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INTRODUCTION 

Energetic photons can interact with nuclei to release neutrons if 

the photon energy is greater than the binding energy of the neutron in 

the nucleus* This interaction is called the nuclear photoelectric effect* 

For most nuclei this threshold photon energy lies between seven and fifteen 

Mev. Since the bremsstrahlung beam of a clinical betatron must be colli¬ 

mated by lead for treatment purposes, there will be neutrons produced 

from the lead as background radiation when the betatron is in operation 

at peak radiation, energies greater than about 10 Mev* Since these neutrons 

are biologically destructive, the neutron number and energy distributions 

are desirable to evaluate the effect of these neutrons on the patient. Also 

the physically interesting problem of determining neutron numbers and energy 

in an intense field of electromagnetic radiation is presented* 

A diagram of the target and shielding material of the 2k Mev 

Medical Betatron at M. D. Anderson Hospital and Tumor Institute appears 

in Figure 1. Electrons are accelerated to 22 Mev in the donut tube by a 

rapidly changing magnetic field, and are then stopped in an essentially 

point platinum target, producing bremsstrahlung (or X-radiation) with a 

continuous energy spectrum from 0 to 22 Mev (Figure 2). The duration of 

the X-ray pulse is 6*5 microseconds and it is repeated at l80 cycles 

per second. 50$ of the radiation intensity is absorbed in the lead shield¬ 

ing, 30$ is absorbed in the aluminum cone, placed in the beam to produce 

a uniform radiation dose distribution, and 20$ passes through the beam 

exit. 

Consideration of the photoneutron threshold, yield from 22 Mev 

bremsstrahlung, and the relative amount of each material in the X-ray beam 





FIGURE 2 BREMSSTRAHLUNG SPECTRUM 

(MEV) 



shows that the lead shielding is probably the major source of photo¬ 

neutrons. Table 1 shows the thresholds and yields for the materials of 

interest. 

Table 1. 

(Reference 2 and 3) 
Yield from 

(5,n) 22 Mev Betatron 
Mass $ threshold (neutrons ) 

Element Number Abundance (Mev) (mole-roentgen) 

Al 27 100 12.75 2 x 105 

Pt 194 33 9.5 
2 x 10T 195 33 6.1 

196 25 8.2 

Fb 206 26 8.25 *7 

207 22 6.88 2 x 10* 
208 52 7.40 

Platinum has a low threshold and a high yield, hut less than a 

cubic millimeter of the target is in the X-ray beam and it is, therefore, 
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not likely to he the major source. Parsons, et al # indicate that the 

neutron background around a 30 Mev betatron with a platinum target was 

too high to allow accurate (y,n) threshold measurements. When the Pt 

target was replaced with an aluminum one, the background was reduced 

sufficiently to permit the desired measurements. Persons did not outline 

their particular target arrangement, but it can be supposed in the present 

case that the target may produce a few per cent of the total neutrons. 

Aluminum has a high threshold and a low relative yield. There 

is only about 150 grams in the cone, and it is, therefore, probably not a 

significant source of neutrons. 

The lead weighs over 100 pounds, absorbs 50$ of the radiation 

intensity, and has a low threshold and high yield. It is, therefore, 

probably the major source of neutrons. 



The Brown Boveri Corporation has published an approximate plot 

of neutron number versuB energy for a 33- Mev betatron that shows a peals 

or mean energy of about 800 kilovolts'5. Ibis curve was estimated by the 

use of several (n,p) neutron threshold reactions which were calibrated 

by comparison with a 100 minicurie Ra Be source. They arrived at a value 

of Ivl x 10^ neutrons of energy greater than 1 Mev per centimeter2 per 

second at the center of their radiation field under normal operating 

conditions. J. S. laughlin used rhodium foils in a paraffin cylinder 

l8 cm. high, 18 cm* in diameter as a fast neutron detector for a 22-Mev 
1 I# o 

betatron . He obtained 4*3 x 10 "fast” neutrons per cm per second tinder 

normal treatment conditions. 

