR, RODFRA XTI
SR S I T LT LGRS A T R 2 R (R 15 S R B A A A
SN, TXREFRATTA R L J5 DM AR F 35S SR AR R 280, RIRE DR R 3%
(T FI G L o TR BB RE R (dE Jd)a, T BT — MR L

53 A AT R B R, AR A R R 1, B
57 U B R T — WU BB A I, P AR T R4k 525 ke A S v 1
T R S e X R B R, R T DL e S 4
W% Collar 25 \JITREE [40], #t/e R A PEARTT I BT RE . 7E Collar HIC
F [40] ', Collar W AWM REH REIL 2 E, = 9.3 eV, T HAMESREE T
S RE R0 R A T RERE LB T S A 5 o TR B F A, (B2 L T
TR S0 S P DL 22 L — B R SR AR B SRR TS R T B, AR,
R BT v = B, /2meve (TEM m, 2B THIFTE, T op 2
YR LT Fermi ) o DRIMGAATIAED, MR, 2 b 6 B o i AR
T 2040 THITHREE (keV) BOIPE, SIEOR TCH: 3 IR H B9 f 738 & Bk

25
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. SEBR_EAE Collar HYSCE [40] HATRHE BT RERID & 1, ROMHL 7Y
TR B HE BN AT B Y 2 S T P PR Rl (PR, T AT 125 R 1 2K
[0 Ficenec 5 NFENTTS FL B S Bie UL RIS, B APHe X — L
J57 [5510 AT BLART A it 22 P e 1 s R AR SR Al T BT RE S, 2K
KB mE i E. SEPr_E Ficenec 2 N AHL, HIE A RE KA T8 5d — 4K
A TR BE R A%, (PR AU . T XENON100 7 Sz i
REFEART 20~40 T HLUTREE (keV) AIEHL MRS TV G AT
(=)

b

EIREA R UGEN, ST IEARE R N T R R IO R I
FRIRBE SR, R B B B R AL, Bt 2 i B R SR
BRI , AT — 2250 B F B [56] A, X B BRI RE f Al LA
WL AT ESCP R B YBL: B RAEEEREIR (dE /da)e R EA]
HIRER b, BRI — AR RERL SO X PR3 T B (dE /da)q K IX 1)
B RO, BT AR SO BAATHIE AT (dE/da)o. FIRS R 3K
MBI (dE/dx)g AT 230 — 1 #lrRE R, B2 ZE I3RS —4
HTRE L. FATRXFERILER: B, WR— DRSO A S REIR TR
HIREH REMZZRETREIE 2 B, = 9.3 eV, FRONTTAIZ S AZAS i RE = A A9
BRI, ok, MBI, FA 108 2 Rah iz
HERALVT WA RS IRE R (0.021 eV) HIIHE, ZRMZAELRSE )™ A fl 43
L, ML bz ot iissl, HRREER R GE.
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Voo sl

B=ZFE HERPHIRETFEERK

FEN TR AT T, RT3 B, BB SEN T BRI E
BB, AT ER S SEE, X HR 4 RE ARG AT LA A — 4> U i e 1 BRAL
PRI RETR (dE/dr)g WP HORINIA, S8 MMM RE A% (linear energy
transportation) , ZAE ST H -4 BB REMBR LA BUAY S . IEQNEE = AT
TR, AR R PAZAEAN T HI5 25 B T I RE T I A HE T BT B RE
18 (dE /dw)q (AT S50 R 2 N L TR ARG, AEA SR B4 — PR
MR AR RN ERETEM R, N By, B B R
P (dE /dx) o £ ShRENT EREL . HEE 2 58 ] DAE I SO Sk g A 1RG
SR, BRAERCE S H B AR AR R, (RBE DX B SEIGME AR K, 1T LI A
JEARMELRIE,  Bir AU 14 3R B SR B RE R (dE )/ da)o 1S58 5
ZHAEREREX, WA DEAER SRR (RATE 100 TR RIEAA) . 10
TR P P s BT O W A 16 R IR RE e DXk TR, ZEFRATTY T3 Y
H FRITHRES A ERIE AT, DLACA FRAGAE H S5 Rl B X S 30 4l , b
B HN BB REMR (dE /da)go UK RRNTIFE Y P — AT aes R kiR E
PP, AL TEH— DR ORIHE XA A

FEIX—FE | FRATE S 8 o6 T T AL BE B RE PR (dE /da)y 13
W5, USSR | JF i oS AR A 1 S0 TR o 7 B B B RE
P (dE/dx)g B 56 HERMH L. 25, FA1ed—Su5E T A r g
REM (dF/dx)e, FFEAEIEIA MBS AREL 6 H S 5 D04 S A A0 2]
MEUE . [RIIFRATHZE T AT SRS o i {19 f 7 B AL BE 2 BB
(dE/dx)e 2 ERERER o

3.1 HEFHE{IEREmIEISEE

BEHPRL AR E A B 2R T, SREERE N . XELR TN
RAERY R — BRI, 3Bk  BOH BY BE G I LA A Bl . —
IIEIB BRI R A R R AR RE R, SIS R AR A o T Y RE
o AT RIVIXHAE, AV ESIA TR R ERER S, = (dE/dx)a

=
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(BCEBERR A I ARG LA B RETR S, = (dE/dx)q W3 .
HERUL, R PR BRALEEREM S, HAAE T EE PG b L. s
BT LA T B RE R AT LU H P B R RER S, = (dE/dx)g KRFRIE,
T XS EEASTR 25 B A A o v A H T BRI RE R, A A\ etk RE AR X
—WE R SRR . Y T TR B RE SR DI R, Rt S
R ETCR . FAE— DML LIAT, REMEL A5 DA R T X a3k
FAEA BT I R PR B BRI (dE /dx)e TIWFSE [57]. R TIX MR, 2
FANVEkZFR T RENSCHN, NEHPIEE, #lEFEe, DOCEEIPLE I
L. NEFHIP/R (Bohr) WIHELSTHAS, MHEXMIR CESE] T IKRHEE,
BLFE BRI, KH M (high-order-Z) LAKFE (shell) EIE, mifiw 7HIE,
MXREIE, ssh 1R M B 55, TR RO 8 AT A2 Sigmund
MIZEIRSCE [58] LREIXLEHE, BRI T — RFRZ o —ARRH 1E AR 4T
HYSHIITIE, T IEREAS AR LA T8 A RE F Ok LU A O A SE 3G 200

SRMIRATT I DA RE B DXCIEARATG, IR B issh 5B REAE 1 2 100
THPRE (keV) Z[He fEXPRERRX ], PHESEEBHERHEEL, FAL
N RATEEA R A EE SRR ARIX A A e FEJT S b S TS 7
FE PP R IR, B AT R ) LE TR ) Skt & i 787 #h 2 RE
P (dE/dx)e HH LA 2L S B e [59] 130 & i A 3L [60].
TK W R ERAG A ot 1 L ARG O B A B TSR [61], % TSRS A o
Koo Bisshkr FAEN U ZE T HIAS , IE Bk A & A 4% (R  —A4HlE
HRER, R 5 FRURYIEE . FET X RN T B TH B HR LS H XA
KA HTPRAFERERET (dE/d)y IELL T B3k FIEsh# . T RIGHE
RERARIZER, Brandt S5 AT T is sk 7 AL BTG 0L, AKREH T FR0 R
PRI [59], Echenique 5 A5 T izshbi 7-AURZ N T- 9040, A JEH T AEZIES
JEVZ BRERTE [60]0 ANERWIFENS ) SSRGS RER (dE/dr)g
IE s sk T B s s .

3.1.1 FEFEEHEEL

N T I RIA AR LI Sl FEAR T o LB 9K (Fermi) 1 J3E B AL
TAEST B R, RHEESATER T TR B Sl AL AR AR o XA
Rieh ) dazhb AR U YIS S L o KORART A B 7 AY 98 KL (Fermi

28—
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velocity vg), [FRIFTIZBIALT- 570 B s 7RO BAE AT LU R T Has sk 7
1 e i BT o T s SloRE - 1R FE T e /N T4 B R 1RO B, R fRifiz
B, TR B SR T A R . IXRE, T TS s T R A
SR, BaaGsih, IWImsHE Tisshk s s, mizaEka shek
PUE T AU R BV ZE T A B B o IR MERL ) o7 A7 R B RE R
(dE/dx)e W LA RN FRIA IR -

Se = NgUpo(VF)V (3-1)

TREF ) ng BAFHHFIIEHE. ZESNAFR T2 KEE (Fermi
velocity vp) AR, A LLEN vp Fn:

2, V1/3p;
vp = ﬁi{%%&___. (3-2)

TEJTHE BEq. B=1) ', oy (vp) A28 Frid Fsh G, ol LA %%
Az
A & )
J”(UF)-—L/kl——COSH)dU-—’%g:;E:U—+1)SHP(&(UF)——5H1(UF)), (3-3)
=0

JiREH 0 B, 1 6, & BRI Y B RIS S T 1Y BRI ZE A A I
R AR . AR EE R ARSI BRTR, BRI
& ng i, B4R TFHRAIEEREMR (dE/dr)y FE1E T I5 3k 1 1
.

AR A 2 L B AR [R) N 25 58 B35 B R 7 8% A B 1 4 A I
Echenique ¢ AR HARZRME % V2 o8 B 7 35T 8 1 is 3R+ B9 Brilic B8 25 (601,
M T A B8 3R 11 BT B R B REAR (dE /dx)e- BTSSR EIR,
AFEBIRL T AL REAR (dF )/ dr)o BEE IS BIRL 712 HL T 80T A 2R 4R
W, X MR E G LI LS. AT AT Bh i e A T A R S 24 HY T A
AT o

[FJFERY, Lindhard 1 Scharff (L-S) V1% 2 R 8 3l & 4 i g A A DL A2 48
S E A, IR RE X A IZ S T 1 T A B B RE R (dE /da) 18T 3
621 ABATIZEH T B B B RERR (dE )/ dx)e MRS 5 T B EEIA R

S. = VBretapZNo— . (3-4)
0
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FIEHH, ao vy 30 PEIRAAEFE /R M (Bohr radius and Bohr velocity) o
Co e NAE 2L, {E Lindhard F3CEPIZSHBREN (o = 2V MR
MY S BB R, AFERE S FECRE SR Ny 2/ iy
JRT BRI . TR ER R, EIRRFRE R R sk A oo IR Y
TCRIE , [FIEA R HH Y B A1 Thomas-Fermi 7 A R AL B o

7ok, PR p) R RE R, Tilinin 25 R 2Rl 5 1-4%  [B] Y 2R
16+ 1 KRB SR 7 EA7 Jo H /Y L 7 BB [63]0 TTILH, 2411
[F) )l e S A K 4 2 5l 4, Rz IR~ 22 0 o B9 7 A% /N R
Bto HREFIXLEN K, MEIE T Lindhard FE, SIA T — 451880k 1AE
HAHK 2L 7(F) KB IE Lindhard F)3IAS, IS 218 B9 ML 78047 2H B8 RE AR
(dE/dx)eo WRIRAMAITTELER, BB REM (dE/dr)a FEIRREX T FEIZ
Sk RN B RGE FEAG, BERALEE B BRI (dE/dx)e BT Sis3hkr
T-HEE ) =0T 03 A ZIE SR o KIEL.

3.1.2 MR IEiE

M — s R ANE A S AR T RS s sk
TR AT AU NS, TR — > B3 B R A 440, /)
W72 R a2 AR kTR o T s Bk R [ B B AR S A S, Hisghg
Bl 7 [ B2 AR LR, BRI, TEis sk 7 J] Bl <5 SR T 1k
— M. XN BZEERT, BT IiE BT s
Gy, ITTis sk 7RIS Re - A 0o Zebbmm i BRe gt 25 T ARk,
Hria gk 1 v Al BN F 37 B 1 3 1 B o el RACh & i sk 1~ sh e 2%
i Re Al IEE R

B S A T IV o 1§ /B L S8 (N N 4 R = A S R S I S DS 126
#& Brandt fil Kitagawa (B-K) TEUCEEAE BT AT, RPE OB ATELS [59].
{F Brandt I Kitagawa HJSCE T, AT LA BE B REIN (dE/dx)e BINT —
MR ARCRATRRES  WEARCRAT S, —REER AR PP R
TN PE B REIN S. (21, Zy;v) T LA I AR [R] 7 B /Y 51~ AE AR (R B2 Hh i i1
AR PR B REI Sy (Zo; v) BTG S

Se(Z1, Zayv) = |27 (0)]2Sp(Za;v) | (3-5)
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TR, Z) BRESREN IS BRI AL, 1 Z; (v) AL iE s EAL T
BENEEN v IRHERT A RORAT. 756, Zy BATHIIR T4 Fit, HZHNE
T BTAEAFE R A B R BT AL BE B R (dE/dx)e, WEFT LA
Brandt 1 Kitagawa FJ/A 28 F (BRI 20 AT AR T-AEAH IR o A e 7 1R
(BB RER (AE /d)ero

3.1.3 ERTN 5L HIERMXILE

BARFIC YL RATAE B 17 Kk B I (AR 1R 58 i SR RRL A2 AN A
P R AL B RETR (dE /dx)e, 25PN FRIELTE 0T FL B0 B 2 RE A
(dE/dz)e HITUE FEARRE X 2N RE 5 5250 Wl B A AR i B9 FF & - L W11 Fukuda
S NAE 1981 4F 8 201G SR T FOR 1A 18 1 AR v B FE 7~ SR PR S RE
(dE/dx)o M 7 S35 L5 R 5 & F IS 74 17 B RHWE [51],
U RAERE T AR HY DX (100 T FE-FARAFECE BEAIR) o AR H8 K i B 5L 50 4L
PR FE R BTN, Ziegler S MM T KA TAE, MATXRRITCER I 1AL
FEESRENR (dE/dx)q M T — PR R HERE S (48] MATTH LS Rt A2 k&)
—/M i SRIM (Stopping/Range Table) HJZ/FE3 HIa . AATTH Fres H B HL-T-
FNL BB RE (dF/dx)g G5 BB 7 is s Rl e by, (HE B4 5
WAUE 20, FRATHA R N 25 R A S50 2ds , B4 L-S #8, B-K 3
W, LAA SRIM HUEURE, HEl—&, 26 7 —RIE%: B 3-1. WEHRRITAT
LA HY SRIM HUERELLL L-S 1 B-K RIS (K52, (B8 S8 B2k —
2 I HRAEARRE . 1 Tilinin FTHR SR SN R, FRAOTE HZ
SRR T LM R E . SRR, AW EISE R RIFHITE 1AL
FEESRERR (dE/dx)e FEARREX HIFT Ao

3.2 HEFEEmEBIEEIE

321 EMBRFZE
FATRMBIE—MER B IR T E— D T EUEE TN ng WHEFAURH,

PIOEA T A 2O vp B9 v 2717 EIXMEs 1P L

BRI EACVE AL i shingh AR R B T, WA AT H18E

o XA IB BRI EIE 2 RIS SR 1590 o i 1A% A A — AR il

FELE AR . T H T BEGIOY., AT RIE SR 78 S A T30 R -3k
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1000 .
& =TT
E 1007 - -
o f—
7
(@))
% 10+~
= 0 Fukuda M easured
— —— L—S Theory
LL -é 1+ B-K Theory |
O & SRIM Data
— Extrapolate Fukuda
Tilinin Theory
01 | | | | | |
1 2 5 10 20 50 100 200

Xenon Energy E [keV]

B3 BF AL BRI RS 5 LB HIEMT 1

PG BB M A A8 M o FRATZ S& 7P I FE T2 s sk A B 1Y
R B e, 0 A s b el DA il B sh it A iU o (vp) KT
o MIERXARY ) FATR LAE S IR W5 R Bq. (3-1) WY HL T FRA7 B B AE R
(dE/dx)q WIFRIET e AR TRUE N ng 72—, H82 8l AL ey 2
WHUAT AR5 A S PR B RE A (dE /da)o SIB3R 719 o IR, X
AEERS HoA B S R

TG e R AR AR POk, R R H REsi i1, N
77 B Jof 5 A48 & {9 v 7, R T 8 A i T P P AR ) LK f - BT
BIREMN (dE/dx)a %5 R A RIS TS o U AN 20 e % oy A T B 12 A 1 ol T
R R AR REIR (dE/da)a BEE IS SR TR IR 78Ok 2R (Z:-
oscillation) [60, 6410 IXE I T AR BIETE o SR TR TUX I Y 4
GAARaT o, BATTRAT AT LLE R0 s A A B e A R - 55 1 L B
REIY (dE/dx)q WE? IRTATLME T AMEE . HoG, FATMETE B )l

o IR LGRS, HL 752 ] DI S s &3 7 ORACEE ?
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o FATRZEREARAL BB LA 17 L 7RO L e A TR,
O AETR T PR AT R, A 2 2 E RS o
R TR SR ok T 2

B, MTRUESEE ARG, e a5 E H T
(RIS WA RET M), KRZHA B TR DR TR R T, AR,
X TR AR A i ] BB A H 7~ 2T S R, L R G T R R T
BHE A . G T, TR E T s HR, 26
T AARH TR T 28T, YR SR A% R A T AREI T B A A%
RESMPAZFTREFE K T IR E LS R iz Bk . AL, HIRANTEH ShEA%
Ty A e PR AR R T B R PR AR TR P B B BE SRR (dE /dx) e HORTAR
BFATNIZE FE R T REZEE I L T B L, A LAWY E O A IS A2 1 H
FA SR SO B o IR TR T B AR SO i B B A, BT
W AU S . A [ B AR IE T — . X TR MR ek, 2
B E Bl e A Ak T R ASTR TR RO, RTINS B AR 2 FL T 7 =
SER KRR SO AZ AR VR R A 1R s Bh g 122

T E AR T T RCE B, I B B AR A 2 Hartree-Fock
(HF) f8 | 2 R g FR oA BV 9158 (self-consistent field method (SCF)) . 1H
XTI BAERE AR, MERNEZSIEMMAIS R, FFERAKERNIZSE .
K, FRATFR AR A 2 &, I H A R B s . X BIRATA]
PLESEIARS (Poisson) /7 FE R IR 11 HL T B 25 L9047

p(r) = eV?®(r), (3-6)

ERTTRET, ©(r) J2 A B - R A A RE R AL AR AT TR AT 45
RERRELEIEE, FATATLUE 7 B0 B RO T 75 J A% 2 TRl B
B PERIEIE, H -y AUROE LN SR AT LA FH AOARS T Y 25 RE R R B
A, FRATAT DA B R T SR i T I A1

AN, HTREE S ARMEZF B RIRE T2, BT LMEUE I R A1
By, HAHa2 585 i R k. FEEIXMIEIL, JATEES
JEHAIE Mtz S AR BRI T, Ao g MR, AT S
R R BRI HEL 7 REAAT A X 2 i i il o DX AMBsE, FeATTsie] LA
BRAT LT B 20 BUAERAE, [MERARHI— &, S RO AR
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FUHIEE, RIS sS4 R T A% 2 (R ARSI R A AR o T AR
Al fE AT LA R R 3 U (), AR BIEE E,, LAA ARHIE 128 Al 48 240 b 1
FE N Ko AN T A T RO AZ AR BB /DN, FRATAT LA A Bz 1
FEARAT LA R AT R E [52]:
do b 2U(r) b2\ 2
az—ﬁ(l—f—ﬁ) - (3=7)

TR, ENITRREART 0 — r B AREEE T 12

ﬁﬁﬁﬁ&“&ﬂﬂuﬁﬁ,ﬁﬂﬂ%ﬁ%ﬁﬁl—%@—ézo,ﬁﬁ
WA A AR ) T AZ 2 R B BE S e MBUE R TR T B R 2
R, I Aizghiki v Frae @ R 1B T B E 9 N — P RE R 3 ry 2 18]
H)—BERTE . RATANIXBER T T Stsshl &2, T2R0TAH
HBAE , FRATTR AR B B A% el 1 A v 50 BE I I W75 REIXER 40
Fo TRIBMEEITE Bq. (3-6) KT HXLE 71 FIEE, FRATEARSTHFR
N AR B A i A T SR Y SRR

WG R T RERE E,, LA FIRIEIVE RS U (r) AT LA & ERTHY,
IRAEXS T 1z b - Ik — 1) a5t B ()t 2 Aner 8 B 5 M8 P X I RIEFE 220 b
GERE NAZIRIFRA T AVE NSRS R TR RIS A b 2 B8, X T— iz
S5 AMER IR T, AEESENMEEE R ESE b, RATHAGE, ZalESE
ARE/NT 0, (BAREK T IR FAEN TR REE R B, FfEFRNTHRBR
BATN T BRI 7B WA e E,, XTH I8 A A AT 5E A6l i 2 - i
TSR TFEE, RN K. SREHX - TFEHNERET5E, /EA
RAERETHE GRIXETI T

322 WHIEFRAEERERER

IRAEFRAT AT LIAR YRS 1E 2 J B 3y % i A8 T B S S B R v S 7 A6
W H BT BALBE B BT (dE/dx)g. EFRATH AR, FRATHMATE A
& (Van der Waals radius) 216 F2oK (pm) YEAGURT-HIE1E R TR T HiIE
WA D7 AR R Y A R R S vy, FRATTAEH Moliere #44E 4 )[R HAH B4R
MU (r)e MATRFIZEARER R, B Tashie 7 EE, JRAOTANEE
ESHAE 0 B R Z [R5 0. FET LIRS HOESE, BATAT LA S RIS
W A TR T ng, MR AP 28 oK (Fermi velocity)
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vpo I FATAE SR AR Bl A2 a8k 1 B I, FRATTAEBE 215 J7#2 1 (Schrodinger
equation) f# fl Moliere ok it & 539 B HHF o

e, BATTFEHAERERLE 1 2] 100 TH 7R%F (keV) VG MAZTE
TG B TS EE B REI (dE /da) o fHHIHEEOR 2R T A AR TG,
PAVFE N TR B REIR (dF /dr)q 1B

2.85 x B0 E, <50 keV
Se(E,) = (3-8)

5.53 x B} E, >=50keV

PATHEAE R T LS RS RN SCG BT T, FRATH T B 45 Rt
aIAEE 32 B T IRATAIZER, FRATIAZLS] 7 HAh — L P T 45 2R LA S
SEIGHE. Hd, AR R M4 2 Lindhard-Scharff  (L-S) FIFRISIHE [62]; 1
£ [] Wy 28 /& Brandt-Kitagawa (B-K) HYFRISAUNIE [59]; Zr€0A1 T (00 85 Mk
43 J7& SRIM [48] F1 Tilinin [ 1154558 [63]. ML /& Fukuda 7E 1981 4F
[ SEBG R (5110 ARBIATEARREIX, T HRALEEERET (dE/dr)y T MR
k.

