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The gamma ray spec trum res o lu tion from a 241Am–Be source-based prompt gamma ray ac ti -
va tion anal y sis set-up has been ob served to in crease in the en ergy re gion of in ter est with en -
clos ing the NaI de tec tor in a proper neu tron and gamma ray shield. We have in ves ti gated the
tact that the peak res o lu tion of prompt gamma rays in the re gion of in ter est from the set-up
de pends on the source ac tiv ity to the great ex tent, size and kind of the de tec tor and the ge om e -
try of the de tec tor shield. In or der to see the role of a de tec tor shield, five kinds of the de tec tor
shield were used and fi nally the proper kind was in tro duced. Since the de tec tor shield has an
im por tant con tri bu tion in the re duc tion of the un de sir able and high rate gamma rays com ing
to the gamma ray de tec tor, a good de sign of a proper shield en ables the elim i na tion of the un -
wanted events, such as a pulse pile-up. By im prov ing the shield ing de sign, dis crete and dis tin -
guish able pho to elec tric peaks in the en ergy re gion of in ter est have been ob served in the spec -
trum of prompt gamma rays.

Key word: prompt gamma ray ac ti va tion anal y sis, NaI(Tl), neu tron source, gamma ray, neu tron
shield, bo ric acid

IN TRO DUC TION

The prompt gamma neutron activation analysis
(PGNAA) tech nique has a wide range of ap pli ca tions,
such as pro cess con trol tasks in man u fac tur ing in dus -
try, con tra band de tec tion and well log ging in oil ex plo -
ra tion [1-3]. De tect ing con cealed threats in hid den
com part ments of mar i time ves sels, and de tect ing bur -
ied land mine and ex plo sive ma te ri als are only some of 
the ex am ples of PGNAA method ap pli ca tions as a
non-in tru sive tool [4, 5].

An other ap pli ca tion of PGNAA is in di ag nos tic
med i cine. The hu man body, as well as  the ma jor ity of
ex plo sives, con tains a sig nif i cant amount of ni tro gen.
Af ter the cap ture of a ther mal neu tron, the ni tro gen nu -
cleus emits a char ac ter is tic 10.8 MeV gamma ray [6].
The en ergy of this gamma ray is well above the char ac -
ter is tic en ergy of gamma rays from neu tron cap ture on
other el e ments that may usu ally ex ist in the sam ple.

This  gamma ray  sig na ture  ap pears  in the
9-11.5 MeV en ergy re gion of the de tected spec trum.
The re gion of in ter est (ROI), or ni tro gen en ergy re -
gion, is crit i cal in neu tron ac ti va tion anal y sis ap pli ca -
tions for de tect ing ni tro gen.

NaI de tec tors are still used fre quently in in dus -
trial PGNAA ap pli ca tions such as “to tal body ni tro gen 
es ti ma tions” [6-8]. They have the ad van tages of be ing
ef fi cient for high-en ergy gamma rays, rug ged, and
they can be used with out cool ing.

In ad e quate shield ing of the gamma ray de tec tor
against un wanted ra di a tion can cause det ri men tal ef -
fects on the de tec tor re sponses and ac quired spec tra.

In  the  pres ent  pa per  the  proper  shield  for  a
3² ´ 3² NaI scin til la tion de tec tor was in ves ti gated
by com par i son of a cer tain num ber of spec tra ac -
quired from dif fer ent shield de signs.

The pri mary pur pose of this pa per is to achieve
an easy de sign in which the three well-known peaks of
ni tro gen, 10.8 MeV (photopick), sin gle es cape (SE)
and dou ble es cape (DE), as a track of the ex is tence of
ni tro gen in the sam ple, have the high est res o lu tion.

