Chapter 7 Induced Radioactivity in Accelerator Components

7.1 I ntroduction

In this chapter the production of induced radioactivity at acceleratorsis described. This
discussion begins with areview of the basic principles of the production of radioactivity.
It proceeds with a discussion of the activation of accelerator components including some
generalizations that may be used for practical health physics applications.

7.2  Fundamental Principlesof Induced Radioactivity

In principle, induced radioactivity can be produced at all accelerators capable of liberating
neutrons and other hadrons. When the accelerated beam strikes a nucleus, it can convert
it into adifferent nuclide, which may, or may not, be radioactive. The activity of agiven
radionuclide refers to the number of atoms that decay per unit time. The customary unit
of activity isthe Curie (Ci), and its submultiples, historically defined to be the activity of
1 gram of natural radium and now precisely defined as 3.7 x 1010 decays per second. The
Sl unit of activity isthe Becquere (Bq), which is defined to be 1 decay per second, and
itsmultiples. A related quantity of considerable importance is the specific activity that is
defined to be the activity per unit volume (e.g., Bqcm™) or, alternatively, the activity per
unit mass (e.g., Bqg™).

Radioactive decay is arandom process characterized by a mean-life (units of time)
denoted by 7, and itsreciprocal (units of inverse time), the decay constant* A, [A = 1/7].
If atotal of Not (t) atoms of aradionuclide are present at timet, the total activity Ayt (t) IS
determined by the random nature of radioactive decay to be

ANt (1) _ 1

At (t) = - ot 7 Niot (t) = =ANyg (1) - (7.1)

If at timet =0 Nt (0) atoms are present, then this simple differential equation has the
solution at sometimet =T, [with T > Q]:

Aa (T) = AN, (0) eXp(—AT) = A (0) exp(AT). (7.2)

Often, the time required to decay to half of the original activity istabulated. This half-
life, denoted asty/o, isrelated to the mean-life by the following:

=ty =Ly
" 1n2 Y27 g3V

T 2= l442t1/2 . (73)

! Care needs to be taken with respect to the usage of the symbol A. Inthe literature and in thistext it is, at
different points, used for both the attenuation length and for the decay constant. The reader needs to take
note of the context to apply the correct meaning.
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Chapter 7 Induced Radioactivity in Accelerator Components

The most simple activation situation at acceleratorsisillustrated by the steady irradiation
of some material by a spatially uniform flux density of particles that begins at some time

t =0 and continues at a constant rate for an irradiation period that endsatt =tj. Thisis
followed by a decay period called the cooling time that is denoted tc, a period of time

that beginsatt=tjandendsatt =t; +t.. For thissimple situation, self-absorption of the
hadrons by the target isignored, asis the fact that a whole spectrum of particles might be
incident. Thus the process of producing the radioactivity is characterized by asingle
average cross section, . Inthe more complicated generalized situations the value of this
cross section must be obtained from averaging over an energy spectrum.

The number of atoms of the radionuclide of interest per unit volume will thus be
governed by the following equation during the period of the irradiation:

drc'iit) = —An(t) + Now, (7.4)

where n(t) is the number density of atoms of the radionuclide of interest at timet (cm™).
N is the number density of "target" atoms (cm3), gisin units of cm?, and gis the flux
density (cm2 sec'1) of incident particles. On the right hand side of the above equation,
the first term represents the loss of radionuclides through decay during the irradiation
while the second term represents the gain of radionuclides through the production
reaction under consideration. The equation has the following solutionfor 0<t <t;:

n(t) = %(1— ). (7.5)

Thus the specific activity induced in the material as a function of time during the
irradiation is given by a(t) = A n(t), hence

a(t) = Na(p(l—e"“) (Bgcm3) for0<t<t;. (7.6)

To obtain specific activity in units of Curies cm3, one must simply divide the resulting
value by the conversion factor 3.7 x 1010 Bq Curie™. At theinstant of completion of the
irradiation (t = tj), the specific activity will thus be:

a(ty) = Nog{1-exp(-A)} (Bqem3), (7.7)

so that the specific activity asafunction of timeis characterized by a buildup from zero
to the saturation value of Nog for infinitely long irradiations. After the irradiation has
ceased (t >t ), the specific activity as afunction of the cooling time, tc, will obviously
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decay exponentially and be given by
a(t,) = Nog{1-exp(~A )} {exp(-1t,)} (Ba/em?), (7.8)
where t¢ is the cooling time; tc =t - t. (7.9

For total activitiesin situations where uniform flux densities of particles of constant
energy are incident on a homogeneous "target”, one can simply multiply by the volume of
the "target”; or in more complex cases involving non-uniform flux densities, one can
integrate the above over the various sub-volumes of the target.

For y-ray emitters typical of those emitted by accelerator-produced radionuclides in the
range of from about 100 keV to 10 MeV, many textbooks in health physics demonstrate
that the absorbed dose rate, dD/dt (rad h'), at adistancer (meters) from a"point" source
isgiven in terms of the source strength, S, (Ci), and the photon energy, E, (MeV) by

dD S
T o042SE, _
" rziz yi (7.10)

The summation is over al y-rays present, including appropriate branching fractions if
multiple photons are emitted in the course of decay. If dD/dt is desired as an approximate
absorbed doseratein Gy h at adistance, r (meters), from a source strength Sin
gigaBecquerels® (GBq), the constant 0.4 becomes 1.08 x 10-4. One can use the above to
determine the absorbed dose rate from a given activated object if it isa point source. For
non-point sources, an appropriate spatial integration must be performed.

7.3  Activation of Componentsat Electron Accelerators

7.3.1 General Phenomena

At electron accelerators, as was described in Chapter 3, the direct interactions of electrons
in material resultsin the copious production of photons. Through various nuclear
reaction channels, these photons then proceed to produce charged particles and neutrons
that then interact further with material to produce radioactivity. In generad, if the facility
is properly shielded against prompt radiation, the radioactivity hazard will be confined to
accelerator components and the interior of the accelerator enclosure. The experience at
most accelerators bears this out. The vast majority of the radiation exposure incurred by
the workers is due to maintenance activities on radioactivated components, handling and

2The GBq (109 Bq) is often a better unit of activity for practical work than isthe Bg.
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moving of activated items, radiation surveys, and radioactive waste handling rather than
to exposure to the prompt radiation fields. An understanding of the production of
radionuclides can help reduce personnel exposures through the selection of more
appropriate machine component materials and the optimization of decay ("'cool-down")
times recommended after the beam has been turned off. Some familiarity with the
relevant cross sectionsis extremely useful. Global data has been compiled by Barbier
(Bab9). ThesedataaregivenFigs. 7.1, 7.2, and 7.3. Fig. 7.1 presents datain the form of
contour plots of the cross sections o(E,,Ar) where E, is the photon energy and Aris the
atomic mass number of the target material. Figs. 7.2 and 7.3 provide the cross sections
for specific processes as a function of energy. These data are intended to convey the
general idea of the importance of various processes at different energies. Specific data
should be researched in the literature if precise, accurate calculations are desired.

