
AS SESS MENT  OF  THE  FLUX  AND  MONO CHRO MA TIC ITY
CHAR AC TER IS TICS  OF  A  PO LAR IZED  X-RAY  SOURCE

by

Guili LIU 1,2, Siming GUO 2*, Zhen WANG 1,2, Wen LI 1,2, Derong DAI 1,2,
Zhiwei LI 1,2, Dongjie HOU 2, Jinjie WU 2, Wanchang LAI 1, and Zhijun YANG 2*

1Chengdu Uni ver sity of Tech nol ogy, Chengdu, Sichuan Prov ince, China
2Na tional In sti tute of Me trol ogy, Beijing, China

Sci en tific pa per
https://doi.org/10.2298/NTRP2404251L

This pa per pres ents an ap pa ra tus de signed for the gen er a tion of po lar ized X-rays uti liz ing
crys tal Bragg dif frac tion tech niques, which pro duces po lar ized X-rays en er gies within the
range of 4-10 keV, fa cil i tat ing the cal i bra tion of de tec tion ef fi ciency, en ergy res o lu tion, po lar -
iza tion de gree, and other pa ram e ters per ti nent to po lar ized X-ray de tec tors. The ap pa ra tus
com prises of a ra di a tion source, a diffractive crys tal, a ro tat ing con trol mech a nism, a de tec tor
and other com po nents. High-pre ci sion gen er a tion of po lar ized X-rays can be achieved by dif -
fract ing through crys tals with vary ing lat tice con stants at an an gle of 45° us ing an X-ray tube
and a Bragg dif frac tion ap pa ra tus. Monte Carlo sim u la tions were con ducted to eval u ate air
ab sorp tion ef fects on X-rays at vary ing en ergy lev els, re veal ing an op ti mal mea sure ment dis -
tance of 30 cm. Key met rics such as en ergy out put, flux rate, en ergy res o lu tion and mono -
chro ma tic ity for the gen er ated po lar ized X-rays were eval u ated through ex per i men tal mea -
sure ments. The po lar ized X-ray flux rates were mea sured as: 4.135106 m–2s–1 at 4.59 keV,
2.210107 m–2s–1 at 6.39 keV, and 1.958107 m–2s–1 at 10.029 keV. Mono chro ma tic ity val ues
were: 1.48 % at 4.59 keV, 0.96 % at 6.39 keV, and 0.15 % at 10.029 keV. The ap pa ra tus is ap -
pli ca ble to ground cal i bra tion of as tro nom i cal sat el lite pay loads and de tec tor de vel op ment.
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INTRODUCTION

As a type of elec tro mag netic wave, X-rays ex -
hibit po lar iza tion char ac ter is tics and play a cru cial role 
in var i ous fields, in clud ing as tro phys ics [1], nu clear
phys ics re search [2], and flu o res cence im ag ing [3].
Con se quently, po lar ized X-ray de tec tion has gar nered
sus tained in ter est in re cent de cades [4]. Schol ars
world wide have con ducted ex ten sive in ves ti ga tions to 
ad vance this field. Po lar ized X-rays are em ployed to
probe ce les tial struc tures, in clud ing low-fre quency
quasi-pe ri odic os cil la tions [5], black hole spin dy nam -
ics [6], ro ta tion di rec tion pre dic tions of iso lated elec -
tro mag netic si lent pul sars [7], high-en ergy po lar ized
par ti cle beams with el e vated po lar iza tion lev els [8],
and so on. En er getic par ti cles in the rem nants of young 
su per no vas and pul sar wind neb u lae can pro duce
X-rays by syn chro tron ra di a tion, thus mea sur ing the
po lar iza tion of this ra di a tion aids in re veal ing mag -
netic field prop er ties within par ti cle ac cel er a tion re -
gions, thereby fa cil i tat ing stud ies on par ti cle ac cel er a -

tion mech a nisms [9]. The gas pixel de tec tor (GPD)
aboard China's Au rora Pro ject sat el lite is ca pa ble of
ef fi ciently de tect ing photoelectrons on a 2-D plane,
mea sur ing X-ray po lar iza tion with high sen si tiv ity,
and mon i tor ing vari a tions in the pul sar's mag netic
field through shifts in po lar iza tion [10]. China, Swit -
zer land, Po land, and other na tions col lab o rated to de -
velop a spe cial ized space de tec tor for mea sur ing the
in stan ta neous ra di a tion po lar iza tion of gamma-ray
bursts: the gamma-ray po lar iza tion de tec tor (PO -
LAR). The Tiangong-2 space craft was equipped to
per form high-pre ci sion po lar iza tion mea sure ments of
gamma-ray bursts within the 50-500 keV en ergy
range, thereby con strain ing or val i dat ing mod els re -
gard ing the mech a nisms be hind gamma-ray bursts
[11, 12]. A next-gen er a tion gamma-burst po lar iza tion
de tec tor (PO LAR-2) is cur rently un der de vel op ment,
with a planned launch around 2025. This will in clude
the ad di tion of a low-en ergy po lar iza tion de tec tor
(LPD), which will em ploy a gas-based po lar iza tion
de tec tion method for mea sur ing the po lar iza tion of
soft X-rays within the en ergy range of 2-10 keV [13,
14]. China's en hanced X-ray tim ing and polarimetry
(eXTP) sat el lite, sched uled for launch in 2027, will
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carry four ob ser va tional in stru ments. The po lar iza tion 
mea sur ing X-ray fo cus ing tele scope ar ray (PFA) is ca -
pa ble of de tect ing po lar ized X-rays within the en ergy
range of 2-8 keV [15].