It was desired to obtain the neutron flux and energy distribution 

for the M. D. Anderson betatron by using the monoenergetic neutrons 

available from the Rice Institute Van de Graaff to calibrate the detectors 

The problem ms divided for thesis purposes into two parts, the 

"slow” and "fast" neutron determinations* This presentation shall deal 

with the fast neutron results. 
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EXPERIMENTAL METHOD 

The usual fast neutron, detection methods use paraffin to moderate 

the neutrons to thermal energies and some thermal neutron sensitive detec¬ 

tor to count them. In the betatron case, however, a mass of paraffin 

placed in the intense x-ray beam would produce photoneutrons close to 

the detector which might mask the effect of photoneutrons produced in 

tie betatron shielding. The region of chief interest is in the x-ray beam 

at the position of medical treatment. 

Since we have determined that the photoneutrons come principally 

from the lead shielding, the addition of more lead in the beam should not 

alter the neutron energy distribution appreciably. 

A 5-3/8” thick lead plug was inserted in the beam opening to re- 

duce the x-ray intensity to about 10 of its initial value. This gave the 

double advantage of eliminating the x-ray beam and increasing the number 

of neutrons. 

The rhodium foil activation technique had been previously developed 

(L 
to measure the thermal and epithermal neutron flux * With this technique 

and equipment available, it was decided to devise a fast neutron detector 

by surrounding the rhodium foils with paraffin spheres of various radii* 

Bonner, et al, found by surrounding a BFg counter with different 

thicknesses of paraffin that each paraffin thickness moderated neutrons 

of certain energies most effectively'?. The effective energy range and 

the absolute efficiencies were different for each thickness. This can be 

explained in this way: Consider a beam of monoenergetic neutrons incident 

on a detector sensitive only to thermal neutrons. As we increase the 

thickness and mass of paraffin just in front of the detector, the count 

rate of the detector will increase, since the thermal flint is increased in 
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the detector region by the collisions of the neutrons with the hydrogen 

in the paraffin. (These neutrons, reduced to thermal energies, then 

diffuse through the paraffin and can cause counts in the detector. 

(The carbon and hydrogen in the paraffin have definite probabili¬ 

ties for capturing -thermal neutrons* So, as we continue adding paraffin 

in front of the detector, there will be some thickness such that the 

number of additional neutrons thermaliaed by an additional small incre¬ 

ment of paraffin will be just balanced by the number of thermal neutrons 

captured in that snail increment of paraffin. (Ehe thermal flux around 

the detector would be the same with or without that increment of paraffin. 

Any further addition of paraffin win result in a decrease in the flux 

around the detector since a greater number of the diffusing thermal 

neutrons will be captured in the added paraffin than the number of fast 

neutrons being thermalized in it* If we plot detector counts against 

increasing thickness of paraffin we expect the graph to first increase, 

then level off, and then decrease with increasing paraffin. (Che higher 

the incident neutron energy, the more collisions would be required to 

therraalize them, and the more paraffin would be required to cause the 

leveling-off of the thermal counts versus paraffin thickness graph. 

In this case, the detector of thermal neutrons is a rhodium foil, 

which is made radioactive by neutron capture and has a high capture cross 

section for thermal neutrons. 

