QHW Designation: E 2059 — 00a

Standard Practice for
Application and Analysis of Nuclear Research Emulsions for
Fast Neutron Dosimetry *

This standard is issued under the fixed designation E 2059; the number immediately following the designation indicates the year of
original adoption or, in the case of revision, the year of last revision. A number in parentheses indicates the year of last reapproval. A
superscript epsilonej indicates an editorial change since the last revision or reapproval.

1. Scope surements in low power reactor environments have been

1.1 Nuclear Research Emulsions (NRE) have a long an@redominantly based on this\f) reaction. NRE have also
illustrious history of applications in the physical sciences, earttpeen used to measure tfe (.9 "He and the'B (na) "Li
sciences and biological sciencés 2. In the physical sci- reactions by includindLi and *°B in glass specks near the
ences, NRE experiments have led to many fundamental digpid-plane of the NRE8,9). Use of these two reactions does
coveries in such diverse disciplines as nuclear physics, cosmftot provide the general advantages of thep) reaction for
ray physics and high energy physics. In the applied physicdleutron dosimetry in low power reactor environments (see
sciences, NRE have been used in neutron physics experime|§§‘3t'°” 4).Asa consequence, this standarq will b_e restricted to
in both fission and fusion reactor environme(8s6). Numer- the use of the (n,p) reaction for neutron dosimetry in low power
ous NRE neutron experiments can be found in other applie§€actor environments. .
disciplines, such as nuclear engineering, environmental moni- 1.5 Limitations—The NRE method possesses three major
toring and health physics. Given the breadth of NRE applicalimitations for applicability in low power reactor environ-
tions, there exist many textbooks and handbooks that provid@€nts. o _
considerable detail on the techniques used in the NRE method, 1-5-1 Gamma-Ray SensitivityGamma-rays create a sig-
As a consequence, this practice will be restricted to th@lflcantllmltatmnfor_NRE measurements. Above a gamma-ray
application of the NRE method for neutron measurements ii§xPosure of approximately 3R, NRE can become fogged by
reactor physics and nuclear engineering with particular emphg@mma-ray induced electron events. At this level of gamma-
sis on neutron dosimetry in benchmark fields (see Matrid@y €xposure, neutron induced proton-recoil tracks can no
E 706). longer be accurately measured. As a consequence, NRE

1.2 NRE are passive detectors and provide time integrategXPeriments are limited to low power environments such as
reaction rates. As a consequence, NRE provide fluence mefpund in critical assemblies and benchmark fields. Moreover,
surements without the need for time-dependent correctiong@Pplications are only possible in environments where the
such as arise with radiometric (RM) dosimeters (see Tespuildup of radioactivity, for example, fission products, is
Method E 1005). NRE provide permanent records, so thamited. o
optical microscopy observations can be carried out anytime 1.5.2Low Energy Limi—In the measurement of track
after exposure. If necessary, NRE measurements can be fngth for proton recoil events, track length decreases as
peated at any time to examine questionable data or to obtafpfoton-recoil energy decreases. Proton-recoil track length be-
refined results. low approximately 3p in NRE can not be adequately measured

1.3 Since NRE measurements are conducted with optica¥ith optical microscopy techniques. As proton-recoil track
microscopes, high spatial resolution is afforded for fine struclength decreases below approximately 3, it becomes very
ture experiments. The attribute of high spatial resolution caslifficult to measure track length accurately. This 3u track
also be used to determine information on the angular anisot€ngth limit corresponds to a low energy limit of applicability
ropy of the in-situ neutron fiel@4,5,7) It is not possible for N the range of approximately 0.3 to 0.4 MeV for neutron
active detectors to provide such data because of in-sitifduced proton-recoil measurements in NRE.
perturbations and finite-size effects (see Section 11). 1.5.3 Track Density Limi#-The ability to measure proton

1.4 The existence of hydrogen as a major constituent of€coil track length with optical microscopy techniques depends
NRE affords neutron detection through neutron scattering of" frack density. Above a certain track density, a maze or

hydrogen, that is, the well known (n,p) reaction. NRE meaJabyrinth of tracks is created, which precludes the use of
optical microscopy techniques. For manual scanning, this
- — o _ limitation arises above approximately “i@acks/cni, whereas
This_specification is under the jurisdiction of ASTM Committee E10 on jnteractive computer based scanning systems can extend this
Nuclear Technology and Applications, and is the direct responsibility of Subcom-. " . b e
mittee E10.05 on Nuclear Radiation Metrology. limit up to approximately 1 traCk§/C -
Current edition approved June 10, 2000. Published August 2000. 1.6 Neutron Spectrometry (Differential Measurements)

2 The boldface numbers in parentheses refer to the list of references at the end pfgr differential neutron spectrometry measurements in low
the text.
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power reactor environments, NRE experiments can be corspectrometry in reactor environments, NRE measurements up
ducted in two different modes. In the more general mode, NREo 8.0 MeV are possible with very small finite-size corrections
are irradiated in-situ in the low power reactor environment.(14-16)
This mode of NRE experiments is called the fode, since 3.1.1 4w Mode—It has been showr{3-6) that a neutron
the in-situ irradiation creates tracks in all directions (see 3.1.1)luence-spectrum can be deduced from the integral relationship
In special circumstances, where the direction of the neutron + 7 (E) D(E)
flux is known, NRE are oriented parallel to the direction of the M(E) = n, VfE g dE )
neutron flux. In this orientation, one edge of the NRE faces the
incident neutron flux, so that this measurement mode is calledvhere:
the end-on mode. Scanning of proton-recoil tracks is different®(E) neutron fluence in n/(cfaMeV), _
for these two different modes. Subsequent data analysis is als@n(E) neutron-proton scattering cross section {git
different for these two modes (see 3.1.1 and 3.1.2). neutron energyk,

1.7 Neutron Dosimetry (Integral Measurements)RE ~ E neutron or proton energy (MeV),
also afford integral neutron dosimetry through use of the (n,p)™ atomic hydrogen density in the NRE (atoms/
reaction in low power reactor environments. Two different Vv Sg:u);ne of NRE scanned (i and
types of (n,p)_lntegral mode dos_lmetry reactions are pos_'slbIeM (E) proton spectrum (protons/MeV) observed in the
namely the I-integral and the J-integidl0,11) Proton-recoil NRE volumeV at ener

. . . . . gyE.

track scanning for these integral reactions is conducted in a The neutron fluence can be derived from Ed 1 and takes the
different mode than scanning for differential neutron spectrom; "' q
etry (see 3.2). Integral mode data analysis is also different tha fm:

the analysis required for differential neutron spectrometry (see D(E) = -E dv @)
3.2). This practice will emphasize NRE (n,p) integral neutron o (E), V dE
dosimetry, because of the utility and advantages of integral Eq 2 reveals that the neutron fluence spectrum at eriérgy
mode measurements in low power benchmark fields. depends upon the slope of the proton spectrum at ererdg
a consequence, approximately*1facks must be measured to
2. Referenced Documents give statistical accuracies of the order of 10 % in the neutron
2.1 ASTM Standards: fluence spectrum (with a corresponding energy resolution of
E 706 Matrix for Light Water Reactor Pressure Vesselthe order of 10 %). It must be emphasized that spectral
Surveillance Standards measurements determined with NRE in the #node are