Prior to the de ploy ment of the de tec tor, ground-
based po lar iza tion cal i bra tion is es sen tial to quan tify
de tec tor re sponse am pli tudes un der lin ear po lar ized
X-ray ir ra di a tion at vary ing en ergy lev els. Re cent
stud ies have high lighted the in flu ence of ex ter nal ra di -
a tion en vi ron ments, such as so lar flares, on beta ra di a -
tion char ac ter is tics [16], this un der scor ing the ne ces -
sity of sta ble and con trol la ble, po lar ized X-ray sources 
for re li able cal i bra tion. Con se quently, es tab lish ing a
fa cil ity for the cal i bra tion of X-ray po lar iza tion is es -
sen tial. Po lar ized X-rays can be gen er ated through
meth ods such as crys tal dif frac tion, syn chro tron ra di a -
tion, in verse Compton scat ter ing, and po lar iza tion
con vert ers. The pre dom i nant tech nique in volves ob -
tain ing Mono chro matic, lin early po lar ized X-rays via
Bragg dif frac tion. As there are a few rel e vant cal i bra -
tion fa cil i ties in China, this study can sup ple ment the
lack of po lar ized X-ray gen er a tion fa cil i ties in China.
In this study, we de vel oped a crys tal dif frac tion-based
ap pa ra tus to gen er ate and char ac ter ize po lar ized
X-rays. By em ploy ing Bragg dif frac tion with X-rays
pro duced by an op ti cal ma chine on var i ous crys tals,
we achieve a sta ble out put of lin early po lar ized X-rays
within the en ergy range of 4-10 keV. The ap pa ra tus's
per for mance was sys tem at i cally eval u ated, en com -
pass ing pa ram e ters such as mono chro ma tic ity, en ergy
res o lu tion, de tec tion ef fi ciency, flux rate, among oth -
ers. This study is of sig nif i cant im por tance. Bragg dif -
frac tion pro vides a pre cise and sta ble method for gen -
er at ing po lar ized X-rays, ad dress ing the lim i ta tions
as so ci ated with the costly use of syn chro tron ra di a tion
ap pa ra tuses that gen er ate po lar ized X-rays. Through
this re search, pro fes sion als in re lated fields will gain
ac cess to a more eco nom i cal ap pa ra tus for pro duc ing
po lar ized X-rays, thereby fa cil i tat ing ac cu rate and re -
li able ex per i men tal data that can drive tech no log i cal
ad vance ments in these domains.

THE THE ORY OF CRYS TAL
DIF FRAC TION

The X-ray are fun da men tally elec tro mag netic
waves. Dur ing its prop a ga tion, the elec tric field vec tor  


E

and the mag netic field in ten sity vec tor 


H os cil late per -
pen dic u larly and har mon i cally to each other, re sid ing on
a plane that is or thogo nal to the di rec tion of X-ray prop a -
ga tion, fig. 1 [17]. When the am pli tudes of the elec tric

and mag netic vec tors are equal or when there ex ists a
phase dif fer ence  p / 2, and if the point vec tor ro tates
uni formly within the wave sur face at an an gu lar ve loc ity
w, its tra jec tory de scribes a cir cle, re sult ing in cir cu larly
po lar ized X-rays. Con versely, when their am pli tudes dif -
fer or when the phase dif fer ence de vi ates from  p / 2, the 
path traced by this point vec tor be comes el lip ti cal, char -
ac ter iz ing el lip ti cally po lar ized X-rays [18].

The X-rays ex hibit wave-par ti cle du al ity, when
they in ter act with a crys tal, each atom within the crys -
tal acts as an in de pend ent X-ray source, main tain ing
the same wave length as the in ci dent X-ray. Due to the
or dered ar range ment of at oms in the crys tal lat tice, co -
her ent X-rays re in force one an other in spe cific spa tial
di rec tions while can cel ing out in oth ers. This phe nom -
e non, char ac ter ized by con struc tive in ter fer ence of co -
her ent X-rays along cer tain paths, is re ferred to as dif -
frac tion  [17].

