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Abstract - The production and transport of the photoneutrons from the giant-dipole-

resonance reaction have been implemented in a coupled EGS4-MORSE code. The total 

neutron yield (including both the direct neutron and evaporation neutron components) is 

calculated by folding the photoneutron yield cross sections with the photon track length 

distribution in the target. Empirical algorithms based on the measurements have been 

developed to estimate the fraction and energy of the direct neutron component for each 

photon. The statistical theory in the EVAP4 code, incorporated as a MORSE subroutine, 

is used to determine the energies of the evaporation neutrons. These represent major 

improvements over other calculations that assumed no direct neutrons, a constant fraction 

of direct neutrons, monoenergetic direct neutron, or a constant nuclear temperature for 

the evaporation neutrons. It was also assumed that the slow neutrons (< 2.5 MeV) are 

emitted isotropically and the fast neutrons are emitted anisotropically in the form of 

1+Csin29, which have a peak emission at 90°. Comparisons between the calculated and 

the measured photoneutron results (spectra of the direct, evaporation and total neutrons; 

nuclear temperatures; direct neutron fractions) for materials of lead, tungsten, tantalum 

and copper have been made. The results show that the empirical algorithms, albeit simple, 

can produce reasonable results over the interested photon energy range. 
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1. Introduction - ^ ^ -~~ • 

At electron accelerators neutrons can be produced by bremsstrahlung photons 

through the giant-dipole-resonance (GDR), quasi-deuteron and photopion reactions. In 

the case of electron energy less than -30 MeV (e.g., medical radiotherapy accelerators), 

the GDR photoneutron is the only source term. For low-power accelerator facilities (e.g., 

synchrotron light facilities) where the shields are generally thin, the GDR neutrons could 

be the dominant source. In these situations the spectral and angular distributions of the 

GDR photoneutrons are very important for many purposes, e.g., the shielding, the 

instrument response corrections for the neutron field measurements, etc. 

Neutrons from the photon-induced GDR reaction consist of a large portion of 

evaporation neutrons which dominate at low energies (< 1-2 MeV) and a small fraction of 

direct neutrons which dominate at high energies. In this study, it is defined that the 

evaporation neutrons are emitted from an excited nucleus in an equilibrium state and the 

direct neutrons are emitted from all other states (e.g., the pre-equilibrium and lp-lh states 

[1]). The energies of the evaporation neutrons can best be described by the Weisskopf s 

statistical model, on which the EVAP4 code [2,3] is based. The energies and yield of the 

direct neutrons can be calculated using the pre-equilibrium (or called pre-compound) 

theories, methods that the LAHET [4], ALICE [5], GNASH [6], and FLUKA [7] codes 

use. The evaporation neutrons are emitted isotropically and the emission of the direct 

neutron is peaked at 90° relative to the photon direction [1,8]. Note that there are some 

differences in the implementation of the pre-equilibrium theories among the codes. The 

ALICE and GNASH are actually only "cross section" generation codes. The FLUKA 

code is probably the only one that can treat the production and transport of the GDR 

neutrons, induced by photons, in a single code package [9]. In any case, to our 

knowledge, there has been no comprehensive presentations and verifications of the 

photoneutron spectra and angular distributions from these theoretical predictions. 



On the other hand, calculations of the photoneutron spectra, using much more 

simplified assumptions, have been made for medical accelerators [10,11] or other 

applications [12,13], These calculations suffer from the two major assumptions they used 

and, therefore, render their applications unsuitable for other situations, e.g., different 

targets and photon energies. The first assumption is the use of a Maxwellian fission 

spectrum with a constant nuclear temperature (7), regardless of the photon energy, to 

approximate an evaporation neutron spectrum [11,13]. However, it is known that the 

Maxwellian distribution actually fits only certain energy range of an evaporation neutron 

spectrum and a constant T value is appropriate only when the neutron energy is much 

smaller than the photon excitation energy. The second assumption is about the fraction 

and the spectral and angular distributions of the direct neutron component. For example, 

the spectral and angular distributions were assumed to be the same as those of the 

evaporation neutrons in [12,13], whereas the actual energy can be much higher [10,14]. 

The energy of the direct neutron was assumed to be the difference between the photon 

energy and the neutron separation energy in [10,11]. In the actual case, the direct neutron 

energies are smaller than the difference and they are not monoenergetic either. The 

fraction of the direct neutrons was assumed to be constant in [11], regardless of the target 

material and photon energy. In the actual case, the fraction should increase as the photon 

energy becomes higher, and should also varies for different target [14,15]. 

