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ABSTRACT. The Prompt Gumma Ray Neutron Activation Analysis (PGNAA) technique
is o mult-elemental analysis techmque and is used in mdusirial process control. The
performance ol o PGNAA system depends upon neutron energy spectrum Recently o
PGNAA lacility was designed and 1ested at King Fahd University ol Petroleum and
Minerals (KFUPM), Dhabran, Saoudi Arabla o analyse bulk materinl samples. The
lacilily was tested successtully with the analysis of cement and conerete samples. Tt s
desired o improve the perlormance of the KFUPM PGNAA Taciluy by replacing s
Did.n) reaction based 2.8 MceV neudlron source with o more elTicient neutron source.
Several studies have been undertaken, in which the performance of the KEUPM setp
has heen caleulated for the radioisotope-neutron sources-based PGNAA sewup as well as
accelerator-based PGNAA selup. [n accelerator-based PGNAA setup, perlormances
caleulations were carricd out for accelerator-based PONAA selup utilizing “Litp.n) and
Hip.ny and ‘Hid.ny reactions to produce Tast neutrons, [ the Tollowing. the results of the
acvelerator-hased PGNAA setup are compared with cach olher,
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Introduction

Prompt Gamma Ray Neutron Activation Analysis (PGNAA) (echnique is a [ast and non-
destructive technique used to measurce elemental composition of bulk samples [1-12].
Particularly it is used in cement numulacturing plant to determine lime, silica, alumina, and
iron oxide concentrations in cement raw malerials [1-8, [1]. The devclopment of a non-
destructive elemental analysis for cement and concrete samples is also highly desired lor
corrasion studies ol concrete building structures [13]. There are two types of prompl
samma ray analyzers namely: radioisotope nculron source-based prompt gamma ray
analyzers and accelerator-based prompt gamma ray analyzers [L1]. The radioisotope
neutron source-based prompt gamma ray analyzers, which utilize Am-Be or *CI |7-9 |
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nculron source to irradiate sample. have ceriain disadvantages namely; high gamma ray
dose, frequent replacemerit of ncutron source due to its finite half-life and permanent
rudiation haczards. An alternative to a radioisotope neutron source-based prompt gamima ray
analyzer is accelerator-based prompt gammau ray analyzers, where an accelerator, which
generates fast neutrons produced via a nuclear reaction. The fast neutrons are gencrally
produced via D(d.n) or T(d,n) reactions[3. | l]. The accclerator-based prompl gamma ray
analyzer has certain advantages over the radioisotope neulron source-based prompt gamma
ray analyzers. Due to the controlicd mechanism of neutron production. accelerator-based
prompl gamma ray analyzers have radiation dose only, which is less radialion dose.
Recently compact accelerators are produced with physical size comparable with those of
radioisolopc nentron source-based prompt gamma ray analyzer. In [act neutron {lux in the
accelerator-basced prompt gamma ray analyzer is higher than those in radioisotope neutron
source-bascd prompt gamma ray analyzers. In short an accelerator based prompt gamma
ray analyzer is belter or at least comparable with thal of radioisotope neutron source-based
prompt gamma ray analyzer.

Recently a PGNAA facility was designed and tesied al King Fahd University of
Petroleum and Minerals (KFUPM). Dhahran, Saudi Arabiy o analyze bulk malerial
sumples [3]. The facility was tested successfully with the analysis of cemnenl and concrete
samples [1, 4]. The prompt gamma rays arc produced via capture of thermal neutrons,
produced by scattering of fast neutrons in a moderator surrounding (he sample. The {acility
utilizes the 2.8 McV ncutrens [rom the D(d.n) reaction to produce fast neutrons to irradiate
the bulk samples [3]). Tt 1s desired (o improve the performance of the KFUPM PGNAA
facility by replucing its D(d,n) rcaction based 2.8 McV necutron source with a more
eflicient neulron source. Several studies have been undertaken, in which the perlormance
of the KFUPM seclup has been calculated for the radioisotope-ncutron sources-based
PGNAA sewp as well as acceleralor-based PGNAA setup [2. 5. 6] In accelerator-hased
PGNAA sctup. performances calculations were carricd out Tor accelerator-based PGNAA
setup utilizing {‘Li(p.n) [2] and ;H[p\n) |6} and 1ll((l,n) [53] reactions 1o produce fast
neutrons. For the radioisotope-neutron sources-based PGNAA setup, calculalions were
carried oul for ~*CI neutron source [5] bascd PGNAA setup and “TAm-Be source based
sctup {12]. These studies have revealed very iateresting feature of these PGNAA sewups. In
the [ollowing. the results of the accelerator-based PGNAA sclup are compared with each
other.

