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Here we estimate the fluxes of particles expected from a neutron 

producing liquid deuterium target in the TRIUMF proton area under typical 

operating conditions. These results are expected to be used for shielding 

purposes and for estimating the particle fluxes returning upstream in the 

beam tube. Pion producing reactions are considered only insofar as they 

produce neutrons in the backward directions. This should not result in 

a significant underestimate for the shielding required in forward directions 

since these reactions comprise only about 10% of the total cross section 

and the reaction products are generally of low energy. Results are given 

in terms of effective cross sections for producing particles of various 

types and for the particle fluxes at 1 meter from a 1.7 gmfcm2 (10 em) LD 

target bombarded with a lO~A beam of 500 MeV protons. 

Detailed measurements for the production of all products do not appear 

to be available. Therefore it is necessary to use some assumptions and 

models to obtain the fluxes in detail. In particular, it was assumed that 

the total cross section consists only of elastic scattering events and 

quasi-free scattering events. 

Elastic Scattering 

Cross sections for large angle (> 20° em) elastic scattering have been 
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measured by Boschitz at 582 Mev1 >. It was assumed that the cross section 

in the center of mass is the same as that at 500 MeV. In order to estimate 

the cross section at smaller angles, an interpolation was made in the center

of~mass system between the optical point (at 0°) and the measured point at 

20°. For this interpolation it was assumed that the cross section was 

proportional to e-St, where t is the momentum transfer squared. The 

results, transformed to the laboratory system using relativistic kinematics, 

are shown in figs. 1 to 4. 

Quasi-Free Scattering 

Reactions of the following two types are considered 

P + 0 + p + P + ns 

P + 0 + P + n + Ps 

(eq. 1) 

(eq. 2) 

The two reactions differ only in the sense of the •spectator• model. The 

subscript s refers to the target nucleon considered to be the spectator. 

The incident proton scatters from either a proton or a neutron (not both) 

in the deuteron. The cross section for either event is considered to be 

the same as the cross section for the corresponding event with a free 

nucleon target. Furthermore free, two body, kinematics are used to obtain 

the angle and energy of each of the •active• participants in the reaction. 

The remaining, spectator, nucleon is assumed to have the momentum 

distribution of a nucleon in the deuterium nucleus and is assumed to be 

emitted isotropically in the laboratory system. The effective cross sections 

in the laboratory system can be written in terms of nucleon-nucleon cross 

sections in the center of mass system as follows: 
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dop ( 8~) doel(8cm) doel 
= J PP + J -E.E. ( 'lr-8 ) 

dn active dn dn em 

don(8t) doe1 (8 ) 
= J np em 

dn active dn 

dop ( 8 t) l TOT = C1 

dn 4'1r np 
spectator 

don(8t) l TOT = C1 

dn 4'1r PP 
spectator 

In the above, the symbols n, p, t, em, and el stand for neutron, 

proton, laboratory system, centre of mass system, and elastic, respectively. 

The J's are the appropriate Jacobians. We use the total cross section rather 

than the total elastic cross section to normalize the spectator contributions. 

Thus we assume that pion producing collisions also follow the spectator 

model. This is the only way in which pion producing reactions are considered. 

The p-p cross sections used were the measurements of Mescheriakov et al. 

at 460 Mev 2> and the compilation of Boschitz at 560 to 660 Mev1>. For the 

n-p cross sections, the experimental results of Hatzler and Siegel at 400 

Mev 2
> and those of Kazarinov and Simonov at 580 Mev 2> were used. A linear 

interpolation was done by hand to obtain the cross sections at 500 MeV. 

The cross sections for the active particles were normalized to the total 

elastic cross section for the corresponding free particle scattering at 

500 MeV. Elastic cross sections were obtained by subtracting the reaction 
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cross section from total cross sections. Values used were: 

TOT = 33.4 mb (ref. 3) (J 
pp 

TOT = 35.3 mb (ref. 4) (J 
np 

oR (T = 0) = 1 mb (ref. 5) 

oR (T= 1) = 5.5 mb (ref. 5) 

ael = aTOT_aR(T=l) =27.9mb 
PP PP 

a:~ = a~;r -~ (oR (T = 1) + oR (T = 0)) = 32.0 mb 

The results are shown in figs. 7 to 10. The energy distribution 

expected for the spectator particle is shown in fig. 11. This energy 

distribution corresponds to a Hulthen wave function with parameters given 

by Perdrisat et aZ. 

It is obvious that most spectator protons will not escape from the 

target. Therefore the results shown in fig. 8 for these must be considered 

in context. 

Small Angle Single and Multiple Coulomb Scattering 

We define the beam spill due to single and multiple Coulomb scattering 

as the fraction of the beam that is scattered outside a forward cone of 

half angle e (m radians), neglecting nuclear scattering. Fig. 12 is a 

graph of this quantity as a function of the half angle, e. The total 

fraction of the beam spilled by nuclear scattering and reactions is .033. 

As seen from fig. 1, however, this latter source of scattering is spread 
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over a large solid angle with the result that for small angles (e < 2° or 

34 mrad), Coulomb scattering dominates. It can also be seen from fig. 1 that 

the Coulomb and nuclear amplitudes cross at two degrees so rapidly that 

interference effects can only exist over a small angular range and are thus 

not important insofar as gross features are concerned. To find the total 

spill for angles less than 1 degree, it is sufficient to add the total spill 

due to nuclear scattering and reactions (.033) to the Coulomb spill. Also 

note that for angles smaller than about 2°, the fraction of particles 

scattered into an annular ring subtending half angles of e1 and e
2 

is 

f 2 -f1 where f 1 and f 2 are the spills due to Coulomb scattering. This 

peculiar way of looking at things is necessitated by the circumstance 

that Coulomb scattering for a very light target dominates the cross section 

only at extreme forward angles in the intermediate energy range. The data 

of fig. 12 was calculated according to Moliere•s theory7 >, which includes 

both single and multiple Coulomb scattering. 
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