In this study, the implementation of the production and transport of the GDR 

photoneutrons, with regards to the spectral and angular distributions, in a coupled EGS4 

and MORSE Monte Carlo code [16,17] is the main subject. The approach is a 

compromise between the abovementioned complicated and simplified methods, and the 

details of the approach will be described in Section 2. Basically, empirical algorithms were 

developed based mainly on the Mutchler thesis [14] to estimate the fraction and the energy 

of the direct neutron for each photon. The EVAP4 code, included as a subroutine of the 

MORSE, is used to obtain the energies of the evaporation neutrons. The emissions of the 
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neutrons < 2.5 MeV are assumed to be isotropic and an angular algorithm, also derived 

from Mutchler [14], is used to obtain the anisotropic emissions of the neutrons > 2.5 

MeV. 

There are a few measurements about the spectral [14,15,18-23] and angular 

distributions [14,15,21-24] of the GDR neutrons for different beam (electron or photon) 

energies and target materials. The Mutchler thesis [14] gives the most comprehensive 

information and, therefore, was used as the main basis to derive the empirical algorithms. 

The photoneutron spectra calculated using this approach are compared with some 

measured spectra in Section 3, together with the discussions. The conclusions are given in 

the last section. 

2. Methods 

This section gives the details of the neutron yield calculation, the determination of 

the fractions and energies of the direct and evaporation neutron components, and the 

estimation of their emission angles. The materials of interest for this study are lead, 

tungsten, tantalum, and copper. Therefore, the empirical algorithms have been developed 

mainly based on the measurements made for these elements. 

Outline 

Figure 1 shows how an EGS4 user code UCPNCG MORTRAN and an input file 

UCPNCG DATA, using the Combinatorial Geometry (CG) routine, were used to generate 

a photon history file. The file contains the parameters of position (X0, Y0, Z„), direction 

([/„, V0, W0), energy (Ey) and track length (/) for those photons capable of generating 

neutrons in each medium. Neutrons can be generated only in single-element media. The 

position of the neutron (X, Y, Z) was actually randomly sampled along the photon track. 

In the photon transport, attenuation due to the photonuclear reaction was ignored. This is 
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deemed acceptable, because the photonuclear cross section is at most a few percent of the 

atomic cross section. The neutron yield for each photon in a medium was calculated using 

the following probability estimator: 
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Yj,- £ ncn7SjP IA for jth isotope (1 a) 

where Y: = neutron yield foryth isotope of the element in the medium, 

n = number of neutrons per photoneutron generation (rc=l-3), 

an = GDR photoneutron cross section to generate n neutrons, 

/ = photon track length, 

B: = abundance of isotope j , 

p = density of the element, 

A = atomic mass of the element, 

The photoneutron cross sections o„, taken from the Atlas of Dietrich and Berman [25], 

are tabulated in a data file PNCROSS DATA, together with the parameters of Bj, p and A 

for each isotope. The total photoneutron yield from the EGS4 calculations is: 

YEGS = ]£ X */Y f o r a ^ P n o t o n s a n c l i s o t o pes (lb) 
T i 

The use of the CG routine in the EGS4 allows not only complicated geometry 

modeling but also the coupling with the MORSE. The photon history file is then "read" 

by the MORSE with a user-written SOURCE subroutine, which has incorporated all the 

algorithms for photoneutron generation (see Fig. 2). A photon history was randomly 

sampled (block no. 4); the zone, medium and element were determined; and the neutron-
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generation probability (Pj) and the yield (Yj) for each isotope of the element were 

calculated. Because the EVAP4 determines neutron energy from each isotope, the atomic 

mass Aj and the neutron weight WTj for each isotope were also calculated (block no. 3 in 

Fig. 2), using the probability fraction of each isotope PRj. The total neutron yield (Ys) for 

all sampled photons should agree with the YgQg, if there is an uniform sampling over all 

photon histories. 

Direct Neutron 

The fraction and energy of the direct neutron from each sampled photon are 

determined using the following empirical algorithms. The direct neutron fraction, F^, is 

defined to be the ratio of the neutrons from the direct process to the total neutrons. 

