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This work aims to mea sure the scat tered ra di a tion en ergy spec trum and ra di a tion dose at dif -
fer ent po si tions dur ing ra dio log i cal di ag no sis through the Monte Carlo sim u la tion and ex -
per i ment. The re sults show that the av er age en ergy of the scat tered ra di a tion en ergy spec trum 
in creases with the in crease of the tube volt age and de creases with the in crease of the scat ter ing
an gle, but it changes very lit tle with the mea sur ing dis tance. It is not uni fied for the scat tered
ra di a tion dis tri bu tion in the space around the wa ter phan tom at the same tube volt age, and
the ex po sure to scat tered ra di a tion is greater on the side closer to the wa ter phan tom or the
X-ray tube. This in di cates that the ra di a tion ex po sure is not uni fied for med i cal staff in the
scat tered ra di a tion field. The scat ter ing en ergy spec trum and dose dis tri bu tion are help ful to
eval u ate the scat tered ra di a tion ex po sure and en hance the self-pro tec tion aware ness of med i -
cal staff in prac tice.
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IN TRO DUC TION

With the de vel op ment of mod ern med i cine, di ag -
nos tic ra di ol ogy plays an in creas ingly im por tant role in
med i cine. The ex am i na tion time is in creas ing in
neuroradiological, cardiological and or tho pe dics us ing
X-ray flu o ros copy [1, 2]. As an im por tant means of dis -
ease di ag no sis, com puted to mog ra phy (CT) is used more 
and more fre quently. The use of X-ray will in ev i ta bly
lead to the in crease of ra di a tion ex po sure of med i cal
staff, which in creases the risk of ra di a tion dam age. Re -
search shows that the risk will in crease for a brain tu mor,
mel a noma and breast tu mor in the long-term ex po sure to
low lev els of an ef fec tive dose [3]. In 2011, the In ter na -
tional Com mit tee on Ra dio log i cal Pro tec tion (ICRP) fur -
ther ad justed the an nual dose limit for the eye lens, which
was re duced from 150 mSv to 20 mSv [4]. This re duc tion 
of the an nual dose limit is to pre vent the oc cur rence of
cat a ract caused by ra di a tion dam age to the lens. Some
stud ies have shown that long-term ra di a tion ex po sure
may lead to cat a ract for ma tion, be cause cataractogenesis
is not a long-term as sumed de ter min is tic ef fect but tends
to be a sto chas tic ef fect [5]. As the an nual dose limit of
the eye lens is greatly re duced, a large num ber of med i cal

staff will prob a bly ex ceed this limit. The re sults of
Sanchez et al. [6] in di cate that more than 50 % of ra di ol o -
gists re ceived doses higher than the dose limit of 20 mSv
per year from 2004 to 2010. This means that we could
better per form dose mon i tor ing to avoid un der es ti mat ing 
the dose re ceived by med i cal staff af ter un der stand ing
the scat tered ra di a tion ex po sure of med i cal staff.

In the past, there have been many stud ies about
scat tered ra di a tion ex po sure in ra dio log i cal di ag no sis. In
1996, Mar shall et al. [7] used the Monte Carlo method to
sim u late the scat tered X-ray en ergy spec trum of pa tients
in ra dio log i cal di ag no sis, and ob tained the scat ter ing en -
ergy spec trum of the X-ray tube above and be low the pa -
tient couch. In 1997, Fehrenbacher et al. [8] mea sured
the av er age en ergy of the scat tered X-ray en ergy spec -
trum in ra dio log i cal di ag no sis and found that the av er age
en ergy de creased to ward the X-ray tube side re gard less
of any tube volt age. In 2019, Mas ter son et al. [9] mea -
sured the scat tered X-ray en ergy spec trum in ther a peu tic
ra di ol ogy and stud ied the rel a tive re sponse of
dosemeters to changes in the scat ter ing en ergy spec trum.

In ra di a tion med i cine, the ra di a tion ex po sure for
med i cal staff is mostly due to scat tered ra di a tion from
pa tients [10, 11]. The ef fi ciency of scat tered ra di a tion
pro tec tion for med i cal staff mainly de pends on
whether the pro tec tive equip ment is worn prop erly
and the size of the scat tered ra di a tion in the space.
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Anti} [12] pro posed a new method of in stall ing pro -
tec tive screens, which is more re li able and ef fec tive
for scat tered ra di a tion pro tec tion.There fore, en hanc -
ing the un der stand ing of the scat tered ra di a tion field is
ben e fi cial to en hance the ef fi ciency of scat tered ra di a -
tion pro tec tion. 

