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ABSTRACT
This report summarizes in detail the dosimetltic characteristics of the five ra-
dioisotopic type nentzon sources (P*Pulde, *2CI, *3¥PuB, #8PuFy, and »8PyLi)
and the neutron instrumentation {moderated BF; detector, Anderson-Braun (AB)
detector, AB remmeter, Victoreen 438 Neutron Survey Meter, Beam Shut-Off loniza-
tion Chamber, ¥ plastic scintillator detector, moderated indium foil detector, and

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

Qanford Linear Aceelerator Center (SLAC).
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INTRODUCTION|G6 ¥ 0 AON

Campared to the photon dosiinctry, neutron dosimetry i3 more complicated.
This paper summarizes in detail a large port:ic;n éf'the‘cxpcrimcu’tal work 0;1 nen-
tron dosimetry that has been done at SLAC. First. the dosimetric characteristics of
the five radioisotopic type neutron sources (**¥PuBe, #*Cf, ¥ PuB, 238P4yFy and
238Py;1i) are introduced. The mass numbers of the neutron sources will he omitted
in the following text. Then, the neutron instrumentation that are commmly in use
at S..AC {moderaicd BF; detector, Anderson-Braun {(AB) detector, AB remmeter,
Victoreen 188 Neutron Survey Meter, Beam Shut-Off lonization Chamber (3SOIC),
12C plastic scintiflator detector, nioderated indinm foil detector, znd maderated and
bare T1.Ds) are described. This report emphasizes liow the sources and iustruments
are used at SLAC, and the instrument energy responses. This repart also provides

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

IMEUTRON SOURCES
There are five types of radinisotopic neutron sources that are commonly used at
SLAC to irradiate dosimeters, to calibrate instruments, and to verify the shiclding.
This scction describes the traceability and the dosimetric parameters of six neatron
sources: Jarge PuBe (MRC-426), small PuBe (MRC-425), Cf, PuB, PuF, and Puli

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

Traceability

The neutron emission rates of all sources shown in Table § are traceable indi-
rectly back to the ctandards at the National Institute of Standards and Technology
INIST). The PuBle sources were calibrated by the manufacturer, Monsanto Research

Corporation, against another Pulle source calibrated by NISTI. The Cf source was
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calibrated by Savannal River Laboratary agianst a Cf source calibrated by NIST”]‘.
‘T'he PuB sourre was calibrated against a NIST-calibrated PuBe source, and the cal-
ibration result was modificd by McCalll, The PuLi source was calibrated against
two standard Puli sources at Lawrence Berkeley Laboratory and Lawrence Livermore
National Laboratory, and the mean result was used®). The PuF source was calibrated
against the SLAC Puli sourcell. Uncertaintly values for the neutron emission rates

were also given in the soucce calibration docurnents.

Dosimetric Parameters

Table 1 also shows the dosimetric parameters of the neutron sources. The average
energy is the fluence-weighted average energy, and these average encrgy values were
recommended by McCalll!l. The most detailed spectra available to the authors fo1
all sources are shown in Figure 1 for PuBel®, in Figure 2 for cfis), in Figure 3 for
M4BT (spectzumn of PuB is assumed to be the saie), in Figure 4 for qu‘lUI and in
Fignre 5 for PuLi®). 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 he 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 instruinent after the energy response calibration.

The half-life is $7.74 ¥ for a Pu-related source and is 2.64 y for Cf. The 24! Pu
impurity in the Pu-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-life
determination for the 28 Pu-related sources at SLAC, because the oldest source (Puli)

at SLAC is only 27 years old since it was manufactured.

The neutron eraission rates an 5-1-90 for the sources were derived fram 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*sopic source. The anisotropic factar given here showld be applied when,
during source irradiation, the deteclor is at a point on a line perpendicular to the
veetical axis of the source. The anisotropic factors (or all sources were measured by

MeCalll't), except that for Cf was measured by Ipef?.

The fluence-to-dose cquivalent conversion factors (hg in units of rem em?} for
the sources were obtained from Figure 31{a) of the National Council on Radiation
Protection and Measurements Report No. 79 (NCRP79)113, except that for the Cf
source was obtained from Reference 14. For comparison purposes, the International
Commision on Radiological Protection (LICRP) Publication 210% spectrum-averaged
fluence-to-dose equivalent conversion factor for the PuBe spectrum in Figure 1 is
3.7 x 10~® rem em?, which is close to the value of 3.64 x 10~® rem cm? for the PuBe

in Table 1.

