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ARTICLE INFO ABSTRACT

Keywords: To devise an activation technique for characterizing mixed radiation fields, secondary particles from a copper
Activation detectors target irradiated by 24 GeV/c protons were measured at the CERN High-energy AcceleRator Mixed field facility
CHARM (CHARM). Activation detector sets consisting of aluminum, niobium, indium, and bismuth, were placed at
Mixed field 30 cm from the target at angles of 15° to 160° with respect to the beam axis. The nuclides generated in these
ii&fx/c proton detectors due to irradiation by secondary particles were analyzed by y-ray spectrometry, and the angular

distributions of the production rates were obtained. The results of Monte Carlo calculations using FLUKA
code was compared with the experimental results. The calculated results well agreed with the measured data
at all angles. The influence of competitive reactions on the measured data were also evaluated by FLUKA.
The following nuclear reactions, with low affectivity by competitive reactions, were identified as promising
tools for characterizing mixed radiation fields: the 1'5In(n, n’)!'*™In reaction for detecting neutrons emitted
by the evaporation process, the **Nb(y, n)*>"Nb reaction for verifying the photon distribution generated by
neutral-pion decay (z° — 2y), and the 2°Bi(p, 4n)?°Po reaction, which detects secondary protons.

1. Introduction

Mixed radiation fields at high-energy accelerators are composed of
charged and neutral hadrons, photons, muons, and electrons/positrons
with energies ranging from thermal energies to several GeV. Electronic
devices and systems operating in such fields are simultaneously affected
by single-event effects, the total ionizing dose (TID), and displacement
damage, which increase the failure rate of accelerator systems [1,2].
Predicting the failure rates of electronic devices in mixed radiation
fields is essential for the stable operation of accelerator facilities.

The CERN High-energy AcceleRator Mixed field facility (CHARM)
provides a secondary particle field generated from the interaction of
a 24 GeV/c proton beam with a target. CHARM aids the investi-
gation of radiation effects and simulations of the operational status

* Corresponding author.
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of semiconductor devices used in accelerator environments [3]. The
mixed radiation environment typifies not only accelerators, but also
atmospheric, ground-level, and space applications [3,4]. To ensure
versatility, CHARM is installed with a movable shield that changes the
particle energy spectra and their intensities at predefined test locations.
The radiation environment of these locations is designed based on
FLUKA simulations [5,6]. Validating the predicted particle produc-
tion in hadronic and photonuclear processes is a crucial part of the
design and calibration of the CHARM radiation environment. FLUKA
predictions should be validated in comparison with experimental data.

Thermal neutrons and high-energy hadrons (HEHs) are considered
as the main sources of single-event upsets of electronic devices in Large
Hadron Collider radiation environments [7,8]. In a previous study,
we measured the spatial distribution of thermal neutrons in CHARM
using gold activation detectors [9]. Meanwhile, the HEHs are typically
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Fig. 1. Plan view of the CHARM facility irradiation room at beamline height.

defined as all hadrons (predominantly p, n, z*, and K*) with kinetic
energies above 20 MeV. The radiation environment in CHARM has
been characterized using the CERN radiation monitoring (RadMon) sys-
tem [10], which can measure HEH fluence, 1-MeV neutron equivalent
fluence, and TID. RadMon can directly measure the radiation effects
but cannot distinguish the fluence of each secondary-particle type. A
particle discrimination technique using time of flight method with an
NE213 scintillator has been established for 120 GeV protons at the
MTest of the Fermi National Accelerator Laboratory [11]. However, the
fluences in the CHARM radiation field are too high for measurements
by the NE213 scintillator.