In this study, the scat ter ing en ergy spec trum in the
di rec tion of the 90° scat ter ing an gle and the scat ter ing
dose at dif fer ent scat ter ing an gles are mea sured. In ad di -
tion, the dis tri bu tion of the scat ter ing en ergy spec trum in
the space around the wa ter phan tom is also ob tained
through the Monte-Carlo pro gram. The in for ma tion of
scat tered ra di a tion dis tri bu tion is ex plored in ra dio log i -
cal di ag no sis through ex per i ment and sim u la tion. The re -
sult could help med i cal staff to eval u ate the scat tered ra -
di a tion ex po sure dur ing the prac tice and en sure
re duc tion of un nec es sary ir ra di a tion.

PRIN CI PLE AND METHOD

Mea sure ment de vices and ma te ri als

The fil tra tion X-ray spec trum is gen er ated with a 
COMET MXR-320/26 X-ray tube, which has a tung -
sten an ode with an an gle of 20° and in her ent fil tra tion
of 3 mm of be ryl lium. The high volt age was pro vided
by two 160 kV and 45 kHz high-fre quency gen er a tors.
The X-ray is collimated through a beam lim it ing ap er -
ture made with lead, where the pri mary beam lim it ing
ap er ture  has  a  di am e ter of  1.9  cm  and a thick ness of
2 cm. The collimated X-ray forms a uni form ra di a tion
field at the ref er ence plane, where the di am e ter of the
uni form ra di a tion field is 9 cm at 1 m from the fo cal
spot. In ad di tion, the de tec tor is po si tioned with mul ti -
ple la sers. The cy lin dri cal wa ter phan tom was used as
a scat ter ing me dium with a di am e ter of 20 cm and a

height of 20 cm [13], and the cen ter of the wa ter phan -
tom is 100 cm from the tube fo cus. The ex per i men tal
set-up is shown in fig. 1.

The scat tered ra di a tion dose was mea sured
through a stan dard ion iza tion cham ber de tec tor TW
34069 (PTW, Freiburg, Ger many). The sen si tive vol -
ume was 6 cm3 and con nected to the out side air. The
X-ray mea sure ment of the ion iza tion cham ber ranges
from 25 keV to 150 keV, and its en ergy re sponse is less
than 4 % within the mea sure ment range, and the value is 
traced to the X-ray air kerma stan dard. Three di rec tions
of 60°, 90°, and 120° with the in ci dent X-ray ra di a tion
were se lected for mea sure ment un der the con di tion of
80 kV, 100 kV and 120 kV. The scat tered ra di a tion 
doses  were  ob tained  at  30  cm, 45 cm and 60 cm from
the cen ter of the wa ter phan tom in each di rec tion.

A por ta ble X-123 CdTe spec trom e ter de tec tor
(Ametek-Ortec, PA, USA) with a sen si tive vol ume
size of 5 mm × 5 mm × 1 mm is used for mea sur ing the
scat ter ing en ergy spec trum. It is a high per for mance

X-ray and gamma-ray de tec tor with an en ergy res o lu -
tion of less than 1.5 keV full width at half max i mum
(FWHM) at 57Co (122 keV). The col lected pulse sig -
nals are pro cessed by a DP5 dig i tal pulse pro ces sor,
which has the ad van tages of better res o lu tion, higher
count rate and better sta bil ity than the shap ing am pli -
fier and multi-chan nel an a lyzer (MCA) in most an a log 
sys tems. To re duce the pho ton fluence and pre vent sat -
u ra tion of the de tec tor dur ing mea sure ment, a 3 mm
ap er ture lead pin hole collimator was used to collimate
the de tec tor. The CdTe de tec tor was placed in the di -
rec tion of 90° with the in ci dent X-ray ra di a tion di rec -
tion. The tube volt age was set at 80 kV, 100 kV and 120 
kV, and the tube cur rent was 0.5 mA. The scat ter ing
spec tra were mea sured at 30 cm, 45 cm, and 60 cm
from the cen ter of the wa ter phan tom.
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Fig ure 1. Di a gram of the
ex per i men tal set-up