7.3.2 Resultsfor Electrons at Low Energies

Results such as those presented in Section 7.3.1 form the basis of detailed activation
calculations. Swanson (Sw79a) utilized the methodol ogy of "Approximation B" of the
analytical shower theory of Rossi and Griesen (Ro41), mentioned in Section 3.4.1, to
estimate saturation activities rates in various materials. Since the energy domain below
about 35 MeV is characterized by rapidly varying cross sections, Swanson provided
energy-dependent results. Here only reactions of the type (y, n), (v, p), (Y, np), and (y, 2n)
were considered. Other reactions were ignored due to higher energy thresholds and small
cross sections. Swanson points out that the dependence of the induced activity asa
function of energy will generally follow that of the neutron yields (see Fig. 3.7). In
Swanson’s calculations, the material in question absorbs all of the beam power and has
been irradiated for an infinite time and no cooldown [t =, t. = 0in Eq. (7.8)]. Thus, so-
called saturation activities are calculated, normalized to the incident electron beam
power (kW). Results of these calculations, taking into account the isotopic natural
abundances found in the target materials and the specific reaction thresholds, are provided
in Table 7.1. According to Swanson, the results are probably accurate to about + 30 per
cent. At these low energies, the distribution of the radioactivity can often approximately
be taken to be that of a point source for purpose of calculating the residual absorbed dose
rates using, for example, Eq. (7.10) taking the summation over all of the y-ray emitters
presented at agiven time. Table 7.1 thus provides the specific gamma constants, I, for
each tabulated radionuclide. These constants connect activity with the exposure rates at
adistance of one meter assuming point source conditions and accounting for all the
photons emitted by the decaying radionuclide, even those emitted secondarily such as
internal bremsstrahlung and annihilation radiation due to 3 emission manifested in the
form of apair of 0.511 MeV photons. For approximate point sources, exposure rates at
other distances can be calculated by incorporating the inverse square law. The units of
exposurerate (R h') aretied to the rate of liberation of ionsin air by photons. OneR h'*
isthe hourly liberation of one electrostatic unit of charge and is approximately equivalent
to one rad h™! of absorbed dose in tissue placed in the radiation field under consideration
in such photon radiation fields.
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Fig. 7.1 Contours of equal cross section for photon-induced nuclear reactions (y, n), (y, p), (Y, 2n), and
(v, o) asafunction of photon energy, E,, and target material mass number, Ar. The results
have been smoothed in these plots. [Adapted from (Ba69).]
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Fig. 7.2 Values of cross sections for important photon-induced reactions (upper) and for photo-pion
reactions at intermediate energies. [Adapted from (Ba69).]
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intermediate and high energies for photons incident on a variety of materials. [Adapted from
(Bab9).]
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Table7.1

Calculations of saturation activities (Ci kW™) and saturation

exposureratesat one meter, I', for electrons of energy E, incident on various tar get
materials. [Adapted from (Sw79a).]

Saturation activity (Ci- kW"‘)b
Target . . Threshold TI'®
d lid T e e
material Radionuclide ¥ (MeV) (R-WYCi-m™)™Y Accelerator energy Eg (MeV)
10 15 20 25 30 35
Al Na-24 1496 h  23.71 1.83 - - —  0.0005 0.010 0.03
Al-26m 6.37 s 13.03 0.59 - 0.02 1.0 3.8 6.6 8'8
Fe Mn-54 303 d 2042 1.20 - - - 016 045 0.59
Mn-56 2.576h  10.57 0.86 - 0.003 0.014 0.024 0.030 0.032
Fe-53 8.51 min 13.62 0.67 - 0.01 026 0.52 067 0.74
Ni Ni-56 610 d 225 1.58
Cous6 3 4 2_27} ¢ - - - 0.003 0.034 0.066
Ni-57 360 h 1219 1.35
g a0 4 - l_zg}c 0.10 1.2 26 3.6 4.2
Cu Cu-61 332 h 1973 0.71 - - ~10™* 0.23 065 0.87
Cu-62 9.76 min 10.84 0.60 - 0.77 48 86 11 11.
Cu-64 12.80 h 9.91 0.38 ~1078 0.62 28 42 4.8 5.0
w Ta-182 16.5 min 7.15 0.15
151 a 0.61} 0.017 0.17 031 035 036 036
Ta-183 50 d 7.71 0.15 0.027 0.34 0.56 0.6l 062 063
W-181 140 4 7.99 0.09 0.27 4.0 76 8.6 8.9 9.1
W-185 1.62 min 7.27 0.18
75 4 n”} 0.47 45 73 1.9 8.1 8.1
Au Au-195 306 s  14.80 0.15 L
183 d 0.07 <10 20 43 5.3 5.5
Au-196 97 h 8.07 011"
618 d 029 . 1.5 20. 35. 39, 40. 41.
Pb Pb-203 521 h 8.38 0.18 0.013 0.22 0.41 045 046 047
Pb-204m 66.9 min 14.85 1.14 <1074 033 074 10 1.2

2 Where two values are given, the first is for the metastable state.
b Activity per incident electron beam power.

¢ The first nuclide is parent of the second.

7.3.3  Results for Electrons at High Energies

For higher energy electrons, more reaction channels become available but the energy
dependence is diminished. Swanson has provided calculations of the production of

radionuclides in this energy domain as well (Sw79a) and the results are provided herein
Table. 7.2. Theresultsare valid (to within afactor of two) for any beam energy E, at

