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INTRODUCTION 

Associated with any particle accelerator are always background 

radiations resulting from interactions of the energized particles with 

the material of the accelerator. In the case of a betatron, where x- 

radiation is produced by bremsstrahlung in a target, there is a signifi¬ 

cant background of neutrons from the interaction of the x-rays with the 

lead of the collimator. The measurement of this background neutron flux 

is important in radiation therapy because neutrons have different bio¬ 

logical effects from x-rays. Furthermore, the background neutrons are 

of interest to the physicist for the insight they give to the photo¬ 

neutron process, and for the techniques that must be developed to 

measure neutrons in the intense x-ray flux surrounding the betatron. 

In order to evaluate the biological effect of the neutrons 

relative to that of the x-radiation from the betatron, the radiation 

therapist needs to know the number versus energy distribution of the 

neutrons. This was the problem presented by M. D. Anderson Hospital 

and Tumor Institute*: lb at is the number versus energy distribution of 

background neutrons from the M. D. Anderson 2U million volt betatron? 

The problem divides practically into two parts; slow neutrons, with 

energies in the range from zero to a few electron volts, and fast 

neutrons, with energies in the kilovolt range and higher. This work 

will consider only the former part of the problem*: Slow Neutrons from 

a 2k Million Volt Betatron. 

*This work was done under the auspices of M. D. Anderson Hospital and 
Tumor Institute, Houston, Texas. 

♦For consideration of the second part of this problem see R. I. Ewing, 
Masters Thesis, The Rice Institute, 1957 - 
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Figure 1: The M. D. Anderson Betatron 
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The Betatron 

Figure 1 is a photograph of M. D. Anderson's betatron installa¬ 

tion. This is an Allis-Chalmers 2k Million Volt Medical Betatron. The 

betatron room is 23 x 2k x 11 feet high. All walls, ceiling and floor 

are of concrete at least three feet thick. The x-ray beam may be easily 

rotated in a vertical plane by rotation of the entire magnet assembly. 

The magnet assembly may also be raised and lowered to adjust the height 

above the floor. Figure 2 is a cross-section showing the relative posi¬ 

tions of the target, lead collimator, and associated components. The 

laminated aluminum compensator serves to make the intensity of the x-ray 

beam uniform across the beam to facillitate dose calculations for radio¬ 

therapy. The compensator transmits approximately $\% of the x-ray beam 

incident upon it. 

Bremsstrahlung Output of Betatron 

The betatron yields a pulsed beam of x-rays with a continuous 

energy spectrum. Electrons of 22 Mev energy are deflected out of their 

orbit in the donut onto a platinum target where they give up their energy 

by bremsstrahlung. The average energy of bremsstrahlung from the target 

is 7.5 Mev, with an endpoint energy of 22 Mev (see Fig. 3). At this 

energy the total angular width at 50% intensity of the x-ray beam is 

7.5 degrees. The pulses have a duration of 6.5 jusec and a repetition 

rate of 180 pulses/sec. The output dose rate may be varied from 25 to 

100 roentgens/min at 80 cm from the target. For an average energy of 

7.5 Mev, an irradiation rate of 75 r/min is equivalent to 3 x 10^ 

photons/cm^sec during the 6.5 microsecond pulse, or to an average of 

3 x 1010 photons/cm^sec over a complete cycle.^ 
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Source of Neutrons 
2 

Consideration of the photoneutron thresholds and yields of the 

material in the x-ray beam shows that the source of neutrons is the lead 

of the collimator. Since photoneutrons are initially fast neutrons, the 

source of slow neutrons must be some moderating material; either the 

bakelite blocks that protect the ionization chamber from backscatter, or 

the concrete walls and floor of the room. If the walls were the source 

of slow neutrons, the distribution over the room would be closely uni¬ 

form, whereas if the bakelite is the principle source, the slow neutron 

flux would decrease as the square of the distance from the betatron. 

The Detector 

Because of the very intense component of scattered x-rays in the 

betatron room, it was found to be impossible to use ordinary detectors, 

such as boron trifluoride counters and scintillators. An additive diffi¬ 

culty is that the neutrons are produced in 6.5 jusec pulses, requiring 

counters with very fast resolving times if the neutron counts are to be 

resolved. For these reasons it was decided to use foil activation to 

determine the number of slow neutrons. This method has several advan¬ 

tages, the principle one being (1) that foils can be completely insen¬ 

sitive to x-rays. Other advantages are: (2) Knowing the neutron cap¬ 

ture cross section, an absolute neutron flux may be obtained by counting 

the resultant activity absolutely. (3) Foils exist with capture cross 

sections such that the foil detector is sensitive over a narrow and well 

defined interval. A distinct disadvantage with foil activation is that 

counting of the resultant activity is very slow, and the results of a 

measurement are not immediately available. It was at first thought that 





h 

several kinds of foils, with different thresholds for neutron capture, 

would be used to investigate the entire neutron energy spectrum. This 
? 

method was later abandoned in favor of another. 

