TAP CHI KHOA HOC VA CONG NGHE, Truong Pai hoc Khoa hoc, DH Hué
Tap 33, 56 1 (2026) ISSN: 2354-0842

DOI: 10.64302/joshusc.v33n1.1355

DAC PIEM PHO VA PHAN BO GOC CUA BUC XA TIA X THAM SO (PXR)
TRONG TINH THE MONG

Nguyén Quang San', Lé Dai Vwong!, V6 Quang Nhat, H6 Viét?

1Khoa Ky thuét va Cong nghé, Dai hoc Hué

2Truong Cao dang Cong nghiép Hué

*Email: nguyenquangsan@hueuni.edu.vn

Ngay nhdn bai: 8/02/2026; ngay hoan thanh phan bién: 9/3/2026; ngay duyét dang: 14/3/2026
TOM TAT

Bai bdo tap trung nghién cttu ly thuyét vé ddc diém phd va phan bd goc cua biic xa
tia X tham s6 (PXR) phat sinh khi c4c hat tich dién chuyén dong ciec nhanh qua tinh
thé mong. Dua trén ly thuyét nhiéu xa dong hoc, chung t6i thiét lap cac biéu thikc
giai tich cho cuong d¢ bitic xa va mat do photon. Két qua cho thay trong tinh thé
mong, cuong do PXR ty 1é thuan v6i binh phuwong d6 day tinh thé (L?) va ¢6 su tuong
dong sau sdc v6i bic xa Vavilov-Cherenkov. Dic biét, phéan bd goc ctia PXR boc 16
mét cuc tiéu tai tAm vét nhiéu xa, v4i cac cuc dai phén bd theo dang hinh elip. Bf?mg
cach so sanh dinh lwong véi cac nguodn tia X truyén théng (nhu 6ng RU-1500), bai
bdo chi ra réng cudng dd PXR cao hon khoang 4 bac do 16n (104 Ian). Uu thé vuot
troi nay giup rat ngén dang ké thoi gian ghi nhan, mo ra trién vong tng dung trong

phén tich ciu truc tinh thé va nghién ctru dong lwc hoc cdu truc vat liéu.

T khoa: Biic xa tia X tham s6, tinh thé mong, 1y thuyét nhiéu xa dong hoc, phan bg
gdc, photon &o, nhiéu xa Bragg.

1. MO PAU

Phét trién nguon tia X don sdc, d6 chodi cao va ditu khién duoc bude song la
nhiém vu then chét trong tinh thé hoc, sinh hoc phéan tir va khoa hoc vét liéu (Pellegrini,
2012). Bén canh bttc xa ham hay synchrotron, twong tac gitta chum hat nang lwong cao
va tinh thé tudn hoan mé ra hudng ché tao cac nguodn tia X nho gon (Qingwei et al.,
2025), trong d6 ndi bat la Buc xa tia X tham s6 (PXR). PXR, dwgc du bao boi Baryshevsky
va Feranchuk (Baryshevsky & Feranchuk, 1983), thurc chat 1a sw nhiéu xa Bragg ctia cac
photon o trén lwdi tinh thé (Nitta, 1991). PXR wu viét nho tinh don sdc cao, mat do pho
16n va goéc phat xa rong, gitp dé dang tach biét tin hiéu khéi nén nhiéu (Caticha, 1989).
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Vé mit ly thuyét, nghién cttu PXR gom hai hudng chinh: 1y thuyét dong hoc ap
dung cho tinh thé mong hoac khong hoan hao (Feranchuk & Ivashin, 1985) va ly thuyét
dong luc hoc (dua trén phurong trinh Takagi-Taupin) ap dung cho cho tinh thé day, hoan
hao (Takagi, 1969; Feranchuk et al., 2000). Thitc nghiém tai Tomsk ndm 1985 da xac nhan
tiém ndng tng dung to 16n cta hién twong nay (Adishchev, 1985).

Hién nay, stt dung tinh thé méng dang trd thanh xu hwdng tat yéu trong cac tng
dung thuec tién. Tuy nhién, viéc phan tich phd nang lwong trong gidi han tinh thé méng
van rat cap thiét do sw giao thoa phtic tap gitta do dai twong tac va do dai hinh thanh
btic xa (Alexander, 2001). Pac biét, cac hiéu tng giao thoa véi biic xa chuyén tiép nhiéu
xa (Chesnokov et al., 2014) cung sy phu thudc ctia cwong do vao L? can dwoc lam 16 dé
t0i wu hoéa hiéu suat ngudn tia X.

Trong bai bao nay, chung t6i thiét 1ap mo hinh toan hoc va phéan tich phd PXR ti
tinh thé méng bang phuong phap photon 4o (Axuesep & Bepecrerkuii, 1969). Nghién
ctu tap trung khao sat anh hwong cua d6 day, nang luong electron va diéu kién hinh
hoc, dong thoi so sanh dinh lwong hiéu suét véi cac ngudn truyén thong nhw méy RU-
1500 (Rigaku Technology, 2026). Két qua nghién cttu goép phan lam rd ban chat cac hiéu

tng dong lwc hoc va cung cap co sé ly thuyét cho cac thiét ké thuc nghiém twong lai.

Noi dung bai bao gom: Phan 2 trinh bay co s¢ ly thuyét va phuong trinh treong
bttc xa; Phan 3 phan tich pho, phan bd goéc va so sanh dinh luong véi 6ng tia X truyén
théng; cudi cung la cac két luén va trién vong ting dung.