least somewhat above the nuclide production threshold. Specific gamma constants for
point source conditions, I', reaction thresholds, and integral cross sections are provided
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Table7.2 Calculations of saturation activities (Ci KW™) and saturation exposure
ratesat one meter, I', in various materialsfor high energy electrons. [Adapted from
(Sw79a).]
Material: Natural aluminium?®
Daughter nuclide Dominant production Cross-section® At Xsf
Saturation Saturation
. g Parent Threshold| Zfo_, af activity exposure rate
Nuclide . Ty RENC YY) | isotope P (MeV) | (ub-Mev) YO | (cikw) | (R-E)EW-mYY
Be-7 53.6 d 0.029 AF27  (7,5p) 32.95 2.3 S 0.13 0.004
C11 20.34  min 0.59 AL27  (v,sp) 33.53 1.0 S 0.051 0.03
N-13 9.96  min 0.59 Al27  (y,p) 25.56 0.3 S 0.013 0.008
o015 123 5 0.59 Al27  (v,sp) 33.43 1.4 s 0.067 0.04
F-18  109.7 min 0.58 AlL27  (y,5p) 34.39 2.8 S 0.14 0.08
Ne-24 3.38  min 0.31 Al27  (v,3p) 33.11 0.07 s 0.0031 0.001
Na-22 262 a 1.19 Al27  (y,302p) 22.51 4.1 'S 0.25 0.30
Na-24 1496 h 1.83 A27  (y,in2p) 23.71 5.4 S 0.28 0.51
Al-25 7.2 s .0.59 Al27  (7,2n) 24.41 0.75 S 0.039 0.023
Al26 74X 10° a 1.38 6.0
A27  (y,n) 13.03 420 B 8.8 g
Al-26m 637 s 0.59 2.6
Mg-270  9.46  min 0.49 AL27 (7,7 ~140 0.3 S 0.016 0.008
Material: Natural iron®
Daughter nuclide Dominant production Cross-section® A’ Xsf
Saturation Saturation
. rv Parent Threshold | Zfo_, d | activity exposure rate
Nuclide Ty (REHYCImH Y isotope Mev) | Mev) N cikwl) | (R EHEW 0
Sc-46 839 d 1.09 Fe-54  (7,5p) 37.41 (15) E 0.2) (0.2)
V-48 160 d 1.95 Fe-54 (y,sp) 25.86 30 D* (0.4) (0.8)
Cr-51 27.8 d 0.76 Fe-54  (v,sp) 19.74 (30) E 0.4 0.3)
Mn-52 5.60 d 2.18 0.039
Fe-54  (y,np) 20.89 B 0.036 8
Mn-52m  21.1 min 1.30 ' 0.023
Mn-54 303 d 1.20 Fe-56  (7,np) 20.42 B 0.59 0.70
Mn-56 2.576 h 0.86 Fe-57  (v,p) 10.57 B 0.032 0.027
Fe-52) 82 h 0.72 Fe-S4  (y,2n)  24.06 B 0.056 0.040
Fe-53 8.51 min 0.67 Fe-54 (v,n) 13.62 B 0.74 0.49
Fe-55 2.60 a 0.69 Fe-56 (v,n) 11.21 B 13.3 9.0
Fe-59" 456 4 0.62 Fe-58 (n,7) - - - _h
Material: Natural nickel®
Daughter nuclide Dominant production Cross-section® Af Xsf
Saturation Saturation
™ Parent Threshold | Zfo_, d | activity exposure rate
id vy e . _ e
Nuctide Ty (R-EY(CE m ™) isotope MeV) | o-Mev) N iy | (RnYawW-m Y
Ni-56 6.10 d 1.58 Ni-58  (v,2n) 22.45 B 0.1 0.16
Co-56* 773 d 2.27 . 0.1 0.22
Ni-57 36.0 h 1.35 Ni-58  (y,n) 12.19 B 5.9 7.9
Co-57% 270 d 1.29 5.9 7.5
Co-60 5.263a 1.30 Ni-61  (y,p) 9.86 0.1) (0.1)
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Table 7.2-continued

Material: Natural copper®

Daughter nuclide Dominant production Cross-section® At )'(sf
Saturation Saturation
R e Parent Threshold | Zfo., d| activity exposure rate
Nucide T, (REYCmY | isotope P (MeV) | (ub-Mevh O | (Cikw ) | (R-EHEW-mHY
Co-58 713 d 1.13 0.37
' : Cu-63 (7,sp) 41.75 Sa ~0.66 [
Co-58m 9.2 h 0.65 0.21
Co-60 5.263a 1.30 Cu-63 (y,n2p) 18.86 Sa 0.65 0.83
Ni-63 92 a noy Cu65 (7,np) 17.11 B 0.45 novy
Cu-61 332 h 0.71 Cu-63 (7,2n) 19.73 B 0.87 0.61
Cu-62 976 min 0.60 Cu63 (7,m) 10.84 B 1. 6.5
Cu-64 12.80 h 0.38 Cu-65 (7,n) 9.91 B 5.0 1.9
Cu-66" 510 min 0.052 Cu-65 (ny) - - - -*
Material: Natusal tungsten®
Daughter nuclide Dominant production Cross-section® Af Xt
Saturation Saturation
. re Parent Threshold { Zfo., 4| activity exposure rate
- - . t - -
Nuclide Ty @EYCmyY | isotope P (Mev)  |(ub-Mev) MO | (ciaw) | (REHEW-mYY
Ta-180m 8.15h 0.038 W-182  (vy,np) 14.66 B 0.049 0.0018
Ta-182m 16.5 min 0.15 0.027
W-183 (7,p) 7.15 B 0.36
Ta-182 115.1 d 0.61 0.11
Ta-183 50 d 0.15 Ww-184 (7,p) 7.71 B 0.62 0.09
Ta-184 87 h 0.84 W-186 (y,np) 14.91 B 0.048 0.04
Ta-185 50 min 0.11 W-186  (1,p) 8.39 B 0.56 0.062
W-181 140 d 0.09 W-182 (v,n) 7.99 B 8.9 0.80
W-183m 53 s 0.11 W-184 (y,n) 7.42 B 8.6 0.438
W-185 75 d no ¥y : no 'y
. . W-186 (v,n) 7.27 B 8.1 [
W-185m 1.62 min 0.18 0.73
w-187" 239 h 0.26 W-186 (n,7) - - - _h
Material: Natural gold?®
Daughter nuclide Dominant production Cross-section® A’ )'(sr
Saturation Saturation
o Parent Threshold | Xfo. activit exposure rate
Nuclid T _ o -2 d y p _ o
ueade 3 ((R-B)(Ci-mY)h) isotope 1 YP® MeV) | b-Mevy N ciaw ) | (R EDGW m Y
Pt-195m 41 d 0.08 Au-197 (7,np) 13.74 B 0.10 0.008
Au-195 183 d 0.07 0.19
Au-197 (v,2n) 14.80 B 5.5 g
Au-195m  30.6 s 0.15 . 0.41
Au-196 6.18 a 0.29 } : 5.9
Au-197 (v, 8.07 B 41
Aw196m 97 h 0.11 () 23
Au-198h 2.697 d 0.23 Au-197 (n,7) - - - -h
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Table 7.2-continued

