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Abstract

The Budapest Research Reactor’s Prompt-Gamma Activation Analysis (PGAA) and Neutron
Induced Prompt-gamma Spectroscopy (NIPS) facilities were significantly upgraded during the last
few years. The higher neutron flux, achieved by the partial replacement and realignment of the
neutron guides, made feasible the automation and specialization of the two experimental stations.
A new neutron flux monitor, computer-controlled beam shutters and a low-level counting chamber
have been put into operation to assist with in-beam activation experiments. An automatic sample
changer has been installed at the PGAA station, while the NIPS station was redesigned and
upgraded with a Compton suppressor to use for the non-destructive analysis of bulky samples. In
the near future the latter setup will be completed with a neutron tomograph and a moving table, to

turn it into a Neutron Radiography/Tomography-driven PGAA equipment.
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Introduction

Since starting its operation in 1996, several major upgrades were
accomplished at the Budapest prompt-y facility in order to improve its
performance and productivity. This is in line with the trends at other PGAA
facilities [1-3]. From 1996 to 2000 a thermal neutron beam was available at the
Budapest Research Reactor with a flux of about 2x10° cm™s™ [4,5]. Following the
installation of the cold neutron source at one of the reactor’s tangential channels
[6] in 2000 and the modifications made in the neutron guide system, the beam
flux increased substantially to 3x10° cm™s™. At the end of the neutron guide the
rectangular beam was split into two square sub-beams to serve two independent
experimental stations. The prompt-gamma activation analysis (PGAA) facility
was dedicated to chemical analysis; while the neutron-induced prompt gamma-ray
spectroscopy (NIPS) facility was used for advanced nuclear spectroscopic
measurements, including y-y coincidence studies [7]. This configuration was
operational between 2001 and 2006. The most important feature of that system
was the exceptionally low beam-background [8], which provided ideal conditions
to establish a library of radiative neutron capture gamma-rays for chemical
analysis [9]. In 2003 a beam-chopper was added to the PGAA setup for studies on
short-lived radionuclides [10-12] produced during the irradiation.

The last significant upgrade started in 2007, when the last section of the
neutron guide No. 1 was changed to 26, supermirror elements [13], increasing the
thermal equivalent neutron flux to 1.2x10® cm™s™ at the PGAA and 7x10” cm™s™
at the NIPS sample positions, respectively. A new 27-% relative efficiency HPGe
detector with an elongated crystal was purchased that fit into the existing PGAA
Compton suppressor. New components of the data acquisition electronics were
also put into operation. A factor of 20-50 gain in the neutron flux, compared to
the performance of the original thermal system, made it possible to significantly
reduce the beamtime needed to measure a sample.

It was soon realized that a more efficient way of operation under these new
conditions requires a higher level of automation and specialization of the two
facilities. This is dictated by the increasing demand from international scientific
collaborations (e.g. EU FP6 ANCIENT CHARM [14]), EU facility access
programs (such as EU FP7 NMI3, EFNUDAT, CHARISMA), and commercial



measurements. Therefore it was decided to turn the PGAA facility into a fully-
automated measuring system for small samples (powders, slabs, liquids in vials),
while NIPS would serve for the non-destructive analysis of bulky objects,
including cultural heritage objects and material science samples. The option will
be however kept open to perform here diverse experiments with custom setups.

In order to achieve these research aims, several existing components of the
system have been replaced and a few new features were recently added. These

will be discussed in the paper.

Instrumental

Improvement in the beamline

There is a primary (pneumatic) instrument shutter at the end of the neutron
guide No. 1, followed by two (electrically actuated) secondary shutters for the two
experimental stations. These secondary shutters have been completely rebuilt. The
device is now computer-controlled and uses linear motors to achieve faster
opening and closing times (about 350 ms). The shutter plates are coated with two
neutron absorber layers (B4C-loaded rubber plus a Cd sheet). Each plate has a
20x20 mm? rectangular aperture to define one of the two sub-beams from the
originally 100x25 mm? beam spot. Additional ®Li-poly collimators and a borated
paraffin block are placed into the flight tube downstream to filter the divergent or
scattered neutrons before they reach the sample chambers. This will be replaced
with a lead block in the near future to better shield against the gamma-radiation
propagating along the beamline.