2. Geometry of the PGNAA setup

The basic geometry ol the simufated PGNAA setup. 1s the one used (or design of
2.8 MeV neutron based PGNAA sctup at KFUPM [3]. It mainly consisted of a cylindrical
sample enclosed in a cyhndrical high-density polycthylene moderator. The sample (its into
a hollow cavity, created a1 one end of the moderator. The moderator-sample assembly s
placed helween a y-ray detector and a 2.8 MeV ncutrons source. In order o prevent
undesired gamma rays and neutrens from reaching the detector, lead and parallin shielding
arc inscrted belween the moderator and the detector. Figure | shows a schematic
represcntation of the experimental PGNAA sctup [3]. The neutron shielding is made of a
mixture ol paratiin and lithium carbonale mixed in equal weight proportion. Fast neutrons
are thermalized in two regions of the moderator, the lirst region 1s located between the
neutron source and the sample front end (lront moderaior) and second region 1s the
moderator reflector collar suitounding the sample along its length. The fast neutrons that
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escape {rom Lhe front moderator region, are retlected by the collar mto the sample region.
The length of the moderator is defined by the sum of the sample length and the front
thickness of the moderator. The outer radius of the moderator is detined hy the sum of
sample radius and the thickness ol the collar.

Front End

Paraffin Moderator Moderator Beam

Shielding  Collar Pickup
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Detector  Pb Shielding Detector 9

Fig. I. Schematic representation of the 2.8 MeV based PGNAA sewp (4] used to measure the thermal
neutron and prompt gamma ray yield. In thermal nectron measurements, the sainple is replaced by a
Nuclear Track Detector (NTD) placed behind the front moderaor [3].

Associated with each size ol the modcerator, is an optimum value of the sample
radius that can producc maximum yield of the prompt y-rays which can be determinced
(rom Monte Carlo calculations. Due to ity high hydrogen concentralion and euasy
machining propertics, high-density polyethylene was chosen as the oderator material.
Photons were detected through use of u eylindrical 254 em x 254 cm (diameter x height)
Nal v-ray delector. For initial calculations, the sample length was assumed 10 be 14 cm,
corresponding (o the saturation length at which the sample produces maximum yield of y-
ruyh.

These calculations were carried out using Monte Carlo code MCNP4B2 [16)
utilizing a | GHz Pentium IIT PC. For simulation study. the moderators and sample cells
were divided into sub-cells ol 1 em thickness. This allowed study of the transport of the
neutrons ol appropriate statistical weight to the next adjacent cell, without any loss. The
simuladons were carried oul lor a dry Portland cement sample. The hulk density ol (be
sample was taken as 1.6 gf’cm‘. Notwithstanding the fact that the moisture content of dry
cement generally amounts to up Lo I wi % duc to its absorbency the moisture content of
cement saniples were assumed to be 5 wt % [7). To atain a statistical uncertainty of the
order of 1%, some 45 to 50 minutes were required in order to calculale neutron yicld, while
for prompt gamma ray calculations about 2 hours were required to calculate the yield of the
mosl prominent calcium line.
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3. Comparison of geometry parameters of the accelerator based PGNAA setups

