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This study uti lizes the mono chro matic X-ray ra di a tion de vice es tab lished by the Na tional In -
sti tute of Me trol ogy, China, to con duct a sys tem atic ex per i men tal in ves ti ga tion of the mass
at ten u a tion co ef fi cients of ni o bium, mo lyb de num, tan ta lum, and tung sten met als near their
K ab sorp tion edges. The de vice's abil ity to gen er ate con tin u ously tun able mono chro matic
X-rays and ac cu rately mea sure pho ton counts pro vides an ideal con di tion for pre cise mass at -
ten u a tion co ef fi cient mea sure ments. This study em ploys a min i mum en ergy step of 0.1 keV to 
sys tem at i cally ob tain the jump ra tio rK and jump fac tor JK near the K-ab sorp tion edges of the 
four ma te ri als. The ex per i men tal mea sure ments are com pared with the o ret i cal val ues from
NIST-XCOM, NIST-FFAST, and Phy-x da ta bases, dem on strat ing a con sis tent trend be tween
the ex per i men tal and the o ret i cal re sults, with rel a tive de vi a tions within ac cept able lim its,
thereby val i dat ing the re li abil ity of the the o ret i cal mod els. An un cer tainty anal y sis re veals a
com bined rel a tive un cer tainty of less than 2.7 %, in di cat ing that the ex per i men tal re sults and
the o ret i cal val ues are in good agree ment, with de vi a tions and un cer tain ties within ac cept able
ranges. This re search pro vides im por tant ex per i men tal data and the o ret i cal ref er ences for the
ap pli ca tion of mono chro matic X-ray ra di a tion de vices in the field of mass at ten u a tion co ef fi -
cient mea sure ments.
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IN TRO DUC TION

In ter ac tion co ef fi cients have sig nif i cant ap pli ca -
tion value in all prac ti cal prob lems in volv ing ion iz ing
ra di a tion, among which the mass at ten u a tion co ef fi -
cient is a fun da men tal pa ram e ter needed to de ter mine
the pen e tra tion of X-rays and gamma rays in mat ter
[1]. It has been widely used in ra di a tion pro tec tion,
med i cal im ag ing, in dus trial ra di a tion de tec tion, and
ma te rial anal y sis. In the field of ra di a tion pro tec tion,
the se lec tion of ma te ri als with dif fer ent K-ab sorp tion
edge char ac ter is tics for dif fer ent en ergy ranges of rays
can better shield ray en ergy, en hance the ab sorp tion of
spe cific en ergy rays, and weaken the in flu ence of
weak ab sorp tion re gions [2, 3]. In med i cal im ag ing,
un der stand ing the mass at ten u a tion co ef fi cient of dif -
fer ent ma te ri als is im por tant for op ti miz ing im ag ing
pa ram e ters and im age qual ity [4, 5]. In the fields of in -
dus trial ra di a tion de tec tion and ma te rial anal y sis, the

mass at ten u a tion co ef fi cient can be used to de ter mine
the com po si tion and struc ture of ma te ri als [6]. The at -
ten u a tion-re lated pa ram e ters de pend on the pho ton en -
ergy and ma te rial con tent [7]. In ad di tion, these pa -
ram e ters can be de ter mined ex per i men tally and
the o ret i cally [8, 9]. The in ter est in the K-edge en ergy
re gion at ten u a tion co ef fi cient is due to the im por tance
of ab sorp tion jump fac tors and jump ra tios in many
sci en tific ap pli ca tion fields, such as can cer treat ment,
in dus trial ra di a tion treat ment, do sim e try cal cu la tions,
ra di a tion shield ing, and X-ray flu o res cence sur face
anal y sis [10, 11].