3.3 SEFRRYHE FEA{LIEES REIR

BARMNIE 3-1F77~, FRATTEE 1F Bl 5 A% Foy e 10 FR IR AR i 15t ) fE 7
FANLEE B REIR (dE/da)e 5 SL560 M S 2R AR 5 BT (51, 651, FAMPBAA HH
N A R0 B 0 S5 2 TR AR 22 i AR . AL FRATTN S0 Wl 1 B AT 17 934
Fukuda 55 AAE 1981 4F [ SL8GH, P A2 AEARREIX I (40 keV 2 200 keV),
TR TRV B H 7 BE B BB (dE/da) o FEABATRYSEEE W 1-il
i Cockeroft A1 Walton 2S5 B as ik, 2 Ja Zrid— D Fe il 4l EEAE 99.9% LA
AR . YTE TS HRZ G, AT AR AT AL DAL
it HRUE T AR AT B TS P B BB (dE /da)g. MATHISERE T, WA
TRREA A2, DA Al RER SR 72 2 (A VR A E 4% 18
Rk FRATHESLEG 1 R AR B R 1 £ Table (3-1) H.

HAREY, FATHE BB R R TR A T BB B RER (B dx)eo
FEXIA RIS, WL R B8 SO 5T [66-68], JUH X T—1&
GBS ARYRAATT A 5238 B R VR AR SR B H ) 7 7 B S RE R
(dE/dx)e B H HAETRAAR A K2 50-70%, SoRFATHIBE T % B K Z 520
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1000
S L
c 1000 __---
&) — =
I S
> | - ===
% 10 ———————
s n Fukuda Measured
= e -_— L—S Theory
< B-K Theory
% S 1+ SRIM Data E
Q —_ Prediction
_— Extrapolate Fukuda
Tilinin Theory
0.1 ! \ ‘ ! ‘ :
1 2 5 10 20 50 100

Xenon Energy E [keV]

B 32 0 F 253 BRI RR LA S L LB HKIE AT 2

SRS e AT, BT AR R RS, UETHEARE
&, MEIEAURITTR B AR BER (dE/da)o JLFAZE0NE 48]0 RIIEIK
M REXS T, HAET R T A B AL B REF (dE/dx)e
BAR—3. HILFRATIAY Fukuda 558 A S50 245 A 11 o

NIRRT, BAMBUEARITR ZARERIXE (1 2] 25 TH TR
Fi), WUSMAZ ) H T AL BR BT REAR (dE /da)er 5 0ESEEEMLINIX [B] 9 T e 344
—E XFEA RO B, BAT SRR BEE TG, FHEMHRRERIAK
SR EARAYREREIX ], RCREFATIAF 2 5L B A WS AR AE TR T B T B
BREMR (dE/dx)q HIFRE:

S.(E) =1.906 x E*** MeV -g~! - cm? . (3-9)

XA EERFAFERB RS T 3-17p, Hh BOp Aol 2 X408, e T
Ziegler fll Tilinin FY&5RZ 8]o RN TAKELLE R ARG RE, HATPRHAT
T PR R T 2
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Gas Xe™' energy (keV) Stopping Power (101 eV ¢cm? atom ™)

44.22 9.98+0.20
63.43 13.85£0.27
85.07 17.43+0.35
Xe 104.68 20.18+0.40
124.89 24.62£0.48
144.68 27.34+0.54
164.54 32.26+0.63

F 3-1 LI 693 A 40-200 keV 49 R & F 4 KA 69 AL IE F B F AR

JTiE A, BEPLEERZEAE 20 VEEIN AT AL, SRR SRR LS bl & R
e B ER:

o XTFH M, FALKIRZER 20 KRN BENLAE 5% 10,000,000 55
BB, KT 44.22 T ARHS (keV) MO &, HE AL IEESRER
(dE/dx)q /2% 45.77 MeV-g~'-cm?, 1 20 RZVEHEE +1.84 MeV - g~ -cm?,
THEFRAE 45.77+1.84 F1 45.77-1.84 2 [BIFEHLA= 5K 10,000,000 475

o M _EIRAEHT 10,000,000 £, FRADN A5G A BERPkIE — 2,
XL 4 A

o XPER T A BT B — A A S TR LA, HAS R A H T A
FERSRER (dE )/ dx) g 2B,

o A FIAIR 1,000 ¥k, MIMNFEST 1,000 > H T AL B RERR (dE/dx)q
Fik=;

o Hf LIAA Y 1,000 D HFEALEE B BER (dE/dr)g FRIENLHIE—E,
M2 H - B ER B REFR (dE /dx)a BY 20 BR72 XA 45 R4 i A
K 3-3H1,

Jitk 2, i 2 O AORBORZELTR . T EARDER:

o MEIATHMLLLA S I N, W7 FRALEE B B (dE/dx)g I
TEEUN BOIZAE 0.5 3 1.5 Z[0], 1R K BOZAE 13 Z e XAEEA]
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100
o j
e 80
o L
o ,
o 60
E ,
[— 40,
9 ,
58
20

Oi . | . . . | . . . | . . . | . . . | .

20 40 60 80 100

Xenon Energy E [keV]

A 33 wFRALE BN 20 RE 1
1£0.5 2] 1.5 Z 80 N FERLA S 10,000,000 NECF, THAE 13 Z A8 K
W BERLAE % 10,000,000 5T

o I\ T FENLA B EE T, BEFLBPRIE 4B, R T AR AR
(dE/dx)q #5155

o fHF x> A ARAG I BT A KT HL TR B R RER (dE /d)e FRIA TR A AE
SRR 20 B2 X [H] o

o A FIAN IR 100,000 ¥k, FATHAE KLY 600 4> H -1~ B A7 FE B BE 4
(dE/dx)e 315200 2k 20 A0 2 SE50 1 1Y 20 3R 22 X R FRATHE
JEZAFHT K-N A2 AR R34

o RATICAA WE2 4 1 B L 7 B B B BE B (dE/da)g 323k 4 I AF
K 3-5t;
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1.0
0.9 -
I —_
%Wa"b‘
Z 08 > MGz
M""’tw\“‘ .
07
15 2.0 25 3.0
K

B 34 i# % 20 iEETCH 6 K-N 9% fo X B

BE—2b ok, AR 3-3F1E 3-5EE—ike, AL @ PF 7L
5200 s BB B REIR (dE /da)o W 20 1222 XA LR F o X255
TEAEE 3-6Hs

TEATCH FRATTARSADURE J37 5% A HL 7 B PR B RE Y (d B/ dir) FRIB
A SE IR R LA TR, T B 1Y 20 1R 25 DX (RIE S HE T 07 BE Y BE 1
(dE/dr)g B RGIRZEREFE

3.4 HTFHEIRF Lindhard 2%

—HIRATE T B TR B AR (dE /o) AR, RATEE T K
TEMR IS BT , FoATRh AT LA 2 R b A R A — YR AR e e el
TR SO A AR T T RIS, SRR USR] — AN
ZAETET P AT - BEA 1y () o

BILFAT AR RIS R, AT LU 525 R ok i 42
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100 % i
t 80 %
o L
—
' ’ '
o 60
é ’ .
[— 40,
9 ,
58
20
07 . . | . . . | . . . | . . . | . . . | .
20 40 60 80 100
Xenon Energy E [keV]

B 3-5 & F A5 FE B ARG 20 R E 2

Lindhard 2% queo EFRATHITHEF, FATEHLT 10,000 R IAZ SRR E], A
M2 —1 0.5 £ 25 THFREF (keV) Z[AH Lindhard 250 g, H9FME, H
5 i BRI IG RE T [A] 56 AT LA TR TR 26 7R 5k SR

6—0‘03:312;0958

T 1+ 13.789F 0189

Gne(Enr) (3-10)

FATEGFRATIT BTS20 1) Lindhard RELAGIEE3-7H . Hp BALLELRE
TATHIEER TS24k 8 B B BH 52 X302 FRATTHY 20 RAIRZE . A T RIEFRATHY
FJp, FATE A0 H SRIM BN 280k 2 B TRIM HI45 R FRATHEAE /Y
TAEtAHIER3-79 . HAp S0 i [a] W22 TRIM (9255 17 S840 11 [a) I 2%
RIRMERMEER . —FH 2 MR NZE TR Z5Rk BT 3RAEH T X B SL
WAUR A B e R, AT E AR A 45 5] 1Y Lindhard &
£ [45-47] AR . EHP AR R BT 22 S k= 0.166 HIZ5 R, WILLE
H, AT E R Lindhard R0 g & F/ N IXA PRI 2 SR =5
KA FATTHY Lindhard FR40 gy PGB8 I B3 T A AR B 6 R Lo BEAR, IX
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100
o j
e 80
o L
o ,
o 60
g ,
[— 40,
9 ,
<1
20

07 . | . . . | . . . | . . . | . . . | .

20 40 60 80 100

Xenon Energy E [keV]

B 3-6 BF AL 3E B AL 69 20 iR E K

P E ) RO B T SR ORI - HE G XS
AP AE 5 T2 HY B BAR B
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0.25/
0.20:

0.15/

n(E)/E

0.10(,

0.0l ——— s

- Qnc from Eq.(2.2)
TRIM Simulation

— This Work
I I I |

0 5 10 15
Nuclear Recoil Energy [keV]

B 3-7 7 R A T ik RN 249 Linhdard 2 2L g,

|, N

20

25



iR KSR ARk FmE RAEMNEFHEFEE TFHETHLEL

FNE HRANBFHERFNESTFHERES

TAARYERTE PRI, W T B, RATE &R LUBRFI RIS
g, BA—EshRERY R B SF R0 T RE i . AR TRATTFR 258 R Y [l
TR A AR B . HAE TR TR G, I E
I B IR FZ RS BG5S S1 TR E 5 S2 B/,

X —F 4T RATE GRS B M BB - A id . 25
AT HOGE S M B EE 5 R A KRB AE TitsE, KIiZEA
FE RIS TP R B R E S SR BN . 2 e, AR ES T
A TSGR 7 iE—2 057, FEX A Y Thomas-Imel ERISHRRLEL 1 4
], AT DURAZ RO E 5 R B AT R X S ATl R

4.1 HTERFENFEILFIRE TR
41.1 BXEEF, BHHETH Platzman 7%

X TARTEN TP TR IE s TS, YA T iE £ #0s
SN LR, Zis SR S AR PP U BB L, AR i A AT
KT, BEHETMIER 7. FAF 1961 4F, Platzman B £ 4 A8 & <7 1H
AR HE— TR DB A SR AR R, BB TFRIEER
% [69]o Platzman {5 € A B FL~REFR AT LLor e =385, 0 Al T4 d
B A IE R N, BEOR OE R, DA —2E I H 7 (sub-excitation
electrons) :

Ecc = NiEi+Neerx+Ni67 (4_1)

FETTRE, B FONBEIR e R4 i IR R, )T T RO R,
o A HL T RO RE R, TN TR SO, 1285 TR IR I 3 RE
Lindhard ZECHITFR, RIFATH i HOARZ SO B FE - RES e N, T AR Y HE 1A
B RT R, TR A X H - AE B 0, PR SRR /NN B 1Y
TR [FIRE N, AP AU R 7RIS, AR R T, F
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KFERHK/NN B, WHETREMR. ¢ BRE T FHBI6E, ELbritEd,
FAEAF IR E,, Tl E; 24,

XTI R R B RES G TR Y, AR EIA R SCER Y, Platzman 7%
AR AP E R BARME I T AT, TS H T — KRB THE. ke
ERARMKRE, FRETYIEE B, 1 B, 7T DA 2 5256 1853624 T BORS
MR . ST E R N, TN, B R/ NESARAFAES L i ER R
Neo/N; T 5, —S3CHkH A RO T iR, HEIB{EZ94 0.06 [70], T
AL EZAEZI A 0.2 [71] WX T# =4 T Lindhard 2220 A E
M, SRR A R HAE KA N 1 24 [29, 72]. B IXAN S5 R L2 R 25k
HFH KR Lindhard 221 g FIEER, TIXSIERATTDH ge < Lo AT Eo
B EF TN, Neo/ Ny s&— D5 b AR M7 B E, RITCIRE
FRIPEE LN, New/ Ny MIZAEAAFI 7170 24588, HTRZRMSEFH
TREMUCEEE N, XX R A wa R sLse ik Joisnfr, fr
AL R SO SR A N,/ N; (HERE 0.06 £ 0.2 Z (7],

IAERATAT LIRAFF ST AR B 1 e EFRAEAM N, AR R T
HHRWUR, FTLUZ A —T, MBI E BT, RSN
AT, SEBEIZEM7 4 EEETFE A ALY IR E
%, FAVLBL, RPN LRSS sMneEys, BRAMowEENE hBE T,
SEWRN Y P IES FEGES, WRIMEASHM, BHBF-4AETH
Tro RXAIARFT LU R R LR [29]:

Xet + Xe — Xe7,

XeS +e” — Xe™ + Xe,

Xe™ — Xe* + heat,

Xe* + Xe + Xe — Xe; + Xe,

Xe; — Xe + Xe + hv. (4-2)

R, AESEe ERAZ R IR A5 S1 MBS S S2 A SORIRIIIAR -

412 S1#S2ESHREBFMK

FAARAEAIE T Platzman J5RE2 S5, F 1T MR 53R 13 = 16 72K
ERTHRE . SSRGS AR AR H R
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R E ks s g, IWEE T R HOR B AR AR AR T &
APsh, MEELIEE. XA AT B P AIE S A L R, 4
MERGE R —EREZ S, A ERHE G O — T R R RAOIR )
Mo 98, MR ARSI EE, EIMNEHERT, BrAIEE
T IEE, MIMHEL G RS IOREE K. S, Br
FUEB A E25 A Rt [HRETWIMNTmEAZ R, BaARS
SRR IIES F A G WA, B EENEIEE SR
THEZEGPAN B AL T2, RN, Wi 850t
55 SIS, MBEGES S2 8. k2, KGES S1 43, M
(R S2 255, FATPRILELGON S1 M1 82 55 B SRR G2 o

AL A e B GAE 5 LB S S 2 BRI, mTZa AR 24T
SR ECR IR AT B FAE 2007 £F, Aprile 55 A\ B Z0RTUATIER T S1 AT S2
55 M SRR GO W [73], ZJ5 Sorensen B AESCHR [74] HXT LG T
B tr. EWUIAGE A ZRIEIR R, FATHEME— L AT,

42 HEFHESFIHESEEIEHAR

SR RS G BTN 4R 1 2O6(E 5 S1 AR EE 5 S2 By A, 3]
TR ZI B H i ANROE B A IRR I g 2 P g A R . S U,
FATA BE IE 00 B AR ST AR & HH F  AE 5 Al . PRTITELEIAK, BHITA
AT RERAR B A AR AL B AR AR I S A A AR M
GRET, BT LA s B LSS SRR i ) =28

o ¥IA45E (Initial Recombination) #JAAZE G HF AT A2 — I HLF i
Tk HkZ G, AT E TN ABBRETH - MRIEE . HHB
TN RPN E), XS R IE B B A S o IR
B HERR . ARR AR g A SN B g, 280 BT AR E B
MHELS GRS

o HLF %54 (Bulk Recombination) L7454 45 12 24 A PR 25 ] B AF1E —
SRR R GUER -, X E BRIz g iz e a B
TH HE B RIS &, T8 s U I 7 R R . X 2R R R AR R
JUF i 23 (B B H H AR O B ST B R
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o JEI45H (Columnar Recombination) JE [ Z5& 5 & 4 SN (7 AL 1)
WL, BT RVGUE B I A R A 7 A SRR R | T
FVGUE B A AT BB Rl A B gh & o [RAIX R g & 5 20l H & 415
RE T FH X 3¢ 1 B IB Bk 777 A Y — RO R IR B HL B v, DAL SRR
TERFESE A

MESRH, BAD B HB FAIGIEE FRSEEAE T & T B TIRIATK
gt — N P s BRI AR R SRR . FE b, RE UK Y EIB AR
EMERN, HEIIANETHHRSE. —H29k, KIERREEA R XA
AU TS, BUAE [75-81], IR A TEIeRAL. (R A LEBIR R
Thomas A Imel £ XHEATE M UATT R AT TR TR ERIDTTE (791, fbA145
HYEE TS 2 RR I YA & 1 S50 I o SO LA o Bofaft A=A
F TR 2 Y B R

4.2.1 XFHEFRHPEHA Thomas-Imel EE

A IR B A I8 5O FE A2 H Jaffe £F 1940 SF4EH AT (771 FETX
ZHHAR T2, Thomas F Imel Xt U SKR A 77 #2451 gE— 4 BT AR 1% -

ony = —p Ey-Vni +d, Vnf —an;nf

7

on; = —/LEE -Vn; +d_V*n; —anjn; (4-3)

IR, e AR IR R ARSI Y T R PRI SR RE, dy AT 2351
FEHT XS IE B AT BT RO S & R AL, XS TR R ER . N T
fE AL 7R AR A, Thomas F1 Imel 200 1 5 F A9 B SR Y I, RIS AT
A TR B B PR KT A O, TR i B O AR T vl A2
g ANite AR, Thomas 1 Imel 2577 2 — MR ED S A1, SRR 740
THIZEIE:

Q N= 1 nia
_— = ¢ = — 1 1 N = ——
QO Nz g n( + 5)7 5 4@2/J,_Ed Y

EIRRIEAT, of(daPps) B AR AL, BRI SITERELL
B 23 [R) A A DRAE Y H

RIS E S ARG T AT R HOS REIMAR AT, X Am B A il
FEX EEBEHAE o TR T I AR AR RYTR LT, SR MBI S8 R T H
TR E R TR R T U B A S

(4-4)
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LG K F AP T FOF RIRKEMNEFOCLTRERTHETHNES

JiHE Bq. (5-2) KRBT AR A Porh, B BB AIROE B PRI B4 S
IR S AN 2 R RO R o IEMFRATHT AR, X450 208 7T
A B E TS TRIE R T4 G Elm, ST Ir sk
BCE RS, XBE TN T BB, IFEAIMI R EHTT LLE B
. AR NELE, BPIEBEE o, PSRBT B, kL, Hi
B RE p & E Z MBI REL, Bl vy = puEye RS EINEAAHT,
X TR L) 10 kV/em [82], HLT-HOVERS MR 2] — &0 e ih 21 5 4h
IR TR, BMEMIE 4 T (HEEEEBESmEE T, BT HETIER
W%, RIS RAETH, AT AP EN vo. WY EUEH,
HHE IR AET RN S T MIEE TR G KN 7152 IR s 451
LEJ A Thomas F1 Imel Y45, FATRIZAE ¢ Hom 56T H 798 T
p_Ego [FINF FRAMEH AT RO B REM (B dr)g BB S MERETL1E 4 LET 1F
AT EE R — M T, FRATTAT LAMS EME IE J5 #Y Thomas F1 Imel J7FEHHY € HY

LIREE
n;x K1 dF

£= 4a?(Bug + vg) = 1+ Ky x Ey (%)el ’ (4-5)