E 854 Test Method for Application and Analysis of Solid absolute.
State Track Recorders (SSTR) Monitors for Reactor Sur- 3.1.2 End-On Mode-Differential neutron spectrometry
veillancé with NRE is considerably simplified when the direction of
E 910 Test Method for Application and Analysis of Helium neutron incidence is known, such as for irradiations in colli-
Accumulation Fluence Monitors (HAFM) for Reactor mated or unidirectional neutron beams. In such exposures, the
Vessel Surveillance kinematics of (n,p) scattering can be used to determine neutron
E 944 Guide for Application of Neutron Spectrum Adjust- energy. Observation of proton-recoil direction and proton-
ment Methods in Reactor Surveillarice recoil track length provide the angle of proton scattering
E 1005 Test Method for Application and Analysis of Radio- relative to the incident neutron directioh and the proton
metric Monitors for Reactor Vessel Surveilladce energy E,,, respectively. In terms of these observations, the
neutron energy, is simply:
3. Alternate Modes of NRE Neutron Measurements
3.1 Neutron Spectrum Measuremert¥he neutron energy
range of interest in reactors environments covers approxi- ) L ) o
mately nine orders of magnitude, extending from thermal In c_olllr_nated or unidirectional neutron |r_rad|at|0ns, the
energies up to approximately 20 MeV. No single method ofémulsion is exposed end-on as deplc_ted in Elg. 1. The end-on
neutron spectrometry exists that can completely cover thi§l0de can be used to advantage in media where neutron
energy range of intere¢12). Work with proton-recoil propor- ~ Scattering is negligible for two types of benchmark field
tional counters has not been extended beyond a few MeV, du&pPeriments, namely: o
to the escape of more energetic protons from the finite sensitive 3-1.2.1 Benchmark field validation of the NRE method or
volume of the counter. In fact, correction of in-situ proportionalCh"’“""Cteg'Z‘it'On of point neutron sources, for example, the
counters for such finite-size effects can be non-negligibléta”dara “Cf neutron field at the National Institute of Stan-
above 0.5 MeV(13). Finite-size effects are much more dards and Technology (NISTL?).
manageable in NRE because of the reduced range of recoil 3-1.2.2 Measurement of leakage neutron spectra at suffi-
protons. As a consequence, NRE fast neutron spectrometry hgi€ntly large distances from the neutron source, for example,

been applied at energies up to 15 Me8). For in-situ  Neutron spectrum measurements at the Little Boy Replica
(LBR) benchmark field18).

3.2 Integral Mode—lt is possible to use emulsion data to
3 Annual Book of ASTM Standardéol 02.02. obtain both differential and integral spectral information.
4 Annual Book of ASTM Standardgol 14.02. Emulsion work is customarily carried out in the differential

E =2 ®)
" co< 6
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FIG. 1 Geometrical Configuration for End-On Irradiation of NRE

mode (3-6). In contrast, NRE work in the integral mode is a 3.2.2 The J Integral Relation-The second integral relation
more recent concept and, therefore, a fuller explanation of thisan be obtained by integration of the observed proton spectrum
approach is included below. In this integral mode, NREM (E;). From Eq 1:

provide absolute integral reaction rates, which can be used in . . - (E)

spectral adjustment codes. Before these recent efforts, such f EmmM(ET)dET =nV f EmdeT f ETT@(E)dE Q)
codes have not utilized integral reaction rates based on NRE. _ )
The significance of NRE integral reaction rates stems from the Were: Emi, iS the lower proton energy cut-off used in
underlying response, which is based on the elastic scatterir@‘alyz'”g the NRE data. Introducing into Eq 7 the definitions:

cross section of hydrogen. This,, (E) cross section is WE, ) = fﬁ M(E;)dE; ®)
universally accepted as a standard cross section and is known Enin
to an accuracy of approximately 1 %. and:
3.2.1 The | Integral Relation-The first integral relationship i - o(E)
follows directly from Eq 1. The integral in Eq 1 can be defined JEmin) = fE dE; fE - @) 9)
as: m T
has:
1€ = [T B o de 4
E)= [ . 0@ @) B ) = MEmo) 10)

Herel (E;) possesses units of proton-recoil tracks/MeV per MoV

hydrogen atom. Clearly(E;) is a function of the lower proton ~ Hence, the second integral relation, namely Eq 10, can be
energy cut-off used for analyzing the emulsion data. Using E@xpressed in a form analogous to the first integral relation,

4 in Eq 1, one finds the integral relation: namely Eq 5. Here |H,;,) is the integral number of proton-
M(E;) recoil tracks per hydrogen atom observed above an ertergy
I(Ep) = T\/T (5)  inthe NRE. Consequently the integth(E,,;,) possesses units

of proton-recoil tracks per hydrogen atom. The integial

| (E;) is evaluated by using a least squares fit of the scannin% ) can be reduced to the form:
min. .

data in the neighborhood & = E.. Alternatively, since:

dRE) JEin) = f ) <1—EEm>a(E)<I>(E)dE (11)
M(Ep) = M(Ry) g~ (6) Enin

In addition by using Eq 6, the observableE}y(,) can be

where:R (E) is the proton-recoil range at energyin the expressed in the form:

NRE and dR/JE is known from the proton range-energy
relation for the NRE. One need only determiie(R) in the H(E, ) = f* M(R)dR (12)
neighborhood b R = R;. Here M(R) is the number of Ruin

proton-recoil tracks/micron observed in the NRE. Conse- Hence, to determine the second integral relationship, one
guently, scanning efforts can be concentrated in the neighboneed only count proton-recoil tracks aboRe= R,;,. Tracks
hood ofR = R in order to determiné (E;). In this manner, the considerably longer thamR,;, need not be measured, but
accuracy attained in(E;) is comparable to the accuracy of the simply counted. However, for tracks in the neighborhoo®of
differential determination of(E), as based on Eq 2, but with = R,,,, track length must be measured so that an accurate
a significantly reduced scanning effort. lower boundR,,;, can be effectively determined.
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4. Significance and Use reaction threshold variability extends down to approximately

0.3 to 0.4 MeV, which is the lower limit of applicability of the

cmRE method. Threshold variation is readily accomplished by
ing different lower bounds of proton track length to analyze

4.1 Integral Mode Dosimetrr-As shown in 3.2, two differ-
ent integral relationships can be established using proton-rec
emulsion data. These two integral reactions can be obtain . o
with roughly an order of magnitude reduction in scanning RE proton-recoil track length distributions. Furthermore,

effort. Consequently this integral mode is an important comple!hese NRE thresholds are more accurately defined than the

mentary alternative to the customary differential mode of NREcorrespond_ing thresholds of all other fast neutron dosimetry
spectrometry. The integral mode can be applied over extendd0SS sections. NRE therefore provide a response with an

spatial regions, for example, perhaps up to as many as teqﬁt]remely sharp;.ener%y tcutoff that |sthnot r?nllé/ tuhnrpgtc.hzd by
in-situ locations can be covered for the same scanning effo er cross sections, but an energy thresho at 1S indepen-

that is expended for a single differential measurement. Henc ent of the in-situ neutron spectrum. No other fast heutron
the integral mode is especially advantageous for dosimetr osimetry cross sections possess a threshold response with

applications which require extensive spatial mapping, such ag'€Se significant attributes. The behavior of the I-integral and
exist in Light Water Reactor-Pressure Vessel (L\}VR-PV) -integral response for different threshold energies is shown in
benchmark fields (see Test Method E 1005). In low powet Igs.h ?63%\?(1 ? res;pecnve(ljy,_ EM%om_partlson to the
benchmark fields, NRE can be used as integral dosimeters in Qres 0 p(n.f) reaction used in OSIMEtry.