The controller of the beam shutter can be commanded from either of the
two data acquisition computers via an Ethernet network. In addition to the
standard on-off use, another aim was to use the shutters as a “beam modulator”,
i.e. to open and close the beam according to a predefined time pattern. This mode
of operation is an extension of the chopped-beam PGAA concept [11, 12] towards
longer, and not necessarily equal, irradiation and counting periods. The collection
of gamma spectra can be synchronized with the status of the beam shutter. Thus —

in combination with either conventional MCA event processing or with list-mode



data acquisition — the time dynamics of the growth and decay of radionuclides
produced during the irradiation can be better investigated.

Whenever in-beam activation experiments were done so far, a constant
incoming beam flux was assumed. In order to further improve the accuracy of our
nuclear data and to test the validity of this assumption, a neutron flux monitor has
been purchased and installed downstream of the beam shutters. The ORDELA
Model 4511 N has an active surface of 110x25 mm?, and it is filled with a mixture
of N, and CF, gases. Its counting efficiency was chosen to be as low as 10°°, to
provide a count rate of about 1000 cps. The monitor TTL output is counted with a
NI-6601 PCI counter/timer card, and is displayed and recorded with a time-
resolution of one second over the whole 10-day long reactor cycle.

The biological protection for the personnel has also been improved by
placing two more shielding blocks of concrete between the beam area and the
personnel working area. This was necessary due to the increased dose rate
produced by the upgraded beams. In parallel, the measurement cabin has been
extended to offer more room for work and sample manipulation. The new layout

of the experimental area is depicted in Figure 1.

Figure 1.

Prompt-gamma activation analysis (PGAA) station

The PGAA station uses the upper of the two neutron beams. A new
automatic sample changer has been manufactured that is exchangeable with the
existing (manually operated) sample chamber. It has a rotating cylindrical stage
40 cm above the beam with 16 radial slots for the sample frames. A vertical slider
moves the selected sample down to the measurement position and removes it after
the irradiation. The sample holders can accommodate objects with dimensions of
about 70x70x5 mm?®. The whole chamber is lined with two layers of °Li-loaded
polymer to keep the beam-background low. This double thickness of the material
gives a neutron attenuation factor of about 1000. The lower beam passes
undisturbed through the chamber towards the NIPS station, located about 1 m

downstream of the PGAA sample position.




A user-friendly facility control program, “Budapest PGAA Data
Acquisition Software”, has been written for manual, semi-automatic, and
unattended automatic batch measurements. This program controls the beam
shutters, the sample changer and the data acquisition in a Canberra AIM 556
network acquisition module. The stopping condition of the batch run can be preset
time or count; whichever is fulfilled earlier stops the measurement. The
parameters of the batch run are described in a text file called ‘Batch Input Table’.
In order to comply with the recent quality management standards, a detailed book-

keeping of the acquisition events and key instrument parameters is implemented.

Neutron-induced prompt gamma spectrometry (NIPS) station

The NIPS facility had a small sample chamber in order to allow
coincidence measurements with close sample-to-detector geometry. Now it is
being replaced with a dismountable and larger chamber with dimensions of
200x200x200 mm?, similar to one successfully used in our PGAI/NT experiments
[14]. The top, the bottom and one side of the chamber are all removable, so that
oversized objects can also be easily irradiated here. The redesigned NIPS facility
is expected to be completed with a moving table and a neutron tomograph by the
end of year 2010, to turn it once again into a PGAI/NT-capable experimental
station.

The vacuum system of the NIPS flight tube section is also going to be
separated from the upper part, making the operation of the two facilities fully
independent. The NIPS detector and the shielding are moved to the other side of
the flight tube (relative to the PGAA detector) to allow easier access to the NIPS
sample chamber and to reduce the cross-talk between the two facilities.

Both active and passive components of gamma shielding are now
employed to achieve a low background at the NIPS station. The active component
is a new bismuth germanate (BGO) Compton suppressor. It was designed using
extensive Monte Carlo calculations, using the computer program MCNP-CP [15].
The shape of the BGO suppressor was optimized to reach the best peak-to-total
ratio in the gamma spectrum, up to 10 MeV. It was concluded that the optimum
length of the BGO side element is 170 mm with a well depth of 150 mm and a
well diameter of 78 mm. The minimum thickness of the BGO side element is



found to be about 40-45 mm, whereas 30 mm is sufficient at the front region,
where — due to the nature of Compton scattering — only low-energy gammas have
to be detected. The passive shielding is made up using standard lead bricks. The

installation of the upgraded NIPS detector system is still in progress.