Material: Natural lead®

Daughter nuclide Dominant production Cross-section® Af xf
i re Parent Threshold | Zfo ::tt;ri:tion ::t‘:sﬁ:];ate
Nuclide Ty (R-I)(CE m ™Y sotope P (Mew) | Godevy N (Ci‘kvsl,") ® B EW-m2)Y
T-204 3.81a noy Pb-206 (v,np) 14.83 B 0.025 -
T1-206 4.19 min no vy Pb-207 (7,p) 7.46 1.0 -
TI-207m 1.3 s 0.74 0.91.
TH207 479 min 8 107 Fo-208 (.p) 504 B ' 0.001"°
Pb-202m  3.62h 1.16 S ( 0.03
Pb-202 3.0X 10°a v B Pb-204 (v,2n) 15.32 B 0.06 l _
Pb-203m 6.1 s 0.33 0.13
Pb-203 521 h 0.18 Pb-204 (1) 8.38 B 083 [ 0.07
Pb-204m 66.9 min 1.14 : 1.4
Pb-204 Stable _ Pb-206 (7,2n) 14.85 B 2.4 I _ g
Material: Concrete?
Daughter nuclide Dominant production Assumed A S
abundance S bl
- ™ Parent Threshold of parent z::;:;mn Saturation exposure rate
Nuclide Ti' ((R-EY(Cirm™2)™) isotope (MeV) ?;)weight (Cirkw™) (R0 HEW-m>)™)
€-11 20.34 min 0.59 C-12 (7,m) 18.72 0.10 3.5% 1073 2.1X1073
O-15 123 s 0.59 0-16 (v,n) 15.67 53 2.6 1.5
Na-22 2.62a 1.19 Na-23  (7,m) 12.44 1.6 0.1 0.12
Mg-23 121 s 0.62 Mg-24 (y,m) 16.55 0.16 73X 1073 | 4.5% 1073
Al-26m 6.37s 0.59 AlF27  (y,n) 13.03 3.4 9.2X 107 54X 107
Si-27 4.14s 0.59 Si-28  (y,n) 17.18 31 2.0 1.2
K-38 7.71 min 1.56 K-39  (7,n) 13.08 1.2 0.1 0.15
Fe-53 8.51 min 0.63 Fe-54 (7,n) 13.62 0.08 1.0X 107* 6.4 X 1075

Compesition assumed (%):

Concrete (by weight): (C-12, O-16, Na-23, Mg-24, Al-27, §i-28, K-39, Fe-54, others) = (0.10, 53.0,1.6,0.16,3.4,31.0,1.2,0.08,9.5).

Aluminium: Al-27: 100%.

Iron: Fe-54: 5.84%, Fe-56: 91.68%, Fe-57: 2.17%, Fe-58: 0.31%.
Nickel: Ni-58: 67.76%, Ni-60: 26.16%, Ni-61: 1.25%, Ni-62: 3.66%, Ni-64: 1.16%.

Copper: Cu-63: 69.1%, Cu-65: 30.9%.

Tungsten: W-182: 26.4%, W-183: 14.4%, W-184: 30.6%, W-186: 28.4%.

Gold: Au-197: 100%.

Lead: Pb-204: 1.4%, Pb-206: 25.1%, Pb-207: 21.7%, Pb-208: 52.3%.

Specific gamma-ray constant.

Refers to source of data, see (Sw7%a).
Saturation activity per kW electron beam power.

- 6 o o o

not corrected for self-shielding or distribution of activity.

(n,7) reaction.

Photopion reaction having threshold ~140 MeV.
Decays to Mn-52m, then to Mn-52.

Daughter of Ni isobar.

o ®w

Equal division between metastable and ground state assumed.

Sum of the 0_, for each parent isotope, weighted by the isotope fraction. This is given if Approximation A is used in the estimation of activity.

Exposure rate at 1 metre and per kW of electron beam power. The unit m? implies an inverse-square dependence on distance. Exposure rates
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Fig. 7.4
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Total photon emission rate (left) and absorbed dose rates (right) from radioactive nuclei
produced in large targets of various materials irradiated by an electron current of 1 electron
sec™ per MeV incident electron energy as a function of time since the cessation of the
irradiation. The irradiation was assumed to have occurred for an infinitely long period of
time. The absorbed dose rates (right) are those found at 1 meter from a point source
containing all of the radioactive nuclei. [Adapted from (Ba69).]
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along with saturation activities and exposures rates. The beams are assumed to be totally
absorbed in the material and no self-shielding effects are taken into account. The
distribution of radioactivity within the material is not taken into account. The results are,
again, presented for saturation conditions, i.e. tj =, t. = 0in Eq. (7.8), for the
compositions of materials described in the footnotes to the table. Cooling curves have
been reported by Barbier (Ba69) for high energy electrons incident on various materials
for an infinite irradiation at the rate of one electron per second. Theresults are givenin
Fig. 7.4 per MeV of incident electron energy for an infiniteirradiation time, t;. Inthis
figure, results are given for both the photon emission rates (photons s*) and for the
exposure rates (rads hr) per electron s* assuming the applicability of point source
conditions. Asdiscussed in Chapter 3, the ssimplicity and lack of strong energy
dependence of the photoneutron spectra make these results possible.

7.4  Activation of Accelerator Components at Proton and lon Accelerators

7.4.1 Generad Phenomena

Protons having energies above about 10 MeV, or sometimes less, will produce
radioactivity. Thiswill also occur for accelerators of other ions above a specific energy
of about 10 MeV/nucleon. In some specia cases radioactivity can be produced at much
lower energies due to exothermic nuclear reactions that either produce radionuclides
directly or emit neutrons capable of inducing radioactivity through their secondary
interactions. Aswith electron accelerators, if a given accelerator is properly designed
with respect to the shielding against prompt radiation and has proper access controls to
avoid direct beam-on exposure to people, the induced radioactivity is very likely to be the
dominant source of occupational radiation exposure.

For the lower incident energies, below about 30 MeV, oneisfirst concerned with
production of radionuclides by such processes as (p, y) and single- and multi-nucleon
transfer reactions. While the details of the total cross sections for such reactions continue
to form an interesting subfield of nuclear physics research, the systematics and
approximate energy dependencies are globally well understood. In general, oneisdealing
with endothermic nuclear reactions that have athreshold, E,, below which the processis
forbidden by conservation of energy. For nuclear reactionsinduced by ions, Ey, isrelated
to thereaction Q -value [see Eq. (4.1)], Qy, by

Eq = (7.12)

M

where Qy, is negative in an endothermic reaction that, thus, has a positive value of Ey,. In
this equation, mis the mass of the incident projectile while M is the mass of the target

atom, assumed to stationary in the Laboratory frame of reference. The treatise by Barbier
(Bab9) has rather adequately handled activation by all types of particles. Aswas the case
with electrons, some of these results are in the form of contour plots of the cross sections
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been smoothed in these plots. [Adapted from (Ba69).]
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and copper targets. [Reproduced from (Bag9).]

o(E, Ar) where E, is the photon energy and Aris the mass number of the target material.
These data are intended to convey the general idea of the importance of various processes
at different energies. Other data has aso been provided concerning specific reaction
processes at avariety of energies. These results are provided in Figs. 7.5, 7.6, 7.7, 7.8,
7.9, and 7.10. Theresultsfor the light elements (Fig. 7.9) are especially important for
environmental radiation considerations while those for iron and copper targets (Fig. 7.10)
are of great importance due to the universal presence of those elements in accel erator
components.