METH ODS AND PRO CE DURES

The ge om e try of the 241Am-Be source-based
PGNAA set-up em ployed in the pres ent study is
shown in fig. 1. In or der to get rel a tively max i mum
yield in the ac quired prompt gamma rays spec tra, the
op ti mum mod er a tor length and the op ti mum po si tion
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of the 241Am-Be neu tron source in side the mod er a tor
were im ple mented. The op ti mum po si tion is achieved
when the max i mum num ber of ther mal neu trons col -
lides with the sam ple. The ge om e try con sists of a cu -
bical sam ple (10 cm ́  10 cm ́  20 cm) and a cu bical Pb
shield (10 cm ´ 10 cm ´ 20 cm) en closed in a cu bical
high-den sity poly eth yl ene as say (97%, 30 cm ́  40 cm
´ 50 cm), in a way that the sam ple is po si tioned be -
tween the cu bical Pb shield and a gamma ray de tec tor.
A Pb room as a low back ground space en clos ing de tec -
tor is also con sid ered to omit the back ground gamma
rays.

The cu bical Pb shield 10 cm thick placed be tween 
the 241Am-Be source and the sam ple is there in or der to
ob tain a sat is fy ing gamma spec trum com pared to sam -
ples’ li brary spec trum, with out in ter fer ing with the
241Am-Be gamma ray com po nent (4.438 MeV) and its
sub se quent Compton-scat tered gamma rays from the
source cap sule. This shield at tenu ates the 4.438 MeV
gamma rays re sult ing from the first ex cited 2+ state in
12C in the 241Am-Be neu tron source [9]. In this way this
Pb shield not only fil ters the 241Am-Be gamma ray com -
po nent but also mod er ates neu trons and slightly in -
creases the neu tron flux via (n, Xn) in ter ac tion.
Depending on the neu tron en ergy, X can be 2 or 3 [10].
Also, due to the fact that nat u ral Pb has a neg li gi ble (n,
g) in ter ac tion cross-sec tion com pared to the sam ple
neu tron cap ture cross-sec tion [10], the se lec tion of Pb
as a gamma shield for the neu tron source in this
PGNAA set-up is the best choice.

The prompt gamma ray spec trum mea sure -
ments were per formed with a 3² ́  3² NaI de tec tor and 
a 241Am-Be source with 5 Ci (1 Ci  = 3.7×1010 Bq) of
ac tiv ity con tained in a stan dard Amersham X.14 cap -
sules for mat (code AMN24) that was placed 25 cm
from the de tec tor sur face. To re duce a sig nif i cant
back ground re sponse in the NaI de tec tor due to the
prompt and ra dio iso tope gamma rays pro duced by
neu tron ac ti va tion in the NaI crys tal, a neu tron shield
must be em ployed. The ra dio ac tive cap ture
cross-sec tion (n, g) for ther mal neu trons by 127I is
about 10–27 m2. Fig ures 2 (a) and 2 (b) show neu tron
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Fig ure 1. Sche matic set-up of the 241Am-Be source based
PGNAA set-up with the source-in side-mod er a tor
ge om e try

Fig ure 2. Neu tron cross-section: (a) 23Na, (b) 127I, (c) 10B, and (d) 1H and 12C



cross-sec tions for 23Na and 127I, re spec tively [10]. It
can be seen that the role of io dine in ab sorb ing
low-en ergy neu trons is greater than that of so dium.
Also the half-life of the ra dio ac tive prod uct 127I is
much shorter (24.99 min utes) than that of 24Na
(14.98 hours).When ther mal neu trons are cap tured,
in ad di tion to the prompt gamma rays, the re sid ual el -
e ments, 24Na and 128I, still emit some beta and gamma
ra di a tion. Ta bles 1 and 2 list the ra di a tion re sult ing
from the de cay of 24Na and 128I [10]. In as sess ing the
ex tent of the ac ti va tion of a NaI(Tl) de tec tor, we
should take into ac count all the pos si ble neu tron re ac -
tions with the com po nents of the scintillator crys tal.
Ther mal neu trons usu ally lead to (n, g) re ac tions,
while fast neu trons are gen er ally as so ci ated with
scat ter ing re ac tions, and if they oc cur within the NaI
crys tal, they will re sult in a crys tal de fect. The con tri -
bu tion of the neu tron cap ture in any neu tron shield ing 
to the fi nal gamma rays spec trum must also be con -
sid ered. The types of re ac tion in these shields de pend
on the neu tron en ergy. For ab sorb ing ther mal neu -
trons, bo ron com pounds are highly ef fec tive [11].