It xjas decided to use rhodium foils with the reaction 

aio31 n _ nWU 

Eh101* ► Pd'01* ♦ jT 

Rhodiuirt-10li. decays by £T emission from a metastable state with half life 

ii.3 minutes, and from the ground state with a iUi-second half life. The 

beta end point energy is 2.6 Kev. Figure h shows the decay scheme. 

Hits reaction was chosen for its short half life, allowing near satura¬ 

tion activation with short betatron exposure, and for its high end point 

beta energy which allows the use of a thick foil (135 rag/cm2) for higher 

neutron sensitivity without excessive self-absorption of the emitted 

beta particles. Since the half life of the resultant activity is short, 

the foil may be re-used within 15 minutes of the initial activation. 

Figure 5 shows the rhodium cross section plotted with the cross section 

of cadmium. From it we see that two points of the neutron number-energy 

curve may be obtained by activating the foil with and without a cadmium 

cover. 

Experimental Procedure 

Circular rhodium foils, approximately 135 mg/cra2 thick and 1.6 cm 

in diameter, were placed singly in a known position in the betatron room, 

either with or without a cadmium cover, and irradiated for h minutes at 

a rate of $0 r/sec. It was found convenient to count the foils for 25 

seconds at intervals of 30 seconds. The first count started 30 seconds 

after the irradiation was stopped. Figure 6 shows a typical decay curve 



+ 

* DATA POINTS 

+ DATA POINTS 
CORRECTED 
FOR M-,3 MlfN. 
HALF LIFE 

■K3 IMINTHALF Uf£^‘ 

FIGURE G 

S h (HIM) 

DECAY OF RH<oH 



5 

obtained in this manner, the origin of time being taken when the irradi¬ 

ation was stopped. 

Processing of Data 

It was found possible to analyze the decay curve into its two 

components, with half lives of it.3 minutes and of itit seconds. Knowing 

the irradiation time, the ratio of the cross sections for formation of 

the two states was calculated from 10 curves to be 

^2 „  1  
57 8.5 * .it 

where crj corresponds to the shorter half life, that of the ground state 

transition. This ratio agrees well with that obtained by Pontecorvo for 

neutrons of less than 0.1 Mev but above thermal energies 

The activity of the foil due to formation of ground state Rh-10it 

could be obtained by analyzing each decay curve. However, it was con¬ 

venient to calculate a factor to correct for the it.3 minute half life. 

Then the foils need be counted for only two or three minutes instead of 

twenty. If is the intercept at t » 0 due to ground state Rh-10ii 

and Nj. is the total, uncorrected intercept, 

Ni i - K. N 
m it .3 t 

where K. -  - —- L -    
4‘3 1 ♦ EL 1 - e‘gt 

°2 1 - e-jft 

where a is the decay constant corresponding to a it.3 minute half life 

and p corresponds to the itit second period. 

After applying the above correction, the corrected activity of 

the foil measures the cross section cr^ for production of Rh-10it in the 
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ground state. A further correction must be applied to compensate for 

the fact that neutron cross sections given in compilations are the sum 

cr-j + 02* The activity must be multiplied by 

Kr " " 1 + a2/a1 * 1 *117 

In order to interpret the intercept of a decay curve as disinte¬ 

grations per second an additional transformation term is needed. The 

number of disintegrations per second is 

-f* *.„.-** 
where Nc is the initial number of radioactive atoms. If, starting at 

time t, we count for A t seconds, the number of counts in the interval 

is 

t + 4 t t ♦ A t 

ffldt - 
dt 

t t 

(t) - f - Nc * dt 

N0 e 
— t ^ _ e“ ^ A t^ 

What is plotted is C, or log G, as a function of t. Then at t » 0, 

C - Nc (1 - e" A At) 

The number of disintegrations per second at t » 0 is then 

A C 

° (!-•-» At) 

So that to obtain the initial activity of the foil, the intercept must 

be multiplied by 

* 
K At 

(1 - e” * A t 
) 
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For A t • 25 sec and ^ corresponding to a half life of lilt seconds, 