Monte-Carlo sim u la tion

Geant4 is a Monte Carlo toolkit for sim u lat ing
ra di a tion trans mis sion, which is mainly used for sim u -
la tion of par ti cles' in ter ac tion and trans port in high en -
ergy phys ics, med i cal phys ics, space re search, and
many other fields [14]. The di ag nos tic X-ray scat tered
ra di a tion sim u la tion was con structed based on a med i -
cal pro ce dure frame work in Geant4 to sim u late the
scat tered ra di a tion in the sur round ing en vi ron ment af -
ter the in ci dent X-ray re acts with a wa ter phan tom. In
or der  to  re duce  the  sim u la tion  time  and  in crease  the
de tec tion   ef fi ciency,   the   X-ray  en ergy  spec tra  of 
80 keV, 100 keV and 120 keV were used as in put
sources. The phys i cal list in the sim u la tion uses the of -
fi cial QBBC pro vided by Geant4, which in cludes the
pho to elec tric ef fect, Compton scat ter ing and Ray leigh 
scat ter ing. The cy lin dri cal wa ter phan tom with a di -
am e ter of 20 cm and height of 20 cm was used as a scat -
ter ing me dium, which was com posed with a thick ness
of a 0.5 cm polymethyl methacrylate (PMMA) wall
and a wa ter filled in ner layer. It is placed at a dis tance
of 100 cm from the par ti cle source with the cen ter on
the same hor i zon tal line as the par ti cle source. In or der
to ob tain the scat tered ra di a tion around the wa ter
phan tom, the mea sure ment po si tions were set at dif fer -
ent an gles (45°, 60°, 90°, 120°, and 135°) and dif fer ent 
dis tances (30 cm, 45 cm, 60 cm, and 100 cm). A cir cu -
lar plane with a di am e ter of 30.4 mm was con structed
at each mea sure ment po si tion, and the mo men tum of
scat tered pho tons across the plane was re corded to ob -
tain the scat ter ing en ergy spec trum. The mean en ergy
of the scat ter ing en ergy spec trum was cal cu lated [15].

The mean en ergy of the X-ray is cal cu lated by

E

E E

E

E

E

E

E
=

ò

ò

F

F

d

d

0

0

max

max

(1)

where FE is the to tal fluence of the pho ton with en ergy
be tween 0 and E, and E – the en ergy.

Fig ure 2 shows the po si tional re la tion ship be -
tween the med i cal staff and the pa tient, which is the
ex per i men tal re sults and ex plain the cor re spon dence
be tween the ex per i ment and the ac tual sit u a tion. The
mea sure ment dis tance of the wa ter phan tom scat ter ing 
an gle 90° di rec tion is equiv a lent to the dis tance be -
tween the med i cal staff and the pa tient dur ing the
study. The scat ter ing an gle from the 45° to 90° di rec -
tion cor re sponds to the up per body space of the med i -
cal staff, and from 90° to 135° the di rec tion cor re -
sponds to the lower body space. The X-ray tube is
lo cated be low the pa tient's couch.

The X-ray ra di a tion qual i ties

The beam qual ity of an X-ray ma chine de pends
on the to tal fil tra tion dur ing the ir ra di a tion pro cess,
which in cludes in trin sic and ad di tional fil ter ing. In her -
ent fil tra tion helps to ab sorb the low en ergy part of the

X-ray beam when pass ing through the X-ray tube. This
ab sorp tion oc curs in the oil, glass, win dow and other
parts of the X-ray tube, which is de ter mined by the char -
ac ter is tics of the X-ray ma chine it self. The func tion of
ad di tional fil ter ing is to ad just the fil tered X-ray en ergy
spec trum dis tri bu tion to ob tain the re quired ra di a tion
qual ity. The ASTM Stan dard F2547-06 rec om mends
the use of tube volt ages from 60 kV to 130 kV for ra di a -
tion at ten u a tion mea sure ments, as they span the en ergy
range used for med i cal X-ray im ag ing, ex clud ing mam -
mog ra phy. This ex per i ment was con ducted un der the
X-ray lead equiv a lent ref er ence ra di a tion [16]. Three
ra di a tion qual i ties of tube volt age 80 kV, 100 kV, and
120 kV were se lected to mea sure the scat ter ing en ergy
spec trum and scat ter ing dose.