The Monte Curlo caleulations were carried out for the four neutron sourees given in
the Table 1, The differcnce between them is mainly o the mean encrgy of their neutrons.
Also neutrons from the TLi(p,n_) [15] and 1H(p,n] [16] reactions near the reaction threshold
cnergy arc emitied in forward cone with an energy distribulion similar 10 Maxwellian
distribution for AT values corresponding to energies of 25 and 52 keV respeclively. This
type of keV enecrgy neutron source wilh a collimated beam makes 1t uselul for their
application in PGNAA studics, especially 1t the elermental analysis is carried out through
thermal neutron capture. In such a setup ncutrons are moderated in external moderators.
With the collimated beam of keV neutrons, the external moderator required would be ol i
smaller size, und less shielding would be nceded in the PGNAA sctup. The moderation
efficiency of the moderator is higher for keV neutrons than for MeV necutrons. This will
result in a bigher yield of thermal ncutrons, therchy increasing the sensitivity ol the
PGNAA sclup.

Table | Lmportant features of various neutron praducing muglear reactians

Reaction Energy Neutron | Function ]
Speeirum Mecan Energy used for Energy Spectrum
‘H {d,n} Mono-cnergelic 28 MeV - a
3 ; enervelic 1V .-
Hid.n} Mono-energetic | 14 Me ]
Litpay | Maxweliin 25 LoV Ee'™ with KT=25 keV
"Hip.n) Muxwellidn 52 keV B B ™M with KT=52 keV

A comparison of the eplimum geometry parameters [or the TLi(p,n) [ 2]. "H(p,n)
[6] . T1(d. n) reaction [5} and the 2.8 MeV neutrons [3] based PGNAA sewup is given in
Tahle 2. 1 shows that the optimum radius of the sample for all the setup studied, are not
much different from each other. Thus said, the maximum yicld of the prompt gamma rays
from the samples has been ohserved for a sample with a radius of 7-9 em. The elfect of
neutron source energy on the geometry of u PGNAA sctup 1s reflecied in the smaller values
of the front moderator thickness and the sample length caleuluted lor the 7Li(p.n) reaction
hased setup. As shown in Figure 2 [2] | the distribution of the prompr gamma rays as a
function of the ront moderator thickness ol the 'Lifpn) reaction based sewp s much
sharper thao that of the 2.8 MeV ncutrons based PGNAA facility. Its optimum thickness is
almosi 25 9% smaller than that of the 2.8 MeV ncutrons based facility. This may he due
the fact that lower cnergy neutrons can be moderated in the shorter thickness of the
absorber material. The optimum length of the sample of the TLi(p,n) reaction based sclup,
as shown in Figure 3 [2] . is smaller (han that of the 2.8 McV ncutrons based setup. 1t
supports the idea of the shorter sample length for lower neutron cnergy based PGNAA
selup. Since the sample also acls as an additional moderator ol the neutrons, one expects
shorter length of a bulk sample of a PGNAA sctup utilizing neutrons with lower energy,
such as the TLi(p,n) rcaction hased PGNAA sclup. As shown in Figures 4 and S 6], similar
trends are also ohserved for ‘H(p.n) reaction based PGNAA setup.
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Fig. 2. Caleulated yield of 6,42 MeV promipt gamma riys from caleium in a Pordand cement sample Tor a
T . . - . . .
Litp.n} reaction [2] and 2.8 MeV neutron 13] based PGNAA scrup plotted as a lunction of the
cement sample radius The data points are connected by lines 1o show the trend,
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Fig. 3. Calculated yield'of 642 MceV prompt gamma rays from calcium in a Portland cement sample for a
T . N . . . )
Litp.i) reaction 2] and 2.8 MeV neutrons based PGNAA sewp (3] plotied as a function of the Tront
moderator thickness. The duta points are connected by lines (o show the wrend.
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Big, 4. Calculated yield of 1,99 MeV and 6.42 MceV prompt gammi rays from caleium for a 1H(p‘n] reaction