FiEAH, B8R DATEHISEL

BAE Ky 2S5 HERETC R SEL, 10 5050 i By ot 140
5 LET Z [AIRR 8% R BIEE [83], FRATATLAMSE] K = 2.53 MeV~!.g-.cm™2,
SRJE, FRATAT AR I SEAG I () HEL T SO o SR AR R AR S R LT
BOE [13], FATATLMSE] K, = 3KV emo FRATIGSRAHIER 417,

ME 41 FRATATLAERER A 1, AE 2B ARG LET HA 1 i
ff, BCEBARE LET HI o 3, B AR B80S sMmi g E
#AHK . Thomas-Imel 77 F2 %D B A 13X A I HE R TTRERHH, BT
FOTEE o RS TR - A R T, SAMndY, 5 R
(TR BE B REIR (A dw)g B

4.2.2 ¥TF#Z AT Thomas-Imel FEEIAGHET

SR 24 FAT TR A2 S i =544 7 FH Thomas-TImel J7 R B5 , FRATT & INLE HRAR
BB AT o SEOGMEM A& I, A% B A R s = A B TS
MR H TR PR B BRI (dE /dx) g IR RIENSAGAE, (B2S MR
RS20 T [13]. F, £ Thomas-Imel A8 Y — G —LL
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1.0—
0.8 |
o 0.6 s g . ER Charge ]
Q’ * . « Charge
O L i
0.4+ Prediction for ER -
I _- Prediction for « ]
0.2- |
| — — — _—— - — & T
O Oﬂ — -? \-_\ P\- \_-.\ I I I I \._\ I I I | I

0 1 2 3 4 5
Electronic Field Eq4 [KV /cm]

A 4-1 ©F R o BoFF 4w 8k

WY BR AR S B R FEIER , TTX LE M BN A R RE S 858 A% S b A A I AR
U SURE e SR GV IE RN N

Chepel 55 NPT H 7~ S AT o SO B AR B 2514 (841 AT BE,
T T SIS o S, AERTIAR NG EA — 20k (BUEAEIR) Y
o WRAETTIAN s ANy, 15 Ko7 B g 7 _E A L AR 2t
Bz, TR R mE . (HEX TR E:, i e rAs 4t
HATEA KGR BRAINAE, BAhEfErh, SOz A2 AT
—RPIRRYZER, A4 2. IX 28 0] DI RAURCIR 2R H oK [48, 85].
AR R R S RZ A AL, TR R SR ) i 2 B SEAE ) i LA A F) i
eI BRI ST IZ ) A T A B9 H i 7 O B (TR0 0 S
HEfe B H R AV, (HR IR R RO R , X LA LR Ay i T
FIRES SRALA B 1 R0 06 B AZ i B A2 b KB B R 0 AN S B SR o T
XA R RERL R S A AR TR R e w7 AR B HE NI L JE 5 Y
FEZHIA o 4] Thomas-Imel FERAFYHUTFRATIMR, SRR 24
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LG K F AP T FOF RAFRMNEFHECTRESTHETHES

EREMARTT. MEIZAP T BRI A B TR T XM AR EAX T H
TR o RAPESLLBNG 2 o AEEXS TAZ R, X2 T R % A i
S| AT . MRIEX MR, FATEIAE ¢ FEIA— 1 RGRRMRE S 19720k
X} Thomas-Imel J7 2T IE

K dE
¢ = —75 (—) (4-6)
1+ KQ X Ed dx el

FE BT, RAUBE SRk teEL S 5% BB B2 R 23 (R B G . 2
TAVI A, Bt a B2z fir AR 2R (Al 0 A BB i, E A T R IR
Pz e I FRATAT A A2 IR HIAZ PR i T % B i i 728 1Y 23 [] 43 AT
R TRBMHAY G RO SRR (dE/dr)sa (RIEALEEE b
R ZR R g HARR R RERY) R R BEMIREL So fEARSCH, FRATMBUE
S = K3 x (dE/dx)pqo T2, FRATHE Thomas-Imel FAHE 287 s g

Q Nge 1

00~ N, *Eln(1+f); 3

K, dE
= — 4-7
1+ K, x Ej/ (KX @F/dma) (dx >el @

Resegdam A LR ERE, FATAT LA ARG 250 E P R E S
Ky, Ky A Ko BRATRAET —EH RS EIRSEHAT AR HE, JFH
REZASTL BT S5 R BEA T X Lo
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FRE REZRPERTERNZFHNLZALES

AT LS BB AT 5 T SO A VR - s R el 2, i
PLPEBSREM (dE/dx)y, VAN E BB TFRIERS T4 a1, 44 xesyr
M, BATAEIX — B ] LAgh— 25 R 1 B0 B i A AR T R I s v ) & e
Lesr FIHERCR Qo

FEX—E L, RATE U IR SO e IR &S P i B REFR S H
H HL P AR B RO 25 G BRI Aok, TS5 SO A AR TR R IS Y A9 &
RO Lo MHBERE Q0 FEH, FHATSHHIRNIIITE LR S LIGERA
o fJi, BATEBIBIAT TR, HEHARIA A fEdE— 4 B E AR
.

51 RGN R REIET &R

WAMEHEE R R se e, JFAEFTA R B B B ERT LAE SN f i 4
AT, BERRaEMAEREEGES. mMHBEBETFHGIES TS, S0
PRI B K SRR AF BN & o RIS, AR R T2 R, A
AT REPT IR A Y Ui A BRI A3 T s DU i B B, X R0, 25
KGRI o 75 XTI G 8 H Birks 1ERUEERAMT B . 458, Xt
TARRER M, FATEIEA T BIX DR o AR R A% BRI a6 sh e RA%, P
FEAE BRI TR B BRI AR ER LR, BRI IRNTE =S S B
TR B TR E AT IR X, AT AR ME ERY
Thomas-Imel B8 K T EARHE SO AZ AR GRS HH Y &2 R Legro

X, FRATHEE B A B S B R RUYAE N 2 6 R an il
IR EZE, AR AFRICH geo BH ARV, X DRVAELRE EA] L
T RN 7 AR G B B A B FL 1 SR BE B RE R (dE /d)e Z 1A
KEAKT . G5 ATZ/ A B SO AR R I & P HY FE T BB m(Enr),
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FATRTLAAGE , ARBE S AR IR TR A B AR n] LAF R N -

o Nse (Enr) _ (L) Gsc (Enr)
Q(Enr) - EO - Enr : (5_1)

AR, IR T - R R A B o R Y FRATT AR AR
KICTCE Loge WIRHZE | XF HL T S it B N R % Rk
KA AT B B AN RS Lo TR I, BIAETT
FEEq. 4-7) W, HHSE K, M Ky A7 EEgim. mREAMEEHES
K, SHEHANTCR, IBATATHTLAEEHE 3 S K, R, 3R
ATTAT LATE o S0 U A YR A Rt 7 A B - 50RT SO A% 1 - B B S E
(dE/dx)g Z BIRER, REIAKRM Ko TGN EATR ¢ AT LUEE R Y
TREARER
r+ Neo/Ni 1 In(1+ K48) N,
B TTENL/N, T 1+ No/N, ( K E N; )

(5-2)

FARA, N/ N T K HBAT LI I SEBGEOHE Ok B A1 E HE K

TNME E—2 R G AR, WEKR N, /N, —BHAES U FEAX
) FRATEE I R T (0 A SR IR N,/ Ny = 0.2 SRAEHRILE . RiX A
Fo, AT LAMEE) Ky = 253 MeV ' g-cm 2 o [ARCA T #AFL, A7
3 B A AR N, /N; R E Ky Ky = 3.25 MeV Lgem™2 5
Neo/N; = 0.06, K; =0.50MeV~tgem™2 5 N, /N; = 1.09

HHX=EAR M ZSE, RAVEG S 210 &R i 5 A b B RE
(dE/dx)g Z R ER, 2HIER S—1H . HARBAR KR IATIT R E R 6E
i DI B - B PR RS RER (dE Jda)go MIZEIRATATLAE H, AEIRATEH]
H A8, s 2B &5 RAEFRA T G E Y RE At X3 LF— 8. [k, 757X
o AT N, /N; = 0.2 fl Ky =2.53MeV~—!.g.cm2,

2, AT LR 8 SO AR AR AT T AR ROERR Logro

FEIX BARA T EE R — N IRATIR ) Lindhard RECH hi#eir 55, R H
AT — AR M FEN K %528 —F Lindhard RECS G AR & 6803 2 6] 1Y
KFRo MRRICRE Lo HIE LRE T AEBA NI I A AE I3 B VR AR
Az SR 5 R SO R Y ROERCR AR R e XS R IERUR Lo HIE L
2, TR Eq. (1-6), FRATAILAgE— 204 AR SN R e, HERAAn]
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Relative Scintillation Yield

0.01 0.1 1 10 100 1000

% [Mev gt e

A 5-1 & R e Z Lz b LET #91&H % &
LIMETRIA,

S1(Ey) 1
Ew L,

£eff(Enr) = (5_3)

RIS, A5 Platzman 772 Eq. (4-1), BATHE A=A LRGN
L BESROR ST LU A = AR R iUk, R H s H S - AR
PARARHL 7o FRAMBESE LN r BYARE 2 B A PR 2 Er 4 &, Tkl
M2 5655 IR

S1 =k x (Neg +7 x N;) , (5-4)

FEERTRET, k2 DSt E (PMT) MR, (H2 5 R ih
FATOG. ¥ EIRTTRE Bq. 544 ABIRX &OCRER I E LT Eq. 5-311, &
ﬂ]ﬂ uf&%” Lindhard %%ﬁ Qnc 57@5@7}?7“6@%4 Eeff ZI‘EH E/‘];é%\ )

New + 7(Ey) X 0y

5-5
New + 17(Fer) X 1 (5-5)

£eff<Enr) = an<Enr) X

TR, BA14 ne = Noo/E* . ny = N,/ Eee.
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FEFRATHIRAL R TN A E R T o e il 2 % s idt, Lo
R N, /N; #h2—81 . T 2&FATA LU 8 A Thomas-Imel model K H AR
B T R SR AL SO AT e RIRIRATHIEE,
A r R T RPN ro XS0 AT DARYEZ SO b i f 7 B R
B REIUR T HL 1 SO p B4 FE 1 B ALBE B RE T MER (A5 HY o SZTRATTAT LM,
Lindhard 3% goe W12 bSOV G0 KGR Legr 7No

T4k R AE3CHk [45] , Hitachi MZFEH . “The experimental neutron recoil
studies show the scintillation efficiency ratio of recoil Xe ions to that for y-rays, RC'/~.
To compare the calculation with the measurements, one needs to account for the fact
that the scintillation efficiency for v-rays are less than 1.” RESRARS KRR Lo /&
RO R T A SO SR — AN EUE, TR TE SR, FRATTFHE AL B i
[F] ) 2 YRR R T 7 RO, FRATTIFEAE AT A3 HY Lindhard 2240 g W%
B ST A VR R OERCR Lege /Do

Lt FRTSRAT, RARIRATI SR, RN & IR Ly 7T
DAL B 21 ook = -

Lett(Fur) = que(Enr) X (1.417 — 0.2451n(1 + 4.822 E0:840) p_0-840). (5_6)

025 }
0.20- T
0.15¢ P g 3 S G !
Y— ! | / g
© TI 1 —— — .
k) L //-‘/,,,, ) ]
/ = * Aprile 2009

/ / . Manzur 2010 ]
0.05, u Plante 2011 ]
! Aprile 2013 ]
— L inthis Work ]

000 T T R S R
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Nuclear Recoil Energy [keV]

A 5-2 W& R A9 AR B R R G 5 B B 69 PLAR
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i RGE K F AL AR X FAEF  ARBRAZ BT AR R RIRN B 69 K b Al B A E

TRATHG b 25 R LA AR G 1 SE 36 B dfs [R] I 24 i A 18 52 b e P g B
B 20 IR 2ZE X HE SR BT ML 7B B B REI (dE /da)e PAE IR ZERIRE H
TERERBELS RPN R IRZE. B ELigdsk ST BEiEr
FE Aok 5T Columbia SE56ZH A &L [35]; AHZLA0R A2k H Yale SE562H 1
B [15]; AT AEKH T XENONI100 SL562H 5L (36, 431. FRATEE],
AT ERIL 25 5 LI M R AR SR . WEENE, RAIGH TASLRR
EEMLIN S DX 38 S A ) & R a3 . AT, DARRE R I SOt (RE
HART 3 THTRER) FERTERIIE T A OBRCER G RE R IR, KHREE
SRR, HEINE.

5.2 TR FRYEERER
521 FAE—NABBTFNRESTHEYESR

FEAS S A AE VAT I 2 A AR O K2 603 Loge, BEAESKAR 1) ML
Q, TN E R —LL, RIHERATT ARG T SO A% AR I R s H i s 7
n(Ey), BAMBIRNESFIERE A — X B oA E B PR ZE T4
XA RE T R W-TH

KR b —%a 2 2] /Y Platzman J7 18 Eq.(4—1) (U252 508 1 MEAS 1Y
VLA, FrPAFRN A Ik BN 3RS W-E. RIS FRATTH BB SL86 1 J7 %
RREAE T WA/ N B B 70 SERTFLG, & A SLie 4w i
1) W-AELfif3e SEA6 WM [70, 86-917. FHF A 52 8 253 I I o T8, -5 26, X-4f
e LA BRI HE U R A R Pl BEA TR AT TR 5 SR T LLIE o e
Table (5-1) flF @R, RESR, AFSEIGA AR WAL/, S AMFA.
1k Hp = T RLAE TR TR ) S 0T S 6 485 RS R s o MBS IR 1) A R 4
B, HAREHR RO REIR (dB/dr)a, RIS RERABRAT A A
X ECARA R 7 A F B T R . TR RE FE IR AR X > 4o

TR AN SR FHAVR RE HL T I AR A S U A SE 56, Takahashi 5F A A SE
¥ [70] A1 Seguinot & NP SLEG [91], it —25 M. £ 1975 4, Takahashi
N [70] BB KLLE 1 IR T IREE (MeV) Y HL 7378 W0 o A 8 Y
W-H, fFH W = 15.64£0.3 eVo 1125 R 5 i M GER 2 9.3 1
REFZ IR R R W = 1.68E,. 1M 1992 47, Seguinot 55 A\ [91] 18 ik ik
T2 100 T H-FREF (keV) Ao A3 AE S I & 1 ¥ /Y W-1E, 45

e

§< X
PNIRAS
HE i1
b
b

=

L,



IAE B 2 SR R SR B 09 4 kA € 3 A K A

Radiation Source ~ W-value (eV) Year  Reference

X-Ray 7.3 1973  Robinson and Freeman [86]
210pg 17.3 1973  Kinno and Kobayashi [87]
63N 16.5+1.4 1974  Takahashi et al [88]

07Bj 15.6+0.3 1975  Takahashi et al [70]

X-Ray 15.2 1977 Huang and Freeman [89]
07Bj 15.14+1.79 1991  Aprile et al [90]

Electron beams 9.76+0.70 1992  Seguinot et al [91]

&R 5-1 R SE R 2 69 % &P 69 W-E

W =1.05E, = 9.76+0.70 eV. BEMZE K, 1M Seguinot ZF AFILE R0 25
- E S [92, 9310 (E4E Seguinot FRRATTHY &5 AT RE HL -3 5 kS

Takahashi % AR Platzman J5 2 Eq. (4—1) XFATAY &5 S A T FH R A 2
WHERE: AT B, = 1.13E,, RIS HISITEME N, /N, = 0.06; K5
3t Shockley fAL T HIFH] ¢ = 0.48E,0 HZMATHIHENSMRELE RN 1.66E,,
AT SE 56 T HE 1.68E, KEHAF. 11T Seguinot 5 A JFI A X 111 45
S FRIS AR RE o (H2 Q0 SR Z 1% Platzman /52 Eq. (4-1) FHEYIAE 7+, [FIBHMBUE
E; = By HH New/N; = 0.06, B Neo/N; = 0.20, FATHT MG 2IAEIXFHE i
T H) W-EBERE TN 1.05E, F1 1.18E, 2 [A], X145 Seguinot &5 A HMI 45 R
1.05E, tHHfF &

R Takahashi ¢ NI 25 R4 51, TS Seguinot 55 A HI
IG5 R AT REX TRRE A FE 7 SO AIAZ B BE IS B . B S5 FRAT 1A AE Platzman
JTRE Eq. (4-1) R FRIRERE R H Tz v, R v el oz, 5
AR . 2 S B SO A A RE S BRI, R i DA A
FIRARAFRE A PR (~me/myg) o B, ARRE HL 7 SO SRR Bl A% B 2 44 H 1Y
HLFRETANZ A AR D i . 5300, AR R S A
AW, 10 By, Eep LAK N/ Ny SEAEER AT DB Il 57 SER R G R FRAT]
FEIR SR T 2k ] Seguinot S ANRYMIEEEE R W = 1.05E, = 9.76+0.70 eV
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522 HBME

MIATEE T W-HZ 5, FATA] PAE % 1E 1 Thomas-Imel 77 2 >R Tt il
ZERER A B FECE A AMIN Y, SCE R ROTRZ RE T Z [RIRIROC &R, 4k
MRATAT AR ZSRAFARRE SO RZAE M AR I H A F RS8R Qo
Eutne(Enr) Q. L qe(Bn) | @

w Qo B w Qo

FEFRATIT EARRE S AL AR I A SRR, 2w, FRATTFR 8
WiE T2 Bq. (4=7) PRI D AE B H H2AL Ky T K30 B3 5050 [13] H il
) 56.5 THTIREE (keV) BIZSEAI~ AR R 74H, OGS
WK, Fl Kso TEIXE, FATRAN W-fEA2 Seguinot 55 AFTlIfR1) 9.76 HL1+(k
K (eV), TRZR M T REFINZFRATRT SCIT i SAR 201 XA, WRNE
E; WAL kViem, 152 K, = 14.755, Rl K3 = 0.004 MeV—'-g-cm ™2,
PAHEHEIL TS AL 25 R R N2 AR E 5-3H.

04—

Qy(En) = (Ey) X (Eyr) - (5-7)

0.3-

—

o i
Q 02f ]
o . NR Charge Yield
r —_— Prediction for NR
O.lj i
0.07 | | | | | | | | | | | | | | | | | | | | | | | |
0 1 2 3 4 5

Electronic Field Eq4 [kV / cm]

B 5-3 45 TALF Q9L R IT F A6 LB E L wIPER B K A

MAERMNELHE T HFE Eq. 4-7) TR H 25, AR Lok A
I RE A S 30 A6 YRR I 25 v 7= A 1Y | 7 HE R 5 S i A% B ) 0 fE R 22 TR) Yo%
Fo FATIMNINEIZ N 2 KV/iem 1 0.27 kV/em 43 BWE T TR, FFAEL5 R FI4E
K 5-4H1,
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1.0—

— B, = 2kV/cm

E.= 0.27kV/cm

20 40 60 80 100
Nuclear Recoil Energy E.[keV]

B 54 AP A T AT A R

ghi A b et A AZ RO B B BE R n(Ey), W-E [91], A& IE Y
Thomas-Imel J7#2, FoATHRZ] LUEE T7 7 Eq. (5-7) KT HEAREER SO AR U
PRIMES b AR B FL 80 RO IR RE e Z (AT H) G &R, B ES RO SR RE
T (A H R A o FRATTHE TS SR SR Sk e A /] 5-5tP e TERE, PN
SRR S AN 6 2K, FATIX AL T AMnEZ N 2 kViem
(EA

FIRE, R 551, FRATHLHUAS [F] 5L 56 20 19 SE 00 B — i 2 ok .
M AR =ML KA T Yale SLITHATMM [15]; WEIETTRAKE T
Columbia SEHGLH MM [13]; LAREIE R H T Case LI YNNI [13]; M4l
SR AT [14]; AENAEKE T XENONI0O [43]. BARFATHI AN -5 5L
KBRS 1R R

MG R Y, —MREENI S AT, KRR TR I 45
HI R, FEE R IR RE e B BEARIM T e, B 7 RO AR RE e KA 2 1 3
TR FREF R Ik B — DN KB XA RN T RE Rk, AR
AR # H B - RE LB RRAG , AE& P ™ A H 7 VR B eI, T2
ZHHR T LER R == Y B2l TEMER, FIH B EGE S RE A
FAZIIARIIR B RE, AT LAKOR BRI A I s Y RE e B H
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— 10; Yae i
% i =0 Columbia
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Nuclear Recoil Energy E,, [keV]

B 5-5 FR A F AR R SARR B P 69 0 B R

53 EEERH—TITIE

FEARTCH, BATDRRE SO AR TR A I e v Y A RCER T R T
FERHITHE I IT o 3X BTS2 2 H T D R o e 35 R ELAE DR~ I o
PRI 55 19 B Y. BARIRATAY T BBz oA B MK, sl o — 1
S, BCAE H ATk frE g B e o it 5. AT S, H51H
TAZE, BETUR T B AR S, R R B SR A, TR Y
RS RER LA B AL EE R RES . BR T AL T AL BE B RE S AT il 2 A,
fb =SR-3k,

AT R Py 1T A 25 2R -5 S Ao I ) B AR AR OR AR 2 P B Y. R
TS Lege A1 Qy YL TS b7 HIUH 5296 M I B A5 RAF 5 BUARYS o« AETCSE0R
Hm ek (T 3 TR R, FATHI I Lop MEFF(T. 2GR
SRR JE . FRATBr e Q, B b7~ S iR R BRI 5, A%
2 5 3 T LR Y DGR B i KB 3 A TITINAS R AT DR B SR AR PR
BEBEAREIRZ) 1 TR IRE 2 . TS SHEN S THN, Ziia
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Gl 0 S v A TR =R IR

TN, BATEEBUNRGERS R LE N L WOE gt — 25 &, XA R ER
AT REE RS i Y HP RS B R B R BB (dE/da)as X TRAEIX
Y HE B B B RE (dE/dw)e, F BTAEBRIR RIS EARARRESS HORS B A9 X -
ANTF] SRR ZE Y A TS AEIRRE X S SRR, 1 EL S SE3a L (51 #Y It
ARG I, LR RERAI, BRI RERM (dE/dr)y BT
5 R ITRER Y 0.84 IR JT L] 08 ) TR E%0. FERATAIREH, 3RAT
KT S IR 285 2R

FATTAE L 55 Ih— D IR ZEARIEAE T B TRE P b B i FH 1 J A — Al
Ao ARFTRIRL, ARBERY SO AR AR M g, ARAT AT REIAI I 22 YT
TRANEH . EHEIFASRAOX IR, ATRER 20 73 A MG . Al
XA B T IATASCHI e e

X TR S AR R M e P AL AR, BRI AR 25 B2, A O AR v
W H 2B ARYE LS SR E R, i AR 6E 2 6 AN A Y Lindhard R %L,
i FAT A AR AT ) BEAS 21 5 SR M AR AT A 1Y Q/Qo HE3 o BT LAFRATTNY
Thomas-Imel J7 F2 A, 5 E LAY A0 AT LA A% S o 2 AR T A4
D o= A B AT L O R 3
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Abstract

Scintillation Efficiency and Ionization Yield of Low Energy Nuclear Recoils in

Liquid-Xenon Dark Matter Detection

by Wei Mu

Liquid xenon (LXe) detectors, among many direct detection experiments which have been
proposed and run in the last two decades, have shown particular promising in the detection
of weakly interacting massive particles (WIMPs), an attractive candidate for Dark Mat-
ter (DM), by observing the atomic recoils after WIMPS’ elastic scattering on nuclei. The
elastic scattering will produce a recoiling xenon atom, also called nuclear recoil, with kinetic
energy up to a few tens of keV. It excites and ionizes xenon atoms, giving rise to scintillation
signals S1 through the de-excitation of excitons and recombination of electron-ion pairs, and

ionization signals S2 through the electrons escaping from recombination, respectively.

