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Cgobon O. u mp. E15-2009-177
Hzyuenue pe Kuuii NyboKoOro p cCluersieHus, oop 30B HUM

U MPOXOXKJIEHUS HEUTPOHOB B TOJICTON CBUHIIOBON MUIIIEHU

W yp HOBOM 0OJ1 HKeTe MOj JeiCcTBHeM MpoToHOB ¢ dHeprueit 0,7 [oB

He#TpoHHO- KTHB LIMOHHBIE AETEKTOPBI UCIIOIB30B JIUCh VISl UCCIEIOB HUS HEH-
TPOHHOTO TIOJISI B YCT HOBKE «DHEPIUs IUIIOC TP HCMYT LHS», COCTOSIIEH U3 TOJICTON
CBHMHIIOBOM MHIIEHHU U 61 HKET W3 H Typ JILHOIO Yp H . YCT HOBK OOJIyd JI Cb IIPO-
TOH MU ¢ sHeprueil 0,7 ['9B oT cBepXnpoBOIIIIEro yCKOPUTEN HyKJIOTPOH. DKCIepH-
MEHT OBUT 3T TIOM B CUCTEM THYECKMX HCCJIEHOB HHSIX C HCIIOIb30B HHEM MPOTOHHBIX
U IEeHTEepUEBBIX MYyJYKOB B HHTEPB Jie aHepruil ot 0,7 no 2,52 [3B. DKcnepuMeHT Jib-
HbIE I HHblE Cp BHUB JiUCh ¢ p cueT MU MCNPX u 1 HHbIMU ApYTMX 3KCIIEPUMEHTOB.
H Gumion nock xopoliee cornn cve B npefei X CT TUCTHYECKMX U CUCTEM THYECKHX
HEoINpeeIeHHOCTEH.

P Gor Beimonunen B JI Gop Topuu suepHbix npoGiem um. B.II. Ixeneros
OusIn.

Ipenpunt OGbeIUHEHHOTO UHCTUTYT SIIEPHBIX HccnenoB Huil. JyoH , 2009
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Study of Spallation Reactions, Neutron Production and Transport

in Thick Lead Target and Uranium Blanket

Irradiated with 0.7 GeV Protons

Neutron activation detectors were used to study a neutron field in setup «Energy
plus Transmutation» consisting of thick lead target and natural uranium blanket.
This setup was exposed to 0.7 GeV proton beam from the Nuclotron accelerator.
The experiment was a part of the systematic study using proton and deuteron beams
within the energy range from 0.7 to 2.52 GeV. The experimental data were compared
with the results of the MCNPX simulations and with the data of other experiments.
Good agreement within the statistical and systematical uncertainties was observed.

The investigation has been performed at the Dzhelepov Laboratory of Nuclear
Problems, JINR.

Preprint of the Joint Institute for Nuclear Research. Dubna, 2009




INTRODUCTION

Nowadays there is a strong motivation towards improving precision of pre-
dictions of the codes used to simulate production and transport of high-energetic
spallation products in material. More realistic simulations will help to design bet-
ter radiation shielding, more effective spallation neutron sources for condensed
matter and material physics, or accelerator-driven subcritical reactors for nuclear
waste transmutation. Both thin and thick targets made of different materials were
irradiated with relativistic proton beams during various experiments (e.g., [1-3]),
which aimed to obtain data about high energy neutron production in spallation
reactions.

The international team «Energy plus Transmutation» investigates nuclear
processes that occur inside a setup consisting of thick lead target surrounded by a
subcritical uranium blanket during irradiations with various proton and deuteron
beams (1 GeV protons [4], 1.5 GeV protons [5, 6], 2 GeV protons [7], 1.6 GeV
deuterons [8], 2.52 GeV deuterons [9]). All experiments were carried out at the
Joint Institute for Nuclear Research (JINR), Dubna, Russia. Within a broad scien-
tific program of the group, the high energy neutron field in this complex setup was
studied. The obtained data were used for testing predictions of the computer code
MCNPX [10], for total neutron yield simulations, and for tests of high-energy
neutron cross sections of selected reactions computed in TALYS [11].

1. EXPERIMENTAL SETUP

The international collaboration «Energy plus Transmutation» designed a setup
for the purpose of transmutation studies in high-energy neutron fields (see Fig. 1).
It consists of a cylindrical lead target (diameter 84 mm, length 456 mm) and a
surrounding subcritical uranium blanket (over 200 kg of natural uranium). The
blanket is divided into four sections and each of them contains 30 identical natural
uranium rods. These are hermetically encapsulated in an aluminum shell. Each
rod has a diameter of 36 mm, a length of 104 mm, and a weight of 1.72 kg.

The blanket is held together by an iron and aluminum construction and is
mounted on a wooden plate. Around the blanket, there is a biological shielding
consisting of a wooden box with front and back wall opened. One mm thick
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Fig. 1. Cross-sectional front view (left) and side view (right) of the «Energy plus Trans-
mutation» setup. All dimensions are given in millimeters

cadmium plates are mounted on the inner walls of this box, inner volume of
the shielding walls is filled with granulated polyethylene. The whole assembly
is mounted on an iron stand and it can be moved on rails within the exper-
imental hall. More detailed information about the setup can be found in [12].
Detailed analysis of the influence of different setup parts and uncertainties in their
geometrical and physical definitions is examined using the MCNPX code. A sim-
ilar study was done for possible sources of systematic uncertainties of obtained
experimental data, see [13, 14].

2. BEAM MONITORS

Irradiation of the experimental setup was carried out at the Veksler and Baldin
Laboratory of High Energy Physics with the 0.7 GeV proton beam extracted from
the accelerator Nuclotron. Starting at 17:07 at June 27, 2004, it lasted 32260 s
(approximately 9 hours). The exact geometrical adjustment of the experimental
setup with respect to the proton beam direction was checked before irradiation by
means of sensitive Polaroid film. Because it was very important to know exactly
the beam parameters, the proton beam was measured during the irradiation by
several groups using different methods. Data from all groups were then used for
determination of the beam parameters. The first method applied by Dr. Wagner
and his group from ReZ was based on activation detectors and it used two sets
of Al and Cu square detectors to measure both the intensity and the shape of the
beam. The second method was based also on activation detectors, but used Al
circular rings placed 57 cm in front of the target to measure the beam intensity and
profile at this point. These beam measurements were headed by Dr. Westmeier
and Dr. Adam. The third method used by Dr. Zhuk and his colleagues from
Belarus was based on solid state nuclear track detectors. Obtained data were used



mainly to verify the beam shape at the beginning of the target and in the first gap
of the setup [15, 14]. All experimental results from above-mentioned groups are
listed below.