Low-level counting facility

To better assist the in-beam activation measurements, to perform the off-
line counting of samples [16] on a routine basis and to enable the measurement of
environmental samples with low activities during the reactor shutdown periods, a
permanent low-level counting facility (referred as DOME) has been established
(see also in Figure 1), in cooperation with the KFKI Atomic Energy Research
Institute. This consists of an iron chamber manufactured from pre-WW?2 steel, and
therefore is free of any man-made radioactivity. The internal dimensions of the
chamber are 800x800x800 mm?, so that a Canberra GR1319 HPGe detector with
a Big MAC cryostat can be placed along its horizontal diagonal. This geometry
allows sample-to-detector distances up to 250 mm. The wall thickness of the
chamber is 155 mm and has a graded shielding inside (Cd and Cu layers). The
weight of the chamber and its support exceeds 7 metric tons. As an option, a
Canberra Low Energy HPGe detector is also available if the main emphasis is not
the detection limits, but low-energy lines are to be measured with a better energy

resolution.

Results and Discussion

The intensity profile of the beam after reactor startups

During the first 6 hours following any reactor startup, only a thermal beam
is available and its flux increases by about a factor of six when the cold neutron
source becomes fully operational. This known time behavior could be recorded
now with a proper time resolution, using the recently installed neutron monitor,
and is depicted in Figure 2. The curve is in general agreement with the earlier
measurements (using the gamma-peak count rate from a Ti foil) [17], but is able
to reveal all fine details, e.g. the jumps due to changes in the reactor power. After

the steady-state condition is reached, the beam intensity becomes almost constant
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over longer periods of time, and the monitor counts follow closely the Poisson
distribution. For a high-accuracy activation measurement, one can use the
pointwise data stream and solve numerically the Bateman-Rubinson differential

equations at each time bin, rather than using a time-averaged flux.

Figure 2.

Pilot experiment with the programmable beam shutter

To demonstrate the capabilities of the new computer-controlled beam
shutter and the concept of the “beam modulation”, a pilot experiment has been
carried out. A sample containing Al and V was irradiated in nine activation and
counting cycles with successively increasing cycle times, from 1 minute to 9
minutes. The gamma-rays from the radiative neutron capture and from the
radioactive decay were recorded with the list-mode feature of our XIA Pixie4
digital spectrometer. The events were processed with a home-made computer
program implementing the procedure described in Ref. [18]. The measured peak
areas of the Al and **V radionuclides are plotted as a function of time in
Figure 3, together with the calculated responses based on the activation equations
and literature half-lives. A good agreement between the experimental and the

expected curves was found that confirms the feasibility of such measurements.

Figure 3.

Background measurements with the low-level counting chamber

It was found that the shielding of the newly established low-level counting
facility reduces the energy-integrated y-ray background by more than two orders
of magnitude compared to the room background (211 cps). It is as low as
1.305+0.002 cps while the reactor is on and 1.116+0.002 cps if the reactor is shut
down, over the energy range of 7-3150 keV. Only the count rate of the
annihilation peak and the level of the continuous background differ significantly
(approx. 0.2 cps) between beam-on and beam-off periods. The count rates of the
characteristic background peaks are listed in the Table 1. The values for the bare




HPGe detector and for the PGAA Compton-suppressed spectrometer are also

given as a comparison:

Table 1.

Conclusions

After the significant upgrade, the Budapest PGAA and NIPS facilities
offer improved possibilities for routine element analysis and also for advanced
research. The intense neutron beams having no epithermal component, the neutron
flux monitor, the computer-controlled beam shutter and the low-level counting
chamber make us able to study better the activation and decay of the in-beam
produced radionuclides. The new Compton suppressor at the NIPS station makes
the spectroscopic conditions similarly favorable to what was previously available
only at the PGAA station. Due to the higher level of automation and the rewritten
acquisition softwares, the productivity of each experimental station increased
substantially. Both facilities will continue to serve national and international

collaborations within the EU FP7 NMI3 and many other projects.
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Table caption:

Table 1. The comparison of the beam-off background conditions inside the
DOME counting chamber with the data for the same bare HPGe detector outside,
and also with the PGAA Compton-suppressed spectrometer [5]. (mcps = 102 cps)
The values marked with * could not be reliably evaluated due to a gigantic

background bumep.

Figure captions:

Fig. 1. The 3D sketch of the Budapest PGAA-NIPS and DOME facilities.