(To Identify the mean energy of the neutrons from -the betatron 

we increased the amount of paraffin around the detector until the last 

increase caused no increase in detector counts. We then determined the 

response of the detectors to monoehergetic neutrons of known energy and 

flux. We used these results to represent the response of the detectors to 

1die betatron neutrons by groups of monoenergetic neutrons* 



EQUIPMENT 

Paraffin Spheres: 

The characteristics of the five paraffin spheres used are summa¬ 

rized in Table 2, 

Table 2, 

Outside 
Diameter 
(inches) type 

Mass 
(grams) 

Cube Root 
of Mass 

1-3/16 Hollow 11 2.22 

2-3/4 Hollow 147 5*28 

2-3/4 Solid 158 5*4I 

5-3/4 Solid 795 9*26 

8-3/4 Solid 4,407 16*40 

To permit easy removal of the foil, the spheres were divided 

into hemispheres which were guided together by short wires imbedded in 

the paraffin* The solid spheres had small circular indentations in the 

center of one hemisphere to hold the foil* 

In the two hollow spheres, the foil was held in the center by 

a .005" diameter Nichrome wire which was attached to the foil by a small 

piece of masking tape* 

Bhodium Foils; 

Three circular rhodium foils of radius 5/16" and thickness *004” 

were used, and the lightest, foil D, used as a standard for comparing 

activities. Table 3 includes the mass of each foil and the factor to 

correct its observed activity to the activity of foil D. 
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Foil 

C 

D 

E 

Table 3» 

Wt< 
(grams) 

,2491 

.2406 

*2541 

Wt. foil D 
Wt. foil 

.96 
1.0 

*94 

Bh10^ is a 100$ abundant iEotope, has a thermal cross section of 

13T hams for a 2.6 Mev end point beta decay of 44-second half life, and 

a thermal cross section of 11.6 barns for activation to an isomeric state 
i 

,08 Mev above the Rh10^ ground state which has a 4.3 minutes half life^, 

Counting Systems 

The beta decay was counted with a Tracerlab TGC-1/1B83 Geiger- 

Mueller tube with a 2.7 milligrams/cm2 mica window* Dead time was determined 

as 100 + 10 microseconds for our count rates. The tube plateau was 200 

volts. The tube was operated at 1500 volts supplied by the built-in 

voltage supply of a Tracerlab "1000’’ scaler. 

Counting Geometry} 

The standard counting geometry consisted of the G.-M. tube supported 

rigidly by rods screwed into a large lead brick, and an aluminum tray for 

supporting and aligning the rhodium foils which are being counted. The ■ 

tray was supported on a styrofoam base. This base was aligned by two 

small lead bricks so that the foil was directly under the center of the 

counter window and 3 millimeters from it. 
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PROCEDURE 

Betatron Runs; 

The betatron was oriented with the x-ray beam horizontal, a 

usual treatment position, for all these measurements* The spheres were 

covered with .040" cadmium sheet to capture the thermal neutrons moderated 

by the walls and floor of the room and the bakelite in the betatron* The 

foils were placed in the sphere and the sphere located at the height of 

the axis of the x-ray beam. The betatron was Operated for 4-minute irradi¬ 

ations at a rate of 50 roentgen/ain. measured in the ionization chamber 

of Figure 1. The betatron peak electron energy ms held at 22*2 + *1 

Mev* Irradiation was stopped by shutting off the primary magnet current. 

Counts were taken for a 25-second period every 30 seconds, with the first 

count beginning 30 seconds after the betatron was shut off. Dead time 

corrections were applied to the observed counts per 25 seconds and -the 

corrected data plotted and extrapolated to obtain the activity at the end 

of irradiation in counts per 25 seconds. The activities for foils C and E 

were multiplied by the weight corrections of Table 3 to obtain the corrected 

activity relative to foil D. Since the detectors were calibrated using 

the same counting geometry, only relative counts are necessary. 

To determine the fast neutron flux variation as lead was added in 

the beam exit to absorb the x-rays, the 2-3/4" diameter solid sphere was 

run out of the beam at a position l8" from the face of the betatron and 

18” horizontally from the beam axis, as l/8" lead sheets were added begin¬ 

ning at point M in Figure 1 and extending forward until 6-3/4" lead had 

been added* This process was repeated with the sphere in the x-ray beam 

18” from the face of the betatron. 
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To determine whether or not the relative activities among the 

5 spheres remained in the same proportion when the lead absorber was 

used, all the spheres were run in the out of the beam position with and 

without a 5-3/8" solid lead plug in the beam. This plug extended from 

BB, Figure 1, to the betatron face, 

With the 5-3/8” lead plug in the beam exit, all the spheres 

were run at least twice 18” from the betatron face on the beam axis. 