Mutchler [14] defined his measured direct neutron fraction, Fm, as the ratio of the direct 

neutrons greater than 3 MeV to the total neutrons greater than 0.4 MeV. Figure 3 plots 

the measured direct neutron fraction (Fm) vs. the difference of the photon energy (Ey) and 

the neutron separation energy (Sn) for a few high-Z isotopes from Mutchler [14]. It is 

known qualitatively [1,14,15] that the higher the photon energy, the higher the direct 

neutron fraction. In the photon energy range of interest, the maximum of the measured 

fractions [1,10,14,] was about 0.2. We further assumed that Fd = Fm and only photons 

with energies greater than the Sn of the medium by 2.5 MeV can produce direct neutron. 

Therefore, a linear relationship shown in Fig. 3 was used as the algorithm to estimate the 

direct neutron fraction, F& as a function of photon energy: 

Fd = 0, for (E y -S„) < 2.5 MeV (2a) 

= 0.03l(£ y- S„) - 0.077, for 2.5 < (Ey-Sn) < 9 MeV (2b) 

= 0.2, for(£ y-S„)>9MeV (2c) 
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The authors are aware of that the real function should be much more complicated. 

However, it will be shown in Section 3 that this simple algorithm is sufficient to predict 

reasonable direct neutron fractions for many cases. This simple algorithm is assumed to 

be applicable to all elements of interest. The weight of the direct neutron for each isotope 

is then WT: Fj and the weight for the evaporation neutron component is WT:(\-FJ), 

These will be assigned as the neutron weight (WATE) in the MORSE when each neutron 

is to be transported. 

In the determination of the direct neutron energy, it was observed from the 

Mutchler thesis [14] that the direct neutron spectra from lead isotopes (undeformed 

nuclei) had peaks about 10-20% lower than the value of (Ey-Sn). The direct neutron 

spectra from tungsten and tantalum isotopes (deformed nuclei) were even softer. 

Therefore, for a photon with an energy Ey and an isotope with a separation energy Sn, the 

resulting direct neutron intensity was assumed to be constant between the neutron energy 

values of {Ey-Sn) and D(Ey-Sn), where D is a constant. The direct neutron intensity was 

assumed to be zero at other energies. It will be demonstrated in Section 3 that D=0.1 for 

undeformed nuclei and D=0.4 for deformed nuclei would produce direct neutron spectra 

that are in fair agreement with the measured ones. 

Evaporation Neutrons 

The energies of the evaporation neutrons are determined using the statistical 

theory in the EVAP4 code. Because the EVAP4 may generate more than one neutron 

with different energies per photonuclear absorption, the weight of the evaporation neutron 

component, WTJl-Fj), is to be shared by all evaporation neutrons produced. 

To ensure that the evaporation neutron energies from the EVAP4 are correct, the 

level density parameters for the elements of interest in the EVAP4 were compared with 

the published values [26]. The agreements are within 10-20%, except for lead (due to 
2 0 8 P b , a double-magic nucleus), whose EVAP4 value is about 3 times higher. Therefore, 
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the level density parameter for lead in the EVAP4 was reduced to 2.5. As demonstrated 

in Section 3, the evaporation neutron spectra from the EVAP4 (with the change for lead) 

would have nuclear temperature values, for different materials and photon energies, in 

agreement with the measurements. 

Neutron Emission Anele 

Courant [8] has theoretically predicted that the angular distribution of the direct 

neutrons is in the form 1+Csin29, where 9 is the angle between the incoming photon and 

the emitted neutron and C is a constant dependent on neutron energy. Figure 4 

reproduces the measured relationship [14] between the constant C and the neutron energy 

for lead, tungsten and tantalum at different bremsstrahlung beam energies. To a first-

order approximation, the relationship is not a function of photon energy and it can be 

described as the line shown in each subfigure; C=0 for slow neutrons, C rises to a 

maximum value of Cm, and then C remains constant up to the highest neutron enrergy, 

i.e., (Ey-Sn). The value Cm and the neutron energy Ec, at which the value C reaches its 

maximum, vary for different elements/isotopes. Due to the shell effects, fast neutrons 

from the 2°8pb isotope have the largest anisotropic emission (Cm=0.8 at Ec=7,6 MeV). 

The parameters of Sn from [10,14] and Cm and Ec from [14] for each isotope are also 

tabulated in the data file PNCROSS DATA. 