Two crucial properties of LXe detectors are the so-called relative scintillation efficiency Leg
and ionization yield Q,, which serve as bridges between the detected S1 and S2 signals and
the deposited energy of the WIMPs in LXe detector. Leg or Qy, together with the detected
S1 or S2 signals, is used to reconstruct and calibrate the initial nuclear recoils energy, hence
study the properties of the WIMPs. The biggest challenge for experiments to measure Lqg
and Qy lies in very low energy nuclear recoils, particularly at the detection threshold, where
most of the recoiling events will be if the mass of WIMPs is around several GeV/c?. In
this thesis,the LXe scintillation and ionization process are analyzed in details and a state-
of-the-art theoretical analysis of the Leg and Qy in the very low energy region has been

performed.

Based on Lindhard’s basic integral equation and the binary collision approximation, a com-
puter program, which reflects our understanding on the slowing down process of the recoiling
nucleus in liquid xenon, is developed to calculate how much nuclear recoil energy is dissi-
pated to electrons in the medium, hence produces scintillation and ionization signals at last,
which is the so-called nuclear quenching factor ¢, or Lindhard factor. To obtain an accurate
nuclear quenching factor at low energy region, existing theoretical models and experimental
data for electronic energy dissipation: electronic stopping power S, are reviewed and ana-

lyzed. We improve transport cross section method and re-calculate the electronic stopping



v

power at low energy region. The theoretical prediction for S, in liquid xenon agrees with
the experimental data very well. To evaluate the electron-ion pair recombination rate, the
different behaviors for the electron-ion pair recombination process regarding electron recoils,
alpha recoils, and nuclear recoils, are studied and the Thomas-Imel box model is generalized
to describe the recombination behaviors regarding nuclear recoils. At last the recombination

rate can be expressed as a function of nuclear recoil energy and the applied electric field.

Combining the electronic energy dissipation from the computer simulation and the gen-
eralized Thomas-Imel box model, we predict the L.g and Q, at low energy region. The
predictions from this work agree well with the measured L.g and Qy from the neutron s-
cattering experiments. The predicted L. suggests a rapid drop when the recoiling energy
comes below 3 keV where authors have pointed out the liquid xenon scintillation response
should drop steadily at low energy. The predicted Q, increases with the decreasing of the
recoiling energy and reaches the maximum value at 2~3 keV, which may be examined by

experiment in the future and lower the energy threshold for nuclear recoils to ~1 keV.
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Chapter 1

Dark Matter and Liquid Xenon
Direct Detection of WIMP Dark
Matter Particles

Even long before Sir Isaac Newton published his classic work “Philosophiae Naturalis Prin-
cipia Mathematica”, a great deal of efforts have been made towards explaining the profound
mystery of the universe. As the advancements of theory and technology in the past cen-
tury, physicists are able to explore the most micro and macro worlds, the particle physics
and astro physics. Similar to the development in elementary particle, where theoretical and
experimental efforts have yielded a Standard Model of particle physics, the experimental
measurements of galactic rotation curves, the gravitational lensing, the cosmic microwave
background (CMB), Large Scale Structure (LSS) and type Ia supernovae observations [5-9]
together with the theoretical predictions from general relativity give rise to a standard model
of cosmology. All the evidences from the standard model of cosmology indicate that a large
number of components existing in the universe is invisible. Combining the theoretical predic-
tions and the experimental measurements, it is expected that the universe consists of about
72% dark energy, about 23% non-baryonic dark matter which reflect the invisible mass, and

about 4.6% baryons which constitute the ordinary matter.

Shortly after Zwicky proposed the dark matter hyperthesis to explain his measurements for
the velocity dispersion of objects at the edge of the Coma cluster in 1933 [10], the nature

and property of dark matter became one of the most intriguing fundamental problems in
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modern physics. A great many physicists put large efforts in finding out the reasonable dark
matter candidates from beyond the standard model, among which weakly interacting massive
particle (WIMP) seems to be a well-motivated class of dark matter candidate. WIMP can be
predicted by several models of physics beyond the Standard Model naturally [11-13]. For an
instance, in supersymmetric (SUSY) model, the lightest particles satisfy most of the features
of WIMPs [14, 15]. In theory, WIMPs are a kind of particles who are electrically neutral
with masses ranging from GeV/c? to TeV /c? and interact with ordinary matters via the weak
interaction like neutrinos. WIMPs can be directly detected by observing the signals from

atomic recoils after their elastic scattering on nuclei in a detector.

In the last two decades, many direct detection experiments have been proposed and run [16],
among which liquid xenon (LXe) detectors have shown particular promising. The recent
XENON100 and LUX experiments have yielded the best detection limits in almost all regions
of the possible WIMP masses, more sensitive than most other experiments using alternative
detection media [17]. A list of xenon experiments, XMASS, PandaX, and XENONIT will
soon join the direct search efforts. Most advanced LXe detectors [2, 18, 19] work in the two-
phase mode with measurements of both scintillation (or direct scintillation light, denoted as
S1) and ionization (proportional scintillation light, denoted as S2) signals at the same time.
The scintillation and ionization signals, together with the relative scintillation efficiency (Lef)
and the ionization yield (Qy) respectively, have been used to reconstruct and calibrate the
nuclear recoil energy. Thus Le.g and Qy are two crucial physical quantities for the energy

calibration of WIMPs direct detection.

In this Chapter, we first review the evidences from cosmographic observations for non-
relativistic, non-baryonic dark matter, and describe why WIMPs naturally become one of
the most attractive candidates for dark matter. After that, we show the dark matter direc-
t detection method, the basic implementation of xenon detectors and the crucial physical
quantities for the LXe detector. In Chapter 2, we describe the slowing down process of the
nuclear recoils in the detector and show how we calculate the electronic energy dissipation
of the nuclear recoils. In Chapter 3, we review the theoretical researches and experimental
measurements on the electronic stopping power in liquid xenon. At last, it shows how we de-
termine the value for electronic stopping power for liquid xenon at low energy region and the
result of electronic energy dissipation of nuclear recoils. In Chapter 4, we discuss scintillation
and ionization process of two-phase xenon time projection chambers and describes how to

evaluate the electron-ion pairs’ recombination using a thoeretical model. At last, Chapter 5
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gives out our calculation results on L. and Q, and shows the potential improvement of the

calculations and theoretical consideration.

1.1 Evidence for Dark Matter and Candidates

1.1.1 Missing Mass in the Universe and Dark Matter Hyperthesis

Starting from Newton’s law of gravity, one can easily calculate the rotational velocity of the

spherically symmetric matter at radius r, which follows the equation below:

v(r) = (1.1)

where M (r) = 4 [ p(r)r?dr and p(r) is the mass density profile. However, Eq. (1.1) seems
not to be that right for galaxy rotational curves, where the observed mass cannot support
that high rotational velocity of the matter. A large number of cosmological observations

show a large amount of missing mass in the universe, particularly in the Milky Way [20].

In 1933, when Zwicky studied the velocity dispersion in galaxy clusters [10], he noticed
that the flat rotational curve at large radius indicates a relation where M(r) o r, which
means that more than 10 times the mass than that in the luminous galaxies themselves is
required to keep Eq. (1.1) balance. This result suggests an extended invisible halo, with
p(r) o< 1/r2, beyond the optical disk exists in the Milky Way. Following Zwicky’s work,
more and more cosmological observations on the relation between the galaxy mass and the
radius indicate the galaxy mass increases almost linearly with the radius up to 100 kpc and
1012 Mg, for spiral and elliptical galaxies [21, 22]. All of the observations suggest that the
matters we are observing are only a small part of the total matters in those galaxies. In
1979, Faber and Gallagher reviewed the cosmological observations and studied the mass to
light ratio for various types galaxies in Ref. [23]. In the review articles, they summarized the
convincing evidences for the existence of those invisible mass in the galaxies. Nowadays, it
becomes an accepted concept that the flat rotation curves of spiral galaxies, from the galaxy
center out to large distance, refers to the combination of the gas, the galaxy disk and an
extended invisible halo where the dark matter may lie [24]. The concept of dark matter gives
a reasonable explanation of why the observed velocity distributions at large radii of galaxies

does not satisfy Eq. (1.1).
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Certainly, only the gravitational effect of the galaxy rotational curves cannot bring so much
interest from physicists to dark matter. Dark matter also acts as a key factor to explain
many kinds of cosmological effects, such as the cosmological constraints on the mass density
Q,,, in the universe. Friedmann once proposed the equations to express a universe consisted

of non-relativistic matter and a cosmological constant as below:

A ORI ORII RS 12
HLO_ =0 (2) v (13)

where §2,,, and Q4 are the energy densities of the matter and the cosmological constant relative
to the critical density %, H)j is the Hubble constant nowadays (70.8 km/s/Mpc), H and a
are the Hubble constant and scale factor at time ¢, and £, is a term for the spatial curvature
of the universe. The relative densities are constructed such that Q,,, +Q, +Qx = 1 which can
be evaluated by Eq. (1.2) at today. As the development of instruments and telescopes, the
Friedmann equations can be examined accurately by cosmological observation today when
the acceleration of the universes expansion and the anisotropies in the cosmic microwave
background (CMB) can be measured much more precise than before. According to recent
observations on type Ia supernovae, the galaxy cluster and the CMB, the total energy density
Qy is around 0.7 and mass density €2, in the university is around 0.3, which is shown in

Fig. 1.1.

Using the weak gravitational lensing observations, one can measure the matter density much
better, which also becomes one of the evidences of dark matter’s existence. Through a
weak gravitational lensing, the path of light from a distant galaxy distorts, because the light
gets a deformation in the gravitational field of the background galaxies behind a cluster
in question. Different from strong lensing, where a specific object is identified as being
lensed and producing multiple images or gross distortion, the distortions from weak lensing
are smaller. Studying the patterns of distortion in large numbers of lensed objects, one
can obtain the amount of mass in that gravitational lens exactly. Ref. [25] gives a review
on the behavior of weak gravitational lensing. Clowe et al presented a weak-lensing mass
reconstruction of the interacting cluster 1E 0657-558 in Ref. [26], which can be regarded as

a direct evidence of the existence of dark matter.

Another evidence for dark matter is from the cosmic structure formation at large scale. The
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cosmic structure grows when over dense regions draw in surrounding matter. It creates
a positive feedback for fluctuations of matter density in the early universe and is also a
clue to the property of dark matter. The gravitational instability and small fluctuations of
the initial density field of the universe cause the formation of large scale structure and the
galaxy distribution in current universe. Thus the measurement of the distribution of galaxy
clustering at large scales can be used to determine the mass density of universe. Experiments
such as the Sloan Digital Sky Survey have revealed the extent of large scale structure in the
universe to extend even beyond the super cluster size. From the observed large scale structure
formation evolution, one can re-construct the initial mass density profile of the early universe,

where dark matter, especially non-relativistic dark matter [27], is required.

1.1.2 Dark Matter and WIMPs

As mentioned in the previous section, a large number of evidences from the cosmological
observations all give us the basic idea about the universe: 4.6% baryons, 23% dark com-
ponents with mass (dark matter), and 72% vacuum energy (or so-called dark energy). The
existence of dark matter becomes obvious. However, the nature and properties of the dark
matter particles are still unknown and unclear. Evidently, to explore and predict the invisi-
ble component of the universe may always produce new physics and introduce new particles.
Among all the theoretical candidates for the dark matter particles, there are two particles
are promising: axions and weakly interacting massive particles, or WIMPs. In this thesis,

we will focus on WIMPs while the details about axions can be found in Ref. [28].

Following the assumption that the dark matter is a thermal relic of the big bang [29], the
WIMP hypothesis can be derived naturally. Consider a kind of particle x whose mass
is M, and annihilation cross section is o,. In the early universe, when the temperature
T > M,, these particles will have the same abundance as any other light particles in thermal
equilibrium. After the universe cools to the temperature T < M, the equilibrium number
of particles ny! falls. The number density should satisfy the equation:

dny

X — o) (m)? — (05?) — 3Hy (1)

where (o,v) is the thermally averaged velocity times annihilation cross section. The first

term on the right hand side of Eq. (1.4) shows that n, approaches ny! at a rate determined
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by the annihilation cross-section times the particle flux, while the second term gives the drop

in density due to expansion.

The expansion H is determined independently as the early universe is dominated by radi-
ation. When annihilation begins, the first term is dominant. But as the universe expands
and the particles’ density falls, the expansion term begins to dominate. At this point anni-
hilation stops, and the remaining particles freeze out with a constant density. Through the
thermodynamics and expansion physics [29], one can find that the mass density at freeze out
is independent of M, but inversely proportional to (o,v). If the particle is stable, then this
relic density will still exist today. If we take an annihilation cross section corresponding to

the weak interaction in particle physics [29],
(0qv) = a2(100 GeV) 2 ~ 10~ Pem3s ™! (1.5)

we can obtain a relic density of €2, ~ 0.1, within an order of magnitude of what we need for
the dark matter particles. In other words, if a stable WIMP exists, it will be a kind of dark

matter at, or at least near, the density required by the cosmological observation.

From another side, in particle physics, the supersymmetry (SUSY) hyperthesis is developed
to unify the four known fundamental interactions in nature. Required by SUSY hyperthesis,
every fundamental particle in the Standard Model of particle physics should have a super
partner. The WIMP dark matter can be an excellent sample for the SUSY predicted lightest
supersymmetric particle (LSP), which is stable and neutral. Therefore, WIMP becomes a
naturally prediction from the SUSY hyperthesis.

1.2 The WIMP Direct Detection Methods and Basic Xenon
TPC Operation

1.2.1 The WIMP Direct Detection Methods

From Section 1.1, we can see the existence of dark matter in the universe is supported by
many cosmological observations and the WIMP becomes a promising candidate for dark
matter. However, the nature and properties of dark matter are still undetermined, which

motives experimental physicists to detect the WIMP dark matter particle directly. Since at
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the level of the weak interaction, the WIMP dark matter particles’ interaction cross section
with normal matter is very small, most of the direct detection experiments focus on measuring
the nuclear recoils signals produced by WIMPs scattering off from a target nucleus in the

detector.

In 1985, Goodman and Witten proposed the detectability of WIMP dark matter particle
the first time [30]. Assuming both the earth and the dark matter halo keep moving in the
galaxy, when the dark matter detector on the earth is hit by a WIMP from the dark matter
halo, the WIMP is assumed to be elastically scattered by a target nucleus in the detector
which gains kinetic energy up to a few tens of keV [31]. Then the target nucleus becomes
a recoiling nucleus. If the signals from the recoiling nucleus can be detected, it will give a
strong support of direct evidence of WIMPs. Note, the WIMPs can also make elastically
scattered by the outer electrons of the target atom, however, such kind of signals are weak,

hence can be ignored.

The biggest challenge of the direct detection experiments of WIMPs is to discriminate be-
tween the nuclear recoils signals caused by WIMP and the signals caused by background
radiation, such as cosmic rays. For example, the v rays from cosmos and neutrons from
radioactive source can produce electron recoils and nuclear recoils with energy similar to

those from WIMPs. In practice, there are two methods to distinguish these signals.

e The interaction cross section of WIMPs is very small, therefore, the WIMP is assumed
to be scattered only one time in the detector, whereas other penetrating particles, such
as v and neutrons, will scatter multiple times in a detector. Additionally, the detectors

can be placed in deep underground laboratories to shelter the radiations from cosmos;

e Most background radiations will cause electron recoils and deposit energy to the elec-
trons in the detector, whereas WIMPs mainly cause nuclear recoils. Therefore, as long
as the nuclear recoils signals can be discriminated from electron recoils, the WIMPs

signals can be figured out.

1.2.2 Basic Liquid Xenon TPC Operation

The nature and properties of WIMP dark matter particles require the dark matter search

experiments be sensitive and the detectors be able to discriminate between the nuclear resoil
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signals and the electron recoil signals. Due to these requirements, Liquid Xenon (LXe) de-
tectors have shown particular promising among lots of direct detection experiments proposed
and run in the last two decades [16]. In this section, we firstly review the advantages of liquid
xenon as the detector medium and then show the properties of the basic two-phase LXe time

projection chamber (TPC).

Since the WIMP dark matter particles’ interaction cross section with normal matter is very
small, the search sensitivity of the detector will scale with the mass of the detector. Liquid
xenon, compared with the crystal scintillator such as Nal or the semiconductor such as Ge, is
easy to be scaled. The target medium in a LXe TPC is liquid xenon and the instrumentation
scales with the surface area while the sensitivity scales with volume, making these detectors
both easy and economical to scale to very large size [32]. As mentioned the successful dark
matter detectors today should be able to discriminate signals from electron recoils or nuclear
recoils, which can be realized by the two-phase xenon detector. Firstly, xenon itself is easily
purified and strongly self-shielding, because xenon is a noble gas and chemical purification
is straight forward. Additionally, xenon has no long-lived radioactive isotopes, therefore,
extremely low background rates are possible. Secondly, the liquid xenon is an excellent
scintillator, while at the same time a sufficient amount of ionization signals can be collected
with an applied electric field. Due to the different ionizing density of nuclear and electron
recoils in liquid noble elements, the background discrimination can be realized by measuring
simultaneously the ionization and scintillation signals from the liquid noble elements. Usually,
in this kind of detector, the scintillation signals are detected when the photons are produced
while the ionization signals are detected via the proportional scintillation produced in the
gas phase after the produced charges are drifted to the gas chamber. Thus this kind of xenon
detectors use both liquid and gas as working medium, due to which this kind of detectors

are called two-phase detectors.

Interactions in liquid xenon detector can produce both 175 nm scintillation photons and free
electrons, where the scintillation signal is prompted and produced in the ~100 ns following
the interaction, which is denoted as S1, and the ionization signal can be collected by drifting
the free electrons to the gas chamber through an applied electric field, which is denoted as S2.
The delay between the prompt scintillation and the arrival of electrons at the gass chamber
collector gives the distance to the interaction, hence the name “time projection chamber”
(TPC). Normally, photo-multiplier tubes (PMTSs) are used to measure the S1 signals. The

PMTs are placed above and below the medium volume to detect the prompt scintillation
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signals. The number of primary ionization electrons is very small and cannot be detected
efficiently with charge sensitive devices. In two-phase LXe TPC, the primary electrons are
drifted from the liquid chamber to gas chamber through a drift electric field E; in the liquid
chamber. Once the free electrons reach the gas chamber, the signals are amplified by means
of proportional scintillation (or electroluminescence) using a strong electric field in the gas
chamber [33] and becomes the proportional scintillation signal S2, which is also 175 nm scin-
tillation photons and detected by the PMTs. The distinct ratio between the scintillation and
ionization, S2/S1, produced by a WIMP (or neutron) interaction and other electromagnetic
interaction provides background rejection for the WIMP dark matter searches, allowing a
rejection of the majority of the v and 3 particles background with an efficiency around 99.5%

at 50% nuclear recoil acceptance.