Van de Graaff Runs; 

The reaction T(pn )He8 -was used to obtain neutron energies of 2 

Mev and 1 Mev in the forward direction, Id^(pn)Be^ was used for neutron 

energies of .600 Mev, and *270 Mev. 

The targets were calibrated against a weighed LiF target by 

comparison of counts in a BF^ counter for a certain proton beam charge 

delivered to the target for a neutron energy of .600 Mev. 

The detectors were exposed to the neutron beam for 4 minutes with 

the sphere center 11” from the target. Two runs were made at each energy 

for each sphere. It was not necessary to cover the spheres with cadmium 

since there were no moderated neutrons present. 
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RESULTS AHD CALCULATIONS 

Betatron Runs; 

Variation of Activity in 2-3/4" Solid Sphere 
versus 

Inches of Lead in Beam Exit 

This data appears in Table 4. 

Figure 3 shows the relative activity versus lead in the beam 

for the 2-3/4” sphere out of the beam. The Initial increase is due to 

the neutrons produced by the absorption of the x-rays in the lead* The 

decrease is probably due to the scattering of the neutrons by the added 

lead after the neutron production has dropped off. The maximum increase 

over no lead in the beam is about 25$* Since the lead shielding absorbs 

50$ of the radiation intensity and 20$ is absorbed by the lead placed 

in the beam exit, the neutron number should increase by 40$ if the lead 

shielding were the only source of the original background neutrons. It will 

be seen later that the 2-3/4" sphere is sensitive mainly to low energy 

neutrons and thus., is not the best sphere for total neutron counting, 

The larger sphere might have shown a greater maximum increase. However, 

if the lead shielding accounted for 65$ of the original background neutrons 

and the A1 cone and Pt target produced the other 35$, the expected increase 

in total neutrons due to absorption of the outgoing beam in lead would be 

•the observed 25$ increase* 

Figure 4 shows the activity variation in the same sphere when 

placed in the x-ray beam* The paraffin evidently produces a great many 

photoneutrons of low energy that are slowed to thermal energy at the detec¬ 

tor* The drop is due to attenuation of the x-ray beam by the lead which 

results in fewer neutrons being formed in the paraffin. The neutrons 

produced in the paraffin predominate over the neutrons produced in the lead 

up to about 3” of lead. After 3 to 4 inches of lead, the decrease with 
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Kble 4. 

Variation of Activity 2-3/4” Solid Sphere 

for Increasing Fb in Beam Exit 

Sphere Out of Beam 

Inches 
of Pfe Foil 

wt. 
Correction Intercept 

Corrected 
Activity 

Activity 
Activity O^Bj 

0 G ♦98 15,000 14,500 1.0 
1/8 B 1.0 15,500 15,500 1.07 
1 E , 94 17,300 16,300 1.12 
2 G ♦98 17,500 16,800 1*16 
3 D r.o 18,000 18,000 1.24 
4 C .98 18,500 17,800 k.23 
5 E .94 19,000 17,800 1.23 
6 C .98 17,800 17,100 1.18 
6-3/4 c .98 17,800 17,100 1.18 

Sphere in X-Ray Beam 

0 c * 96 37,ooo 35,500 1.0 
1/8 G ♦98 34,500 33,100 -.93 
1 D 1.0 28,000 28,000 *79 
2 E ,94 25,000 23,500 ,66 
3 G .96 26,000 25,000 *71 
4 D 1.0 26,500 26,500 *75 
5 E .94 26,500 25,000 .71 
6 G .98 26,000 25,000 .71 
6-3/4 D 1.0 24,500 24,500 . .69 
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increasing lead is again noted as in the previous case, when the sphere 

was out of 1die beam. 