Thick target yields of radionuclides for targets having arange of atomic numbers have
been systematically studied by Cohen for a number of nuclear processes spanning the
periodic table (Co78). Fig. 7.11 isarepresentative plot of the general features of such
excitation functions of such nuclear reactions. Specific processes may vary considerably
from this behavior since “resonances’ at specific nuclear excited states have been
ignored. Table 7.3 lists avariety of such nuclear reactions along with the range of values
of energy above threshold at which the radioactivity production rate has risen to 0.1% of
the saturation value and also the range of saturation values for the production of
radioactivity. It isassumed that the target thickness comfortably exceeds the range of the
incident ion and that the irradiation period greatly exceeds the half-life of the radionuclide
of interest. For shorter bombarding periods, t,, one needs to multiply by the factor
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[1- exp(-At)) ]. Over the energy range of these curves, the importance of activation by
secondary particles is small compared to that encountered at higher energies.

Fig. 7.11

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Fraction of Saturated
Radionuclide Yield
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Typical behavior of radionuclide production by (p,y) or few-nucleon transfer reactions for
energies not far above the reaction threshold, Ey,. This behavior istypical of the nuclear
reactions tabulated in Table 7.3. For detailed calculations, data related to specific reactions on
specific target materials should be used. [Adapted from Co78).]

Table 7.3 Tabulation of generalized parametersfor the production of radionuclides
by means of low energy nuclear reactionswhich span the periodic table. Theranges
of energiesarelisted at which the production yields are at approximately 0.1 per
cent of the tabulated saturation values. The" high/low" valuesfor the saturated
activity are also given. [Adapted from (Co78).]

Reaction 0.1% 0.1% Sat. Sat. Reaction  0.1% 0.1% Sat. Sat.
Yidd- Yield- Yidd-  Yield- Yidd-  Yield- Yidd-  Yield-
low high Iowl high low high Iowl high
(E-Ew) (E-Ew) (uCi/ (nCi/ (E-Ew) (E-Ew)  (uCi/ (nCi/
(MeV) (MeV) pA) LY (Mev) (MeV)  pA) HA)

() 4 9 3x10° 10 (Hey) 4 6 1 2

(p,n) 0 6 3x10° 8x10°  (*Hen) 3 12 10° 3x10°

(p,2n) 1 4 3x10° 10° (CHe2n) 2 7 3x10° 4x10°

(p,3n) 1 6 3x10° 10° (*He3n) 2 5 2x10° 3x10

(p,4n) 5 8 2 X 10°  10° ] (zHe,Zp) 4 12 2x 102 102

(p,5n) 5 10 10 2x 10 CHe) 6 14 2x10* 10

(p,pn) 2 5 2x10° 2x10°  (*Hep3n) 10 15 10* 4x10°

(pp2n) 3 8 3x10° 2x10° (o) 10 13 3 20

(dy) 5 7 30 100 (a,n) 1 9 3x10° 10°

(d,n) 2 7 4x10° 3x10°  (o,2n) 1 4 5x10° 4x10*

(d,2n) 2 5 2x10°  6x10°  (a,3n) 1 6 3x10° 7x10°

(d,3n) 1 4 3x10° 10° (0,4n) 5 8 3x10° 4x10*

(d,4n) 4 8 2 X 10° 6 X 10°  (a,5n) 5 8 10* . 3x 1oj

(d,5n) 6 10 10 10 (a,p) 5 8 6x10° 2x10

(d,p) 2 7 4x10* 3x10°  (a,pn) 3 12 3x10° 8x10

(dp2n) 2 10 10° 2x10°  (a,p2n) 5 15 3x10° 7x10*

(dp3n) 8 15 10° 2x10°  (a,p3n) 7 15 10* 3x 10

(d,2p) 5 15 3x10° 4x10*  (a,2p) 5 10 107 3x10°

(d,a) 4 7 10* 3x10*  (a,0n) 6 16 3x10° 3x10*

(d,an) 5 15 2x10°  10°
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7.4.2 Methods of Systematizing Activation Due to High Enerqy Hadrons

For proton and ion accelerators of higher energy, the neglect of secondary reactions and
the restriction to few- and multi-nucleon transfer reactions can become a serious
deficiency in the accuracy of estimation of induced radioactivity because of therisein
Importance of such processes as spallation. At about 40 MeV, only few-nucleon transfer
reactions are available while at GeV energies, generally the entire periodic table of
nuclides having mass numbers less than that of the target material becomes available.
The variety of radionuclides that can be produced increases as one increases the
bombarding energy because more thresholds are exceeded. Asageneral rule, at high
energies (Eg = 1 GeV or greater), one must consider that all radionuclides in the periodic
table that have mass numbers less than that of the material exposed to the flux of hadrons
may be produced. Of course, many of these are of little significance due to short lifetimes
and small production cross sections. In fact, the production cross sections for specific
radionuclides often are nearly independent of the target element.

Table 7.4 gives alist radionuclides typically encountered in high energy proton
accelerator installations and their half-lives. In thistable only nuclides with half-lives
between 10 minutes and 5 years are listed. Also, all "pure" 3~ emitters areignored. Pure
B-emitters are those radionuclides that emit no y-raysin their decays. Pure 3~ emitters
generally present minimal exposure hazards at accelerators as compared with y-ray
emitters in routine maintenance activities since the radionuclides are produced throughout
the materials comprising accelerator components, with resultant self-shielding of the 3-
rays compared with the more penetrating y-rays. In contract, B* emitters (positron-
emitters) areincluded in thislist due to the pair of 0.511 MeV photons that result from
annihilation of the positrons with atomic electrons which readily occurs. Approximate
thresholds and high energy cross sections for production of these radionuclides by
protons, generally taken from the treatise by Barbier (Ba69) are also provided where
available.
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Table 7.4 Summary of radionuclides commonly identified in materialsirradiated
around accelerators. Approximate cross sectionsfor their production at the high
energy limit and approximate thresholds are given for selected radionuclides.

[Adapted from (NC99) and (Ba69).]

Target Material Radionuclides Approximate Half-life Production Cross
Threshold (MeV) Section
(High Energy
Limit) (mb)
Plastics & Oils *H 11 12.33 years 10
Be 2 53.6 days 10
He 20 20.4 minutes 20
Aluminum, Asabove, plus
Concrete
= 40 109.7 minutes 6
“Na 30 2.6 years 10
*Na 5 15.0 hours 10
Iron Asabove, plus
2K 12.47 hours
K 22.4 hours
“sc 3.92 hours
“mse 2.44 days
e 84 days
e 3.43 days
e 1.83 days
By 20 16.0 days 6
Ser 30 27.8 days 30
*Mn 20 5.55 days 30
S2MMn 21.3 minutes
*Mn 30 300 days 30
2Fe 30 8.3 hours 4
*Fe 2.94 years
*Fe 45.1 days
*Co 5 77 days 30
*Co 30 270 days 30
%Co 30 72 days 25
Copper Asabove, plus
Ni 40 37 hours 2
N 2.56 hours
%Co 30 5.27 years 15
cu 23 minutes
®'Cu 20 3.33 hours 100
%2Cu 9.80 minutes
®cu 12.82 hours
%27n 15 9.13 hours 60
%Zn 0 244 days 100
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A systematic way of handling the great multiplicity of radionuclides produced in
accelerator components by high energy particlesis highly desirable since it is often not
practical to handle them all separately. Global properties of the distribution of
radionuclides must be used. Sullivan and Overton (Su65) have treated this problem in an
elegant manner that isrestated here. Theinitia starting point is a modification of Eq.
(7.8) describing the dose rate as a function of irradiation and cooling times, t;, and tc,
respectively;

8t te) = Gef1 - exp(— ;)| exp(~ ) (7.12)

where J(t;,t;) isthe absorbed dose rate, gisthe flux density, and G is a collection of
many contributing factors including the production cross section, the energy of the beam,
the types of secondary particles produced, the isotopic composition of the irradiated
component, the geometry, the energy of the y-rays produced, and the attenuation
coefficients for the y-rays produced.