Currently, the experiments using this kind of two-phase LXe TPCs include the XMASS
in Japan [34], ZEPIN in the United Kingdom [35], the XENON experiment in the United
States [36], and the PandaX experiment in China [37].

1.2.3 Scintillation Efficiency and lIonization Yield of Liquid Xenon Detec-

tor

As mentioned, most advanced LXe TPC dark matter detectors work in the two-phase mode
with measurements of both S1 and S2 signals. The S1 and S2 signals, together with the
relative scintillation efficiency (Leg) and the ionization yield (Qy) respectively, have been
used to reconstruct the nuclear recoil energy. Thus L.g and Qy are crucial physical quantities

for the energy calibration of WIMPs detection.

The so-called scintillation efficiency serves as a bridge between the scintillation signal S1 and
the depositing energy of the WIMPs in liquid xenon. The energy of a recoiling nucleus is
dissipated into the kinetic energy of xenon atoms, excitation energies of excitons and electron-
ion pairs, which give rise to phonons (heat), scintillation, as well as ionization. Scintillation
efficiency is defined as the fraction of the recoiling energy converted into the scintillation
signal. The detector independent value Relative Scintillation Efficiency Leg has been widely

used to relate scintillation signal to nuclear recoil energy, defined as [17],

See S1(Funy)

1
Lerlb) = g B I,
nr nr Y
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where S1(Ey,) is the scintillation yield from nuclear recoil with initial energy E.,, while L,
is the scintillation yield per keV from electronic recoils with initial energy 122 keV (°"Co
~ calibration line as the standard candle). The coefficient Seo/Syn: corrects for the finite
external electric field applied to the detector so that L.g is drift field independent. The Lqg
value actually represents the ratio between scintillations of the nuclear and electronic recoils.

This ratio is believed to be independent of any specifics of xenon detectors.

Serving as a link between the ionization signals S2 and the deposited energy of the WIMPs
in liquid xenon, the Ionization Yield Qy is defined as the number of observed electrons per

unit recoil energy (e~ /keV):

; (1.7)

where Q(Ey;) is the number of electric charges collected from nuclear recoil with initial energy
FE.. This value is expected to depend on the external electric field but be independent of

any specifics of xenon detectors.

A series of experiments [19, 38, 39] have been performed using the mono-energy neutron
sources to measure the relative scintillation efficiency (Leg) or ionization yield (Qy) in LXe
detectors. However, experimental measurement is difficult for low energy nuclear recoils,
which requires forward neutron scattering. As seen in various experiments, the lower the
recoiling energy is, the larger the systematic uncertainties will be introduced. The current
lowest energy being measured for Log is 3 keV nuclear recoil [39], and to lower energy, the
relative scintillation efficiency has to be extrapolated as a constant artificially [17]. For the
measurement of Qy, there are even less available experimental data and the lowest energy for
being measured Qy is about 4 keV [19] and for lower energy region, it can only be obtained

through Monte-Carlo simulation.

In real world, if the WIMPs have mass around 10 GeV/c?, as some experiments have indicat-
ed [40-42], most of the LXe detector events will have nuclear recoil energy around 2 keV or
even less, which is right the region where the L. and Qy are unclear. In fact, Collar and M-
cKinsey have pointed out that the liquid xenon response should drop steadily at low-energy
because of a kinematic cutoff for production of scintillations [43] which is conflicted with
the experimental extrapolation. Using the Fermi momentum for the xenon atom, this value
is estimated around 20~40 keV. For this reason, the XENON100 bound for the light-mass
WIMPs has been challenged. They also quoted Monte Carlo studies for the data on the
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broad spectrum neutron sources, which indicate a steep drop of the response below 10-20

keV [44, 45] (see, however, a more recent broad spectrum fit from XENON100 [46]).

Obviously, it is hard to obtain accurate data for Leg or Qy experimentally. In the following
chapters, we will study the slowing down process of nuclear recoils in liquid xenon and the
scintillation and ionization process to obtain the theoretical predictions for L.g and Q, as

accurate as possible.



Chapter 1. Dark Matter, LXe, and WIMPs 12

Supernova Cosmology Project

Suzuki, et al., Ap.J. (2011)
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mological constant from supernovae, the cosmic microwave background, and galaxy clusters.

Figure is taken from from http://supernova.lbl.gov/Union/



Chapter 2

Energy Dissipation of Nuclear

Recoils in Liquid Xenon Detector

To evaluate L.g or Qy theoretically, a common practice is to firstly apply the Lindhard
factor (nuclear quenching factor ¢ne(Eny) = 7(Enr)/Enr) [47] to estimate the fraction of the
nuclear recoils energy given to electrons n(Ey;) and then to calculate Leg or Qy [48-50].
Simulation programs, such as TRIM [4] or GEANT4 [51], can also be used to derive ¢y in a
medium. However, both the most cited Lindhard factor and the computer simulations have
not been calibrated for low energy recoils, which makes the following evaluations on Leg
and Qy questionable. Although Lindhard’s integral equation [47] provides a clear physics
picture for theoretical calculations or computer simulations, the obscure assumptions or
approximations behind the results, for example the quoted gy are quite different in Ref. [48-
50] and parameters like displacement energy used in the simulations are still undetermined,

motivate us to derive gy ourselves before calculating Leg or Q.

In this Chapter, we analyze the slowing down process of the recoiling nucleus in liquid xenon
medium. Then we introduce Lindhard’s basic integral equation which shows the theoretical
treatments for this process and express the algorithm of a computer program which can

simulate the slowing down process pretty accurately.

13
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2.1 Recoiling Nucleus Slowing Down Process

2.1.1 Particles’ Slowing Down in Liquid Xenon

In fact, different particles, such as alpha particles, v rays, neutrons, or heavy nuclei, inter-
acting in liquid xenon involve totally different physics pictures. For details, one can review
Ref. [52]. Before talking about the slowing down process, we will firstly give a brief review

on the interactions between different particles with a detector medium.

As positively charged helium nuclei, the alpha particles interact with the electrons cloud
of the medium atoms via the Coulomb interaction when passing through a medium. As a
result, once an electron in the electrons cloud obtain enough energy from the interaction, it
can be lifted to a higher energy level within the atom, or can be completely striped from the
atom. The alpha particles will continuously encounter such kind of interactions along their
trajectory in the medium. Hence, their energy will convert to the ionization or excitation
energies and the energetic alpha particles will slow down and finally be thermalized. Since the
interaction between the nuclei and an individual electron is tiny and occurs in all directions
simultaneously, the interaction only acts as a small “friction” on the alpha particles along
their trajectory. Therefore, the particles are not affected by a single interaction and the

trajectory of the alpha particles is usually a straight line.

For electron beam, it becomes a different physics picture. Unlike alpha particles, the trajec-
tory of electrons beam may be quite tortuous because the interaction between the incident
electrons and the electrons in the electron cloud may be large enough to change the trajec-
tory of the incident electron beam. Additionally, the incident electron and the electron in
the medium have the same mass, therefore, the rate of their energy loss is also slower than

that of alpha particles.

Regarding ~ rays, it is a little complicated. Normally, there are three types of interaction-
s with medium: photoelectric absorption, Compton scattering and pair production. The
photoelectric absorption occurs when a ~ ray is completely absorbed by the atom and an
energetic electron is ejected from one of the bound shells of the atom, where free electrons
can be detected. Generally speaking, the low energy ~ rays (such as 122 keV v rays from
57Co) has the highest cross-section and dissipate energy in this way. The Compton scat-
tering occurs when the incident ~ ray is deflected and transfers part of its energy to an

electron, also the free electrons will be detected. This usually happens in the v ray energy
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around 1 MeV (e.g. 662 keV 7 ray from 137Cs). The pair production process can produce
an electron-positron pair from the incident v ray where both electrons and positrons can be
detected. It occurs when the v ray energy exceeds twice the rest-mass energy of an electron

(1.02 MeV). The effect becomes dominant for  rays with energy of several MeV.

Depending on the energy, neutrons show different behaviors in liquid xenon medium. For
fast neutrons, nuclear recoils will be produced which is similar to the WIMP. Due to this
behavior, experimental measurements of Leg or Qy are normally using mono-energy neutron
sources. If the energy of the neutron beam is high enough, the inelastic scattering of neutron
may also occur, where nuclear interaction occurs and the nucleus may be excited to higher
energy level. This kind of energy transfer will be finally released as ~ rays after the excited
nucleus de-excites. Regarding slow neutrons, the dominate interactions are elastic scattering
with the nuclei in the medium. Most of the population of slow neutrons are thermal neutrons

with the average energy of 0.025 eV at room temperature.

When it comes to the heave particles or recoiling nuclei, it is a different stroy. Let’s consider
the case for LXe detector in the dark matter detection scenario. When a xenon nucleus is
hit by a WIMP dark matter particle, it will get several tens kinetic energy and becomes
a recoiling atom. When the recoiling xenon atom moves through the medium, it will be
elastically scattered by other xenon atom, which is similar to the binary collision in the
classic mechanism, in the medium and change it’s trajectory. In the meantime, during
the binary nuclear collision occurs, the recoiling xenon will interact with the electrons via
inelastic scattering, hence transfer energy to the electrons in the medium due to which the
electrons may be excited or ionized. At the same time, due to the elastic collisions between
the recoiling xenon nucleus and the xenon nucleus in the medium, the recoiling xenon atom
will transfer part of its kinetic energy to a second xenon atom. If the second xenon atom
obtains enough kinetic energy from original recoiling xenon atom it can move in the medium
and we call this kind of xenon atom as a “secondary” recoiling xenon atom. Hence a collision
cascade is generated. During the slowing down process, not only the original recoiling xenon
atom can dissipate energy to electrons, but also the “secondary” recoiling xenon atoms can
produce electron excitation or ionization. As a consequence, after all the recoiling atoms are
thermalized in the medium, the initial energy of the recoiling xenon atom will be dissipated
into the kinetic energy of xenon atoms, excitation energies of excitons and electron-ion pairs,
which give rise to phonons (heat), scintillation and ionization, respectively. The whole process

is in principle quantum mechanical, involves many-body physics and is quite complicated.
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2.1.2 Lindhard’s Basic Integral Equation

To calculate the electronic energy dissipation during the slowing down process of heavy

particle or a recoiling nucleus, Lindhard et al proposed an integral equation based on en-

ergy conservation law to describe the energy transfer in the collision cascade process [47].

For nuclear recoils, this integral equation can be derived via the following assumptions or

considerations:

Considering the recoiling nucleus has the kinetic energy FEy;;

Considering the energy 7 given to electrons in the medium is zero before the collision

cascade process;

Taking the final average value of 7 to be n(FEy,) after all the recoiling xenon atoms are

thermalized in the medium;

Assuming the quantity n(Fy,) is additive, i.e. for each separate slowing down process,

all recoiling nuclei set in motion contribute additively to n;

Ignoring effects, such as the physical state of the medium, the recombination of electron-

ion pairs and so forth;

In this case, the quantity n(E,;) for the original recoiling nucleus with kinetic energy E\;

can be expressed in another way:

Supposing the recoiling nucleus moves a path length dR in the medium with N atoms

per unit volume;

Considering the probability NdRdo, . for a collision specified by energy transfer T,
to the mass center of the struck atom, at the same time part of the energy T; is

transferred to electrons in the medium;

The collision reduces the original energy Ey, to the value Ey, — T, — > T;, i.e. the

recoiling nucleus will now have a n(Ey,)-value equal to n(En, — T, — > Tei);

When collision also produces a “secondary” atom, where the struck atom gets the

1(Eny )-value (T, —U), where U is the energy wasted in disrupting the atomic binding;
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Finally, the electrons produced are described by another n(FEy;)-value, which we denoted as
Ne(Enr), and their contributions to n(Ey;) after the collision in question are then > 7. (Te; —
U;), where U; are the corresponding ionization energies. The above probability timed the
total n(Ey,)-value after the collision gives the contribution fo this collision to n(Ey,;). Then
we integrate over all collisions. Something left is a probability 1 — NdR [ doy, . that no

collision occurs. In this event, the n(Ey,)-value remains 7(Ey;).

Through above contributions, then an integral equation for original 7(Fy;)-value can be

shown as:

n(Enr) = NdR/dJn,e{n(Enr_Tn_Z Tez)‘i’n(Tn_U)“‘Z ne(Tei - Ui)}+(1_NdR/dUn,e)77(Enr) 5

which leads to the basic integral equation

/ 40 An(Bue — Ty = S Tot) = 1(Bue) + 0T — U) + S me(T — U} =0 (21)

Based on Lindhard’s basic integral equation Eq. (2.1), the following Lindhard factor is derived
theoretically to estimate the fraction of the energy given to electrons qne(Fynr) = 7(Fur)/Eur,

which is also called nuclear quenching factor:

an(Enr) = ,’7(E‘Er|zr) = 1 —Ik—.gl’f‘;)(e) ; (22)

where 7(Ey;) is the energy transferred to electrons when the initial nuclear recoil energy is
Eyr. g(e) is an empirical expression which can be found in Ref. [31] and & is the propor-
tionality constant between the electronic stopping power (dF/dx). and the velocity of the
projectile (recoil atom). For xenon, Lindhard proposed a value k = 0.166 [47]. Considering
the specific track structure of the nuclear recoils caused by the collision cascade, Hitachi
re-calculated the electronic stopping power of recoiling xenon atoms in a liquid xenon target
and derived a smaller value k = 0.110 [48]. However, both authors seem to overestimate the
total electronic energy dissipation due to ignoring the faster fall-off behavior of the electronic

stopping power in low energy region, which has been observed by some experiments [1].

On the other hand, simulation programs, such as TRIM [4] (TRansport of Tons in Matter),
have been developed to simulate the ion transport processes in a medium, which could be used

to estimate collision energy loss of the recoiling atom. But these programs are usually good
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for high ion energies, and implemented without specific considerations on the microscopic
properties of the liquid xenon. In addition, there are quite some parameters which are unclear
in low energy region. For example, some unknown parameters, such as displacement energy
or binding energy of an atom, will have big impact on the final result, however, in TRIM,
they are set artificially. Therefore, this kind of simulation program is not calibrated in low
energy region. So far, no theoretical approach has been realistic enough to account for the

nuclear quenching factor ¢, and to predict the behavior at the keV-scale recoiling energy.

2.2 Computer Simulation of the Slowing Down Process

To derive the more accurate nuclear quenching factor ¢,., we have to consider the specific
microscopic properties of the liquid xenon and use unclear parameters as few as possible. In
this Section, we describe a Monte Carlo program which can simulate the xenon atom’s recoil
behavior inside the liquid xenon medium, where the energy dissipation in a collision cascade

is considered specially.

Generally speaking, the computer simulations for particles’ moving through a medium have
been known for decades, for an example, the well-known SRIM package has been updated
frequently and widely used [4]. However, for specific particles and medium, such kind of sim-
ulations do not take special consideration. In this work, we intend to improve the previous
simulations for the low energy (~keV energy region) nuclear recoils relevant for direct dark
matter detection in several aspects. Of course, this type of simulations has not yet been
completely ab initio. For instance, the electronic excitations are intrinsically inelastic quan-
tum mechanical processes, and the charge states of the collision atoms might have significant
changes during the collisions. However, a complete account of all these features requires
treatment of many-body quantum dynamics, and is beyond the present scope. Considering
all of these effects becomes an impossible mission for a computer program. Luckily, even
though these effects could be important for low energy recoils, we can account for them in
some average sense to ensure the result does not be drastically affected by the approxima-

tions.
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2.2.1 Simplification for the Slowing Down Process

Unlike electron recoils whose kinetic energies are all dissipated into electronic energy of the
media, the energy dissipation process of nuclear recoils is more complicate. When a xenon
nucleus is scattered by a WIMP dark matter particle and recoils inside the liquid xenon
medium, atomic motions, electronic excitations and ionizations are generated, and the whole
process is in principle a many-body quantum mechanics problem. To find the equivalent
electronic energy dissipation to electron recoils, it is necessary to make reasonable simpli-
fications to render a theoretical treatment feasible. Similar to the previous works, one of
the simplifications we are using is to regard the motions of the xenon atoms classically, like
billiard balls. Since the xenon atom’s de Broglie wavelength (less than 0.0025 A) in the con-
cerned energy region (0.5~25 keV) are much smaller than the atomic scale and the distance
(3.5~6.2 A) [53] between two neighboring nuclei, the quantum effects can be ignored. Hence,
we allow the xenon atoms move along classical trajectories determined by the inter-atomic
potential U(r), projectile nuclei energy F and the impact parameter b, in the atomic collision
processes. At the same time, the nucleus-electron interaction is treated as a small “friction”
on the nucleus along the trajectory because the mass of the electron is much smaller than
that of the nucleus and electrons cannot change the trajectory of the nucleus significantly.
Therefore, we can suppose that the atomic scattering generates large momentum transfer,
hence has a large influence on the atom trajectory, but little energy dissipation, whereas
the atom-electron interaction generates little momentum transfer but large energy dissipa-
tion. The latter can be considered as a small energy perturbation to the atomic motion.
This in some sense is similar to the famous Born-Oppenheimer approximation in quantum

mechanics.

Since the slowing down process of a recoiling nucleus is a collision cascade, we have to track
the whole collision process of the initial recoiling nucleus and the “secondary” recoiling nuclei
using a Monte Carlo simulation program. For each event, the recoiling xenon atom begins
with an initial energy, position and direction, randomly generated with certain constraints,
which will discuss these in the following section. As we analyzed in last paragraph, the xenon
atom can be regarded to move in a slightly curved trajectory between two binary atomic
collisions and change direction mainly as a result of the nuclear binary collisions. During the
atom’s motion, the kinetic energy is dissipated to the neighboring atoms in discrete amounts

through elastic binary atomic collisions and to the electrons continuously through inelastic
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electronic reactions. The later process is superimposed on to the former and is averaged
over all possible electronic excitations. At last, the trajectory of a moving xenon atom is
terminated when its kinetic energy drops below a predefined energy where the remaining

energy entirely results in heat.

The goal for this program is to calculate the total electronic energy loss, therefore, in this
program we need not to track the detailed inelastic electronic excitations and the path of
the recoiling nuclei in the collision cascade. We only need to record the electronic energy
dissipation between every binary atomic collision. In this program, we compute the electronic
energy dissipation in every binary atomic collision based on the quantity, electronic stopping

power S, and sum them up through the whole cascade,

N pAE)
N(Bw) =Y /0 Se(E;)dx (2.3)

i=0
where A(Ej;) is the free flight path length of a recoiling atom with initial energy E;, and S, (E;)
is the energy loss to electronic excitations per unit path, also called electronic stopping power
and written as (dE/dx)e, N is the total number of binary atomic collisions that the recoiling
atom can result in with the initial kinetic energy E,,. Clearly, this is an approximate picture
because the electronic energy loss here is appended to the collision cascade as a statistical as

well as quantum-mechanical average.

2.2.2 Nuclear Binary Collision Mechanism

In this simplification program, the energy transfer between two nuclei is assumed to be
through the binary atomic collision. This kind of collision can be regarded like billiard balls.
When considering the energy transfer in binary atomic collisions, we use the classical elastic
scattering approximation. Elastic scattering slows down the recoiling atom through momen-
tum transfer to the target atom and changes the track structure of the original trajectory.
At the same time, both the original recoiling atom and the struck atom become the “sec-
ondary” recoiling atoms which may trigger more “secondary” recoiling atoms, hence produce
a collision cascade. Based on the binary collision kinematics shown in Fig. 2.1, we have the

energy transfer to the target in a collision [54]

T = Eysin®(0./2) , (2.4)
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where T" and Ej is the transferred energy and projectile energy of the initial nucleus in lab

frame. The scattering angle in the center-of-mass frame 6. can be derived from the following

0 1
6o — 7 —2b dr | 2.5
" /7«0 2/1—U(r)/E. - /2 (25)

expression [54]

where b is the impact parameter and E. is the energy in the center-of-mass frame. The lower
limit r is the nearest distance between the projectile and target nuclei determined by the

following equation

Ulr) v?
1- — =~ =0. 2.
E. 7“8 0 (2:6)

We choose the screened Coulomb potential for the inter-atomic interaction,

v - 250 (1) 1)

r a

where ®(7) is the Hartree-Fock screening function and a = %(%)2/ it

is the Hartree-
Fock screening radius for xenon (ag is the Bohr radius). The empirical expression for the

screening function is [4],
®(x) = 0.1818¢ 32 4 0.5099¢ 94237 1 (0.2802¢ 040287 1 (0.02817¢ 020107 (2.8)

In our simulation, b is randomly generated according to the spatial distribution of xenon
atoms as we will explain latter. The scattering angle 0. and the energy transfer to the target

are calculated through Eq. (2.5) and Eq. (2.4).