The Bragg's law

The X-rays are pho tons that ex ist within a spe -
cific wave length range, and when they in ter act with
the sur face of a crys tal, they in duce Bragg dif frac tion,
which ad heres to Bragg's law  [19]. The X-rays are dif -
fracted by the crys tal, fig. 2, and the dif frac tion di rec -
tion of the first crys tal face is ori ented along path 1,
while the dif frac tion di rec tion of the sec ond crys tal
face is aligned with path 2. The op ti cal path dif fer ence
be tween the dif frac tion lines of these two crys tal
planes is given by d = l1-l2, where l2 = d/sin q, the l1 = l2
cos2 q. For con struc tive in ter fer ence to oc cur, this op -
ti cal path dif fer ence must be an in te ger mul ti ple of the
in ci dent X-ray wave length, ex pressed as d = nl [20].
When the graz ing an gle of the X-ray in ci dent on the
crys tal is var ied by an an gle q, a cor re spond ing change
in the en ergy dis tri bu tion of the X-rays oc curs, as de -
scribed by

2d sin q l n (1)

where d is the spac ing be tween crys tal planes, n – the
or der of dif frac tion and is an in te ger, and l – the wave -
length of X-rays. Pro vided that a spe cific an gle is
main tained, the X-ray from the con tin u ous en ergy
spec trum will yield a mono chro matic X-ray of the cor -
re spond ing wave length fol low ing dif frac tion.

The Brewster's law

Fol low ing Bragg's law of X-ray dif frac tion, the
in ten sity of the dif fracted X-rays is de pend ent on the
an gle q, and the in te gral re flec tion ef fi ciency is de -
fined as fol lows
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Fig ure 1. Sche matic di a gram of the
sim ple har monic mo tion of X-rays
dur ing prop a ga tion



P Pl l

p

q q 
0

2
( )d (2)

where Pl is as so ci ated with the po lar iza tion di rec tion
of the in ci dent X-ray, which can be cat e go rized into
par al lel re flec tor ori en ta tion (z com po nent) and per -
pen dic u lar re flec tor ori en ta tion (y com po nent) based
on the sur face of the re flec tor [21], as shown in fig. 3.
De fine the ra tio k of reflectance

k 
P

P

x

y
l

l

(3)

The pa ram e ter k rep re sents the ra tio of the re -
flec tion ef fi cien cies of the two com po nents, and the
po lar iza tion P can be ar tic u lated us ing the for mula
when k < 1

P 



1

1

k

k
(4)

The re flec tion of pho tons at the in ter face be -
tween two dis tinct me dia ad heres to Brewster's law

qB arctan
n

n
2

1

(5)

where n1 and n2 rep re sent the re frac tive in dex of the
two me dia, re spec tively. When pho tons prop a gate in a
me dium, the re frac tive in dex for dif fer ent me dia sat is -
fies the dis per sion re la tion [22]

n
N

 


 
1

2

2

0

0
2

0
2 2 2 2 2

e

me
w w

w w w( ) G
(6)

where m is the mass of the me dium, N – the num ber
den sity of par ti cles, and  G – the damp ing fac tor as so ci -
ated with elec tron vi bra tions. The in trin sic fre quency
of the me dium is de noted as w0, while w re fers to the
pho ton fre quency, and e0 rep re sents the vac uum's di -
elec tric con stant. In the case of X-rays, the wave length 
of the pho ton is sig nif i cantly shorter than that of vis i -
ble light, which cor re sponds to a higher pho ton en ergy, 
the fre quency is much larger than that of vis i ble light,
so the fre quency can be con sid ered to be close to in fin -
ity. At this time, whether air or crys tal, the re frac tive
in dex n is very close to 1, so the X-rays for  each  crys -
tal Brewster an gle are in the vi cin ity of 45 °. With  this 
an gle  of  in ci dence, in  the  eq.  (4)  the k = 0, in fig. 3,
ini tially par al lel to the re flect ing sur face of the x com -
po nent in the re flec tion dis ap peared, and out of X-rays
will only be re tained per pen dic u lar to the in ci dent sur -
face of the  y  com po nent per pen dic u lar to the in ci dent
plane, which is the lin early po lar ized X-ray [23].

CON STRUC TION AND MEA SURE MENT
OF X-RAY PO LAR IZA TION RA DI A TION
AP PA RA TUS

In tro duc tion to the ap pa ra tus

The ap pa ra tus pri mar ily con sists of an X-ray
tube, a high-volt age power sup ply con trol ler, a turn ta -
ble and a de tec tor, along with other es sen tial com po -
nents, en gi neered to emit highly pre cise po lar ized
X-rays within the en ergy range of 2-10 keV.
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Fig ure 2. Sche matic of
crys tal dif frac tion

Fig ure 3.  Po lar iza tion change of
X-rays in ci dent on a crys tal at 45°,
the out go ing X-rays re tain only the y
com po nent per pen dic u lar to the
re flect ing sur face and there fore
be come lin early po lar ized



The X-ray tube is the core of the unit and pro -
duces low en ergy X-rays. The tube volt age range is
4-50 kV and the head cur rent range is 0-1.5 mA. The
X-ray tube's stain less-steel ex te rior in cor po rates a lead 
shield ing layer, and in ter nal in su la tion oil pro vides
both cool ing and high-volt age in su la tion. The be ryl -
lium win dow is filled with ar gon to pre vent the ab sorp -
tion of  X-rays  by  air,  how ever,  it  also gen er ates
char ac ter is tic X-rays with an en ergy of ap prox i mately
3 keV. The X-ray tube is also equipped with wa ter
cool ing to ef fec tively re duce the tube tem per a ture and
im prove the sta bil ity of the X-ray tube to en sure sta ble
op er a tion over long pe ri ods of time.

