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Excitation functions for (p, n) reactions to 25 MeV on 63Cu, 65Cu, and l°7AgT

[. INTRODUCTION

Excitation functions for (p, n) reactions on Cu
and Ag targets have been extensively studied both
experimentally and theoretically for many years.!-2
For some of these excitation functions there are
well over 100 available cross-section measure-
ments made by as many as 10 experimenters. The
vast majority of these measurements however, are
below 12 MeV. Furthermore, many of the previ-
ous measurements were beset with large uncer-
tainties due to difficulties in the activity measure-
ments and problems associated with the use of
protons which had been degraded in energy by
large factors. ~Nevertheless, because of this
wealth of experimental data at low energies, these
excitation functions have frequently been chosen
for testing various theoretical models of nuclear
reactions. In addition, Cu and Ag foils have com=
monly been used to monitor proton fluxes. As a
result, many other excitation functions?*-2¢ are
based on the absolute values of these cross sec-
tions. Unfortunately, the use of these excitation
functions for comparisons with theoretical results
or for beam monitoring has seldom relied on the
full weight of all available data. In most cases,
either only selected data or collections of previ-
ously reported values (uncorrected for systematic
differences, such as in decay schemes, irrespec-
tive of ‘changes over 20-yr periods of time) are
Used. Because of the importance of these excita-
tion functions the present investigation was under-

en,

The excitation functions to 25 MeV for the ®*Cu-
(b, n)Zn, $5Cu(p, n)®2Zn, and 'Ag(p, n)'Cd re-

9

Natural targets, Faraday cup, Ge(Li) detector.

NUCLEAR REACTIONS ®:8cu, 1%Ag(p, n), E =2.5-25 MeV; measured ¢(E).
RADIOACTIVITY ®Zn, !"Cd; measured T,,.

R. Collé, * R. Kishore,¥ and J. B. Cumming
Chemistry Department, Brookhaven National Laboratory, Upton, New York 11973
(Received 3 December 1973)

Absolute cross sections for the (p,7) reactions on 3Cu, %Cu, and !®Ag at proton energies
from 2.5 to 25 MeV were determined by the activation method. Metal foil targets of natural
isotopic abundance were used; therefore, the results for ®Zn above 22.3 MeV and for 'cd
above 18.8 MeV include contributions from (p,3n) reactions. Beam intensities were measured
with a Faraday cup. Disintegration rates of the product nuclei were determined by assaying
their v rays with calibrated Ge(Li) detector systems. Comparisons of the present cross sec-
tions are made with a complete compilation of previous measurements and with calculations
based on a Monte Carlo intranuclear-cascade—statistical-evaporation model. Half-lives for
8Zn and '"Cd were determined to be 38.0 0.1 min and 6.50 = 0.02 h, respectively.

g“.

actions were determined. The absolute activation
cross-section measurements have uncertainties of
approximately +10% and energy uncertainties of
~100 keV. This permits a critical evaluation of
the previous work on these excitation func-
tions,!~514.18-20 por this a complete compilation,
similar to one by Wing and Huizenga,'? was made
by renormalizing the reported values to remove
systematic differences due to decay scheme changes.
The higher-energy region (12-25 MeV), where
previous data are rather scarce, is of special im-
portance for comparisons to theoretical calcula-
tions. It is inthis region of the excitation functions
where several reactions [e.g., (p, 2n), (p,3n), and
(p, pn)] begin to compete strongly withthe (p, n)re-
action and where the (p, n) product can be formed
by mechanisms other than compound nucleus. Ear-
ly theoretical treatments in the low-energy regiop-
have mainly been concerned with predicting total{,;‘f
reaction and compound-nucleus formation cross

~ sections by optical-model calculations®11-13,18,20

or decay of the compound nucleus by simple sta-
tistical evaporation processes.?:®7:11:16 Of the
more sophisticated calculations®*-3 which are
applicable to the higher-energy region, very few
comparisons have been made. A calculation based
on the exciton model® has recently been made by
Hille et al.'® for the ®Cu(p, n) excitation function.
In the present study, the experimental excitation
functions are compared to calculations based on a
Monte Carlo intranuclear-cascade-statistical -
evaporation model,?*-?® using the VEGAS code of
Chen e? al.?® for the cascade stage and the DFF
code of Dostrovsky, Fraenkel, and Friedlander®
for the evaporation stage.

1819



'ervad b"‘y 'Newton ef al.* for several‘

: 2k
“other excltatlon !unctions reported in Meadows’s

study.’ The recent measurements by Hille e! qf,!®
for the ¥'Cu(p, n)**Zn reactian cross sections are
also systematically too high although by much
smaller percentages (10-25%). Since the experl-
mental techniques of their study.and the present
work were nearly identical these discrepancies are
rather unexpected. Both the **Cu(p, 72)®*Zn and
#2Cu(p, n)**Zn reaction cross sections at 9.85 MeV
measured by Jones and Schiffer!® appear to be too
low by approximately 20-25%. The ratio of these

cross sections however, 13 in good agreement with ‘

the present work and that of Refs. 4, 9, 11, and
12, therefore suggesting the possibility of a sys-
tematic calibration error in their experiment. Be-
side that of Jones and Schiffer,'® the only other
cross sections in the **Cu(p, #7)*Zn reaction exci-
tation function (Fig. 3) which are not in good
agreement with the bulk of the other data are the
very low-energy (<4-MeV) measurements of

