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L Introduction 

The dose equivalent rate in the radiation field outside of the polydoor at the Neutron Therapy Facility I 
(see Figure l.) has been measured, using a Chipmunk, assuming a quality factor (QF) of 5, to be 25 
mremlhr. This kind of dose rate if true introduced occupancy restrictions and NTF is operating under 
an exemption. Based on the previous CR-39 studies2 of the neutron field around NTF,and the amount 
of shielding around the NTF, it was difficult to believe that a significant neutron field exists in this 
area, and contributes to the measured dose rate. If the field was mostly due to gamma rays the QF 
setting on the Chipmunk could be reliably set to a value of one. One method of obtaining a qualitative 
understanding of the relative abundance of neutron and gamma contribution to the absorbed doses, is 
to measure the quality factor for the field. This was determined using a recombination chamber. 

The recombination chamber is a gas filled ion chamber that can measure the average quality factor of a 
radiation field of unknown composition and energy spectrum3.4. The response of the recombination 
chamber can be described5 as a function of the bias across it's plates as 

I= kVn, (1) 
where I is the normalized current collected by the chamber, k is a constant of proportionality, Vis the 
applied bias and the exponent n can be related to the quality factor of the field. To use the 
recombination chamber in an unknown field, one needs to have measured a calibration curve using 
radiation fields of known quality factor6·7,s. 

The individual neutron and gamma components of the radiation field were also determined in these 
studies by use of an Andersson-Braun counter (SNOOPY9) to measure the dose equivalent rate due to 
neutrons, and a CutiePielO ion chamber to measure the gamma dose rate. The neutron dose equivalent 
rate in this area of NTF has been estimated by Vylet11 ·2, and is consistent with the present 
measurements. 

II. Calibration of the Recombination Chamber 
A schematic drawing of the recombination chamber setup is shown in Figure 2. The calibration was 
performed at the neutron irradiation area of the Radiation Physics Calibration Facility (RPCF). The 
recombination chamber was placed on an aluminum ladder, half way between the ceiling and floor, to 
minimize the effects of room scattering. Radiation with at least two different known quality factors 
need to be measured to produce the linear calibration curve. A gamma ray source ( 6oCo; 60-4.3-2), 
and a mixed neutron-gamma source (241Am-Be; 241Be-7.2-l) were used to obtain the calibration 
reference points. The standard quality factor for gamma rays (of any energy) is assumed to be one. 
The quality factor due to neutrons is a sensitive function of energyt2.The average quality factor for the 
mixed 241AmBe source was calculated to be 6.6 using 

n (Dose)i ( ) 
QF = L QF ., (2) 

i = 1 Total Dose 
1 

where (Dose)h and (QF); are dose and the quality factor due to the ith component of the field. Only 
neutron and gamma radiation fields are of interest in this note. The quality factor for the predominant 
neutron component of the AmBe source was taken to be 7.912.Tbe results of the calibration 
measurements are given in Tables I and II. The last column in each table shows the response of the 
recombination chamber to the radiation field which is calculated using 

I 
Response= 

1 
. (3) 

saturatwn 
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where Iv is the measured current at a bias setting of V, and !saturation is the measured current at 
saturation bias which is taken as -1200 volts. The data columns labeled Data#!, Data#2, and Data#3 
are one minute charge integrations and the net charge for each interval is 

QI(nCoulombs) = Data#2-Data#I, (4) 

Q2(nCoulombs) = Data#3- Data#2. (5) 

The recombination chamber response for cobalt and AmBe sources, at different bias settings are 
plotted in Figures 3 and 4. The power law fit with the fit parameters are also displayed on each plot. 
Figure 5 shows the exponent n ( defined in Equation I) plotted against the quality factor for the two 
sources. The linear fit to these two points, as shown on the plot, provides the calibration curve for the 
recombination chamber. It is in good agreement with previous calibration measurements7. The quality 
factor for any unknown field is obtained by measuring the response curve. From the fit of the response 
to Equation l, the exponent n can be obtained, and the quality factor for the unknown field can be read 
off the calibration curve Figure 5. 