Sphere Response Using 5-3/8” lead Plug 

She data is presented in Tables 5 and 6, and the effect of 

adding the 5-3/8" lead plug in the beam was to increase the activity for 

each sphere out of the beam by about This shows that the neutron 

' energy spectrum is essentially that due to the lead shielding. 

It is assumed that the neutron energy distribution in the beam 

also did not change with the addition of the lead plug. AH the spheres 

were then run on the beam axis, 18" from the face of the betatron with 

the 5-3/8” lead plug inserted to obtain the response to be used in determin¬ 

ing the background neutron energy and flux. This response is plotted in 

Figure 5* The slowing down of neutrons by paraffin is predominantly a 

mass effect. In order to collapse the graphical mass scale, the data is 

plotted as corrected activity in counts/25 seconds versus the cube root of 

the mass of the spheres, where the mass is in grams. If all the spheres were 

solid and had the same density, the cube root of the mass would be proportional 

to the radius. The spheres varied in density according to the amount of 

air trapped inside when the paraffin cooled, and the two smallest spheres 

were hollow so that a uniform thickness of paraffin would be presented to 

the neutrons from any direction. The zero paraffin activity was taken with 

a bare Eh foil and the corresponding flux determined by the method used 

for epithermal flux in -the slow neutron report^. 

Van de Graaff Runs: 

Calibration of Neutron Sources 

Neutrons from each target were counted by a long counter 12" from 

the target (flange to paraffin) for 100 medium integrators at a neutron 
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Table 5. ' 

Effect of 5-3/8" Fb Plug 

on Activity of Spheres Out of Beam 

Sphere 
Diam. 

Fb 
fed Jtoi|:: 

Weight 
Correction Intercept Activity 

Per Cent 
Increase 

1*3/16■ 0 ■■■ D -«:■ 1.0 3*000 3,000 
I-3/16 5-3/8 E •94 3,600 3,^0 13 
2-3/MS) 0 B ? 1.0 12,500 12^500 
2-3/4(H) 5-3/8 C .96 14,500 i4,oob 12 
2*3A(S) 0 

5-3/8 
, E ^ .94 18,500 17,500 

2-3A(S) C .96 21,000 20,200 15 
5-3/4 0 C *96 44,000 42,300 
5-3A 0 B 1.0 45,000 45,000 
5-3/4 5-3/8 E .94 54,000 50,800 16 
8-3A 0 B 4o,ooo 4o,ooo 
8-3/4 0 E *94 42,000 39,500 
8-3A 5-3/8 B 1.0 45,000 45,000 ■13. 

Average l4$ 

Table 6. 

Sphere Response to Betatron Heutrons 
Spheres onX-Ray Beam Axis 

5-3/8" Fb Plug Inserted 

Sphere 
Diam. Foil 

Weight 
Correction Intercept 

Activity- 
Count s/25 Sec. 

8-3A C .96 81,000 77,800 
8-3A E .94 81,000 76,200 
8-3A E -94 79,000 74,200 
5-3A D 1.0 79,000 79,000 
5-3A D 1*0 79,000 79,000 
5-3A C .96 78,000 74,800 
2-3/Ms) D 1.0 30,500 30,500 
2-3A(S E .94 31,500 29,600 
2-3AW C *96 21,000 20,200 
2-3A(H) D 1.0 20,000 20,000 
1-3/8H E .94 3,900 3,700 
1-3/8(H) C .96 3,600 3,500 

0 A 1.0 2,300 2,300 
0 B 1.0 2,4©0 2,!|00 
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energy of .600 Mev. One medium integrator is equivalent to 0.342 micro 

coulombs of charge or 2.24 x 10-1-2 protons. Four LiF targets of thickness 

75, 78# 256, and 602 micrograms/cm2 were compared and agreed within + l°fa 

in counts/microgram/cm2* LiF target #121-A is used as the standard, as it 

was the heaviest, and the weight vas known most accurately* Tabled lists 

the needed information about these targets* 
1 

Target 

Long Counter 
Counts/lOO 
Med. Int. 

