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A B S T R A C T 

This report summarizes in detail the dosimetric characteristics of the five ra­

dioisotopic type neutron sources ( M * P I I B L \ - w Cf. J M l ' u B , M 8 l > u F , , and M 8 P u L i ) 

and the neutron instrumentation (moderated BFj detector, Anderson-Brauri (AB) 

detector. Ail retumeter, Victorcen <l$8 Neutron Survey Meter, Beam Shut-Off Ioniza­

tion Chamber, U C plastic scintillator detector, moderated indium foil detector, and 

moderated and bare TLDs) that are commonly used for neutron dosimetry at the 

Stanford Linear Accelerator Center (SLAC!). 
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Compared to the photon dosimetry, neutron dosimetry is more complicated. 

This paper summarizes in deta.il a large portion of'the experimental work on neu­

tron dosimetry that has been done at SLAC. First, the dosimetric characteristics of 

the fiver radioisotopic type neutron sources ( 2 1 8 PuBe , 2S"Cf, 2 3 8 P u U , 2 3 8 P : i F 4 ami 

* 3 8Pi:Li) are introduced. The mass numbers of the neutron sources will he omitted 

in the following text. Then, the neutron instrumentation that are comni'mly in use 

at SI.AC (moderated BF3 detector, Anderson-Braun (AB) detector, AB remmetcr, 

Victorccn 488 Neutron Survey Meter, Beam Shut-Off Ionization Chamber (HSOIC), 
1 2 C plastic scintillator detector, moderated indium foil detector, jjid moderates! and 

hare TLDs) are described. This report emphasizes liow the sources ami instruments 

are used at SLAC, and the instrument energy responses. This report also provides 

the basic information that is useful in using the sources and the instruments. 

T E U T R O N S O U R C E S 

There are five types of radioisotopic neutron sources that are commonly used at. 

SLAC to irradiate dosimeters, to calibrate in st rumen Is, and to verify the shielding. 

This section describes the traceabitity and the dosimetric parameters of six neutron 

sources: large PuBe (MUC-426), small PuBe (MUC-425), Cf, PuB, P u F 4 and PuLi 

(in the order of decreasing average energy of source). 

TYaceability 

The neutron emission rates of all sources shown in Table 1 are traceable indi­

rectly back to the standards at the National Institute of Standards and Technology 

1N1ST). The PuBe sources were calibrated by the manufacturer, Monsanto Research 

Corporation, against another PuBe source calibrated by NIST"'. The Cf source was 
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calibrated by Savannah River Laboratory agianst a Cf source calibrated by NISTPI.. 

The PuB sourrr was calibrated against a N 1ST-calibrated PnBe source, and the cal­

ibration result was modified by McCalll3'. The PuLi source was calibrated against 

two standard PuLi sources at Lawrence Berkeley Laboratory and Lawrence Livermorc 

National Laboratory, and the mean result was usedW. The PuF source was calibrated 

against the SI,AC PuLi son reel3'. Uncertainty values for the neutron emission rates 

were also given in the source calibration documents. 

Dosimetr ic P a r a m e t e r s 

Table I also shows the dosimetric parameters of the neutron sources. The average 

energy is the fluence-weighted average- energy, and these average energy values were 

recommended by McCalll'1'. The most detailed spectra available to the authors foi 

all sources are shown in Figure 1 for PuBel 5 ' , in Figure 2 for CftG', in Figure 3 for 
2 4 1 AmB''] (spectrum cf I'uH is assumed to be the same), in Figure 4 for PuF^ and in 

Figure 5 for PuLi' 9]. The spectra in Figures 1-5 were calculated and/or measured for 

sources of a specific size and, therefore, the spectra for the neutron sources at SLAC 

may be slightly different from the spectra shown in Figures 1-5. However, these 

reference spectra are still very useful for the interpretation of the energy response of 

a dosimeter or an instrument after the energy response calibration. 

The half-life is S7.74 y for a Pu-related source and is 2.6-1 y for Cf. The ? 4 1 P u 

impurity in the Pn-related source decays into - "Am, and this phenomenon may 

change the effective half-life of a Pu-related source. A good illustration for this 

effect can be seen in Reference 10. However, this effect is neglected in the half-Hfe 

determination for the - 3 8 Pu-rrlaled sources at SLAC, because the oldest source (PuLi) 

nt SLAC is only '27 years old since it was manufactured. 

;t 

The neutron emission rates on 5-1-90 for the sources were derived from the source 

calibration information by simply accounting for the decay between 5-1-90 and the 

source calibration dates. The uncertainty value for each source is also shown in 

percentage in Table 1. 

The anisotropic factor is the ratio of the fluence from the true source to the fluence 

from an iso*ropic source. The anisotropic factor given here should be applied when, 

during source irradiation, the detector is at a point on a line perpendicular to the 

vertical axis of the source. The anisotropic factors for all sources were measured by 

McCalll1 1!, except that for Cf was measured by Ipet 1 2 ' . 

The fluence-to-dose equivalent conversion factors (h$ in units of rem cm 2 ) for 

the sources were obtained from Figure 31(a) of the National Council on Radiation 

Protection and Measurements Report No. 79 (NCRP79)l 1 3*, except that for the Cf 

source was obtained from Reference 14. For comparison purposes, the International 

Commision on Radiological Protection (ICRP) Publication 2l l ' 5 l spectrum-averaged 

fluence-to-dose equivalent conversion factor for the PuBe spectrum in Figure 1 is 

3.7 x 10" 8 rem cm 2 , which is close to the value of 3.64 x 10~ 6 rem cm 2 for the PuBe 

in Table 1. 

Table 2 shows the fluence rates (<f>) and dose equivalent rates (/ /) on 5-1-90 for 

the five neutron sources at SLAC for the source-to-detector distances of 0-5 m and 

1 in. The height for both the detector and source is 152 cm for the Pu-related sources, 

and 162 cm for the Cf source. Table 2 serves as an easy and quick reference for source 

users who only need to take into account the source decay during his/her instrument 

calibration. 