RE SULTS AND DIS CUS SION

Re sults of the mea sured and sim u lated
scat tered ra di a tion en ergy spec trum

The char ac ter is tics of the spec trom e ter used
need to be de ter mined be fore mea sur ing the scat ter ing
en ergy spec trum. The re sults of the study in di cate that
de tec tors may be too sen si tive to pho ton fluence or
may not have suf fi cient en ergy res o lu tion [17, 18],
while those suit able de tec tors may be ex pen sive or
bulky, re sult ing in the in abil ity to use suit able de tec -
tors in ex per i ments. The sen si tiv ity of the de tec tor to
pho ton fluence is af fected by its pulse-count ing ca pa -
bil ity. If the de tec tor wants to re cord two in de pend ent
pho tons dur ing mea sure ment, there needs to be
enough time de lay be tween the two events to en sure
that the two pulses do not com bine into one pulse or
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Fig ure 2. Di a gram of the lo ca tion be tween med i cal staff
and pa tients



lose the sec ond pulse while the first pulse re mains un -
changed. How ever, if the sec ond event oc curs be fore
all the charges of the first event are col lected the semi -
con duc tor de tec tors, the car ri ers gen er ated by the sec -
ond event will be added to the pulses gen er ated by the
ini tial event, re sult ing in no dif fer ence be tween pulse
stack ing and dead time [19]. The fast chan nel pulse
res o lu tion time of the DP5 dig i tal pulse pro ces sor
reaches 120 ns in the ex per i ment. When de tect ing the
scat ter ing en ergy spec trum, a collimator with a 3 mm
ap er ture was added in front of the de tec tor to re duce
the in ten sity of pho tons reach ing the de tec tor sur face
to pre vent sat u ra tion of the de tec tor. The dead time of
the fi nal de tec tion was less than 3 %, which meets the
re quire ments of the ex per i ment.

Firstly, the scat ter ing en ergy spec trum was mea -
sured  and  sim u lated  at  dif fer ent   dis tances (30  cm,
45 cm, and 60 cm) from the cen ter of the wa ter phan -
tom at a scat ter ing an gle of 90°. Due to the collimator
of the spec trom e ter, there is no need to con sider sec -
ond ary ra di a tion from the floor, walls, and ceil ing, nor
leak age ra di a tion from the X-ray tube dur ing the mea -
sure ment pro cess. How ever, when mea sur ing the scat -
ter ing en ergy spec trum, it is dif fi cult to keep the scat -
tered X-rays in the same hor i zon tal line with the
collimator ap er ture and the de tec tor. The scat tered
X-ray is obliquely in ci dent on the collimator and
passes through the edge of the ap er ture re sult ing in
dis tor tion of the mea sured scat ter ing en ergy spec trum
[17]. At the same time, there is an L-se ries char ac ter is -
tic peak of tung sten in the in ci dent en ergy spec trum,
which af fects the low en ergy part of the mea sured en -
ergy spec trum. Fig ure 3 shows the scat ter ing en ergy
spec trum with out ad di tional fil ter ing at a volt age of 80
kV at a mea sure ment dis tance of 60 cm. There is no
need to con sider the sec ond ary ra di a tion of the sur -
round ing en vi ron ment and collimator, as well as the
L-se ries char ac ter is tic peaks of tung sten, and the ideal
pho ton fluence spec trum is ul ti mately ob tained. The
mea sured and sim u lated spec tral data at the same mea -
sure ment dis tance are nor mal ized and com pared, and
the trends of the two were in good agree ment, which

in di cates the cor rect ness of the es tab lished de tec tion
scat ter ing en ergy spec trum model. At the same time, it
is also ob served that with the in crease of tube volt age,
the char ac ter is tic peaks in the scat ter ing en ergy spec -
trum are more ob vi ous. Fig ure 4 shows the nor mal ized 
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Fig ure 3. Scat ter ing en ergy
spec trum with out ad di tional
fil ter ing un der 80 kV

Fig ure 4. Com par i son of the mea sured and sim u lated
scat ter ing en ergy spec trum at 30 cm



mea sure ment and sim u lated en ergy spec trum at 30 cm
from the cen ter of the wa ter phan tom.

Fig ure 5 shows the mea sured and sim u lated scat -
ter ing en ergy spec trum at a tube volt age of 80 kV. In
fig. 5, the scat ter ing en ergy spec trum trends are
roughly the same at dif fer ent dis tances. How ever, the
en ergy spec trum counts de crease with the in crease of
the mea sure ment dis tance. The counts of the mea sured 
en ergy spec trum de creased by 23 % and 44 % at dis -
tances of 45 cm and 60 cm, re spec tively, and the counts 
of the sim u lated en ergy spec trum de creased by 51 %
and 71 %, re spec tively. The re sults show that the num -

ber of scat tered pho tons will de crease rap idly with the
in crease of mea sure ment dis tance.

