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INTRODUCTION

Foil activation is a well-known technique for measuring the fluence of high energy
proton beams!"**!. Particularly, the reaction ”’Al(p, 3pn)**Na is very convenient to measure the
proton fluence in irradiations of thin targets at high energies. **Na has a suitable half-life of
14.96 hours and a gamma-line of 1368.5 keV. It is more convenient for us than other monitor
reactions: “*Na and "Be have too long half-lives (2.603 years and 53.3 days, respectively), they
must be measured for long times as one needs large counting rates in order to obtain the
statistical significance. ''C has a too short half-life (20.38 min.).

In previous transmutation experiments, when bombarding Al-monitor foils in contact
with thick targets (68cmxL21 c¢m) with 3.7 GeV protons, one observed an apparent fluence of
protons considerably larger than given by the accelerator operators!*. Therefore, we used the
results from the monitor reaction ™ Cu(p, x)**Na for proton fluence determination in this
experiment. The Cu-plate (I mm thick) had been placed in contact with the thick target. The
proton fluence obtained this way agreed well with the one given by the machine operators!®. It
is well-known, that the reaction "“Cu(p, x)**Na is a typical high-energy reaction with
appreciable cross section only above the threshold of approximately 0.8 GeV. Its excitation
function is shown in Fig.1 (taken from Ref™®). On the other hand, it is well-known, that the
reaction *’Al(n, a)**Na has appreciable cross sections (94 mb) for neutrons with energies
exceeding  approximately 10 MeV! Such high-energy neutrons are produced quite
abundantly in thick targets by high energy protons. They are generated or scattered backwards
in respect to the proton beam direction and they also produce **Na in Al monitor foils. It was
shown experimentally, that the monitor reaction ’Al(p, 3pn)**Na provides correct results,

provided the total target thickness is < 1 g / cm” for 24 GeV protons (Ref.™).
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Fig.1: Excitation function for reaction ™*Cu(p, X)**Nal**!
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It is the purpose of the communication to suggest a new monitor foil system for thick
target systems exposed to high energy proton fluences. Such thick target systems are used in
accelerator-driven-transmutation (ADT) experiments™*®. The experiments were carried out at

the Laboratory of High Energies, Joint Institute for Nuclear Research (JINR), Dubna, Russia.
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EXPERIMENTAL

Thick targets and monitor foils were irradiated for about one hour with a well-focused
beam of 1.0 GeV and 1.5 GeV protons from Synchrophastron (JINR ,Dubna, Russia). The
uranium target shown in Fig.2.1 consists of two blocks of $3.6 cm xL10.5 ¢m natural uranium
covered with 2.2 c¢m thick lead, the lead mantel is then surrounded by a 6 cm thick paraffin
moderator. A pure lead target is shown in Fig.2.2: a block of 20 cm Pb, composed of 20 disks
(i.e. without the moderator), each $8 cm xL 1 cm. For each experiment two sets of monitors
were utilized: monitor 1 and monitor 2, Each set of monitor is composed of 3 Al-foils
(diameter 8 cm and 10 pm thick) plus one Cu-plate (diameter 8 cm and 1 mm thick). The
monitor 1 was placed directly upstream in contact with the thick target; the monitor 2 was
placed upstream 35 cm away from the target. It is well known that the fluence of a point
radiation source at a distance of R is proportional to 1/R*. The distance of 35 ¢cm is considered
to be enough to prevent the influence of secondary particles produced in the target on the
monitor foils, as will be shown in detail later. The irradiations were stopped after a proton
fluence reached approximately 10". Afterwards, the monitor foils were measured for their
gamma activities using a Ge(Li)-detector. For the gamma-spectrum analysis the GAMMAW®!
program was used. the gamma-line 1368.5 keV of *“Na was employed. The cross sections of
the reaction ~’Al(p, 3pn)**Na are 10.5 and 10.0 mb for 1.0 GeV and 1.5 GeV protons,

respectively!?, for reaction " Cu(p, X)**Na: 1.0 and 1.90 mb, respectively™®.
RESULTS AND DISCUSSION

The experimentally determined fluences of proton beam in this work are presented in
Tab.1. As comparison, the fluences given by accelerator operators are also listed in this table.
The fluences obtained with Al-monitor 1 are much larger than those obtained with Al-monitor
2. Al-monitor 2 gives about the same fluence as the Cu-monitor 1 and Cu-monitor 2. This
shows experimentally, that the monitor 2 in a distance 35 cm upstream gives internally
consistent results for the proton fluence. It is obvious, that the two fluences measured with
both the Cu-monitor 1 and 2 agree within the statistical error because of their high threshold

for the reactions ™"Cu(n, X)**Na. The radiochemically measured fluences agree at 1.5 GeV



proton energy with those given by the accelerator operators with a deviation between 6% and

16%; at 1 GeV proton energy there is a larger discrepancy, the reasons are not known.