The direct fluence rate (<f>d in units of c m - 2 s _ I ) and the direct dose equivalent 

rate {H4 in units of mxem h~M for each somco —e derived by the following equations: 



,j,d=NFIUri (I) 

//,, = .t.li x ID' * , , * „ (2) 

where 

A* = Neutron emission rate for sourer in s - 1 . 

F = Anisotropic Factor. 

r ~ Sotirce-to-detector distance in cm. 

h6 = FlueiH-o-io-d<^e equivalent conversion factor in Table 1. 

The scattered/direr I. fluence ratio {/̂  = $.«/(&/) and U»e scattered/direct dose equiva­

lent ratio (//; = Ha/II j) for the source in the single ground plane scattering situation 

can be estimated with Jenkins' recipes' 1 6 ' as follows: 

, 1.52 rt/r 
L = / , , a x (3) 

( l + 0 . 1 £ , v ) I I + 

. 0.75 r , / r 
' " = 7 m i x " (4) 

r, = Image sonrce-lo-detector distance in cm. 

r - Source-to-detect or distance in cm. 

£'a i. = Source average energy in MeV. 

Note that fQ is a function uf llie source's average energy and ftJ is independent of 

the source. The error of f^ d m i fH from Jenkins' method is ~S0%. 

For the Cf source in the single ground plane scattering situation, Schwartz' 1^ 

gave the following equations to Annate the scattering more accurately: 

/ / / = 0 . 8 f t r 2 r - 3 (6) 

where 

h = Height for source in cm. 

r and r; = Same as those in Equations (3) and (4). 

The / ^ and / # values for the Pu-related soruccs in Table 2 were estimated using 

Jenkins' recipes and those for Cf were estimated using Schwarz' formula. 

It has been demonstrated! 1 71 that both the scattering estimation methods of Jenk­

ins' and Schwartz* agree with the measurement results, as long as r is smaller than 

h. The Schwartz method gave a fH value of 0.9% and 3.3% at 0.5 m and 1 m, re­

spectively, for the Cf source. Jenkins' formula [Equation (4)] would give a / / / value 

of 2% and 7% at 0.5 m and 1 m, respectively, for the Cf source. These values are the 

same for all other sources, since the / / / value is not a function of f\*. 

The total fluence rate and the total dose equivalent rate are simply the summa­

tion of the scattering component and the direct component. Ft is generally desired to 

keep the scattering component as small as possible during the calibration of an in­

strument or dosimeter. However, at very close distance, nonuniform irradiation of an 

instrument may occur. Therefore, the most appropriate calibration distance between 

the source and detector is 50-100 cm and the height for both detector and source ie 

M 5 0 cm. 
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I N S T R U M E N T A T I O N 

This si'fiion first describes five types of active instruments {moderated BF3 de­

tector. AH detector. AB n'miiH'ler. Victoreen 488 Neutron Survey Meter and Beam 

Shut Otf Ionization Chamber) and then three passive instruments [ 1 2 C plastic scin­

tillator Hi-i'tMor. moderated indium foil detector, and moderated and bare TLDs). 

Fiiiphasis is given to the energy response and the usage of the instrument. 

M o d e r a t e d BF. t De tec to r and AB De tec to r 

1 he moderated BF3 deleft or and AB detector are specially designed and made to 

he used in an accelerator f;•••ilily to measure neutron fluence rate and dose equivalent 

rale, respectively. Three major characteristics of the instruments: energy and angular 

responses, usage and dead time correction, are described as follows. 

!-'iii ft)y u»rf angular irsjmrn^ > 

A schematic drawing of the SLAC-made moderated 8F3 detector (based on an 

early I.HI- design) is shown in Figure 6. The BFj proportional counter (Reuter 

Stokes HS Pi lfi]3: 5 cm diameter and 33 cm long) with an attached preamplifier 

is inserted into the Cd-covi-n-d cylindrical polyethylene moderator (radial thickness 

(i cm) to form the moderated BF3 detector. The moderated BF3 detector is designed 

to have an energy-independent fluence response over a wide range of neutron energy. 

The calculated energy response functions of a moderated BF3 detector by Kosako 

el aU l s - are reproduced in Figure 7. Although the sensitive volume of their 8F3 

counter is only \\'/< of ours, the C cm radial thickness of the polyethylene moderator. 

which dominates the energy jespouse of the detector, is the same Therefore, the 

energy dependence of (he SI. AC moderated BF3 detector should he very similar to 

that in Figure 7. 

When neutrons incident from the lateral side of the detector, the response ( in 

units of counts cm 2 ) is flat from 10 eV to 10 kcV and rises lo a peak at 1 MeV and 

then drops sharply after 10 MeV. When neutrons incident from the end, the response 

shape is similar but the response is only 10% of the response for lateral incidence 

(peak response also shifts to 5 MeV). This indicates that, in field or calibration 

measurements, the lateral side of the detector has to face the source direction. Also 

because of the large detector size, uniform irradiation of the whole detector volume 

has to be noted during measurements 

A schematic drawing of an Anderson-Braun (AB) BF3 detector' 1 9 ' is shown in 

Figure 8. The SLAC-made AB detector has the same specification as that in Figure 8. 

The energy response of the AB detector is tailored to be close to the fluence-to-dose 

equivalent conversion factor curve, through the use of an appropriate polyethylene 

moderator thickness and the imbeded boron plas:ic absorber which has a certain 

number of holes. The AB detector is, therefore, designed to measure the neutron dose 

equivalent directly. The dose equivalent response curve of the AB detector obtained 

from References 20-22 is shown in Figure 9. The AB detector has a higher response lo 

lower energy neutrons than to high energy neutrons, and the response drops sharply 

after 10 MeV. If the AB detector is calibrated against Cf, it .votild respond by 10% low 

for AmBe or PuBe, ~50% low for H MeV neutrons and high for low energy neutrons 

(e.g., PuLi). Due to its pseudo-spherical body, the AB detector has similar responses 

for neutrons incident from the side and that from the end. However, the response of 

the AB detector for neutrons incident from the head (i.e., from the electronic side) is 

only 20 50% of that from the side, depending on the source energy. 
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Usage 

The moderated BF 3 detector and the AB detector are generally used in com­

bination at SLAO (HF 3 detector measures finonce rate and AB detector measures 

dose equivalent rate) so that the average energy of the neutron spectrum may be 

estimated. Figure 10 shows the electronic set-up of the moderated BF 3 and the All 

detectors, as well as the settings for the parameters (e.g., high voltage, gain (C x F is 

coarse x fine), input, output, etc.], 

A high voltage of'2190-2200 V for Loth the detectors was obtained by establishing 

the high voltage characteristic curve for each detector (counting rate vs. high voltage). 