Ra di a tion shield ing can be op ti mized by se lect -
ing ma te ri als that pos sess dis tinct K-ab sorp tion edges,
tai lored to coun ter act var i ous en ergy ranges of ray
emis sions. [12]. The K-edge ef fect en hances the ab -
sorp tion ca pac ity for spe cific en ergy rays and can also
weaken the in flu ence of weak ab sorp tion re gions [13].
In the past, re search ers usu ally used ra dio ac tive iso -
tope sources to mea sure the mass at ten u a tion co ef fi -
cient of dif fer ent ma te ri als at dif fer ent pho ton en er gies 
[14]. How ever, due to the dis crete en ergy char ac ter is -
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tics of ra dio ac tive iso tope sources, their abil ity to mea -
sure ab sorp tion edges is lim ited [15, 16]. In or der to
better un der stand the in ter ac tion be tween X-rays and
mat ter, con tin u ous and ac cu rate mea sure ments are re -
quired [17, 18]. In re cent years, with the de vel op ment
of mono chro matic X-ray source tech nol ogy, peo ple
have been able to ob tain con tin u ous tun able and
highly sta ble mono chro matic X-rays, mak ing it pos si -
ble to ac cu rately mea sure the mass at ten u a tion co ef fi -
cient [19, 20]. In 2016, the French Na tional Lab o ra -
tory (Laboratoire Na tional Henri Becquerel, LNHB) 
and the Ger man Phys i cal Tech ni cal In sti tute
(Physikalisch-Technische Bundesanstalt, PTB) co op -
er ated to mea sure the mass at ten u a tion co ef fi cient of
Cu and Zn with high ac cu racy, cov er ing the mass at -
ten u a tion co ef fi cient range of K- and L-ab sorp tion
edges [21, 22]. At the same time, the LNHB lab o ra tory 
mea sured the at ten u a tion co ef fi cients of el e ments of
in ter est and com pared the ob tained val ues with those
used in the cal cu la tion code, pos si bly in te grat ing them
into MACAO [23, 24].

How ever, the cur rent lit er a ture does not pro vide
ex per i men tal re sults for ma te ri als such as ni o bium
(Nb) and mo lyb de num (Mo), and ex per i men tal data
for tan ta lum (Ta), and tung sten (W) in the con tin u ous
en ergy range are also blank. This pa per uses a sin -
gle-en ergy X-ray de vice with con tin u ously tun able
en ergy and mea sur able pho ton num ber to study the
mea sure ment of the mass at ten u a tion co ef fi cient of
ma te ri als us ing gamma or X-ray at ten u a tion. The
K-edge jump ra tio and jump fac tor were also cal cu -
lated. Ma te ri als (Nb, Mo, Ta, W) were tested with a
min i mum 0.1 keV step near the K-edge. The ex per i -
men tal re sults were com pared with Geant4 sim u la tion
re sults and the o ret i cal cal cu la tions of NIST-XCOM,
Phy-X, and NIST-FFAST.

EX PER I MEN TAL EQUIP MENT
AND METHOD

Ex per i men tal equip ment

The LiF220 and LiF200 crys tals are both forms
of lith ium flu o ride and play cru cial roles in the field of
X-ray op tics, par tic u larly in the gen er a tion of mono -
chro matic X-rays in the 8-40 keV en ergy range [25,
26]. Uti lized as spec tral dis per sion me dia in mono -
chro matic X-ray gen er a tion de vices, these crys tals
har ness the Bragg dif frac tion ef fect to dis perse the
broad-spec trum X-ray beam into X-rays of spe cific
wave lengths [27, 28]. Mono chro matic X-rays of this
na ture are of par a mount im por tance in var i ous fields,
in clud ing ma te rial sci ence anal y sis, med i cal im ag ing
tech nol ogy, and fun da men tal phys ics re search, as they 
fa cil i tate more pre cise data in ter pre ta tion and im age
res o lu tion [29, 30]. The se lec tion of LiF220 and
LiF200 crys tals as spec tral com po nents is thereby in -

tended to ful fill the de mand for high-pre ci sion X-ray
spec tral anal y sis in these do mains [31, 32].

To ac cu rately mea sure the mass at ten u a tion co ef fi -
cient, this study uti lized two sin gle-color X-ray sources
with dif fer ent en ergy ranges: low en ergy and high en -
ergy. The low en ergy de vice uti lized an X-ray ma chine to 
gen er ate X-rays that were monochromatized by a
LiF200 or LiF220 crys tal, pro duc ing mono chro matic
X-rays within the 8-40 keV en ergy range. The high en -
ergy de vice used a Si220 crys tal dou ble mono chro ma tor
to gen er ate mono chro matic X-rays in the 40-80 keV en -
ergy range. These crys tals uti lized the Bragg dif frac tion
prin ci ple, where when the in ci dent X-rays met the crys tal 
at the Bragg an gle, dif frac tion oc curred, pro duc ing
mono chro matic X-rays. By ad just ing the in ci dent ray an -
gle with the crys tal, mono chro matic X-rays within the
cor re spond ing en ergy range could be ob tained. Both de -
vices had good mono chro ma tic ity and sta bil ity, meet ing
the re quire ments for high-qual ity mass at ten u a tion co ef -
fi cient mea sure ments.