The errors given in Tab.1 consist of two parts: one is the statistical error, the other is
the systematic error introduced by the cross section used. The cross section error for reaction
T Al(p, 3pn)**Na is 6.5%""), however, there are no cross section errors given for reaction
"Cu(p, x)**Na in Ref. ™! but from the excitation function Fig.1 it is obvious, that the cross
section errors must be relatively large at the proton energies of 1.0 GeV and 1.5 GeV, thus a
error of 10 % was assumed in this work.

Tab.1: Fluence of proton beams bombarding U and Pb targets, in units of (E+13)

particles and determined with Cu-and Al-monitors.

measured Fluence measured Fluence given Fluence
(Cu-Monitor) (Al-Monitor) (accelerator people)
Experiment Monitor! | Monitor 2 | Monitorl | Monitor 2°
1.0GeVp+U| 122+0.14 | 1.09+0.13 | 3.15+0.24 | 1.23+£0.09 2.00
1.5GeVp+U| 141£0.17 1.3720.17 | 6.67£0.49 | 1.41%0.11 1.50
1.0 GeV p+Pb || 1.22+0.14 | 1.25+0.15 | 2.19+0.17 | 1.30£0.11 2.04
1.5 GeV p+Pb | no measure | 1.31+£0.16 | 2.57+0.18 1.29‘i0A09 1.51
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*: These fluences are considered to be the most reliable. They have the smallest
uncertainty and will be used in further ADT studies (to be published later). In
addition, we have to consider the systematic uncertainty in the monitor cross section
Al — *Na of 6.5%.

The monitor reaction *’Al --> **Na in ‘monitor 1° gives excessively large and thus
completely incorrect results. This reflects several processes in addition to the nuclear reaction
of interest. Such processes include formation of the product of interest by secondary particles.
Production by secondaries is clearly related to the target thickness, primary projectile energy

and the target materials.

The major reaction, disturbing this monitor reaction, is Al(n, «)**Na. It has a
maximum cross section of about 0.1 b near 14 MeV!'"”) (Fig.3"" ™). Neutrons generated in the
target and striking the monitoring Al-foils can in principle induce this extra activity due to their

large activation cross section in reaction 2’Al(n, o)**Na at higher neutron energies. In contrast,
8 g

protons emitted backwards provide negligible influence as their cross section is relatively low.
We estimate the spectrum and the multiplicity of neutrons leaving the target volume in the
backward direction and striking the foil. These estimations have been performed using DCM
Monte-Carlo simulation (Dubna Cascade-Evaporation Mode)*®. As an example, spectra of
the neutrons emitted in upstream direction and at monitor 1 and monitor 2 positions for the
irradiation of the uranium target with 1.5 GeV protons are given in Fig.4. It is estimated that
about 1.75 neutrons per incident proton are passing through monitor 1, and only 0.01 through
monitor 2 due to the wide angular distribution. Therefore, the reaction 7 Al(n, ®)**Na disturbs

the monitor measurement in monitor 1 considerably, however its influence is negligible in case

of monitor 2.
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Tab.2: Experimental and theoretical influence I (in percent) of reaction ~’Al(n, o)**Na on

the monitor reaction ”’Al(p, 3pn)**Na

I (experimental) / % I (theoretical.) / %
experiment in Monitor 1 in monitor 1 in monitor 2
1.0GeVp+Pb 68 80 1.3
1.5GeVp+Pb 99 104 23
1.0GeVp +U 156 154 3.4
1.5GeVp +U 373 209 4.8
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The experimental and calculated influences I of reaction “’Al(n, o0)**Na on the fluence

measurement are given in Tab.2. The influence 1 is defined as follows:
I=7Al(n, «)*Na /7Al(p, 3pn)**Na * 100 % .

The simulation results agree with the experimental ones: the influence I of the reaction
7 Al(n, o)**Na on the monitor reaction 2’Al(p, 3pn)**Na in Al-monitor 2 placed 35 cm away
from the target is much smaller than that in Al-monitor 1. In the irradiation of uranium with 1.5
GeV proton beam, according to the theoretical estimation, the influence in Al-monitor 2 is less
than 5 %, and can be neglected. The Fig. 5 shows that the influence in both Al-monitors 1 and
2 varies with the thickness of lead target bombarded with 1 GeV proton beam. The influence in

Al-monitor 2 is always much less than in Al-monitor 1 placed in contact with Pb target.