K2£ - 0.014.8$ 

Hie observed count rate measures the activity of a foil of given 

area. In order to convert to activity per square centimeter, divide by 

the foil area, where the mass m, density p, and thickness d are 

known or measureable quantities. In practice, the data is all normal¬ 

ized to a certain foil, A, before flux calculations are made. Hence, 

the factor for foil A is used: 

0.558 
mA 

Collecting all the above corrections, the corrected intercept, 

N, is related to the measured intercept, N^, by 

N ■ Kj - K K N+ sec“^cm”^ u.3 r 25 mA x 

0.0302 Nt 

1 + 2L 1 - e~at 

1 . .-Ist 

— 1 ■ sec cm 2 

The corrected intercept is related to a, the rate of production 

of Rh-10lt by 

N - a(1 - e“^) 

where t is the irradiation time. Hence 

a 0.0102 N+. 

0 - e”et) ♦ |1 (1 - -at 
0.0302 Nt T 

The last equality defines T, the time dependent factor for the irradia¬ 

tion 



figure 7: Beta Counting Apparatus 
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Absolute Beta Oountin? 

For an absolute determination of the neutron flux the induced 

beta activity of the foils must be known absolutely. After considera- 
£ 

tion of results obtained by B. P. Burtt it was decided that the method 

of defined geometry would be satisfactory to obtain the absolute activity. 

Figure 7 pictures the apparatus used. A Tracerlab end wind arcounter 

(TGC - 1/1B83) with a 2.7 mg/cm^ mica window was fastened rigidly to the 

lead shielding. The circular foils were mounted permanently on styro¬ 

foam frames by piano wire cross wires. The supporting frames were con¬ 

structed so that when in place under the counter each foil maintained 

the same position with respect to the counter. Care was taken so that 

no scattering material was closer than two inches to the foil. The 

normal background with this apparatus was constant at about 60 cpm. In 

all cases the background correction was less than of the total count. 

To obtain absolute number of disintegrations from the observed 

counts, the observed counts must be multiplied by the following factors: 

a correction due to removal of electrons by the mica 

window, and the gas separating the foil from the 

sensitive volume of the Geiger tube, 

a correction due to absorption and scattering of the 

electrons in the foil material, 

a correction for backscattering of electrons by 

material other than the foil, 

the correction to hn geometry from the fixed 

experimental counting geometry. 
^678 With the aid of the open literature5* * ’ the following values for the 
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above corrections have been determined for the geometry of this experi¬ 

ment, and for this end point energy. 

K^-1.02 

*F 
- 1.25 

KBS• 1-00 

KGEOM * 2,79 

If C is the number of observed counts, then the number of dis¬ 

integrations is given by 

Nt - 3.51* G 

Then for foil A the rate of activation is 

a » 0.10? CT 

Measurements with Cadmium 

The effect of a cadmium cover is to remove thermal neutrons from 

the flux incident on the foil. The cross section of the detecting foil 

may be said to be reduced in the thermal region. (See Fig. 5) The 

rhodium resonance region is then the significant part of the effective 

cross section. The effective cross section is the product of the true 

rhodium cross section and the transmission coefficient for cadmium, 

e“^, where p is the cadmium capture coefficient in crn”^ and t is the 

thickness of cadmium. The effective cross section has been plotted in 

Figure 5 f r a cadmium thickness of 0.0U0 inches. 

^The geometry correction for a circular foil counted by an end window 
counter of circular aperture is given by Burtt. For these calculations 
the limit of the sensitive volume was taken to be the glass bead on the 
counter wire. 
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Self protection, the depletion of the neutron flux as a function 

of depth, occurs in the rhodium foil due to its very large cross section 

in the resonance region. Thick foils (135 mg/cm ) were used in this 

experiment in order to obtain good sensitivity. Their thickness corre¬ 

sponded to a maximum flux depletion of 96% at the rhodium resonance 

(1.25 ev). The effect of self protection may be accounted for in the 

following manner: The number of Rh-10U nuclei produced in the foil per 

p 
cm per second is given by 

oO 

a-j » Jf(E) C-,(E) dE 

0 
2 

where f(E) is the differential flux in neutrons per cm per sec per ev 

and Cj(E) is the probability for capture in one traversal of the foil. 