In this study, a high-pu rity ger ma nium (HPGe)
de tec tor is em ployed. The ef fec tive de tec tion vol ume
of the HPGe de tec tor is cy lin dri cal in shape, with a
bot tom di am e ter of 11.1 mm and a length of 8.67 mm.
The dis tance from the high-pu rity ger ma nium to the
be ryl lium win dow mea sures 2.25 mm, while the thick -
ness of the be ryl lium win dow is 25 m. The de tec tion
ef fi ciency of the HPGe de tec tor has been de ter mined
us ing Monte Carlo sim u la tion soft ware, fig. 4. Ten
mil lion X-ray pho tons were emit ted at each en ergy
point, and the sim u la tion re sults were ob tained by di -
vid ing the num ber of pho tons de pos it ing en ergy
within the de tec tor by the num ber emit ted [24].

Sim u la tion of op ti cal path
and air ab sorp tion

When X-rays prop a gate through the at mo -
sphere, their at ten u a tion and scat ter ing re sult from the
ab sorp tion char ac ter is tics of air. To de ter mine the op ti -
mal op ti cal path length for gen er at ing po lar ized
X-rays, open-source Monte Carlo soft ware is em -
ployed to sim u late X-ray ab sorp tion in the at mo -
spheric me dium [25]. In the mod el ing pro cess, the de -
tec tor is rep re sented as a sim pli fied cyl in der, with the
par ti cle gun po si tioned di rectly in front of it to en sure

that emit ted par ti cles en ter the de tec tor per pen dic u -
larly. The dis tance be tween the gun and the de tec tor
was then var ied to 5 cm, 10 cm, 15 cm, 20 cm, 25 cm,
30 cm, 35 cm, 40 cm, 45 cm, 50 cm, 55 cm, and 60 cm
to emit par ti cles with en er gies rang ing from 1 keV to
12 keV with an en ergy spac ing of 1 keV. The quan tity
of par ti cles emit ted from a sin gle en ergy source is 1
mil lion. The fi nal ab sorp tion of X-rays by air is the
num ber of pho tons re ceived by the de tec tor di vided by
the num ber of pho tons emit ted. Fig ure 5 pres ents the
sim u la tion re sults.

From the sim u la tion re sults, when the dis tance is
far ther and the en ergy is lower, the at ten u a tion and
scat ter ing of X-rays trans mit ted in the air are more se -
vere, lead ing to stron ger ab sorp tion. At en er gies close
to 4 keV, most X-rays are ab sorbed by air, with trans -
mit tance  drop ping  be low  0.1  for  dis tances  be yond
40 cm. How ever, shorter dis tances (e.g., 5-25 cm) in -
tro duce chal lenges in bal anc ing crys tal dif frac tion ge -
om e try and de tec tor align ment due to spa tial con -
straints.

Quan ti ta tive anal y sis of sig nal sta bil ity (SNR)
re veals that the 30 cm op ti cal path achieves op ti mal
per for mance

SNR 
m
s

(7)

where m is the mean trans mit tance val ues and s – the
stan dard deviation, the re sults pre sented in tab. 1.

At 30 cm, the air trans mit tance for 4 keV ex ceeds 
0.1 (0.0475), which sat is fies the min i mum flux thresh -
old for gen er at ing po lar ized X-rays. Con cur rently, this 
dis tance pro vides the high est SNR (2.04) across all
tested con fig u ra tions, in di cat ing su pe rior sta bil ity
with min i mal sig nal fluc tu a tions. The SNR ad van tage
arises from two fac tors:
– At ten u a tion-noise trade-off: lon ger paths (>30 cm)

re duce sig nal in ten sity (e.g., 60 cm: m = 0.322),
while shorter paths (<30 cm) am plify noise from air
scat ter ing (e.g., 5 cm: s = 0.367).
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Fig ure 4. Re sults of sim u la tions re gard ing the
de tec tion ef fi ciency of HPGe

Fig ure 5. Re sults of sim u lated air ab sorp tion 
anal y sis



– Crys tal ge om e try con straints: the 30 cm length ac -
com mo dates Bragg dif frac tion align ment (45° an gle
for LiF200 crys tal) and min i mizes edge dif frac tion
ar ti facts.

Thus, the 30 cm op ti cal path is se lected as the op -
ti mal bal ance be tween po lar ized X-ray yield (trans -
mit tance >0.1 at 4 keV) and op er a tional ro bust ness
(SNR >2.0).

Po lar iz ing X-ray ap pa ra tus

A ro tat ing plat form has been en gi neered for the
pre cise po si tion ing of the X-ray tube and crys tal. Both
the X-ray tube and crys tal are aligned along a com mon
hor i zon tal axis, with the an gle be tween the crys tal and
op ti cal ap pa ra tus ad just able via a ro tat ing sup port
mech a nism. When the op ti cal ap pa ra tus is ro tated by
90°, the an gle of in ci dence at the crys tal is set to 45°,
re sult ing in an or thogo nal re la tion ship (90°) be tween
the in com ing and out go ing X-ray paths through the
crys tal, thereby fa cil i tat ing po lar ized X-ray gen er a -
tion. A HPGe is sub se quently po si tioned in line with
the exit di rec tion of the crys tal. Given that we have al -
lo cated a to tal op ti cal path length of 30 cm, both dis -
tances from their re spec tive cen ters-the X-ray tube to
crys tal cen ter and HPGe to crys tal cen ter-are es tab -
lished at 15 cm each. Fol low ing this con fig u ra tion, as -
sem bly of the po lar ized X-ray gen er a tion ap pa ra tus
can com mence as il lus trated in the ac com pa ny ing di a -
gram, fig. 6.