The sche matic di a gram of the ex per i men tal mea -
sure ment ap pa ra tus for the low en ergy sec tion of the
sin gle-en ergy X-ray is shown in fig. 1. The mono chro -
ma tic ity of this de vice was better than 3 % at 10 keV,
and the sta bil ity was better than 0.2 % within 4 hours
[33, 34]. The sin gle-en ergy beam was gen er ated by the 
X-ray ma chine through brems strah lung ra di a tion,
which was then monochromatized by the LiF200 or
LiF220 crys tal to pro duce 8-40 keV sin gle-en ergy
X-rays. A pos te rior collimator and a lim it ing ap er ture
were used be hind the crys tal to collimate the in ci dent
and trans mit ted beams to a 4 mm di am e ter. Over all,
spa tial scat ter ing of X-rays was shielded, al low ing the
test sys tem to meet the mea sure ment re quire ments of
sin gle-en ergy and nar row beam en ergy spec tra. The
lead shield ing plate placed in front of the ma te ri als and 
de tec tors ef fec tively blocked scat tered pho tons from
af fect ing the ex per i ment [35]. The mea sure ment time
was de ter mined based on ex ten sive pre vi ous ex per i -
ments and was set to 200 seconds. At a given sin -
gle-en ergy X-ray en ergy, the sam ple was placed on the 
path of the sin gle-en ergy X-ray beam. A trans verse
mov ing guide rail was used to move the ma te rial foil,
re duc ing the beam in sta bil ity and hu man in ter fer ence
caused by switch ing on and off the X-ray ma chine. Fi -
nally, a high-res o lu tion HPGe de tec tor was used to
mea sure the num ber of pho tons trans mit ted through
dif fer ent sam ple ma te ri als.

For the high en ergy sec tion of the sin gle-en ergy
X-ray, the ex per i men tal mea sure ment ap pa ra tus is il -
lus trated in fig. 2. The X-ray ma chine was sur rounded
by a 7 mm thick lead shield ing box to re duce X-ray
scat ter ing, re sult ing in sta bil ity better than 1 %. The
mech a nism for gen er at ing the sin gle-en ergy beam was 
sim i lar to the low en ergy sec tion, but the crys tal ma te -
rial used was a pair of par al lel crys tal faces with Si220
and a high-pre ci sion crys tal ad just ment bracket, pro -
duc ing 40-80 keV sin gle-en ergy X-rays. In terms of
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beam flux, the pho ton flux of the mono chro matic
X-ray beam ob tained by the dou ble crys tal mono chro -
ma tor was lower than that of the sin gle crys tal mono -
chro ma tor due to the twice Bragg dif frac tion. The
beam sta bil ity was better than 0.26 %, with a max i -
mum rel a tive de vi a tion of 0.02 % be tween the max i -
mum and min i mum en ergy points, dem on strat ing
good over all en ergy sta bil ity. The mono chro ma tic ity
of the de vice was better than 2.3 % [36].

In the se lec tion of ex per i men tal sam ples, Nb and
Mo metal foils were used for the low en ergy de vice
mea sure ment, while Ta and W metal foils were used
for the high en ergy de vice mea sure ment. These sam -
ples were of high pu rity, and their di men sions and

thick ness were mea sured to en sure the re li abil ity of the 
ex per i men tal re sults, as shown in tab. 1.