If the number of radionuclides produced by the irradiation which have decay constantsin
the interval between A and A + dA is represented by the differential, dm, then the
corresponding increment in absorbed dose rate, dd(t;, tc), is given by

do(t tc) = GAL-exp(—A;)] exp(—Ac)dm. (7.13)

If it is assumed that the value of G isindependent of A, or its dependence on A is small
compared to other factors, then one can integrate®:

o d
3 to) = Gf d A£[1 — exp(~)] exp( Ate) (7.14)

Here, Ao isthe shortest decay constant (longest mean-life) to be considered. Fig 7.12isa
plot of the number of radionuclides as afunction of half-life, ty,, that have half-lives less
than that particular half-life for several choices of atomic mass number, A. This
corresponds to the distribution of radionuclides that could be produced in atarget of mass
number A irradiated by high energy hadrons. As one can see, these cumulative
distributions are well-described for values of half-life between 10-3 and 103 days by a
function of the following form:

N(tyo) = a+bin(tys), (7.19)

*Taking this step implies the assumption that, on average, the radionuclide production cross sections under
consideration are independent of both the half-lives and the particle energies. Somewhat remarkably, this
approximation is a sufficiently accurate one.
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Fig. 7.12

Total number of radionuclides having half lives up to a given half-life as a function of half-life

for target mass numbers less than those indicated. [Adapted from (Ba69).]
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where N (t1/2) isthe number of radionuclides with half-lives less than the value of ty/2
and a and b are fitting parameters.

Because of the one-to-one correspondence between values of t1/, 7, and A, one can just as
well write

m(1) =a+bin) (7.16)

where m(A ) isthe number of radionuclides with decay constants greater than A for the
material of concern. Thus,

% = AE . (7.17)
Substituting into EQ. (7.13), one gets
5(t; te) = Gb qj O;—A[l — exp(—At )] exp(Ate) =
0
S L T TS
The changes of variables a = At (first term) and a' = A(t; +t.) are helpful;
-a -a’
ot te) = Gb(ﬁ /(1)ootC daeT _J’/\OC; (tj +t¢) a ea' g ' (7.19)

Recognizing that the integrands are identical and simplifying by rearranging the limits of
integration, we have

) _ /‘O(ti +tc) ﬂ

ot t) = quj’ e da ot (7.20)

The integration results in a series expansion found in standard tables of integrals;
x €™dX %n o4 X +azx2 a’x® . 12 -
Jox 5970 221 33 H& (7.21)

Substituting,
o (i +1¢

A+t e ‘da %na_a +a_2 _a_3 N Er‘ (+te) 79
J’Aotc a 0 4 18 U ' (7.22)

OtC
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Evaluating, one obtains
5(ti ,tc) = Gbgn——0- At +...00 (7.23)
ot U 0

Since Aq approaches zero (corresponding to large lifetimes), the following is obtained:

[t +t. 0
o(t,,t.)=Beln——=, (7.24)
Ot O

where several constants are merged in the new parameter B.

7.4.2.1 Gollon’'s Rules of Thumb

Gollon (Go76) has further elaborated on these principles and determined some very
useful "rules of thumb" for high energy hadron accelerators at which the extranuclear
hadron cascade process produces the major fraction of the induced activity. Four rules
are extremely useful for approximate radioactivity estimates:

Rule 1 Thisis equivaent to Eq. (7.10), repeated here for convenience:

dD
__04 2 ZEV' (7.25)

where the summation is over all y-rays present, including appropriate
branching fractions if more than one photon is emitted per decay. If dD/dt
is desired as an approximate absorbed dose ratein Gy h™ at adistancer
(meters) from a source strength Sin GBq, the factor 0.4 becomes 1.08 x
104,

Rule 2: In many common materials, about 50 % of the nuclear interactions
produce a nuclide with a half-life longer than a few minutes. Further,
about 50 % of these have ahaf-lifelonger than oneday. Thus,
approximately 25 % of the nuclear interactions (e.g., the "stars" discussed
in Section 4.7.2) produce a radionuclide having a half-life exceeding
approximately one day.
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Rule 3: For most common shielding materials, the approximate dose rate dD/dt
due to a constant irradiation is (see Eq. (7.24);

= - BoinF—<[] (7.26)
dt 0t O

In the above, the geometry and material dependent factor B can often be
determined empirically, or by using rule 2, while gisthe incident flux
density. This expression appearsto be valid also for intermediate energy
heavy ion beams, for example at 86 MeV/nucleon (Tu84).

Rule 4. In a hadronic cascade, each proton or neutron produces about four inelastic
interactions for each GeV of energy.

These rules can beillustrated by examples. In ashort target of 1/10 of an interaction
length, approximately 10 % of an incident beam of 1011 protons s1 will interact. Assume
this has been occurring for several months (long enough to reach saturation production
for many radionuclides) at this constant rate. Using Rule 2 in conjunction with the above
rate, one determines that the decay rate after one day of the shutdown is 2.5 x 109 Bq (68
mCi). If each of these decays produces aone MeV y-ray, then Rule 1 will indicate an
absorbed dose rate of 27 mrad h* (= 0.27 mGy h™* of absorbed dose rate) at one meter

away.

Rule 3 can be used in such a calculation to predict the absorbed dose rate from a point
source at some future time after beam shutdown. Furthermore, thisruleisnot restricted
to "point" sources but can be used for more massive ones, with suitable adjustments to the
geometry factors. Sometimes one can estimate the product Bg or use a measurement of
the exposure or absorbed dose rate to determine it empirically for the purpose of using

Eq. (7.26) to predict the "cooldown™. Inthisway, Rule 3 is also useful for extended
shields irradiated by secondary particles from a well-devel oped cascade.

Rule 4 can be used to crudely estimate the activation of abeam dump by incident high
energy particleswhen it is coupled with Rule 2. For example, a beam of 1012 400 GeV
protons s* (= 0.16 pA or 64 kW) produces atotal of 4 x 400 x 1012 starss™* in abeam
dump. If 25 % of these produce a radionuclide with a half-life > 1 day (Rule 2), then the
total amount of the moderately long-lived radioactivity (at saturation) is

(0.25atoms/star) (1.6 % 10% stars/sec)
3.7x100 sec71 i 7!