2.1. Square Aluminum and Copper Detectors for Beam Monitoring. Two
sets of square aluminum and natural copper (69.17% %3Cu and 30.83% 55Cu)
activation detectors were used in this case. Thickness of the foils was 0.1 mm
for Al and 0.05 mm for Cu, respectively.

The first set consisted of nine small Cu and Al foils (2 x 2 cm), was placed
directly in front of the target and measured the beam profile and position (Fig. 2).
The foils were wrapped up in two layers of paper, stuck as close as possible
together, but there were still approximately 3 mm spaces between them (because
of double paper wrap).

The second set were big Cu and Al foils (8 x 8 cm) located in the same
place as the circular rings (placement 57 cm in front of the target minimized the
activation of the foils by high-energy neutrons emitted backwards from the setup
itself). These activation foils measured the total proton fluence on the target.

Gamma radiation of the irradiated monitor foils was measured by two differ-
ent HPGe detectors at two different geometries (distances 25 and 53 mm from the
detectors front). For the gamma measurement, one square sample with the size
2 x 2 cm (approximate thickness 0.5 mm) was folded from the big beam monitor
foil. HPGe detectors were Ortec GMX-20190-P with portable Dewar. Detectors
were placed inside lead shielding with the back wall opened. This shielding par-
tially suppressed the background; moreover, it shielded the personnel from mea-
sured samples. The detector systems were calibrated using well-defined >*Mn,
57Co, 60Co, 88Y, 109Cd, 1138, 133Ba, 137Cs, 139Ce, 152Ey, 228Th, and 24'Am
point sources which have several gamma lines ranging from 80 to 2615 keV.
The calibration gamma spectra were analyzed and net peak areas were calculated
using the program DEIMOS [16]. All necessary corrections on possible coinci-
dences and background contributions were made. The systematic uncertainty of
the efficiency determination is ~ 3% for distant geometries and ~ 6% for the
nearest geometry. After all measurements, the calibration was checked once more
to control the calibration stability.

Beam monitor foils were measured several times after the irradiation and
the following isotopes were identified: °6Co, 57Co, 8Co, 5?Mn, 5*Mn, °'Cr,
48y, 44mge 468c, 47Sc, 22Na, 24Na, and “Be. The results of the analysis of
several ~y lines from all spectra were used to calculate the experimental integral
proton fluence I,,. Weighted averages over the number of spectra and lines were
determined for each individual isotope. The cross sections for different isotope
production were obtained from analysis of experimental data from the EXFOR
data base [17].

Results of the measurements for different isotopes and at different detector
geometries agree within statistical errors and no systematic discrepancies are



visible. The number of used gamma lines Ngi, and the number of obtained
data Np (from repeated measurements at the same or different geometries) for
different isotopes are shown in Table 1. The mean weighted average value of
the integral proton fluency through the big 8 x 8 cm monitor placed 57 cm in

Table 1. Proton fluences on the big Cu and Al monitor placed 57 cm in front of the
target. Statistical uncertainty includes only uncertainties from the Gauss fit of the
gamma peaks in Deimos, in the whole uncertainty is included also uncertainty from
cross section

Isotope mgz;rn A(‘T%{G’ New Ao uninizittl;)t,lcf (l)13 unceﬁaggtl;f()),l e1 o'
56Co 10.2 7 3 3 1.21(4) 1.21(12)
57Co 26.4 7 2 2 1.40(2) 1.40(12)
%8Co 30.0 15 1 1 1.70(3) 1.70(28)
52Mn 9.9 8 3 5 0.99(1) 0.99(9)
54Mn 18.8 6 1 1 1.25(5) 1.25(12)
Sicr 26.7 7 1 1 1.02(4) 1.02(11)
18y 11.5 5 3 3 1.18(2) 1.18(8)
mge | 4.00 7 1 2 1.43(3) 1.43(13)
165¢ 5.28 6 1 1 1.25(5) 1.25(12)
4TS¢ 2.25 7 1 2 1.40(5) 1.40(15)
24Na 10.42 5 2 2 1.20(2) 1.20(8)
%2Na 13.8 7 1 1 1.62(21) 1.62(32)
"Be 10.4 5 1 1 1.10(14) 1.10(23)
Weighted average of proton beam intensity 1.22(5)
X2 1.6

Table 2. Relative proton fluences on nine small monitors placed just in front of the target

Foil number | Np | x? | Ratio I,, (foil)/I,, (central foil), %

1 25 | 1.0 62.3(6)

2 24 | 04 88.7(7)

3 24 | 21 49.7(12)
4 25 | 1.0 73.9(7)

5 24 | 14 100.0(13)
6 24 | 1.8 66.2(13)
7 21 | 14 43.7(10)
8 19 | 1.8 62.0(14)
9 19 | 35 39.9(18)




front of the target was determined to be 1.22(5) - 10*® protons, with the value of
2=16.

To calculate the beam profile and its displacement two assumptions (simpli-
fications) were used — the beam profile is of a circular shape and the proton
distribution inside the profile has Gaussian shape. Placement precision for the set
of 9 small (2 x 2 cm) foils was around 2 mm, distances between the foil centers
were 2.3 cm. Gamma lines of 13 isotopes (°°Co, 57Co, *8Co, ®?Mn, **Mn, °'Cr,
A8y, 44mgc 468c 47Sc, "Be, 22Na, and 24Na) produced by high-energy protons
in Cu and Al foils were analyzed. The values for production of 2Na on Al foils
were influenced by the (n,a) reaction induced by neutrons from the spallation
target.
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Fig. 2. 3D visualization of the experimental beam profile values measured by the nine
small Cu and Al monitors (left) and a photo of real monitors (right)

From this beam determination a shift of the beam 0.5(3) cm upwards and
0.1(3) cm to the left was observed. The total proton fluence via all nine small
beam monitors placed directly in front of the target was 0.90(5) - 1013.