The free flight path of the recoiling atom between two successive collisions is another pa-
rameter when calculating the electronic energy dissipation. Since the interaction between
the recoiling nucleus and the electrons only slows the recoiling nucleus slightly, the slightly
curved trajectory of the recoiling nucleus is caused by the inter-nuclei Coulomb force. In
this program, to identify the length of the trajectory between the binary atomic collision,
we set the curve to connect two points: the initial position of the projectile and the ending
position where the projectile and the target nuclei are closest. The length of the flight path
is a curvilinear integral from the two atoms’ initial distance » = R to their closest point

r = rg along the trajectory

A= /R Vdr? +r2(dy)? (2.9)

0
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Projectile Xe ,Ep'

Target Xe ,E'

FIGURE 2.1: Kinematics for classical binary collision of Xe atoms in the center of mass
coordinates.

where x = 6./2 is polar angle. Applying the trajectory equation from Eq. (2.5), A could be

rewritten as

R b2
)\:/m dr\/1+r2(1—U(r)/Ec—b2/r2) . (2.10)

2.2.3 Pair Correlation Function of Liquid Xenon

In most simulation programs like GEANT4 [51] and TRIM [4], the medium is simplified as
homogeneous in which the atoms are randomly distributed according to a uniform probability
distribution. Here we consider a more realistic spatial distribution of nuclei in liquid xenon.
The difference is mainly in the locations of the neighboring atoms. Since the collisions in
liquid mainly involve these atoms, a realistic probability distribution at small distance scale
is important in determining the free flight paths and the impact parameters. For a homoge-
neous medium like liquid xenon, the spatial distribution of the atoms is characterized by the

radial distribution function, also called pair correlation function (PCF) g(r), which is defined
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as the probability of finding a particle at distance r from a reference particle. Generally s-
peaking, the pair correlation function is determined by the inter-atomic interactions and the
environmental temperature. The function can be calculated theoretically using molecular
dynamic simulations or measured experimentally in neutron diffraction. Here we take g(r)

from Ref. [53], as shown in Fig. 2.2.
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FIGURE 2.2: Pair correlation function g(r) of the xenon atoms in the liquid phase at 161.4
K. The PCF shows the nearest neighbor atoms of the projectile atom mostly distributes
between the inter-atom distance R form 3.5 to 6.2 A with central value at 5.0 A.
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Considering a xenon atom getting the initial momentum from either a WIMP dark matter
particle or a recoiling xenon nucleus, it then becomes a projectile atom which may result in
further binary collisions. The target xenon atom participating in the subsequent collision can
be selected from the 5 to 6 nearest neighbors of the projectile in the forward direction of the
projectile particle. To simulate the nearest neighbor target, we can use only two parameters:
a distance (R) to the projectile atom and an angle (0) between the radial and projectile
moving directions. The distance R is distributed according to the pair correlation function
g(r), and generated using Acceptance-Rejection method. After the nearest neighbors are
generated, we choose the one whose distance to the projectile nucleus is smallest as the
target for the binary atomic collision. The angle O is distributed in a way that makes atoms

to distribute isotropic. Note, for an individual binary atomic collision, the angles © should



Chapter 2. Energy Dissipation of Nulcear Recoils 24

follow the spatial distribution of the neighbors. However, in a large number of binary atomic
collisions, the angles are expected to satisfy above distribution due to the isotropic nature of

the liquid. Once a pair of R and © is determined, we calculate the impact parameter as

b= Rsin® . (2.11)

After the nearest neighbor or the target atom is identified, we can consider the collision
cascade process. When the projectile nucleus is scattered, its kinetic energy is transferred
partially to the target and the moving direction is changed. The two nuclei will be regarded as
new projectile particles and further scattered by the other target nuclei, and so on. During
the binary atomic collisions, the electrons-nuclei interaction is treated as a small friction,
which results in energy dissipation from the projectile to the electrons of its neighbors [55].
We generally ignore the charge state of the atoms by assuming all atoms interact with a

screened potential described previously, which is a good approximation at low energy.

2.2.4 Kinematic Cutoff Energy

Now we need to define a kinematic cutoff energy or a threshold energy below which the
energy transfer from the moving particle to atomic electrons is forbidden, which means we
regard this part of energy finally becomes phonons (heat). This cutoff in a sense simulates the
minimal energy cutoff discussed in Ref. [43], which is a quantum mechanical effect. Ficenec et
al. have discussed the quantum effect in their research on electronic excitation by extremely
slow protons in Ref. [56]. In that work, the authors estimate the threshold energy using
simple two-body kinematics and regard that energy transfer from the ionizing particle to an
atomic electron is forbidden if the minimum excitation energy of the system F, exceeds the
maximum possible energy transfer to the electron. Based on this assumption, they derive a

threshold velocity for the moving particle,

v, = Eg/2mevp, (2.12)

where m, is the electron mass and vp is the Fermi velocity of the atomic electrons. Iden-
tifying E, with the gap energy in liquid xenon (9.3 eV), the cutoff energy is calculated as
20~40 keV. However, the experimental measurements has shown that this type of estima-

tion does not work, although a down-ward trend in the scintillation starts to appear at that
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energy. In Ref. [56], the authors notice that even extremely slow protons with velocity far
below the calculated threshold velocity can excite atomic electrons. XENON100 experiment

has observed scintillation and ionization when the recoil xenon energy is down to 3 keV.

Theoretical arguments indicate that classical process with a continuous energy transfer can be
brought to reconciliation with the quantum mechanical mechanism of discrete energy transfer
through some statistical sense [57]. In our case, the kinematic cutoff shall be reflected through
a fast fall-off of the electronic stopping power at low energy, vanishes entirely below the gap
energy. As we shall see, since our model for electronic stopping power will not include this
cutoff, we take care of the kinematic cutoff effect using the following criteria instead: if the
kinetic energy of the initial projectile xenon is lower than the gap energy in liquid xenon
(9.3 eV), no electronic excitations or ionizations will be produced. We will terminate the
trajectory when the kinetic energy of the moving particle is approaching the thermal energy

of atoms in liquid xenon (0.021 eV).






Chapter 3

Electronic Stopping Power and

Electronic Energy Dissipation

The average energy loss of a moving atom or ion to electronic excitations or ionization of
the medium can be described by the so-called electronic stopping power (dE/dx)e, or linear
energy transportation which equals electronic stopping power divided by the medium density.
As mentioned in Chapter 2, the electronic stopping power is very important when evaluating
the electronic energy transfer during the slowing down process of the recoiling nuclei. In
principle, the electronic stopping power, as a function of the projectile’s kinetic energy, can
be measured experimentally. However, there is few data at the low energy region of our
interest, where the information is crucial for direct WIMP dark matter detection. Thus
we have to rely on theoretical models and limited experimental data at moderate energies
to make progress. Since this is one of the main uncertainties in the present study, we will

consider this issue in details in this Chapter.

In this Chapter, we review the theoretical treatment for the electronic stopping power and
the experimental measurements for the electronic stopping power of xenon for xenon atom in
history. After that, we show some improvement for the theoretical calculation of electronic

stopping power and show what we have used in the final calculation.

27
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3.1 Theoretical models for electronic stopping power

The problem of a moving particle dissipating its energy in the condensed matter is one of the
continuing interests in physics. The energy dissipation is normally divided into two parts:
loss of energy to electrons and atomic recoils respectively, corresponding to the electronic
stopping power S, and the nuclear stopping power .S,,. Normally, the nuclear stopping power
Sy, is only significent for heavy particles or nuclear recoils. The energy loss to electrons
is reflected by the value electronic stopping power S, = (dFE/dx), defined as the average
energy loss per unit length, or the value linear energy transfer LET, defined as the electronic
stopping power divided by the medium density. Study of the electronic stopping power for
a charged particle passing through a matter medium has been a great interest for more
than one century [58]. There is a huge literature about this subject, ranging from classical
theories to quantum mechanical ones, as well as semi-classical and semi-empirical ones. The
original approach of Bohr has been extended by including screening, high-order-Z and shell
corrections, high-speed quantum and relativity corrections as well as projectile excitation
and ionization, which is reviewed in Ref. [59], resulting the so-called binary stopping theory

which seems to describe the experimental data on a wide variety of ion-target and ion-energy.

Our interest is in the low energy region with kinetic energies of projectile particles between 1
and 100 keV. The physics here is usually more complicated than that at high energies region
because perturbative approaches usually do not work. In history, many theoretical models
have been proposed to simplify the complicated situation in low energy region, among which
the linear response method [60] and transport cross section method [61] are widely used to
theoretically calculate electronic stopping power. Both methods regards the incident particle,
when moving through the medium, passes through the electron gas of constant density [62]
and dissipates energy to the electrons. Calculations based on either methods show that S,
is nearly proportional to the velocity v of the incident particle. Following the pioneering
works, authors try to derive more accurate results by correcting these models from aspect
of the incident particle, such as effective stopping power charges concept [60] or nonlinear
density functional calculation [61], where the velocity proportional relation still exists after

the corrections.
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3.1.1 Transport Cross Section Theory

To well describe the case of slow ions whose velocity is smaller than the Fermi velocity of the
electrons in the medium, the so-called transport cross section method has been proposed.
When the velocity of the incident particle v is far below the electrons’ Fermi velocity vp in
the medium, the interaction between the incident particle and the electrons in the medium
can be regarded as that the electrons are scattered in the field of the incident particle. The
electrons’ momentum increment causes the energy dissipation of the incident particle to the
electrons in the medium. Based on this method, the electronic stopping power expression is
derived as:

Se = novpoy(vp)v , (3.1)

where ng is number density of the electrons in the medium which is related to the Fermi

velocity through:

2, \1/3
vp = Brno) Ph (3.2)
Me
In Eq. (3.1), o-(vp) is the usual transport cross section which is given by:
47 & .
o (vr) = /(1 —cosf)do = -5 D U+ 1) sin®(6(vp) = Si41(vr)) | (33)

F =g

where 0 is a scattering angle and §; is the phase shift of the lth partial wave for scattering
of electrons at the Fermi surface from the screened potential of the incident particle. If the
electron density ng is constant, the electronic stopping power will be proportional to the

incident velocity v.

Based on this assumption and considering the electrons distribution on the incident particle,
Echenique et al. [61] have made a nonlinear density-function calculation, which shows the
variations of stopping power with incident particle charge, the Z oscillations, which gives a

relatively accurate electronic stopping power.

Lindhard and Scharff (L-S), presumably based on the transport cross section and classical
scattering approximation, found that at low energy [63] the electronic stopping power can
be expressed as:

S, = \/gﬂezaO(OZNOU% , (3.4)
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where ag and vy are Bohr radius and Bohr velocity respectively and (y is an empirical
parameter, which is set to (, = Z 1/6 in Lindhard’s paper although this can be a model-
dependent parameter. Ny is the number density of the target medium. The above expression
assumes that the projectile and target atoms are the same, and the electron density follows

Thomas-Fermi distribution.

In a quasi-classical treatment for inelastic energy losses by Tilinin [64], the Coulomb repulsion
between the nuclei of colliding particles has been shown to decrease greatly the electronic
stopping in the small projectile energy, where the large impact-parameter collisions become
dominant and the amount of the atomic electrons involved in inelastic interaction is reduced
drastically. He used a screening potential to calculate the energy dependent coefficient 7(F)
in the L-S electronic stopping power, which goes to one at large energy, but becomes sub-
stantially smaller at small E. Tilinin’s study shows that at low energy region the stopping

power decreases like v® instead of v.

3.1.2 Linear Response Theory

When a moving atom passes through the electron gas formed by the electrons of the atomic
outer shell, it perturbs them and induces a fluctuation of the electron density. The electrons
are reassembled around the projectile atom such that the electrons in the forward direction
of the projectile atom are more dense than those in the backward direction. This density
difference produces an induced electronic field. The moving atom must overcome the force
exerted by this electric field and dissipates its energy in the form of the atomic electron

excitations in the medium.

The most cited work along this direction is that of Brandt and Kitagawa (B-K) effective
charge theory [60], which has been further improved by other authors. Brandt and Kitagawa
introduced the concept of effective charges for ions. Using the effective charge, the electronic
stopping power S, of a heavy ion can be scaled from proton’s stopping power S, at the same

velocity in the same medium as below:
Se(Z1, Za;v) = [Z1 (0)2Sp(Za; v) (3.5)

where Z; is the atomic number of the projectile ion or atom while Z;(v) is the effective

charge number of the projectile ion or atom at velocity v, and Z, is the atomic number of
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the medium. Using B-K effective charge theory, one can evaluate the stopping power using

the effective charge of a heavy projectile particle through the proton data.

3.1.3 Comparison between Theoretical Predictions and Experimental Da-

ta

Although many authors have spent decades trying to understand and calculate the electronic
stopping power, the calculations are not consistent with each other and deviate from the
experimental data quite much [1] in low energy region. Based on thousands of experimental
data and the various theories, Ziegler et al. [4] proposed semi-empirical results which are
consistent with available data and summarized them in a Stopping/Range Table, which also
shows a velocity proportional property of stopping power at low energy. As shown in Fig. 3.1,
the SRIM data is substantially lower than the prediction of L-S and B-K theories, but higher
than that of Tilinin. However, no theoretical prediction can show the right fall off tendency

of the electronic stopping power in low energy region.
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Ficure 3.1: Comparisons between different theoretical predictions and experimental da-

ta [1] on the electronic stopping power for a xenon atom in LXe. The electronic stopping-

power fitted from Fukuda’s measured data (S.(E) = 1.906 x E%8%) is shown as solid line,
whereas other predictions are shown as dashed lines with different colors.
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3.2 Improvement for Transport Cross Section Method

3.2.1 Effective Electron Density

Assume a slow projectile particle is moving through an electron gas of density ng with
velocity v much less than the Fermi velocity vg of the electron gas. Along its trajectory,
the projectile through Coulomb interaction transfers momentum to electrons of the medium
hence loses energy. The trajectory is distorted through binary elastic collision when the
projectile approaches a target nucleus in the electron gas to the nearest distance. Considering
the scenario that the electrons are scattered in the field of the projectile particle, the electrons’
momentum increase can be evaluated using the so-called transport cross section oy, (vr). In
this way, one finds the expression for the electronic stopping power as Eq. (3.1). Given a
constant electron density ng, the transport cross section approach predicts that the electronic
stopping power is proportional to the projectile velocity v which is similar to other theoretical

predictions.

For conductor like metal elements, where there are many delocalized free electrons which form
the uniform electron gas, the transport cross section approach gives very good theoretical
predictions. It provides an accurate theoretical expression for the experiment measured Z;-
oscillation behavior (the electronic stopping power of a medium oscillates with the variation
of the atomic number Z; of the projectile particle) [61, 65]. However, it becomes a different
case when applying this approach to insulators like liquid noble elements. There are two

issues one must take into account:

e Whether the electrons in the medium can be regarded as uniform electron gas or not;

e How to evaluate the density for the electrons in such kind of medium, or in another

word, how many electrons are involved in the interaction with the projectile.

Firstly, the insulators, such as liquid noble elements, have few free electrons and most of the
electrons are bounded to every isolated atom. Obviously, the density of the bound electrons
which form the electron cloud varies with the distance between the electrons and the nucleus.
The closer to the nucleus, the denser of the electron cloud will be. Secondly, when the low
energy projectile moves through the electron cloud, it cannot penetrate the electron cloud as

deeply as that with high energy. In this case, the trajectory of the projectile in the electron
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cloud should be considered when evaluating the electron density which will be involved in
the interactions. Now the physics picture becomes clearer: to determine the electron density
for transport cross section approach regarding insulator media, one has to consider both the

distribution of the bound electron of an atom and the trajectory of a low energy projectile.

To find the electron density of an isolated atom, the existing most accurate approach may be
the Hartree-Fock (HF) method, also called the self-consistent field method (SCF). But this
method is not that practical and makes the problem much more complicate since a detailed
account of the electron distribution is unnecessary, besides being clearly a cumbersome task,
and what is required is an averaged picture. Therefore, we directly use the Poisson equation

to find out the density of the electron cloud,
p(r) = eV2o(r) (3.6)

where ®(r) is the potential around the atom in the medium. No matter which potential is
chosen, the electron density will rely on the distance to the nucleus. The bigger the distance
is, the smaller the electron density will be. By choosing the right potential, we can evaluate

the electron density of the electron cloud pretty accurately.

Since the low energy projectile cannot penetrate the electron cloud deeply, only part of
the electrons in the cloud are scattered by the projectile. Considering this behavior, we
only take the electrons along the trajectory into account. This treatment can also avoid the
argument how many electrons should be involved in calculating the electron density. When a
projectile particle moves through a dense medium, the trajectory is determined by the binary
collision between projectile and target nuclei in the medium which can be described by the
inter-atomic potential U(r), projectile’ energy E, and the impact parameter b between the
projectile and the target. In the meantime, the interaction with electrons can be regarded as
small “fraction” along the trajectory. Ignoring the “fraction”, the trajectory can be expressed

by following equation in polar coordinate  —r in classical binary collision approximation [54],

2\ —1/2
9 _ b (0 2U(r) b , (3.7)
dr 72 E, 72

From Eq. (3.7), we can find out the nearest distance ry between the projectile and target

nuclei by solving the equation,
2U(r) b?
E, -2 = 0. (3.8)

1—
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Assume the radium of the atom in the medium is R, then the projectile can penetrate the
spherical shell from R to ry. We take into account that the electrons located in the spherical
shell are involved in the interaction with the projectile. And then we can calculate the
average electron density in the spherical shell using Eq. (3.6), which we call effective electron

density for insulator media in transport cross section approximation.

Now the only problem left is that for a projectile particle, the specific initial energy F, and
the inter-atomic potential U(r) are defined clearly whereas the impact parameter b between
the projectile and the target is a random number. Which impact parameter b should be
choose to calculate the effective electron density? It is obvious that there is no special
impact parameter b. Therefore, in our treatment, for different initial projectile energy F,,,
we try to calculate an average electron density along every trajectory which is determined
by every specific impact parameter, and then average all the electron density for different

trajectory. We regard the final average one as the effective electron density.

3.2.2 Improvement for Existing Transport Cross Section Theory

Now we can calculate the electronic stopping power using transport cross section method
together with the effective electron density. Applying the method to liquid xenon, we finally
calculate the electronic stopping power of liquid xenon for xenon atom. In this work, we use
the Van der Waals radius of xenon atom (216 pm) as R. To determine ry, we choose Moliere
potential as the inter-atomic potential U(r) and we regard the distribution of the impact
parameter b as quadratic uniform. Then we can calculate the average electron density ng
and electron Fermi velocity vp. When calculating transport cross section, we use Moliere

potential in the Schrédinger equation to find the phase shift of the partial wave.

We calculate the electronic stopping power of liquid xenon from 1 keV to 100 keV. After that,

we fit the power-law exponent and the coefficient to our calculation. The best fit yields:

2.85 x E)™  E, <50 keV
Se(Bp) = (3.9)

553 x E)Sl B, >= 50 keV

A comparison of experimental data with the predication from the corrected transport cross
section method are shown in Fig. 5.2. Along with our calculation, we have also shown

the theoretical prediction from other authors and the experimental data in mediate energy
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region. The blue dashed curve is the result from Lindhard-Scharff (L-S) theory [63]. The
orange dashed curve shows the result from Brandt-Kitagawa (B-K) theory [60]. The green
and cyan dashed curves are results from SRIM [4] and Tilinin’s [64] predictions respectively.
The red dots are from the Fukuda’s measurement [1]. This result shows the electronic
stopping power of liquid xenon tends to drop more quickly in low energy region and tends

to approach the same result as SRIM in high energy region.
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F1GUure 3.2: Comparisons between different theoretical predictions, which are shown as

dashed lines with different colours, and experimental data [1] on the electronic stopping

power for a xenon atom in LXe. The stopping power fitted from Fukuda’s measured data
Se(Ep) = 1.906 x EJ-%* is also shown.