Fig. 2. The change in the incoming neutron flux at the PGAA station, following

the reactor startup.

Fig. 3. The response of the V and Al radionuclides to successive irradiations with

increasing cycle times.
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Table 1

Energy (keV) Origin DOME bkg Bare HPGe room bkg PGAA room bkg
(mcps) (mcps) (mcps)
46.2539(1) 2%Pp(B)*°Bi [**°U] 8.1 * 16.4
53.2275(21) 2¥pp(B)*Bi [*U] 0.7 —* 1.3
63.29(2) 24Th(B)***Pa [*°U] 11.2 —* 9.3
74.9 Pb-X Kg1, Bi-X K2 1.7 327 14.3
77.107 Bi-X Ky1 2.3 176 18.3
84.373 (3) 22Th(o)?**Rn [*°Th] 1.3 119 2.8
92.38 (1) +92.80 (2)  ***Th(p)***Pa [***U] 15.8 207 13.3
143.76 (2) 2PU(e)?'Th [*°U] 13 7 1.2
185.715(5) + U Th U 4 . .
186.211(13) 226Ra(a)222Rn [238U]

238.632 (2) 212ph(B7)**Bi [**°Th] 2.0 675 3.5
295.997 (3) 2¥pp(3)?Bi [*U] 1.5 112 0.3
352.932 (2) 2Mpp(p)?MBi [ZU] 2.8 206 0.7
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511 (beam on)
511 (beam off)
583.191 (2)

609.312 (7)
661.660 (3)
767.36 (2)
911.205 (4)
968.971 (10)
1001.03 (3)
1120.287 (10)
1460.83 (5)
1764.494 (14)
2614.551 (13)

Annihilation

208-|-|(B-)208Pb [232Th]
214Bi(B-)214P0 [238U]
137CS(B-)137Ba
234mpa(B-)234U [238U]
228AC(B-)228Th [232-|-h]
228AC(B-)228Th [232-|-h]
234mPa(B-)234U [238U]
214Bi(B-)214PO [238U]
“K(p"+EC)
214Bi(B-)214P0 [238U]
208T|(B-)208Pb [232Th];
212P0(0L)208Pb [232-|-h]

17.6
13.1
0.6

2.0
0.4
0.3
0.4
0.3
0.3
0.4
1.0
0.3

0.6

342
489

190
47
17

381

228
17
51

590
45

312

0.6
0.4

0.6
0.3
0.2
0.7
0.5
0.5
0.3
4.9
0.5

11

12



colour figure 1

Click here to download high resolution image



http://www.editorialmanager.com/jrnc/download.aspx?id=20761&guid=6b38610b-9a14-40a6-a5ff-9357246ca2e2&scheme=1

colour figure 2

Click here to download high resolution image

Monitor count rate (a.u.)

1300

1200 —

1100 —

1000 —

900 —

800 —

700 —

600 —

500 —

400 —

300 —

200

100 —

0

Steady-state operation

Cold source startup

Loading the sample changer

| | | | | | |
6 8 10 12 14 16 18

Run time of the reactor campaign (h)

|
20

22

24


http://www.editorialmanager.com/jrnc/download.aspx?id=20762&guid=3264d9a9-9a80-4cd0-b674-f411f25a008d&scheme=1

colour figure 3
Click here to download high resolution image

2] sl
g 120 r W At e e i
8 800 —
‘5 -
T 400 —
o -
= 0 — | | ——
—— Beam status
o V1434 keV
2000 — Al 1778 keV
® A —— Calculated
& 1500 — # ¢
- s / Y - i - %"
® 1000 - ;% /e v i a8 45
5 " VA s 3 ~ > >
500 — """' & ° :’r'- > i "' N
-, - < 4 ' ’~ <
1200 — &
© - . N
o . _ A W
T 800 — . - AL . =
> % e 4 .
Q - S e ) "’ql. - s.:'_
b4 » 4 Fa > /3°
< 400+ % - q P
- > ' \.d"
| | | | | |
0 1000 2000 3000 4000 5000



http://www.editorialmanager.com/jrnc/download.aspx?id=20763&guid=3f487c6f-37fb-4427-bf91-5ef2ced5e631&scheme=1

*Transfer of copyright statement
Click here to download high resolution image

Copyright Transfer Statement
Publisher; Akadémial Kiadé Zn., Budapest, Hungary

The signed Copyright Transfer Statement ploose redun 1o,

w‘ié%%knifm;uégﬂ TREET, EUPAPEST [ HUNGARY
. - oN Ko -—
m'{..Si'ééééf’rﬁﬁ@'ﬁd}ﬁI@fkaéﬁé&ﬁs’)ﬁﬁfi.ﬁfiiiiiilﬁIfIIITII?IZIIIIIIII....I.*.I ...... e

- Jou: of Radioana and N r Chemis
e TATTAS BEL o e AN s ,.