The mea sured scat ter ing en ergy spec trum is af -
fected by the L-se ries char ac ter is tic peaks of tung sten,
and the cal cu lated av er age en ergy of the en ergy spec -
trum will have a large er ror. The dis tor tion of the mea -
sured en ergy spec trum needs to be pro cessed to re duce 
the er ror. The av er age en ergy of the pro cessed mea -
sured and sim u lated en ergy spec trum was com pared as 
sum ma rized in tab. 1. The av er age en ergy cal cu lated
from the mea sured and sim u lated en ergy spec trum
was in good agree ment, and the max i mum rel a tive de -
vi a tion was 2.44 %. It can be seen from the ta ble that
the av er age en ergy of the mea sured and sim u lated en -
ergy spec trum var ies less with the in crease of mea -
sure ment dis tance at the same volt age. The av er age en -
ergy of the en ergy spec trum in creases with the
in crease of the tube volt age at the same mea sure ment
po si tion, and com pared with the tube volt age 80 kV,
the av er age en ergy of the tube volt age 120 kV and 100
kV in creases by about 11 % and 19 %, re spec tively.

Scat tered ra di a tion dose mea sure ment re sults

Med i cal staff are ex posed to scat tered ra di a tion
from pa tients dur ing di ag nos tic ra di ol ogy, and may re -
ceive po ten tially harm ful ra di a tion doses. There fore, it 
is very im por tant to eval u ate and mea sure the scat tered 
ra di a tion ex po sure of med i cal staff [20-23]. At the
same time, the eval u a tion and mea sure ment re sults are
also help ful in creas ing aware ness of ra di a tion ex po -
sure pre ven tion of med i cal staff. We ob tained the scat -
tered ra di a tion doses at dif fer ent dis tances and an gles
around the wa ter phan tom. The mea sure ment re sults
show that when the wa ter phan tom is closer to the ion -
iza tion cham ber, and the cor re spond ing mea sured
charge was larger, that is, the scat tered ra di a tion dose
was large. The charge in creases with the in crease of
the scat ter ing an gle at the same mea sure ment dis tance.

Fig ure 6 shows the vari a tion trend of the charge
mea sured with the change of the mea sure ment dis -
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Fig ure 5. Scat ter ing en ergy spec trum for vary ing
spec trom e ter dis tance un der 80 kV; (a) mea sured spec tra 
nor mal ized to max i mum counts ob tained at 30 cm and
(b) sim u lated spec tra nor mal ized to max i mum counts
ob tained at 30 cm

Ta ble 1. Com par i son of av er age en ergy of mea sured and sim u lated scat ter ing spec tra at a 90° scat ter ing an gle

Dis tance from the
phan tom [cm] Tube volt age [kV]

An gle of scat tered ra di a tion [90°]

Mean en ergy [keV]
Rel a tive de vi a tion [%]

Ex per i ment Sim u la tion

30 80 43.22 43.09 –0.32

45 80 42.00 42.66 1.59

60 80 41.73 42.49 1.84

30 100 47.34 47.67 0.68

45 100 46.91 47.25 0.72

60 100 46.56 46.99 0.92

30 120 49.96 51.13 2.34

45 120 49.73 50.64 1.83

60 120 49.37 50.57 2.44



tance at the tube volt age of 80 kV and the same scat ter -
ing an gle di rec tion. The change trend of charge at tube
volt ages of 100 kV and  120 kV  is the same as that of
80 kV. The mea sure ment re sults in di cate that the
charge de creases sig nif i cantly with the in crease of the
mea sure ment dis tance. The charge amount mea sured
at 45 cm and 60 cm dis tances de creased by about 52 %
and 68 %, re spec tively, com pared with those at 30 cm
dis tances in the di rec tion of 60°. It is re duced by about
42 % and 68 %, re spec tively, in the di rec tion of 90°
and by about 48 % and 72 %, re spec tively, in the di rec -
tion of 120°. This is con sis tent with the re sults of
Dorman et al. [24] who found that the mea sured scat -
tered ra di a tion is a non-strict in versely pro por tional to
the dis tance from the ra di a tion source. There fore, it is
very im por tant for med i cal staff to main tain suf fi cient
dis tance from pa tients dur ing the ra dio log i cal di ag no -
sis, which can greatly re duce the scat tered ra di a tion
ex po sure of med i cal staff.

