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ABSTRACT 

UCRL-1:131.5 

The shielding required for a cyclotron can be estimated by computing 

the emission spectra of the neutrons produced, and using these spectra to 

estimate the necessary thickness of shielding to reduce the radiation level 

at a specified location to a safe l·evel. The prediction of the secondary neu-

tron spectrum produced inside a thick shield is described. The multiplicity 

of cascade and evappration secondaries as well as subsequent moderation 

of the secondary spectrum is described quantitatively. Experimental thick-

target neutron yields, as well as Monte Carlo cascade data, are the basis 

for these estimates. 
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1. Introduction 

The calculation of the required shielding of a several-:-hundred-MeV 

cyclotron is approximately the same as for any other accelerator operating 

in the same energy range. The only substantial difference is probably the 

higher beam current of the cyclotron. The special techniques used to achieve 

these higher beam currents do not have any bearing on the shielding or ac

tivation problem, and the experience gained in shielding low-current cyclo

trons in the same energy range is directly applicable to modern high-current 

. ( ~ 100 f.L amps) cyclotrons. Since· a several-hundred-MeV modern cyclotron 

is fairly large physically, the: shielding is quite expensive and is a major 

item in the budget. Thus, it is not appropriate to use large safety factors 

for the shielding thickness, as might be done for a small machine. As a re

sult the necessary shielding thickness must be explored in greater detail 

than has sometimes been done in the past. In some early cyclotrons, the 

shielding was sometimes treated as an afterthought or an accessory that 

could be added to a later date, when the initial construction expense of the 

accelerator' itself was a few years in the past. A modern high-current cyclo

tron cannot be used effectively from its startup without the correct amount 

of shielding. The neutron-capture induced-activity problem presents an 

additional problem in subsequent maintenance and modification, whic.h must 

not be postponed until after construction.· 

Unfortunately these problems are not of great. basic scientific interest, 

consequently calculations have only recently been made with shielding pri

marily in mind .. Some day very detailed Monte Carlo computations will be 

available, taking into consideration energy and angular distributions, and 

various geometrical situations, in a m.ore rigorous manner. Such calcula

tions are well along at the Oak Ridge National Laboratories in connection 

with the radiation-dose estimate for the project to send a man to the moon. 
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These calculations are directed toward shielding against solar-flare pro-

tons, but the lunar project is in many ways very similar to the cyclotron 

shielding problem. 

In the shielding of a cyclotron in the several-hundred-MeV range 

the secondary neutrons produced by the main- beam protons in the primary 

target and in the hardware of the accelerator (and the radioactivity they 

induce) are the only important source of dose. Sufficient shielding around 

the accelerator to attenuate the neutrons very completely contains the elec-

tromagnetic radiation and the charged particles. The only known exception 

would be much-higher-energy machines, in which 1-l mesons may be the 

controlling factor. Such will not be the case at several hundred MeV. 

Method of Calculation 

The technique generally used to estimate shielding is that developed 

. 1 2 3 
by Moyer. ' ' While each proton produces a variety of particles as it 

undergoes collision in the shield: only the neutrons are of biological signi-

ficance. For protons striking an e:x.'tended thick target, the total neutron 

production ~s a function of energy for carbon, aluminum, copper, and lead 

is shown in Fig. 1. This total neutron production consists of two parts, 

"cascade" and "evaporation" neutrons. There are also cascade protons. 

The particles that are knocked out during the immediate passage of the in-

cident proton by direct interactions between the proton and the individual 

nucleons in a target nucleus have been extensively treated by Metropolis. 4 

The cascade particles, because of momentum conservation, are strongly 

concentrated in the forward direction relative to the incident-proton direction. 

Because of their long mean free paths, only those cascade particles having 

energies above 150 MeV need be considered in shielding. Cascade particles 

would be rather unimportant as secondaries from protons of less than 100 

MeV. 
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Fig. 1. Measured total neutron yields per proton stopping in a 

thick target for C, Al, Cu, and Pb. From Moyer (reference 2). 
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The rest of the secondary particles are produced, after the initial 

proton pas sage, . by evaporation from the nucleus as a result of the ex-

citation energy left behind in the nucleus, The evaporation process gives 

off neutrons isotropically. These curves (do include the production from) 

plural cascade within the target nucleus. The cascade yields of neutrons 

and protons resulting from either neutron or proton bombardment are 

shown in Fig. 2. 