2. TUONG TAC DIEN TU CUA MOT HAT MANG DPIEN VOI MOT TINH THE

Cau truc tuan hoan cua tinh thé anh huwong dén tuong tac dién tir qua hai co ché:
(i) su bién dang quy dao hat gay giao thoa séng va (ii) su tan xa két hop truong dién tir
cua hat trén mang tinh thé (Hinh 1). Co ch€ dau tién tao ra bitc xa ham két hop (Ter-
Mikaelian & Mikhail, 1969). Co ch€ thit hai, phat sinh ttr su bién thién tuan hoan d¢ tham
thau dién moi, ton tai ngay ca khi hat chuyén dong déu, twong tu biic xa chuyén tiép
hoac Cherenkov (Yuval et al., 2023; Zhaoyun et al., 2017; Xiao et al., 2021; Xiaoqgiuyan et
al., 2025). Trong mdi truong tuan hoan mot chiéu, hién twong nay goi la birc xa tham so
Vavilov-Cherenkov (Franca & Buhmann, 2024). Ter-Mikaelian (Ter-Mikaelian &
Mikhail, 1969) timg st dung 1y thuyét nhiéu loan d€ xac dinh cueong d6 vi phan ctia loai
bttc xa nay trong tinh thé mong. Tai day, chiing tdi phan tich chi tiét PXR nham lam rd
co ché phat sinh cung anh huong cua diéu kién thuce nghiém va tinh khong ly tudng cua
tinh thé d6i véi pho buc xa.

76


https://rigaku.com/about/technology-timeline

TAP CHI KHOA HOC VA CONG NGHE, Truong Pai hoc Khoa hoc, DH Hué
Tap 33, 56 1 (2026) ISSN: 2354-0842

LA

- @ - @ —0 —0 —0— 00— -
Ze

a) b)
Hinh 1. Hai co ché chinh gdy phat xa cua dién tich trong tinh thé:
a) Btc xa ham két hop; b) Btic xa tham s6 Vavilov-Cherenkov

Viéc giai thich ban chat vat ly cta cac co ché biic xa khac nhau tir mot hat mang
dién twong dai tinh trong tinh thé tro nén truc quan hon khi st dung khai niém photon
ao day 1a mot khai niém ma ching toi sé thuong xuyén dé cap dén trong cac phan tiép
theo. Lién quan dén van dé nay, hay cting nhéc lai mot s& két qua dan dén su hinh thanh
khai niém photon ao (Axnesep & Bepecrerkuit, 1969). D€ thuc hién diéu do, ching ta
xem xét phép khai trién tich phan Fourier cta treong dién tir tao boi mot hat mang dién
e, chuyén dong déu véi van tdc ¥ (Landau & Lifshitz, 1984) (Ieu y rang tir day vé sau,
néu khong c6 chi dan gi thém, chting ta sé st dung hé don vi trong d6 (h = ¢ = 1):

e % ”(E‘_j) Kk k7—kzvt
e(rt)= znzf +k2(1 2)° eiller=kzve)

1o kv] ei(kT—kzvt
H(T',t) 27.[2f +kZ(1 vz) ( z )

(2.1)

trong d6 truc z trong cac tich phan (2.1) huéng doc theo vector van tdc v.
Dai voi mot hat siéu twong doi tinh ¢6 ndng luong E 16n hon nhiéu so véi khoi
lwong nghi m, bat dang thikc sau day duoc thoa man:
mZ
1—v2=§<<1 (2.2)
Trong diéu kién nay, cac thanh phan Fourier trong phép khai trién (2.1) dat cuc
dai nhon trong khoang xung ltrong ngang:
ky=ksing s~k (2.3)
hé qua la sy phu thudc vao thoi gian ctia cac ham m trong khoang tich phan trong yéu

trd nén gan nhu tuong dong vdi treong dién tir twe do, va bién do ding truéc ham mi
gan nhu 1a bién d¢ ngang (vudng goc):

w=k,v =kvVl —sin?0 =~

m m
E"kz = Fekx = ngy-
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Dan dén viéc treong dién tir cua hat siéu tuwong doi tinh, véi dd chinh xac dén
cac s6 hang c& ~ m/E, dwoc biéu dién dudi dang mot tap hop cac song phing khong
tuong tac:

§(F,t)=f dfc)ldwg(ﬁl,w)ei(k?_‘“t) : 2.4)
H(kyw)=[0€(kLw)], .
mdi séng trong s6 d6 md ta trang thai ciia mdt photon 4o véi xung lwong k, tan s6 w va
bién do dién truong:
iev k,
212 k2v2 + w2(1 — v2)

g(EJ_,(A)) =

Nhu vay, twong tac dién tir cua dién tich twong doi tinh véi tinh thé c6 thé duoc
xem nhu sy tdn xa cia mot chum photon ao, vdi hudng ctia cac vecto xung lugong tap
trung trong mot hinh nén cé géc mo:

20 ~2 1
E )

trong khi d6, si phan bd phd ctia cac photon o duoc xac dinh béng cach tich phan theo
k% dya trén mat do dong nidng lugng cia trudng (2.4):

2z%e? dw
ng,dw = “— = In2mex (2.5)
e W Pmin

Luuy rf?mg, sw phan bd khong gian ctia photon o v6i mot tan sd nhat dinh duoc
xac dinh boi mot géi song cd kich thuede ngang tap trung gan quy dao cta hat (Landau
& Lifshitz, 1984).