Dif frac tion-pat terned crys tal

Given that the en ergy range of de tec tors em -
ployed for de tect ing po lar ized X-rays in the cur rent
space ex plo ra tion pro gram spans from 2-10 keV, it can
be in ferred from the cal cu la tions based on eq. (1) that
the Bragg dif frac tion en er gies of nu mer ous Bragg
crys tals at an an gle of 45° fall within this range. Fur -
ther more, by uti liz ing a po lar ized X-ray ap pa ra tus,

one can as cer tain both the po lar iza tion en ergy and
count ing rates as so ci ated with var i ous crys tals. Con -
cur rently, the the o ret i cal val ues for crys tal lat tice spac -
ing are com puted ac cord ing to [26]

d 
 

a

h k l2 2 2
(8)

where d is the spac ing be tween crys tal faces, a – the
lat tice con stant, and h, k, l are the Miller in dexes,  of  a
crys tal plane which should be ref er enced against the
three nu mer i cal val ues fol low ing the crys tal name in
tab. 2.

In the course of the ex per i ment, a di a phragm with
a thick ness of 4 mm was po si tioned at the X-ray tube
port. The tube volt age was cal i brated to 10 kV, while 
the tube cur rent was main tained at 0.2 mA, en sur ing
that the dead time re mained within 3 %. This con fig u ra -
tion guar an tees the re li abil ity of de tec tor mea sure -
ments. Nev er the less, the po lar iza tion peak is not ob -
serv able when mea sur ing LiF420 un der these
con di tions, as the en ergy of the con tin u ous spec trum of
X-rays, gen er ated by brems strah lung at 10 kV, pre dom -
i nantly re sides within the 6-8 keV range, while the num -
ber of X-ray pho tons at an en ergy of 9.7 keV re mains
ex ceed ingly low. There fore, the tube volt age of the
X-ray tube was ad justed up ward to 15 kV dur ing the
mea sure ment of LiF420, and the data in tab. 1 were ob -
tained af ter re-mea sure ment.
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Ta ble 1. The SNR anal y sis of X-ray trans mit tance
at vary ing dis tances

Dis tance [cm] m s SNR

5 0.616 0.367 1.68
10 0.613 0.329 1.86
15 0.599 0.306 1.95
20 0.578 0.289 2.00
25 0.550 0.272 2.02
30 0.521 0.256 2.04
35 0.490 0.242 2.03
40 0.457 0.228 2.00
45 0.423 0.214 1.98
50 0.388 0.201 1.93
55 0.354 0.187 1.89
60 0.322 0.174 1.85

Fig ure 6. Sche matic rep re sen ta tion of a po lar iz ing X-ray
ap pa ra tus

Ta ble 2. Crys tal spac ing and de tec tor mea sure ment
re sults

Crys tal log ra phy d [Å–1]* En ergy
[keV]

Count rate
[cps]

Dead
time [%]

LiF420 0.900 9.9 1033.9 2.69
LiF220 1.423 6.3 1064.23 2.68
LiF200 2.013 4.5 400.15 2.72

PET 4.870 4.0 14.00 0.43
ADP 5.324 4.9 40.95 0.46

XS-55 27.500 6.4 165.37 0.46

* 1Å = 110–10 m



From tab. 1, pentaerythritol (C5H12O4, PET)
and am mo nium dihydrogen phos phate (NH4H2PO4,
ADP), when formed into or ganic multilayer crys tals,
ex hibit a sig nif i cant crys tal face spac ing. Con se -
quently, the de tec tor does not reg is ter their pri mary
dif frac tion peak but rather higher-or der har mon ics.
This re sults in mul ti ple peaks ob serv able in the en ergy
spec trum, as il lus trated in fig. 7. There fore, these two
crys tals are deemed un suit able for this spe cific en ergy
seg ment of po lar iz ing crys tals. The XS-55 is a
multilayer film com posed of two dis tinct in or ganic

ma te ri als, such as sil i con and tung sten, ar ranged in an
al ter nat ing man ner. The spac ing be tween the crys tal
sur faces ex ceeds that of or ganic com pounds. Given
that its the o ret i cal first-or der dif frac tion en ergy at a
45° an gle is merely 0.16 keV, the en ergy val ues pre -
sented in tab. 1 are likely in flu enced by higher har -
mon ics be yond grade 20. While the count ap pears sat -
is fac tory, the pu rity of the en ergy spec trum re mains
in ad e quate, ren der ing it un suit able for use as a po lar iz -
ing crys tal within this en ergy range. The small in ter fa -
cial spac ing and el e vated count rate of LiF crys tals
sug gest that the con di tions for po lar iza tion are more
readily achiev able, re sult ing in stron ger and clearer
po lar iza tion peaks that fa cil i tate de tec tion. This in di -
cates that these crys tals are ad van ta geous for the gen -
er a tion of po lar ized X-rays. There fore, af ter com pre -
hen sive con sid er ation, we have se lected three types of
LiF crys tals-LiF420, LiF220, and LiF200-as our fi nal
po lar iz ing ma te ri als.