In this work bo ric acid (H3BO3 fine pow der, den -
sity of 0.89 g/cm3 was used as a neu tron shield ma te rial
for the NaI(Tl) de tec tor. Neu trons in the vi cin ity of the
de tec tor may be ab sorbed by 10B pres ent in the bo ric
acid. The ther mal neu tron cross-sec tion of 10B is
3840×10–28 m2. Fig ure 2(c) shows the vari a tion of the 10B
cross-sec tion as a func tion of the neu tron en ergy [10].

In the ex per i ment with the con fig u ra tion shown
in fig. 1, by us ing the proper de tec tor shield and a thick
layer of Pb in front of the neu tron source, the con cen -
tra tion of the “spiked” el e ment was such that prompt
gamma ray photopeaks of in ter est could be clearly ob -
served, as well as the peaks’ cen troids de ter mined
with out in ter fer ence from other photopeaks or con tin -

uum. The other gamma rays which were gen er ated by
the sam ple with the lower en ergy may have van ished
in the ac quired spec trum by those high rate prompt
gamma rays pro duced due to the ex is tence of car bon
and hy dro gen in the mod er a tor. Ta ble 3 shows the en -
er gies of prompt gamma rays with re spect to 1H and
12C tar gets that can be ob served in the ex per i men tal
spec tra [12]. Fig ure 2(d) shows the neu tron cross-sec -
tions of the (n, g) in ter ac tion by 1H and 12C tar gets as a
func tion of neu tron en ergy [10].

The ac cu mu la tion of these high-rate and un de -
sir able gamma-rays es pe cially (2.22 MeV by hy dro -
gen) in the de tec tor vol ume and con se quently si mul ta -
neous pulses that can be piled up highly dis tort the
spec tra in the en ergy ROI.

Pile-up usu ally has two dis turb ing ef fects on the
spec trum. The first is in creas ing the con tin u ous back -
ground in the ROI [13] due to the pile-up of low-en ergy
pulses, and the sec ond is the es cape of the pulses from
ROI to the higher en ergy re gion when the en ergy of
pile-up pulse is more than the up per level of the ROI.

In or der to solve this prob lem, the NaI de tec tor
it self must be shielded by Pb in a way which fil ters un -
de sir able gamma rays while “wel comes” the prompt
gamma rays orig i nat ing from the sam ple.

The first thought is to use an an nu lar Pb shield
for the NaI de tec tor. In this way just the front face of
the de tec tor is ex posed to ra di a tion.

Some types of shields for the 3² ´ 3²  NaI(Tl) de -
tec tor were tested but for com par i son and for draw ing
con clu sions eas ily just five of them which have sig nif i -
cant ef fects on the ac quired spec trum are shown in fig. 3.

Fig ure 3 shows five types of de tec tor shields
made of bo ric acid (ther mal neu tron shield) with dif -
fer ent thick nesses of the cy lin dri cal layer rang ing
from 1 to 3 cm.

Each layer of bo ric acid shield com posed of bo -
ric acid fine pow der housed in a thin-walled alu mi num 
con tainer in which can sur round the NaI de tec tor.

The other types of shield are not only con sist ing
of bo ric acid but also con sist of an nu lar Pb shield cov -
er ing the NaI de tec tor side.