In our angular algorithm, neutrons (either direct or evaporation) S 2.5 MeV are 

assumed to be emitted isotropically, i.e., C=0. The linear line in each subfigure is used to 

estimate the value C at a neutron energy for an isotope. The function 1+Csin29 is then 

used to sample the neutron emission angle 0. Coordinate transformation is carried to 

obtain the direction cosines of the emitted neutron ([/, V, W) from the angle 0 and the 

photon angle (U0, V0, W0). For isotopes (copper and iron) without measured angular 

distributions, the neutron emission is assumed to be isotropic. 
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3. Spectral Results and Comparisons 

The validity of the neutron yield calculations has been checked satisfactorily 

against measurements in a previous report [27]. Because of the small fraction of fast 

neutrons and the scattering in the materials, the anisotropic emission of fast neutrons has 

only a small effect on the dose/spectra results at different directions. For example, the 

mean energies of the photoneutron spectra at 90° and 0° from a lead disk target (1.25 cm 

radius and 1.685 cm thick) bombarded by a 45-MeV electron beam were found to be only 

1% difference. Therefore, in this section only the calculated photoneutron spectra are 

compared with the measurements for elements of lead, tungsten, tantalum and copper. 

Lead 

Using the time-of-flight technique, Mutchler [14] measured the photoneutron 

spectra from isotope targets of 2 0 8 P b , 2 0 7 P b and 2 0 6 P b hit by bremsstrahlung beams with 

endpoints of 15,14 and 13 MeV. Difference neutron spectra, resulting from an equivalent 

difference photon spectrum peaked at 14 (or 13)'MeV with a FWHM of 2 MeV hitting 

each target, were obtained. By fitting the difference neutron spectra with the theoretical 

curves of the evaporation neutron and direct neutron components, Mutchler was able to 

separate the two neutron components and determine the spectra for both components. 

The difference photon spectrum peaked at 14 MeV is hereafter referred as the MIT 14 

MeV photon beam. 

The photoneutron spectrum from a lead disk target (2 cm radius and 0.635 cm 

thick) hit by the MIT 14 MeV photon beam [14] was calculated. The neutron yield ratios 

between the isotopes of 2 0 8 P b , 2 0 7 P b and 2 0 6 P b were calculated to be 0.58:019:0.23, 

close to the corresponding isotope abundance ratio. The measured spectra for isotopes of 

208pD)

 2 0 7 P b and 206pb were then weighted by the yield ratios to obtain the spectrum for 

the lead element. Spectral comparisons between the calculations and the measurements 
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are shown in Fig. 5a for direct neutrons and in Fig. 5b for total neutrons. The agreement 

of the direct neutron spectrum is quite satisfactory (note that the constant D in the 

algorithm is 0.7 for lead). 

The semilogarithmic plot in Fig. 5b allows the determination of the nuclear 

temperature T from the slope of the evaporation neutron curve. With the adjustment of the 

level density parameter of lead in the EVAP4, the nuclear temperature T of the 

evaporation neutrons between 0.9-3.5 MeV is 0.97 MeV. This value is consistent with 

other published ones [14,15,23]. Figure 5b also shows that the calculated total spectrum 

is in good agreement with the Mutchler measurements (the two curves were arbitrarily 

normalized at 1.5 MeV), except at the high and low energy ends. The calculated Fm is 

0.13, about 20% lower than the measured value of 0.16 [14]. The direct neutron fraction 

F j is 0.12. It is important to note that, if without the inclusion of direct neutrons, the 

average energy of the neutron spectrum would be ~ 1.5 MeV, much smaller than the actual 

value of 2.28 MeV. 

The photon track length distribution in the "thin" target from the MIT 14 MeV 

photon beam is quasi-monoenergetic. To check that the spectral algorithm can be applied 

to a much wider photon energy range, a comparison was made with the Kimura 

measurements [15]. One of the measurements that Kimura et al. made, using the time-of-

flight technique, is the neutron spectrum at 90° with respect to the 16.5 MeV electron 

beam hitting a lead target (size 10x10x5 cm3). In this "thick" target case the photon track 

length distribution in the target is close to Ey2 with a maximum of 16.5 MeV. The 

calculated neutron spectrum is shown in Fig. 6. The nuclear temperature value is 0.88 

MeV for total neutrons between 2-3.5 MeV and is 1.45 MeV for total neutrons between 

4-6 MeV. These calculated T values are within 3% of the measured ones, which again 

demonstrated our algorithms work. The calculated Fm and F^ are only 0.07 and 0.06, 

respectively, which are lower than the case of MIT 14 MeV beam. This can be expected, 

because the E"2 photon track length distribution. 