2.2. Aluminum Circular Detectors for Beam Monitoring. Concerning the
beam profile at 57 cm in front of the target, the circular rings were used and
evaluated in the same way as square monitors. The total ?*Na activities of
single circular rings are listed in Table 3. The total fluence on the whole 16 cm
diameter monitor was 1.40(10) - 1013 protons. We used these data to obtain
the beam profile at a distance of 57 cm by fitting the beam profile by Gaussian
distribution. We assumed that the shift of the beam centroid from the center of
the monitor was negligible. The fit accuracy can be seen from Table 3 where
experimental and fitted data are compared. The systematic uncertainties were
deduced from uncertainties of foil positioning, shift of the beam, differences
from the circular shape of the beam, and mainly by the non-Gaussian beam tail.
The estimate of the variance (o) uncertainty (from the Gauss fit) is 0.3 cm that
means o = 2.7(3) cm and FWHM = 6.2(7) cm. Using the obtained beam profile,



Table 3. Data from the big segmented aluminum beam monitor placed 57 cm in front

of the target

Foil . Inner . Outer 24Na activity, | Gaussian fit,
diameter, cm | diameter, cm Bq Bq
Inner circle 0 2.1 21.1(10) 23.7
15% ring 2.1 8.0 190(13) 190
274 ring 8.0 12.0 82(5) 76
3™ ring 12.0 16.0 19.7(12) 20.7

fluency at this distance from the target was for diameter 8.4 cm (diameter of the
lead target) 0.95(6) - 10'3 protons and around 30% of the beam was out of the
lead target.

The beam profile results and the data from big square beam monitor (men-
tioned in Subsec.2.1) were used to calculate the integral proton fluence at the
point 57 cm in front of the target — 1.62(13)-10'3. The calculated ratio between
the whole integral proton flux and the proton flux on the big square monitor
is 1.33(12).

2.3. SSNTD Beam Monitoring. The determination of the beam profile using
Solid State Nuclear Track Detectors (SSNTD) was realized by the measurement
of distributions of induced fission rates in natural lead. Two sets of 37 lead
samples were attached in front of the target in two directions: horizontal from
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Fig. 3. The Gaussian fits of the beam profile determined by SSNTD. Left: In front of the
target: horizontal shift 0.5(3) cm to the right — o = 2.7(2) cm; vertical shift 0.4(3) cm
down — o = 2.5(2) cm. Right: In the first gap between the first and the second section:

horizontal shift 0.0(3) cm to the right — o = 2.5(2) cm; vertical shift 1.2(3) cm down —
o =24(2) cm



left to right side and vertical from bottom to top. Identical sets were also placed
between the first and the second sections. Assuming the Gaussian shape of beam
profile, following position and profile of the beam were obtained, see Fig. 3.

When we used the beam profile measured by SSNTD and the proton intensity
measured by the nine small beam monitors, we got the total proton flux at the
point of the target equal to 1.52(15) - 1013,

2.4. Proton Beam Summary. From SSNTD being the most accurate method
for the beam shift monitoring it was assessed that at the beginning of target the
beam was shifted 0.4(3) cm downwards and 0.5(3) cm to the right. Results of
all beam shift measurements agreed within uncertainties and the beam was within
the uncertainties centred to the target axis. Parameters of the Gauss curve at the
beginning of the target were 0 = 2.51(9) cm and FWHM =5.91(21) cm (good
agreement with the distribution obtained with the segmented circular monitors,
see Subsec. 2.2). All beam profile measurements showed serious beam divergence
and that a certain part of the beam was out of the lead target. Using three different
detectors, we measured following proton flux results: 1.52(15)-1013 from the nine
small monitors placed directly in front of the target, from the segmented circular
beam monitors 1.40(10) - 10'3, and 1.62(13) - 10'3 from the big square monitor.
Weighted average over these values is equal to 1.49(7) - 1013 with x? = 0.9. The
cross-section uncertainties are included in all quoted uncertainties.

The value 1.52(15) - 103 was chosen for further experiment evaluation.
Reasons for choosing this value were the following: this value was determined
at the beginning of the target from 13 different nuclear reactions (the value
1.40(10) - 10'® was determined only from one reaction), it was measured at the
beginning of the target with the best knowledge about the beam shape measured
by SSNTD, and the beam intensity 1.52(15)-10'3 is close to the weighted average
over all beam intensity values, and finally, its uncertainty covers the whole interval
of beam results interval.

3. HIGH-ENERGY NEUTRON FIELD MEASUREMENTS

To measure the high-energy neutron field in the «Energy plus Transmutation»
setup activation samples were used. On irradiated samples, we looked for products
of threshold reactions. Activation samples were foils made of aluminum, cobalt,
gold, bismuth, and yttrium. These elements were chosen, because they are either
naturally mono-isotopic or one of the isotopes is dominant. They are also cheap,
relatively nontoxic, and have convenient physical properties such as melting point
or ductility. Further important criteria for choosing these elements were the decay
times of isotopes produced through threshold reactions. For more details see
Tables 6-10.



High-energy neutrons in the setup emerged mainly from spallation reactions
in the lead target. High energy fission in the uranium blanket added some
extra neutrons, but there was also an absorption peak on 23%U for neutrons
around 10 eV (these physical effects were confirmed in MCNPX simulations,
see Fig.14). Furthermore, there was a significant contribution to the epither-
mal and resonance neutron flux from those neutrons that were moderated in
the biological polyethylene shielding and reflected back into the setup. These
neutrons created inside the setup a nearly homogeneous field, contrary to spalla-
tion neutrons. Nevertheless, we examined the threshold reactions with threshold
energies over 5 MeV, which were not affected by these epithermal and res-
onance neutrons. Only yields of nonthreshold reactions (n,~y) were strongly
influenced. This complicated neutron field induced in our activation sensors a
lot of various nuclear reactions, mainly of (n,7v), (n,«), (n,p), and (n,zn)
type, where the = stands for number of emitted neutrons. Production yields
were measured via the characteristic y-ray spectrum emitted by the products
during decay.