In the present study, we measured the high-energy components of
the mixed radiation field induced by 24 GeV/c protons on a Cu target
using the activation method in CHARM. Activation detector sets, each
consisting of aluminum, niobium, indium, and bismuth, were placed
around the target. These detectors are widely used as neutron threshold
detectors in high-energy accelerator shielding experiments [12-16]. To
experimentally validate the FLUKA code, the production rates were
obtained at angles of 15° to 160° with respect to the beam axis. If
the FLUKA code successfully simulates the entire secondary-particle
production, its transport, and its nuclide production, then the calcu-
lated production rates should agree with the measured ones. Thus, by
comparing the experimental and predicted production rates, we can
simultaneously validate the accuracy of the physics models of FLUKA
and the design of CHARM.

Although we expect secondary neutrons to play a major role in
inducing the inelastic reactions in activation detectors, the contribution
from protons and other secondary particles cannot be excluded in
CHARM. The individual production rates of the activated nuclides
induced by neutrons, protons, pions, and photons were separately
calculated to understand the measured data in detail. In this paper,
the promising reactions for characterizing the mixed fields were also
discussed on the basis of simulation results. In particular, the 20°Bi(p,
4n)?%6Po reaction, which does not compete with neutron-induced reac-
tions, is a promising candidate reaction for proton detection.

2. Methods
2.1. Mixed-field irradiation facility, CHARM

CHARM was constructed in the CERN Proton Synchrotron (PS) East
Experimental Area. Fig. 1 is a plan view of the CHARM irradiation room
at the beamline height, which is 129 cm above the floor. The irradiation
room is sized approximately 5 x 7 x 3 m® (L x W x H), and is enclosed
by shielding walls made of marble, concrete, and cast iron. For varying
the fluence hardness and particle intensity at predefined test locations,
CHARM is installed with four movable shield plates made of concrete
or iron. A beam dump consisting of 7.2 m-thick cast iron is located
downstream from the irradiation room. Further details on CHARM are
provided elsewhere [3,17].

The 24 GeV/c primary proton beam from the PS travels through air
to a target. The number of protons per spill is 5.0 x 10!, and each
spill typically has a duration of 350 ms. The maximum average beam
intensity is 6.6 x 100 proton s~1. The beam intensity and profile are
monitored at spill-by-spill resolution using a secondary emission cham-
ber (SEC) [18] and beam profile monitors (BPMs) [19], respectively.
The SEC is installed immediately after the PS extraction port. The BPMs,
which monitor the beam profile and position, are located upstream of
the irradiation room. The typical size of the Gaussian proton beam
supplied to CHARM is 1.1-cm X 1.1-cm full-width-at-half maximum
(FWHM) [20].

2.2. Target, detectors, and irradiation conditions

Fig. 2(a) and (b) show top and longitudinal-sectional views, respec-
tively, of the experimental system. The target consisted of two @8 cm
x 5 cm copper cylinders, which were stacked to give a total thickness
of 10 cm. This target and the activation detectors were fixed to an
aluminum plate and placed on the beam path in the irradiation room.
The secondary particles incident on the detectors were classified into
two components: particles directly arriving from the target (the direct
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Fig. 2. Experimental system showing its important dimensions. (a) top view and (b) A-A’ longitudinal-sectional view taken along the Cu target axis.

component) and particles scattered from other materials (the scatter
component). This study was designed to acquire the experimental
data for the direct component of secondary particles. In the detector
configuration, the scattered component comprised less than 5% of all
components. Each component was estimated in FLUKA simulations. The
detectors were placed 30 cm from the center of the target. Aluminum,
niobium, indium, and bismuth (chemical purity: 99.99%) were selected
as activation detectors for the secondary-particle measurements. The
detectors were sized @15 mm x 2 mm, and were installed at 15°, 30°,
45°, 60°, 75°, 90°, 105°, 125°, and 160° with respect to the beam
direction.

The accuracy of the beam intensity data measured by the SEC was
verified by the copper foil activation technique using the monitor reac-
tion of "™Cu(p, x)?*Na [21]. Copper foils (chemical purity: 99.99+%),

each with dimensions of 50 x 50 x 0.02 mm?3, were placed in a stack of
three to consider the recoil of the 24Na nuclei produced in the spallation
process. The stack of foils was attached to the front surface of the target
as shown in Fig. 2(a). These foils, named the first foil, second foil and
third foil from the beam upstream to the downstream, respectively. The
first and third foils compensate the loss of recoil nuclei from the second
foil.