Table 2 skows the fluence rates (¢) and dose equivalent rates (ff) on 5-1-90 for
the five neutron sources at SLAC for the source-to-detector distances of 0.5 m and
1 . The height for both the detector and source is 152 cm for the Pu-related sources,
and 162 c¢m 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 (¢4 in units of em=2 57) and the direct dose equivalent

rate (Hy in units of inrem h™') for cach soutce ~~e derived by the following cquations:



g = NIJars? {n

Hy =36 % 10% ¢y by (2)
where

N = Neutron emission rate for source in 571

F = Anisotropic Factor.

r = Bource-1o-detector distance in cm.

hy = Fluence-to-dese equivalent conversion factor in Table 1.

The scattered/direct fluence ratio (4 = ¢,/ éq) and the scatrered /direct dose equiva-
lent ratio (S = HyfHy) for the sonrce in the single ground plave scattering situation

can be estimated with Jenking' recipes!’®) as follows:
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where
ry = Image source-to-detector distance in ¢m.
r = Sonrce-to-detector distance in om.

E3 = Source average energy in MeV.

Note that fo is a function of the source's average energy and fy is independent of

the source. The error of f, and f from Jenkins' method is ~10%.

e

For the Cf source in the single ground plane scattering sitbation, Schwartz!¥)

gave the following equations to -timale the scattering more accurately:

fo=2160rr]3 (5)
Ju = 08kr* 7 (6)
where
h = Height for source in cin.

r and r; = Samne ay those in Equations (3} and {4).

The f; and fp values for the Pu-related soruces in Table 2 were estimated using
Jenkins’ recipes and those for Cf were estimated using Schwacz’ formula.

It has been demonstrated!!™ 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 fy 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 fy value
of 2% and 7% at 0.5 m and 1 m, resnectively, for the Cf sonrce. These values are the
same for all other sources, since the fy vahie is not a function of K.

The total fuence rate and the total dose equivalent rate are simply the summa-
tion of the scatiering component and the direct componcent. It is gencrally desired to
keep the scattering coniponent 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 souree is

~1580 cn.



INSTRUMENTATION

This section first describex five types of active instruments {moderated BF; de-
tector. A detector, A3 cemineter. Victoreen 488 Neutron Survey Meter and Beam
Shut OIT fonization Chamber) and then three passive instruments (*2C plastic scin-
tllator detector. moderated indium foil detector, and moderated and bare TLDs).

Frnphasis ix given to the energy response and the usage of the instrument.

Moderated BF; Detector and AB Detector

‘I he moderated BF; detector and AB detector ace specially designed and made to
be used in an accelerator fo-ility to measure neutron fluence rate and dose equivalent
rate, respectivelv. Three major characteristics of the instruments: energy and angular

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

Enrvyy and angular responses

A schematic drawing of the SLAC-made moderated BF; detector (based on an

carly LBL design) is showsn in #igure 6. The BF; proportional counter (Reuter

Stokes BS P1 1613

5 em diameter and 33 cm long) with an attached preamplifier
is inserted into the Cd-rovered cylindrical polyethylens moderator (radial thickness
6 ¢m) to form the moderated BF; detector. The moderated BFy detector is designed
to have an energy-independent {luence respanse over a wide range of neutran energy.
The calculated energy respunse functions of a moderated BF; detector by Kosako
et all¥ are reproduced in Figure 7. Although the sensitive volume of their BF3
canntee is ouly 13% of ours, the 6 e radial thickness of the polyethylene moderator,
which deminates the energy response of the detector. is the same. Therefore, the
energy dependence of the 51.AC moderated BF; detector should be very similar to

that in Figure 7.

When neutrons incident from the lateral side of the detector, the response ( in
units of counts cm?) is flat from 10 eV to 10 keV and rises to 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 respense for lateral incidence
{peak response also shifts to 5 McV). 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 nated during micasurements

A schematic drawing of an Anderson-Braun (AB) BF, detector!” 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 polycthylene
moderator thickness and the imbeded boron plastic absorber which has a certain
number of holes. The AB detector is, therefore, designed Lo measure the neutron dose
equivalent directly. The dose equivalent response curve of the AB detector ohtained
from References 20-22 is shown in Figure 9. The AB delector has a higher response to
lower energy neutruns than to high energy neutrons, and the response drops sharply
after 10 MeV. If the AB detector is calibrated against CI, it ~ould respond by 107 low
for AmBe or PuBe, ~50% low for 14 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 thal from the end. However, the response of
the AB detector for neutrons incident from the head (i.c., frum the electronic sidc) is

only 20--50% of that from the side, depending on the sonrce energy.