manner similar to RM, solid state track recorders (SSTR) and 4.5 Compllm_entary_ Energy Resporsd is Of_ interest to
helium accumulation monitors (HAFM) neutron dosimeterscompare the differential energy responses available from these

Test Meth E 854 E910). | o igjwo integral relations. From Eq 4 and 11, one finds_ responses
(see Test Methods E854 and E 910). In addition to spatla%f the forma(E)/E and (1 -E,,,;/E)o(E) for the | and J integral

mapping advantages of these other dosimetry methods, NR . . .
bping g 4 lations, respectively. These two responses are compared in

offer fine spatial resolution and can therefore be used in-situ for® ;

fine structure measurements. In integral mode scanning, boglg' 4 using a common cut-off of 0.5 MeV for bOE.Jr andEm"T

absolute reaction rates, that is {jiand JE,,,;,), are determined Ince these_ two responses are sgbstanhally d!fferent, simulta-
! ns ngous application of these two integral relations would be

simultaneously. Separate software codes need to be used L

: : : . . ighly advantageous. As shown in Fig. 4, the energy response
permit operation of a computer based interactive system in thgfgthg land J in?egral reaction rates cogmpliment eacghyotherr) The
integral mode (see Section 9). It should be noted that the'. . - ; :
integrals IE) aSnd JE,.) posiess different units, namely -integral response increases with increasing neutron energy

T. min ’

. .above the threshold value and therefore possesses an ener
proton-recoil tracks/MeV per hydrogen atom and prOton_recmfé}ependence qualitatively similar to most fgst neutron dosim-gy
tracks per hydrogen atom, respectively. : A o .

42;) i yb'l'tg for Spect FI)Ad' i/ ¢ Codesn th etry cross sections. However, significant quantitative differ-
- ' lpp '%Ia I;\IyREor p%c rab lllis r_n?n Io r; € ; ences exist. As discussed above, the J-integral response is more
Lﬂ ef[gra rgo &, di pr(t)V| €a sto u el n etgra reac '%’7 r? e3ccurately defined in terms of both the energy-dependent cross

"‘(‘j can be Lése.d |nEngz4ronl S?ﬁc rumt eas hsqléarets a JltJS r?j%@tction and threshold energy definition. The l-integral pos-
co ﬁjs (s?e t'I'UI ?\IRE . t) n | e p:’;tls, Suf abjus men fc?hg sses a maximum value at the threshold energy and decreases
couid not utilize integral reaction rates because o ?apidly from this maximum value as neutron energy increases
non-existence of NRE data. NRE integral reaction rates Prozpove the threshold value. As can be seen in Fig. 4, the
vide unique benchmark data for use in least squares SpeCtrﬁTntegral possesses a much more narrowly defined er,1ergy

adJ“St”?e”t codes. The unique si.gnificance.of NRE integra\l&sponse than the J-integral. While the J-integral response is
data arises from a number of attributes, which are describe

separately below. Thus, inclusion of NRE integral reaction rate

data in the spectral adjustment calculations can result in a CURVE IS I-INTEGRAL RESPONSE
significant improvement in the determination of neutron spec- PN aoon oanTs ARE fp-237

tra in low power benchmark fields.

4.3 The Neutron Scattering Cross Section of Hydregen “'aﬁ x * ¥ 4 t.7%0
Integral NRE reaction rates are based on the standard neutron 12.83 « * 1.578
scattering cross section of hydrogen. For fast neutron spec- “-ZH - 1.420

trometry and dosimetry applications, the accuracy of this (n,p) 9.a} . 1.225

cross section over extended energy regions is essentially
unmatched. A semi-empirical representation of the energy-

j- INTEGRAL IN BERNS PER MeV
m
~
"

s NI NOILDIS §S0HD NOISSI4 <€2-dN

. L.
..
dependence of the (n,p) cross section is given in Eq 13. 9.782
Onp (E) = 3w [1.20€E + (-1.860+ 0.094149E + 0.000130658%)°]* @.523
+ m[1.20€E + (0.4223+ 0.130@E)?]* (13) 8.358
. L. . . 178
where: E is in MeV ando,4(E) is in barns. This energy- a‘l“‘
dependent representation of timgg) cross section possesses an e n @ % @ ©
. . MmN =N e ® 8w 8B
uncertainty of approximately 1 % at theo(Llevel (19). 4 IR S R R e s
4.4 Threshold Energy DefinitieaIn contrast with all other NEUTRON EMERGY IN MeV
fast neUtrO”_ dosimetry cross sections, the thr95h0|d energy @|G. 2 Comparison of the I-Integral Response with the  23’Np (n,f)
the | and J integral reaction rates can be varied. NRE integral Threshold Reaction
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3~INTEGRAL RESPONSE FUNCTIONS 5.7 Optical Microscopes-Optical microscopes are required
e ater taa ! pabany L3342 for NRE scanning with a magnification of 1000X or higher,
Np-237 FISSION CROSS SECTION utilizing oil immersion techniques. Microscope stages should

] be graduated with position readout to better than 1 um and

) should also possess at least 1 um repositioning accuracy. The
: depth of focus (z-coordinate) should be controlled to the
nearest 0.1 um with similar repositioning accuracy. Calibrated
stage micrometers and graduated eyepiece grids (reticles) are
also required for track scanning.

5.8 Filar Micrometer—A filar micrometer is required for
measuring thickness with electronic readout to at least the
nearest 0.1 um.

5.9 Dial Gages—Dial thickness gages are required with
readout scales of at least 2 um per division.

5.10 Scribes—Diamond point scribes are required for mark-
ing NRE glass backing with suitable pre-irradiation identifica-

. . .
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FIG. 3 Comparison of the J-Integral Response for ~ E;= 0.404, tion labels .
0.484, 0.554 and 0.620 MeV with the 2*’Np (n,f) Threshold 5.11 Thermometers-Thermometers are required for mea-
Reaction suring temperature with readout to at least the nearest 0.1°C.

5.12 Interactive Scanning SystesA computer based inter-
broadly distributed, most of the I-integral response is concenactive scanning system is required for the measurement of
trated in the neutron energy just above threshold. As @roton-recoil track length in NRE. Hardware and software
consequence, the I-integral reaction rate data generally proequirements are described in Section 9.
vides a more rigorous test of the ability of neutron transport ,
calculations to describe the complex spatial and energy vari: Réagents and Materials
tions that exist in benchmark fields than does the J-integral 6.1 Purity of Reagents-Distilled or demineralized water
data. This conclusion is supported by the calculation tcand analytical grade reagents should be used at all times.
experiment ratios (C/E) obtained from NRE experiments in the 6.2 Reagents-Tables 1-4 provide detailed specifications
VENUS-1 LWR-PV benchmark field. For these VENUS-1 for the processing solutions.