Spec tra of prompt gamma rays with these kinds
of shield in an one hour were mea sured by po si tion -
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Ta ble 1. Gamma and beta rays from 24Ne

Radiation Energy [MeV] Intensity [%]

g 1.368 99.992

g 2.754 99.944

b 0.277 0.053

b 1.390 99.944

Ta ble 2. Gamma and beta rays from 128I

Radiation Energy [MeV] Intensity [%]

g 0.443 0.16

g 0.527 0.0154

b– 1.682 15

b– 2.125 77

b+ 0.511 0.14

b+ 1.254 6

Ta ble 3. Thermal neutron capture gamma rays

Target g [MeV] Intensity [%]

1H 2.223 100.00

12C

0.595 0.36

1.262 47.96

1.857 0.24

3.089 0.64

3.684 47.64

4.945 100.00



ing blocks of urea fine pow der (CH4N2O, as say  99%, 
10 cm ´ 10 cm ´ 20 cm) as a sam ple on the de tec tor
side, be tween the cu bical Pb shield and NaI(Tl) de -
tec tor.

The pulse height spec tra were ac quired with an
Aptec model 5004 multi chan nel an a lyzer (MCA) set,
so that the first 1500 chan nels cor re sponded to an en -
ergy range of about 0-12 MeV. The to tal time for each
mea sure ment was only one hour and the MCA was op -
er ated in the sta bi lized data ac qui si tion mode.

RE SULTS AND DIS CUS SION

In the PGNAA ex per i ments five types of de tec -
tor shield, shown in fig. 3, were po si tioned around the
de tec tor one by one.

Each of the fol low ing fig ures is based on the one
type of the de tec tor shield. Fig ure 4 is the spec trum of
urea when the con fig u ra tion of the de tec tor shield is
the (a) struc ture shown in the fig. 3. Fig ures 5 and 6 are
cor re spond ing to the (b) and (c) struc tures, re spec -

tively. These show that by in creas ing the thick ness of
the cy lin dri cal layer of the bo ric acid shield the res o lu -
tion of the spec trum in the ROI will be higher and the
peaks will be more dis tin guish able.
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Fig ure 3. De tec tor shield 
con fig u ra tions made of
a bo ric acid cy lin dri cal
layer and an an nu lar Pb
shield

Fig ure 4.  Prompt gamma ray spec trum of urea with (a)
struc ture

Fig ure 5. Prompt gamma ray spec trum of urea with (b)
struc ture

Fig ure 6. Prompt gamma ray spec trum of urea with (c)
struc ture



Note that by in creas ing the thick ness of the bo ric
acid shield we cause the re duc tion of the to tal gamma
ray flux com ing to the de tec tor to a cer tain ex tent. As
we can see, hav ing a good res o lu tion in the ac quired
spec trum by a thicker layer of the bo ric acid shield is
not an un com mon rea son for a lit tle pile up. Fig ure 7 is
the spec trum of urea us ing a bare NaI de tec tor. Fig ures
8 and 9 are rel a tive to the (e) and (f) struc tures, re spec -
tively, shown in fig. 3.

Ac cord ing to fig. 9 and a com par i son be tween
the other spec tra, we can be sure that the best kind of
shield be tween the used struc tures is the (f) kind.

A 2 cm thick layer of bo ric acid in the (f) con fig u -
ra tion is the op ti mum for one hour ac qui si tion time,
while in com par i son us ing a 3 cm thick layer of bo ric
acid to get the sim i lar spec trum and res o lu tion in the
ROI, more than one hour is needed.

To con firm the suit abil ity of us ing a thick layer
of Pb (10 cm) in front of the neu tron source (be hind the 
sam ple) and to see its con se quent ef fects on the ac -
quired spec tra, an other spec trum is also re corded
when the cu bical Pb shield is re placed with a cu bical
poly eth yl ene (the mod er a tor ma te rial).

Fig ure 10 shows the ac quired spec trum when
the cu bical Pb shield in front of the neu tron source
was re placed by a mod er a tor ma te rial. In this spec -
trum a high rate neu tron source gamma ray com po -
nent (4.438 MeV) com pletely dis torts the whole
spec trum, es pe cially in the ROI. This shows that the
gamma ac tiv ity of the neu tron source is suf fi ciently
in tense to lead pulse pile up and sig nif i cant back -
ground in the ROI.