RE SULTS AND DIS CUS SION ON
PO LAR IZA TION MEA SURE MENT

To as sess the ap pa ra tus's per for mance, a sys tem -
atic eval u a tion and anal y sis of its en ergy spec trum
data, en ergy res o lu tion, flux rate, and mono chro ma tic -
ity were con ducted.

Mea sure ments of the
en ergy spec trum

The po lar iza tion X-ray en ergy spec trum data ac -
quired from the HPGe de tec tor were an a lyzed and vi -
su al ized us ing Or i gin soft ware. When po lar iz ing
X-rays are gen er ated through crys tal dif frac tion, the
re sult ing mono chro matic X-rays si mul ta neously ad -
here to Bragg's law, lead ing to the emer gence of dis -
tinct mono chro matic peaks in the en ergy spec trum at
an in ci dent an gle of 45° on the crys tal. The fig. 8 il lus -
trates the en ergy spec trum re corded by the de tec tor
when  X-rays  pen e trate  the  crys tal  at  an  in ci dence
an gle  of  45°,  uti liz ing  stop sizes of 2 mm, 4 mm, and
6 mm in their orig i nal po si tions. For LiF220, The po -
lar iza tion peak en ergy was 6.39 keV with a 2 mm di a -
phragm, with up to 54,309 counts in one min ute, with
an en ergy res o lu tion of 2.90 %, and 128,331 counts in
one min ute were mea sured at 4 mm di a phragm with -
out any other changes in the mea sure ment setup,
which is an in crease in counts com pared to the 2 mm
di a phragm, with an en ergy res o lu tion of 2.75 %; when
mea sured with a 6 mm di a phragm, 130,087 counts
were ob tained in one min ute, which is not much dif fer -
ent from the 4 mm counts. The count of LiF200 per
min ute is lower than that of LiF220, which ex hib its
dou ble peaks and un der goes two dif frac tion events.
The en ergy res o lu tion un der three dis tinct stop con di -
tions is ap prox i mately 3.33 %. In con trast, the counts

G. Liu, et al., As sess ment of the Flux and Mono chro ma tic ity Char ac ter is tics of a ...
256 Nuclear Tech nol ogy & Ra di a tion Pro tec tion: Year 2024, Vol. 39, No. 4, pp. 251-260

Fig ure 7. Par tial en ergy spec trum ob tained from the
crys tal de flec tion ex per i ment



for LiF420 and LiF220 in one-min ute show min i mal
vari a tion, with the en ergy res o lu tion across these three 
dif fer ent stop con di tions be ing around 2.57 %.

Mea sure ment of flux rates

An a lyz ing the flux rate of po lar ized X-rays is es -
sen tial for as sess ing the per for mance of po lar ized
X-ray ap pa ra tus, spe cif i cally, it al lows for a com pre -
hen sive un der stand ing of the trans mis sion ef fi ciency
for po lar ized X-rays, which is cru cial in de ter min ing
both the sen si tiv ity and de tec tion ca pa bil i ties of these
ap pa ra tuses. In this ex per i ment, a HPGe de tec tor was
em ployed to quan tify the counts of om ni pres ent peaks
from po lar ized X-rays across var i ous crys tal sub -
strates. The flux rate  of po lar ized X-rays is de fined
as the num ber of po lar ized pho tons tra vers ing a unit
area per unit time, and its re la tion ship can be ex pressed 
as fol lows [27]

F 
N

At
(9)

where N is the num ber of counts of the over all peaks of 
po lar ized X-rays mea sured by the de tec tor, A – the bot -
tom area of the ef fec tive de tec tion vol ume of the
HPGe, and t – the mea sure ment time.

In or der to eval u ate the flux rate of the ap pa ra tus,
this study used a high-pu rity ger ma nium de tec tor to
mea sure the all-around peak counts of po lar ized X-rays
at en er gies of 4.59 keV, 6.39 keV, and 10.029 keV pro -
duced by LiF200, LiF220, and LiF420 crys tals at 2 mm, 
4 mm, and 6 mm di a phragms, for 60 seconds. By in te -
grat ing eq. (9), the flux rate of the po lar iza tion ap pa ra -
tus across var i ous crys tal types and stop con fig u ra tions
is com puted. In or der to eval u ate the re li abil ity of the
flux rate, we also cal cu late the rel a tive de vi a tion

e
s s

F
F

F
   N

N

N

N N

1
(10)