10 



Tungsten 

Tungsten element has four isotopes, but the photoneutron cross sections in [25] 

are available only for natural tungsten element and the i g 6 W isotope (only -29% 

abundance). Therefore, the photoneutron cross sections for the tungsten element, instead 

of the four isotopes, were used to calculate neutron yield. On the other hand, the EVAP4 

needs atomic mass for each isotope as an input to calculate the evaporation neutron 

energies. As shown in Fig. 7, the evaporation neutron spectra for all tungsten isotopes 

from the EVAP4 were found to be similar. Therefore, it was decided to use J 8 4 W as the 

input to the EVAP4 for tungsten element. 

The photoneutron spectrum from the MIT 14 MeV photon beam hitting a tungsten 

disk target, 2.54 cm radius and 0.556 cm thick, [14] was calculated. Spectral comparisons 

between the calculations and the measurements are shown in Fig. 8a for direct neutrons 

(with three D values) and in Fig. 8b for total neutrons. Considering the large uncertainty 

for the measured direct neutron spectrum, the empirical algorithm with a D=0A seems to 

produce a reasonable direct neutron spectrum. The nuclear temperature T for the 

evaporation neutrons between 0.9-3.5 MeV is 0.43 MeV. The calculated total spectrum is 

in fair agreement with the measurements, except again at the high and low energy ends. 

The calculated Fm is 0.15, about 15% higher than the measured value. The direct neutron 

fraction^ is 0.13. 

Another comparison with the measured photoneutrons from a tungsten target (1.8 

cm radius and 2 cm thick) bombarded by a E'1 bremsstrahlung beam with an endpoint of 

24 MeV [26] was also made, and the results are shown in Fig. 9. The calculated nuclear 

temperature T is 0.49 MeV and the direct neutron fraction is 0.14. These values agree 

well with the measurements, which had a T value of 0.50 MeV by assuming a direct 

neutron fraction between 0.15-0.20. 
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Tantalum. 

The photoneutron cross sections for the 1 8 , T a isotope (-99.99% abundance) was 

used for the tantalum element. The photoneutron spectrum from the MIT 14 MeV photon 

beam hitting a tantalum disk target, 2.54 cm radius and 0.556 cm thick, [14] was 

calculated. Spectral comparisons between the calculations and the measurements are 

shown in Fig. 10a for direct neutrons (with three D values) and in Fig. 10b for total 

neutrons. Similar to the tungsten case, the algorithm with a D=0.4 produces a reasonable 

direct neutron spectrum. The nuclear temperature T for the evaporation neutrons between 

0.9-3.5 MeV is 0.45 MeV, a value consistent with the published value of 0.49 MeV [26]. 

The calculated total spectrum is in fair agreement with the measurements, except at the 

high and low energy ends. The calculated Fm is 0.15, about 7% higher than the measured 

value [14]. The direct neutron fraction Fj is 0.13. 

Copper 

The empirical algorithms were developed based mainly on the Mutchler 

measurements, who measured the photoneutron spectra from isotopes with Z higher than 

49. It is, therefore, important to check whether the algorithms are applicable to medium-Z 

elements, particularly for common target and shielding materials like copper and iron. 

Unfortunately, there are no good photoneutron spectral measurements for copper and 

iron. 

However, two photoneutron measurements related to copper are available for 

comparison purpose. Using the nuclear emulsion films, Byerly and Stephen [21] measured 

a very crude photoneutron spectrum from a thin copper disk (0.32 cm radius and 0.635 

cm thick) bombarded by a bremsstrahlung beam with an endpoint of 24 MeV. They 

estimated that the direct neutron fraction was ~0.1, with a neutron detection threshold of 

0.3 MeV. The photoneutron spectrum from the Byerly and Stephen's copper experiment 

was calculated, and the results are shown in Fig. 1 la for a Ey 1 bremsstrahlung beam and 
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in Fig. l ib for a £L"2 beam. Note that, in the direct neutron spectral algorithm, the 

constant D is 0.7 for copper. The nuclear temperature T for the evaporation neutrons 

between 0.9-3.5 MeV is 0.74 MeV for a Eyl bremsstrahlung beam and is 0.70 MeV for a 

E'2 beam. The calculated direct neutron fraction (for neutrons higher than 0.3 MeV) is 

~0.12-0.13, about 20-30% higher than the measured value. 