A plateau region can be found for each characteristic curve. The plateau for the 

moderated BF 3 and the AB detectors have the slopes of 1 2%/IQO V and 2.5%/100 V, 

respectively. The high voltage was chosen to be the midpoint of the plateau. 

Figure 11 shows the typical discriminator voltage counting curves (counting rate 

vs. discriminator voltage of the Counter & Timer) of the moderated BF3 and AB 

detectors to "' PuBe with no photon pile-up. These curves need to be established, and 

are used to decide the neutron counting efficiencies for different discriminator voltage 

settings (higher voltage setting is used to reject the photon pile-up signals in a field 

with high photon intensity). For example, the extrapolation point to a discriminator 

setviti}; of zero volts for the AB detector (s'.-e the dashed curve in Figure 11) is ~95 cps, 

which is equivalent to lDfj(7c counting efficiency. If a discriminator voltage of 4 V 

is required to reject the phoion pile-up signals in a mixed field with high photon 

intensity (can be seen with an oscilloscope), the neutron counting efficiency at 4 V 

will be (SS/95) = 93%. Figure 11 also shows that a discriminator setting of 1.5-2 V 

can achieve a counting <*Hicienfy close to 100% in a field with low photon intensity 
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(therefore small pile-up). The background counting rates for the moderated BF3 and 

AB detectors at a discriminator voltage of 2 V are 6 cpm and 1 cpm, respectively. 

Table 3 summaries the neutron response calibration results for the moderated 

BF.j detector ;nd AB detector at SLAC using radioisotopic neutron sources. The 

optimum response values of the detectors for GRN are the values that the authors 

recommend to be used in the accelerator field measurements for the giant resonance 

neutrons (GRN), based on the consideration of the detector's energy response, neu­

tron spectra and the estimated errors of the calibration. The fluence-to-dose equiva­

lent conversion factor used at SLAC for GRN is 3.18 x l O " 8 rem cm 2 . The optimum 

response values of the moderated BF3 and AB detectors for GRN are 14.5 counts cm 2 

and 7000 counts m r c m - ] , respectively. 

A detailed description of the detection theory and operation procedure for the 

moderated BF3 detector can be seen in Reference 23. 

Dead iimt correction 

Dead time effect on the response of a pulse detector has to be considered especially 

in an accelerator field. The dead time correction for a pulse detector with a dead time 

of Td in a continuous field is well known, and can be expressed as Equation (?) when 

using a nonparalysable model'*4*: 

where 

Rt = True counting rate (counts s - 1 ) . 

R =5 Measured counting rate (counts s - i ) . 

Td — Dead time of detector (s). 
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In a pulse field such as that in accelerator facilities, the duty factor of the beam 

pulse would afreet the dead time effect in the following ways'"5!, fj the beam pulse 

length 7'j, is longer th<i'i the dead time Tj, then 

/•T,. V . 'TV / 

where 

P =t Pulse repetition rate (number of beam pulse per second). 

PTP = Duty factor. 

If the pulse length Tp is shorter than the dead tune 7^, then 

K, -/? - n.. (i - £ ) (9) 

Most accelerator beams have a pulse length Tp that is shorter Lhan 1 fis and most 

health physics neutron instruments have dead time Tj about a few microseconds. 

Therefore, liquation (9) should be applied in that case, However, for a moderating 

type detector using a thermal neutron sensor, the moderation time (the time for a 

fast neutron to slow down in the moderator to become a thermal neutron, and to 

reach the sensor 1 also piny ;* role in affecting the dead time correction. Due to the 

moderation, (lie shml hurst of neutrons from a beam pluse is stretched over a longer 

period of time ! u j>e detected by the sensor. Therefore, for the thermal neutron sensor, 

the "effective" :>cani pulse length is determined by the moderation time, not by the 

physical beam pulse length '/",,. Because of this and I he fact that the moderation time 

is generally around hundreds of microseconds (much longer than 1'A), we can replace 

Tp with Tm (mean moderation time) in Equation (8) and establish Equation (10): 

nt = !i .io) 

PT«, \ 2 T„ J 

The TmfTi values for the moderated BF3 and the AB detectors were measured to be 

about 73 and 14, respectively' 2 6 '. In this case, the parenthetical term in Equation (10) 

can e neglected in this case with small error, and Equation (10) then becomes 

Equation (11). 

Bi—*—.*^ („> 
P Tn 

where 
PTm 

r ~ RTd 

The parameter r is the ratio of the maximum counting rate that can be measured 

(PTm/Td) to the measured counting rate (R). Therefore, r cannot be smaller than 

one. 

Equation (11) was used by Jenkins for the dead time correction for tlie moderating 

type detectors measuring neutrons in apulscfieldl 2 7!. Equation (11) was derived based 

on the assumption that the thermal neutrons detected by the sensor are uniformly 

distributed in time T m after each beam pulse and, thereforo, a mean moderation 

time Tm is used- According to Jenkins! 2 8! and D m t e r ' s ^ measurements, however, 

the neutron signals recorded in the sensor are roughly distributed exponentially, not 

uniformly- If the paralysable model'2*] and the exponential distribution of neutron 
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signals arc used, the dead time correction for a moderating type detector in a pulse 

field would hrl-''1 

ii, = Iir\n~ (12) 

r - 1 

where r is (lie same as ilia! in Equation (11}-

Tlie dead time corrections for the moderated Ml'';j and the AH detectors in pulse 

fields with puis'1 repetition rates of 10 pps and KS() pps are shown in Figure 12. The 

correction factor. /•' = Iti/li from Equation (11} (nonpara model} or Equation (12) 

(para model), is to be multiplied to the measured counting rale li lo obtain the true 

counting rate Hi. A correction factor of two indicates a dead lime counting loss of 

50%. Et can he seen from Figure 12 iliat: 

(1) Due lo its higher T,nfTj value, the moderated HF3 detector has a lower dead 

time counting loss compared to the AB detector for the same measured counting 

rate. However, due k. the much high detection efficiency of the moderated 

HF3 detector (a factor of —70 higher than (he AB detector} the moderated 

BF.t detector has a larger dead time counting loss (i.e., larger F) than the A13 

detector in the same Held. 