Neutron Spectra 

The resulting secondary-neutron spectrum (which will be seen in 

Fig. 22) consists of three parts: 

(a} the cascade neutrons of more than 20 MeV, 

(b) the evaporation-neutron spectrum, peaked in the few-MeV region, .and 

(c) the resulting thermal spectrum, which arises from the degradation 

of the energy of the other two neutron sources. 

This three -part spectrum is a convenient natural breakdown of this 

problem, otherwise far too complex for a simple estimate. (O".f .course, the 

problem is p.ot too complex for a computer approach.) The cascade neu

trons above 150 MeV are the only part of the total spectrum that must in-

itiaUy be considered in estimating the thickness of the shield; because neu-

trons of lower energy have attenuation lengths substantially shorter than 

those· with energies above 150 MeV. It is only this penetrating high-energy 

component that determines the shield thickness, as can be seen in Figs. 3 

and 4. There is a plateau in the half-value thicknesses of concrete shielding ... 

above 150 MeV. The conclusions that one reaches about concrete are also 

applicable to most other materials. (with the exception of hydrogen) on the basis 

2 
of grams/em . A thick shield made of liquid hydrogen would need 

special consideration. 
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Fig. 2. Estimated cascade neutrons and protons produced by incident 

neutrons or protons of energy E on nuclei near A= 20 per in
n 

cident particle per inelastic collision. From Metropolis et al. 

(reference 4}. 
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There is, of course, a buildup and an establishment of equilibrium 

in the secondary neutron. spectrum in the first few layers of the shield. 

After equilibrium is established in one or two half-value layers, no further 

change in the shape of the neutron spectrum occurs with increasing depth 

in the shield, only an attenuation of the entire spectrum with the same 

mean attenyation length as that of the highest-energy primaries. 

Cascade Particles 

The spectra of cascade particles .computed by Metrop61is 4 are shown 

in Fig. 5 for 460- and 1840-MeV protons incident on aluminum. These spec-

tra seem to be in good agreement except at the highes.t energies. These 

spectra multiplied by the appropriate normalization factors (given in Fig. 6), 

are shown .in the energy region above 1 MeV on Fig. 7 for incident proton 

energies of 450, 600, and 850 MeV. It is seen that below ·about 1.00 MeV the 

cascade spectra are essentially the same. These spectra have not yet been 

degraded by passage through hydrogenous material, therefore no thermal 

peak is present. 

The iangular distribution. of the cascade particles of Metropolis et al. 
4 

has been a1.1gmented by Moyer, using data on the angular distribution of the 

prongs of nuclear-emulsion stars from the Bevatron and from cosmic rays. 

A representative angular distribution is shown in Fig. 8. The distribution 

shown is normalized for 6.2-GeV protons.on copper; however, theangular 

distribution is not sensitive to energy. 

The number of cascade neutrons per incident proton per inelastic 

collision as a function of proton energy is given in Fig. 6 for several target 

materials. · It is seen that for energies above 200 MeV there is a monotonic 

increase in the num-ber of cascade neutrons with A, whereas for the energy 

region below 200 MeV the low-A materials actually have a higher neutron 

. ,., 
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from a single collision in Cu by 6. 3 -GeV protons (normalized 

to 8 neutrons/proton), from Metropolis et al. (reference 4). 
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production than the high-A materials. The inelastic cross sections for 

C, Al, Cu, and Pb are given in Fig. 9. 

The number of cascade protons per incident proton per inelastic 

collision as a function of proton energy and target A is shown in Fig. 10. 

These curves bear a resemblance to those for neutron production in Fig. 6,. 

and the same conclusion can be drawn with respect to production in the 

light elements. It should be noted that in the energy ;region near 500 MeV 

the Fig. 1.0 cascade-proton curves are in the reverse order, with the 

highest proton production coming from the low A's and the lowest proton 

production coming from the high A's, in contrast to Fig. 6 cascade neutrons. 

Above 1.000 MeV the low-A curve does cross over the others, but the others 

still remain in the inverted order. This particular fact is of only minor 

importance to our present problem, since cascade protons have a very 

limited range and it is. really the cascade neutrons that one must consider • 

.If the shielding is quite thick, a similar set of curves could be pro-

vided, giving neutrons per incident neutron and protons per incident neutron 
.. 

as a functi~n of A a~d energy. These additional curves would be useful only 

for some specialized accelerator -shielding situations. 

Evaporation Particles 

The most important source of neutrons is the evaporation process. 