Fig. 6 shows the situation of Al-monitor placed directly in front of target using 1.0 GeV
proton beams bombarding different target materials. For a Pb target, if the target would be 0.2

~ cm thick, the influence of reaction (n, o) could reach more than 7.7 %. For Fe-targets being

0.5 cm thick, the reaction (n, o) introduces less than 10 % influence. For a 20 cm thick Al

target, there are only less than 10 % error induced by reaction of (n, o).
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For lead target with thickness less than 0.2 cm it is convenient to study nuclear
interactions in the field of high energy particle physics. In the current field of interest
(accelerator-driven-transmutation), one always uses a thick lead target. It is impossible to
measure a proton beam intensity using the monitor reaction Y Al(p, 3pn)**Na when the Al-
monitor is placed in close contact to the thick targets, because the flux of secondary particles

(mostly neutrons) significantly influences the induced activity.
CONCLUSIONS

The comparison of the values of the proton fluence obtained with different monitoring
techniques shows that in case of the monitoring foil placed in close contact with a massive
target it is required to use a 1 mm Cu-plate, the reaction "Cu(p, x)**Na is used as a
radiochemical monitor reaction. Both conventional monitor reactions, T Al(p, 3pn)**Na and
"t Cu(p, x)**Na can be used when the monitor foil is placed 35 cm upstream from the thick
target. The influence of reaction 7 Al(n, o)**Na on the monitor reaction 7 Al(p, 3pn)y**Na was

studied theoretically and experimentally in the present work. For Fe- and Pb-target, the target

£

thickness should be less than 0.5 ¢cm and 0.2 c¢m, respectively, if one uses monitor 1 (i.e. in

close contact with the target) for fluence determination.
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Apam H. u np. E13-99-189
MoHHTOpHpOBaHHE My4Ka MPOTOHOB BBICOKOH 3HEPTHH.
NajaloUUX Ha TOJICTYI0 MHMILUEHb, C IOMOLLBIO AOMHHHEBBIX ponbr

HUsyuensl peakund 7 Al(p,3pn) *Naun *Cu(p,X) **Na Kax peakuuu MOHH-
TOpHpPOBaHM MydkKa Npu obmyyerun U u Pb MuieHe# TomuuHoi 21 cM npoToHa-
mu ¢ aHeprueii 1,0 IsB u 1,5 I'sB. Bansuue peakunu ’Al(n,«) *NaHa peakuuio
MoHHTOpHpoBaHus 2 Al(p,3pn) **Na uccnenoBaHo 3KCHEPUMEHTANBLHO H TEOPETH-
yeckM. Bo n3bexaHue BIVSHHA (n,a)-peakLHdH PEKOMEHIYETCS YCTAHABIMBATDH
ANOMHHHEBBIE MOHUTOPBI Ha PACCTOSHUH 35 CM nepen MHLICHAMM.

DTOT METON MOXHO MCMONB30BaTh NPH H3YYEHHH TPAHCMYTAlUHH OOJITOXHBY-
IIMX PAfHOAKTHBHBIX OTXONOB Ha ycKopHuTese. [IpH 3TOM MCMO/b30BATMCh MHILIE-
HHM U3 TAXKEJBIX 3JIEMEHTOB, 0Ony4aeMble NPOTOHaMH ¢ 3Hepruei okono 1 I'aB.

BkcnepuMeHTsl nMposoannnck B JlyGHe B JlaGopaTopHH BBICOKHX 3Heprui
OOBbeNHHEHHOTO HHCTHTYTA ANEPHBIX MCCEIOBaHHM.

PaGota BrinonHena B JlaBoparopuu BeicokMX aHeprui OHSIH.

IMpenpuut O6BEIHHEHHOTO HHCTHTYTA AAepHHIX HccnenoBaHui. dybHa, 1999
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Monitor Reactions in Al-Foils
for High Energy Proton Beams Bombarding a Thick Target

During the bombardment of U and Pb targets (each 21 cm thick)
with protons of energy 1.0 GeV and 1.5 Gev, the reactions “Al(p,3pn) **Na
and "™ Cu(p,X) *Na were studied as monitor reactions. The influence
of 7 Al(n,;a) **Na on the monitor reaction “Al(p,3pn) **Na was investigated ex-
perimentally and theoretically. In order to avoid the influence of (n,a) reaction,
placing of the Al-monitors 35 cm upstream the massive targets is recommended.
This method may be used in Accelerator-Driven-Transmutation (ADT) studies
of long-lived nuclear waste, where one always uses a massive heavy element tar-
get irradiated with protons at about 1 GeV. The experiments were performed
at the Laboratory of High Energies, JINR, Dubna, Russia.

The investigation has been performed at the Laboratory of High Energy,
JINR.
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