Using a moderated BF 3 detection system, Barrett et al. [26] measured the mean 

energies of the photoneutron spectra from a copper disk (1.8 cm radius and 2 cm thick) 

bombarded by bremsstrahlung beams with varying endpoints. By assuming a direct 

neutron fraction of 0.15-0.20, they obtained a nuclear temperature of 1.0 MeV and a 

neutron mean energy of 1.78 MeV for a bremsstrahlung beam of 24 MeV. The 

photoneutron spectrum from the copper measurements of Barrett et al. was calculated, 

and the results are shown in Fig. 12 for a E Y

- 1 bremsstrahlung beam with an endpoint of 24 

MeV. The nuclear temperature T for the evaporation neutrons between 0.9-3.5 MeV is 

only 0.73 MeV, 27% lower than the measured value. However, the calculated mean 

energy for the total neutron spectrum is 1.88 MeV, only 6% higher than the measured. 

The calculated direct neutron fraction is 0.12. 

4. Conclusions 

For photons less than 30 MeV, the spectral and angular characteristics of the 

neutrons from the giant-dipole-resonance reaction are important for many applications. 

For example, the GDR photoneutrons contaminate seriously the radiation fields from 

medical accelerators operated above -8 MeV. In the beamline shielding design for 

synchrotron light facilities, the GDR photoneutrons from gas bremsstrahlung hitting the 

beamline devices are one of the main radiation sources [28]. In this study the production 

and transport of the GDR photoneutrons for materials of interest for shielding design 

purposes have been implemented in a coupled EGS4-MORSE code. The total neutron 
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yield (including both the direct neutron and evaporation neutron components) is calculated 

by folding the photoneutron yield cross sections with the photon track length distribution 

in the target. Empirical algorithms based on the measurements have been developed to 

estimate the fraction and energy of the direct neutron component for each photon. The 

energies of the evaporation neutrons were determined using the statistical theory in the 

EVAP4 code, which is included as a subroutine of MORSE. It was also assumed that the 

slow neutrons (< 2.5 MeV) are emitted isotropically and the fast neutrons are emitted 

anisotropically in the form of 1+Csin28, which have a peak emission at 90°. 

General agreements between the calculated and the measured photoneutron results 

(spectra, nuclear temperatures and direct neutron fractions) for materials of lead, tungsten, 

tantalum and copper show that the simple algorithms can produce reasonable results over 

the interested photon energy range. The implementation of the angular algorithm showed 

small effects from the anisotropic emission of fast neutrons. Therefore, isotropic emission 

can be assumed for all neutrons without large error. The calculations in this study 

represent major improvements over those that assumed no direct neutrons, a constant 

fraction of direct neutrons, monoenergetic direct neutron, or a constant nuclear 

temperature for the evaporation neutrons. However, our approach may not be 

appropriate for elements with Z < 20, because of their more discrete features of the 

nuclear energy levels [19]. 
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Captions of Figures 

Figure 1. An EGS4 user code, using the Combinatorial Geometry (CG) routine, was 

used to generate a photon history file which contains the parameters of 

position (X0, Y0, Z0), direction (U0, V0, W0), energy (Ey) and track length (/) 

for those photons capable of generating neutrons in the media. The neutron 

yield for each photon is calculated by folding the photon track length with the 

photoneutron yield cross sections. 

Figure 2. The flow chart for the generation and transport of the photoneutrons using the 

SOURCE subroutine of the MORSE, which included the EVAP4 as one of the 

subroutines. See text for detailed description. 

Figure 3. The direct neutron fraction vs. the difference of the photon energy (ZL) and the 

neutron separation energy (Sn) for a few high-Z isotopes, measured by 

Mutchler [14]. The linear line shown was used as the function to estimate the 

direct neutron fraction. 

Figure 4. The angular distribution of the photoneutrons is in the form 1+Csin29, where 0 

is the angle between the incoming photon and the emitted neutron and the 

constant C is a function of neutron energy. The measured relationship [14] 

between the constant C and the neutron energy for lead, tungsten and tantalum 

at different photon energies are reproduced here. The relationship is 

approximated as the line shown in each subfigure. 