NRE experiments, the C/E values for the | integral possessed 6.2.1 Developing Solutior-As specified in Table 1, Ami-
larger variation and deviated more widely from unity than thedol, 2,4-Diaminophenol Dihydrochloride is used to develop

corresponding C/E values for the J-integf20). the NRE (Eastman Organic Chemicals, No. P 614, other
commercially prepared amidol developers also work well.) The
5. Apparatus anti-fog solution specified in Table 2 is used to suppress

5.1 Dark Room—A dark room equipped with a sink, pro- chemical fog and prevent the development of gamma-ray
cessing baths and a safe light. There should be adequate beriniuced electron tracks and thereby improve proton-recoil
space in the dark room for pre-irradiation preparation of NRErack length measurements.
as well as for the transfer of NRE between processing trays. 6.2.2 Stop Bath Solutior-The stop bath solution should be

5.2 Constant Temperature BathsThe constant temperature a 1 % glacial acedic acid in distilled water.
baths in the dark room should posses temperature control to 6.2.3 Fixing Solution—A fixing solution containing sodium
0.1°C. One cooling bath should be equipped with a circulatinghiosulfate (hypo) and sodium bisulfite is required (see Table
pump so that tap water can be circulated through the coils a8).
the processing bath. One thermostatically controlled process- 6.2.4 Drying Solutions—Two drying solutions of glycerine,

ing bath. ethyl alcohol, and distilled water are required (see Table 4).
5.3 Refrigerato—The dark room should be equipped witha 6.3 Materials
refrigerator for storing reagents and chemicals. 6.3.1 Emulsions—liford type L-4 NRE, 200 and 400 pm

5.4 Stainless Steel TraysStainless steel (SS) trays and thick pellicles, mounted on glass backing. The glass backing is
cover lids are required, approximately 25 by 15 cm in area byapproximately 2.5 by 7.5 cm in area by 1 mm thick.
2.5 cm deep, for NRE processing. o )

5.5 Racks—Racks are required to position and hold the SS7- Pre-lrradiation NRE Preparation
trays in the constant temperature baths. These racks hold the SS7.1 NRE Preparatior—~The NRE should be cut to an
trays in the constant temperature bath so that the top of the S®ceptable size in the dark room. A safe light with a yellow
trays project above the bath surface by approximately 0.5 cnfilter may be used. The diamond point scribe should be used to

5.6 Cooling Coi—A cooling coil is required that is im- rule the glass backing undersurface of the NRE and the glass
mersed in the constant temperature bath which and connectédcking can then be snapped along the rule marks to obtain the
by a suitable tube to the cold water tap. Another identical tubelesired NRE dosimeter size. NRE dosimeters down to approxi-
must serve as a drain line from the cooling coil to the sink. Anmately 5 by 5 mm area can be readily obtained. The diamond
in-line valve for control of tap water flow should be installed sopoint scribe should then be used to mark an ID number on the
that a small steady stream of water can be regulated. undersurface of the glass backing. The NRE should then be
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TABLE 1 Developing Solution # TABLE 4 Drying Solutions
Reagent Volume/Mass Volume, %
. Reagent Solution 1 Solution 2
Distilled Water 1oL Distilled Water 35 0.00
Boric Acid Crystals 3.0¢ .
Potassium Bromide 1.0g¢g Glycerine 30 30
X oA

Desiccated Na,SO, 50 g Ethyl Alcohol (95%) 35 70

Amidol 209 AAbsolute alcohol should not be used, since it contains traces of benzene.
Anti-Fog Solution 6.0 cc

“Chemicals dissolved in order listed at room temperature. deployed in Al or Cd buckets for the irradiation, this assembly

procedure should also be conducted in the dark room if at all

TABLE 2 Anti-Fog Stock Solution possible. It will then be necessary to transcribe the NRE ID

Reagent Volume/Mass number and orientation information to the outer surface of the
Ethylene Glycol (50°C) 175 cc irradiation bucket. A knowledge of NRE orientation together
Kodak Anti-Fog #14 41.68 g

with a complete record of proton-recoil scanning data (see

hyl Glycol ~ B . . .
Elhylene Beo e Section 9 can then be used to determine any anisotropy of the

ADissolve in warm ((50°C)) Ethylene Glycol

BCool to 24°C and Add cool Ethylene glycol to make 250 cc. In-situ neUtron_ field. L.
7.2 NRE Thickness Measuremento measure the original
TABLE 3 Fixing Solution A thickness of the emulsion, HQ, place the glass undersurfacg of
the NRE on a flat surface in the dark room. Use the dial
Reagent Volume/Mass . . .
— thickness gauge to measure the thickness of the emulsion and
isited Eﬁ?g’;) 4éOLg glass backing. Repeat this measurement five to ten times so
29923 . . . . .
NaHS0,5 104 that a precise average is obtained. The glass backing thickness
AChemicals dissolved in order listed at room temperature. is determined after irradiation and post-irradiation processing
BIf Na,S,05 is used, decrease mass by a factor of 0.87. (see 8.8).

wrapped in lens paper and then in aluminum fe#0(002 cm 8. Post-lrradiation Processing Procedures

thick) for further handling and to prevent exposure to light. The 8.1 Processing procedures will depend to some extent on the
NRE ID number can then be written on the Al-foil wrapping particular batch of llford NRE that are used. Consequently,
with an indelible pen. If it is necessary to know the orientationwhile the processing procedures recommended below will not
of the NRE in the irradiation field, the undersurface NRE glasshecessarily be optimum for any given batch, these procedures
backing is marked with an indelible pen to provide a knowncan be used as a starting point to attain optimum procedures
orientation for the NRE. This marking orientation must then bedesired for the specific NRE neutron dosimetry application
transcribed to the Al-foil wrapping. The NRE can then beunder consideration. Table 5 summarizes the various steps
removed from the dark room. However, if the NRE are to beutilized in the post-irradiation NRE processing procedures.



v £ 2059

TABLE 5 Summary of NRE Processing Steps the refrigerator. Remove the fixing solution from the refrigera-
i Temperature, Time Duration tor and fill a SS tray at least half-way with the fixing solution.
Step Solution °c 20047 400y Place the SS tray in the processing bath until the fixing solution
Pre-soaking Distilled H,0 2 1h oh comes to equilibrium at 5°C. Remove both the stop-bath tray
Developing-1  See Tables 1 and 2 1.2 1h 2.5h and the fixing solution trays from the processing bath onto a
Developing-2  See Tables 1 and 2 5 85t 40min 35t040min  convenient flat surface in the dark room. Rapidly transfer the
Stop Bath 1 % Glacial Acedic 5 15 to 20 min 1h _ .
Acid NRE from the stop-bath tray to the fixing solution tray. Replace
Fixing See Table 3 5 2hto1Day 2to3Days the fixing solution tray back into the processing bath. The
Washing Tap Water 6 1 Day 1 Day fixing solution dissolves the undeveloped silver bromide grains
Drying-1 See Table 4 5 1h 25h .
Drying-2 See Table 4 5 1h 25h in the' NRE, so that the NRE becpme transpareqt for trqck
Allford L-4 NRE thickness in microns. scanning purposes. The residence time of the NRE in the fixing

solution depends on NRE thickness. For 200 um NRE, it takes
_ _ ) several hours to a day. For 400 um NRE, it can take several

8.1.1 Pre-Soaking Step-Use a mixture of approximately gays. The NRE should remain in the fixing solution approxi-
50 % distilled water and 50 % ethylene glycol in the cooling mately 1.5 times the time duration that it takes for the NRE to
bath to maintain a temperature of 2°C. Fill a SS tray withcjear, When using the fixing solution for several days, as
distilled water. Pre-cool the distilled water soaking solution t0,eeded for the 400 um NRE, replenish the fixing solution at

5°C before inserting the NRE into the distilled water. This will |55t once a day by pouring off 50 % of the old solution and
keep the NRE swelling to a minimum. Insert the SS trays intoadding 50 % new fixing solution.

the 2°C bath. The purpose of the pre-soaking step is to
facilitate uniform penetration of the Amidol developer through-
out the full thickness of the NRE. In this way, development will

8.6 NRE Washing-The fixing solution needs to be thor-
oughly removed from the NRE. This washing process can be

be uniform, that is, independent of depth (denoted by the done in daylight. Actually, the darkroom (bright) lights can be