Several authors 6 - 9 have treated the evaporation of nucleons from nuclei 

·that have been excited by very-high-energy neutrons or protons~ These 

evaporation neutrons provide the low-energy end of our spectrum. Nuclear 

evaporation is somewhat analogous to the evaporation of a liquid on an 

atomic scale. The resulting particle spectra are obtail\led by estimating an 

excitation energy E 1 for the ~ucleus as a whole. This estimation, due to 

Moyer, 2 is shown in detail for A from 20 to 220 in Fig. 11. This set of 
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Fig. 10. Number of cascade protons per incident proton per in-

elastic collision as a function of proton energy and target A, 

from Metropolis et al. (reference. 4). 



w 
>-
~400 
Q) 
c 
Q) 

c 
.Q -0 -(.) 
X 
Q) 

..... 
0 
Q) 

(.) 
::::3 
z 0

10 

-16-

100 1000 

Eproton or neutron (MeV) 

MU-28234 

Fig. 11. Average nuclear excitation energy E 1 deposited in nucleus 

A by an incident neutron or proton of energy E in one inelastic 

collision. 



-17- UCRL-1131.5 

curves gives the "excitation" energy E 1 left behind in a nucleus by an incident 

proton or neutron of energy E. This energy is considered as a thermal 

kinetic -energy source which will eventually lead to evaporation. 

The nuclear temperature produced in a nucleus Aby the deposition 

of energy EA by an incident neutron or proton'.is shown in Fig. 12·: Note 
1 . 

that nuclear temperatures· for the light elements have plateaus in the region 

of several hundred MeV, therefore the cnange in temperature in this region 

with increasing incident proton energy is quite small. 

The excitation energy is related to the square of an effective nuclear 

"temperature" r ·by an empirical p~rameter 6 (A/10); thus we have 

2 
·E

1 
= (A/iO)r , ( 1} 

where E 1. is the nuclear excitation in MeV, and A is the atomic weight of 

the nucleus. This empirical equation is shown in Fig. 13 for four different 

values of A. It is seen that the light elements have higher nuclear temper-

atures than heavy elements at 'a particular excitation energy. Figures·. t1, 

12, and 13 represent a three-dirnension;:tl surface in a space whose coor-

.. i 
dinates are the total nuclear excitation energy, nuclear temperature, and 

bombarding-proton energy. 

The evaporation spectrum itself is given by 

N(E)dE = (E/r 2 ) e -(E/r} dE . (2} 

The E in front of the exponential instead of the usual E
1

/
2 

which appears in 

the Maxwellian energy distribution is .necessary to ·account for the fact that 

N(E}· is a flux density rather than a numerical density. 

To estimate the complete neutron: spectrum penetrating the shield, 

it is now necessary to fit this modified Ma"-·wellian low-energy evaporation 

end of the spectrum to the Metropolis cascade high-energy tail. This tran-

sition :fit is made after the area under each individual spectrum has been 
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normalized to the estimated total production of each spectrum's particular 

component (as given in Table I for aluminum or shown for other A's and 

E' s in Figs. 1, 6, and 14. Note that in Table I it is appropriate for the 

sum of "cascade" and "evaporation" neutrons to not equal the "tota!T' neutrons. 

The "total" production is per incident particle on a thick target. The 11 cascade" 

and "evaporation" production are per inelastic collision at the quoted energy. 

The sum of these two productions can be either less than or greater than the 

"total, 11 depending on the ratio of proton removal by inelastic collision to 

proton energy loss by electromagnetic dE/ dx. The total neutron production 

per inelastic collision,. and the ratio of the evaporation to the cascade process, 

as functions of both energy and A, are given in detail in Figs. 15.' and 16. , 
:t,:., 

-
The electromagnetic energy loss changes with proton energy, while the in-

elastic cross sections are quite constant with energy above 100 MeV, as 

seen in Fig. 9. It is seen that for the lightweight elements the number of 

evaporation neutrons is quite constant at about one neutron per proton over a 

wide energy range. 

More details of this process are available, such as the suppression 

. 6 
of the low-energy particles by the Coulomb barrier, as treated by Dostrovsky 

. 7 2 3 
and Le Couteur. Singly charged particles such as H, H , and H , as well 

·as multiply charged particles, such as He 3 and He 
4

, can also be estimated 

as given in Figs. 17 through 21. The doubly charged particles have their 

. evaporation spectrum peaks at about twice the energy of the proton spectrum 

peak for a nucleus of the same excitation. The angular distribution of the 

particles emitted in connection with nuclear evaporation is of course isotropic. 