TABLE II, Experimental cross sections for produc-
tion of "'cCd,

E, g E, o
(MeV) (mb) (MeV) (mb)
3.51 0.019x 0.002 13.46 390 =26
3,12 0.52 + 0.04 13.68 370 425
3.65° 1.82 % 0.13 13.99 314 221
3.84 2.62 + 0,17 14.39 267 218
4,16  5.16 % 0.35 - 15,69 154 11
T 4.04 244 1 1.8 15.95 144 =10
6.06 101 = 7 16.19 132 =z 9
7.20- 216 . %15 16,46 110 £ 7
8.17 331 - £20. 16.69 104 = 7
9.18 621  x36 16,92 96.4% 6.5
9.356 495 47 18.71 54.8+ 3.8
10.30 608 - %41 19.04  51.1x 3,7%
10.31 644 %56 19.27  48.5+ 3.3%
11,33 664 146 19.50  46.0% 3.2%
11,34 680 %47 1973 - 47.3% 3.2%
12,29 548 237 19.96  50.9% 3.6°
12.43 498 233 22.43 263 =x18*
12.58 4981  +34 22,73 293 =x20°
12.62 6518 435 22,92 346 =251
12,85 460 31 23.12 367 =x24°*
a
12.99 449 231 2340 392 227
13.27 388  x26
13.27 402 228
1344 369 236
13.44 373 26

$19Ag(p,3n)197Cd reaction contributes (reaction thres- .

hold=18,83 MeV); apparent cross section is

N(%Ag)
N(W1Ag)

o(¥'cd) =a("Ag(p,n)] + o [Ag(p,3n)).

EXCITATION FUNCTIONB ;_,FOR (p, n) RBACTIONS...
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FIG. 2. Experimental excitation function for the %Cu-
0,7 %Zn reaction. The closed circles represent the
results from the present measurements. The open *
clrcles are renormalized values of previous measure-
ments (see Table IV and text). Cross sections from the
present work above 22 MeV include the contribution from
"the %5Cu(p, 3n)%3Zn reaction.
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FIG. 3. Experimental excitation function for the ¥Cu- -
(»,M%2Zn reaction. The closed. circles represent the re-
sults from the present measurements. The open circles
are renormallzed values of prevloua measurements (see
Table TV and text).
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PARTICLE ACCELERATORS AND THEIR 141
RADIATION ENVIRONMENTS
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21 Table 3.VI. Neutron vield from targets slightly more than one range thick, in units of
neutrons per incident ion. The absolute standard errors are estimated to be
about 6% except close to the Coulomb barrier, where they are about 50%.

Bom- Absorber Calculated . 4
& barding (mg/om? energy Neutron yields (X 1094)
’ ion Be) {(MeV) C Al Cu Ag Ta Pb Th U

0 122 80 141 176 196 185 189 247 25.1
12,6 106 1.3 99 10.6
20.9 92 69 48 - 5.2
29.2 78 30 16 0.95

0 141 10.4 198 195

0 201 4.83 16.2 171 20.2
12,6 154 217 34 41
20.9 114 0.7 0.22 0.09
10 ,

o u'|® u'.
< d a™ I W J Knoa
£ 'O|4 — I'gfl,%-:'Ll lp, o
= Jenni -
:’J';?’ m‘J @
' |3 ,a?yun
O Smith 8 S ]
:‘uqu -
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10'2 __[!:c'hu::?H@ ]

Estimated total neutron yield (neutrons/sec-
o
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..' -4
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10 " 100 1000 10000

Incident particle energy (MeV) XBLE910-6059

Fig. 3.40. Plot of neutron yields vs incident particle energy for several

combinations of targets and ions. (1) Smith and Kruger, M nSO0y,

(2) Tai, Millburn, Kaplan, and Moyer, My S04, (3) Allen, Nechaj: -

Sun, and Jennings, 3 2S(n,p)3 2p, (4) Crandell, Millburn, and Schech ter,

Mn SOy, (5) Wadman (40 and 80-MeV a++ on Ta), 38Ni(n,p)58Co,

(6) Wadman (23.2- to 40.8-MeV a on C). Moderated BF 3 curve

shape accurate; yield value probably high. (From Stephens and

Miller, STE L 69.)
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FIG. 2. Experimental excitation functlon for the %Cu-
(0,m)%Zn reaction. The closed circles represent the
results from the present measurements. The open °
circles are renormalized values of previous measure-
ments (see Table IV and text). Cross sections from the
present work above 22 MeV include the contribution from

" the %5Cu(p, 31)%Zn reaction.