The detectors were irradiated for approximately 12 h of beam
operation with the movable shield outside the target room. Fig. 3 shows
the SEC beam intensity, averaged over 10 min intervals. The calibration
constant, used for converting the SEC values to beam intensities, was
(1.87 + 0.13) x 107 protons count™!. The accuracy of this calibration
constant is discussed in Section 2.5.
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Data of the measured radionuclides.
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Fig. 3. Beam intensity during the activation experiments, averaged over 10-min bin
intervals.

2.3. y-ray spectrum analysis

At the end of the irradiation period, the activation detectors were
cooled for 2 h and then removed from the CHARM. y-ray spectrom-
etry was performed using a high-purity germanium (HP-Ge) detector
(Model BE2830, Canberra Industries Inc.), coupled with an 8 K-channel
pulse-height analyzer. We performed y-ray measurements several times
at each detector, and confirmed that the photo-peak counts of each
nuclide did not interfere with those of the other nuclides when the
photo-peak counts decreased monoexponentially based on its half-life.
Table 1 lists the measured radionuclides and their properties. When
measuring the y-ray, the activation detectors were placed 50 mm from
the HP-Ge detector surface. A 10-mm-thick acrylic plate was inserted
between the detectors to suppress the dead-time. The full energy peak
efficiencies of the HP-Ge detector in this measurement system were cal-
culated using the Canberra calibration software ISOCS (version 4.4.1).
In the efficiency calculation, the position of the source y-rays was
assumed to be uniformly distributed in the activation detector, and the
y-ray source in the copper foil was assumed to be uniformly distributed
in the region of 20 of the incident proton beam size (1.1 cm x 1.1 cm
FWHM). The incident position of the beam is described in the next
section.

The production rates R (atom~! proton—!) of the radionuclides were
obtained using the detector efficiencies and beam intensity variation
during the irradiation as follows:

Si
= s 1
ANel M
L T0, .
A= 21‘ [A_;(l _ e—/lAt)e—/l(n—:)At e_hf(l — o HMm ), 2
i=

where S is the peak count, 4 is the decay constant of the radionuclide
(min~1), N is the number of atoms in the activation detector sample,
and ¢ is the Ge detector efficiency (including the self-absorption and
coincidence-summing effects). I is the emission ratio, n and At are the
total number of time bins and the time-bin width (min) in the beam-
history data, respectively, Q; is the number of protons in the ith time
bin, ¢, is the cooling time (min), and ¢,, is the measuring time (min).

Both the uncertainties of type A (statistical) and type B (system-
atic) affect the measurements. The estimated type B uncertainties are
summarized in Table 2. The calibration factor for the beam intensity,
obtained from y-ray spectrometry measurements on aluminum foil
activation, has the uncertainty of 7% [20]. The type B uncertainty of
the ISOCS-calculated efficiency was 5.1% at low energies and 4.2% at
high energies [22].

150-400 keV'! 5.1% [22]
>400 keV! 4.2% [22]
Beam intensity (calibration) 7% [20]
Sample weight <1%
Total systematic uncertainty 8.2-8.7%

1Photon energy.

2.4. Beam path analysis

To accurately describe the experimental conditions of the Monte
Carlo simulations, we require the information of the beam path in the
target. In this study, the beam path was located using Gafchromic films
(RTQA2-1010, Ashland Inc.). After the beam operation and cooling for
52 h, one Gafchromic film was placed on each flat surface of each tar-
get. From the beam upstream to downstream, these four films are called
Ainjs Aexi> Binj> and By, The films were exposed to radiation emitted
from the activated nuclides in the target. After 1 day of exposure, the
films were analyzed using an image scanner, and their two-dimensional
dose intensities were obtained through image analysis. Assuming that
the beam was focused at the peak of the distribution, the beam path
was reconstructed as a straight line connecting the peak positions from
A to By,