III. Measurements 

The main part of the measurements was done with the recombination chamber positioned at the 
geometric center of the pol ydoor at NTF, and the Chipmunk detector located on the floor outside the 
polydoor. The Chipmunk detector was used to provide a redundant dose normalization factor. As 
mentioned a SNOOPY detector was used to measure the neutron dose equivalent rate, and a CutiePie 
detector was used to extract the gamma ray component of the field. 

To simulate the worst case operation of NTF, a large (24X24 cm2) collimator was used, and the beam 
was scattered off a 5 gallon carboy containing water. Each run lasted about 2.3 minutes and delivered 
0.65 monitor units.* 

III.A RF and X-ray Backgrounds 
A large RF background can inundate the recombination chamber and make the measurements useless. 
The RF levels in the area around NTF have been surveyed in the past13, using an RF meter. However, 
that measurement was only concerned with the health hazards, and the qualitative conclusion was that 
the levels were below the health hazard threshold. We measured the background using the 
recombination chamber to see if there were any X-ray and RF pickup effects. This was done a day 
before the actual measurements and the neutron beam had been off for at least a day. The 
recombination chamber was operated at the recombination voltage (-65V) and the saturation voltage 
(-1200V) and also with and without a Faraday cage surrounding the chamber. Our background 
measurements revealed three important points: First, there was no measurable RF interference. 
Second, the measurements showed that the background levels are the same as those measured at 
RPCF. Third, the background was about 0.2% of the dose rate we expected to measure with the beam 
on, and thus of negligible effect. 

III.B Background measurements 
During the day of studies, with the neutron beam off, a background measurement was performed with 
all the detectors used in this study. The results are shown in Table III. Later measurements with the 
neutron beam showed that the measured backgrounds for the CutiePie, SNOOPY, and the 
recombination chamber were less than 0.5% of the dose that was measured with the beam on. 
After the measurements were completed the background was measured again using the Chipmunk and 
the recombination chamber. The results are shown in Table IV. The Chipmunk's pre- and post
irradiation backgrounds are the same, the recombination chamber measured a higher post-irradiation 
background due to it's sensitivity to residual induced activity. 

• The neutron beam is calibrated such that one monitor unit delivers to tissue (or its equivalent) one Gray at 
a depth of lOcm when a lOXlO cm2 collimator is used. 
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W.C Beam-On Measuremenp; 
During the beam-on measurements the polydoor was surveyed with a CutiePie; the exposure rate was 
highest in the middle of the door (4 - 6 mR/hr•• ). A dose integration was done with the CutiePie, 
SNOOPY and a Chipmunk at the middle of the door and on the floor . The results of these 
measurements are given in Tables V and VI. Data from Radiation Physics Note 8614, and additional 
tests15 show that the CutiePie has an efficiency of 100% for the gamma rays, and about 23% for the 
detection of neutrons. Actually the neutron detection efficiency of the CutiePie increases with energy 
and 23% is a conservative estimate which is true for neutrons of average energy 4. 1 MeV. The 
SNOOPY is sensitive to neutrons only, and measures the dose equivalent rate directJy9. As shown in 
Table VI, the neutron dose equivalent on the floor is 1.5 times that at the middle of the door, but the 
absolute value of the neutron dose equivalent is about 20% of the gamma dose equivalent. The 
SNOOPY's resolving time is 1 µs. For the LINAC's 57 µs pulse width, and frequency of 15Hz, the 
dead time correction is 0.2% for the SNOOPY measurement at the center of the door. The correction 
for the dose rate on the floor is 0.35%. No corrections were applied to the data, since the SNOOPY 
dead time correction is performed internally. 

The recombination chamber's response was measured at 17 different bias setting from -30 volts to 
-1200 volts, as shown in Table Vll. For each one of these bias settings one run was integrated. During 
these measurements the Chipmunk was placed on the floor and simultaneously integrated the runs, 
using a scaler. The Chipmunk's measurements indicated the LINAC delivered a fixed dose each run 
corresponding to the same number of protons. It is seen from the data that the dose delivered was very 
stable, and the small variation in the chipmunk count-rate ( ±2 counts/run) was due to variation in the 
background and the reaction time in manually starting and stopping the scaler. 