(6] and 2.8 MeV neutrons based PGNAA sewp [3) plotted as a function of the cement sample radius.
The dara points are conneeted by lines o show the trend,
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Fig. 3. Caleutated vield of 194 MeV and 642 MeV prompt gamima tays trom calciun fora Hip.a) reaction
(o) and 2.8 MeV neutrons based PGONAA sctup [3] plotled as a function ot the front moderator
thickness. The data points are connected by lines to show the trend,

As shown in the Tabie 2 and Figures 6 and 7 | 3] | the optimu radius ol the sample
for {4-MeV neutron-bused PGNAA svstem is comparable with those of the other three
PGNAA selups but the oplimum viatues of its [ront moderator thickness and sample length
are larger than those of ?Li{p. n) reaction. "H(p. n) reaction and 2.8 McV neutrons hased
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PGNAA setups. The Figures 6 and 7 also show the data for a *C[ source based PGNAA
setup [5]. Due to different neutron cnergy used in cach PGNAA system, it is cxpected that
[ront moderator thickness will be different for each PGNAA system. The PGNAA system
utilizing low cncrgy neutrons will require thin front moderator while the thick front
moderator will be required hy thc PGNAA system ultilizing the higher energy neutrons.
This is supported hy the fact that the calculated average thickness of the front moderator of
the ?Li(p, n) / 3H(p,n) reaction, 2.8-McV neutron and 14-MeV neutron-hased PGNAA
system was found to be 3, 4 and § cm respectively.

Table 2: Optimum vaiues of the geometry paramelers of the ?I.i(pm, 1I][p,n). ‘H{d.n) reactions, and 2.8 MeV
neutron hased PGNAA sequp.

Sample PGNAA setup based upon
Parameters TLi{;:».n] reaclion “H(p,nl “H(d,u) reaction | 2.8 MeV neulrons
[2] reaction [5] [3]
[6]
Radius {em) 7-10.5 7-10 7.5.9.0 T0-10.5
Frant Moderator 253 2.5-3 4-6 3-5
Thickness icm)
Length (emi) y-12 9-13 1218 I1-13
Moderator Radius 12.75 12,75 12.75 12.75
(cm)
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Fig. 6. Calcutated yields of 1.94 MeV and 6.42 MeV prompt ganuna-rays from calcium for a *~Cf neutron
[5] . 4-MeV peuwron [3] and 2.8-MeV neutron [3]-based PGNAA system plotted as o function of
the cement sample radius. The data peints are connected by lines'to show the (rend.



102 AA Nagerand S.A Shaheen

- -a- - 2.8-Ma¥-Ca-5.42
———Ci-Ca-1.92
—— CI-Ca-6.42
O 14-Me¥-Ca-1.94
- 14-Me¥-Ca-5.42

d
=

- )
3 m{
* —
-
o C
&> 504
2=
£E ]
a g 40 -
a2
-
£ ]
8 30 “
o S e
T-E L .
20 . :
0 - S, — -_ - -
] 2 4 [ 8 10

Front Moderator Thickness (cm)

L. — —_— P _— —

Fig. 7. Caleulated yiclds of 1.94 MeV and 6.42 MeV prompr gamma-rays from calcium for a *“CF neutron
(5], 14-MeV newtron [5] and 2.8-MeV neutron [ 3] -based PGNAA system plotied as @ fnncuan of the
front moderator thickness. The data points are connected by lines o show the trend.

Simiarly optimum length of PGNAA sample was expeeted to depend upon the
nculrons encrgy hecause neutrons are also moderated in the sample as well. The higher 1s
the neutron energy, larger is the optimum length of the sample. The average length of
sample of the "Li(p. n)/ "H(p. n) reaction, 2.8-MeV ncutrons and 14-MeV neutron-hased
system was calculated 1o he 11, 12 and 14 cin respectively.