C^(E) can be determined from the foil thickness and the known rhodium 

capture cross section. Preliminary investigations showed that the 

neutron flux was directed radially from the betatron so that by always 

placing the plane of the foil perpendicular to the position radius, the 

flux was incident perpendicularly on the foil. With this condition of 

normal incidence the capture probability is simply 

G1(E) - 1 - e“^d 

where d is the foil thickness in cm and is the effective macroscopic 

capture crosfe section in cm”"*. C1(E) is plotted in Figure 8 for a 

rhodium foil 135 mg/cm^ thick. 

To evaluate the differential flux some assumption must be made 

about its variation as a function of energy. In view of the narrow 

energy range of the rhodium resonance a not unreasonable assumption 

would be that f(E) is constant over the resonance region (0.8 to 1.7 ev). 
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If f(E) » fg, the activation rate is 

1.7 0.8 
a1 * fR f V15) dE + j f(B) G1^E^ dE 

0.8 0 

oo 

+ J' f(E) CjCE) dE 

1.7 

Because G^(E) is small in the last two integrals we may replace f(E) by 

fR there also. Then 

oo 

ai " fR /C1 (E) dE 

0 

The integration may be carried out graphically. In order to show that 

the second and third integrals are indeed small corrections they were 

evaluated separately and found to be each of the total integral. The 

result is 
mmO 

a^ - 0.1*29 sec cm 

In terms of observable quantities for the experimental arrangement used 

f - 0.250 0, T, -BMteMff.. 
K cnr sec ev 

Measurements without Cadmium 

Having found the activity of the foil due to neutrons in the 

resonance region, and consequently knowing the average differential flux, 

f^, in this region, that part of the activity of a bare foil which is due 

to resonance neutrons may be subtracted out. The remainder is the 
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activity due to neutrons in the range from 0 to 0.8 ev. An average flux 

over this range may then be calculated. 

The production rate to be subtracted out is 

1.7 °P 

3' " / fR C2(E) dE + J fR C2(S) dS 

0.8 1.7 

where C^CE) is the probability for capture in the foil without cadmium 

instead of with cadmium as before. The integral has been done graphical¬ 

ly, with the results 

a* - 0.1»2$ fR 

Again, the second integral is small, approximately The activation 

rate which is due to neutrons in the range 0 to 0.8 ev is then 

a2 * a3 ’ fR * a3 - 0.991 a1 » a^ - a.^ 

where is the measured activation rate for a bare foil. 

For the region below 0.8 ev the cross section is assumed to be 

constant and equal to the average over this region, 103 barns. This 

cross section corresponds to a flux depletion through the foil of 7•$% 

or to an error of approximately h% due to self protection. If the aver¬ 

age differential flux over the thermal region is denoted by f^, the rate 

of production of Rh-10U per cm^ due to f^ is 

" 0.96 f^ n a (0.80 ev) 

where n is the number of Rh-103 atoms irradiated per square centimeter 
20 

of foil. For foil A, n - 7.80 x 10 and 

a2 • 0.0616 f^. 

finally ft - 16.2 (a3 - a1) - 1.7U (C T - C.,^) WjfirPPS. 
cnr sec ev 
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Directionality of Slow Neutrons 

It was desired to determine if the fast neutrons were moderated 

to make slow neutrons in the betatron or in the walls of the rocxn. A 

foil was placed in the beam, perpendicular to the beam axis, eight inches 

from the beam port, and the following measurements ware made: ;'1) un¬ 

protected foil (2) with the foil in a O.OitO inch cadmium box (3) with 

a O.OUO inch cadmium plate between betatron and foil and (it) with the 

cadmium plate on the reverse side of the foil. The relative activities 

were: 

Run CT (sec*^) 

1 8.95 x 103 

2 It .52 x 103 

3 lt.72 x 103 

It 8.19 x 103 

The above data indicates that 9$% of the slow neutrons are 

directed radially outward from the betatron. 

Self Protection of Rhodium 

The fact that there is a significant depression of neutron flux 

in the resonance region was demonstrated by covering the detector foil 

with successive thicknesses of rhodium. The relative activity is plotted 

in Figure 9 as a function of thickness of rhodium covering. The first 

layer of rhodium removes essentially all (96% at 1.25 ev) neutrons in 

the resonance region. Successive layers remove increments of the re¬ 

maining neutrons, which have an average energy such that there is a 

definite cross section of 151 barns. 
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Variation of Slew Neutron Flux with Position 

In order to determine how the neutron flux varied with position, 

flux measurements were made along the axis of the beam and perpendicular 

to the axis, eight inches from the beam port. The results are plotted 

in Figures 10 and 11. Along the beam, the flux at first decreases as 

the inverse square of the distance from beam port plus eight inches. 