3.3 Electronic Stopping Power in Real World

To get some idea about the reliability of these theories, we compare them with the available
experimental data [1, 66], as shown in Fig. 3.1. The data here is based on the stopping power
in gas phase measurements at low energy region (40 keV to 200 keV) [1]. In this experiment,
the xenon ions are accelerated by a Cockcroft and Walton type accelerator and pass through
a differentially pumped large gas cell, which contained the xenon gas whose stated purity is
99.9%. After the ions transit the target, they are measured in an electrostatic energy analyzer

and the electronic stopping power is derived. In the error analysis, the impurities, multiple
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scattering and nuclear stopping power have been taken into account. The experimental data

are listed in Table (3.1)

Gas XeT energy (keV) Stopping Power (1071 eV ¢cm? atom™!)
44.22 9.98+0.20
63.43 13.85+0.27
85.07 17.434+0.35
Xe 104.68 20.18+0.40
124.89 24.62+0.48
144.68 27.34+0.54
164.54 32.26£0.63

TABLE 3.1: The experiment measured electronic stopping power in xenon gas for 40-200 keV
xenon ions

Of course, what we need is the stopping power in the liquid phase. Some authors [67-69]
have discussed and measured the phase effect of electronic stopping power in metal gas
and solid phases. Based on the measurements, the stopping cross section in the gas phase
is about ~50-70% higher than that in the solid phase. However, for the noble gases, the
Van der Waals forces are too weak to effect the energy loss of ions [4]. Therefore, there
is no significant difference between the stopping power in gas and solid phases for xenon.
While both LS and BK theories over-predict the stopping power considerably, SRIM is not
surprisingly much closer to the data. However, the energy dependence of the SRIM data is
not totally consistent with the experiment. The data indicates a slightly faster fall off at
lower energy than v, but not as faster as Tilinin’s result, which seems to under-predict the

electronic stopping power.

To make progress, we assume that in the energy region of our interest, the electronic stopping
power drops with the same trend as that is measured at higher energy, with a power law
behavior, £%*. We fit the power-law exponent and the coefficient to the lowest four measured

points, and then extrapolate the result to the low-energy region. The best fit finds

S.(F) =1.906 x %% MeV - g™ - cm? . (3.10)
The result is also shown in Fig. 3.1 as the black solid line, which lies in between Ziegler’s
result and Tilinin’s in our concerned energy region. As an estimate of the uncertainty.

Since electronic stopping power is very important in the estimation of the electronic energy
dissipation, we also try to determine a range of extrapolations defined by two boundary

curves. To get the accurate boundary curves, we try the following two methods.
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Method A, choose 20 points and fit them. Below are the detailed steps:

e We randomly generate 10,000,000 numbers in the 20 region for every selected point.

For example, the experiment measured electronic stopping power for 44.22 keV Xenon
in Xenon is 45.77 MeV -g~ ! -cm? and the 20 error is +£1.84 MeV-g~!-cm?. We generate
10,000,000 random numbers between 45.77+1.84 and 45.77-1.84;

e We randomly pick out a value from the 10,000,000 random numbers for every experi-

ment measured point, and form new data set.

e We fit the power law S.(E) = K x EV to the generate data set to obtain the parameter

K and N;

e We repeat above steps for 1,000 times to get 1,000 expressions for electronic stopping

power;

e We plot the 1,000 electronic stopping power expressions together to get the 20 error
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band, which is shown in Fig. 3.3
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FI1GURE 3.3: The red band is the 20 error band generated and the black square points are
experimental data with 2¢ error.

Method B, using x? distribution to fulfill uncertainties control. Below are the detailed steps:
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e Based on our test and the theoretical prediction, the exponent N in the electronic
stopping power expression should lie in between 0.5 and 1.5, and the coefficient K
should lie in between 1 and 3, we randomly generate the 10,000,000 numbers between
0.5 and 1.5 to form data set for the N and randomly generate the 10,000,000 numbers

between 1 and 3 to form data set for the K;

e We randomly pick out a set of value from the data set for N and K respectively to

generate an expression for the electronic stopping power;

e We use Chi-square distribution to check whether the randomly generated electronic
stopping power expression lies in the experiment measured 20 region. If the Chi-square
value is less than 4, we regard the expression lies in the experiment measured 20 region
and will keep it, or we will reject it. For example, generated electronic stopping power
expression is f(£) and the experimental data is fep(E). Then using the following

condition to check whether the expression lies in the 20 region:

(f(xz) - fe)(p(xz'))2

2
1 Ti

4
<4, (3.11)

1
24

2

where the denominator 2 is the data point number minus free degree.

e We repeat above steps for 100,000 times and get more than 600 expressions for elec-
tronic stopping power. At the same time, we try to plot the distribution of K-N in
Fig. 3.4.

e We plot the electronic stopping power expressions generated in step4 together to get
the 20 error band, which is shown in Fig. 3.5.
Additionally, we try to composite Fig. 3.3 and Fig. 3.5 together, we notice that the 20 region
generated using the two different method are almost the same, which is shown in Fig. 3.6
Based on above scenario:
e If we use the boundary of N to evaluate 2sigma region, we get S;(E) = 2.796 x E0-7
for upper boundary and S, (E) = 1.518 x E%% for lower boundary:;

e If we use the envelop of the 2sigma region to evaluate the 2sigma error, we get S, (E) =

2.729 x E*T" upper boundary and S, (E) = 1.551 x E%®7 for lower boundary;
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FiGUrE 3.4: K-N distribution which can satisfy the 20 error band.

The 20 bound is shown as the yellow region in Fig. 3.1. In this thesis, we perform simulations
using the above fits, and estimate one of the systematic uncertainties using the 20 bound of

the stopping power.

Finally, we note that for the particle energy drops below the band gap in liquid xenon, S(F)
shall be identically zero. We could have imposed this condition on the fit. As described
before, we will implement this condition through the nature cutoff in Monte Carlo simulation

in calculating the total nuclear quenching.

3.4 Electronic Energy Dissipation and Nuclear Quenching Fac-

tor

Once we have the electronic stopping power and the trajectory of the recoiling nucleus, we
can compute the electronic energy loss in one nuclear binary collision by integrating the
stopping power over the free flight path. And summarizing the electronic energy losses, we

can get the total electronic energy loss n(Fp) in the collision cascade.
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F1GURE 3.5: The yellow band is the 20 generated and the black square points are experi-
mental data with 20 error.

Using the above result, we calculate ¢, through Monte Carlo simulations. Through 10,000
scattering events, we get a fair average for a discrete set of energies range 0.5~25 keV, which

has a phenomenological fit:

6—0-033E§ro'958

1+ 13.789 ;2189

an(Enr) - (312)

We plot it in Fig. 3.7 as the black solid line. We have also shown the 20 band calculated with
the 20 fit of the electronis stopping power. To calibrate our code, we perform simulations
using the SRIM electronic stopping power with TRIM parameters in attempt to reproduce
the TRIM results. We plot the original TRIM result as the green dashed curve and our
reproduction in purple dashed curve. The small difference is due to using of realistic atomic
distribution in LXe. We also plot the widely used Lindhard factor [48-50] as the blue dashed
curve for comparison, using the most quoted k& = 0.166. Our ¢, is smaller, but not that much
smaller, than the quoted Lindhard factor and the TRIM result although the corresponding
electronic stopping powers are much bigger. This is because the integral equation approach
is questionable at low energy, whereas TRIM uses an artificial (or equivalent) cut-off energy
beyond which all atom kinetic energy goes to heat. The important feature of our result

is that ¢, is smaller than L., consistent with the phenomenological observation that the
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FI1GURE 3.6: The gray dashed line bound the 20 error region.

scintillation efficiency for nuclear recoils is larger than that of the electron recoils.
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FIGURE 3.7: The @y, of liquid xenon obtained from different theoretical predictions. The
lower black solid curve and shade is the result from our calculation by using the electronic
stopping power fitted to the available experimental measured data.



Chapter 4

Recombination of Electron-Ion

Pairs in Liquid Xenon Detector

Since we can estimate the equivalent electronic energy dissipation for nuclear recoils from
the simulation and the electronic stopping power for liquid xenon, it is time for us to do
more research about the scintillation and ionization process to evaluate how much S1 or S2

signals produced from nuclear recoils.

In this Chapter, we firstly review the scintillation and ionization process. We then study the
anti-correlation behavior between the scintillation signals and the ionization signals to find
out which factor determines the electron-ion pair’s recombination. After that, we perform
further research on the recombination behavior of the electron-ion pairs with or without
applied electric field. Finally, we generalize the Thomas-Imel box model to describe this

behavior.

4.1 Scintillation and Ionization Process

4.1.1 Excitons, Charges and Platzman Equation

For any particle moving in a medium, after all the particles have thermalized, a certain
number of excitons and electron-ion pairs will be produced in the collision cascade process.
In 1961, Platzman proposed an equation based on the energy conservation law to describe

this process, which is called Platzman equation [70]. Platzman assumes the total dissipated

43
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electronic energy can be divided into three parts: ionization, excitation and sub-excitation
electrons:

E° = N;E; + Ny FEor + Nie , (41)

where E°¢ is the electronic energy dissipation, /N; is the number of electron-ion pairs produced
at an average energy expenditure of E;, and N., is the number of excitons at an average
energy expenditure of E.,. € is the average kinetic energy of sub-excitation electrons, in fact

which can be absorbed into E,., and FE;.

This equation is firstly proposed for high energy radiation. In the original paper, Platzman
only gave a rough approximation for the parameters such as FE.,, F;, and others. As the
development of the technology, the value F., and E; can be measured pretty good, which
we will discuss in the following sections. However, the values for N, and NN; are still contro-
versial. Regarding N.,/N;, Some authors regard 0.06 the theoretical value [71] and 0.2 the
measured one [72] for electron recoils while in Ref. [32, 73], Ne,/N; ~ 1 is claimed for nuclear
recoils from the direct charge measurement. But these values are fitted to the data based
on much larger gy in Ref. [48-50], which is inconsistent with the requirement g,. < Leg (we
will discuss in the next Chapter). However, the main stream view about N,;/N; is that it is
independent of whether the electromagnetic energy is from electron or nuclear recoils [72]. Of
course, there is no strong evidence for or against this assumption. Most measurements were
done with electron recoils, yielding a small N, /N; value, 0.06 to 0.2. Measurements done
with nuclear recoils depends on the nuclear quenching factor and recombination model. In
Ref. [73], the value about 1 was obtained if using larger nuclear quenching factor. However,
as we advocated in this thesis, the realistic nuclear quenching factor should be about a factor
of 2 smaller than the Lindhard’s. Thus N, /N; in the recoils can be made consistent with

that in the electron recoil.

Ideally, every exciton is expected to produce one photon and every electron will drift to gas
chamber and give out a free electron, where the process can be describe as: After the excitons
relax, the lowest X and 'Y self-trapped excitonic molecular states, Xe3, get formed. Then
they scintillate in VUV region through the transition to the ground state 12; and give out S1
signal. On the other hand, forced by the external field, the free electrons can drift to the gas
mode and give out S2 signal. However, the real world is not so perfect that the free electrons

and ions will unavoidably recombine with each other, even under high external electric field.
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The whole process can be described phenomenologically by the following equations [32]:

Xet + Xe — Xey,

Xeg +e” — Xe™* + Xe,
Xe™ — Xe* + heat

Xe* 4+ Xe + Xe — Xej + Xe,

Xey — Xe + Xe + hv (4.2)

In this case, there should be an anti-correlation relation between the S1 ans S2 signles.

4.1.2 Anti-correlation Behavior between S1 and S2

It seems that one can easily get the number for the photons or charges after the parameters
in Platzman equation are identified or measured. However, it is more complicated than
what one expects. After the particles are thermalized in the medium, the produced electrons
released from xenon atoms in ionization events undergo a random motion under the influence
of mutual electrostatic interactions. Part of the oppositely charged particles (electrons and
ions) approach the others to a short distance and finally recombine which results in reduction
of the ionization yield. In the presence of an external electric field, more of the pairs are
permanently separated and more electrons are expected to escape from recombination as
the electric field increases. However, both the electron-ion recombination and the electron
escaping from the recombination exist at any finite field strength. Due to both behaviors
exist coinstantaneously, the S1 signal will be enhanced when the applied electric field is week
and the S2 signal will be suppressed while the recombination is strengthened. On the other
hand, the S2 signal will increase when the applied electric field is strong and more electrons
escape from the recombination while the S1 signals will get weakened. This is the so-called
anti-correlation between S1 and S2, which refers to the phenomenon that the ionized electrons

escape recombination with positive ones (XeéF ), thereby reducing the scintillation photons.

Thus the scintillation and ionization signals are correlated to each other, which makes the
problem much more complex. That the ionization and scintillation signals in LXe are anti-
correlated is studied and examined in Ref. [74] firstly and discussed further in Ref. [75]. The
anti-correlation refers to the phenomenon that the ionized electrons escape recombination

with positive ones (Xe; ), thereby reducing the scintillation photons. To know the exact
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scintillant and ionization signals, we have to do more research on the recombination behavior

of electron-ion pairs.

4.2 Theoretical Consideration of Recombination of Electron-

Ion Pairs

To accurately estimate the yields of S1 and S2 signals respectively, the correct interpreta-
tion of data obtained from LXe detectors requires good understanding of the recombination
processes in this medium. In fact, the physics of electron-ion pair’s recombination in liquid
xenon is not well understood yet. Phenomenologically speaking, three kinds of recombination

may occur in LXe detector:

e Initial recombination, which refers to the process where an electron, freed from an atom
and thus producing a positive ion, returns to its origin and recombines to produce
a neutral atom again. Under no external electric field scenario, this mechanism is

presumed to be the leading of the recombination of most pairs;

e Bulk recombination, which occurs when there are a continuum of charges of both
electrons and ions presenting at the same location. A random electron combines with

a random positive ion at a rate proportional to the densities of the electron and ion;

e Columnar recombination, which occurs when an energetic charged particle produces a
column of ion pairs in an external electric field. As the electrons drift in one direction

and the positive ions in the other, electrons and ions occasionally recombine.

Once we know something about the electron-ion recombination, we can perform a theoretical
consideration to evaluate the process. From the phenomenological consideration of electron-
ion recombination, a large number of theoretical studies [76-82] have been made for over a
century. Among these, Thomas and Imel gave a detailed analytical expression in Ref. [80]
after considering the recombination behavior for electron recoils or alpha recoils in liquid

xXenon.
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4.2.1 Thomas-Imel Model for Electron Recoil

Thomas and Imel started from the diffusion equations for positive ion (n™) and electrons
(n™) proposed by Jaffe in Ref. [78]:

ont = —psEg-Vn! + d+V2nj —an; n;

on; = _M—Ed . V’I’Lz_ + d_V2ni_ — Oén?_n'_ 5 (43)

2

where p4 is the mean mobilities of the ions and electrons under external electric field, while
d+ and « are coefficients corresponding to the diffusion and recombination terms. To simplify
the equations, they ignored the diffusion terms, which are considered to be much smaller than
the electron drift, and also dropped the drift terms of the positive ion. Solving the equations

in the box boundary conditions, Thomas and Imel obtained the following result:

Q N 1 .
00~ N, —Eln(1+§)7 3

. n;x
- 4a?p_Ey’

(4.4)

where a/(4a?p_) is a constant determined by the dielectric constant, the electron mobility
and the ionization volume length scale. The diffusion processes are neglected in case of
a large external electric field because the diffusion speeds of electric charges are negligible
compared to their drift speeds in the electric field. However, to get more reliable results at

smaller electric field, we have to consider the electron mobility terms pu_ Fg in &.

Eq. (4.4) gives a pretty good expression for the electic field dependence of electron-ion recom-
bination in liquid xenon. However, this equation ignores the drift velocity of the electrons
in liquid xenon. In liquid xenon, when electrons are excited to the conduction band from
the valence band by an energetic radiation, they become free electrons and drift in external
electric field. At low fields, the electron drift velocity, vg, is almost proportional to the field
strength, E,;, with the electron mobility, i, as the proportionality constant (vg = uEyg). At
high fields, about 10 kV/cm in liquid xenon [83], the electron drift velocity saturates and
becomes independent of electric field strength. However, at low field, we shall consider the
random fluctuations of electric fields acting on the free electrons. This electric fields cause
the free electrons to diffuse out of the positive ion region with an average speed vg, which
means some electrons may escape from recombination even when no external field is applied.

Additionally, using the electronic stopping power or LET as a rough estimation of the charge
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density, we can generalize £ as:

n;x K dE
= = — 4.5
¢ 4a?(fvg +vy) 1+ Ko X Ey <daj>el ’ (4.5)

where S is some unknown constant.

Considering K7 a field-independent parameter and fitted to experimentally measured LET
dependence of the scintillation yields in liquid xenon [84], we get K1 = 2.53 MeV~!.g-cm™2.
Then, we fit Ky to the experimental data for electron recoils and alphas in Ref. [2], and find
K5 = 3 KV~ !.cm. Here we do not try to re-calculate Q/Qq in Ref. [2] for the ionization yield
when fitting the parameter K5 since we just want to check if the generalized Thomas-Imel

model can obtain the recombination trend accurately.

1.0
0.8- I |
7 ’f""”Q
i - 7
s 06 " . ER Charg ,
g | ’/,/ | a’ChargE
L, 7
0.4/ ---- Prediction for EF -
I — - Prediction fore
0.2- |
: I
O O‘:Iﬂ — — _*_ ‘ | ‘ ‘ ‘ s ‘ | ‘ ‘ ‘

0 1 2 3 4 5
Electronic FieldEq4 [KV / cm]

F1GURE 4.1: Reproduction of field dependence of ionization yield efficiency in LXe for
122 keV electron recoils (ER) and 5.5 MeV alphas. The data is extracted from Fig. 3 in
Ref. [2].

Both electron recoils, which have lower LET value and suffer less recombination, and alphas,
which have higher LET value and suffer more recombination, have clear field dependence
shown Fig. 4.1. Thomas-Imel box model successfully reproduces the field dependence. It
yields the recombination probability as a function of the ionization density and the external

electric field, where a smaller number of escaping electrons are produced along a denser
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track (higher LET), at the same time, the number of escaping electrons increases with the

increasing of the applied electric field.

4.2.2 Generalization of Thomas-Imel Model to Nuclear Recoils

When it comes to nuclear recoils, the electric field dependence is quite different. The ioniza-
tion density dependence of recombination still exists, however no significant field dependence
of recombination has been measured [2]. There must be some unidentified physics effect,
except for the different LET values, which may interfere the recombination behavior of nu-
clear recoils and has not been covered in original Thomas-Imel box model. Chepel et al.
analyzed the track structures for electronic recoils and alphas recoils [85]. The tracks of
electron recoils (with low LET) can be regarded as a line of widely populated positive ions
with average distance close to the Onsager radius. The free electrons reach thermal energy
at sufficiently large distances from the track escape from recombination, causing the increase
of ionization yield for electron recoils in external electric field. For alphas (high LET), the
track structure is a little different, which can be described as concentric cylinders consisting
of a central core and a surrounding penumbra [48]. A continuous line of positive charges
forms the core of the main trajectory. Compared with electron recoils, the charge density is
much higher. However, both electron recoils and alphas have a line-like or column-like track

structure, though the charge density along the trajectory is different.

For nuclear recoils, it is a totally different physical picture. Although the track structure of
nuclear recoils is not fully understand, it is clear that nuclear recoils will cause a large number
of secondary nuclear recoils through binary collisions during the slowing down process, which
results in a tree-like track structure, where lots of secondary trajectories are surrounding
the main trajectory. This behavior has been proved by computer simulations [4, 86]. The
secondary trajectories enlarge the spatial distribution of the ions projecting to the main
trajectory. Although the electric charges in the secondary trajectory is sparse, they screen
the applied electric field significantly, which in some sense is similar to the electrostatic
screening effect. It is reasonable to surmise that the screen effect can explain why the
recombination for nuclear recoils depends weakly on external electric field. The significantly-
varied physics pictures for different radiation particles hinder the development of a universal
theory of recombination in LXe detector. Existing recombination models mainly consider

the column-like or line-like radiation track structures, ignoring the specific track structure of
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nuclear recoils. It is not surprising that existing recombination models cannot quantitatively
explain the field dependence of recombination for nuclear recoils. To get more solid and

reliable prediction, we have to extend the existing models.

Here, we generalize Thomas-Imel box model starting from the box boundary condition. The
box boundary condition assumes both electrons and ions are distributed in a certain volume
and model their evolution due to the charge drift and reactions. This model well covers the
cylindrically symmetric distributions of electrons and ions along the trajectory of electron
recoils and alphas, which have column-like structures. But for nuclear recoils, the tree-like
track structure breaks the field dependence relation. The neglecting of the geometry of the
secondary trajectories distribution for nuclear recoils causes the model fail to predict the
recombination rate for nuclear recoils. Based on this, we can generalize Thomas-Imel box

model by introducing a field-screen degree S in ¢ to correct the electric field dependence:

I U <@> (4.6)
1+ K9 x E}/S dx /o

where the screen exponent S is assumed to be proportional to the spatial distribution scale of
the track structure. Since the Bohr impulse principle, normally used to assess the radiation
core radius, is not applicable for nuclear recoils, we have to find another physical quantity
to evaluate the scale of the nuclear recoils’ track in this article. As we know, the secondary
trajectories are caused by binary nuclear recoils, where nuclear stopping power (the energy
loss to nuclei per unit path (dE/dx)y,), is a useful physical quantity to describe the nuclear
collision. So we may relate S to (dE/dx)yq through S = K3 x (dE/dx)y . Finally, we obtain

the generalized Thomas-Imel equation for nuclear recoils:

Q_Nfsc_l

Ky dE
= = Z1In(1 : = — 4.
Qo N & a1 +8); : 1+ Ky x E;/(KSX(dE/dz)“') <d$>el ’ @)

Fitting to experimental data, we can identify the free parameters K7, Ko and K3, which we

will discuss in the next Chapter.