: furned on as soon as the fixing process is completed. Wash the
Kloé)édlig?t; )H Pre-soak 200p L-4 NRErfd h and 400k L-4 | pe'\ith 4 stream of tap water, which runs through coils at the

bottom of the 1.2°C cooling bath. Let cold tap water run slowly

8.2 Developing Step at 1.22EPrepare a fresh development o .
solution as prescribed in Tables 1 and 2. Place the developmeWrrough a tube fo the coils n the coplmg baih and then through
tube to an empty SS tray in the sink. A good control valve is

solution in a SS tray and insert the tray into the cooling bath aft .
1.2°C. Transfer the NRE directly from the pre-soaking solutionneeded on the tube carrying the cold tap Water SO as to ensure
to the development solution. The rate of NRE development i gorc])d ev?n flow (t)f Wa;%réc\:N?en Te ;/;/]at?.r W(\jthe tquy has
very sensitive to the temperature of the developer. Use of th ac tﬁs gsimpgri#resoc b 'Eh rtanti e: e 'i(r? QT(UTS;?ntS
low 1.2°C temperature provides enhanced developer penetr om (; Idraylr_1 eh SSa 0 | N lray In the sink. % ap
tion with very little actual development. The length of time thewa@er should run into the : trqy SIOWly S0 as pot to produce
NRE remain in the 1.2°C developer depends on the NRE: significant stream that might distort the emulsions. The NRE

thickness. Develop lliford L-4 200 and 400u NRE for approxi-ShOUId be washed in this manner for approximately 24 h.
mately 1 h and 2.5 h, respectively. 8.7 Drying Solution Steps-The NRE obtained from the
8.3 Developing Step at 52GTransfer the tray containing Washing step are swelled with water to two to three times the
the NRE in the development solution from the cooling bath ariginal thickness. The purpose of the drying solution step is to
1.2°C to the processing bath which is maintained at 5°C. Heré&emove the water and thereby reduce distortion and at the same
a development time of approximately 35 to 40 min can be usedime provide for more precise thickness (z-coordinate) mea-
independent of NRE thickness. surements. Two drying solutions are prepared as prescribed in
8.4 Stop-Bath Step-The stop-bath solution (1% glacial Table 4. The two drying solutions are placed into SS trays and
acedic acid in distilled water) should be pre-mixed and stored@/lowed to come to equilibrium in the 5°C processing bath.
in a plastic bottle in the refrigerator. Fill another SS tray with Using some convenient flat surface in the dark room, the NRE
stop-bath solution and place the tray in the processing tank s¥e transferred from the washing tray to SS tray containing the
it cools to the 5°C temperature of the processing bath. Removié'st drying solution. The SS tray containing the NRE in the
both trays from the processing bath and place the trays on fist drying solution is placed in the 5°C processing tank for
convenient flat surface in the dark room. Rapidly transfer thetpproximatef 1 h for 200p NRE and 2.5 h for 400u NRE. This
NRE from the developer tray into the stop-bath tray and placé&tep is repeated with the second drying solution. Upon removal
the stop-bath tray back into the processing bath. Care should @m the second drying solution, the NRE can be placed
exercised to avoid touching the NRE surface. The NRE shoulfemulsion side up) on a flat surface so that the NRE can be
be handled by holding the glass backing. The time duration thagently blotted to remove the excess drying solution. The NRE
the NRE remain in the stop-bath solution depends on NRE€ then air dried at room temperature for at least 24 h. In this
thickness. For 200 pm NRE, approximately 15 to 20 min will drying process, the water in the NRE is replaced with alcohol
do, whereas approximately 60 min should be used for 400 urwhich, in turn, evaporates and glycerine replaces the silver
NRE. The Stop-bath solution Changes the ph of the NRE to Stopromide that was in the unprocessed emulsions. (Actually, the
development. glycerine fills the holes from which the silver bromide was
8.5 Fixing Solution Step at 5°G-The fixing solution (see removed in the fixing process.)
Table 3) should be pre-mixed and stored in a plastic bottle in 8.8 Post-Irradiation NRE Thickness Measuremen#sfter
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processing is complete, place the NRE on edge under system.An operator must interact with the system to obtain the
microscope equipped with a filar micrometer eyepiece. Meadesired results. The joystick and push button controls are used
sure the glass backing and processed emulsion thickness set parameters and boundaries, focus, locate tracks, measure
separately. Make 5 to 10 observations of each thickness so thaack lengths, categorize, and store track data. TheY( 4

a precise average of both the emulsion thickness and the glastage motion, including depth, that is, focus, of the microscope
backing thickness can be determined. These data provide the performed by the computer under operator control. The
processed NRE thickness, HP, and the glass backing thicknesesmputer receives all operator instructions, moves the stage as
can then be used with the pre-irradiation thickness measurairected, and stores positional information on command. Soft-
ments to determine the original NRE thickness, HO. To obtairware programs, stored on computer disks, provide the flexibil-
the true z-coordinate position in the (irradiated) NRE,from ity needed to conveniently tailor operating, storage, and data

the observed z-coordinate,,, one must use the relation presentation formats to satisfy different experiments and scan-
HO ning modes.
Z4r = {p Zobs (14) 9.2 Scanning Coordinate System# Cartesian coordinate

. . . system G, R, § is used to describe field locations in the
8.9 NRE Microscope MountingThe processed NRE is emulsion; whereas, another Cartesian coordinate syste (

mounted on a watch glass (microscope cover glass), which i . ! X : . .
. - . ' is used to describe track-ending locations in the emulsion.
ce_mented in a rigid frame that can, in turn, pe attached to th?he perimeters of a reticle Iocatged in the eyepiece of the
microscope stage. When NRE are not being scanned, ther%icroscope serve as tle, Rboundaries of the field of view.

should be stored in Petrie dishes under controlled temperaturﬁ] . i . .
o " . e Scoordinate is the depth or focus coordinate. In using the
and humidity conditions. Standard room temperature is accept-

. S . Interactive (ESP) system, the selected emulsion is divided into
able, but 50 % relative humidity is preferable, since thea number of field volumes. The volume of a field corresponds
glycerine is somewhat hydroscopic. Large changes in humidit¥ h f 2 field of vi s h | hp fth
during storage should be avoided. o the area of a fie d_o view times the prese ected d(_apt of the

emulsion as shown in Fig. 7. The distank8 is prescribed in
order that scanning be primarily confined to the interior of the
emulsion, where proton-recoil escape probabilities are either