Activation samples had a square shape with the length of the side 20 mm (Au
and Al samples) or 25 mm (Bi samples), circular shape with diameter of 10 mm
(Co samples) or small nuggets (yttrium). The sample placement is depicted in
Fig.4 and listed in Table4.
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Fig. 4. Placement of the gold and aluminum activation foils. Other elements were placed
in similar way, but in another direction from target center to blanket periphery (e.g.,
bismuth in the right-down direction with respect to the target axis). Dimensions are given
in millimeters

Average weight of the foils was 0.3 g for Au, 0.6 g for Al, 2.5 g for Co, 6.5 g
for Bi, and 1.1 g for Y. The foils were wrapped in two layers of paper during
the irradiation. The inner paper minimized the transport of fission products and
produced isotopes out of the foil and also between different foils; moreover, the



Table 4. Placement of activation foils in the «Energy plus Transmutation» setup during
0.7 GeV proton experiment

Distance from
the target Foil label
axis, cm
0 Y1.0
3 All Aul Bil Y1.1
1 plane 6 A2 Au2
8.5 Al3 Au3
10.5 Al4 Aud
3 Al5 Au5 Bi2 | Co2C1 |Y2.1
Al6, A21, | Au6, Au2l, .
2 plane 6 AI22, AI23 | Au22, Au23| B Y22
8.5 Al7 Au7 Bi4 | Co2C2 | Y223
10.5 Al8 Au8 Bi5 | Co2C4 | Y32
13.5 Y20
3 Al9 Au9 Bi6 Y3.1
3 plane 6 All0 Aul0
8.5 Alll Aull
10.5 All2 Aul2
3 All3 Aul3 Bi7 Y41
4 plane 6 All4 Aul4
8.5 All5 Aul5 Bi8
10.5 All6 Aul6
0 Y3.0
3 All7 Aul7 Bi9 |Co2.C3| Y5.1
5 plane 6 All8 Aul8
8.5 Al19 Aul9 Bil0
10.5 AI20 Au20

HPGe detector contamination was excluded. The outer paper (removed after the
irradiation) minimized contamination of the samples by radioisotopes recoiling
from the setup.

Placing the foils closely together had no influence on the yields of threshold
reactions (as proven in simulations and published in [13]). Only the yields of
nonthreshold (n, ) reactions were lowered due to self-shielding. Low-energy
neutrons were strongly captured due to resonance absorption (e.g., 50% lower
yields of (n,v) °Au reaction at 50 um thick gold foil).



Another set of samples was placed on the top of the uranium blanket. It
consisted of 10 pairs of gold and aluminum foils mounted horizontally on the
blanket construction.

3.1. Evaluation of Reaction Yields in High-Energy Neutron Detectors.
After the irradiation, activated high-energy neutron detectors were transported
to the spectroscopic laboratory at JASNAPP in order to measure their gamma
activities with HPGe detectors (the same detectors as for beam monitors). Almost
all samples were measured twice in real time mode. The first measurement was
carried out a few hours after the irradiation and lasted only a few minutes, the
second one was performed several days up to a few weeks after the irradiation. In
that way most produced isotopes except very short-lived ones could be quantified.
There was a three-hour gap between the end of the irradiation and the start of
the measurement, in which decay of high radioactive contamination of the setup
had to be awaited (before this we were not allowed to manipulate with the setup
and our samples). This is the reason for not observing isotopes with a half-life
shorter than approximately one hour.

To analyze gamma-ray spectra and to determine net peak areas, the computer
program DEIMOS [16] was used. Corrections for decay, gamma-line intensity,
possible coincidence effects (coincidence summing and background contribution),
detector efficiency, beam instability, nonpoint-like emitters, self-absorption and
dead-time correction were applied to obtain the total number of nuclei (yield)
of certain isotope. This yield was then normalized to 1 g of activation foil
and to 1 primary proton (proton beam intensity of 1.52(15) - 10'® was used).
Subsequently one can compare results with other «Energy plus Transmutation»
experiments. The final formula for yield calculation is shown below.

Beam
Self-absorption instability ~ Dead-time Decay during cooling
correction  correction  correction  and measurement

N T

S 0(119( )'Ba, @ 1 1

Peak area

Nyielqa = 1
yiele I - Coi - il(—‘i t]lV Mioil Ip 1-— p (Ateal) ( )
7 line / / \ \ \
Hel;eél:égy Detector  Correction Square- Weight Beam Decay
P y efficiency for emitter norma- integral during
coincidences  correction lization irradiation
where A — decay constant, tj,, — irradiation time, ¢,e;; — real measurement

time, t15v¢ — live time of the detector, o — cooling time.

10



3.2. Correction on Course of Irradiation. As can be seen from Fig.5,
the beam intensity was not stable during the irradiation and these irradiation
instabilities had to be corrected (they have an influence on the yields of observed
radioisotopes). We used a program developed in Dubna [18], which counts
production and decay of each isotope for each beam bunch, and as an output
returns a dimensionless correction factor B,,.

w

Beam intensity, 1010 p/bunch
o

—_
.
L

1

10 000 20 000 30 000
Irradiation time, s

Fig. 5. Beam intensity during the 0.7 GeV proton irradiation of the «Energy plus Trans-
mutation» setup at the Nuclotron accelerator

A less accurate correction factor B, was obtained by a manual calculation (see
Eq. (2)), when the irradiation process was divided into N intervals with constant
beam intensity (results from the manual calculation and from the program differs
on the second or third decimal place according to the number of intervals). The
correction factor generally depends on the half-life of the isotopes, where for
short half-life and big changes of the beam at the end of irradiation there are big
corrections.

1 — e M

— , @)
tir Y | == W (i) e M (1 — e~ Mr(D)
=1 L tp(d)
tiy — the total irradiation time; ¢.(i) — time from the end of the irradiation
interval till the end of the whole irradiation; ¢, (i) — time of calculated irradiation
interval; W (i) — ratio between the number of protons in the interval and in the
whole irradiation; N — the total number of intervals; A — decay constant.