Usage

The moderated BF; detector and the AB detector are generally used in com-
bination at SLAC {BF3 detector ineasures fuence rate and AB detectar measures
dase equivalont rate) so that the average energy of the neutron spectrum nay be
estimated. Figure 10 shows the electronic set-up of the moderated BFs and the AR
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 hy 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 BF3 and the AB detectors have the slopes of 1 2%/100 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 BF; and AB
detectors to ***PuBe with no photon pile-up. These curves need to be established. and
are used to decide the neatron counting cfficiencies for different discriminator voltage
settings (bigher 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
setting of zero valts for the AB detector {see the dashed curve in Figure 11) is ~95 cps,
which is equivalent to 100% counting efliciency. If a discriminator voltage of 4 V
is required to reject the photon 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 (88/95) = 93%. Figure 11 also shows that a discriminator setting of 1.5-2 V

can achieve a counting efticiency close to 100% in a field with low photon intensity

(therefore small pile-up). The background counting rates for the moderated BF3 and

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

Table 3 summarizes the neutron response calibration results for the moderated
BF; detector end AB detector at SLAC using radioisotopic neutron sources. The
optimum response values of the detectors for GRN are the values that the authors
rccommend to be used in the accelerator field measurements for the giant resonance
neutrons (GRN), based on the consideration of the detector’s cnergy 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 10~® remn em®. The optinum
response values of the moderated BF3 and AB detectors for GRN are 14.5 counts cm?
1

and 7000 counts mrem™?, respectively.

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

moderated BF; detector can be seen in Reference 23.

Dead time 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 2 puise detector with a dead time
of Ty in a continuous field is well known, and ean he expressed as Equation {7) when

using a nonparalysable modell4:

R

iy g

where
R = True counting rate {counts s’ ).
R = Measured counting rate {counts s™*).

T4 = Dead time of detector (s).
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In a pulse fickd such as that in accelerator facilities, the duty factor of the beam
pulse would affeet the dead time effeet in the [ollowing wayst?L 1§ the beam pulse

tength Ty s bauger thant the dead time Ty, then

Rz — (8)

where
P = Pulse tepetition rate (number of beamn pulse per second).

PTp = Duty factor.

If the pulse leugth T} is shorter than the dead time Ty, then

n
Re=R-¥Fl (! - —’-;) (9)

Most accelerator beams have a pulse length Ty that is shorter than 1 ys and most
health physics neutron instruments have dead time Ty about a {ew microseconds.
Therefore, Equation (8 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 moderalor to become a thermal neutron, and to
reach the seasort also play a role in affecling Lhe dead time correction. Due Lo the
moderation, the short burst of neutrons from a beam pluse is stretched over a longer
periad of tine to be detected by the sensor. Therefore, for the thermal neutron sensor,
the “effective™ Heant pulse length is determined by the moderation time, not by the

physical beam pulse length T,,. Becaase of this and the fact that the moderation time
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is generally around hundreds of microseconds (much longer than Ty), we can replace

Ty with Ty, {mean moderation time) in Equation {8) and establish Equation {10):

R = <10}

The Tin /7y values for the moderated BF3 and the AB delectors were measured to be
about 73 and 14, respe:livclym]‘ tu this case, the parenthetical term in Equation {10}
can e neglected in this case with small error, and Eguation (10) then becomes

Equation (11).

M= —R o AT an
- AT r—1
P Tn
where
Py
TR,

The parameter r is the ratio of the maximnum counting rate that can be measured
(PT,/T4) to the measured counting rate (R). Therelore, r cannot be smaller than

one.

Equation (11) was used by Jenkins for the dead time correction for the moderating
type deteclors measuring neutrons in a pulse ficld®"). Equaiion (11} was derived based
on the assumption that the thermal neutrons detected by the sensor are uniformiy
distributed in time T, after vach beam pulse and, therefore, a mean moderation
time Ty, is used. According to Jenkins®® and Dinter's®! measurements, however,
the neutrou signals recorded in the sensor are roughly distributed exponentially, not

uniformly. If the patalysable modell®!) and the exponential distribution of nestron

12



signals are used, the dead time correction for a moderating type detector in a pulse

field wonlel hel#]

Ry= Rrin—— (12)
r—~1
where ris the same as that in Bguation (1t).