=10.8kCi (7.27)
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At sufficiently large distance (say 10 meters), Rule 1 could be used to calculate an
absorbed dose rate assuming all decaysare 1 MeV y-rays,

dD (.08 x 10% Curiesl]
— =04(1LMeV = 43 rads/ hour , 7.28
g~ CHMIET % (729

meter?

A valuable quantity used to quantify the absorbed dose rate, dD/dt , at the surface of a
thick target isthe danger parameter, D, as developed by Barbier (Ba69) for a thick
object irradiated by beam having a uniform flux density @ If this source of radioactivity
subtends solid angle Q at the point of concern, then

db Q
—=—@D. 7.29
dt 477¢ ( )

For contact with a semi-infinite slab of uniformly irradiated material, the fractional solid
angle factor (£2/4m) has the intuitively obvious value of /2. The danger parameter has
the physical interpretation as the absorbed dose rate found inside a cavity of arbitrary
form embedded in an infinite volume of a material which has been uniformly irradiated
by a unit flux density (one particle per second per square centimeter). Figures7.13 give
representative examples of plots of D for several elements and afew compounds. These
curves thus can be used to predict cooling of various components around accel erators.
Gollon (Go76) has aso provided "cooling curves' for iron struck by high energy protons.
These are given in Fig. 7.14 and include both calculations by Armstrong and Alsmiller
(Ar73) and empirical measurements at the Brookhaven National Laboratory AGS, the
Fermilab Main Ring Accelerator, and the Fermilab Neutrino Experimental Areatarget
station.

Of course, one is often concerned with situations where the determination of ¢ in the
danger parameter equation isnot at all smple. For example, one can have activation in a
large object where the hadronic cascade is contributing numerous hadrons at a variety of
energies from amultitude of directions. Fortunately, important features of activation
phenomena have little or no correlation with energy. The chief of these is evidenced by
the excitation functions of various reactions. AsseeninFigs. 7.9, 7.10, and 7.11, the
cross sections rise just above the threshold and then, somewhere in the region of 10's of
MeV above the threshold, aleveling-off occurs. Furthermore, in general the cross
sections for production of radionuclides by neutrons and protons (and even other ions and
particles) do not differ greatly from each other at the higher energies.
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D, Barbier's Danger Parameter,
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Values of the Barbier danger parameter, D, for selected materials at a proton irradiation

energy of 500 MeV. [Adapted from (Ba69).]
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D, Barbier's Danger Parameter,

Fig. 7.13-continued.
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Cooling curves for variousirradiation times for iron struck by high energy protons as

calculated by Armstrong and Alsmiller (Ar73). Also shown are the results of measurements.
The one labeled "Main Ring", is the measured average cooling curve for the Fermilab Main
Ring synchrotron after itsinitial three years of operation. The curve labeled "Neutrino" is for
aneutrino target station at Fermilab after eight months of operation. The curve labeled
"AGS' isfor an extraction splitter in use for many years at the BNL AGS. [Adapted from

(Go76).]
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7.4.3 The Utilization of Monte Carlo Star Densities in Activation Calculations

The "leveling-off" of the cross section as a function of energy has some very important
implications the most important is the fact that for estimating activation, one can perform
approximate cal culations without performing integration over energy if one has some
reasonabl e estimate of the flux above the reaction threshold of interest. An average
effective cross section can then be used. Another feature of these excitation functionsis
the fact that the leveling off occursin the region from afew 10'sto afew 100's of MeV,
precisely where relatively fast Monte Carlo hadron shielding calcul ations are available
from severa different codes (e.g., CASIM, FLUKA, HETC, and MARS).

It is often possible to relate the flux density of high energy hadrons (i.e., those with
energies above the leveling off) to the star density, S, calculated from such Monte Carlo
calculations through the relationship,

_ A ds()

, 7.30
o (7.30)

@r)

where ¢(I") , the flux density (cm™ s™) at position vector at F isrelated to the rate of star

ds(r)
dt

density and A (g cm®) istheinteraction length®. The value of ¢(F) so determined could,

in principle, be substituted into EQ. (7.29) for calculating absorbed dose rate due to
residual activity using the Barbier danger parameter, D, if one were to make suitable
adjustmentsin the solid angle. However, the limitation of this approach is the fact that
the Monte Carlo cutoffs may introduce an energy (or momentum) cutoff (e.g., typically
300 MeV/c was used in CASIM) not necessarily matched to the reaction threshold. In
order to calculate dose equivaent rates, Gollon (Go76) made detailed calculations and
obtained the following formula:

dD(r) _ Q dS(r)

dt 4 dt

(starscm™3 1) at the samelocation®. o (g cm™) isthe

density production

aw(t,t.), (7.31)

where w(tj, tc) isrelated to the Barbier danger parameter, D.
For iron, Gollon gives the following values for two useful situations:

w(e, 0) =9 x 106 rad h-l/(star cm3 s'1) (7.32a)
(infinite irradiation, zero cooling time), and

w(30d, 1d)=25x 106 rad h'l/(star cm3 s1) (7.32b)
(30 daysirradiation, 1 day cooling time).

* This flux density is equivalent to the "star fluence" in Section 4.7.2.
® Once again, the adherence to traditional notation requires that care must be taken not to confuse
interaction length with activity constant since they are customarily denoted by the same symbol, A.
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Estimates of other w-values can be made by scaling results obtained by Armstrong and
Alsmiller (Ar69a) and Gabriel and Santoro (Ga73) for selected values of tj andtc. This
has been done by Cossairt (Co98) for three choices of values of t; , and the results are
shownin Fig. 7.15 for irradiated iron. Curves of this type should be used with some
degree of caution. They can readily be used to predict the relative "cooling” rates of
various components around accelerators with afair degree of accuracy. Their usein the
prediction of absolute dose equivalent rates due to activated accel erator components
required additional care. To do this, the geometric configuration should be simple and
well defined, the flux density of thermal neutrons should be a small component of the
prompt radiation field, and the activation of other materialsin proximity such asthe
enclosure walls should be taken into account. Cracks through the shielding materials can
sometimes result in higher dose equivalent rates that are difficult to quantify. The
interactions of thermal neutrons in concrete shielding can make a significant contribution
to the dose equivalent rate. This phenomenon has been discussed by Armstrong and
Alsmiller (Ar69b) and by Cossairt (Co96) and will be summarized in Section 7.4.4.

More generally, Gollon derived a simple relationship between dose rates involving

cooling times different from "standard" ones for which values of D and ware available.
As stated previoudly, the dose rate after irradiation time t; and cooldown timetcis

3t to) = Y Af1-exp(=At)| exp(-Aute) (7.33)
7
where the summation over index y includes all relevant radionuclides with the product of
flux density and geometry factors being absorbed (and allowed to vary with radionuclide)
in the quantity A,,.