71 ~ '
. TABLE II, Experimental cross sections for production of ®Zn and %Zn,
(R{fl t‘S) E, o(¥2Zn) a(®5Zn) E, a(®3Zn) a(®5Zn)
(MeV) (mb) (mb) (MeV) . (mb) (mb)
r 2.86 14.0: 0.7 16.46 264 19 243 1)
) 3.70 e 73.0+ 3.4 15.87 243 +17 211 x11
h 3.89 914+ 4.4 16.04 227 %17 204 11
'\ 3.99 0.013+ 0,002 95.1+ 4.7 16.20 218 =16 201 x10
‘o 4.32 10.2. = 0.8 130 = 7 16.64 186 =14 165 + 8
‘ 4.63 496 +38 .17 .z 8 16.81 173 13 165 10
4.99 894 : 6.6 221 =10 16.97 166 =12 156 + 8
5.11 115 + 8 250 =14 18.48 100 = 7 93.1+ 4.5
- 6.16 205 +15 422 +24 18.70 87.4% 6.6 88.7+ 5.1
7.23 262 +20 - 492 %30 18.85 90.7%+ 6.8 89.5+ 4.4
8.29 334 +25 569 =x32 19.01 85.6+ 6.4 86.5x 4.4
9.20 367 +27 697 x£32 19.73 71.1% 5.3 72.6+.3.5
9.37 404 +27 644 35 19.86 65.8+ 4.9 69.4x 4.0
10.33 421 - 231 731 *40 .20.00 63.7+ 4.8 68.8+ 3.4
11,29 426 +31 731 34 -21.51 - 45,1+ 3.3 53.6% 2.8
11.36 466 +32 716 x40 22.37 404+ 3.1° 45.9+ 2.8
12.52 4317 +32 576 £33 22.49 41,9+ 3,22 42,0 3.1
12.63 465 +34 560 x46 22.62 393+ 3.1°% 46.1+ 1,0
12.83 .458 £33 550 =26 23.24 35.6+x 2,82 41,0 1.0
13.02 459 +33 456 26 - 23.37 33.7+ 2.6 40.8+ 2.3
13.07 600 +34 493 27 23.51 34.4x 2.7°% 42.7x 2.7
©13.17 488 +38 530 +32 25.02 . 33.3+ 2.5°* 34.1x 1.9
13.21° ‘467 +35 627 %30 :
13.37 455 34 500 =25 .
1350  424° 432 439 224
13.52 423 230 440 =224
13.56 - 457 '+34 481 29
14,07 413 +31 390 =19
14.25 39%4 +29 340 18
1444 386 228 357 18
865Cu(p,3n)%32n reaction contributes (reactlon threshold =22.31 MeV), apparent cross sec-
tion s (s Cu)
.+ o®Zn)= o[“Cu(p )+ e (“Cu(p 3n)).
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FIG. 3. Experimental excitation function for the ®Cu-
(»,n)%Zn reaction. The closed. circles represent the re-
sults from the present measurements. The open circles
are renormnllzed values of prevlous measurements (see
Table TV and text).
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Abstract—Recent calculations of neutron diffusion at an air/ground interface have enabled the
establishment of a very simple procedure for estimating neutron dose equivalent at large
distances from proton accelerators in the energy range 10 MeV to several tens of GeV.

A suMMary of the skyshine phenomenon
around accelerators was given by Rindi and
Thomas, where experience up to 1975 was re-
viewed (Ri75). Experience has shown that neu-
trons in general will be the dominant skyshine
component, and Fig. 1 shows measurements of
neutron-flux density vs distance at several
different accelerators (Si62; Th62; Ri63; Ol64;
Le65; Di66; Ba67; Ko70; Ka78). It can be
concluded that the empirical relation

exp(—r/A

b =222 m
r

is a simple but adequate expression for the
skyshine intensity around most accelerators,
where r is the distance from the accelerator
enclosure, Q is an effective source strength of
neutrons emitted from the shield surface, and A
is an effective absorption length.

The use of equation (1) requires knowledge of
the two parameters 4 and Q. The values of 4
observed in practice (Ri75) vary between 267 m
and 990 m. The lower value generally pertains to
the spectra of neutrons leaving the shield en-
closure where low-energy neutrons were domi-
nant. The higher value is more appropriate
where the high-energy cascade in the shield

could be considered as continuing in the air,
giving rise to a diffuse source of evaporation
neutrons, which then are subsequently scattered
before arriving at the point of interest.

In this latter case, A should approximately
correspond to the value of the high-energy
absorption mean free path in air (100 g.cm~2 or
850 m for air at STP). The data summarised by
Rindi and Thomas tend to confirm this hypoth-
esis, but Katoh and his co-workers have re-
ported a value of 1300 m from data obtained
around the KEK proton synthcrotron (Mi77,
Ka78). This value of A, however, may have been
elevated by the presence of multiple sources.
The practical use of equation (1) is also limited
by the choice of the value of the effective source
strength, which depends on the energy spectrum
and angular distribution of particles leaving the
enclosure surface. Effective source strengths
have appeared to be unique to each accelerator,
since their value depended strongly on the ex-
tent of local shielding and to some extent on the
measurement technique used.

The purpose of the present work is to com-
pare recent studies of neutron skyshine, to
investigate whether an appropriate value of 4
corresponding to neutron spectra escaping from
the shields of proton accelerators can be ob-
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