The re sults pre sented in tab. 3.
The re sults of the cal cu la tions in di cate that the ap -

pa ra tus ex hib its a flux rate of 4.135106 m–2s–1 at an en -
ergy level of 4.59 keV with a di a phragm size of 4 mm,
while at an en ergy level of 6.39 keV and the same di a -
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Fig ure 8. The En ergy spec tra of LiF200 (a), LiF220 (b),
LiF420 (c) mea sured by HPGe at an ap er ture of 2 mm

Ta ble 3. The re sults of cal cu la tions re gard ing the mono chro ma tic ity of po lar ized X-rays

Crys tal log ra phy Di a phragm [mm] En ergy [keV] N F [m–2s–1] e [%] FFm–2s–1]

LiF200

2

4.59

10153 1.749106 1.0 (1.749 0.017)106

4 24009 4.135106 0.6 (4.135 0.026)106

6 24988 4.304106 0.6 (4.135 0.026)106

LiF220

2

6.39

54309 9.354106 0.4 (4.135 0.026)106

4 128331 2.210107 0.3 (2.210 0.006)107

6 130087 2.241107 0.3 (2.241 0.006)107

LiF420

2

10.029

52582 9.056106 0.4 (9.056 0.040)106

4 113662 1.958107 0.3 (1.958 0.006)107

6 128954 2.221107 0.3 (2.221 0.006)107



phragm size, the flux rate in creases to 2.210107 m–2s–1 .
Fur ther more, at an en ergy level of 10.029 keV with a di a -
phragm ap er ture of 4 mm, the flux rate mea sured is
1.958107 m–2s–1. Through out the en ergy range from
(4-10) keV, all the re corded flux rates fall be tween
1.749106 m–2s–1 ~2.241107 m–2s–1 , and the rel a tive de -
vi a tion is less than 1 %, dem on strat ing that the ap pa ra tus
main tains high flux out put and ef fi ciency across var i ous
en ergy lev els, thereby fa cil i tat ing more pre cise and re -
peat able po lar iza tion X-ray ex per i ments which are ben e -
fi cial for cal i brat ing po lar iza tion X-ray de tec tors.

In ves ti ga tion of mono chro ma tic ity

Mono chro ma tic ity serves as a crit i cal met ric for
as sess ing the per for mance of po lar ized X-ray ap pa ra -
tuses, re flect ing the ap pa ra tus's ca pa bil ity to gen er ate
pure po lar ized X-rays and thereby eval u at ing the con -
cen tra tion of its en ergy dis tri bu tion [28]. In the ex per i -
ment, the HPGe de tec tor is em ployed to as sess the en -
ergy res o lu tion of the all-pur pose peak of po lar ized
X-rays across var i ous crys tal sub strates. Af ter ac -
count ing for the in trin sic en ergy res o lu tion of the
HPGe de tec tor, we de rive the mono chro matic char ac -
ter is tics of the po lar ized X-ray pro duced by this ap pa -
ra tus. The re la tion ship be tween the mono chro ma tic ity
and the en ergy res o lu tion of the de tec tor and the en -
ergy res o lu tion of the mea sured en ergy spec trum is
shown in 

  1
2

2
2

3
2  (11)

where 1 is the in trin sic en ergy res o lu tion of the HPGe
de tec tor, and 2 – the mono chro ma tic ity of the ra di a -
tion source, and 3 – the en ergy res o lu tion as mea sured 
by the de tec tor it self. The in trin sic en ergy res o lu tion d1

of HPGe can be de ter mined through cal i bra tion with a
ra dio ac tive source, which is gen er ally ac cepted to pro -
duce unbroadened ra di a tion. Ta ble 4 pres ents the data
uti lized for cal i brat ing the en ergy res o lu tion of HPGe
us ing ra dio ac tive sources

The re la tion ship be tween the de tec tor's en ergy
res o lu tion and in trin sic en ergy is il lus trated in [29]

1

2

100
 


a b cE E

E
[%] (12)

where E is the en ergy of the ra dio ac tive source, a, b,
and c are the cal i brated pa ram e ters, The val ues for en -

ergy and en ergy res o lu tion pre sented in tab. 3 are
de rived from fit ting based on

   1

2002452 006416 0006
100

 


. . .
[%]

E E

E
(13)

The ac tual en ergy res o lu tion 3, as mea sured by
the de tec tor, is cor re lated with both the half-height
width and the en ergy of the uni ver sal peak; the pre cise
re la tion ship is de lin eated in

3 100 
FWHM

E
[%] (14)

To as sess the mono chro ma tic ity of the ap pa ra -
tus, we mea sured the en ergy res o lu tion of po lar ized
X-rays gen er ated by LiF200, LiF220, and LiF420
crys tals with di a phragm sizes of 2 mm, 4 mm, and 6
mm us ing a high-pu rity ger ma nium de tec tor. By in te -
grat ing eqs. (11), (13), and (14), we cal cu lated both the 
in trin sic en ergy res o lu tion of the de tec tor and the en -
ergy res o lu tion as mea sured by it, thereby elu ci dat ing
the mono chro matic char ac ter is tics of the po lar ized
X-ray pro duced by the ap pa ra tus. The re sults of these
cal cu la tions are pre sented in tab. 5.