Fig. 4 shows the dose intensity distributions measured on the
Gafchromic films. In the Cartesian coordinate system shown in Fig. 2(b),
the origin of the XY-plane is the center axis of the target. The solid
curve describes the Gaussian function fitted to the results. From the
fitting parameters of A;,;, the coordinates of the center position of
the incident beam on Target A were evaluated as (X = —1.25 cm,
Y = —0.30 cm). The peak coordinates of the four distributions were
relatively consistent, demonstrating that the proton beam was parallel
to the target axis.

inj

2.5. Beam intensity measurements using "' Cu(p, x)?4Na activation tech-
nique

The SEC used for beam intensity monitoring at the CHARM was
calibrated by the foil activation technique [20], which is based on the
well-known 27 Al(p, 3pn)?#Na reaction. To check the accuracy of the SEC
calibration factor during the experiment, the beam intensity was also
measured by the monitor reaction " Cu(p, x)**Na. If t = t,,, +1,, where
t;.; is the irradiation time and 7, the cooling time, i.e., the time between
the end of the irradiation and the beginning y-ray measurement, the
proton flux ¢ (number of protons per second traversing the foil) can be
obtained as

M AD)
- NApx (1 — e‘”irr)e"l’c

L ®)
(o3
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Fig. 4. Dose-intensity distributions on the target surfaces obtained using Gafchromic
film: (a) x-profile and (b) y-profile.

where A(?) is the activity (Bq) of 24Na from the "Cu(p, x)?**Na spalla-
tion reaction at time ¢, N is Avogadro’s number (mol~1), M and p are
the molar mass (g mol~!) and density (g cm~3) of copper, respectively,
o is the production cross section (cm2) of *4Na, and x is the foil
thickness (cm).

Fig. 5 shows the cross section of "Cu(p, x)>4Na as a function of pro-
ton energy [23]. The cross section of " Cu(p, x)**Na at 24 GeV/c has
not been explicitly measured. According to the limiting-fragmentation
hypothesis, the fragmentation cross section increases with energy of the
incident proton, and then saturates above a certain threshold energy.
Baker et al. [21] measured the energy-independent cross section of
3.59 + 0.14 mb in the energy range 30-800 GeV. Because the ™ Cu(p,
x)?>*Na cross sections shown in Fig. 5 became constant above 3 GeV, the
cross section reported by Baker et al. was assumed at energies above
those of this study.

Table 3 compares the cumulative numbers of incident protons evalu-
ated by Cu foil activation and SEC throughout the experimental period.
The total number of protons impinging on the target was consistent
in the two methods. This consistency confirms the reliability of the
beam intensity history (Fig. 3) used in the production-rate derivation.
The 2%Na activities in the three foils were also consistent within the
uncertainty ranges, indicating negligible effect of the recoil nuclei.

Nuclear Inst. and Methods in Physics Research, A 990 (2021) 164977
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Fig. 5. Cross section data in the literature for "*Cu(p, x)**Na reactions, for energies
higher than 0.5 GeV [23]. The black line represents an energy-independent cross section
of 3.59 + 0.14 mb from 30 to 800 GeV [21].

Table 3
Total number of protons measured by the foil activation technique and SEC.

Method A(t)/e~* [Bq] Protons
First foil 8381.0 + 731.8 (1.06 + 0.09)x10%5
Foil activation Second foil 8782.1 + 766.8 (1.12 + 0.10)x10'®
Third foil 8442.6 + 737.2 (1.07 + 0.09)x10%
Secondary emission chamber (SEC) - (1.07 + 0.08)x10%>