(2) The lower the pulse repetition rate P. the smaller the r and the larger the 

correct ion factor /'. The dead time correction of a detector operated in a pulse 

field is obviously much more significant than that operated in a continuous field. 

(3) The correction fai tor predicted with the paralysnble model is smaller than that 

with ilie nonparaysable model. Ash el al.>-*5 demonstrated thai Equation (12) 

(pant) is more suitable lhau Equation () 1) (noupara) '.o describe the dead time 

correction of the moderated HFj and AH detectors. 

Dintei and Tesch'"-*' have measure.' the moderation times and calculated the dead 

time corrections tor four common moderating type remmelers. Their results for the 
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AB remmeter are reproduced in Figure 13 (note that they used different symbols than 

ours). The counting loss factor C in Figure 13 is the inverse of the correction factor F 

in Figure 12 (i.e., C — 1//•'). Because the factor C becomes independent of the pulse 

width Lj> for hp less than 10 /is. the result for 1 /is pulse length is applicable to the 

narrow beam pulses thai are common to most accelerator facilities. 

The way lo use Figure 13 is illustrated in the following example (also see the 

arrows in Figure 13): in a field with a true dose equivalent rate (D) of 10 mrem h " ' . 

an Ali remmeler in a pulse field of 10 pulses per second and a pulse length (Lp) of 

! /is would have a counting-loss factor of 96%. Since the true dose equivalent rate 

(generally unknown) is used. Figure 13 is not as useful in estimating the needed dead 

time correction for an AB reminder used in an unknown field. 

A comparison of the dead time correction for the AB detector predicted with 

Figures 12 and 13 is made below. The SLAC AB detector has a sensitivity of 1.8 cps 

per mrem h - 1 for 2 : i 8 PuBe . The above-mentioned field of 10 mrem h - 1 would result 

in the reading of an AB remmeter to he 9.6 mrem l i - 1 (because C = 0.95) according 

to Figure '.3. This is equivalent to a measured counting rale of 1.8 x 9.0 = 17 cps for 

the AB detector. Using paralysable model, 17 cps should give an F factor of —1.07 

according to Figure 12 [or Equation (12)], which is larger than l/C = 1.04. Therefore, 

the dead time correction for the AB detector (or reminder) predicted from Figure 13 

is smaller than that predicted from the paralysable model in Figure 12. The larger 

the counting rate (i.e., the field intensity), the larger the difference will be. 

The importance of the dead time correction can be shown in the following exam­

ple. In a field of 1 mrem h~l and 10 pps, the dead time correction factor is ~1 tor 

an AB detector (or remmeter) but is 1.1 for the modi-rated BF3 detector having a 

sensitivity of 120 cps per mrem h " 1 . In a field of 5 mrcm h " 1 and 10 pps, the corie-
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spending correction factor is 1.04 for an AB detector and is 2.08 for the moderated 

BF 3 detector. 

AB R e m m e t c r 

The SLAC AB remnietcr. similar to the commercially available SNOOPY rem­

i n d e r " ' , has a detector design the same as that in Figure 8 and an attached electronic 

part that, is calibrated to read the neutron dose equivalent rate directly. Therefore, 

the AH remmr-ter should have very similar energy response (see Figure 9) and dead 

time correction (see Figures 12 and 13) as those of the AB detector. The response 

calibration results of the AB remmeter are also shown in Table 3. 

Vic torecn 488 N e u t r o n Survey Meter 

Victoreen Model 488 neutron survey meter is a portable meter similar to the 

Eberline 9-inch sphere remmeler instrument. It consists of a boron-lined proportional 

counter (1-inch diameter and 6 inches long) which can be inserted into a cylindrical 

polyethylene moderator (3-inch diameter and 7.5 inches long with a cavity for the 

counter). Because the moderator thickness is only about one inch, the meter is 

much lighter but the neutron energy response is also much poorer than those of AB 

reniHieter. The meter is designed to measure neutrons with energy less than 10 MeV. 

The meter-head is calibrated to read cpm for fast neutron measurement when the 

counter is inside the moderator, ami to read thermal neutron fluence rate in units of 

cm" ' s - 1 with bare counter onlv. 

Due to its cylindrical shape, the response of the meter is directional-dependent. 

The lateral side of the meter should be toward the radiation source during mea­

surement or calibration. The calibration results of the fast neutron response of the 

Yictureen -188 Neutron -Survey Meter are shown in Table 3. The optimun response 
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value of the meter to GR.N is 100 cpm per mrem h _ 1 ( ± 2 0 % ) . The dead time effect 

of the meter operated in a puise field is not known. 

B e a m Shut-Off Ionization Chamber (BSOIC) 

The SLAC-made BSOIC is a special type of tissue-equivalent ionization chamber 

used to monitor continuously the radiation levels outside the SLAC beam facilities 

and trip the beam off automatically if the presetted tripping level is exceeded. A 

BSOIC consists of a ten-liter aluminum cylinder (~24 cm diameter and ~24 cm 

high) filled with one-aim ethane (C2H6), which sits on top of the electronic and 

display components. A small 9 0 S F - Y source is fixed inside the cylinder to act as a 

continuous interna! check source so that it can be sure that the BSOIC is working. 