Also in the high en ergy re gion above the 12 MeV a
“foot print” of a high en ergy gamma ray can be ob served.
It is not a real gamma ray emit ted from the sam ple or
source. As was stated pre vi ously, at high rates, pulse pile
up can re sult in ap par ent peak am pli tudes for gamma
rays which are con sid er ably larger than any in di vid ual
pulse [13].

Com par ing figs. 9 and 10, the idea to use gamma
shield in front of the neu tron source be hind the sam ple
po si tion to re duce the por tion of the source gamma ray
com po nent in the ROI is highly strength ened. If we use
a neu tron source that emits only neu trons this con cern
would van ish.
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Fig ure 7. Prompt gamma ray spec trum of urea with (d)
struc ture

Fig ure 8. Prompt gamma ray spec trum of urea with (e)
struc ture

Fig ure 9. Prompt gamma ray spec trum of urea with (f)
struc ture

Fig ure 10. Prompt gamma ray spec trum of urea with (f)
struc ture and the cu bical Pb shield in front of the neu tron 
source re placed with cu bical poly eth yl ene



CON CLU SIONS

This work gives an im proved de sign of a de tec -
tor shield based PGNAA set-up and sug gests the
proper and op ti mum size of the de tec tor shield. The
op ti mum size of the mod er a tor and the dis tance be -
tween the source and the de tec tor lead to re duce the ac -
qui si tion time to get a rel a tively “good” spec trum for a
spe cial sam ple. By us ing a proper shield, the ac qui si -
tion time and dead time fall down sig nif i cantly and a
dis tin guish able spec trum (with out the dis turb ing ef -
fects of pile up) in the ROI can be achieved in a shorter
time (e. g. one hour). On the whole, a large por tion of
un de sir able gamma rays are sub tracted from the to tal
amount of in ci dence of ra di a tion to the de tec tor. Thus
we can achieve the better res o lu tion in the re corded
peaks, which is im por tant in the el e men tal anal y sis.

Com par ing all of the de tected spec tra, it is well
un der stood that the (f) struc ture can de lete the ef fects
of the in ter fer ing gamma rays in the ROI not com -
pletely but suf fi ciently to mea sure pre cisely the rel a -
tive per cent age of the ex is tence of an spe cial el e ment
in a com pos ite ma te rial.

Note that pro vid ing ap pro pri ate shield ing for the 
de tec tor will thus not only im prove the ob served spec -
tra but also in crease the life of the de tec tor.
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Hamed PANXEH, Ha{em M. HAKIMABAD, Lale R. MOTAVALI

UNAPRE\IVAWE RADNIH  OSOBINA 241Am-Be IZVORA  U
AKTIVACIONOJ  ANALIZI  KORI[]EWEM  POGODNOG  [TITA

Pri aktivacionoj analizi promptnim gama zra~ewem uo~eno je da se rezolucija spektra
gama zra~ewa iz 241Am-Be izvora uve}ava u energetskoj oblasti od interesa ukoliko se NaI detektor 
okru`i pogodnom za{titom od neutrona i gama zra~ewa. Ispitano je u kojoj meri rezolucija pika
spektra gama zra~ewa u oblasti od interesa zavisi od aktivnosti izvora, veli~ine i vrste
detektora i geometrije detektorske za{tite. U ciqu da se odredi uticaj {tita detektora,
upotrebqeno je pet vrsti {titova i, na kraju, izabran pravi, Kako {tit zna~ajno doprinosi
umawewu ne`eqenog gama zra~ewa koje sti`e u detektor, vaqan projekat pogodnog {tita spre~ava
ne`eqene doga|aje, na primer, nagomilavawe impulsa. Unapre|ewem projekta za{tite u spektru
promptnog gama zra~ewa prime}eni su diskretni, razdvojeni fotoelektri~ni pikovi u
ispitivanoj energetskoj oblasti.

Kqu~ne re~i:  aktivaciona analiza promtnim gama zra~ewem, NaI(Tl), neutronski izvor, gama
...........................zra~ewe, neutronski {tit, borna kiselina