Ex per i men tal method

To en sure the ac cu racy of ex per i men tal data, it is
im per a tive to cal i brate the en ergy lin ear ity of the
High-Pu rity Ger ma nium (HPGe) de tec tor. This re -
search un der tak ing in volves the use of ra dio ac tive iso -
tope stan dard point sources, in clud ing 57Co, 241Am,
152Eu, and 109Cd, for the cal i bra tion pro cess. The pro -
ce dure be gins by mea sur ing the en ergy spec tra of
these stan dard sources with the HPGe de tec tor, fol -
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Fig ure 1. Sche matic di a gram of low-en ergy ex per i men tal mea sure ment de vice

Fig ure 2. Sche matic di a gram of the ex per i men tal mea sure ment de vice for en ergy sec tion



lowed by ap ply ing Gaussi an fit ting to de ter mine the
peak chan nel po si tions for each in di vid ual en ergy
peak. Next, a lin ear fit is con ducted us ing six se lected
en ergy points to es tab lish a func tional re la tion ship be -
tween the de tec tor's en ergy and the cor re spond ing
chan nel ad dresses. This step is cru cial for de ter min ing
the en ergy lin ear ity of the HPGe de tec tor.

Based on the data pre sented in tab. 2, six en ergy
points from the ra dio ac tive source were se lected to per -
form a lin ear fit be tween the chan nel ad dresses and the
cor re spond ing en er gies, thereby es tab lish ing the lin ear
re la tion ship be tween the en ergy and chan nel ad dress for
the HPGe de tec tor. The re sults of this fit ting are de picted
in fig. 3. Con se quently, the en ergy lin ear ity equa tion for
the HPGe de tec tor is E = 0.0428h + 0.0434

In the equa tion, E rep re sents the X-ray en ergy,
while ch de notes the cen ter chan nel ad dress of the sin -
gle-en ergy peak af ter fit ting; the in ter cept of the lin ear
re la tion ship is 0.0434.

This study adopted the trans mis sion method to
mea sure the mass at ten u a tion co ef fi cient of the sam -
ples. The trans mis sion method is the most widely used
and con ve nient ex per i men tal method for mea sur ing

the mass at ten u a tion co ef fi cient of ma te ri als [37].
When ra di a tion is al lowed to pass through any ma te -
rial, its in ten sity grad u ally de creases due to in ter ac -
tions be tween the ra di a tion and at oms in the at ten u at -
ing me dium, caus ing the ab sorp tion and scat ter ing of
the orig i nal pho tons. Spe cif i cally, when mono chro -
matic X-rays pass through a sam ple, their in ten sity de -
creases ex po nen tially with the thick ness of the sam ple
ac cord ing to the Beer-Lam bert law. By mea sur ing the
in ten sity of X-rays be fore and af ter trans mis sion, the
mass at ten u a tion co ef fi cient can be cal cu lated. More -
over, to im prove mea sure ment ac cu racy, this pa per
also con sid ered pa ram e ters such as the den sity, mass,
and area of the sam ple. By en sur ing that X-rays meet
the con di tions of sin gle-en ergy and nar row beam,
when mono chro matic X-rays pass through a ma te rial
with a mass thick ness of x, they in ter act with the ma te -
rial. Ac cord ing to the Beer-Lam bert rule, eq. 1 de ter -
mines how the pho ton at ten u a tion in ten sity de creases
ex po nen tially [38]
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Pho ton in ten sity de creases from I0 to I, and the
mass thick ness x is de fined as the mass per unit area,
that is, x = rt, where r is the ma te rial's den sity and t is
the ma te rial's thick ness. The mass at ten u a tion co ef fi -
cient is de noted by m/r with units of cm2g–1. Equa tion
(1) can be re writ ten based on em pir i cal data of I0, I,
and x [39]
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Mea sur ing the thick ness of ma te ri als at the mi -
crom e ter level can be chal leng ing, and there tends to
be a sig nif i cant de vi a tion in thick ness dur ing sam ple
prep a ra tion. How ever, the mass M and area A of the
sam ple hold more ad van tages in mea sure ment and
anal y sis. There fore, the for mula can be re writ ten as
[40]
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RE SULTS AND ANAL Y SIS

The typ i cal X-ray en ergy spec tra for di rectly in -
ci dent beams and beams trans mit ted through the ab -
sorber are shown in fig. 3 and fig. 4, with a count ing
time of 200 seconds. The num ber of pho tons stud ied in 
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Ta ble 1. The ma te rial pa ram e ters of sam ple ma te rial

Sam ple Pu rity (mass frac tion) [%] Den sity [gcm–3] Nom i nal thick ness [mm] Qual ity [g] Di men sions [mm]