The evaporation particles produced in an internal target have no chance of 

their own .of penetrating the main shield further than the inner one or two 

mean free paths. Therefore, evaporation particles are mainly of interest 

with regard to the radioactivity that they may induce in the accelerator 

:f 
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Table I. Secondary cascade and evaporation-particle production, nuclear 
excitation energy, and temperature for aluminum targets in proton 
beams of three different energies. 

Total Number of particles per incident Residual a Residual a Number of evap-
neutron proton on Al per inelastic calli- nuclear nuclear oration neutrons 
thick.:. sion excitation temper- per incident or 
target Total E 1 (MeV) ature per inelastic 
yield Neutrons 

a Protons a 
nucleons 

a 
· T (MeV) collision 

(njp)on Al 

1..3 1. 30 1..85 3.15 63 4.3 1. 30 

2.1 1..40 2.05 3.45 72 4.5 .1. 50 

3.3 1. 55 2.25 3.80 88 4.9 1..60 

a. See reference 2. 
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Fig. 14. Estimated number of evaporation neutrons produced per 

incident neutron or proton of energy E per inelastic collision, 

from Metropolis et al. (reference 4). 
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Fig. 17. Average number of evaporation protons per incident proton 
I 

or neutron on various A's per inelastic collision vs energy of 

the incident particle, from Metropolis et al. (reference 4). 
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Fig. 18. Average number of evaporation H 2 per incident proton or 

neutron on various A's per inelastic collision vs energy of the 

incident particle, from Metropolis et al. (reference 4). 
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hardware. The evaporation particles are far more important for inducing 

radioactivity than are the cascade neutrons, since evaporation particles are 

considerably more numerous and their energy is more favorable for cap-

ture. More extensive data are available on evaporation particles. 

Epithermal and Thermal Spectra 

If one wishes to estimate the spectrum of epithermal neutrons pro-

duced by moderation of the cascade and evaporation n.eutrons and ·extending 

below the evaporation peak, the slowing-down spectrum can be approximated: 

by assuming that each emission increment O(E
1

).6.E
1 

gives ri.se to a flux in

crement with spectrum 1./E-1./E,. Thus, by integration, the slowing-down 
J. 

flux has the spectrum 

(3) 

This slowing-down flux spectrum is joined by continuity of slope to the thermal 

spectrum, 

_ K E1/2 -(E/kT) 
<l>th- 2 e ' ( 4) 

which is normalized by requiring the integral from zero energy to· 1/2 eV 

. 10 . 
to give the value . 

Q 
<l> th = 1.. 2 5 -:5 ' (5) 

·. 

where · Q is the total source strength of fast neutrons and S is the surface 

area (in cm
2

} over which they are thermalized. 

Attenuation of the Total Spectrum 

Generally the fit betwee.n the three parts of the spectra as shown 

in Fig. 22 is done by eye. Greater. accuracy is not appropriate to the degree 

of approximation we are making. Direct measurements of shield thickness 

·~ 
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Thermal peak 
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Fig. 22. The total neutron spectrum consisting of cascade, 

evaporation, and the resulting slowing-down and thermal-

peak neutrons. 
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required for a giveq attenuation factor, with use of beams .. of restricted 

width, have been made for concrete, water, and a few other materials. 

Light-weight elements, such as contained in concrete, have shielding 

values very little different for different A's; this value is mainly propor

tional to the number of grams of shield per em 
2 

A thick shield provides neutron attenuation by absorbing, degrading, 

or deviating the neutrons by nuclear collisions. At the high energies charac-

teristic of cascade particles, elastically scattered particles are so strongly 

peaked in forwardly directed diffraction patterns that essentially no geomet-

ric deviation or energy loss occurs. Thus,. as the incident neutron energy 

is increased from values characteristic of the evaporation region to values 

associated with the cascade region, the value of the effective removal cross 

section for neutrons by a shield decreases from the value of the total cross 

section to the value of the inelastic cross section. 