Table 7. 

Ep En 
Mev. Mev* 

0° Differential 
Cross Section 
Barns/Sterad. 

Kt 
Target Atoms/ 

cm2 

LiF #III-A (4.03 + .01) x 105 2.33 .600 .09 1.39 X 1019 

Li (evapo¬ <3.48 + .04) x 105 2.33 .600 .09 1.20 x 101? 
rated) 2.03 .270 .025 

Tritium (2,05 + .01) x left 1.43 .600 .050 1*30 x 1018 

1.80 1.00 .055 
2.79 2.00 .100 

The target nuclei/cm2 were calculated from: 

jCt 
0a s Ws4s 

Bearranged: 

% 

■where t «= target; s » standard; C = counts/100 integrators; N a number of 

nuclei/cm2; 6 « o° differential cross section in barns/steradian for 

En » .600 Mev. 

The flux in neutrons/cm2.Sec* over the face of the sphere can then 

Nc 
6^ 
dt 

-2i 
ce 

be calculated from: 
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When £ « flux in neutrons/cm2 -sec* N *» neutrons/sec*-steradian 

P 
A = cross sectional area of the sphere in cnr 

r *» distance from target to sphere center in cm 

,4ip ■ » protons/sec* incident on target 

Nj. a target nuclei/cm2 6% *» 0° differential cross section in 

cm2/steradian 

Also: 

"p = Z.Zh X lO^xtolum Integrators) 
( sec* ) 

For each run the number of medium integrators counted in the last 60 

seconds of irradiation was tabulated and used to calculate the medium 

integrators per second* and the neutron flux* 

From the differential cross section vs* lab angle and vs. 

lab angle curves for the Li^(pn )Be? (reference 9) and T(pn )He3(refer¬ 

ence 10) reactions it was found that the cross section and neutron 

energies averaged over the cross-sectional area of each paraffin sphere 

did not vary more than 2$ from the 0° values for any sphere. The 0° 

values were used in all the calculations* 

Response of Detectors to Monoenergetlc Heutrons 

The data is compiled in Table 8 and the sphere response plotted 

for each energy in Figures 6* 7> 8 and 9* These curves are plotted as 

activity (counts/25 sec*} per unit neutron flux vs. cube root of sphere 

mass* 

The relative activity between the two largest spheres is very 

sensitive to neutron energy in this range. 

At 2 Mev. Figure 6, the activity is still increasing with the 

mass of paraffin at the mass of the largest sphere. Since the betatron 
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Table 8, 

Van cLe Graaff Calibration of spheres 

En. 
Mev. 

Sphere Weight 
Mam. Foil Correct* Intercept 

Activity Med. Flux 
Counts Integ. Beut. 