The beam correction factors for most of the isotopes were very close to
unity, only the cases where beam correction factor had influence larger than 2%

B, =

11



Table 5. Beam correction factor B, for different isotopes calculated by the Dubna
program [18]

Isotope | 112, h | Correction factor, B, | Isotope | T /2, h | Correction factor, B,
192Au | 4.94 0.972 omy | 316 0.966

202gi | 1.72 0.971 85y | 2.68 0.965

201Bi | 1.8 0.970 8my | 4.86 0.972

81Rb | 4.58 0.971 82mRb | 6.47 0.977

Note: Radioisotopes 32*Rb and 8'Rb are reaction products from 39Y.

are shown in Table5. Beam correction factor was finally checked in a program
similar to the program from Dubna, but written in ReZ in C+4. As both
programs use the same analytical method for correction calculations, we get the
same results.

3.3. Correction on Nonpoint-Like Emitters. Monte-Carlo simulation was
used to assess the effect of nonpoint-like emitters. All detectors were calib-
rated using standard point-like laboratory etalons, but measured foils had di-
mensions of 2 x 2 cm or more. In the simulation the response of the detector
on both types of emitters was computed and a ratio square to point-like source
(= correction factor) was worked out for the total detector efficiency ¢; (probabil-
ity of registration of any part of emitted gamma-quantum) and the peak detector
efficiency €, (probability of registration of whole gamma-quantum written down
to the peak of full absorption). Example of the results for 2 X 2 cm emitter can
be seen in Fig. 6.

1.01
1.00 A
0.99 1 §§ ¢ ¢ 14
0.98 1 +®

0.97 1 $ 2 x 2 cm emitter

$

O’QQQQQ

Correction factor

0.96 ®$$$
09593

0.94 T T T T T T
0 2 4 6 8 10 12 14 16

Source-detector distance, cm

og eg,

Fig. 6. Correction factor of the total detector efficiency e; and the peak efficiency ey,
nonpoint-like emitter of 2 X 2 cm size; MCNPX simulation
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4. EXPERIMENTAL RESULTS

High-energy neutron spectrum was inspected by means of threshold (n, @),
(n,p), and (n,zn) reactions in the detectors. Products with threshold energies
Fihresh from 5 to 60 MeV were observed, what corresponds to neutron removal
multiplicities = from 2 to 9. The values of reaction Fipesn Were taken from [19],
and for higher threshold energies subtracting of the masses of incoming and out-
going particles were used (nuclear masses taken from [20]). Half-lives of isotopes
and gamma-line energies were taken from [21]. The yields of observed isotopes
(i.e., the numbers of activated nuclei per one gram of the foil and one proton)
are shown in the semi-logarithmic scale in Figs. 7-10, corresponding values with
uncertainties are given in Tables 6-10. These values represent weighted averages
from multiple measurements on various detectors; the uncertainties are only of

Yield, 1/gp
103
- 198A0 196 A0 = 194Au -0-192Au -&- 2Na
104 - @/——e\é\e\@
105 e L S
—— i 7=~
- -0 S N
106 F N
\‘~\ ~ .
.. \%
10-7 | | | | “ere
-5 5 15 25 35 45
Position along the target axis, cm
Yield, 1/gp
1073
== 198A ¢ 196 Ay & 1940, @ 1927 =O- 24Ny
104
103
106
10-7 I I I I

4 6 8 10 12
Radial distance from the target axis, cm

Fig. 7. Yields of observed isotopes in gold and aluminum foils — longitudinal direction
3 cm above the target axis (top) and in radial direction in the first gap of the setup (bottom)
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-0 206B] - 204R; 203B] -a 202Bj -e 20IBj

106 L

107 |

108 | | 1 1
2 4 6 8 10 12

Radial distance from the target axis, cm

Fig. 8. Yields of observed isotopes in bismuth foils — longitudinal direction 3 cm above
the target axis (top) and in radial direction in the first gap of the setup (bottom)

statistical origin from peak fit in DEIMOS32, multiplied by x? for those with 2
higher than one.

Products of (p, pxn) reactions leading to the same radioisotope as the (n, zn)
reaction cannot be distinguished in the experiment. This can be done only in
simulation. From our MCNPX simulations we know that protons can produce
up to 20% of the total yield, influence of photons and pions is much smaller
(around 1%). When comparing experimental data with the simulated ones, all
mentioned reactions are taken into account, see Sec.5. Experimental points
in the following figures are connected with lines to guide reader’s eyes. The
uncertainties are hardly visible in semi-logarithmical scale.

In Figs. 7-9 the experimental yields are shown as a function of longitudinal
and radial coordinates. Basic trends are comparable to the tendencies obtained
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Fig. 9. Yields of observed isotopes in yttrium foils — longitudinal direction 3 cm above
the target axis (top) and in radial direction in the first gap of the setup (bottom)
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Fig. 10. Yields of observed isotopes in gold and aluminum foils placed on the top the
setup in horizontal position. Yields of '°®Au are divided by 10
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for higher beam energies. Most longitudinal distributions increase slightly until
reaching a maximum at around 12 cm from the beginning of the target. Then the
longitudinal distributions show a steady decline. The position of the maximum
depends on combination of several phenomena, e.g., the angular distribution
of particles in spallation reaction, decrease of the proton beam intensity in the
target, decrease of primary proton beam energy due to ionization losses of charged
particles in material, behavior of a reaction cross section as a function of energy,
etc. Neutral particles do not lose energy by ionization; hence the spallation
reactions at the end of the target were predominantly induced by secondary high-
energy neutrons. It is also visible that °® Au nuclei produced by (n,7) reactions
with thermal neutrons do not have any maximum of yield, as the thermal neutron
density distribution from back-diffusion is expected to be flat. The biological
shielding really creates an almost homogeneous field of epithermal and resonance
neutrons in the target volume.