2.6. FLUKA Monte Carlo simulations

To investigate the details of secondary particle emission from the
target and nuclide production in the detectors, Monte Carlo simulations
using FLUKA (version 2011.2x.7) were performed. The input geometry
included the main components of the experimental setup shown in
Figs. 1 and 2, namely, the copper target, activation detectors, detector
supports, table, and the surrounding shielding. The geometry was
created using Flair [24]. The cross-sectional shape of the simulated
24 GeV/c proton beam was assumed as a Gaussian with a 1.1 cm X
1.1 cm FWHM, and the beam path evaluated from the Gafchromic films
was reproduced by determining the beam direction cosines. To improve
the calculation accuracy of nuclide production in the detector, the
coalescence algorithm and the evaporation model with heavy-fragment
evaporation were explicitly enabled. The photonuclear interactions
(vector meson dominance, delta resonance, quasi-deuteron, and giant
dipole resonance) were also considered. The models and cross section
data used in FLUKA are detailed in [5,25].

To separate the contributions of the secondary neutrons, protons,
pions, and photons in the radionuclide production yields, the calcula-
tion was performed in two steps. In the first step, the primary 24 GeV/c
protons were injected onto the target, and the locations, energies, and
direction information of the secondary particles reaching the activation
detectors were accumulated as the irradiation source data of different
particle types. In the second step, the production rates induced by the
neutrons, protons, photons, z*, and #~ were separately calculated using
the irradiation source data.

3. Results and discussion
3.1. Production rates
Fig. 6 shows the angular distributions of the production rates mea-

sured by the activation detectors. The nuclides with the highest produc-
tion rates were 2"Nb and 206Bj at 15°, and !!™In from 30° to 160°.
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Fig. 7. Cross section curves of the measured neutron-induced reactions.

The yields of 2%6Po were lower than other measured nuclides at all
angles. Fig. 7 shows the activation cross sections of the neutron-induced
reactions [26]. For neutrons above 10 MeV, the 93Nb(n, 2n)°2™Nb
reaction presented a larger cross section than the 27Al(n, @)**Na re-
action. Consistent with this observation, the production rate of *>™Nb
was larger than that of 24Na. In the case of the Bi isotopes, the
largest production was 29°Bi, followed by 295Bi, 204Bi and 293Bi. The
magnitude relations of the 206.205.204203Bj production were consistent
with the relations of the 299Bi(n, xn) cross section. From the behavior
of the measured production yield and neutron cross section, it can be
presumed that the influence of neutrons played a major role in the
nuclide production in the mixed field.

Fig. 8 shows the angular dependence of the production rates, ex-
pressed relative to their rates at 90°. For all nuclides, these ratios
increased with decreasing angle. From the most-backward to the most-
forward (160° to 15°), the ratios of 2%°Po were remarkably increased.
As 206Po is not produced by neutron- or photon-induced reactions, its
angular dependence might reflect the distribution of charged hadrons
in the mixed field. The magnitude relations of the ratios of !'™In,
24Na, and 206:205.204.203Bj trended similarly to the threshold energies of
the neutron-induced reaction, that is, both the threshold energies in
Fig. 7 and the ratios in Fig. 8 increased in the order of ''>™In, 24Na,

Nuclear Inst. and Methods in Physics Research, A 990 (2021) 164977
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206Rj, 205Bj, 204Bj and 293Bi. However, the ratio of “2™Nb at the forward
angle did not follow this trend. This result suggests that the angular
dependence of >™Nb was also affected by secondary particles other
than neutrons.

3.2. Secondary particles

As representative examples of the FLUKA simulation results, the
calculated particle energy spectra of the neutrons, protons, pions, and
photons reaching the aluminum detectors are shown in Fig. 9. At
the same detection angle, the calculated spectral shape and intensity
of the secondary particles incident on each detector were identical.
The calculated spectra of the neutrons had a minimum value in the
vicinity of the 20 MeV. The spectral components below 20 MeV were
mainly due to an evaporation neutron that was isotropically emitted,
and in the higher-energy region, the contribution of neutrons from
the cascade process, which were emitted in the forward direction,
gradually increased. At backward angles, the neutron energy spectrum
gradually softened and became dominated by evaporated neutrons.
Like neutrons, the protons and pions produced by the cascade process
were strongly forward-directed. In contrast, the emission intensities of
the charged particles from the target were strongly affected by self-
shielding of the target. In the calculated results of the charged particles,
the significantly reduced yields in the lateral and backward directions
can be explained by a self-shielding effect in the target. Photons are
produced by neutral pion decay and electromagnetic cascades. The
present simulation considered only those photons with energies above
the photonuclear threshold (>10 MeV). Within this energy region, the
photon production mainly occurs through neutral pion decay.