Fig ure 7 shows the vari a tion trend of charge with 
the change of the scat ter ing an gle at the tube volt age of 
80 kV and the same mea sure ment dis tance. The
change trend of charge at tube volt ages of 100 kV and
120 kV is the same as that of 80 kV. The mea sured
charge was higher with the ap proaches one side of the
X-ray tube of the scat ter ing an gle di rec tion, that is, the
charge in creases with the in crease of the scat ter ing an -
gle. The charge at the 120° scat ter ing an gle was gen er -

ally 1 to 2 times higher than that at the 60° an gle di rec -
tion, in di cat ing that the scat tered ra di a tion ex po sure is
higher on the side closer to the X-ray tube. Nor mally,
the X-ray tube is lo cated be low the pa tient's re cliner
dur ing most di ag nos tic treat ments, be cause this can re -
duce the ra di a tion ex po sure to the eye lens and other
sen si tive or gans of the med i cal staff. Nev er the less, the
eye lens and up per body are still ex posed to sig nif i cant
scat tered ra di a tion [25, 26]. There fore, pro tec tive
mea sure ments are very im por tant for med i cal staff,
and it is nec es sary to wear ra di a tion pro tec tion tools
such as pro tec tive cloth ing and lead glasses.

Sim u la tion re sults of the scat ter ing
en ergy spec trum at dif fer ent an gles,
dis tances and tube volt ages

Monte Carlo sim u la tion is used to ob tain the
scat ter ing en ergy spec trum in for ma tion at dif fer ent
an gles, dis tances and tube volt ages, which is help ful to 
eval u ate the av er age en ergy and ra di a tion ex po sure of
scat tered X-rays that med i cal staff may be ex posed to
dur ing prac tice. The en ergy dis tri bu tion of pho tons in
the scat ter ing en ergy spec trum is a com bi na tion of
both at ten u a tion and scat ter ing prop er ties of in ci dent
X-rays in the wa ter phan tom. The vari a tion of the en -
ergy spec trum be tween the in ci dent en ergy spec trum
and the scat ter ing en ergy spec trum are mainly af fected 
by two ef fects. The first ef fect is Compton scat ter ing,
where the in ci dent pho tons are scat tered to a lower en -
ergy, thereby re duc ing the av er age en ergy of the en -
ergy spec trum. The sec ond ef fect is the pho to elec tric
ef fect, the low-en ergy scat tered pho tons are ab sorbed
dur ing the pro cess of reach ing the sur face from the in -
te rior of the wa ter phan tom, lead ing to the trans fer of
av er age en ergy to high en ergy [9, 10]. The pro por tion
of these two ef fects de pends on the ap plied tube volt -
age and the con sid ered scat ter ing an gle.

By com par ing the av er age en ergy of the in ci dent
X-ray en ergy spec trum and the en ergy spec trum of dif -
fer ent scat ter ing an gles, it is found that the av er age en -
ergy of the scat ter ing en ergy spec trum at the scat ter ing
an gle of 45° and 60° is gen er ally trans ferred to higher
en ergy ex cept that the av er age en ergy of the scat ter ing
spec trum and the in ci dent spec trum is not much dif fer -
ent at the tube volt age of 120 kV and the scat ter ing an -
gle of 60°. The av er age en ergy of the scat ter ing en ergy
spec trum is gen er ally lower than that of the in ci dent
en ergy spec trum at the scat ter ing an gles of 120° and
135°. Ta ble 2 showed the av er age en ergy of the scat -
ter ing en ergy spec trum and the in ci dent en ergy spec -
trum at 100 cm from the cen ter of the wa ter phan tom.

Fig ure 8 shows the vari a tion trend of the av er age 
en ergy with the in crease of the scat ter ing an gle at the
same volt age and the mea sure ment dis tance. The
change  trend  of  av er age en ergy at tube volt ages of
100 kV and 120 kV is the same as that of 80 kV. The
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Fig ure 6. Ac cu mu lated charges for dif fer ent scat ter ing
an gles un der 80 kV

Fig ure 7. Ac cu mu lated charge for dif fer ent mea sure -
ment dis tances un der 80 kV



av er age en ergy of the scat ter ing en ergy spec trum
grad u ally de creases with the in crease of the scat ter ing
an gle at the same volt age and dis tance, and the de -
creas ing trend is al most con sis tent. Com pared with the 
scat ter ing an gle of 45°, the av er age en ergy in the scat -
ter ing an gles of  90° and  135°  is  re duced by about 8 % 
and 15 %, re spec tively. The av er age en ergy of the scat -
ter ing en ergy spec trum changes lit tle with the in crease
of the mea sure ment dis tance at the same an gle and
volt age, and the max i mum change of the av er age en -
ergy be tween the de tec tion dis tance of 30 cm to 100
cm is 0.81 keV. The av er age en ergy of the scat ter ing
en ergy spec trum in creases with the in crease of the
tube volt age at the same mea sure ment po si tion. Com -
pared with the tube volt age of 80 kV, the av er age en -
ergy in the tube volt age of 100 kV and 120 kV is in -

creased about 11 % and 19 %, re spec tively. Ta ble 3
shows the sim u lated av er age scat ter ing en ergy.