In the radial direction, yields distribution of all isotopes produced in threshold
reactions follow similar trends — a rapid fall with increasing radial coordinate.
Such a behavior agrees with the expectation (and we observed it in the pre-
vious experiments) that the intensity of the high energetic part of neutron flux
drops almost exponentially with growing distance from the spallation source. On

Table 6. Yields of observed isotopes in Bi foils

Foil 209Bj
Reaction (n,4n) (n, 6n) (n,7n) (n,8n)
Product 200Bj 204Bj 203Bi 202Bj
Ehresh, MeV 22 38 45 53
Ti/2,h 150 11 12 2
X, cm Longitudinal yields for R = 3.0 cm, 107% - g=* - proton™*
0.0 6(1) 2.1(7) 2.4(12) 2.79(13)
11.8 2.43(16) 1.6(4) 1.44(10) 1.45(7)
24.0 1.39(10) 0.96(7) 0.92(7) 1.064(28)
36.2 0.0359(28) — — —
48.4 0.110(18) 0.092(6) 0.077(8) 0.087(11)
R, cm Radial yields for X = 11.8 cm, 1075 . g~ ! . proton™!
3.0 2.43(16) 1.6(4) 1.44(10) 1.45(7)
6.0 1.72(11) 1.20(4) 1.02(6) 0.86(3)
8.5 0.81(4) 0.468(28) | 0.390(23) 0.41(10)
10.5 0.116(21) | 0.068(14) | 0.061(8) 0.066(5)
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the other hand, it can be seen that radial distributions change only slightly for
isotopes produced in (n,7) reactions — “8Au. In the radial direction, the bio-
logical shielding also creates inside itself almost homogeneous field of epithermal

Table 7. Yields of observed isotopes in Al and Au foils

Foil 2TAl 197 Au
Reaction (n, @) (n,v) | (n,2n) | (n,4n) | (n,5n) | (n,6n)
Product 21Na 198 Ay 196 Ay 194 Ay 193 Au 192 Ay
FEihresh, MeV 5.5 — 8.1 23 30 39
Ti/2, h 15 65 148 38 18 5
X, cm Longitudinal yields for R = 3.0 cm, 107% - g~ - proton™*
0.0 7.9(7) 74(5) 9.6(4) | 3.48(14) | 11.9(7) | 2.33(15)
11.8 8.3(7) 97(27) | 11.2(8) | 4.46(15) | 9.1(8) 3.03(20)
24.0 3.43(15) | 83(10) |5.17(14) | 2.4(7) 4(4) 1.75(12)
36.2 0.71(18) | 63(1.0) | 1.31(4) | 0.62(14) 1.0(3) 0.32(4)
48.4 0.19(6) 29(9) 0.4(1) 0.23(5) | 0.45(15) | 0.113(23)
X, cm Longitudinal yields for R = 6.0 cm, 107% - g~ - proton™*
0.0 2.57(23) | 68(15) |3.81(13) | 0.99(20) 1.4(3) 0.67(7)
11.8 3.35(19) | 90.0(12) | 5.1(5) 2.0609) | 1.74(28) | 1.18(6)
24.0 1.85(4) 80(13) [2.93(10)| 1.2(7) 1.77(21) | 0.90(8)
36.2 0.807(29) | 62(8) 1.28(3) | 0.66(17) 1.9(4) 0.48(6)
48.4 0.29(15) 33(5) | 0.44(3) | 0.24(4) 0.09(8) | 0.23(4)
X, cm Longitudinal yields for R = 8.5 cm, 107% - g~ . proton™—*
0.0 1.2(3) 72(21) | 1.97(8) | 0.50(6) | 0.38(15) | 0.226(29)
11.8 1.62(23) | 85.5(6) |2.89(11) | 0.94(23) | 0.57(24) | 0.54(4)
24.0 0.98(4) 86(5) | 1.50(24)| 0.58(14) | 0.55(24) | 0.27(5)
36.2 0.406(18) | 63.1(4) | 0.7(3) | 0.29(18) | 0.12(3) |0.192(25)
48.4 0.136(14) | 38.2(3) | 0.27(4) | 0.118(19) [ 0.021(14) | 0.11(3)
X, cm Longitudinal yields for R = 10.7 cm, 107 - g~* - proton*
0.0 0.706(23) | 75(18) | 1.18(4) | 0.26(5) | 0.93(24) | 0.111(16)
11.8 0.92(6) 97(7) | 1.48(13)| 0.7(3) 0.00 0.23(3)
24.0 0.57(5) | 99(20) |1.16(15)| 0.33(6) 1.1(5) 0.25(3)
36.2 0.28(9) | 80.6(7) | 0.62(8) | 0.18(3) 0.21(8) | 0.144)
48.4 0.112(10) | 48.1(1.7) | 0.19(2) | 0.091(18) | 0.15(7) |0.033(14)
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Table 8. Yields of observed isotopes in Co foils

Foil »Co
Reaction (n,7) (n,2n) | (n,3n) (n,4n)
Product 80Co %Co *Co % Co
Einresh, MeV — 133 24.6 41.7
Ty, d 1924 78.8 271.8 77.3
R, cm Radial yields for R = 11.2 cm, 107% . g~ - proton™*
3.0 27.4(11) | 4.09(11) | 2.04(9) 1.45(6)
8.5 31.0(13) | 1.03(6) | 0.59(7) 0.271(28)
10.5 37.9(16) | 0.60(6) | 0.31(6) 0.074(22)

Table 9. Yields of observed isotopes in Y samples

Foil 9y
Reaction (n,7) (n,2n) | (n,3n) | (n,4n) (n, 5n)
Product %omy 8y 8Ty 8y 85y
Einresh, MeV 0 11.5 20.8 32.7 42.1
Ti/2,h 3 2568 80 15 3
X, cm Longitudinal yields for R = 3.0 cm, 107% - g~ - proton™*
0.0 0.090(14) | 194) | 8.74(23) | 3.54(9) 2(2)
11.8 0.16(1) 20(4) [11.07(18)| 4.57(9) 5.1(6)
24.0 0.099(7) 8.1(5) 5.77(8) 2.31(5) 3.8(8)
36.2 0.039(5) |1.64(20)|1.058(12) | 0.358(19) | 0.11(11)
48.4 0.0069(12) | 0.69(16) | 0.298(11) | 0.100(7) | 0.033(26)
R, cm Radial yields for X = 11.8 cm, 107° - g=* - proton™*
3.0 0.16(1) 20(4) [11.07(18)| 4.57(9) 5.1(6)
6.0 0.129(9) 6(2) 3.2(28) 1.54(4) 0.6(5)
8.5 0.083(8) 3.4(4) | 2.12(20) | 0.652(9) 0.18(9)
10.5 0.057(6) | 2.3(14) | 1.21(4) [0.297(28)| 0.08(13)
13.5 0.033(4) |1.13(20)|0.691(17) | 0.177(15) | 0.052(8)

and resonance neutrons. Comparison with other «Energy plus Transmutation»
experiment at higher proton energy can be found in [4].