9.1 Instrumentatior-The principal disadvantage of the pegligible or small. Hence, a field volume FV is given by the
NRE method of fast neutron dosimetry is the need to measurgjation:

proton-recoil track length for many tracks. Accurate differen-
. . FV=AG-AR-S (15)
tial spectrometry measurements require measurement of ap-
proximately 10 tracks, so that many hours of scanning are To provide orientation for track scanning from day-to-day as
required. To facilitate proton-recoil track length measurementgvell as between different scanners, a zero reference point must
and provide a much more cost-effective measurement systere chosen on the emulsion. To this end, a needle having a red
a computer-based interactive system is indispensable. Suchdye on its tip is mounted on a microscope objective holder and
system can store all the (3D) scanning information, in detail, ats used to pierce the emulsion surface thereby leaving a red
well as provide on-line computations for individual track Spot. A color microphotograph is taken of the spot. A proton
analysis. To conduct all of these operations manually would b&ack escaping from the top surface of the emulsion is selected
impractical. Such a computer-based interactive system wagear the spot. The zero reference pot: O,R= 0, S= O,
built and used successfully for NRE neutron dosimetry somés then stored as the point of escape of this proton-recoil track.
time ago (17). The specifications and scanning procedures 9.3 Track Scanning-The actual measurement of a typical
given here are based on this system, which was called thigack in an emulsion using the interactive ESP system is
Emulsion Scanning Processor (ESP). Since the ESP syste@iescribed below. Fig. 8 shows the ESP controls in more detail.
was built some time ago, many of the components of the ESPperations with the left (L) and right (R) push buttons are
system are outdated because of the rapid development sfimmarized in Table 7. The left joystick controls théfocus)
computer technology that has ensued. Consequently, to fabfposition, whereas, the right joystick controls bothand Y
cate such a system today, one should only use this descriptigrositions. The design of the interactive system permits perfor-
as an overall guide and replace all components with state-ofnance of all track scanning and recording activities without
the-art components, which will be invariably faster, moreinterrupting the observation of proton-recoil tracks in the NRE.
reliable and less expensive. 9.3.1 Recording the Zero Reference Peithe emulsion is
9.1.1 Overall Desigr—Some of the major considerations in clamped to the microscope stage, and a disk containing the
the development of an interactive system for NRE scanning areperating program for the interactive (ESP) system is inserted
simplicity, ease of operation, stability, and reliability of perfor- in the computer system. The first step is to bring the zero
mance. In the design of the interactive system, the flexibilityreference point into focus under the reticle cross hair, that is,
and power of computer control should be utilized to thethe exact center of the reticle grid. Pressing push button 3R
maximum possible extent. A photograph of the ESP system iésee Table 7) stores the coordinates of the zero reference point
provided in Fig. 5. Shown on the laboratory bench is theG =0, R=0,S= 0 on a (scanning) data disk.
microscope, terminal, and joystick control boxes with push 9.3.2 Field of View Parameters-The scanner must then
buttons. All other components are housed in the equipmennheasure a number of parameters that are to be used in the
rack. The major system components are listed in Table 6. Figanalysis of the proton-recoil track scanning data. The field
6 shows an overall interconnection block diagram of the ESRvidth AG and field heightAR must both be measured. To

9. Track Scanning
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MICROSCOPE
KEYBOARD

FLOPPY
DISKS
X Y. Z ‘1 ==
INDEXERSESabdd ddd
‘I 8- - STAGE
) CONTROLS
FIG. 5 Photograph of the Components Comprising the ESP System
TABLE 6 Equipment for the Emulsion Scanning Processor (ESP) well as the original thickness, HO, of the NRE before process-
Component Manufacturer ing. With these operations completed, the computer will
Universal Microscope System Carl Zeiss calculate the number of fields of view contained within the
Comguteft_Tifmi"a' BeehiVTe ii?tef_ﬂaﬁOﬂa' boundary prescribed by G, and R,., as depicted in Fig. 9.
oysticks ektronic i . i A
Computer DEC PDP 11/03-L 9.3.3 Field of View Selectior-The microscope is then
S IPFc;wer s;p;in_ cha I;I_EC HD740dS automatically moved to a field of view to be scanned. Fields
ua oppy DIs rve arles River Data Systems H . -
Indexers Superior Electric SP153 can be scanned either se_quent|ally by rows, Where_ con_secutlve
Interface J. F. Microsystem fields are ordered according to the mat&R)) or by directing
Bus Expander HEDL the interactive system to a prescribed fie@R), which is

obtained by entering the integerk,jj at the computer key-

measure the field widtAG, a track ending is moved to the left board. _ . _

edge of the field reticle and its position is stored. Next, the 9-3.4 NRE Thickness MeasurementVhen the field of view
same track ending is moved to the right edge of the field reticldS reached, the emulsion thickness is measured by first focusing
and its new position is stored, whereupon the computer wilPh the top surface, then on the bottom surface, and recording
automatically retrace and calculate the field widis in  the respective S levels with push button 2R. The computer
microns. The field heighAR is measured in the same fashion calculates the NRE thickness and automatically returns the
except the track ending is moved to the top and bottom edggocus to the preselected deplls, as measured from the top of

of the reticle. These measurements can be repeated to obtdlie emulsion (see Fig. 7). In this way, the thickness of the
average values foAG and AR in establishing field-of-view processed NRE is measured for each field that is scanned. The
parameters. Other parameters that must be operator-prescribgitials of the operator must be entered for each field scanned.
include the area limits, G, and R,., Which define the This permits comparisons between scanning results of different
maximum traverses in the G and R directions, respectively, agdividuals as well as comparisons between an individual
shown in Fig. 9. In addition, the operator must enter thescanner and the mean results obtained by a group of observers.
distanceAS (which defines the interior emulsion depth S) asConsequently, the objectivity and accuracy of any given
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ZEISS UNIVERSAL MlEHGSEDF

RIGHT HAND CONTRIDL BOX: | PUSH BLFTTONS R1-R4
. Y. JOYSTICK

FIG. 8 Close Up of the ESP Microscope Showing Push Buttons and Stage Controls

TABLE 7 Push Button Controls then brought into focus, provided the track is reasonably
Push Button Function/Operation straight, and these (X,Y,Z) coordinates are recorded by press-
1L Store Data—Use to store track data on disk if acceptable Ing button 2R.
2L No Storage—Use to reject track data as unacceptable and return 936 Breakpou‘]ts_lf the track possesses breakp()lnts
to the center of the field so that measurement can be repeated h th il t h b it d dinat fth,
3L Check Zero Reference—Use to return to zero reference point, G W _ere € recoil proton has been sca er(_a , coordinates of these
=0,R =0, S = 0. This allows check of zero reference point for points are also recorded, so that the straight track segments can
possible NRE misalignment. . be added to give the track range. Hence, coordinates of the
4L Next Field/Stop Scanning—Push to move to the next field for . .
scanning or to stop scanning. Series of prompts must be _breakpomts are centered under the cross hair an_d stored as
answered to obtain the desired resut. intermediate points of the track. This operation continues until
IR Jog/Normal—Allows fine motion control _ the end of the track is reached, centered under the reticle cross
2R Store Point—Stores present location. Use to record points of a L . .
track, that is, the ends or breakpoints of a track. hair and recorded as the final cogrdlnates of the track.
3R Zero Reference—Use to align reticle cross hair and push to set Actuation of push button 4R automatically retraces the track
zero reference (G=0, R=0, S=0). H H fofi H
4R Final Point/Restore—Push after final track point has been stored. and dlsplays the track Iength' If the observer is SaT[ISerd Wlth
The computer automatically retraces the track and computes the reSU“_S, the track data can be stored on a scanning dat_a disk
track length. by actuation of push button 1R. In terms of these observations,
track length r is given by:
. I=n
scanner can be examined. r = { [(Xi _)§+1>2 + <yi —YM)Z +h? (Zi _zM)Z]}M
9.3.5 Track Selectior-The field is scanned by continuously =t

increasing the S coordinate with the left joystick. The micro- (16)
scope focus is moved slowly downward in the NRE until one Here X, Y;, Z) and .4, Yi.1. Z,) are consecutive track
end of a track comes into focus. This track ending is movegoints. For a track possessing no breakpoints, obviausiy,
until it is focussed at the center of the field under the reticlewhereas > 2 for tracks possessing breakpoints. The sdalar
cross hair. By pressing push button 2R, tHeY(J coordinates accounts for shrinkage of the emulsion due to the NRE
of this track ending are recorded. The other end of the track idevelopment process. Hende,is given by the ratio of the