Chapter 5

Scintillation Efficiency and
Ionization Yield of Liquid Xenon

for Low Energy Nuclear Recoils

Now we have the program to simulate the slowing down process of the recoiling nucleus and
the electronic stopping power, which help us to evaluate the electronic energy dissipation
1(Fyr) and nuclear quenching factor ¢,. during the slowing down process. We also have the
theoretical model to estimate how much scintillation or ionization signals produces from the
electronic energy dissipation. Combining all above, we can predict the relative scintillation

efficiency Leg and ionization yield Q.

In this Chapter, we will show how to combine the nuclear quenching factor and the recom-
bination model to get scintillation efficiency and the ionization yield for nuclear recoils in
WIMP dark matter direct detection. At last, we discuss how to improve the calculation in

the future.

5.1 Relative Scintillation Efficiency of Low Energy Nuclear

Recoils in Liquid Xenon

As mentioned in Chapter 4, not all electronic excitations or electron-ion pairs will generate

scintillation through the exciton de-excitation and electron-ion pair recombination. Some

o1
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quenching effects, such as electrons’ escaping from electron-ion pair recombination and the
collision loss at high ionization density as described in Birk’s law will reduce the scintillation
yield and must be considered when calculating the final scintillation efficiency. In other words,
only part of electronic energy loss is transferred to measurable scintillation (S1) signal. Here,
at low recoiling energy, the electrons escaping from electron-ion pair recombination is the
main quenching effect, which can be described using the generalized Thomas-Imel Model. In
this section, we will show how to get the free parameters in the model and show the predicted

relative scintillation efficiency Leg.

We denote the effect of electron escaping from recombination, which reduces the scintillation
yield, as gg in the following context. This effect has been measured experimentally as a func-
tion of electronic stopping power or LET. Combining with the electronic energy dissipation

1(Fnr), the total scintillation efficiency of the nuclear recoil can finally be described by,

) = B _ Al Fu) o

Obviously, the quenching effect also exists for the electron recoils from gamma rays, which

must be taken into account when calculating the relative scintillation efficiency.

Since scintillation efficiency is measured at external zero field, the parameters Ky and K3 in
Eq. (4.7) do not matter. If we consider the parameter K; as an electric field independent
parameter, we can firstly identify the parameter K. The parameter K; can be obtained
phenomenological from the LET dependence of the relative scintillation yields in liquid xenon.

Thus the quenching effect due to electrons escaping can be expressed as:

oo = r +Nex/Ni _ 1 _ lIl(]. +Kl%) Ney (5 2)
% 1+Nem/Ni 1 +Nex/Ni Kl% Nz ‘

where again N, /N; and K; can be determined from experimental data.

When investigating the scintillation yields in liquid xenon, Tanaka et al. find that the scin-
tillation yields depends on LET in Ref. [84]. From the result of a series scintillation yield
measurements using heavy ion beam, they have obtained LET dependence of the relative
scintillation yields in liquid xenon for relativistic heavy ions, using alpha particles as a s-
tandard for scintillation yield. Additionally, Doke et al. go further to measure the absolute
scintillation yields in liquid argon and xenon for various particles [72], the results also shows

the similar dependence relation between the scintillation yields and the LET. Their work can



Chapter 5. Scintillation Efficiency and Ionization Yield 53

help us find out the free parameters and exam the reliability of the theoretical model. Based
on above works, we try to find the two parameters K and N,,/N; from the LET dependence
of scintillation yields in liquid xenon firstly. To fit the model to experimental data, we s-
tart from the observable quantity Ne,/N;. Many authors have discussed this value either
theoretically or experimentally [32, 71, 72]. In Ref. [71], the authors give a theoretical pre-
diction as Ng,/N; = 0.06, which is the known minimum value for N, /N;, while in Ref. [72],
the authors provide an experimental measured value as N.,/N; = 0.20. Additionally, the
XENONI10 collaboration, fitting their calculation on nuclear quenching to experimental data,
proposes the value as N, /N; = 1.09 [73], which is the known maximum value for N, /Nj,.
It is reasonable to surmise that the value 0.06 gives the lower limit and 1.09 the upper limit
while 0.20 the possible compromise. We use these three values to separately fit the free pa-
rameter K to the experimental measured data in Ref. [72] as: K = 3.25 MeV~!.g-cm~2 for
Nez/N; = 0.06; K = 2.53 MeV~!.g.cm™2 for N.,/N; = 0.20 and K = 0.50 MeV~!.g-cm ™2
for Ne,/N; = 1.09.

Based on the three sets of free parameters, we show in Fig. 5.1 the LET dependence of the
relative xenon scintillation yields to electronic recoils at 122 keV respectively. The shaded
region correspond to the xenon LET with the kinetic energy of the xenon atom ranging from
0.5 keV to 25 keV. We can see the result from the parameter set K = 0.50 MeV~!.g-cm™2
and N, /N; = 1.09 deviates from the experimental measured data in Ref. [72] a little in very
low LET region. However, in the region of our interest, the relative scintillation efficiency
depends little on the sets of parameters. In this thesis, we will take this empirical result

fitted to the experimental scintillation quenching as our input.

Finally, we can get the result for L., we have to convert the electronic excitation energy
into scintillation energy using the scintillation quenching factor discussed in the previous
section. The quenching efficiency depends on the LET and hence is in principle different in
different stages of the cascade. However, it turns out that the effect of this LET dependence is
small, one can just use the LET of the initial recoil energy to calculate the total scintillation
without making a significant difference. Since the relative scintillation from the electron
escaping model is weekly dependent on the free parameters, we will use the central values

K =253 MeV_l-g-cm_2 and N, /N; = 0.20 in the following consideration.

Based on above consideration, the final result for Lqg is shown as the solid line in Fig. 5.2,

where we have taken into account the relative scintillation to 122 keV ~ ray. The result can
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Ficure 5.1: LET dependence of the relative scintillation yields to electronic recoils at 122

keV in liquid xenon from Thomas-Imel model. The black solid curve, which we consider

as the best fit, corresponds to the free parameters set to K = 2.53 MeV~!-g-cm™2 and

Neo/N; = 0.20. The purple dashed curve is plotted when the parameters are set to K =

3.25 MeV~!.g.cm~2 and Ne/N; = 0.06 while the red dashed curve K = 0.50 MeV~t.g.cm™2

and N.;/N; = 1.09. The shaded region corresponds to the interest of direct DM detection
(LET for 0.5 keV to 25 keV nuclear recoils energy).

be phenomenologically expressed as,
Leg(Eur) = que(Enr) x (1.417 — 0.245In(1 + 4.822E2:810) g 0-840). (5.3)

The error band includes both the systematic 20 uncertainty from the electronic stopping
power fit and from the statistical error in the simulation. Along with our calculation, we
have also shown the experimental data from different measurements. The blue squares are
the result from the Columbia group measurement [38]. The magenta dots are from the Yale
group measurement [19]. The purple stars and the orange diamonds are from the XENON100
collaboration with mono-energy neutron and broad spectrum neutron sources, respective-
ly [39, 46]. The theoretical result compares very well with the experimental data (maybe
too well?), although one has to keep in mind this is not a complete ab initio computation.
The most important message of our calculation, however, is that the scintillation efficiency
rapidly decreases with decreasing energy, particularly when less than 3 keV, and goes to zero
as the energy goes to zero. This result is expected to be of more general validity because

as the recoil energy becomes small, the atom loses its kinetic energy mainly through elastic
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FIGURE 5.2: The relative scintillation efficiency Leg obtained from our calculation, com-
pared with the available experimental data. Here, we use the nuclear quenching calculated
by using electronic stopping power S.(E) = 1.906 x E’% and the scintillation quenching
obtained using the parameters K = 2.53 MeV~!.g-em™2 and N.,/N; = 0.20. The shaded
band shows the system and statistical uncertainties with +20. It is seen that L.g drops off

very quickly when the recoil energy is below 3 keV.

scattering with other atoms, rather than generate electronic excitations. This behavior has

in some sense already encoded in the electronic stopping power.

5.2 Ionization Yield from Nuclear Recoils in Liquid Xenon

5.2.1 Average Energy Required to Produce One Electron-Ion pair

It is a little complicated to derive the ionization yield Q, even after we have know the

electronic energy dissipation 7n(E,;), because we have to know average energy required to

produce one electron-ion pair, which is also called W-value.

Since the Platzman equation Eq. (4.1) only gives rise to a phenomenological expression for

the W-value, we have to identify the W-value relying on experimental measurements. Ex-

perimentally, W-value for ionization have been measured in liquid xenon by several groups

[3, 71, 87-91] over the past forty years. The authors use a sources, y-rays, X-rays or mono-

energetic electrons sources respectively and get quite different W-values for liquid xenon,

which are listed in Table (5.1). It is not surprising that the literature values of W are scat-

tered in these measurements since absolute charge measurements are inherently challenging.
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Firstly, it is very difficult to identify the exact energy dissipation of the radiations precise-
ly. Due to this reason, high linear energy transfer (LET) and low-energy radiations will be
the good sources. Secondly, the electron-ion recombination exists, even for large drift elec-
tric fields, therefore it is hard to identify what fraction of generated electrons are collected.
Because of that, one has to choose some low LET radiations as the sources and apply recom-
bination theory to estimate the recombination rate, where the “experimental result” would

depend also on which recombination theory is used.

Radiation Source ~ W-value (eV) Year  Reference

X-Ray 7.3 1973  Robinson and Freeman [87]
210pg 17.3 1973  Kinno and Kobayashi [88]
63Ni 16.5+1.4 1974  Takahashi et al [89)

207B} 15.6+0.3 1975  Takahashi et al [71]

X-Ray 15.2 1977 Huang and Freeman [90]
207B} 15.1+1.79 1991  Aprile et al [91]

Electron beams 9.76+0.70 1992  Seguinot et al [3]

TABLE 5.1: The W-value in liquid xenon from different experiment measurements

Based on above discussion, we believe the low-energy electron beams are the better radiation
sources to measure the W-value and we examine two individual experimental measurements
from Takahashi et al. [71] and Seguinot et al. [3], both of which use electron sources. In
1975, Takahashi et al. use an internal-conversion electron source (1 MeV) to produce electron
pulses in liquid xenon and compare the signal with a 5.5 MeV « particles signal in an argon-
methane (5%) gas mixture, whose W-value is known [71]. Using the relative pulse heights
for the two materials, the authors obtain the W-value in liquid xenon as W = 15.6+0.3 eV,
where the ratio of the W-value to the band gap energy, Eg, of liquid xenon (9.3 eV) is
1.68. In 1992, Seguinot et al. use mono-energetic electron beams (~100 keV) through a 12
pum thick foil of Mylar to ionize and excite liquid xenon [3]. In this experiment, MeV’s to
GeV'’s energies are deposited in a liquid xenon test cell. In the meantime, the authors also
performed measurements using both fixed energy deposition with variable applied electric
fields as well as fixed applied electric fields with variable energy deposition to check the
impact from electron-ion recombination. Then the authors apply Jaffe-like formula and
Thomas-Imel formula to estimate the recombination of electron-ion pairs. The W-value they
get is much lower than previous measurements where W = 1.05F,; = 9.76+0.70 eV, which
is just slightly higher than the band gap energy of liquid xenon. Seguinot’s result has been
disputed in Ref. [92, 93]. However, Seguinot et al. claim that their measurement is accurate

for low-energy electron excitation of liquid xenon.
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Takahashi et al. uses Platzman’s phenomenological theory to explain their results: set
E; = 1.13E, implicitly and N;/N; = 0.06 theoretically; calculate the e using Shockley’s
model as € = 0.48F,. Then they get the theoretical prediction for W-value as 1.66E,
which is consistent with their experimental value (1.68E,). Seguinot et al. did not give a
theoretical explanation for their results in their publishing. However, it appears that if one
ignores the sub-excitation electrons in Eq. (4.1), and then set E; = E, and Neo/N; = 0.06
(theoretical value in Ref. [71]) or Ng;/N; = 0.20 (experimental value in Ref. [72]), we can
get a theoretical prediction for W-value between 1.05F, and 1.18E, which agrees reasonable

well with Seguinot’s experimental value (1.05E).

Although, Takahashi’s measurement is widely quoted, we suspect that Seguinot’s measure-
ment may be more reasonable for low energy electron recoils and nuclear recoils in the
WIMPs energy range. The kinetic energy for the sub-excitation electrons, € in Eq. (4.1),
comes from the binary collision between an incident particle and a free (ionized) electron of
the media. For low energy electron recoils or nuclear recoils, few electronic energy dissipated
as kinetic energy of sub-excitation electrons compared with that from high-energy particle
recoils, because the energy transferred to the free (ionized) electrons through binary collision
between the incident nucleus (or low energy electron) and the ionized electrons is negligible
(~mey/mye) (or small). Therefore, the electronic energy dissipations may mainly produce
electron ionization or excitation. Additionally, the sub-excitation electrons are unobservable
through experiment while £y, E., and N, /N; are well measured or calculated and identified
by different experiments or theories. Therefore, we choose to adopt Seguinot’s measurement

for W-value 9.76 eV in the following sections.

5.2.2 Ionization Yield Q,

When know the W-value, we can use the generalized Thomas-Imel model to predict the field
and energy dependence of the ionization efficiency, r = Q/Qy, taking into account the effects
of the ionization density and track structure of nuclear recoils. Consequently we find the

ionization yield,

EnrQnC (Enr) % Q
w Qo

Qy(Enr) = — X _(Enl“) : (54)
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Before calculating the ionization yield, we have to identify the left free parameter Ky and
K3 in Eq. (4.7). Our goal is to quantitatively describe the electric field dependence of
the recombination rate for nuclear recoils already observed, and then predict the energy
dependence of the ionization yield for nuclear recoils in liquid xenon. Therefore, we first
fit Ko and K3 to the experimentally measured electric-field dependence of the ionization
yield in liquid xenon for 56.5 keV nuclear recoils [2]. The charges collected is from Fig. 4
in Ref. 2], the number of the total charges produced is re-calculated in our work from
Qo = Enrane(Eny) /W, where gy is calculated using the computer program and the electronic
stopping power we discussed in previous sections, and W = 9.76 eV is measured by Seguinot
et al. in Ref. [3]. The nuclear stopping power (dE/dz),q used is from Ref. [4]. We obtain
from the fit that Ko = 14.755 when the unit for E,; is kV /cm, and K3 = 0.004 MeV—!.g.cn 2.

The experimental data and the fit curve from the generalized Thomas-Imel model are shown

in Fig. 5.3.
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F1GURE 5.3: Reproduction of electric field dependence of the ionization yield efficiency in

liquid xenon from 56.5 keV nuclear recoils (NR). The charges collected is from Fig. 4 in

Ref. [2], the number of the total charges produced is calculated from Qo = Funygne(Fnr)/W,

where gy is from this thesis, and W = 9.76 eV is measured by Seguinot et al. in Ref. [3].
The nuclear stopping power (dE/dx)ye used is from Ref. [4].

Using the fitted free parameters, we can predict the energy dependence of the ionization
for nuclear recoils. The results for two electric fields, 2 kV/cm and 0.27 kV/cm are shown
in Fig. 5.4. As the recoil energy gets lower, the density of the ions also decreases, the

recombination effect becomes less important. In this case, the ionization efficiency increase.
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We see this trend clearly starting from 40 keV. It reaches 100% at zero recoil energy. Again,

the electric field dependence of the ionization efficiency is small in the nuclear recoils.

1.0—

— E = 2kV/cm

—_—— E,= 0.27kV/cm

20 40 60 80 100
Nuclear Recoil Energi,[keV]

FIGURE 5.4: Energy dependence of the ionization yield efficiency, @/Qo, in liquid xenon

under external electric fields 2 kV/cm (solid black curve) and 0.27 kV/cm (green dashed

curve) for nuclear recoils. We can see the ionization yield for nuclear recoils in liquid xenon
depends on electric field weakly.

Combining the total electronic energy dissipation n(Ey,), W-value in Ref. [3] with the gener-
alized Thomas-Imel model for electron-ions recombination in previous section, we can predict
the ionization yield for nuclear recoils in liquid xenon detector using Eq. (5.4). The energy
dependence of ionization yields Q, are shown as the black solid curve in Fig. 5.5, in the

presence of a 2 kV/cm external electric field.

Along with our prediction, we have also shown the experimental data from different measure-
ments: The brown triangles are from Yale group [19]; The blue squares are the result from the
Columbia group measurement [2], from which our free parameters are fitted to the 56.5 keV
data; The purple circles are from the Case group [2]; The magenta diamonds are from [18]
and the red six-point-stars are from the XENON100 collaboration with mono-energy neutron
and broad spectrum neutron sources [46]. Our prediction is in good agreement with the most

recent data within experimental uncertainties.

The important feature in our result is that the ionization yield increases with decreasing
energy, and reaches a maximum value at the recoiling energy in 2~3 keV region. This max-

imum is produced by the increasing ionization efficiency and decreasing electronic energy
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FIGURE 5.5: Energy dependence of the ionization yield, Qy, obtained from the generalized

Thomas-Imel Model, compares with the available experimental data. Here, we use the

Lindhard factor calculated in this thesis to evaluate the fraction of energy given to electrons

and W-value 9.76 eV measured by Seguinot et al. in Ref. [3] to calculate the total charges
produced.

dissipation at low recoil energy. It will be very interesting to test this prediction experimen-
tally. Since the scintillation efficiency rapidly decreases with decreasing energy, particularly
when less than 3 keV, the anti-correlation behavior of ionization yield helps to lower the

low-energy threshold of liquid xenon detectors.

5.3 Discussion on the Theoretical Model

In this thesis, we have made a first realistic study of scintillation efficiency and ionization
yield for the low-energy nuclear recoils in liquid xenon. The study has been motivated by the
direct WIMP dark matter detection using liquid xenon as a detection medium. While the
study is not completely ab initio, it represents the state-of-the-art theoretical considerations.
This calculation only use four input parameters: screened Coulomb potential, spatial distri-
bution of xenon atom, thermal energy and electronic stopping power in low-energy region,
to calculate n(Fy,) hence gne.. Except for the electronic stopping power, the other three

parameters are undisputed.
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The predicted results compare favorably with the data from neutron scattering, but differs
somewhat from the Monte Carlo fitting to the broad-spectrum neutron data [44, 45]. The
result for L. suggests a rapid drop when the recoiling energy comes below 3 keV where
authors have pointed out the liquid xenon scintillation response should drop steadily at low-
energy which is a general feature that is independent of many details of the study. The result
for Qy increases with the decreasing of the recoiling energy and reaches the maximum value
at 2~3 keV, which may be examined by experiment in the future. Using the predicted Qy to
re-construct the original nuclear recoil energy scale can lower the energy threshold for nuclear
recoils to ~1 keV for two-phase liquid xenon detectors. In one word, experimental physicist
can potentially used either Qy or L.g independently or both Qy and L.g to determine the

energy scale of the nuclear recoils.

There are a number of theoretical inputs which can be improved in the future to make the
calculation more robust. The absolute value of the electronic stopping power used in the
program has big impact on the accuracy of the result. Currently, almost every author uses
the velocity proportional electronic stopping power as theoretical prediction. However, there
are two major uncertainties. Firstly, the proportionality constant between the electronic
stopping power and the velocity of the projectile particle is unknown in extremely low energy
region. Theories, such as L-S theory or B-S theory, cannot get same results. Additionally,
the theoretical predictions are much larger than the existing experimental measured data for
liquid xenon. Secondly, based on the experimental results in Ref. [1], the electronic stopping
power seems to drop more rapidly in the measured energy region (40 keV to 200 keV).
By fitting the experimental data, the electronic stopping power seems to be proportional to
E%8 instead of E% as predicted theoretically, where E is the kinetic energy of the projectile
particle. In this work, we use the compromise by extrapolate to extremely low energy region

from the experimental measured data.

Another uncertainty regarding this work lies in the binary collision approximation used in
the program. As we know, the real problem with low energies is so complicate that the ion
does not only have one binary collision, i.e. hitting just one atom at a time, but actually
interacts with many atoms, who all move as it approaches and interact collectively. To get
a more accurate result, one needs to use some methods such as molecular dynamics, which
treat the collisions as many-body interaction. Currently, it is beyond the scope mentioned

in this work.
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For the ionization yield, we want to emphasize that the free parameters in our model are
fitted to the existing experimentally measured ionization yield at 56.5 keV and extrapolated
to low-energy region. So even though the total charges produced by nuclear recoils is very
important to calculate the final ionization yield, it does not really count so much since we
may use different fitting parameters to ensure the predicted ionization yield reliable in the

generalized Thomas-Imel box model which gives a solid prediction for the trend of @Q/Qy.
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