Cal cu lated re sults show that the mono chro ma -
tic ity of the ap pa ra tus is 1.48 % at 4.59 keV en ergy
with a 4 mm di a phragm, 0.96 % at 6.39 keV en ergy
with a 4 mm di a phragm, and 0.15 % at 10.029 keV en -
ergy with a 4 mm di a phragm. The monochromatism
within the en ergy range of 4-10 keV is less than 1.48
%, thereby of fer ing en hanced ac cu racy in po lar iza tion
X-ray en ergy in for ma tion for the cal i bra tion of po lar -
iza tion de tec tors and im prov ing the over all cal i bra tion 
pre ci sion of these in stru ments.

CON CLU SION

We de signed and im ple mented an ap pa ra tus for
gen er at ing po lar ized X-rays via crys tal dif frac tion,
fol lowed by per for mance eval u a tion. This ap pa ra tus
re li ably pro duces lin early po lar ized X-rays within the
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Ta ble 4. Cal i bra tion of high pu rity ger ma nium de tec tors
us ing ra dio ac tive sources

Nu clide E [keV] FWHM [keV] 1 [%]
55Fe 5.899 0.183 3.102
57Co 6.404 0.176 2.748

109Cd 22.163 0.332 1.498
241Am 59.541 0.347 0.583
133Ba 80.767 0.393 0.487
152Eu 121.436 0.468 0.385

Fig ure 9. Cal i bra tion of de tec tor en ergy res o lu tion



en ergy range of 4-10 keV, thereby of fer ing a more pre -
cise and sta ble source for the cal i bra tion of po lar ized
X-rays. In con trast to the costly syn chro tron ra di a tion
ap pa ra tus, this ap pa ra tus of fers ad van tages such as
affordability and ease of op er a tion, thereby pre sent ing
a more eco nom i cal op tion for re search in re lated
fields. Through ex per i ments and sim u la tions, three
kinds of crys tals, LiF420, LiF220 and LiF200, with
small crys tal plane spac ing and el e vated count rate, are 
iden ti fied as po lar iz ing crys tals, which can ef fec tively
pro duce po lar ized X-rays with mono chro ma tic ity
better than 1.48 % and fluxes rang ing from
1.749106-2.241107 m–2s–1, with high en ergy res o lu -
tion and high fluxes, and can ef fec tively in hibit the in -
ter fer ence of back ground noise, thus pro vid ing a re li -
able source for re lated re search. The ap pa ra tus is
ap pli ca ble in fields such as as tro phys ics, nu clear phys -
ics re search, and flu o res cence im ag ing, thereby ad -
vanc ing the cal i bra tion tech nol ogy for po lar iza tion X
de tec tors. Fu ture optimizations of the ap pa ra tus's de -
sign will im prove per for mance, sta bil ity, and ap pli ca -
bil ity to broader en ergy ranges.
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Guejli QU, Siming GUO, Xen VANG, Ven LI, De`ung DAJ, Xivej LI,
Dung|e HOU, \in|e VU, Van~ang LAJ, Xi|uen JANG

PROCENA  KARAKTERISTIKA  FLUKSA  I  MONOHROMNOSTI
POLARIZOVANOG   IZVORA  RENDGENSKOG  ZRA^EWA

Predstavqen je aparat projektovan za generisawe polarizovanih rendgenskih zraka
upotrebom tehnike kristalne Bragove difrakcije, koja proizvodi energiju polarizovanih
rendgenskih zraka u opsegu 4-10 , olak{avaju}i kalibraciju efikasnosti detekcije, energetske
rezolucije, stepena polarizacije i drugih parametara koji se odnose na detektore polarizovanih
rendgenskih zraka. Aparat se sastoji od izvora zra~ewa, difrakcionog kristala, rotacionog
kontrolnog mehanizma, detektora i drugih komponenti. Generisawe polarizovanih rendgenskih
zraka visoke preciznosti mo`e se posti}i difrakcijom kroz kristale sa razli~itim konstantama
re{etke pod uglom od 45  kori{}ewem rendgenske cevi i Bragovog difrakcionog aparata. Monte
Karlo simulacije sprovedene su da bi se procenili efekti apsorpcije vazduha na rendgenske zrake
na razli~itim nivoima energije, otkrivaju}i optimalno rastojawe merewe od 30 . Kqu~ni
podaci kao {to su izlazna energija, ja~ina fluksa, energetska rezolucija i monohromnost za
generisane polarizovane rendgenske zrake proceweni su eksperimentalnim merewima. Ja~ina
polarizovanog fluksa rendgenskih zraka izmerene su kao: 4.135106 m–2s–1 na 4.59 keV, 2.210107 m–2s–1

na 6.39 keV i 1.958107 m–2s–1 na 10.029 keV. Vrednosti monohromnosti bile su: 1.48 % na 4.59 keV, 0.96 % 
na 6.39 keV i 0.15 % na 10.029 keV. Aparat je pogodan za kalibraciju na tlu, da odgovara nosivosti
astronomskih satelita i za razvoj detektora.

Kqu~ne re~i: polarizovano rendgensko zra~ewe, Bragova difrakcija, monohromnost, ja~ina
.........................fluksa