4. Comparison of the Prompt gamma ray yield from Li(p,n) reaction, "‘H(p, nj
reaction, the 2.8 McV neutrons and 14 MeV neutrons based PGNAA setnp

The maximum yield of prompt gamma rays from Ca, Si. Fe and Al in a Portland
cement sample for the ?Li(p,n) reaction [2}, "H(p.n) reaction [6} . 2.8 MeV [3] and 14
MeV neutrons [5] based setup are listed in the Table 3. The yield was calculated lor a
sample with an average optimum value of sample radius and sample length as well as
[ront moderator thickness given in the Table 2. The prompl y-ray yield [rom the "Li(p.n)
rcaction based setup is comparable with that from "’H(p,n) reaction based setup [2]. The
maximum vyield of prompt gamma rays {or Ca, Si and Fe in a Portland Cement sample for
the 'H(p.n) reaction based setup is respectively 71-75 %, 45-39 % and 72 % higher than
that of the 2.8 MeV neutrons based facility. Moreover the maximum yicld of the prompt
gamma rays from aluminum in a Portland Cement sample for the *H(p,n) reaction bascd
setup is aboul 76 % higher than that from the 2.8 MeV  neutrons based [lacility. This
higher yield will result in a higher sensitivity for the "Li(p.n) reaction and *H(p.n) reaction
bascd setup in comparison with the 2.8 MeV  neutrons based facility. The performance of
the 14-McV ncutron-based syslem is poorest among the four setups studied. The caleulated
yicld of prompl gamma rays [rom the 14-MeV neutron-based system is almost one-third of
that from the 2.8-MeV based syslem.
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Table 3. Calculated yield {arbitrury unit) of the prompt yrays from Ca, Si, Fe and Al from B A{p.n}
reaction, ‘H(p.n). 1H(d.u), and 2.8 MeV ncutron based PGNAA setup.

Prownpt y- PGNAA setup based upon

Rays 1. 3 . . 3 .
d Li(p,n) H(p.n} reaction 2.8 MeV H{d,n) reaction

Energy reaction (6] neutrons -

(MeV) 2] K] [5]

Ca(1.94) 105.6+1 104.9+1 60+ 23.6x0.5

Ca (6.42) 126.4+1 124,3+] T4+ 24.1+0.5

Si{3.54) 15.5+00.5 149405 9.4+(1.5 3.7+0.2

Si{4.94) 16,4405 14 8+0.5 1().2+0.5 4.4+0.2

Fe(7.63,7.65) | 12604 13.6+0.4 F9x04 3x0.2

Al(7.72) 3.6+02 4402 2.5+0.2 {(3.83+0.11

5. Conclusion

An inter-comparison of the performance of the 'Li(p.n) reaction and ‘J’H(p,n) reaction
based PGNNAA setup as well as 2.8 MeV und 14 MeV neutvons based PGNAA has
revealed the best performance for the ?Li(p.n) reaction and "‘H{p‘n) reaction based sctup.
Mostly the geometry parameters of the “Li(p.n) reaction and ‘1H(|).n) reaction bhased
PGNNAA sctup as well as 2.8 MeV and 1[4 MeV ncutrons based PGNAA have
comparable vilues except the remarkably smaller values of the front moderalor thickness
lor the xLi(p,n) reaction and 1H(p.n) reaction based PGNNAA selup. The poorest
performance bas been observed lor the 14 MeV neutrons based PGNAA setup. The prompt
gamma yicld [rom the 14 MeV bused PGNAA setup is onc-third of the 2.8 MeV ncutron
based sctup while the prompt gamma ray vicld from the 'Li(p.n) reaction and 1’Il(p.n)
rcaction based PGNNAA setwup is 70-75 % higher (ban that of 2.8 MeV ncutron based
PGNAA setup. This study has shown that by replacing the 2.8 MeV neutron source in the
existing PGNAA setup at KFUPM with a Maxwellian neutron source of?Li(p.n) or )’H(p,n)
type. an inercase by 70-75 % in prompl gamma ray vield can be achicved.
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