Nb 99.99 8.57 0.025 0.9 80800.025

Mo 99.99 10.2 0.03 1.502 8080
Ta 99.99 16.6 0.02 1.712 80
W 99.99 19.3 0.05 4.798 80800.05

Ta ble 2. The re la tion ship be tween en ergy and chan nel

Radionuclide En ergy [keV] Chan nel

57Co
6.404 149

14.413 335

241Am
13.944 324
59.541 1388

152Eu 45.289 1057
109Cd 22.163 516

Fig ure 3. De tec tor cal i bra tion
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Fig ure 4. Soft ware fit ting ob tained typ i cal en ergy spec trum di a gram



the ex per i ment was rep re sented by the net peak area
counts of the mono chro matic X-ray peak in the spec tra 
with and with out the ab sorp tion foil. Dur ing the ex per -
i ment, mea sure ments were taken with an en ergy step
of 0.1 keV near the K-edge and pre-edge re gions, with
the step size in creas ing to 1 keV as the dis tance from
the the o ret i cal K-edge in creases. As seen in the fit ted
en ergy spec tra in fig. 3, a clear mono chro matic peak is
vis i ble. The en ergy points of the mono chro matic
peaks in the spec tra with and with out ma te rial trans -
mis sion are the same, as shown in fig. 5. How ever,
only the peak area counts be fore and af ter trans mis -
sion change sig nif i cantly. This in di cates that the en -
ergy points of the mono chro matic peaks are not af -
fected by any ma te ri als. From the de crease in the
height of the mono chro matic peak, it can be ob served
that at the same en ergy point, the peak area counts de -
crease sig nif i cantly af ter ma te rial shield ing, es pe cially 
for low-en ergy pho tons and pho tons near the ab sorp -
tion edge. There fore, for the study near the ab sorp tion
edge, it is nec es sary to use thin ner metal foils, with the
L-ab sorp tion limit re quir ing foils thin ner than 1 m.

The ex per i men tal and sim u lated mass at ten u a -
tion co ef fi cient curves for the four ma te ri als were plot -
ted and com pared with the val ues from NIST-XCOM,
Phy-x, and NIST-FFAST, as shown in fig. 6. It can be
ob served that the curves for the four ma te ri als are gen -
er ally con sis tent with the the o ret i cal curves.

Fig ure 6(a) pres ents the mea sured val ues of the
mass at ten u a tion co ef fi cient for Nb, with the pho ton en -
ergy range cov er ing 8-40 keV. It can be seen that the ex -
per i men tal val ues for Nb are more con sis tent with the
XCOM the ory, with the rel a tive de vi a tion from the
NIST-XCOM the o ret i cal val ues be ing less than 27.5 %.
This is pri mar ily due to the com plex struc ture of the Nb
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Fig ure 5. Ma te rial trans mis sion
ma te rial be fore and af ter the
en ergy spec trum (ma te rial Mo,
ab sorp tion edge near
19.8-20.2 keV)

Fig ure 6. The mea sured val ues of four el e men tal
el e ments and the curve of the o ret i cal mass at ten u a tion
co ef fi cient



ab sorp tion edge, which re flects the fine struc ture of Nb
at oms with dif fer ent atomic states. Ad di tion ally, the de -
vi a tion is only sig nif i cant near the ab sorp tion edge at
18.9-19 keV due to the drift of the de vice en ergy points.
The mea sure ment val ues are gen er ally lower than the
XCOM the o ret i cal val ues, and the phy-x pro gram ob -
tained dis con tin u ous data near the Nb ab sorp tion edge,
re sult ing in a large de vi a tion in the de picted curve.
There fore, the phy-x data are not con sid ered as a ref er -
ence in the sub se quent de vi a tion anal y sis.

Fig ure 6(b) shows the mea sured val ues of the
mass at ten u a tion co ef fi cient for Mo, with the pho ton
en ergy range cov er ing 8-40 keV. It can be ob served
that the mea sure ment val ues at the ab sorp tion edge
front are in good agree ment with the sim u lated and
the o ret i cal val ues from the ref er ence da ta base, with
the rel a tive de vi a tion from the NIST-XCOM the o ret i -
cal val ues be ing less than 49.3 %. Among them, the
agree ment with FFAST is better at the ab sorp tion edge
trail ing edge, while the de vi a tion from the NIST-
-XCOM the o ret i cal val ues in creases. As the en ergy
point moves away from the ab sorp tion edge, the con -
sis tency be tween the mea sure ment and the o ret i cal val -
ues im proves.