The dead time corrections for the maderated BEy and the AB detectors in pulse
fields with puls» repetition rates of 10 pps and 180 pps are shown in Figure 12. The
correction factor. I = R¢/R from Equalion (11) {nonpara model} or quation (12)
{para model). is to be multiphied to the measured counting rate /£ 10 obtain the true
counting rate fi. A correction factor of two indicates a dead time counting loss of
50%. It can be seen from Figure 12 that:

{1) Due toits higher Ton/Ty value, the moderated BY3 drtector has a lower dead
time courding loss compared to the AB detector for the same measured counting
vate. However, due to the mach bigh detection efficiency of the moderated
By detector (a factor of ~70 higher thau the AB detectar) the moderated
BF; detector bas a larper dead time counting loss {i.c., larger F} than the AB
detector in the same field.

(2) The Jower the pulse repetition vate P. the smaller the » and the larger the
correction factor F. The dead time correction of a detector operated in a pulse
field s obviously much more significant than that operated in a continuous field.

{3} The correction factor predicted with the paralysable model is smaller than that
with the nonparaysable model. Ash el al?8) demonstrated that Equation (12)
(para) i more suitable than Eguation (11} (noupara) to deseriby the dead time
correction of the noderated BFy and AB detectors.

Dinter and Teseht® ave measure” the moderation times and calculated the dead

time vorrections for fonr cammon moderating type renunelers. ‘heir results for the

13

AB remuneter are reproduced in Figure 13 (note that they used different symbols than
ours). The counting loss factor €' in Figure 13 is the inverse of the correction factor F
in Figure 12 (i.e., ¢' = 1/F'). Because the factor (' becomes independent of the pulse
widith Lp for Lp less than 10 ps. the result for 1 s pulse fength is applicable to the

narrow beam pulses that are common to most accelerator facilities.

The way to 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 (12) of 10 mrem 1=,
an AB resmueter in a pulse field of 10 pulses per second and a pulse length {L,) of
{ s would have a counting-loss factor of 96%. Since the true dose equivalent rate
{generally unknown) is used, Figure 13 is not as useflul in estimating the needed dead

tine correction for an AB remuneter used in an unknown field.

A comparison ol the dead time correction for the AB detector predicted with
Figures 12 and {3 is made helow. The SLAC AB detector has a sensitivity of 1.8 ¢ps
per mrem b= for 2*®PuBe. The above-mentioned field of 10 mrem b~} would result
in the reading of an AB remmeter to be 9.6 mrem h™! (because C = 0.96) according
to Figure 13. This is equivalent to a measured counting rate of 1.8 x 9.6 = 17 cps for
the AB detector. Using paralysable model, 17 ¢ps should give an F factor of ~1.07
according to Figure 12 for Equation (12})], which is larger than 1/C = 1.04. Therefore.
the dead time correction for the AB detector (or remmeter) predicted from Figure 13
is smaller than that predicted from the paralysable model in Figure 12. The larger
the counting rate {i.e., the ficld intensity). the Jarger the difference will be.

The importance of the dead time corvection can be shown in the following exam-
ple. In a field of 1 mrem h=' and 10 pps, the dead time correction factor is ~1 Jor
an AB detector (or remmeter) but is 1.1 for the moderated BF; detector baving a

sensitivity of 120 cps per mrem h™?. In a field of 5 mrem h=* and 10 pps. the corve:

1



sponding correction factor is 1.04 for an AB detector and is 2.08 for the moderated

BF; detector.

AB Remmeter

The SLAC AB remmeter. similar to the commercially available SNOOPY rem-
metert 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 AB remimeter 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 alsa shown in Table 3.

Victoreen 488 Neutron Survey Meter

Victoreen Model 488 neutron survey meter is a portable meter similar to the
Eberline 9-inch sphere remmeter instrument. It consists of a boron-lined proportional
counter {1-inch diameter and 6 inches long) which can be inserted into a eylindrical
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
remmeter. The meter is designed to measure neutrons with energy less than 10 MeV.
The meter-head is calibrated Lo read cpm for fast neutron measurement when the
counter is inside the moderator, and to read thermal neutron fluence rate in units of

em™% 57! with bare counter only.