1E
o am

Cac gia tri ctia tham s0 va cham t6i thi€u pp,;, va toi da pp,q, phu thudc vao boi
canh cu thé cua ting bai toan. Diéu quan trong la trong treong dién tir cia mot hat mang
dién tuwong d6i tinh ludn chita cac photon a0 ¢ moi bude séng véi trong s6 ~ w1, Xét tir
quan diém nay, qua trinh btic xa twong ting vdi su tan xa Compton cta cac photon ao
trén cac hat mang dién khac va sy chuyén hoa ctia chiung thanh cac photon thuyee. Tt d6,
o thé dua ra giai thich vat ly cho hai co ché btic xa trong tinh thé da dé cap ¢ trén nhuw
sau:

- Co ché€'thtr nhat: Trong hé quy chiéu ma hat mang dién ding yén va cac nguyén
tw tinh thé bay tdi véi van toc twong doi tinh, truong dién tir ctia tinh thé dwgc biéu dién
duéi dang cac b6 photon o sép xép tuan hoan. Cac bd nay sé tan xa trén hat dién tich
dang ding yén. Trong hé quy chiéu phong thi nghiém, qua trinh nay tuwong tng véi viéc
hat mang dién danh bat cac photon thurc ra khoi cac bo photon 4o bao quanh cac electron
va hat nhan tinh thé. Hién tuwong nay chinh la birc xa ham két hop khi cac diéu kién vé
xung lwong va tan s6 cua photon phat ra dugc thoa man (Hinh 2a).
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a) b)

Hinh 2. Buic xa trong tinh thé dudi dang tan xa ctia cac photon ao:
a) Bt xa ham két hop; b) Buic xa tham s6

- Co ch€ thit hai: Qua trinh nguoc lai cling c6 thé xay ra, khi cac photon ao thudc
trueong riéng ctia chinh hat mang dién dang bay vao tinh thé bi tan xa két hop boi mang
tinh thé (Hinh 2b). Co ché chuyén d6i cac photon ao nay thanh trueong biic xa chinh la
bttc xa Vavilov-Cherenkov tham s6. Truong hop tinh thé mong twong Ging voi phép xap
xi dong hoc trong ly thuyét nhiéu xa, khi ma sy khtic xa cia photon va anh hwéng nguoc
ctia séng nhiéu xa 1én séng t6i 1a khong dang ké.

Dua trén mo hinh ¢ Hinh 2, ¢6 thé thdy ro rr?mg hai co ché buc xa nay khac biét
dang ké vé ca phan bd phd-géc 1an su phu thudc cua tan s§ dic trung vao ning luong
hat. That vay, su cong két hop ctia cac photon phat ra khi hat va cham véi hai nguyén t
ké nhau trong chudi tinh thé (cdch nhau mot khoang d) chi c6 thé xay ra khi théa man
hé thtrc sau (Ter-Mikaelian & Mikhail, 1969):

g—dcosé?=zﬂ, (2.6)
v w

trong do n la mot s6 nguyén khac khong. T ddong hoc ctia tan xa Compton (Rybicki,
2003), ching ta biét réng khi va cham v6i mot dién tich twong d6i tinh, photon sé bay ra
dwdi mot goc 8 S m/E so voi hudng chuyén dong cua hat. Khi do, tir hé thie (2.6), tan
s ddc trung ctia cac photon phat ra duoc xac dinh boéi cong thie:
2
w, ~ 2 (5) 2.7)

d \m
O diéu kién E > m, tin s8 nay nam trong viing phd cting hon nhiéu so véi tia X
va phu thudc rat manh vao nang luong ctia hat.
Nguoc lai, st tdn xa két hop cta chium photon 4o trong treong hop Hinh 2b cling
tewong ty nhu khi mot chum photon thuc di qua tinh thé: né sé tro nén dang ké déi voi
cac budc séng co do dai twong duong véi chu ky mang tinh thé (Vladimir Baryshevsky
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, llya Feranchuk & Alexander Ulyanenkov, 2005) va do d6 nam trong dai tia X. Sy tan xa
két hop ctia cac photon 40 6 xung lwong k, thoa man diéu kién nhiéu xa Wulf-Bragg:

(F+7) ~k? 2.8)

véi k 12 mot trong cac vecto mang dao cua tinh thé, dan dén sy nhiéu xa cta ching va
hinh thanh cac photon thuc véi xung leong k+7 huodng ctia xung leong nay dwoc xac
dinh boi gbc gitta vector van tdc cua hat va hé cac mat tinh thé xay ra sy nhidu xa cta
cac photon ado. Vi ly do d6, ddi véi cac hat siéu twong d6i tinh (E > m), goc phat xa ctaa
cac photon hau nhu khong phu thudc vao nang lugng E ma duoc quyét dinh boi cdu
tric cua tinh thé (xem Hinh 3). Déc biét, birc xa c6 thé phat ra theo hudng nguoc lai voi
van tdc ctia hat. Viéc phat xa cac photon tia X ¢ cac goc 16n so voi hudng van tdc ctia hat
la du hiéu ddc trung nhat ctia biic xa Vavilov-Cherenkov tham s6. Diéu nay 1a do trong
bat ky qua trinh twong tac nao khac cia hat mang dién siéu twong ddi tinh voi vat chat,
cac hat tht cap (electron, photon, v.v.) déu lan truyén dudi mot goc rat nhd 46 < m/E
so v6i hudng chuyén dong cua hat so cap.

C4c dic tinh co ban ctia phan b8 phd-gdc trong biic xa tham s6 cé thé dé dang
xé&c dinh duoc khi phan tich diéu kién nhiéu xa ctia cac photon ao (2.8). That vay, néu ta
chon truc z ctia hé toa dd doc theo van téc v va thay vao phuwong trinh nay xung luong
ctia photon ao k= (E Iy %), ta s€ co:

T S 2
2(ky2,) + 7“’12 +72%0 (2.9)

Do d6i véi cac hat siéu twong d6i tinh, ty s6 Ik, |/ ~m/E & 1, nén phuong
trinh (2.9) sé xac dinh tan s ctia bttc xa duoc tao ra tir sy nhiéu xa ctia cac photon ao
trén hé cdc mat tinh thé twong ting vdi vecto mang dao 7:

T2
= 2|T,| = 2sin Gy, = dsian;

T mn

Wy n=12,.. (2.10)

trong d6, cac ky hiéu vé géc duoc md ta chi tiét trong Hinh 3. RS rang, dai luong 2(k,7)
dan dén sy tan rong ctia tan sd cac photon phat ra trong khoang:
Awr