The detector has roughly equal rad responses to photons and fast neutrons on an equal 

rad dose basis. Since the radiation fields in SLAC (an electron accelerator facility) 

are dominated by photons, the BSOIC is adjusted to readout photon exposure rate 

in units of mR h " 1 . 

The dose equivalent response of the BSOIC to neutrons is also shown in Table 3. 

The optimum response value of BSOIC to CRN is -« 0.12 mR h - 1 pe>- mrem h - i . In 

a field with an equal amount of photon and neutron dose equivalent rate, neutrons 

will contribute about 10% of the total response only. With a high voltage of 500 volts, 

the collection efficiency of the BSOIC is higher than 95% in a pulse field of 10 pps 

and an average photon intensity less than 1 R h - 1 . 

1 3 C Plastic Scintillator Detector 

The 1 2 C plastic scintillator detector is a threshold detector used to measure high 

energy neutrons (> 20 MeV) in accelerator fields. The detection principle and usage 

of the 1 2 C scintillator detector are described as follows. 
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Principle 

The neutrons in an electron accelerator facility come from the giant resonance, 

pseudo-deuteron and photopion interactions of the photons with materials. There­

fore, the neutrons have energies covering from thermal up to a maximum energy that 

equals to the electron beam energy. The response function of the SLAC moderating 

type detectors (see Figures 7 and 9) show that the detectors have very low responses 

to neutrons above 10-20 MeV (i.e., they measure mainly the giant resonance neu­

trons). In order to measure the high energy neutrons above 20 MeV, the 1 2 C plastic 

scintillator detector introduced by McCaslin^30! is used at SLAC. The carbon nuclei 

( I 2 C ) in a plastic scintillator have the 1 2 C (n ,2n) I l l C reaction when interacting with 

high energy neutrons. The crass section of the 1 2 C (n ,2n) 1 1 C reaction* 3 0 - 3 2} shown 

in Figure 14 has a lower neutron threshold at —-20 MeV, and the cross section rises 

rapidly and becomes flat at ~-22 mb for neutrons above 30 MeV. An effective cross 

section of 22 mb is generally used for this reaction to determine the nominal neutron 

fluence above 20 MeV. 

Figure 14 also shows a possible interfering reaction, 1 2 C (f,n)nC, that is im­

portant in electron accelerator facilities. The i 2 C ( 7 , n ) n C reaction has a peak at 

"-24 MeV photons^3 3!. It is not easy to determine the fract :ons of gammas and neu­

trons that are above 20 MeV in a field. Therefore, to eliminate this high energy 

gamma interference, the ! 2 C plastic scintillator detector should be used outside a 

thick (e.g., 2 or 3 feet) concrete shield where gamma/neutron ratio is not too large, 

or a lead brick shielding (1 TVL = 3 cm for 24 MeV gammas) should be used between 

the detector and the radiation source to attenuate the gammas. 

J In a proton accelerator, the interfering reactions are the "C{p,d)llC and i a C ( ? r , S R ) n C 
reactions. 
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Usage 

The 1 2 C plastic scintillator detector is basically an activation detector. The n C 

product is a pure /3+ emitter (E^ = 0.98 MeV) and has a half-life of 20.4 i.Jn. A 
1 2 C scintillator (5-in dia. and 5-in height, 1720 gm) is put in the field for exposure 

(activation), and then brought back to the laboratory, and the '*C activity is counted 

as that shown in Figure 15 as soon as possible. The settings of the instruments' 

parameters, e.g., high voltage, gain and shape time, are also shown in Figure 15. 

The lead shielding covered with a black cloth is to reduce the background and light 

noise. A layer of mineral oil between the unpainted side cf the scintillator and the 

photomultipUer tube is used to create a better scintillation light transmission. 

Assuming a plastic scintillator has been exposed in a field for ti minutes, the 

decay time between the end of exposure and the start of the counting is td minutes 

and the counting period is te minutes, the following equation is used to determine the 

saturation activitiy As dpm: 

A HG-Btt) 
"* ~ [ e - M _ e-A«-+*«)] (1 « e -Al ( ) f W 

where 

A = Decay constant of U C = 0.693/20.4 min = 0.034 min" 1 . 

G = Gross counts at a discriminator voltage of 2 V. 

B = Background counting rate at a discriminator voltage of 2 V = 13 cps. 

/ = Detection efficiency (cpm/dpm) = 1. 

A conversion constant of 104 dpm/(n/cm 2 s) l 3 0 l is used to convert the saturation 

activity At to the neutron fluence rate above 20 MeV. The neutron spectrum above 

20 MeV for an electron accelerator may be assumed to be the same as that for a 
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proton accelerator, based on the equilibrium spectrum concept. Therefore, a fluence-

to-dose equivalent conversion factor of 28 fSv m 2 for the neutron spectrum outside 

the shielding of a proton accelerator' 3 2 ' can he used at SLAC to relate the fiuence 

rate to the dose equivalent rate for neutrons above 20 McV. 

The conversion constant of 104 dpm/(n /cm 2 a) is calculated based on the as­

sumption that the scintillator is exposed to high energy neutrons uniformly over the 

detector volume and is activated with an effective cross section of 22 mb. Under the 

same assumption., the U C activity should also be uniform inside detector. Therefore, 

this UC scintillator counting system is basically a 4TT counting system and the de­

tection efficiency / in Equation (13) is 1, if the counting efficiency is 100% (i.e., n C 

activity is measured at zero discriminator voltage). 

However, due to the large background noise signals that will be counted, the 
n C activity cannot be measured at zero discriminator voltage. Because the energy 

per decay of 6 0 C o {1.17 and 1.33 MeV photons) is similar to that of " C (0.98 MeV 

positron and two 0.511 MeV photons), the discriminator voltage counting curves 

for 6 a C o and 1 3 7 C s and the background counting curve in Figure 16 can be first 

established to facilitate the U C counting. The discriminator curve for 6 0 C o or 1 3 T C s 

in Figure 16 is obtained by irradiating the unexposed 1 2 C scintillator detector with 
ti0Co ur 1 3 7 C s , using the parameter settings in Figure 15. The purpose ot establishing 

the discriminator curve for C 0 C o is to have the optimum settings for ali parameters 

(gain, 'i'V and shape time) so that the following three conditions are met: (1) the 

after-pulses from cosmic rays are < 0.5 V; (2) the pulses > 10 V are not much (18% 

in Figure 16); and (3) the extrapolated counting rate al zero discriminator voltage is 

not much larger than that at ~2 V (ii is 110/90 = 1.22 times larger in Figure 16). 