Due to its cylindrical shape. the respouse of the meter is directional-dependent.
The lateriad side of the meter should be toward the radiation source during mea-
surement or calibration. The calibration results of the fast neuiron response of the

Victoreen 488 Neutron Survey Meter are shown in Table 3. The optimun response

value of the meter Lo GRN is 100 cpm per mrem h~}(£20%). The dead time effect

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

Beam Shut-Off Ionization Chamber (BSOIC)

The SLAC-made BSOIC is a special type of tissue-equivalent jonization chamber
used Lo monitor continuously the radiation levels outside the SLAC heam facilities
and trip the beam off automatically if the presetted tripping level is exceeded. A
BSOIC consists of a ten-liter aluminum cylinder {~24 ¢m diameter and ~24 cn
high) filled with one-atm ethane (CyHg), which sits on top of the electronic and
display compcnents. A small 5r-Y source is fixed inside the cylinder to act as a
cantinuous internaf 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 BSQIC is adjusted to readout photon cxposure rate

in units of mR h~'.

The dose equivalent response of the BSOIC to neutrons is also shown in Table 3.
The optimum response value of BSOIC to GRN is ~ 0.12 mRt h™? per mrem h~!. In
a field with an equal amount of photon and nentron 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,

12C Plastic Scintillator Detector

The 12C plastic scintillator detector is a threshald detector used 10 measure high
cuergy neutrons (> 20 MeV) in accelerator ficlds. The detection principle and usage

of the 12C scintillator detector are described as follows.
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Principle

The ueutrons 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 epergy neutrons above 20 MeV, the !2C plastic
scintiliator detector introduced by McCaslin(®! is used at SLAC. The carbon micei
(12C} in a plastic scintillator have the '2C (n, 2n)1'C reaction when interacting with
high energy neutrons. The cross section of the 12C {n,2n)!'C reactionf®32 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 ahove 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, 2C (+,n)!1C, that is im-
portant in electron accelerator facilities} The 12C (y,m)!C reaction has a peak at
~24 MeV photonsi3, 1t is not easy to determine the fractions of gammas and new-
trons that are above 20 MeV in a field. Therefore, to eliminate this high energy
gamma interference, the 2C 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 em for 24 MeV gammas) should be used between

the detector and the radiation source to attenuate the gammas.

t In a proton ! . the i for
reaclions.

are the 12C{p,d)!'C and *C(x, 7n)!'C

Usage

The !2C plastic scintillator detector is basically an activ.tion detector. The HC
product is a pure §* emitter (Eg == 0.98 MeV) and has a half-life of 20.4 r.in. A
2C scintillator (5-in dia. and 5-in height, 1720 gm) is put in the field for cxposure
(activation), and then brought back to the laboratory, and the }1C 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 fight
noize. A layer of mineral oi] between the unpainted side cf the scintillator 21.d the

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

Assuming a plastic scintillator has been exposed in a field for ¢; minutes, the
decay time between the end of exposure and the start of the counting is t4 rninutes
and the counting period is {. minutes, the following equation is used to determine the
saturation activitiy A, dpm:

MG - Bt,)

A= TR S (1 —ew) 13)

where
) = Decay constant of '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?s)B% is used to convert the saturation
activity A, to the neutron fluence rate above 20 MeV. The nentron 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 cquivalent conversion factor of 28 fSv m? for the ncutron spectrum outside
the shielding of a proton accelerator®?) can be used at SLAC to relate the fluence

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

The conversion constant of 104 dpm/(n/cm? 3} is calculated based on the as-
sumption that the scintillator is expased to high energy neutrouy uniformly over the
detector volume and is activated with an effective cross section of 22 mb. Under the
same assumption, the 1C activity should also be uniform inside detector. Therefore,
this 11C scintillator counting system is basically a 47 counting system and the de-
tection efficiency f in Equation (13) is 1, if the counting efficiency is 100% (i.c., }'C

activity is measured at zero discriminator voltage).

However, due to the large background noise signals that will be counted, the
1C activity cannot be measured at zero discriminator voltage. Because the energy
per decay of ®°Co {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 %°Co and '3’Cs and the background counting curve in Figure 16 can be first
established to facilitate the **C counting. The discriminator curve for *Co or P7Cs
in Figure 16 is obtained by irradiating the uncxpascd '2C scintiliator detector with
*Co ur ¥7Cs, using the parsmeter settings in Figure 15. The purpose of establishing
the discriminator curve for ®Co is to have the optisnum setiings for ali parameters
(gain, iV 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 a: zero discriminator voltage is
not much larger than that at ~2 V (it is 110/90 = 1.22 times larger in Figure 16).