The set of Al and Au foils placed horizontally on the top of the setup
embodied much bigger statistical uncertainties because of low neutron flux at this
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Table 10. Yields of observed isotopes in Au and Al foils placed on top of the setup in

horizontal position

Foil 2TAl 197 Au

Reaction (n, ) (n,7) (n,2n) (n,4n)

Product 21Na 198 Au 196 Au 191 Au

FEihresh, MeV 5.5 — 8.1 23

Ty/2, h 15 65 148 38

X, cm Longitudinal yields for R = 15.0 cm, 107% - g=* - proton™*
1.2 0.421(19) | 100(28) 0.76(5) 0.23(4)
5.2 0.47(8) 108(7) 0.85(4) 0.300(29)
10.0 0.609(27) | 114(29) | 0.972(28) 0.43(24)
15.4 0.63(7) 107(19) 1.1(6) 0.60(8)
20.0 0.420(28) | 123(22) 0.59(4) 0.36(4)
28.2 0.42(8) 100(40) 0.66(5) 0.32(3)
31.0 0.280(27) | 100.2(4) 0.56(8) 0.202(28)
38.5 0.255(24) | 80(70) 0.51(13) 0.15(6)
42.5 0.119(18) | 77.2(7) | 0.278(17) 0.15(6)
46.5 0.106(16) | 60(40) — 0.12(4)

point and thus lower activation of the foils. At this distance the neutron flux
was homogenized and the maximum was not visible. The °?Au isotope was
not observed what implicates few neutrons with energies over 39 MeV at this
place.

Effect of self-shielding decreases the yields of nonthreshold **Au by ~ 30%
for 50 pum thick foil. In the MCNPX simulation self-shielding is also included,
so the correction in experiment is not necessary. Yields of nonthreshold reactions
can be thus used to neutron multiplicity assessment; see Sec. 6.

Longitudinal ratios between yields at the end of the target (X = 48 cm)
and inside the first gap (X = 12 cm) as a function of reaction threshold energy
are shown in Fig. 11 (left). These longitudinal ratios are within uncertainties
almost constant and they exhibit a large spread, reason for that can be relatively
low beam energy (protons of 0.7 GeV are fully stopped in the 48 cm thick
lead target). In the radial direction, ratios between yields at R = 10.7 cm and
R = 3 cm are shown in Fig. 11 (right). In contrast to the longitudinal ratios, these
ratios decrease with increasing threshold energy. This indicates that the resulting
neutron spectrum becomes softer at the top of the target.
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setup
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Comparing data from the previous proton experiments on the «Energy plus
Transmutation» setup, one can see a clear dependence between the beam energy
and density of the neutron flux (all experimental data are normalized to 1 proton).
In longitudinal direction, rise of the beam energy causes rising neutron flux and
shifting of its maximum farther from the target beginning.

5. COMPARISON WITH MCNPX SIMULATIONS

One of the main aims of this experiment was to compare measured data with
simulations. Simulations were performed with the MCNPX 2.6.e code [10]. In
the input file, the complex geometry of the uranium rod blanket, the segmented
lead target, the polyethylene shielding, all metal frames, shells, and support struc-
tures were described; for more details see [13]. The simulated proton beam had
energy of 0.7 GeV and a Gaussian profile, its horizontal and vertical FWHM
and shift were adjusted to be the same as measured in the experiment (the same
amount of protons impinged out of the target in simulation, as in the experiment).
Simulations were computed using the intranuclear model INCL4 and the evapora-
tion model ABLA (examples of calculated results are shown in Figs. 16 and 17).
This combination of models gives the best agreement with the experiment. Other
available combinations of libraries and models were also tested and differences
between results up to tens of percents were observed (worse agreement than at
INCL4 4+ ABLA). Detail study of the relation between used models and libraries,
and results of the simulations can be found, for example, in [4] (1 GeV proton
experiment at «Energy plus Transmutation» setup).

Fig. 13. Model of the «Energy plus Transmutation» setup in MCNPX, rendered in Povray
code [22]. The lead target and the uranium blanket without construction materials and
shielding are on the left; four sections of the lead target with activation foils are displayed
on the right
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From the computer simulations significant influence of various parts of the
«Energy plus Transmutation» setup onto the neutron field can be seen. In Fig. 14,
there is shown a comparison of the neutron spectra in the first part of the target
when there were just the lead target (i), or the lead target and construction
materials without U and shielding (ii). Then the uranium was added to the
target and construction materials (iii), furthermore the biological shielding without
cadmium (iiii), and finally a simulation for complete assembly with the biological
the polyethylene shielding substantially enhances the thermal, epithermal, and
resonance component of the neutron flux in the setup. The thermal part of the
neutron flux returning to the inner volume of the setup is completely absorbed by
the cadmium layer. The shielding box does not significantly change the neutron
spectrum above 1072 MeV.

«+¢-- Whole setup == NoCd =#A— Pb+U-+constr —#— Pb+constr =&- Pb

Relative neutron flux

104

106

10-10 1 l 1 l 1 l
108 106 104 102 1 102 10*
Neutron energy, MeV

Fig. 14. Setup parts influence on the neutron field in the first target part, MCNPX simulation

The difference between high-energy neutron flux in the bare Pb target and
in the Pb target surrounded by the uranium blanket is partly caused by fission
of 238U, reflection of high energy neutrons back to the target, and by beam
tails, which in the case of the 0.7 GeV proton experiment hit also the uranium
blanket, see Fig. 14 (right). MCNPX can calculate directly yields of produced
isotopes using the «f4 tally». Unfortunately, cross-section values for threshold
reactions at high energies are not very accurate in MCNPX and they can be
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Fig. 15. Ratio in neutron production between the whole setup and the bare lead target,
respectively the lead target with uranium blanket; MCNPX simulation

obtained better using the TALYS code ver. 0.79 [11]. Moreover, «f4 tally»
cannot calculate the production of radioisotopes through proton and pion induced
reactions. Therefore, yields were simulated in MCNPX only of nonthreshold
(n,~) reactions (18Au, 2°9Bi, etc.) together with secondary neutron, proton,
and pion spectra. These spectra were then folded with simulated cross sections
computed separately in TALYS for lower energies up to 200 MeV and in MCNPX
for higher energies. TALYS and MCNPX cross sections were finally connected
together.