The discriminator voltage • urve for " C counting in Figure 16 shows that the counting 
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efficiency at a discriminator voltage of 2 V is ~100%, The background counting rate 

at 2 V is 13 cps (1 a = 10%). These are the values used in Equation (13). 

Assuming the time periods for exposure, decay and counting are all about 20 min, 

the detection timit of the 1 2 C scintillator detector system, using a criterion of 3 a 

background (i.e., 4 cps), can be calculated with Equation (13). The lowest neutron 

dose equivalent level corresponding to the detection limit is 1.3 mrcm h - 1 for neutrons 

> 20 MeV. 

A detailed detection and operation principles of the ! 2 C plastic scintillator detec­

tor and the 1 ! C counting system can be found in References 30 and 34. 

M o d e r a t e d I n d i u m Foil De t ec to r 

As can be seen from the dead time corrections in Figures 12 and 13, the active 

detectors may not be suitable to be used in an accelerator field with a high neutron 

intensity and a low pulse repetition rate. The moderated indium foil detector, an 

activation type detector, is suitable in that case. The moderated indium foil detector 

was originally introduced by Stephensl 3 5 ' . It was an indium foil encased in a paraffin 

sphere (6-in dia.) placed m a cadmium box. The SLAC moderated indium foil 

detector is an indium foil (4.5 cm dia., 0.01-in thick, and ~2.7 g) inside the center 

of a polyethylene moderating cylinder (6-in dia., 6-in height) covered with cadmium. 

The detector is designed to have a maximum and flat fluence energy response for 

neutrons between 10 keV and 10 MeV, 

Incident fast neutrons moderated by the polyethylene become therrna ? neutrons 

and are absorbed by the indium foil through the 1 1 5 I n ( n , 7 ) 1 1 6 m In and the 
1 1 3 I n ( n , 7 ) 1 1 4 m In reactions. u 3 I n has a smaller thermal neutron capture cross sec­

tion (8.1 b) and a smaller abundance (4.3%) than those of , I S In {162.3 b and 95.7%, 

respectively). The half-life of 1 H m l n (49.5 d) is also longei than thai of 1 1 6 m I n 
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(54/2 mill)- Therefore, only the l l 5 ln(n, 7 ) 1 1 0 " ' I n reaction is important in the neu­

tron field measurements using the moderated indium foil detector After an exposure 

time of /, min and a decay time of (,/ min, the foil is brought back to the laboratory for 

a counting of / ( min. Kqualion ( 13) ran bo used to determine the saturation activity 

y4s dpin of the foil, except now thai A is 0.0128 m i n - 1 for the beta decay of 1 1 6 m In, 

and the parameters (7, i i and / are related to the , 1 G m I n beta counting system. 

The CM counting system of Radiation Physics Dept. is used to measure the 

indium foil activity. The stability of the GM system is maintained with a small 
3 6 CI beta disk source (30 nCi on 11-01-86) to have a counting rate of 569 cps when 

the source is counted on J hi* thud shelf from the top. The instrument settings are 

1000 volt high voltage and 0.5 V discriminator voltage. 

The background counting rate B of an unexposed indium foil is 21 cpm (1 a — 

17%). The detection efficiency / is not used and, therefore, the neutron Huencc rate 

(cm" ' s"*1) is reU-ixi directly with the specific saturation counting rate (cprn g - 1 ) 

under the condition that the stability of the GM system is maintained to be constant. 

Figure 17 shows the sensitivity (cpm g""1 per n/cm" s) vs. neutron energy for 

the moderated indium foil detector from the calibration works at SLAC and by 

Stephens'1 1 5]. The moderator thickness is 6-in for both types of detectors and, there­

fore, they should have simitar relative energy response. The Stephens' results are 

scaled to SlAC's -r'-(.T result in Figure 17. The optimum sensitivity value for the 

GRN is —3 cpui g" ' per n/ci t r s. Assuming the /,, id and tc are all 20 Tiin, the lowest 

neutron dose equivalent level corresponding to the detection limit (3 a background 

criterion) for the moderated indium foil detector is 1 mrem h " 1 of GRN. The response 

of the moderated indium foil detector for neutrons incident from the end (parallel to 

detector a\is) is lower than j|»,if from the side by no larger than 10%. 

Roth the 1 2 C plastic scintillator detector and the moderated indium foil detector 

are passive activation type detectors and are free from dead time effect. Due to 

their short half-lives (20.4 min for n C and 54.2 min for l , G m In), they are suitable 

to be used in combination for short-term {e.g., 30 min) field measurements of high 

(> 20 MeV) and fast (< 20 MeV) neutrons, respectively, if the field intensity is stable 

during the measurement period. For long-term low intensity environmental neutron 

monitoring, both the active instrument (moderated BF3 detector; and the moderated 

TLD (described below) are used at SLAC. 

Moderated and Bare TLDs 

The moderated TLD has the same design as the moderated indium foil detector, 

except that the indium foil is replaced with a 6 LiF / 7 LiF pair (the 6 LiF and ' LiF are 

LiF teflon disk). The signal of the T LiF element is used to estimate the photon signal 

of its paired GLSF element. The net neutron signal of the 6 LiF element is then used 

to derive the neutron fiuence (or dose equivalent). The moderated TLD is designed 

for the same purpose as thai of the moderated indium foil detector, i.e., a high and 

flat fluence response for neutrons between 10 keV and 10 MeV, and a nearly isotropic 

response. However, TLDs do not decay and have a lower sensitivity and. therefore, 

the moderated TLD is suitable for long-term (months) low intensity neutron field 

monitoring. 