The discriminator voltage «urve for ''C connting 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 Vis 13 cps {1 o = 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 imit of the '2C ucintillator detector system, using a criterion of 3 &
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 mrem h~! for neutrons
> 20 MeV.

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

tor and the '}C counting system can be found in References 30 and 34,

Moderated Indium Foil Detector

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 StephensP®l. It was an indium foil encased in a paraffin
sphere (6-in dia.) placed in a cadmium box. The SLAC moderated indium foil
detector s ap 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 ma:.imum and flat fluence energy response for
neutions between 10 keV and 10 MeV.

Incident fast neutrons modcrated by the polyethylene become therma' neutrons
and are absorbed by the indium foil through the '%In(n,7)!*™In and the
"3 In(n, )M In reactions. 3 In has a smaller thermal neutron capture cress sec-
tion (8.1 b) and a smaller abundance (4.3%) than those of ' In (162.3 b and 95.7%,

respectively). The half-life of ™™ In {49.5 d) is also longer than that of %™ In
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(54.2 min). Therefore, only the 48 la(x,v)11% In reaction is important in the neu-
tron field measuremetits using the nioderated indium foil detector. After an exposure
time of ¢, min and a decay time of ¢, min, the foil is brought back to the laberatory for
a counting of 2, min. Equation (13) can be used to determine the saturation activity
A, dpin of the foil. except now that A is 0.0128 min~! for the beta decay of '16™ In,

and the parameters (5, i3 and § are related to the 1% In beta counting syslem.

The GM 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
¥ Cl beta disk source (30 nCi on 11-01-86) to have a counting rate of 569 cps when

the source is counted on the third shelf from the top. The insirument settings are

1000 volt high voltage and 0.5 V discriminatot voltage.

‘The background coutnting rate B of an unexposed indium foil is 21 cpm {1 ¢ =
17%). The detection cfficiency f is not used and, therefare, the neutron fluence rate
fem~? s7!) is reletsa directly with the specific saturation counting rate (cpm g

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

Figure 17 shows the sensitivity (cpm g=! per nfem? s) vs. neutron energy for
the moderated indium foil detector from the calibration works at SLAC and by
Slephons“sl. The moderator thickness is 6-in for both types of detectors and, there-
fore. they should have simiiar relative cnergy response. The Stephens' results arc
scaled to SLACS (T result in Figure 17. The optimum seasitivity value for the
GRN is ~3 cpm g™ per n/cm? s. Assuming the ¢, {4 and £ are all 20 min, the lowest
neutron dose equivalent level corresponding to the detection iimit {3 o background
criterion) for the moderated indium foil detector is 1 mrem h™} of GRN. The respanse
of the moderated indium foil detector for neutrons incident from the end (parallel to

detertor axis) is lower than that from the side by no larger than 10%.
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Bath the '2C 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 Y'C and 54.2 min for "™ [n), they are suitable
to be used in combination for short-term {e.g., 30 min) ficld measurements of high
(> 20 MeV) and fast (< 20 MeV) neutrons, respectively, if the field intensity is stable
during the measurement period. For long-lerm low intensity environmental neutron
monitoring, both the active instrument (moderated BF;3 detectory and the moderated

TLD (deseribed 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 ®LiF/7LiF pair (the 6LiF and TLiF are
LiF teflon disk). The signal of the "LiF clement is used 10 estimate the photon signal
of its paired °LiF element. The net neutron signal of the °LiF element is then used
ta derive the neutron fiuence (ar dase equivalent). The moderated TLD is designed
for the same purpose as that of the moderated indium foil deteclor, i.e., a high and
flat Auence 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) Jow intensity neutron field
monitoring.

Figures 18 and 19 show the neutron sensitivity of the maderated *LiF TLD to five
neutron sources at SLAC in units of V Sv=1 and V em?, respectively (see the curves
with triangle points). These curves are given for the bare TLD with a sensitivity
of 1 V rad~! to 37Cs gammas (the TL light output is in units of valts at SLACY
A pair of SLiF/7LiF is also generally put on the outer surface of the maderator o

that the incident thermal neutrons can be measured. The calibration results for the
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SLIF FLD un the susfave of the moderator are also shown as the curves with open
circle points in Figures 18 and 19, It is clear that the fluence responses (Figure 19) of
the LiF TLDs inside and outside the moderators are tnore encrgy-independent than
their dose equivalent responses {Figure 18). The *LiF TLD outside the moderatar
also has a imuch smalier sensitivity (a factor of ~15) than that inside the inoderator
for SLAC sources. The fluence seusilivity of the moderated SLiF TLD for GRN
estimated from Figure 19 is 6.7 x 107* V em®. The corresponding dose equivalent
sc sitivity is 210 V Sv V(L1 V rem™?). Because the TL output is expressed in terms
of the photommltiplier output, the stability of the TLD light counting system must

be maintained with the light source.