The ratios of yields obtained from the experiment and from the MCNPX
simulation of the whole setup are plotted in Figs.16 and 17. Lines between
the points are meant to guide reader’s eyes. If we watch for the trends in
the data, it may be stated that the MCNPX simulation provides qualitatively

2iNa A 198AY o 196Ay o 194Ay

-192Ay 24Na

3 " ]L)gAu-e-l%Au _)(,194A]_1

W

O |
-5 5 15 25 35 45 55 2 4 6 8 10 12
Position along the target axis, cm Radial distance from the target axis, cm

Fig. 16. Experiment versus simulation ratio of Au and Al yields, left — in longitudinal

direction 3 cm above the axis, right — in radial direction in the first gap of the «Energy
plus Transmutation» setup
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Fig. 18. Comparison of normalized experimental and simulated (Bertini + Dresner) yields
of %% Auin longitudinal direction at 6 cm from the target axis (left), and in radial direction
in the first gap (right) for all proton experiments. Data are normalized to the second foil
in each set

reliable prediction for measured data, especially for Au and Al. Any substantial
disagreement in radial direction was not observed, contrary to experiments with
proton energy 1.5 GeV (see Fig. 18) and higher.

6. DETERMINATION OF NEUTRON MULTIPLICITY
The so-called water-bath/activation foil method [23] is often used for the
determination of the integral numbers of neutrons produced in thick targets. The

conventional variant of this method uses two basic premises: neutrons from
the source are predominantly contained within the moderator volume; and it is
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possible to integrate the measured thermal flux distribution over the water volume
with adequate precision. As the latter requires the usage of a large-scale grid of
activation foils, we used the new form of this method [1], which replaces the flux
integration by relating a small-scale set of foil activities to the integral quantity —
the integral number of neutrons produced per one beam particle (so-called neutron
multiplicity) ngy obtained by simulation.

Polyethylene in the «Energy plus Transmutation» setup worked as a water
bath — it moderated the outgoing neutrons. The front and back openings of the
shielding were neglected. Multiplicity simulations were done in MCNPX 2.6.e
using INCL4 4+ ABLA models (the neutron multiplicity does not depend signif-
icantly on the combination of the models available in MCNPX in this energy
region). For calculation of the neutron multiplicity, the ratios between experi-
mental and simulated yields of '*®Au in all gold samples were determined. The
weighted average over these samples was determined and multiplied with the
simulated neutron multiplicity

exp
exp __ __sim Nyield (3)
Mot = Mot NSim .

yield

The advantage of this procedure is that the experimental value of neutron multi-
plicity ngat is highly insensitive to the simulated value n$i' and its uncertainty.
Assuming that the MCNPX describe well the spatial distribution of the neutrons
as well as the shape of low energy part of neutron spectrum and its approximate
magnitude; the product of the two terms in Eq. (3) effectively cancels out the de-
pendence on n{im,

In the case of 0.7 GeV proton «Energy plus Transmutation» experiment the

exp

fraction<x§§j> is equal to 1.3240.04, n{i™ equals 18.2, and ng.f is equal
to 24.0 £ 2.4 neutrons (absolute), i.e., 34.3 £ 3.4 neutrons per GeV. Comparison
among all proton and deuteron experiments at «Energy plus Transmutation» setup
will be presented in a forthcoming publication related to deuterons.

In the 0.7 GeV proton experiment set of gold foils was placed horizontally
on the top of the setup. These foils were placed in the most convenient place
for the multiplicity measurements; in the place where the epithermal and reso-
nance neutron field is almost homogeneous and minimally affected by the target
and uranium blanket. Neutrons of low energies diffuse back from the biological
shielding (production of the '8Au in this place can be seen in Fig. 10). When
using the results of these foils to determine neutron multiplication, one gets al-

most the same results as from the foils placed inside the target-blanket assembly:
exp
<u> is 1.36 + 0.04, and nZP is equal to 24.8 £ 2.5 neutrons (absolute),

sim
Nyield

respectively, 35.4 & 3.5 neutrons per GeV. This confirms that the multiplication
factor can either be calculated from the foils placed inside the target-blanket
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assembly without a serious systematic uncertainty. The total uncertainty of the
neutron multiplicity includes also the uncertainty from the beam intensity deter-
mination.

CONCLUSIONS

The neutron field produced in the experimental setup called «Energy plus
Transmutation» was studied by means of activation analysis. The setup consisted
of a thick lead target, a natural uranium blanket, and a surrounding polyethylene
radiation shielding. The activation detectors were mostly thin foils made of gold,
bismuth, aluminum, yttrium, and cobalt. The lead target was irradiated with
0.7 GeV proton beam from the Nuclotron accelerator with a total intensity of
1.52(15) - 10' particles. Several systems for beam monitoring were used to
measure the beam shape, displacement and total intensity.

The ~-ray spectra of activated detectors were analyzed in order to get the
yields of (n, ), (n,zn), and (n, o) reactions. When evaluating the yields, various
spectroscopic corrections were applied to control all possible sources of system-
atic uncertainties. Finally, the experimental yields of *®Au, 196 Au, 194 Au,'92Au,
24Na, 204Bi,2%3Bi, and 20?Bi isotopes were compared with the results of the
MCNPX simulation with a good qualitative agreement. The simulations follow
quite well the trends of measured data, where trends are insensitive to beam in-
tensity determination and to absolute values of simulated cross sections. Contrary
to trends, absolute values of the exp/sim ratios depend strongly on the beam
intensity determination and simulated cross-section values. The ratio exp/sim at
threshold reactions is for most of observed isotopes higher than one, which is in
agreement with the exp/sim ratio at nonthreshold reactions on gold foils used for
neutron multiplicity determination.

A modified method of water bath was used to assess the integral number of
neutrons produced at the «Energy plus Transmutation» setup (neutron multiplic-
ity). Using the simulated number of produced neutrons and the above-mentioned
ratios exp/sim for '“8Au, we determined the neutron multiplicity for 0.7 GeV
proton experiment equal to 24.0 & 2.4, respectively 34.3 + 3.4 per GeV.

After this proton experiment two more irradiations of the «Energy plus Trans-
mutation» setup with relativistic deuterons were performed and their results will
be published soon.
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