Fig ure 6(c) and fig. 6(d) pres ent the mea sured
val ues of the mass at ten u a tion co ef fi cient for Ta and
W, with the pho ton en ergy ranges cov er ing 40-80 keV.
It can be seen that the rel a tive de vi a tion from the
NIST-XCOM the o ret i cal val ues is less than 20 % for
Ta and less than 17.1 % for W. The er ror also grad u ally
de creases as the pho ton en ergy moves away from the
K-edge.

The pres ence of edge ef fects re sults in de vi a tions 
of the ex per i men tal val ues from the the o ret i cal val ues
when pho tons ap proach the K-shell bind ing en ergy.
Firstly, the ex per i men tal re sults re flect the state of the
at oms near the ab sorp tion edge of the sam ples, while
the the o ret i cal val ues only pro vide a gen eral trend.
From the com par i son of the four ma te ri als, it is ev i dent 
that the over all trend of the mea sured en ergy range is
ba si cally con sis tent. Sec ondly, fac tors af fect ing the
mea sured val ues in clude thick ness non-uni for mity of
the sam ples, fluc tu a tions in the X-ray in ten sity dur ing
the ex per i ment, pho ton count ing sta tis ti cal er rors, and
peak area cal cu la tions. Re duc ing the sam ple thick ness
can in crease the count, or en hanc ing the in ten sity of
the mono chro matic X-ray can also im prove the mea -
sure ment ac cu racy. High en ergy res o lu tion de tec tors
can fur ther im prove the mea sure ment pre ci sion of the
mass at ten u a tion co ef fi cient [41]. Based on the mea -

sure ment re sults, the K-shell jump ra tio rK and the
jump fac tor JK can be cal cu lated us ing the fol low ing
for mu las [42]

rK 
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where, rK rep re sents the K-shell jump ra tio, (mr)top is
the max i mum mea sured value of the mass at ten u a tion
co ef fi cient, and (mr)bot tom is the min i mum mea sured
value of the mass at ten u a tion co ef fi cient. Af ter ob tain -
ing the K-shell jump ra tio, the jump fac tor (JK) can be
cal cu lated us ing the for mula [43]
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The mea sured val ues of the K-shell jump ra tio
and the jump fac tor are pre sented in tab. 2.

The tab. 3 pres ents the K-edge jump ra tio and
jump fac tor ob tained from the ex per i ment, com pared
with val ues from other pub lished da ta bases. The rel a -
tive de vi a tions are cal cu lated as [44]
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In the eq. (4), EXP rep re sents the ex per i men tal
K-edge jump ra tio for the ma te rial, while DB de notes
val ues from pub lished da ta bases. Ac cord ing to tab. 3
and eq. (5), the rel a tive de vi a tions of the mea sured and
cal cu lated K-edge jump ra tio for Nb ma te rial com pared
to GEANT4 sim u la tion val ues, NIST-XCOM, and 
NIST-FFAST  da ta base  the o ret i cal  val ues  are 2.22 %,
3.35 %, and 2.22 %, re spec tively. For Mo ma te rial, the
de vi a tions are 2.27 %, 4.63 %, and 1.58 %, re spec tively.  
For  Ta  materia  l,  the  de vi a tions  are 4.29 %, 8.46 %,
and 9.2 %, re spec tively. For W ma te rial, the de vi a tions
are 22.5 %, 19.4 %, and 23.9 %, re spec tively.

The rel a tive de vi a tions of the mea sured and cal -
cu lated K-edge jump fac tor for Nb ma te rial com pared
to GEANT4 sim u la tion val ues, NIST-XCOM, and
NIST-FFAST da ta base the o ret i cal val ues are 0.355 %,
0.6 %, and 0.356 %, re spec tively. For Mo ma te rial, the
de vi a tions are 0.35 %, 0.96 %, and 0.238 %, re spec -
tively. For Ta ma te rial, the de vi a tions are 1.44 %, 2.71
%, and 2.79 %, re spec tively. For W ma te rial, the de vi -
a tions are 8.2 %, 7.12 %, and 7.67 %, re spec tively.