Personnel newtvon TLD

Figures 18 and 19 also show the sensitivity of the fLiF TLD on the surface of the
SLAC water phantom {sce the solid circle points). This is similar to the situation
that a TLD is worn by a person and, hercfore, the catoration resulls of the TLD on
a water phantormn n firures 18 and 19 can be used ‘o estimate the persennel 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
respouse. The fluence sensitivity of the SLiF on a water phantom for GRN estimated
from Figure 19 is 2.2 x 10°* V" em®. The corresponding dose cquivalent sensitivity is

69\ Sv= (0,68 V opem™?).

The difference between the SLiF TLDc on a water phantom and on a moderator
is that there is a cadi i sheet in the moderator to absorb the albedo neutrons in
the modarator  Therefore, the SLiF TLD on a water phantom hus a higher response

{a favtor of 2 1) than that vn & moderwtor. The SLiF TLD on a water phantom
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mensures incident fast neutrons through albedo neutrons, while the *Lif TLD on a

moderator measures only the incident thermal neutrons.

The SLiF TLD outside the moderator has a thermal neutron sensitivity of
150 V rem™" (1.7x 1077 V cm?), according to Jenkins' TLD wallet calibration results.
Because there is no cadmium in the front of the TLD on a water phantom, the incidem
thermal neutrons in the fieid would increase the response of the SLiF TLD. Jenkins!*l
has studied the sensitivity of the SLiF TLD on a water phantom as a function of the
fast/thermal neutron fluence ratio in the SLAC ficlds. It is clvious that the smaller
the fast/thermal ratio, the larger the sensitivity will be. The above-mentioned dose
equivalent sensitivity of 0.69 V rem™! is corresponding (o the TLD result in a field
with a fast/thermal ratio of ~13 (i.c., 7% thermal flnence in the ficld). Jenkins alse
suggestedP®) that, for a typical SLAC field, the most likely fast/thermal ratio is 2.75,

and the corresponding dose equivalent sensitivity is 300 V Sv=! (3 V rem™?).

SUMMARY AND 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. Characteristics of the radioisotopic neutron sources at SLAC.

IpuBe W3PyRe
Souree {MRC-426)  (MRC-425) »0r 2pyn pyF,

il N Y

Ave Energy
{MeV)*® 4.2 4.2 2.2 21 15

0.5

Hall-life (y) 87.74 87.74 2.64 87.74 87.74

811

Neutron

Emission A4 x 1067 800 x 105 492x10%  AS3x10° 789 x 100
Rate (s~'})

on 5/1/90% 10% 10% 3% 15% 20%

2.27 x 108

15%

Table 2. Fluence rates (¢) and dose equivalent rates (H) for ihe five neutron sources
at SLAC on 5/1/90.

Anisotropit
Factor® 1.09 1.06 L1 1.08 107

1.07

Fluence-1o-

Dose

Equivalent

Coaversion

Factor

(rem em?)d 364 x 107 3.64 x 107% 333 x 10"% 333x 1078 2.94 x 10~

1.35 x 10-®

7 Relerence 3; see Figures 1-5 for the spectra.
5 See the traceability section in text.
¢ References 11 and 12,

4 Derived from Reference 13.

29

Source 28pyBe s2cy Pépyp 2WPyF, puli
é4° D5 m 638 17284 1 269 T3
{em~28"1) 1m 160 4346 305 61.2 19
6,/6a® 05 m % 2.5% 3% 35% 3.5%

im 10% 9.0% 12% 12.5% 137%
&* 05 m 657 17819 126 278 80.2
(em” 2871) 1m 176 4737 342 7.6 219
Hat 0.5m 8318 2083.8 148 285 38
{mremb™Y) Im 20.9 520.9 a7 7. 0.99
Ho/Ha* 05m 2% 0.9% 2% 2% 2%

1m % 3.3% 1% % %
H' 05m 855 2103 149 29.1 39
{mremh~!) Tm 22.3 538 A0 76 10

9 LYirect fluence rate ¢g = NF/4xr?, where N := neutron emission rate, F =
anisotropic factor and r is the detector-to-source distance ir em.

o>

Scattered/direct fuence ratio (¢,/¢q) is estimated by using the recipesii®l, ex-
cept that of B2CF is estimated from NBS publication 63304, The height for
both the detector and source is 152 cm (162 cm for Cf).