Figure 5. Spectral comparisons between the calculations and the measurements [14] for 

direct neutrons (part a) and total neutrons (part b) from a lead target hit by the 

MIT 14 MeV photons. The nuclear temperature T determined from the slope 

of the evaporation neutron curve (in the neutron energy of 0.9-3.5 MeV) is 

0.97 MeV. The calculated total spectrum also agrees with the measurement, 

18 



except at the high and low energy ends. The calculated Fm is 0.13, about 20% 

lower than the measured value, and the direct neutron fraction Fj is 0.12. 

Figure 6. Calculated neutron spectrum at 90° relative to a 16.5 MeV electron beam 

hitting a thick lead target (10x10x5 cm3). The nuclear temperature T values 

for two neutron energy regions are within 3% of the measured ones [15]. 

Figure 7. Evaporation neutron spectra for four tungsten isotopes calculated by the 

EVAP4. 

Figure 8. Spectral comparisons between the calculations and the measurements [14] for 

direct neutrons (part a) and total neutrons (part b) from a tungsten target hit by 

the MIT 14 MeV photons. The algorithm with a D=0.4 gives a reasonable 

direct neutron spectrum. The nuclear temperature T for the evaporation 

neutrons between 0.9-3.5 MeV is 0.43 MeV. The calculated total spectrum is 

in fair agreement with the measurements, except at the high and low energy 

ends. The calculated Fm is 0.15, about 15% higher than the measured value, 

and the direct neutron fraction F j is 0.13. 

Figure 9. Calculated photoneutrons from a tungsten target (1.8 cm radius and 2 cm 

thick) bombarded by a £ y

_ 1 bremsstrahlung beam with an endpoint of 24 MeV. 

The calculated nuclear temperature T is 0.49 MeV and the direct neutron 

fraction is 0.14, which agree well with the measurements [26]. 

Figure 10. Spectral comparisons between the calculations and the measurements [14] for 

direct neutrons (part a) and total neutrons (part b) from a tantalum target hit by 

the MIT 14 MeV photons. The algorithm with a D=0.4 gives a reasonable 

direct neutron spectrum. The nuclear temperature T for the evaporation 

neutrons between 0.9-3.5 MeV is 0.45 MeV. The calculated total spectrum is 

in fair agreement with the measurements, except at the high and low energy 

ends. The calculated Fm is 0.15, about 1% higher than the measured value, 

and the direct neutron fraction Fj is 0.13. 
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Figure 11. Photoneutron spectrum from a copper disk (0.32 cm radius and 0.635 cm 

thick) bombarded by a bremsstrahlung beam with an endpoint of 24 MeV; a) 

E y

_ 1 bremsstrahlung beam and b) £ y " 2 beam. Note the small difference of the 

nuclear temperature. 

Figure 12. Photoneutron spectrum from a copper disk (1.8 cm radius and 2.0 cm thick) 

bombarded by a Ey 1 bremsstrahlung beam with an endpoint of 24 MeV. 
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MORSE User Code: MORSGRN FORTRAN 

SOURCE Subroutine 
• Initialization for SOURI&EVAP4 
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• Read EGSOUT DATA File 
• Call SOUR1 
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* Y s = Y E G S , if perfect sampling of the EGSOUT DATA file is achieved. 
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Call LOOKZ to Find 
Zone & Medium 

from X,Y,Z 
Z Determined 

Call CALSIG to get 
o n j f o rE T 

n=1—3, j=1-»3 

Aj (Mass number) 
WTj = PRj Y T , 

j = 1 - 3 

Y j - ^ n o n l B j p / A 

Y T - E Y , , Y S = Z Y / 

PJ =£0 ,813 , P /A 

P = f P j 
i=i ' 

PRj = Pj/P 

I f (E Y -Snj )>2.5MeV 
Find F d & E * 

Call EVAP4 

EVAP - neutron 
WT e = WTj(1-F d) 

Direct - neutron 
WT d = WT;F d 

© 
WATE = WT d 

IG from E * 

DRES4 
Calculate E n , X n , X p 

© 
I f X n > 0 WATE = W T e / X n 

IG from E n 

YM0RSE = 2WATE* 

©< If EVAP-neutron remains 

&y* 
If direct-neutron remains 

> K other isotope remains 

©* Nothing remains 

Save Parameters 
X,Y,Z, and/or WATE 
for remaining neutrons 

and isotopes 

E n > 2.5 MeV 
Call GETANG 
E n « 2.5 MeV 
Call GTISO 

Fig. 2 



f - ?- ?~ 

m M
eV

 