IV. Analysis of Data 
A direct way to calculate the quality factor for a radiatioo field is to measure the dose rate of the 
individual components of the field, and calculate the composite quality factor using equation 2, 
rewritten here as: 

D D 
QF= QF+ • QF (4) 

D +D r D +D n r n r n 

where Dr and D. are the gamma and neutron absorbed dose rates. QF, is 1.0 by convention and 

QF. is determined by measuring the mean energy of the neutrons outside the polydoor at NTF. 
Previous measurementsll showed the neutron spectrum peaks at 150 keV. The quality factor of 150 
keV neutrons is 8.5 as shown4 in Figure 6. The dose rate measured by the CutiePie can be described 
by 

(5) 

from which we can obtain Dr. The detection efficiencies ey and en are 1.0 and 0.23, respectively. 

From Table V we can obtain Dc..,PW• which is 0.1579 mrad/run in the middle of the door and 0.1535 
mrad/run on the floor. From Table VI, D. is 0.0033 mrad/run in the middle of the door and 0.0049 
mrad/run on the floor. Using these values in the equation 5, Dr is calculated to be 0. 1569 mrad/run in 
the middle of the polydoor, and 0.1520 mrad/run on the floor. Substituting these values in equation 4., 
we obtain a quality factor 1.2 for the middle of the door and 1.3 for the floor location. 

The results of Table VITI are plotted in Figure 7. A power law fit to the points leads to a value of 
n=0.0123, as indicated on the figure. From the calibration curve, Figure 5, this gives a quality factor 
for the radiation field outside of the polydoor of QF=l, consistent with the field arising almost 
completely from gamma radiation. 

This conclusion is verified by the CutiePie and SNOOPY results. The exposure rate measured by the 
CutiePie is about 0.18 mR/run (Table V) or 0.158 mrad/run while the SNOOPY registered 0.042 
mrem/run (Table VI) at the same location. If one assumes, based on preliminary measurements of 

••Exposure rate is expressed in milli-Roentgens/hr or mR/hr. 
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Vylet, that the average energy of the neutrons is about 150 keV, then the QF of the neutron fieJdi6 is 
about 8.5 (Figure 6) and the measured neutron absorbed dose is 0.042/8.5::0.0049 mrad/run. Thus, 
the neutrons contribute only about 3% to the absorbed dose outside of the polydoor. It is entirely 
reasonable therefore that whenever chipmunks are used to monitor the dose equivalent in this area of 
NTF, QF be set to 1. 

It might further be pointed out that the results based on the SNOOPY measurements which give 
neutron dose equivalent of 0.028 to 0.042 mrem/run are in agreement with Vylet's CR-39 film badge 
results at the same location. A one LINAC run every 2.3 minutes, which is the configuration used 
during these studies, corresponds to 26 runs/hr. The neutron dose equivalent rates then vary from 
about 0.7 to about I mrem/hr. This is slightly higher but in approximate agreement with the values 
shown in the table in reference 2. 

The quality factor obtained in these measurements, implies - as also seen from the CutiePie and 
SNOOPY measurements- that the main component of the field outside the NTF polydoor is gamma 
rays, and a small component is consistent with 150 keV neutrons. Our previous experience with the 
recombination chamber give a ±5% statistical error associated with the calibration curve. Typical error 
associated with the recombination chamber measurements, when operated in the parallel mode, is 
quoted3 to be 25%. In the absence of sufficient statistics and better calibrations and, we adopt this 
more conservative error, and conclude that the quality factor for the radiation field outside the polydoor 
of NTF is 1.0±25%. 
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Table II. Recombination chamber calibration data with the 6oCo source. The background for this run 
was measured to be 0.00087nC/min. 
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Instrument Location Time(min) Reading Units 
-Utle ne _enter ot uoor lu. U.Wl mR 
~h1pmur K ~enter ot uoor 1 'IY counts 
'\['l\.Jl.JI"" t<•oor 1 L . .,'IE-4 mrem 
~hmmur 1c [100r 1 41! counts 
Kee.• am. <-o5V) ~enter ot .JOor 1 _ _,_,E-4 nLOUl. 
1<ec. 1 am. (-lL110VJ enter or oor 1 -wE .... n• oul. 