Total fluence rate ¢ = ¢g + @,.

Direct dose equivalent rate J4 = ¢4 by, where by is the fluence-to-dose equiv-
alent conversion factor,

-

&

-

Scattered/direct dose equivalent ratio {H,/Hj). Sawe derivation method as
note b.

Total dose equivalent rate Jf = Hy+ H,.

~
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Table 3, Neutron tesponse calibration results for the four neutron sources at SLAC
on 5/1/90.

Optitnum
*pyuBe 2pup Wpuk, Ipuli for GRN
Modesated 17 (LR W2 M5 Hh
Detector
(counts cin?) 1% 15% 20% 15%
AB Beteetor 00 TH00 10100 16640 THOG
{counts wrem” 'y 1% 19% PIVA 19%
AB Remmeter 0.63 0.75 0.92 1.4 0.7
{mvasured/true) 17% 2% 2% 18%
Victoreen 485
Neutron Survey
Meter
epmf(mrem bt 100 op 2D 670 100
BSOIC
(mR h=!)/(mrem h=1) 0.09 0.16 0.14 0.30 0.12
NoTE:

1. The percentapge value is the estimated error. It is mainly from the error of the

source strength.

. The optimum value for GRN (giant resonance neutrons) is obtained based on
the consideration of the detector’s energy response, neutrus spectra and the
estitmated errors,

. The backgronnd counting rates for the moderated B3 and the AB detectors
are ~6 cpm and ~] cpm, respectively, at a discriminator voltage of 2 V.

~1

@

(=]

"

FIGURE CAPTIONS

. Neutron spectrum of 2pyBe (¢-awn from the data in Blocks et. al.. 1967).

. Neutron spectrem of *32Cf, narmalized to a total fluence of 1 (reprodneed from

IAEA 1985).

. Neutron spectrum of 2 AmBI. Spectrum of PRPuB is assamed to be the

S

. Newtron spectra of PuFy and AmF™),
. Neutron spectrwn of *83PuLi measnred with four proportional counters!®,
i. The moderated BFy cylindrical detector used at SLAC.

. Calenlated energy response functions of the moderated BF; detector (i exlinder

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

cud (reporduced from Reference 18).

. An Anderson-Braun detector!®).
. Lnergy dependence of the Anderson-Braun detector {from three references).

. The electronic sct-up and parameter settings of the moderated BF; and AB

detectors.

. Typical discriminator voltage counting curves of the moderated BF; and AB

detectors for **¥PuBe with no photon pile up. The extrapolation points at zero

volts (see dashed curves) are the counting rates at 100% counting cfficiency.

. Factor I to be applied 1o the mcasured couniing rate R ta find the true comnting

rate (i.e., ity = RF) for the moderated BF; (10,/T¢ = 73) and AB (75, /T4 = 14)
detectors operated in a pulse field. T and T4 are the mean moderated time
and dead time. respectively. Correction factors from both the paralysable and
nonparalysable models are wiven. A detector with a 7y = 2us operated in a

continuous ficld is also shown for comparison.
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14

. Diagram for determining the counting-loss factor C for an AB remmeter. D =

true mean dose equivalent rate, Dy, = dose equivalent per pulse, Ly = pulse

width and { = pulse per sec.

. Cross sections of C(n, 2n)3C reaction!32 and 120C(4, 1)V C reactiont3.

. The electronic set-up and the parameters settings of the 1*C plastic scintiflator

detector counting system.

. The discrimiuator voltage counting curves for the 12C plastic scintillator detec-
B g P

tor counting systen

. Sensitivity versux average energy of nentron source for moderated indium foil

activation detector. Relalive sensitivity of Stephens’ results?3 are used and are

normalized to SLAC™s *3*Cf data.

. Neutron dose equivalent sensitivity of the 8Lik {which has a P'Cs gamma

sensitivity of 1 'V rad™?) in units of V Sv—t,

Neutron fluence sensitivity of the *LiF {which has a W7Cs gamma sensitivity of

1V rad ™' in units of V om®,
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