Fig ure 9 shows the av er age en ergy of the scat ter -
ing en ergy spec trum mea sured un der dif fer ent ex per i -
ments. The mea sure ment re sults at a tube volt age of 80 
kV in this ex per i ment are con sis tent with those of
Fehrenbacher et al. [8] and Nowak et al. [27]. The av -
er age en ergy grad u ally de creased with the in crease of
the scat ter ing an gle at the three ex per i ments, and the
de creas ing trend is al most the same. How ever, the con -
di tions for mea sur ing volt age and dis tance are not
com pletely the same in each ex per i ment, and there will 
be some dif fer ences in the av er age en ergy of the same
scat ter ing an gle.

Fig ure 10 shows the ion iz ing ra di a tion lev els
around the wa ter phan tom at a tube volt age of 80 kV. Fig -
ure 11 shows the scat ter ing en ergy spec trum mea sured at
the dif fer ent scat ter ing an gles at the tube volt age of 80
kV. The ion iz ing ra di a tion level dis tri bu tion and the
change of scat ter ing en ergy spec trum at tube volt ages
100 kV and 120 kV are sim i lar to those at 80 kV.

Fig ures 10 and 11 show that the scat tered ra di a -
tion ex po sure is higher with the larger scat ter ing an gle
or closer to the wa ter phan tom. At the same tube volt -
age, the pho ton num ber of the scat ter ing en ergy spec -
trum at the mea sure ment dis tance of 100 cm is ap prox -
i mately 90 % lower than that of 30 cm, and the num ber
of pho tons in the scat ter ing an gle 135° di rec tion is
gen er ally two to three times higher than that in the di -
rec tion of 45°. This in di cates the non-uni form dis tri -
bu tion of scat tered ra di a tion around the wa ter phan -
tom. There fore, if the dose in one di rec tion of
scat ter ing is used to rep re sent the dose in the other di -
rec tions, there will be a high prob a bil ity that the dose
in the other di rec tions will be in cor rectly es ti mated.
This  means that dif fer ent parts of the body should
wear dif fer ent dosemeters, the ar ti cle of  Nowak et al.
[27] shows that spe cial dosemeters are rec om mended
for better  mon i tor ing  of  dif fer ent  parts  of  the  body.
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Ta ble 2. Av er age en ergy of scat ter ing and in ci dent en ergy
spec trum at 100 cm

Tube
volt age

[kV]

Mean en ergy [keV]

Pri mary
beams

An gle of scat tered ra di a tion [°]

45 60 90 120 135

80 42.30 45.79 44.89 42.29 39.95 39.30

100 48.40 51.03 50.00 46.84 44.24 43.39

120 53.54 55.25 53.22 50.40 47.46 46.49

Fig ure 8. Av er age en ergy of sim u lated scat tered spec tra
un der 80 kV

Ta ble 3. Av er age en ergy of the scat tered spec tra for dif fer ent an gles

Dis tance from the
phan tom [cm]

Tube volt age
[kV]

Mean en ergy [keV]

An gle of scat tered ra di a tion [°]

45 60 90 120 135

30 80 46.28 45.40 43.09 40.47 39.47

45 80 46.24 45.25 42.66 40.26 39.33

60 80 46.11 45.17 42.49 40.08 39.26

100 80 45.79 44.89 42.29 39.95 39.30

30 100 51.41 50.26 47.67 44.79 43.66

45 100 51.43 50.10 47.25 44.53 43.53

60 100 51.32 49.99 46.99 44.34 43.48

100 100 51.03 50.00 46.68 44.24 43.39

30 120 55.48 53.37 51.09 48.04 46.80

45 120 55.65 53.25 50.63 47.75 46.70

60 120 55.44 53.25 50.56 47.66 46.65

100 120 55.25 53.22 50.40 47.46 46.49



Fig ures 10 and 11 show that the dis tri bu tion of pho ton
fluence at dif fer ent scat ter ing an gles is more uni form
when the dis tance from the cen ter of the wa ter model is 
100 cm. This in di cates that the dose re sults for a par tic -
u lar scat ter ing an gle di rec tion can be used to re place
the dose re sults for other parts of the body only when
the med i cal staff is more than 100 cm away from the
pa tient gen er at ing the ra di a tion field.