Rearranging, Gollon obtained
3i.t) =S A #[exp{ ~Ated —expl = At +to) ] =
I
O(e0,t5) = 8(oo,tj +1¢). (7.34)

Thus, theinfinite irradiation curve can be used to determine any other combination of the
timestj and tc. Infact, thisformula may be used also with empirical results such as, for
example, radiation survey data, in order to predict future radiological conditions.
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A reliable method for connecting the production of "stars' in material (e.g., as calculated
by a Monte Carlo code) to the production of atoms of some radionuclide is by the ratios
of cross sections. Thus, at some point in space, 1, the rate of production of atoms per
cm3, n(r) , of some radionuclide is approximately given by

dn(F) _ g, dS(F) _ %, dS(F)
d¢ o, dt 3. odt

n n

: (7.35)

where one essentially scales the star density production rate (e.g., stars cm™ s™) by the
ratio of the production (reaction) cross section for the nuclide of interest, gy, to the total
inelastic cross section gj, or, equivaently, by the macroscopic cross section ratio (Z/Zip).
The phenomena will obey the usual activation equation. The reason thisis approximate
is due to the standard concerns about constancy of cross sections with energy, the lack of
perfect "matching” of thresholds, etc.

7.4.4 Uniform Irradiation of the Walls of an Accelerator Enclosure

Somewhat special considerations may apply to the concrete shielding surrounding
accelerators. Aswas seen before, ordinary concrete typically contains a partial density of
0.04 g cm3 of sodium. This "typical" value varies agreat deal due to the variety of
minerals that might be present in local concrete. The significance of this seemingly small
additive isthat the naturally dominant isotope present is 23Na. This nucleus has the
relatively large thermal neutron capture cross section of 535 mb. Patterson (Pa58)
determined that average thermal flux density, @, in aconcrete room is approximately
given asfollows:

12
=, (7.36)

where Q is the number of fast neutrons produced per second in the enclosure and Sisthe
inside surface area of the enclosure (cm?2). Thus, asubstantial flux density of thermal
neutrons can be present in an accelerator room and this flux can produce significant
amount of 24Nawith its 15-hour half-life. The relatively high energy photon emitted in
its decay (2.75 MeV) aso can enhance the radiation hazard. Furthermore, while the dose
due to activated components falls off radially with distance, if absorption by the air is not
significant, the absorbed dose rate due to residual activation in an empty cylindrical room
uniformly irradiated by such thermal neutronsis a constant. Thus, the dose equivalent
rate anywhere inside the enclosure will be equal to the dose equivalent at thewall. This
has been explicitly demonstrated for cylinders by Armstrong and Barish (Ar69b) and is
also true for theinterior of all mathematically well-behaved closed surfaces (Co96). This
fact can readily be demonstrated by analogy to the Gauss Law in electrostatics® as follows
by examining the situation in Fig. 7.16.

® The Gauss law of electrostatics has been treated in detail by Jackson (Ja75) and by Konopinski (Ko81).
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Fig. 7.16 ~ Geometry for deriving relationship between a surface of uniform emission and the flux density
at any point within it. [Reproduced from (C096).]

Consider asimple, closed surface that emits an omnidirectional flux density of some
particle g, (e.g., particles cm2s1) that is constant over the surface. One wants to
calculate the flux density at some point in space P within the surface. P islocated at
radius vector . Consider further the contributions of the particles emitted by some
elemental area dA at P where dA is perpendicular to the surface at coordinate vector T .

The solid angle subtended at P by dA is:

4o = 9A° n2 (7.37)
1]
where the unit vector A isgiven by
A=l T (7.39)
=]
But the increment of flux at point P due to elemental area dA is given by:
_@ dA-h
ATt |p r|2
Thus,
dp=2%dq and | % ga=g,. (7.39)
ar ar 4T
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In some situations it is been important to minimize the amount of sodium in the concrete
ingredientsin order to reduce exposures to individuals conducting maintenance on the
accelerator. In fact, the phenomena described above has been noticed at accelerators and
sometimes leads to "disappointment” in how little gamma-ray exposure rates are reduced
when activated accelerator components are removed from enclosures with equally
activated walls. For example, Armstrong and Barish (Ar69b) have calculated residual
doseratesinside a cylindrical accelerator tunnel due to both the magnets and the concrete
wallsfor 3 GeV protonsincident oniron. These authors have aso considered some other
reactions that are capable of also producing 24Na (spallation) that also must be included.
Theresults are shown in Fig. 7.17 for the surface at the tunnel wall.

The discussion of the production of radioactivity continues in Chapter 8 with specific
emphasis on environmental radiation protection.
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Fig. 7.17 Photon dose rate at surface of tunnel wall after infinite irradiation time for concrete containing
one per cent sodium by weight. [Adapted from (Ar69Db).]
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Problems

1.

A 1 mA beam of 30 MeV electronsis absorbed by an aluminum target. Calculate
the saturation activities of al major radionuclides produced in the target.
Assuming no self-absorption and an infinitely long irradiation period, what will
the absorbed dose rate at a distance of 2 meters away immediately after beam
shutdown and one hour later? The target can be assumed to be a point source for
this estimate.

A copper beam stop has been bombarded with high energy hadrons for 30 days
and exhibits a dose rate of 100 mrem hr* at 1 meter away 1 day after the beam is
turned off. Maintenance work needs to be scheduled in the vicinity within the
next 6 months. Using both Gollon’s Rule No. 3 (as derived by Sullivan and
Overton) and the Barbier Danger parameter curves, predict the cooling curve and
determine when the dose rate is less than a 20 mrem hr* maintenance work
criteria. Make atable of dose rate versus cooling time in days for both methods.
How well do the two methods agree? (Hint: Useinitia value of the dose rate to
scalevaluesof D.)

A 100 GeV beam (1012 protons s™) strikes the center of alarge solid iron cylinder
30 cmin radius for 30 days. Use the star density curves from the Appendix B and
the "w' factors calculated by Gollon to estimate the residual dose rate after 1 day
cooldown at contact with the side of the cylinder in the "hottest" spot. Using
Gollon's third rule, how long must the repair crew wait to service thistimein a
contact radiation field of absorbed dose rate < 10 rad hr'?

A copper target is bombarded with high energy protons such that 10 stars per
incident proton are produced. If theincident beam is 1011 protons s™, what is the
specific activity (average) of 94Mn that is produced after two years of operation?
S4Mn has a high energy spallation production cross section of about 20 mbin Cu.
Thetarget isacylinder, 10 cm radius by 15 cm long. The half-life of 94Mnis 312
days. Expressthe answer in both Bgcm 3 and Ci cm3. (Hint: Thisproblemis
best if the calculation is done at saturation and then corrected for the non-infinite
irradiation time. Also, one needs to use the inelastic cross section given, for
example, in Chapter 4.)
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