II I enter of IOOr 1 l.17E-4 mrem 

Table m. Background measurements outside the polydoor. 

Instrument Location Time(min) Units 
oor 1 . counts 
enter of Door 10. -0.0155 nCoul. 
oor 10. 47 counts 
enter of Door 10. -0.0156 nCoul. 

Table IV. Post irradiation background measurements outside the polydoor at NTF. 

ocat10n 
oor 

Table V. CutiePie dose integration outside the polydoor. 

ntero 
Door 

Table VI: Simultaneous dose measurements with Chipmunk and SNOOPY. Each measurement is a 
one-run integration. 



8 

I Recombination chamber \.-hll munk 
l volts) {n\.-OUI.) counts Tnne(sec) 

-jU 0,5jOU J.74 LL'\ 

-4U 0.5422 J.14 .!.'+IS 
-ft.'\ U.:l40:-1 "'" Zl7 
-75 u.5481 Z/l Zl7 
-!S.5 0 • .55UJ .!./U 210 
-IW U.5520 J.14 251 
-ZlX U • .5.5~ 1 Z74 .!.::lU 

-"" u.5ou" .!./O .. ,.,, 
-'IU\ u.5olu .!./O .!.40 
-::iuo U • .5000 .!. I::> .!.;)I! 
-ouu 0.562.!. 274 252 
-/W U • .50.51 .!. I::> .!.::>U _,., '· );)• ·u;, z51 
-~ '· '41 .!./O 252 

-11 II '· :>40 "'j .!.Cl.!. 
-llw O.:>o:H .!./O J.:'.Jj 
- l 21KI .5 541 274 254 
-111111 ~22 --- ---
-X5 ••I~~ 210 252 
-65 ;495 L74 250 

Table VII: Simultaneous dose measurements with recombination chamber and Chipmunk. Each 
measurement is a one-run integration. 

Blaa Data #1· Data #2 01 (nC) Reaponae 
-30 0.0011 0.5371 0.536 0.9502 
-4 0 0.0003 0.5425 0.5422 0.9612 
-6 5 0.0002 0.5465 0.5463 0.9684 
-7 5 0.0019 0.5506 0.5487 0.9727 
-8 5 0.0012 0.5515 0.5503 0.9755 
-1 00 0.0018 0.5544 0.5526 0.9796 
-20 0 0.0025 0.5616 0.5591 0.9911 
·300 0.0018 0.5621 0.5603 0.9933 
·4 00 0.0006 0.5616 0.561 0.9945 
-5 00 0.0064 0.567 0.5606 0.9938 
-6 00 0.003 0.5652 0.5622 0.9966 
-700 0.0036 0.5693 0.5657 1.0028 
-8 00 0.0011 0.5665 0.5654 1 .0023 
-9 00 0.004 0.568 0.564 0.9998 
-1 000 0.0027 0.5673 0.5646 1.0009 
-11 00 0.0035 0.5686 0.5651 1.0018 
-1200 0.0013 0.5654 0.5641 1.0000 
-800 0.0039 0.5661 0.5622 0.9966 
• 8 5 0.0026 0.5525 0.5499 0.9748 
-65 0.0038 0.5533 0.5495 0.9741 

Table VIII. Recombination chamber data and response from the NTF measurements. 
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Figure l. Layout of the NTF. The neutron production target and the treatment room where the 
phantom was located are below the ground floor and the polydoor was located on the ground floor. 
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Figure 2. Schematic diagram of the recombination chamber setup for quality factor measurements. 

... 
= 



11 

Calibration with the AmBe source 
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Figure 3. Response of the recombination chamber as a function of its bias settings to the AmBe 
source. 

Calibration with the Co-60 source 
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Figure 4. Response of the recombination chamber as a function of its bias settings to the 6oCo source. 
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Figure 6. Neutron quality factor as a function of neutron energy. 
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Figure 5. Calibration curve for the recombination chamber. 
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Response of RC to NTF Radiation Field 
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Figure 7. Response of the recombination chamber as a function of its bias settings in 
the N1F radiation field. 