<z 2.11)

wr E

Cac photon voi tan s0 (2.10) dugc phat ra trong mot hinh nén hep véi goc mo:
A6 s m/E (2.12)
hinh nén nay kéo dai doc theo hudng;:
WU+ 7T, (2.13)

hudng nay tring véi hudng nhidu xa k + 7 cua photon do c6 tan sO w; (xem Hinh 3).
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Hinh 3. Dong hoc ctia birc xa tham s6:
a) Truong hop Laue; b) Treong hop Bragg

Vi treong dién tir ctia hat chtta mot phd tan sd lién tuc (2.5), nén d6i véi moi
vector 7 bat ky, ludn ton tai cac photon ao thoa man diéu kién nhiéu xa trén hé mit tinh
thé twong tmg. Diéu nay dan dén mot két luan quan trong: birc xa tham sd trong tinh
thé méng tao ra mot hinh anh nhiéu xa hoan toan teong tu nhuw hinh anh thu dugc khi
cho mét chum tia X ¢6 phd lién tuc nhiéu xa trén chinh tinh thé d6 (2.5).

Viéc phan tich cuong d6 ctia birc xa tham s6 doi hoi mét mo ta dinh luwong chinh
Xé&c vé qué trinh nhiéu xa ctia cac photon ao. Can luru ¥ réng, tiong tu nhu cac bai toan
tan xa trén nhiéu tam (Ta-You & Ohmura, 2014), viéc nghién ctru ddc 1ap cac co chébiic
xa khac nhau trong tinh thé chi kha thi khi teong tac cua ca hat mang dién va birc xa voi
tinh thé c6 thé duge mo ta trong khuon khé cta 1y thuyét nhiéu loan. Didu nay chi ding
dodi véi cac tinh thé c6 dd day L du nho (gidi han dinh lwgng cua L sé duoc thao luén o
phan sau). Ngoai ra, vi chiing ta dang xét dai tan s6 w « E, qua trinh btic xa nay c6 thé
dwgc mo ta mot cach hiéu qua dua trén cac dinh luét cua dién dong luc hoc c6 dién.

3. PHO PXR TRONG TINH THE MONG

Cuong d0 btrc xa tir mét hat chuyén dong theo mét quy dao bat ky 7, = 7 (t) co
thé dwoc tinh toan bang cong thitc da biét (Landau & Lifshitz, 2011):

2—)
y =

)

S

rt
Wiw = 7= |E(F, @)
trong d6 truong €(7, w) & khoang cach 16n r so véi dién tich 1a nghiém cua cac phwrong
trinh Maxwell sau day (Alexandrov, Bogdankevich & Rukhadze, 2013):
[-rot rot& (7, w) + wzg]a + 4miwop€s = —4miwj, (7, w) , (3.1)

O day, 0,4 1a tensor d dan cta tinh thé, trong phép xdp xi tuyén tinh n6 x4c dinh tuong

tac ctia biec xa voi moi truong; j, (7, w) la anh Fourier cua dong hat:
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@)= [ et 0t ; 6, w) == B8 O],

Viéc giai cac phuong trinh khong thuan nhat (3.1) c6 thé dugc dwa vé viéc giai
cac phuong trinh Maxwell thuan nhat bang cach sit dung phuong phéap da duwoc xem
xét trong tai liéu (Baryshevsky, 2012). D& thiec hién diéu nay, ta biéu dién truong (7, w)
qua ham Green G, (7' w) ctia vé€ trai phuwong trinh (3.1):

€7, w) = [ Gop (7' w)iwjg (7' w)dF’ (3.2)

Vi ching ta quan tam dén treong & khoang cach 16n (vung xa) so véi dién tich,
nén trong cong thitc (3.2) co thé st dung biéu thikc tiém can cua ham Green khi r > r":

3

ikr —
Gap 7 0) ~ =Fs e %;)S*(F’w); k=owt (3.3)

Trong do, € () 13 cac vecto don vi dai dién cho trang thai phan cuc cta treong, con ham
E)gk;) la nghiém cua cac phuwong trinh Maxwell thuan nhat, théa man diéu kién bién sau
day tai vo han:

(—rot rotg(_)+w2§£_)) —4niwa;B€(1) =0
k /g Bk
e—ikr (3.4)

§0) ~ 59k const —

ES r—00 €
nghia la tai r — oo, truong chita mot song cau hoi tu. Can luu y rf?mg cac biéu thikc tiém
can (3.3) va tinh chat cia ham E)’%;) sé duoc thao luan chi tiét trong cac cong trinh sau

N i 1 N e Ls o en s (s 205
nay; 0 day, chung t6i chi duwa ra mot hé thire giip don gian hoa viéc tinh toan ham &
nhu sau:

() =23 63)

trong do, §£k:) la nghiém cua cac phuong trinh Maxwell thuan nhat (3.4), mo ta su nhiéu
xa cua btrc xa tia X tir bén ngoai vao tinh thé€, va 1a nghiém cua bai toan nhiéu xa thong
thuong.

Str dung cac cong thic tir (3.3) dén (3.5) va biéu thic twong minh ctia dong dién,
chung ta thu dwgc cong thirc tong quat cho mat dd pho nang luwong biic xa cua hat trong

tinh thé:
2

Wie =

e?w?
4T

f dt z el (DES " (7 (8), w)
o L

2
)

e?w?
it

f dtz el (NED (7, (8), w)
o L

(3.6)

cong thirc nay 1a sy tong quat hda ctia cong thire kinh dién trong dién dong lwc hoc da
dwoc biét dén rong rai:

82



TAP CHI KHOA HOC VA CONG NGHE, Truong Pai hoc Khoa hoc, DH Hué
Tap 33, 56 1 (2026) ISSN: 2354-0842

2

W e?w?
O 4p2

f dtZ(é’sﬁl(t))eiwt—i%ﬂ(t)
—o -

Tiép theo, chiing ta xem xét btrc xa trong tinh thé mong dua trén cong thirc (3.6).
O phép xdp xi bac khong, khi sy thay ddi quy dao cta hat va truong dién tir trong tinh
thé bi bo qua, ta co:

71(t) = Vot; Uy = const; gg—;) = g etk?

va nhu thuong 18, cudong do biic xa tir mot dién tich chuyén dong thang déu trong chan
khong sé bang khong. Tuy nhién, néu chting ta xét dén su thay ddi quy luat chuyén dong
ctia hat do tuong téc véi cac nguyén tir sip xép tuan hoan trong tinh thé:

7)) = Bo(@) +7O1); [P0 < vot

moyg—==2F7T—R) ,
dt r—l _ ‘l]g L 1
cling nhur sw nhiéu xa ctia treong dién tir trong tinh thé:

—

B = 60 LB | [EL)

«1,
Al aa e o Ao i hAc nh 50) o3 B0 o8 o _
thi mat d6 pho buc xa trong phép xap xi bac nhat theo 7 va & * sé& c6 dang:
1 2
Wio = Wy, + W) (3.7)

Trong d6, sO hang th nhat:

(1 e?w?| . o 2
s

mod ta btec xa ham két hop, s6 hang thi hai:

e?w?
412

@) _ ° 5 803 iwt|*
Wi = Jo e dt Xs Vo k’s(vot,w)e | (3.8)

xac dinh btic xa tham s0 trong tinh thé mong. Két qua nay cé thé so sanh vdi cac biéu
thitc vé cuong do bic xa cong huong trong moéi treong tuan hoan ba chiéu (Ter-
Mikaelian & Mikhail, 1969) va cac cong thiic vé cuong do ctia cac dinh phu cta buic xa
tia X thu duoc trong cong trinh (Garibyan & Yan Shi, 1971). Nhuw vay, loai bttc xa nay
duoc gay ra boi sy khac biét gitta treong trong tinh thé va séng phang, va né phat sinh
ngay ca khi hat chuyén dong thang déu. Can luu y rang trong cong thiic (3.7), chiing ta
bo qua su giao thoa gitra hai co ché€ btrc xa nay vi chung tap trung ¢ cac khoang tan sd
khac nhau:

Btrc xa ham két hop trong tinh thé mong da duoc nghién ctru chi tiét trong cudn
sach cua Ter-Mikaelian (Ter-Mikaelian & Mikhail, 1969), do d6 chuing ta sé chuyén sang
phan tich PXR dua trén cong thitc don gian (3.8), vi nhiéu tinh chat quan trong ctia PXR
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da boc 16 ngay ca trong truong hop tiflh thé mong. Trong (3.8): can thay thé truong S(_%)S
duoc tim thdy dua trén ly thuyét nhiéu loan theo tensor d6 dan cta tinh thé tir phwong
trinh (3.4). Phép xap xi nay cho ham E%Z) twong tng véi ly thuyét nhidu xa dong hoc da
rat quen thudc (xem vi du (Waseda, Matsubara & Shinoda, 2011; Giacovazzo et al., 2011)
). Can luu y rang tuong tac két hop ctia biic xa tia X dan dén hién tuong nhiéu xa, tuy
thudc vao tan so buic xa, sé€ duoc xac dinh béi tan xa Compton trén cac electron, hodc tan
xa cong huwong ctia biec xa trén cac nguyén tit hodc hat nhan cta tinh thé. Chung ta sé
xem xét tirng qud trinh nay mot cach riéng biét. Truong dién tir phat sinh khi tan xa két
hop bt xa tia X boi cac electron trong tinh thé c6 dang nhu sau:

e ik[T—7'|

2Nz (s) ,—iki e’
m=y n(r")ee — (3.9)

24 _
€% =rotrot | =

O day n(#) la mat do electron trong tinh thé, duoc 1ay trung binh theo trang thai co hoc
lwong tit ctia cac electron va hat nhan. Can luu y rang khi xac dinh mat d6 nay, ta khong
stt dung viéc 14y trung binh theo cac phan tw thé tich nho vé mat vat ly nhu trong ly
thuyét vi mo. Mat d¢ electron nay la mot ham tuan hoan theo toa do, va do dé c6 thé
duoc khai trién thanh chudi theo cac vecto mang dao cua tinh thé:

n(#) = Yenzel® . (3.10)

Vecto € trong cong thiic (3.9) xac dinh trang thai phan cuc dwgc ghi nhan béi may do
btrc xa, con vecto k duoc xac dinh boi hudng t6i diém quan sat:

k= wi.
Thay (3.9) va (3.10) vao cong thtzc (3.8), ta tim duoc:

22| 2 a4 [53,][56® S NS L
Wi = S5 [ Sene [ S ZABE o 12 gretwmpion [ g e (R0 | (3.11)

Mot cong thirc tuwong tw nhw (3.11) cho ceong d¢ bitc xa cong huong trong tinh
thé da dugc Ter-Mikaelian (Ter-Mikaelian, 1972) thu duoc lan dau tién, sau do tac gia
da xem xét gidi han V — oo (V 1a thé tich tinh thé). Cach tiép can nhu vay xac dinh chinh
xac hudng ctia cac cuc dai biic xa, tuy nhién n6 khong cho phép nghién ctru sy phan bd
cua btrc xa ¢ vung lan can cac cuc dai nay va, nhue ching ta sé thdy ¢ phan dudi, né
khong mo ta chinh xac bic xa doc theo hudng chuyén dong ctia hat.

Khi thyee hién tich phan theo thé tich tinh thé trong cong thitc (3.11), két qua thu
duoc khac khong dang ké chi khi cac diéu kién sau duoc thoa man:

Prk—%; p?~ w?