12



v £ 2059

uonelado

‘suoisuswiq piaid4 ayr yum taylabol Yy pue **Y o ‘suoisuswiiq asieAel] WNWIXe 6 ‘Old
NOISTNNI

ONINOVE SSV1D

dS3 10} |ge|leAy Spjal4 BulLUEdS JHN 4O JaqUINN Byl Bulad ‘YV pue OV

\ ]
lllll e e Attt ey Sl
/7 / V4 /
/ /7 /7 /
frmm
/ / / 7
R A 4
/ / d
uy \\ p /

SA13id DNIMIIA
| . xew g

Y

13



v £ 2059

emulsion thickness before development to the emulsion thickConsequently, whef does not satisfy this prescribed condi-
ness after development, thatlisz HO/HP (see Eq 14). Where tion, the track data are rejected and the system automatically
immersion oil of the same refractive index as the emulsiorreturns to the center of the currer,R) field (at the same
gelatin is used, the measured displacement of the microscofglevel) so that scanning can continue.
objective will be equal to the difference in z coordinates. If a _ o
dry objective of large aperture is used, the z displacement of0- Experimental Uncertainties in NRE Measurements
the objective should be related to the true difference between 10.1 Systematic UncertaintiesSources of systematic un-
the z coordinates through calibrati¢®). certainty for absolute NRE neutron spectrometry are summa-
9.3.7 Track Acceptance Criteria-lf the track data is ac- rized in Table 8. In this table, the first four uncertainty sources
cepted, the system is returned to the S-level corresponding feave already been quantified by earlier effd@s5). The fifth
the first observed track ending and the scanner then cagpurce of systematic uncertainty, namely volume measurement
continue to move down in S until one end of the next track isuncertainty, is discussed in section 10.1.1 below. Since these
brought into focus, and the process is repeated. If the operatéystematic uncertainties are independent, the quadrature uncer-
moves the cross hair outside the field volume being scanned, &inty for all systematic effects in NRE neutron dosimetry
defined by the currer®, R and S coordinates, then a warning comes to approximately 5 %.
tone will sound. As a consequence of this feature, only tracks 10.1.1 Volume Measurement UncertairtyThe volume of
that either begin or end in the field volume are scanned (seemulsion scanned is an important observable in absolute
Fig. 7). In addition, if the observer attempts to measure a trackeutron measurements, where absolute proton-recoil energy
that has already been stored, the warning tone also rings. Th&€ctra or reaction rates are required per hydrogen nucleus or
warning feature prevents duplicate track observations ancquivalently per unit volume of emulsion scanned. A relative
therefore, provides for more efficient NRE scanning. uncertainty of 2% (&) for volume measurements can be
9.3.8 End-of-Field Conditior-Scanning proceeds by con- detérmined by mounting a stage micrometer in the scanning
tinuously increasing the S coordinate until a warning toneSYStem. This uncertainty estimate stems mainly from nonlin-
sounds, which indicates that the operator has exceeded t§&"ity of the electromechanical motion over the range of travel
allowed S coordinate. Having reached the end of the field, thd the G, R, and S directions. Actually, this 2 %w{lestimate
operator actuates push button 4L so that the computer cdfi Conservative, since it represents the uncertainty arising in
move the NRE to the next field to be scanned. The entiréMall volume measurements corresponding to, at most, a few
procedure is then repeated for this new field. Scanning thuliélds of view. For larger volume measurements, over an

continues until a sufficient number of tracks has been mea€xtended number of fields, cancellation of errors in the
sured. electromechanical stepping components of the interactive sys-

) . tem produces a significant reduction in uncertainty. Since this
9.4 End-On Mode Scanning uncertainty estimate was obtained with the ESP system, one

9.4.1 Measurement of Scattering Angidn scanning \yq,id expect a smaller uncertainty value for an interactive
end-on exposures with a computer based interactive Systemygiem fabricated with current state-of-the-art components.
the general operations described above are used together with; 5 5 Random Uncertainties

supplemental procedures instituted in order to measure proton- 1 5 1 Track Counting Uncertaing-The applicability of

recoil direction. The zero reference point is chosen by measubisqon statistics for describing random uncertainty in track
ing a known distance from the mid-point of the leading edgecounting was established some time 4ga). Consequently,

with the microscope stage vernier G and R scales. At theSge standard deviatiSrassociated with the observation if
selected vernier settings, a proton track escaping from the top_ 1 is given byr= (N)V2

surface is chosen and the zero reference point is the point of 15 5 5 Range Measurement UncertaingUncertainty in

escape of this track. After entering the initiak,(Y, 2 range measurements can be determined by comparing results
coordinates of a track, the direction of the track is measured by~ by different observers. Comparisons on the ESP
entering an intermediate point on the track. For a validsysiem were carried out in two different ways, namely with a
direction measurement when the track possesses breakpoif-an method and a preselected set methdy In the rescan

(Where the recoil-protqn has been scattered), the imerm?d,iafﬁethod, observers randomly selected fields that had already
point must be chosen in the track segment between the initia

track point and the first breakpoint. For end-on mode scanning,
one normally stays quite close to the leading edge of the NR

. . . 5Th iati i h i i
(S 1 mm) in order to render neutron multlple scattering effectsoy e standard deviation ofis denoted byr, and the variance of is denoted

T2

negligible.

9-_4-2 Effective Cross _SeCtieﬂm order to determine the TaBLE 8 Systematic Uncertainty Estimates for Absolute Neutron
partialo,, (E) cross section used in the end-on mode observa- Dosimetry with NRE
tions, which provides the energy dependent emulsion effi- Source of Uncertainty Relative Uncertainty, % (1c)

ciency, scanning must be carried out in a known solid angle: Proton Range Straggling 2

Hence, only tracks that lie in a preselected scattering angle Proton Range-Energy Relation 2
interval: 0= 6 = 0,,,, are accepted. After the intermediate NRE Hydrogen Density 3

A . . Hydrogen Cross Section, o, 1
point is entered, the angkeis automatically calculated and a Volume of NRE Seanned >

tone sounds ifé does not lie in this preselected interval.

14
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TABLE 9 Random Uncertainty Estimates for Absolute Neutron 0.682 MeV. These observations are presented in Figs. 11 and
Dosimetry with NRE 12. The data shown in Figs. 11 and 12 were obtained by
Source of Uncertainty Uncertainty (1) partitioning the 4 to 8 region into 1 intervals, so tNa{R)
Track Counting Statistics (N)1/2A is the ob d b f ksinthe i I 0
Proton Range Measurements 0.524 is the observed number of tracks in the interval fré&n« 0.51)

AStandard deviation of N observed tracks assuming a Poisson track counting to (R1 + 0'5“)' Hence (_)n t_he basis of POSSli/(Z)n statistics, the
probability distribution. standard deviation df4; is given byoy,; = (M)~
10.3.1 Using this uncertainty estimate together with the data

been scanned by other observers. In the preselected set methBgINts {R, M (R)}, a linear least squares fit of the observed
a set of tracks was chosen and all observers scanned this sefoton-recoil data was obtained in the form:

Both methods produced essentially the same result, namely a MR =a+b-R a7)
standard deviation of0.52 micron for the range measurement
uncertainty. As an example, Fig. 10 presents the relative ) ; .
frequency histograms foAK|, |AY], JAZ| andAr obtained using dgtermlned by the .Iea.st squares angly5|s. A.S can be seen in
the rescan method on the ESP system. The average valfiigs. .11. and 12, this linear assumptlon provides an excellent
obtained from each of these frequency histograms represerfi§SCription of the data observed in both NRE. An attempt was
an estimate of the standard deviation in ESP measurements B2de to optimize the linear least squares fit by changing the

each respective observable. These histograms yield estimat@@rtitioning of the data to 0.5u intervals. It was found that the
of 0.38, 0.36, 0.51 and 0.52 um far,, o,, o, and og linear least squares fit was quite insensitive to whether four

respectively. points (tracks/micron) or eight points (tracks/0.5 micron) were

10.3 Treatment of Random Uncertaintiedntegral mea- Used in this range interval.
surements from two NRE irradiated in the PCA benchmark 10.3.21 Integral Random Uncertainty-To obtain uncer-
field will be used to illustrate the treatment of randomtainty estimates forM(R) that accounts for both Poisson
uncertainties. Integral mode scanning of these two NRE witHluctuations as well as the uncertainty in range measurements,
the ESP system concentrated on the range region betweentlis linear least squares analysis must be repeated with input
and 8, which corresponds to the energy region from 0.407 tancertainties given by:

where:a andb are the intercept and slope, respectively, as

40 T T T T 70 T T T r
S
g > 32} AVE |AX] =0.38um 4 56 AVE |1Y| = 0.36um
0
wE 24t i a2l |
>
50
25 16¢ 4 28t -
W
g w
o 8t 4 14 .
[« 1
0 ) —‘_"\:=H—' 0 [ — 2. S .
-1 .3 7 11 15 1.9 -1 .6 1.3 2.0 27 34
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FIG. 10 Relative Frequency Histograms for | AX]|, |AY]|, |AZ| and | AR| Obtained Using the Rescan Method
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FIG. 11 Linear Least Squares Fit of the Range Data Observed in PCA NRE 1A Irradiated at the T/4 Location of the 8/7 Configuration
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FIG. 12 Linear Least Squares Fit of the Range Data Observed in PCA NRE B7 Irradiated at the T/4 Location of the 4/12 SSC
Configuration

oy? =M + b -og (18) system. These new values of uncertainty together with the data

Here: b is the slope obtained from the first linear least points {R, M(Ri)}are_ used as input _data for the Second linear
squares fit and as befoos, is the standard deviation in range €8St squares analysis of the form given by Eq 17. This second

measurements determined with the (ESP) interactive scannin§2St Squares analysis provides a variance-covarriance matrix,
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VCM, which can be used to calculate the uncertainty in theergy deposition is lost. This deficiency makes correction of
linear representation d1(R). VCM can be expressed in the proton escape much more difficult for PRPC, where corrections

form: for finite size effects become non-negligible above approxi-
o2 o mately 0.5 MeV(13). Fortunately, the NRE neutron dosimetry
VCM = <U—ab —a’z’> (19)  method complements PRPC neutron spectrometry. Because
al Op

proton-recoil range is much shorter in NRE than PRPC, finite
and this matrix form can be used to calculate the uncertaintgijze effects are significantly less in NRE. Of perhaps equal
of the linear representation of M(R). Using Eq 17 and 19, onemportance is the fact that analytical correction of proton-recoil
finds escape from NRE is much more tractable than for PRPC.
oy =02 + 20, R+ 0,2 R (20) 11.2 Perturbation Effects-The | and J integral reaction
‘ ) rates can also be derived from active proton-recoil neutron
10.3.3 J Integral Random Uncertainty The random uncer-  gyqctrometry, whether employing PRPC or liquid/plastic scin-
tainty in y(R) is given by: tillators. | and J integral reactions rates based on these active
o =W +M? o (21)  methods possess two distinct disadvantages in comparison to

The first term on the right hand side of Eq 21 represents th&/RE integral reaction rates. NRE experiments in VENUS-1
random uncertainty that arises in the observation of the integr&lémonstrated that PRPC create a significant perturbation of the

number of tracks, which is given by Poisson statistics. Thd1eutron field found in LWR-PV environmen(20). Perturba-
second term on the right hand side of Eq 21 is the contributioﬁ'pn factors for the | and J integral behaved differently, with the

due to the random uncertainty in range measurements, whidfntegral perturbation factors varying from approximately 0.74
follows from Eq 12. up to 1.44, yvhereas the J integral perturbation factpr varied
10.4 Total Uncertainty of NRE Integral DosimetryTotal from approximately 1.0 up to 1.41. These _observatlons also
uncertainties for NRE integral dosimetry can be obtained by€V€aled that proportional counter perturbation factors depend
combining uncertainty components that are described in sed? @ complex way on in-situ spatial location and environment

tions 10.1, 10.2 and 10.3. As a result, the typical uncertaintie&S Well as neutron energy. Perturbation factors for liquid or
for I integral measurements fall in the range from approxi-pIaSt'C proton recoil scintillators can be expected to be as large

mately 7 to 10 % (&), whereas the typical uncertainty of J an_d vary as complexly as those of PRPC, since these scintil-
integral measurements is approximately 6 %)(1 lation de_te_ctors_ are invariably larger in size.

10.5 Additional Sources of UncertaintyThe above consid- 1.3 Finite-Size Effects-The second disadvantage of these
erations have been restricted to uncertainties that arise in tf¢tive spectrometry methods arises from the need to correct
NRE experimental technique. Additional uncertainties arisdroton recoil spectra for the escape of proton recoil events from
from the in-situ reactor irradiations, such as uncertainty in thdh€ active volume of the detector. Simple geometrical analysis
exposure time t and the need to scale to the absolute power 6f" P& used to treat proton-recoil escape from the active
the benchmark field. These two additional components oy°lume of the NRE(14,15) In contrast, finite-size effects for
experimental uncertainty will vary for different benchmark PRPC are considerably more difficult to treat. Active detectors
fields. NRE experiments in LWR-PV benchmark fields revead© not reveal (on an event-by-event basis) whether or not
that each of these two additional components of uncertainty afgScaPe has occurred for each observed proton recoil event. One

typically a few percent (@). must generally_resort to characterizing the active detecto_r
response function and correct the observed proton recoll

11. Attributes of NRE for In-Situ Integral Neutron spectrum through an unfolding calculati¢h3). As a conse-
Dosimetry quence, finite-size effects can be corrected much more accu-

11.1 Comparison of NRE and Active Proton-Recoil rately for NRE observations than is possible for active detector

Methods—As has already been stressed, no single method dhéasurements. As an example, Fig. 13 compares finite size
reactor neutron spectrometry exists which can completelfgorrection factors for PRPC and NRE. The uncertainty in
cover the energy range of interest in reactor environmg2s neutron fluence m_trodL_Jced by correction of finite size effects in
The best energy resolution and counting statistics can b&RE is shown in Fig. 14. Since integral NRE neutron
obtained using proton-recoil proportional counters (pRpcjjosmetry|n.benchmark fields usually covers the.energy range
filled with hydrogen or methane. However, proton escape fromif@m approximately 0.4 up to 1.0 MeV, these two figures reveal
the sensitive volume of small in-situ proportional countersthat_ finite size effects can be ignored in NRE integral neutron
creates a high energy limitation for PRPC neutron spectromdosimetry.

etry. Moreover, ionization induced by proton-recoil events in

PRPC produces electronic signals, which are processed by’ Keywords

suitable on-line instrumentation and computers. However, all 12.1 fast-neutron dosimetry; NRE; nuclear emulsions; opti-
information related to proton-recoil direction and spatial en-cal microscopes; proton-recoil tracks
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