The mass at ten u a tion co ef fi cient var ies with
pho ton en ergy and is in de pend ent of den sity and spe -
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Ta ble 3. The K-edge jump ra tio and jump fac tor

Meth ods
Nb Mo Ta W

rK JK rK JK rK JK rK JK

Ex per i men tal 6.362 0.843 6.282 0.841 4.056 0.753 3.535 0.717
XCOM 6.156 0.838 6.004 0.833 4.431 0.774 4.385 0.772

Sim u lated 6.503 0.846 6.428 0.844 4.238 0.764 4.562 0.781
FFAST 6.503 0.846 6.381 0.843 4.432 0.774 4.381 0.772



cific to the ma te rial [45]. Since the pa ram e ters in eq.
(2) are mea sured in de pend ently, the un cer tainty is
mainly de ter mined by the sam ple char ac ter is tics and
beam in ten sity. There fore, the un cer tainty of the mea -
sured mass attenation co ef fi cient is de ter mined by [46]
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The ob tained syn thetic rel a tive un cer tainty is 2.7
%, the re sults show that the trend of the mea sure ment cal -
cu la tion val ues is con sis tent with the the o ret i cal value
curve of the da ta base, the data fits well, and the de vi a tion
and un cer tainty are within an ac cept able range.

CON CLU SION

In the pres ent study, we suc cess fully mea sured
the mass at ten u a tion co ef fi cients of ni o bium, mo lyb -
de num, tan ta lum, and tung sten at var i ous pho ton en er -
gies through ex per i men ta tion, and con ducted a com -
par a tive anal y sis with the o ret i cal val ues. The find ings
in di cate that the ex per i men tal data are largely con sis -
tent with the o ret i cal pre dic tions, with rel a tive de vi a -
tions fall ing within an ac cept able range. This val i dates 
the ef fi cacy and re li abil ity of the sin gle-en ergy X-ray
ra di a tion ap pa ra tus for the mea sure ment of mass at ten -
u a tion co ef fi cients.
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Xen VANG, Siming GUO, Cijao [U, Sing XOU, Xivej LI, [ikuej HUANG, \inde VU

MEREWE  MASENOG  KOEFICIJENATA  SLABQEWA  NIOBIJUMA,
MOLIBDENA,  TANTALA  I  VOLFRAMA  U  BLIZINI  GRANICE  APSORPCIJE

Ovaj rad koristi ure|aj za monohromatsko rendgensko zra~ewe koji je uspostavio
Nacionalni institut za metrologiju u Kini, da sprovede sistematsko eksperimentalno
istra`ivawe masenog koeficijenata slabqewa metala niobijuma, molibdena, tantala i volframa
u blizini wihovih K apsorpcionih granica. Sposobnost ure|aja da generi{e kontinualno
podesive monohromatske rendgenske zrake i precizno meri broj fotona, pru`a idealan uslov za
precizna merewa masenog koeficijenata slabqewa. U radu je kori{}en minimalni energetski
korak od 0.1  da bi se sistematski dobio koli~nik skoka ( ) i faktor skoka (JK) u blizini K
ivica apsorpcije ~etiri materijala. Eksperimentalna merewa upore|ena su sa teorijskim
vrednostima iz baza podataka  i , pokazuju}i konzistentan trend
izme|u eksperimentalnih i teorijskih rezultata, sa relativnim odstupawima u prihvatqivim
granicama, ~ime se potvr|uje pouzdanost teorijskih modela. Analiza nesigurnosti otkriva
kombinovanu relativnu nesigurnost mawu od 2.7 %, {to ukazuje da su eksperimentalni rezultati i
teorijske vrednosti u dobrom slagawu, sa odstupawima i nesigurnostima unutar prihvatqivih
opsega. Ovo istra`ivawe daje zna~ajne eksperimentalne podatke i teorijske ref er ence za primenu 
ure|aja za monohromatsko rendgensko zra~ewe u oblasti merewa masenog koeficijenata slabqewa. 

Kqu~ne re~i: maseni koeficijent slabqewa, granica apsorpcije, monohromatsko rendgensko
..........................zra~ewe, koli~nik skoka, faktor skoka