Figures 18 and 19 show the neutron sensitivity of the moderated °LiF TLD to five 

neutron sources at SLAC in units of V S v - 1 and V enr , respectively (sec the curves 

with triangle points). These curves are given for the bare TLD with a sensitivity 

of 1 V r a d - 1 to 1 3 ? C s gammas (the TL light output is in units of volts at SLAC). 

A pair of 6 LiF / 7 LiF is also generally put on the outer surface of the moderator MI 

that the incident thermal neutrons can be measured. The calibration results for the 
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6 LiF TLD IMI Hie surface of the moderator are also shown as the curves with open 

circle points in Figures IS and 10. It is clear that the fluence responses (Figure 19) of 

the l 'l.iF TLDs inside and outside the moderators are more energy-independent than 

their dose equivalent responses (Figure 18). The 6 L i F TLI) outside the moderator 

also has a much smaller sensitivity (a factor of —15) than that inside the moderator 

for SLAC sources. The fluence sensitivity of the moderated c LiF TLD for CRN 

estimated from Figure H) is fi.7 x 10 - ( : V cm*. The corresponding dose equivalent 

s< sitivitv is UlU V Sv '(2-1 V rem" 1 ) . Because the TL output is expressed in terms 

of the pholomiiltiplin output, the stability of the TLD light counting system must 

be maintained with the Sight source. 

I'erfonnrl >tf itfrun TLI) 

Figures IS and M> also show the sensitivity of the f 'LiF TLD on the surface of the 

SLAC water phantom (see the solid circle points). This is similar to the situation 

that a TLD is worn by a person and, therefore, the calibration results of the TLD on 

a water phantom n Figures 18 and 19 can be used 'o estimate the personnel neutron 

dose equivalent from the personnel TLD monitoring result. Again the fluence response 

of the ''LiF on a water phantom is more energy-independent than its dose equivalent 

respo.ise. Tin fluence sensitivity of the 6 LiF on a water phantom for GRN estimated 

from Figure HJ is 2.? x 10" " V c n r . The corresponding dose equivalent sensitivity is 

m Y Sv" 1 (OOP Y rem-')-

The difference between the 6 LiF TLDc on a water phantom and on a moderator 

is that there is a cadi: uin sheet in the moderator to absorb the albedo neutrons in 

the moderator Therefore, the b L ; F TLD on a water phantom hus a higher response 

(a factor of 2 !) than that on a moderator. The 6 LiF TLD on a water phantom 
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measures incident fast neutrons through albedo neutrons, while the 6 L:F TLD on a 

moderator measures only the incident thermal neutrons. 

The 6 LiF TLD outside the moderator has a thermal neutron sensitivity of 

150 V r e m - 1 (1.7 x l O - 7 V cm 2 ) , according to Jenkins' TLD wallet calibration results. 

Because there is no cadmium in the front of the TLD on a water phantom, the incident 

thermal neutrons in the field would increase the response of the 6LiK TLD. Jenkins' J CJ 

has studied the sensitivity of the 6 LiF TLD on a water phantom as a function of the 

fast/thermal neutron fluence ratio in the SLAC fields. It is oLvious that the smaller 

the fast/thermal ratio, the larger the sensitivity will be. The above-mentioned dose 

equivalent sensitivity of 0.69 V r e m - 1 is corresponding to the TLD result in a field 

with a fast/thermal ratio of ~13 (i.e., 1% thermal ftuence in the field). Jenkins also 

s'lggestedl 3 6! that, for a typical SLAC field, the most likely fast/thermal ratio is 2.75. 

and the corresponding dose equivalent sensitivity is 300 V S v - 1 (3 V r e m - 1 ) . 

S U M M A R Y A N D CONCLUSIONS 

A detailed description and summary of the neutron dosimetric work at SLAC 

(neutron sources and instrumentation) are given in this report. With the comprehen­

sive information and calibration results covered, this report is aimed to be used as a 

reference and guide. 
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Table 1. Character is tirs of the radioisotopic neutron sources at SLAC 

Sow re 
" " l ' u l l e 

(MilC-426) 
" " P u R c 

(MRC-425) '"C! i M P » B ' " P I I F , ! M P u I , i 

Ave Enr-rRy 
(MfV)« 4 7 4 2 2.2 2.1 1 5 D.5 

Half-life {<») 87 74 8774 2.64 87.74 87.74 87.74 

Neutron 
Emission 

R a t e ( s - ' ) 
0115/1/91)' 

1.84 x 10* 

10% 

8.90 X 10 s 

10% 

4.92 x 10 s 

3% 

3.S5 x 10* 

15% 

7.89 X 10* 

20% 

2.27 x 10 s 

15% 

Anisotropic 
Factor' 1.09 IOC 1.11 1.08 1.07 1.07 

Flnencc-lo-
Dosc 
Equivalent 
Conversion 
Factor 
(rem c m ' ) ' 1 3.64 ic 10"" 3.04 x 10-* 3.33 x 1 0 " s 3.33 x 10-" 2.9-1 x 10"" 1.35 X 10-" 

" Reference 3; see Figures 1-5 for the spectra. 

See the traceability section in text. 
c References 11 and 12. 

Derived from Referenre 13. 
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Table 2. Fluence rates (<ji) and dose equivalent rates (H) for i.he five neutron sources 
at SLAC on 5/1/90. 

Source ^ P u B c - »"Cf " " P u B ' " P u F . ™PuI. i 

fd" 0.5 m 638 17?.8« 122 269 77.3 

(cro- ' i- ' ) l m 160 4349 30.5 67.2 19 

AMi* 0.5 m 3% 2.5% 3% 3.6% 3.5% 

1 m 10% 9.0% 12% 12.5% 13.7% 

«" 0.5 m 657 17819 126 278 80.2 

( r r n - ' r ' ) 1 m 176 4737 34.2 75.6 21.9 

Ht' 0.5 m 83.8 2083.8 14.8 28.5 3.8 

(mremh- 1) 1 in 20.9 520.9 3.7 7.1 0.94 

U./IW 0.5 m 2% 0.9% 2% 2% 2% 

1 m 7% 3.3% 7% 7% 7% 

H> 0.5 m 85.5 2103 14.9 29.1 3.9 

( m r e m h - 1 ) \ m 22.3 538 4.0 7.6 1.0 

° lMrcct fluence rate fa — NFfiirr2, where N •- neutron emission rate, F -
anisotropic factor and r is the detector-to-source distance in cm. 