i 25 Sec. Per 60 Sec. Cm -Sec. 
Activity 
Flux 

2 8-3/4 D 1.0 4,600 4,600 355 : 2.11 x 10 3 2.18 
2 8-3/4 £ *94 4,300 4,000 305 1.81 2.21 
2 8-3/4 C .96 3,700 3,600 286 1.70 2,12 
2 5-3/4 £ *94 2,150 2,020 234 1.40 1.44 
2 5-3/4 D 1.0 1,700 1,700 200 1.20 1.4l 
2 2-3/4(S) £ *94 600 560 299 1.77 *316 
2 2-3/4(S) D 1.0 550 550 282 1*67 .329 
2 2-3/4 (H) C .96 250 2kO 291 1.73 .139 
2 2-3/4(H) C .96 300 290 291 1.73 . .168 
1 8-3/4 £ .94 2,100 2,000 305 1.08 1.85 
1 8-3/4 D 1,0 2,050 2,050 293 l.o4 1.97 
1 5-3/4 C ,96 2,000 1,920 297 1.06 I.81 
1 5-3/4 D 1,0 1,750 1,750 291 l.o4 1.68 
1 2-3/4CS) E .94 480 450 238 0.85 .532 
1 2-3/4(H) D 1.0 275 275 237 0.84 .326 
1 1-3/16 C ,96 
0.60 8-3/4 C .96 43,000 41,300 265 13.1 3.15 
0.60 8-3/4 D 1.0 35,500 35,500 234 11.5 3.09 
0.60 5-3/4 £ .94 52,000 l«8,900 262 13.0 3.76 
0.60 5-3/4 C .96 47,000 45,100 244 12.0 3.76 
0.60 2-3/4(S) D 1.0 15,000 15,000 254 12.5 1.20 
0.60 2-3/4CS) E .94 15,700 l4,8oo 265 13.1 1.13 
0.60 2-3/4 (s) C .96 8,800 8,450 255 12.6 .671 
0,6o 2-3/4CH) D 1.0 8,800 8,800 244 12.0 .733 
0,60 1-3/16 £ .94 300 280 269 13.3 .0211 
0,60 1-3/16 C *96 370 355 271 13.4 .0265 
0.27 1-3/16 C .96 335 322 172 2.36 .136 
0.27 1-3/16 £ ,94 360 338 156 2.14 .158 
0,27 2-3/4 (H) C .96 4,500 4,300 178 2.44 1.76 
0.27 2-3/4 (H) D 1.0 4,4oo 4,400 169 2.32 1.90 
0.27 2-3/4(H £ .94 5,100 4,800 175 2.40 2.00 
O.27 2-3/MS) C .96 9,900 9,500 213 2.92 3.25 
0.27 2-3/4(S) D 1.0 9,100, 9,100 211 2.90 3.29 
0,27 5-3A E .94 15,500: 14,600 180 2.47 5.91 
0.27 5-3/4 C .96 14,000 13,^00 151 2.07 6,47 
0.27 8-3/4 D 1,0 8,700 8,700 206 2.82 3.09 
0.27 8-3/4 £ .94 8,700 8,200 218 2.99 2.74 
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FIGURE 8 0.60 MEV NEUTRON RESPONSE 
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curve, Figure 5, had leveled off at this point, this indicates that the, 

mean energy of neutrons from the betatron is less than 2 Mev. 

The 1 Mev. curve. Figure 7, comes closer to that of the betatron 

in the region of the two largest spheres, indicating that the mean energy 

of neutrons from the betatron is probably a little less than 1 Mev. 

The .600 Mev. curve, Figure 8, shows a marked decrease in 

activity in the largest sphere, indicating that the mean betatron neutron 

energy is greater than *600 Mev* Extrapolating the betatron curve 

between the 1.0 and *60 Mev* curves gives a mean betatron neutron energy 

of *900 Mev. + .075 Mev* 

In the .270 Mev. curve the decrease in activity in the largest 

sphere is even more pronounced. All of these curves fall below the 

betatron curve in the region of the smallest spheres, the region most 

sensitive to lower energy neutrons. This indicates that the betatron 

spectrum has an appreciable number of low energy neutrons whose effect 

cannot be represented by a single mean energy group around 1.0 Mev. 

The best fit to the betatron curve was obtained using fluxes of 

2,0 Mev., 1.0 Mev. and ,270 Mev. neutrons in the ratio 1:15.5:1*5, i.e., 

6$ 2 Mev. neutrons, 86$ 1 Mev. neutron, and 8$ ,270 Mev* neutrons. Also 

an epithermal flux, represented by the; zero paraffin point on the beta¬ 

tron response, Figure 5, had to be added to the three lightest spheres. 

These spheres would be more sensitive to neutrons in the epithermal 

range than would the larger spheres, since these slow neutrons are 

likely to be thermal!zed and captured in the first inch or so of parafin. 