CON CLU SIONS

This ar ti cle ob tains the di ag nos tic X-ray scat -
tered ra di a tion en ergy spec trum and dose dis tri bu tion
un der tube volt age of 80 kV, 100 kV, and 120 kV
through Monte Carlo sim u la tion and ex per i men tal

mea sure ment. The av er age en ergy and trend of the
mea sured and sim u lated en ergy spec trum are in good
agree ment at the scat ter ing an gle of 90°, and the rel a -
tive de vi a tion is less than 2.44 %, which in di cates the
cor rect ness of the es tab lished de tec tion scat ter ing en -
ergy spec trum model. The av er age en ergy of the en -
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Fig ure 9. Com par i son of av er age en ergy un der dif fer ent
con di tions

Fig ure 10. Pho ton fluence dis tri bu tion map for the
dif fer ent scat ter ing an gles un der 80 kV

Fig ure 11. Scat ter en ergy spec trum for vary ing spec trom e ter dis tance un der 80 kV



ergy spec trum in creases with the in crease of the tube
volt age at the same mea sure ment po si tion. The av er -
age en ergy of the scat ter ing en ergy spec trum grad u ally 
de creases with the in crease of the scat ter ing an gle at
the same volt age and mea sure ment dis tance. The av er -
age en ergy of the scat ter ing en ergy spec trum changes
lit tle with the in crease of the mea sure ment dis tance at
the same an gle and volt age, and the max i mum change
of the av er age en ergy be tween dif fer ent mea sure ment
dis tances is 0.81 keV. The ra di a tion field around the
wa ter phan tom is char ac ter ized by the mea sured scat -
ter ing dose and the sim u lated scat ter ing en ergy spec -
trum, and the re sults showed that the ra di a tion ex po -
sure around the wa ter phan tom was not uni fied. The
mea sured scat ter ing dose in di cates that the charge at a
mea sure ment dis tance of 60 cm is ap prox i mately 70 %
lower than that at 30 cm. The num ber of pho tons in the
scat ter ing an gle 135° di rec tion is gen er ally two to
three times higher than that in the di rec tion of 45°, and
this in di cates that the ex po sure to scat tered ra di a tion
was greater on the side closer to the wa ter phan tom or
the X-ray tube. This study pro vides an es ti mate of the
scat tered ra di a tion ex po sure of med i cal staff in prac -
tice and en hances the self-pro tec tion aware ness of
med i cal staff, and re duces the scat tered ra di a tion ex -
po sure of medical staff.
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Sjen ]ANG TANG, @uej XAO, Vej FENG XU, Bin GUO, Feng ]IN, Bo QU, \in \E VU

SIMULACIJA  I  MEREWE  RASEJANOG  RENDGENSKOG
ZRA^EWA  U  RADIODIJAGNOSTICI

Ovaj rad ima za ciq merewe energetskog  spektra rasejanog zra~ewa i doze zra~ewa na
razli~itim pozicijama tokom radiolo{ke dijagnoze, kori{}ewem Monte Karlo simulacije i
eksperimenata. Rezultati pokazuju da prose~na energija spektra energije rasejanog zra~ewa raste
sa porastom napona cevi i opada sa pove}awem ugla rasejawa, ali se vrlo malo mewa sa rastojawem
merewa. Tako|e, raspodela rasejanog zra~ewa nije uravnote`ena u prostoru oko vodenog fantoma
pri istom naponu cevi, a izlo`enost rasejanom zra~ewu je ve}a na strani bli`e vodenom fantomu
ili rendgenskoj cevi. Ovo ukazuje da izlo`enost zra~ewu nije jedinstvena za medicinsko osobqe u
poqu rasejanog zra~ewa. Energetski spektar rasejawa i raspodela doze poma`u u proceni
izlo`enosti rasejanom zra~ewu i pove}avaju svest medicinskog osobqa o samoza{titi u
ordinaciji.

Kqu~ne re~i: radiodijagnostika X-zra~ewem, rasejano zra~ewe, Monte Karlo, energetski
..........................spektar, izlagawe zra~ewu.