6 Scattered/direct fluenc:- ratio {fa/fa) is estimated by using the r e c i p e s ^ , ex­
cept that of 2 5 2 C f is rstimated from NBS publication 633* 1 4 ' . The height for 
both the detector and source is 152 cm (162 cm for Cf). 

c Total fluence rate ^ = fa + ^ , . 
- Direct dose equivalent rate H& — fa &$, where k+ is the fluence-to-dose equiv­

alent conversion factor. 
e Scattered/direct dose equivalent ratio {Ha{Hi). Sa-ne derivation method as 

note b, 

f Total dose equivalent rate / / = / / j + H$. 
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Ttible 3 . Neutron response- calibration results for the four neutron sources at SLAC 
on 5/1/90. 

Optimum 
'PuBc 3 3 SPuD a a " P u ^ 3 3 sPuLi for CRN 

Detector 
(counla cm ' ) 

1.7 

11% 

H I 

15% 

202 

20% 

•».r> 

l » 

Ml , 

All Oi-lrtloi 

(s-omi{:> mrem" '1 

tSOd 

11% 

7ii«U 

18% 

10100 

21% 

106,10 

19% 

7000 

AH Hi'niinetrr 

(nleasiircd/ltu.-) 

o.r>:i 

17% 

0.75 

20% 

0.92 

2-1% 

1.4 

18% 

0.7 

Victorfcu 48S 
Neutron Survey 
M.:Ce. 
ci.in/tinrem l i " ' ) 100 100 210 670 100 

BSOIC 
(mlth-'JAmK-,,,!,-1) 0.09 0.10 0.11 0.30 (1.12 

NOTE: 
1 . The percentage value is ihe estimated error. It is mainly from the error of llw 

source strength. 

2. The optimum value Tor CRN (giant resonance neutrons) is obtained based oi 
the consideration of the detector's energy response, neutron spectra and tin 
estimated errors. 

'.i. The background counting rates for the moderated 11 Fa and the AB detector: 
are —li cpm and — S cpm, respectively, at a discriminator voltage of 2 V. 

FIGURE CAPTIONS 

1. Neutron spectrum of i 3 B P u B e (dawn from the data in Blocks el. a!.. 1967). 

2. Neutron spectrum of J 5-Cf, normalized to a total fluence of 1 (reprodured from 

IAKA 1!)S5). 

:t. Neutron spectrum of 2 n A i n B l 7 l Spectrum of 2 W P u B is assumed to be the 

same. 

•I. Ncuiron spectra of PuFj and A m F ^ . 

"). Neutron spectrum of " 8 3 PuLi measured with four proportional counters^, 

(i. The moderated BF3 cylindrical detector used at SI.AC. 

7. Calculated energy response functions of the moderated BF3 detector (a cylinder 

with a 6 cm radial thickness) for neutrons incident from the side and from the 

end (repordnced from Reference 18). 

8. An Anderson-Braun detector*8'. 

9. Energy dependence of the Anderson-Braun detector (from three references). 

10. The electronic set-up and parameter settings of the moderated BK3 and AH 

detectors. 

1!. Typical discriminator voltage counting curves of the moderated BF3 and AB 

detectors for * i , , HPuBe with no photon pile up. The extrapolation (joints ai zero 

volts (see dashed curves) are the counting rates at 100% counting efficiency, 

12. Factor F to be applied to the measured counting rate R lo find the true counting 

rate(i.e.. ft, = RF) for the moderated BFj (Ttn/Td = 73) and AB [Tm/Td = II) 

detectors operated in a pulse field. Tm and Tj are the mean moderated time 

and dead lime, respectively. Correction factors from hoth the paralysahle ,uul 

noiiparalysable models are idven. A detector with a Tj = 2/*s operate! in a 

continuous field is also shown for comparison. 
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13. Diagram for determining the counting-loss factor C for an AB remmeter. D = 

true mean dose equivalent rate, l ) p — dose equivalent per pulse, 1,,, = pulse 

width and f = pulse per sec. 

1-1. Cross sections of 1 : f ( ' ( i j , - Jn ) l l r reaction!' 1 0""] and " ( ' ( - ) , « ) n C reactioul"13'. 

15. The electronic set-up and the parameters settings of the '"C plastic acintillator 

detector counting system. 

16. The discriminator voltage counting curves for the '~C plastic scintillator detec­

tor counting systeir 

17. Sensitivity versus average energy of neutron source for moderated indium foil 

activation detector. Kelalive sensitivity of Stephens' results' 3 5 ' are used and are 

normalized to SLAC's -*-Cf data. 

IS. Neutron dose equivalent sensitivity of the 6 l . i! ' (which has a I 3 7 C s gamma 

sensitivity of 1 V rail*"1) in units of V Sv" 1 , 

19. NVntrou flnence sensitivity of the *LiF (which has a l 3 7 C s gamma sensitivity of 

1 V r a d - 1 ) . in units of V cm*. 
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dimensions in cm 

~ 1 5 - * | 

BFg Counter PreAmp, 

(Reuter Slokes RS-P1-1613) 

Cadmium Thickness 0-08 

Fig. 6 

15 
Side 

1 1 1 ' 1 
End Incidence — A - E n d - 3 

1 1 ' 1 
End Incidence — A 
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Boron Plastic 
Holes 10mm in diameter 
Over 22% ol the Area 

BF3-Counter 
Diameter 30 x 0.5mm 
Sensitive Length 60mm 
Filling BF3 (94% 1 0B) 600mm Hg 

Polyethylene 

All Dimensions in mm 

Fig. 8 
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Moderated 
BF 3 Detector 

-12VtoPreAmp 
from NIM 

Gain 
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