This epithermal activity was added directly to the equation fitting the 

smallest spherep and wei^ited 60$ and kotfo in fl+ting the next tiro larger 

spheres. The equations yielding the flux values to best fit the curve 
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follow directly from the activity/unit flux sensitivities for each 

sphere. This sphere sensitivity vs, neutron energy is plotted for the 

5 spheres in Figure 10, 

The equations for fitting the betatron curve are; 

Sphere 
P;f 

8-3/4 A * (2*l)F2 + (2,1)*! * (2,4)F,27 

5-3/4 A mt (l*6)F2 + (l»8)F^ + (6,2)F,27 

2-3/4 solid A * (.33^ + (r56)Fx + (3-3)F.27 + 1,000 

2-3/4 hollow A » (l,8)F2 + (*33)Fi + (1,9)5'*27 + 1,500 

1-3/16 hoi. A * 2,500,;f (,l6)F,27 

where A * corrected activity in counts/25 sec, for that sphere (F * flux 

in neutrons/cm
2
-sec.) and the subscripts on the F ’s indicate the neutron 

energy, The numbers in parentheses are the sphere sensitivities for the 

particular sphere and energy as plotted in Figure 10 in counts/25 sec, 
neutron     
car-sec, 

The numbers appended to the last 3 equations are the counts due to the 

epithermal flux weighted as mentioned above, The flux values giving the 

best fit are: 

Neutron Energy Flux $ Flux 
Mev, Neut/cm~-sec« 

2 2 x IQ
3
 6 

1 31 x 103 86 

,27 3 x 103 8 

(^2 ev) 0,5 x 103 1 

This curve is plotted along with the betatron points in Figure 11. 

The solid dots are points calculated with 2 Mev flux * 12$, l Mev flux » 73$ 

and .27 Mev flux * l4$ to compare with the best fit and illustrate the 
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sensitivity of the method of curve fitting. 

The effect of the 5*3/8" lead plug was to increase the activity in 

all the spheres by l4$ when the spheres were out of the beam* Assuming 

this same increase in flux for the spheres vixen in the beam, the betatron 

neutrons present under ordinary treatment conditions without the lead 

plug can be represented with a 2 Mev flux of 1*8 x 10^ 1 Mev flux of 

27.x lo8, .270 Mev flux of 2,6 x lCp, and epithermal flux of 0*4 x 1()3* 

all fluxes in neutrons. 
.. cm^secT 

The neutron flux determinations for the Van de Graaff runs intro¬ 

duces a maximum error of about 10$. 3he rhodium foil counting is repro¬ 

ducible to within a spread of 4$. The curve fitting method is accurate to 

within 10$. Thus, the flux values determined for the betatron have a 

maximum total error of approximately 30$. Of course, had different cali¬ 

bration neutron energies been used, the betatron curve could have been 

represented by neutron groups of different energies from those selected* 

However, this determination yields the desired information. 

The actual energy spectrum of neutrons from the betatron is, 

of course, continuous over the thole range of energies considered. Approxi¬ 

mating the actual spectrum by the three groups of neutrons gives an estima¬ 

tion of the width of the spectrum and the relative "weights" of high and 

low energy neutrons around the mean energy. ‘ Figure 12 shows this repre¬ 

sentation* 
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CONCLUSIONS 

The major source of photoneutrons around the betatron is the 

lead shielding* The mean energy of the betatron neutrons is 900 + 75 

kilovolts* The neutron energy spectrum can he represented to within 30$ 

hy the following monoenergetic groups, with the flux expressed in 

neutrons/cm -sec*i 2 Mev., 1*8 x lO^j 1 Mev, 27 x lO^j *270 Mevy, 2.6 x 10^1 

and 2 Ev, 0.4 x 10^(at 108 cm* from the target, on the x-ray beam axis, 

at 50 roentgeas/min., peak energy 22.2 Mev., x-ray beam horizontal). 
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