Trong khoang gifta cac gia tri nay, cuong do bikc xa thuee t&€ bang khong, diéu nay
cho phép ching ta xem xét mot cach doc lap cac cec dai ceong do birc xa twong ting véi
cac vecto mang dao 7 khac nhau. Két qua 13, ta thu duoc biéu thike sau cho cuwong do biic

xa:
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— S .
Wiw = E /A
=

T,

WS = ezwz( e? )2 Indl® o (’7[5[235(5)]])2

7
mw) (2m)? [(%L_?L)Z(;)_zz(l_vz)]

LW 2
FdzelGhetT) (3.12)

-)__) - w = =
pL=k,—7T.; Pz—;, V=7,

Trong d6 L 1a d6 dai cta tinh thé€ doc theo hudng van tdc . Khi xay dung cong
thiee (3.12), gia thiét rang kich thudc tinh thé theo phuong vudng géc véi & 1a vo han, do
d¢ trong tich phan (3.11) ta c6 p, — k 1 — Ty truc z duoc chon doc theo v. Khi ghi nhan
photon ma khong phan biét trang thai phan cuc, ceong do birc xa c6 dang:

L 2
2 w 213312 — ([#711331)2
W ZWs_e ( ) (lg;_l)z jdzei(v—kZ#rz)z x p [ U] ([pn][ ])
[(kl—rl) +& (1—172)

(3.13)

Cac cong thire (3.12) va (3.13) cho thay su twong dong chat ché gitra biic xa dang
xét va bttc xa Vavilov-Cherenkov trong moi truong dong nhat. That vay, trong truong
hop moi truong dong nhat, chi can tinh dén thanh phan bac khong cua mat d9, va cuong
dd burc xa sé duwgc quyét dinh boi nhan t:
sinzzﬂL(l—v cos0)

=4 = (3.14)
[%(1—17 cos 9)]

fLel( )dz2

0

T day c6 thé thdy rang ddi véi mot 16p mong vat chat dong nhat c6 d6 day L <
1
w(1-vcosh)

xa ty 1é thuén véi L?. Dong thoi, tir cong thire (3.14) suy ra réng khi L - oo, cuong do birc

, st btec xa cua dién tich chuyén dong théng déu 1a kha thi va cuong do buc

xa tro nén nho dang ké. Tuy nhién, trong mot 16p vat chat day, mot kénh bitec xa moi
xudt hién tr hat chuyén dong thé’mg déu, d6 la bac xa Vavilov-Cherenkov, von khong
dwoc mo ta boi cong thire (3.13) ma doi hoi phai tinh dén sy khtic xa ctia cac photon phat
ra trong mdi tredng ma khong st dung ly thuyét nhiéu loan. Tinh trang twong tu ciing
xay ra khi xem xét btrc xa tham s& Vavilov-Cherenkov, béi vi cong thike (3.13) chi ap
dung dugc cho cac tinh thé ¢6 d¢ day L:

L<o(Z2)] (315

nghia la khi bién d6 ctia séng tan xa trong tinh thé con rat nho so vdi song tdi. Ta xét

treong hop tinh thé Germani (Ge) voi mat do electron ny ~ 4.47 X 1025cm™3. Véi ndng
liong photon dic trung w ~ 1.9 keV, khi d6 gia tri gidi han do day tinh thé theo bat dang
thiec (3.15) duoc xac dinh vao khoang Ly, = 12 ym. Viéc chuyén sang gi6i han L — o
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trong cong thitc nay ma khong tinh dén sy khiic xa va nhiéu xa ctia photon mdt cach
chinh xac sé khong mo ta ding cac dac tinh cua PXR. Cu thé, trong cong trinh (Garibyan
& Yan Shi, 1971), dua trén viéc chuyén gidi han néu trén, da dwa ra két luan sai lam vé
su Véng mit ctia cac dinh nhidu xa trong btc xa doc theo hudng chuyén dong cua hat.
Trong khi d6, viéc nghién ctru cac cuc dai phu ctia birc xa khi 7 # 0 theo cong thiec (3.13)
la kha thi cho ca don tinh thé mong va tinh thé kham day, twong tu nhu trong ly thuyét
nhiéu xa dong hoc (Waseda, Matsubara & Shinoda, 2011; Giacovazzo et al., 2011). Ngoai
ra, cong thirc don gian (3.13) cho phép nghién cttu sy phu thudc cua birc xa vao do tan
xa goc va nang luong cta hat, vao hinh dang tinh thé, v.v. Do d6, ching ta sé xem xét
chi tiét hon cac biéu thitc thu duwoc cho biic xa trong tinh thé mong. Trudc hét, 6 rang la
khi 1 — v? < 1, btrc xa tp trung xung quanh vecto k thoa man cac diéu kién:

wm

|E _T—Ll E;

- —| 25 || (3.16)

D& mo ta phan bo goc cua cac photon gan hudng nay, ta dwa vao vecto:

- 2N 72

ko=wp=-+7; wp=—7—, (3.17)

27,

—

la nghiém chinh xac ctia hé phuong trinh (3.16). Ta cling ky hiéu K = k — ko va thiét lap
hé toa d§ nhur duwgc mo ta trong Hinh 4.
Hé toa d6 d& md ta phan bd géc ciia PXR gan cuc dai: Truc x nam trong mit phang tao

bdi cac vecto v va 7. Trong hé toa do nay, tir (3.12) va (3.13), ching ta tim dwoc cac cong
thirc sau cho phan b pho-goc cua bire xa:

adw  e%r¢ Ing|? IR|? (Bxcosqocoszeb+9ysm<p)

30,00ydU  2m? 12 [62+62+(1—v2)] (3.18)

khi ghi nhan bttc xa véi mot phan ciee xac dinh. Trong do: 6, 1a goc Bragg gitta cdc mat
. A? ’ =4 \ A ~ - K \ /4 4 . A v
tinh thé (twong tmg vaéi 7) va van toc v; 0, ,, = % la cac goc ghi nhan photon trong mat
b
phang quan sét vudng gdc véi ¥; ¢ 1a goc gitta phuong phan cuc ctia may do va mat
phang nhiéu xa (xac dinh boi & va 7); ry = e?/mla ban kinh dién tir 8 dién ctia electron;