The production rates of the metastable states of “>"Nb and '!*™In,
in addition to the ground states of 2*Na, 206.205.204203Bj and 206po,
were calculated and compared with the experimental results. These
production rates were separately calculated for each particle type inci-
dent on the activation detector. The isomer production rates R; ; were
calculated as follows:

Ris. = Ry Bryy, 4
i1 Br(ENG(EDo(E;)
i PENO(E))
where R, is the production rate of the ground state calculated by

FLUKA, Br(E) and o(E) denote the branching ratio to the metastable
state and the production cross section, respectively, which are included

Br ®

avg —
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in the TENDL-2017 library [27], and ¢(E) is the calculated energy spec-
trum. Br,, defines the average branching ratio, weighted according
to the energy spectrum and the production cross section. The TENDL-
2017 library contains the production cross sections and branching
ratios of neutrons, protons, and photons with incident energies up to
200 MeV. Fig. 10 shows the products of Br(E) and o(E) in the “>™Nb
and !'>™In productions. In the Br,,, calculation, we considered energies
up to 200 MeV. As TENDL-2017 library does not contain any data
on pion-induced reactions, the Br,,, for pions was derived using the
nuclear data of protons. From Eq. (5), the Br,, at an angle of 15°
for 2™Nb was derived as 37% (neutron), 47% (proton), 48% (%),
48% (#7), and 56% (photon). Similarly, the Br,,, for 15mn was 18%
(neutron), 13% (proton), 13% (z*), 13% (z~), and 14% (photon). The
angular dependence of Br,,, was small; over the range 15° to 160°, the
variation was within +1%.

Figs. 11 and 12 compare the calculated (C) and measured (E)
production rates. The calculated results are the total production rates
contributed by neutrons, protons, pions, and photons incident on the
detectors. Bi isotopes were also produced by decay process of Po
isotopes, for example, the reaction of 2°°Bi(p, xn)?'0*Po — 210-XBi.
Because the y-rays of bismuth were measured after cooling for one day
post-irradiation, the 205Po (T} 5 =1741h), 204po (T, 2 =3.52 h), and
203po (Ty/, = 36.7 m) had already decayed to Bi isotopes. For this
reason, the calculated results of 20%-204203pg were added to those of
205,204.203Bj, The simulated production rates of all nuclides in Fig. 11
reproduced the trends of their experimental angular distributions. The
C/E ratios shown in Fig. 12 suggest that the FLUKA codes reproduced
the experimental data within a factor of 0.6 for 4Na and 0.8 for the
other nuclides; that is, FLUKA can reasonably simulate the secondary
particles emitted from the Cu target, and can predict the nuclide
production in the detectors within a factor of two.

To understand the measured data in detail, we calculated the sepa-
rate production rates induced by neutrons, protons, pions, and photons.
Fig. 13 shows the contributions of each secondary particle to the total
production rate as functions of detection angle. At all angles, the ''™In
production was contributed mainly by secondary neutrons. The sensi-
tive energy range of the 115In(n, n’)!>™In reaction was approximately
1 to 10 MeV (Fig. 7). Furthermore, the influence of the scattered
neutron with the energy range of 1 — 10 MeV was estimated by FLUKA
simulation to be less than 5%. In the simulation results, the angular
distribution of '"™In production was characterized by evaporation
neutrons emitted from the target. These predictions are consistent with
the measured production rate of ''>™In in Fig. 6, which showed small
angle dependence because evaporation-neutron emissions are typically
isotropic. Thus, indium can be used as the neutron detector in the
mixed field of CHARM.