This effect is shown in Tables II, ill, and IV, 
11 

from Patterson, 

as applied to the elements present in ordinary concrete. It is seen that 

-1 
no-a (em ) ~s a figure of merit for the efficiency of each element in the con-

crete. Table IV emphasizes the importance of the heavier elements as the 

neutron energy is raised. Several points calculated from these data for 

concrete, by Patterson, are plotted in Fig. 4 together with several exper-

imental values for energies from 1. MeV to 4. 5 GeV. The agreement between 

the e:x:pe:drnental and calculated values is quite good. The same data appear 

in CGS units in Fig. 3. Thcs e data apply only to thick shields and poor 

geometry. 
.• 

The measurements of O" and o- . for various nuclei as a 
total re actlon 

function of neutron energy up to 5 GeV are given by Coor et al. 1. 
2 and Atkinson 

et al., 
13 

and are shown in Lindenbaum. 5 This experimental work shows that ~ 

the attenuation of neutrons in the high-energy region is essentially constant. 
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Table II. 
-3 22 N (atoms em X 10 ) for ordinary concrete. 

0 4.73 

H 1. 73 

Si 1.57 ,,, 

Ca 0. 26 

Al 0.17 

Fe 0.053 

Na 0. 028. 

K 0.028 

Mg 0. 01.3 

... _,.,.. .... · 
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Table III. Assumed relation between u , the neutron
attenuation cross section, and u~ot' the total 
neutron cross section. 

(MeV) 

1 (]" = 1..00 utot a 

5 (]" = 0.65 utot a 

14 (]" = 0.055 O"tot a 

~150 (j = 0. 50 utot a 
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.: 
- i -2 

Table IV. Ncr (em X 10 ) for various elements. 
a 

1 MeV 14 MeV 270 MeV 

!1 0 16 4.4 0.89 
~ ,... ~·- . 

H 7.8 0.64 0.026 

Si 4.7 1.7 0.41. 

Ca 0.78 0. 33 0.10 

Al 0.51 0.16 0.05 . 

Fe 0.16 0.045 0.028 
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Radiation Emerging from the Shield 

Now that the spectrum and angular distribution of the neutrons pro

duced in the target and accelerator hardware by the primary protons have 

been estimated, a secondary calculation can be made of the penetration of 

the outer shield by these neutrons. This can be dohe by using similar data 

for cascade and evaporation particles produced by neutrons (instead of 

protons as shown in Figs. 2, 1 i, 12, 14 and 1. 7 through 21) secured from the 

same sources as given earlier for incident protons. The evaporation data 

are the same as for incident protons, whereas the cascade values are not. 

As would be expected, the neutrons are more numerous in neutron-induced 

cascades than in proton-induced cascades, and protons more numerous for 

proton-induced cascades. Cascade-produced mesons gradually increase in 

importance from 500 MeV incident energy on up. 

The fluz of particles present outside the accelerator shield consists of 

(a) directly transmitted primary neutrons of energy .> 150 MeV (from the 

spectra shown in Fig. 7), and (b) evaporation fragments produced by the 

high-energ):" neutrons that suffer inelastic collisions in the last layers of the 

shield. The number of cascade neutrons making evaporation neutrons and 

protons by inelastic collisions within a last layer of the shield wall of thickness 

x is 

(6} 

where x is measured inward from the outside of the shield, and A. is the 

mean free path for inelastic collisions of the cascade neutrons. Assume 

that half the evaporation neutrons emerge. This is an obvious overestimate 

of the number of evaporation neutrons, but it is to some extent compensated 

for by the further multiplication of a fraction of the cascade neutrons in 

secondary collisions, which again increases the number of evaporatio.n 
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.....__neutrons emerging from the shield. Few of the protons produced in the 

cascade events in the early part of the shield emerge from the shield, be

cause of range limitations. However, protons that arise from the evap

oration processes emerge from the shield. 

Considering a final layer of the shield x = A, one mean free path 

thick, and using the spectra shown in Fig. 7 and values of A shown in 

Fig. 9 from Lindenbaum, 5 we estimate that in a particular case each cas

cade neutron produced in the outer shield is accompanied by 0.6 fast neutron 

and 0. 3 proton when it emerges from the shield. 

There may also be a small flux of thermal neutrons and gamma rays. 

The gammas come from thermal neutron capture by the H of the shield (if 

present) and also from nuclear de-excitations associated with evaporation 

processes. Typically, the numerical value of the thermal neutron flux is 

only a few times that of the fast neutrons, so (if we take RBE values into 

account) the relative dosage from the thermal neutrons is negligible in 

comparison with the fast neutrons. Ionization-quarter of or less than that 

arising fror:n fast neutrons. 
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