2sin? 6,

tham s6 U = (— ) b) xac dinh d6 1éch ctia tan sd photon so véi tan s6 Bragg w),.

cos 26y
Dai luong |R|? c6 dang:

|R|2 |f dz el[U+wb9x sm29b]z (3_19)
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>
v

Hinh 4. Hé toa d6 dung d& mo ta su phan bd gdc ctia PXR gan diém cuc dai. Truc x ndm trong
mat phang ctia cac vecto ¥ va 7.
Trong treong hgp mdy do ghi nhéan tat ca cac photon bat ké trang thai phan cuc,
cong thitc (3.18) dugc don gidn hoa thanh:
adw _ e%rd Inl?
06,06,0U  2m? 12

6% cos? 20}, +63
[62+62+(1-v2)]*

IR|? (3.20)
Stt dung cong thic (3.20) d€ phan tich phan bé PXR gan cuc dai, ta thdy, theo
(3.19) cuc dai nay phat sinh khi thoa man diéu kién:

U+ wpB,sin26, = 0 (3.21)

va ty 1& thuan véi L2. Tuong tu nhu trong ly thuyét nhiéu xa, s tan rong cta dinh nhiéu
xa phat sinh do su phan tan ctia btec xa tdi ca vé tan s6 va goc (Baryshevsky, Feranchuk
& Ulyanenkov, 2005), cdu trac cua dinh PXR duoc quyét dinh boi sy phan bd cua cac
photon phat ra theo w va 6y . Lién quan dén van dé nay, viéc nghién ctru thirc nghiém
ph6 PXR c6 thé thiee hién trén hai loai may do thuong dung trong phan tich cdu truc tia
X. O loai mdy do thit nhat (vi du: phim X-quang théng thuong), cdc photon duogc ghi
nhédn 6 moi tan sd, nhung cho phép nghién cttu phan b goc ctia ching. Trong trieong
hop nay, bang cach thuc hién phép tich phan theo tan s3 trong cong thirc (3.21), ta im
duoc biéu thire cho phan bd goc nhu sau:
2w e%rg . (6%cos?20,+65
96500y 2m  [62+62+(1-v?)]

1
zIn. 1?5 (3.22)

Nhu ¢4 thé thdy, phan bd cuong dd trong vét nhiéu xa ctia PXR trong trueong hop
ghi nhan bang phim X-quang sé c6 gid tri bang khong tai tam ctia vét nhiéu xa 6, = 0, =
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. ~ PPN A~ e21¢ |ng)?
0, sau d6 dat dén cuc dai voi bién do = E—

E 2 . 7 A2 2 Ay X 7
L (;) tai cac diém cua vét nhiéu xa co
toa do goc théa man phuong trinh elip:
65 (2 — cos? 26,) + 6% cos® 20), = (1 — v?) cos? 26,
va sau do6 giam nhanh vé khong khi 6, ,, > m/E.

Nang lwong birc xa toan phan roi vao vét nhiéu xa khi mot electron xuyén qua
tinh thé dwoc x4c dinh bang cach tich phan theo cac gdc trong cong thirc (3.22). Két qua
la, véiy = E/m > 1, ta tim duoc:

2
W, = e?r¢ %(1 + cos?26,)LIny (3.23)

Mot dac tinh quan trong khi ghi nhan trén phim la mat do photon roi trén mot

don vi dién tich phim. Dai lwong nay dé dang tim dugc tir cong thizc (3.23):

Llny

|Tl-;|2 : 2
I. = 2T2— ind, (1 + cos“ 26
s e Ty 3 S b ( cos b) So+R2y2

(3.24)

trong d6 S, la dién tich tiét dién ngang cua chum electron, R la khoang cach tir tinh thé
dén phim.

Cuong do caa vét nhiéu xa PXR ty 1é thuan véi binh phuwong thanh phan Fourier
cua mat do electron, va do d6, n6 chita dung cung mot thong tin vé cau trtc tinh thé nhuw
thong tin thu dugc tir viéc nghién cttu sy nhiéu xa ctia btec xa tia X tir nguon bén ngoai.
Vi vay, o rang la PXR c6 thé duoc sit dung trong phén tich cau truc tia X, dua trén cac
phuong phéap ghi nhan va giai ma phim chup X-quang truyén théng (Glusker, Pickworth
& Trueblood 2020; Hammond, 2015). PXR cho phép thu nhan dong thoi toan bo tap hop
cac vét nhidu xa ctia tinh thé nghién ctru va diéu quan trong nhat 13, thoi gian ghi nhan
ngan hon déng ké so véi viéc stt dung cac 6ng tia X hién dai. That vay, hay wdc tinh s§
lwong photon theo cong thite (3.24), biéu dién nd qua cac thong sd cua tinh thé d6i véi
mot phan xa nhat dinh 6 cac chi s6 Miller (hkl):

2 ; 2
I, = i—?e‘zw Smgb(g:;s 20) |S(hkl)|?|F (hkl)|?

50+R2'y_2

(3.25)

trong do: 0 la thé tich ctia 6 don vi tinh thé, S(hkl) va F(hkl) lan luot 1a thira sO cdu truc
cta 6 don vi va bién dd cau trac cho phan xa dang xét; dyy,; la khoang cach gitta cdc mat
phang tinh thé (hkl); e=2" 1a hé s6 Debye-Waller.