The production rate of *"Nb was largely related to secondary
photons. More than 70% of the yield in the most-forward angle was
estimated to result from the %3Nb(y, n) reaction. The forwardness of
the experimental production rate of **"Nb shown in Fig. 8 probably
reflects the distribution of photons emitted from the target. In the
energy region of 24 GeV/c protons, high-energy photons are mainly
generated by neutral pion decay (z°—2y). At the accelerator facility,
the secondary-photon information is important for TID evaluations of
the semiconductor devices and the analysis of beam-heat generation in
components such as the dump, target, and collimator. However, to our
knowledge, no previous studies have discussed whether the activation
method can measure the angular distribution of photons in a mixed
field. Comparing the experimental and simulation results, it was found
that the spatial distribution of z°—2y can be verified from the 93Nb(y,
n)°?2"Nb reaction.
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The production reactions of 2*Na and 206-205204203Bj were dominated
by secondary neutrons at backward angles, but charged hadrons made
a gradually increasing contribution at forward angles. In cases of the
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bismuth isotopes, contributions other than neutrons, mainly those of
charged hadrons, exceeded 50% in the most-forward angle. This makes
it difficult to experimentally determine the neutron flux with the acti-
vation method, such as through the spectral unfolding techniques [12-
14], because we cannot distinguish between the neutron- and charged
hadron-contribution to the total measured production rate. Therefore,
we do not attempt to experimentally reconstruct the neutron spectra;
however, we only focus on the production rates.
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From the simulation results, it was presumed that 20°Po in the
bismuth detectors was produced mainly by the proton capture reaction.
The cross sections of the proton-induced reactions on bismuth are
summarized in [28]. The excitation function of the 299Bi(p, 4n)20°Po
reaction rise rapidly from about 25 MeV, and forms a peak at ap-
proximately 30-50 MeV with maximum cross section of about 1 barn.
The tail of the excitation function on the higher-energy side extends
to 100 MeV with a cross section of more than 60 mbarn. The mea-
sured production yields of the 209Bi(p, xn)?07:206:205204203p¢ from 43 to
100 MeV energy range were reported in [29]. The study showed that
the production of 2°°Po was larger than that of the others by two order
of magnitude in this energy range. In this study, the 207:205204203pg
could not be quantitatively evaluated, because after cooling time,
these activities were insufficient to assess the absolute value of the
production yield. The 2°°Po has a relatively long half-life (8.8 days),
and is accurately measured by y-ray spectrometry even after cooling
for several days. Thus, a spatial distribution of secondary protons in
the high-energy accelerator mixed field can be easily obtained using
the 209Bi(p, 4n)2%Po reaction. In CHARM facility, the 29°Bi(p, 4n)2%6Po
reaction is expected as a detection reaction for secondary protons
composing a part of the HEH fluence.

4. Conclusions

We measured the secondary particles from a copper target irradiated
by 24 GeV/c protons at the CHARM facility. Activation detectors (Al,
Nb, In, and Bi) were placed 30 cm from the target at angles ranging
from 15° to 160° with respect to the beam axis. The nuclides generated
in these detectors due to secondary-particles irradiation were analyzed
using y-ray spectrometry, and the angular distributions of the produc-
tion rates were obtained. The experimental results were compared with
those calculated by FLUKA code. At each angle, FLUKA reproduced the

experimental production rates within factors of 0.6 for 2Na and 0.8
for the other nuclides. The influence of competitive reactions on the
measured data was also evaluated in FLUKA. The following nuclear
reactions were assessed as being relatively unaffected by competitive
reactions; therefore, they are promising tools for characterizing mixed
radiation fields: the 1'°In(n, n’)!'>™In reaction for detecting neutrons
emitted by the evaporation process, the %Nb(y, n)**"Nb reaction for
verifying the photon distribution generated by neutral pion decays
(z° = 2y), and the 299Bi(p, 41)2°Po reaction for detecting secondary
protons composing a part of the HEH fluence.
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