> 
CO 

2 
> 
CD 

2 h- in • * CO 

1 1 1 
• 

I—0 
-

0 • 

— —o- * - — 

c oi, -

£ -c» 
co 

— D) T — 
§ } 

1 - oi. -
I I I , 1 

CM 
CO 

CO 
CD 

O 
uo 

i n - * 
9< 

LU 

-* 

CM 

o 
1 - I 1 1 

£ 
_ O _ 

o 0 ) i 
1 

i 

- •--o-

-

) i 
1 

i 

-

-
? - f - f -

-

- > > > 
<D CD CD 

_ 
X3 2 2 2 • * • 

— Q. in TJ- co c • — 

C\i 

1 

• o < 

1 1 1 
: 1-4 

1 1 , 1 
- -
- • V^~ -

- ••4\p -
- -

- -
- -
- -

— 42 

a. 
O 
CM 

| 1 

o 
o 
s 
« 
•a • 

-

-
LI 1 1 •1 

-

— -

- o< -

-
0 \ d 

-

- o -

— 
Cfl*. 

— 

- ow -

- S3 a. 
CO 

o 
CO 

Cfl 
o 
c 

a 

1 1 1 
•CM 

1 

CM 
CO 

CD 
CD 

O 

LU 

03 
d O 

oq 
d 

• * 

d 
O 

00 
d 

CM 
d 

O O 

1 
' 

I 
' .a 

00 

o 
CM 

xS 
O 
CM 
xT 
CL 

— 
D 

a ^»« 
• 

n 

CO 

o > 
CM > 

a o 

as 
r -

< 

— 

— a a — 

— 

• 

-

1 1 1 

-

_ CM 

> 
CD 

— CO 

c 
CO 

CO 

LU 
— - * 

CM 
CO 00 

O 
d 

Ui d - P J 



LU 

z 
• D 

1 1 i | I 
1 

600 (a) Direct 
;/ \ \ Meas. 

400 
/; 

'• \ — 

200 

n ^ r J .-•'' 1 

/Cal. 

i 1 i 

— 

8 

A r\C. I \ 
1U 

HI 

1 10 1t 

W 10° 

10" 

10 r-2 

E Point of 
Normalization 

EVAP/ / v N > . 
T = 0.97 MeV / \ N

N 

/ Direct \ 
' Fm=0.13 \ 

/ Fd=0.12 
I V I V L 

2-95 

0 2 4 6 8 
Neutron Energy, E (MeV) 

10 
7884A5 

Fig. 5 

Total, E = 1.405 MeV 1 6 5 M e V e -
Pb (10x10x5 cm3) 

2-95 

2 4 6 8 
Neutron Energy, E (MeV) 

10 
7884A6 

Fig. 6 



Fluence/Lethargy (cm d) -2\ 

CQ 

o 
CO 

Z O 
CD -&• 
C 

o 
m 
CD 
-~t 

CQ <̂ 
m 

k 

o 

CD 

O 

O 
I 

CO 

O 
I 

00 
O 

l 
__! i i iirrrr- TTTTTT 

an 
o o o o ~ 663 

674 
719 
676 
M

eV] 

mi 

I I MM 

m—ny -= 

(1/E) dN/dE dN/dE 
o o o 

IO 
o 

CO 

ro —~~-

• ^ 7 - ' 

-n 
(5* 
oo 

CD 
c #-* —t 

o 
m 
CD 

CQ 
m CT> — 

CD 
< 

00 — 

I I l l l l l l l I I l l l l l l | I I l l l l l l | 1 I l l l l l l 
"TJ JT1 * j ^ " ^ 

Q. 
II 

3 , 2 *"7 " -../I 

rect 
0.15 ^ / / _ 

- >€•••' 
—i o 
CO. 

. -** 
/ • ' 

mi 
"V H f • ii 

' \ " 1 • _ j . 

\ p p 1• Ko 

- 6£ j ' 00 - 6£ K CD 
CD 

— < .- / \ < _ 

3 CD 
• y ^ 

_ k -""I 
W P -

'CT 
~ ~ 

I I l l l l l l l . i i mini i l l l l l l l l 1 1 llllll 

_!. ro 
o o o 

1 1 I 1 
'ST 

ro i_^ o 
>v — - - ^ ^ O 

\ * * ^ ~ ^ ^ l D 

re 

II o 
— ^^*^^ * * . """"^L^ i f / ' o 

^ ^ ^ < * * . 1 
4*. 

.&. 9 (i ̂ Ŝ** — 
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