Vi dy, ddi véi tinh th€ Germani (Ge) c6 do day L =10"3cm; y = 103%; S, =
1072cm?; R =10%cm;  (hkl) -» (111); 6, =30° ta tim duwoc [S(111)]? =
64; |F(111)|%2 = 625; e72¥ ~ 0.8; Q, = (5.72)310%4cm?3; d3,, = %QO; wp = 1.9keV
va

kv

[.~161077 ———M—
¢ electron. cm?
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Dong thoi, theo dit liéu tir cac cong trinh (Rossa et al., 1984; Otsuki et al., 1983), mot 6ng
tia X cong suat 16n loai RU-1500 tao ra trong cing mot vét nhiéu xa nay mot lwong
photon thap hon I; ~ 10711 —.

electron.cm? ’

dd cao ctia PXR cho phép riit ngan dang ké thoi gian thu nhan phim chup X-quang, tao

va do do, 6 hiéu suat kém hon dang ké. Cuong

diéu kién cho viéc nghién ctru dong luc hoc cua cac qua trinh bién d6i cau trac trong
tinh thé.

Bay gio, chiing ta hay xem xét phd tan s6 ctia PXR, phd nay c6 thé thu duoc bang
mot may do ghi nhan tat ca cac photon cua mot vét nhiéu xa nhat dinh nhung cé kha
nang chon loc theo nang lwong. Phd nay thu dwoc bang cach tich phan cong thite (3.20)
theo cac goc voi mot gia tri ¢d dinh:

ow _ e?|ng? 2u? cos? 20, +y 212 cos? 6y

i L cos 6, Wiy 212 cos? 032 (3.26)
Ham s0 nay dat cuc dai tai diém:
0;20,>7%;
= > —
voi mat do nang lwong tai cuc dai:
e?|n > E
2 2 m’

Do rong cua phd dugc xac dinh boi cong thizc:
Aw m cotf,
w, E cos26,’

Tt d6 suy ra rang viéc nghién ctru pho tan s6 cia PXR chi ¢6 thé thuc hién duoc

N . . N oan ~ ST , ~ N A Aw _m
bang cadc may do co6 do phan giai nang lugng cao, thoa man diéu kién — < —.
w " E

4. KET LUAN

Trong nghién ctru nay, chiing toi da thyc hién phan tich chi tiét cac ddc tinh vat
ly ctia PXR phat sinh tit sy tuong tac gitra hat tich dién nang luong cao va cdu tric tuan
hoan ctia tinh thé mong. Thong qua viéc 4p dung ly thuyét nhiéu xa dong hoc, chung toi
da trinh bay day du mot btrc tranh toan dién vé co ché hinh thanh va tinh chat caa loai
btic xa nay. Cac két qua nghién ctu dan dén mot s6 két luan quan trong sau: thit nhat,
bai bdo da khang dinh tinh twong dong vé mat ban chat gifra PXR trong tinh thé va bic
xa Vavilov-Cherenkov trong moi truong dong nhat. Tuy nhién, su tuan hoan cua mat
dd electron trong tinh thé da tao ra cac kénh btrc xa méi doc theo cac vecto mang dao,
cho phép diéu khién hudng va ning lugng ctia photon thong qua viéc thay doi goc
Bragg. Tht hai, dac diém pho-goc cua PXR trong tinh thé mong thé hién tinh chat doc

89



Dic diém ph6’va phin bd'géc ciia bikc xa tia x tham s6'(PXR) trong tinh thé' méng

dao véi sy xudt hién cuee tiéu cuong do tai tam cua vét nhiéu xa. Sy phu thudc ctia ceong
d6 vao binh phuwong do day tinh thé (L?) cho thady tiém nang to 16n trong viéc tdi wu hda
hiéu sudt ngudn biic xa bang cach diéu chinh kich thuwdc tinh thé trong gi6i han ctia d6
dai dap tit. Thi¢ ba, cac tinh toan so sanh cho thay PXR c6 mat do photon va ceong do
tich hgp 16n hon so véi cac nguon tia X thwong mai manh nhét hién nay nhu RU-1500.
Kha néng thu nhan dong thoi toan b hé thdng cac vét nhidu xa véi thoi gian phoi sang
ciec ngan 1a mot wu thé dot pha, cho phép chuyén tlit cac phép do cdu tric tinh sang
nghién ctu dong lwc hoc cua cac qua trinh chuyén pha hodc bién dang mang tinh thé
trong thoi gian thuec.

Mic du xap xi nhiéu xa dong hoc da cung cdp nhitng m6 ta chinh xac cho tinh
thé méng, cac nghién cttu tiép theo can mo rong sang ly thuyét nhiéu xa dong lwc hoc
dé€ xem xét day du cac hiéu ting khtic xa va hap thu photon trong cac tinh thé c6 d6 day
16n hon. Két qua cua bai bao khong chi déng gép nén tang ly thuyét vé birc xa ctia cac
hat chuyén dong nhanh ma con dit nén mong ky thuét cho viéc hién thuc hoa cac ngudn
tia X thé hé mdi, nho gon va hiéu qua cao tai cac phong thi nghiém nghién ctu vat liéu
tién tién.
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ABSTRACT

This paper investigates the spectral characteristics and angular distribution of
Parametric X-ray Radiation (PXR) generated by ultra-relativistic charged particles
traversing thin crystals. Based on kinematic diffraction theory, we derive analytical
expressions for radiation intensity and photon density. The results demonstrate that
in thin crystals, PXR intensity is proportional to the square of the crystal thickness
(L*) and exhibits a close formal analogy to the Vavilov-Cherenkov radiation.
Notably, the angular distribution of PXR reveals a central minimum within the
diffraction spot, with maxima distributed in an elliptical pattern. Through
quantitative comparison with traditional X-ray sources (such as the RU-1500), the
study demonstrates that PXR intensity is approximately four orders of magnitude
(10%) higher. This superior performance significantly reduces acquisition time,
suggesting substantial potential for applications in crystal structure analysis and

structural dynamics of materials.

Keywords: Parametric X-ray Radiation (PXR), thin crystal, kinematic diffraction

theory, angular distribution, virtual photon, Bragg diffraction.
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