This indicates that the source of slow neutrons is eight inches in from 

the beam port, or right in the vicinity of the bakelite blocks. Further 

out than eighteen inches the flux does not decrease so rapidly as in¬ 

verse square of the distance. This indicates that at about eighteen 

inches from the beam port the contribution of neutrons from the floor 

becomes significant in comparison to that of the bakelite blocks. 

The variation in flux across the beam at eight inches from the 

beam port fits inverse square variation from the bakelite to within ex¬ 

perimental error. 

Number-Energy Relations 

A histogram showing the number-energy relation for slow neutrons 

is shown in Figure 12. From Figure 10 it is evident that the ratio fjj/f^ 

varies little from 1/10. The decrease of flux with energy is much 

slower than for a Maxwellian distribution of thermal neutrons. For a 

Maxwellian, the flux is down to 3% of the maximum at 0.2 ev. The flux 

decrease with energy is enough to predict that most of the slow neutrons 

have energy less than 2 ev. The point where the neutron flux begins to 

increase with energy due to the slowing down distribution of the fast 

neutrons is not determined by this experiment. 
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Total Slow Neutron Flux 

At the beam port the total flux of neutrons less than 2 ev in 

energy is 3.8 x 10^ at an irradiation rate of $0 r/rain and at cmr sec 
22 Mev peak x-ray energy. This corresponds to k*$ x 10^ neutrons, per 

roentgen delivered at 80 cm from the target. Since the maximum permis- 
3 

sible dose of such neutrons is 1 x 10 per second for 1;0 hours per week, 

a patient would receive the maximum permissible weekly dose of slow 

neutrons alone in 3200 roentgens, delivered at 80 cm. It is concluded 

that the biological effect of slow neutrons only is insignificant ccan- 

pared with that of the x-radiation delivered in the same time. 

For rough estimates of the slow neutron flux within 3 feet of 

the betatron, the bak“lite blocks may be considered as a point source of 
Q 

strength 23 x 10° slow neutrons per second. 

Production of Fhotoneutrons by Lead 

The production of photoneutrons by lead was investigated by- 

filling the collimator with successive layers of lead and measuring the 

slow neutron yield. By restricting the measurement to slow neutrons, 

we require that the additional neutrons must be moderated, presumably 

in the bakelite. A fast neutron measurement is physically more meaning- 
2 

ful and has been done. Figure 13 shows the relative yield as a func¬ 

tion of inches of lead in the collimator. The yield increases rapidly 

to a maximum of 117$ and then decreases slowly as more lead is added. 

The yield decreases because the additional lead makes it more difficult 

for moderated neutrons from the bakelite to reach the detector. The 

yield of fr.st neutrons is expected to reach a saturation value, corre¬ 

sponding to the reduction of the beam intensity to zero, but it is not 
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expected to decrease. 

Analysis of Foil Technique 

The precision of these measurements was found to be + h%» The 

principle error in precision is thought to be variation in the output 

rate of the betatron, since later measurements using the Rice Van de 

Graaff accelerator gave better precision. The accuracy of the neutron 

fluxes given is estimated to be approximately h0%. The contributions to 

this error are (1) variation in the output of the betatron from dqy to 

day - $%, (2) inaccuracies in beta counting - 20$, and (3) interpretation 

of cross sections < \$%. 

This method can be used for slow neutron fluxes as low as 

2 2 $00 neutrons/cm sec, with possible extension down to 200 neutrons/cm sec 

by refinement of the beta counting system. There is no upper limit on 

the fluxes that can be measured. 
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SUMMARY 

The first goal of this project has been achieved. By developing 

the rhodium foil activation technique, the slow neutron flux from the 

betatron has been measured and found to be a maximum of k.$ x 10^ neu- 
2 trons per cm per roentgen at the beam port. The variation of flux with 

position has been measured, and it has been concluded that the principle 

source of slow neutrons is the bakelite located near the ionization mon¬ 

itor. The increase of slow neutron flux due to additional lead, the 

equivalent of the lead beam shaping canes used in therapy, has been 

measured and found to be less than 20%. 

It remains to determine the fast neutron flux and its energy 

distribution. The method used evolved naturally from these preliminary 

measurements on slow neutrons, It consists of covering the rhodium foil 

with different thicknesses of paraffin in order to moderate the fast 

neutrons down to energies for which the rhodium capture cross section is 

large. For development of this very interesting method refer to the 

Masters Thesis of R. I. Ewing. 
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