@ INDUCED PlorPT—GANAA SPETRALORY T4( (L/TIES AT THE BUDAPEST RexEA

L Transter of copyright

By executicn of the present Statement Author ansiers copynght and a3sgns exdlusvely 1o Publaher af nghts, te and nterest That Author mary
harve (for B extent translerable) in 30d 1o the Ascle and a7y “ovislons Of versons theredl, Ncludng But at kmited 5 the sole fght 1o priet. puttsh
and sell the Artcie workdwide in all langoages and media Transle: of the abova rights it referrod 10 a8 those of the fnal and putished verson of e
Acis But doms nOl ratet AuThor 50 salt-archive the prepnint version of lusher paper {see Section 11)

I, Rights and obigations of Publisher
The Publaher's Ffights 1o the Adticle 178l especialy inchude, But shall not be kmied 2
s anYy 82 publeh an sleckonic version of the Acicie via the webste of the publisher Akadomia ads, waw Ahademiai com [ Husgery).
well a3 the co-pubishers websde www Sonegerne (om (Outsde of Hungary) o any oINer eleconic mat of means of sleciend
SAntation provided By of Srough Akadema Kiado or Sprnper rom time [0 2me, sellng e Article workS-wids (hrough subacrgtions.
Pay-perViow, single archive sale, elc )
Yansforming 10 and sefing the Artcie Twough iy sleciaonic format
pubinhing the Aricie In the printed Jounals as ksled on the officaal Wabess of Pubisher
fracsferreg the copynght and e aght of use of e Arscie oo sty Ihed party
ransiating the Arscle
faking measures o behaf of Ihe AUhor BRanal infingament, Nsppropnate use of the Article, Wbl or plagiarism

Pubisher agrees 10 sand he texd of the Arscle 1o the e-mal sidross ¢f Auther indcaled In the present Staement for praview before Do frat
Pubiahing ether N Capar andior slectronic format (Proof) Author shall tetum the corrected text of the Article witvn 2 days 10 e Pubiaher. Authae
Shal, however, N0t Make any thange to the cament of the Arfcie dunng the Fist Prool preview

L Rights and obligations of Author

The Author declanes and winiants ™at helshe & the exchane auther of Pe Adicie ~ or nas the right 10 represent 3l CoO-AUTon &f the Acie (100
Sec3on IV) - and has not granted any exclusive o non-exciusive rght o the Arlcle 16 any third party 50or 10 the erecution of the present Statemen
and has Me fgh ihetefore 10 enler 1o the presect Statomant and entthe the Publisher the use of e Aacle subject 10 1o prosent Sisloment By
executing e present Statement Author confiems Tt the Artclo & oo of plagansm. and at Author has exerised reascnable Care 15 ooiere that 1
5 accurate and, 10 the Bos! of Author's knowiedge, does NOE CoNtan anything which ks kbelous, or cbacons, of Indrges on aNyons s Copyrght. nght of
POVECY, OF OINer fights. The Authr expressively ackrowiodgos and accepts that he'she shal be ertitied 1o no oyalty (¢¢ any othe See) relalod 10 any
use of e Acle subject 10 The prosent Statament. The Acthor fumier accepls that ho'she will not be endtied %0 dispose of e copyrght of the fral
pullahad varson of the Aticio of make use of the version of the Artcle in any ater the Aon of the pr Satement The Author is
ontfied, Aowsver, 10 Sellarchive the crepriad verscn of haher manuscripl The proprnt version & The Acthor's manuacret of the gadey pesol or the
Author's masuscrpl ong with the comectons made 0 the counse of the peet roview process Tha Author's rght 1D sefarchive o smesgectve of the
format of the prapenl {So¢. tax, pdf) version and seif-archiving ncludos the free ceculation of this fie via e-mad o publcation of thes prepent on the
AUTGrs webpage of on e AUOr's NSLALLONS reposcry With Open of roslricied RcTess. VWhen searchiving & paper the Authee should cleary
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